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FOREWORD 

To participants and guests of the INFACON-14 International Ferroalloys Congress 

Dear participants and guests of the Congress! 

On behalf of the National Academy of Sciences of Ukraine Presidium and on my own behalf I 

am sincerely glad to welcome all participants and guests of the INFACON-14 International 

Ferroalloys Congress in the capital of Ukraine, Kyiv city! 

Ferroalloy industry is a field without the products of which one can hardly imagine smelting 

of various steel grades and alloys in ferrous and nonferrous metal industries. It is no accident that 

ferroalloys are also called “vitamins for steel” which use changes radically all service specifications 

of alloy metal and the dynamics of ferroalloy industry development conforms fully to world steel 

production volume growth indexes. 

Over forty years of their history, INFACON international ferroalloys congresses became the 

most reputable forums for experts of ferroalloy and allied industries. Participation in these 

Congresses will allow getting the right assessment of technical and technological levels, guiding 

theoretical researches and projects in a right direction, defining perspective directions of 

development and work performance on technical upgrading of ferroalloy production, including 

design of new equipment, electric furnace building, production waste processing, energy efficiency, 

solutions to environmental problems etc. 

As an integral part of mining and metallurgy sector of the country, Ukrainian ferroalloy 

industry makes good headway contributing significantly to Ukrainian economy, cooperating with 

the National Academy of Sciences and universities as well as with international ferroalloy 

community. 

I am sure that INFACON-14 International Ferroalloys Congress will be an important 

milestone in the way of development of global ferroalloy science and technology of the entire 

ferroalloy industry. I wish you successful and fruitful work during plenary meetings and workshops 

within the framework of this event, tech tours as well as take advantage of the possibility to get 

acquainted with our country, its ancient capital Kyiv city and appreciate the hospitality of our 

people occupied with peaceful constructive labour. 

The Honorary Chairman 

of the INFACON-14 Congress, 

The President of the National Academy of 

Sciences of Ukraine 
 

Boris PATON 
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To guests and participants of the International Ferroalloys Congress INFACON-14 

On behalf of the Extended Programme Committee and Organizing Committee on holding 

INFACON-14 International Ferroalloys Congress, Ukrainian Association of Ferroalloys and other 

Electrometallurgical Products Manufactures (UkrFA) we are glad to welcome all delegates and 

guests of our Congress! 

Over its forty year history INFACON congresses became the most significant forums for 

scientists and experts in the field of ferroalloy production with the traditional exchange of 

information and opinions on relevant issues of ferroalloy industry development, production of new 

ideas and directions, presentation and discussion of new achievements in the field of design of 

efficient ferroalloy equipment and construction of new enterprises. And finally, it is a meeting place 

for associates and like-minded friends. 

The slogan of our fourteenth Congress is ‘Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry’, and we hope that this will be the key approach in 

the Congress subject area to be discussed within plenary meetings and workshops in the days to 

come. The same topic will be raised during such events as traditional Technical exhibition and tech 

tours to leading ferroalloy plants of Ukraine. 

The present book contains 102 reports which will be heard during 2 plenary sessions and 24 

break-out sessions of 14 sections of the Congress. All reports have been peer-reviewed, for this 

purpose the large team of international experts has been involved. Program and Organizing 

committees express sincere thanks to all authors and reviewers for their work.  

We also express our appreciation to Chairman of the International Committee on Ferroalloys 

Nic Barcza and to the Committee Secretary General Rodney Jones for their help in organizing and 

holding of Congress INFACON-14. We wish to give special thanks to Chairman of the Congress 

INFACON-13 Manat Tolymbekov whose experience and advices have proved very useful for our 

work. 

INFACON-14 takes place in the capital of Ukraine - the ancient city of Kyiv and as 

organizers of the Congress we will do our best to provide all our participants and guests with an 

opportunity to admire amenities and ancient monuments of our capital, get acquainted with 

Ukrainian customs and traditions, estimate Ukrainian cuisine at its true worth and feel cordiality 

and hospitality of the Ukrainians. 

We wish delegates and guests of the INFACON-14 successful and fruitful work during the 

Congress in Kyiv. We wish you every happiness, good health and prosperity for years to come! 

Chairman of the 

Extended 

Programme 

Committee and 

Programme 

Committee 
 prof. Sergey 

Grishchenko 

Chairman of 

Organizing 

Committee, 

Director General of 

PJSC “Zaporozhye 

Ferroalloy Plant” 
 Pavel 

Kravchenko 

 

Co-Chairman of the 

Extended 

Programme 

Committee and 

Programme 

Committee, 

Director General of 

PJSC “Nikopol 

Ferroalloy Plant” 

 

Vladimir Kutsin 

Chief Executive 

Officer of UkrFA 

 

Sergey 

Kudryavtsev 

http://www.multitran.ru/c/m.exe?t=3609260_1_2&s1=%C3%E5%ED%E5%F0%E0%EB%FC%ED%FB%E9%20%F1%E5%EA%F0%E5%F2%E0%F0%FC
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WELCOME TO INFACON XIV IN KYIV, UKRAINE, ON BEHALF OF THE 

INTERNATIONAL COMMITTEE ON FERRO-ALLOYS (ICFA) 

It is with great pleasure that we extend, on behalf of ICFA, our very warm welcome to all the 

delegates, sponsors, and other participants at Infacon XIV in Kyiv in May/June 2015. 

The hosting of Infacon XIV was initiated and organised by the Ukrainian Association of 

Ferroalloys and other Electrometallurgical Products Manufacturers (UkrFA). 

ICFA beleives that all participants will enjoy the 14th International Ferro-Alloys Congress 

that is being hosted for the first time in Ukraine, and also appreciates the valuable contributions you 

will make during both the technical and social programme and your support for the exhibition and 

post-Congress tours. 

ICFA would like also to express our sincere appreciation to the Infacon XIV Organising and 

Technical Programme Committees as well as to all those who have assisted them with the planning, 

promotion, organising and hosting of this important international event. 

ICFA would like to thank the Chairman of Infacon XIV, Professor Sergey Grishchenko, 

and his team for the dedication that they have shown to arranging Infacon XIV since June 2013 

when it was awarded to Ukraine at the ICFA meeting held during Infacon XIII in Almaty, 

Kazakhstan. 

ICFA would like to thank the UkrFA for making the commitment to host Infacon XIV, and to 

also express our appreciation to Sergey Kudryavtsev and Natalya Legkaya, Director of the Public 

Association Infacon XIV. We feel sure that ICFA's acknowledgement to the Organising Committee 

and their team is endorsed by all participants at Infacon XIV. 

The International Committee on Ferro-Alloys (ICFA) plans to hold its next meeting during 

Infacon XIV, and will announce the host for Infacon XV during the closing ceremony of this 

Congress on 3 June 2015. 

We look forward to a truly interesting technical and a most enjoyable social programme in 

Kyiv during Infacon XIV, as well as the support of all the ferro-alloys producers, and a maximum 

level of participation from all the ferro-alloys producing regions. 

Dr. NA Barcza 

Chairman, ICFA 

nicb@mintek.co.za 

RT Jones 

Secretary General, ICFA 

rtjones@global.co.za 

 
 

Secretariat of the International Committee on Ferro-Alloys 

Mintek, 200 Malibongwe Drive, Private Bag X3015, Randburg, 2125, South Africa 
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Greetings from SMS Company – Platinum sponsor of INFACON 14 

SMS is delighted to be the platinum sponsor for this year’s Infacon Congress. This traditional 

congress is a perfect platform to get actual information regarding markets, key technologies and 

other important topics related to the ferroalloy industry. 

For the near future, the metal market prospective seems to be stable. The ferroalloy prices of 

most metals are driven by the constant growth in the steel industry. SMS is quite optimistic to 

benefit from some good business opportunities in the upcoming years. 

Recent past years have been exciting for the smelter department of the SMS group. Many 

interesting and challenging furnace projects were and are currently being implemented, including 

the world's largest FeNi-furnaces ever built, the first large scale FeCr-production line based on DC-

technology, silicon plants, copper slag cleaning furnaces, FeMn plants, FeNb furnace, smelters for 

the production of fused magnesia as well as large-scale calcium carbide furnaces to name a few. 

The SMS group including SMS Siemag in Düsseldorf, Metix in Johannesburg and Paul Wurth 

in Luxemburg is well prepared to satisfy the growing market demand for its smelter technology and 

auxiliaries. The SMS Group will present some of our competences in the papers. 

As our customers are requesting for complete solutions, therefore we have enhanced our 

competences in this field as well supplying projects on turnkey basis and then managing them on 

EPCM basis. 

Our customers can expect the top quality we have always supplied for more than 100 years 

from our SAF departments combined with enhanced up- and downstream equipment/process for a 

full-line solution. 

We look forward to meeting you and discussing about the existing projects, market trends and 

other issues. 

Enjoy the Congress! 

Dr. Rolf Degel 
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http://ukrfa.org.ua/memb2_dr.html
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Vladimir Zhuchkov - Institute of Metallurgy Ural branch RAS, Doctor of Technical Sciences, 
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Michael Gasik - Aalto University, Helsinki, Doctor of Technical Sciences, Professor, Finland; 
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Leopold Leontiev -  Academician of RAS, Member of the Presidium of RAS, Chairman of the 

Scientific Council for metallurgy and material science, Doctor of Technical Sciences, Professor, 

Russia; 

Viktor Dashevsky - Institute of Metallurgy and Materials Science of RAS. Doctor of Technical 

Sciences, Professor, Russia; 
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Ferroalloy Industry of Ukraine: Current Status, Development Trends 

and Future Prospects 

S.H. Grishchenko, V.S. Kutsin, P.A. Kravchenko, V.P. Soloshenko, O.L. Bespalov, S.L. Kudriavtsev – Ukrainian As-

sociation of Ferroalloys Manufacturers 

(UkrFA) 

ABSTRACT: 

The activity of Ukrainian ferroalloy industry in 2003-2014 in conjunction with production indicators of mining 

and smelting complex of Ukraine has been analyzed. The data on status of raw material base, in particular, of manga-

nese-ore raw materials have been presented; the drivers of increased import of high-quality manganese ore in Ukraine 

over the last years and associated changes in the deployed ferroalloy melting technologies have been analyzed. 

The production dynamics of main types of ferroalloys (manganese, silicon, nickel, titanium alloys and others) at 

the largest companies of ferroalloy industry, such as Nikopol, Zaporozhye, Stakhanov Ferroalloy Plants and Pobuzhsky 

Ferronickel Plant has been shown.  

It is reported about the key trends of ferroalloy production technique and technology improvement, such as tech-

nical upgrading, equipment modernization; introduction of new energy-efficient and low-waste technologies in order to 

improve the quality and competitiveness of Ukrainian ferroalloys. Mining and smelting complex in general and ferroal-

loy industry as its integral part play an important role in the national economy of Ukraine. Ukraine is among the lead-

ing countries of the world in terms of production of and foreign trade in ferroalloys, and the most notably manganese 

alloys. 

As is known, global steel production according to WSA in 2014 reached its historical peak and amounted to 

1.637 billion tons, that by 1.1% exceeds the level of 2013. At the same time, in the counties of EU steel production de-

creased by 1.8%; in the USA it increased by 1.7% (furthermore, import of metal products in the USA increased by 

35%); in South Korea steel production increased by 7.5%; the same indicator increased by 2.3% in India. In other coun-

tries included in the top ten world leaders, steel production indicators remained in general at the level of last year. Steel 

production in China in 2014 amounted to 820 million tons (+ 0.9% to 2013, that is below expected figures) – this corre-

sponds to 50% of global production (Fig. 1). 

 

Fig. 1. Dynamics of global steel production in 2000-2014 

According to long-term forecasts from experts, global steel production may reach 1.814 billion tons by 2020, 

and, taking into account higher-than-anticipated growth of high-alloy steel production it is evident that the need for fer-

roalloys will rise significantly. 

Last year, steel production in Ukraine reached 27.2 million tons that is 17.1% lower compared to the indicator of 

2013 (Fig. 2). However, this figure was enough for Ukraine to keep the 10th place among the global steel producers by 

the results of 2014. 

billion tons 
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Fig. 2. Dynamics of steel production in Ukraine in 2000-2014 

It seems there is no need to explain that the reason for this decrease in metallurgical production underlies in the 

military operation in the Eastern part of Ukraine where nearly 1/2 of Ukrainian steel mills. The situation has been exac-

erbated since July 2014, and at the moment production at a number of steel mills in Donbass region has been stopped or 

reduced by several times. 

The remarkable thing is that ferroalloy production in Ukraine decreased continuously over the last years (by 

13.8% in 2012 and by 12.4% in 2013); however, ferroalloy production increased by 20.9% in 2014 compared to 2013, 

and amounted to 1.188 million tons. 

The distinctive feature of Ukrainian ferroalloys industry is its focus on manganese alloys production that is con-

nected with large manganese ore reserves in the country. 

It is known that manganese takes the fourth place in global consumption among other metals yielding just to 

iron, aluminium and copper. In 2012, over 30 million tons of manganese ore were mined globally and this figure can 

reach 58.8 million tons by 2020. According to IMnI (International Manganese Institute) experts, the global market of 

raw materials and manganese ferroalloys has been relatively balanced over the last few years.  

At the same time it is obvious that quite significant changes has taken place in global ferroalloy industry over the 

past decade. Rapid economic growth in China that created powerful production facilities at the end of 90’s (more than 

10 million tons of Mn alloys and 6 million tones of Cr alloys) and turned into the biggest manufacturer and exporter of 

manganese ferroalloys resulted in liquidation of a number of ferroalloy facilities in the USA and many European coun-

tries. Western countries became highly dependent on ferroalloy import especially on Chinese production. At the same 

time, Chinese manufacturers, in their turn, are highly dependent on manganese and chromite ore import.  

To date, manganese ore deposits have been discovered in 56 countries and general global manganese reserves (as 

of 01/01/05) amount to 8.6 billion tons, proven reserves amount to 3.5 million tons. 

The biggest manganese reserves are concentrated in the Republic of South Africa (52% of general reserves and 

29.9% of proven reserves). Ukraine, that ranks second in the world by its manganese reserves, possess 650 million tons 

of general reserves and 630 million tons of explored manganese reserves that amounts to 7.5% of general and 18% of 

explored global reserves. The following places in global statistics by discovered manganese ore reserves are taken by 

Kazakhstan, Gabon and Brazil (Fig. 3). 
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Fig. 3. Geographical structure of explored and proven manganese reserves 

It is the powerful ore base that was one of the factors which led to creation of ferroalloy industry in Ukraine. The 

other factor was the location of large metallurgical enterprises in the Donetsk and Pridneprovie region that are the con-

sumers of ferroalloys.  

Manganese ore stocks in Ukraine are concentrated in one manganese ore basin that includes Nikopol (33% of 

explored stocks) and Big Tokmakskiy (67%) deposits.  

Mining at Nikopol deposit by existing Marganetsk and Ordzhonikidze Mining and Processing Plants is mostly 

carried out on sites that were developed in Soviet period and now are virtually considerably exhausted. Development of 

new sites with mineral reserves is restricted to a certain volume, primarily due to complications with allocation of land 

lots for enterprises by local authorities within mining allotments. Pilot mine of Tavricheskiy Ore-dressing and Pro-

cessing Plant at Big Tokmakskiy deposit is currently suspended. 

Annual production of manganese concentrates by existing Ordzhonikidze and Marganetsk Ore-dressing and Pro-

cessing Plants, as shown in Fig. 4, amounts to 1.1-1.6 million tons per year over the last few years (2011-2014). Thus, 

in 2014 the output of manganese concentrate and sinter by ore-dressing and processing plants amounted to 1529 thou-

sand tons and increased by 19% in comparison with the previous year (the growth was mainly achieved owing to Mar-

ganetsk Ore-dressing and Processing Plant from 441 thousand tons of concentrate in 2013 to 648 thousand tons in 

2014). It should be noted, however, that production facilities of ore-dressing and processing plants summarily amount to 

5 million tons; in other words, these ore-dressing and processing plants use only one-third of total production facilities. 

The provision of these ore-dressing and processing plants with resrves considering current manganese ore production 

rate amounts to 25-30 years.  

 

Fig. 4. Production dynamics of manganese raw materials in Ukraine in 2008-2014, thousand tons 

At the same time, Ukraine has been a large importer of manganese raw materials for the past decades. The main 

reason for manganese raw material production decrease in Ukraine and its wide-scale import is unsatisfactory techno-

logical quality of concentrate produced from Ukrainian ore (low content of manganese and high content of phosphorus).  

To solve the ‘phosphorus problem’ a two-phase technology of manganese ferroalloy production with preliminary pyro-

metallurgical dephosphorization of the raw materials and production of the so called saturated low-phosphorous slag 

was implemented at a certain time at a range of enterprises. However, with electric power price manyfold increase using 

this energy-consuming technology is economically unjustified that necessitates using high-quality import manganese 

ore mixed with Nikopol concentrates. 

For siliceous ferroalloys production the quartzites of Ukrainian Ovruchskiy, Banichskiy, Tolkachevskiy, Va-

silkovskiy deposits etc. are utilized as raw material. Quartzite reserves here amount to: general - 179.7 million tons, 

proven - 173.1 million tons, including those being developed - 164.5 million tons. Ovruchckiy deposit is the main raw 

material base for siliceous ferroalloys production at Nikopol, Zaporiozhye and Stakhanov Ferroalloy Plants. Annual 

quartzite output in Ovruch amounts to 2.3-2.5 million tons, including 1.5-1.8 million tons intended for ferroalloy pro-

duction. 

Ukraine possesses limited reserves of chromite raw material suitable for chromite ferroalloy production. Ex-

plored reserves and resources of chromite ore are between 50 and 170 million tons (deposits of Middle Pobuzhia re-

gion). In 2000-2004, on a trial basis, Pobuzhia FNP mined batches of chromite ore on Kapitanovsk area and organized 
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their beneficiation on concentrating tables receiving concentrate that contains 45-46% Cr2O3. Obtained concentrates 

were used for trial smelting of high-carbon ferrochrome in one of ore smelting furnaces of the plant with acceptable 

technical and economic performance. 

For a long time raw material base of Pobuzhie Ferronickel Plant was represented by the reserves of poor (aver-

age nickel content - 0.75%) silicate nickel ore of Middle Pobuzhie deposits (residue of 1.2 million tons of ore or 8000 

tons in terms of pure nickel). However, in the last few years this enterprise has stopped mining of poor ore and shifted 

to high-quality import ore processing (with average nickel content more than 2%) from New Caledonia and other nick-

el-mining countries. 

The raw material for producing ferrotitanum is ilmenite concentrate. It should be noted that Ukraine is one of the 

largest titanium provinces in the world. Its mineral and raw materials potential is estimated at 900 million tons of ilmen-

ite and rutile, which is equivalent of 30% of explored global stocks. Titanium raw material base in Ukraine includes 

more than 40 deposits, including a unique one, 13 large and 10 average. 11 deposits are explored in details and passed 

to industry. Annual production of ilmenite concentrate by exciting enterprises amounts to about 600 thousand tons.  

The production dynamics of main type of ferroalloys (silicon manganese, ferromanganese, ferrosilicon and fer-

ronickel) by the enterprises in Ukraine in 2007-2014 is shown in Fig. 5. 

 

Fig. 5. Production dynamics of the main types of ferroalloys in Ukraine in 2007-2014, thousand tons 

As shown in Fig. 5 and noted above, in 2014 ferroalloy production in Ukraine increased by 20.9% compared to 

the previous year and amounted to 1188 thousand tones at 4 plants (Nikopol, Zaporozhie, Stakhanov and Pobuzhie). 

Growth of production volumes in Ukrainian ferroalloy industry takes place despite the fact that Stakhanov Ferroalloy 

Plant located in Luhansk region has been almost shut-down in the second half of year. 

We would recall that similar to the whole metallurgical industry of Ukraine, ferroalloys industry has substantial-

ly reduced production in 2008-2009 that resulted in the production rate in 2010 which almost reached pre-crisis level. 

But starting with 2011 production of ferroalloys in Ukraine reduced again while annual ferroalloys production rate in-

creased by 3% in the world (corresponding to global steel production growth). In 2014, for the first time since the pre-

crisis period, as noted above, Nikopol and Zaporozhie Ferroalloy Plants increased their production volumes. Due to the 

difficulties encountered in nickel ore supply, Pobuzhie FNP had to reduce ferronickel smelting by 8%. In 2014, Sta-

khanov Ferroalloy Plant located in the Eastern part of Ukraine reduced production by 41% to 91 thousand tons com-

pared to 153 thousand tons in 2013. 

It's worth mentioning that as opposed to pre-crisis period of 2003-2007 ferroalloy production growth, as well as 

overall situation in mining and smelting complex of Ukraine after crisis is not in general accompanied with economic 

and financial performance improvement. The main reason was that the price for ferroalloys did not reach pre-crisis level 

while cost of production exceeded pre-crisis level due to the increase in raw material, power, logistics and other costs. 

For ferroalloys industry that is high power-consuming, power rates are of significant focus. In 2010 power rates 

increased by 30.9% (power cost was revised 4 times), in 2011 by 21.4% (price has been revised 8 times), in 2012 by 

10.8 % (again revised 4 times), starting with January 1st 2013 power rates for industrial consumers increased by 1%, 

and starting with March 1st by 3.8%; by the end of 2013 power rates grew by 9.3% more. It's obvious that high prices 

and high power rates have negative influence on the competitiveness of Ukrainian ferroalloys in domestic as well as 

foreign markets.  

Wrong power pricing policy resulted in creating artificial unprofitability of ferroalloys production that led to 

substantial decrease in production volumes at Zaporiozhie and Stakhanov Ferroalloy Plants to almost complete sus-
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pesion at the end of 2012. Only signing specially developed Memoranda for power supply with the Government al-

lowed resuming production of ferroalloys at these plants started from March 2013. 

Nikopol Ferroalloy Plant faced the same situation in 2013. Only after Nikopol Ferroalloy Plan was included into 

Memorandum for power supply, unavoidable suspension of the largest ferroalloys producer in Ukraine was averted. 

Production of Mn ferroalloys at NFP, however, decreased dramatically in 2013, as shown above. Conversely, in 2014 

the situation for NFP improved substantially: silicon manganese smelting increased by 33% and ferromanganese – by 

46% compared to 2013. 

The above concerned bulk ferroalloys production of Mn and Si alloys at Pobuzhie Ferronickel Plant. About 5 

thousand tons of FeNi has been totally produced by different plants as a result of re-melting of Ni-containing waste. 

Last year in Ukraine about 20 thousand tons in terms of nickel metal of different grades has been produced including 

“poor” and “rich” grades of FeNi.  

In 2014, Ukraine produced 2.5 thousand tons of “rich” FeTi with 70% Ti content by re-melting different types of 

Ti-containing waste. For the first time over the last few years, FeTi with 35% of Ti content has been started to be pro-

duced by aluminothermic method using ilmenite concentrate of Ukrainian origin using new production facilities. FeMo 

production has also been established at the electrical and metallurgical plant Dneprospetsstal in Zaporozhie. 

Smelting of FeMo, FeV, FeNb and other alloys of “small group” took place in limited quantities (from time to 

time, basing on demand and raw material supply), mainly at Donetsk Chemical and Metallurgical Mill that is a part of 

Illich Iron and Steel Works of Mariupol (small town of Donskoye, Volnovakha district, Donetsk region). 

Practically all enterprises of ferroalloy sector of Ukraine conduct the policy of technical upgrading and moderni-

zation aiming at providing sufficient competitiveness of production and expanding range of products with improving 

energy efficiency, introduction of the latest environmentally friendly methods, processing and utilization of previously 

accumulated production wastes. 

To increase energy efficiency the works to optimize the design of ore-smelting furnaces were carried out. At 

Pobuzhie FNP the furnace design and geometry of RTP-1 furnace have been changed with the transition to a rectangu-

lar bath with spring-actuated walls and back-arched hearth.  

The so-called high voltage “deep input” directly to furnace transformers was applied during the reconstruction of 

furnaces, modern electrocompensation installations have been constructed, “multizonal rates” system is used which 

allows minimizing energy costs within a day, etc. The works on transfer of ferroalloy furnaces to the direct current sup-

ply, including furnaces for re-melting of waste of ferroalloy production, are being carried out (Zaporozhie Ferroalloy 

Plant). These actions have contributed to reduction in energy consumption by 8-10% in the recent years. 

Secondary energy resources with the use of waste gases heat of the closed and semi-closed ore-smelting furnaces 

were also applied. At Pobuzhskiy FNP, for instance, preliminary air heating up to 280-300°С is used; this air is supplied 

for fuel combustion in tubular rotary kilns. Natural gas supplied to the furnaces is being partially replaced by injecting 

of pulverized-coal fuel as a cheaper source of energy. 

At all ferroalloy plants certain methods of processing waste slag of ferroalloy production are implemented with 

obtaining additional (secondary) products. At Nikopol Ferroalloy Plant, for instance, the method of recovery of various 

metal concentrate fractions from slag by means of lumpy sorting module (LSM) is deployed. This method is focused on 

lumpy material (slag size of 10-20 mm, 20-40 mm and 40-70 mm) sorting with the use of electronic sensor technology. 

Special sensors analyze slag lumps in the flow, and the pieces enriched with metallic beads are extracted from the gen-

eral flow by air separation. Installation productivity depending on the size of the processed slag ranges from 12 to 40 t/h 

by the initial supply, in this case 3-4% of slag-mix can be separated from slag (it's exactly the slag and metal mixture) 

which contains approximately 50% of the metallic phase (manganese content in this slag and metal mixture is defined 

by specifying the parameter in the LSM module). The use of slag and metal mixture along with production wastes im-

proves melting performance, promotes an increase in Cr recovery and reduction of primary ore consumption. 

After extraction of metal component from slag, slag processing products are used as fillers in concrete produc-

tion; dust and sludge from ferroalloy production are used as binding materials in cement production; slag crushed stone 

is used in road construction. 

The majority of ferroalloy furnaces with the installation of state-of-the-art equipment for gas cleaning and dust 

removal is reconstructed; most of BF top dust and sludge is used for agglomeration (sintering, pelleting or briquetting) 

for re-melting. 

Various agglomeration methods for agglomeration of ferroalloys fines obtained during crushing and screening 

by briquetting or re-melting with specialized electric furnaces (arc or induction) are applied.  

CONCLUSIONS 

Ferroalloy industry of Ukraine is being developed mainly on the basis of its own raw material base, solving the 

issues of ferroalloys supply to the enterprises of Ukrainian metallurgical industry and exporting the part of manufac-

tured products to the global markets. Introducing the programs of technical upgrading and modernization, improvement 

of energy efficiency and resource saving developed by the enterprises, as well as developing the international commu-
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nication and partnership Ukrainian ferroalloy production will continue keeping the one of the leading positions in the 

global ferroalloy community. 
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HISTORY AND NEW MILESTONES IN SUBMERGED ARC 

FURNACE TECHNOLOGY FOR FERRO ALLOY AND SILICON 

PRODUCTION 

Dr. Rolf Degel, Dr. Christian Fröhling, Martin Köneke, Erik Hecker, Harmen Oterdoom
1
; Andrew 

van Niekerk
2
 

1
 SMS Siemag AG, Eduard-Schloemann-Strasse 4, Düsseldorf, Germany; saf@sms-siemag.com 

2
 Metix-Ltd., Rivonia Road, Morsing side in Santon, Johannesburg, South Africa; andrew@metix.co.za 

As far back as in 1906, the SMS group delivered the first submerged arc furnaces. Meanwhile - over the last 100 

years – SMS supplied more than 750 submerged arc furnaces and major components to our customers worldwide, 

which operate plants for the production of ferroalloys, Si-metal, non-ferrous metals and other applications. The smelter 

departments of the SMS group in Düsseldorf, Germany and Johannesburg, South Africa worked out numerous solutions 

to ensure the profitability of the operating industry in the ferroalloy business. Many highly interesting and challenging 

furnace projects are being implemented, including the world’s largest FeNi furnace for POSCO SNNC, South Korea, 

the FeCr production line based on DC-technology working with an electrode column for JSC Kazchrome, the first 

FeMn/SiMn-plant equipped with hybrid gas cleaning system (scrubber system – wet ESP combination) for Sa-

kura/Malaysia, modern calcium carbide furnaces for two clients in China, one modern smelter for a FeNb production 

line and innovative smelter for fused magnesia production. The paper will present the status of these projects. Further-

more, new solutions regarding energy recovery and other auxiliary equipment as well as innovation and future con-

cepts will be presented. 

SMS GROUP, BENEFITS FOR THE WORLD MARKET 

Usually, most of the ferroalloys and special slags are produced in electric smelters/submerged arc furnaces. The 

SMS group has a market share of more than 50% of the western world. During the last 100 years, the SMS group de-

veloped the furnaces to such extent that it is today utilized for more than 20 different main industrial areas such as iron, 

ferroalloy, chemical industry, lead, zinc, copper, refractory, titanium oxide, recycling, phosphorus etc. [1, 2]. Such an 

evolution was only possible due to tremendous efforts in research and development, a large range of design solutions 

and finally the initiatives and visions of our clients resulting in joint trendsetting developments. The worldwide strong 

competition also forced the industry and technology suppliers to improve the efficiency and economy adapting to the 

market conditions. Regarding the environment, the plants improved significantly in terms of gas cleaning and energy 

efficiency [3]. 

THE HISTORY OF SUBMERGED ARC FURNACE TECHNOLOGY 

The increasing demand for ferroalloys and desoxidation agents in steelmaking at the beginning of the 20
th

 centu-

ry led to the development of the first industrial electric smelters. SMS which has been a major supplier for the iron and 

steel industry for the last 100 years started with the construction of the first submerged arc furnace in 1905. The 1,5 

MVA unit was installed in Horst Ruhr/Germany for the production of calcium carbide and was successfully commis-

sioned in 1906. Development of large electrode systems, advanced transformer technology and new furnace construc-

tion principles allowed the design of large-capacity rectangular SAF’s with current dimensions of up to 40 m in length. 

Over 99 % of the furnaces are AC based, either with three or six inline electrode systems for rectangular furnaces, or 

with three electrodes for circular furnaces [1, 2]. This will remain the dominant smelting technology over the coming 

decades. Well-known benefits of AC furnaces are their reliable and efficient operation. DC technology is normally used 

in certain niche areas (such as FeCr fines, TiO2 slag production) [4, 5]. Over the recent years, SMS has developed a next 

generation DC-smelter which aims at holding its position as the leading supplier in this field. 

FENI-APPLICATION: 

Ferro-nickel is mainly produced in submerged-arc furnaces by the reduction of nickel ores/calcine. The aim is to 

transfer most of the nickel into the metal phase. Good carbon distribution and specific slag metallurgy are important for 

a high yield. First, pre-heated and pre-reduced ores are hot-charged (at temperatures of up to 900 °C) into the furnace. 

Then, final nickel reduction takes place in the submerged-arc furnace. Ferro-nickel furnaces are semi-open stationary-

type furnaces. Usually, round furnaces are used for smaller and medium quantities, whereas large capacities are pro-

duced in rectangular furnaces [6]. 
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Fig. 1: Sidewall cooling concepts based on stripe cooling 

Related developments followed, such as various sidewall cooling methods as well as AC thyristor controls for 

better operation, higher and more efficient power input, and less overall maintenance. Smelters are charged with either 

lateritic-based calcine as applied, for example, for POSCO SNNC/Korea, Eramet/New Caledonia, Barro Alto/Brazil, or 

MOP/Brazil, or with limonitic-based calcine as, for example, at Feni Industries in Macedonia and Larco in Greece. The 

groundwork for the new generation rectangular type furnaces was done together with SLN Eramet in 2006. SMS com-

missioned the first 99-MVA FeNi furnace for SLN Eramet in New Caledonia (Furnace No. 10), followed later by a sec-

ond 99-MVA FeNi furnace. Owing to the success of this revamp, Eramet decided to modify Furnace No. 9 in the same 

way. Modernization of the furnace – originally installed by SMS in 1971 –more than doubled its capacity. This remark-

able increase is due to a special sidewall cooling system and a higher transformer rating. 

Eramet was the first customer to benefit from implementation of the plate copper cooling principle. The side 

wall cooling system does not feature any water passages inside the lining, so it is considered considerably safer than 

other systems available on the market [6].Based on comparable furnace principles, SMS was awarded by Vale (two 120 

MVA furnaces) and Anglo American (two 114 MVA furnaces) to supply rectangular furnaces with 6 in-line electrodes. 

A special feature of the furnaces is the application of thyristors. These improve the shielded arc operation in order to 

enhance the production rate. To cope with the high silica rates contained in the slag, the furnace cooling system com-

prises SMS copper plate cooling sidewall system in the slag zone (see Figure 1), similar to the one used at Eramet in 

New Caledonia. 

 

Figure 2: Illustration of the 135 MVA FeNi smelter of POSCO SNNC 

It is also possible to monitor each individual feeding pile in order to optimize the melting conditions and increase 

the melting capacity. In December 2012 SMS received the order from POSCO SNNC for the supply of the world’s 

largest submerged-arc furnace. The company seeks to boost its annual capacity to approx. 54,000 tons of Ni. The power 

rating of the rectangular FeNi smelter is 135 MVA resulting in a total nominal power input of approx. 100 MW. To 

provide this significant capacity, the furnace requires dimensions of approx. 40 x 15 m (see Fig. 2 and 3). The refractory 

binding system allows a controlled expansion of the furnace lining. The furnace has been commissioned in November 

2014. 

POSCO SNNC executed the project at a highly professional level according to their targeted ambitious time 

schedule of 20 months and on budget which is a considerable achievement in the FeNi industry. Until now the start-up 

is smooth and it is POSCO SNNC’s goal to reach 100% capacity by the 2
nd

 half of 2015. According to POSCO SNNC, 

especially the thyristor control system supports the operation especially during the ramp-up period greatly. 
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Figure 3: Slag tapping at POSCO SNNC FeNi-furnace 

FECR-APPLICATION: 

High-carbon ferrochrome with carbon contents of 4 - 8 % is usually used in AOD converters for the production 

of alloy steel grades. Mainly due to environmental reasons, ferrochrome is commonly produced in closed stationary 

furnaces. Medium-carbon chrome alloys (0.5 - 2 %C) and low-carbon FeCr (<0.5 %C) are produced in combined pro-

cess stages. Both products require special slag metallurgy to attain high chrome yields. FeCr production is carried out 

either in DC or AC based SAF. The increasing share of fine ores of newly explored mines might force the ferrochrome 

producer either to agglomerate the ore or to process it directly as fines. Basically the production of charge FeCr/HC 

FeCr can be carried out in various ways. 

AC-based solutions: 

 AC-smelter for lumpy Cr-ore 

 Briquetting plant –AC-smelter for Cr-ore fines 

 Sinter plant – pre-heater –AC-smelter for Cr-ore fines 

 Pre-heater –AC-smelter for lumpy Cr-ore 

 Rotary hearth furnace (for the pre-reduction of Cr-ore fines) – AC-smelter 

 Rotary kiln – AC-smelter for Cr-ore fines 

DC-based solutions 

 DC-furnace for the direct charge of fines 

 Kiln-based pre-heater combined with circular DC-furnace 

South Africa is one of the largest ferrochrome producers in the world. Metix as part of the SMS group with cur-

rently the largest market in the southern African region share has modified numerous furnaces over the past decade [7]. 

One of the first major projects for SMS group consisted of supplying the overall EPCM services for HFC’s F4PS2 pro-

ject. The project involved a 350 000 tpa sinter plant and a 78 MVA closed FeCr furnace with preheating. Work was 

completed in 2005, simultaneously marking the launch of Metix equipment onto the SAF market with the supply of full 

electrodes (1750 mm diameter) to the biggest FeCr furnace in South Africa. SMS group also modified two existing 

open FeCr furnaces into closed furnaces by supplying new electrode columns, busbar systems, and closed roofs with 

copper roof deltas. A new gas cleaning plant and water treatment was also part of the supply and service package. The 

plant was recommissioned in 2010. The SMS group was the EPCM contractor for Tata Steel’s FeCr plant in Richards 

Bay, with a 300,000 tpa briquetting plant and two 37 MVA furnaces commissioned in 2006. The sinter technology was 

developed in cooperation with Outotec. 

 

Figure 4: Sinter plant as installed for Tata Steel 



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 10  
 

A significant plant based on DC-furnaces is now being commissioned for the client JSC Kazchrome. The SMS 

group is responsible for the engineering and supply of a FeCr to the plant. The complex was constructed at the existing 

FeCr plant in Aktobe, Kazakhstan. SMS supplied four DC-based smelters with a power input of 72 MW for each fur-

nace (Figures 5 and 6). The annual plate production of the plant (melt shop No. 4) is approx. 440,000 t of H.C. ferro-

chrome [4]. The benefits of DC furnaces include: 

 Unique in-house know-how to minimize arc deflection (busbar routing and electrode column) 

 Optimized energy consumption due to combined electrode movement regulator with thyristor ignition control-

ler and high electrode speed 

 Patented reliable long-life electrode column system that allows slipping and nipping under power (providing 

maximized power-on time) 

 Quick-change centerpiece device essential for maximum operating time 

 Intelligent feeding arrangement to maximize throughput 

 

Figure 5: Illustration of the DC-furnace 

The first metal tap was achieved in November 2014. Currently furnace No. 2 and 3 are in the commissioning pe-

riod. It is planned that all the furnaces will be put into operation within 2015. To improve the operation, the DC-

electrode column is applied and it shows satisfactory results. One challenge is the control of the typical high metal and 

slag temperature levels as a result of the process that puts significant stress on the lining and the tap holes. 

 

Figure 6: First metal tap in November 2014 at the Kazchrome plant 

For ETI KROM in Elazig, Turkey SMS revamped two existing FeCr furnaces (Figure 7). The furnaces were 

connected to a 30 MVA-transformer each. The smelters were commissioned in 2011 and demonstrate reliable operation. 

SMS group is currently installing an energy recovery system connecting the two recently installed furnaces and the two 

refurbished furnaces [8]. The commissioning is scheduled for the 2
nd

 half of 2015. As a prime example of green tech-

nology, the energy recovery system utilizes the sensible energy of the off-gas and converts it into super-heated steam. 

This steam then drives a power generator. SMS calculates that approx. 5 MW will be recovered as electrical power. 
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Figurer 7: Energy recovery system under construction for Etikrom 

FEMN-APPLICATION: 

Ferro-manganese is usually available on the market as high-carbon (6 - 8 % C), medium-carbon (1 - 4 % C), and 

low-carbon (< 0.4 % C) ferro-manganese products. Alloys with high Si contents (15 - 20 %) are known as silico-

manganese. High-carbon ferro-manganese and silico-manganese are produced in open or closed furnaces. Recent instal-

lations are Mogale Alloys in Krugersdorp, where the SMS group was responsible for the upgrading of two SiMn fur-

naces with new electrode columns, air-cooled roofs, gasoff takes, bus tubes and flexible cables. For Yunnan Metallurgi-

cal Group Co Ltd in China the SMS group supplied the core equipment for a closed 67.5 MVA SiMn furnace, the larg-

est in China, as well as the engineering of the plant. 

 

Figure 8: Water cooled roof during manufacturing for Rainbow Minerals 

The plant has been started up in 2011. SMS was awarded by Rainbow Minerals/South Africa for the installation 

of a FeMn/SiMn-plant in the Sarawak area in Malaysia (the so-called „Sakura-Project“). The major goal targeted the 

100% utilization of local Mn-ore and to minimize the specific power consumption through the use of modern technolo-

gy. This will be achieved by installing an optimized bus bar system and to use of copper pressure rings for the lower 

part of the electrode. The two furnaces will have 81 MVA and will produce 550,000 tons of FeMn/SiMn annually. SMS 

handles the order as an EPC contractor. It is planned to commission the plants in 2015. 

The plant will be equipped with a new scrubber system, comprising a double venture system combined with a 

wet type ESP (Figure 9). This technology ensures a stable operation of the furnace and is less cost-intensive compared 

to the disintegrator solution. This unit can reach dust contents < 10mg in the clean gas [8]. 

 

Figure 9: Wet gas cleaning plant for closed submerged arc furnaces 
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FESI/SILICON APPLICATION: 

The ferrosilicon grades produced in a submerged arc furnace feature Si contents of 15 - 96 %. Grades with more 

than 96 % Si are known as silicon. Due to the high energy concentration and the process gas formation involved, these 

applications make extreme demands on the design and material. The furnaces are characterized by encapsulated elec-

trode columns with hydraulic control, contact clamp tightening operation, and short and low inductive electrical feeders. 

Silicon production units generally utilize prebaked electrodes. SMS group also offers special composite type electrode 

systems for silicon production to reduce operating costs and to increase the overall furnace capacity (Figure 10). Silicon 

and FeSi: SMS group has supplied the majority of large-scale submerged arc furnaces for silicon production, which 

typically operate at 12-24 MW. The demand for large-scale modern silicon plant is growing and today units up to 40 

MW are economically and technically feasible [9]. 

 

Figure 10: 3D illustration of a modern silicon smelter 

The process requires an energy input of about 10-12,5 MWh per ton of silicon with high quality raw materials, 

such as high-quality quartz and low ash reductants. It is sometimes economically feasible to install energy recovery 

systems. The specially designed furnace hood allows an off-gas temperature of approx. 800°C. Additionally, the fume 

exhaust gas is injected in the hood which eliminates the necessity for a bag house for the tapping fume dedusting system 

in this area. 

POSCO awarded SMS with the supply of two FeSi-furnaces with a power rating of 21 MW. The furnaces were 

commissioned in 2013/2014 (Figure 11). 

 

Figure 11: FeSi furnace of POSCO during operation 

In 2010, the SILIKAZ COMPANY commissioned the two-furnace plant installed in Kazakhstan. Besides the 

furnaces themselves, the entire plant engineering from raw material handling to packing of the final product was done 

by SMS. At the moment several projects for FeSi and silicon plants are being executed. The clients Mississippi Silicon, 

the USA and PCC, Germany will build a two-furnace-based silicon plant. The technical data for both plants and the 

related furnaces are similar. Each furnaces has a power rating of about 24 MW and the plants will produce > 30,000 

annual tons of silicon. 

TIO2-SMELTING: 

Titanium slag furnaces produce TiO2-rich slag and pig iron as a valuable “by-product”. The ilmentite ore can be 

processed either in DC or AC furnaces. It is not necessary to pre-treat the ore before directly smelting ore fines in DC 

furnaces. Usually the specific electrical power consumption is higher due to the lower thermal efficiency of the furnace. 

In South Africa, most smelters are DC-based. Other companies produce TiO2 slag in AC-based smelting units, using 

either circular or rectangular furnaces. Usually the product is utilized in the paint, coating, alloying, cosmetic and space 
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industry. Numerous large-scale projects are currently under discussion mainly in South Africa, Australia, Middle East 

and North America. Basically pre-treated ilmentite ore is smelted in a submerged arc furnace to TiO2-rich slag and hot 

metal. The SMS group supplied 2 submerged arc furnaces for Kumba Resources in Empangeni, South Africa and to 

Xiling, China. 

CALCIUM CARBIDE: 

Calcium carbide (CaC2) is used as the starting material in the production of acetylene and calcium cyanamid. Ini-

tially, acetylene was produced for lightning purposes. In organic and plastics chemistry, calcium carbide is in strong 

competition with the various processes for the production of acetylene from hydrocarbons and it is used as a desulfuri-

zation agent in the steel industry. 

 

Figure 12: Calcium carbide – example: Guodian Younglight and Junzheng Energy 

In 2010 and 2011, SMS group was contracted by 2 major CaC2 producers in China for the engineering and sup-

ply of the China’s largest CaC2 furnaces. Featuring a power rating of 81 MVA, they achieve an annual production of 

>120,000 t each. The 6 furnaces ordered by Guodian Ningxia Younglight are located in Ningxia province while the 4 

furnaces of Junzheng Energy operate in the province of Inner Mongolia. All furnaces are equipped with a hollow elec-

trode system (HES) which are unique in China. This system enables operators to charge also fine material (see Figure 

12). 

FUSED MAGNESIA SMELTING FURNACES: 

The electric smelter is also used for the production of minerals. One example is the production of fused magnesia 

or fused alumina, being further processed in the refractory industry. The Magnezit Group, which is based in Satka, Rus-

sia, awarded SMS a contract for the engineering and supply of 10 smelting furnaces for the production of fused magne-

sia. The plant in Satka will receive 5 furnaces and 5 more are intended for the plant in Rasdolinsk. Each furnace has a 

transformer capacity of 8.8 MVA and produces approx. 10.000 t/y of fused MgO. SMS is supplying the engineering and 

the complete furnaces as well as the electrics and automation (see Figure 13). 

 

Figure 13: Magnesiafurnaces for Magnezit 

METAL REFINING 

Refining options for ferroalloys: The SMS group also supplies technology for ferroalloy refining, mainly FeNi. 

References for FeNi refining are Pacific Metals, Falconbridge Dominicana, Cerro Matoso, and Koniambo. These are all 

ladle furnace solutions with auxiliary equipment (slag rake, oxygen blowing). Refining technology for FeCr and FeMn 

SMS has a long history of converter technology. Reference lists specify more than 200 converters supplied over the last 

60 years. SMS constantly improves the process and the technology. Today, state-of-the-art design by SMS covers con-

verters with fluid flow models optimized by CFD (computational fluid dynamics), as well as detailed parameter. The 

product portfolio includes chemical heating stations, slag rakes, ladle furnaces and ladle cars with electromagnetic stir-

ring. Another option is refining the FeNi in a conventional converter like the one SMS supplied to Larco in Greece. Our 

range of converters includes conventional BOF converters for FeNi, AOD converters for the production of MC FeMn 
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and MCFeCr and AOD vacuum converters /10/. Most recently, SMS developed and proved in industrial-scale applica-

tion of CO2-blowing technology in an AOD vacuum converter for MC FeCr< 1.0 % C (see Figure 14). This technology 

significantly cuts operation costs and the need for expensive cooling materials. The Cr yield achieved is above 95.5 %. 

Converter hoodVOD hood

Converter

 

Figure 14: Vacuum AOD for the production of MC FeMn and FeCr 

APPLICATION OF ENERGY RECOVERY SYSTEMS 

Semi-open type furnaces: In Semi-open type electric smelters, the combustible components which are generated 

during the process are fully burned in the freeboard area. The furnaces are either equipped with doors or openings in the 

roof that allows the control of the off-gas temperature. Depending on the process the off-gas temperatures are between 

550 to 750°C [11]. Internal calculation shows that more than 20% of the input electric power can be recovered. Due to 

environmental and ecological reasons, a larger portion of electric smelters are closed-type furnaces, which produce cer-

tain quantities of CO-rich gas that can be utilized in various up-and downstream processes. SMS developed a “dirty-

boiler-system”, which can take the hot dirty combustible gas and transform the chemical and sensible heat into steam.  

The process gas can also be used after treatment (e.g. Disintegrator Scrubber) in a Process Gas Boiler (see pic-

ture 15) to generate superheated steam. A part of the sensible heat can be used to heat up e.g. feed water. But the super-

heated steam enables the generation of electrical energy or process steam for different applications. 
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Figure 15: “Process Gas Boiler” for recovery of energy of process gas 

AUXILARY EQUIPMENT 

The SMS group covers the full range of necessary auxiliary equipment required for the smelters such as water 

treatment and cooling units, primary and secondary gas cleaning systems, metal and slag treatment pig casting and slag 

granulation, raw material/product handling units as well as other auxiliaries such as stoking machines and tap hole mud 

gun as well as drilling machines [13]. 

From the technical point of view, it is most challenging, recovering the sensible heat out of liquid slag. Especial-

ly for a process, generating large amounts of slag (such as for FeNi-smelter plants), such a system could decrease the 

overall energy consumption significantly. Paul Wurth as part of SMS developed a system, which was firstly tested in 

2013 at one of the leading steel producers in Germany. The dry slag granulation system injects steel ball into the liquid 

slag and the conductivity of the “slag cake” is improved; it is possible that the sensible heat is transferred to a heat ex-

changer. The cooled down solidified slag is later crushed, the steel balls are screened out and send back into the energy 

recovery unit. When the results are positive and the plant demonstrates its feasibility, such system will be a very attrac-

tive solution for the ferroalloy and non-ferrous industry. 
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Figure 16: Slag energy recovery system 

INNOVATION FOR THE FURNACES OF TOMORROW 

A key factor in the global leadership of SMS in electric smelters is the creative spirit of our engineers [13]. Their 

inspired thinking enables them to develop new application areas for smelters and optimize existing designs. SMS team 

cooperates with its customers as well as reputed institutes and universities to develop groundbreaking innovations. Con-

stant interaction with third parties gives us new impulses and new insights. Major current activities are focused on the 

comparison of DC and AC application. SMS carried out theoretical evaluations and practical tests on lab scale. Fur-

thermore SMS also improves all software programs which allow us precise sizing of the furnaces. Furthermore a pro-

cess simulator is in the test phase, which will allow the dynamical simulation of various SAF processes. FEM calcula-

tions are used for energy and cooling optimization and also for finding best constructive solutions regarding furnace 

parts. 

CONCLUSION 

The first SAF has been commissioned more than 100 years ago in Germany. Since then, the remarkable devel-

opment of this smelting tool has been recognized all over the world, and submerged arc furnaces are now operating in at 

least 20 different main industrial fields. With Metix and Paul Wurth the SMS group can offer a wide and complex prod-

uct portfolio for AC- and DC-based smelter technology. This also includes intelligent solutions regarding energy recov-

ery systems and coal based pre-reduction units. It is the SMS goal to offer plant and equipment concepts which are the 

best solutions for our clients from the economic and ecological point. 
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Annotation 

The research results on using boron ore and basalt in production of chromite pellets are given here. Their influ-

ence on the quality of wet, dry and burnt pellets is researched. It is shown that the use of basalt let us fully take out ben-

tonite and cox from the furnace charge, make the temperature of burning lower by using in practice the temperature of 

1673 to 1523-1573K, produce the burnt pellets according to the technical requirements.  

Key words: chromitite, pellets, boron ore, basalt.  

In mining and processing of chromitites 75-80% of small items less than 10 mm are formed and about 30% of 

ore is in a powder and dust condition. The necessity of clotting such ore is evident. Concerning the ores in Kazakhstan, 

a number of researches on the clotting have drawn the results given in [1]. The ways of agglomeration, clotting, bri-

quetting using flaxes, liquid glass, calcium lingosulphanate and other additions were suggested. But they were not real-

ized in industry. 

Chromitites clotting is widely spread in a number of countries. But this experience cannot be used in Kazakhstan 

as the ores of these countries are relatively fusible [2]. The Kazakhstan ores have high temperature of melting which is 

concerned because of refractoriness of ore phase and deads [3]. That is why special actions have been taken in the facto-

ry on clotting operations (Chrometau city, Kazakhstan). They include additives to furnace charge from the concentrate 

and bentonite as well as coke and supporting of burning temperature on the line at the level of 1673 K. Some disad-

vantages related also to negative influence of high temperature on the equipment operational characteristics were dis-

covered. To solve this problem we have tried to lower the temperature of furnace charge melting.    

The first experiments (chart 1) using Kazakhstan boron ores containing (mass, %): Fetotal.-1,1, SiO2–10,6, Al2O3-

3,82, CaO-22,02, MgO-7,5, B2O3 - 8,2, S - 10,0 were made following the example of successful researches with iron 

ores [4, 5]. From the data given we can see that at the burning temperatures usual for production line machines (1523-

1573K), for pellets from the pure chromite concentrate and for those with the addition of bentonite (1%) the required 

[6] solidity for compression (150 kg/p) is not reached. But at 1623K which is connected with difficulties in the opera-

tion of burning equipment the pellets with bentonite can reach this level.  

Adding 2% of boron ore let us have pellets with the strength to pressure of 203-291 kg/p at the burning tempera-

ture 1523-1573K, so not proper for industrial use. Despite the high sulfur congregation with boron ore, its concentration 

in pellets is very low (Table 1).   
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Table 1. Quality of raw and burnt chromite pellets  

Furnace charge structure, % Raw pellets  Burnt pellets  

Chro-

mite 

con-

centra-

tion 

Ben-

tonite 

Bo-

ron 

ore 

Burnt. 

cole-

manitte 
W,  

% 

R, 

kg/p 

n,  

times 

Rbrunt, 

kg/p 

Тencaus. 

К 

R,  

kg/p 

Cr2O3,  

% 

S,  

% 

100    11.0 1.18 >20 3.59 1273 

1373 

1423 

1473 

1523 

1573 

1623 

16 

20 

39 

45 

61 

69 

139 

50.3 

50.2 

50.2 

50.1 

50.3 

50.6 

50.6 

0.015 

0.005 

<0.001 

0.004 

0.002 

<0.001 

<0.001 

99.0 1.0   12.3 1.02 >20 5.0 1273 

1373 

1423 

1473 

1523 

1573 

1623 

31 

50 

54 

99 

104 

134 

223 

  

98.0  2.0  11.1 1.21 >20 5.0 1273 

1373 

1423 

1473 

1523 

1573 

1623 

33 

65 

84 

133 

203 

291 

374 

49.2 

49.8 

50.7 

50.4 

50.3 

50.1 

49.9 

0.110 

0.015 

0.002 

<0.001 

<0.001 

<0.001 

<0.001 

99.5   0.5 11.0 1.23 >20 3.2 1523 

1573 

155 

271 

 <0.001 

<0.001 

Realization of this technology and those analogous for iron ore with the use of Kazakhstan boron ore is possible 

at the condition of emissive sulfur utilization by the schemes given. But there are high-quality Turkish boron raw mate-

rials available in the market. The best results (chart 1) of four researched types were reached at the use of annealed 

(eliminated hydrate moisture) colemanite (mass, %): SiO2 – 3,67, CaO – 33,64, MgO - 2,75, B2O3 – 55,46, S - 0,25. At 

the burning temperature of 1523-1573K and only 0,5% of colemanite in the charge we can get the pellets of high 

strength (155-271 kg/p). It should be noticed that on the base of industrial experiments data the presence of boron in the 

charge let us improve technical and economical indexes of chromite ferroalloy burning [7,8].  

Not to further complicate the process, to avoid ecological problems and to get more available raw materials it 

was decided to make the flux of necessary content and characteristics for the deads of chromite ores oxides. The analy-

sis of the four-component system diagram CaO-SiO2-Al2O3-MgO has shown that it can be done at the low temperature 

eutectic (СаО – 13-20%, SiO2 – 55-60%, Al2O3 15-20%, MgO – 10-12%) with the melting temperature of 1473-1573 

[9]. Basalts are the closest to these structures of all the natural materials. Chemical analysis of two basalts on the main 

components (mass, %) is given below: 

No. SiO2 Al2O3 СаО MgO Fetotal Tsmel. end.К 

       

1 47.4 16.2 9.45 8.1 10.4 1700 

 

2 52.5 13.99 11.85 5.29 8.7 1713 

The first of them is Novosibirsk (Russia), the second is from Kazakhstan, Dubersay of Aktyubinsk region 

(Chrometau) where it is mined, fractionated and delivered to construction industry enterprises. We can see that to get 

better fusible condition both basalts require the extension of manganese oxide content in it. The one from Novosibirsk 

requires less and Duserbay more of it.  

Using the electrical vibration viscometer we have found the melt viscosity of these materials and with its help we 

have found the temperature of melting to understand the possibility of its use as fusible additive at pellets production. 
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We have studied the influence of MgO additives on these features. The viscosity characteristics are given in the figure 

below.  

We can see that basalts are refractory and have the high viscosity even at high temperatures. That is why we 

cannot think about getting the liquid melt in pellets at usual burning temperatures (1523-1573K). But it is changed by 

addition of manganese oxide to it (dolomite). The burning temperature of Novosibirsk basalt falls from 1700 to 1603 

and 1573K by adding of 10% and 20% dolomite to it. Observing its chemical content, the addition of dolomite in 

Dubersay basalt was discovered at a level of 28%. Its temperature of burning got lower from 1713 to 1553K. At tem-

peratures given the basalt melts with dolomite viscosity is not higher than 3 Pa/sec. Both these factors contribute to 

lower the burning temperature and accelerate the charge assimilation.   

Thus, combining flux with basalt dolomite we can see the effective addition to improve the chromite pellets 

burning. But the addition to charge of two extra fluxes can be negative for the chrome content in pellets and complicate 

the raw materials weight burdening.   

 

 

Fig. 1. Viscosity temperature dependence on basalt melts with different dolomite content  

a)  1 – basalt,  2 – 10% - dolomite, 3 – 20% dolomite 

b) 1 – basalt , 2 – 28% dolomite. 

That is why we have decided for the future to take out bentonite and coke from the furnace charge and as a 

source of MgO to try using manganese oxide of cement breed of the chromite ore (Table 2) instead of dolomite. It is 
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contained there in the structure of serpentine which is decomposed at water heating (vapour), forsterite and manganese 

silicate and not in a free condition (as in basalts).  

Table 2. Minerals chemical structure of chromite ores  

Deposit Components names 

of chromite ore 

Components content , % mass 

Cr2O3  MgO Fe2O3 Al2O3  FeO SiO2 
MgO  

Al2O3 

 

 

“40 years 

of Ka-

zakh 

SSR” 

 

chromshpinelids 

61.90 

61.20 

61.40 

61.20 

14.70 

13.70 

13.70 

14.20 

14.20 

13.70 

14.00 

13.90 

8.60 

8.10 

8.10 

8.25 

0.50 

 0.40 

0.70 

 0.50 

- 

- 

- 

- 

1.71 

1.69 

 1.69 

   1.72  

 

cement ores 

- 

- 

- 

- 

 

36.00 

37.80 

36.10 

38.50 

4.30 

5.30 

3.80 

4.60 

2.20 

0.50 

- 

1.80 

- 

- 

- 

- 

37.00 

37.30 

37.10 

37.40 

16.40 

75.60 

- 

21.38 

We have checked these data by making experiments on the pellets production. Chromite concentrate contained 

(mass, %): 51,9Cr2O3, 5,81SiO2, 7,76Al2O3, 0,13CaO, 19,4MgO, 9,72Fegen,. Its size on the class minus 0,071 mm is 

79.5%. Specific surface area is 1621 sm
2
/g. Furnace charge clotting were done in the laboratory drum grainer with the 

diameter of 600 mm, length of 200 mm; drum speed rotation was 27 turns per minute (equivalent speed rotation of in-

dustrial drum with the diameter of 2,8 m is 12 turns per minute).  

The pellets were burnt with one layer in the laboratory tube electric furnace with silicon-carbide heaters. The 

pellets burning procedure is the heating temperature of 100
0
 per minute, cooling 70 

0 
per minute, the temperature in the 

burning area is 1523 and 1573K, isothermal tenacity 20 minutes. The strength to pressure of burnt pellets was calculat-

ed by the tearing machine of P-0,5 type.  

The basic charge was the one contained 96.9% of chromite concentrate, 0.6% bentonite and 2,5% coke. The ex-

periment demonstrates the following data. The strength of raw pellets to pressure was 0,54 kg/p, they stand about 2-3 

downcasts. The strength of pellets burnt at 1523K was 65 and at 1573 it was 133 kg/p. At this charge the technical re-

quirements (150 kg/p) can be reached at high burning temperatures that was done (1673K) in the working factory.  

Three types of experimental charges were researched: with bentonite and two compositions of basalt. The addi-

tives efficiency was marked by raw pellets grading, the strength of raw and burnt pellets. The results are given in the 

Table 3.  

Table 3. The pellets quality  

Index  Units Figures  

Charge content: concentrate  

Bentonite 

Basalt 

Raw pellets : moisture 

Grainy: +16 mm 

14-16mm 

12-14mm 

10-12mm 

5-10mm 

0-5mm 

Strength: average 

Amount of downcast.сh=300mm 

Strength of raw ones: average 

Strength of burnt : 

Тburnt. = 1573К 

Тburnt. = 1523К 

% 

 

 

 

 

 

 

 

 

 

kg/p 

times 

kg/p 

kg/p 

 

99.4 

0.6 

- 

10.60 

0.0 

1.8 

61.6 

30.7 

5.8 

0.1 

0.87 

68 

3.51 

 

100 

- 

95 

 

5 

9.61 

1.1 

5.2 

61.5 

21.6 

3.7 

6.9 

1.11 

45 

3.08 

 

221 

196 

97.5 

 

2.5 

9.74 

0.0 

5.8 

64.6 

25.9 

3.5 

0.2 

1.16 

44 

3.89 

 

246 

171 

We can see that use of bentonite only in charge as flux does not provide required strength even at the burning 

temperature of 1573K. That is why in industry coke is added to the charge and increase the temperature to 1673K. 

There is no need to use bentonite and coke in the charge and hold the temperature at 1673 K while adding basalt to the 

charge. For example, adding 2,5% basalt to the charge the pellets burn in the charge at the temperature 1523K have the 

strength to pressure 171kg/p and at 1573 it is 246 kg/p that is higher than technically required for 21 and 96kg/p. Re-

quirements to the strength of raw pellets (not less than 2 kg/p) are higher 1,5-1,9 times (Table 3).   

Thus, the suggested technology allowed us: 

- taking out bentonite and coke of the charge; 
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- reducing the burning temperature from 1673 to 1523-1573K; 

- using only basalt located in the area of pellets factory as flux; 

- producing burnt pellets strong to pressure 171-246 kg/p according to technical requirements (150 kg/p).   

We should note that the burning way reducing the melting temperature in the charge adding flux [10] is good not 

only for refractory but also for usual ore materials as it let us avoid low strength of the lower layers where there is usu-

ally lack of heat because of the temperature overfall on the height of pallet.  
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ABSTRACT 

The particle and chemical compositions of fine manganese concentrate produced from sludge at Ordzhonikidze 

Mining and Processing Enterprise have been presented. The technology of manganese sinter agglomeration from man-

ganese ore and concentrates deployed at PJSC Nikopol Ferroalloy Plant has been analyzed. The necessity of prelimi-

nary lumping of fine manganese concentrate before sintering stage has been shown. It has been proposed to use peat-

hydroxide reagent as binder for lumping of fine manganese concentrate. The qualitative characteristics of peat-

hydroxide reagent have been provided. The industrial tests have been carried out and efficient ratio of sinter charge 

components has been determined. The developed technology has been introduced in the industrial scale. 

1. INTRODUCTION 

The intensification of production, sustainable use of material and power resources, environmental protection 

based on low- and non-waste operational schedules are the key trends for further development of ferrous metallurgy, in 

particular, of one of its power intensive sectors – ferroalloy industry [1-3]. 

A lot of sludge was generated during the industrial operation of Nikopol manganese ore deposits, when produc-

ing marketable manganese concentrates as manganese raw materials beneficiation by-product. In particular, sludge bal-

ance reserves exceed 130 million tons at Ordzhonikidze Mining and Processing Enterprise (OMPE). OMPE sludge con-

tains 8-15% of manganese, 0.15-0.25% of phosphorus, 25-30% of silica, 1.5-4% of calcium and magnesium oxide re-

spectively and 2-4% of ferrum. At the moment, process flowchart of dump sludge beneficiation using high-intensity 

magnetic separation with production of fine oxide-grain manganese concentrate has been developed at OMPE. The 

qualitative characteristics of fine oxide-grain manganese concentrate are presented in Tables 1.1 and 1.2.  

Table 1.1 Chemical composition of oxide-grain concentrate, % wt 

No. Mn SiO2 CaO MgO Al2O3 Fe P LOI W 

1 33.3 26.2 2.2 2.0 2.1 4.5 0.17 12.7 22.1 

Table 1.2 Particle composition of oxide-grain concentrate, % wt 

No. 0-0.063 mm 0.063-0.1 mm 0.1-0.4 mm 0.4-1.0 mm > 1.0 mm 

1 1.9 44.0 23.4 26.8 3.9 

Manganese concentrate produced from sludge dump is very fine (fraction is 0-1 mm) and cannot be effectively 

used as charge component for ferroalloys melting without preliminary lumping.  

2. EXPERIMENT 

The manganese raw materials fines are lumped using agglomeration method at PJSC Nikopol Ferroalloy Plant. 

The sinter machines of type AKM-5-105 with sintering area of 115 m
2
, working surface length of 42 m, working sur-

face width of 2.5 m and sinter strand movement speed of 1.5-6.0 m/min are used for the above mentioned process. The 

wetted manganese ores and concentrates are used as sinter charge components, coke and anthracite are used as fuel and 

limestone is used as fluxing addition. The technological parameters of manganese raw materials agglomeration process 

at PJSC Nikopol Ferroalloy Plant are presented in Table 2.1. 

The charge ignition at the temperature of about 1200°С is the initial stage of manganese raw materials agglom-

eration process. High temperature (1200-1400°C) is achieved as a result of fuel carbon combustion and intensive air 

supply in the combustion area. During the heating, ore and concentrate grains are dehydrated and then softened with 

partial formation of liquid phases. In such a case, chemical transformations of compounds included in them, including 

partial reduction of manganese oxide, occur. The sinter charge is partially and fully melted; subsequently, if the air is 

continued to be supplied, it is quickly cooled down and crystallized to produce porous pitch. The temperature of baked 

sinter after fuel combustion completion is 800-900°С. Further, it is subjected to the forced cooling at conveyor-type 

continuous sinter machine. The cooled sinter is directly delivered with conveyer system to the proportioning bunkers of 

ore smelting furnaces. 

Table 2.1 Main agglomeration process parameters 
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No. Parameters  Values  

1 Carbon content in sinter charge, %  6.3-6.5 

2 Charge layer height on strand, mm:  

3 - before compaction 370-400 

4 - after compaction 340-365 

5 Sinter charge compaction level, % 8-9 

6 Ignition hearth temperature, °C 1150-1250 

7 Negative pressure in front of exhauster, kPa 9-10 

8 Temperature in front of exhauster, °C 75-90 

9 Working speed of sinter strand movement, m/min 1.6-3.2 

10 Content of 0-5 mm fines in sinter, % 7.3-7.6 

11 Returns output during agglomeration, % 25-35 

The quality of manganese sinter is significantly defined by its chemical composition and mineralogical fea-

tures of charge components. At PJSC Nikopol Ferroalloy Plant, manganese sinter baked from oxide and carbonate con-

centrates of Nikopol deposits, carbonate ores imported from Ghana, South Africa, Brazil and Gabon used in various 

ratios in the sinter charge are deployed for ferrosilicon manganese melting. The chemical composition of source man-

ganese raw materials for sintering and sinter composition are provided in Table 2.2. 

Table 2.2 Chemical composition of source manganese raw materials and sinter at PJSC Nikopol Ferroalloy Plant 

No. Type of raw materials 
Chemical composition, % wt 

Mn SiO2 CaO MgO Al2O3 Fe P LOI 

1 
oxide concentrate, 

1 grade 
44-47 10-12 1.5-3 1-2 1-2 1.5-2 

0.17-

0.2 
11-13 

2 
oxide concentrate, 

2 grade 
35-38 20-22 2-4 1.5-2 1.5-2 1.5-2 

0.17-

0.2 
12-15 

3 carbonate concentrate 27-29 15-19 8-11 1.5-2 1.5-2 1.5-2 
0.19-

0.23 
23-28 

4 
carbonate concentrate, 

Ghana 
27-30 13-15 5-7 5-7 2-2.5 

0.8-

1.2 

0.06-

0,09 
28-30 

5 manganese concentrate 37-40 20-24 7-10 2-6 2-3 2-4 
0.08-

0.19 
0-3 

In general, the following phases are present in manganese sinter composition: tephroite (2MnO
..
SiO2), haus-

mannite (Mn3O4), jacobsite (MnFe2O4), dicalcium silicate (2 CaO
.
SiO2), solid solutions (CaO- MnOх- MgO) and vitre-

ous phase [4-5].  
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3. RESULTS AND DISCUSSIONS 

The sintering process parameters and strength characteristics of sinter are largely defined by gas-dynamic re-

sistance of charge layer, which depends on homogeneity, size distribution, fuel and moisture distribution uniformity 

through the entire layer volume. Gas dynamics of agglomeration process, detailed in the paper [6], is generally de-

scribed by the equation: 

Δp = hρw(k1υ + k2w) (3.1), 

where: Δp is gas pressure loss, h is sinter charge layer height, ρ is gas density, w is gas filtration speed, υ is gas 

kinematic viscosity, k1 and k2 are gas-dynamic resistance coefficients. 

The particle size distribution of materials providing for optimal technological parameters of sintering process 

and gas-dynamic resistance of sinter charge at PJSC Nikopol Ferroalloy Plant is as follows: manganese concentrates are 

3-10 mm, sinter fuel is 1-5 mm and flux is 1-3 mm. 

At the initial stage of fine concentrate (0-1 mm) lumping technology development, the attempts of its direct use 

in the charge composition for baking of manganese sinter instead of oxide concentrate (2 grade) portion were undertak-

en. The industrial tests demonstrated that addition of fine manganese concentrate in quantity of more than 5% in the 

sinter composition results in dramatic reduction in sinter machine capacity and sinter strength characteristics (Fig.1). 

The deterioration of agglomeration process and sinter quality was caused by the sharp increase in gas-dynamic charge 

resistance. 

Based on the experiments, it was concluded that particle composition of fine manganese concentrate eliminates 

the possibility of its efficient lumping using agglomeration process without preliminary preparation by lumping method. 

The issue was solved in collaboration with National Metallurgical Academy of Ukraine (NMetAU) through the use of 

peat-hydroxide reagent as binder (Table 3.1) for achievement of the required charge size distribution. 

 

Figure 3.1: Variation of sinter machine production capacity and sinter strength depending on portion of fine concen-

trate in sinter charge 

The peat-hydroxide reagent is produced by processing of black peat with NaOH aqueous solution and refers to 

lignin-alkaline reagents. It represents dry fine material containing more than 30% of humic acid sodium salts. It is used 

as binder in sinter- and iron-making. It is produced as powder or cylindrical granules with diameter of 8-10 mm and 

length of 10-50 mm. 

The fine manganese concentrate was lumped by its mixing with peat-hydroxide reagent in the ratio of 5.5:1 (by 

weight) at the warehouse of sinter shop with further formation of granules with dimensions of 1-4 mm in the nodulizing 

drum before charge charging onto sinter machine. During the industrial tests, the technology of manganese sinter bak-

ing for ferrosilicon manganese melting using lump fine concentrate was developed. The charge composition was calcu-

lated with regard for production of manganese sinter with Mn content at the level of 39%.  

Table 3.1 Technical requirements for peat-hydroxide reagent 

No. Parameters  UOM 
Normal val-

ue 

1  Particle composition:   

2 - fraction of more than 3 mm in powder, max. % 7 

3 - fraction of less than 8 mm in granules, max. % 7 

4  pH units 7.5-10.5 
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5  Ash mass fraction  % 15-25 

6  Soluble humate content % 5-14 

When conducting investigations, the sinter charge containing 50-80% of fine concentrate was baked, the 

weighed portions of Mn-containing materials (oxide concentrate of 1 grade and carbonate concentrate) were calculated 

based on the achievement of standard manganese content in the manganese sinter. The baking was carried out, when 

sinter charge layer height was 340-350 mm, speed was 1.6-2.4 m/min and ignition temperature was 1000-1200°С. The 

carbon content in sinter charge was 6-6.3%. The appearance of sinter cake was characterized by apparent combustion 

area in front of grate with the height up to 1/5 of cake; no combustion sources were observed on sinter cake bend. The 

sinter machine production capacity was 66 t/h, returns output was within the range of 30-35%, sinter strength was 76-

76.5%. Variation of agglomeration process parameters depending on portion of fine concentrate in sinter charge is pre-

sented in Figures 3.2-3.3. 

 

Figure 3.2: Variation of sinter machine production capacity and sinter strength depending on portion of lump concen-

trate in sinter charge 

The optimal parameters of agglomeration process, as shown in Figures 2-3, remain unchanged, if the portion of 

lump concentrate in charge composition is 50-70%. 

 

Figure 3.3: Change in gas-dynamic properties of sinter charge 

SUMMARY 

The performed studies allowed developing reasonably efficient technology of fine manganese concentrate (frac-

tion is 0-1 mm) lumping that makes it possible to produce standard manganese sinter with the required strength charac-

teristics for ferrosilicon manganese melting, whereas the optimal productivity of the existing process equipment at sin-

ter shop of PJSC Nikopol Ferroalloy Plant is preserved. The developed and introduced technology allows using manga-

nese raw materials from man-made sources in the production and mitigating environmental pollution. 
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ABSTRACT 

To use low-grade (fine grain) of sludge enrichment of manganese ore in the sinter production determined the op-

timal parameters of the firing process of slimes of manganese ore (temperature, amount of reducing agent, the composi-

tion of the gas phase), thermodynamic analysis of Mn-P-Si-Fe-Ca-C-O and experimental test of identified patterns in 

the laboratory were carried out. To improve balling manganese concentrates of the 2
nd

 grade reagent of peat hydroxide 

5% can be used with the increased degree of pelletizing from 1.62 to 3.27. The agglomerate was obtained with a high 

mechanical strength.  

INTRODUCTION 

Manganese ore is concentrated using gravitational, magnetic, flotation techniques or their combinations [1]. Re-

ject of wet magnetic separation amount up to 6% of the ore processed. High-powered electric furnaces are required for 

ferroalloy production. They provide high production performance and labour conditions. For normal operation of closed 

furnaces lump material is required [1]. 

Issue elaboration.  

Agglomeration [1-3] is a commercial industrial method of sintering domestic manganese crude ore. Reduced ag-

glomerate quality is conditioned by the change of chemical, mineralogical, granulometric composition of manganese 

concentrates. Increase in the number of small fraction fines (<5 mm) in the charge materials leads to instability of the 

smelting process, increases specific consumption of raw materials and electricity. The amount of fines in the charge is 

determined by the strength of agglomerate. Industrial experience of manganese agglomerate manufacturing [2-7] shows 

that known technological offers do not provide an increase in agglomachines performance and required strength proper-

ties of fluxed manganese agglomerate. 

Sintering techniques of fluxed sinter manganese agglomerate with high mechanical strength and high moisture 

resistance are known. Dolomite burnt at 1600-1800°C is used in agglomeration charge [4, 6]. The demerit of these ac-

tivities is a significant complication of agglomeration production line and an increase in energy costs. The agglocharge 

requires the introduction of high-quality manganese concentrate with silica content less than 10%.  

In the process of manganese agglomerate production the processes of dehydration, dissociation of oxides and 

carbonates, redox reactions, interactions in complex oxidation systems take place. Formation of free manganozite in the 

agglomerate is complicated by its high strength. MnO2 and Mn3O4, Mn2O3 oxides are not strong and recover at low 

temperatures. The exothermic reactions heat of higher manganese oxides recovery shift the temperature interval of one-

type reactions towards higher temperatures (150-120°C) [1]. Silica in the manganese concentrates bounds a part of 

Mn3O4 in tephroite Mn2SiO4. Liquid phase appears at 1250° C. 

TARGET SETTING 

In order to determine optimum parameters of the firing process of manganese ore concentrates thermodynamic 

analysis of the Mn-P-Si-Fe-Ca-C-O system was carried out. The established regularities were tested experimentally.   

RESULTS OF THE RESEARCH AND THEIR ANALYSIS 

There is an optimal content of carbon in the agglomeration charge. With increasing of carbon content to more 

than 8% the melting of top layers of the charge occurs, gas permeability gets worse and lower layers of the charge re-

main raw. Decreasing carbon content to less than 5% worsens agglomerate strength due to scarcity of liquid phase. 

As a result of thermodynamic calculations it was established that in the absence of reducing agent a condensed 

phase is shown represented by MnO2, Mn2O3 and Mn3O4. Insufficient amount of reducing agent leads only to a partial 

recovery of manganese dioxide with the formation of Mn2O3. Further increase in the amount of carbon added leads to 
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the formation of hausmannite (Mn3O4) in the condensed phase. The maximum amount of Mn3O4 is observed when 

9.5% of carbon reducing agent is added. Further increase of the carbon content in the charge leads to the formation of 

MnO in the condensed phase. The maximum degree of recovery is achieved when 12-15% of reducing agent is added 

manganese oxide product. 

The influence of temperature on the recovery rate of manganese compounds was studied at the optimal concen-

tration of the reducing agent in the charge. Thermodynamic calculations showed that at low temperatures MnO oxide 

forms along the partially reduced Mn3O4. At a temperature of 800-900K in the condensed phase only a small amount of 

Mn3O4 is left. The major amount of manganese compounds is represented by target product - MnO. 

Agglomerate must have high strength, lumpiness, porosity and good reducibility at a given chemical composi-

tion. The use of manganese sludges in the agglomeration process is limited by their physical, physio-chemical proper-

ties and content of detrimental impurities [1]. Increase in sludge percentage in agglomeration charge requires increasing 

of permissible limit of sludge moisture for utilization in the agglomeration mixture, improving of slugs averaging in the 

agglomeration charge, ensuring of gas permeability of the sintered layer on the sintering strand and reducing dust ejec-

tion. Manganese slags should be agglomerated to improve gas permeability and obtain the pellets of the required shape 

and size. 

During the development of the Nikopol manganese ore deposit the slurry pit of Ordzhonikidze Ore-dressing and 

Processing Plant was filled with the sludge of the manganese content of 10-12%. The second-quality concentrates of 

manganese ores benefication in Ordzhonikidze Ore-dressing and Processing Plant shows are characterized by granular 

sand structure. This complicates coking ability of agglocharge and does not allow obtaining required grain-size compo-

sition and strength properties during granulation. This further leads to a decrease in performance of agglomachine. The 

difficulties of using second-quality benefication consist in bad viscidity during pelletizing and briquetting. 

The essence of pelletizing process is in the physico-chemical interaction of solid particles of the charge and liq-

uid. Molecular forces appear at the input of liquid or colloidal substances. Capillary pelletizing mechanism is explained 

by the action of surface tension of liquid. Glutinous, or cementing, pelletizing mechanism is explained by the influence 

of molecular forces at the input of colloidal substances, glues. The main factor of the charge pelletizing is surface ten-

sion of moistening liquid, moistening angle of the material and dimensions of the capillary. 

It is technologically difficult to use the influence of surface tension. Process water only with approximately the 

same value σ is currently used as a moistening liquid. Charge materials are wetted with water in different ways. Lime-

stone and limonite are more wettable than hematite, magnetite and their concentrates. Coke is not practically wettable. 

To improve the process of pelletizing it is necessary to use materials which are well wettable by water; introduce fine-

grained materials into the charge; create optimal humidity in a pelletizing device; introduce colloidal additives into the 

charge or use ores with clayey waste rock. Changes of physico-chemical properties of wetting fluid can improve 

pelletizing of charge. A decrease in limiting wetting angle does not always lead to improved process of charge pelletiz-

ing. 

The pelletizing degree of second-quality manganese concentrates following the conventional technique with ad-

ditional wetting is 1.62, and the strength of granules is less than 1 kg per sample. Such material is almost not sintered, 

that limits their use in the charge for agglomeration. We found that the input of 5% peat reactant increased the pelletiz-

ing degree from 1.62 to 3.27. During the pelletizing on plate granulator with a plate diameter of 3 m with speed of 12 

RPM the performance of 1.0-1.2 t/h was achieved; solid pellets were produced. The granules were being dried in nor-

mal conditions for 12 hours to increase their strength when transshipped.  

In laboratory conditions of NMetAU peat reactant is tested when obtaining agglomerate from the charge which 

contains the second-quality concentrate – 73.53%; coke breeze – 7.35%; peat reactant – 4.41%; recycled material – 

14.71%. The following conditions were provided for sintering: the height of the charge layer - 300 mm; pressure - 1000 

mm of mercury; ignition time – 1.5 min; ignition temperature - 1220
0
C; time of sintering – 14.5 min; maximum temper-

ature of sintering - 1360
0
C; shrinkage - 80 mm. The quality of agglomerate obtained: the quality agglomerate output – 

81.3%; impact strength – 3.0%; abrasion strength – 1.5%; chemical composition of finished agglomerate: Mntotal – 

28.72%, S – 0.211, C – 0.91%. When other binding materials are used (sulfite liquor, solution of flour, bentonite, etc.) 

high mechanical strength and increase in Mntotal content is not observed. 

Morphological analysis of sintered mixture and input components was carried out by using raster electronic mi-

croscope NeoScope II (by Jeol, Japan) in high vacuum mode with acceleration voltage of 15 kV. Surveillance mode - 

secondary electron image. Characteristic shape of sintering structures prior to and after sintering is shown in Fig. 1 and 

2. 
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Figure 1: The structure of charge mixture for agglomeration prior to sintering (×24) 

As can be seen from Figure 1, peat is quite evenly distributed between the grains of the initial charge mixture 

and creates conditions for the pelletizing of fine-grain fractions of the second-quality concentrate. 

  

a b 

  

c d 

Figure 2: The structure of sintered mixture: а – ×24; b – ×100; c – ×1000; d – ×4000 

During fractographic analysis fine structure of fracture of the sintered sample was found. Surface structure of de-

struction is characterized by pit microstructures. Characteristic relief is formed by the combination of individual facets. 

Such a structure occurs when the limit state is reached in local volumes, when obstacles to continuous deformation 

arise, where microvoids form. As stresses increase, microvoids grow, merge, and destruction takes place. Recesses in 

the form of pits on the fracture are formed which are interconnected by bridges. Different size of holes evidences differ-

ent size of structure’s grains. This is related to different dispersion of initial materials in the mixture. 
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On the “walls” of the cup and cone fracture strongly prolate holes are observed (Fig. 2, d). They are the result of 

material destruction along the surface of localized intense shift. Light structural component of the mixture (peat) is lo-

cated at the grain boundaries (holes) and performs a connecting function between the largest dark grey structural com-

ponents. In fracture surface structure macro- and micro proposity is found, which is also located at the grains (holes) 

boundaries. Based on the results of quantitative metallography, the minimum pore size is 20 microns. The pores of this 

size make up 57% of all pores. Peat (light structural component) links both coarse grain (pits) sized 300...450 micron 

(Fig. 2, b), and small grains (holes) sized 2.4...3.2 micron (Fig. 2, b). Thickness of peat bridges increases by 10 times if 

the grain size is increased by 100 times.  

The organic substance of peat consists of plant residues of varying degrees of decomposition. The origin of peat 

is related to the accumulation of dead vegetation residues. The above-ground parts of plants are subject to humification 

and mineralized in the surface aerified layer of the bog by invertebrates, bacteria and fungi. Underground parts of the 

plants in an anaerobic environment are preserved in it and form a structural (fibrous) part of the peat. Elemental compo-

sition of peat: 50-60% of carbon, 5.0-6.5% of hydrogen, 30-40% of oxygen, 1-3% of nitrogen and 1.5-0.1% of sulfur in 

a hot mass. In the composition of peat organic mass the content of soluble substances is 1-5%, 2-10% of bitumens, 20-

40% of easy-hydrolyzed compounds, 4-10% of cellulose, 15-20% of humic acid, 5-20% of lignin. 

In recent years, there has been a rapid growth in the number of studies in the field of chemistry of humic acids. 

This is due to their exceptional role in many geochemical, biological and biochemical processes. They are highly reac-

tive and active ion exchange substances. They form strong bonds with many ions and molecules of substances, elements 

in the solutions, and also those included in the crystal structure of minerals [8-9]. These substances come into reaction 

with metal cations forming various types of bonds. These interactions are based on ion exchange processes. Humic ac-

ids stabilize soluble forms of silica. Critical time of gelation of silica decreases due to joint coagulation of silica sol and 

humic acids. Coagulation occurs due to increasing of the content of humic acids in solution and increasing of silica con-

centration in it. As a result, only slightly soluble products of mutual polycondensation are formed. In the process of 

joint coagulation of humic acids and soluble forms of silica slightly soluble organic units are formed. They perform 

structure-forming and water-retaining function [10]. This property of reactant peat is used in preparation for sintering of 

the second-quality concentrates on manganese ore benefication. When the concentrate and peat are both found in the 

mixture, this provides high lump-forming capacity. 

CONCLUSIONS 

The change in the few recent years of chemical, mineralogical and grain-size composition of manganese concen-

trates has led to reduced agglomerate quality and its production performance indicators. Experience of manganese fer-

roalloys production in powerful closed or hermetic electric furnaces testifies to the facts of instability of smelting 

modes, increased unit costs of raw materials and electricity with the increase in the number of small fraction fines (<5 

mm) in the charge materials. Known technological suggestions do not provide the growth of agglomachines perforamce 

and required strength properties of fluxed manganese agglomerate. 

Carbon-thermal reduction of oxide components of manganese concentrate depends on the input carbon and tem-

perature. At a temperature of 800-900K in the condensed phase only a small amount of Mn3O4 is left, the major part of 

manganese compounds is represented by target product - MnO. 

At a given chemical composition agglomerate must have high strength, lumpiness, porosity and good reducibil-

ity. The use of low-grade manganese concentrates in the agglomeration process is limited by their physical, physico-

chemical properties and content of detrimental impurities. The second-quality concentrate of Ordzhonikidze Ore-

dressing and Processing Plant has granular sand structure, does not provide a good enough lump-forming capacity of 

agglomeration mixture and does not allow obtaining during granulation of required grain-size composition and strength 

properties. 

In laboratory conditions of NMetAU the agglomerate was obtained from the second-quality concentrate and ex-

perimental bound. The quality agglomerate output amounted to 81.3%; impact strength – 3.0%; abrasion strength – 

1.5%; chemical composition of finished agglomerate: Mntotal – 28.72%, C – 0.91%.  

In the fractographical analysis of sintered samples the fine fracture structure is found. Destruction surface struc-

ture is characterized by pit microstructure. Microivodes form in the local volumes. As the voltages increase, the microi-

vodes extend, merge and decay. Peat bounds both coarse grains (pits) sized 300…450 microns and fine grains (holes) 

sized 2.4…3.2 microns that leads to the increased strength of the agglomerate obtained. 
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ABSTRACT 

The work is devoted to the study of briquetting charge for the production of aluminum-silicon alloys especially to 

finding ways of partial or complete replacement of traditional binder lignosulfonate by wastes of milling industry. In 

industrial conditions and in laboratories of NMetAU a series of experiments were carried out to find out how amount, 

composition and condition of binder influence the mechanical properties as well as porosity of briquettes. 

KEYWORDS: briquetting, aluminum-silicon alloys, lignosulfonate, wastes of milling industry 

Introduction 

Preparation of charge materials before feeding into the furnace is one of the most important technological opera-

tions. Properties of agglomerated charge will further determine the course of the reduction process. Briquetting small 

fraction of materials using binders is the most simple, affordable and low-cost way of agglomeration of valuable ore and 

mineral raw materials, as well as man-made waste, which in their aggregate state are unsuitable for direct use in produc-

tion processes and devices metallurgical processes. Such technology allows producing durable pieces (briquettes) of 

identical size, shape, weight and composition which meets the requirements of the technological process assuming the 

use of [1, 2]. 

Binders are the determining factor in the creation of briquetting technology. Physicochemical and adhesive prop-

erties of binders determine the choice of briquetting process parameters and mechanical strength of briquettes. In addi-

tion to ensuring the strength of briquettes, the choice of binder is determined by its availability, the lack of a negative 

impact on the course of the process and the impurities that can degrade the quality of the final product [3]. 

However, not all types of binders are suitable for the creation of briquettes for the production of aluminum-

silicon alloys. Sulfite waste liquor and lignosulfonate are the most widely used binders in this technology. This work is 

aimed at finding the possibility of replacing part of an expensive lignosulfonate by wastes of milling industry. 

Characteristics of raw materials 

Studies on briquetting were carried out under industrial conditions and in laboratories of NMetAU. The samples 

of the initial components, the initial charge and ready dry briquettes were taken in sufficient quantity for the research. 

The components of the briquetted charge were kaolin, alumina, gas-coal. As a binder additive for the charge the 

lignosulfonate (based variant) and wastes of milling industry – third grade meal and brans were used. 

Physical and chemical properties of the used charge components of the based version are shown in Table 1. 

Table 1: Physical and chemical properties of the charge materials  

Material 

Weight 

ratio of the 

moisture, 

% 

Weight ratio, % 

SiO2 Al2O3 Fe2O3 TiO2 CaO Na2O LOI 

С origi-

nal 
Vr 

AC 

in LOI 

Kaolin 

mid 0.75 42.72 39.57 0.82 0.90 0.68 – 14.47 – – – 

min–

max 
0.60–0.91 

40.26–

45.87 

37.83-

42.47 

0.59-

1.02 

0.85-

0.95 

0.56-

0.85 
– 

14.23-

14.34 
– – – 

Alumina 

mid 0.50 0.041 96.74 0.11 – – 0.53 2.66 – – – 

min–
max 

0.43–0.72 
0.02–
0.068 

95.07-
98.6 

0.014-
0.20 

– – 
0.45-
0.60 

0.9-
4.42 

– – – 

Gas-coal 

mid 4.0 hydrated – – – – – – 96.47 54.66 37.96 7.03 

min–

max 
3.42–4.50 – – – – – – 

94.7-

97.9 

51.83-

57.42 

31.46-

39.0 

4.55–

9.51 

Gas-coal 

ash 

mid – 36.7 32.1 14.7 0.72 14.5 – – – – – 

min–

max 
– 

34.0–

39.5 

12.0–

42.2 

8.7–

15.8 

0.53–

1.1 

5.9–

21.0 
– – – – – 

Ligno-

sulfonate 

mid 8.3 – – – – 7.1 – – – 63.7 14.2 

min–
max 

4.90–9.40 – – – – 
6.4–
8.0 

– – – – 
13.7–
15.1 
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Dosing of lignosulfonate was carried out into the charge in the dry form 52% (relative) and as a solution 48% 

(relative). The density of the solution was 1.12-1.20 g/cm
3
 with a solution temperature of 60-80°C. Contents of the 

components in the charge (excluding the binder additives) were calculated from the chemical composition of the com-

ponents which insure of receiving the alloy (Silumin) containing 38-40% silica and 60–62% alumina. Carbonaceous 

reducing agent injected into the charge with the small (1–1.5% relative) lack for guarantee of the stoichiometric reac-

tions of oxygen selection from the SiO2 and Al2O3 compounds. 

All trails on alternative binder additives were carried out at a constant ratio of kaolin, gas-coal and alumina. 

Technological flowsheet and composition of the charge base version are shown in Figure 1. 

 
*The calculation was performed for 100 kg of dry charge, excluding irretrievable losses of the charge materials. 

Figure 1: Technological flowsheet of briquetting area 

Chemical composition and physical-mechanical properties of the initial charge shown in table 2 and table 3. 

 

Table 2: Chemical composition of the initial charge and briquettes 

Name 

Weight ratio, % 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 S LOI 
CO2 Сorig. 

in LOI 

Sample #1 (initial 

charge) 
21.04 29.38 0.71 1.43 0.54 0.20 1.45 0.46 0.034 0.938 44.19 0.56 29.30 

Sample #2 (trade 
briquette) 

20.82 29.73 0.71 1.29 0.54 0.17 1.40 0.42 0.034 0.887 44.55 0.54 29.42 
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Table 3: Physical and mechanical properties of the initial charge and briquettes 
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Sample #1 (initial charge) 2.60 0.918–1.11 1.93 – – – – – – – 

Sample #2: 
Wet briquette 

 

Trade briquette 

 

9.80 
1 briquette 75.2–

80.1 g 
- – >15 15.0 – – – – 

0.50 
1 briquette 

69.2–-74.0 g 
1.96 28.1 >15 140 64.5 23.1 12.4 95.4 

Research of briquetting process using various binder additives 

Briquetting of the complex charge was carried out on the press, which has toothed channeled shape of the work-

ing surface of the rollers. 

Figure 2 illustrates a method of briquetting by grinder rollers. Two rollers with alternating toothed combs and 

channels on them, the distance between which is calculates in the way that the pass in 1-2 mm arises between them, 

rotating at the same peripheral speed. Material intended for briquetting is fed on top of the rollers, which suck in this 

material into the slot where the material is compacted and formed into briquettes. 

Forces generated during compaction and molding transmitted to the rollers and the roller press support frame. 

There are toothed combs and channels on the surfaces of the rollers which define the form of briquettes. 

 
1 –fixed roller; 2 - movable roller; 3 - charge bunker; 

4 - briquetted charge; 5 - briquette 

Figure 2: The principle of the briquetting and phase of briquette formation on a roller press 

Briquetting process characterized by three phases, namely: 

- Feeding of the material between the rollers; 

- Compaction and forming of the briquettes; 

- Removal of the briquettes. 

The behavior of the material between the rollers at retraction depends on the diameter and surface configuration 

of the rollers, physical and kinetic properties of the briquetted material, the circumferential rotation speed of the rollers, 

the initial pressure during the feeding of the material between the rollers. 

The friction between the rollers and the material depends on the circumferential rollers speed and determined by 

the suck in angle, on which the suction speed of the material between the rollers depends. 
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Uniform loading and suck into the briquetted gap ensures proper seal (thickening) of the material. To improve 

the feeding conditions and sucking of the material between the rollers, a mechanical device should be used for prepress-

ing of the feed materials, which is very important for bulk materials with a low bulk density and high porosity. 

Phase of material sealing between the rollers starts with the sucking of the material between the rollers and ends 

by the forming of briquettes. Briquette forming process is illustrated in Fig. 2. Forming of briquettes begins from the 

moment when the bottom edges of the form are converged and formed briquette cut down – “a”. 

Then the mold is opened from the bottom, and in the bottom part the formation of the briquette continues - "b". 

In “b” and “c’ mold position sliding of the briquettes has not been observed, but briquetted material is sucked 

down into the soft core of the briquette. 

Described phenomenon contributes to the appearance of cracks on the bottom edges of the briquette. These 

cracks in the fitted briquetting process are the only one drawback of the briquettes. Briquette starts to slip out of the 

mold in the position “a”, and in the position “e” falls from the mold. 

At high pressures certain materials tend to stick to the walls of the mold that greatly hinders unloading briquettes 

from the mold. 

Adhesion may be due to capillary phenomena, surface tension, electrostatic or magnetic forces, local material 

melts during the hot briquetting and other factors. Briquettes unloading from the mold can be improved by the choice of 

mold form, its size, depending on the briquetted material properties. Suitable chosen form causes slipping of the bri-

quette out from the mold that is caused by the action of the vertical force component during briquetting. The profiled 

surfaces of the rollers, i.e. the size and type of the mold is essential for the quality of briquettes, the nature of the load 

press, as well as the strength of briquetting devices. 

It was already mentioned about the influence of shape on the process of condensation and mold of the briquettes. 

Type of mold closing influences the size and quality of the briquettes on the perimeter of the roller. The denser the mold 

closed, the higher quality of the briquettes. During the smallest curve of the surface and increasing the roller diameter 

the allowable size of briquettes increases around the perimeter of the roller. 

Irregular shape may hinder unloading of the briquettes. The remainder of the unloaded briquettes causes signifi-

cant overload for the presses. With the passage of profiles filled with compressed material, the pressure in the gap of 

briquetting increases very quickly. The reason of the overload of the rollers may be accidental caught with the material 

metal objects or stones received for briquetting. Overload of the rollers can also be due to “dead” surfaces between 

neighbor molds.  

To ensure continuous operation of the roller press modern presses are equipped with at least one movable roller 

pressing with the help of elastic device, such as springs system or hydraulic cylinders operating with a gas accumulator. 

A significant advantage of roller presses is an effective use of briquetting equipment, low frictional force of the material 

on the wall of the mold in the process of sealing and forming of briquettes. 

The relevant form can have a beneficial effect on the durability of the briquetting devices. Teardrop shape is very 

suitable for briquetting since radially extending upper edge of the mold captures and suck material without slipping, and 

the bottom flat part of the mold is too low frictional resistance during the unloading of the briquettes. 

Duration of operation of the briquetting equipment depends on the circumferential speed of the rollers. In order 

to eliminate slippage between the briquetted materials and mold the roll speed should be high. 

Feeding of the press with briquetted material under pressure can provide operation without slipping at the in-

creased circumferential speed. 

To determine the possibility of dissolution and a method of supplying new binder additives, the possibility of ob-

taining free-running binding solutions was investigated which contain different amounts of low-grade flour, bran and 

lignosulfonate providing technological strength of raw briquettes and compliance with requirements of ferroalloy pro-

duction on chemical composition and physical and mechanical properties of dry briquettes. Binder additives were dis-

solved in water according to developed technology for lignosulfonate (base variant) in various quantities and ratios by 

dry weight. These studies were necessitated by the high cost and scarcity of lignosulfonate. It should also be noted that 

the lignosulfonate ash contains CaO. This compound is highly undesirable in the smelting of the silica-aluminum be-

cause it can lead to the emergence of low-melting eutectic in the system CaO-SiO2-Al2O3 from which it is not possible 

to reduce Si and Al. At the same time the technical and economic indicators decrease. 

Analyzing the results of the studies, it is necessary to note that the free-running solution with the use of flour as a 

binder additive is observed upon administration of 8-9% by dry weight. Dissolution of more than 10% four by steaming 

method leads to receiving of the paste solution that makes it difficult to feed it into the charge and effective distribution 

in the charge during its mixing. Low content of binder additives in the solution does not allow inputting into the charge 

4-5% of the flour without waterlogging of the charge before briquetting. Moisture content of the charge should be 9.5-

9.8%, as waterlogging of the charge lead to the sticking of the briquettes in cells of the briquetting presses, receiving of 

the plastic briquettes that stick together, lose their shape during transport causing insurmountable difficulties during 

heat treatment. 

Therefore, the briquetted process of the charge should exclude the input of solution in quantities that are greater 

than the optimum weight fraction of the moisture in the charge, which is 9.5-9.8% for the developed technology. At 

such moisture 0.8 - 1.4% of binder additives can be input into the charge (flour, bran) depending on the mass fraction of 
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the moisture in the initial charge components. Adding of the small amounts of lignosulfonate to the flour and bran 

makes it possible to improve the fluidity of the solution that will increase the solids content of the components in solu-

tion up to 10-12%, including 1.5-2.0% of lignosulfonate. 

For all experiments, solutions were prepared similarly to the industrial one - by method of steaming the binder 

additives with water at 90-95°C temperature and extensive mixing. 

In the first series of experiments solutions in which the solid phase was 8% were obtained, that ensure the input 

into the charge from 0.8 to 1.4% of the binder additive. Such an amount of binder additives (flour, bran) in the charge at 

given physical and chemical properties of the briquetted charge did not provide sufficient strength of wet and dry bri-

quettes. 

In the second series of the experiments, in order to increase the mechanical strength of wet and dry briquettes, the 

binder additives were input into the charge in dry form and as a solution, bringing the content of the binder additive on 

the solid weight for 3.4 and 5%. In this case, the weight fraction of moisture in the charge before the briquetting was 

optimal and amounted to 9.5–9.8%. 

In the third series of experiments, binding additives were uploaded into the charge in a dry form. Then the 

moisturization of the charge till optimum was carried out. In this case, the optimum moisture content educed a little and 

amounted to 9,2–9,4%. The amount of binder additives in the charge and the type of its feed are given in Table 4. 

Table 4: Mechanical characteristics of dry briquettes using various binder additives 

The route of administra-

tion of the binder addi-

tives 

Name of indicators Initial variant  

Trails types* 

1 2 3 4 5 6 

Feed of the additives 
binder in solution 

Mass fraction in briquette 
(dry weight) %: 

flour 

bran 
lignosulfonate 

 
 

- 0.58 1.3 0.65 0.77 - - 

- 0.30 - - - 1.47 1.18 

5.05 5.25 - 0.65 0.53 - 0.29 

Total 5.05 6.13 1.30 1.30 1.30 1.47 1.47 

The strength of dry briquettes, 

kg/briquette: 

cold one 
hot one 

 

 

211 470 507 598 1391 292 270 

78 29 20 23 30 201 58 

Feed of the additive binder 

in solution  

50% in dry form 50% 

Mass fraction in briquette 
(dry weight) %: 

flour 
bran 

lignosulfonate 

 
 

- - 10.4 9.95 0.45 - - 

  - - - 9.09 1.4 

  - 0.45 9.95 - 9.3 

Total - - 10.4 10.4 10.4 9.09 10.7 

The strength of dry briquettes, 

kg/briquette: 

cold one 
hot one 

 

 

- - 378 607 170 393 201 

- - 203 161 162 92 61 

Feed of the additive binder 
in dry form 

Mass fraction in briquette 

(dry weight) %: 

flour 
bran 

lignosulfonate 

 

 

- - 9.09 16.6 8.3   

     8.3 13.3 

    8.3 8.3 6.7 

Total - - 9.09 16.6 16.3 16.6 20.0 

The strength of dry briquettes, 

kg/briquette: 

cold one 
hot one 

 

 

- - 632 1493 281 1028 500 

- - 241 389 409 181 67 

* For all experiments, the content of the charge materials corresponds to industrial one, given in technological scheme 

The density of the solution with the use of lignosulfonate (base variant) was 1.18–1.20 kg/m
3
10

3
. Density of so-

lutions with the use of flour and bran lower was around 0.95–1.05 kg/m
3
10

3
. The charge in the laboratory conditions 

was mixed extensively and the briquettes were formed in special molds under the pressure with 40 mm diameter and 15 

mm height. Then all produced briquettes were dried under industrial conditions in a furnace according to the technolog-

ical regime. Heat treatment of the briquettes is given in table 5. 

Table 5: Regime of heat treatment of the experienced briquettes 

Inicator 
Zones of drying unit 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Actual temper-

ature in zones, 
оС 

235 190 110 240 240 250 250 240 235 200 190 160 60 35 35 40 

The heat treatment time was 1 hour and 35 minutes at unit capacity of 4.4–4.5t/h. 
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After drying, the trailed briquettes were studied on strength in cold and hot conditions (see Table 4). Analyzing 

this figure, it can be noted that the flour as the binder additive can effectively be used in briquetting process. 

Experiments (see Table 4) with a high content of binder additives were designed to study the effect of physical 

and mechanical properties of the charge on the roller presses operation. 

Flowability, adhesion, plastic strength predetermines the speed of displacement of the gas phase from the powder 

blend layer during the continuous rolling, i.e. briquetting. In order to prove the effect of the gas phase on the properties 

of the molded material, and to determine the acceptable range of rolling speed for fine-grained charge, the studies on 

laboratory briquetting device were carried out, as shown in Fig. 3. Briquetting was performed with molding force be-

tween 300 and 1000 kg/cm
3
 with a different speed of the punch. 

 
1 –matrix with 4 holes; 2 - Stand with 4 holes; 3 - punch 

Figure 3: Sketch of laboratory briquetting unit 

During extrusion of the finished briquettes from the matrix the effect of moisture content and binder additives on 

the force was determined, which is required for the removal, because the clutch of the charge with the surface of the 

matrix, and in an industrial environment with the surface of the roller press determines the efficiency of the process of 

briquetting. The dependency between the porosity of dry briquettes (at optimum moisture content of the charge) and the 

molding pressure was also established, that helped to determine approximately the efforts that develop during bri-

quetting process on a roller press. 

While investigating industrial briquettes chemical and physical properties (see Table 2) and a porosity by volume 

of the briquette were determined. In order to investigate the porosity and bulk density by volume of the briquettes, the 

sector in 10 mm was cut, which, in its turn, was cut into samples. Analysis of the results showed (Figure 4 and Table 6) 

that porosity along the periphery is by 1.4–1.6 times lower than in the middle, which is the reason for different pressing 

forces. 
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1 - briquette; 2 - bridge between briquettes 

Figure 5: Briquette size and numbering of tested samples by the section A-A 

Table 6: Physical properties of samples by briquette volume 

Indicator 
Sample No. Avg. 

value 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Apparent* density, 

kg/m3103 

1.55 1.53 1.53 1.50 1.51 1.49 1.52 1.53 1.49 1.46 1.31 1.48 1.46 1.50 1.49 

Total porosity, % 20.9 21.9 21.9 21.0 20.3 24.1 23.4 23.0 20.5 23.2 23.0 22.7 20.6 23.0 22.1 

Compressive strength, 
kg/briquette 

60 40 42 44 64 42 45 48 59 45 49 54 68 55 51.1 

*True density for all samples was 1.96103 kg/m3 

CONCLUSIONS  

1. The possibility of partial or complete replacement of lignosulfonate by low grade flour in the process of briquette 

production was established. The optimum content of the binder additives in the charge should be 4.8-5.0% that 

will ensure receiving of durable wet briquettes and high metallurgical properties of heat-treated briquettes. 

2. In order to optimize the usage of binder additives and operation mode of briquetted press to conduct industrial 

trials on the production of briquettes with replacement of lignosulfonate by low grade flour at 50%, 90% and 

100% were carried out. The total content of binders additives in the charge should be 4.8%, 5.0% and 5.2% by 

dry weight, respectively. 

3. Using the results of research to develop a facility for molding of the charge during feeding it to the rollers that 

will allow to reduce the amount of spillage by 20-30% and to increase the hourly productivity of the press by 15-

25%. 
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ABSTRACT 

Complex research technique was offered and realized to study carbothermic reduction processes as applied to 

high-carbon ferrochrome smelting in ore-reduction electric furnace. 

Carbothermic process of reduction and temperature intervals of softening for chromium-deficient ore (materi-

als) was studied under laboratory conditions and comparison of domestic chromium-poor raw and rich ore of Kempir-

saysk massif was made in an industrial situation. The process of stepwise substitution of rich ore by chromium-deficient 

ore materials was studied in commercial conditions. It was established that studying of reducibility is not enough for 

assessment of ore raw components reducibility, but softening temperatures, which make an impact on the operating cell 

temperature of ore-reduction furnace, should be taken into account. Though when chromium-poor raw is used, on the 

one hand, the manufacturing costs (consumption of raw materials, electric power) are increased and efficiency of a set 

is decreased, but on the other hand, normally the ferrochrome prime cost is lowered due to low price of raw ore. Hence, 

this paper demonstrates the means and feasibility of domestic chromium-poor ore materials usage for smelting of high-

carbon ferrochrome grades. 

Keywords: metallurgy, ferroalloy, high-carbon ferrochrome, carbothermic reduction 

1 INTRODUCTION 

The key aim of metallurgist is always to increase a transfer degree of driving elements into melting product. As 

for high-carbon ferrochrome production, the degree of chromium transfer into alloy varies in the wide range from 92% 

and down to 75% depending on different types of raw chromium ore.  

A limited supply of domestic conditioned chromium raw is one of the problems of Russian ferroalloy plants. So 

main chromium ferroalloy plants are located far from raw material sources, the greater part of mineral resources are 

supplied from abroad and this leads to high transport charges and dependence on foreign suppliers. Traditionally the 

key raw resource for Russian metallurgical plants producing ferrochrome was chromium ores of Kempirsaysk massif (at 

present Republic of Kazakhstan). Such location of mineral basis presents difficulties for domestic ferroalloy plants pro-

ducing ferrochrome. 

The percentage of chromium-rich ores is less than 33% of worldwide chromium ore resources. Today a number 

of chromium ferroalloy manufacturers from different countries including Russia face scarce of ores having high qualita-

tive characteristics (both chemical composition and granulometric structure). As for supplying of plants with domestic 

raw materials, some reserves of chromium-deficient ores are scattered in different regions of Russia. The key disad-

vantages of domestic deposits are low content of Cr2O3 (40 % or less) and relatively high content of iron (up to 20 % of 

FeO). The gap between growing manufacturers’ demand in chromium ferroalloys and decreasing resources of rich 

chromium ores will be increased. Due to this fact both all poor chromium ores will be engaged into production cycle in 

Russia and worldwide.  

It is generally known that use of all rich ores (chromium, iron, manganese ones, etc.) enables to reduce consump-

tion of electric power and coke, as well as to improve efficiency of commercial sets, what makes better engineering-

and-economical smelting performance in comparison with poor ore usage. Additionally, the prime cost of ferroalloy 

output is largely dependent on the ore material price. Share of ore raw costs vary in wide ranges according to manufac-

tured ferroalloy, for example, for costly alloys the price of raw materials can reach up to 97 % of the total prime cost. 

As for high-carbon ferrochrome production, the percentage of expenses on chromium-ore raw is about 30-40 % of the 

alloy prime cost [1]. Thus the gain due to the low cost of metal-poor raw can exceed the production expenses when rich 

raw materials are used. 

Poor chromium ores application feasibility was studied by comparison of Russian chromium-poor ores from 

Saranovsk deposit and chromium-rich ores from Kempirsaysk massif. Chemical compositions of source ore materials 

are listed in Table 1.  
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Table 1: Chemical composition of chromium-ore materials 

№ 
Chromium-ore 

materials deposit 

Chemical composition, mass % 

Cr2O3 FeO Al 2O3 SiO2 MgO CaO P 

1 
Kempirsaysk massif, 

Republic of Kazakhstan 
52.0 13.3 8.2 5.3 18.3 1.4 0.0015 

2 
Saranovsk deposit, 

Russia 
38.1 19.5 14.6 5.2 14.7 2.1 0.0028 

2 EXPERIMENTAL 

2.1 Laboratory Tests 

On the first research stage the reducibility and softening temperatures intervals which are the key characteristics 

of raw chromium-ore were studied. Laboratory reducibility tests were carried out to define a maximum degree (com-

pleteness) of processes progression of carbothermic reduction of chromium-poor ores components. In the result of the 

tests it was established that behaviour of both ore materials from Saranovsk deposit and Kempirsaysk massif are rough-

ly identical at heating up to 1550 ºС [2], and their reduction degrees exceed 94%. 

In laboratory conditions the softening temperature intervals were defined for the ore materials, the top tempera-

ture in ore-reduction electric furnaces and properties of primary slag melts are governed by the initial and final soften-

ing points. The softening temperatures are the key criteria to divide ores and concentrates in two categories: easy- and 

hardly-reducible materials [3]. Easy-reducible ores have high values of initial softening points and narrow softening 

intervals. On the contrary hardly-reducible ores can be characterised by lower initial softening temperatures and wider 

softening intervals. In ore-reduction furnace the primary slags are formed in lower horizons when easy-reducible ores 

are used, the worse reducibility of the charge materials is, the higher horizons contain more slag.  

When determining the initial and final softening points we were guided by GOST 26517-85. According the tech-

nique, the initial softening point is the temperature when rod is dipped into sample on 1% of the length at 0.1 MPa, and 

the final softening point is the temperature when rod is dipped on 40% from the initial height of sample layer. The ex-

perimental results are listed in Table 2. The ore from Saranovsk deposit is characterised by lower initial and final sof-

tening points. In comparison with Kempirsaysk massif ores the advantage of the Saranovsk ones is narrower softening 

interval. 

Table 2: Chemical composition and softening characteristics of chromium-ore materials 

№ 

 

 

Chromium-ore 

materials deposit 

Temperature of 

onset softening, 
0
С 

Temperature of end 

softening, 
0
С 

Temperature range of 

softening, 
0
С 

1 
Republic of Kazakhstan, 

Kempirsaisk massif 
1410 1820 410 

2 
Russia, Saranovsk 

deposit  
1380 1715 335 

It was experimentally defined in the laboratory that ore from Saranovsk is almost good as materials from Kem-

pirsaysk massif judging by the rate and degree of reduction. Besides Saranovsk ores have lower initial and final soften-

ing points, what may cause the temperature decrease in operating cell of ore-reduction electric furnace. On the whole 

the laboratory testing revealed that ores from Saranovsk deposit are technologically suitable on all studied counts for 

high-carbon ferrochrome production of different grades. 

Commercial study of degree of chromium transfer into metal melt applying different ore materials were carried 

out in the workshop of Joint Stock Company Serov Ferro-Alloy Plant with electric ore-reduction furnace of RKO-22 

type with the power of 22 MVA.  
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2.2 Commercial Tests 

The performance tests of high-carbon ferrochrome smelting technology were performed in stepwise progressive 

way, the transition from 100% of Kempirsaysk massif rich ore to 100% of Saranovsk deposit poor raw was realized in 5 

steps [4].  

The performed smeltings revealed that the larger sample of Saranovsk ore in the charge, the better furnace oper-

ating performance, and the lower number of fall and releases of the charge due to more precise lump composition. The 

effect of poor ore materials usage is the increase of chromium-ore materials specific consumption from 3731 and up to 

3920 b.kg/t of Cr (Figure 1). The decrease of Cr2O3/FeO ratio and Cr2O3 content in ore mixture is responsible for down-

turn of chromium content in the alloy from 68.8% to 56.8% (Figure 2). Ferrochrome conforms to FeCr60C70Si4LS 

grade according to ISO 5448-91 standard when 100% of Saranovsk deposit ores are used. 
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Figure 1: Relationship between variation of specific con-

sumption of chromium-ore materials and growth of Sara-

novsk ore share in ore part of charge 

Figure 2: Relationship between variation of chromium con-

tent and growth of Saranovsk ore in ore part of charge: 1 – 

initial ore mixture; 2 – high-carbon ferrochrome. 
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Figure 3: Change of chromium extraction into alloy 

caused by the increase of Saranovsksk ore portion in ore 

part of charge 

Figure 4: The change of Fetotal content in slag caused by the 

increase of Saranovsksk ore portion in ore part of charge 

3 RESULTS DISCUSSION 

While increasing percentage of Saranovsk ore up to 100% the chromium extraction into alloy was decreased on 

3.7% (Figure 3). Besides residual iron content was increased in slag (as if count on total iron) as shown in Figure 4. 

According to the evidence of the present research about chromium reducibility degree the poor Saranovsk ores are as 

good as Kempirsaysk massif ores when all factors are considered equal. 

However, a decrease of degree of chromium transfer into metal is indicated by the commercial smelting tests. It 

is believed that this was caused by change of temperature fields in operating furnace cell. 

2 

1 

2 

1 
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The laboratory testing revealed that ores from Saranovsk deposit are characterized by lower final softening 

points in contrast to the same points of Kempirsaysk massif ores (1715
0
С versus 1820

0
С), this consideration can cause a 

temperature decrease of furnace reaction zone. Again the temperature measurements done during slag tapping testify 

the temperature decrease of furnace operating zone. The temperatures of the first slag portions were ~1760 
0
С and 

~1680 
0
С when running on Kempirsaysk and Saranovsk ores, respectively. 

Another disadvantage of Saranovsk deposit ores is high phosphorus content, the value of phosphorus content is 

higher than in Kempirsaysk massif ores by a factor of 1.9 (Table 1). Hence usage of chromium- poor ore raw produces a 

need of low-phosphorus carbonaceous reducing agents application. The compositions of applied carbonaceous reducing 

agents are listed in Table 3. 

Table 3: Technical composition of applied reducing agents 

Material 

Content, % 

W A
с
 V

г
 S P Csolid 

Ash of reducing agent 

SiO2 CaO MgO Al2O3 FeO 

Coke NTMK 1.75 12.7 1.1 0.49 0.071 85.8 46.2 5.9 1.7 22.7 16.6 

Special coke 13.6 7.0 4.1 0.32 0.020 88.6 37.6 6.6 2.8 21.3 21.3 

Coal of Karaganda 

deposit 
6.8 48.7 16.6 0.41 0.014 34.3 67.0 0.16 0.24 23.9 1.34 

where W is the humidity, Aс  is the ash content in carbonaceous reducing agents, Vг is the volatile substances content in carbonaceous reducing agents,      NTMK - Nizh-

niy Tagil Iron and Steel Works, S, P, Csolid are elements.  

The phosphorus content per carbon unit of the special coke and coal used is less than of the NTMK coke by a 

factor of two. By this means that an increase of phosphorus content (contributed by Saranovsk ore) in the alloy can be 

compensated by coke. The phosphorus content in the alloy was held at the level desired by customers which was within 

the ISO 5448-81 standard (0.05 % of phosphorus or less).  

The key result of the present paper is in positive experience of wide application of domestic chromium-poor ores 

for high-carbon ferrochrome production with high engineering-and-economical performance. The increase in the tech-

nological costs, namely, consumption of raw materials and electricity ( from 6530 up to 8000 kW•h/t Cr) are increased, 

besides smelting sets performance is decreased (from 57 t down to 40 t of Cr per 24 hours), is caused by usage of chro-

mium-poor ore raw, nevertheless the calculated manufacturing cost of ferrochrome is decreased. 
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Figure 5: Relationship between variation of carbonaceous 

reducing agents in charge and Saranovsk ore percentage 

increase in ore mixture: 1 – Coke NTMK; 2 – Special 

coke; 3 – Coal from Karaganda 

Figure 6: Relationship between variation of phosphorus 

content and Saranovsk ore percentage increase in ore mix-

ture 

4 CONCLUSIONS 

Hence the complex laboratory-commercial research of chromium reduction of poor and rich ores samples from 

Saranovsk and Kempirsaysk deposits in manufacture of high-carbon ferrochrome was carried out. It was indicated that 
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studying reducibility is not enough for correct assessment of ore raw components reducibility; softening temperatures, 

which make an impact on the operating cell temperature of ore-reduction furnace should also be taken into account. 

The overall performance testing of high-carbon ferrochrome smelting technology were carried out in the work-

shop of Joint Stock Company Serov Ferro-Alloy Plant in stepwise progressive way with increasing percentage of Rus-

sian chromium-poor ore raw. The prime cost of ferrochrome is decreased due to small price of raw poor chromium ore 

despite the fact that usage of such raw materials causes both increase in manufacturing costs (consumption of raw mate-

rials, electric power) and decreases the efficiency of a commercial set. Hence this paper demonstrates the means and 

feasibility of using domestic chromium-poor ore materials for smelting of high-carbon ferrochrome of different grades. 
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ABSTRACT 

Refining of ferrochromium to remove carbon and oxygen as well as other impurities to very low levels is possi-

ble via heat-treatment in vacuum. In this work, thermodynamic analysis of the Cr-C-O equilibria at normal and reduced 

pressures is carried out and the industrial practice of the method is described to achieve 10-100 ppm of carbon, hydro-

gen, oxygen and nitrogen. Such process is advantageous compared to smelting operations as liquid ferrochromium 

cannot be easily degassed to such purity levels due to excessive vaporization of chromium. 

1. INTRODUCTION 

Production of some specific steels and alloys with chromium requires ultra-low level of impurities, especially 

carbon and gases (oxygen, hydrogen, nitrogen). It is known that significant amount of such impurities in steel and alloys 

production is brought with ferroalloys where impurities solubility and affinity to alloying elements is usually higher 

than to that to iron [1,2]. Low-carbon FeCr with <0.03% C still has too high nitrogen content, significantly reducing 

corrosion stability of Cr-Ni-Mo stainless steels even when carbon in the steel does not exceed 0.015%. The purpose of 

deep refining of ferrochromium, a method of the vacuum treatment, has been developed [1, 3], which includes heating 

of solid ferrochromium batch under reduced pressure. In this work, thermodynamics of the Cr-C-O system is first con-

sidered to evaluate the operational window of the process, and later industrial practice of the refining is outlined. 

2.  PHASE EQUILIBRIA IN THE Cr-C-O SYSTEM 

Carbon and chromium form several carbides [1, 2], which have been a subject of many investigations. The 

commonly observed carbides in the Cr-C system are Cr23C6 (5.68 wt. %C; sometimes also referred as Cr4C), Cr7C3 
(9.0 

%C) and Cr3C2 
(13.3 %C). The types of crystalline lattices and their parameters for chromium carbides have been de-

termined as complex BCC for Cr23C6, hexagonal for Cr7C3 and orthorhombic for Cr3C2. The solubility of carbon in sol-

id chromium is rather low [1, 4], so carbides are the main form of carbon in chromium and ferrochromium.  

Among chromium oxides, trivalent chromium oxide Cr2O3 is the most stable in the solid state and wide tempera-

ture range. Oxides Cr3O4 (tetragonal lattice of rutile-type) and CrO (cubic) are stable at high temperatures only [1, 2]. 

Upon cooling they usually decompose to Cr and Cr2O3. Oxide Cr3O4 might be also considered as a chromium chromite, 

CrCr2O4 or CrO·Cr2O3. The practically relevant oxide Cr2O3 has the structure of corundum -Al2O3 type. Oxygen solu-

bility in solid chromium is also low (~0.013 wt. %O at 1500°C), lowering the chromium melting point. Oxide liquid 

phase may form over 1663°C in equilibrium with either chromium or chromium oxides.   

For chromium reduction from oxides and the refining process design, thermodynamics of the Cr-O-C equilibria 

is of a high importance. In Fig. 1, the isothermal sections of the phase dominance diagram are shown for two different 

temperatures and pressures. Here cross marks (+) indicate the isobar line – the total pressure in the system, which was 

fixed to be 1 atm (Fig. 1, a) or 10
-4

 atm (Fig. 1, b). If these cross marks exist in any of the phase stability field, this 

means thermodynamic possibility of obtaining of this phase in the system. 
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a 

 

b 

Fig. 1. Phase dominance diagram at 1800 K and 1 atm (a) and 1673 K and 10
-4

 atm (b) 

The conclusions one could draw on the basis of these diagrams are as follows. First, at 1800 K it is not possible 

to get metallic chromium in the Cr-C-O system but only oxide Cr2O3 (at high CO2 fractions) or carbides Cr23C6 and 

Cr3C2 (at high CO fractions) if the total system pressure of 1 bar (atm) is maintained. Therefore, though chromium 

might be reduced by carbon at high temperatures and normal pressure, it is unlikely to be practically feasible for pure 

metal production due to difficulties in local control of the gas atmosphere.  
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When pressure and temperature decreased (Fig. 1, b), the isobar lines are appearing also in the chromium region, 

indicating that formation of carbides is not anymore thermodynamically favoured, even at high CO concentrations. This 

gives an opportunity to design a process of simultaneous removal of carbon and oxygen from solid ferrochromium or 

metallic chromium at reasonable conditions in the solid state. Similarly to oxygen, nitrogen and hydrogen can also be 

removed from the metal, although their process is different, as it goes over decomposition of nitrides or just removal of 

dissolved gases [1]. 

3. VACUUM REFINING IMPLEMENTATION 

Based on the thermodynamic analysis, a method for removal of these impurities and oxide inclusions by subject-

ing solid FeCr lumps to high-temperature treatment in vacuum has been developed [1, 3]. This patented method has 

received widespread recognition, allowing production of FeCr with <100-150 ppm C and 150-250 ppm N. The principle 

of the method is in solid-phase decarburization and degassing of FeCr lumps with starting carbon content of 0.10-

0.15%C in a vacuum (residual pressure 1.3-13 Pa) at l350-1450°C in three-chambered resistance furnaces, Fig. 2, 3. 

During the treatment carbon content drops from 0.10% to 0.02% C and nitrogen from 0.06-0.07% to <0.02% N [2]. The 

ferrochrome degassed by this process is also characterized by low concentrations of hydrogen ( 7 ppm), oxygen ( 

300-400 ppm) and non-metallic inclusions [1, 3]. 

 

Fig. 2. Vacuum furnace layout for processing of ultra-low carbon ferrochromium by method designed in Dniprope-

trovsk Metallurgical Institute [1-3]: 1 – FeCr cooling chamber, 2 – isothermal soaking chamber, 3 – vacuum gates, 4 – 

compensators, 5 – preheating chamber, 6 – cover lift, 7 – cover, 8 – carrier, 9 – vacuum shields, 10 – support, 11 – low-

vacuum pumps, 12 – acceleration pumps. 
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Fig. 3. Cross section of the vacuum furnace for ultra-low carbon FeCr processing (Fig. 2): 1 – pumps, 2 – vacuum slag, 

3 – carrier, 4 – carrier moving mechanism [1, 2]. 

The furnace of 1.5 MW operates at 1050°C in the first chamber and 1350-1450°C in the second chamber (the 

third chamber is used for cooling). The whole cycle time is 24 h. Dissolved nitrogen, hydrogen and oxygen is being 

removed by diffusion mechanism, whereas oxide inclusions might be partially reduced in vacuum. Carbon removal is 

expected to proceed as a result of the reaction between chromium carbides with oxygen or chromium oxide at reduced 

pressures. 

The method of deep refining of ferrochromium and chromium in the solid-state is very efficient and often the on-

ly practical alternative vs. liquid ferrochromium purification, as the latter has too much losses of chromium with vapors. 
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ABSTRACT 
The patented Multiple Pre-Heater (MPH) is a system developed by Tenova Pyromet specifically targeting the 

ability to retrofit it into any existing Submerged Arc Furnace (SAF) plant. It can also easily be applied to new furnace 

installations. 

Tenova recently concluded a contract with JSC Kazchrome, where the new MPH system will be installed as a 

part of the upgrade of Kazchrome’s shop 6 at the Aksu Ferroalloy plant. 

A key advantage of the Tenova MPH is its ability to be integrated into an existing furnace, as the MPH vessels 

can be located on the same floor as the electrode systems, and not above. This also minimizes the feed chute lengths, 

which in turn minimizes heat losses. Each MPH vessel is choke-fed to prevent feed material segregation which could 

result in gas channelling and poor heat transfer and to maximize raw material contact time with the hot gasses to en-

sure complete material pre-heating. The system can thus adjust instantaneously to the submerged arc furnace consump-

tion rate with the burner system reacting accordingly. The burner system, integrated with the AUTOFURNTM furnace 

controller, reacts dynamically to the furnace consumption rate, and is controlled by a Tenova control algorithm linked 

to feed temperatures and combusted gas analysis. 

The implementation of the MPH system will allow Kazchrome to decrease furnace power consumption per ton of 

FeCr metal by 15%. The system will further allow Kazchrome to increase furnace capacity without the requirement to 

build new furnaces and the additional infrastructure expenditure required. 

1. INTRODUCTION 

Tenova Pyromet is a leading company in design and supply of high capacity AC and DC furnaces and complete 

smelting plants for production of ferroalloys, base metals, slag cleaning and refining. Tenova Pyromet also designs and 

supplies equipment for material handling and pre-treatment, alloy conversion and refining, granulation of metal, matte 

and slag, furnace off-gas fume collection and treatment, as well as treatment of hazardous dusts and waste. Tenova Py-

romet has several technologies to reduce operating costs and increase production power consumption.  

The Multiple Pre Heater (MPH) is a system developed by Tenova Pyromet specifically targeting the ability to 

retrofit it into any existing Submerged Arc Furnace (SAF) plant. As such it is also easily applied to new furnace instal-

lations. 

Pyromet were awarded a contract to supply the technology as part of a furnace package for a HCFeCr project in 

Kazakhstan by Kazchrome. Kazchrome manufacture, supply, and export ferroalloys to steelmakers in the Americas, 

Europe, Central and South-East Asia. Products include chromium alloys, ferrochrome, ferrosilicon, phosphorus silico-

manganese, rutile, zircon, and ilmenite concentrates. The company was founded in 1995 and is based in Aktobe, Ka-

zakhstan. Transnational Company Kazchrome JSC operates as a subsidiary of Eurasian Natural Resources Corp Plc. 

The project involves four furnaces for completion over a period of four years. 

2. THE TENOVA PYROMET MULTIPLE PRE-HEATERAND SAF SYSTEM 

The main reason for pre-heating the furnace charge mix is to reduce the amount of electrical energy required to 

smelt the furnace charge mix by reducing / eliminating any moisture in the furnace charge mix, decomposing any hy-

droxides and carbonates (normally present in the ore) and increasing the temperature of the furnace charge mix as high 

as possible before the furnace charge enters the furnace. Any deviation inreaching the maximum elimination of mois-

ture, decomposing of the hydroxides and carbonates as well as reaching the maximum temperature increases the amount 

of electrical energy required for smelting.  

However, other external factors also play a role in the amount of energy saved and cannot be discarded i.e. the 

composition of the furnace charge mix batch, the mineralogy of the furnace charge mix and the retention time of the 

furnace charge batch inside the pre-heater vessel before being discharged, which also influences the final temperature. 
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2.1 Preheating principle 

The purpose of the preheating is to eliminate the moisture from the furnace feed, to calcinate and preheat the 

feed to as high temperature as possible reducing the coke requirement. The maximum temperature is limited by the 

Boudouard reactions: 

The preheating degree is thus limited to approximately 700 
o
C with an average temperature of the hot feed at 500 

- 550 
o
C. The required thermal power input into the preheater for preheating depends of the furnace feed composition 

and metal production, this is normally 350 to 400 kWh/t of metal smelted. 

Preheating not only reduces the electrical power consumption in the smelting process, but also increases the CO 

content of the furnace gas and stabilizes the furnace burden. 

 

Figure 1. Sectional view of Tenova Pyromet Multiple Pre-heater 

2.2 Benefits (internal and external) 

•  Reduction in furnace power consumption = approx. 15 %  

•  Reduction in volatile matter of the reductant = approx. 20% (this figure is dependent on the type of reductant 

used) which increases the CO content of the furnace gas generated  

•  Stabilized furnace operating resistance, which increases the power input by 0.5 to 1.0 MW due to less electrode 

movement / transformer tap changer changes as the feed is dry and hot  

•  Reduction in reductant consumption 

•  Increased degree of ore reduction 

2.3 General 

The Multiple Pre Heater (MPH) is a system developed by Tenova Pyromet specifically targeting the ability to 

retrofit it into any existing Submerged Arc Furnace (SAF) plant. As such it is also easily applied to new furnace instal-

lations. 

The Tenova Pyromet MPH forms a uniquely integrated system with the SAF as well as the SAF feed, waste gas 

and water reticulation systems. The integrated design has been carefully optimized to maximize the system productivity. 

Particular features of the Tenova Pyromet MPH SAF system are as follows: 

•  Pre-heater vessels designed to be able to replace any existing feed bin arrangement 

Furnace feed conveyor (portion 

inside smelting plant) 

Electrode casing floor 

Electrode slipping floor 

MPH gas cleaning plant 
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•  The number of pre-heater vessels can be adjusted to suit the particular SAF arrangement 

•  Pre-heaters vessels designed to integrate the cold storage, gas collection and heating sections into one vessel 

•  The raw material batching system located outside the smelting plant is integrated into the MPH unit feed control 

algorithm. Batches of furnace feed is loaded into the cold storage section of preheater vessel based on material 

levels 

•  The MPH is choke-fed from the cold storage section to maximize raw material contact time with the hot gasses 

to ensure complete material pre-heating. The feed system instantaneously adjusts to the SAF consumption rate 

and the burner system reacts accordingly 

•  The internal feed system link between the cold storage and heating sections prevent feed material segregation 

which could result in gas channelling and poor heat transfer. A patent application is pending for this novel solu-

tion to prevent feed material segregation 

•  A unique gas/solid separation approach within the pre-heater vessel 

•  A unique gas distribution system is used to which Tenova Pyromet has the sole global license rights. The design 

of this system lends itself to ease of maintenance and replacement at end of life cycle 

•  A dual burner system ensures the ability to achieve the power input to the MPH in line with the furnace power 

input and rate of furnace feed consumption. The design ensures the ability to maintain power across a very large 

range of furnace feed rates 

•  The MPH system is fired using gasses being produced in the SAF with surplus gas available to a power genera-

tion plant 

•  A unique Tenova Pyromet temperature control algorithm ensures maximum energy input to each of the MPH 

units individually which maximizes the level and consistency of pre-heat temperature 

•  The Tenova Pyromet unique control algorithm ensures consistent levels of hot feed to the SAF, which is essen-

tial for efficient control of the SAF.  A patent application is pending for this unique algorithm 

•  The Tenova Pyromet MPH/SAF design minimizes the feed chute lengths, minimizing heat losses. The feed chute 

lining design maximizes refractory life and, together with the short length, minimizes the refractory costs over 

the life of the plant 

•  The MPH gas system is controlled by a Tenova Pyromet algorithm linked to gas analyzers to minimize the pres-

ence of oxygen in the system thus minimizing the carbon burn-out in the system.  This algorithm forms part of 

the unique control algorithm patent application 

•  The control system is designed by Tenova Pyromet to ensure there are no safety risks associated with the reticu-

lation and use of CO/H2 containing gasses 

•  The unique control system and equipment selection ensures market leading MPH availability, in the order of 

90% of SAF power on time 

•  Tenova Pyromet dimensions the SAF to be able to handle the requirements of both hot and cold furnace feeds 

with the varying burden resistances and resulting rates of metal  

•  The Feed Batching System, MPH, SAF and Gas Cleaning/Reticulation Systems are highly automated and totally 

integrated allowing control by one operator per complete furnace system 

2.4 Process description 

2.4.1 Batching 

The furnace feed proportioning system is located outside the smelting plant. The furnace feed material is fed 

through an automated batching system onto the furnace feed conveyor that conveys the feed to the top floor of the 

smelting plant. 

Accuracy of the feed system is critical in controlling the furnace feed and the batching. Batch calculations are 

performed according to a predetermined recipe with automatic feed corrections based on actual weighed mass done in 

the following batch. 

The capacity of the feed conveyor is sized as such to ensure that the level in each preheater cold storage section 

vessel can be maintained during the tapping cycle. 

2.4.2 Preheating 

The multiple preheaters are steel vessels located on the electrode slipping floor and extend through the floor 

above (normally the paste addition floor) to the underside of the feed conveyor floor. 

Each vessel comprises a feed zone where the cold feed material is stored, a gas zone where the top gas from the 

pre heating process is stored and extracted, a upper heat zone where feed material is heated by the hot gas and lower 

heat zone where the hot feed material is stored prior to being conveyed into the smelting process. The gas - and heat 

zones is one large portion of the vessel with the feed zone located directly above the gas zone and connected to the heat 

zones through multiple feed ducts extending through the gas zone, thus one vessel. These multiple feed ducts create a 

choke feed arrangement to ensure that gases present in the gas - and heat zones do not escape to the ambient surround-
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ings. All zones are uniform in shape and cylindrical, except the lower part of the heat zone which is divided into at least 

two sections that are connected to the SAF through at least one thermally insulated duct per section. 

The gas distribution device which directs and distributes the hot gas required for the pre heating, is located in the 

lower part of the heat zone. This hot gas is produced by burning CO gas supplied from the SAF gas cleaning plant in a 

separate combustion chamber - the CO gas is burnt with combustion air less than stoichiometric conditions to avoid 

oxidation of carbon in the MPH and cooled prior to being supplied to the gas distribution device. 

Once the hot gas has been directed downwards inside the gas splitter of the gas distribution device, the gas rises 

through the bed of feed material in the upper heat zone heating up the feed material. 

The top gas leaving the bed of feed material accumulates in the gas zone around the multiple ducts prior to being 

extracted by a gas cleaning plant which can either be a wet or dry type for cleaning. A portion (approximately 60 %) of 

the cooled off-gas is circulated as secondary gas for controlling the gas temperature in the combustion chamber and exit 

duct supplying the hot gas to the MPH. The rest of the gas is vented to atmosphere. 

CONCLUSIONS 

The implementation of the MPH system will allow Kazchrome to decrease furnace power consumption per ton 

of FeCr metal by 15%. The system will further allow Kazchrome to increase furnace capacity without the requirement 

to build new furnaces and the additional infrastructure expenditure required. 
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ABSTRACT 

Conventional high carbon ferrochromium production basically is carried-out by carbothermic reactions as a re-

sult of reducing chrome oxides. In the alloy structure, carbon takes place as carbide forms. Depending on the concen-

tration of carbon versus chromium in the alloy microstructure; tapping and post-tapping operations including casting, 

crushing and screening operations are influenced accordingly.   

The study has experienced at Eti Krom Inc (Turkey), Vargön Alloys AB (Sweden) and Tikhvin Ferroalloy (Russia) 

smelters. Thus, at a large range of high carbon ferrochromium products (C%: 5 to 9), the study was fulfilled. 

1 INTRODUCTION 

Ferrochrome is mostly known as an alloy of chrome and iron, containing between 50% and 70% chrome. De-

pending on using a different chemical characteristics of chrome ore, each smelter has opportunities to diversify its fer-

rochrome quality. The main characteristic to be considered is the level of carbon in the alloy. International trade organ-

isms divide ferrochrome production into three types of alloy. 

I. High-carbon (HC) ferrochrome (C>4%), 

II. Low- and medium-carbon (LC & MC) ferrochrome (C<4%), 

III. Ferrochrome-silico-chrome (FeSiCr) [1]. 

Figure 1 shows that 95% of total ferrochrome production represent HC ferrochrome and Charge Cr. 

 

Figure 1: Global ferrochrome production share by type in 2013 [1] 

Conventional high carbon ferrochromium production is basically carried-out by carbothermic method, using car-

bon based agents such as coal, metallurgical coke, anthracite. As a result of reduction reactions, reduced oxides generate 

metal alloy phase and unreduced oxides generate slag phase. Metal and slag flow from the tapping hole every 2-3 hours 

through tapping operations. Afterwards, post-tapping operations of which include casting and crushing-screening opera-

tions are managed. Depending on the concentration of carbon versus chromium in the alloy microstructure tapping and 

post-tapping operations are influenced accordingly. 

This paper will assess operational cases considering conventional high carbon ferrochromium process. 

2 PRODUCT DIVERSIFICATION PHENOMENA 

2.1 Ore and Reductant Quality 
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Ore quality is the main phenomena of the product differentiation. EtiKrom Inc., Vargön Alloys AB and Tikhvin 

Ferroalloy diversify the products by using Kazakh and Turkish lumpy chromites from grade-30 to grade-46. Today, 

these three plants are producing approximately total 9 types of different products. 

As it is called carbothermic process, reductant quality and size are also crucial to provide sufficient conductivity 

in the furnace charge for electrometallurgical operation. P% and S% of ferrochrome are controlled by reductant specifi-

cations. 

2.2 Slag Composition 

Unreduced oxides generate slag phase. The smelting point of the slag has to be higher than the metal smelting 

point, because metal is heated up by using slag liquid phase. The composition of ferrochrome slag could be controlled 

by blending of chrome ore, fluxes (quartz, bauxite) and        SiO2-MgO-Al2O3 ternary equilibrium (Figure 2) [4]. 

 

Figure 2: SiO2-MgO-Al2O3 ternary equilibrium [5] 

2.3 Chrome Carbide Generation 

In high carbon ferrochrome alloy microstructure, carbon takes place as carbide forms. Mostly Cr23C6 , Cr7C3 and 

Cr3C2 are dominated  the carbide form. Likewise, iron and silicon are exposed to carburization as well. However, this 

paper approaches the cases solely according to Cr-C relationship [2,3]. 
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Figure 3: Cr-C Phase Equilibrium  

When the temperature is reached at 1500 
0
C, reaction (1) starts 

<Cr2O3> + 13/3 <C> = 2/3 <Cr3C2> + 3(CO)                                                                                              (1)  

When the temperature is reached at 1600 
0
C, reaction (2) starts  

<Cr2O3> + 27/5 <Cr3C2> = 13/5 <Cr7C3> + 3 (CO)                                                                                     (2) 

 When the temperature is reached at 1700 
0
C, reaction (3) starts 

<Cr2O3> + 3 <Cr7C3> = <Cr23C6> + 3(CO)                                                                                                (3)  

Cr3C2 , Cr7C3 and Cr23C6 carbides are generated in this order [2]. As long as temperature rises, carburization con-

tinues unless insufficient quantity of Cr2O3 or carbon agents in the reaction zone. Accordingly, the rate of carbon in the 

alloy goes down and chromium rate goes up. 

Moreover, other than chemical considerations, physical properties of furnace charge are also a crucial factor for 

the carburization. During conventional smelting in AC furnaces, of course there may be an optimum size of ore for per 

product or furnace. However, lumpy/fine ratio of ore  is influenced reaction surface as well as production efficiency. If 

rate of fine reaches an excessive amount, carburization occurs at lower temperature.  

3 OPERATIONAL MANAGEABILITY DURING FERROCHROMIUM 

DIVERSIFICATION 

3.1 Tapping Operations 

Tapping is actually an important portion for submerged arc furnace operations. Figure 3 shows melting tempera-

ture of carbides as following. [2,3] 

 Cr23C6: ~1576 
0
C 

 Cr7C3: ~1766 
0
C 

 Cr3C2: ~1811 
0
C 

It means that initially Cr3C2 starts to be solidified. Afterwards, Cr7C3 and Cr23C6. Therefore, as long as carbon 

content increases in the ferrochrome, metal tapping is getting harder due to lower Cr/C ratio dominates the carbide 

structure. Case study also shows that tapping operations for 9% C containing FeCr at Tikhvin Ferroalloy is more diffi-

cult than 5% C containing FeCr at Vargön Alloys. 

3.1.1. Tapping hole problems 
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Tapping hole refractory lining life time depends on metal alloy temperature and of course C content of the prod-

uct. Lower carbon containing high carbon ferrochrome shorten the refractory life time.  

 
(a)                                                                  (b) 

Figure 4 – (a) Tapping hole lining maintenance, Vargön Alloys AB ,Sweden 

                  (b) Tapping hole lining maintenance, Eti Krom Inc., Turkey 

Similar tapping hole refractory lining was applied at Eti Krom and Vargön Alloys. Due to lower percentage of C 

containing products (5-6%), Vargön Alloys AB at least once in a year needs to repair tapping holes. On the other hand, 

due to higher C content (7-8%), Eti Krom’s tapping hole lasts longer about 2 years. 

3.2 Post-Tapping Operations 

3.2.1  Casting operations 

During post-tapping operations, liquid ferrochrome is casted in moulds. Depending on carbon content of the fer-

rochrome, slow cooling or fast cooling may occur. 

 

Figure 5: Ferrochrome cooling after casting, Tikhvin Ferroalloy (left) and Eti Krom (right) 

In Figure 5, the photo on the left side represents a ferrochrome containing 8,5% of C and the photo on the right 

side represents a ferrochrome containing 7% of C. In the study, it was observed that 8,5% C containing metal was 

cooled faster and spreaded slightly in the mould.  

Ladle Erosion Problems 

While casting, metal is aggressive to consume the ladles. Figure 6 shows that obviously. It was occurred when 

the carbon content was 6%. 
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Figure 6: Metal ladles after casting, EtiKrom Inc.,Turkey 

3.2.2.    Crushing and screening operations 

When metal is cooled totally, it is transported to the crushing and screening unit. Depending on the product 

chemical specifications, crushing-screening under size output is influenced. Higher carbon percentage makes the metal 

easily crushed.  

Figure 7 shows the relation between carbon content of the product and crushing-screening operations undersize 

(-10mm). This study was fulfilled with 5 different products while sizing to 10-50 mm at  Eti Krom, Vargön Alloys and 

Tikhvin Ferroalloy. 

 

Figure 7: Carbon content of the product vs. crushing-screening under size  

4 CONCLUSIONS  

According to domination of various carbide forms and diversified carbon content in the alloy, operational cir-

cumstances are influenced simultaneously. Therefore in the field of high carbon ferrochromium production, this paper 

provides some practical clues to have a better understanding about operational manageability while diversifying prod-

ucts. 
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ABSTRACT 

During the production of Medium-Low Carbon Ferrochromium (M-LCFeCr) or Medium-Low Carbon Ferro-

manganese (M-LCFeMn) in converter process with introduction of oxygen, the oxidation reactions of main and tramp 

elements by oxygen are all exothermic reactions, hence lead to energy surplus in the production process. 

Essentially there are three practical strategies to deal with energy surplus: 

 Dilute the surplus energy by adding coolants. 

 Remove the surplus energy by blowing inert gases (like argon). 

 Neutralize the surplus energy by injecting part CO2. 

The first method is used frequently nowadays, but the additional coolants including silicochromium and M-

LCFeCr are costly and cause the temperature variation in a wide margin. The second way is not cost effective to re-

move small amount of heat by introducing the expensive argon. The last method could be moderate and worth to study. 

CO2 introduction is aimed to realize controlling the bath temperature flexibly because C+CO2=2CO is an endothermic 

reaction, enhancing the yield of Cr (Mn) because of its weaker oxidation ability, prolonging the life time of the convert-

er lining because of less thermal shock. However, those advantages need to be proved by theoretical and experimental 

work. The heat and material balance calculation can provide a theoretical basis for the production practice with intro-

duction of CO2 in converter process. The authors pay attention to this aspect with the aim to optimize the amount of 

CO2 and the materials requirements. The optimal ratio of CO2 and O2 for producing M-LCFeCr and M-LCFeMn with 

different carbon content has been determined. 

KEYWORDS: Heat and Materials Balance, CO2, Converter, M-LCFeCr 

1. INTRODUCTION 

The argon-oxygen-decarburization (AOD) process is a common metallurgical treatment to decarburize by using 

oxygen and insert gas injection through bottom tuyeres and a top-lance. AOD converters are characterized by a fast and 

efficient decarburization[1]. Compared with electro-silicothermic process, the heat required for the smelting process 

during the AOD process mainly comes from the reactions between O2 and elements in the melt, such as C, Si, Fe, with-

out additional electric energy or fuel. Therefore, it is an economical way to produce M-LCFeCr and M-LCFeMn. How-

ever, there are many problems to produce M-LCFeCr and M-LCFeMn with the AOD process. When O2 is injected into 

the bath, elements in the melt will react with O2, and release a large number of heat, which is far more than the heat 

required for smelting M-LCFeCr or M-LCFeMn. The surplus energy will lead to the increase of bath temperature and 

accelerate the erosion of refractory[2,3]. The present authors[4,5] found it is feasible to control the bath temperature 

with introduction of CO2 through the earlier experiments. It was also showed that CO2 had a high efficiency for decar-

burization, especially at high initial carbon content. Many researchers have studied the application of CO2 in the field of 

metallurgy. Yin[6,7] had studied the theoretical temperature change with different proportion of CO2 injection at the 

fire district and pointed out that the theoretical temperature decrease with the proportion of CO2 increase, which can 

enhance the yield of metal, so as to reduce the amount of dust during the steel-making process. Zhu and Wei[8,9] had 

researched the decarburization during the refining process of stainless steel and set up a mathematical modeling of the 

argon-oxygen decarburization. The results such as temperature and carbon content obtained through this mathematical 

model could be in good agreement with the real production based on a few assumptions. 

Based on the positive results obtained from the experiments and the lack of energy data of CO2 introduction dur-

ing AOD process, it is essential to make an estimation of heat and material balance with introduction of CO2, and find 

out the optimized CO2 amount as well as the corresponding material input. This work has been presented in this paper. 
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2. THERMODYNAMIC ANALYSIS 

It should be noted that carbon dioxide is a weaker oxidizing agent compared with oxygen during the steelmaking 

process, which had been proved by Zughbi[10]. But it can react with C, Fe, Si, Cr and some other elements under the 

smelting temperature of ferrochrome. The thermodynamic data of interrelated chemical reactions[11,12] are shown in 

Table 1 and the relationship between Standard Gibbs free energy and the temperature can also be found. The standard 

state of [C], [Fe], [Si] and [Cr] is chosen as [%i] =1 (Henrian), and the standard state of the composition of slag such as 

(FeO), (SiO2), (Cr2O3) is used as the pure substance. The standard state of O2, CO and CO2 is 1 atm. 

Table 1: The thermodynamics data of interrelated chemical reactions 

reactant Chemical reaction /(J.mol
-1

) No. 

CO2 

  

1 

  

2 

  

3 

  

4 

O2 

 

 

5 

  

6 

 

 

7 

  

8 

  

9 

It can be seen from table 1 that the reactions between O2 and other elements are exothermic. However, the reac-

tions between CO2 and C or Fe are endothermic. Although the reactions between CO2 and Si or Fe are exothermic, the 

heat output is much smaller compared with O2 injection. Therefore, the bath temperature could be controlled if the ratio 

of O2 and CO2 was appropriate, so as to enhance the lifetime of converter lining. The coolant is not necessary when CO2 

is available, which can reduce the cost. 

3. CALCULATION BASIS 

In the AOD process, around 55-60% of the total energy is generated from oxidation of elements, such as carbon, 

silicon, chromium and iron. And 40-45%of the heat comes from the hot metal. Around 40% of the total energy is re-

tained in the liquid metal, and 17% of the heat contains in slag. While the rest is lost to waste gas, the storage of the 

lining and cooling, as shown in Figure 1. 

 

Figure 1: Energy patterns in AOD process 
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It is easy to determine the total energy input into an AOD converter because energy is supplied to AOD through 

two ways: the energy of the hot metal and the oxidation of elements, like C, Si, Al, Fe, Cr, and Mn. But the oxidation 

energy contribution is not only dependent on the oxygen input but also on the chemical composition of the High Carbon 

Ferromanganese (HCFeCr) and slag. 

Before carrying out the calculation, the input and output parameters in the system should be defined in the pro-

gram. In the present case, all input and output parameters are defined and set according to the practical production pa-

rameters. And in the present study on heat and materials balance in AOD process with introducing CO2 gas, the raw 

materials consumption and the effect of process parameters, like gas (here CO2 is replacing partial O2), HCFeCr 

(HCFeMn) and slag agent consumption et al. are shown in Figure 2. 

 

Figure 2: Parameters set on materials balance calculation 

4. RESULTS AND DISCUSSIONS 
As discussed in chapter 3, CO2 introduction is an endothermic reaction, which indicates that, the energy surplus 

can be consumed with the aim to keep the temperature constant. Heat and materials balance with introduce of CO2 were 

calculated with different amounts of CO2. And the results are presented as following. 

4.1 The appropriate smelting temperature of different ferrochrome productions 

The main task of AOD process for M-LCFeCr is to reduce the carbon content in the melt by blowing oxygen. 

The main decarburization reaction in the melt has been shown as Equation 10. 

                                        (10) 

Here, the standard state of (Cr2O3) is used as the pure substance. The standard state of CO2 is 1 atm. And the 

equilibrium constant of Equation 10 can be described as Equation 11. 

                                                  (11) 

where: K is the equilibrium constant; 

T is the smelting temperature; 

       = activity of Cr; 

       = activity of C. 

And it is easy to know that  from literatures[13,14]. The 

relationship of [Cr], [C] and T can be obtained from above data and Equation 11, and it has been shown as Equation 12. 

                   (12) 

From Equation 10, one can see that, with the increase of the bath temperature, the carbon content in the melt de-

crease, at the same time, the chromium is retained. And the relationship between carbon and chromium at different tem-

perature has been shown in Figure 3[15]. 
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Figure 3: The relationship between carbon and chromium at different temperature 

From the Figure 3, one can see that the bath temperature should be 1769℃ if the carbon content is reduce to 

2mass% for the production containing 65mass% Cr. Accordingly, the temperature should be 1944℃ if the carbon con-

tent is reduce to 1mass%. And the temperature should be 2159℃ if the carbon content is reduce to 0.5mass%. Based on 

the above discussion, one can see that the suitable smelting temperature varies for different specifications of ferro-

chrome product. Therefore, it is necessary to calculate the appropriate amount of CO2 to keep the temperature constant 

according to different ferrochrome productions. 

4.2 The bath temperature change with different CO2 and O2 ratio 

The parameters for current calculations were taken as following: AOD process for MCFeCr refining, the weight 

of HCFeCr is 1t, aim C content is 2mass%. The input raw materials include hot metal, chrome ore, magnesia, lime and 

silicochromium. The compositions of raw materials have been shown in Table 2-6 respectively. The parameters of raw 

materials during the AOD process have been shown in Table 7. And the compositions of final production and slag are 

shown in Table 8-9 respectively. The parameters of MCFeCr and slag are shown in Table 10. 

Table 2: Compositions of HCFeCr in mass percentage 

HCFeCr Cr Fe C Si P S 

Mass% 63.00 26.92 7.00 3.00 0.04 0.04 

Table 3: Compositions of chrome ore in mass percentage 

Chrome ore Cr2O3 FeO SiO2 Al2O3 MgO CaO 

Mass% 46.88 23.96 5.21 13.54 8.33 2.08 

Table 4: Compositions of magnesia in mass percentage 

Magnesia MgO SiO2 CaO 

Mass% 97.50 1.00 1.50 

Table 5: Compositions of lime in mass percentage 

Lime CaO SiO2 CaCO3 

Mass% 95.00 4.00 1.00 

 



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 62  
 

Table 6: Compositions of silicochromium in mass percentage 

Silicochromium Cr Si Fe 

Mass% 28.28 48.49 23.23 

Table 7: Parameters of raw materials during the AOD process 

 HCFeCr Chrome ore Magnesia Lime Silicochromium 

Amount/kg 1000.00 50.00 12.00 55.86 50.00 

Temperature/℃ 1550 25 25 25 25 

Table 8: Compositions of final production (MCFeCr) in the percentage 

MCFeCr Cr Fe Si C S P 

Mass% 66.41 30.50 1.02 2.00 0.04 0.03 

Table 9: Compositions of slag in the percentage 

Slag Cr2O3 FeO SiO2 CaS Ca3(PO4)2 Al2O3 MgO CaO 

Mass% 24.27 2.94 41.15 0.02 0.24 2.77 6.48 22.13 

Table 10: Parameters of MCFeCr and slag 

 MCFeCr Slag 

Amount/kg 932.784 245.057 

The bath temperature has been calculated with introduction different O2 and CO2 according to the above condi-

tions, and the result is shown in Figure 4. 

 

Figure 4: The bath temperature change with increase of CO2 for different proportioning 

It is easy to obtain from Figure 4 that, with the increase of CO2 addition, for the same melt, the bath temperature 

is decreased. The melt temperature is about 1900℃ with introduction of pure oxygen. And this temperature is far more 

than that of ferrochrome, whose aim carbon content is 2mass%. Decarburization with O2 will increase the temperature 

in AOD leading to serious damage to the refractory lining of the furnace, which affects the productivity seriously. 

Meanwhile, too high temperature will cause the “boiling” of slag in the furnace. If part of oxygen is replaced by CO2 

during the refining process, this may reduce the increase of temperature during decarburization. In this case, control the 
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bath temperature, prolonging the lifetime of the furnace lining can be achieved if the ratio of O2 and CO2 is appropriate. 

The slag “boiling” during decarburization would be minimized as well. 

4.3 The suitable amount of CO2 for ferrochrome smelting 

The appropriate amount of CO2 is an important parameter for ferrochrome smelting. If CO2 ratio is too large, that 

will cause problem for the ferrochrome refining process since the heat is not sufficient based on the heat balance calcu-

lation and analysis. If CO2 ratio is too small, the energy surplus will lead to the bath overheat and the lining of the fur-

nace could be damaged heavily. For the production of MCFeCr containing 2mass% C and 66.41mass% Cr, the most 

suitable temperature is 1782℃, which can be calculated by Equation 12. Based on above data, the suitable amount of 

CO2 has been calculated and the result is 13.16mass% CO2 when the total amount of gas is 148.149kg, which can be 

seen from Figure 4.  

6 CONCLUSIONS 

Through the present calculation and analysis, one could conclude that: 

1) The introduction of CO2 will consume the surplus energy in the converter which leads to the decrease of the bath 

temperature. And it is feasible to reduce or avoid the coolant consumption by this way, so as to reduce the produc-

tion costs. 

2) Surplus energy which causes by the reactions of O2 and C, Cr, Fe can be compensated by introducing CO2. And 

the bath temperature increases from 1550℃ to 1900℃ when pure O2 has been introduced. On the contrary, the 

temperature can be decreased to a reasonable range when use CO2 to replace O2 partly. 

3) For producing 2mass% C, 66.41mass% Cr productions, the suitable amount of CO2 is 13.16mass% when the total 

amount of gas is 148.149kg. This is because the heat required by the MCFeCr could be satisfied, at the same time, 

the lining of the furnace could be protected at the maximum extent. Of course, the suitable amount of CO2 is vari-

able and it is determined by the requirements of raw materials and the final production. 

7 FUTURE WORK 

CO2 introduction during AOD process involves complicated physical and chemical reactions, such as Cr-

retention, decarburization, dephosphorus, desulphurization, which need to consider both thermodynamic and kinetics 

aspects. Furthermore, there are many differences between the theory and production practice. Therefore, it is necessary 

to adjust the ratio of CO2 and O2 according to the different smelting environment in order to obtain high-quality L-

MCFeCr (M-LCFeMn) and find out the economical way to produce products. Besides, heat and material balance calcu-

lations need to be supported by the experimental work, which is planned to carry out in the future. 
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ABSTRACT 

There has been a report of development and mastering оf new type of special reducing agent at Yasinovsky Cok-

ing Plant, with the use in the burden for coking of highly reactive low-metamorphosed gas coal. The coke produced 

from the above mentioned coal preserves high reactivity from a genetic standpoint, as evidenced by investigation of its 

metallurgical properties and test melts of silicon manganese at Nikopol Ferroalloy Plant; however, manganese recov-

ery into alloy is increased by 8-10% and specific power consumption is reduced by 70-170 kWh/t. In 2014, Nikopol 

Ferroalloy Plant consumed over 40 thousand tons of special highly reactive reducing agent produced by Yasinovsky 

Coking Plant. 

When melting the ferroalloys in the electric furnaces, the completeness and kinetics of pivotal components re-

covery from ore materials into alloy, the structure of furnace work space, the speed of burden descent and, as a conse-

quence, the main electrical characteristics of ferroalloy stage are mainly determined by the quality of used reducing 

agents / 1, 2 /. 

Note that, as shown in the paper / 2 /, the intention of technicians – ferroalloy producers to maximize electrical 

resistance of the burden, when melting the alloys using continuous method, is explained by the need to reduce the frac-

tion of burden conductivity current and increase the fraction of current passing through the electric arc – high-

temperature heat source. Herein, the primary condition is that in the areas of low and moderate temperatures typical for 

upper levels of the furnace bath (top) the main types of burden materials (ores, fluxes) are actually electric insulators, 

the conductivity of which is lower in comparison with the used carbon reducing agents (the exception is metal chips 

used in the separate technological processes). In other words, it is possible to suppress undesirable processes relatable to 

the current passage through the burden and its overheating in the area of furnace top, first of all, by increase of specific 

electrical resistance (SER) of the reducing agent, as the most conductive burden component. 

The development of target production of special coke with high reactivity and increased SER based on the cok-

ing of wet low-sintering burden is constrained by its low sintering limit. The investigations of Ukrainian State Research 

Institute of Coal Chemistry and Yasinovsky Coking Plant demonstrated that as much as 30% of deficient strongly cok-

ing coal of grade Zh in the coke burden is required to overcome the above described situation. 

In 2006-2007, the investigations were carried out and the possibility to produce special types of coke for ferroal-

loy production from low-sintering high-volatile coal of low metamorphism stage was found at Yasinovsky Coking 

Plant, where the equipment and technology of preliminary thermal treatment of the burden are available. In such a case, 

the increase in coke battery productivity as compared to the wet burden can be up to 50% and more, and the efforts at 

the coke cake pushing from the furnace comply with regulatory ones. 

As shown in our papers / 3, 4 /, under the industrial conditions of Nikopol and Stakhanov Ferroalloy Plants, 

these special types of carbon reducing agents were used for production of silicon manganese and 65% of ferrosilicon 

instead of coke nut. However, these tests were of short-term nature (only three days at Nikopol Ferroalloy Plant) and 

needed processing within longer period of time. 

In 1 half of 2013, a new, more representative batch of special reducing agent with the weight over 2 thousand 

tons was developed at Yasinovsky Coking Plant with subsequent shipment to Nikopol Ferroalloy Plant, where, after 

storing, it was prepared for melting according to the standard schedule applicable at the plant for preparation of 

screened coke.  

The coke was delivered to the four-roll crusher and then to the screen with mesh of 10×10 mm. After screening, 

the undersize fraction of 10-0 mm was delivered for use as sinter fuel at the sinter shop of Nikopol Ferroalloy Plant, 

whereby the top size fraction (screened coke fraction of +10 mm) through the system of intermediate hoppers and con-

veyors was delivered to the furnace hoppers for proportioning. 

The particle size distribution of standard coke nut supplied by various sellers, before its preparation at Nikopol 

Ferroalloy Plant (screening), is characterized as follows (averaged data): coke nut fines content (10-0 mm) is up to 6%, 

large-sized coke nut content (+25 mm) is up to 20%. 
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In accordance with the plant's process instruction, the composition of screened coke nut delivered to the melt-

ing shop shall meet the following requirements: 5-0 mm fraction content is max 15%; +25 mm fraction content is 

max 10%, i.e. the desired fraction (25-10 mm) content shall be at least 75%. Usually, as a result of screening, the 

fractional yield after sorting and screening is as follows: 5-0 mm fraction is 14%; 25-5 mm fraction is 86%. 

The special coke produced by Yasinovsky Coking Plant and delivered to Nikopol Ferroalloy Plant, based on 

the incoming analysis data, was described by the following parameters: coke fines content (10-0 mm) is 2.9%; coke 

lump fraction (+25 mm) is 18.8%. After screening, the particle size distribution of special coke was characterized by 

the following data: 5-0 mm fraction content is 6-10%; +25 mm fraction content is up to 5%, which fully complies 

with the above described requirements outlined in the plant's process instruction. 

After crushing and screening, the fractional yield during the special coke sorting was as follows: 5-0 mm 

fraction content is 14%, 25-5 mm fraction content is 86%, which conforms to the typical data as well. 

When delivering the special coke to Nikopol Ferroalloy Plant (incoming control) and, subsequently, during 

the test campaign at the proportioning unit of the furnace No. 6, the samples of special coke were taken for chemical 

analysis and screening. 

The results of special coke quality incoming control are presented in Table 1.  

Thus, the data represented in Table 1 demonstrate that ash content in the special coke was 10.61%, average 

volatile content in special coke is 1.7%, sulphur content in the ash is 1.3%, and solid carbon content is 86.4%. 

As reported by Nikopol Ferroalloy Plant, the average moisture content was 4.9%. However, as shown in Ta-

ble 1, substantial variations in the special coke moisture were observed in some periods. This can be reasonably ex-

plained by the climatic conditions of Nikopol and Donetsk, when storing the coke at outdoor storage. The test melts 

showed that variations in the special coke moisture did not affect the parameters of its use during the ferrosilicon 

manganese melting at Nikopol Ferroalloy Plant.  

Table 1. Quality of special coke produced by Yasinovsky Coking Plant based on the incoming control data of Niko-

pol Ferroalloy Plant 

Batch No. 

Special coke  

А,% V,% S,% W,% Csolid,% 
SER, 

Ohm·m Batch 

No. 

Batch 

weight 

Dry 

weight 

1 K-18 167.35 153.46 11.30 2.00 1.30 8.30 85.40 1.624 

2 K-19 169.30 154.06 11.80 2.10 1.20 9.00 84.90 1.739 

3 K-35 87.20 78.83 10.30 1.60 1.40 9.60 86.70 1.200 

4 K-42 334.40 313.67 11.10 1.80 1.40 6.20 85.70 1.596 

5 K-46 305.65 292.51 11.40 2.00 1.30 4.30 85.30 1.774 

6 K-47 230.05 214.87 10.10 1.60 1.30 6.60 87.00 1.189 

7 K-48 45.90 43.61 11.30 2.00 1.30 5.00 85.40 1.370 

8 K-49 275.60 266.51 9.90 1.70 1.30 3.30 87.10 0.935 

9 K-54 172.85 167.84 9.80 1.60 1.20 2.90 87.40 1.115 

10 K-66 248.50 243.03 10.10 1.20 1.30 2.20 87.40 1.242 

11 K-73 131.75 129.12 10.50 1.30 1.30 2.00 86.90 1.137 

12 K-76 156.35 152.75 10.10 1.70 1.30 2.30 86.90 1.041 

13 K-91 180.00 172.26 10.50 1.60 1.30 4.30 86.60 1.168 

Average value 2 504.90 2 382.50 10.61 1.7 1.30 4.9 86.4 1.3396 

According to the data of screened coke particle size distribution determination on a shift basis it has been estab-

lished that fines content (5-0 mm) in the reducing agent delivered to the furnace No. 6 was stably at the level of 5-10% 

(at maximum permitted value of 15%).  

At Nikopol Ferroalloy Plant the ferrosilicon manganese was melted at the furnace No. 6, the parameters of which 

are presented in Table 2.  
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Table 2. Parameters of furnace No. 6 at Nikopol Ferroalloy Plant 

Parameter designation 

 

Parameter value 

Type of furnace RPZ-63I1 

Design features Ore-smelting, sealed furnace with sta-

tionary rectangular bath and transformer 

installed capacity of 63 MV·A 

Transformers, pcs. 3 

Nominal capacity of 1 transformer, kV·A 21000 

Primary voltage, kV 154 

Secondary voltage, V 238-130 

Number of transformer stages, pcs. 33 

Maximal electrode current, kA 119.2 

Electrodes, pcs. 6 

Electrode type Self-sintering, of rectangular cross-

section 

Electrode dimensions in section, mm 750 x 3000 

Distance between electrodes axes, mm 3600 

Melting chamber dimensions, mm 

length 

width 

height  

 

23000 

8200 

4500 

Electrode movement speed, mm/min 300-600 

Maximal electrode travel, mm 1200 

Tap-hole height under the hearth, mm 500 

Tap-holes, pcs. 3 

Tap-hole diameter, mm 105 

The actual power utilization of the furnace No. 6 in 2013 is characterized by the following data: 33.13 MV in 

May (preceding period), 32.73 MV in June (test period), 33.76 MV in July (test period), and 33.88 MV in August 

(after test campaign completion). Thus, during the test period the actual power utilization of the furnace No. 6 more 

or less met the standard parameters given as a norm (hereinafter referred to as the basic parameters). 

During investigations in the test period, as in the basic period, the production program of the furnace No. 6 

supposed melting of ferrosilicon manganese with phosphorus content of 0.25%. 

Accordingly, the burden composition was calculated with provision for alloy production with phosphorus 

content of 0.25%, which was achieved with the use of imported ore and charge slag from high-carbon ferromanga-

nese melting in the burden. The chemical composition of raw materials is presented in Table 3. 

Table 3. Chemical composition of manganese and ore raw materials during ferrosilicon manganese melting at Ni-

kopol Ferroalloy Plant with the use of special coke 

Type of raw mate-

rials 

Composition of components, % wt 

Mn SiO2 CaO MgO Al2O3 Fe P Wmoist. 

Sinter AMNV-2P 38.1 21.2 8.9 5.5 – 2.3 0.11 – 

Ore (RSA), KK37 37.2 6.3 15.8 3.3 0.7 6.6 0.023 3.4 

Ore (RSA), KK42T 43.4 4.9 7.3 1.1 0.6 13.4 0.039 1.8 

Ore (Australia), 

KK49NZh 
52.6 6.8 1.0 0.9 0.9 3.2 0.032 3.0 

Ore (Ghana), MK28 28.5 12.8 6.5 4.6 2.2 1.3 0.067 2.8 

It should be noted that composition of ore burden was dramatically changed for a variety of organizational 

reasons (availability and supply of imported raw materials) during the test campaign. Thus, when baking manganese 

sinter AMNV-2, in the beginning and in the middle of campaign various types of raw materials (Table 4) were used, 

which affected stability of its quality indicators. 

The analysis reveals that it is reasonable to examine three separate sub-campaigns with regard to ore mate-

rials used in that period, considering changes in the types and quantities of the used raw materials (both sinter and 

directly in the furnace burden): 

Sub-campaign 1: Manganese sinter AMNV-2P and ore from Republic of South Africa KK37 and of Re-

public of South Africa KK42; 
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Sub-campaign 2: Manganese sinter AMNV-2P together with greater (as compared to the sib-campaign 1) 

weighed portion of ore from Republic of South Africa KK37 and additional charging of iron ore; 

Sub-campaign 3: Manganese sinter AMNV-2P and imported ore – Australia KK49NZh and Ghana MK28. 

Table 4. Composition of ore sinter burden for baking of sinter AMNV-2, %  

Designation of raw materials  
Campaign opening  

(by 02.07) 

Campaign closing  

(by 02.07) 

Ore from Ghana (28% Mn) 69.2 64.4 

Concentrate, 2 grades, Ordzhonikidze Mining 

and Processing Enterprise       (34% Mn) 

13.3 10.6 

Ore from Gabon (47% Mn) 9.7 - 

Ore from Brazil (49% Mn) - 15.5 

Grade PShM 7.8 9.5 

Another point to be made here is that significant quantity of secondary materials (grades SShMS, VMS and 

SGM) was charged during the first sub-campaign. 

The ratio of reducing agent, ore components and quartzite in the test period was calculated to maintain Сsol-

id/Mn = 0.44-0.47 and SiO2/Mn = 0.95-1.0 in the charged burden. However, in accordance with the technology 

adopted at Nikopol Ferroalloy Plant, 15% of the inserted solid carbon was provided with the use of anthracite in the 

burden and 85% owing to the special coke. 

The parameters of furnace operation during the test period in respect of the above described sub-campaigns 

1-3 are presented in Table 5; the parameters of test campaign are integrally presented in Fig. 1. 

 

Fig. 1. Consumption of burden materials and electric power per melting of 1 basic ton of  SiMn during the test period as 

compared to the basic period and norm (consumption of manganese raw materials is expressed in terms of basic raw 

materials, 48%Mn) 

The furnace operation with the use of special reducing agent during the test period, as a whole and for individual 

sub-campaigns, is characterized by stable gas and electric conditions, satisfactory tapping and lack of troubles with tap-

hole assembly maintenance. The electrode slipping conditions were also near-optimal; during the campaign, the elec-

trodes were slipped uniformly (by all phases) and the slipping was 31 mm per 100 thousand kWh of electric power 

take-off. 
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Table 5. Process parameters of ferrosilicon manganese melting with the use of special coke (by Yasinovsky Coking 

Plant) as reducing agent 

Sub-

campaign 

No. 

Furnace 

capacity, 

basic 

tons/days 

Specific power 

consumption, 

kWh/basic tons 

Content in alloy, % Mn con-

tent in 

slag, % 

Slag ratio, 

units 

Mn Si P 

1 200.53 3987 71.30 17.63 0.22 11.22 1.44 

2 202.10 3972 67.33 18.25 0.19 12.40 1.35 

3 194.20 3934 72.66 18.40 0.20 13.50 1.42 

Actual manganese and silicon content in the finished ferroalloy met the requirements set out in DSTU 3548-97 

(DSTU 3548-97. Ferrosilicon manganese. General Specifications).  

However, during the second sub-campaign, relatively low (but within the norm prescribed by the plant's process 

instruction) manganese content of 35.16% was observed in the ore burden. This was attributed to the iron ore addition 

in the burden (Fig. 2). 

 

Fig. 2. Manganese content (% wt) in the ore burden during the test and basic periods 

At the same time, well-known positive influence of iron on completeness and kinetics of manganese oxides re-

duction and decrease in manganese activity in alloy at its iron dilution was largely responsible for the fact that manga-

nese content in alloy was 67.33% in the sub-campaign 2 as compared to 71-72% of manganese in the sub-campaigns 2 

and 3, manganese recovery was increases and slag ratio was reduced to 1.35 as compared to 1.42-1.44 (Fig. 3.).  
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Fig. 3. Slag ratio in the sub-campaigns Nos. 1-3 of silicon manganese melting test campaign and average weighted slag 

ratio over the entire campaign 

During the test campaign (Fig. 1), actual reduction of manganese raw materials (by 10.9%) and electric power 

(by 4.4%) was generally observed as compared to the basic parameters; and in the first sub-campaign the decrease in 

reducing agent consumption by 8.3% occurred. 

Actual reduction of specific power consumption during the test period as compared to the basic period (the 

norm) was 168 kWh/basic ton, and actual specific consumption of manganese raw materials, coke and quartzite was 

decreased by 32; 21.2 and 23.9 kg/basic ton respectively. Manganese recovery during the test campaign was increased 

by 7.42% (from 83.7% to 91.12%). 

In total, 5.603 thousand tons of ferrosilicon manganese was melted within 28 days (from 12 June till 10 July 

2013) during the test campaign carried out at Nikopol Ferroalloy Plant. 

Moreover, the difference in quantity of used metalized waste during the basic (norm) and test periods (extra 84 

kg of waste/basic ton) required the adjustments of actual parameters, considering this factor. In addition, the above de-

scribed difference in manganese content in the ore burden required the adjustments as well.  

As shown in the paper / 5 /, technical and economic parameters of ferrosilicon manganese melting significantly 

depend on this factor: when manganese content is increased by 1% in the ore burden, manganese recovery into alloy 

grows by 0.7%, electric power consumption is reduced by 50 kWh/t and furnace capacity is increased by 13 basic 

tons/day. 

In our case, as shown above, manganese content in the ore burden was changed in the sub-campaigns during the 

test period and differed from basic value (Fig. 2). The average weighted manganese content in the ore burden during the 

test period was 37.69% as compared to 38.96% in the basic period (according to the calculated norms). 

It is easy to calculate that difference in the specific power consumption of 63.5 kWh/basic tons, consumption of 

raw materials of 12 kg/basic tons and manganese recovery of 0.9% conforms to the difference of 1.27% in manganese 

content in the ore burden. 

The changes in technical and economic parameters (TEP) adjusted on the basis of these data, considering actual 

manganese content in the ore burden and use of metalized waste, are represented in Table 6. 
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Table 6. Adjusted TEP of ferrosilicon manganese melting with the use of special reducing agent at Nikopol Ferroalloy 

Plant (shown by manganese content in the ore burden and waste utilization). 

Parameter designation 
Norm (basic 

period) 

Actual test 

period 

Calculated test 

period (consider-

ing manganese 

content in the bur-

den and waste uti-

lization) 

Deviation from 

basic data by 

calculated pa-

rameters 

Consumption per 1 basic 

ton 
 

 
  

- of manganese raw mate-

rials (48% Mn), kg 
1640 1608 1612 - 28 

- of coke, kg 
429 419 424 - 5 

- of quartzite, kg 
429 425 425 - 4 

- of electric power, 

kWh/basic ton 

4138 3970 4070 - 68 

- manganese recovery into 

alloy, % 

83.7 91.1 92.0 + 8.3 

Thus, as shown in Table 6, based on the adjusted data, the reduction of specific power consumption with the use 

of special coke was 68 kWh/basic ton and manganese recovery into alloy was increased by 8.3% with proportional con-

sumption reduction of manganese raw materials, coke and quartzite. 

The calculations (based on the adjusted data) demonstrated that economic effect from the use of special coke per 

1 basic ton of silicon manganese is 92 UAH and in equivalent of 1 ton of special reducing agent produced by Ya-

sinovsky Coking Plant, possible saving will be 257 UAH. 

SUMMARY:  

The production of new type of special reducing agent for ferroalloy manufacture has been mastered at Ya-

sinovsky Coking Plant, with the use in the burden for coking of highly reactive low-metamorphosed gas coal. It has 

been demonstrated that coke produced from the above mentioned coal preserves high reactivity from a genetic stand-

point, as evidenced by investigation of its metallurgical properties and test melts of silicon manganese at Nikopol Fer-

roalloy Plant. 

As shown by the test melts (2013) of silicon manganese in the furnace No. 6 at Nikopol Ferroalloy Plant, when 

using special coke, manganese recovery into alloy was increased by 8-10% and specific power consumption was re-

duced by 70-170 kWh/t.  

In 2014, Nikopol Ferroalloy Plant used over 40 thousand tons of special highly reactive reducing agent pro-

duced by Yasinovsky Coking Plant, which replaced about 20% of coke nut consumed at Nikopol Ferroalloy Plant. The 

volume of test reducing agent utilization, in opinion of the plant's technological departments, could be considerably 

larger (up to 100% of standard coke nut replacement with it), but was limited only and exclusively by the possibilities 

of the supplier located in the east of Ukraine and experiencing difficulties with deliveries of coal for coking since the 

middle of last year. After recovery of Yasinovsky Coking Plant operation (the plant was almost completely shutdown in 

January 2015), it is assumed to continue implementation of the program on special reducing agent production for fer-

roalloy manufacture.  
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After the collapse of the Soviet Union Russia lost its developed manganese ore mining deposits. Demand for 

manganese ferroalloys in Russia is about 600-650 thsd. tons a year. Assortment of manganese ferroalloys includes high-

, medium- and low-carbon ferromanganese, silicomanganese and manganese metal. Most of bulk manganese ferroalloys 

(~ 60% of high-carbon ferromanganese and silicomanganese) are imported from abroad. Medium- and low-carbon fer-

romanganese and electrothermic manganese metal are 100% imported (mainly from Ukraine and China) [1].   

High-carbon ferromanganese in Russia is smelted mainly in blast furnaces at JSC “Kosaya Gora Iron Works” 

(JSC “KGIW”) and JSC “Satka Pig-iron Smelting Works” (JSC “SHPZ”) from imported manganese ores [2]. Silico-

manganese is occasionally smelted at JSC “Chelyabinsk Electrometallurgical Works” (JSC “Chemk”) mainly from im-

ported ores from Kazakhstan. 

It is important for Russia to increase production volumes of high-carbon ferromanganese and silicomanganese 

from domestic ores. Development of production technologies for medium- and low-carbon ferromanganese and manga-

nese metal from domestic ores becomes vital for the country due to import substitution in a present international situa-

tion.  

Reserves of manganese ores in Russia are estimated approximately at a level of 290 million tons, and probable 

reserves are more than 1 billion tons [3]. There are three main types of manganese ores in Russia: carbonateous, oxide 

and oxidated.  

Poor manganese carbonateous ores (19.8% Mn) with high phosphorus concentration (more than 0.2 – 0.3%) pre-

vail (90.2%) in proved reserves, whether a share of oxide ores with 23-26% Mn is only 6%. Manganese ores deposits 

are located in Kemerovo region (Usinskoe), Krasnoyarsk (Porozhinskoye), Ural (Severouralskoye), Komi Republic 

(Parnokskoye), Irkutsk region (Novonikolayevskoye) and others (see Fig. 1).    

 

Fig. 1. Manganese ores deposits in Russia 

Manganese ores of these deposits have low manganese content and high phosphorus concentration. Most of the 

mining deposits are unefficient and located in regions difficult to access. Data on reserves of manganese ores in Russian 
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regions are given in Table 1. Mining of manganese ores on the territory of the Russian Federation does not occur at pre-

sent time [3, 4] though it is of immense importance to have operating mining deposits for protection of Russian metal-

lurgical industry which requires sufficient volumes of manganese ferroalloys.  

It’s hard to agree with the authors [5] that there is no reliable solution for the development of domestic manga-

nese ores deposits such as Usinskoye. It is also criticized by the editorial staff in a special review of the article, that 

«produced proofs in this article are insufficient for such a categorical judgment on inexpediency of development of min-

ing and processing facilities for production of manganese-containing products on the basis of domestic manganese ores 

deposits in Russia. 

Research and development programs are carried out at present for involvement of domestic manganese ores into 

process of ferroalloys production in Russia to meet a growing demand of steelmaking industry. Poor manganese ores 

with high phosphorus content must undoubtedly be enriched. In this processes a sufficient part of manganese is lost 

with by-products: slags, sludge and tailings. Manganese extraction value from ore to commercial ferroalloys reaches 50 

– 55% [6].    

Table 1. Reserves of manganese ores in Russian regions [3] 

The problem for Russian metallurgists is an involvement of domestic manganese ores into technological process 

of ferroalloys production and smelting of all range of ferroalloys. This issue is complicated by ferroalloys quality speci-

fications and requirements to engineering-and-economical performance.  

Usinskoye mining deposit is one of the most promising and biggest in Russia. It was discovered in 1939 and sit-

uated in the South-East of Kemerovo region and 70 km North-East from the city of Mezhdurechensk in mountain taiga 

forest (see fig. 2). There are two genetic types of manganese ores at this mining deposit: carbonateous and oxidated (see 

table 2). The share of carbonateous ores is 94% and that of oxidated ores is 6% while the share of mixed type ores is 

negligible.   

The problem of ferroalloys production from manganese ores of Usinskoye mining deposit (18-22% Mn, 0,2-

0,3% P) was studied [4, 7-11] but still requires further investigation.   

Use of modern methods of concentration such as X-ray radiometric separation allows producing several types of 

concentrates (table 3) from manganese ores of Usinskoye mining deposit. Different technologies for production of 

manganese ferroalloys were considered for manganese concentrates of Usinskoye deposit. Optional variants are de-

scribed below. 

# Region 
Reserves  Probable re-

serves А+В+С1 С2 total 

1 Sverdlovsk region 41.3 – 41.3 49.2 

2 Kemerovo region 98.5 – 98.5 150.4 

3 Khabarovsk region   6.5 2.5 9.0 53.2 

4 Komi Republic – 3.9 3.9 101.2 

5 Orenburg region  – 4.2 4.2 31.0 

6 Irkutsk region  – 4.8 4.8 36.2 

7 Krasnoyarsk region  – 121.5 121.5 201.0 

8 Republic of Bashkortostan  – – – 90.0 

9 Altay region  – – – 200.0 

10 Arkhangelsk region  – – – 130.0 

 TOTAL 146.3 136.9 283.2 1042.2 
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Fig. 2. Location of Usinskoe mining deposit in Kemerovo region 

Table 2. Chemical composition of manganese ores of Usinskoe mining deposit, % wt  

Ore Mn MnO MnO2 P P2O5 Fe FeO Fe2O3 SiO2 

Carbonateous 19.23 24.83 – 0.152 0.35 4.92 5.04 1.42 17.44 

Oxidated 24.37 1.08 36.68 0.235 0.54 8.26 – 11.51 25.54 

Carbonateous 18.18 2.02 3.18 0.16 0.17 0.80 0.96 24.01  

Oxidated 5.60 3.36 1.44 0.15 0.17 0.20 0.11 13.44  

Table 3. Chemical composition of X-ray radiometric separation of concentrates  

Elements  

Concentrate type 

Carbonateus Oxide 

I grade II grade jigging coarse size jigging 

20–100 

mm 

20–100 

mm 

10–20 

mm 

4–10 

mm 

0–4  

mm 

10–80 mm 4–10 

mm 

0–4  

mm 

Мn 36.00 25.20 24.00 23.50 23.30 35.83 35.00 34.20 

P 0.16 0.15 0.14 0.14 0.14 0.216 0.220 0.230 

Fe 3.20 3.30 3.60 5.00 5.00 11.07 10.90 10.54 

SiO2 9.49 13.32 13.87 14.17 14.29 12.72 13.20 13.60 

CaO 7.44 14.95 15.70 16.03 16.17 2.36 2.36 2.40 

MgO 1.76 2.85 2.99 3.05 3.08 1.52 1.51 1.48 

Al2O3 1.18 1.40 1.47 1.50 1.52 1.84 1.89 1.99 

ВаО 0.10 0.16 0.16 0.16 0.17 0.20 0.20 0.22 

TiO2 0.08 0.09 0.11 0.12 0.12 0.14 0.14 0.15 

Na2O+K2O 0.20 0.25 0.35 0.36 0.37 0.20 0.20 0.20 

S 0.80 0.90 0.90 0.96 0.96 0.08 0.09 0.09 

loss on ignition 26.58 27.20 26.30 25.95 25.73 7.72 9.49 10.70 

moisture 1.0 1.0 13.6 15.0 16.0 3.2 16.0 17.0 

MnP  0.0044 0.0059 0.0058 0.0060 0.0060 0.0060 0.0060 0.0063 

MnFe  0.089 0.131 0.150 0.213 0.215 0.309 0.311 0.308 

Blast-furnace smelting of high-carbon ferromanganese (flux method) from I grade carbonateous concentrate is 

planned at the first stage of industrial engineering. Other concentrates (II grade and jigging carbonateous, oxide) are 

suitable for smelting of silicomanganese only. This alloy type requires construction of a smelting shop equipped with 

submerged arc furnaces. Organization of silicomanganese production is a basis for medium-carbon ferromanganese 

from I grade carbonateous concentrates. This technological process requires construction of refining furnaces in the 

smelting shop. Technological scheme of manganese ferroalloys smelting from manganese concentrates of Usinsloye 

deposit at the first stage of industrial engineering is shown in Fig. 3.  
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Fig. 3. Technological scheme of manganese ferroalloys production from manganese raw materials of Usinskoye 

deposit (first stage)  

High-carbon ferromanganese (flux method). There are raw materials requirements for production of standard 

high-carbon ferromanganese such as ratio P/Mn≤0,0045 and Fe/Mn≤0,10. Only a carbonateous concentrate (I grade) 

meets these requirements among other materials (see table 3). Calculated chemical composition of metal and slag for 

production of high-carbon ferromanganese in a blast-furnace is given below: 

Chemical composition of high-carbon ferromanganese, % wt. 

Mn Fe C Si P S 

79.37 12.41 6.45 1.36 0.39 0.02 

Chemical composition of high-carbon ferromanganese slag, % wt. 

Mn FeO SiO2 CaO Al2O3 MgO P2O5 S 

12.15 0.73 32.13 37.82 5.97 6.20 0.060 1.49 

Calculated specific consumption of carbonateous manganese concentrate (I grade) is 2756 kg/ton high carbon 

ferromanganese FeMn78.  

Ferrosilicomanganese. Carbonateous concentrates (II grade and jigging) can only be used for production of sili-

comanganese due to low concentration of manganese and high phosphorus content. Oxidated manganese (with the share 

of proved reserves of Usinskoye deposit ~6%) and carbonateous ores will be extracted first. After working out of oxi-

dated manganese ores only carbonateous ones would be available so, we considered two variants for silicomanganese 

smelting. In variant I it is proposed to use a mixture of carbonateous concentrates (II grade and jigging) with collective 

oxide concentrate in the ratio of 50:50. Variant II provides for the use of only carbonateous concentrates (II grade and 

jigging). Calculated chemical composition of silicomanganese and slag is given below: 

Chemical composition of silicomanganese, % wt. 

Variant Mn Si Fe C P S 

I 63,31 15,37 19,10 1,80 0,40 0,02 

II 67,84 16,35 13,43 1,94 0,42 0,02 

Chemical composition of silicomanganese slag, % wt. 



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 77  
 

Variant MnO FeO SiO2 CaO Al2O3 MgO P2O5 S 

I 10,99 1,38 49,65 25,95 4,91 6,34 0,06 0,72 

II 8,17 0,68 37,19 40,86 3,95 7,91 0,05 1,19 

Specific consumption of manganese raw materials for silicomanganese (SiMn17) production, kg/ton alloy:  

Variant I (SiMn). Carbonateous concentrates (II grade and jigging) – 1341 kg; collective oxide concentrate 1341 

kg; 

Variant II (SiMn). Carbonateous concentrates (II grade and jigging) 3534 kg. 

Medium-carbon ferromanganese. Production of this alloy requires construction of refining furnaces for the 

process and can be organized when hot silicomanganese is available within the melting shop. Only a carbonateous con-

centrate (I grade) can be used for smelting of standard medium-carbon ferromanganese. Two variants for m/c ferroman-

ganese production are considered: 

Variant I (m/c FeMn): Carbonateous concentrate (I grade) + Variant I (SiMn) 

Variant II (m/c FeMn): Carbonateous concentrate (I grade) + Variant II (SiMn). 

Chemical composition of m/c ferromanganese and slag is given below: 

Chemical composition of medium-carbon ferromanganese, % wt. 

Variant Mn Fe C Si P S 

I 77.69 20.09 1.50 0.38 0.33 0.01 

II 82.16 15.49 1.59 0.40 0.35 0.01 

Chemical composition of medium-carbon ferromanganese slag, % wt. 

Variant MnO FeO SiO2 CaO Al2O3 MgO P2O5 S 

I 20.49 0.23 31.36 49.91 1.31 1.94 0.31 0.45 

II 20.49 0.23 31.36 49.91 1.31 1.94 0.31 0.45 

Specific consumption of manganese raw materials, kg/ton alloy: 

Variant I (FeMn80C20): Carbonateous concentrate (I grade) – 1398 kg, silicomanganese Variant I (SiMn) - 830 

kg; 

Variant II (FeMn80C20): Carbonateous concentrate (I grade) – 1471 kg, silicomanganese Variant II (SiMn) - 

830 kg. 

Production of high-carbon ferromanganese (flux-free method) is possible at the second stage of industrial engi-

neering in a smelting shop equipped with submerged electric arc furnaces on the basis of carbonateous concentrate (I 

grade). It will also be possible to produce a low-carbon ferromanganese and manganese metal using a foundry slag from 

high-carbon ferromanganese production (flux-free method). A scheme for ferroalloys production from manganese ores 

of Usinskoye deposit is shown in Fig. 4. 

High-carbon ferromanganese (flux-free method). This technology provides extraction of ~60% of manganese 

in manganese ore into metal and ~30% into slag, which is used as low-phosphorus manganese raw material for produc-

tion of foundry silicomanganese and manganese metal. Calculated chemical composition of high-carbon ferromanga-

nese and slag is given below: 
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Fig. 4. Technological scheme for ferroalloys production from manganese ores of Usinskoye deposit 

Chemical composition of high-carbon ferromanganese, wt. % 

Mn Fe C Si P S 

78.96 12.33 6.41 1.76 0.51 0.03 

Chemical composition of high-carbon ferromanganese foundry slag, wt. % 

MnO FeO SiO2 CaO Al2O3 MgO P2O5 S 

40.02 0.61 28.68 21.54 4.69 5.17 0.05 1.24 

Specific consumption of carbonateous concentrate (I grade) for production of high-carbon ferromanganese 

(FeMn78) is 3654 kg/ton. Quantity of a by-product (foundry slag: 31,0% Mn and 0,02% P) will be 1454 kg/ton. This 

slag can be used as a low-phosphorus manganese raw material.   

Technology of silicothermal production of manganese metal consists of three stages: I – smelting of low-

phosphorus manganese slag; II – foundry silicomanganese smelting from foundry slag; III – smelting of manganese 

metal from low-phosphorus manganese slag and foundry silicomanganese. A method for improvement of manganese 

extraction ratio was developed [12], where the 1
st
 stage (smelting of low-phosphorus manganese slag) is excluded; 

foundry silicomanganese and manganese metal are smelted from foundry slag of high-carbon ferromanganese produced 

with flux-free method. 
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Foundry silicomanganese. The alloy is smelted from foundry slag of flux-free high-carbon ferromanganese 

process in SAF. Chemical composition of metal and slag is given below.  

foundry silicomanganese, % wt. 

Mn Fe C Si P S 

69.46 1.82 0.05 28.55 0.08 0.04 

foundry silicomanganese slag, % wt. 

MnO FeO SiO2 CaO Al2O3 MgO P2O5 S 

6.21 0.07 45.40 30.51 8.62 8.135 0.005 1.05 

Calculated specific consumption of foundry slag for silicomanganese (SiMn25) production is 2805 kg/ton.  

Manganese metal can be produced in refining furnaces from foundry slag of high-carbon ferromanganese 

(smelted by flux-free method) and foundry silicomanganese. Calculated chemical composition of metal and slag is giv-

en below.   

Manganese metal, % wt.  

Mn Fe C Si P S 

96.276 2.92 0.04 0.63 0.08 0.04 

Slag, % wt. 

MnO FeO SiO2 CaO Al2O3 MgO P2O5 S 

15.11 0.04 30.75 46.13 3.58 3.90 0.02 0.47 

Specific consumption of materials for production of manganese metal (Mn95), kg/ton alloy: foundry slag – 

3694; foundry silicomanganese – 728.  

Low-carbon ferromanganese. Standard alloy can be smelted from carbonateous manganese concentrate (I 

grade) and a foundry silicomanganese as a reductant in refining furnaces. Calculated chemical composition of metal and 

slag is given below.  

Low-carbon ferromanganese, % wt. 

Mn Fe C Si P S 

90.86 8.19 0.04 0.62 0.27 0.02 

Low-carbon ferromanganese slag, % wt. 

MnO FeO SiO2 CaO Al2O3 MgO P2O5 S 

20.53 0.35 31.37 43.92 1.30 1.94 0.14 0.45 

Specific consumption of materials for production of low-carbon ferromanganese (FeMn90), kg/ton alloy: car-

bonateous concentrate (I grade) – 2263; foundry silicomanganese – 721.    

There are considerable manganese losses with slags in ferroalloy. Extraction ratio of manganese at medium- and 

low-carbon ferromanganese and manganese metal production processes is comparatively low (<60 – 65%) and losses 

with slags are at the level of 30 – 40%. Chemical composition of manganese slags (15 – 20% Mn, 0,003 – 0,005% P) 

allows considering them as promising manganese raw materials. Results of thermodynamic simulation of silicothermal 

process of manganese slags reduction by the carbon of pig-iron melts [13] showed a promising way for increase of 

through manganese extraction ratio. A proposed method for pig-iron alloying is protected by patent of RF [14].  

CONCLUSION  

A technological scheme for production of all range of manganese ferroalloys from manganese ores of Usinskoe 

mining deposit is proposed. The scheme is developed on the basis of sophisticated analysis of chemical composition of 

manganese raw materials obtained after concentration of base lump ores. It was shown that production of standard 

manganese ferroalloys from domestic ores can be organized without involvement of rich low-phosphorus imported 

manganese ores into smelting process.  
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ABSTRACT 

During casting of refined ferromanganese alloys in sand beds at temperatures up to 1800
o
C a considerable 

amount of very fine brown fume is generated by the active oxidation of the alloy. This fume is difficult to capture be-

cause of the large flux of fume generated. The fume flux is associated with the high evaporation rate of Mn at elevated 

temperatures, the large thermal plumes over the casting beds, the large surface area of the casting beds and the very 

fine nature of the fume. This paper describes how the use of fine water sprays along the edge of the roof covering the 

casting bed has led to a significant reduction in visible diffuse emissions. The flux of fume generation during casting is 

also markedly reduced when water sprays are used in the vicinity of the casting beds. Possible fume suppression mech-

anism investigated included the interaction of the moist air stream with the Mn vapor in the boundary layer over the 

liquid alloy and the resultant formation of a thin layer of Mn oxide on the metal surface that reduces the Mn evapora-

tion flux. Video techniques are used to semi-quantify the flow patterns over the sand bed, to calculate the energy in the 

fume plumes and to provide input parameters for CFD modelling of air flows over the casting bed. These data are used 

to optimize the capture of the fume from sand beds both inside and outside the smelter building. The safe use of fine 

water sprays in the vicinity of liquid metal is considered and practical tips to avoid water / metal contact are presented. 

The use of fine water sprays represents a cost-effective way of reducing fume emissions. 

1 INTRODUCTION 

Eramet Manganese Sauda is constantly working to reduce diffuse emissions from the ferromanganese smelting 

operations. One of the primary sources of diffuse emissions had been from the refined ferromanganese casting beds. A 

project was initiated to evaluate increase in the existing fume hood size and capture efficiency but CFD modelling indi-

cated that it would be difficult and expensive to capture all the emissions. This article describes how water sprays along 

the edge of the roof over the casting beds were developed as an effective and low cost alternative to conventional fume 

hoods. As well as capturing any fume escaping from under the existing casting bed hood and roof the water sprays also 

reduce the amount of fume being produced. 

1.1 Eramet NorwaySauda 

Eramet NorwaySauda, one of three Mn alloy smelting plants in Eramet Norway, operates two 40MW Sub-

merged Arc Furnaces producing High Carbon Ferromanganese (HCFeMn) using ores from Gabon and South Africa. A 

large proportion of the HCFeMn is decarburized in the Manganese Oxygen Refining converter (MOR) unit to produce 

medium and low carbon ferromanganese. 

1.2 Diffuse Emissions 

Secondary fume emissions are generated at the furnace tap holes, metal transfers, oxygen refining as well as 

casting and pouring operations. Most of the existing fume capture systems over point sources around the smelter have 

good capture efficiency, but some fugitive emissions do occur during the pouring of refined ferromanganese into the 

casting beds because of the very high metal temperature (~1750
o
C), the high vapour pressure of Mn and a large surface 

area of the cast metal to be evacuated. These fumes contain fine manganese oxides, particularly Mn3O4, which are easi-

ly inhaled due to their small particle size. Exposure to high levels of fine particles from metallurgical processes has 

been linked to cancer, pneumonia, chronic obstructive pulmonary disease (COPD) and other respiratory and cardiovas-

cular syndromes [1,2,3,4,5]. Inhalation of certain manganese compounds has also been linked to inflammation and neu-

ropsychological disturbances [6,7,8]. It is imperative that these fumes are removed from the local work place, urban 

communities and the environment at large by means of correctly designed and maintained fume extraction and capture 

systems [9].The location of the Sauda plant close to the city centre and major settlement areas enhances the need for 

complying with legislation as well as expectations from our neighbors. 
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2 PROCESS DESCRIPTION 

2.1 Refining of High Carbon FerroManganese 

HCFeMn containing approximately 78% Mn, 7% C and less than 0,50% Si is produced in the two 40 MW 

HCFeMn furnaces. Each furnace taps about 30 ton HCFeMn twelve times per day. A portion of this HCFeMn is cast in 

sand beds, cooled, crushed and sold. The remaining HCFeMn is decarburized by blowing with high pressure oxygen 

through a top lance in a converter similar to a steelmaking BOF converter. Final refined FeMn metal analysis is 0,5-

1,5% C, ~81,5% Mn, ~16,5% Fe, and ~0,1% Si. The initial HCFeMn temperature is approximately 1350
o
C, rising to 

1750
o
C at the end of the blow for a refined FeMn alloy containing 1,5% C or 1800

o
C for an alloy containing 0,5% C. 

This high operating temperature creates severe operating challenges such as converter refractory wear, casting of super-

heated refined alloy, and significant Mn losses as fume due to the high vapour pressure of Mn at these temperatures. 

Olsen reports the typical Mn recovery is approximately 90-92% to the metal, 0-3% to slag and 5-10% to fume, depend-

ing on the process variant and the desired end point % C [10]. 

2.2 Casting and Solidification 

Two casting beds are available for solidifying the refined alloy. Each casting bed consists of a refractory lined 

runner to deliver the alloy from the converter to the first of 9 interconnected pockets formed in olivine sand. The refrac-

tory lined runner is positioned inside the furnace building in an enclosed pouring station connected to a bag filter plant 

equipped with micro-porous PTFE membrane – fibreglass filter bags. Extraction capacity is approximately 

120,000 Nm
3
/h. Fume capture efficiency is excellent with little diffuse emissions from this point source. 

The casting beds themselves are located outside the furnace building but connected to the pouring station inside 

the building. The beds are covered with a roof but are open along their sides, as shown in Figure 1, for the front end 

loader machine access to remove the solidified alloy plates. The pouring-in runner is located at the left end of the cast-

ing bed and metal flows progressively from left to right as successive pockets are filled. A fume capture hood is located 

only over the first three casting pockets despite the fact that emissions are generated from all 9 pockets as metal flows 

from one to the next. 

 

Figure 1:  Casting beds showing fume escape from under extraction hood and roof. 

The casting bed extraction system has a capacity of ~120,000 Nm
3
/h. Because of the small extraction hood size 

the limited extraction fan capacity, the large surface area of exposed metal, the open sides of the casting beds and varia-

ble wind conditions, some fume escapes from the casting beds. 

3 MONITORING DIFFUSE EMISSIONS 

A variety of techniques are used to monitor emissions at the Sauda site: 

3.1 Video Camera Surveillance 

Diffuse emissions are continuously monitored in the smelter control room using 5 video cameras located around 

the periphery of the plant and 4 cameras scanning the internal plant operations. Emission incidents are identified, manu-

ally logged and their severity are compared to a set of standard images by the operators every shift. Results are present-

ed on the key process parameters notice board in the control room, reported at daily production meeting and appropriate 

corrective actions are taken. The monitoring was implemented in 2007 and is a vital part of the efforts to increase 

awareness and create active involvement in our continuous improvement projects on diffuse emissions. 

3.2 Laser Measurements 
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Diffuse emissions from the smelter building roof are measured by laser based instruments mounted across venti-

lator openings above the furnaces. Both Norsk Electro Optiks (NEO) and SICK systems have been tested. Emission 

readings are continuously shown on a display screen in control room and on screens at strategic points around the plant 

so that the operators can take rapid corrective action in the event of a discharge.  

3.3 Neighbour reporting 

As the smelter is located close to the centre of the town and a popular ski centre, fume emissions may be a nui-

sance to plant neighbours. The neighbours are encouraged to telephone the control room and report diffuse emissions. 

Complaints, with details of the source and severity are registered and acted upon. The number and severity of com-

plaints are used as a rough guide to emission improvement. The Eramet plants organise annual neighbour meetings, 

where results and plans are presented, and questions and comments from the neighbours are duly dealt with. 

3.4 Dust Drop Out 

Four dust drop-out measurement stations are located around the town to collect dust samples. Dust weight and 

analysis are reported on a monthly basis. 

4 FUME FORMATION  

4.1 Fume Characterisation 

Table 1 shows the average XRF analysis of 10 fume samples taken from the discharge conveyor of the baghouse 

filter connected to the casting bed. 

Table 1: Fume analysis 

%Mn3O4 %Fe2O3 %CaO %MgO(%) %SiO2 %Al2O3 

97,1 2,4 <0,1 0,21 <0,1 0,36 

Figure 2 shows the particle size distribution of the fume samples taken from the baghouse filter. 100% of the dust was 

<5 micron in particle diameter. 
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Figure 2: Fume particle size distribution 

4.2 Mechanisms of Fume Generation 

An understanding of the mechanisms of fume generation during refining and casting of refined ferromanganese 

is relevant to help decide on appropriate methods of fume capture and how fume production can be suppressed. Little 

information on fume emission generation mechanisms in the ferromanganse industry could be found but studies by 

Guezennec [11], Gonser and Hogan [12] and Huber [13] describe fume generation from EAF and BOF steelmaking 

furnaces. Mechanisms include: 

 Volatilization of low boiling point metals; especially prominent in the hot spots under the arc or oxygen jet. 

Metals such as Zn. Cd. Pb and Mn will preferentially volatilize producing a very fine particle size fume rich in 

the volatile component. As the MOR converter filter dust and casting bed filter dust contain ~97% Mn3O4 and 

very little Fe3O4, this is considered to be the prominent mechanism during O2 blowing in the MOR converter 

and during casting. 

 Splash or emission of droplets at the impact zone of the arc or oxygen jet on the steel bath. These particles tend 

to be larger in size and contain slag components. The author has observed a significant amount of splash being 

ejected from the MOR converter, especially if the O2 lance stand-off distance is incorrectly adjusted, however 

little or no splash occurs during casting. 

 Projection of droplets by bursting of CO bubbles from the decarburisation reactions within the steel bath. 

These medium size fume particles are often present as hollow or half spheres and are of approximately the 

same composition as the steel bath. 

 Bursting of the droplets as they come in contact with the oxidizing atmosphere within the furnace / converter. 

These small particles are also of the same composition as the steel bath. 

 Carryover from the additions of solids to the furnace, such as lime, scrap, carbon. These coarse particles have 

the same composition as the addition materials. 

Naess [14] found that the fume produced during the oxidative ladle refining of silicon primarily results from oxi-

dation of the exposed metal surface, with oxygen transport from the surrounding atmosphere to the metal surface being 

the limiting factor.  

Due to the high metal temperatures and the relatively low boiling point of Mn, evaporation followed by oxida-

tion of the vapour directly to fine Mn3O4 is considered to be the most significant mechanism of fume generation during 

the casting of FeMn. Flow of metal from one casting pocket to the next is relatively calm with little or no splashing. 

Likewise there is no significant decarburization and subsequent bubble bursting / droplet ejections during casting. Fume 

formation by evaporation of Mn is supported by the fume analysis which is >97% very fine Mn3O4 particles. Had splash 

or bubble bursting from the liquid ferroalloy bath been a predominant mechanism, then the analysis of the fume would 

be closer to ferroalloy composition, specifically the fume would have contained more Fe3O4. 

4.3 Kinetics of fume generation 

A discussion of the kinetics of Mn3O4 fume generation over the casting beds will help understand the unexpect-

edly high energy measured in the fume plume rising over metal during casting. Normally, the filter and fan extraction 

capacity are partly based on the plume energy calculated from convection energy considerations only and do not take 

into account any oxidation reactions occurring between vaporized species and air. Any additional exothermic reactions 

will increase the fume plume energy and rise velocity, thus potentially overpowering the extraction capacity leading to 

diffuse emissions. 
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The maximum possible rate of vapourisation of a species occurs into a vacuum and is calculated using the 

Langmuir equation derived from the kinetic theory of gases, Dennis et al. [15]. 

 

(1) 

Where  is the evaporation rate of A in kg/s.m
2
,  is the molar mass of A in kg/gmol and  is the universal gas 

constant in J/gmol.K. 

Turkdogan et al. [16] have shown that, at high oxygen partial pressures over the metal surface, metal evaporation 

rates can approach those in vacuum and thus can be predicted by the Langmuir equation. This effect is known as oxida-

tion enhanced vapourisation and is caused by oxidation of the metal vapour above the liquid surface [17] forming a 

MnO mist, reducing the partial pressure of Mn in the boundary layer and promoting further evaporation of Mn into this 

sink. The possible rate limiting factors are the mass transfer of Mn in the melt to the interface, evaporation of Mn at the 

interface, Mnvapour transport away from the interface in the gas and transport of O2 to the interface. Because of the 

high FeMn temperature (~1750
o
C) the evaporation of Mn is fast. Also the relative abundance of Mn in the FeMn 

(~80%) is not likely to cause depletion at the metal surface. Therefore, the rate of Mn loss /MnO fume formation is con-

sidered to be controlled by the counter-diffusion of Mn and O2 in the boundary layer that exists above the metal surface. 

This is shown schematically in Figure 3 after Lee et al. [18]. 

 

Figure 3: Boundary layers and concentration profiles for the oxidation enhanced vapourisation of manganese (18) 

5 FUME CAPTURE 

5.1 Fume Extraction System Characterisation  

As the extraction system over the casting beds was under performing it was decided to create a CFD model of 

the system and design a fume extraction system capable of capturing 100% of the fume. Els et al. created an initial CFD 

model using FloEFD 11.3.0 proprietary software to quantify the heat transfer due to the convection energy from the 

FeMn cast plates and the radiation energy received by the back wall of the casting beds [19]. A combination of site data 

from the fume extraction duct testing (flow, temperature, pressure), FeMn temperature, plume velocity, plume energy 

and sand bed geometry were used to determine suitable CFD input parameters. Figure 4 shows a clip from a high speed 

video recording of the fume that was made to measure the plume rise velocity. Based on these measurements the energy 

in the fume was calculated and was found to be more than predicted from natural convection considerations typically 

used for fume extraction design. This supports the assumption that an additional energy source, namely the exothermic 

oxidation of Mn vapour and radiation from the particles in the plume, contributes to the plume rise velocity and growth. 

 

Figure 4:  Fume velocity over sand beds [19] 

5.2. CFD Model of Fume Capture Enclosure Over The Casting Bed 
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Figure 5 shows a possible arrangement of a large overhead hood with fixed end walls and a closure door along 

the front of the casting bed to limit ingress of air. The model was based on the existing extraction capacity of 

120,000 Nm
3
/hour.  

 

Figure 5: Schematic layout of casting beds 

Figure 6 shows the model predictions for different degrees of opening of the front opening door. 

 
 

 

Figure 6: Comparison of temperature plot through cross-section of hood [19]. Temperatures over 20°C outside of the 

hood volume indicates fume leakage. 

To achieve 100% fume capture either the casting beds need to be nearly totally enclosed by the hood, end walls 

and a door along the long, front side of the casting bed, or the current extraction capacity needs to be more than dou-

bled. Such an enclosure would be expensive to construct and exposure to high thermal loads would probably lead to 

high maintenance costs, therefore it was decided to investigate the use of water sprays as used in the mining industry for 

dust suppression and in the oil industry to suppress fires. 

5.3 Use of water sprays to capture fume. 

Preliminary tests began using a hand-held high-pressure water spray directed at the escaping fume, as shown in 

Figure 7. A beneficial effect was visually apparent. 

 

2m Opening 
94% Capture 

1m Opening 
96% Capture 

0.1m Opening 
100% Capture 

Double Extraction  
Volume 

100% Capture 
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Figure 7: Test with a hand-held high-pressure water spray. 

General purpose large angle, flat jet, K 1590 type nozzles manufactured by PNR were installed every 2m along 

the roof edge over the casting beds, as shown in Figure 8 [20]. Each nozzle delivered 15 l/min water at 15 bar pressure 

These nozzles work on a deflection principle where water is directed through the nozzle orifice onto a specifically de-

signed engineered surface to produce a wide angle flat jet spray pattern with medium impact and medium sized droplets 

so as to maintain the spray coverage in windy conditions. The sprays point outwards to avoid water accumulating on the 

floor close to the casting bed. Fume that escapes from under the roof is “scrubbed” out by the water sprays. The ground 

in front of the casting beds slopes away from the bed to prevent water accumulation and icy conditions in winter. Ex-

cess dirty water is collected in the smelting plant sedimentation basin for cleaning before discharge. Water pipes and 

nozzles are heat-traced to prevent freezing in winter. Since the installation of these nozzles, the visible emissions from 

the casting beds have been very significantly reduced. 

 

Figure 8: Permanently mounted water sprays along the casting bed roof. No fume is escaping from under the roof. 

5.4 Theoretical framework for fume capture using water sprays  

The following section is a draft theoretical method to calculate the secondary fume particle capture using a spray 

of water droplets. An CFD analysis will be able to verify the validity of the assumptions regarding flow. 

Figure 9 is a simplified depiction of the expected flows around the casting bed. Due to the buoyancy of the hot 

gas and the work applied by the extraction system, the secondary fume initially moves upward. However, due to insuf-

ficient extraction capacity, build-up of the fume occurs beneath the roof of the casting bed. Subsequently, the fume 

spills out from below the roof and, upon rising, comes into contact with a spray of fine water droplets. Secondary fume 

particle capture is expected to occur in the region depicted on the figure. If the droplet spray is able to cool the gas to 

below the ambient temperature then the flow path of the gas is expected to roughly follow that of the droplet spray 

(green arrow). If, however, the gas remains relatively buoyant, then the scrubbed air will leave the particle capture re-

gion (in the direction approximated by the yellow arrow) and diffuse into the atmosphere. 

Within the expected particle capture region, a cross-flow exists between the spray of droplets and the secondary 

fume. Calvert [21] developed an equation for particle penetration through a counter-current vertical spray chamber. 

Penetration is defined as the fraction of particles of a specified diameter that are not captured. The aforementioned 

equation can be modified to predict particle penetration in cross-flow chambers and can be used for this application to 

evaluate fume capture efficiency.  

 

 

Nozzles 

 
 

 

 

spray 

up daft over casting bed 

 

 

 

Figure 9: Expected flow across the casting bed 

Due to the changing properties of the flowing streams, in particular the spray of droplets, it is suggested that the 

Calvert equations be used in conjunction with the principles of mass and energy conservation across n differential con-

trol volumes as depicted in Figure 10.  
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Sprays 

Spray volume 

 

 

 

 

 

Hot gases 

Figure 10: Flow of dirty gas through the spray volume 

Figure 10 depicts the dust laden gas flowing through the spray volume into the control volume at the top. The net 

velocity of the gas out of the control volume can be approximated by accounting for changes in buoyancy with tempera-

ture and changes in horizontal movement due to shear forces applied by the droplets. 

This method of simulation can take into account the following: 

 The changing velocity vector of the droplets by calculating the acting net force resulting from gravitational and 

drag effects. 

 The changing droplet size and fume temperature by applying the principles of mass and energy conservation 

across each control volume. 

 The changing length of the scrubbing contact zone by considering the initial length of the contact zone at the 

start of the control volume and the velocity vector of the droplets. 

The following may be assumed to simplify the calculations: 

 The fume gas flow is split equally amongst the n control volumes.  

 The water droplets and gas leave the control volume at the same temperature, and the gas is completely satu-

rated.  

 The spray droplets within each control volume are of uniform size, i.e., even though the hot fume gas comes 

into contact with the bottom-most spray first, the energy transfer can be assumed to be divided amongst all the 

droplets within the control volume. 

 The gas flow into each control volume is perpendicular to the velocity vector of the droplets moving through 

the control volume. This corresponds to a tilting of the control volumes as depicted in the Figure above.  

With regard to whether the spray of droplets will completely evaporate before reaching the ground, energy bal-

ances must be completed across control volumes along the entire flow path of the spray. A method to estimate the in-

gress of ambient air into the control volumes will be important along the spray path following the particle capture re-

gion in order to allow for continued mass transfer of water from the droplets. 

6 FUME SUPPRESSION 

As well as capturing the escaping fume, it was noticed that the amount of fume being produced during the cast-

ing operation was visibly reduced. For the water sprays to suppress the fume generation rate, the spray must have an 

effect on the flow rate of oxygen/air to the metal surface, on the flow pattern of the air directly over the metal surface, 

or the enhanced formation of a very thin oxide protection film on the metal surface. 

Figure 11 shows that the updraft from the casting beds draws in moisture saturated air over the flowing liquid 

metal. When water droplets evaporate in a high temperature zone, the latent heat of evaporation will have significant 

cooling effect on the rising plume. When water evaporates to form steam, the steam will occupy a volume ~1700 times 

greater than liquid water, and thus the steam formed will dilute the O2 in the air over the casting beds. The necessary 

partial pressure of water in air to render the air inert is about 30% [21]. This is achieved at an air temperature of ~70
o
C.  
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Figure 11: Moisture saturated air being drawn in over the casting beds. 

7 CONCLUSIONS AND FUTURE WORK 

Water sprays have been shown to be effective in capturing diffuse emissions and suppressing fume generation 

during casting. Fume suppression mechanisms are unclear but may include dilution of the O2 in the atmosphere over the 

cast metal 

The paper is very much “work in progress”, therefore the following actions will be carried out to more fully un-

derstand the beneficial use of water sprays:  

 Laboratory scale: Melt FeMn in a laboratory scale induction furnace and introduce gas through a lance posi-

tioned above the liquid metal surface. The dust produced will be captured and characterised with respect to 

generation flux (amount of dust per time and area units), phase and chemical composition, particle shape, par-

ticle size and particle and agglomerate size distribution. The variables to be investigated include metal temper-

ature, gas flow rate, and gas composition - primarily with respect to oxygen and water vapour content.  

 Industrial scale: Determine the optimum droplet size for fume capture and fume suppression. 

 Industrial scale: Place dust samplers over the casting bed to measure the fume generated during casting. Make 

tests with and without water sprays to give an indication of fume generation rate.  

 Industrial scale: Make tests with fog nozzles (water + compressed air) instead of water sprays in order to re-

duce the amount of water used so as to maintain a dry floor in the furnace building in areas where molten metal 

is being transported. According to Wighus [21], fog nozzles use 1/5 to 1/10 for the water volume compared to 

sprinkler systems for the same cooling and inertisation effect.  



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 90  
 

8 REFERENCES 

[1] Johnsen et al. International Archives of Occupational and Environmental Health 81 (2008) p.451-459  

[2] Johnsen, H. L. Ph.D.thesis. University of Oslo, Fakultetsdivisjon Akershus Universitetssykehus (2009)  

[3] Hobbesland et al. Scandinavian Journal of Work, Environment and Health 23 5 (1997) p. 334-341  

[4] Søyseth et al. American Journal of Industrial Medicine 54 9 (2011) p. 707-713  

[5] Gibbs et al. Journal of Occupational and Environmental Medicine 56 7 (2014) p. 739-764  

[6] Bast-Pettersen et al. International Archives of Occupational and Environmental Health 77 (2004) p.277-287  

[7] Luccini et al. Neuromolecular Medicine 11 (2009) p.311-321  

[8] Racette et al. Neurotoxicology 33 4 (2012) p. 881-886   

[9] Nordberg, GF, Fowler, BA, Nordberg, M and Friberg, LT (2007) Handbook on the Toxicology of Metals 3rd 

Edition, Academic Press, USA 

[10] Olsen, S.E., Tangstad, M., Lindstad, T.,Production of Manganese Ferroalloys, Tapir akademisk forlag, 

Trondheim 2007. 

[11] Guezennec. A.G., Huber J.C., Patisson, F., Sessieco, Ph., Birat, J.P., Ablitzer, D.  “Dust formation by bubble-

burst phenomena at the surface of a liquid steel bath”.  ISIJ International, vol.44 (2004), No. 8, pp 1326-1333. 

[12] Gonser, M and Hogan, T.. “Arc Welding Effects, Fume Formation Mechanisms and Characteristic Methods”. : 

Intech, 2011. 

[13] Huber, J.C., Rocabois, P., Faral, M., Birat, J.P., Patisson, F., and Ablitzer,D. “The formation of EAF dust”. Elec-

tric Furnace Conference Proceedings,ISS, Orlando, 2000. pp. 171–181. 

[14] Næss, M.K; Tranell, G; Kamfjord, N.E.. ”Fugitive emissions related to oxidation of liquid silicon during ladle 

refining”. Proceedings of the 2nd International Symposium on High- Temperature Metallurgical Processing, 

TMS Annual Meeting & Exhibition, 2011. 

[15] Dennis, JH, et al.“A Model for Prediction of Fume Formation Rate in Gas Metal Arc Welding (GMAW)”, Glob-

ular and Soray Modes, DC Electrode Positive..2, Annals of Occupational Hygiene, Vol. 45, pp. 105-113. 

[16] Turkdogan, ET, Grieveson, P and Darken, LS. “Enhancement of Diffusion-Limited Rates of Vaporization of 

Metals”. 1963, Journal of Physical Chemistry, Vol. 67, pp. 1647-1654. 

[17] Dushman, S. “Scientific Foundation of Vacuum Technique”.New York : John Wiley and Sons, 1949. 

[18] Lee,Y.E., Kolbeinsen, L.“Kinetics of Oxygen Refining Process for Ferromanganese Alloys”. ISIJ International, 

2005, Vol. 45, pp. 1282-1290. 

[19] Els, L; Cowx, P; Kadkhodabeigi, M;Kornelius, K; Andrew, N; Smith, P; Rencken; S. “Analysis of a Ferroman-

ganese secondary fume extraction system ti improve design methodologies”. INFACON 13. 

[20] www.pnr.co.uk/products.htm 

[21] Calvert, S. “Scrubbing”. Air Pollution – Vol. IV, Stern, AC, Ed., New York: Academic Press,1977. 

[22] Wighus, R.; “Fire and Explosion Safety Offshore”, Tekna symposium. March 2004 



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 91  
 

THE AlloyStream
TM

 PROCESS FOR HCFeMn PRODUCTION 

T. Coetsee, J. Muller, J.A. Groenewald, A.A. du Toit, and D. Zeelie 

Exxaro Resources, Pretoria, South Africa.  

ABSTRACT 

The AlloyStream
TM 

process is a new technology that can be applied to convert manganese ore fines and coal 

fines into high-carbon ferromanganese. The process was developed from bench scale experiments into pilot plant trails, 

and then to the current demonstration furnace. In 2012 and 2014 two campaigns were completed on the demonstration 

furnace, the latter running for a period of 11 months. The fully enclosed demonstration furnace has a diameter of 5.3 m 

and is rated at producing 8000 tons per year. 

The furnace is powered by a dual energy source consisting of a coreless inductor and an oxygen enriched com-

bustion zone. The inductor supplies electrical energy to the process via the liquid metal bath. A material mixture of ore, 

coal and fluxes is fed onto the bath through the furnace roof. The enclosed space above the heaps forms a combustion 

zone into which enriched air and natural gas are introduced via lances and burners. The oxygen enriched blast air 

burns the natural gas, coal volatiles and reaction gases emanating from the heaps to generate radiation heat, which 

drives the reactions in the material heaps. Consequently the bulk of the process energy requirement is provided from 

the combustion zone. 

The AlloyStream
TM

 process configuration allows for process flexibility in terms of feed material type and quality. 

The process operates utilizing 10mm materials size fraction, and metal fines can be added as part of the main feed. Ore 

quality variations are better tolerated than in submerged arc furnaces because energy input is not directly influenced by 

slag chemistry, the reductant feed stream can be coal only, and feed ore type restrictions due to gas evolution can be 

negated. The paper describes the results from the recent demonstration furnace campaign, as well as process develop-

ment experiences to date. 

INTRODUCTION 

The submerged arc furnace (SAF) is most widely used for the industrial production of high-carbon ferromanga-

nese (HCFeMn). SAFs require feed in the form of lumpyore, sinter and reductant feed materials to ensure sufficient gas 

permeability for even gas distribution through the burden [1].The close packing of fines fed to a SAF increases the risks 

of calcined bridge formation and gas eruptions, which ultimately decreases the furnace efficiency and productivity [1]. 

Electrical energy is supplied to SAFs with electrodes submerged in the burden, with the energy input and electrode pen-

etration a function of the burden conductivity and slag chemistry, managed through the feed mixture [2]. SAFs have to 

be fully closed at the top to allow for the production of CO-rich off-gas that can be used for energy generation. In fully 

closed SAFs the air ingress rates are limited and specific electrical energy consumption decreases with increasing off-

gas CO2 percentages, as opposed to open SAFs where the off-gas combusts with ingress air without benefit to the fur-

nace efficiency [2]. 

The AlloyStream
TM

 process was developed as a single step production unit of steel and ferroalloys, which in-

cludes HCFeMn, from ore fines and thermal coal as described in U.S. patent 6146437 [3]. The furnace raw material 

feed mixture consists of a blend of fine ores, carbonaceous reductants and fluxes. The process schematic is depicted in 

Figure 2. In the AlloyStream
TM

 process the raw material blend is fed onto a liquid metal bath, forming heaps of reacted 

material. The heap material surface is heated from above by heat radiated from the burning of combustibles with en-

riched air. The combustibles consist of natural gas, coal volatiles, coal carbon and gaseous reaction products emanating 

from the heaps. Final reaction and smelting of the reduced heap material is achieved by energy transferred from the 

induction-heated metal bath. The material mixture is reacted at temperatures in excess of 1400°C. The process operates 

in a narrower temperature range as compared to a SAF where temperatures are expected to range from room tempera-

ture to more than 1600°C below the electrode tips. 
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Figure 2: AlloyStream
TM

 process schematic 

The furnace is lined with a basic material lining consisting of brick, castable and rammable refractory materials, 

which were developed with key suppliers over 15 years. The slag line is equipped with copper coolers, and consequent-

ly slag chemistry management is done to protect the slag line MgO refractory. In the demonstration unit alloy and slag 

was tapped from the same tap hole by tilting the furnace. Metal bath temperatures are in the order of 1550°C and com-

bustion zone temperatures are 1600°C. 

In addition to the furnace, the plant system includes the raw material weighing and mixing plant, dry off-gas sys-

tem, water cooling plant, and product handling equipment. The selection of equipment for the furnace was driven by 

space restrictions. In the operation of the plant high standards for safety, health, environment, and quality are main-

tained. AlloyStream
TM

 was awarded with OHSAS 18001:2007, ISO 9001:2008, and ISO 14001:2004 certification, the 

latter for which the highest score among companies from 27 countries was received during the 2009 audit[4]. 

In development of the AlloyStream
TM

 process, several campaigns were completed on pilot plant and demonstra-

tion plant scales.Process principals determined from initial bench scale tests were confirmed in pilot plant campaigns in 

a 2.5 m diameter pilot plant furnace. Four ferromanganese campaigns, as well as a ferronickel and steel campaign were 

completed in the pilot plant during the period of 2003 to 2009. To test scale-up of the process a 5.3 m diameter demon-

stration furnace was constructed (Figure 3) and used to complete two HCFeMn campaigns during the period of 2012 to 

2014, operated on a semi-commercial basis. Results from the more recently completed campaign are discussed further. 
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Figure 3: AlloyStream
TM

 demonstration furnace 

CAMPAIGN OVERVIEW 

Hot commissioning of the recent HCFeMn campaign on the 5.3 m diameter demonstration furnace commenced 

on 15 July 2013, and feeding of raw material for production started on 4 August 2013. During this campaign 5014 tons 

of HCFeMn was tapped from the demonstration furnace. During the campaign spanning 11 months, the furnace was 

used to test variances in the types and ratios of ores and reductants, as well as in other operational parameters, of which 

some are discussed below. Raw materials fed to the furnace consisted of a blend of mostly two South African ores, one 

classified as a carbonate type ore (containing mostly MnCO3), and the other as a semi-oxidized type ore (containing 

mostly Mn2O3)[5]. The reductants tested included thermal coals, semi-coke (char), and coke breeze, with the primary 

reductant used being supplied by mines from Exxaro Resources (Leeuwpan, and Grootegeluk). 

Specific periods were selected for discussion of the process performance during which the most important input 

parameters remained constant. The results obtained in the campaign are presented for these specific periods, and as 

trends of the following parameters over time to illustrate the extent of the campaign run. The tapped metal analyses are 

shown in Figure 4, the tapped slag analyses are shown in Figure 5, and the hourly production rate and metal bath tem-

perature is shown in Figure 6. The furnace was in idle mode for extended planned maintenance for April and May 2014, 

thus data for this period is not shown. 

These result trends should be evaluated considering the major changes in the feed mixture. From the middle of 

October 2013 to early January 2014 a feed mixture was tested containing 43% of a South African carbonate type ore, 

and the balance of semi-oxidized type ore. Prior to, and after this period higher percentages of the carbonate ore were 

fed that typically ranged between 70 and 80%. Up to the end of February 2014 mostly Leeuwpan coal was utilized as 

the primary reductant, after which it was replaced with Grootegeluk coal, and from the middle of April a 67:33 blend of 

Leeuwpan and Grootegeluk was fed. From the middle of February 2014 HCFeMn metal fines were fed mixed with raw 

material feed. 
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Figure 4: Tapped metal analyses 
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Figure 5: Tapped slag analyses: %MnO and Basicity 
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Figure 6: Hourly feed rate and alloy production rate 

PROCESS PERFORMANCE 

Process Control Tools 

During the development of the technology a vast volume of time-dependent data is generated and captured from which 

the process performance is derived, and analysed to gain understanding of the deviations caused by equipment failures, 

human interventions, and process changes. A set of process tools has been developed to assist with analysis and control 

of the AlloyStream
TM

 process. These tools are based on the current process understanding and include:  

 discrete and continuous databases, with automated data capturing and reporting functionalities,  

 slag evaluation software utilizing thermochemical calculations for the illustration of slag analyses on ternary 

phase diagrams and the online estimation of slag phase compositions, effective viscosity, and level of satura-
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tion in refractory constituents to indicate slag chemistry trends over time and allow for timeous invention to 

adjust feed composition and chemistry, and 

 a detailed mass and energy balance configured for steady state calculations, as well as for being calculated on a 

continuous basis for accounting and reporting purposes using process measurement data as input. 

Raw Materials 

Analyses and coefficients of variance of the ore utilized are shown in Table 1, and analyses of the reductants are 

shown in Table 2. For both ores and reductants, the analyses presented are of 24h composite samples taken at the weigh 

off points in the raw materials handling plant. The objective was to exclude any fluxes from the feed, however, ore 

characteristics occasionally demanded the addition of dolomite or limestone.  

Results in Table 1 indicate the semi-oxidized type ore to have been more variable in composition as compared to 

the carbonate type ore. Also to note is the higher volatile content of Grootegeluk coal as compared to Leeuwpan coal, as 

indicated in Table 2. 

Table 1: Ore analyses 

Specie Units 

Semi-oxidized type ore Carbonate type ore 

Percentage 

Coefficient of 

variance Percentage 

Coefficient of 

variance 

SiO2 [wt. %] 7.26 11.1 5.89 6.1 

Al2O3 [wt. %] 0.29 13.4 0.21 14.5 

CaO [wt. %] 4.70 16.0 12.48 5.8 

MgO [wt. %] 0.74 23.2 3.77 8.8 

FeO [wt. %] 12.14 8.5 6.99 9.3 

MnO [wt. %] 63.67 2.4 49.12 2.9 

BaO [wt. %] 0.37 41.9 0.098 45.4 

C [wt. %] 0.66 38.6 4.33 8.3 

LOI [wt. %] 3.77 29.2 15.54 5.7 

Mn/Fe   5.26 9.5 7.05 8.5 

B3 = CaO+MgO/SiO2   0.76 31.2 2.77 6.7 

Table 2: Reductant analyses 

  Reductant 

Specie Units 

Leeuwpan 

coal 

Grootegeluk 

coal 

Grootegeluk 

semi-coke 
Coke breeze 

Moisture [wt. %] 4.66 3.54 16.30 8.70 

C [wt. %] 66.80 72.84 72.41 79.24 

H [wt. %] 2.91 4.68 0.002 0.029 

O [wt. %] 9.26 9.45 3.67 1.32 

N [wt. %] 1.64 1.52 1.19 0.90 

S [wt. %] 0.57 1.03 0.97 0.93 

Ash [wt. %] 17.90 10.36 22.08 17.57 

Volatiles [wt. %] 22.34 36.61 6.24 2.04 

Performance Periods 

Performance periods are discussed to illustrate process performance for different feed materials and feed mixture 

recipes. Table 3 shows the feed material recipes for each performance period. To be noted is that in periods 3 to 

5HCFeMn metal fines were added to the material feed. The metal fines are generated when primary HCFeMn product is 

crushed and sized in preparation for sale. 

Ore proportions of the two ores varied between 43 and 80% of the carbonate-type ore in order to test process ef-

fects whilst still attaining 75% manganese in the alloy at the typical manganese recovery levels, as well as slag line 

magnesia refractory protection. The AlloyStream
TM 

process design circumvents the dangers related to bed permeability 

and gas evolution in SAFs operating with high percentages of carbonate ores in the feed mixture. SAF operators usually 

limit carbonate ore quantities in order to reduce the risk of gas excursions. The AlloyStream
TM

 process can safely oper-

ate even at 80% carbonate ore feed, but with productivity negatively affected due to the lower total metallic contents in 

typical carbonate ores and the higher process energy requirement for calcination of the carbonates.  

In the AlloyStream
TM

 process energy input is also not directly dependent on bed conductivity or slag chemistry, 

as is the case with SAFs [2]. Feed mixture selection is therefore not constrained in terms of the quantity of basic ore or 

carbon, which is necessary in SAFs to enable electrical energy input via the electrodes through highly resistive slag [6]. 
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Table 3: Feed mixture changes 

Material Units 
Period 

1 2 3 4 5 
Carbonate type ore [kg/100 kg ore] 43.8 58.8 68.7 69.0 80.4 

Semi-oxidized type ore [kg/100 kg ore] 56.2 41.2 31.3 31.0 19.6 

HCFeMn metal fines [kg/100 kg ore] 0.0 0.0 13.3 15.3 14.8 

Leeuwpan coal [kg/100 kg ore] 51.8 53.0 0.0 45.9 43.1 

Grootegeluk coal [kg/100 kg ore] 0.0 0.0 52.8 0.0 21.6 

Coke breeze [kg/100 kg ore] 0.1 0.0 1.9 0.0 0.0 

Grootegeluk semi-coke [kg/100 kg ore] 0.0 0.0 5.1 12.8 0.0 

Limestone [kg/100 kg ore] 0.0 0.9 0.0 0.0 0.0 

Dolomite [kg/100 kg ore] 6.7 0.8 0.0 0.0 0.0 

In Table 4 and Table 5 the tapped metal and slag accountabilities are shown for the selected performance peri-

ods. The metal mass tapped is the actual metal mass weighed off at the product handling plant after manual separation 

of slag and metal. The produced metal mass is calculated from the mass balance based on actual feed mixture masses, 

actual chemical analyses of the feed and product streams, and percentages of feed lost to dust. From a mass balance 

over the campaign it was estimated that 1.2% of the carbonate type ore, and 0.5% of the semi-oxidized type ore fed 

were lost to the off-gas as dust. 

Table 4: Metal accounting results 

  Period 

Parameter Units 1 2 3 4 5 

Metal produced [ton] 292 278 238 236 184 

Metal tapped [ton] 262 245 204 216 182 

Unaccounted produced [ton] 29.4 33.2 34.1 19.6 1.9 

Unaccounted produced [%] 10.1% 11.9% 14.3% 8.3% 1.0% 

Table 5: Slag accounting results 

  Period 

Parameter  Units 1 2 3 4 5 

Slag produced [ton] 286 300 205 204 158 

Slag tapped [ton] 320 338 232 222 168 

Unaccounted produced [ton] -34.3 -38.2 -26.5 -17.9 -9.7 

Unaccounted produced [%] -12.0% -12.7% -12.9% -8.8% -6.1% 

From the performance results in Table 6, several process aspects can be deduced. Although the carbonate-type 

ore requires more energy per ton of alloy produced than the semi-oxidized type ore, better manganese recovery rates 

were achieved when the carbonate type ore proportion has been increased (periods 2 to 5). This effect relates to the dif-

ferences in ore chemistry of the individual ores and how the ore phase chemistry develops upon metallization [7].  

The viability of feeding HCFeMn metal fines with the material mixture into the furnace was proven. From the 

results it is clear that high recovery rates of the metal fines resulted in an additive effect on alloy production rate with 

the overall manganese recovery levels remaining of the same order compared to performance periods without metal 

fines feed. 

Reactions in the combustion zone are more sensitive to the reductant type than the reactions in the heaps, influ-

enced largely by the quantity of reductant volatiles available for combustion. When feeding Grootegeluk coal with a 

high volatile content as the main reductant it was observed that the natural gas addition to the combustion zone could be 

reduced, in some instances to zero, since the coal volatiles substituted for the natural gas in the combustion process. 

This effect is seen from Table 6 by comparing natural gas feed for period 3 to that of period 4. 

The rates of oxygen and natural gas required are functions of the furnace freeboard area heat losses, and were 

controlled to maintain target freeboard temperatures and fully combusted off-gas. The off-gas from the furnace typically 

contained less than 1% of CO and H2, with no negative effect on the process observed even when operating with excess 

oxygen in the off-gas. A furnace larger in size is expected to have lower specific heat loss rates to enable operation 

without natural gas addition. 
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Table 6: Performance period results 

  

Parameter  

  

Units 

Periods 

1 2 3 4 5 

Low car-

bonate ore 

feed ratio 

(no metal 

fines) -  

14 days 

High car-

bonate ore 

feed ratio 

(no metal 

fines) -  

14 days 

Grootegeluk, 

coke 

breeze/semi-

coke, metal 

fines -  

10 days 

Leeuwpan, 

semi-coke, 

metal fines - 

10 days 

Leeuwpan/ 

Grootegeluk 

blend,  metal 

fines - 7 days 

Average availability [%] 98.24 96.50 79.83 93.96 97.52 

Metal product:       

 Mn [%] 75.3 75.4 75.8 75.6 76.1 

 C [%] 7.1 7.2 6.5 6.7 7.5 

 S [%] 0.005 0.007 0.004 0.007 0.003 

 P [%] 0.051 0.067 0.091 N.A. 0.058 

 Si [%] 0.036 0.066 0.068 0.043 0.029 

Slag MnO [%] 33.8 34.4 40.5 37.2 32.0 

Slag basicity B3
1 

 1.30 1.32 1.25 1.31 1.40 

Metal productivity
2
 (dur-

ing on-time) 
[kg/h] 959 933 1138 1105 1104 

Mn recovery [%] 74.9 72.4 73.5 75.7 77.9 

Metal entrainment in 

tapped slag 
[%] 2.6 1.9 4.7 3.5 3.4 

Electricity consumption
3
 [kWh/t alloy] 2295 2837 2187 2393 2455 

Total process energy 

requirement
 [kWh/t alloy] 3512 3864 3144 3033 3237 

Electrical process energy 

consumption 
[kWh/t alloy] 1196 1403 1151 1245 1409 

%Process energy from 

electricity 
[%] 34 36 37 41 44 

Reductant consumption [t/t alloy] 1.18 1.32 1.21 1.15 1.28 

Raw material rate  [kg/h] 3466 3602 4018 3760 3919 

Air rate [Nm
3
/h] 2136 2197 2172 2174 1863 

Oxygen rate [Nm
3
/h] 1144 1303 1266 1310 1399 

Fuel rate [Nm
3
/h] 268 378 62 286 199 

1: B3=(mass% CaO+mass%MgO)/(mass%SiO2); 2: Metal produced as calculated in the mass balance; 3: Inductor electrical energy input divided by 
metal produced as calculated in the mass balance. 

CONCLUSIONS 

 The AlloyStream
TM 

process enables HCFeMn production from ore fines and thermal coal raw materials. 

 Fully combusted furnace off-gas is generated from which waste heat can potentially be recovered. 

 Thermal coal with either low or high volatiles content can be used as feed material. 

 HCFeMn metal fines generated in alloy crushing can be processed in the AlloyStream
TM 

process with ore and 

coal feed without negatively affecting throughput. 

 Energy input into the raw materials is relatively unaffected by ore feed chemistry allowing some flexibility in 

setting aim slag basicity levels. 

 The AlloyStream
TM

 process design circumvents the effect of dangerous gas excursion, which is often experi-

enced in the SAF process. 

 The AlloyStream
TM

 process operates with more energy supplied chemically from the combustion zone than elec-

trically from inductor,  

 Process and engineering scale-up parameters were confirmed in scaling from the 2.5 m diameter pilot to 5.3 m 

demonstration furnace. 
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ABSTRACT 

In many metal producing processes, a prereduction unit that will pre-reduce the iron and dry the raw materials 

will reduce the electrical consumption per ton of alloy. This is not obvious in ferromanganese production as the reduc-

tion of higher manganese oxides to MnO is exothermic reactions. This paper will study some examples of using 

prereduction units versus a standalone electric furnace. Mass and energy balances are calculated to show that the heat-

ing is the main advantage of using a prereduction unit. For every 100 degrees of increased temperature, the electrical 

energy consumption will be reduced by more than 80 kWh/ton. There is no extra savings in having an increased degree 

of prereduction in the prereduction unit. By heating the raw materials to 600 °C and evaporating the water, the savings 

in energy consumption can be more than 20%. In addition to reduced energy consumption, there are other advantages 

with a separate prereduction unit like more stable operation and better control of the carbon balance.  

Key words: Ferromanganese production, pretreatment 

INTRODUCTION 

Manganese alloys are mainly used in the steel industry and consist typically of manganese, iron and carbon. Sili-

comanganese alloys will in addition contain some silicon, typically between 15 and 30%. The production of silicoman-

ganese alloys is not further discussed in this paper, though the trends obtained in energy reduction for ferromanganese 

alloys will also apply for silicomanganese production. 

The raw materials used for ferromanganese production are manganese ores, fluxes and carbon. Also typically re-

melt is added. Re-melt is metallic ferromanganese that cannot be sold, either due to the fact that it is mixed with slag or 

that the size in not sellable. When the charge mix of manganese sources, fluxes and carbon is heated in a reducing at-

mosphere, a variety of chemical reactions will occur. At low temperatures the water will evaporate, consuming 0.63 

kWh/kg of water (at 100 °C) according to reaction (1). 

H2O(l) = H2O(g) ΔH
°
298 = 44.0 kJ (1) 

At higher temperatures the carbonates will decompose, also consuming energy. Decomposition of MgCO3 oc-

curs at about 300°C and for CaCO3 at about 900°C. Dolomite, CaMg(CO3)2, decomposes at around 600°C. At these 

temperatures the respective CO2 decomposition pressure is 1 atm: 

MgCO3 = MgO + CO2(g) ΔH°298 = 101.1 kJ (2) 

CaCO3  = CaO + CO2(g) ΔH°298 = 178.3 kJ (3) 

CaMg(CO3)2 = CaO·MgO + 2CO2(g) ΔH°298 = 295.4 kJ (4) 

A mixture of 50%MgCO3 and 50% CaCO3 will at 600 °C use 40 kWh per 100 kg carbonates at decomposition. 

If the decomposition takes place above 800 °C, the produced CO2 may react with C according to the Boudouard reac-

tion, increasing the energy consumption even more. 

The higher manganese oxides that predominate in manganese ores (MnO2, Mn2O3 and Mn3O4) are relatively un-

stable and easily reduced in solid state in the presence of CO(g): 

MnO2 + ½ CO(g) = ½ Mn2O3 + ½ CO2(g) ΔH°298 = -99.9 kJ (5) 

½ Mn2O3 + 
1
/6 CO(g) = 

1
/3 Mn3O4 + 

1
/6 CO2(g)          ΔH°298 = -31.3 kJ    (6) 

1
/3 Mn3O4 + 

1
/3 CO(g) = MnO + 

1
/3 CO2(g) ΔH°298 = -16.9 kJ (7) 

These are exothermic reactions producing a considerable amount of heat, and thereby preheating the charge ma-

terials in the furnace. The CO2 produced from reaction (5) and (6), will leave the furnace as CO2. Some of the CO2 from 

reaction (7) will however be produced at temperatures above 800 °C where it will react with carbon, according to the 

Boudouard reaction, reaction (9). The total reaction between reaction (7)+(8), is reaction (9), where Mn3O4 is reduced 

directly with carbon in an endothermic reaction. In industrial furnaces typically between 40 and 90% of the Mn3O4 will 

react directly with carbon
1
. 

1
/3 Mn3O4 + 

1
/3 CO(g) = MnO + 

1
/3 CO2(g) ΔH°298 = -16.9 kJ (7) 

1
/3 C + 

1
/3 CO2(g) = 

2
/3 CO(g) ΔH°298 = +57.5 kJ (8) 

1
/3 Mn3O4 + 

1
/3 C = MnO + 

1
/3 CO(g) ΔH°298 = +40.5 kJ (9) 

As the degree of prereduction will affect the total energy consumption, a number of articles on how the various 

ores are pre-reduced are previously published
2-8

. 

The reduction of the iron oxides to metallic iron may be reduced in solid state with CO gas.  
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The reduction of MnO is dependent on a high temperature as well as carbon as reducing agent. The ores will 

start to melt at temperatures above 1250 °C, and the manganese metal will be produced according to the reaction (10) 

and the metal will be saturated with carbon. 

MnO(l) + C = Mn(l) + CO(g) ΔH°298 = +246.8 kJ (10) 

The energy consumption in producing 1 ton of liquid alloy 76%Mn, 17.5%Fe, 6.5%C at 1400 °C from MnO, 

FeO and C at 25 °C will always be 1634 kWh/ton of alloy. Hence, the variations in energy consumption within a fur-

nace and between different furnaces are due to variations in the reactions in the prereduction zone, which is reaction (1) 

to reaction (9). 

Due to the exothermic reduction of higher manganese oxides, reactions (5), (6) and (7), there has been less fo-

cus on a separate pre-reduction unit in manganese productions compared to other processes like e.g. ferrochromium 

production. The exception is CDK Kashima Works in Japan, 100 km north east of Tokyo, where a rotary kiln in series 

with the electric furnace has led to reduced energy consumption as one of the advantages. The exhaust gas from the 

electric furnace is then used as kiln fuel. Kashima Works produces high carbon ferromanganese from a variety of dif-

ferent Mn-sources. This paper will discuss the electric energy consumption and how it varies with varying pre-reduction 

in the pre-reduction unit. This will be done through theoretical heat and mass balances based on operational practice. 

All enthalpy data is taken from the database of HSC Chemistry
11

. 

ELECTRIC ENERGY CONSUMPTION 

At Kashima Works, a number of various Mn sources are used - from high oxide Groote Eylandt ore, South Afri-

can Mn2O3 ores to sinter, where the manganese oxide is close to Mn3O4. The base case used in the calculations, is a 

charge from 2011 where the basis is AHGL and BHP sinter, where additional 15% BHP GL is tested. The temperature 

of the kiln was kept at 600-700°C in the test, as one would not increase exhaust gases volume and change the kiln oper-

ations. In addition both limestone and dolomite is used as fluxes. Coke is used for reduction in the electric furnace. 

Some amount of coal is used as fuel in the pre-reduction unit but the main fuel is the electric furnace exhaust gases. 

This process has been modeled to calculate the electric energy consumption, and the principles of the model are shown 

in Figure 7. Some remelt is added directly to the electric furnace in addition to the materials coming from the pre-

reduction unit. It is assumed that the temperature of the materials entering the electric furnace is 600 °C and the slag and 

metal leaves the furnace at 1500 °C and the off-gas - at 400 °C. Tanabe
10 

presented the results of using a prereduction 

unit during pilot scale testing. In their experiments, the materials were cooled dramatically between the pre-reduction 

unit and the electric furnace. In the calculations presented here, it is only assumed a reduction in temperature down to 

600 °C before the materials enter the electric furnace. 

The temperatures chosen for the material flows in and out of the electric furnace will of course affect the electric 

energy consumption. Figure 8 shows the difference in total kWh consumption per ton of alloy if we vary the tempera-

tures of the incoming and outgoing materials. By increasing the temperature of the raw materials with 100 Kelvin, e.g. 

from 600 to 700 °C, the electrical energy consumption will decrease with about 80 kWh/ton of alloy. This already 

shows one of the big advantages of a pre-reduction unit. Instead of adding raw material at room temperature, heating the 

raw material up to 600 °C (without any chemical reactions) would decrease the electric energy consumption between 

400 and 500 kWh/ton of metal, that is around 20% of the total energy needed, compared to the process with no 

prereduction unit used. This also states that the term “pre-reduction” unit does not cover the intent, as one of the main 

purposes of the prereduction unit would be to heat the raw materials and not necessarily pre-reduce the material. The 

assumptions of outgoing temperatures from the furnace do not have the same effect on the total power consumption. 

One hundred degrees difference in off–gas temperature would only change the power consumption with about 25 kWh 

and hundred degrees difference in the temperature of slag and metal would account for about 60 kWh per ton of alloy as 

seen in the figure. 
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Figure 7. Overview of the material flow and temperatures assumed in the process 

Some clarifying remarks must be done of the term “power consumption” given in kWh/ ton of metal. There are 

at least three different terms of kWh/ton metal: 

1. Theoretical power consumption: The power consumption is the difference between the energy in the materials 

coming into the furnace and the energy in the materials leaving the furnace. By set temperatures and composi-

tion of the raw materials coming into the electric furnace and set temperatures and composition of the exit ma-

terials, the reaction enthalpies and heat capacities will determine the amount of electrical energy that must be 

added. 

2. Real power consumption: Some of the electrical energy is lost in the electrical system as well as some energy 

is lost as heat in the system. Typically one can assume a yield of 80%, which means that 20% of the energy is 

lost. It also means that the theoretical power consumption will be 80% of the real power consumption. In this 

paper the numbers given for power consumption is not the theoretical power consumption, but the real power 

consumption based on a 20% energy loss. 

3. Power consumption for virgin material: There are two ways to describe the amount of metal produced: first, 

the total amount of metal coming out of the furnace, and secondly, the metal produced through reduction. The 

total amount of metal coming out of the furnace is the sum of metal produced and remelt added. The metal 

produced from oxidic raw materials is often referred to as “virgin” material. As the total power consumption is 

very much dependent on the amount of remelt added to the furnace, this issue must be taken out of the equa-

tion if one would like to compare the quality of the operation based on the power consumption. Hence, for a 

furnace producing 100 tons of alloy per day where 10 tons are remelt, the power consumption of 2000 

kWh/ton alloy would equal to 2222 (=2000/0.9) kWh/ton of virgin metal. In this paper both the real kWh/ton is 

given as well as the kWh/virgin ton of metal. 

In this paper the metal loss in the slag is not included, and hence if the metal loss in the slag is e.g. 5%, the total 

power consumption will increase with a bit more than 5% (=1-1/0.95) compared to the numbers in this paper. 
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Figure 8. Variation in kWh with variations in temperature of material flows in and out of the furnace. Origo is 

the point of about 2000 kWh/ton of metal and temperatures of 600 °C on incoming raw materials, 1500 °C on slag and 

metal and 400 °C in off-gas. Solid lines are kWh/ton of metal and dotted lines are kWh/ ton of virgin metal. 

One of the interesting questions of using a pre-reduction unit is how it affects the total electric energy consump-

tion in the electric furnace. It has already been shown above that the electric energy consumption will decrease quite 

dramatically just by heating raw materials. In addition, the heating will also affect some of the energy producing reac-

tions (e.g. reduction of higher manganese oxides) as well as energy consuming reactions (e.g. water evaporation and 

carbonate decomposition). To investigate this, the raw material mix of Kashima Works has been used as a case study. 

The material flows are shown in Table 7. The raw materials entering the prereduction zone are grouped as the different 

oxides and basic elements. In addition 10 wt% moisture is assumed in the raw materials. Based on three different de-

grees of prereduction in the prereduction unit, the manganese oxides and iron oxides are reduced to one of the following 

cases 1) Mn2O3+Fe3O4, 2) Mn3O4+FeO, 3) MnO+Fe. The slag and metal produced are calculated based on a metal 

composition of 74%Mn, 19.5%Fe and 6.5% C, which are quite close to the industrial practice. The rest of the materials 

enter the slag. As no material losses are assumed in the calculation, e.g. to the off-gas, the Mn content in the slag was 

too high compared to the industrial practice. Hence, the manganese oxides in the raw material were decreased with 5% 

to obtain the slag close to the industrial slag composition. In the last case where the oxides were reduced to MnO and 

Fe, there is no carbon consumption according to reaction [9] due to no direct prereduction in the furnace. The total coke 

consumption was then reduced from 324 kg/ton of virgin alloy to 248 kg/ton of virgin alloy. 

The metal composition at Kashima Works is following the specifications of Japanese industrial standard (JIS) 

No. 1, that is 72-78% Mn, which is somewhat lower compared to European producers producing typically above 78%. 

As the Mn/Fe ratio in the raw materials is decreasing over time, there is an ongoing discussion whether the Mn content 

in the metal should be lowered in the specifications as well. 

The electric energy consumption for the cases of increased prereduction in the prereduction unit is summarized 

in Figure 9. For all the cases, energy loss of 20% is assumed, and both energy consumption cases per ton of alloy and 

per ton of virgin alloy are shown. The first case is where no pre-reduction unit is used and the raw materials are added 

to the furnace at room temperature. It will give an energy consumption of about 2400 kWh/ton of alloy. By using a pre-

reduction unit, where the materials are heated to 600 °C and the water is evaporated, but where no reduction of manga-

nese oxides occurred, the electric energy consumption is reduced to 1800 kWh/ton of alloy. The removal of water in the 

prereduction unit accounts for more than 200 of the kWh used, which is more than 10 % of the total energy consump-

tion. The rest of the decreased energy consumption is due to the increased temperature of the raw materials. In the pilot 

scale experiments reported by Tanabe
10

, the electric energy consumption was reduced from 2940 kWh in a standalone 

electric furnace to 2680 kWh at 550°C in the preduction unit, 2543 kWh at 650 °C and 2340 kWh at 950°C. As their 

material was cooled dramatically between the prereduction unit and the electric furnace, the reduced energy consump-

tion they observed was probably due to a more stable operation as well as some heating, as will be discussed later. 

Table 7. Material flow as raw materials enter the pre-reduction unit, three cases out of the unit, the remelt and electrode 

into the furnace, slag and metal analyses 
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Raw materials Mn2O3 Mn3O4 MnO Remelt and electrode Out Out

Case 1 Case 2 Case 3 Metal Metal Metal Slag Slag Slag

Out Out Out

Inn kg kmol kmol kmol kmol kg kmol % kg kmol % kg kmol

MnO2 1805 20.8

Mn2O3 6651 42.1 52.5

Mn3O4 2818 12.3 12.3 47.3

MnO 231 3.3 3.3 3.3 145.2 45.6 2463 34.7

Fe2O3 1971 12.3

Fe3O4 8.2

FeO 257 3.6 3.6 28.3

CaCO3 219 2.2

MgCO3 64 0.8

Mn 688 12.5 74 6760 123

SiO2 1306 21.7 21.7 21.7 21.7 11 0.2 24.4 1317 21.9

Fe 28.3 203 3.6 19.5 1781 32

CaO 852 15.2 17.4 17.4 17.4 4 0.1 18.1 978 17.5

MgO 132 3.3 4.1 4.1 4.1 1 0.0 3.0 164 4.1

Al2O3 474 4.6 4.6 4.6 4.6 5 0.0 8.9 478 4.7

C 2306 192.2 192.2 192.2 192.2 145 12.1 6.5 594 49

C(fuel) 642 53.5

H2O 1975 109.6 0.0 0.0 0.0  

The decomposition of carbonates is endothermic and will increase the electrical energy consumption, if the de-

composition occurs in the electric furnace. As stated previously, the decomposition of carbonates will amount to about 

40 kWh per 100 kg of carbonates, or more if the decomposed CO2 reacts according to the Boudouard reaction. Howev-

er, the content of carbonates in this charge is quite low (̴1%) and hence the total electrical energy consumption for this 

case will only be affected by about 1% if the decomposition occurs in the prereduction unit or in the electric furnace. 

 

Figure 9. Electric energy consumption per ton of alloy and per ton of virgin alloy with the assumption of 20% energy 

loss. Text below is the extent of pre-treatment. 2000 kWh/ton of alloy is indicated, as this is close to the energy con-

sumption at Kashima Works 

If the prereduction starts to occur in the prereduction zone, the higher manganese oxides will be reduced to lower 

manganese oxides, MnO2 to Mn2O3 to Mn3O4 to MnO as described above in reaction 5, 6 and 7. At the same time the 

iron oxides will be reduced from Fe2O3 to Fe3O4 to FeO and Fe. The reduction of manganese oxides is exothermic and 

hence, an increasing degree of prereduction in the prereduction unit will increase the electrical power consumption in 

the electric furnace, as seen in Figure 9. The exception is when the reduction in the prereduction unit will reduce the 

charge all the way down to MnO and metallic iron. In this case there will be no endothermic Boudouard reaction (reac-
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tion 8) where CO2 reacts with carbon, as there will be no CO2 developed from any reduction of higher manganese ox-

ides. This will lead to reduced electric energy consumption. 

One of the assumptions used in these calculations is that the material enters the electric furnace at 600 °C, which 

means that the material leaves the prereduction unit at a bit higher temperature, e.g. 700 °C. The possible extent of 

prereduction in the prereduction unit is given by the thermodynamics and the kinetics of the reactions 5, 6 and 7. The 

thermodynamic conditions for the reduction of higher manganese oxides are shown in Figure 10. If solid carbon is pre-

sent, determining the oxygen pressure, the oxygen pressure will be less than 10
-15

 in the whole temperature area. This 

means that the thermodynamic suggests that it will be possible to get down to MnO at 700 °C in the prereduction zone 

at a low oxygen pressure. This will be the case all up to an oxygen pressure of 10
-12

, that is a pCO2/pCO ratio of 4·10
4
. 

Hence, thermodynamically it is possible to reduce the charge down to MnO at 700 °C even at higher oxygen levels than 

10
-15

. The reduction of higher manganese oxides is however in most industrial cases determined by kinetics, and thus 

can be controlled by time, sizing and temperature in the prereduction zone
1-8

. The reduction of MnO2 is however quite 

fast and happens at relatively low temperatures
6
. It is hence assumed that by some heating, the raw materials will soon 

come down to Mn2O3 and possibly Mn3O4. 

 

Figure 10. Calculated stability areas in the Mn-O system [Olsen et al. 2006] 
12

 

As a summary of the electrical power consumption given as kWh/ton of metal presented in Figure 9, it is seen 

that heating the raw materials in a prereduction unit will decrease the electrical power consumption in the area of 20%. 

However, if the prereduction starts to occur in the prereduction unit, the electrical energy consumption in the furnace 

will increase again. The strategy should then be to have as little prereduction as possible, or to reduce the ore all the 

way down to MnO. The last option will also reduce total carbon consumption in the electric furnace however it may at 

the same time increase the carbon consumption in the prereduction zone, and thus the total CO2 emission. It must be 

emphasized, if the reduction of higher manganese oxides in the prereduction unit is not reduced to MnO, the carbon 

content in the electrical furnace will be constant. Hence, by using a prereduction unit, the requirement of high-quality 

carbon agents to use in the electric furnace will not change. 

By comparing the operation of an electrical furnace without prereduction unit (2413 kWh/ton) with the operation 

using a prereduction unit and reducing the charge to Mn2O3 (1878 kWh/ton) the reduction is 22% lower energy con-

sumption. This is described as case 1 and 4 in Figure 9. However, how much the energy consumption will decrease will 

of course be dependent on the type of raw materials. The average Mn-ores used in the above calculation is close to 

MnO1.5 that is Mn2O3. However, if in an open standalone furnace MnO2 blend is used, the power consumption is much 

lower, that is about 1900 kWh/ton, and a prereduction unit would not lower the electric energy consumption. Figure 11 

shows how the oxygen level in the ore affects the electrical consumption in a standalone furnace. It is seen that for all 

charges, except for the MnO2 blend, there will be considerable electrical savings in using a prereduction unit. As for 

previous figure, both kWh/ton of metal and kWh/ton of virgin metal are included. A comment regarding the use of 

MnO2 ores in a standalone furnace is as follows. The exothermic reduction of MnO2 may cause hazardous operation in 

a closed furnace and hence the industry will typically have a safe standard for the amount of oxygen allowed in closed 

furnaces
13

. The advantages of using relatively high oxygen content in the raw materials were however reported by 

Tangstad et al.
13

. 
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Figure 11. Electrical power consumption in a standalone electric furnace with decreasing oxygen content in the ore 

There are a number of advantages using a prereduction unit. The one discussed so far, the lower electrical con-

sumption per ton of metal, has a number of consequences: 

 It will reduce the electrical energy cost.  

 For a given furnace, with a given capacity, it will increase the throughput that is the tonnage per day.  

 In places with difficult electrical situation (Japan, Brazil, South Africa, Korea, …) the shift of using carbon as 

fuel instead of electric power will stabilize the situation. The carbon used in the prereduction zone is also quite 

flexible from natural gas, coal fines and other type of carbon materials. If bio-carbons can be used in the 

prereduction zone, this would also keep the CO2 emissions low. CO gas can of course also be used, either from 

own production or from other industries. 

There are also some advantages of using a prereduction unit in addition to the low energy consumption: 

 As the water and low temperature volatiles are removed from the charge, more fines can be added to the fur-

nace without the same hazardous consequences. 

 In the same line of argumentation, the stability of the furnace will be higher if the raw materials are calcined, 

that is no water and low temperatures volatiles. This means that one will have a better control of the carbon 

consumption in the electrical furnace avoiding over-coking or under-coking. The increased stability of the op-

eration will give higher degree of prereduction, thereby lower carbon consumption, better slag-metal separa-

tion, better electrode operation and higher operation yield in MWh/day. 

 Tanabe
10 

reported a reduction of blows in their pilot scale campaign from 5-6 per day in a cold charge opera-

tion, to a reduction to 33-50% when the raw materials were heated to 550-650°C, to no blows at 950°C. 

There are two main disadvantages using a prereduction unit. First, it will of course give extra cost as one extra 

process unit is used. The next is the total CO2 emissions. As electrical energy is replaced with combustion of carbon, the 

total carbon emission may be increased compared to using a standalone furnace. However, this is all determined by the 

type of electrical energy used, and the type of carbon fuel used: 

 If the electrical energy is nuclear or renewable energy from hydropower or sun, and the fuel used in the 

prereduction unit is fossil fuel, the total CO2 emission will be higher using a prereduction unit. 

 If the electrical energy is from carbon combustion power plants, the total carbon emission will be lower by us-

ing a prereduction unit, as the energy yield is lower when electrical energy is produced (̴ 20-30%) compared to 

heat (̴ 100%). In addition the total CO2 emission will be lowered if the off-gas from the prereduction unit is 

used as fuel for electrical production. This is the case for Kashima Works which sends the furnace off-gases to 

Kashima Steel Works for the production of electric energy. 

 The type of carbon used will of course also affect the total CO2 emission, where coke has the highest CO2 

emissions, as CO2 will also be emitted during the coking process. Coal and natural gas will give less CO2 

emission as they are not pre-treated in the same manner. Bio-carbon will of course give the lowest CO2 emis-

sion, as the total cycle of growth and combustion will be close to zero. In a prereduction unit using bio-carbon 

waste materials from other industries would give very low CO2 emissions as well as low electric energy con-

sumptions in the electric arc furnace. Monsen
15 

showed how charcoal affected the ferromanganese operation. 

CONCLUSIONS 
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In metal producing processes, many producers use a prereduction unit to decrease the electrical energy consump-

tion. Typical processes that use prereduction units are ferrochromium production and ilmenite smelting. However, as 

ferromanganese production have more exothermic reactions in the low temperature area, the use of prereduction units is 

quite rare. Kashima Works in Japan,100 km north east of Tokyo, is however one exception. In this paper, a typical 

charge from Kashima Works was used to examine theoretical energy consumption in the electrical furnace. It is shown 

that the major benefit of a prereduction unit is the heating of raw materials up to 600-700 °C including the water evapo-

ration. The use of a prereduction unit will decrease the power consumption with 400-500 kWh/ton of alloy, which is 

about 20% of the total electrical energy consumption. This large reduction in energy consumption may be obtained with 

Mn2O3 ores and Mn3O4 charges. However, if a large amount of MnO2 is used, the reduction of energy will be much less 

compared to the conventional standalone electric furnace. 
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ABSTRACT 

The influence of process parameters of ore-thermal furnace operation on electrical characteristics in order to 

control the melting process by changing the burden composition and adjusting the slag depending on the near-electrode 

zone resistance during ferrosilicon manganese melting has been analyzed. It has been shown that intention to improve 

one indicator may lead to deterioration of another one. In order to achieve maximal performance with minimal power 

consumption it is necessary to provide for optimal resistance of near-electrode space zones and ensure rational power 

distribution in the near-electrode space between the arc, burden and melt. 

INTRODUCTION  

The intensification of electrometallurgical ferroalloy production processes, the growth of unit capacity of ore-

smelting furnaces and their productivity and the severization of requirements for alloys quality require creating the 

high-performance systems of operational management related to the harmonization of process parameters and electrical 

characteristics.  

From this perspective, it is important nowadays to develop an efficient and reliable technology for ferrosilicon 

manganese production by establishing quantitative and qualitative relationships between the electrical characteristics 

and process parameters, which will allow managing effectively the melting process.  

The thermodynamics of carbothermic manganese and silicon reduction during the ferrosilicon manganese melt-

ing is characterized by the predominance of the endothermic reactions proceeding with consumption of large amount of 

heat, which is compensated by transformation of electric power into thermal one released in the near-electrode zone in 

the furnace bath [1, 2]. Thus, the near-electrode space, through which the electric current flows, is the primary reaction 

zone, where the pivotal elements of ferrosilicon manganese production process are reduced. The intensity of electric 

energy release in the near-electrode space depends on the voltage determined by the transformer operating stage and on 

the electrical resistance of near-electrode space, which is driven by the physical and chemical properties of burden 

components, melting products and arc process intensity. The monitoring and control of factors affecting the intensity 

(active power) and the nature of power release in the near-electrode space of the furnace (distribution by the specific 

zones – burden, arc, melt) by determining the electrical characteristics of the process [3] will make it possible to harmo-

nize them with process parameters in order to optimize technical and economic parameters. 

The ore-smelting electric furnace is a multifactorial object, where physical and chemical, thermal and electrical 

processes [4, 5] occur simultaneously. The technical and economic parameters (TEP) of the furnace operation are gen-

erally determined by the harmonized development of these processes. The key TEP are as follows: furnace capacity (CF, 

t/hour), specific power consumption (Qsp, kW·h/t) and efficient use of raw materials. During the ferrosilicon manganese 

melting, the degree of raw materials use is primarily determined by the coefficient of manganese recovery in the alloy 

(ηMn, %). 

2. EXPERIMENT  

The efficient conditions of technological process implementation can be created only on the basis of long-term 

study of all major factors that affect the operation of ferroalloy furnace and selection of values of such factors, which 

provide for achievement of the best performance indicators. 

When implementing the automatic process control system, Nikopol Ferroalloy Plant carried out a large amount 

of the preparatory and organizational work [6], which made it possible both to consider a great number of factors affect-

ing the progress and efficiency of ferrosilicon manganese continuous production process and define the basic task of the 

above described process control. The energy is provided in the furnace with self-sintering electrodes; the active furnace 

power is determined as the total power of each electrode. Since the electrode size remains constant value during the 

operational control of technological process, the main control parameter is a specific resistance of near-electrode space, 

which depends on the specific resistance of burden materials, slag, metal and arc resistance. 
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The active resistance value of the furnace near-electrode space (RE), along with the magnitude of the voltage ap-

plied to the electrodes, is a major factor in determining the influence on the electrical characteristics and technological 

parameters of the process. 

However, the experience of RE deployment as the main control parameter demonstrated disadvantageous fea-

tures of the furnace electric mode control oriented towards the integral parameter, which does not always lead to the 

optimal position of the reaction zone and efficient energy distribution in the near-electrode space. 

The adopted furnace bath structure [4, 7] and the current distribution patterns reflect the slag process of ferrosili-

con manganese melting, the near-electrode space of which incorporates three energy bands: arc – the power is released 

on the non-linear arc resistance (RA); burden – the power is released on the burden resistance shunting the arc (RB); melt 

– the power is released on the melt resistance – (slag and metal) (RM), connected in series with parallel resistance of arc 

and burden. 

It has been suggested to represent the near-electrode space as two energy bands typical for slag process of ferro-

silicon manganese production: arc-shunt area, the resistance of which includes the arc parallel resistance and the re-

sistance of burden materials shunting the arc (RAB), and melt zone (RM), the resistance of which is determined by the 

resistance of slag-metal area. The active power of arc-burden zone is released in the burden area and of melt zone is 

released in the molten slag (including coke layer) and in the metal. The band size is determined by the furnace operation 

conditions, which are dependent on the electric characteristics of the technological process. 

The algorithm that allows creating the database of controlled parameters with given recording frequency has 

been implemented on the basis of developments [6] at Nikopol Ferroalloy Plant as part of automatic electric mode con-

trol system (AEMCS) of the furnace, using the model for determining the electrical characteristics of the work space 

areas [6]. The regression analysis of databases that characterize the process parameters and the electric mode of furnace 

operation, the condition of near-electrode space and energy distribution therein provides for establishment of relation-

ships between the electrical characteristics and the process parameters that determine quality and quantity of the 

charged raw materials and the resulting alloy.  

In order to examine the basic functional relationships between the process parameters, electrical characteristics 

and technical and economic parameters, the data package on six-electrode rectangular furnace RPG-63, on which the 

ferrosilicon manganese was melted within 176 shifts using the burden materials listed in Table. 2.1, has been analyzed. 

Table 2.1. Chemical composition of burden materials  

Item 

No. 
Material designation 

Composition of components, % 

Mn SiO2 CaO MgO Al2O3 Fe P 

1 
Manganese concen-

trate (Ukraine) 
27.7-45.5 12.2-24.7 5.1-12.3 1.2-2.1 1.3-1.9 1.2-2.4 0.17-0.28 

2 
Manganese ores (im-

ported) 
29.1-49.7 4.1-14.1 0.7-6.1 0.2-4.6 1.3-7.0 0.8-12.4 0.04-0.12 

3 
Manganese slag 

(charge) 
34.5-35.5 30.2-31.0 7.1-8.8 2.4-2.6 7.6-8.9 0.34-0.35 

0.003-

0.005 

4 
Recycled manganese 

materials 
31.0-35.0 18.4-20.6 6.7-7.8 3.3-3.7 1.0-1.7 2.1-4.2 0.14-0.15 

5 Quartzite   - 96.1-96.7 0.4-0.6 0.2-0.3 1.3-1.6 0.3-0.5 - 

The co-reduction of manganese and silicon from Mn-containing raw materials and quartzite during the ferrosili-

con manganese melting is attributed to the behavior of complex physical and chemical processes; however, the burden 

materials go through the different temperature zones, undergoing a number of transformations: dehydration, dissocia-

tion of oxides and carbonates, partial or complete reduction of oxides, slag formation, separation of melting products by 

slag and metallic phases, final formation of their composition. 

At such multiple-factor influence on the process results, two or three final process parameters and as an integral 

indicator – changes in the economic efficiency are usually chosen as the performance criteria. As the criteria character-

izing the ferrosilicon manganese melting process efficiency, we have chosen as follows: furnace capacity – a criterion 

that evaluates the main process objectives; degree of the most valuable pivotal element (manganese) recovery; specific 

power consumption. 

3. RESULTS  

The most effective method of establishing the quantitative assessments and known behaviors existing in the pro-

cess is based on the investigation of statistical relationships of actual data characterizing the process over a long-term 

period. 

An appropriate processing of the results of observations over the composition of burden materials, technological 

process progress, quantity and quality of the manufactured products provides for forecasting the possibility of violation 

of the required production parameters, when the alloy quality is within the prescribed limits, and timely introduction of 

the relevant adjustments to ensure the operating schedule stability.  
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The intensity of the technological ferroalloys production process in the ore-thermal electric furnace is directly re-

lated to the magnitude of the active power released in the near-electrode area of each electrode. The active power is 

determined by the square of current and the active resistance of near-electrode space. The following technological pa-

rameters depend on the process reaction rate: burden quantity consumed by the furnace, consumed power and weight of 

the produced metal and slag respectively.  

As a result of regression analysis, the equations of influence of the input variables values on the furnace opera-

tion TEP are obtained: capacity CF, manganese recovery ηMn = [Mn]/<Mn>; specific power consumption Qsp= QF/[Me] 

for various melting duration (tmet), depending on the input power: 
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Fig. 3.1-3.3 illustrate 3D graphics of relationship between TEP and main electrical characteristics IE and RE at 

constant average value tmet.  

The nature of the influence of electrical characteristics changes on TEP is as follows: Qsp depends mainly on the 

resistance of near-electrode space and slightly grows, when the electrode current increases (Fig.3.1). The growth of spe-

cific power consumption, in case of IE increase, is attributed to the growth of electric power losses for heating of the 

transformer low-voltage circuit and windings. The manganese recovery grows, when the strength of current flowing 

through the burden, arc and melt increases. The influence of RE changes within the investigated range on ηMn (Fig. 3.2) 

is not much more prominent. The furnace capacity increases, when the current and resistance are growing, and reaches 

its maximal value at the highest values of IE and RE (Fig.3.3).  

Thus, the obtained relationships make it possible to predict the behavior of TEP changes, in case of increase or 

decrease of the factor variables involved in the ferrosilicon manganese melting process. For instance, when RE increas-

es, Qsp decreases respectively, which affects TEP favorably and results in higher furnace capacity, the finished metal is 

stored up in less time and considering that furnace melting space is limited, the tapping is to be conducted earlier, re-

ducing tmet, which leads to ηMn reduction.  

 

Figure 3.1: The influence of electrode current (IE) and near-electrode space resistance (RE) on specific power con-

sumption (Qsp)  
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Figure 3.2: The influence of electrode current (IE) and near-electrode space resistance (RE) on manganese recovery 

(ηMn). 

 

Figure 3.3: The influence of electrode current (IE) and near-electrode space resistance (RE) on furnace capacity (CF). 

4. DISCUSSIONS 

The analysis of the realized models demonstrated that intention to improve one indicator may lead to deteriora-

tion of another one. Furthermore, the composite index RE prevents the separate assessment of contribution of near-

electrode space resistance components (RM, RB, RA) [7], which reflect the energy distribution depending on the burden 
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<Csolid>/<Mn+SiO2> and melt (CaO+MgO)/(SiO2) characteristics. For this purpose, we processed the available data 

package using the paired regression analysis.  

The established operating schedule, which provides the aimed TEP, is characterized by strictly defined electrical 

characteristics, the change of which represents violation of process regulations. One of the critical process characteris-

tics is a near-electrode space resistance, which can be represented by the following expression: 

 
 BA

BA

RR

RR

ME RR





 (4.1) 

The near-electrode space resistance incorporates two energy near-electrode bands typical for slag process: arc-

burden zone RAB and melt zone RM. The resistance RB is characterized by electrical conductivity of the initial burden, 

which, along with the influence of chemical and particle composition of the burden, is mainly determined by specific 

consumption of reducing agent – coke breeze, expressed by the ratio              <Csolid>/<Mn+SiO2> in the burden. In its 

turn, the optimal quantity of carbon given by the coke breeze with burden defines the reduction degree of pivotal ele-

ments (manganese and silicon), thus, establishing the relationship between the ratio of <Csolid>/<Mn+SiO2> and RAB 

will make it possible to determine the rational value RAB and adjust the burden composition by its value. 

The melt resistance RM is determined by the chemical composition of metal and slag. When producing the stand-

ard ferrosilicon manganese, the alloy resistance remains practically constant, so changes in RM depend, to a greater ex-

tent, on chemical composition and physical properties of shag phase estimated by the slag basicity (CaO+MgO)/(SiO2) 

and the given burden basicity <CaO+MgO>/<SiO2>.  

The resulting relationship makes it possible to predict the behavior of technical and economic parameters in case 

of factor variable (RAB, RM) increase or decrease. The minimization of specific power consumption at maximal produc-

tivity presupposes the determination of the values of the process technological characteristics, at which RAB and RM are 

within the optimal range. Using <Csolid>/<Mn+SiO2>, <CaO+MgO>/<SiO2> and (CaO+MgO)/(SiO2) as experimental 

variables, we processed the data package to determine their influence on factor variables of near-electrode space re-

sistance and their components. The list and characteristics of the data being used are presented in Table 4.1. The results 

are illustrated in Fig. 4.1. 

Table 4.1: List and characteristics of initial data 

No. Parameter name  Designation  UOM 
Average 

value 

1 Electrode resistance RE Mohm 0.93 

2 Melt resistance RM Mohm 0.69 

3 Arc-shunt resistance RAB Mohm 0.24 

4 Specific reducing agent consumption  <Csolid>/<Mn+SiO2>  0.19 

5 Burden basicity  <CaO+MgO>/<SiO2>  0.31 

6 Slag basicity (CaO+MgO)/(SiO2)  0.546 

The coke breeze is used as reducing agent during carbothermic processes. In case of its weighted portion change, 

which is characterized by proxy variable <Csolid>/<Mn+SiO2> (Fig. 4.1a), a noticeable change of RE is observed. Nota-

bly, when <Csolid>/<Mn+SiO2> increases, RE decrease is caused by the resistance drop of both near-electrode zones RAS 

and RM under the question. Such type of relationship is attributed to the coke breeze quantity applied per ton of burden, 

since its electrical resistance is the smallest one among the burden materials.  

The change in the burden basicity affects slightly RAB (Fig. 4.1b) and variable part of RE is determined by the 

value of melt resistance RM decreasing with basicity growth. The same behavior is attributable to RE dependency on the 

slag basicity. The growth of burden and slag basicity (Fig. 4.1b, c) results in the melt zone resistance drop. The melt 

zone before tapping includes slagged burden, which transforms into slag with alloy inclusions near the electrode end. 

We determined the optimal limits of electrode resistance for the furnace operation with minimal specific power 

consumption Qsp and maximal productivity (RE = 0.9-1.1 Mohm; RM = 0.7-0.8 Mohm; RAS = 0.2-0.3 Mohm respective-

ly).  

Having imaged the crossing points of straight lines RE = f(<Csolid>/<Mn+SiO2>), RM = f(<Csolid>/<Mn+SiO2>), 

RAB = f(<Csolid>/<Mn+SiO2>) on the axis Х, we determine process factors resulting in changes of the recommended 

electric characteristics. The recommended optimal electrode resistance during ferrosilicon manganese melting in the 

range over 0.9-1.1 Mohm includes resistances RM and RAB. Consequently, when the values RAS are above or below the 

recommended parameters it is necessary to provide for efficient ratio between the reducing agent and Mn and Si oxides 

in the burden over the range of 0.14-0.22 (Fig. 4.1a).  

The violation of process parameters related to the burden and slag basicity is entirely characterized by the chang-

es in the slag and burden physical properties. Having imaged the crossing points of straight lines RE = 

f(<CaO+MgO>/<SiO2>), RM = f(<CaO+MgO>/<SiO2>) on the axis Х, we determine value of the burden basicity corre-
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sponding to the optimal value of RM at constant RAB. If the value <CaO+MgO>/<SiO2> falls outside the values limits of 

0.24-0.32 (Fig. 4.1b), which represents violation of process parameters attributable to the quartzite lack or excess in the 

burden. 

Through variation of RM (Fig. 4.1c) RE = f((CaO+MgO)/(SiO2)), RM = f((CaO+MgO)/(SiO2)) the violation of 

process parameters is almost completely determined by the slag composition, which may be caused by the shortage or 

excess of the amount of (CaO+MgO) and varying degree of silica reduction. The optimal values of (CaO+MgO)/(SiO2) 

are within the range of 0.45-0.57 (Fig. 4.1c). 

The obtained data make it possible to adjust the recommended limits of the main process ratios to minimize spe-

cific power consumption and raw materials. 

Therefore, in order to achieve the furnace operation conditions with specified productivity and quality of the fin-

ished products, it is required to deploy the automatic control systems, which are able to stabilize the main electrical 

characteristics and technological parameters of the ferrosilicon manganese melting process.  
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a) b) c) 

Figure 4.1: Relationship between integral resistance of near-electrode space (RE) and its differential components: relationship between resistance of arc-burden zone (RAB) and re-

sistance of melt zone (RM) and:  

a) – solid carbon ration <Csolid> to Mn and SiO2 in the ore burden <Csolid>/<Mn+SiO2>; 

b) – burden basicity <CaO+MgO>/<SiO2>; 

c) – slag basicity (CaO+MgO)/(SiO2). 
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SUMMARY 

It has been shown that electrical characteristics (electrode current and active resistance) have a directly-

proportional impact on the furnace capacity. It grows with their increase. As the electrode current increases, manganese 

extraction grows; specific power consumption does not depend on the electrode current. The increase in the active near-

electrode space resistance results in the reduction of specific power consumption and affects slightly the manganese 

recovery. It has been established that the more the time spent for metal production is, the more the manganese recovery 

and specific power consumption is. The furnace capacity does depend on the time.  

The obtained models of paired nonlinear regression represented by the second order polynomial allowed deter-

mining the optimal values of integral active resistance of near-electrode space and its differential components of the arc-

burden zone and the melt zone resistances in terms of improving TEP of ferrosilicon manganese production process.  

The linear regression equations, the relationship between the resistances of near-electrode space of melt, burden-

arc zones and their integral value RE and main process ratios (specific carbon consumption, burden and slag basicity) 

have been obtained. It has been demonstrated that increase in the specific carbon consumption leads to the resistance 

drop of both near-electrode space zones, and the growth of basicity results only in the melt resistance reduction, and the 

resistance of burden-arc zone remains unchanged. 

The optimal values of process ratios, on which the resistance values of characteristic zones of near-electrode 

space are dependent, has been determined. It has been found that deviation of near-electrode space zone resistances 

from the optimal values indicates the technological process violation. The nature of the deviation makes it possible to 

determine the parameter to be adjusted in order to recover the normal process.  
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ABSTRACT 

The corrosion and penetration behaviour of magnesia-chrome brick and alumina-chrome brick in ferronickel 

slag was investigated by using static slag corrosion test. Compressive strength of chrome alumina brick with and with-

out slag penetration was tested. Orthogonal experiment was designed to find the key factor affecting lining erosion and 

reasonable slag composition. Results showed that alumina-chrome brick has a better slag corrosion resistance property 

than that of magnesia-chrome brick. Mainly it is because that the Gibbs free energy of reaction between MgO and SiO2 

is smaller than that of Al2O3 and SiO2. Magnesia-chrome brick has a better slag permeation resistance, the reason of 

which is FeO and MgO would form substitution solid solution led to the viscosity of ferronickel slag increased and 

permeation ability declined. The compressive strength of alumina-chrome brick with slag permeation is still larger that 

of magnesia-chrome brick. Alumina-chrome brick is the suitable refractory to freeze lining in submerged arc furnace. 

The influence order to lining corrosion and permeation are kinds of refractories, FeO content, SiO2/MgO and basicity. 

The slag composition that has the minimum corrosion ability is obtained: SiO2/MgO is 1.7, FeO is 15% and basicity is 

0.85. 

KEYWORDS: magnesia-chrome brick; alumina-chrome brick; slag erosion; slag penetration; ferronickel; 

INTRODUCTION 

In recent years, with the depletion of sulfide nickel mineral resources, exploration and utilization of laterite ores 

for producing ferronickel would be the main direction in the near future. Most of the expansion in nickel production 

capacity over the next ten years will come from processing of laterite ores
[1]

. Submerged arc furnace, SAF for short, is 

the main production equipment in pyro-metallurgical processing of ferronickel from laterite ores. Ferronickel slag pro-

duced from this technological process is very corrosive owing to the high proportion of SiO2 and FenO, which is one of 

the main reasons resulting in the breakout of furnace linings. Selecting suitable SAF refractories in ferronickel produc-

tion environment and improving slag corrosion resistant of furnace wall are very important.  

Magnesia-chrome bricks have been widely utilized in the steel refining process and they are also applied to the 

linings of SAF smelting ferronickel. Investigations of the physical properties and slag corrosion behavior of magnesia-

chrome brick have been undertaken by many researchers. The dissolution mechanism of MgO and Cr2O3 in CaO-SiO2-

Al2O3-MgO-Cr2O3 was studied by Morita
[2]

. Yuan 
[3]

 studied the local corrosion of magnesia-chrome brick driven by 

marangoni convection at the slag-metal interface. Corrosion extent was found to decrease with the increase of MgO, 

FeO and Al2O3 contents in the slag. Ming-Hsiung Hon 
[4]

 investigated the reaction mechanisms between magnesia-

chrome brick and MgO-Al2O3-SiO2-CaO-FeO slag at 1923K by dynamic rotary testing and static slag corrosion test. In 

the slag permeated layer of MgO-Cr2O3 brick, CaMgSiO4 phase was founded. Alumina-chrome refractory is used in 

various forms such as castables and shaped refractories in blast furnaces, electric arc furnace, fiber glass furnaces, gasi-

fiers, carbon black reactors, various corrosion resistance refractory, in cinerators and high level nuclear waste vitrifica-

tion because of their superior mechanical properties, low solubility, chemical stability, slag corrosion resistance and 

thermal shock resistances
[6]

. Takehiko
[7]

 studied the corrosion of SiO2-CaO-B2O3 slag to alumina-chrome refractory. 

The experimental equation of corrosion rate was derived and the value of it could be calculated by basicity and viscosity 

of slag. Taira
[8]

 investigated the dissolution rate of Al2O3 to CaO-Al2O3-SiO2 slag. Corrosion extent would decrease with 

the rise of slag viscosity caused by the increase in CaO/Al2O3. Alumina-chrome brick was applied to the freeze lining of 

a submerged arc furnace smelting ferronickel in 2010 
[9]

.  

Magnesia-chrome brick and alumina-chrome brick have been applied to ferronickel SAF for many years. How-

ever, an extensive literature search shows that details of the corrosion reaction of these two refractories with ferronickel 

slag have not been studied. Besides, the comparison of applicability of these two refractories has not been carried out, 

reasonable component of ferronickel slag has not been discussed for prolonging the service life either. 

The present work was aimed at comparing reaction of magnesia-chrome brick and alumina-chrome brick with 

ferronickel slag by static slag corrosion testing. The suitability of them to freeze lining was also investigated. Further-

more, reasonable slag component minimizing erosion extent to linings was obtained by orthogonal experiment design. 
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EXPERIMENTAL PROCEDURE 

Preparation of ferronickel slag and refractory specimens 

Ferronickel slag was provided by a ferroalloys manufacturer, the composition of which was determined by XRF 

method and listed in Table 1. Refractory specimens were selected from commercial product and their components are 

shown in Table 2. 

Table 1. Composition of ferronickel slag, wt-% 

 CaO Fe2O3 MgO SiO2 NiO 

Ferronickel slag, % 13.8 8.8 30.2 47.1 0.09 

Table 2. Properties of refractories, wt-% 

 MgO SiO2 Cr2O3 Al2O3 Others 

Magnesia-chrome brick, % 63.09 0.75 20.06 10.36 5.48 

Alumina-chrome brick, % - 5.4 10.08 84.14 0.38 

Static slag corrosion testing 

The schematic diagram of the experimental furnace and crucible for the static slag corrosion test is illustrated in 

Figure 1. Refractory bricks were carved up to specimens by diamond table saw for the test (70×70×70 mm) and the hole  

holding slag (φ20×30 mm) was drilled in the centre of upper surface. Specimens and slag were set in the furnace and 

heated to the test temperature and kept for 3 hours. The test temperature is 1673K, 1773Kand 1873K, respectively. The 

specimens were vertically sectioned from the centre of surface for corrosion and permeation observation. 

 

Figure 1. Schematic diagram of the corrosion test equipment 

Orthogonal experiment design 

The suitable composition of ferronickel slag was concluded by summarizing experience from many ferronickel 

manufacturing facilities. The ratio of SiO2/MgO in slag is in the range 1.6 to 2.8. The content of FeO is about 

20%~30% and the basicity of slag is within the scope of 0.85~1.15
[1]

. If the component of ferronickel slag is within that 

range, the density gap between molten slag and metal is large, the molten slag has good fluidity, therefore molten iron 

and slag were easily to be separated and the recovery of nickel has been improved. 

The orthogonal experiment has been designed as follows. The factors of experiment are SiO2/MgO, basicity, 

FeO content and kinds of refractory. Extents of corrosion and permeation to linings were defined as the index. The or-

thogonal experiment of four factors and two levels was designed and the data is reported in Table 3. 4-factors and 2-

levels orthogonal test table could be obtained using Table 3 reported in Table 4. Eight experiments are carried out based 

on Table 3. The sequence of four affecting factors for lining corrosion could be known after the orthogonal experiment. 

At the same time, the lowest corrosion of slag composition to lining would also be obtained within the range specified 

in literature [1]. 
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Table 3. The factors and levels orthogonal graph (4 factors and 2 levels) 

factors 

levels 
FeO, wt-% SiO2/MgO basicity Kinds of refractory 

1 20 1.6 0.85 Magnesia-chrome brick 

2 30 2.8 1.15 Alumina-chrome brick 

Table 4. Orthogonal test scheme table 

Factors 

Experiment No. SiO2/MgO FeO, % basicity Kinds of refractory Slag No. 

1 1.6 20 0.85 Magnesia-chrome brick 1# 

2 1.6 30 1.15 Magnesia-chrome brick 2# 

3 2.8 20 1.15 Magnesia-chrome brick 3# 

4 2.8 30 0.85 Magnesia-chrome brick 4# 

5 1.6 20 0.85 Alumina-chrome brick 1# 

6 1.6 30 1.15 Alumina-chrome brick 2# 

7 2.8 20 1.15 Alumina-chrome brick 3# 

8 2.8 30 0.85 Alumina-chrome brick 4# 

RESULTS AND DISCUSSIONS 

Corrosion comparison of magnesia-chrome brick and alumina-chrome brick 

The corrosion extent of refractory bricks could be quantified by measuring the corrosion area from the vertical 

section, which is illustrated in Fig. 2. The permeation extent of bricks should be estimated by other method because 

permeating boundary is not clear sometimes. There are some residues of slag at the bottom of concave after corrosion 

test. The more quantities of slag residues in crucibles, the less refractory specimens have been permeated. Therefore, a 

certain volume of water has been injected in the slag hole of specimens. The more volume of injected water in drilling 

hole, the more refractory brick has been permeated. 

 

1-crucible concave; 2-corrosion area; 3-permeation area; 4-vertical section 

Figure 2. Vertical section of refractory specimen after slag corrosion test 

The corrosion area and injecting water volume of these two refractories is shown in Fig.3 within a 

1673K~1873K range. It could be known from Fig. 3 (a) that alumina-chrome brick has a better slag corrosion resistance 

property. From Fig.3 (b), magnesia-chrome brick has a better slag permeation resistance. Furthermore, the corrosion 

and permeation depth of these two refractories increases with the temperature increase. The corrosion and permeation 

extent of alumina-chrome brick was more affected by temperature than that of magnesia-chrome brick. 
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(a) Corrosion area (b) Permeationvolume 

Figure 3. The corrosion and permeation extent of refractory specimens 

The major content of magnesia-chrome brick is MgO and MgO.Cr2O3 spinel. The substitution solid solution 

(Al2-xCrx)2O3 formed by alumina (Al2O3) and chromia (Cr2O3), which is the main component of alumina-chrome 

brick
[10]

. There are certain quantities of FeO in ferronickel slag. FeO and MgO would form substitution solid solution 

led to the FeO content decrease in slag system. The viscosity of ferronickel slag would increase because of the lower 

amount of FeO. Slag permeation property was inverse relationship with viscosity based Stokes-Einstein equation, which 

is shown as follows: 

k

6 r

T
D


  (1), 

Where D is the ionic diffusion coefficient, η is the viscosity of slag, T is the temperature, r is the pore diameter of 

refractory, k and π are constant. Therefore, magnesia-chrome brick has a better slag permeation resistance performance 

than alumina-chrome brick. Although MgO in magnesia-chrome brick could form the substitution solid solution with 

FeO to prevent slag permeation, the magnesia-chrome brick is hardly to resist the corrosion of ferronickel slag with 

high content of SiO2.The Gibbs free energy of reaction between MgO and SiO2, Al2O3 and SiO2 is shown in Figure 4. It 

could be concluded that composite oxide at the bottom showed much more stability. It is clear that the straight line rep-

resenting the reaction between MgO and SiO2 is below the line expressing reaction between Al2O3 and SiO2. Therefore, 

the reaction between slag and magnesia-chrome brick is relatively stronger. In addition, the Al2O3 in alumina-chrome 

brick could react with FeO to generate hercynite, the melting point of which is around 1780℃.The formation of her-

cynite with high melting point would enhance the resistance of alumina-chrome brick to high temperature corrosion. 

 

Figure 4. The relationship between Gibbs free energy for forming silicate with 1 mol SiO2 and temperature 
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The alumina-chrome brick has excellent slag corrosion resistance and poor anti-permeation property. If the re-

fractory was permeated by molten slag, the internal structure would change and the risk of producing cracks would in-

crease. Compressive strength is an important index of refractory. Generally speaking, the compressive strength of re-

fractory is 5～10 times higher than breaking strength. When the thermal strength is greater than breaking strength, new 

cracks would generate on the basis of thermal elasticity theory. It is generally known that the overall performance of 

linings would decline if cracks appear. In addition, other properties of refractories should also be measured. The main 

properties of these two refractories are shown in Tab.4. 

Table 4. The main performance of magnesia-chrome brick and alumina-chrome brick 

 magnesia-chrome brick alumina-chrome brick 

Density, (g/cm
3
) 3.1 4.28 

Porosity,% 17 20 

Refractoriness under load, K 1700 1740 

Cold compressive strength, Mpa 45 ＞150 

Thermal conductivity, W/(m·K) 2.5 4.4 

It could be seen that the compressive strength of alumina-chrome brick is higher than that of magnesia-chrome 

brick. The experiment results from Fig. 3 illustrated that slag permeation resistance of alumina-chrome brick is relative-

ly week. Therefore, compressive strength test to the alumina-chrome bricks were carried out before and after slag corro-

sion experiment. Test result is shown in Fig.4. It could be found that compressive strength of alumina-chrome brick 

which is permeated by molten slag was still higher than that of magnesia-chrome brick. Given the data in Tab. 4, ther-

mal conductivity of alumina-chrome brick is 1.76 times higher than that of magnesia-chrome brick. The other properties 

have little difference. Synthesizing each kind of properties of these two refractories, alumina-chrome brick is the suita-

ble refractory to freeze lining in submerged arc furnace. 

 

Figure 5. Thecompressive strength test for alumina-chrome brick with and without slag permeation 

Orthogonal experiment with different slag composition 

There are 8 groups of slag corrosion experiments that have been carried out with regards to the Table 3. Experi-

ment results are shown in Fig. 5. It could be concluded that corrosion and permeation extent would be aggravated as the 

slag with high content of FeO. The relationship of index, corrosion areas and permeation volumes of linings, with 4 

factors was studied with the extreme difference analysis. Influence trend of index by factors is shown in Fig.7. From 

Fig.7 (a), the line representing kinds of refractories has the maximum straight slope, which means that kinds of refracto-

ry have the biggest impact on corrosion extent. The influence order of four factors to corrosion extent is shown in equa-

tion (2). 

(2) 

Similarly, from Fig.7 (b), kinds of refractory still have the biggest impact on permeation extent, the influence 

rank to which is listed in equation (3). 
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(3) 

Furthermore, the slag composition, which has the lowest corrosion and permeation to linings, could also be ob-

tained with that range from Fig. 7. The characteristics of this slag are listed as follows: SiO2/MgO is 1.7, FeO is 15% 

and basicity is 0.85. The alumina-chrome brick is the suitable furnace-wall refractory for freeze lining in SAF smelting 

ferronickel. 

 
(a) Corrosion area (b) Permeationvolume 

Figure 6. The corrosion and permeation extent of refractories in orthogonal experiment 

 
(a) Corrosion area (b) Permeationvolume 

Figure 7. The variation trend of corrosion and permeation extent affected by factors 

CONCLUSIONS 

The reaction between two refractories and molten ferronickel slag using static corrosion test has been investigat-

ed. These two refractories are magnesia-chrome brick and alumina-chrome brick. The results obtained in the present 

study are summarized as follows: 

(1) The slag permeation resistance performance of magnesia-chrome brick is higher than that of alumina-

chrome brick, the main reason of which is that FeO and MgO would form substitution solid solution led to 

the FeO content decrease in slag system, then the viscosity of ferronickel slag would increase and permea-

tion ability would decline. 

(2) The alumina-chrome brick has better slag corrosion property at 1673K-1873K. The Gibbs free energy of 

reaction between MgO and SiO2 is smaller than that of Al2O3 and SiO2. In addition, the Al2O3 in alumina-

chrome brick could react with FeO to generate hercynite, the melting point of which is around 1780℃. 

(3) The measured compressive strength of alumina-chrome brick is 190.34 Mpa. This value is declined to 

66.44 Mpa after molten slag permeation, which is still larger that of magnesia-chrome brick. Moreover, 

thermal conductivity of alumina-chrome brick is by 1.76 times bigger that of magnesia-chrome brick. Alu-

mina-chrome brick is the suitable refractory to freeze lining in submerged arc furnace. 

(4) The analysis of results of orthogonal experiment through extreme difference analysis showed that the influ-

ence order of four factors on corrosion and permeation is kinds of refractories, FeO content, SiO2/MgO and 

basicity. The slag composition that has the minimum corrosion ability is shown as follows: SiO2/MgO is 

1.7, FeO is 15% and basicity is 0.85. 



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 121  
 

REFERENCES 

[1] Ashok, D., Gordon, B., Robert, C.,The past and the future of nickel laterites. PDAC2004 International Conven-

tion, 2004, pp. 1-27. 

[2] Morita, T.,Shibuya, N., The solubility of the chromite in MgO-Al2O3-SiO2-CaO at 1600℃ in air. Tetsu to Ha-

gane, 70(1988)4, pp.632-639. 

[3] Yuan, Z., Wen, L., Kusuhiro, M., Local corrosion of magnesia-chrome refractories driven by Marangoni convec-

tion at the slag-metal interface. Journal of Colloid and Interface Science, 253(2002), pp. 211-216. 

[4] Hon, M., Hsu, C., Wang, M., Reaction between magnesia-chrome brick/slag interface by electric furnace static 

slag corrosion test. Materials Transactions, 49(2008)1, pp. 107-113. 

[5] Wang, M., Hsu, C., Hon, M., The reaction between the magnesia-chrome brick and the molten slag of MgO-

Al2O3-SiO2-CaO-FetO and the resulting microstructure. Ceramics International, 35(2009), pp.1501-1508. 

[6] Nath, M., Sen, S., Banerjee, K., et al.,Densification behavior and properties of alumina-chrome ceramics: effect 

of TiO2. Ceramics International, 39(2013), pp. 227-232. 

[7] Takehiko, H., Tatsuo, M., Satoshi, O., et al., Improvement of the corrosion resistance of alumina-chromia ceram-

ic materials in molten slag. Journal of the European Ceramic Society, 23(2003), pp.2089-2096. 

[8] Taira, S., Nakashima, K., Mori, k., Kinetic behavior of dissolution of sintered alumina into CaO-SiO2-Al2O3 

slags. ISIJ International, 33(1993)1, pp. 116-123. 

[9] Rodd, L., Voermann, N., Stober,F.,SNNC: a new Ferro-Nickel smelter in Korea. The 12th International Ferro-

Alloys Congress, pp.698-700. 

[10] Embelm, H., Davies, T., Harabi, A., et al., Solid-state chemistry of alumina-chrome refractories. Journal of Ma-

terials Science Letters, 11(1992), pp. 820-821. 



GENERAL ASPECTS 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 122  
 

INNOVATIVE ELECTRIC SMELTER SOLUTIONS OF THE SMS 

GROUP FOR THE SILICON INDUSTRY 

Dr. Rolf Degel, Dr, Christian Fröhling, Michael Kalisch, Erik Hecker, Harmen Oterdoom 

SMS Siemag AG, Eduard-Schloemann-Strasse 4, Düsseldorf, Germany 

ABSTRACT 

As far back as 1906, the SMS group delivered the first submerged arc furnace. Meanwhile – over more than 100 

years SMS has supplied more than 7,500 submerged arc furnace (SAF) plants as well as major components to SMS 

customers worldwide - operating plants for the production of ferroalloys, silicon, non-ferrous metals and other applica-

tions. Metix as well as Paul Wurth which have recently joined the SMS group have significantly increased the SMS 

product portfolio for our clients and SMS now offers complete process lines for all metal production facilities including 

a full range of upstream and downstream equipment. This paper will focus on recent SMS developments and projects 

with respect to electric smelters and submerged arc furnace technology, in particular the production of silicon. The 

paper will present the recent technology for silicon smelters, which are currently in progress or which have been re-

cently commissioned. Most electric furnaces are considered to be highly energy-intensive units. The high level of elec-

trical energy required is to a large extent defined by the process but can also be influenced by the equipment and the 

operating practices. SMS has developed a number of measures to reduce the overall energy consumption of these metal 

production facilities and will meet the requirements on environmental restrictions of the future. 

INTRODUCTION TO THE SMS GROUP 

The SMS group is, under SMS Holding GmbH, a global player in plant construction and mechanical engineering for the 

steel, nonferrous metals, ferroalloy and silicon production industries. It consists of the business areas represented by 

SMS Siemag, SMS Meer, Paul Wurth and the industrial affiliates. SMS Siemag is a part of the SMS group with more 

than 13,500 employees, which in 2013 attracted sales totaling some EUR 3 billion. Silicon furnaces are designed in the 

SMS office in Düsseldorf, Germany [1]. In recent decades SMS Siemag has supplied the majority of the SAF’s for FeSi 

& silicon production. With more than 90 references for large scale silicon and FeSi furnaces since 1970, SMS is leading 

the furnace market (see Fig. 1). 

 

Fig. 1: SMS Siemag milestones in Silicon / FeSi furnaces 

Over the past years silicon plants have been commissioned in Korea, China, Kazakhstan and Germany. The most 

recent reference is a FeSi plant supplied for POSCO in Korea. The following Figure 1 shows a selection of the furnaces 

installed with the involvement of the SMS group. On 22
nd

 June 2011 the Metix Company which is based in Johannes-

burg, RSA, joined SMS Siemag AG as part of the SMS Group. Providing active in-plant construction and supplying 
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equipment to the ferroalloy industry for almost ten years, Metix is the market leader with respect to electric smelter 

technology in the southern African region. Combined with SMS Siemag it takes the group market share of more than 

50% of the western world ferroalloys, non-ferrous and precious metals equipment market. Paul Wurth in Luxembourg, 

with its 1,600 employees and 26 subsidiaries, is worldwide leading company for the supply of complete solutions for 

blast furnaces, coke ovens and environmental technology for iron works. For submerged arc furnaces and electric smel-

ters, Paul Wurth offers superior equipment such as drilling machines and mud guns (provided by TMT). 

HISTORY AND COMPETENCIES OF SMS WITH RESPECT TO SILICON SMELTERS 

SMS, a major supplier for the iron and steel industry for the last 100 years, started with the construction of the first 

submerged arc furnace in 1906 [2]. A 1.5 MVA unit was installed in Horst, Ruhr, Germany, for the production of calci-

um carbide and was successfully commissioned the same year. 

 

Figure 2: SMS silicon /FeSi furnace as supplied in the 50’s [2] 

Figure 2 shows a typical silicon furnace of the 1950’s as it was promoted at that time. It should be pointed out 

that the basic principles of the furnace technology have not been changed [2-6]. SMS, however, has progressively im-

proved the design ensuring today a highly reliable and efficient operation. The evolution of the technology, along with 

the major milestones is shown below: 

1906: Reduction furnace (bottom + top electrode) 

1935: 15 MVA furnace for silicon production 

1951: SAF with rotating gear for silicon production 

1956: Compensated low-inductive high current line 

1958: Hydraulically regulated electrode column 

1966: Encapsulated electrode column 

1967: Large-capacity ferro-silicon furnace 

1970: Channel type water cooled roof for FeSi/silicon furnaces 

1974: Large-capacity silicon furnace 

1975: First energy recovery system for 3 FeSi furnaces 

1980 Pilot furnace for SG silicon production 

2000: New type of control systems 

2005: Compact electrode column (suspended type) 

2012: Glass fiber tem. measurement of the side wall 

2013: Modified arrangement of charging for less stoking 

2014: Composite electrode 

Additionally, significant developments have improved the safety and environmental conditions in the modern 

smelter. The furnace control systems also underwent a significant evolution in past decades. The very first furnaces 

were completely manually controlled. Since the end of the 1950’s, SMS SAF’s have been equipped with electrode con-

trollers. Today’s advanced submerged arc furnaces make use of modern computerized control systems. 
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SILICON MARKET 

After a prolonged period of lower silicon prices, the market appears to be recovering. Independent market re-

search institutes as well as the producers are optimistic for the immediate future [7-8]. For 2015 a stronger demand for 

silicon is predicted [6]. It is also apparent that, due to high energy demand of the furnaces, new installations are being 

considered in countries with lower energy cost levels (such as the Canada, US, Middle East& some Asian countries). 

The production of silicon and FeSi requires the highest specific energy consumption of all submerged furnace applica-

tions. The specific energy consumption required for silicon is 10,000 – 12,500 kWh/t. China is still dominant in terms 

of market share but faces a challenging situation due to increasing power cost, raw material and labour costs along with 

difficulties in terms of product quality [9]. Additionally, the existing plants, particularly those which are located in high 

energy cost countries, are being forced to lower their overall production costs (e.g. with energy recovery systems, instal-

lation of composite electrodes and increased levels of automation to lower personnel costs). According to the overall 

situation and several market studies an annual gap of approx. 100,000 t of silicon can be expected until 2018 [10]. 

TODAY’S REQUIREMENTS ON MODERN SILICON SMELTERS 

In order to remain competitive in the market, operators ask for a maximum possible silicon production capacity 

per unit, high silica fume quality at lowest possible costs (only achievable with minimized electrical losses, implemen-

tation of energy recovery systems, maximum plant availability and advanced control systems) [11-12]. Furthermore, the 

units are expected to operate reliably, even under variable operating conditions. The design needs to cope with fluctuat-

ing raw material properties (in terms of physical and chemical characteristics) due to changing mining conditions and 

the need to find lower cost alternative sources of raw materials and being independent from political influences. Most 

important is to ensure the maximum possible plant safety and to install adequate gas cleaning systems to achieve the 

lowest impact to the environment and optimum working conditions for the employees. Finally, the product quality 

should be reliable and able to meet the specifications of the end users. The following sections will describe SMS’s solu-

tions, to meet the requirements for such systems. 

TECHNOLOGICAL ASPECTS OF MODERN SILICON SMELTERS SUPPLIED BY SMS 

The principle of a submerged arc furnace might look simple. The SAF works with electrical energy which is 

converted into heat using the electrical resistance of the burden and in the arc between the tip of the electrode and the 

hearth. The electrodes are submerged in the raw materials and the current passing from the tip of the electrodes to the 

hearth and between the phases provides the required energy exchange between electrodes in the cavern and the raw ma-

terials and intermediate products. The key equipment of a submerged arc silicon furnace is illustrated in Figure 3. A 

typical furnace is based on a circular rotating shell with 5 tap holes. The furnace shell is refractory-lined including car-

bon for the hearth and lower side walls of the crucible. The furnace hood is water cooled by channel cooling system, 

and incorporates glands, openings and seals for the electrode columns, charging pipes and off-gas ducts [12]. Electrical 

energy is transferred into the furnace via pre-baked carbon or graphite electrodes, in some applications with Søderberg 

or Aluminum-casing electrode. The composite electrode is also utilized in numerous furnaces worldwide. The electrode 

column assemblies contain all equipment required to hold, slip and move the electrodes as well as to regulate their 

penetration into the furnace burden. All operations on the electrodes are performed hydraulically [13]. Electrical energy 

is normally supplied from the furnace transformers via high current lines, water-cooled flexibles, bus tubes at the elec-

trodes and the contact clamps into the electrodes. Today, control and supervision is carried out by a PLC and visualiza-

tion system [14]. A back-up for manual operation is also provided in the control room. The process gas is combusted 

inside the furnace hood through the controlled addition of combustion air and is transferred through the off-gas duct to 

the boiler (if any) and bag house where it is cleaned. 
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Figure 3: Modern silicon furnace 

Day bin and furnace charging systems 

For an optimized furnace operation the generation of fines as well as insufficient mixing or excessive segrega-

tion of the furnace charge has a negative impact on the silicon process resulting in a lower production at higher specific 

energy consumption levels, lower NOx-values as well as lower yields [21]. The SMS design today allows for the mixing 

of individual, accurate and smaller batches to the furnace bins. The batches are typically transported either via a con-

veying system or using a specially designed bucket feeding system to the furnace bins. This is a fully automated opera-

tion. The bucket feeding system is recommended, when the proportion of charcoal exceeds 50% of the reductant mix. 

The two-compartment bucket allows for separate handling of the fragile charcoal in the batching operation until the 

filling of the furnace charge bins in order to avoid excessive fines generation. Such a system is operating successfully at 

the two furnaces supplied to Simcoa in Australia. 

Electrode column 

One of the most critical components of a silicon furnace is the electrode column(s). Picture 4 shows the most re-

cent SMS design for pre-beaked carbon electrodes. The fail safe, hydraulically actuated electrode holding and slipping 

device prevents any uncontrolled slipping, even in case of a complete power outage or malfunctioning of the hydraulic 

plant. The durable contact-clamps provide highest possible energy transfer to the electrode. Picture 5 show the current 

and potential distribution affected by the magnetic field in one electrode and surrounding high current copper tubes 

[15]. Because of the optimized design of the copper tubes in the direct vicinity of the electrodes electrical losses caused 

by the magnetic induction could be reduced. Modern SMS furnaces are equipped with a suspended electrode column. 

With this arrangement, the height of the electrode column is reduced (by several meters) which saves costs in the con-

struction of the building and results in less electrode breakages. In case of unforeseen events, the lower part of the elec-

trode column can hold the weight of the electrode using the hydraulically actuated pressure ring. This reduces downtime 

and lost production following an upper column electrode failure [16-17]. The electrode system demonstrates its reliable 

performance even in the harsh environment of the silicon furnace and has long life. 
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Figure 4: Electrode system for a modern silicon furnace of SMS  

 

Figure 5: Potential distribution in high current lines 

Composite electrode 

The composite electrode is highly discussed among silicon producers. Today, around more than 30 of these sys-

tems are installed in furnaces worldwide. Mainly such systems were developed over the past two decades by operating 

companies and are available under license from certain providers. Especially for larger capacity furnaces (> 26 MW), 

such systems are virtually compulsory due to the larger electrode sizes, which cannot be provided economically readily 

by pre-baked electrode suppliers. Furthermore FeSi furnace has been converted into silicon furnace by using this tech-

nology. The system has its benefits and drawbacks. It allows the construction of mega furnaces and saves up to 50% of 

electrode costs (due to the substitution of pre-baked electrode material with cheaper electrode paste) [22]. Composite 

electrodes also eliminate the weak point in the electrode column of the connection between electrode segments. On the 

other hand, it adds additional complexity in the silicon operation. Therefore, we recommend such systems primarily for 

experienced silicon producers. SMS has acknowledged the trend to the use of composite electrodes (see Figure 6). 

The combination of the composite electrode technology with the SMS compact electrode columns has the ad-

vantage, that the pressure ring in the lower section of the electrode column can put a controlled pressure on the lower 

section of the steel casing, allowing an additional control when pushing the baked electrode through the casing. It is 

assumed that the electrode consumption as well as the specific energy consumption remains unchanged. This has been 

confirmed by numerous operators using composite electrode systems.  
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Figure 6: Composite electrode for SMS silicon furnaces 

Channel cooled furnace roof 

The furnace roof has to cope with extreme conditions in a silicon operation. When blows occur, the gas stream 

shooting out of the burden can reach temperatures of up to 2,500°C. The roof therefore faces extreme temperature fluc-

tuations. In order to improve the integrity of the roof, SMS has designed it with a channel type cooling system [17]. No 

welds are exposed on the hot under side of the roof, which minimizes the risk of potential water leaks (see Figure 7). 

 

Figure 7: Water cooled roof of an SMS silicon furnace 

To further reduce any operating risk resulting from water leaks, today furnaces are additionally equipped with a 

water leak detection system which even detects any small water leak. The roof also incorporates a pitch circle adjust-

ment system allowing the pitch circle diameter of the electrodes to be changed. This is necessary if the raw materials are 

changed and improves the flexibility in terms of fluctuations in raw material characteristics. It also assists with optimi-

zation of process efficiencies following commissioning. 

Door design 

Today’s furnaces are equipped with doors allowing control of the air going into the furnace for process gas com-

bustion along with cooling air to control off gas temperature (Figure 8). The advantage of an increased off-gas tempera-

ture is that the size of the bag house is minimized and the furnace is suitable for connection with an energy recovery 

system. The newly developed design allows good access from all sides of the furnace for stoking by minimizing uncon-

trolled air flow into the furnace cover and minimizing contamination of the environment. 
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Figure 8: Doors of a SMS silicon furnace operating at nominal load 

Within the context of the increased off gas temperature, SMS is testing development from TMT (JV between 

SMS and Dango and Dienenthal) for 2d top gas temperature measurement inside the gas hood to have true gas tempera-

ture reading for better control of the ingress air going into the furnace through the open doors. Several transceivers, each 

operating as transmitter and receiver, are installed on the circumference of the gas hood. Each transceiver emits sounds 

recorded in turn by the other transceivers. The speed of sound is directly proportional to the actual gas temperature. A 

high performance processor calculates the actual gas temperature in-between transceivers after each sound emission. 

Stoking activities can be planned accordingly. 

Fume extraction 

The fume extraction of the SMS furnace guides the fumes, via a duct system, back under the furnace roof, seal-

ing at the same time the electrode glands and feeding tubes. It is also injected through the outer rim of the roof back into 

the furnace forming an air curtain to prevent fumes escaping from the furnace into the furnace building. Additionally, it 

saves one bag house otherwise necessary for conventional tapping fume systems. 

Mud gun and drilling machine/Stoking machines 

Because of safety aspects, it is advisable that the minimum number of people are working in the stoking and tap-

ping areas of the furnace. TMT has developed a new generation of stoking machines as well as mud gun and drilling 

machines allowing automated stoking as well as drilling and closing of the furnace. 

Improvement of overall electrical efficiency – transformers and high current system 

Depending on the furnaces and the application, the electrical energy losses of poorly designed furnaces can con-

tribute almost 20% to the overall energy losses. The design and the material for the high current line, including the elec-

trode column as well as for the furnace roof is highly influencing the specific energy consumption. SMS has optimized 

the high current line system in such a way that minimizes the reactance of the system and reducing the off-times due to 

maintenance purposes (Figures 9 and 10). 

 

Figure 9: Simulation of high current line clamping frame electromagnetic distribution at transformer outlet 

 

Figure 10: Simulation of high current system including electrodes 

At modern furnaces the transformers are placed as close as possible to the electrode. Additionally, using a higher 

cross section for the high current line system as well as the use of a pressure ring made of copper reduces the overall 
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energy consumption (Figure 11) [16]. The use of copper pressure rings can contribute to a saving of up to 1.5% of the 

losses in reactive power for high capacity furnaces. For this reason, SMS has developed a patented lower section of the 

electrode column, which saves energy, has an increased working life than materials used in the past and requires mini-

mal maintenance. 

 
 

Figure 11: Lower part of the electrode column 

Energy Recovery Systems 

In semi-open electric smelters, the combustible components of the process gases are fully combusted in the free-

board area above the burden. Today’s furnaces are equipped with doors allowing the precise control of the off-gas tem-

perature between 550 to 750°C [18]. 

 

Figure 12: Waste heat boiler for energy recovery from process gas 

Instead of cooling the off gas by means of a forced draft cooler or a hair-pin cooler the energy of the off gas is 

utilized to generate superheated steam within a waste heat boiler. Inside the waste heat boiler convective heating surfac-

es are located. The boiler is designed with heating surface tube banks for economizer, evaporator and superheater. The 

upper part of the boiler casing consists of water walls and belongs to the evaporator system. This measure leads to a 

very high flexibility of the system in case of off-gas temperature peaks etc. The boiler will be operated in natural circu-

lation, thus no circulation pumps are required. The generated superheated steam can be utilized for several applications 

like e.g. electrical power generation, process steam in a steam net, drives for fans etc. Such an energy recovery unit is 

being installed at Etikrom, the leading FeCr-producer in Turkey. The boiler produces 2 x 15 tons of steam, which will 

be converted in a power generation system to 5 MW electrical power. Internal calculation shows that in some Si-metal 

and FeSi processes up to 30% of the electric power input can be recovered as electrical power (see Figure 12) [19]. 

OPTIMIZED PLANT AVAILABILTY WITH RELIABLE EQUIPMENT AND 

PREVENTIVE MAINTENANCE 

The stability of the operation is significantly improved with higher silicon recovery levels and reduced heat elec-

trical losses, if the furnaces are operating continuously (minimum interruptions) at or above nominal load, and when the 

furnace conditions, including the raw materials are kept constant. Furnace interruptions can have a significant negative 

impact on the specific energy consumption due to the additional energy required for ramp-up of the furnace to nominal 

load and to stabilize the process. A series of even short shutdowns can have a cumulative effect in terms of disrupting 

the process and will result in loss of production. SMS is well known for supplying reliable and efficient smelters all 

over the world. Its design assures highest plant availability levels. 
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REFINING COMPETENCES 

SMS is the leading supplier for refining units applied for the steel industry. It has also extended its competences 

and transferred its knowhow for Si-metal refining. SMS developed in-house engineering for refining stations together 

with RHI, which were firstly applied at the furnaces for Kazsilicon and the FeSi plant at POSCO, South Korea (Figure 

13). 

 

 

Figure 13: FeSi refining at POSCO Korea: Refining during tapping (left) and refining station (right) 

The unit is refining the metal in the ladle and the air/oxygen mixture is injected via one plug and the refining sta-

tion is equipped with a separate de-dusting system. To optimize recovery and quality, a skull removing machine and a 

de-slagging station can be installed specifically for the production of FeSi. The blow pattern of the unit is controlled by 

the automation system. The refining station reduces undesired elements such as Al and Ca down to the requested off-

takers specification. For high purity products the Al content should be below 0,10%, Ca content - below 0,06%, and the 

Ti contend - below 0,01 %. In order to achieve these values, SMS will critically look at the foreseen raw materials and 

give advice according to the desired specifications. SMS is also developing the reduction of the impurities of Ti and B 

through the introduction of special additives, because elements of Ti, Mn and P cannot be removed from the metal dur-

ing the normal air/oxygen bottom blowing refining [21]. 

R&D TOPICS 

One major reason for SMS’s position in the world market is the constant improvement of processes and equip-

ment through innovation. Major milestones are only possible with strong clients. For many years on, SMS cooperates 

with numerous research institutes and universities as well as a wide range of consultants. 

Strategic developments 

 Large scale silicon furnaces (>40 MW) 

 New process lines with pilot smelter at University of Aachen/Germany 

 Mini Submerged Arc Furnaces for ferroalloy and silicon production 

Fundamental developments 

 Fundamental R+D for new process lines AC vs. DC 

 Modelling of various processes 

Operational development 

 Composite electrode system 

 Refining optimization 

 Emissions reduction 

 Clean environment analysis 

Slag cleaning 

SMS has developed a process for the cleaning of copper slags by using DC technology that increases separation 

effects between conductive and nonconductive materials in their liquid state. It could be considered to process slag from 

special silicon production, like solar grade processes and investigate whether this improves recovery of upgraded silicon 

products. A second effect to investigate is the removal of B and P in such a unit by a variation of slag refining.  

Mini SAF 

The Mini Submerged Arc Furnace (Mini SAF) is a simplified version of a small capacity smelter (< 12 MVA). 

The goal is to develop the lowest possible cost unit. Charging is carried out manually, the electrode column is simplified 

and the unit does not require a hydraulic system. Additionally, the concept saves significant costs for the civil and build-

ing construction portion of the project. It must be emphasized that the Mini SAF meets international safety and envi-
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ronmental standards. Apart from silicon, it will also be possible to produce FeSi, FeMn, SiMn and FeCr in these units. 

SMS is targeting smaller companies in developing countries such as India as well as in Asia and Africa [22]. 

Mega silicon furnace 

Going to the other extreme, SMS is also looking for possible furnace capacities for silicon beyond 40 MW. Such 

a capacity is only possible through the installation of either very large composite electrode systems or by installing 6 

electrodes per furnace. SMS supplied a 6-electrode rectangular furnace in the 80’s in the US, which is still in operation. 

This new development investigates the possibility to use 6 electrodes in a circular furnace, including a rotating shell. 

The improved multiple electrode concept for circular silicon furnaces allows power input of > 40 MW and provides an 

even power distribution and reduced electrical losses from the furnace resulting in a low specific energy consumption 

[22]. 

CONCLUSION 

The first SAF has been commissioned more than 100 years ago in Germany. Since then, a remarkable develop-

ment of this smelting tool has been recognized all over the world, and submerged arc furnaces are now operating in at 

least 20 different main industrial fields. SMS group can offer a wide and complex product portfolio for AC- and DC-

based smelter technology. In particular, the silicon smelters are constantly being improved and today they are the most 

reliable and efficient units worldwide. Combining a silicon furnace with an energy recovery system is especially rec-

ommended for counties with higher energy price level. SMS is prepared to fulfill the requirements for the silicon market 

regarding increased production units for the near future. 
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ABSTRACT 

The main usage area of chromium in metallurgy is ferrochromium, and FeCr covers 95% of the total chromium 

production. 90% of this ferrochromium is used as an alloying addition in stainless and heat-resistant steels. Although 

Turkey does not have large reserves of chromite, these ores are preferred to be used in metallurgical sector due to the 

fact that they have high quality.  

This study was aimed at producing molybdenum-, nickel-, chromium-containing iron-based alloys via metallo-

thermic process. In Turkey, Eti Krom A.Ş. produces high carbon ferrochromium by consuming 2700 kWh/t energy. In 

the case of the low carbon ferrochromium production in Antalya, the energy consumption can increase up to 

8200 kWh/t. Instead of the electrical energy, aluminum scrap and powder are used for reduction and smelting of low 

carbon FeCr as the concept of the energy efficiency. Thus, energy consumption and pollution is decreased. 

In our first experimental set, low carbon FeCr was produced which contains 66%Cr and 0.2% C. Additionally, 

low carbon iron-based alloys were also produced by metallothermic process. In the second set of the study, millscale 

was used as iron source. MoO3, Cr2O3, NiO were used as alloying elements. Mg, Si and Al were used as reductants. 

Millscale is a layer of iron oxide which forms on ferrous materials cooling after being processed in hot rolling or con-

tinuous casting plants. Millscale contains iron, iron I, iron II and iron III oxides which results in a 70% total iron con-

tent in oxide form.  

In the millscale studies, Mo 76%, Ni 91%, Cr 62.5% are recovered with these recovery rates, respectively. The 

samples were characterized by using chemical analysis, AAS, XRD, XRF techniques. 

INTRODUCTION  

Chrome is one of the natural components of the earth crusts and one of the basic elements of metallurgy, chemi-

cal and refractory industry. In metallurgical industry, the most important usage of chromium ore is ferrochromium pro-

duction which is used in making stainless steel. Ferrochromium is crucial ingredient of stainless steel, metal and also 

arms industry. Because of its high resistance to corrosion, chemical effects and abrasion, besides hard structure, it is 

widely used for coating of steel and other materials [1]. 

This study proposed a metallothermic process to produce iron based alloys using a mixture of millscale and 

Fe2O3 as an iron source, NiO, Cr2O3, MoO3 and chromic acid as alloying elements, Al as the main reductant, Mg and Si 

were added as reductants for higher Cr recovery. 

In the world, chromite resources level is totally 7.6 billion tons but just 3.6 billion tones can be classified as a re-

serve. Chromium ore deposits that can be economically operated; they are mainly located in South Africa, Kazakhstan, 

Zimbabwe, Finland, India, Turkey, Iran, the Philippines, Cuba and Brazil [2]. Ferrochrome is an alloy of iron and 

chromium, with chromium containing rate of 45-95%, usually used for rust and corrosion prevention and resistance 

increasing in the iron and steel industry. According to the amount of C contained, it is divided into three groups; high 

carbon (4-10% C), medium carbon (0.5-4% C), low-carbon (0.01 to 0.5% C) ferrochromium. For the first time in 1820, 

it was produced by chromium and oxide mixture reducing by charcoal in a crucible. The usage of electrothermal pro-

cess in ferrochromium production was a turning point for development. In 1893, Moisson obtained ferrochromium con-

taining 60% Cr and 6% C, in an electric furnace. In 1907, low carbon ferrochromium production was carried out by F. 

M. Becket [3]. Metallothermic process is distinguished from the other production methods by characterized several fea-

tures. Some of them are listed as easy applicability, high reaction rate, low power requirements and low cost [4, 5].  

The first part of this study was aimed at producing low carbon ferrochromium with using Eti Krom A.Ş. concen-

trate via metallothermic process. The second part of this study was aimed at producing iron-based alloys with low car-

bon content (chromium, nickel and molybdenum) by metallothermic process. 
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EXPERIMENTAL STUDY 

In the first set of experimental studies, low-carbon ferrochromium production from chromite was aimed and Eti 

Krom A.Ş. concentrate is given in Table 1. 98% purity Al powder was used as a reductant and minimum 99.7% CrO3 

containing chromic acid was added into the charge. 

Table 1: Composition of Eti Krom A.Ş. concentrate (%) 

Cr2O3 47.16 

Fe2O3 16.00 

SiO2 6.5 

Al2O3 10.63 

CaO 0.32 

MgO 19.05 

In the first experiments set, grinded CrO3 and chromite concentrate were dried at 105
0
C in an oven for about 30 

minutes. Ratio of concentrate and chromic acid are fixed by using FactSage 6.2 Thermochemical Software data. Addi-

tion of Al used as reductant was calculated according to calculation mixture scale with using assay balance. Then base 

mixture was prepared in turbula mixer.  

Table 2. Experimental data for mixture compound 

Experiment No Chromite-CrO3(%) Chromite CrO3 Al(%) 

1 50–50 50 50 100 

2 55 - 45 55 45 100 

3 60–40 60 40 100 

4 65 - 35 65 35 100 

5 70 - 30 70 30 100 

6 65–35 195 105 100 

7 65–35 65 35 90 

8 65–35 65 35 110 

9 65–35 65 35 120 

In the second set of metallothermic experiments, a mixture of Mill scale, NiO, Cr2O3, MoO3 and Al powders 

were used in order to produce metallic Fe, Fe-Ni, Fe-Ni-Cr, and Fe-Ni-Cr-Mo alloys. The metal oxide powders have 

over 96% purity and 150 µm average grain sizes. Table 3 displays purity and grain size of powders. Chemical analysis 

of mill scale is given in Table 4. The advanced thermochemical simulations of the reactions were investigated in detail 

including different ratios of initial mixtures, appropriate flux, heat sinker or increaser additions as well as different ini-

tial temperatures in order to reduce the number of experiments.  

Table 3: Purity and Grain Size of Raw Materials 

Raw Materials Purity, % Grain Size 

Al > 96.0 < 150 micron 

Cr
2
O

3
 > 99.0 < 150 micron 

NiO > 99.0 < 150 micron 

Fe > 98.0 < 150 micron 

Mill Scale >70.95* < 150 micron 

*iron oxide content 
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Table 4: Chemical Analysis of the Dried Mill Scale 

Component Ratio, wt. % 

Total Iron 70.95 

Fe
2+

 24.59 

Fe
3+

 42.80 

Fe
0
 3.65 

Mn 0.14 

Cu 0.75 

SiO2 0.39 

For both experimental sets, the reaction mixtures were mixed thoroughly for 15 minutes in a turbula mixer and 

powder mixtures (approximately 150 g) were charged into Cu crucible and compacted. W (tungsten) wire was placed at 

the top of copper crucible and the reaction was realized by passing current through the wire. After initiation, a highly 

exothermic reaction became self-sustaining and propagated throughout the metallothermic mixture. The obtained metal-

lothermic products were discharged from the crucible after cooling.  

RESULT AND DISCUSSION 

By using metallothermic method for the first set of experiments, total metal recovery, the scattering ratio param-

eters, calculated results are shown below in table form. Besides concentrate and chromic acid ratio, the amount of Al 

was changed. In the case where the high yields obtained, the stoichiometric ratio was changed and this change is shown 

in Table 5. Effects were observed by varying experimental parameters. Also parameters where high yield was obtained 

are increasing by 3 times to observe the test result. In Figure 1, the efficiency of Cr is illustrated; and Figure 2 presents 

metal gain and scattering ratio. 

 

Figure 1: Efficiency of test parameter to Cr yield 
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Figure 2: Metal gain ratio and scattering ratio according to the test parameter 

In the second series, productions of Fe-Ni and Fe-Cr-Ni alloys was investigated by using a mixture of Mill scale, 

NiO, Al and Mill scale, NiO, Cr2O3, Al with using Cu crucible. The list of experiment parameters, weight of the initial 

mixtures and final products are given in Table 5. NiO addition into the green mixtures decreased the total metal recov-

ery. On the other hand, Cr2O3 addition into the green mixtures decreased the scattered ratio due to the lower exother-

micity of Cr2O3 reduction. The second series of experiments aimed at producing some similar alloys, alike stainless 

steel (S.S.) which contains the same ratio of Cr, Ni, Mo of standard stainless steels. 

Table 5: Weight of the Initial Mixtures and Final Products (Stainless Steel “S.S.”). 

Experiment Pa-

rameters 

Initial Mixture, (g) Final Products 
Total Metal 

Recovery, % 

Scattered 

Ratio, % Mill 

Scale 
Al NiO Cr2O3 Alloy Slag 

Fe Ni 100 37.7 25.4 x 73.2 68.8 78 10.9 

304  S.S. 83.6 34.1 10.5 21.7 65.2 81.4 79 6.7 

304  S.S. 100 40.8 12.5 25.9 88 86.6 89 3.0 

305  S.S. 100 41.8 15.4 26.6 89.7 80.1 88 1.7 

305  S.S. 50 20.9 8 13.3 46.4 43.3 91 1.8 

201  S.S. 100 38 5.7 22.5 80.2 85 88 6.8 

201  S.S. 50 19 2.9 11.3 44.9 21.1 98 3.5 

301  S.S. 100 38.8 8.3 23.2 81.5 88.7 87 2.4 

316  S.S. 100 42.2 14.2 25.2 88.5 82.3 87 2.8 

317  S.S. 100 44.7 16.6 28.6 94 86.5 87 4.2 

Metallic distributions in alloy, slag and scattered parts obtained after metallothermic experiments are given in 

Table 6. Fe recovery was reduced with the NiO addition into the green mixture, but it was ascended with the Cr2O3 ad-

dition. Highest metal recoveries were measured as 100% Fe, 99.75 % Ni, 75 % Cr, 91 % Mo, respectively.  

no reaction 
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Table 6. Metallothermic Products, Metal Recoveries 

Experiment 

Parameters 

Fe, % Al, % Cr, % Ni, % Mo, % 

Fe Ni 93.80 X X 86.30 x 

304  S.S. 100.0 X 67.20 95.00 x 

304  S.S. 100.0 X 72.00 100.0 x 

305  S.S. 94.30 X 59.40 99.75 x 

305  S.S. 99.00 X 74.30 92.16 x 

201  S.S. 95.70 X 75.00 94.80 x 

201  S.S. 96.00 X 72.30 86.30 x 

301  S.S. 97.00 X 66.80 100.0 x 

316  S.S. 95.00 X 61.50 99.00 91.00 

317  S.S. 95.70 X 62.45 88.00 78.12 

In the last series of metallothermic experiment, reductant effect has been investigated by adding Mg and Si. 316 

and 201 stainless steel standards were selected for this experiments to reach higher Cr recovery, because 316 series Cr 

recovery was the worst of experiments and 201 series had the highest Cr recoveries in the same series. Both Mg and Si 

additives positively affected the Cr recovery, the best result has been detected in 100% Millscale, 95% Al, 5% Si sys-

tem. The Cr recovery was increased from 61.5% to 69.4% but the same effect has not been seen in 201 stainless steel 

standard experiment. The list of experiment parameters, weight of the initial mixtures and final products are given in 

Table 7. 

Table 7: Weight of the Initial Mixtures and Final Products 

Initial Mixture, (g) Final Prod-

ucts 
Total Met-

al Recov-

ery, % 

Scattered 

Ratio, % 

Additives Stoi-

chiometric Ratio, 

% Mill 

Scale 

Al 

(g) 

Mg 

(g) 

Si 

(g) 

NiO 

(g) 

Cr2O3 

(g) 

MoO3 

(g) 
Alloy Slag 

100 42.2 2.1 x 14.2 25.2 3.3 88.1 87 87 2.6 100 Al, 5 Mg 

100 40.1 2.2 x 14.2 25.2 3.3 89.2 73.7 88 1.8 95 Al, 5 Mg 

100 38.0 4.2 x 14.2 25.2 3.3 88 70.3 87 4.4 90 Al, 10 Mg 

100 38.0 4.2 x 14.2 27.7 3.3 94.5 86.5 92 0.3 110 Cr 

100 42.2 x 2.1 14.2 25.2 3.3 89.5 83 89 2.9 100 Al, 5 Si 

100 40.1 x 2.2 14.2 25.2 3.3 90.3 83 89 4.9 95 Al, 5 Si 

100 40.1 1.0 1.0 14.2 25.2 3.3 83.8 84.3 85 8.7 95 Al, 5 Mg-Si 

100 36.1 1.9 x 5.7 22.5 x 85.6 12.3 94 0.8 95 Al, 5 Mg 

50 18 1 x 2.9 11.3 x 41.8 31.4 92 1.5 95 Al, 5 Mg 

Metallic distributions in alloy, slag and scattered parts obtained after metallothermic experiments were given in 

Table X. Fe recovery was reduced with the NiO addition into the green mixture, but it was ascended with the Cr2O3 

addition. Highest metal recoveries were measured as 99% Fe, 98 % Ni, 72 % Cr, 95.4 % Mo, respectively.  

Table 8: Metallothermic Products, Metal Recoveries 

Additives Stoichi-

ometric Ratio, % 

Fe, % Al, % Cr, % Ni,% Mo, % Alloy 

100 Al, 5 Mg 95.90 x 64.70 98.10 95.40 316  S.S. 

95 Al, 5 Mg 95.80 x 68.80 96.50 93.20 316  S.S. 

90 Al, 10 Mg 95.60 x 63.00 92.70 91.30 316  S.S. 

110 Cr 90.50 x 54.00 92.00 80.00 316  S.S. 

100 Al, 5 Si 96.00 x 69.41 94.00 92.70 316  S.S. 

95 Al, 5 Si 99.00 x 67.20 83.60 78.10 316  S.S. 

95 Al, 5 Mg-Si 99.00 x 68.70 99.50 92.20 316  S.S. 

95 Al, 5 Mg 96.00 x 71.00 98.00 x 201  S.S. 

95 Al, 5 Mg 97.00 x 72.00 96.00 x 201  S.S. 
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CONCLUSION 

The study shows that production of low-carbon ferrochromium is possible by metallothermic process. For the 

chromite concentrate experiments, the optimum condition was detected in stoichiometric 110% Al and 65-35% concen-

trate-CrO3 mixture. This mixture’s Cr recovery is calculated approximately at 66.46%. In our future study, additional 

Al and charge amount optimization will be attempted. In the mill scale based experimental set the highest Cr recovery is 

calculated 72 % at stoichiometric 95%Al, 5%Mg mixture. 
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Ferromolybdenum Production according to Silicoaluminthermal 

Method: High Quality, Chemical and Granulometric Composition 

Stability 

V. N. Kornievskiy, A. I. Panchenko, I. N. Logozinskiy, A. S. Salnikov, M. I. Gasik, P. A. Shibeko, 

I. L. Budnik, A. V. Yakovitskiy. 

PJSC “Dneprospetsstal” (Zaporizhzhia, Ukraine) 

The results of the thermodynamic analysis of silicoaluminthermal production process reactions using imported 

molybdenum roasted concentrate (MRC), ferrosilicium FeSi65, aluminum ferrosilicon FeSi55Аl15 are stated. The key 

provisions through the production scheme of standard ferromolybdenum FMо60 first organized under PJSC “Dnepro-

spetsstal” plant in a specially built workshop are presented.  

Key words: ferromolybdenum, molybdenum roasted concentrate, ferrosilicium, aluminum ferrosilicon, reac-

tion crucible – furnace, technology, furnace slag, quality, ecology. 

PJSC “Dneprospetsstal” in Zaporizhzhia is one of the largest electric steel plants in Europe for the production of 

alloy and high-alloy steel and a wide assortment of different functionality. In total steel production a significant propor-

tion is a corrosion-resistant, bearing, structural, tool steel, and heat-resistant, high-temperature steels and alloys, special 

steels and alloys (Table 1). 

Table 1. Steel grades and chemical composition of electrical steel according to European norms (DIN EN) and 

international standards and GOST, melted at PJSC “Dneprospetsstal” with molybdenum content. 

Standard designa-

tion 
DIN EN 

Steel class 
Steel grade acc. 

to GOST 

Elements’ content, percentage by weight, % 

Within limits max 

Сr Mo Ni C Si Mn P S N 

DIN EN 10088-3 austenitic 07Х17Н12М2 
16.5 

18.5 

2.00 

13.00 

10.00 

13.00 
≤0.07 ≤ 1.00 ≤2.00 ≤ 0.045 ≤ 0.030 ≤0.11 

DIN EN 10088-3 austenitic 05Х17Н13М3 
16.5 

18.5 

2.50 

3.00 

10.50 

13.00 
≤0.050 ≤ 1.00 ≤2.00 ≤ 0.045 ≤ 0.030 ≤0.11 

DIN EN 10088-3 martensitic 39Х17М 
15.5 

17.5 

0.80 

1.30 
- 

  0.33 

  0.45 
≤ 1.00 ≤1.50 ≤ 0.040 ≤ 0.030 - 

DIN EN 10088-3 

DIN EN 10272 
martensitic 05Х13Н4М 

12.0 

14.0 

0.30 

0.70 

3.50 

4.50 
≤.05 ≤ 0,70 ≤ 1.50 ≤ 0.040 ≤ 0.015 ≤0.20 

DIN EN 10088-3 ferritic 08Х17М 
16.0 

18.0 

0.90 

1.40 
- ≤0.08 ≤ 1.00 ≤ 1.00 ≤ 0.040 ≤ 0.030 - 

Along with those steels reported in Table 1, ferromolybdenum is widely used in the melting of corrosion-

resistant nickel-chromium steels with nitrogen (15Х16Н2МВФБА), alloyed spring constructional steels (12ХНМДФ, 

30ХНМФАб 40ХГНМ), tool steels (11Х4В2МФ3С2, Р12Ф5М, Р12Ф2Л8М3), heat-resistant and high-temperature 

steels and others. 

Production of medium-alloy and especially high-alloy steels and iron-based alloys is accompanied by the con-

sumption of large amounts of almost all kinds of ferroalloy [1], including the most expensive and scarce such as ferro-

molybdenum, ferrotungsten, ferrocolumbium and others. Domestic ferroalloy plants do not produce ferroalloys of the 

so-called small group, and the melting of the most groups of electro steels is produced using imported ferroalloys. 

It should be noted that imported ferroalloys are not always characterized by stable chemical composition of the 

leading and doping elements, as well as granulometric composition [2]. However, in the last decade requirements on the 

quality of melted steel (stock material, rolled steel, forgings) have increased, including prescribed limit of the leading 

elements and permissible content of non-ferrous metals. The volatility of these ferroalloys characteristics of different 

suppliers creates certain difficulties in implementation of the relevant contract supply. A significant increase in prices 

for ferromolybdenum as the other ferroalloys was another factor that led to the technological and economic feasibility 

for organizing the ferromolybdenum production directly on the industrial site of PJSC “Dneprospetsstal”.  

In early 2011 it was decided to build a shop for the production of ferromolybdenum from oxide molybdenic con-

centrate according to silika aluminumthermal technology. The shop construction and the successful development of 

technology enabled the company to ensure independently the production of high-quality and less expensive standard 

ferromolybdenum, thus significantly expanding the types and steel product range, as well as organizing commercializa-

tion of received ferromolybdenum. 
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Theoretical background of the chemical composition selection and melting technology of fer-

romolybdenum 

In accordance with acting GOST 4759-89 ferromolybdenum is produced in six grades with Mo content min 60% 

in alloy of high grade ФМо60 and low grade ФМо50 min 50%. Doping elements in ferromolybdenum ФМо60 (W, Si, 

C, P, S, Cu, As, Sn, Sb, Pb, Zn, Bi) shall compose max tenths and basis point of a percentage. It is possible to analyze 

melting temperature, phase composition, at a first approximation based on binary system Fe-Mo.  

Molybdenum refers to 4d- transition metal of Mendeleev's periodic law, has 4d
5
5s

1
 electron configuration and 

body-centered lattice (α=0,314 nm). Melting temperature is 2622°C and boiling point is 4840°C, density is 10,23 g/cm
2
.  

Diagram of system Fe-Mo balanced condition (computerised modeling) is shown in Fig. 1 [3]. 

 

Mo content, Percentage by weight, % 

Fig. 1. Diagram of system Fe-Mo balanced condition [3]. 

As follows from the data, with increasing molybdenum content in the alloy solid solution of molybdenum in fer-

rum Fe(BCC) is initially formed followed by row of intermetallics Fe2Mo, R-Fe27Mo26, µ-Fe7Mo6 and sigma phase of 

equiatomic composition of FeMo. At Mo content in alloys of 50-60% percentage by weight they correspond to ferromo-

lybdenum of grades ФМо50-ФМо60, the microstructure in balanced condition is presented as intermetallic (µ-Fe7Mo6). 

Liquidus temperature of alloys with further increase in molybdenum content from 50 up to 60% percent by weight sub-

sequent to the results of retrospective multipurpose instrumental analysis [4], increases up to 1550-1600°C, that is lower 

compared to the melting temperature of alloys of such composition according to the data of computerised modeling. 

 

Fig. 2. Diagram of system Fe-Mo balanced condition (built by computational method according to metallographic, X-

ray analysis and thermal study together with thermodynamic data [4].  
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Knowledge of molybdenum phase state makes possible to choose science-based refrigeration mode of ferromo-

lybdenum ingot (block) and granulating characteristics with resulting commercial dimensional sizes. Out-of-furnace 

metallothermic ferromolybdenum melting technology provides usage of silicon molybdenic concentrate as one of the 

regenerator in the form of rich ferrosilicium FeSi65. 

In the system of Mo-Si (Fig. 3) there are silicide phases: Mo2Si (tsq=2020°C), Mo5Si2 (tsq=2180°C), MoSi2 

(tsq=2020°C). In triplex system Fe-Mo-Si phase composition, concentrated fields of phases coexistance and oxides melt-

ing temperature will differ from alloys characteristics of Mo-Fe binary system. In this system FeSi amounts to 50-60%. 

 

Fig. 3. Diagram of system Fe-Mo balanced condition [4]. 

At ferromolybdenum melting in PJSC “Dneprospetsstal”, together with rich ferrosilicium base regenerator the 

aluminium in the form of aluminum ferrosilicon alloy (FeSiAl, 55-60% Si, 15-20% Al, residual Fe) may be used. In this 

connection Mo-Al system analysis may be of interest [4].   

Peculiarity of Mo-Al phase composition is six molybdenum aluminide from Al2Mo (36% Al, 64% Mo) up to 

AlMo2 (12% Al, 88% Mo). Practically all aluminides are subject to peritectic transformation, which temperature in-

creases with an increase in molybdenum concentration in appropriate aluminides. 

 

Mo content, Percentage by weight, % 

Fig. 4. Diagram of system Mo-Al balanced condition [3]. 

It follows from represented data that silicon and aluminium reduce melting temperature of alloys of the two bina-

ry systems. However, because of low content of Si and Al in ferromolybdenum of engineering grade melting tempera-

ture of ferromolybdenum is defined by molybdenum content. 

t, oC 
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Thermodynamic analysis of reduction reaction of molybdenum from MoO3, MoO2 oxides by 

silicon and aluminium 

Molybdenum oxides characteristics. 

Industrial production of ferromolybdenum of standard chemical composition, as mentioned above, is based on 

usage of molybdenic roasted concentrate (МRC)
*1)

 (90% MoO3, 10% MoO2) as molybdenum-containing material. 

In binary system Mo-O there is a row of oxides: MoO3 MoO2, MoO, Mo17O47, MoO2,80, Mo80O23. The extreme 

members of this row (basic oxides) are MoO3, MoO2. Most significantly, both oxides are thermodynamically-unstable 

and at elevation of temperature they may boil off (sublimate) and disproportionate. 

Change dependency of reactions Gibbs energy the oxides formation MoO3(1), MoO2(2) of temperature is given 

below by formulas: 

4Mo(r) + 11/2O2(r) = Mo4O11(r) 

∆G
0

T
 = - 2743000 + 853 T, J/мole (Т = 1000 – 1340К) (1) 

Mo(r) + O2 = MoO2(r) 

∆G
0

T
 = - 571800 + 166,2 T, J/моle (Т = 1070 – 1320К) (2) 

MoO3 oxide is a powder with green colour which becomes yellow at heating. Density of MRC powder is 

4,69g/cm
3
. Powder is melting at 795°C, boiling at 1155°C. Temperature dependence of general pressure of fumes under 

MoO3(r) has the form (MPa) 

lgPgen= -1545/T+0,526. 

Pressure boost of fumes under MoO3 increasing with temperature rise in the following sequence: 

Dependence of dissociation tension according to reaction MoO2→ Mo + O2 from temperature is described by the 

formula of MoO2oxide  

lgPO2=-2564/T + 0,618 (MPa) 

Temperature, °C 734 785 814 851 892 955 1083 1151 

PMoO3, 1,0 2,0 10 20 40 100 400 760 

mm of mercury 

Sublimation of MoO3 takes place (MoO3)(T) → (MoO3)(gas) and is described in dependence on the temperature in 

the following formula (in atm): 

lgPMoO3 (sublimation)= -15,11/T + 1,46 lgT- 1,32∙10
-3

T+0,071. 

The volatilization of MoO3 oxide increases in the presence of water steam. Thus, at a temperature of 690°C and 

water steam of 798 kPa steam pressure MoO3 increases approximately by 4 times because of formation of complex 

molecules MoO3∙H2O. With these properties of MoO3, the increase in volatilization and possible losses of molybdenum 

oxides are connected.  

According to data of R. Durrer, G. Folkert [5] the processes of deoxidation of molybdenum oxides by silicon and 

aluminium may be presented by reactions (3) and (4), respectively (cal/mole): 

2/3 MoO3+Si=2/3Mo+SiO2 (3) 

∆G
0

< 1700
o
C = - 95940 + 3,07TlgT – 8,800T, cal/mole 

2/3MoO3+4/3Al = 2/3 Al2O3+2/3Mo (4) 

∆GT = - 150390 + 0,57TlgT + 11280T, cal/mole 

By contrast, the reaction of ferrum deoxidation by silicon from FeO (5) is presented below (cal/mole): 

2FeO + Si = 2Fe + SiO2 (5) 

∆GT = - 159210 + 265TlgT + 396820T, cal/mole 

 

In another sources, the cooperation of MoO3 and MoO2 is presented by reaction with silicon (6) and (7): 

2/3MoO3+Si = 2/3Mo + SiO2 (6) 

∆G
0

T
 = - 469870 + 65,6T, J/mole, 

MoO2 +Si= Mo+SiO2 (7) 

∆G
0

T
 = - 334040 + 19,5T + 11280T, J/mole, 

with aluminium (8) and (9) 

2/3MoO3 + 4/3Al = 2/3Mo + 2/3 Al2O3 (8) 

∆G
0

T
 = - 683660 + 51,16T, J/mole 

MoO2 + 4/3Al = Mo + 2/3 Al2O3 (9) 

∆G
0

T
 = - 519140 + 5,15T, J/mole. 

In these data, deoxidation of molybdenum oxides by aluminium is accompanied with higher thermal effect. 

                                                           
1
 Molybdenum is represented by MoS2 molibdenite in commercial ores 
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Ferromolybdenum melting technology 

Ferromolybdenum is produced in crucible furnaces using imported molybdenum roasted concentrate (MRC) as 

molybdenum-containing material. Names of charge components and discharge intensity per heat in tones: 

Ferromolybdenum concentrate (de-agglomerated) (60-65% MoO3) 4.940 

Iron-ore pellets min 65% Fe 1.480 

Chip scrap or pimples hot working 2A  0.390 

Ferrosilicium FeSi65 (de-agglomerate) DSTU 4127)   1,470 

Ferrosilicium FeSi55Al15 (55-60 % Si; 15-20 % Al)  0.500 

Lime milled (hydrate of lime)  (mesh size max 3,0 mm)  0,413 

Fume of gas cleaning nonorganic 0.413 

Total  10.443 

Burden constituents with humidity over 1% are subject to drying separately in drum kiln driers (length of 7 mm, 

diameter of 0,8 m) with the capacity of 7 t/h. In drying process the material humidity declines up to 0,5%. Smoke fumes 

with temperature 400°C discharge through the chimney (height of 45 m, diameter of 2,2 m). Dried concentrate, ferro-

silicium, aluminum ferrosilicon and iron-ore pellets are subject to ball milling up to mesh size max 1 mm. De-

agglomerated components pass to collecting bin of preparation room. From the collecting bins each component enters a 

self-discharging bucket resting on platform scale of driveless truck moving under the whole bin trestle.  

After that each component from the corresponding bucket unloads to stirred tank (cylindrical closed container on 

the supports with off-gravity centered) where burden constituents are carefully stirred. Once-through charge in stirred 

tank executes according to weight 1/5 parts (2,0 t) of the whole material charge for one heat (10,0 t). 

Metallothermic ferromolybdenum melting of beneficiated burden is carried out in crucible furnace of melting 

compartment of the build shop for ferromolybdenum production. The crucible furnace is a steel cylindrical pipe shell 

2000 mm in diameter and 2000 mm in height, 20 mm in width. The crucible furnace is bushed with chamotte brick and 

furnished with taphole for flushing of slag. It is mounted on breezing, having a deepening in central part for acceptance 

of liquid ferromolybdenum originated during melting. 

Once-through charge in furnace (material charge) is 1/5 of once-through multicomponent charge with adding of 

chip scrap (15.6 kg) on top of each charge. Batch charging in stirred tank and charge (25 furnace charges) is carried out 

until full filling of crucible furnace of all charge calculated for melting (10 t). After crucible covering with lined crown 

with dust and gas withdrawal the igniting charge is burned-up by spark ignition, that is noted as melting beginning of 

ferromolybdenum production by aluminum ferrosilicon method. The duration of melting is from 30 to 40 min. Physico-

chemical processes which take place in crucible furnace were examined above at analysis of molybdenum reduction 

from MoO3 and MoO2 by silicon and aluminum using ferrous additions. 

Received ferromolybdenum is characterized by a high stability according to input member content Mo and re-

sidual non-iron metals (Percentage by weight %): 

 Мо Si Cu Sb Sn C S P 

59,5-61,0 0.15-0.9 0.4-0.6 0.04-0.05 0.04-0.05 0.04-0.10 0.06-0.08 0.03-0.04 

Slag of crucible furnace flushes through the taphole disposed closer to lower flange of crucible. Slag is charac-

terized by stability of chemical composition (Percentage by weight %): 

Мо(gen) SiO2 FeO Al2O3 CaO MgO 

0.06-0.15 62-68 7-11 9-13 6-8 1-3 

Extracted block of ferromolybdenum (5 t) is cooled in the water cistern resulting in thermal stresses to the block 

fractures (0-10 mm). 

Defined commercial mesh sizes of ferromolybdenum are received after granulating using the corresponding 

breaking machines СМД-106 (mesh size 2-10 mm), СМД-109 (mesh size 0-50 mm), and as packaged in big-bags 1 t in 

size ferromolybdenum send to the customer. 

The equipment catching dust and gas in baghouse with self-pulsing ФРИР-1800 erected from the design pro-

vides purification efficiency of 98% and does not adversely affect the environment. 

Conclusions 

1. On the basis of theoretic generalization of data stated in literature and industrial experience melting of fer-

romolybdenum concentrate with ferromolybdenum roasted concentrate the thorough flow diagram and manufacturing 

processes of standard FeMo of highest quality level according to molybdenum leading element content and impurities 

of nonferrous metals were developed. 

2. For the first time in Ukraine in PJSC “Dneprospetsstal” the production shop of ferromolybdenum by sili-

coaluminthermal production process using ferrosilicium ФС65 and aluminum ferrosilicon FeSi55Аl15 was built ac-

cording to designed project. Introduction of technology provides ferromolybdenum production with the extraction of 

molybdenum in alloy of 98%. 
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3. Annual output of ferromolybdenum provides needs of the works in fully and overstock is for sale that im-

proves essentially the technical-and-economic indexes of molybdenum-containing steels production in terms of PJSC 

“Dneprospetsstal”. 
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ABSTRACT 

Results of the present research aimed at search of the rational composition of new boron-containing ferroalloys 

containing 64-65% of silicon and 0.8 - 1.0% of boron and development of the efficient production technology of the 

alloys are presented. Cost-saving metallothermic method was proposed for ferro-silicoboron (FeSiB) production of 

borate raw and ferrosilicon. The boron reduction of boron-containing raw by high-silicon ferrosilicon (45 – 75 % of Si) 

was studied in the laboratory conditions. The investigation results testifies that the proposed composition of the boron-

containing ferroalloy and its production technology are rather efficient. The obtained FeSiB was tested in a steel mak-

ing: smelting in electric furnace and out-of-furnace treatment. It was established that the existing technological scheme 

for metal deoxidization by ferrosilicon is preserved when FeSiB is applied. Furthermore steel micro-alloying by boron 

can took place within the scheme, and the degree of boron digestion ranges up to 77.8-96.3%. It was noted the chemical 

composition of steel in respect of boron content was rather constant during the whole period of out-of-furnace treat-

ment. For ferro-silicoboron the most admissible concentration of boron is 0.8-1.0%, such content ensures the level of 

boron percentage in steel in the range of 0.0025-0.0032% and no corrective procedures are required. 

Keywords: Boron, boron-containing ferroalloys, micro-alloying, reduction. 

1 INTRODUCTION 

The perfecting of functional characteristics of steel is the most important task for steel makers. This considera-

tion placed more stringent requirements upon the level of steel quality and properties consistency of steel output. At the 

same time a reduction of material costs and energy consumption are required for industry. Besides the claimed require-

ments upon the major functional properties of steel was increased by several times for the short period of time (about 5 

years) [1]. 

Quality improvement should be performed at the every stage of steel making. The impact on quality of iron-

carbon melt by alloying, modifying, refining, and deoxidizing is the key technique to manage steel quality.  

In recent years the efficient techniques of steel microalloing and modification by ferroalloys containing V, Nb, 

B, Ca, etc. have received wide acceptance. Boron has a particular significance among these elements. Steel properties 

are capable to be affected by boron addition of ultra small quantities (0.001-0.003%). One should note that the steel 

properties are affected by boron in multi-functional way, namely, strength and plastic features, hardenability, and grain-

boundary corrosion are changed, besides a broad assortment of steels (carbon, low-alloyed, corrosion-resistant, amor-

phous steels, etc.) can be treated by boron. 

Steels micro-alloyed by boron did not find expanded applications in engineering and industry despite of the men-

tioned above advantages which are apparent. This is because of number of reasons. For example, expensive ferroboron 

(with boron content in the range of 15-20%) obtained by aluminothermic process from raw materials is used as the most 

widespread boron-containing ferroalloy. And normally, this ferroboron in the form of powder wires is added into steel 

using tribe-devices.  

The present work is aimed at developing both the efficient compositions and the efficient production technology 

of the new boron-containing ferroalloys. Chemical composition and performance features of boron-containing ferroal-

loys have a significant impact on both the degree and consistency of boron digestion by liquid steel and the probability 

to fall within the narrow range (0.001- 0.003%) of boron content in steel. 

The reported data [2-4] were taken into account to develop efficient boron-containing composition. The best re-

sults of steel micro-alloying by boron were obtained by its addition along with other chemically active elements (Al, Si, 

Ti, Mn, etc.) in the form of complex ferroalloy into melt. The major functions of the complex ferroalloy active compo-

nents are to bind oxygen and nitrogen into strong compounds and to prevent their interaction with boron.  

Due to the ultra-small boron content in steel it is advantageous to use complex ferroalloy with boron content de-

creased down to 1.0-2.0%. This provides a possibility of increasing the mass of boron-containing alloy introduced into 

steel along with improvement of its digestion degree and consistency. 
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The content of major components in boron-containing ferroalloy should be suited to the standard ferroalloys (e.g. 

ferrosilicon), what will provide a production optimization. Besides, the boron-containing ferroalloy should provide the 

required values of performance features influencing on its digestion. These major features are the density and the tem-

peratures of melting onset and its completion. 

The procedure for determination of the efficient ferroalloys composition was developed in the Institute of Metal-

lurgy of the Ural Branch of the RAS [5]. The procedure where by values of density and the onset melting temperature 

(Ton) for ferroalloys are recommended to be in the range of 5000 – 7000 kg/m
3
 and less than 1500 º С, respectively. 

2 MATERIALS AND EXPERIMENTAL 

The Fe-Si-B ferroalloy system characterized by high content of silicon and boron (within the ranges of 45-95% 

and 1-5%, respectively) was chosen for study. The alloy density was measured by picnometric technique. In the result 

of the measurements it was defined when alloy contains 23-60% of silicon the density takes on the recommended val-

ues, though the higher boron content, the lower the density is (Figure 1). The higher silicon content and the lower boron 

content in the melt, the lower the initial melting point (Тon) is (Table 1). The density value of the applied ferroboron 

(with boron content about 17-20%) for adding into steel is 5600-5800 kg/m
3
, and Тon= 1450-1550º С. 

The mentioned above physicochemical characteristics of the Fe-SI-B alloys systems containing 45-65% of Si 

and 1-3% of B are preferable in comparison with the ferroboron (17-20% of B) ones. Thus the ferro-silicoboron can be 

recommended for wide application in steel making. 

 

Figure 1: Influence of silicon and boron content on alloys density: 1 - 1%; 2 - 5%, and 3 - 10 % of boron. 

Table 1: Onset melting temperatures of the Fe-Si-B alloys  

Content, % Тon, ºС Content, % Тon, ºС 

Si B Si B 

25 

24 

23 

45 

43 

40 

1 

5 

10 

1 

5 

10 

1395 

1418 

1443 

1275 

1350 

1400 

74 

71 

68 

- 

- 

- 

1 

5 

10 

- 

- 

- 

1258 

1273 

1358 

- 

- 

- 

In general, a melts mixing technique is applied to obtain complex alloys. Using of the technique is not efficient 

to obtain boron-containing ferroalloy, since this way requires an independent process of ferroboron production, namely, 

reduction smelting of borate ore. 

Cost-saving metallothermic method was proposed for ferro-silicoboron (FeSiB) production out of borate raw and 

ferrosilicon. Ferroalloy with required composition is formed when boron oxides are reduced by high-silicon ferro-

silicon taken in great abundance. The choice of the way is substantiated by the capability of boron-containing alloy pro-

duction in the immediate time of ferro-silicon smelting by feed of boron raw materials into bucket during melt tapping. 

Hence the application of boron opens the way to a production of ferro-silicon with no significant changes of existing 

melting technology. The experiments of melting of boron-containing high-silicon ferroalloy were carried out in order to 

study a fundamental possibility of production of the complex boron-containing alloy based on the ferrosilicon by the 

proposed technique. For the melting test the ferrosilicon - type FS65 (64.5% of Si) as a deoxidizer and borate raw 
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(Colemanite) were used. The latter is comprised of hydrous calcium borate (Са2B6O11·5H2O) and the share of В2О3 is 

about 40-50%. 

Three types of Colemanite were used: 1) powder calcined at 600 
0 
С with fineness less 0.5 mm (48% of B2O3); 2) 

calcined powder pelleted in tablets of 20 mm in diameter and 10 mm height (49% of B2O3); 3) powder fused at 1300 
0
С 

with fineness less 2.0 mm (42% of B2O3).  

The experiments were conducted in crucible placed into electric furnace with graphite heater at the temperatures 

1550, 1600, and 1650
0
С. The charge of ferrosilicon and Colemanite was loaded into crucible.  The weight of charge 

was in the range of 100 - 150 g, the weight was calculated in accord with stoichiometry required to obtain 2% and 4 % 

content of boron in the smelted alloy.  

The melt was remixed and samples for chemical analysis were taken after 5, 10, and 15 min exposure.  

The degree of boron transfer (К) into alloy was determined in the result of the tests.  

К=[В]/{В} 

where: [В] is the boron quantity in alloy; {В} is the boron content in Colemanite (in the form of В2О3). 

3 RESULTS AND DISCUSSION 

In the result of the present work the influence of time of Colemanite interaction with deoxidizer, the process 

temperature, the quantity and composition of introduced Colemanite on the alloy digestion degree of boron was studied. 

It was established the exposure time of melt at the constant temperature (1650
0 

С) implies an significant increase in di-

gestion degree of boron. As for the pelleted Colemanite the increase of melt exposure time from 5 to 15 min results in 

the increase of digestion degree from 44.7% up to 57.7%, and for sample of the calcined powder Colemanite leads to 

the increase from 48.0% up to 71.2% (Figure 2).  

The temperature of melt has also significant impact on the reduction process. The temperature increase of ferro-

silicon melt from 1550 to 1650
o
C at the constant exposure time (10 min) and application of fused Colemanite has re-

sulted in the increase of K on 9.4 %, and for samples obtained of calcined Colemanite the increase was on 14.0 %.  

Assessment of the boron digestion degree in relation to the type of boron-containing raw was performed for the 

identical conditions: the temperature and the exposure time were 1650
o
C and 10 min, respectively. The obtained results 

are listed in order of digestion degree increase: melted Colemanite 62.1%, pelleted Colemanite 66.3%, and calcined 

powder 71.2%. Such results may be attributed to the several reasons: there are variations of both the boron content in 

the different types of Colemanite and the rate of interaction between reducing agent and В2О3, as well as there are some 

losses of boron-containing materials.  

When calcined Colemanite is fed into the alloy with 4% of boron calculated content the boron digestion is 

dropped by 7.4% in comparison with sample obtained of the same material but with 2% of boron calculated content. 

Thus taking into account a quantity of fed material and its digestion degree the efficient boron content in the al-

loy is in the range of 1.0-2.0%.  

Industrial trials to adjust the production technology of complex boron-containing ferroalloy based on ferrosilicon 

were carried out within Joint Stock Company Serov Ferroalloy Plant (Serov, Sverdlovsk region, Russia).  

Calcium borate containing 35.6% of В2О3 and Colemanite as boron-containing material was applied. The calci-

um borate was obtained by commercial treatment of boron-containing raw materials. Boron-containing materials were 

fed into bucket immediately after metal pouring of previous temper. The material was warmed up and the metal was 

tapped from furnace into bucket subsequently. The composition of the produced ferroalloy (FeSiB) was 64-65% of Si, 

0.6-0.85% of В, and the balance Fe. 
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Figure 2: Relationship between the boron digestion and exposure time of melt at 1650
o
C and 2% calculated content of 

boron in alloy: 1 - calcined Colemanite in powder form; 2 - pelleted calcined Colemanite. 

In the Experimental Steel Making Shop of Severskiy tube plant (Polevskoy, Sverdlovsk region) a pilot study 

were carried out to adjust the technology of boron micro-alloying of tube type steels. The steels were subjected to 

quenching and abatement using a new complex ferroalloy - ferro-silicoboron obtained in commercial conditions. The 

steel brands D, 32HGMRA, and 26HGMRA (26ХГМРА) were used for the tests. Deoxidization of metal, formation of 

refining slag, and steel micro-alloying by boron were carried out during tapping in bucket. 

Relatively high degree of boron digestion varying in the range from 77.8 to 96.3% (86.6% is the average value) 

was provided by addition of ferro-siliconboron of the mentioned above composition, and no changes for the existing 

technological scheme of metal deoxidization are required. Besides the steel was characterized by consistency of boron 

content during the whole period of out-of-furnace treatment, namely, from the moment of metal deoxidization inbucket, 

during temper and tillcompletion of vacuum treatment, casting. At the unit of out-of-furnace steel treatment the boron 

percentage ranged up to 0.0021-0.0027% that provided the boron content in the metal during casting at the rate higher 

than 0.0020%. Mechanical properties of the pilot metal satisfied the requirements of technical regulations. 

4 CONCLUSIONS 

This work demonstrates a significant production potential of the proposed complex boron-containing ferroalloys 

using inexpensive borate raw within the existing production facilities. As for the present technological scheme of steel 

smelting, no changes are required when the FeSiB alloy is applied. Taking into account that essential quantity of boron 

as alloying element is many times smaller than other similar additives of the same purpose, therefore it is advantageous 

to increase a production volume of metal micro-alloyed by boron of a broad assortment, what results in an increase of 

consumption characteristics of the metal with minimum costs. 
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Abstract 

Calcium carbide production volume has been in decline in Western countries for several decades as gas- and 

oil-based processes have mostly replaced the coal-to-chemicals production route. Correspondingly, there has been no 

major increase in individual calcium carbide furnace size since the 1960s, when furnaces of up to about 55 MW or 

75 MVA were built. Meanwhile China’s dramatic industrial development has led to installation there of a large number 

of often very small furnaces to support its growing coal-to-chemicals industry. China’s policymakers mandate that the 

further development of its calcium carbide industry must maximize equipment scale, minimize water and energy con-

sumption, ensure compliance with stringent environmental standards and utilize full process automation. Workplace 

safety is also a priority. Furnace designs now in use for decades can be readily improved to meet the future demands. 

Hatch has worked with partner Carbide Industries to introduce a step change in furnace capacity and the indus-

try’s technology for producing calcium carbide. A process has been developed incorporating a 90 MW rectangular 6-

electrode furnace, dry gas cleaning system for fuel gas recovery, and fully automated calcium carbide cooling and han-

dling system. Underpinning these advances are Carbide Industries’ proven and robust calcium carbide production pro-

cess together with Hatch’s advanced furnace and other technologies and past history of scale-up in diverse metallurgi-

cal industries. This article provides an overview of the new process and equipment, highlighting the advancements rela-

tive to the current state-of-the art in the industry. The first application of the system at the Qinghai Salt Lake Industry 

Co. (QSLIC) smelter in Golmud, China is profiled as a case study. 

Introduction 

Despite the decline in production of calcium carbide in Western Countries in recent decades, production has ex-

ploded in China with capacity reported to be in the range of 20 million t/a. By the 1960s, furnaces of about 50 MW or 

70 MVA had been built in Europe and North America. Of course, producers continue to make incremental operational 

improvements and invest in upgrades to facilities, but no major step change in furnace capacity has been made in recent 

decades. Technology suppliers have either continued to offer furnaces of conventional design and capacity, or have ex-

ited the technology sales business altogether, notably Elkem. 

Hatch has worked with partner Carbide Industries (CI) to scale up CI’s circular 3-electrode furnace to a rectan-

gular 6-electrode closed furnace design with double the capacity of the previous industry standard. The new furnaces 

are guaranteed for 90 MW (real power) operation, with a maximum design capacity of 100 MW. The first application of 

these furnaces is four units for Qinghai Salt Lake Industry Co. Ltd. in Golmud, Qinghai Province, P. R. China. Another 

furnace is being built for Qinghai Salt Lake Haina Chemical Industry Co. Ltd. (Haina) near Xining, also in Qinghai 

Province. In addition to the furnaces, associated dry furnace carbon monoxide off-gas cleaning and calcium carbide 

handling systems have also been designed by Hatch. Further details of the furnace design are given in separate papers 

[1, 2]. 

Background 

Calcium carbide and acetylene were first produced by Edmund Davy in England in 1836, though their true 

chemical makeup was not known until much later. Acetylene was given its name by the French chemist Marcelin 

Berthelot in 1860 and calcium carbide was first identified in 1862 by the German chemist Friedrich Wöhler. However, 

both materials remained laboratory curiosities until 1892 when Thomas L. Willson, while seeking a more economical 

process to make aluminum, accidentally discovered the industrial means for producing these materials. 

During the latter years of the 19
th

 century the discovery that acetylene, when burned in air, provided a far bright-

er light than anything else available at the time initially spurred the development of acetylene for home, vehicular and 

marine illumination, and at the turn of the 20
th

 century, oxy-acetylene cutting and welding processes were developed. 

However, most important for the development of the calcium carbide industry was the use of carbide for the manufac-

ture of calcium cyanamide, an agricultural fertilizer, and the use of carbide-acetylene as a chemical feedstock in the 
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synthesis of hundreds of aliphatic organic chemicals, particularly solvents, plastics and synthetic rubber. Out of Will-

son’s 1892 discovery in Spray, North Carolina, numerous companies sprang up around the world, most notably Union 

Carbide Corp in the USA (Niagara Falls, 1898) and Shawinigan Chemicals in Canada (Quebec, 1901). 

Calcium carbide production continued to expand rapidly into the 20
th

 century and by the late 1950s and into the 

early 1960s the carbide chemicals industry was at its peak, with world production of calcium carbide estimated at well 

over eight (8) million tonnes per year (1962), with more than 90% of this in North America, Europe and the Soviet Un-

ion [3]. However, the advent of other routes for the manufacture of acetylene and the development of the petrochemi-

cals industry, during the 1960s and 1970s, led to a rapid decline in calcium carbide production, especially in both North 

America and Western Europe. 

Often, calcium carbide production was accompanied by ferroalloy production, since both require economically 

attractive access to electric power and utilize similar furnaces. By the 1960s, submerged arc furnaces for both calcium 

carbide and ferroalloy production had reached their historical peak capacity, up to about 55 MW or 75 MVA. Examples 

of large calcium carbide furnaces included Carbide Industries’ 50 MW furnace in Louisville, Kentucky (1968), Cyana-

mid’s 50MW furnace in Canada, BOC’s 55MW furnace at ODDA in Norway (1979), Sentrachem’s 50MW furnace in 

RSA and SKW’s 50MW furnace in Germany. Up until today, there have been no larger calcium carbide furnaces put 

into service. Additionally, very few larger ferroalloy furnaces have been built; examples of these include Samancor’s 60 

MW DC furnaces at Middelburg in South Africa, and Nikopol’s 75 MVA 6-electrode rectangular ferroalloy furnace in 

Ukraine. 

Since the 1960s, calcium carbide production has declined in Europe, North America and the former Soviet Un-

ion as alternative processes using oil and gas feed stocks have become predominant for acetylene (or substitutes) pro-

duction. As of 2015, the only operating calcium carbide furnace in operation in North America is Carbide Industries’ in 

Louisville, KY, while in Europe, carbide continues to be produced in Germany, Austria, Sweden, Spain, Poland, Roma-

nia and Slovakia. Calcium carbide also continues to be produced in the Republic of South Africa and in quantity in Ja-

pan, primarily for captive chemical use. 

Meanwhile, China’s rapid industrial development has led to a dramatic increase in production. A first 1.75 MVA 

furnace was installed in Jilin in 1948 [4]. Chinese production was 210,000 t/a by 1962,Ошибка! Закладка не опре-

делена. and had grown to approximately 16,000,000 t/a in 2010, with installed capacity reported to be 22,000,000 t/a at 

that time.Ошибка! Закладка не определена. Domestically designed furnaces of 30 MVA (approximately 22 MW 

real power) based on older Elkem designs had become commonplace by 2010. By 2012, SMS Siemag had won orders 

to supply technology and equipment from two customers in China, each building four 46.5 MW calcium carbide fur-

naces. [5, 6] 

Hatch and Carbide Industries were awarded contracts to supply technology and equipment for five 90 MW fur-

naces to QSLIC in 2010. 

China is by far the most active area for investment in new calcium carbide production capacity at the time of 

writing, however, there are indications of renewed interest in other countries. 

China’s Conditions of Access 

Development of the calcium carbide industry in China is required by the government there to be according to its 

Calcium Carbide Industry Conditions of Access (2014) [7]. Hatch and CI partnered to meet the technological challenges 

required to satisfy these conditions (and those in a 2007 revision of the Conditions of Access). The 90 MW Hatch CaC2 

Production System fulfills this goal. 

Key points arising from Conditions of Access include the following: 

 New calcium carbide production facilities must be co-located with other industry in order to enable the full 

reuse of calcium carbide coproducts such as furnace off-gas and recovered dusts, and the lime hydrate 

(Ca(OH)2) coproduct from associated acetylene generation operations. Emissions controls must meet rele-

vant Chinese standards for gaseous and solid wastes. – The 90 MW Hatch CaC2 Production System is de-

signed for full recovery of furnace carbon monoxide off-gas and dust and collection of all fugitive emis-

sions. Additionally, fully automated mechanical systems for calcium carbide product cooling and handling 

virtually eliminate the generation of fugitive emissions of calcium carbide prior to the downstream crushing 

plant. In contrast, most existing calcium carbide plants in China have major off-gas and fugitive emissions. 

Fugitive emissions in these applications are often a consequence of manual handling of feed and especially 

the fume emanating from the calcium carbide tapping operation. These operations are typically a source al-

so of significant safety hazards. 

 The minimum capacity (power) of new individual furnaces must be 40 MVA, and of any new plant must be 

150 MVA. – The 90 MW Hatch CaC2 Production System furnace is rated for 195 MVA total power, is de-

signed for 100 MW of real (active) power and is guaranteed for 90 MW of real (active power). A single 

Hatch process line satisfies the minimum capacity requirement not only for a furnace, but also for a new 

plant, while four furnaces of Chinese design, or two of European design are otherwise required. 

 Automatic controls and sophisticated process monitoring are required throughout the process. – The 90 

MW Hatch CaC2 Production System is fully automated and remotely controlled using a Siemens PCS7 
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based PLC control system with proprietary controls developed by Hatch. The system is used to control and 

monitor furnace raw material feeding, furnace power supply, electrode regulation, automatic calcium car-

bide handling, furnace off-gas cooling and cleaning, and all associated utilities systems such as cooling wa-

ter, nitrogen and hydraulics systems. In contrast, conventional plants in China are normally manually con-

trolled with few monitoring and safety systems. 

 Furnace energy utilization must be less than 3.2 MWh/t when producing calcium carbide with 300 L/kg 

acetylene gas yield. (The gas yield refers to the Chinese standard [8].) – The 90 MW Hatch CaC2 Produc-

tion System will achieve 3.0 MWh/t when utilizing good quality feeds. (Note that equipment design cannot 

change the thermodynamic energy requirements of the smelting reactions, so if poor quality feeds are used, 

undesirable side reactions will increase energy consumption beyond the target.) 

 Comprehensive safety management practices and procedures are required. – The 90 MW Hatch CaC2 Pro-

duction System includes extensive safety features within the design of the process, equipment and control 

system. Of course, the whole design has been subjected to a formal HAZOP review with actions arising 

from the HAZOP addressed both in the design and in operating and maintenance procedures. 

While the Conditions of Access are specific to the Chinese context, they reflect targets which are broadly desira-

ble throughout modern industry in all countries. The 90 MW Hatch CaC2 Production System is a fully modern plant 

design reflecting the highest global standards. 

Process Overview 

Process Flowsheet, Layout and Material and Energy Flows 

Figure 12 illustrates the process flows and equipment layout for the Hatch 90 MW Calcium Carbide Production 

System. The diagram is constructed from 3D views of the core process equipment separated to show process intercon-

nections. The arrangement is indicative of the actual plant layout. The diagram shows the three core process areas: fur-

nace, off-gas and CaC2 handling. The equipment in each of these three areas is mainly located in its own building, one 

for each area. Not shown in the diagram are raw material feeding, power factor correction, crushing plant, utilities and 

fugitive dust collection systems which lie outside of the scope of this paper. 

With good quality raw materials, furnace energy consumption will be about 3.0 MWh/t calcium carbide for a 

grade in the range of 300-320 L/kg gas yield or around 80 weight % contained CaC2. (Again, gas yield refers to the 

Chinese standard.) Good quality feed refers to metallurgical coke with 88% or higher fixed carbon (moisture free basis) 

and burned lime with 96% or higher CaO content. Deleterious constituents such as MgO, alkalis and iron compounds 

should be a minimum to avoid unwanted side reactions which increase energy consumption and result in operational 

problems. With real (active) furnace power of 90 MW, calcium carbide production is 30 t/h and lime and coke con-

sumption are approximately 26-28 t/h and 16-18 t/hб respectively. Coproduct furnace off-gas production is roughly 

11,000 Nm
3
/h, mostly as CO. 

Furnace Plant 

Coke and lime are supplied to the intermediate storage bins of roughly 10 hours operating capacity within the 

furnace building via conveyors from external storage and preparation facilities. From each intermediate storage bin two 

weigh feeders meter precisely controlled quantities of coke and lime to make a charge mix in the range of 0.6-0.65 

coke:lime ratio depending on raw materials characteristics. Properly weighed coke and lime as a charge mixture are 

delivered to furnace feed conveyors located on each side of the furnace. Each furnace feed conveyor satisfies the inven-

tory needs for six bins arranged in-line on each side of the furnace adjacent to the electrodes. From the furnace feed 

bins, charge mix is choke fed to each furnace closely around the electrodes. 

Furnace feed and intermediate storage bins as well as associated conveyor transfer points are ventilated to a dust 

collection baghouse. Recovered dust containing coke and lime is well suited to reuse in a cement or lime kiln. Because 

the furnace feed bins are connected directly to the furnace freeboard through the feed pipes, there will be a continuous 

small emission of freeboard gas (mostly CO) to the feed bins. This is extracted with a large excess of air from the feed 

bins to ensure that the CO content remains well below the lower explosion limit. CO gas composition monitoring is 

interlocked with slide gates for feed pipe shutoff and nitrogen for purging to ensure safety. 

The furnace is a rectangular, refractory lined, vessel with a composite carbon and refractory hearth. It is approx-

imately 6.5 m across and 27 m long at the shell. Its roof (cover) is water cooled and includes openings for electrodes, 

off-gas connections, inspection ports and for feeding charge mix. Six in-line Soderberg electrodes are employed to sup-

ply the electrical energy for the calcium carbide production reactions. Tapping is from six sidewall tapholes adjacent to 

the electrodes with three in the 1, 3 and 5 positions on one side and three in the 2, 4 and 6 positions on the other side. 

The furnace is designed to accommodate thermal expansion during operation with the inclusion of an adjustable, spring-

loaded binding system. Mechanical aspects of the design of the furnace are described in more detail in a separate 

paper.
Ошибка! Закладка не определена.
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Figure 12 – Simplified PFD and Layout 
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Electrical energy for the furnace is supplied at 110 kV to the furnace switchgear and transformers. Three single-

phase furnace transformers, each rated for 65 MVA and 150 kA, step down to between 250 to 500 V. Each transformer 

is connected to an electrode pair. At a 90 MW real power furnace load, target secondary voltage and current are roughly 

390 V and 115 kA for each transformer. Process and electrical aspects of the furnace operation are discussed in more 

detail in a separate paper. [2]
  

Within the furnace, molten calcium carbide is produced according to the following reaction at about 2,000°C: 

CaO + 3C → CaC2 + CO(g). 

Side reactions reduce iron and silicon contained in the feed to produce liquid ferrosilicon alloy which is tapped 

with the calcium carbide. The quantity of ferrosilicon produced varies with the raw materials quality, but for typical raw 

material feedstocks it is in the range of 1-2% of the mass of the calcium carbide produced. Other impurities such as 

magnesium, alkalis and other metal oxides are also reduced in the furnace. Magnesium and alkali reduction lead to met-

al vapour production which vents from the reaction zone of the furnace along with the carbon monoxide. Metal vapours 

tend to reoxidise at lower temperatures, either in the furnace charge above the reaction zone, or in the furnace freeboard 

and off-gas system. These reactions can be a significant drain on electrical energy from the furnace. Also, oxidation 

products may result in buildups within the furnace which can lead to upset or even hazardous conditions. 

Liquid calcium carbide is tapped from the furnace by burning a taphole through the sidewall using graphite 

stinger electrodes. Each stinger electrode is connected to a furnace transformer and diverts a portion of its current 

through the taphole to melt frozen calcium carbide in the taphole. The stinger electrodes are also connected to a tapping 

transformer system which regulates current to the stingers to a target value, regardless for furnace transformer second-

ary voltage. The tapped calcium carbide pours into 1.8 t capacity cast iron moulds. During tapping, hydraulically driv-

en, remotely operated tapping machines (ROTs) of a proprietary design are used to keep tapholes open by rodding, to 

clean frozen carbide crusts from the taphole areas, and to plug the tapholes with clay when tapping is finished. The 

ROTs are operated by tappers from safe enclosures located on the tapping platform. Tapping fume (mostly oxidized 

calcium metal vapour, i.e. CaO) is contained within taphole hoods which are vented to a tapping gas baghouse. 

The furnace roof, taphole frames, transformers, low voltage busbars, electrode contact clamps and furnace off-

gas ducts are all water cooled. A closed loop system is used which includes features for water leak detection including 

tank level (total water inventory), circuit inlet and outlet flow measurement comparison, circuit pressure test capability 

and off-gas hydrogen and moisture content detection. In critically exposed furnace roof components, redundant water 

passages enable safe and orderly shutdown for repairs in case leaks are detected. 

Calcium Carbide Handling 

Moulds containing calcium carbide are transported away from the furnace on cars located on two parallel tracks 

operating on each side of the furnace. When a mould is filled, the tapper remotely activates the track system to push 

through an empty mould under the taphole, thus displacing the full mould. From this point through cooling, discharge to 

crushing and finally return to the track, the mould’s movements are all automatically controlled, with no operator inter-

vention.  

After displacement from the taphole area, the mould and its car are advanced around the track to a mould pick-

up station. The mould is removed from the car with a crane and is taken to the cooling aisle. The car then advances to a 

mould drop off station where a crane places an empty mould on the car. The car eventually returns to the taphole. Ap-

proximately 20 cars circulate on each track and there are provisions for accumulation of cars before the tapholes and 

before the pick-up station to allow for imbalances between tapping rates and crane transport rates. By design, the crane 

cycle (5.5 minutes) is faster than the average mould filling frequency (7.2 minutes) at 90 MW operation to allow for 

upset conditions and to ensure that the furnace is the bottleneck, not the mould handling. 

Moulds are allowed to cool for 36 hours in two parallel cooling aisles, each of which contains 48 rows and 7 

columns of mould cooling stands (672 cooling stands total). A fully automatic cooling aisle crane works in each aisle 

and each is normally dedicated to one track system, however either crane can access either track system. The normal 

crane cycle is as follows: 

 Pick up a full hot mould from track system and transport to cooling aisle. 

 Pick up adjacent full cold mould and transport to roller table. 

 Pick up empty mould from roller table and transport to track system. 

Alternate cycles are used to accumulate calcium carbide in the cooling aisle in case of a crusher shutdown, or to 

deplete cooling aisle inventories in case of a furnace shutdown. 

Calcium carbide cools in the moulds to an average temperature of below 400°C before it is transported to crush-

ing. Axial fans blow and fins divert air towards the bottom of the moulds to enhance cooling. Heat is exhausted below 

the cooling aisle roof.  

Full moulds placed on the roller table are positioned in line with a slope hoist, one for each cooling aisle. The 

hoist lifts the mould from the roller table and transports it up to a mould tilter in the adjacent crushing building. The 

mould tilter grasps the mould and rotates it 150° to discharge the ingot of calcium carbide into the downstream crushing 
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plant. The tilter returns the empty mould to the hoist which returns it to the roller table for crane pick-up. By design, the 

crusher feeding cycle is about 3 minutes and the roller table allows for cross-feeding between cooling aisles. This al-

lows for processing of both cooling aisles’ product through a single downstream crusher. (Normal crusher availability is 

expected to be lower than that of the furnace plant. So the ability to process all furnace production through a single 

crusher prevents crushing from being a process bottleneck.) 

Note that the calcium carbide remains at all times in the mould until it is discharged into the crusher. This is in 

contrast to conventional plants which typically discharge the ingot from the mould onto the floor in the cooling aisle 

and then have some form of mobile equipment handling of the calcium carbide for transport to crushing. Although the 

Hatch system involves more mechanical handling equipment and more moulds in circulation; there are major ad-

vantages to this approach, including: 

 Exposure of the calcium carbide to atmospheric moisture and consequent acetylene losses is significantly 

reduced since only the top surface of the ingot is ever exposed to the air. This is estimated to reduce acety-

lene losses in handling by 0.5%. 

 There is no chance of water or snow on the floor contacting the calcium carbide. If this is allowed in a con-

ventional operation, acetylene losses could be very high. It also creates significant safety risks. 

 There are no fugitive emissions generated in the handling of the calcium carbide since it remains at all 

times in the moulds. (Of course the tilter and crusher must be located in a properly ventilated dust enclo-

sure.) 

 There are no operator exposures to either fugitive emissions, hot calcium carbide or mobile equipment haz-

ards. Operation is fully automatic and remotely controlled.  

Furnace Off-Gas Handling 

The Hatch dry positive-pressure furnace off-gas cleaning system uses baghouses operating at ~200°C for par-

ticulate cleaning. The flowsheet is presented schematically in Figure 13 to simplify its presentation relative to Figure 

12. The hot gas exiting the furnace remains slightly positive pressure due to stack effect. The initial cooling prior to 

entering the furnace off-gas fan is achieved by a water-cooled duct followed by recycling cool cleaned gas from down-

stream of the forced draft cooler. The cooled gas is injected using a custom-designed dry educator (venturi) to simulta-

neously pressurize and cool the furnace off-gas. This maintains positive pressure at the inlet of the furnace off-gas fan. 

The fan discharges the gas through a baghouse and forced draft cooler, keeping the entire gas handling system under 

positive pressure.  

 

Figure 13 – Schematic of Hatch Dry Gas Handling System (One uptake, one train configuration shown) 

Numerous safety improvements relative to existing processes have been incorporated in the design, including es-

pecially a fully pressurized system which prevents potential and dangerous air ingress, flange sealing with leak detec-

tion, a dust wash system to remove entrained CO gas, and fully automatic process controls including all start-up, shut-

down, purging and operation sequences. This system is described comprehensively in another paper [9]. 

Furnace off-gas dust contains coke and lime from the charge mix, as well as reoxidised fume and carbon which 

have evolved in the furnace. It may be reprocessed in a cement or lime kiln to recover the calcium oxide and burn any 

carbon or other deleterious species present. 

Water Usage 

Water consumption in the Hatch 90 MW Calcium Carbide Production System is absolutely minimized. Water is 

used for two purposes only in the process: 

 Closed loop cooling water for furnace, electrical equipment and off-gas duct cooling. Consumption of wa-

ter is negligible, limited to first fill of the closed loop and make-up in case of leaks. Heat rejection from the 

closed loop can be directly to the atmosphere with air-cooled heat exchangers, or can be to an open loop 
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with cooling towers if water consumption and discharge is tolerated. (For the QSLIC projects, one site uses 

cooling towers and the other air-cooled heat exchangers for reasons which are site-specific.) 

 The furnace off-gas system incorporates a water seal for positive isolation for maintenance from down-

stream processes. A small and continuous flow of 1 m
3
/h of water is required to maintain the seal in work-

ing condition during normal operation. 

Safe Plant Layout 

A number of steps were taken in the design to ensure safety through the plant layout and access: 

 Remote location of the central control room is enabled by the use of a modern control system and CCTV. 

This removes all non-essential operator actions and time from the field to the safety of the control room. 

 Furnace blows and eruptions from the furnace roof in case of operational upsets are an ever-present danger 

with a calcium carbide furnace. Access to the roof area is prohibited while it is in operation and there is no 

maintainable equipment in this area, except the furnace roof and electrodes. Maintenance of this equipment 

requires a shutdown for maintenance in any case. 

 The only furnace off-gas equipment located in the enclosed furnace building is the duct exiting the furnace. 

Building ventilation and CO gas monitoring are employed on operating floors in the furnace building where 

CO emission from the ducts is a risk. All other furnace off-gas equipment is located outdoors for natural 

ventilation. 

 The cooling aisles are a restricted area with gates interlocked to shift cooling aisles cranes from automatic 

to manual mode in case of personnel entry. 

 The calcium carbide crushing plant is remote from the cooling aisle, and the furnace off-gas is remote from 

the furnace building, thus separating the areas and their respective hazards. 

Advantages of the Hatch 90 MW Calcium Carbide Production System 

Key advantages of the Hatch 90 MW Calcium Carbide Production System are summarized as follows: 

 Efficiency: 

o Furnace energy consumption of 3.0 MWh/t can be achieved with good quality raw materials. 

o Labour involvement is minimized as a result of automatic controls and the reduced number of furnac-

es required for a specified capacity. 

o Product (acetylene) losses are minimized by handling of calcium carbide in moulds. 

o Fully automatic operation enables consistency in operation and will lead to high operating factor. 

 Environmental protection: 

o The furnace is closed-type, with no emissions in normal operation. 

o Furnace off-gas (primarily CO) is fully recovered as a clean cool pressurised gas stream for reuse in 

other processes. 

o Furnace off-gas and fugitive dust sources are all captured and recovered as dry dust streams suitable 

for processing in cement or lime kilns. 

o Water consumption and discharge are minimised. 

 Safety: 

o Remote control and fully automatic operation minimizes field operator exposures. This is especially 

relevant in the calcium carbide handling systems. 

o Extensive process and equipment monitoring systems are interlocked to protection devices to ensure 

safety and prevent damage to equipment. 

o Water leak detection systems enable determination of potentially dangerous conditions. Redundant 

circuits in critical areas as well as circuit isolation facilitate safe work during any necessary repairs. 

o A positive pressure furnace off-gas system provides inherent safety by preventing air ingress and ex-

plosion risks. 

o Numerous other safety features in the off-gas are incorporated to prevent worker exposure to potential 

carbon monoxide emissions. 

QSLIC’s Magnesium Integration Project 

Contracts were awarded to Hatch and Carbide Industries for engineering, technology and equipment supply for 

the calcium carbide plant within QSLIC’s Magnesium Integration Project at Golmud in Qinghai Province in Western 

China in 2010. The calcium carbide plant is one of several large industrial plants in an integrated production chain 

which will produce primarily magnesium metal (100,000 t/a) and polyvinyl chloride (PVC – 500,000 t/a) plus byprod-

ucts using magnesium chloride resources originating in the Chaerhan Salt Lake, plus locally available coal and lime-

stone. As part of the Magnesium Integration Project, coal is coked and then converted to calcium carbide by smelting 
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with lime. Calcium carbide is used to produce acetylene which is converted to PVC along with chlorine sourced from 

electrolysis of magnesium chloride in magnesium metal production. The calcium carbide plant includes four process 

lines of the Hatch 90 MW Calcium Carbide Production System and has a capacity of 950,000 t/a calcium carbide of 

300-320 L/kg acetylene gas yield. 

Contracts were also awarded for an additional process line by QSLIC’s subsidiary Haina at Xining, also in 

Qinghai Province. Haina’s project entails limestone mining, cement production, and serial production of burned lime, 

calcium carbide, acetylene and PVC. Byproduct lime hydrate (Ca(OH)2) from acetylene generation as well as collected 

dusts from calcium carbide production are recycled for cement production. Coke for calcium carbide production is ob-

tained from external sources.  

At the time of writing in early 2015, construction of the QSLIC calcium carbide plant at Golmud is well ad-

vanced as illustrated in  

Figure 14. This photo, taken in January 2015, shows Furnace Buildings #1 through #4 from left to right as 

viewed from the upstream raw materials area. Furnace off-gas buildings for Furnaces #1 and #3 are started, visible in 

front of the furnace buildings. Tapping Gas Baghouses #3 and #4 are visible in the foreground, as is the Power Factor 

Correction Building #4. Cooling buildings are behind the furnace buildings and are not visible in the photo. Commis-

sioning will commence in mid-2015 with start-up to follow promptly. 

Furnace Buildings #1-4

Furnace Off-Gas 

Buildings #1 & #3

Power Factor 

Correction #4

 

Figure 14 – View of QSLIC’s Golmud Calcium Carbide Plant Showing Furnace Buildings’ Construction Progress 

Hatch and Carbide Industries jointly licensed the companies’ respective technologies, while Hatch designed the 

scaled-up plant and equipment based on these technologies. Hatch supplied electrode columns and process control 

software. Hatch also provided assistance in purchasing and quality assurance of other equipment and is currently en-

gaged in field technical support. Carbide Industries’ personnel will join the field team for the start-up. 

Hatch’s engineering included basic design of the whole plant, and detailed design of the core process equipment 

and its control system. Important engineering contributions were made by China Tianchen Engineering Corporation 

(TCC) and Baosteel Engineering for detailed engineering of the calcium carbide plant buildings and other facilities at 

Golmud and Xining respectively. 

QSLIC’s Magnesium Integration Project is a major investment and can fairly be described as a highly ambitious 

megaproject given the number and capacity of the plants involved. More than this, internal recycle of byproducts among 

the facilities makes effective use of available resources. Further, QSLIC has shown strong industry leadership with 

adoption of advanced technology throughout its facilities, including especially the calcium carbide project. In adopting 

the 90 MW furnaces along with advances mechanization, automation, environmental protection and safety, QSLIC sets 

a new benchmark for the industry. This is also the first significant increase in furnace capacity attempted for submerged 

arc furnaces in more than 50 years. 
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Abstract 

Circular 3-electrode furnaces of up to about 55 MW or 75 MVA capacity for calcium carbide production are 

well established having been built by several designers by the 1960s and have remained the state-of-the-art for over 50 

years. Electrode sizes are at or near practical limits in these furnaces, so only incremental capacity improvements could 

be made without more electrodes per furnace. Rectangular, 6-electrode furnaces are in common use in other metallurgi-

cal applications and allow a step change in capacity with limited technical risk for the calcium carbide application. 

This paper describes the scale-up for a furnace design rated at 90 MW active (real) power for calcium carbide 

production. The basis for the scale-up is Carbide Industries’ (CI) well established 50 MW furnace and process in Louis-

ville, KY. Working closely with CI, Hatch has adapted the design to a 6-electrode furnace configuration. Topics for the 

scale-up include adaptation to the 6-electrode electric circuit, power supply ratings, electrical provisions for variability 

in raw materials characteristics, vessel sizing, feeding and tapping arrangements, as well as mass and energy balance 

control.  

The first application of the system is at the Qinghai Salt Lake Industry Co. (QSLIC) smelter in Golmud. Future 

application of the 90 MW furnace for ferroalloy production is a long term objective. 

Introduction 

Hatch has worked with partner Carbide Industries (CI) to scale up CI’s circular, 3-electrode furnace to a rectan-

gular, 6-electrode closed furnace design with twice the production capacity of CI’s furnace. The new furnaces are guar-

anteed for 90 MW (real power) operation, with a maximum design capacity of 100 MW. The first application of these 

furnaces is four units for Qinghai Salt Lake Industry Co. Ltd. (QSLIC) in Golmud, Qinghai Province, P. R. China. An-

other furnace is being built for Qinghai Salt Lake Haina Chemical Industry Co. Ltd. near Xining, also in Qinghai Prov-

ince. In addition to the furnaces, associated dry furnace off-gas cleaning and calcium carbide handling systems have 

also been designed by Hatch. At the time of writing, the furnaces are under construction. Further details of the overall 

process and associated projects are given in separate papers [1, 2].
 

The fundamental process and electrical aspects of scaling-up a 50 MW, 3-electrode, round calcium carbide fur-

nace, to a 90 MW, 6-electrode, rectangular closed furnace configuration are outlined in this paper. CI’s furnace has a 

long history of efficient, steady and reliable operation with a well-proven process and safe operating practices. The 

scale-up approach was therefore to maintain these well-established process characteristics, but adapt the equipment to 

doubled capacity. 

CI’s Furnace in Louisville, Kentucky 

CI’s 50 MW furnace has been operating continuously in Louisville, Kentucky since 1968, with major rebuilds 

required in 1975, 1982 and 2011. The furnace was originally built according to an Elkem design, and the original 

equipment and operating conditions were described by Frye in 1970 [3]. Numerous upgrades and design changes to the 

equipment have been made through the rebuilds and over the years, but the basic chemical and electrical process and 

configuration of the furnace remain the same. 

The furnace is choke-fed with a carefully proportioned charge mix of lime and coke, which react at about 

2,000°C to produce molten calcium carbide product and carbon monoxide off-gas co-product. Tapping practices and 

equipment have changed over the years, but continuous tapping was and remains the operating basis. The purity of the 

calcium carbide produced is in the range of 300-320 L/kg gas yield or around 80 weight % contained CaC2. (The gas 

yield refers to the Chinese standard [4].) Furnace specific energy consumption is approximately 3.0 MWh/t of produced 

calcium carbide. 

As described by Frye in 1970, the vessel was refractory lined, with an approximately cylindrical steel shell of 

about 10 m diameter and a water-cooled roof (or cover). Three Soderberg electrodes supplied power to the furnace, with 

nominal electrical operating parameters being 45 MW real power, approximately 115 kA electrode current and a sec-
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ondary voltage of approximately 300 V. Power was supplied at a primary voltage of 13.8 kV through three 22 MVA, 

single phase transformers, equipped with on-load tap changers. Secondary voltage taps ranged from 180 to 380 V in 

delta-delta connection. Power factor was about 0.75. 

Electrode and Reaction Zone Coupled 

In a calcium carbide furnace, the chemical reaction is generally understood to occur in a zone around and below 

the electrode tip. It is thought that this zone is a packed bed of coke with its voids filled by molten calcium carbide and 

evolving reaction gas. The calcium carbide drains to the furnace hearth from where it is tapped adjacent to the electrode, 

while the gas percolates up out of the reaction zone and through the overburden into the furnace freeboard. As the reac-

tion proceeds and calcium carbide is tapped, fresh charge mix descends into the reaction zone from the choke fed bed of 

charge above. The energy driving the endothermic calcium carbide production reaction and supplying the heat to melt 

the materials derives from submerged arc electrical resistance heating as high current passes through the reaction zones 

from one electrode to another. 

The reaction zones form a crucible within the charge bed contained in the furnace cavity, and if close enough to 

adjacent electrodes, the reaction zones may overlap. In case of reaction zones overlapping, a larger crucible containing 

multiple electrodes exists. This condition allows for calcium carbide produced below one electrode to flow to and be 

tapped from a taphole adjacent to another electrode (liquid communication). Since it is not practical to tap at each elec-

trode at all times, overlapping reaction zones that provide good liquid communication is a primary design requirement 

for a multi-electrode calcium carbide furnace [5]. 

The basic unit of the calcium carbide furnace as a multi-part reactor is the electrode and reaction zone pairs. Ref-

erencing again Frye’s description of CI’s furnace in Louisville in 1970, each part reactor has a power of 15 MW, sees a 

typical 115 kA current and from Ohm’s Law, it can be inferred that the electrode resistance is approximately 1.1 m . 

At this power level, based on 3.0 MWh/t, calcium carbide production is 5 t/h per electrode. 3.0 MWh/t is achievable 

with high quality feeds, efficient equipment design and steady plant operation. For clarity, the mass unit here is a Metric 

tonne, i.e. 1,000kg.) 

To increase the capacity of the furnace as a whole, one must either increase the power through each electrode, or 

increase the number of electrodes. Calcium carbide production increases correspondingly. In 3-phase AC electric smelt-

ing furnaces, the normal electrode arrangements are three electrodes in a delta within a circular vessel, or six electrodes 

in a line within a long rectangular vessel. So to double capacity, the choice is between three electrodes with doubled 

power, or six of the same size. 

Selection of Number and Configuration of Electrodes  

As noted earlier, CI’s Louisville furnace has operated well since the late 1960s with a steady and generally well 

understood smelting process. The operating parameters per electrode are well known and proven, and the relevant di-

mensions of the furnace are also known, of course. As a starting point for a scale-up, simply increasing the number of 

electrodes means that the main process and electrical parameters per electrode are known, as are key dimensions such as 

electrode diameter, electrode-to-sidewall distance and electrode tip-to-hearth distance.  

Relative to these known parameters, increased power per electrode requires adjustments to many other parame-

ters, mainly in furnace dimensioning, electrode sizing and electrical parameters. Westly [6] was able to determine gen-

erally for scaling submerged arc furnaces that: 

, where R is electrode resistance to ground (or hearth) and P is electrode power, or 

, where I is electrode current. 

Westly also builds on well-known earlier work which established that for submerged arc furnaces, the following 

relationship exists: 

, where k is a process specific factor known from reference installations, and D is electrode 

diameter. 

Using these formulae, values for resistance, current and electrode diameter have been calculated for electrode 

power levels scaled up from Frye’s description of CI’s operation in 1970. These are summarized in Table 1. Also in-

cluded in the table is estimated power factor for each case assuming inductance is unchanged from the base case. Final-

ly, furnace diameter is also given, estimated based on a constant hearth power density. 
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Table 8: Scale Up Comparison for Higher Power Per Electrode for a 3-Electrode Furnace 

Fraction of CI’s Capacity (%) 100 133 167 200 

Power per Electrode (MW) 15 20 25 30 

 1.13 1.03 0.95 0.90 

Electrode Current (kA) 115 139 162 183 

Electrode Diameter (m) 1.58 1.73 1.87 1.99 

Power Factor (%) 0.75 0.72 0.69 0.67 

Furnace Diameter (m) 10 11.5 12.9 14.1 

The comparison shows that as power is scaled up, electrode current rises. Although the current rise is less than in 

direct proportion to the power increase, it does quickly rise beyond precedents so far set in the industry. Electrode size 

is within the range of precedent, although near its limit. Furnace diameter is well within the range of precedent for cir-

cular smelting furnaces. Power factor goes down. 

These results appear to suggest that such a scale-up to double capacity (30 MW/electrode) is possible provided 

that one can design suitable power supply equipment for the high current (183 kA). However, all of these cases repre-

sent significant extrapolations from prior practice based on scale-up formulae for which electrode power levels of not 

more than about 17 MW have been considered. It is unknown what new phenomena may manifest at the higher power 

levels, so these cases carry great uncertainties. 

Additionally, the extrapolation is from a known operation (CI’s) with consistent, high quality, well known and 

well controlled feed materials. For the scale up to be commercially useful, it should be broadly applicable in the calcium 

carbide industry, i.e. for a variety of raw materials possibilities. As will be seen later in this paper, making provision for 

the likely range of raw materials resulted in significant design margins being needed, especially with respect to re-

sistance (allowing for lower values) and current (allowing for higher values). For a 30 MW/electrode scale-up, this im-

plies design provision for electrode currents in excess of 200 kA. 

Ultimately, a judgement was made that uncertainties in the process and electrical performance at very high elec-

trode power levels were too great without some form of large-scale testwork. Instead, it was decided to increase the 

number of electrodes per furnace from three to six, and this led naturally to the well-established rectangular 6-electrode-

in-line furnace configuration. It was judged that the challenges of developing completely new equipment designs could 

be managed by the design team. Hatch and CI’s partnership allowed the two companies to make complimentary contri-

butions to the new design: CI’s process and operational knowhow was combined with Hatch’s expertise in custom fur-

nace design. 

Vessel Scale-Up 

The traditional approach to sizing 3-electrode submerged arc furnaces based on partially overlapping reaction 

zones is illustrated in Figure 1, taken from Kelly.Ошибка! Закладка не определена. Figure 2 shows how this con-

cept has been applied for the scale-up to a 6-electrode-in-line furnace. Reaction zones between electrodes overlap in the 

same way as in the 3-electrode furnace. 
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Figure 15: Traditional 3-Electrode Circular Furnace Sizing 
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Figure 16: Adaptation of Traditional Sizing Approach for 6-Electrode Rectangular Furnace 

Note that for the in-line electrode arrangement, there is no corresponding hot spot in the centre of the furnace be-

tween three electrodes. It was thought that the central hot spot tends to ensure flow of the carbide in the furnace be-

tween the reaction zones. As a result, for the in-line furnace, a small adjustment was made to decrease electrode spacing 

to provide greater overlap between electrodes to compensate for the absence of the hot spot and thereby ensure good 

liquid communication between the reaction zones. 

Off-gas ports on circular furnaces are normally located in the dead zones towards the shell between electrodes, 

as shown in Figure 15. For the rectangular furnace, these zones are too small, so off-gas ports have been located at each 

end of the furnace, as shown in Figure 16, thus extending its length relative to the minimum required by the reaction 

zones. Considering the foregoing, the resulting furnace size is about 6.5 m across and 27 m long at the shell. In compar-

ison to CI’s reference, hearth area is slightly more than doubled, mainly because of the extra space required to accom-

modate the off-gas ports. 

Overall vessel height was based on the precedent at CI. However, the furnace was made slightly higher to allow 

for greater freedom to set electrode burden depth above the electrode tip to adapt to different feed materials and applica-

tion of the technology at higher than sea level elevation. (QSLIC’s Golmud project is located at 2,800 m above sea level 

where atmospheric pressure is about 71 kPa.) Magnesium recirculation within the furnace is the main consideration. Mg 

crusting within the furnace charge may lead to lost charge permeability and when severe, can cause furnace disruptions 

that may include over-pressurization, blows, and in extreme cases, eruptions. 

Mg recirculation results from formation of Mg vapour in the hot reaction zone of the furnace 

(MgO + C → Mg + CO) and its reoxidation in the charge above the electrodes or in the furnace freeboard 

(Mg + CO → MgO + C). It is likely that higher levels of Mg in the feed and higher elevation are competing factors 

which affect the equilibrium of these reactions. With a somewhat higher furnace, the operators have greater freedom to 

raise or lower electrodes to adjust off-gas temperature and the equilibrium. Of course, such adjustments have secondary 

electrical effects on resistance, so adjustments must be made with consideration for these effects as well. 

Mass and Energy Balances 

In terms of mass and energy balance, the furnace process scales directly on a per electrode basis. Thermal and 

electrical energy losses have been estimated for both CI’s 3-electrode circular furnace and for the 6-electrode rectangu-

lar furnace. Overall, these losses are the same in both cases and there is no net change in furnace specific energy con-

sumption. In both cases, specific energy consumption is about 3.0 MWh/t for good quality feed, i.e. metallurgical coke 

with 88% fixed carbon (moisture free basis) and burned lime with 96% CaO. The balances are summarized in Table 2 

both on specific and absolute bases. 

Table 9: Mass and Energy Balances 

Input / Output 

(Mass / Energy) 

Temp 

(°C) 

Specific Value Typical  – 45 MW Scaled-Up – 90 MW 

Mass 

(t/t CaC2) 

Energy 

(MWh/t CaC2) 

Mass Flow 

(t/h) 

Power 

(MW) 

Mass Flow 

(t/h) 

Power 

(MW) 

        

Inputs        

Charge Mix 25 1.45 - 21.8 - 43.5 - 

Electrical Energy - - 3,000 - 45.0 - 90.0 

Total - 1.45 3,000 21.8 45.0 43.5 90.0 

        

Outputs        

CaC2 (300 L/kg) 2,000 1.00 740 15.0 11.1 30.0 22.2 

Off-Gas & Dust 800 0.45 120 6.8 1.8 13.5 3.6 

Chemical Reaction - - 1,840 - 27.6 - 55.2 

Electrical & Thermal 
Losses 

- - 300 - 4.5 - 9.0 

Total - 1.45 3,000 21.8 45.0 43.5 90.0 
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Data presented in the Table will vary for differing raw materials characteristics and detailed calculations that 

must be prepared for any particular new application. Specific energy consumption can be significantly increased, and 

furnace productivity decreased, if low quality raw materials are used. 

Tapping 

Tapping of a choke fed calcium carbide furnace is its primary means of mass and energy balance control. Once 

the power is turned on and material is heated, reactions occur and feed is consumed. If the calcium carbide pool is over-

tapped, tapping naturally stops because there is insufficient liquid remaining. On the other hand, if tapping does not 

keep pace with the rate at which the calcium carbide is produced, then the calcium carbide accumulates, electrode cur-

rents increase rapidly and the liquid pool overheats. This can lead to troublesome liquid boil-ups and dangerous gas 

blows. For large, high production rate furnaces, it is continuous tapping that keeps the furnace in balance by ensuring 

that liquid calcium carbide is removed at approximately the same rate at which it is produced, and thus is prevented 

from overheating. 

Tapping at CI uses three tapholes, one adjacent to each electrode, and is continuous. Each taphole is worked in 

sequence around the furnace and tapping shifts from one hole to the next, with the tapping frequency varied depending 

on furnace conditions. Normally, as one taphole is being closed, then the next is being opened. Two tappers are re-

quired. If tapping must be interrupted for an extended period of time, then power must be shut off. The tapping se-

quence at CI is illustrated in Figure 3 below. 

2

13

TAPHOLE #2

TAPHOLE #3 TAPHOLE #1

 

Figure 17: Tapping Sequence at CI 

For the 6-electrode furnace, it was intended to match this approach as closely as possible to achieve the same ob-

jectives. Consequently, the furnace is provided with six tapholes, one adjacent to each electrode. For the circular fur-

nace, tapholes are located approximately 10.5m apart along the perimeter of the shell. This leaves plenty of space avail-

able to accommodate the tapping components on the furnace and the ancillary equipment on the adjacent tapping floors. 

However, for the rectangular furnace with electrodes on less than 4 m spacing, it is impractical to locate all tapholes 

along one side of the furnace. Instead, three tapholes are located on each sidewall at the Electrode #1, 3 and 5 positions 

on one side, and on the Electrode #2, 4, and 6 positions on the other side. This is illustrated in Figure 4. 

With three tapholes on each side of the furnace, it was natural to follow CI’s tapping rotation among three tap-

holes, except in this case two tappers work on each side of the furnace and circulate among their tapholes. This is also 

illustrated in Figure 4. 
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Figure 18: Tapping Sequence for the 90 MW 6-in-Line Furnace 
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Electrical Scale-Up 

The choice to proceed with six electrodes leads to selection of electrodes of the same size as the precedent, i.e. 

CI’s 1,575 mm diameter. However, Hatch’s current generation electrode column system has been recently built for 

1,600 mm diameter electrodes, so this was selected to avoid unnecessary redesign. It has been determined that this has 

negligible impact on the process and electrical characteristics of the furnace. 

The 3-phase AC electrical circuits differ between the 3-electrode and 6-electrode furnaces. In the 3-electrode 

case, the furnace comprises a single 3-phase electrical circuit supplied through three electrodes, one for each phase, 

from three single phase transformers connected in delta or star configuration or from a single three-phase transformer. 

In the 6-electrode case, the furnace comprises three single phase circuits, each supplied by a single phase transformer 

connected to an electrode pair. The two arrangements are shown schematically in Figure 5 below. Note that the elec-

trode to hearth resistance of 1.1 m  quoted for the 3-electrode furnace is equivalent to 2.2 m  per electrode pair for the 

6-electrode furnace. Note also that the 6-electrode furnace has been designed for the higher primary voltage of 110kV 

available for the QSLIC project in Golmud. 

22MVA

13.8kV – 300V

22MVA

13.8kV – 300V

22MVA

13.8kV – 300V

1.1mW

1.1mW

1.1mW

 

65MVA

110kV – 380V

2.2mW 2.2mW 2.2mW

65MVA

110kV – 380V

65MVA

110kV – 380V

 

Figure 19 – Furnace Electrical Circuit Comparison 

The operating resistance in a calcium carbide furnace is influenced by a number of factors including the furnace 

design and dimensioning, as well as the raw materials. In particular, particle size of lime and coke, chemical composi-

tion of lime and coke, and resistivity of coke are known to affect the operating resistance. There is no systematic way to 

calculate precisely the operating resistance of a calcium carbide furnace based on quantification of these parameters. In 

fact, even in cases of consistent furnace feeds at any particular plant, the operating resistance varies significantly over 

time. 

In principle, Hatch’s 6-electrode furnace power supply sizing is based on Westly’s C3 curves [7], along with 

Carbide Industries’ and another producer’s operating data. Figure 20 shows the Power-Voltage-Current (PVI) diagram 

of the 90MW furnace. The diagram indicates the relationship between the furnace power and electrode currents for each 

transformer tap position. These operating points can also be correlated with the electrode resistance values shown in 

black lines. The target operating setpoint of the furnace, 90 MW at 115 kA, which corresponds to 2.2 m  resistance per 

electrode pair is indicated on the diagram. The Westly curves for calcium carbide with different confidence levels are 

also shown. 
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CaC2 Furnace PVI Diagram
6 Electrodes - Rectangular Furnace
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Figure 20: PVI for the 6-Electrode, 90 MW Furnace 

While the target operating point is based on Frye’s description of CI’s furnace, one can see from inspection of 

the PVI diagram that it sits favorably near the lower edge of the range of Westly’s curves. It is a favourable position 

within the range since its relatively high electrode pair resistance reduces current and increases power factor. This is 

reflective of CI’s careful management of the raw materials and operating practices. 

For the scale-up to the 6-electrode furnace to be commercially useful, it should be broadly applicable in the cal-

cium carbide industry, i.e. for a variety of raw materials possibilities. So, one can note in the PVI that the furnace oper-

ating envelope (shown in green) allows for a wide variation of the operating parameters, including the likely range of 

potentially observable resistance at 90 MW according to Westly. Since furnace power supply cannot usually be easily 

upgraded, the operating envelope was sized such that it provides enough room for any future variation in the raw mate-

rials as well as for operational improvements. This is indicated with the orange rectangular boxes above and below the 

design 90 MW, 115 kA, and 2.2 m  electrode pair resistance operating point. 

Since the operating power factor of such furnaces can be as low as 0.50, the power supply needs to be designed 

with adequate power factor correction equipment to ensure not only an acceptable power factor to the power supply 

utility but also to ensure that the voltage drop of the furnace transformers’ supply bus is managed adequately. Depend-

ing on the actual objective, the power factor correction capacitor bank should be able to supply a capacitive reactive 

power of around 100 MVAr. Depending on the actual system, this can be achieved by using switchable capacitor banks, 

or, if a more sophisticated control is required, even a STATCOM [8] system may be used. 

Based on the available operating envelope (the green line) the power supply system will allow production with a 

power level of up to 100-105 MW, which is the present upper limit considering the physical size of the furnace. How-

ever, in later stages even higher power levels may be possible with experience and/or mechanical upgrades which may 

be considered in the future. 

Conclusion 

A new 6-electrode rectangular 90 MW calcium carbide furnace design has been developed. Its process and electrical 

scale-up has been developed using information obtained from the furnace operated by Carbide Industries in Louisville, 

Kentucky since 1968. The scale-up approach is to maintain a 15 MW electrode and reaction zone as a basic element of 

the furnace, and to increase the number of electrodes and reaction zones within the vessel. This approach minimizes 
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uncertainties in the operation of the process and of the main electrical parameters, since these factors are based on ex-

tensive proven industrial operating histories. This approach required an entirely new equipment design, both in terms of 

the configuration of the furnace vessel and its associated power supply circuit. 

Allowance has been made in the design for a range of likely raw materials characteristics to give the furnace broad in-

dustry applicability. Eventually higher power operation is forecast as operating experience is gained. 

The first five of these new furnaces are under construction in China for QSLIC at the time of writing. After commis-

sioning, these will be by far the largest calcium carbide furnaces ever operated. 

A longer term objective for Hatch is to apply the design for ferroalloy production. 
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ABSTRACT 

For most ferroalloy producers, slag has limited or no value after the smelting process is completed. In many 

cases, slag managementrepresents an increasingly expensive handling and storage challenge. Slag has untapped poten-

tial as a source of energy, revenue (from high-value slagsales) and un-recovered alloy droplets. Few, if any, of these 

traits have been valorized with the current technologies. Present ferroalloy markets are characterised by small margins 

and increasing regulations and costs. In order to compete in the current market, producers are forced to improve over-

all productivity in their current operations. Slag valorization plays an important role in generating additional revenue 

and in increasing operation efficiencies, while improving safety and reducing environmental impacts with limited capi-

tal commitment. 

Ecomaister-Hatch Slag Atomization Technology (SAT) represents a commercially proven application of air 

blasting of ferroalloy slags at industrial scale. The technology is extremely robust, easy to install, and cost-effective. By 

air atomising slag into fine, solidified, and cool particles, the operator is able to avoid the safety risks associated with 

liquid slag handling and water granulation. This slag treatment method reduces dust creation and water consumption, 

and also allows for energy recovery from the molten material. Through innovative process designs, slag is now intrinsi-

cally valuable as a raw material for a number of other applications e.g. sand blasting, ballast, or roof shingles. The 

elimination of multiple cooling and treatment steps of a traditional slag handling results in higher throughputs, lower 

transport and crushing costs, a smaller footprint, and shorter slag cycle. These factors in combination provide short 

term revenue and long term sustainability. 

The current paper will examine the design and benefits of the Ecomaister-Hatch Slag Atomization Technology 

when applied to, for example, ferrochrome production slags. A business case is also examined utilizing a 200,000 tonne 

per year ferrochrome operation including a metal recovery plant as an example. 

1. INTRODUCTION 

Slag and slag handling currently represents a significant safety, environmental, operational, and financial con-

cern for ferroalloy production. With the majority of smelters producing slag/alloy mass ratio of 1.0-1.5, slag handling 

and processing post tap hole represent a significant part of any operation. Historically, slag treatments have differed 

across sites based on environmental legislation, available space and site location. Two processes have traditionally dom-

inated the industry over time and are selected based on numerous site specific parameters. Slag is either 1) air cooled 

and handled dry or 2) granulated in a high pressure water stream and handled largely wet. Both options have some ad-

vantages and disadvantages, as will be discussed below. However, regardless of the selected handling option, the smel-

ters need to address the challenging safety issues with the existing technologies, dust emission, energy consumption, 

environmental footprint, and cost competitiveness in the current market with marginal benefit for the metal producers. 

Therefore, there is a strong need for a new technology that can guarantee competitiveness of the smelters. The current 

existing technologies for slag handling are briefly reviewed below. 

1.1 Air Cooling and Dry Handling 

Multiple options exist for handling the material immediately after the tap hole. In the ferroalloy industry, the vast 

majority of furnaces have metal and slag exiting the same tap hole and there exists the immediate requirement to sepa-

rate the two hot materials effectively. Overwhelmingly this is done by utilising the difference in density between alloy 

and slag. Two routes are equally common in industry: 1) transportation of slag using ladles/slag pots and 2) carbon 

block “skimmer” method, which is generally cheaper but can exhibit slag contamination in the metal. In both cases 

metal producers are generally limited to air cooling of the slag, although sometimes water spray is also used to acceler-

ate the cooling rate (Figure 1). It typically takes several hours for the core of the slag to solidify and cool sufficiently so 

that front end loaders or excavators can extract the material. It can take several more days before the slag can be loaded 

into a crusher in the metal recovery plant. Primary crushing typically consists of a jaw crusher followed by cone crush-

ers. Then the material is sent for density separation with pneumatic jigs and spirals. 
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Figure 1: Air cooling of slag in designated areas 

Air cooling and dry handling of slag poses various challenges. Firstly, the dumping of liquid slag in an open area 

causes not only an aesthetic challenge but makes fume capture impossible. Secondly, handling air cooled slag faces a 

number of safety and operational challenges. Tapping frequency and plant layout determine the cooling period for the 

initial solidification of the slag, which in most cases is between 2 and 4 hours. Rapid turnaround means that molten slag 

may exist when loaders or excavators are handling the material. Removing semi-molten slag from a pit poses danger to 

both personnel and equipment, even when using modified mobile equipment or “hot” machines. Replacement and 

maintenance costs associated with ground engaging equipment are exponentially higher on “hot” machines utilised in 

these environments. Spraying water into a pit is a common solution to accelerate slag cooling. However, potential for 

molten material/water explosions remain ever present and the pooling of water can delay furnace operations. Lastly, 

transportation of air cooled slag from the pit to downstream crushers and metal separators poses additional safety and 

operational risks. Transportation of semi-molten slag via mobile machinery requires dedicated roads, specialised 

equipment and specialised training. It also increases the area in which special precautions need to be taken for molten 

material/water contact. The repeated loading and transport combined with crushing steps results in numerous dust emis-

sion sources and increased diesel consumption for mobile machinery. 

1.2 Water Granulation 

Although not as common as dry slag handling, water granulation of slag represents a significant part of the in-

dustry. Two major forms of granulation systems do exist: 1) at the end of launder attached directly to the furnace or 2) 

at a dedicated facility designed to accept slag pots or ladles. To maintain a safe and successful water granulation system, 

it is critical to maintain the temperature, flow and pressure of the water in accordance to the temperature and flow of the 

molten material. The slag is granulated with impact of the high-pressure water stream and forms small granules, approx-

imately 2 mm in diameter. The slag is rapidly solidified in the initial water blast and then cools further in a settling tank 

(Figure 2). Various options then exist for dewatering of slag and subsequent transfer to either the stockpile or a metal 

recovery plant (1; 2; 3; 4; 5).  



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 168  
 

 

Figure 2: Water granulation of slag 

There are significant operational, environmental, and safety challenges related to water granulation of slag. First-

ly, a typical water granulation requires ~10 tonnes of water per tonne of slag granulated, out of which between 1 and 1.5 

tonnes of water is lost to evaporation. This has both environmental and financial implications and in some areas, makes 

the technology simply not possible due to water limitations. The energy costs associated with pumping and cooling of 

large volumes of water increase the operating cost of the process. Precautions are also required for the overall treatment 

and de-sludging of the water circuit to remove the build-up of deleterious metals and potentially harmful/toxic dissolved 

species. Further, the placement of the granulation facility within the molten material zone of a furnace building also 

raises significant concerns and requires additional protection for both personnel and equipment. If the facility is located 

directly in front of the furnace, control of molten material through the tap hole and into the water stream is critical. 

Therefore, continuous monitoring and maintenance of the tap hole itself is an extremely important consideration. 

2. LIMITATIONS WITH THE CURRENT SLAG HANDLING TECHNOLOGIES 

2.1 Operating Cost 

Slag has, with the exception of a few instances, been seen as an unavoidable but necessary cost of producing fer-

roalloys. The removal, treatment, and disposal of slag are considered a direct cost on the bottom line with no expecta-

tion of revenue generation. Industries outside of ferroalloys have successfully created a market into which all of the slag 

produced is sold as a value-added by-product. This potential opportunity exists in the ferroalloy industry too. The crea-

tion of viable revenue-generating slag product would drastically enhance the viability and sustainability of a producing 

complex. Treatment options either through water granulation or air cooling all carry operational costs over and above 

the long term environmental liability and closure costs. 

2.2 Environmental Footprint 

In most cases, ferroalloy production plants were originally designed to produce alloy under different environ-

mental legislation in which slag was seen as a waste product that could be easily stored on-site in unlined dumps. How-

ever, producers are now under increasing pressure to not only cease dumping of slag on-site, but also to remediate the 

existing facilities and to provide a cleaner footprint. 

Global concerns for climate change, sustainability, and resource consumption with an emphasis on carbon usage 

mean that facilities have to lower energy consumption, lower water consumption, and utilise resources more effectively, 

while simultaneously lowering the facility’s impact on the immediate environment. This means using less water in wa-

ter granulation and cooling, reducing or eliminating dust created by crushing and loading, as well as reducing transpor-

tation of materials and associated diesel consumption. Slag storage represents a significant environmental legacy for 

any plant that is unable to turn the slag into a usable product. 
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2.3 Heat Recovery Obstacles 

The molten slag discharged from the metallurgical furnaces is a tremendous energy stream leaving the reactor 

and in some cases can reach up to 80% of the total energy input to the process (6; 7). This energy represents a signifi-

cant cost which is currently not recovered. In air cooling, this energy is dissipated to the environment and cannot be 

reclaimed. In water granulation, energy recovery from hot water was attempted, but such a heat recovery system was 

never commercialized due to the associated high costs and low quality of heat source. A number of different technolo-

gies have been developed (8; 9; 10; 11) to recover the heat before disposal/water granulation or during a dry treatment 

of the molten slag. However, due to technical and economical reasons, none of these technologies passed the piloting 

stage. Ideally, slag energy should be recovered in the form of hot gas, steam or electricity and reintroduced to the opera-

tion to minimize the total energy consumption of the plant. 

2.4 Metal Loss to the Slag Phase 

A large portion of ferroalloy production sites utilise density separation technology at a dedicated plant for recov-

ery of entrained alloy droplets from the slag prior to the long term storage or sale of the material. These plants are gen-

erally low capital cost plants with high throughputs and are fed a mixture of new slag from the furnaces and recycled 

slag from existing stockpiles, if any. The technology is well proven and effective. However, the recovered metal tends 

to have higher slag content than the furnace metal. Thus, it is usually sold at a slight discount or recycled internally to 

casting beds or to the furnaces themselves. Critical to the metal recovery and grade in this process is the size distribu-

tion of the slag. Although the plant will typically have a series of crushing steps, the recovery peaks in the 1 – 10 mm 

range for most ferroalloys. The larger size fraction has lower slag contamination and particles below 1 mm will typical-

ly exhibit metal recovery rates 10% below other size fractions.  

Although water granulation provides a narrower size distribution, limitations are imposed by the temperature and 

flow rates of both slag and water as well as slag composition. Water-cooled slag is quenched and thus metal droplets are 

often frozen in a matrix of slag requiring extensive crushing to liberate. Similarly, air cooled slag must be crushed, as it 

has slow cooled into large slabs. Crushed air cooled slag has a much wider particle size distribution resulting in a vari-

ance of performance in the metal recovery plant as well as throughput limitations depending on the design of the plant. 

2.5 Slag Sales as By-product of the Operation 

The sale of barren slag from operational sites varies greatly across the globe with a numerous factors influencing 

the amount of material sold or revenue generated. The selection of post tap hole slag handling processes will be heavily 

influenced by the market requirements for slag. Three key aspects have to be taken into account as elaborated in the 

following sub-sections. 

2.5.1 Slag physico-mechanical properties  

Often key to the final customer is the physical structure of the slag encompassing the mineralogy, size, strength, 

grindability etc. If a glassy amorphous phase, for cementitious properties, is required for the downstream processes, the 

slag must be rapidly cooled and/or water quenched. Aggregate in civil engineering applications is another large market 

for slags (12; 13; 14) but do not require amorphous properties and thus air cooling is sufficient. It is clear that the choice 

of cooling condition immediately limits the slag to certain markets. 

2.5.2 Distance to market  

Ferroalloy smelters are often not located close to large urban areas; hence, the ability of a slag to compete in the 

aggregate market with local sources of natural materials (e.g. stone) is largely dependent on the transportation cost 

shipping requirements. As the production site moves further from the market, the slag intrinsic value must increase to 

remain competitive. 

2.5.3 Environmental legislations 

Strict environmental legislations play a key role in applicability, and thereby marketability, of the slag for differ-

ent applications (15; 16; 17). Initially, legislation must allow for slag sales to take place and the slag must then be clas-

sified as non-hazardous material. If the slag is classified as a hazardous material the producer will have no option but to 

stockpile it appropriately. On the other end of the spectrum, if legislation allows for the sale of the material and limits 

the stockpiling on site, the incentives for the development of slag markets is greater. 
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3. ECOMAISTER-HATCH AIR ATOMIZATION TECHNOLOGY 

An ideal slag handling process should 1) be safe and economical, 2) enable slag sale as a useful by-product, 3) 

enable enhanced metal recovery, and 4) enable heat recovery from slag. Ecomaister-Hatch has developed a reliable air 

atomization technology that can meet all the above mentioned requirements for an ideal slag handling process. 

The Ecomaister-Hatch process involves the air granulation of slags utilising a high power, low pressure jet of air 

to fragment and cool the slag stream (Figure 3). The material can be introduced via a launder either directly from the tap 

hole or by decanting a slag pot or ladle. The slag solidifies in droplet or granules almost immediately and then lands in a 

stockpile area where the balance of cooling occurs. Air flow is provided by blowers ensuring ease of maintenance and 

high reliability combined with low operating costs. The technology is well-proven with multiple commercial installa-

tions producing millions of tonnes of slags per year from ferrous and non-ferrous metal production processes.  

 

Figure 3: Current commercial operation of Ecomaister-Hatch Dry Slag Atomization Technology: (a) Atomization pro-

cess and (b) cooled solidified slag granules. 

The Ecomaister-Hatch air atomization technology limits molten material transportation, which not only lowers 

its associated safety risks but also inherently decreases the cost and maintenance requirements for “hot” machines. An-

other proven benefit of the atomization process is producing a sellable value-added by-product that can be used in a 

number of different applications, as explained below. The atomized slag granules are typically in particle size range 

between 0.5-5 mm. Unlike slow cooled materials, air atomized slag does not require costly and dust-generating size 

reduction operations. Further, as explained below and in the provisional US-patent application 62/094,370 (18), metal 

recovery from atomized slag is facilitated. Lastly, air atomization also allows for heat recovery. The only viable method 

for heat recovery from molten slag is to granulate the material into numerous small particles (generating a large specific 

surface area and increasing the heat transfer from slag) and recover heat from the generated hot air. 

Considering all abovementioned benefits, the process reduces the overall energy consumption of the operations, 

decreases the environmental footprint, eliminates the health and safety risks associated with melt handling for slow 

cooling and/or water granulation, and provides a considerable saving for the plant. The following sections summarize a 

business case highlighting the financial benefits that can be obtained. 

4. BUSINESS CASE 

The Ecomaister-Hatch Slag Atomising Technology has several financial benefits. Depending on the site specific 

cost profile and operations, the financial benefits will manifest in one or more of the following ways, namely lower slag 

handling costs, greater metal recovery from slag, slag sales, and heat recovery. The model assumes ferrochrome opera-

tion producing 200,000 tonnes of alloy per year from the furnaces and a slag-to-metal ratio of 1.2. A recovery plant is 

utilised fully and can process 1,000 tonnes per day of slag. 

4.1 Lower Slag Handling Costs 

Handling molten or hot materials is expensive. Not only does it require specialised equipment and training but 

the equipment experiences accelerated wear and fatigue due to the cycling between hot and cold environments. If the 

plant operator owns and manages this equipment itself, all of these costs are absorbed by the operation, whereas a rental 

agreement with a third party typically includes higher rates for hot material movement. Regardless of the operating 

model, the costs of running a “hot” machine moving hot material is typically in the range of 2-3 times more expensive 
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than running a “cold” machine. Many operators are forced to handle slag in a semi-molten or hot state due to re-

strictions on slag bays and launders volume and the interval between successive taps. Additional to the effects of the hot 

material is the requirement that the machine possess the strength to “break” large blocks of frozen slag prior to loading. 

Fully molten transport of the slag via specialised haulers adds complexity and cost to an operation which can be mini-

mised by air atomising the material. Air atomised slag is loose, cold and analogous to sand for handling. It can be load-

ed and hauled with standard bulk material machinery at no risk to the operators or equipment. Typical air atomised slag 

is below 200°C and can be handled within 30 minutes of atomisation. This translates into direct savings per tonne of 

material handled. Lower machines costs and less wear means that machines last longer and have higher availability 

rates resulting in a smaller fleet. As a result of the generic nature of the equipment, machine utilisation rates can be im-

proved by using the same machine across site. For a 200,000 tpa ferrochrome operation, with hot slag handling costs of 

$8.8 per tonne and cold slag handling at $2.5 per tonne, the ability to atomise 80% of the slag would result in a cost 

saving of $1.2 million per year. These calculations are simply the costs savings in machine rates and exclude any other 

additional potential benefits (e.g. wear and maintenance fees). 

4.2 Greater Metal Recovery Rates 

One of the advantages the system delivers that is not immediately apparent is to allow the operator to debottle-

neck the metal recovery plant and thereby increase the treatment of historical tailings dumps on-site. Due to advances in 

jigging and recovery technologies, these stockpiles often have a much higher metal content than currently produced 

slag, and feeding more old material into the metal recovery plant can increase the overall metal production. 

The majority of the metal entrained in the slag in ferroalloy operations often comes from operational instability 

rather than metallurgical inefficiency. The causes can be as simple as a inattentive operator, tap hole clay gun failure, 

launder collapse, or simply a large variation in proportion of metal and slag leaving the tap hole in skimmer operations. 

Air atomisation allows the operator to immediately react to the undesirable condition, interrupt the air stream, and cease 

atomisation when a large proportion of metal is present. The material would then simply cascade into a slag pit and cool 

for recovery via traditional methods of excavation, crushing and jigging. Thus the operator has the ability to produce a 

very barren slag stream which can bypass further treatment and a highly metallised stream for further processing. Due 

to different densities some separation of metal droplets does occur within the atomised stream allowing additional re-

covery if warranted. 

By creating a metal barren stream the operator can effectively open up additional capacity in the metal recovery 

plant. Considering the example case of a 200,000 tpa ferrochrome plant in which 80% of the slag is atomised and that 

contains a 1,000 tpa recovery plant, the operator is now able to free up 192,000 tonnes of slag treating capacity, or in 

other words increase the capacity for treatment of the historical material from 120,000 tpa to 312,000 tpa. Assuming a 

recoverable grade of 3% alloy in the historical material, compared to 2% in current slag produced, and accounting for 

some losses in the barren stream, the plant will produce an additional 4,800 tpa alloy. Assuming a very low sales price 

of 60USc/lb chrome and a 48% Cr-content in the recovered alloy, equivalent to $3 million per year additional revenue 

can be generated. 

4.3 Slag Sales 

Slag sales and revenue from slag sales differ greatly from jurisdiction to jurisdiction and indeed from producer to 

producer. The differences often result from local legislations, environmental regulations, geographic location, and ag-

gregate market size or location. Producers that are allowed to sell slag typically have to enter a market saturated with 

other aggregates with a lower cost due to transport costs. Essentially, it is often cheaper to quarry locally than to 

transport a zero-cost material for a significant distance. However, all producers in these scenarios are attempting to sell 

a basic product with few tangible benefits to the purchaser. Thus, the amount of product differentiation achievable is 

limited, i.e. slags are compared on a cost basis only with local aggregate. 

Air atomization, however, has the ability to change this presumption. Ecomaister-Hatch air atomization technol-

ogy is able to control the size of the slag granules generated, and in some cases physical properties of the material can 

be tailored to meet specific requirements. Therefore, the process is not only a slag treatment method but also an opera-

tion to produce a real product with intrinsic value. Typical end uses of slag are abrasive blasting material, counter 

weight and ballast materials on cranes or forklifts, roofing granules in tar shingles, filter media in water or other filtra-

tion systems, specialised concrete production and road pavement aggregate. By preparing the slag to a specific standard 

and thereby creating a value added by-product, the operator not only opens up new markets but also changes the poten-

tial revenue streams and the economic case for purchase. Slag sales can generate otherwise unrealised revenue for firms 

when pricing slag at anything between $5 and $50 per ton depending on market and location. This revenue can be ac-

counted for directly as profit in most operators books as all the costs associated with slag handling are assigned to the 

metal. Quantifying the long term costs savings associated with smaller stockpiles and lower environmental liability 

costs is not straightforward. These “hidden” costs only manifest many years after the material is dumped and can also 

consume high levels of capital when new dump areas need to be cleared, built and permitted.  
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4.4 Heat Recovery from Slag 

Numerous attempts have been made to economically recover energy from the slag. In slow air cooling of slag, 

the energy is simply lost to atmosphere, and with water granulation the low quality steam generated cannot typically be 

applied for reuse of the energy.  

Ecomaister-Hatch Air Atomisation technology is currently used in two full-scale smelting sites for heat recovery. 

The air stream is used to quench and granulate the material; this hot air can then, cost effectively, be transported to any 

position on-site for utilization. Existing commercial slag air atomising facilities are operating with air temperatures post 

atomising chamber in the 350-400°C range. This is more than sufficient for most drying purposes. Considering the ex-

ample case of a 200,000 tpa ferrochrome plant in which slag is atomized at a rate of 18 tph, approximately 40% of the 

total energy, or 5 MWth, can be recovered in the form of hot air. 

4.5 Financial Evaluations 

By combining the various aspects and financial implication detailed above it becomes clear that the Air Atomisa-

tion Technology represents a prudent use of capital to lower operating costs and increase in revenue, while decreasing 

site risks to personnel, equipment and the environment.  

Although total capital costs of the project will vary due to slag flow rates, layouts, and other site requirements, 

the expected NPV for a ferrochrome smelter with operating details as shown in Table 1 will generate a payback period 

of less than 8 months and an Internal Rate of Return (IRR) of 13%. This value includes sales of 50% of the new slag at 

$50 per tonne and no heat or energy recovery. For these calculations a 2-year project life is assumed, after which histor-

ical stockpiles have been depleted. 

Table 1: Operating parameters of a hypothetical ferrochrome producer 

Parameter Value 

Alloy Production Rate 200,000 tonnes per annum 

Slag to Metal Ratio 1.2 tonnes of slag per tonne of metal 

Recovery Plant Capacity 1,000 tonnes per day slag 

Recoverable Metal in New Slag 2 mass-%  

Recoverable Metal in Historical Slag 3 mass-%  

Slag reporting to Barren Stream 80 mass-%  

Chrome price for recovery material 0.6 USc/lb contained Chrome 

Chrome grade 48% Chrome 

5. CONCLUSIONS 

Air Atomisation technology can eliminate the safety concerns associated with slag treatment methods (slow 

cooling or water granulation) and presents a remarkable solution to change the way operators see post tap hole slag 

management. For true advancement in this area, slag needs to be seen as a valuable by-product and not a waste. With 

this perspective, furnaces must be seen as generating three streams of value: metal, slag and gas. The costs of handling 

these streams should be aimed at adding value rather than limiting cost. The Ecomaister-Hatch Slag Air Atomisation 

Technology is an investment to both reduce costs and create value in a plant slag stream. 
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Most pyrometallurgical furnaces have one or more tap-holes, from which slag, alloy and/or matte is tapped. Alt-

hough tap-holes differ in design, most are closed using tap-hole clay and opened by a combination of mechanical drill-

ing and lancing with oxygen. Lancing with oxygen involves a thin steel tube, through which oxygen is transported, 

which is inserted into the tap-hole. The steel tube melts and ignites in the oxygen, providing energy to melt the tap-hole 

clay. During lancing, reaction of oxygen with the slag, alloy, matte, refractory, and gas is possible. All of these interac-

tions (chemical and thermal) can influence the process and the tap-hole assembly itself. This can lead to premature 

shutdown of the furnace. 

To study the effect of lancing in a controlled manner, multiphase models are being developed. Both computa-

tional and physical models will be used to study tap-hole flow during lancing throughout the entire project. The initial 

physical model is a simple assembly using water and air. A high-speed camera and wall pressure measurements are 

used to observe flow phenomena when injecting an air jet into a static bath. The computational model is developed with 

OpenFOAM. This study serves as a ‘building block’ for more complex models, since very little measured data are 

available for this particular problem. It is envisaged that the study will be one of many, during which proper validation 

data will be generated to ensure that the modelling results are a true reflection of what occurs within a pyrometallurgi-

cal furnace, and that the datasets will serve the modelling community by providing confidence in computational models. 

The emphasis of this work is on confirming that real-life phenomena can be described properly with computational 

models before performing more complex studies.  

1 INTRODUCTION 

The tap-hole is considered one of the most important parts of a pyrometallurgical furnace. The main product, be 

it matte, alloy or slag, can only be produced if it can be tapped successfully and safely at reasonable rates from the fur-

nace. 

Tap-holes are high-maintenance, high-risk areas of the furnace as they are opened and closed continually, allow-

ing flow of molten materials at high temperatures. Tap-hole systems are complex and a variety of designs exist [1]. 

The standard configuration includes a tap-hole refractory system (tap-block), cooling system, drill, oxygen lance, 

‘mud’-gun and, in more modern systems some form of monitoring equipment. The drill and oxygen lance are used for 

opening the tap-hole, and the mud-gun for closing the tap-hole by injecting refractory clay into it. 

Tap-hole monitoring is critical: firstly, because incidents like uncontrolled tapping, furnace run-outs and water 

explosions due to tap-block failure are safety risks, and secondly because a failed tap-hole assembly can stop production 

with subsequent loss of revenue. Significant advances have been made in tap-hole system monitoring, aside from re-

fractory material and cooling water temperature measurements. These include the use of thermal imaging cameras and 

fibre optics to monitor wear of tap-hole blocks [2].  

Many furnaces require a combination of drilling and oxygen lancing to initiate tapping. In the case of blast fur-

naces, lancing is used less than 1% of the time [3]. In contrast, up to 36% of taps from South African platinum melting 

furnaces involve oxygen lancing [4]. 

Lancing remains mostly a manual process. This often leads to damaged tap-hole refractories due to unwanted 

thermal spikes, skew holes, and oxidation of carbon-based refractories, and potential contact with molten material in the 

furnace. There are also risks of tap-hole clay moisture explosions due to extreme lancing temperatures, and accidental 

lancing into water-cooled tap-hole assemblies and resulting water explosions. On the other hand, manual lancing by 

experienced operators can correct drilling errors with minimal damage to the tap-hole assembly. Experienced operators 

often develop a ‘feel’ for the furnace process and tap-hole systems, making lancing somewhat of an art. 
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Thermal modelling is used extensively in the design of furnace tap-block assemblies [5], often leading to signifi-

cant improvements in tap-hole life and safety aspects. To date, the effect of lancing inside and around the tap-hole has 

received limited attention in open literature. This is most likely due to the complexity of the lancing and tapping pro-

cess. 

Modelling of oxygen lancing can become quite complex. Should the lance penetrate fully into the bath inside the 

furnace, enhanced heat transfer, gas-metal-slag mixing, and oxidation of alloy can occur. This may lead to additional 

wear and shock of the tap-hole system. Inside the tap-hole, the thermal effects of the lancing process, whether molten 

material is flowing or not, is not yet fully understood. Simulations to determine how large or small these effects are can 

lead to a better understanding of tap-hole assembly wear, and ultimately to prolonged tap-hole life. 

The research reported in this paper forms part of a larger project focused on the effects of lancing inside and 

around the tap-hole. The project involves multiphase computational fluid flow modelling to describe the effect of lanc-

ing on the tapping process. 

The ‘holy grail’ of the research is to have a fully integrated multiphysics model, incorporating fluid flow, energy 

transfer and thermochemical phenomena resulting in energy release, and formation of new phases that can contribute to 

chemical wear of the refractories. The work therefore aims at developing an improved understanding of the lancing 

problem by predicting the unseen effects inside the furnace tap-hole, where measurement is difficult to impossible. A 

better understanding of the lancing action could lead to new ways of establishing when it is safe to lance and when not, 

as well as when to stop lancing. 

The research has a secondary objective of developing open-source software and hardware platforms to describe 

and solve the problem. Significant effort is also made to validate the computational work experimentally. This paper 

focuses on the validation of a very simple multiphase flow model. 

2 Objectives of this Research Paper 

The objectives of this initial part of the work are to: 

  start development of a simple computational multiphase model on an open-source platform to describe the 

tap-hole lancing problem; 

  design and build a simple physical model to generate data to validate the initial computational model 

against; and 

  to implement a multiphase fluid flow model in open-source software to promote open access in the field of 

computational modelling and validation. 

The media that were used in the simulations and experiments were water and nitrogen. These fluids are not rep-

resentative of the materials in industrial furnaces. The purpose of this work was to establish the necessary tools required 

to validate a computational multiphase model against experimental data for a simple system. For future work fluids and 

flow characteristics that are more representative of industrial processes will be used. 

3 Physical Model 

3.1 Dimensions and Equipment 

A physical model was constructed from 5 mm thick Perspex panels (Figures Figure 21 and Figure Figure 22). 

Table 10 contains the dimensions of the model as well as the position of the sensors used. 

The physical model was fitted with a copper tube (representing the lance) at varying penetration depths for dif-

ferent experiments. The lance was connected to a gas bottle filled with nitrogen, and the gas flow rate was controlled by 

a mass flow controller (model: Bronkhorst, F-201C-FAC-22-V, range: 0-10 L/min). 

Two pressure sensors (RS Components IPSL series) were fitted in the tank wall above the lance at distances of 

35 mm (bottom sensor, range: 0-50 mbar gauge) and 70 mm (top sensor, range: 0-250 mbar gauge). An additional sen-

sor was fitted in line with the mass flow controller to measure pressure variations inside the lance during gas injection. 

The two wall pressure sensors needed to be flush against the tank wall, to ensure accuracy was not lost during 

measurements [6], and to ensure that flow was not affected by the sensors during experiments. The range of operation 

of the two wall sensors in the tank were chosen based on basic estimates for these experiments, and on work done by 

previous authors on similar problems [6][7]. There was, however, a decision made to choose sensors with different sen-

sitivities to determine which sensitivity would be optimal. Sensors with a pressure range of 50 mbar and 250 mbar were 

selected for this purpose. 

Data from the pressure sensors were captured using the Arduino Uno [8] open-source electronics platform cou-

pled to a laptop computer. Python [9] scripts were employed for data processing and communication between devices. 

A high-speed digital video camera (Olympus iSpeed 3)was triggered to record as soon as the first bubble ap-

peared from the lance. Video imagery was recorded at a rate of 1000 frames per second. The video frame rate was cho-

sen by trial and error, and an optimal rate will be investigated in future. 
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Figure 21: Photograph of the physical model with attachments, excluding camera and light  

 

Figure 22: Schematic representation of the physical model: The figure on the left is the front view, and the one on the 

right is a side view. See Table 10 for dimensions. 

Table 10: Dimensions of the model 

Label Size (mm) Label Size (mm) 

h_total 200 y_top_sensor (pressure) 35 

h_water 150 y_bottom_sensor (pressure) 35 

x_lance 10, 50, or 100 y_lance, r_lance 45, 2.91 (internal radius) 

x_total 400 z_total 45 

3.2 Experimental Conditions, Noise Measurement, and Operating Method 

The tank was filled with water up to a height (h_water) of 150mm. This provided a gauge pressure of Pwater = 

gh_water = (1000*9.81*0.15)/100 = 14.72 mbar at the bottom of the tank. For the top and bottom sensor, the expected 

gauge pressure would therefore be Pbottom = 6.87 mbar and Ptop = 3.43 mbar. These pressures were calculated and then 

measured with the pressure sensors to establish whether the sensor readings are accurate (i.e., whether the pressure sen-

sors have the appropriate range for the experiment). The ambient pressure was 845 mbar and the temperature 27°C dur-

ing experiments. 

Once the tank was filled and the water was completely static, the baseline pressure was measured for 5 seconds 

in order to establish the noise levels on the sensors.(Note: In all plots, only 2 seconds worth of data is shown). 

Figure 23 shows the top sensor, having a larger range, had a mean value of 2.88 mbar, with a standard deviation 

of 0.17 mbar and coefficient of variation of 0.059. The bottom sensor showed a value of 6.88 mbar, with a standard 

deviation of 0.05 mbar and coefficient of variation of 0.007. On this basis it was decided that sensors with a range of 0-

50 mbar will be used for future work. 
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Figure 23: Baseline noise pressure readings on the top and bottom sensors mounted on the wall of the physical model 

when filled with water to a height of 150mm 

Two variables were changed in the experiments conducted, namely lance penetration depth, and gas flow rate 

through the lance. The lance was positioned 1, 5 or 10 cm from the left wall and the gas flow rate was set to values of 1, 

3.5, and 7.5 L/min. 

For each run, the tank was allowed to settle before taking a new measurement. Measurements were repeated at 

least three times for each set of conditions. 

Videocapturing was automatically triggered when the first movement in the tank was detected. Pressure readings 

were started once the gas flow on the mass flow controller reached the required value (this takes 0.5-1.0 seconds). 

The results of these experiments are discussed later in this paper when compared to those from the computational 

model. 

4 Computational Model 

An equivalent computational fluid dynamics model of the physical model was implemented using OpenFOAM 

version 2.3.1 [10], an open-source framework for field solution of conservation equations. The computational model 

uses OpenFOAM’s standard interFoam solver for two-phase flow, which consists of a flow model and a phase separa-

tion model. Subgrid turbulence modelling was not considered at this stage as the lance injection velocities were relative-

ly low and fairly high mesh resolutions could be used. OpenFOAM discretizes the Navier-Stokes, continuity, and phase 

conservation equations governing the various fields using the finite-volume method [11].  

The volume-of-fluid (VOF) method [12] was used to account for phase separation. In this method, solution of a 

separate convective transport equation is required for the volume fraction field of the primary phase, . Water was used 

as the primary phase. This permits the phase regions and the interfaces between them to be calculated easily without the 

need for computationally expensive mesh movement calculations.  

The Pressure Implicit with Splitting of Operators (PISO) predictor-corrector algorithm was used to calculate the 

velocity and pressure fields at each time step. Gradient-limited discretisations were used for all divergence terms with 

the exception of those related to the phase fraction field, which use the Multidimensional Universal Limiter for Explicit 

Solution (MULES) limiter to perform interface compression and capturing. Adaptive time-stepping was used to main-

tain a Courant number of 1 or below for numerical stability of the algorithm. A two-dimensional slice model was used 

for this preliminary work, with the option to extend to full 3D in the future.  

Boundary conditions were supplied along the edges of the domain shown in Figure 22. The walls of the lance 

and vessel were treated as non-slip, non-permeable boundaries with velocity = 0, normal gradient of pressure = 0, and 
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normal gradient of  = 0. The top surface of the model was assumed to be open to atmosphere, with a fixed gauge pres-

sure = 0, velocity calculated from the pressure gradient, and an inlet-outlet boundary condition for  based on the direc-

tion of flow across the boundary ( = 0 (air) if inflow, normal gradient of  = 0 if outflow). At the lance tip, a fixed 

constant velocity in the horizontal direction was specified, together with the normal gradient of pressure = 0, and a fixed 

value of  = 0.  

Meshing of the model region with unstructured quadrilateral elements was accomplished using version 2.8.3 of 

GMSH [13]. Mesh resolutions varied from 20000 to 40000 elements, with substantial refinement in the region of the 

rising bubble plume originating from the end of the lance. Figure 24 shows an example mesh of the region. 

 

Figure 24: 2D unstructured mesh for computational models (40218 elements) 

5 Comparison of Computational Model and Physical Model 

5.1 Visual Comparison 

For the purposes of this paper, only one set of visual results are shown (all others are available on request). The 

result shown here (Figure 25) is for a gas flow rate of 7.5 L/min (extreme) at a lance depth of 1 cm.  
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Figure 25: Computational model results and high-speed video images taken for a lance depth of 1cm and a gas flow 

rate of 7.5 L/min. Top row: The parameter α in the computational model (α = volume fraction of water; white matches 

the condition α=0, black matches α=1). Middle row: The computed pressure field (blue is 0mbar, red is 14.72 mbar; the 

colour scale is linear). Bottom row: frames taken from the high-speed video footage. 

It appears that the computational model, at least on a visual basis, behaves similarly to the physical model. To 

validate the computational model to the experimental results, pressure sensor readings were compared to one another 

(next section). 

5.2 Comparison of Pressure Signals 

5.2.1 Typical Pressure Signals 

Typical pressure fluctuations with time from the computational model and experimental results are shown in 

Figure 26. 
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Computational Model Experimental Results 

 
(a) 

 
(d) 

 
(b) 

 
(e) 

 
(c) 

 
(f) 

Figure 26: Pressure signals for lance depth of 1cm.Gas flow: (a) and (d) = 1.0 L/min; (b) and (e) = 3.5 L/min; (c) and 

(f) = 7.5 L/min 

Compared to the computational model, the pressure signals from the physical model are at a much lower sam-

pling rate, limited by the code used with the Arduino as data logger. Modification of the hardware platform and/or 

communication between the computer and the Arduino will be required to increase the sampling rate during high-

flowrate experiments, to ensure that a maximum amount of detail can be obtained. This said, the overall results using 
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the Arduino were good for lower flowrates (Figure 26 (a) and (d)); with only partialloss in resolution at higher flowrates 

(Figure 26 (e) and (f)). The amplitude variation is also higher in the measurements at higher flowrates. 

5.2.2 Effect of Gas Flow Rate and Lance Depth on Mean Wall Pressure 

The wall pressure mean and standard deviation were evaluated against the gas flowrate, for each penetration 

depth of the lance for a fixed length of time. It is common in, for example, fluidized bed applications [14][15] to com-

pare the standard deviation in pressure rather than the absolute mean. The terms standard deviation and pressure varia-

tion are used interchangeably here. It should be noted that sensor noise has been taken into account in all plots shown 

from this point on (error bars). 

 

Figure 27: Mean pressure for top sensor as a function of 

gas flowrate and lance depth 

 

Figure 28: Mean pressure for bottom sensor as a function 

of gas flowrate and lance depth 

In the computational model, the mean pressure decreases with increasing gas flow, whereas there is very little 

change in mean pressure for the experimental model (Figure 27 and Figure 28). This change could only occur if the 

water level changes significantly over time, which is not applicable in the physical model.  

The difference between the results is attributed to the fact that, in the current iteration of the computational mod-

el, the water level changes over time. When water “splashes” beyond the top boundary of the computational model, it is 

not replaced (i.e., it leaves the system completely). Subsequently, the overall pressure at the location of the sensors de-

creases, as the pressure head (gh_water) decreases. In the experimental model, the majority of the water splashing be-

yond the top of the tank falls back into it, maintaining a constant level. The difference might also occur because the 

plume formed in the computational model moves up against the wall of the tank, causing the pressure drop. This will be 

investigated further in subsequent studies. 

In the computational model, the mean pressure drop is the greatest when the lance is closest to the wall (1 cm), 

which in part could be the “loss” of water. It does seem, however, that a significant amount of air moves up against the 

wall (see Figure 25). In the physical model, the mean pressure remains roughly the same for a change in lance depth. 

To improve the computational model, the boundary conditions will need some refinement to match the experi-

mental results. This is achievable and will be included in future work. 

5.2.3 Effect of Gas Flow Rate and Lance Depth on Wall Pressure Variation 

A more effective means of comparing the pressure measurements is by using the standard deviation of pressure 

(Figure 29 and Figure 30). 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 182  
 

 

Figure 29: Pressure standard deviation for top sensor as a 

function of gas flowrate and lance depth 

 

Figure 30: Pressure standard deviation bottom sensor as a 

function of gas flowrate and lance depth 

In both the computational and experimental results, the pressure variations increase in magnitude as the flow rate 

of gas is increased. The agreement is less at high flow rates, most probably because of the boundary conditions on the 

computational model. Water that “splashes” out leaves the system boundary and the overall water level drops. 

In summary, a plot of the predicted pressure variations for all lance depths and gas flow rates is shown in Figure 

31 for both wall sensors. A reasonable good correlation was found for the bottom sensor, while the top sensor showed 

slightly poorer correlation. 

Considering the extensive approximations and assumptions made in the development of the 2D computational 

model, the correlation with experimental results from the physical 3D model is good. 
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Figure 31: Comparison of all the pressure standard deviation data for both sensors 

6 Conclusion 

A simple multiphase computational model was validated against a physical model as a first step in studying the 

effect of lancing in furnace tap-holes. A rectangular tank was constructed with a lance penetrating through the lower 

sidewall, injecting a gas stream into a set volume of water. The parameters that were changed include lance penetration 

depth and gas injection rate. 

A two-dimensionalcomputational model was developed using the OpenFOAM open-source framework to repre-

sent the three-dimensional physical model. Pressure measurements at two points in the physical model were compared 

to equivalent signals produced by the computational model. The variation in pressure along the wall of the experimental 

rig was found to be in agreement with the values computed in the OpenFOAM model, with slight deviations observed at 
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higher flow rates. Correlation coefficients from 0.93 to 0.98 were found between the computational and experimental 

results when comparing pressure deviations. Superficially, mean pressures did not correlate well. This is attributed the 

boundary conditions used in the computational model. 

The Arduino open-source hardware platform was used to log data. It was found that the sampling rate for the 

Arduino and pressure sensors used were not optimal, but this did not affect the quality of data gathered except at high 

flowrates of gas. Communication between the Arduino and PC will be optimized in future to increase the sampling rate. 

Future work will involve improved dimensional scaling of the experimental rig and fluids used to represent in-

dustrial furnaces, and expansion of the computational model. In addition, frequency response analysis will be carried 

out on the pressure signals. Using Fast Fourier Transforms, it might be possible to uniquely identify the type of flow 

regime in the system. 
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ABSTRACT 

“Scientific & Production Enterprise “Gamayun” was founded in 1992 to provide a full range of engineering 

services and integrated solutions adapted to the needs of specific consumers. Our specialization is the development of 

sensor technologies for enrichment of raw materials. Improving our product, we have come a long way from ideas and 

research to commercial implementation. With our own research and manufacturing capabilities, we are able to offer 

our clients the unique technology solutions for sorting raw materials which do not have analogues.  

This article is devoted to the technology of lump electronic sorting. The technology is based on application of 

sensors together with software and provides differential analysis of raw materials in the stream. The sensors can meas-

ure electrical and physical characteristics of each individual lump of raw materials. The following characteristics are 

to be analyzed: conductivity; magnetic susceptibility; permittivity; thermal conductivity, surface property, etc. The 

software allows processing the data coming from sensors and analyzing the threshold principle. This enables to adjust 

the quality of concentrate.  

In this article we will present the technology features and options for its use in certain types of raw material: 

ferromanganese ore, slags of ferroalloy production (SiMn). 

1 INTRODUCTION 

Integrated and rational use of raw materials at all stages of processing is one of the biggest challenges in modern 

production.  

In mining industry such factors as rapid rise in price of raw materials, depletion of rich mineral resource, as well 

as the absence of effective solutions in traditional benefication technologies force to seek new approaches for benefica-

tion. The technologies of pre-benefication of materials are becoming important. They are the principles which allow 

entering new efficiency levels of benefication.  

For metallurgical production it is important to improve the quality of incoming raw materials (concentrate). And 

the quality of concentrate affects the efficiency of the entire production chain. Another priority task is the recycling of 

metallurgical slags, which allows engaging in the production of additional low-cost resource. Other important aspects 

are improvement of energy and environmental components at all stages of production.  

2  FEATURES OF SENSOR-BASED TECHNOLOGY 

As a rule, technologies based on gravitational and magnetic methods are used to beneficate raw materials. Such 

methods are not always effective and able to provide the required quality of concentrate due to physical characteristics 

and material composition of the raw materials. 

The technology of electronic lump sorting [1; 2] - sensor-based technology of ore sorting, has the following 

schematic diagram (Figure 1): 
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Figure 1: Scheme of electronic sorting technology. 

The feed lump material is fed into the receiving bin. There it is accumulated and fed by the feeder onto the vi-

brating table. The vibrating table forms a monolayer of the material and feeds it onto the belt of transport conveyer. The 

moving material on the conveyor is controlled, the parameters of separate lumps are fixed and analyzed. By means of 

special software, the processor processes the data and generates a control signal for pneumatic sorting device. The sort-

ing device with its air jets beats away the lumps selected. Thus, two streams of material are formed: the “gangue” and 

the “useful” ones. 

The use of different sensors, including those of own production, as well as the unique software allows solving 

complex tasks in sorting of raw materials. This type of sorting can be designed for the criteria which are specific and 

unique in raw materials of a particular deposit.  

To make the raw materials more contrasting various methods of their activation can be applied additionally, such 

as heating of raw materials in the microwave before analysis.  

2.1 The Benefits Of Sensor-Based Technology 

The technology has several advantages:  

 it allows sorting by indirect characteristics of material composition of materials; 

 dust and contamination of the surface of material does not affect the quality of sorting, because the vol-

ume rather than the surface is subject to analysis; 

 physical characteristics such as weight, magnetic properties, colour do not have a decisive impact on the 

quality of sorting; 

 the technology does not require water resource; 

 there are no mechanical processes that consume large amounts of energy (for example, grinding). 

2.2 The Facility For Sensor-Based Sorting – The MLS Sorter 

The technology of sensor-based sorting is implemented in the facility of Module of lump separation (further re-

ferred to as MLS sorter). It is shown in Figure 2. The facility is created on the basis of energy-saving technologies. En-

ergy consumption per 1 ton of raw materials is up to 0.5 kW. The MLS sorter is mobile and made as a container. Such 

sorters operate on lump material ranging in size from 10 to 100 mm. Performance of 1 sorter is up to 80 tons/hour. 
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Figure 2: Layout drawing of the facility of MLS sorter  

3 APPLICATION OF SENSOR-BASED SORTING FOR FERROMANGANESE ORE 

In the process of processing the low quality masses are produced inevitably. They may be formed as a result of 

existing benefication process such as tailings, or as a result of selection of the so-called near-contact zones of ore bod-

ies. Their benefication in existing production process is not effective. Sale of such resource is not economically feasible. 

For example, JSC “Zhairem GOK” has significant amounts of extracted and stored ferromanganese ores with 

high iron content, which are not involved in production of commercial manganese concentrate. Their Mn content is 8-

30% and Fe content is 10-34%. Total volumes of iron-manganese ores with high content of iron which will be produced 

before the end of the mining quarries, will be about 15 million tons [3]. 

Manganese in ores of this field is contained in such minerals as pyrolusite, manganite, braunite and iron is main-

ly represented by hematite. The iron and manganese are of similar weight, which makes it difficult to separate them by 

gravitational methods. And the main mineral representing iron is hematite, which is weak-magnetic. This makes mag-

netic methods inefficient.  

In 2004-2010 JSC “Zhairem GOK” held studies of ferromanganese ores preparation characteristics. 

The participants companies were: “Rados”, “Metso Minerals”, “Prodecology”, “Geolanalit”, “The Eastern Mining and 

Metallurgical Research Institute of Non-ferrous Metals”, “Erga”, “KazNTU named after K.Satbaev”. Various benefica-

tion methods were applied: jigging, magnetic and X-ray methods. But the target of the studies was not achieved. Using 

the methods mentioned it appeared to be impossible to produce commercial manganese concentrate with high Mn:Fe 

ratio. 

LLC “Scientific Production Enterprise “Gamayun” has developed the sensor system and the software which al-

lows solving the task. Now it is possible to produce commercial manganese concentrate from low-quality ferromanga-

nese material. 
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Figure 3: Site for ferromanganese ore sorting based on two MLS sorters. Kazakhstan, JSC “Zhairem GOK”. 

Site for sorting of low quality ferromanganese ores (Figure 3) consists of crushing and screening complex and 

two MLS sorters working with the grades of 20-40 mm, 40-70 mm. The peculiarity of the hardware design has allowed 

the complex installation on the open site, in direct proximity to the dump. This greatly reduced logistics costs of raw 

materials. Up to 30 000 tons of ore per month are processed on the site. The ore with a high content of ballast rocks and 

iron is allocated into tailings. The concentrate can contain up to 40% of Mn, with the original content of Mn being 12% 

(Table 1). Such concentrate is claimed by metallurgical enterprises. 

Table 1: Options of benefication of ferromanganese ores. 

Grade, 

mm 

Grade 

output, % 

Content in feed ore,% 
Output of 

concentrate,% 

Content in 

concentrate,% 
Mn:Fe 

Fe Mn 
from 

grade 

from  

ore 
Fe Mn 

Ferromanganese ore of Zhomart mine 

20-40 23.5 11.62 30.86 68.55 16.11 2.59 38.54 14.88 

40-70 16.7 13.18 28.79 62.30 10.40 3.17 36.41 11.49 

Ferromanganese ore Ushkatyn-(III) mine 

20-40 17.2 30.99 9.15 6.1 1.05 6.05 40.13 6.63 

40-70 32.3 34.06 9.25 9.5 3.07 6.47 45.18 6.98 

4 APPLICATION OF SENSOR-BASED SORTING FOR FERROALLOY PRODUCTION 

SLAGS 

For any manufacturer of ferroalloy products it is important to reduce metal losses in the production cycle, and to 

increase its throughout recovery. One way to do this is to engage secondary raw materials in the production. The source 

of secondary raw material is current and dumped slag. With the existing technology of ferroalloy production, some me-

tallic phase is left in slags. The residual content of metal phase reduces the market attractiveness of slag as construction 

material.  

Such tasks are especially important for the world leading enterprises in ferroalloy production, such as JSC “Ni-

kopol Ferroalloy Plant”. With their annual production of hundreds of thousands of tons of ferroalloys, the loss of metal 

in slags grows correspondingly.  

In the process of implementation of sensor technology at OJSC “Nikopol Ferroalloy Plant” all known silicoman-

ganese slag sorting methods have been analyzed [4; 5]. They include pneumatic sorting, hydraulic jigging, magnetic 

separation, X-ray separation, hand selection, etc. Most solutions have suggested expensive capital construction. A water 

resource has been required for hydraulic jigging. The considered options have been energy intensive and inefficient.  

As a result of comparative analysis of the technologies, it was decided to install the sensor-based equipment pro-

duced by “Gamayun” at OJSC “Nikopol Ferroalloy Plant” (Figure 4). The form of equipment allowed easy integration 

in the existing production chain of the enterprise.  
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Figure 4: MLS sorter in testing period. MLS is set under the gallery of crushing and screening complex. OJSC 

“Nikopol Ferroalloy Plant”, Ukraine.  

Today, the equipment operates on three different fractions of raw materials: 10-20 mm, 20-40 mm, 40-70 mm. 

The total recovery of slag and metal mixture is up to 4%. The quality of the concentrate provided is at the level of 32-

35% Mn. The company uses the concentrate as a part of charge components while producing ferrosilicon manganese, 

which increases throughout recovery of manganese, silicon and reduces specific energy consumption. Slag crushed 

stone cleansed from the metal is successfully used in construction. 

5 CONCLUSIONS 

Today, sensor-based technology of sorting is the only technology of dry processing of lump materials that is able 

to provide the required quality of output product (concentrate). It does not demand major capital construction and water 

resource, which is a significant advantage in the conditions of dry or cold climate. 

This technology is applicable for a wide range of ores and slags. The greatest economic feasibility is the use of 

the technology on the off-balance ores, slag dumps, distant deposits as ore pre-concentration. 

Technological lines of sensor-based sorting solve a number of tasks, including:  

 sorting of low quality FeMn ores with the purpose of discharge iron-bearing and ballast rock with simultaneous 

increase of Mn in the concentrate; 

 sorting of Cr, Ni ores prior to benefication; 

 sorting of FeHematite ores with the purpose of discharge of SiO2 and ballast rocks with simultaneous increase 

of Fe in concentrate; 

 sorting of slags of ferroalloy production with the purpose of extraction of non-magnetic metal and slag-metal 

inclusions. 

On the basis of operating experience and calculations, it has been concluded that the investments made in sensor-

based sorting pay off by mining and metallurgical enterprises over a period of 1.5 -2 years. Moreover, the technology 

improves the environmental aspects of operation of a company.  

6 REFERENCES 

[1] Pat. 88220 Ukraine, MPK (2009) G01V 3/00. “Pristrіj іdentifіkacії korisnogo komponenta v metalovmіsnіj siro-

vinі prirodnogo abo tehnogennogo pohodzhennja [Facility for identification of useful component in metal-

containing materials of natural or technogenic origin]”, / A. Kulish,  S. Titenko, O. Smolentsev, D. Gryshan, S. 

Voloshyn, V. Voloshyn; applicant V. Voloshyn, No.a200800237; applic. 08.01.2008.; published 25.09.2009, 

Newsletter No.18. 

[2] Pat. 88221 Ukraine, MPK (2009) G01V 3/00. “Pristrіj dlja separacії tehnogennoї sirovini, predstavlenoї 

metalovmіsnimi vіdhodami abo nekondicіjnimi rudami [Facility for separation of technogenic materials, repre-

sented by metal-containing wastes or low quality]”, / A. Kulish,  S. Titenko, O. Smolentsev, D. Gryshan, S. Vo-

loshyn, V. Voloshyn; applicant V. Voloshyn, No.a200800239. applic. 08.01.2008.; published 25.09.2009, 

Newsletter No.18. 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 189  
 

[3] V. Zelensky, B. Muhakmetkaliev, E. Vereshchuk, M. Vlasenko (JSC “Zhairem GOK”), V. Voloshyn, S. 

Titenko, A. Kulish (LLC “SPE “Gamayun”), “O vozmozhnosti razdelenija zhelezomargancevyh rud AO 

“Zhajremskij GOK” sortirovshikom tipa MKS [On possibility of ferromanganese ore separation at JSC “Zhairem 

GOK” by MLS sorter]”, Sbornik materialov IX Kongress obogatitelej stran SNG, 2013, Volume 1, pp. 263 -266. 

[4] V. Kutsin, V. Olshansky, I. Filippov, J. Dedov, “Vnedrenie tehnologii separacii shlaka na Nikopol'skom zavode 

ferrosplavov [Implementation of slag separation technology at Nikopol Ferroalloy Plant]”. Metallurgicheskaja i 

gornorudnaja promyshlennost, 2010, No.6, pp. 41-44. 

[5] V. Kutsin, V. Olshansky, M. Gasik “Innovacionnaja tehnologija poluchenija metallokoncentrata ferrosilikomar-

ganca iz otval'nogo shlaka [The innovative technology of producing metal concentrate of ferrosilicon manganese 

from dump slag]”, Stal', 2011, No.10, pp. 26-32. 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 190  
 

LABORATORY STUDY OF SLAG METAL SEPARATION FOR HC 

FEMN  

P.A. Eidem
1
, I. Solheim

2
, E. Ringdalen

2
, K. Tang

2
 and B. Ravary

1 

1
 Eramet Norway AS, A. Getz v. 2, NO-7465 Trondheim, Norway; per-anders.eidem@erametgroup.com, Benja-

min.ravary@erametgroup.com 
2
 SINTEF Materials and Chemistry, A. Getz v. 2, NO-7465 Trondheim, Norway; Ingeborg.solheim@sintef.no, 

eli.ringdalen@sintef.no, kai.tang@sintef.no 

ABSTRACT 

In the production of manganese ferroalloys, some metal droplets may remain trapped in the tap slag from the 

furnace, causing a reduction of the saleable production from the smelter. Slag metal separation in trapped slag from an 

industrial furnace has been investigated by thermodynamic calculations, microscopy analyses and some experimental 

tests. An industrial slag ladle from HC FeMn production was set aside for solidification of its content. Slag samples in 

different regions of the ladle have been collected. Slag containing metal pearls was characterized by image processing 

optical microscopy and EPMA. Metal pearls had a typical diameter of 0.6 mm and their chemical composition was sim-

ilar to the one of the bulk metal. The amount of oxide solid and liquid phases varies between the investigated area of the 

ladle, but the composition is the same in all three investigated slags. Slag in the top layer will have lower metal content 

since solid MnO in the slag settle down and decreases slag viscosity and enhance slag metal separation. The main vol-

ume of the ladle has a medium metal content. MnO drained down from the top layer will increase the slag viscosity and 

give a higher MnO content in the slag phase. Experimental work show that slag-metal separation increases with in-

creasing temperature and decantation time. Additions tested to decrease viscosity or interfacial tension did not have any 

effect on the slag-metal separation. SiMn, Si and Al additions were tested in order to increase temperature. Al had the 

most positive effect on slag metal separation. 

1 INTRODUCTION 

When the slag and alloy is tapped from a single tap hole in a slag process, like HC FeMn, the droplets of one 

phase may be dispersed into the other. The two phases then have to be separated before casting or transfer to refining. 

For HC FeMn alloy droplets can be dispersed in the slag and the two phases are then separated by gravity in the metal 

ladle. With a factor two in difference in spesific gravity this normally does not yield any problem. Situation have, how-

ever, been identified were the alloy has not been separated from the slag, and is found as large droplets in the cast slag.  

This study was initiated to identify possible methods post taphole to enhance the slag metal separation. As a ba-

sis for some of the trials there has been thermodynamical studies performed by Kai Tang (SINTEF) in FactSage ther-

modynamical software. These calculations will not be shown in this report due to place restrictions. 

2 TEST MATERIAL 

A slag ladle containing high amounts of alloy was identified and set aside for cooling for approximately 60 hours 

before emptying. A large piece of the bottom part of the main body was then extracted as the main sample for testing. 

The reference samples were also extracted from the top layer and the side layer. The chemical composition was deter-

mined by XRF. The normalized values, adjusted to a FeO content of 0.5 wt.%, are given in Table 11. It can be seen that 

there is approximately a percentage point difference in the MnO content of the slag.  

As can be seen in Figure 32, there was a large amount of metal droplets in the main body sample. The alloy con-

tent of the slag samples were characterized by optical microscopy by Stein Rørvik, SINTEF. It was clearly seen that the 

industrial sample was quite inhomogeneous in terms of total metal content measured as the percent area of a sample. 

Two samples were extracted quite close to each other from the main body of the slag ladle. For the two parallel samples 

the area percent of metal was 9.66% and 3.97%. Further the average droplet size was 0.72 mm and 0.59 mm, respec-

tively. The conclusion of the image analysis is that a more extensive analysis is needed to get a better view of the varia-

tion 
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Table 11:  Chemical analysis of the main body slag and the top layer slag from the slag ladle. 

Element Top layer (wt.%) Main body (wt.%) 

Al2O3 13.3 14.9 

BaO 1.0 1.0 

CaO 21.3 19.6 

FeO 0.5 0.5 

K2O 1.1 1.0 

MgO 2.6 3.3 

MnO 36.4 35.5 

S 0.4 0.4 

SiO2 23.2 23.8 

Sum 100 100 

 

Figure 32: Picture of the material from the main body of the slag ladle that was the basis for the experiments.  

During dismantling of the sample for slag-metal separation experiments a sledgehammer was used. Some of the 

metal droplets would fall out. This can be seen in Figure 32. “Open” metal droplets may melt before the slag and form a 

metal layer in the bottom. 

The slag samples were investigated by microprobe in order to identify the different phases and their composition. 

It was of special interest to see if there was any major variation in the slag phase that could be related to amount of met-

al in the slag. Two samples of each slag were studied. In Figure 33 a microprobe image of a sample of the top layer is 

shown. The microprobe picture of a sample from the main body is shown in Figure 34. It can be seen that the sample 

contains smaller and larger metal pearls in a slag phase. The slag phase can also here be divided into the same three 

phases as the sample of the top layer. The analysis of the slag in the top layer is given in Table 12. The analyses of the 

metal and slag phases in the sample of the main body are given in Table 14 and Table 13, respectively. No metal was 

identified in the sample. Three phases were seen in the sample, as indicated in the table: round MnO balls, MnO den-

drites and a mushy zone.  
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Figure 33: Sample of the top layer of the slag 

ladle, 40x magnification. 

 

Figure 34: Main body sample, 40x magnifica-

tion. 

Table 12: Slag analyses from the top layer sample of the slag ladle. All values in wt.% 

Top layer   Al2O3  SO3 MnO SiO2 MgO K2O    FeO    CaO TiO2 BaO Tot. 

Round MnO  
0.28 0.06 95.53 0.34 2.31 0.07 0.22 0.94 0.17 0.07 100 

MnO dendrites 
0.35 0.05 94.48 0.37 3.23 0.00 0.24 1.10 0.16 0.02 100 

Mushy zone 
13.20 1.99 30.86 28.46 2.80 1.28 0.00 20.04 0.56 0.82 100 

Table 13: Analysis of the slag phases found in the investigated sample from the main body of the slag ladle. All 

values in wt.% 

 

Al2O3 SO3 MnO SiO2 MgO K2O FeO CaO TiO2 BaO Total 

Rounded MnO 
0.32 0.02 93.19 0.38 4.54 0.03 0.2 1.13 0.12 0.05 100 

MnO dendrites 
0.23 0.02 93.43 0.21 4.58 0.01 0.41 0.92 0.11 0.07 100 

Mushy zone 
13.19 2.68 29.73 28.23 2.46 1.59 0 20.59 0.6 0.91 100 

Table 14: Analyses of the metal pearls found in the sample of the main body of the slag ladle. All values in wt.% 

 

Al Mg P C* Mn Si S Fe Ca Ti Tot. 

Small pearls 0.01 0.02 0.000 4.30 80.4 0.03 0.001 15.2 0.05 0.01 100 

Big pearls 0.01 0.00 0.000 3.87 81.5 0.00 0.006 14.6 0.00 0.00 100 

A comparison of slag ratios, Al2O3/SiO2 (A/S) and (CaO+MgO)/SiO2 (CM/S) have been done in Table 15. Fur-

ther, the basic and acid oxides and MnO, normalized for Al2O3+SiO2+CaO+MgO+MnO, are also shown. Both slags 

contained a slag phase that was a mixture of rounded MnO pearls and a “mushy” mixture of different phases that has 

been liquid when the slag was tapped. This is what is normally seen for HC FeMn slags and as expected at temperatures 

below liquidus, where a solid phase is in equilibrium with the liquid slag phase. While no metal was observed in the top 

layer, metal pearls up to 2 mm were observed in the main body of the slag ladle.  
When comparing the slag chemistry of the top layer with the slag chemistry of the main body, it can be seen that 

both the solid MnO and the liquid phase had approximately the same composition (Table 15). The difference between 

the two slags is the variation in the amount of solid MnO particles. The solid phase was MnO with around 5 wt.% MgO 

in solid solution. The poor slag-metal separation was, in other words, not a result of solid phase different from MnO that 

caused reduction problems. 

Table 15: Calculated values from microprobe analyses. Comparison of slag chemistry. 

   Normalized 

 A/S CM/S C+M S+A MnO 
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Rounded MnO      

Top layer 0.8 9.6 3.2 0.6 95.8 

Main body 0.9 15.0 5.7 0.7 93.2 

MnO dendrites      

Top layer 1.0 11.8 4.3 0.7 94.7 

Main body 1.1 26.4 5.5 0.4 93.5 

Mushy zone      

Top layer 0.5 0.8 23.9 43.7 32.4 

Main body 0.1 0.8 25.5 35.0 34.5 

Elongated (dendritic like) MnO was observed around the metal pearls. This phase had approximately the same 

composition as the other MnO phase. It is therefore unlikely that the elongated MnO is a result of reaction between 

metal and slag, and that this is the result of the poor slag-metal separation. 

3 EXPERIMENTAL 

Experiments were designed based on the gathered material, and the aim was to identify if there are any methods 

to enhance slag – metal separation, if such a situation is to occur again. A list of the experiments is given in Table 16. 

Table 16: List of performed experiments. 

Subject T Holding time Comment Exp.no. 

  °C min   

Experimental 

method 

1350 30 Induction furnace 
E1 

1400 30 Induction furnace 
E2 

Temperature 

and Time 

1350 30 Resistant heated furnace 
E3 

1350 60   
E5 

1400 0   
E7 

1450 60   
E4 

1450 10   
E6 

Stirring 

1350 5/10 Graphite rod (8-stirring) 
E8 

1350 10 No stirring (reference experiment) 
E9 

1350 5/5/5 Wood sticks  
E15 

Additives 

1350 10 2% SiMn Sprinkling over the melt surface 
E10 

1350 10 2% CaF2 Sprinkling over the melt surface 
E11 

1350 10 10% CaF2 Sprinkling over the melt sur-

face E12 

1350 10 2% Si Sprinkling over the melt surface 
E13 

1350 10 2% Al Sprinkling over the melt surface 
E14 

1350 10 Coke-breeze In bottom of charge 
E16 

1350 5/10 Sulphur On top+ gas lance (0.5 l/min Ar) 
E17 

The material from the main body of the slag ladle was the material to be tested further, and will in the following 

be called the slag sample. The size of the slag samples used was maximum 100 mm in diameter due to limits of the cru-

cibles used. Approximately 5 kg of sample was used in each experiment. 

The first experiments (E1 and E2) were conducted in a 75 kW induction furnace. A few lumps of the material 

were charged to a graphite crucible. This heated to 1350°C and 1400°C for E1 and E2, respectively, which were the 

temperatures measured in the slag ladle during the tap. The heating was followed by a holding time (Table 16). The 

contents were then cast into a graphite mold for visual evaluation of the slag-metal separation. It can be seen in Figure 

35 and Figure 36 that there was a good slag-metal separation for E1 and E2. No metal pearls or droplets were seen in 

the slag, which was not representative of the observed situation in the slag ladle. It was thus evaluated that further ex-

periments in a resistance heated furnace had to be done to investigate if there is a possible effect of using an induction 

furnace. Heating to 1350°C was approximately 60 minutes, while 15 minutes longer was raised to 1400°C. 
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Figure 35: E1 showed a good slag-metal   separa-

tion 

 

Figure 36: E2 showed a good slag-metal separa-

tion. 

Experiment E3 was then performed in a resistive heating furnace to 1350°C, with a heating time of 120 minutes. 

After the experiment the crucible was extracted from the furnace, and set aside for air cooling. The crucible was then 

cut in two, and the cross section was evaluated. This was the preferred method of evaluation for the further experiments. 

The result can be seen in Figure 37 that there is a considerable amount of alloy droplets in the slag phase. When taking 

into account the holding time of 30 minutes, it was judged that this was a good enough replicate of the “status quo” to 

be able to evaluate an improvement of the slag-metal separation.  

 

Figure 37: Result of experiment E3. A low degree 

of slag-metal separation can be seen. 

 

Figure 38: Experimental setup in the resistive heat-

ing furnace. 

It was thus decided to go further with the experimental setup shown in Figure 38. It should be noted that the in-

homogeneity of the sample material makes a quantification of the settling of metal droplets difficult. The loose and ex-

posed metal pearl will also make an evaluation based on the thickness of the metal layer at the bottom difficult. A quali-

tative visual observation is thus the best available tool for evaluation of the settling. This is judged to be of a low scien-

tific precision, but still gives a good indication. The slag chemistry was also checked, and it was found that the MnO 

content of the material was approximately 1 wt.% lower after the experiment compared to before the experiment (full 

sample). This was judged to be within acceptable limits. 

3.1 Effect of Temperature and Holding Time 

The effect of time and temperature was tested. The results are shown in Figure 39 to Figure 42. It can be seen 

that the slag-metal separation is increasing with increasing temperature (1350°C to 1450°C. It can also be seen that the 

slag-metal separation at 1350°C, holding time 30 minutes (Figure 37) is poorer compared to the separation of 1350°C, 

holding time 60 minutes (Figure 42). For the two experiments performed with a different holding time at 1450°C, no 

difference in slag-metal separation can be seen. Based on these experiments it was concluded that by keeping the tem-

perature at 1450°C, the slag-metal separation would be promoted. Further, 1350°C was chosen as the temperature for 

further evaluation of slag-metal separation. This is due to the poor separation seen. If the experiments are able to in-

crease the separation at this temperature, they are expected to have the same effect also at higher temperatures.  
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Figure 39: E4 shows a good slag alloy separation. 

T = 1450 °C, t = 60 min.  

 

Figure 40: E7 shows a poor separation with metal 

droplets still visible. T = 1400 °C, t = 0 min.  

 

Figure 41: E6 shows a good separation. No metal 

droplets visible. T = 1450 °C, 10 min.  

 

Figure 42: E5 shows a poor slag-metal separation 

with metal droplets visible. T = 1350°C, 60 min.  

3.2 Effect of Stirring 

One of the objectives was to study the effect of additives. However, to be able to properly evaluate the effect of 

additives, mixing these additives into the slag-metal suspension had to be evaluated. Stirring was therefore evaluated. 

This is experiments E8 and E9 in Table 16. 

Stirring was tested by heating the sample to 1350°C. A graphite rod was then used for stirring (10 minutes). The 

stirring was rather calm of nature and in a “figure 8” motion. The melt was then further held at 1350°C for 5 minutes 

before extracting the graphite crucible. As a reference, experiment E3 (1350°C) was repeated with a holding time of 10 

minutes. The results of the two experiments can be seen in Figure 43 and Figure 44. The results show that stirring the 

melt in a “figure 8” manner seems to give an increased slag-metal separation compared to only holding the melt. This is 

probably due to an increased chance of metal droplets meeting and coalescing, which will promote settling. 

Stirring was further investigated by introducing a wooden stick to the melt. A wooden stick, approximately 10 

mm in diameter was introduced to the melt and held there for 5 minutes. The melt was then held for 5 minutes before 

extracting the crucible for cooling. When the wooden stick was introduced to the melt, gas evolution was observed. The 

gas bubbles created is assumed to cause stirring the melt. It can be seen in Figure 45 that there seems to have been an 

improvement compared to E9 (Figure 43). However, the effect seems to be somewhat limited. It was concluded from 

the experiments that there should not be stirring in the experiments with additions due to the increased separation seen 

in the experiments above. A further study of the effect of stirring was also recommended.  
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Figure 43: E9 show a poor slag 

metal separation. T = 1350°C, Hold 

=10 min. 

 

Figure 44: E8 show a good 

slag-metal separation. T = 1350°C, 

Stirring 5 min. Hold = 10 min. 

 

Figure 45: E15 shows a posi-

tive trend with fewer metal drop-

lets compared to E9.  

Figure 46: The cross sections of the crucibles with and without stirring.  

3.3 Effect of additives  

It was decided to test addition of different additives which was expected to have positive effect on the metal-slag 

separation due to either increase in the temperature due to exothermic reactions (E10, E13, E14) or decrease in viscosity 

of the melt (E11, E12, E16, E17). The experiments were carried out by adding approximately 2 wt.% of the additive 

(<3mm) to approximately 5 kg of the sample that had been heated to 1350°C (liquid). 2 wt.% was used, as this is an 

amount that is realistic to be able to handle industrially. Further, the sample with the additive was held at 1350°C for 10 

minutes before extracting the crucible. 

Additions of SiMn (E10), Si (E13) and Al (E14) were planned, where the two latter additions were to check ex-

perimentally if the reactions would occur. It is expected that Si and Al metal will react with MnO in the slag according 

to the reactions below. Addition of coke fines to react according to equation (3) gives is an endothermic reaction. The 

heat of reaction for the chemical reactions (from HSC thermodynamical software [2]) is given. 

2(MnO) + [Si]  = (SiO2) + 2[Mn] ΔH1873K = -202.8 kJ (1) 

2[Al] + 3(MnO) = 3[Mn] + (Al2O3) ΔH1873K = -464.8 kJ (2) 

(MnO) + C(s) = [Mn] + CO(g) ΔH1873K =  249.7 kJ (3) 

where: () are oxides in slag 

 [] are metals 

The expected effect of addition of SiMn (68%Mn, 18%Si and 14%Fe, 25°C) in experiment E10 and Si (high pu-

rity poly Si) was an increase in the bath temperature caused by the silicothermic reaction according to equation (1). 

Thermodynamic calculations using HSC thermodynamical software, estimated that the addition of SiMn and Si would 

yield an increase of approximately 30°C and 270°C, respectively. This would lower the viscosity of the melt and thus 

promote slag-metal separation. By lowering the MnO content, the viscosity would decrease further.  

As shown in Figure 47, the addition of SiMn fines resulted in a temperature drop of about 80°C at the top of the 

crucible, caused by the temperature of the SiMn. This temperature drop was within the expected order of magnitude due 

to the addition of cold SiMn fines (25°C) onto the hot slag/metal-bath surface. The increase in temperature was meas-

ured to about 3-4°C, 10 minutes after the addition, and not 20°C as expected from the thermodynamic calculation. As 

shown in Figure 48, the metal is still not fully separated from the slag.  
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Figure 47: Temperature measured at the bottom of the 

crucible and at the upper 3 cm of the bath of experiment 

E10. 

 

Figure 48: Experiment E10 showing good 

slag-metal separation on the right side and 

poor separation of the left side.  

The Si-fines did not dissolve completely during 10 minutes holding time. Approximately 60 % of the Si-fines 

were estimated to be dissolved. An increase in the temperature can be seen after addition of Si (Figure 49), however, 

metal droplets can still be observed in the slag (Figure 50) 

 

Figure 49: Temperature development during experiment 

E13, where 2 wt.% Si was added. An increase in temperature 

can be seen. 

 

Figure 50: Metal droplets can still be seen 

in the slag after the Si has reacted in experi-

ment E13. 

The expected effect of addition of Al was an increase in the bath temperature caused by the aluminothermic re-

action shown in equation (2). Al fines, needles; 1-3 mm of Al cast alloy (~5% Mg/5% Si) were added in the bath during 

5 minutes with no stirring. As with the Si in experiment E13, not all the added Al dissolved in the slag. Some of the 

aluminum was left at the top. The temperature development show an increase in temperature when the Al is added 

(Figure 51) to about 1400°C. The expected increase calculated by use of HSC Thermodynamical software was about 

190°C. The cross section of 2 % Al fines is shown in Figure 52 where the Al that has not been melted can be seen on 

the top. Despite this, it seems that Al addition has positive effect on the slag-metal separation.  

According to thermodynamic calculations CaF2 will reduce the liquidus temperature of the slag substantially. 

However, the temperature is simultaneously expected to decrease, which will also influence the viscosity. CaF2 were 

dissolved in the bath during 2 minutes for 2 wt.% addition (E11), while for 10 wt.% addition (E12) there were not melt-

ed material at the top after the experiment (Figure 54). For E11 (Figure 53) it can be seen that the higher levels of the 

slag contains very little or no metal droplets, but there is a significant amount of metal droplets in the lower part of the 

crucible. In experiment E12 it can be seen that there is very poor slag-metal separation (Figure 54). It can thus be con-

cluded that addition of CaF2 does not significantly improve the slag-metal separation. 
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Figure 51: The temperature during the experiment with addition of 

2 % Al. An increase in temperature can be seen at the top of the cruci-

ble. 

 

Figure 52: The experiments show a 

good slag alloy separation for E14 

when Al is added. 

 

Figure 53: Cross section of experiment E11 after 

addition of 2 wt.% CaF2.  

 

Figure 54: Cross section of experiment E12 after 

addition of 10 wt. % of CaF2. 

Coke breeze (1-3 mm) was added to the cold charge in the bottom of the crucible. The expected effect was that 

coke particles would cause gas evolving (CO) according to Equation (3), thereby contribute to stirring and improved 

separation. The cross section of the crucible Figure 55 does not show any significant effect. The expected effect of addi-

tion of Sulphur (E17) was to reduce the interfacial tension between slag and metal, and thereby contribute to improved 

separation. It is known from iron industry that the interfacial tension between slag and iron is strongly influenced by 

sulphur [1]. Sulphur powder was added to the melt by sprinkling over the surface of the bath. In this case it was decided 

to apply some "light" stirring, due to the difference in density of the sulphur and the melt. A lance was placed in the 

bottom of the crucible with a flow (0,5 l/min) of Argon (demonstrated by have less effect on stirring compared to Figure 

8 stirring in unpublished work by H. Olsen, Eramet Norway AS). The addition of Sulphur caused a vigorous combus-

tion on top of the melt. The cross section of the crucible from the experiment is shown in Figure 56, and as we can see 

from the figure, it is not possible to observe any significant effect.  
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Figure 55: The addition of coke breeze in experi-

ment E16 demonstrates that this does not improve 

slag-metal separation. 

 

Figure 56: Adding sulphur to the sample does not 

improve the slag-metal separation. (E17) 

4 DISCUSSION 

The main objective of this work was to investigate: 

 Possible causes related to properties of the tapped slag, for alloy being trapped in slag 

 Possible methods to reduce the metal losses by treatment of the tap slag 

Slag from one tapping was investigated. This was from a tapping with high amount of metal trapped in the slag. 

The results of this investigation have not been compared with a standard slag in order to compare differences between 

slag with low metal losses and slag with high metal losses. It has thus not been possible to find out whether the high 

metal losses are a result of changes in slag compositions. The investigation has therefore been concentrated towards 

finding methods to better separate metal from slag in the already tapped slag. Metal in the slag ladle, the material stud-

ied here, was entrapped in the slag when it floated over to the slag ladle and was later not able to be separated from the 

slag. The slag was cooled in the ladle for 60 hours. Back reactions between metal and slag can therefore not be exclud-

ed.  

The main body has the highest metal content and highest MnO content in slag (39.2%) of the two investigated 

samples. Top slag layer has lowest metal content and medium % MnO content in the slag (36.4 %). In the main body of 

the ladle, the metal droplets had an average size around 0.65 mm. Size of metal droplets was not investigated in the two 

other samples, but the microprobe pictures indicate that there is no difference in size. The top layer of the ladle con-

tained so few metal pearls that they were not found in the microprobe investigation. Only three samples are too little to 

draw any conclusions, but the observed differences indicate some mechanisms. 

Due to the difference in density between HCFeMn slag (3.75 -4.0 g/cm
3
) and HCFeMn alloy (about 7 g/cm

3
) the 

metal is expected to sink down in the ladle, in a rate and to an extent increasing with increasing  size of the metal drop-

lets and decreasing with increasing viscosity of the slag. The similar size of the metal droplets in the different samples 

shows that the difference in amount of entrapped metal in the samples is not a result of differences in size of the metal 

droplets.  

There was no difference between the samples in their composition of metal droplets, MnO balls or "liquid" slag 

phase. The difference in MnO content of the slags is therefore a result of different amounts of solid MnO balls in the 

slag phase. Effective viscosity of the slag will increase with increasing amount of MnO balls. Samples with high MnO 

content are therefore expected to have higher amount of entrapped metal. This is what is observed in the two samples 

investigated. The higher MnO content in the main body compared to the top layer can result from either of the options: 

1. Variations in slag composition from the furnace 

2. Segregation in the ladle 

3. Back reaction from metal to slag 

4. Oxidation from Mn to MnO 

Point 3 and 4 is unlikely since increased amount of MnO will give a lower amount of metal due to back reaction 

of Mn (alloy) to MnO (slag), opposite of what is observed in the microprobe studies. In addition the MnO ball contains 

around 5 % MgO that must come from the slag and not from the alloy. Both point 1 and 2 are possible, but point 2 is 

regarded as the most likely. A possible mechanism is then: Segregation in the ladle 

At temperatures below liquidus temperature for the slag under equilibrium conditions, the slag will consist of a 

mixture of solid (rounded) MnO and a liquid slag phase. The amount of solid rounded MnO is, under equilibrium condi-
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tions, a function of the total MnO content in the slag and the temperature. During cooling, there is a point where liquid 

and solid phase does not obtain equilibrium with each other, and in the cold samples there will be a mixture of MnO 

that was solid at this temperature and a mixture of phases that was liquid at this temperature. This has been observed 

and described in several cases. To the authors’ knowledge, solidification reactions under different conditions have not 

been studied. In the top layer MnO that has a higher density than the liquid slag will settle down together with the alloy. 

This will decrease the viscosity and promote the drainage of the metal. The top layer will therefore have a lower MnO 

content and a lower metal content than average. In the main body the MnO will settle towards bottom together with 

some alloy, but the average amount of both MnO and alloy will increase since it receives them from the top layer. The 

increased amount of rounded MnO increases effective slag viscosity and settling of metal is hindered so it will not drain 

to the metal layer in the bottom of the ladle. The main body is, in addition a large volume that is insulated by possible 

sculling in the ladle and the top layer. It will therefore cool slowly. This gives time for formation of rounded MnO in-

stead of dendrites during cooling. A slag with an initial lower viscosity, lower MnO content and higher temperature 

would have made the settling and the slag-metal separation easier. 

The tests clearly show that the metal separated much more easily from the slag when the sample was heated by 

induction compared to resistive heated furnace. The mechanism was not investigated further, but is believed to be on of 

the following: 1) induced current in the alloy causes the alloy to heat and melt prior to the slag, and thus enhancing the 

slag-metal separation. The surrounding slag is heated by thermal conduction from the metal, its viscosity decreases so 

much that the metal particle is able to drain down, or 2) stirring of the melt that causes metal droplets to meet and coa-

lesce, thus increasing the slag-metal separation. As shown in experiment E8, stirring seems to improve slag-metal sepa-

ration, thus supporting that induction may cause stirring that increases separation. This was also seen when a wooden 

stick was introduced to the melt. As a result of the good slag-metal separations when heating the sample by induction, 

the further experiments were done in a resistance heated furnace. 

The effect of both temperature and holding time was investigated. As expected, the experiments showed much 

better slag-metal separation at 1450
o
C compared to 1350

o
C. This is expected due to a decrease in the viscosity with 

increasing temperature. The separation also increased with increasing holding time. After 60 minutes at 1350
o
C most of 

the metal had separated from the slag. However, temperature seems to be more important compared to holding time. At 

1450
o
C nearly full separation was achieved after 10 minutes holding time while there was little separation after 30 

minutes at 1350
o
C. The heating of the crucible will take some time and higher temperature thus gives longer holding 

time. This was investigated by comparing heating to 1400
o
C and 0 minutes holding time with 30 minutes holding time 

at 1350 
o
C that both takes the same time. A much better separation was achieved by only heating to 1400

o
C which con-

firms that temperature is more important compared to holding time. 

The addition of 2 wt% SiMn did not induce the expected increase in the temperature. This may be caused by the 

fact that the SiMn particles were too fine (1-3 mm), and thereby already oxidized and not "prepared" for reaction with 

MnO. The lack of temperature increase can also be explained by a slight change in the experimental procedure in this 

particular experiment. The temperature loss through the surface is probably slightly higher compared to the reference 

experiment, due to introducing one more thermocouple, and the subsequent poorer insulation on the surface of the bath. 

The experimental setup was improved due to the insulation issue and experiments continued with addition of CaF2, Si 

and Al. 

Si fines and Al chips were tested to see whether the methodology of exothermic reaction would work at all. The 

most significant increase in temperature was achieved by addition of Al. Si also showed an increase in temperature, but 

not as significant as Al. Both of the additions did not show an increase that was within the same order of magnitude of 

the calculated temperature increase. This may be due to poor mixing and thus some unreacted metal. Temperature loss 

may be another issue, but since the experiment was performed in a resistive heating furnace, the heat loss is most likely 

minimized.  

No visible effect was observed by addition of CaF2 (both 2 wt% and 10 wt%) and coke breeze. They were added 

to lower the viscosity or interfacial tension to increase slag-metal separation. The reason for these results is probably the 

decrease in temperature when adding room temperature material to the melt. This would cause problems in melting and 

mixing the materials, as observed for some of the experiments. 

Quantification of the slag-metal separations is one of the weaknesses of the method used. Automated image 

analysis was tried, but did not give good results. However, when comparing the qualitative analyses that are the basis of 

this paper with a surface analyses made by a student at a later stage [3], the different methods gave the same results. 

5 CONCLUSION 

The investigated samples from a slag ladle consist of metal pearls around 0.6 mm in diameter entrapped in a slag 

phase with solid MnO and a liquid slag. The amount of solid and liquid phases varies between the two layers of slag, 

but their composition is the same in both the investigated slags. Slag in the top layer will have a lower metal content 

since solid MnO in the slag settle down and decreases slag viscosity and enhance metal separation. The main volume of 
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the ladle has a medium metal content. MnO drained down from the top layer will increase slag viscosity and give a 

higher MnO content in the slag phase. 

Experiments show that increasing temperature and decantation time will increase slag-metal separation. The ex-

periments show that temperature has a higher impact on the separation compared to decantation time. Further, the ex-

periments showed that inductive heating and stirring of the melt improved the slag-metal separation significantly. 

The experiments showed that addition of 2 wt.% Al or Si would increase the temperature of the slag by up to 

25°C, while an order of magnitude is lower compared to the theoretical increase in temperature. Addition of SiMn fines 

did not give an increase in temperature. Addition of CaF2, sulfur and coke breeze to enhance slag-metal separation due 

to a decrease of the viscosity or interfacial tension was not successful. 
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Abstract 

Electric arc furnace smelting is one of the main processing routes used to upgrade ilmenite into a suitable tita-

nium feedstock for pigment and sponge producers. During the ilmenite smelting process the iron oxides present in the 

ilmenite concentrate matrix are reduced to metallic form by using carbon as the reductant. A slag rich in TiO2 and low 

in FeO content remains, together with pig iron as a saleable by-product. 

In the early part of 2014 a pilot scale DC furnace test trial was carried out at Outotec Research Center, Pori, 

Finland. During this campaign ilmenite concentrate (raw) as well as prereduced ilmenite was used as smelting feed 

material. The prereduced ilmenite was produced separately and ahead of the smelting campaign using a pilot scale 

rotary kiln located at the same research facility. In this paper the some of the observations and results from the smelting 

trial are presented. 

Good quality slag and pig iron was produced during the trial. The furnace chemistry was easy to control in both 

(raw, and prereduced) cases and no major technical difficulties were experienced. Pig iron carbon content was found to 

be lower using prereduced ilmenite. The energy consumption of the smelting process was 27 % lower using prereduced 

ilmenite of 58 % Fe-metallization compared to the smelting of raw ilmenite. 

The active power distribution between the arc and the molten bath was studied during the trial. The active power 

can be divided into two sections: firstly the open electric arc and secondly the current flowing through the molten slag 

bath. Based on the pilot scale tests the power distribution to the arc was 85 % and to the slag 15 %.  

Emission spectrometry equipment installed on the furnace roof provided a good on-line prediction of the slag 

FeO content based on the elemental Ti- and Fe-peaks emitted from the plasma arc. Also slag surface temperature was 

obtained on-line.  

The suitability of the produced slag (slow-cooled and granulated) for both the sulphate and chloride route pig-

ment production was studied with XRD tests and sulphate leaching tests. Iron titanium oxide and anatase were identi-

fied as dominant phases in both slow cooled and granulated slags. In the sulphate leaching tests good yields of 90 % 

TiO2 were obtained with both slags. 

1. INTRODUCTION 

Electric arc furnace smelting is one of the main processing routes used to upgrade ilmenite into a suitable titani-

um feedstock for pigment and sponge producers. During the ilmenite smelting process the iron oxides present in the 

ilmenite concentrate matrix are reduced to metallic form by using carbon as the reductant. A slag rich in TiO2 and low 

in FeO content remains together with pig iron as a saleable by-product.  

Outotec as a provider of sustainable process technology for the global minerals and metals industry has devel-

oped the Energy Optimized Smelting Process (EOSP) concept in order to comply with CO2 emission targets and to 

match ever increasing electrical power tariffs. The EOSP consists of a prereduction plant upstream a modern EAF smel-

ter facility.  

In the early 2014 a pilot scale DC furnace test trial was carried out at Outotec Research Centre, Pori, Finland. 

During this campaign raw ilmenite as well as prereduced ilmenite was used as smelting feed material. The prereduced 

ilmenite was produced separately and ahead of the smelting campaign using a pilot scale rotary kiln located at the same 

research facility. 

In 2012 Outotec successfully conducted its first DC furnace test campaign for the production of ferrochrome. 

The objective of this follow-up smelting campaign using raw and prereduced ilmenite was to expand the test criteria by 

investigating the response of the process chemistry, and performance of the furnace equipment and automation system, 

in a greater level of detail. Newly installed peripheral furnace equipment was also tested, including a high speed camera 

for filming of the electric arc as well as a newly designed conductive bottom anode. Also, in situ measurement of opti-

cal emission spectrum of the electric arc and slag was conducted in order to obtain more on-line data of the furnace 

conditions.  

mailto:sauli.pisila@outotec.com
mailto:petri.palovaara@outotec.com
mailto:andredejong@outotec.com
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2. Experimental procedure 

2.1 DC furnace 

The experiments were conducted by using a pilot scale DC furnace at Outotec Research Centre, located in Pori, 

Finland (Figure 1).  

  

Figure 57. Outotec pilot scale DC furnace 

The furnace utilizes a 2 MVA transformer that supplies AC voltage to the rectifier. The rectifier transforms the 

three phase AC current into DC current. The furnace employs a single graphite electrode as the cathode. The typical 

active power of the furnace is 400-600 kW. The conductive bottom is the positively charged anode, and the graphite 

electrode acts as the negatively charged cathode in the electrical circuit. The DC furnace features an in-house developed 

conductive hearth type bottom anode. A compensation reactor is present in the circuit to smoothen the current flow. A 

schematic image of the furnace equipment is shown in Figure 2. An open electric arc, shown in Figure 3, is formed be-

tween the graphite cathode and the furnace slag. Furnace feed is continuously fed to the molten pool trough feed pipes 

situated at the furnace roof. 

Metal layer

Slag layer

Reactor

Rectifier

TransformerGraphite
cathode

Conductive bottom anode  
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Figure 58. Furnace electrical circuit 

 

Figure 59. Electric arc 

The furnace shell is cooled using a spray water system, while the furnace roof and electrode equipment are 

cooled with a closed water cooling circuit. The off-gases are combusted in the combustion chamber directly after exit-

ing the furnace roof and the gas is consequently scrubbed in a wet scrubber.  

In addition to basic furnace equipment a high speed video camera was set up to the side of the furnace allowing 

the filming of the electric arc. An emission spectrometer was also utilized for the monitoring of the arc and furnace 

conditions. 

2.2 Rotary Kiln 

The pilot scale prereduction tests were conducted with the pilot scale rotary kiln (Figure 60) located in Pori Re-

search Centre. The rotary kiln is 11 m long with an inner diameter of 1.2 m at the feed end. 

 

Figure 60. Pilot scale rotary kiln 

The feed capacity of the feed mix is typically 300-500 kg/h. The kiln temperature profile is controlled with air 

blowing. Additional air is blown into the kiln with separate axial fans through air tubes at three different locations along 

the kiln. The kiln is sealed with water-cooled greased flanges at both ends of the kiln. Kiln pressure is controlled by the 

position of the flap valve in the off-gas line and with the off-gas fan speed. A slight excess pressure is maintained at the 

discharge end which eliminates air ingress into the kiln.  

The off-gases from the kiln are directed from the feed end of the kiln to the combustion chamber where the hy-

drogen, carbon monoxide and volatile components are burned with pressurized air. A raw gas stack is connected to the 

combustion chamber, which can be opened in situations such as off-gas duct blockage, kiln holds, scrubber malfunc-

tion, power outage or maintenance. 

The burned off-gas is directed to the hot cyclone which separates the coarse dust from the gas. Then the gas is 

directed to the wet scrubber and then to the main stack. A continuous gas analyzer is installed in the off-gas duct before 

the combustion chamber. 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 205  
 

The reduced rotary kiln product is discharged from the discharge end of the kiln into the rotary cooler with a 

length of 7 m. The reduced product is cooled indirectly by external spray water on the cooler steel shell. The discharge 

is then screened and the char is separated magnetically from the prereduced product. 

2.3 Test run overview 

The smelting campaign was divided into hot commissioning period and 4 balance periods, based on the used 

feed material mix: 

 Hot commissioning 

 Raw ilmenite 

 Prereduced ilmenite (Low metallization degree ~ 60 %) 

 50% Raw / 50% Prereduced (High metallization degree ~ 85 %) 

 Raw ilmenite 2 

Furnace feed, consisting of ilmenite concentrate and anthracite (reductant) was continuously fed through the furnace 

roof into the molten pool at a feed rate of 200 kg /h. The slag temperature was typically between 1650 - 1700
o
C and 

metal temperature between 1500 - 1550
o
C. Slag and metal products were periodically tapped from the bottom of the 

furnace. Main product target was that the FeO content of the slag is 8-10 w-%. 

The campaign was successfully run without any major problems. No stray arcing was experienced during the trial. Also 

no foaming was observed, even in over reducing conditions, and the process was easy to control. The furnace chemistry 

responded well to changes in feed mixture and temperature control was easily controlled by the feed/power ratio. 

3. Results 

3.1 Energy consumption 

In Table 17 and Table 18 the power requirements for raw ilmenite and prereduced ilmenite balance periods (and 

for a steady operation period within that balance period) are presented. The requirement is presented in three ways: 

 Power requirement / ton of ilmenite, pilot scale, including heat losses 

 Power requirement / ton of ilmenite, projected to industrial scale 

 Power requirement / ton of ilmenite, excluding heat losses (Specific Energy Requirement, SER) 

Also included in the figures is the SER value calculated with HSC Sim process model for each balance period. 

HSC Sim is an in-house developed software tool used for process design and scale up purposes.  

Table 17. Energy consumption of the smelting process (kWh / t of ilmenite) 

Feed ilmenite 
Measurement 

units 

Pilot 

scale* 

Industrial scale 

projection** 
SER*** 

SER HSC projec-

tion 

Raw ilmenite 
kWh / t ilmenite 

2654 1531 1194 1050 

Prereduced  

(58 % met. degree) 

kWh / t ilmenite 
2031 1171 914 730 

Difference 
% 

24 24 24 30 

*including pilot scale furnace heat losses of 55 %  

** assuming heat losses of 22 %  

***power consumption, heat loss neglected 

It can be seen that the prereduced ilmenite clearly has a lower energy consumption (-24 % at industrial scale 

compared to raw ilmenite), even at modest 58 % prereduction degree. If the energy consumption is calculated in kWh/t 

of slag, the benefit is even higher, since more slag is produced from the same amount of ilmenite (Table 2). 

Table 18: Energy consumption of the smelting process (kWh/t of slag). 

Feed ilmenite 
Measurement 

units 

Pilot 

scale 

Industrial scale 

projection 
SER 

SER HSC pro-

jection 

Raw ilmenite 
kWh / t slag 

3847 2219 1731 1614 

Prereduced  

(58 % metallization degree) 

kWh / t slag 
2820 1627 1269 1030 

Difference 
% 

27 27 27 36 
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When the experimental SER value for the energy consumption is compared to that given by the HSC process 

model it can be seen that the experimental values are higher than the value calculated by HSC in both cases (raw and 

prereduced). HSC Sim calculates the power consumption based on pure ideal elements or phases. It does not take into 

account any interaction between the given elements or energy needed to decompose the mineral structure. One other 

reason for the difference could be small errors or deviations in the heat loss that is continuously measured during the 

trials. When pilot scale heat loss is assumed to be 60 % instead of 55 %, the experimental SER approaches to the value 

given by HSC.  

3.2 Product chemistry 

In Figure 61 the slag FeO and metal C contents along with the anthracite and carbon feed rate are presented for 

each balance period. The slag FeO content was the main parameter, based on which the anthracite feed was adjusted. 

The aim for the slag analysis was to produce a wide range of slags with different FeO contents. During the main balance 

periods the slag FeO content ranged from 3 % – 12 %.  

 

Figure 61. Metal and slag composition for each balance period 

Raw ilmenite 1: 

The balance period was started with the hot commissioning slag with a considerable content of FeO. During the 

phase the FeO ranged from 12.3 to 2.4 %. The Cfix feed/t of ilmenite was kept at 9.2 % for the most of the phase. This 

finally resulted in very low FeO content and high viscous slag so the Cfix feed was lowered to 8.6 % for the remainder 

of the phase. Even though the FeO content went as low as 2.4 % the slag viscosity remained low enough for tapping as 

the high MgO content in the initial slag (initial lining wear) lowered the slag viscosity. At the end of the test phase the 

furnace was flushed and the MgO rich slag was removed.  

The carbon content of the metal was low at 0.9 %C for both metal tappings during the period. The theoretical 

equilibrium carbon content of pig iron that is in contact with TiO2 rich slag during ilmenite smelting is calculated at 0.2 

%C (dissolved carbon in pig iron has reducing potential to reduce FeO present in slag). However in larger furnaces the 

dissolved carbon in pig iron is usually ~2% [1]. This indicates that in industrial furnaces the process is further away 

from equilibrium condition between FeO in slag and carbon in pig iron when compared to the small pilot scale furnace.  

Prereduced ilmenite: 

The prereduced ilmenite (Low) phase was started with a Cfix feed of 3 %. This resulted in an initial FeO content 

ranging from 9.3 to 12.0. The Cfix feed was increased to 3.4 %, which lead to FeO content of 9.7 and 8.5 %. The Cfix 

feed was increased again to 3.7 % and this resulted in slag FeO contents of 6 and 5.4 %. The carbon content in the metal 

was very low, 0.25 %. This indicates that when prereduced ilmenite is smelted, since there is less total carbon fed into 

the system, the metal carbon content remains lower than when operating with raw ilmenite. Therefore the carbon con-
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tent reaches the equilibrium state with the slag phase. This indicates that when smelting pre-reduced ilmenite the pro-

cess is closer to equilibrium than when smelting raw ilmenite. 

Blend: 

The blend phase (50 % prereduced High / 50 % raw ilmenite) was started with a Cfix feed of 4.8 % which lead to 

a FeO content of 11.2 %. The Cfix feed was increased to 5.3 % for the remainder of the phase and this resulted in a slag 

FeO content of 8 – 6.5 %. The metal carbon content was very low - 0.2 % 

Raw ilmenite 2: 

The second raw ilmenite phase was started with a Cfix feed of 8.6 %. This resulted in slag FeO of 8.1 – 5.9 %. 

The metal carbon content was slightly higher than in the prereduced phases at 0.7-0.5 %. 

3.3 Power distribution between the electric arc and slag 

The active power during DC furnace smelting is generated by the current passing through the bus tubes, the elec-

trodes (top cathode and bottom anode, the furnace gas phase (visual arc), the slag layer and the metal layer that each has 

a specific resistance. Practically all of the power is generated from the electric arc and the slag layer, as the resistance of 

the other components is very low. The power distribution between the arc and the slag was studied during the pilot scale 

test run. 

The electric arc power was manually measured by test, whereby the electrode was lowered (while the furnace 

was switched off) until it touched the slag surface. The electrode cylinder positions were then recorded. The power was 

then switched back on and once the electrical setpoints were reached and the operation was smooth, the electrode cylin-

der position was recorded again. The theoretical arc length (straight arc) was calculated based on the cylinder position 

change. The length was confirmed visually with the high speed video camera feed. 

The study of the arc power is based on few assumptions. First of all the arc resistivity is an important factor. In 

the following calculations a value of 0.0175 Ωcm was used as a basis. The arc resistivity was then calculated based on 

Bowman´s equations [2]. The arc length also plays an important role in the calculations. An average arc length of 11 cm 

was measured, when operating with a resistance of 60 mOhms. However, confirmed by the video feed, the arc was usu-

ally going around the electrode not straight from tip to slag but about 5-10 cm to the sides of the electrode. This ac-

counts for 1-4 cm extra in arc length. Occasionally the thrust force created by the current formed a valley to the slag. 

The valley height was calculated to be ~3 cm based on Bowman´s equations for arc depression [2]. Therefore, the total 

arc length was concluded to be 14 cm on average.  

After the arc power was calculated the remaining power of the system can be assumed to be formed in the slag 

layer so therefore the slag power can be calculated to be Pslag = Ptot – Parc. As a conclusion the following power distribu-

tions specified in Table 19 were obtained from two separate measurement campaigns.  

Table 19. Power distribution in the pilot scale DC furnace 

Measurement campaign no. - 1  2 

Total Power kW 458 387 

Arc Power kW 387 317 

Slag Power kW 71 70 

Arc Power distribution % 85 82 

Slag Power distribution % 15 18 

Estimated Arc length cm 15 13 

Based on the calculations the power distribution between the arc and the slag ranged between 82 – 85 % from 

the arc and 15 - 18 % from the slag. It should be noted that the calculations depend heavily on the assumed arc length 

and arc resistivity so the margin of error is quite high. However, the results give a clear indication that more power (and 

resistance) comes from the arc rather than from the slag during ilmenite smelting in a DC furnace.  

3.4 Slag mineralogy and suitability for pigment production 

There are two main processes to produce TiO2 pigment from TiO2 slag: sulphate and chloride process. Feed ma-

terial specifications vary between the two. Sulphate process utilizes finer slag particles (-100 µm) whereas the chloride 

process uses coarser slag (100‒850 µm) [1]. The chloride process also requires a denser slag with lower level of slag 

impurities (e.g. MgO, CaO). Regarding the slag mineralogy the chloride process tolerates rutile phase whereas for the 

sulphate process slag rutile amount should be minimized [3]. 
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Industrial slags are normally cooled by pot cooling or wet granulation. The slag pot cooling produces satisfactory 

quality for both processes. When wet granulation is used some reoxidation of Ti2O3 into TiO2 may occur but the for-

mation of rutile phase is very low compared to slow slag pot cooling. Totally four slag samples were analysed with 

XRD. Analysed slags samples consisted of granulated and slow-cooled slag produced in the pilot furnace. Main phases 

in these slags were the following: anatase (TiO2), iron titanium oxide (Fe3Ti3O10) and pseudobrookite (Fe2TiO5). Iron 

titanium oxide and pseudobrookite have similar XRD-intensity spikes; therefore the distribution to these phases can be 

only estimate from the content of iron in the slag. However, mentioned phases are both suitable for sulphate and chlo-

ride processes. Only traces of rutile were found in all of the slag samples.  

A phase transformation from anatase to rutile, was observed during calcination test of granulated slag at 1100 °C 

(rutilization). This demonstrates that the thermodynamic driving force for rutile formation is present in the slow-cooling 

methods and indicates that slowing the cooling rate increases the amount of rutile in the product. The main phases in 

calcinated slag were rutile (TiO2), pseudorutile (Fe2Ti3O9) and pseudobrookite (Fe2TiO5). The fast cooling of the slag 

during granulation therefore minimizes rutile formation.  

Sulphuric acid leaching tests for both granulated and slow-cooled slags were also conducted to confirm the suit-

ability of the slag for pigment production. In both samples (granulated and slow-cooled) TiO2 recovery rate of 90% was 

achieved. These test results for pilot scale test slags were similar to those obtained with commercial slags.  

3.5 Emission spectrometry 

A measurement system for obtaining the optical emission spectrum of the electric arc was installed to the furnace roof 

in order to analyse furnace conditions on-line. Optical emission spectrometry is a method rarely used in process control. 

The light escaping the arc and melt contains abundant information on process conditions. The robust measurement sys-

tem can be used in real-time process control. The optical emission spectrometer system is under development by Lux-

met Oy based in Oulu, Finland.  

The measurement campaign conducted during the test run yielded a good on-line prediction of the slag FeO content 

based on the elemental Ti and Fe peaks emitted from the plasma arc. The correlation is presented in Figure 62. Slag 

surface temperature was also obtained on-line [4]. 

 

Figure 62. Fe / Ti peak intensities plotted against the slag FeO content. /4/  

The downside of the system was however that the measurements could only be obtained ~1 minute after the raw 

material feed was switched off and the furnace gas space was clear of dust and fumes. This limited the use of the system 

to feeding pauses such as sampling, temperature measurements, etc. 

The development of the system will continue by testing new methods by which the slag composition could be 

obtained even when fumes and dust are present in the furnace atmosphere. At its current state the equipment provides a 

great tool for the pilot scale furnace but due to the requirement of feed stoppages the equipment is not yet suitable for 

full scale implementation. 

4. Conclusions 

The test campaign was successfully conducted and the technical viability of the Energy Optimized Smelting Pro-

cess developed by Outotec was demonstrated. Good quality slag and pig iron was produced during the trial. The furnace 

chemistry and energy balance were easy to control in both (raw and prereduced) cases. The only significant difference 

between the smelting chemistry between the prereduced and raw ilmenite smelting was that the pig iron carbon content 

was found to be lower when prereduced ilmenite was used. No significant equipment failures or other technical difficul-

ties were experienced. The energy consumption of the smelting process was by 27 % lower using prereduced ilmenite 
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of 58 % Fe-metallization compared to the smelting of raw ilmenite. The results collected during the project provide a 

good basis for further development of energy efficient DC furnace technology. 
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Abstract 

The RKEF process is widely used to produce ferronickel from saprolitic nickel ores. Limonites are mostly treat-

ed hydrometallurgically. However, limonites can be smelted in mini blast furnaces, in which case most of the iron is 

reduced with the nickel to produce nickel pig iron. Difficulties when smelting high iron limonite in an electric furnace 

are (a) controlled reduction of the iron and (b) in cases where the liquidus temperature of the slag is below that of the 

alloy, a high slag super heat to melt the alloy. 

In ESS furnace technology, these problems are solved by performing solid state iron and nickel reduction in the 

top layer of the heap of feed materials and by heating alloy directly in a channel inductor to melt the heap from the bot-

tom.  

The ESS furnace design is rectangular with a large free board volume and three channel inductors mounted be-

low the hearth. The raw materials are charged along one long sidewall of the furnace. The material is spread in thin 

layers over an inclined surface and heated by exposure to radiation from the free board. Conditions in the top layer of 

the heap permit solid state reduction.  

Alloy in the bottom of the furnace flows into the channel inductor. Induction heats the alloy before it circulates 

to the over-flow trench against the other sidewall. The bottom of the pre-reduced heap is continuously melted by the 

heated alloy. The slag and alloy are at the same temperature and the operating temperature is determined by the high-

est liquidus temperature of either the slag or alloy.  

The electrical energy consumption, smelting high iron limonite with 1.5% Ni in an ESS furnace, to produce a 

15% FeNi alloy, is around 189 kWh/t limonite compared with 483 kWh/t limonite in an RKEF.  

1 Introduction 

Rotary kiln – electric furnace (RKEF) technology is widely used to smelt FeNi from saprolitic oxide ores. The 

ore and reductant are blended and calcined in the rotary kiln. The calcine is transferred at around 700°C to the AC elec-

tric arc furnace where it is smelted to produce a FeNi alloy. Successful operation of the furnace depends on maintaining 

suitable slag properties. Two important variables that are controlled during smelting are the SiO2/MgO and Fe/Ni ratios 

in the feed blend. 

Saprolitic ore is often covered by high iron containing limonite ore, normally with a lower nickel grade, a much 

higher Fe/Ni ratio and much less MgO. Limonites are mostly treated hydrometallurgically, but can be smelted into 

nickel pig iron (<15% Ni) in mini blast furnaces. The difficulty of smelting high iron limonite in a conventional RKEF 

process is to control iron reduction and, if the liquidus temperature of the slag is less than that of the alloy, the high slag 

superheat necessary to keep the alloy molten. One solution to overcome a low slag liquidus temperature is matte smelt-

ing, where the alloy liquidus temperature is lowered by the addition of sulphur.  

In an ESS furnace, nickel and iron reduction takes place in the solid state. The alloy is not heated by the slag as 

in conventional AC furnace smelting, but directly in a channel inductor. A slag with a low liquidus temperature is heat-

ed with the minimum super heat needed to match the alloy temperature. 

2 ESS furnace technology 

The development of furnace technology utilizing channel inductors to melt iron, known as the IFCON pro-

cess [1], started in the 1990’s at Iscor in South Africa. Further development led to two prototype furnaces being built in 

India, but they are no longer operational. Sufficient operating data was generated to design the first commercial furnace, 

which is planned to be constructed in South Africa, to smelt a titaniferous magnetite into pig iron. 

ESS smelting technology differs from other calcine-smelting processes in that it combines in a single furnace 

fossil fuel pre-heating and solid state pre-reduction of the oxide-containing feed materials with a minimum amount of 

electrical heating to produce molten alloy and slag [2]. ESS technology can smelt lumpy ores but is ideal for smelting 

fine raw materials directly, like limonites, exposing individual particles to radiation heating. The heap temperature is 

maintained by complete fossil fuel combustion. Reducing conditions at the operating temperature ensure solid state re-

duction in the top layer of the raw material heap. This is similar to reverberatory furnace operation. The additional ener-

gy to melt the reduced calcine is transferred from alloy heated in a channel inductor commonly used in the foundry in-

dustry to melt alloys. Efficient circulation of the alloy distributes the heated alloy from the channel inductor to the inter-
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face where the pre-reduced calcine is melted. The cooled alloy settles to the bottom of the furnace hearth before being 

heated in the inductors setting up controlled alloy circulation.  

3 Furnace description 

The furnace design is schematically shown in Figure 1. The furnace is rectangular. The raw material blend is charged 

continuously through multiple feed ports along one long wall of the furnace (the charge wall) to form a raw material 

heap. Combustion air and additional fuel are introduced through the opposite long wall (the melt wall). Complete com-

bustion in the large free board volume improves heat transfer from the furnace gas to the raw material heap. The two 

off-gas ports are located in the opposite short walls, close the melt wall. The only area where liquid slag is in contact 

with the refractory is a narrow section against the melt wall. Copper coolers are installed in this area to maintain a 

freeze-line. The hearth of the furnace is designed to house the three channel inductors. The channel inductor throat pas-

sage is in the bottom of the hearth and smaller return passages open in an over-flow trench designed to facilitate even 

alloy distribution underneath the heap. The tap holes are located in the melt wall at the trench level above the channel 

inductors. 

 

Figure 63: The ESS furnace 

A small alloy pool is retained in the furnace. Colder alloy collects in the furnace hearth and flows down the 

throat of the channel inductor protecting the inductor from overheating. Efficient channel induction heats the alloy just 

enough to circulate it to the trench against the melt wall.  

The bottom part of the reduced heap is continuously melted with heat from the alloy producing new molten alloy 

and a thin slag layer between the heap and the alloy pool. The slag accumulates over the trench. The slag and alloy are 

at the same temperature and the operating temperature is regulated by the highest liquidus temperature of either the slag 

or alloy. The channel design returns the heated alloy close to the tap hole simplifying slag and alloy tapping. 

3.1. Furnace feed 

The fine raw material blend consisting of ore and a reductant is mixed and micro-agglomerated to minimise dust 

losses during feeding. The optimum size of the micro-agglomerates is approximately 3mm. This blend is charged con-

tinuously through multiple feed ports along the charge wall. The large drop height ensures that the material is effective-

ly spread in thin layers over the inclined heap surface. The angle of repose of the material determines the heap angle in 

the furnace.  

Bridge forming is averted by preventing contact between the heap toe and the melt wall. Build-ups against the 

side walls are too far apart to form a strong continuous sintered layer. Moreover, the particles shrink during reduction 

making them less likely to form a strong sinter. 

3.2. Solid state reduction 

This raw material charging method exposes each micro-agglomerated particle to the process heat. This transfers 

radiant heat in the most efficient way to the individual particles before they are covered by the next layer. The atmos-

phere in the heap is reducing and at a high enough temperature (>900°C) to dry calcine and reduce nickel and iron ox-

ides to metals. The degree of iron reduction is controlled by the amount of reductant in the feed blend. 
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Gas evolution from the reduction reactions limits diffusion of bulk gas in the free-board into the heap, preventing 

re-oxidation of the reduced nickel and iron. The low gas velocity in the free board minimizes dust entrainment. Maxi-

mum radiation heat transfer is ensured by the large heap surface area compared with the small liquid pool area.  

3.3. Furnace freeboard 

The primary energy source in the freeboard is CO gas emanating from the reaction layer. Depending on the en-

ergy balance, additional fuel (e.g. natural gas or pulverised coal) is injected. The combustion gas is pre-heated air, in-

troduced through the melt wall, which is directed parallel to the inclined surface of the heap of material. The air can be 

oxygen enriched.  

Complete combustion of the CO, volatile matter in the reductant and fuel is ensured by the cork screw circulat-

ing flow pattern of gasses in the freeboard. Excess oxygen in the free board gas is maintained to ensure complete com-

bustion. The non-symmetric CO2 and H2O molecules in the gas ensure maximum heat radiation, unlike an EAF where 

the off-gas consists mainly of symmetrical CO molecules.  

Energy is radiated from the gas and furnace roof to the heap surface. There will be areas where radiation is lower 

and active areas where it is higher. A value of around 120 kW/m
2
 is assumed in the furnace design, but up to 

180 kW/m
2
 is reported in the laboratory experiments [3].  

The Coãnda effect [4] enhances heat transfer to the heap as the combusted gas jet is drawn to and follows the 

upper surface of the heap. This ensures combustion close to the heap surface.  

The roof and upper side walls are designed with no obstructions (feed and off-gas ports) specifically to ensure a 

large field of view, radiating energy to the heap surface. The fully combusted hot off gas at approximately 1300°C is 

extracted through the two end walls. Sensible heat in the off-gas is used to preheat the combustion air in an external 

heat exchanger. 

3.4. The furnace hearth and channel inductor 

The cooled alloy sinks to the bottom of the furnace where it enters the inductor through a large diameter inlet 

passage in the hearth, as shown in Figure 2. The alloy is heated by up to 30°C and through convective forces flows up 

the smaller diameter return passages. These passages open in a trench from where the heated alloy over-flows back into 

bath. At the top surface of the alloy, heat is transferred to the bottom of the heap melting it.  

The slag and alloy are at the same temperature and the operating temperature is regulated by the highest liquidus 

temperature of either the slag or alloy. If the alloy has the highest liquidus temperature, it is at a temperature to maintain 

flow through the inductor. However, if the slag is at a higher temperature the alloy temperature will increase to a level 

where the slag melts, causing thermal arrest at that temperature. 

The tap holes are at the trench level above the inductors. Slag accumulates over the trench against the melt wall 

before being tapped. Slag will be tapped almost continuously through two of the three tap holes.  

At all times a relatively thin layer of slag is in the furnace, promoting alloy collection from the slag. At this inter-

face, iron can reduce NiO in the slag further improving the nickel recovery and increasing the alloy grade.  

 

Figure 64: Furnace hearth and trench design 

3.5. Energy balance 

Slag flow 

Slag-Alloy contact 

Calcine melted by alloy 

Alloy flow 

Channel inductor 

Alloy over-flow 
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The large heap surface area compared with the small pool area promotes thermal energy transfer. The heap sur-

face area is approximately 60m
2
 and the area between the heap and alloy is 20m

2
, a ratio of 3 to 1. At a heap heat trans-

fer rate of 120 kW/m
2
 approximately 7 MW is transferred to the heap and only 1.65 MW from the inductors (3 x 550 

kW). Therefore, the ratio between thermal and electrical energy is approximately 5:1. There is currently no other tech-

nology that can achieve this level of electrical energy efficiency. 

3.6. Start-up and shut down procedures 

The channel former in the inductor is cast steel which is melted during the start-up. The cast steel melts above 

1500°C which sinters the rammable refractory around it to form the channel. Once molten, iron is added from the top to 

create the molten metal bath and to fill the hearth to the desired level. Only then ore feeding does commence to create 

the heap above the hearth zone.  

The inductors can only be switched off for very limited periods (5 to 10 minutes at a time) to prevent the alloy in 

the channel from freezing. The contraction of frozen alloy can result in damage to the channel refractory causing alloy 

penetrating when it is re-melted that leads ultimately to a run-out. A standby generator delivering around 10% of the 

full load (200 kW) must always be available in case of a power failure. 

To empty the furnace, as much as possible of the material is tapped. A plug at the lowest point of the channel in-

ductor is then removed to drain the alloy from the channels. The furnace must be fitted with a new inductor before it can 

be restarted. 

4 Comparison with RKEF and blast furnace smelting 

4.1. RKEF operation 

An RKEF plant consists of a rotary kiln (RK) with an electric drive, a fuel burner and an off-gas handling system 

to capture dust entrained in the kiln gas. The thermal efficiency of a kiln is relatively low with limited pre-reduction. 

The hot calcine is transferred in a refractory lined transfer system, equipped with a dedicated crane, to refractory lined 

feed bins above the electric arc furnace (EAF). Dust generation and a decrease in the calcine temperature is unavoida-

ble. The EAF requires a number of systems to operate well. Söderberg electrode management includes systems for cas-

ing and paste addition, paste level monitoring, electrode baking, hydraulic electrode movement and an advanced control 

system to control power input in the furnace. When operating an EAF with a covered arc, which is often the case in 

FeNi smelting, radiation from the bath to the furnace roof is significant, reducing the furnace thermal efficiency and 

often damaging the roof refractory. The furnace holds up to a meter thick layer of slag in contact with refractory requir-

ing advanced refractory and freeze-line management. The furnace is tapped by first drilling the tap hole, often followed 

by oxygen lancing. This causes significant wear and tap blocks need to be replaced regularly. 

In an electric furnace smelting limonite, the volumetric slag-to-alloy ratio is around 20:1 with at least a meter of 

slag on top of the alloy. Energy must be transferred through the slag to the alloy. Therefore, the physical properties of 

the slag are very important. The slag operating temperature must be higher than the alloy liquidus temperature to main-

tain a liquid alloy in the furnace. The alloy liquidus temperature depends on the nickel grade and carbon content, but 

generally is around 1500°C. It is clear from the phase diagram in Figure 3 [5] that the slag liquidus and tapping temper-

atures are above 1500°C. If the slag liquidus temperature is less than that of the alloy, the degree of slag superheat 

needed to ensure that the alloy in the furnace is molten, becomes prohibiting. PT Inco (point 7, now PT Vale) addresses 

this problem by smelting a matte with a lower liquidus temperature.  
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Figure 65: The system SiO2-MgO-FeO  

4.2. Mini blast furnace 

Limonites are smelted in mini blast furnaces (M-BF). With the highly reducing condition in an M-BF most of the 

iron is reduced. At the Fe/Ni ratio of limonites, the nickel grade of the nickel pig iron (NPI) is typically less than 10%. 

While smelting the limonite the NPI grade will be around 4% (Table 1). Undesirable minor elements in the ore, e.g. S, P 

and Co, are also reduced and report in the alloy. 

4.3. ESS furnace operation 

An ESS plant requires less infrastructure as it is a single furnace with no moving parts. The feed system which 

consists of a high-intensity mixer and multiple screw feeders can be maintained without a furnace shut down. A single 

furnace for pre-heating, pre-reduction and smelting eliminates hot calcine handling. The higher calcine temperature 

combined with solid state reduction minimizes the electrical energy requirement. The hot slag and alloy in the furnace 

are close to the tap hole. Opening the tap hole does not require any drilling and lancing.  

The alloy is melted directly making it possible to smelt limonite when the resulting slag liquidus temperature is 

less than that of the FeNi. The slag volume in the furnace is much lower, with most slag in close proximity of the alloy, 

minimizing alloy inclusions in the slag and driving metallothermic reduction of nickel oxide with iron. Slag in contact 

with refractory is limited to a narrow area which is much easier to manage.  

The electrical energy efficiency of an ESS furnace is compared with that of the RKEF process in the next sec-

tion. 

5 Limonite smelting 

5.1. Mass and energy balance 

In this section, a typical mass and energy balance for smelting high iron limonite in an ESS furnace is compared 

with a hypothetical case smelting it in an RKEF. The limonite composition is shown in Table 1. 
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Table 1: Limonite and high volatile coal analyses 

 Limonite   Coal 

Ni 1.5% 

 

FC 45.4% 

Fe 43.7% 

 

Ash 6.6% 

Al2O3 6.0% 

 

Volatiles 46.0% 

MgO 1.5% 

   SiO2 18.1% 

   LOI 10.0% 

        SiO2/Al2O3 3.0 

   Fe/Ni 29.1 

   
The iron and nickel oxides in the calcine are reduced by carbon in the coal. As opposed to other smelting pro-

cesses, high volatile coal is preferable with the volatiles being combusted in the free board, significantly contributing to 

the overall energy demand. High volatile coal is also more reactive which is an advantage in the ESS furnace. The same 

coal can be used as a fuel to supplement the freeboard energy requirement. 

The rotary kiln in the RKEF process can also utilize higher volatile coals, but the associated higher reactivity of 

these coals increases the fixed carbon losses during combustion.  

The liquidus temperatures of high iron slags are shown in Figure 4 as a function of the SiO2/Al2O3 ratio. This is 

based on the iron rich corner of the SiO2-Al2O3-FeO phase diagram. The CaO and MgO concentrations in the limonite 

are low and their impact on the liquidus temperature is not taken into account. 

 

Figure 66: Liquidus temperature as the SiO2/Al2O3 ratio increases 

The SiO2/Al2O3 ratio decreases as the alumina concentration increases. At a SiO2/Al2O3 ratio of 3, the eutectic 

temperature is 1100°C. Once this ratio increases above 3, an increase in the iron content suppresses the liquidus temper-

ature. The liquidus temperature of the slag smelting the limonite in Table 1 is at the eutectic temperature of 1100°C. 

The ESS furnace is equipped with three 550 kW channel inductors. The mass and energy balance results shown 

in Tables 2 to 6 are at this electrical power input. An equivalent RKEF power of 4.5 MW was calculated to produce the 

same amount of nickel. In order to make the comparison more realistic, heat loss from the electric furnace was assumed 

as that from a 50 MW furnace.  

The RKEF calculations are for comparison purposes only as the slag liquidus temperature smelting this limonite 

is too low and the iron content too high.  

In the ESS furnace the feed blend is heated from room temperature above 1000°C on the heap. In the RKEF, cal-

cine is transferred at a lower temperature (around 700°C) from the rotary kiln to the EAF. The slag and alloy tempera-

tures in the ESS process are the same, whereas in an EAF the slag must be super-heated. FeNi smelting produces a large 

amount of slag, with slag super-heat contributing to an increase in the energy requirement in the EAF. Additional fuel is 

Increased Al2O3 content 
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required in the ESS furnace free board. The amount of fuel is minimised by preheating the combustion gas with energy 

in the off-gas in a heat exchanger to at least 700°C. 

Table 2: Operating temperatures 

 ESS furnace RKEF 

Feed 25°C 25°C 

Calcine  1 050°C 700°C 

Free-board gas temperature 1 300°C 1 100°C 

   
Alloy 1 500°C 1 530°C 

Slag 1 500°C 1 600°C 

Dust 800°C 800°C 

   Fuel temperature 25°C   

Combustion air to furnace 700°C   

The degree of the solid state reduction in the ESS furnace heap is compared to that in the kiln in Table 3. Iron 

and nickel reduction in the heap are controlled to produce the targeted FeNi grade. Solid state reactions in a kiln are 

limited by the operating conditions. Dust loss in the ESS furnace is limited, whereas in a kiln it is significant. Moreover, 

calcine transfer from the kiln to the EAF is a major operation with additional heat and dust losses. 

In both ESS and RKEF furnaces, the final degree of reduction was assumed to be the same producing a 15% 

FeNi alloy. 

Table 3: Furnace conditions 

Solid state (thermal) reactions ESS furnace Kiln 

Carbonate calcining  100.0% 100.0% 

Fe2O3 to FeO 100.0% 80.0% 

FeO to Fe 17.5% 0.0% 

NiO to Ni 89.0% 10.0% 

   Final reduction ESS furnace EAF 

Fe total 17.6% 17.6% 

Ni 91.2% 91.2% 

C 0.3% 0.3% 

Si 0.07% 0.07% 

The furnace free board conditions are summarised in Table 4. The heap temperature at 120 kW/m
2
 thermal heat-

ing is 1050°C. The total energy transfer in the freeboard is 8.6 MW, including heat losses. Energy in the free board 

burning CO from reduction must be supplemented by burning pulverised coal. Other energy sources like natural gas can 

also be considered. 

Table 4: ESS furnace freeboard 

ESS furnace Unit Value 

Thermal radiation kW/m
2
 120 

Heap interface temperature °C 1 050 

Freeboard energy MW 8.64 

   Fuel addition (Pulverised Coal) tpa 7 726 

  kg/t alloy 1 201 

Combustion air Nm
3
/h 13 688 

  Temp, °C 700 

The limonite and reductant consumption, as well as alloy and slag production rates are summarised in Table 5. A 

single ESS furnace can produce 995 tpa nickel, smelting the limonite (Table 1). For smelting this limonite in a M-BF, 

the expected alloy grade is less than 4% nickel producing around 5 times more alloy to handle. 

Electrical energy is used to heat the alloy in the channel inductor. This heat melts the calcine at the liquid-solid 

interface at the bottom of the heap into slag and alloy. The electrical energy requirement is summarised in Table 6 
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showing the specific (thermodynamic) energy requirement (SER) and specific energy consumption (SEC), the latter 

including furnace heat losses. The SEC of the RKEF process is calculated at 483 kWh/t limonite, which is approximate-

ly 50% of the total energy requirement. Smelting in the ESS furnace, the SEC is only 189 kWh/t limonite which is ap-

proximately 20% of the total requirement and 2.5 times less than that in the RKEF. 

Table 5: Feed and products 

 

Unit ESS furnace RKEF 

Total feed tpa 80 546 86 963 

Limonite tpa 73 385 73 547 

Reductant tpa 7 160 13 416 

Calcine Blend tpa 59 807 65 970 

    Alloy production tpa 6 632 6 632 

Nickel production tpa 995 995 

    Fe % 84.6 84.6 

Ni % 15.0 15.0 

Si % 0.07 0.07 

C % 0.30 0.30 

    Slag tpa 53 145 53 203 

  t/t alloy 8.26 8.02 

    Al2O3 % 8.5 8.7 

MgO % 2.1 2.0 

SiO2 % 25.4 25.7 

FeO % 63.7 63.3 

NiO % 0.23 0.23 

    Fe % 49.6 49.2 

SiO2/Al2O3 ratio 3.0 3.0 

    Ore-to-alloy ratio t/t alloy 11.1 11.1 

Slag-to-alloy ratio t/t alloy 8.01 8.02 

Table 6: Electrical energy requirement and consumption 

 Unit ESS furnace RKEF 

Furnace setpoint MW 1.65 4.50 

Utilisation % per annum 96.0 92.2 

    Requirement (SER) kWh/t limonite 166 403 

 

MWh/t Alloy 1.84 4.47 

    Consumption (SEC) kWh/t limonite 189 483 

  MWh/t Alloy 2.09 5.36 

Smelting saprolite ore in an ESS furnace results in a similar improvement in the electrical energy consumption 

when compared with a RKEF furnace. 

5.2. ESS furnace capacity smelting limonite 

A 75 MW RKEF plant can produce around 18 000 tpa of nickel from the ore (Table 1). A single ESS furnace can 

produce 995 tpa of nickel. Therefore, a battery of 20 ESS furnaces will be required to reach those tonnages. With an 

estimated 50% capital cost saving per annual ton of nickel, and at approximately the same operating cost per ton nickel, 

clusters of these units are more economical. This is contrary to the normal furnace size trend in industry where larger 

units are more economical. The factors that drive the increase in furnace size are an incremental increase in thermal 

efficiency and a dilution of fixed cost per unit production. The ESS furnace delivers a step change increase in efficiency 

that cannot be matched by the largest RKEF. 
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Advantages of a modular approach are a lower initial capital requirement, building a single or a cluster of 5 fur-

naces for instance. The construction time is less when compared with a commercial RKEF plant, while earlier produc-

tion of saleable alloy can support further staged expansion. 

The furnace project can be located close to the mine where infrastructure like a power grid and process water is 

limited. The electrical power can be supplied using a small dedicated power system and closed circuit water is only 

needed for the inductor coils and copper coolers. Refining and granulation systems must be included. 

A smaller ore deposit can support a furnace complex and the barrier to entry is less. 

6 Conclusions  

ESS smelting technology combines in a single furnace fossil fuel pre-heating and solid state reduction with a 

minimum amount of electrical heating to produce molten alloy and slag. 

The electrical energy consumption smelting limonite in an ESS furnace is 189 kWh/t limonite, which is about 

2.5 times less that in a RKEF. 

High iron limonites are weathered and therefore are mostly fine. ESS is an applicable technology for smelting fi-

ne limonite directly. 

The feed blend is charged continuously in thin layers over the inclined heap surface, exposing individual parti-

cles to the process heat. This ensures a maximum heap temperature and drives the required iron and nickel solid state 

reduction reactions. 

The energy sources in the freeboard are completely combusted CO gas emanating from the reaction layer, vola-

tile matter in the reductant and additional fuel. 

Sensible heat in the hot off gas is used to preheat the combustion air. 

Cooler alloy sinks to the bottom of the hearth. It enters the inductor through a large diameter inlet passage in the 

hearth where it is heated. 

The heated alloy moves up the return passages into a trench from where it flows back into the alloy bath transfer-

ring energy to the solid-liquids interface in the furnace melting the calcine. 

The tap hole is at the trench level above the inductor from where alloy and slag is tapped. This simplifies the 

tapping operation as drilling and lancing is not required. 

ESS technology provides a very competitive opportunity to smelt limonite into FeNi. The only alternative is us-

ing mini-blast furnace technology but it produces low grade NPI.  
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ABSTRACT 

Approximately 13 months into a challenging plant ramp-up, a series of furnace failures halted production at Va-

le’s Onça-Puma ferronickel smelter in Pará State, Brazil. Rather than re-build the equipment ‘in-kind’ with the original 

furnace supplier, Vale chose to adopt a strategy of technologically upgrading the problem areas in the smelter. Signifi-

cant step-change improvement was thereby achieved in furnace integrity (structural binding and cooling systems), slag 

tapping and the calcine transfer systems.  

An integrated Vale-Hatch project team was established to execute the Furnace No. 1, Calcine Transfer System 

and Metal and Slag Tapping area upgrades, which were achieved in less than 1 year from start of detailed engineering 

to first slag tap. Key ‘lessons-learned’ from the original operating period were combined with design ‘best practices’ in 

order to address the main problem areas of the plant. During the project the close cooperation between Vale and Hatch, 

including rapid engineering development and timely decision making, led to a highly robust and well integrated design 

that enabled rapid project execution. As a result, the No. 1 Line was able to achieve >100% of its nominal capacity 

within 12 months of the first metal tap. Further, with the planned restart of the second kiln and electrical system up-

grades, the Onça-Puma furnace will be capable of sustained operation above 100 MW. Key problem areas addressed by 

the rebuild project and the corresponding technical improvements are summarized in this paper. 

1. INTRODUCTION 

Vale’s Onça Puma facility is a 2-line RKEF plant with nominal capacity of 50ktpy of Ni in FeNi which was 

started up in 2011. Approximately 13months into a challenging plant ramp-up, a series of furnace failures totally halted 

production at the smelter. Subsequent investigations uncovered significant issues in the installed equipment, particularly 

in the furnace, crucible, calcine transfer system, and the slag handling system. Thus, rather than re-build the equipment 

‘in-kind’ with the original supplier, and risk a similar outcome, Vale chose to adopt a strategy of utilizing a suite of 

Hatch technologies to upgrade the problem areas in the smelter before re-starting. Significant step-change improvement 

was thereby achieved in furnace integrity (structural binding and cooling systems), slag handling and calcine transfer 

systems. 

An integrated Vale-Hatch project team was established to execute the Furnace No. 1, Calcine Transfer System 

and Metal and Slag Tapping area upgrades, which were achieved in less than 1 year from start of detailed engineering to 

first metal tap. Figure 1 demonstrates the remarkable project turnaround time that could only be accomplished through 

close cooperation between Vale and Hatch. 
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Figure 1:  FeNi Furnace Construction - Onça Puma Versus Others 

Key ‘lessons-learned’ from the original operating period were combined with Hatch best practices and technolo-

gies in order to address the main problem areas of the plant. During the project, the close cooperation between Vale and 

Hatch, including rapid engineering development and timely decision-making, led to a highly robust and well integrated 

design that enabled rapid project execution. As a result, the No. 1 Line was able to achieve >100% of its nominal capac-

ity within 12 months of the first metal tap. Other installations in Brazil, which have suffered similar circumstances with 

the original suppliers’ equipment, are presently undergoing similar upgrades with Hatch and which will produce similar 

excellent results. 

Further, Onça Puma is in the planning stages to restart the second kiln and CTS, after which the furnace will be 

capable of more than 100 MW sustained operation. Key problem areas addressed by the rebuild project and the corre-

sponding technical improvements are summarized in this paper. 

2. FURNACE 

Both furnaces at Onça Puma suffered catastrophic failures at 6 months and 13 months into their initial cam-

paigns. The furnaces were started up approximately six months apart from each other, so the failures occurred at rough-

ly the same time 13 months into the plant start up. These failures resulted in total furnace run-outs and ultimately halted 

production entirely at the plant. 

Upon detailed review by Vale, Hatch and others, it was determined that the furnaces failed due to a) significant 

design/installation issues and b) thermal cycling caused by equipment in other areas (e.g. calcine transfer) causing regu-

lar and lengthy stoppages. 

The identified issues, and their solutions, are summarized in the following table. Each area is further detailed be-

low. 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 221  
 

Table 1:  Identified Issues at Onça Puma 

Area Problem Improvement 

Hearth / Re-

fractory 
 Hydration due to: 

 Water-bearing castables used in curvature 

ram 

 Falling film cooling along with water infil-

tration points (instruments, etc.) 

 Minimal frozen build-up 

 No use of water-bearing castables in the hearth 

 Weep holes for moisture escape 

 No falling film water cooling – replaced by air cool-

ing 

 Hearth conductivity increased creating a thick protec-

tive frozen heal 

Tapblock  Differential movement between refractory 

wall and taphole bricks opening leak paths 

 Tapping block that is allowed to move with the re-

fractory wall but resists axial forces such as mud-

gun/drill loads 

Cooling Sys-

tems 
 Shallow copper coolers  Deep cooled thicker plate coolers in high heat flux 

zone. 

 Re-use of shallow cooled thin copper coolers (origi-

nal supplier) in low heat flux zones to optimize pro-

ject costs 

Bindings  Binding system which allowed bath infil-

tration between hearth bricks 

Binding system upgrades: 

 Spring loaded sidewall waler beams 

 Upgraded endwall binding loads 

 Upgraded sidewall hold down load 

 Addition of endwall hold down springs 

 Addition of corner springs 

3. COOLING SYSTEMS 

3.1 Copper Coolers 

With both furnaces at Onça Puma damaged and inoperable it was imperative to reduce the overall design and 

fabrication time in order to return the furnace to operation as quickly as possible. As fabrication of a complete set of 

new deep cooled plate coolers would have extended the overall rebuild project, a design was developed which uniquely 

utilized a combination of new and existing coolers. This combination was employed to increase slag bath depth (from 

400mm to 1000mm) as well as minimize construction time by re-using the original coolers in less intense areas of the 

furnace. 

The existing coolers from both furnaces were carefully removed and inspected for reuse. One third of the coolers 

were found to have excessive corrosion, pitting, flaking of the chrome coating, and penciling which ruled them as un-

salvageable, as shown in Figure 2. The poor condition of many of the coolers was unexpected due to their short opera-

tion duration. The reduced number of acceptable coolers required the cooler layout, and in turn the associated shell pan-

els, to be quickly redesigned. The final design utilized new Hatch plate coolers in the high heat flux metal zone and a 

combination of new and reused coolers in the lower duty reserve slag capacity area. 

  

Figure 2:  Damaged Coolers Removed from the Furnaces (Original Design by Others) 

3.2 Film Cooled Sidewall Plates 
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The existing sidewall utilized a water film cooled lower shell plate to prevent overheating of the furnace shell 

steel. Water was sprayed onto the lower shell allowing a thin film of water to cascade down the shell collecting in a 

large trough at the base of the shell. Water is one of the most significant risks in the vicinity of a metallurgical furnace. 

If water is able to enter the furnace, it can lead to total degradation of the furnace refractory through hydration. Addi-

tionally, if water comes into contact with the molten bath, a steam explosion can occur. Both scenarios have previously 

led to catastrophic furnace failures at other facilities. 

The existing shell design contained numerous paste injection ports, thermocouples, and skew measurements 

points which amounted to approximately 130 locations where water could enter the furnace, and when used in combina-

tion with falling film technology, there is a possibility where only one is required to ruin the furnace. Visible signs of 

hydration were found during the demolition of both furnaces at Onça Puma. 

The furnace shell was redesigned with an integrated air cooled cooper fin system on the lower shell around the 

full perimeter of the furnace. The forced air cooling system is able to maintain the shell well below the design tempera-

ture while greatly reducing the chance of refractory hydration or steam explosion. 

3.3 Metal Tapblock Design 

The original furnace design locked the metal tapblock to the fixed shell while allowing the refractory within the 

tapblock to expand and contract both laterally and vertically with the wall refractory. The differential movement be-

tween the copper cooled block and the refractory opened up gaps within the refractory and provided a leak path for the 

bath which the furnaces at Onça Puma, and others of near identical design. 

The new Hatch tapblocks were redesigned to float with the refractory to ensure uniform movement between the 

refractory and the block, thereby removing any risk of differential brick movement leak paths. 
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4. HEARTH DESIGN 

The previous design was only able to maintain a thin frozen heal at the center of the furnace. A large frozen heal 

is advantageous as it forms a protective barrier between the liquid bath and the hearth refractory reducing the likelihood 

of bath infiltration and ratcheting. 

Hatch and Vale decided to decrease the infill thickness to create a more conductive hearth. The revised hearth is 

able to maintain a frozen heal which is well over three times the thickness at the center of the furnace and extends out-

wards protecting the entire hearth to the walls. 

 

Figure 3:  Thermal Comparison of Hearth Designs – Hatch/Vale (Left) and Other’s (Right) 

5. BINDING SYSTEM 

A successful furnace binding system provides a compressive force in all three dimensions in order to maintain 

tight brick joints, minimize bath infiltration, and greatly reduce the likelihood of leaks. The binding system is particular-

ly important during a cool-down phase when the refractory is cooling, and therefore contracting, thereby opening up 

gaps between the bricks. 

The original furnace design utilized a combination of a fixed frame design in the transverse direction and a more 

conventional sprung bound system in the longitudinal direction. A fixed frame design has the same limitations as a tra-

ditional round furnace; the system is unable to maintain tight brick joints during a cooling phase. The longitudinal bind-

ing system was not capable of maintaining brick joint tightness during cooldown which led to bath infiltration between 

the refractory bricks. The result was a highly infiltrated hearth as shown in Figure 4. 

 

Figure 4: Onça Puma Hearth During Demolition 

The redesigned binding frame was on the rebuilt project critical path and therefore it was imperative to maintain 

as much of the fixed frame as possible to minimize the fabrication and construction time and ultimately bring the fur-

nace back to operation faster. The innovative sidewall binding system developed required rapid basic engineering with 

constant input from Vale in order to maintain the fast tracked engineering program. 

To be able to preserve the existing fixed frame, the shell plates were replaced allowing for a gap between the 

furnace and the fixed frame to permit the furnace to properly expand and contract as the furnace is heated and cooled. A 

novel system of waler beams with internal spring sets were installed between the sidewall fixed frames to load the 

hearth with a known load during all phases of furnace operations, including heat-up, cool-down, and steady state opera-
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tions. The waler beams more evenly distributed the load along the length of the furnace sidewall to further maintain 

tight brick joints at all locations within the furnace hearth.  

The entire endwall binding system was replaced. The longitudinal binding load was increased by over three 

times from the original load in order to provide the necessary forces to maintain bath containment integrity. 

Further improvements, such as the inclusion of corner springs and increased capacity of the hold-down system, 

were combined to make a much tighter furnace and greatly reduce the chance of bath leaks, ratcheting, or a run-out. 

 

Figure 5: Upgraded Binding Design 

6. CALCINE TRANSFER SYSTEM 

6.1 Background 

During the earlier furnace campaign, problems in the Calcine Transfer System (CTS) resulted in frequent stop-

pages of the RKEF lines, resulting in lost production and reduced process stability. When taken together, problems in 

the CTS (including container filling, transfer cars and cranes) were the single largest contributor to lost nickel produc-

tion (before the furnace run-outs). Further, the constant stop-start-stop nature of operation put stress on the kilns and 

furnaces. 

As part of the Furnace Rebuild Project, a decision was made to implement a comprehensive solution involving 

the replacement of most of the calcine transfer system with proven heavy-duty equipment. 

The changes to the system are documented below. 
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Table 2: Calcine Transfer System Changes 

Area Problem Improvement 

Container Filling  Inconsistent container feed rate 

 Valve blockage and failures 

 Calcine discharge spills and container over-

filling 

 Improved silo geometry according to 

Jenike & Johansen design 

 Replacement of container filling valves 

and chutes (new swing valve by Hatch 

and new slide gate valves by Nicro) 

Transfer Car and 

Containers 
 Hot calcine (~1000°C) spills damaging elec-

tronic components of the transfer cars and 

power supply system 

 Calcine blocking rails due to rail location (at 

grade) 

 Poor positioning control at interfaces points 

 Poor stability of containers 

 New transfer cars with robust components 

located strategically away from track.  

 Elevated rails for transfer car 

 Hardwired communication with plant 

control system via festoon 

 Improved positioning instruments and 

control system 

 Containers supported above their center 

of mass to improve stability. 

 New lighter Hatch containers with higher 

capacity (+20%). 

Transfer Cranes  Structural integrity concerns 

 Crane positioning and automation issues 

 Container guiding system issues – high fric-

tion and poor positioning accuracy 

 Brake alignment issues 

 Poor positioning due to excessive dust from 

calcine transport 

 New heavy duty calcine transfer cranes 

with automation and positioning im-

provements 

 Multi-axis constrained guide system for 

higher accuracy positioning and increased 

reliability of vertical movements 

 New redundant motors and on-board 

equipment for improved operating factor 

6.2 Container Filling 

One of the first problems to be addressed with the original Onça-Puma CTS design was the unreliable filling of 

containers at the discharge of the Calcine Surge Bin due to the unpredictable flow from the bin as well as frequent valve 

problems/blockages. Improvements to this area included replacing the original flat-bottomed bin with a modified J&J 

mass-flow design, replacing the existing pendular-type valve with a robust valve custom-designed by Hatch, replacing 

the discharge chute with a more uniform cross-section for smoother calcine discharge flow, and installing a new inde-

pendent hydraulic circuit for the Nicro valves so that they can close independently of the Hatch pendular valve in case 

of primary hydraulic failure. With these modifications, the calcine feed to containers became more predictable and 

downtime associated with blocked and failed valves was essentially eliminated. 

6.3 Transfer Cars 

Another key issue with the original Onça-Puma CTS was the transfer car arrangement. In the original design, the 

transfer cars were located on narrow gauge rails placed at grade running between the surge bin and the transfer crane 

hoist wells. While the rails at grade simplified access to the cars, it made them vulnerable to hot calcine spills 

(~1000°C) as well as inevitable slow leaks of material that would accumulate and block the tracks. 

Although the surge bin and valve improvements discussed above would help to reduce the frequency of spills, it 

was recognized that calcine spills cannot be completely eliminated by valve improvements alone and that it was neces-

sary to reduce the vulnerability of the system to the spills that could occur.  

Hatch and Vale revised the arrangement such that the transfer car rail elevation was revised from grade to ap-

proximately 3m above grade on new reinforced concrete walls. Material from spills and leaks would now fall between 

the rails into a pit without blocking the tracks or damaging the car. Further, a new car design, to accommodate the rail 

relocation, had improved mechanical and electronic component locations (relocated away from areas vulnerable to 

spills) and improved container supports. The revised car was custom-designed by Hatch to fit the Onça-Puma plant lay-

out. A new set of Hatch transfer containers were installed which provided a>20% increase in capacity, while staying 

within the original container envelope. The increased capacity combined with a lighter container design resulted in 

more operating flexibility and throughput for the CTS. 
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7. SLAG HANDLING 

One of the most important features of FeNi furnaces is the ability to remove large volumes of slag generated in 

the process. About 90% of the material fed into the smelting furnace is removed as slag, thus a robust slag tapping sys-

tem with high availability is key to successful operation. The Vale and Hatch teams recognized this fact and assembled 

a joint design team consisting of Hatch project team members along with Vale operations and maintenance staff to de-

velop the improved design. 

7.1 Background and Operational Issues 

The original design of the Onça Puma furnaces included 6 slag tapholes along the west sidewall of the furnace. 

Slag generated in the furnace was tapped via one of the six tapholes into one of four possible slag pot locations for haul-

ing to the slag dump. There were several issues related to the original slag launder configuration that led to operational 

and availability issues. 

The location of the slag pots relative to the furnace required a relatively long flat launders to be installed. Addi-

tionally, the profile of the slag launders included a flat bottom with a poor cooling channel arrangement which resulted 

in increased contract between the cooled launder surface and the molten slag, and high adhesion of the slag in the bot-

tom of the launder. When combined, these features resulted in significant build-up issues occurring requiring considera-

ble operator intervention for cleaning. 

The challenges faced by operators was worsen by the poor access provided along the entire length of the laun-

ders from the main slag tapping floor. The tip of the slag launders was located well below floor level resulting in very 

poor ergonomics for cleaning. A second floor level was available; however, insufficient clearance was provided to al-

low personnel to routinely work in the space for launder cleaning. 

7.2 Operational Improvements 

In order to provide more reliable and robust slag tapping systems, the following key improvements were made to 

the slag tapping area: 

 Reduced launder length and steeper slope 

 Improved launder profile including redesign of the cooling passage arrangement for more even cooling 

 Reconfigured tapping floors for improved access 

To reduce the launder length and increase the slope, the 

slag pot positions were changed and moved closer to the furnace. 

The number of tapholes was also reduced from 6 to 5 and recon-

figured. 

The launder profile was improved and a profile with a 

curved bottom and tapered sides implemented to minimize the 

wetted surface in contact with the molten slag flow. Implementa-

tion of these design changes has led to an observed reduction in 

formation of build-up on the launders. The build-up that does 

form, tends to be thinner and easier to break free of the launder 

surface when cleaning. 

As a direct result of the design and operation improve-

ments implemented, operators have reported that the launder 

cleaning operation now involves very little effort. This is proven 

by the time to clean the launders which is now less than 2 

minutes which is reduced significantly from the cycle time of 

more than 60 minutes on the original furnace.  

8. INTEGRATED FURNACE CONTROLS 

8.1 Furnace Monitoring 

Hatch has developed an integrated suite of controls to help the furnace operator maximize performance from a 

furnace. 

A more detailed description of the controls functionality is provided in a paper by F. Stober et al. [1]. 

The integrated suite of controls has been further refined to improve the furnace operations with a focus on alarm-

ing and alarm management, specifically on the Furnace Monitoring Application which consisted of a large number of 

instruments (approx. 1000). 
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The furnace monitoring controls are designed such that summary alarms are provided to the operator. For exam-

ple if the furnace roof is experiencing high temperatures, instead of 16 roof thermocouples exhibiting a high tempera-

ture alarm, a single alarm comment is provided indicating that the furnace roof is experiencing high temperatures. If the 

furnace operator wishes to analyze further, the HMI screens provide more detailed information to show the roof tem-

peratures and variation over the roof area. Alternatively, now when the roof temperature is high, the furnace operator 

may select to charge more feed into the furnace or open the roof air ingress ports to mitigate the problem and then 

acknowledge the alarm. Concerning the operator, he only had to acknowledge 1 alarm instead of 16. 

The result is fewer but more effective alarms focusing the operators’ attention on the task and not on acknowl-

edging alarms. Yet, the information provided to the operator is displayed more eefectively. 

Hatch has further championed advancement in the furnace controls, with: 

1. Radar-based feed level control – measuring the charge banks in the furnace to ensure sufficient cover and 

smelting. The radars are installed in the most critical and high production area of the furnace to provide the 

control system and the operator with the level feedback to manage the feed bank profile. To accurately con-

trol the feed bank level it is necessary to know the furnace slag level.  

2. The slag level can be inferred from the electrode position. The electrode position can be based on an as-

sumption of constant electrode length, which is regularly updated. Alternatively, the electrode tip position 

can be measured using radar electrode trip instrumentation (patent pending). 

3. Furnace level measurement – Hatch has designed a robust level measurement delivery system to address 

crusting of the feed cover in the furnace. This robust level measurement delivery system provides con-

sistent, operator independent, level data for the furnace operator to improve furnace taping predictability 

and so scheduling of the rest of the refining operation. 

4. Fibre-optic tap hole monitoring instrumentation and software – providing a high resolution temperature 

profile for the face of the taphole and the refractory in that area – summarized in a manner to keep the fur-

nace operator informed. 

8.2 Calcine Transfer System 

The controls for the Calcine Transfer System were also improved. Advanced controls and equipment is required 

to provide maximum throughput of material. Controlled movement of the calcine transfer car, calcine transfer crane 

hoist control and calcine transfer crane trolley control ensures that the calcine transfer container is moved at the highest 

safe movement speed while providing accurate positioning of the container. The result is a high material throughput 

with minimal spillage of material. The reduction in spillage of material increase the operation efficiency (no need to 

have an operator to clean up spills and maintenance to repair damaged equipment) while improving the system efficien-

cy. 

9. FUTURE DEVELOPMENT – HIGHEST THROUGHPUT FENI FURNACE IN THE 

WORLD 

In order to further increase production, Vale is in the planning stages for a resumption in production from Kiln 

No. 2 to feed additional calcine into Furnace No.1. This includes a partial rebuild of the No. 2 CTS (including advanced 

self-learning control around the kiln discharge valve and cross-feeding control) leveraging the proven Line 1 design, see 

Figure 6. 
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Figure 6: Future Plans for Onça Puma Production 

With an operational Kiln No. 2 & CTS Line 2, Onça Puma will be able to produce more calcine resulting in a 

higher feed rate to the #1 Furnace, and removing calcine availability as the plant bottleneck. Analysis indicates that with 

both kiln and CTS lines in operation and with good calcine quality, the #1 Furnace will be able to operate sustainably at 

100 MW and achieve a throughput of >190tph calcine. The furnace crucible itself is capable of>120MW provided other 

bottlenecks (such as secondary voltage) are eliminated. 
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Construction and Сommissioning of ERAMET SiMn + EMM Plant in 

Gabon 

Patrice L’HUILLIER, 

COO, ERAMET-COMILOG 

ABSTRACT 

In 2009, ERAMET-COMILOG – the world leader producer of refined Manganese alloys and one of major player 

in Mn Ore, SiMn & Mn-alloys production – decided the construction of metallurgical smelter called CMM (Complexe 

Métallurgique de Moanda) in Gabon in order to produce Manganese Metal and Silico-Manganese to positively answer 

wishes from Gabonese authorities to create value locally, to develop local industry and to promote downstream activi-

ties from the 3,5 Million ton/year Mn ore mine from Moanda. 

This project is in line with the strategy of ERAMET-COMILOG to develop the portfolio of Mn-products pro-

duced by our company in including Mn Metal, market mostly dominated by China (95%), where we have not been rep-

resented so far. The project benefits from a competitive hydro-power price from the newly constructed Poubara dam 

(160MW - 300M€) started in 2014 and high Mn content ore from the neighbor COMILOG Mine. Construction of the 

project started in 2011, including hydro-metallurgical Mn Metal shop (20 ktpy), pyro-metallurgical SiMn shop (65 

ktpy) and was completed in 2014. The first furnace was launched in August 2014 followed by the second furnace in 

January 2015 and Mn Metal in March 2015. 

INTRODUCTION 

The CMM project has been managed with a stage-gate process including the classical PFS (Pre-Feasibility), DFS 

(Detailed Feasibility Study) leading to CEA (Capex Application) approved in March 2009 by ERAMET-COMILOG 

and followed by the equipment procurement, construction and commissioning. Here, we offer a description of the key 

points of this project including the design choices, technical solution and construction program until the point when the 

first metal was tapped in August 2014. 

1. Plant Design 

1.1 Key project principles 

Products: SiMn & EMM 

The choice to produce SiMn and EMM (Electrolytic Manganese Metal) has been motived by several factors: 

 These products were not represented or had a low production share in the ERAMET portfolio 

 Production processes of these products are simple and well-known so adapted to a remote place like Moanda 

(600 km inland from Libreville). 

 They have local competitive advantages (competitive power price and close Mn ore) as they are the most elec-

tro-intensive (4200 kWh/t of SiMn and 9000 kWh/t for Mn metal), they allow utilization of low grade Mn ore 

(high P) not commercialized currently which permits an extension of mine life-time. 

 Production processes are well known in ERAMET as they already exist in other plants (Comilog-Dunkirk, Er-

amet-Norway) for SiMn and they are close to EMD production in Erachem. 

Chinese equipment & engineering   

Within CMM project, we decided to buy Chinese equipment which corresponds well to our need and optimize 

CAPEX: 

 Standardized and simple equipment with an average level of automation corresponding to chosen process and 

local environment. 

 Well know equipment with a good technical feed-back following the boom of SiMn production in China for 10 

last years at least. 

 Cheap investment cost for equipment as well as their operation costs 

 Possible important synergies with ERAMET Guilin plant for SiMn (identical furnaces) 

 Know-how about Mn metal is focused today in China (96% of world production capacity) with recent experi-

ence from ERAMET in similar hydro-metallurgy process with Chongzuo plant. 

Choice to build a combined plant   
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Our choice to build a combined EMM/SiMn instead of purely SiMn plant or purely EMM plant for the following 

reasons: 

 Better distribution of commercial risks 

 Several synergies for raw material (for example, coke: lumpy fraction for SiMn, fines fraction for Mn metal 

 Well-balanced relationship with Gabonese government: Mn metal workshop creates more jobs than SiMn 

workshop, SiMn part will consume 50% power more than Mn metal (SiMn 65 KT : 270 GWh and Mn Metal 

20 KT : 180 GWh)  

1.2 Key project parameters 

Products: SiMn & EMM 

Manganese Metal HP >99,7%  - production 20 kt/year, SiMn: Mn 65%, P 0.3% - production 65 kt/year 

Mn Ore & other raw materials (cf figure 1) 

 165 000 tons Comilog Mn Ore 

 Coke : already utilized in the neighbor sinter plant 

 Sulfur: for production of sulphuric acid for EMM workshop 

Mn Metal     SiMn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Overall process description with material input/output 

Electric power 

Electrical power: 69 MW (Mn metal 27MW- SiMn 42 MW). Alimentation with 63 kV from a transformer 

220KV/63 KV built by the Gabonese government close to the plant.  
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Workforce: 400 people (300 people for Mn metal, 100 for SiMn part) 
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Figure 2: design plant lay-out 

1.3 Manganese Metal plant 

General process description of Manganese metal 

 Product: Manganese Metal High Purity > 99.7 % – flakes   

 Capacity: 20 kt/year – possible expansion to 40 kt/year 

 Process: 3-stages hydro-metallurgical process:  

Stage 1: Crushing & reduction of MnO2 ore in MnO with calcination furnace 

Stage 2: Leaching & purification: production of purified solution of manganese 

sulfate after dissolution of MnO in sulfuric acid and removing of Fe/heavy metals 

by precipitation and filtration (gangues); solution is neutralized with ammoniac.  

Stage 3 : Electrolysis and Mn settlings at cathode level; Mn deposit is collected  

regularly (cycles of 36 h) as ‘flakes’. 

NB. Typical composition of the EMM flakes:  

Mn≥99.7%, Fe≤0.005%, Si≤0.008%, S≤0.04%, Se≤0.0002% 

Figure 3 : EMM flakes 

Required utilities & productivity  

Electrical supply: 27 MW for 20 kt/year production capacity with a specific consumption of 9000 KWh/t EMM  

Production unit of sulfuric acid and ammoniac 

Estimated productivity in China: 50 tons EMM / person / year 

Estimated productivity in CMM: 66 tons EMM / person / year 

Figure 4 shows overall scheme of the process. 

Flakes
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Figure 4: EMM general production process 

Required raw material for Mn metal production: 

 Mn ore: high flexibility concerning ore input: fines from Mn ore utilized for SiMn. Minimum Mn content: ap-

prox. 44%, ore consumption is estimated at 2,6 tons dry Mn ore per ton of EMM. 

 Sulfuric acid: estimated consumption at 0.55 ton per ton of EMM. Sulfuric acid is produced on-site. 

 Ammoniac: estimated consumption: 0.09 ton per ton of EMM or 1800 tons NH3/year. Production on-site from 

fertilizer + lime. In the future, the idea is to produce lime locally. 

 Coal for the reduction: Coal characteristic: Carbon content > 80% with low sulfur. We are planning to use the 

fine fraction from Coke utilized in the sinter plant located next door. 

1.4 Silico-Manganese plant 

General process description 

 Product: SilicoManganese with P< 0,3%, Mn 70%, Si17%, C < 2%  

 Fraction: 3-10mm, 10-25mm , 25-50mm, 50-75mm 

 Capacity : 65 kt/year (with possible expansion to 130 kt/year). With 2 furnaces of 30 MVA 

 Process: pyro-metallurgy 

SiMn is produced from a mix of Mn ore, coke, quartz and dolomite after reduction in SAF (Submerged Arc Furnace). 

Different raw materials are taken from storage yard and sent to daily bins. They are extracted, scaled and mixed before 

sending to bins on top of the furnace roof. Raw material is then introduced inside the furnace through charging tubes 

and ore is pre-reduced with CO gas then fully reduced by carbon from the coke in the melting area. SiMn is tapped at 

same time with slag, firstly in a ladle then in sand casting bay. Therefore, after cooling, SiMn is sent to crushing to get 

the proper fraction.   
● Furnace characteristics : SAF Soederberg type Furnace 30 MVA. Furnace diameter: 11 m, Electrodes of 1500 

mm diameter, 2 tapping holes at 180° with tapping in ladles. 

● Power Consumption at 4200 kWh/t SiMn or 270 000 MWh per year. Total power: 42 MW  

● Number of people:  100 persons 

Dry Mn ore / 2.6T Dry Coal / 0.22T
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Figure 5 shows general SiMn production process  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: SiMn production process 

Raw Material 
● Mn ore: approx 110 kt per year of COMILOG ore MMD 

● Other raw material from local open-pit started in 2014 in the Franceville region including: 

➢  Dolomie: 16 kt/year -Lastourville ~150 Km from the plant (transport by truck) 

➢  Quartz: 30kt/year - Mvengué ~40 Km (transport by truck) 

Imported raw material   
➢ Coke: 35 kt/year (from South/North America) 

➢ Electrode Paste: 3,4 kt/year. Import from Europe by containers   

2. Plant Construction 

2.1. Planning & schedule 

The initial construction planning (as shown on Figure 6) was based on a 36 month Procurement & Construction sched-

ule with target to launch first SiMn furnace End of 2013 and pot rooms beginning of 2014. During the peak of construc-

tion, we had 1000 people working at the construction of the plant with EPC contract signed with a leading Chinese En-

gineering company. 
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Figure 6: initial construction planning of CMM plant 

2.2 Construction Photos Album 

 
 

 

Figure 7: Start of leaching unit and SiMn Furnaces shops construction (2012) 
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Figure 8: Inside Electrolysis Hall and SIMn Furnaces shop (2014) 

 

Figure 9: General plant view (2015) 

3. Plant Commissioning 

3.1 SiMn Furnace commissioning – August 2014 

Training 
A particular attention has been paid to training of approximately 30 engineers, 40 foremen, 90 technicians and 

more than 200 operators. Most of engineers have been recruited in 2010 and undergone an intensive training within the 

other plants from ERAMET, in particular Norway and France, at least 1 year before starting. Similarly, foremen and 

technicians received a 9-months training package with a period in France in our Dunkirk plant. 
During the start-up of the plant, a dozen of Norwegian operators has been on-site for 3-4 months to help in the 

main & critical operations. 
Furnace B startup 

End of July 2014 (as scheduled + 6 months), furnace B was energized and startup procedure was carried out as 

described in the pictures below. The first tape and cast was implemented in August 2014 very successfully and the fur-

nace was ramp up to 14 MW. Furnace A was started in January 2015 and is currently running. After 4 months, support 

team went back to Norway and plant operators were running the shop on their own. 
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Furnace preparation Wooden charge between electrode  

  
Firing wood to heat and soften electrode paste Furnace energized 

  
Furnace taping Ladle casting in sand bay 

  
Hot metal removal Ready for crushing 

Figure 10: Startup and first tap on Furnace B 
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3.2 EMM commissioning – February 2015 

Training 
Identically to SiMn, we paid special attention to training employees for the Manganese Metal part. As this pro-

cess was new for us, a pilot plant has been built and launched in 2013 with a leaching unit and one cell tank producing 

approximately 900 kg/month of Mn flakes as shown in Fig. 11. This pilot allows us to train people and to set well our 

process parameters. 

 

Figure 11: EMM Pilot plant – First production – July 2013 

First industrial EMM Production 

Cell-rooms have been started in February 2015 with 15 pots in production. Metal collection occurs every 

32 hours. The production ramp up will continue with starting by package of 10 cells following process stability and 

product quality. Figure 12 shows production operations in the cell-rooms. 

                   

Figure 12: EMM Industrial – First production – Feb 2015 

CONCLUSION 
The CMM (Complexe Métallurgique de Moanda) has been successfully launched in 2014 after 3 years of the 

construction schedule and is on track now to ramp up to reach design capacity of 65 kt/year SiMn & 20 kt/year Mn 

Metal in the upcoming years. The project is successful as a green-field plant, first metallurgical plant in Gabon in order 

to process and create value from the local Mn ore from COMILOG thanks to the dedicated team who managed this 200 

M€ project in respect of Safety, Environmental constraints and Local community. 
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Intelligent Solutions for Ferroalloy Production of Paul Wurth 

1
 Horst Kappes, Martin Gantenberg, Klaus-Peter Kinzel, Mathias Hoffmann Paul Wurth S.A. Luxembourg 

2
 Mark Krüssmann, Marc Flammang TMT- Tapping Measuring Technology Sàrl, Luxembourg 

3
 Rolf Degel SMS Siemag AG, Düsseldorf, Germany 

ABSTRACT 

Paul Wurth, Luxembourg is the market leader in the design and supply of complete solutions for blast furnaces, 

coke oven plants, and environmental protection systems for the iron & steel industry. 

This paper will highlight the potential applications for sinter plants, blast furnaces and slag granulation systems 

in the ferroalloy industry. Furthermore, the industrial application of a revolutionary dry slag granulation pilot plant 

will be presented. This technology not only avoids the presence of water but also allows the recovery of parts of the 

sensible heat out of ferroalloy-based slags. 

When it comes to submerged arc furnaces and electric smelters, the Paul Wurth Group supplies modern equip-

ment, clay guns and drilling machines, slag and metal granulation system and pig casting machines. 

Paul Wurth also delivers reliable refractory lining concepts for electric smelters. The latest trends of the prod-

ucts related to submerged arc furnaces will be presented and discussed. 

1. FERROALLOY PRODUCTION THROUGH THE BLAST FURNACE ROUTE 

For the production of FeNi and FeMn today the rotary kiln-SAF route is mostly used. Alternatively Paul Wurth 

has developed the route using rotary hearth furnace – SAF, which eliminates the problems due to the carryover of dust 

from the rotary kiln. However, the blast furnace route, combining a mini sinterplant and a mini BF has also to be con-

sidered as a production route for the production of ferro- alloys, for instance Ni pig iron and FeMn. Especially in re-

gions where the infrastructure is not well developed, the BF route may be advantageous. If a continuous supply of elec-

tricity is not guaranteed, the availability of the SAF is reduced and thus the rentability may not be high enough. Also in 

regions where the electricity is expensive, the BF route may be used. 

Especially low Ni and low Mn ores can be treated very efficiently through the BF route. 

Nowadays, 60% of Ni production is based by on the use of sulfide ores and 40% on the use of laterite ores. As 

70% of the land based Ni ores are contained in laterites, an increase in production will be mostly based on the use of 

laterite ores. 

The rise in the prices of high Ni ores has created a trend to use limonite ores which contain less Ni compared to 

the saprolite ores. With a mixture of limonite and saprolite ores the BF route is used to produce Ni pig iron (NPI) with a 

Ni content of less then 6%. NPI can be used for the production of stainless steels of the grade 200 series which has low-

er Ni contents (0-6%) than the more common 300 series. A production of NPI directly at the mine will reduce the 

transport costs. The BF route at the mine is also an attractive solution for mines for example in Indonesia which are no 

more allowed to export raw ores due to a ban by the government. 

Due to the relatively small scale of the plants compared to the steelmaking industry, they are referred to as “mini 

sinterplants” and “mini blast furnaces” 

1.1. Mini Sinter Plants by Paul Wurth 

Paul Wurth is offering big-sized sintering plants to the steel producers as well as small scale plants for the non-

ferrous, ferroalloy and merchant pig iron producers. In many cases the sintering process is very interesting since it al-

lows, with a relatively small investment, reducing the operating cost of the downstream reduction and smelting aggre-

gates due to the use of poorer raw material qualities. 

In this context, Paul Wurth provides up-to-date technological solutions combining high standards of engineering 

and a high degree of automation. One of the key advantages is the modular design of the plant which matches the sinter 

plant capacity to the customers-specific requirements at the time of the project yet allows for an easy capacity increase 

in the future. In Figure 1 a typical layout of a 1 mini sinter plant consisting of 1 sinter strand module with a production 

capacity of typically 200,000 to 500,000 tpy is illustrated.  
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Figure 67: Mini sinter plant, typical layout 

Beyond the typical iron ore, other sorts of non-ferrous ores and waste materials can be sintered. Paul Wurth has 

experience and references in sintering various materials including ferroalloys and even exotic materials such as desul-

phurisation agents which are applied in the steel works. Paul Wurth relies on a pilot plant in order to test these materials 

that allows making optimum plant concepts for the client’s situation.  

 

Figure 68: Paul Wurth pilot plant for sinter tests 

Flexibility does not only apply for the metallic burden but also for fuel fines in the sinter “cake” and ignition 

gases. Charcoal, coke fines, biomass, coal fines and BF dust can be mixed in the sinter cake as fuel for the sintering 

process. Coke Oven Gas, Blast Furnace Gas, LPG and NG can be burned in the ignition furnace, generating the initial 

flame for the whole process. 
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Figure 69: Ignition furnace 

1.2. Mini Blast Furnace Plants By Paul Wurth 

Through its extensive experience in blast furnace design for the traditional iron making industry, Paul Wurth is 

in a perfect position to adapt the blast furnace for the specific requirements of the ferroalloy production. A well de-

signed blast furnace for ferroalloy production should have the following main characteristics: 

- High flexibility to charge a variety of raw material and fuels 

- Cost effective yet precise top charging equipment 

- High flexibility in terms of production rate 

- Capacity to handle highest slag flows 

In order to adapt the blast furnace for the ferroalloy production, the furnace profile is revised in reducing the 

height of the stack and increasing its angle.  

The high amount of slag requires a repositioning of the tuyeres and an adaptation of the number of tuyeres. This 

will reduce the turbulence in the bosh area, optimizing the heat exchange and facilitating the drainage of liquid. Fur-

thermore, two slag tapholes are foreseen additionally to the hot metal taphole, allowing regular operation as well as 

emergency drainage of the slag. These slag tapholes are executed with cooled copper jackets. 

When it comes to top charging equipment, Paul Wurth provides two options to its customers: Single Bell Pres-

surized Top (SBPT) or Mini- Bell Less Top (Mini-BLT). 

The SBPT solution is very cost-efficient, with lower investment cost and very moderate maintenance cost. While 

the SBPT uses a rotary charging chute for equal material distribution, a dynamic burden distribution can be achieved by 

adding a movable throat armor. 

The Paul Wurth BLT is the worldwide reference when it comes to blast furnace top charging equipment. The 

Mini-BLT has been designed specifically with smaller blast furnace sizes in mind. It provides even greater precision to 

the charging of the furnace, improving the operation efficiency and reducing the fuel rate. The precise charging allows 

further controlling the heat load at the furnace walls, improving the lifetime of the refractory. 
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Figure 70: Paul Wurth Mini-BLT 

Paul Wurth designs, supplies and installs all other components which are part of the blast furnace plant: 

- Refractory linings, either different qualities of different areas or monolithic solution 

- Casthouses with runner systems and casthouse machines. 

- Gas cleaning systems, wet type. 

- Hot stoves 

- Pig casters and hot metal granulation systems 

- Slag granulation systems (see dedicated chapter in this paper) 

- Water treatment plants 

- Pulverized coal injection (PCI) systems: simplified fuel injection facilities, generated fuel fines are easy 

pre-treated for direct injection in BF process or will be used in sintering process 

- Stockhouses 

- Blower stations 

2. PAUL WURTH TECHNOLOGIES FOR THE TREATMENT OF SLAG IN THE 

FERROALLOY PRODUCTION 

2.1. INBA Slag Granulation System 

Over the years Paul Wurth has designed, supplied and commissioned more than 320 slag granulation systems, 

including 38 systems specifically for the ferroalloy and non-ferrous application. 

The main components are the granulation unit, the dewatering system and the storage area. The modular design 

allows installing these three components either grouped together or at separate locations, depending on the available 

layout and the requirements of the customer. 
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Figure 71: Modular arrangement of slag granulation system 

The slag is first quenched with high pressure water in the granulation tank, solidifying the slag and creating slag 

sand. The mixture of slag sand and water is taken to the dewatering drum where the slag is separated from the water 

before being taken to the storage area. The water recovered from the slag sand is recirculated to the blowing box and 

reused in the granulation process. Alternatively the water can be cooled before being recirculated to the blowing box, 

increasing the quenching effect and improving even further the quality of the final slag sand product. A typical system 

arrangement for treating a continuous slag flow is shown on Figure 5. 

 

Figure 72: INBA slag granulation system, hot system. 

The system presents following advantages compared to conventional systems: 

 Compact design  

 Continuous filtering and evacuation: The INBA system is a dynamic granulation system; that means online 

granulation and online dewatering and evacuation of the slag sand. No intermediate storage. 

 High flexibility towards slag flow and slag casting duration. The process adjusts automatically to the needs. No 

influence to upstream operation. 

 High reliability 

 Measurement of the slag flow either by measuring the torque of the drum or by calculating the thermal balance 

in the granulation tank (latter possible only probided full steam condensation) 

 Closed loop: Limited need of make-up water, environmental advantages 

 Air pollution control by steam condensation (next chapter) 

 Limited invest compared to other granulation systems 

 Low maintenance costs 

 Low operation costs 

Alternatively Paul Wurth offers slag granulation systems with static dewatering bins, reducing the investment 

cost even further. These systems particularly well suit for batch processes or applications with smaller slag flow rates. 
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2.2. Dry Slag Granulation System With Heat Recovery 

Metallurgical slag, a by-product from any pyrometallurgical process such as iron and steel making or copper 

smelting, is usually poured into slag pits or water quenched to assure fast cooling rates and specific material properties. 

However, the huge amount of thermal energy contained in the liquid slag, seen as the highest single source of energy 

that is wasted in these processes, is lost to the environment. 

Paul Wurth has taken up the challenge to provide a reliable and safe solution to recover this energy, by develop-

ing the dry slag granulation system with heat recovery. 

The dry slag granulation process is based on the mixing of steel spheres and liquid slag. This allows transferring 

almost all of the energy of the liquid slag into a mixture at high temperature which is then subject to energy recovery. 

At the same time, the properties of the slag can be maintained on the same high level as with the traditional quenching 

by water. 

 

Figure 73: Principle of Paul Wurth dry slag granulation system. 

Figure 74: 

Full scale pilot plant at Dillinger Hütte 

BF 4. 

Following the favourable outcome of several reduced scale test series, Paul Wurth tackled the challenge of build-

ing the first ever full scale dry granulation plant at blast furnace 4 of Dillinger Hütte steelworks in Dillingen, Germany. 

The dry slag granulation pilot plant was successfully commissioned in November 2013 and shows that dry granulation 

of liquid slag streams of up to 8 t/min can be achieved.  

The process was successfully tested with various slag chemistries from the ferrous and non-ferrous industries. 

3. PAUL WURTH REFRACTORY COMPETENCE IN FERRO ALLOY 

PRODUCTION 

During the last decades,Paul Wurth has acquired extensive know-how in the area of refractory design, supply 

and installation. The Paul Wurth expertise was mainly (but not limited to) focused on the iron making industry and de-

veloped several refractory lining concepts for Blast Furnace, Hot Stove, Torpedo, bustle main, direct reduction furnac-

es. 

This refractory expertise is now supporting the SMS Group in the Ferro Alloy Production. Paul Wurth is able to 

design, supply and install refractory linings such as:  

2.1. Freezing Lining 

An example for a FeMn submerged arc furnace is shown in Figure 8.  

The principle of a freezing concept is to keep the heat inside the furnace. As a consequence, a skull forms in 

front of the lining which protects the refractory lining from erosion. The advantage of a freezing concept is a high 

productivity compared to the same-size furnace with insulating lining. The disadvantage is a high heat extraction and 

therefore high eropex costs through cooling requirement. 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 244  
 

 

Figure 75: Submerged arc furnace freezing lining concept 

2.2. Insulating Lining 

An example for a Si submerged arc furnace is shown in Figure 9.  

The principle of an insulating concept is to keep the heat inside the furnace. Such a concept is required for cer-

tain ferroalloy process where a freezing lining would disturb the process itself. The advantages of an insulating concept 

are reduced heat lost, no cooling requirement, and therefore lower opex costs. 

 

Figure 76: Submerged arc furnace insulating lining concept 

Paul Wurth, as an engineering company, is not tied to a specific refractory supplier and therefore can provide a 

suitable refractory mix for any customer worldwide. The Paul Wurth services comprise:  

- Basic and detail engineering 

- Thermal calculation 

- Finite element simulation 

- Refractory quality management  
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- Cost optimized refractory solution  

4. MODERN TMT TAPPING TECHNOLOGY FOR THE NON-FERROUS AND 

FERROALLOY INDUSTRY 

The joint venture company TMT – Tapping Measuring Technology combines the experience of both DANGO 

& DIENENTHAL and Paul Wurth, to contribute to the creation of taphole and BF measurement technology for the fu-

ture. 

The taphole area is one of the most important production bottlenecks on many smelters and furnaces in the non-

ferrous and ferroalloy industry. Due to the high heat load and abrasion in the taphole channel, regular downtimes are 

required for taphole repairs. Modern TMT tapping technology improves the working conditions for taphole opening and 

closing and helps to significantly increase taphole lifetime, thus resulting in increased productivity of the operations and 

reduced costs. 

Today, many tapholes are opened by oxygen lancing, causing unnecessary exposure of personnel to the danger-

ous taphole area. Furthermore, the manual guiding of the lance leads to unavoidable damage to the taphole channel. 

Available tapping equipment is often not adapted to the specific taphole process requirements. Insufficient plugging 

pressure or injection speed can result in frozen slag or metal in the taphole channel. Drilling machines with low torque 

are mostly operated with excessive hammering to open the taphole. As the taphole is a sensitive area on each furnace, 

these conditions lead to premature taphole block damage in many cases. The inevitable consequence is a furnace shut-

down for taphole repair, leading to unnecessary production loss and costs. 

The design features of TMT combined tapping machines physically protect the taphole from damage. A claygun 

with adequate clay mass pressure and injection speed allows filling the taphole channel completely with clay after each 

closing operation, which is one of the most important preconditions for a clean taphole reopening procedure. The open-

ing process can then be realized mainly by rotational drilling, using the separate hammer function only when hard spots 

in the taphole are detected. This feature reduces the amount of impact energy introduced in the taphole, thus significant-

ly increasing the taphole lifetime. 

For reasons of limited space availability and furnace geometry, TMT combined tapping machines are always 

adapted to the specific project needs. With the experience of design, manufacturing and commissioning of over 400 

combined tapping machines installed all over the world, TMT is able to fit tapping equipment to almost any furnace. 

Reference designs are available for all kinds of special requirements like extremely restricted space availability, high 

level differences between different tapholes and long distances between different tapholes. 

 

Figure 77: Tapping operation at an Fe-Si smelter 

5. CONCLUSION 

Paul Wurth, as part of the SMS group, has built up an extensive range of products and solutions for the ferroal-

loy industry. While some of the solutions are taken over from the traditional iron making industry and adapted to the 

specific needs of the ferroalloy production, others are specifically developed for this application. Environmental protec-

tion, energy recovery and cost efficiency are part of the basic considerations in any project handled by Paul Wurth. Paul 
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Wurth provides services ranging from plant auditing, process design, plant layout, basic and detail engineering to 

equipment design and supply, automation system design and supply, erection, commissioning up to operation of the 

plants. 
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ABSTRACT 

Scaling-up a 50 MW, 3-electrode, round calcium carbide furnace, to a 90 MW, 6-electrode, rectangular closed 

furnace configuration presents a number of mechanical design challenges as well as opportunities. Hearth design, pro-

visions for expansion and binding of the vessel, sealing, access doors and pressure relief, roof (cover) arrangement and 

support are addressed in this paper.  

Carbide Industries’ 50 MW furnace in Louisville, KY ran for a 29-year campaign without hearth repairs. Adap-

tation of its successful design to a 90 MW rectangular furnace presents a number of technical challenges. The rectangu-

lar shape also provides the opportunity to incorporate flexible bindings to accommodate thermal expan-

sion/contraction. The resulting design is a world first which is expected to enable the longest possible operating life-

time. 

The potential for eruptions is an ever present danger in calcium carbide furnace operation. Environmental de-

mands dictate that any new furnace must be closed. The 90 MW furnace roof arrangement must simultaneously provide 

for pressure relief, access for operations, gas tight sealing and allow for expansion and contraction of the vessel. These 

interconnected design challenges and adopted solutions are described. 

The first application of the system is at the Qinghai Salt Lake Industry Co. (QSLIC) smelter in Golmud, China. 

Future application of the 90 MW furnace design for ferroalloy production is a long term objective. 

1 INTRODUCTION 

Hatch has worked with partner Carbide Industries (CI) to scale up CI’s round, 3-electrode furnace to a rectangu-

lar, 6-electrode closed furnace design with double the capacity. The new furnace is guaranteed for 90 MW (real power) 

operation, with a maximum design capacity of 100 MW. The first application of these furnaces is four units for Qinghai 

Salt Lake Industry Co. Ltd. in Golmud, Qinghai Province, P. R. China. Another furnace is being built for Qinghai Salt 

Lake Haina Chemical Industry Co. Ltd. near Xining, also in Qinghai Province, P.R. China. In addition to the furnaces, 

the associated dry furnace off-gas cleaning and calcium carbide handling systems have also been designed by Hatch 

[1][2]. 

Scaling-up a 50 MW, 3-electrode, round calcium carbide furnace, to a 90 MW, 6-electrode, rectangular closed 

furnace configuration presents a number of mechanical design challenges as well as opportunities. Hearth design, provi-

sions for expansion and binding of the vessel, sealing, access doors and pressure relief, roof (cover) arrangement and 

support are addressed in this paper.  

2  FURNACE OVERVIEW 

2.1 General 

The scaled-up calcium carbide furnace is a rectangular six-in-line electrode design with an overall size of 28.7 m 

x 8.1 m x 7.1 m. The furnace is equipped with a water-cooled roof (cover) that includes an off-gas port at each end. The 

bottom and sidewalls are cooled by forced air, while the endwalls are not cooled. Molten material is tapped from the 

furnace through six tapholes, with three located on each sidewall. Isometric three-dimensional models of the furnace are 

shown in Figure 1 and Figure 2. A transverse cross-section of the furnace is shown in Figure 3. 

mailto:srobinson@carbidellc.com
mailto:fsizemore@carbidellc.com
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Figure 1: Furnace Overview including Auxiliary Com-

ponents 

Figure 2: Furnace Overview 

 

 

Figure 3: Transverse Cross-Section of Furnace 

2.2 Feed System 

The pre-mixed coke and lime charge is choke fed to the furnace by gravity from 12 overhead bins, located on both sides 

of each electrode. The feed system is a fully closed (sealed) design, which is required as the furnace operates between 

neutral and a slightly positive pressure (up to approximately 100 Pa). This causes small amounts of CO gas produced in 

the furnace to flow through the material in the feed pipes. CO gas that flows up through the feed pipes is collected at 

and exhausted from the bins. The CO gas levels in the bins are continuously monitored. The feed pipes include isolating 

slide gates and nitrogen purges for safety in the event that CO gas levels become excessive or bins run empty. An elec-

trical insulation break is also included in each feed pipe to isolate the feed system from the furnace. 

2.3 Furnace Body 

The furnace design is scaled and adapted from the CI furnace, including key process parameters such as elec-

trode spacing, reaction zones, electrode tip-to-hearth distance and overall cavity depth. The CI furnace is a hybrid de-

sign approximately 9.9 m in diameter and 6.5 metres in height. It includes three tapholes along the hearth elevation (one 

taphole located the shortest horizontal distance to each electrode) and a water-cooled roof which includes access ports 

and pressure relief devices. 
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For the rectangular furnace the steel is designed to accommodate thermal expansion and contraction of the re-

fractory lining during all phases of furnace operation. An adjustable binding system is used to maintain brick compres-

sion in both the horizontal and vertical directions. This minimizes the potential for ingress of molten products into the 

brick joints, which subsequently helps to maximize furnace integrity and minimize contraction/expansion during ex-

tended outages and long-term hearth growth. 

The binding system is composed of spring loaded tie-rods that transfer compressive forces through the vertical 

structural members (buckstays) and horizontal members (waler beams) to the hearth. Loads are applied to the hearth at 

two elevations, in both the transverse and longitudinal directions. Vertical compressive forces are applied to the side 

and endwalls using Hatch’s patented wall hold-down system.  

The furnace has a composite carbon/refractory hearth. The hearth has a flat hot-face profile but incorporates an 

inverted arch to help increase hearth stability under binding loads. The flat design of the hearth allows for the tapholes 

to be flush with the top of hearth. This permits continuous draining of ferrosilicon with calcium carbide to prevent fer-

rosilicon accumulation in the furnace. Continuous draining is important to prevent hearth penetration of ferrosilicon and 

to prevent ferrosilicon taps which damage the tapping and material handling equipment.  

Steel shell and bottom plates are used to provide containment to the refractory lining and help to withstand loads 

generated during furnace operation such as ferrostatic pressure. The shell and bottom plates are divided into sections 

with expansion joints to allow for movement. The expansion joints are sealed to prevent furnace gas egress or air in-

gress. 

The furnace roof is composed of a series of water-cooled panels arranged with a flat top and sloped sides. Feed is 

directed close to the electrodes and around the electrode perimeter through water-cooled feed distribution cones. The 

furnace roof load is supported from the furnace binding system using hanger rods, making it independent from the 

building steel. The furnace roof dimensions are fixed by the water-cooled panels and a sand seal, attached to the furnace 

shell plates, accommodates relative expansion between the furnace roof and furnace body. 

2.4 Electrode Columns and Low Voltage Bus 

Power is delivered to the furnace through six 1600 mm diameter electrodes projecting through the furnace roof 

along its centerline. Hatch designed electrode columns (see Figure 4) carry electrical current to the electrodes, position 

the electrodes based on furnace power requirements, incrementally feed the electrodes into the furnace as they are con-

sumed, and help in the sound baking of the electrodes. The electrode columns feature a simple fail-safe, spring-applied, 

non-releasing, hydraulically actuated slipping system. The contact pads are a high current, even-pressure design which 

ensures even baking and minimizes casing bleeders. The slipping assembly is designed for 1.5 m of travel and is capa-

ble of both slipping (downward moving) and back-slipping (upward moving) the electrode. 

A low-profile electrode seal is used at the furnace roof interface to allow for the lowest possible power clamp el-

evation as this helps maximize the furnace power factor. The power clamp is situated above the electrode seal (i.e. 

above the furnace roof line) to allow for external maintenance and a significant improvement over conventional furnace 

and electrode column designs.  

 

Figure 4: Electrode Columns 

A water-cooled low-voltage bus provides the electrical connection between the transformers and the flexible ca-

bles connected to the power clamps on the electrode columns. The low-voltage bus is configured as three sets of twen-

ty-four bus tubes, each set carrying current to two electrode columns (twelve bus tubes per electrode). A single-sided 

bus connection is used on the electrode columns to minimize impedance and maximize furnace power factor. To ac-
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commodate the unbalanced loading on the columns from the single-sided flexible connections, reaction devices fixed to 

the building steel are incorporated into the design. 

2.5 Off-Gas Ducts 

Furnace off-gas is exhausted through two water-cooled uptake ducts located on each end of the furnace roof. The 

ducts are obround in shape with fabricated water cooling channels. Features are included to mitigate dust build-up in-

cluding: orientation at a steep angle, low superficial design gas velocity (approximately 6 m/s), a smooth interior sur-

face and rappers to dislodge accretions. A dry gas cleaning system of a proprietary design by Hatch is employed for 

cooling, cleaning and recovery of the CO gas [3]. 

2.6 Tapping 

Under normal operation tapping will be continuous with one taphole open on each side and tapping progressing 

from one taphole to the next approximately every hour. Water-cooled copper taphole frames are provided on each tap-

hole for radiation protection of the furnace shell and cast steel launders are used to direct tapped material into cast iron 

moulds. The moulds containing molten calcium carbide are transported away from the furnace via a rail system to a 

cooling area to await further processing. 

Tapholes are opened using a stinger electrode. The stingers are connected to a tapping transformer system to ad-

just the stinger electrode current independently of furnace transformer voltage. Remote Operated Tapping (ROT) ma-

chines of a proprietary design are used for taphole rodding, taphole cleanup and taphole plugging.  

3 Hearth, Expansion and Binding 

3.1 Binding System & Hearth Design 

Binding systems are installed in order to maintain the integrity of the furnace during heat up and cooling cycles. 

During furnace cool down, the refractory will reduce in dimension (contract) and gaps start to form between bricks. The 

furnace binding system provides adjustable compressive forces in all three dimensions to maintain pressure between 

brick joints, minimize bath infiltration, ratcheting and significantly reduce the likelihood of leaks. Rectangular furnaces 

are ideal for the inclusion of spring loaded bindings and Hatch has successfully engineered and implemented binding 

solutions on over 50 new and rebuilt rectangular furnaces around the world. 

Historically most traditional carbide furnaces have hearth lives in the range of 3 to 12 years as they do not have 

an active binding system, relying instead on a combination of carbon paste and compression blanket between the lining 

and steel shell to take up the furnace expansion during heat up. Without binding forces the furnaces tend to be more 

prone to gaps forming between bricks during furnace cool down, which leads to ratcheting from infiltration of material 

between the gaps, ferrosilicon penetration and overall premature failure. CI’s circular furnace had outstanding perfor-

mance without a hearth run-out during a continuous operation period from 1982 into 2011 (almost 29 years) until a ma-

jor rebuild was undertaken. The rebuild was initiated prior to the hearth having reached the end of its useful service life 

as a result of an explosion. The perceived success factors of CI’s design consisted of the overall hearth design, high 

manufacturing quality of the materials used, superb installation methodology to achieve tight tolerances and a very good 

maintenance program. Consistent and steady operation by an experienced and reputable company to limit the number of 

thermal cycles as well as the continuous tapping across the hearth to reduce the opportunity for ferrosilicon accumula-

tion and penetration also led to an extended hearth campaign life. The addition of a binding system to CI’s outstanding 

reference hearth design can significantly improve the campaign lives of calcium carbide furnaces. 

Converting the CI furnace to a rectangular furnace with a binding system posed a number of technical challeng-

es. In light of CI’s successful operation, the following key elements are retained in the design: 

 Maintaining the main carbon working hearth lining and back-up refractory brick arrangement; 

 Maintaining the flat hearth surface for ferrosilicon benefits (as mentioned in previous section); 

 Maintaining tight tolerances and fit of carbon blocks; 

The addition of a binding system enables the operator to control the growth of the furnace by ensuring pressure 

between bricks is sufficient at all times and does not need to solely rely on good initial installation and steady operation. 

As typical binding systems on rectangular furnaces use an inverted arch shaped hearth to maximize the effectiveness, 

maintaining a flat hearth surface created a significant technical challenge. The design uses the first of its kind jack arch 

arrangement to allow for the flat hearth surface to be retained; however this feature creates complexity in the manufac-

turing process since most carbon blocks are supplied in cube or rectangular shapes. The unique series of carbon block 

shapes forming the arch require multiple shapes with at least two machined tapered surfaces and very tight tolerances. 

The use of two different materials for the construction of the hearth creates a scenario where the application of 

varying amounts of binding force is required. Carbon blocks can resist very high process temperatures; however, the 

compressive strength is relatively lower than that of the refractory hearth meaning the application of high compressive 

forces from the binding system might lead to damage of the carbon lining. In order to provide adequate binding forces 
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for the carbon hearth, a secondary binding system (lower force) is introduced to maintain the brick pressure and prevent 

flotation within the carbon layers. The primary (higher force) binding loads are directed into the refractory hearth which 

then acts as a back-up lining to maintain furnace integrity. Figure 5 illustrates the binding loading arrangement through 

a typical transverse hearth cross-section. 

 

Figure 5: Furnace Binding System Loading Locations 

The differential thermal expansion of the two hearth materials is also accounted for in the furnace design. The 

carbon hearth will expand rather uniformly in the transverse direction of the furnace, so neither expansion boards nor 

expansion papers are required. The longitudinal growth of the furnace is set by the maximum longitudinal carbon ex-

pansion after the compression of the expansion boards against the furnace shell. The differential expansion between the 

carbon and refractory layers is controlled and compensated for by the binding system. 

3.2 Monitoring and Maintenance 

Monitoring and maintenance of the binding system is a key factor to enable a binding system to perform effi-

ciently at all times and new designs are incorporated to facilitate these activities. Load cells and displacement transduc-

ers are installed at each main binding spring set and buckstay. The loads cells present real time binding force values 

while the displacement transducers provide buckstay plumbness information to the operators. Both systems are integrat-

ed to the plant control system and data is made accessible in the control room. This effectively minimizes the field ac-

tivities and the associated down time required for actual measurement with only essential adjustments to the compo-

nents requiring field measurements.  

As field activities close to hot material and equipment pose high safety risks, the above mentioned automated 

binding force and buckstay alignment reporting system can enhance the overall level of safety for site personnel. The 

system helps to eliminate some field tasks that are often neglected due to unsafe access or difficulty in performing the 

actual task. 

4 Furnace Sealing 

One of the main problems associated with calcium carbide furnaces is the workplace hygiene issues associated 

with the leakage of CO gas into the areas surrounding the furnace. This leakage is primarily a result of the need to oper-

ate with suppressed combustion in the freeboard; this means that the furnace cannot be kept under significant suction 

(since this would draw oxygen into the freeboard leading to combustion). As a result, leakage and ‘puffing’ often occurs 

at openings.  

For a calcium carbide furnace, this problem is further exacerbated by the need to accommodate intermittent fur-

nace over-pressurizations caused by charge slipping and the abrupt generation of CO gas. With some furnaces, such as 

the CI furnace, openings are often left around the electrodes to more quickly relieve these over-pressurizations from the 

furnace roof; however, this has led to greater CO gas emissions and worsening plant conditions if efficient secondary 

exhaust systems are not in place. 
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The Hatch calcium carbide furnace is designed as a fully closed furnace. This not only prevents unwanted gas 

egress into the working environment but also allows for the effective recovery of the chemical value of the CO gas 

without its dilution or combustion with air. Creating a fully closed furnace, while making accommodations for thermal 

growth, presented a number of unique challenges. A discussion of the key areas requiring gas sealing and the mecha-

nisms used for providing seals follows.  

4.1 Furnace Body/Roof Interface 

While the furnace body is designed to accommodate growth, the furnace roof is considered to retain a fixed size 

based on the use of water-cooled panels. This arrangement creates a critical sealing interface that needs to: accommo-

date the movement of the walls in three planes of motion – vertical, transverse and longitudinal; withstand exposure to 

the furnace headspace which can see temperatures in excess of 1000
o
C; accommodate any slight over pressurizations of 

the headspace; fit into the space constraints created by the furnace binding components in the area; and not impede ac-

cess to the furnace roof for inspection and maintenance activities.  

To provide a seal in this area, a sand seal is used, which consists of a sand filled trough attached to the furnace 

shell and a blade attached to the furnace roof (see Figure 6). The sand provides a maintainable medium that creates a 

gas tight seal at elevated temperatures while not losing any of its ability to accommodate movement. As the space avail-

able for the sealing connection did not permit designing a seal to permit the full amount of expansion expected over the 

life of the furnace, a modular sealing blade design is installed, which can be easily replaced as needed. 

 

Furnace Roof 

Refractory 

Lining 

 

Sealing 

Blade 

Furnace 

Shell Plate 

Sand Seal 

 

Figure 6: Furnace Roof-Wall Sand Seal Simplified Cross-Section 

4.2 Furnace Roof Panel Connections 

The furnace roof is constructed from a series of 50 panels which are joined together by bolted connections. Bolt-

ed connections are used to allow for modular installation and future replacement of individual panels in the event of 

wear or the development of leaks; however these present numerous potential leak paths for headspace gas. Similar to 

the interface between the roof and wall these seals must also be capable of withstanding the hot headspace conditions. 

In order to seal the panel joints, each connection is provided with a compliant ceramic refractory membrane to act as a 

gasket. 

4.3 Furnace Roof Openings and Ports 

Numerous openings are required in the furnace roof for a variety of reasons, ranging from inspection of the fur-

nace interior to installation of instrumentation. For openings that remain fixed in place, with little to no movement ex-

pected during operation, sealing is accomplished through the use of high temperature gaskets with bolted connections. 

For openings which incorporate movable components, such as inspection doors, an additional level of complexity is 

added as these seals require a high degree of resiliency to withstand repeated use. The pressure relief doors offered yet 

another complication of requiring opening and closing while not being secured with any force other than their own 

weight. In these locations, designs incorporating a number of compliant ceramic refractory sealing membranes, includ-

ing rope and moldable products, are used. 
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4.4 Off-Gas Connections 

The interface between the furnace roof and the off-gas uptake connections also require a seal that allows for rela-

tive movement between the two components as the uptake ducts are supported independently from the furnace using 

building steel. A sand seal is installed in this location for similar reasons as those cited for use at the furnace roof-wall 

interface.  

4.5 Electrode Openings 

Electrode seals are provided to prevent gas leakage at the interface between the furnace roof and the electrodes. 

This area is a critical sealing location due to the high volume of gas typically generated around the electrodes. Sealing is 

made especially difficult by the harsh operating environment created by the movement and high temperatures at the 

electrodes.  

The electrode seals sit on top of the water-cooled feed cone and have sealing elements in direct contact with the 

electrode casing to block process gases from leaking out of the furnace. The seal design consists of a double seal ar-

rangement with pressurized inert gas introduced between seals. The use of purge gas creates a seal area that is at a high-

er pressure than the headspace, which forces the purging gas into the headspace and prevents headspace gas from escap-

ing. The back pressure and flow of the purge gas is continuously monitored to assess the condition of the seal and allow 

for preemptive maintenance. 

The seal elements are constructed out of both soft and hard ceramic materials to withstand the high temperature 

service. The entire seal assembly is designed to float laterally to accommodate electrode misalignment. Springs are used 

to press sealing elements against the electrode surface to allow accommodation of variations in electrode geometry (e.g. 

out of round, oversize, undersize, not straight, etc.). The seal frame is designed to allow for replacement of the unit and 

incorporates access doors for wear material replacement. Figure 7 shows an illustration of the electrode seal design. 

 

Figure 7: Electrode Seal 

4.6 Furnace Steel Joints 

All openings in the furnace steel must also be provided with a gas tight seal in order to maintain a closed furnace 

design as the positive pressure of the furnace forces gas out through any gaps that may open. Adding to the difficulty of 

maintaining a tight seal for the furnace body is the requirement to accommodate thermal growth over the life of the fur-

nace. In many cases, such as the shell and bottom plates, this requires decoupling components to allow for relative 

movement between them. As the components move due to thermal loads gaps are created at the joints that become po-

tential leak paths.  

Various sealing mechanisms are incorporated due to the variety of joints and openings. In most locations, includ-

ing the shell panel joints, bottom panel joints, wall hold-down openings and corners, a lap joint connection is used to act 

as an expansion joint. A sealing plate or angle is fixed on one side of the joint and allowed to slide against the mating 

plate. The sliding side of the joint is provided with a low friction sealing compound to ensure it does not limit move-

ment. 

5 Furnace Roof Design 

The furnace roof (see Figure 8) is required to fulfill a number of essential functions while still adhering to a 

number of basic design principles. These functions include: providing a source of electrical insulation between the elec-

trodes and ground; providing access for maintenance and inspection; and providing a means for pressure relief. When 
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coupled with the design requirements of being completely sealed against gas egress/ingress and allowing for maintaina-

bility this presented a number of design challenges.  

 

Figure 8: Furnace Roof 

5.1 Electrical Insulation 

The furnace roof is required to act as an electrical insulator between the electrodes, which operate at approximate 

500 V, and ground. Achieving proper electrical insulation is a critical aspect in the design of any high voltage electric 

arc furnace to ensure the safety of personnel and equipment. An added challenge in calcium carbide furnaces is that the 

feed material is very conductive in nature and electrical flow paths through it must also be controlled.  

Breaks to achieve both voltage insulation, which prevents flashover from energized (live) equipment adjacent to 

non-energized equipment, and current insulation, which prevents induced heating of materials due to circulating cur-

rents developed from the magnetic fields generated by the electrodes, are incorporated into the furnace roof design. A 

voltage break is provided between the electrode seals, which are in direct contact with the electrodes, and the furnace 

roof. Current breaks are included between the electrode seals and feed distribution cones as well as between adjacent 

furnace roof panels.  

In addition to these measures, non-cooled furnace roof components within the area of high magnetic field inten-

sity are equipped with shielding or are constructed from non-magnetic materials in order to reduce the level of induced 

heating. A potential monitoring system is also included in the design to detect when an isolation break has been com-

promised. 

5.2 Access and Maintainability 

The furnace roof is designed to allow for access to perform maintenance and inspection activities of various fur-

nace components, while also incorporating features to allow for its own maintainability. While the water-cooled panel 

arrangement helps to provide a sealed design, its use dictates that a means to monitor for damage to the panels and de-

tect leaks be incorporated. Several features are included to prevent, detect and minimize the impact of water leaks on 

the furnace operation.  

Dual circuit pipe coil water passages provide redundancy in cooling capacity and circuits can be individually iso-

lated and pressure tested in the event a leak is suspected. Each individual water circuit is equipped with flow monitoring 

and leak detection instrumentation. Pipes are used in place of the flooded channel design often found in calcium carbide 

furnaces as they offer numerous benefits including improved thermal and maintenance performance due to increased 

water velocities as well as more straightforward fabrication.  

The sectional arrangement offers the benefit of allowing for replacement of individual panels in the event of a 

leak or refractory wear. Panel sizes and configurations are designed to allow maneuvering between binding steelwork 

when replacement is needed. 

To allow for interior inspections of the furnace, access doors are provided around the perimeter of the furnace. 

Checks are routinely performed on the condition of the charge bed and the underside of the furnace roof. The access 

doors are also used for stoking the charge bed and breaking up crusting and boil-ups that may have occurred. Ports are 

included across from each electrode to enable electrode depth measurements to be performed.  

Furnace roof support hangers are arranged as far away from the centre of the furnace to reduce the potential for 

induced currents and to maximize the space available to perform maintenance activities on the electrode seals.  

5.3 Pressure Relief 

The furnace roof is required to provide a means for relieving pressure in the event of an eruption or blow within 

the furnace. Furnace “eruptions” are a phenomenon observed in many submerged arc furnaces. While eruptions are a 

rare occurrence they are by far the most serious type of furnace event as they usually result in significant damage to the 

furnace and its surroundings. An eruption involves the ejection of a significant fraction of the furnace contents (solid, 
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liquid and gases) from deep within the furnace interior. These events are believed to involve the very rapid evolution of 

large volumes of CO and calcium vapour from deep within the furnace cavity [4]. In the most severe cases, these events 

are thought to be caused by a “cave-in” of hanging charge into a pool of superheated liquid carbide in the void space 

formed under a crust that develops in the charge. Furnace “blows” result from a rapid over-pressurization of the furnace 

at, or near to, the charge surface and cause ejection of charge particulates; usually from around the charge funnels, up 

the sides of the electrodes. 

Many previous calcium carbide furnaces utilize a semi-closed configuration to help reduce the impact of such 

pressure events; however with a closed furnace design this strategy cannot be employed and dedicated pressure relief 

openings must be included. These openings must be capable of rapid opening and exhausting a high volume of gas in 

order to minimize the actual overpressure for any given event and therefore minimize the extent of collateral damage. 

The Hatch furnace roof design maximizes the amount of area dedicated to pressure relief, providing nearly three times 

as much area as on the CI design, while still maintaining a relatively low activation pressure. A ventilation “smoke” 

hood located above the furnace ensures that emissions resulting from furnace over pressurizations are mechanically 

exhausted outdoors. 

Fourteen relief doors, hinged along the bottom, are provided around the sloped sidewalls of the furnace roof. Lo-

cating the doors on the sloped sidewalls provides an arrangement that minimizes the gravitational inertia resisting open-

ing during an over-pressurization event resulting in a quicker response time. Spring loaded restraints are used to limit 

the door opening angle allowing the door to help prevent damage to the surrounding area by directing flames and hot 

gases upward to the fume containment system. Due to the relatively large area of the door that is exposed to the interior 

of the furnace, and the necessity to avoid distortion in order to retain a proper sealing surface, water-cooling of the door 

is required. 

Allocating a large area of the furnace roof to the pressure relief system impacts the design of the furnace inspec-

tion and electrode measurement ports. These ports require smaller openings and are conventionally restricted to being 

placed directly across from the electrodes. To accommodate these requirements a relief door design incorporating both a 

measurement port and inspection door is installed as shown in Figure 9. 
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Port 

 

Pressure Relief Door 

 

Figure 9: Pressure Relief Door Design 

Engagement of furnace operating personnel from CI during the design phase enabled the design team to discuss 

ideas and weigh trade-offs with the benefit of a strong operational experience base. 

6 Conclusion 

The opportunity to scale up CI’s proven and reliable 50 MW furnace to a 90 MW, 6-electrode, rectangular fur-

nace presented a number of design challenges and opportunities. The result is the world’s highest power calcium car-

bide furnace with a design that is robust, efficient, maintainable and the safest in the industry. The furnace builds on the 

strengths of both CI’s furnace design and decades of operating experience while taking advantage of the rectangular 

configuration and modern design developments adapted from Hatch’s experiences in building high powered furnaces 

for other industries.  
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ABSTRACT 

With the growing consumption of more high-strength and demanding steels the requirements from the steel pro-

ducers for refined ferroalloys are increasing. The key is the CLU
®

 converter refining process, where superheated steam 

decomposes into hydrogen and oxygen while consuming heat. No electrical power input is required. With the CLU pro-

cess a wide range of refined ferroalloys can be produced cost-effectively.  

The CLU process is ideal for medium carbon ferrochrome and ferromanganese due to the excellent temperature 

control. In manganese production this proves to be an extra valuable feature since temperature control is vital in order 

to minimise the manganese vaporisation.  

By the use of advanced process control systems the refining is optimised for each situation. This paper discusses 

the fundamentals of refining of ferrochrome and ferromanganese and the benefits obtained through the CLU converter 

refining process. UHT’s process control system UTCAS
®,

 specially designed and developed for refining processes, is 

also discussed.  

1 INTRODUCTION 

In 2011 the world production of Mn and Cr was about 20 million ton together. Out of this less than 10% of the 

Cr was refined while more than 70% of the Mn was lower carbon-containing products other than HC FeMn. This dif-

ference is primarily caused by Cr being added as a bulk material in melting furnaces for stainless steel production while 

Mn is mainly used in secondary metallurgy in mild steel production. For stainless steel the amount of steel on the mar-

ket has increased tremendously, however the type of steel in demand has not changed dramatically.On the mild steel 

side the high strength steels with low alloy amounts has been one of the fastest growing segments. These high strength 

steels tend to combine low carbon, high manganese and moderate silicon levels causing a mixture of SiMn and MC 

FeMn to be the most cost effective alloy mix. Between 2001 and 2011 the amount of refined FeMn consumed increased 

by 2.4 times.  

For Mn the historical market development shows that products with low carbon content are gradually becoming 

more attractive. Due to increasing demand for steels with higher strength-to-weight ratio this development is likely to 

continue. With a FeMn-converter it is possible to remove carbon down to less than 0.5%C at a reasonable cost. 

Most of the big Cr consumers can use any source of FeCr. Due to this they have focused their attention on get-

ting hold of the bulk of the Cr at a low price. The bulk of the Cr is however not all the Cr and even in the bulk segment 

there is room for improvement and niche strategies. From 2001 to 2011 the Cr-production rose by 2.5 times but the re-

fined products only increased by about 10%. Currently LC FeCr with 0.1%C is about twice as expensive as HC FeCr 

while 2%C FeCr is 1.5 times as expensive per Cr unit, see Table 1. To increase the refined FeCr segment it will be nec-

essary to find more cost-effective production solutions and to prove the benefits of refined products to the users to be 

able to increase the portion of refined Cr in the market. 

Most of the refined FeCr produced today is made using a silicothermic process; however, some is already made 

by oxygen steelmaking methods. FeCr with carbon content down to 0.1% can be made in the CLU-process but more 

importantly bulk FeCr with better steelmaking properties can also be made. With a better product that delivers the same 

amount of Cr-units but that adds less cost for the producer it is probable that consumers are willing to pay a premium. 

By utilizing the chemical energy that is available in HC FeCr in the form of Si and C for remelting of fines that 

will otherwise be discounted and by reducing Cr-ore in the process, the process cost for the refining can be kept low. At 

the same time, a product can be made that gives advantages in the steelmaking in the form of lower melting tempera-

ture, less need for refining and a more mechanically stable raw material. 
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Table 2: Production and prices of Cr and Mn alloys 

 

Chromium Manganese 

Produced Cr 2012 5120 kT Produced Mn 2012** 13000 kT 

Estimated refined amount 5-10 % Estimated refined amount 8-10 % 

Cr-market increase  

(2002-2012) 100 % 

Mn-market increase  

(2002-2012) 110 % 

 Cr grade 
Price 

¢/lbs 
Mn grade 

Price 

¢/lbs 

 ULC FeCr 0.05% C 246 Mn metal 150 
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LC FeCr 0.1%C  228 LC FeMn 0.1% C* 127 

LC FeCr 0.15%C  219  -  

LC FeCr 0.5%C * 202 LC FeMn 0.5% C* 111 

LC FeCr 1.0%C * 187 MC FeMn 1.0% C* 99 

MC FeCr 2.0%C * 167 MC FeMn 2.0% C 91 

MC FeCr 4.0%C * 135  -  

 HC FeCr 49-51 %Cr  115 HC FeMn 78% Mn*** 72 

 HC FeCr 60-65 %Cr  122 SiMn 63 

 *      Estimated price based on quoted prices [1],[2] 

**     Estimated production based on quoted production [3] 

***    Recalculated to a 78%Mn base from quoted price [2] 
 

 

2 FUTURE DEMAND FOR REFINED FECR AND FEMN 

The authors believe there is a need for some refined Cr-products that does not currently exist. 

Some of these have also been discussed by the authors in previous papers [4-6]. 

Undereutectic low liquidus FeCr with 3-4 %C and low Si-content. This product can be made very efficiently 

and cheaply by balancing the furnace Si-content with Cr-ore and by a gentle carbon removal at low temperature. The 

product is excellent melting stock in electric furnaces as its low melting temperature decreases the necessary tap tem-

perature and save melting time, energy and refractory. The product is also suitable for producers that base their produc-

tion on Nickel Pig Iron that naturally has high content of C and Si that has to be removed during the stainless steel refin-

ing. The product does well as a melting stock for VOD-operators who can only handle limited C and Si in their process. 

Finally, this product is a very good alloy/coolant to use in AOD’s. Figure 1 shows a FeCr product in granulated form.  

 

Figure 1: Granulated FeCr product. 

Low-carbon FeCr made in the converter route. This is a challenging product where much slag is generated. 

Nevertheless, it will be a very cost-efficient alternative to LC FeCr made by the silicothermic route. Traditionally, low-

carbon FeCr prices are two to three times as expensive as HC FeCr products. With a production cost increase of 70% 
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compared to HC FeCr, price could be lowered for LC FeCr and this could alter the demand situation for this grade dra-

matically. 

Furthermore, the authors believe that there will be an increasing demand for medium- and low-carbon FeMn 

both inside and outside of China during the next 10 years. The demand that is necessary to satisfy the market could be 

double to or even greater than what is presently available. The furnace capacity is largely present already but the refin-

ing capacity is lacking. The refined FeMn will have to compete with EMM and SiMn. It will be essential for this niche 

to ensure that only ores and coke with low phosphorous content is used to make the product a good alternative to EMM. 

A potential niche that is less studied is to purposely add nitrogen in the LC FeMn during the processing. Many 

of the steels that have a high Mn concentration also have high nitrogen content. As Mn is added late in the steelmaking 

process, introduction of Mn is not a simple task, nitrogen alloyed LC FeMn with acceptable price would be an interest-

ing alternative for these applications. 

3 CLU
®
 PROCESS FOR REFINING OF FERROALLOYS 

The CLU converter refining process makes use of superheated steam along with compressed air, oxygen, nitro-

gen and argon as bottom-blown process gas and oxygen as a top-blown gas. At elevated temperatures steam decompos-

es, in an endothermic reaction, into hydrogen and oxygen which are used in the refining process to achieve important 

process benefits. No electrical power input is necessary. 

The CLU process is ideal for medium carbon ferrochrome and ferromanganese production due to the excellent 

temperature control without alloy dilution. In manganese production this proves to be a valuable feature since tempera-

ture control is vital in order to minimise manganese vaporisation. The CLU process also enables a broader production 

range with further refined products such as low carbon ferrochrome or ferromanganese. 

In this section the benefits of using steam and the fundamentals of FeMn and FeCr refining are discussed. 

3.1 Use of superheated steam as additional process gas 

When superheated steam is introduced into the converter, it decomposes into oxygen and hydrogen according to 

equation (1). The formed hydrogen gas acts as an inert gas to replace argon while the oxygen takes part in the carbon 

oxidation process. 

H2O (g) = H2 (g) + ½ O2 (g) ΔH = + 241.9 kJ/mol (1) 

Since the reduction of steam (eq. 1) is an endothermic reaction, i.e. consumes heat, an additional cooling benefit 

is obtained in the CLU process compared to alternative oxygen refining processes that requires cooling with scrap met-

al. By controlling the rate of steam blown into the converter, the metal temperature is balanced and the need for cooling 

material in the form of refined alloys or processed scrap is decreased. 1 kg of steam replaces 10 kg of coolant material. 

As the transfer mass from the upstream reduction furnaces that produces the unrefined liquid metal varies from 

tap to tap, the CLU process gives a more flexible overall refining, where solid material and steam is optimised to reduce 

cost and increase productivity by enabling a flexible arriving mass and a fixed final mass. The advantage of improved 

temperature control and reduced refractory contact time also leads to lower refractory wear. 

3.2 Fundamentals of FeMn refining 

Production of MC FeMn and LC FeMn by decarburization of HC FeMn is a metallurgical challenge due to the 

low oxygen potential and high vapour pressure of Mn. To reach carbon levels below 2%, decarburization has to be per-

formed at high temperatures. 

The most important reactions to describe the decarburization process are: 

C + ½ O2 (g) = CO (g) (2) 

Mn + ½ O2 (g) = MnO (slag) (3) 

The sum reaction is expressed as: 

C + MnO (slag) = Mn + CO (g) (4) 

 
Where K4 is the equilibrium constant for reaction (4). 

Also important is the effect of the Mn evaporation: 

Mn (l) = Mn (g) (5) 

The carbon removal is favoured by: 

- a high temperature 

- a high activity of C in the metal  

- a low partial pressure of CO 

- a low activity of Mn in the metal 

- a high activity of MnO in the slag 

For practical reasons the only parameter that can be controlled is the partial pressure of CO, Pco.  
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When the decarburisation starts the carbon activity is normally very high. Added oxygen is mainly consumed by 

CO formation. The MnO formation increases gradually as the carbon content decreases. The formation of MnO, along 

with the formation of CO, are exothermic reactions generating heat in the process. 

To avoid too high temperatures cooling is necessary. The cooling can occur spontaneously by manganese evapo-

ration according to reaction (5), however this is costly as it decreases the yield. Cooling can be done by recycling re-

fined FeMn but this lowers the yield and increases the treatment costs. Finally the cooling can be done by utilizing en-

dothermic reactions such as the reduction of steam. 

In Figure 2 the equilibrium partial pressures of CO, Pco, as a function of C-content in the metal and process 

temperature is illustrated. The CO pressure can be controlled by dilution of the oxygen with inert gas. When Pco,eq>1 

CO(g) can form without dilution of the gas phase with inert gas (eq. 2). From figure 1 it is seen that to decarburize the 

FeMn-metal to around 1.5%C a process temperature of 1700
o
C is necessary at Pco 1 atm. To decarburize the metal to 

lower carbon contents a further temperature increase or a lowered Pco is necessary. However, as the vapour pressure of 

Mn increase when the temperature increases it is important to control the process temperature to avoid excessive Mn 

losses. 

 

Figure 2: Required Pco as a function of temperature and %C in FeMn (75% Mn) 

By diluting the partial pressure of CO, in the same manner as for stainless steel refining, decarburization is per-

formed at more reasonable temperatures and lower final carbon contents can be achieved. The steam in the CLU pro-

cess is a unique tool in this respect. Hydrogen from the decomposed steam dilutes the CO to lower its partial pressure 

and is thereby favouring the decarburization, as described in paragraph 3.1.This has also been discussed by the authors 

in previous papers [7].  

During the process oxygen, steam and argon gas is mixed to optimize the process conditions. As the solubility of 

nitrogen is high in manganese, nitrogen gas is not an alternative unless nitrided products are being made.  

3.3 Fundamentals of FeCr refining 

The fundamentals of FeCr refining can be described similarly as for FeMn refining, and is only described shortly 

in this section. The important reactions that describe the decarburisation process are: 

C + ½ O2 (g) = CO (g) (6) 

2 Cr + 3/2 O2 (g) = Cr2O3 (7) 

Where the sum reaction can be expressed as 

3 C + Cr2O3= 2 Cr + 3 CO (g) (8) 

 
K8 is the equilibrium constant for reaction (8). 
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Similarly as for FeMn refining the carbon removal is favoured by a high temperature, a high activity of C and 

Cr2O3, a low activity of Cr and a low partial pressure of CO. 

During the refining elements with high affinity for oxygen will be removed first such as Si, Ti and Al. These are 

all strong exothermic reactions generating heat in the process. Once the temperature has increased sufficiently the de-

carburisation becomes the dominant reaction. Initially the oxygen supply limits the decarburisation rate.  

As the decarburisation process progress inert gas in the form of steam is supplied to lower the partial pressure of 

CO to promote the decarburisation further and to balance the excess heat in the converter. Similarly to the Mn-refining, 

alternative gases as Ar and N2 may be combined with the steam to reach certain objectives. 

During the decarburisation the temperature must at all times be controlled to ensure that it is neither too low to 

promote oxidation of chromium or too high to prevent excessive lining wear.  

4 CLU CONVERTER PLANT  

In the CLU converter process there are several important tasks during the refining operation of FeCr and FeMn 

that has to be considered, and the most important are summarized below. 

 Refine HC ferroalloys into correct analysis, mass, process time and tap-temperature 

 Economic use of raw materials, gases, additives, etc. 

 Maximize the yield of Cr and Mn-units  

 Minimize cost of refractory 

 Have the flexibility to produce different grades and handle sudden shortages 

 Produce a minimum of slag with the right quality 

 Ensure a safe and repeatable processes with high availability 

 To be energy-efficient with minimal environmental impact  

From this design perspective UHT has focused on providing a state-of-the-art solution for process control as to 

both predict and simulate the outcome of the refining and to control the output result in real-time. 

To ensure that the defined optimal process is executed, there is a need for highly accurate and reliable gas mix-

ing station and raw material handling system as well as a converter vessel which has the appropriate design as well as 

reliable and trouble-free support systems as the hydraulic drive, water cooled top lance, stainless steel tuyeres and a 

efficient evacuation systems for off gases. 

In table 2 some CLU and GRANSHOT references for ferroalloys are presented.  

Table 3: CLU & GRANSHOT references for FeMn&FeCr 

Customer CLU converter Material Country Comment 

- 25 ton MC FeMn - - 

- 12 ton MC FeMn - - 

AFARAK Mogale Alloys 13 ton MC FeCr South Africa With GRANSHOT 

FerroChrome Furnaces 4 x 8 ton MC FeCr South Africa With GRANSHOT 

Mengfa Alloys 25 ton MC FeMn China - 

ThosBegbie 10 ton LC FeCr South Africa With GRANSHOT 

MEL 25 ton MC FeMn India - 

SamancorFerrometals 25 ton MC FeCr South Africa With GRANSHOT 

4.1 Real-time Process Control  

UTCAS is a real-time process control system specially designed for converter refining. The system includes an 

effective process control as well as tools for process design and production evaluation; see Figure 3. This system is used 

both in stainless steelmaking and ferroalloy production.  
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Figure 3: All aspects of ferroalloy refining are handled by the UTCAS Process Control system. 

The UTCAS system includes a set of validated metallurgical models capable of determining heat and mass bal-

ance and chemical composition continuously during the process. The models are also used to generate a forecast, a pre-

diction, of the final temperature and slag/metal composition based on planned gas blowing and additions. 

The prediction is used as a valuable tool when designing the process prior to production and also during pro-

cessing by optimizing and controlling the process in order to meet the final targets.  

4.2 Rugged Converter Design 

The main aspects of designing a converter is to make sure that it is reliable with a minimum of maintenance and 

that its operations are fully controllable and repeatable. The typical size of a CLU converter for ferroalloys is 5-40 

tonnes. This size is defined by tapping volumes that is available from the up-stream reduction furnaces.  

The CLU process is operated in a vessel lined with basic refractory such as dolomite or chrome magnesite. Pro-

cess gases are introduced through submerged tuyeres that are installed through the refractory. A water-cooled top-lance 

is used in converters with bigger nominal size than 15 t during the initial phase of the process to cut the processing time.  

 

Figure 4: The CLU converter vessel in a trunnion ring fitted with a hydraulic motor (right). 

The converter vessel is fixed in a trunnion ring that allows the converter to rotate by a hydraulic motor for differ-

ent positioning during metal and material feeding, blowing, sampling and tapping, see Figure4. The gas mixing station 

distributes the defined process gases as required by the UTCAS process control system. UTCAS also provides all the 

data necessary to control the material handling system. 

From the control room the process operator runs the refining process using the UTCAS system, Figure 5. In front 

of the converter the operators inspect the converter and take samples of metal composition and temperature. Additions 

of alloys, fluxes and scrap are fed during the refining process from the automated material handling system but also by 

the use of crane or hydraulically operated skips. The refining process generates carbon monoxide which is collected and 

combusted in the water-cooled hood installed over the vessel. These flue-gases are further handled in the downstream 

fume treatment plant, FTP.  
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Figure 5: The process control room is here placed to the right of the converter vessel. 

5 FeCr refining at AFARAK Mogale Alloys, South Africa [8] 

On the 17
th 

of December 2014, AFARAK announced that the Mogale Alloys plant has completed the installation 

of a CLU ferroalloy refining and GRANSHOT metal granulation plant, Figure 6. Significant part of the current ferro-

chrome production can now be converted to granulated medium carbon ferrochrome. This affects positively the profita-

bility of Mogale Alloys and moves the AFARAK group further into mature markets and several long term sales con-

tracts of the new specialty alloy material has already been secured. 

The total cost of the investment was approximately 12.9 M€ and the monthly production capacity of the plant is 

expected to be 1,500 tonnes of medium-carbon ferrochrome, MC FeCr. 

 

Figure 6: CLU refined FeCr granulated at AFARAK Mogale Alloys plant in SA [8]. 

5 CONCLUSIONS 

The use of refined FeMn increases faster than the rest of the FeMn market, this implies that more refining capac-

ity is desired. The CLU is the most versatile process to meet this capacity demand. 

There is potential to develop the FeCr market with new niche products that is best produced with the CLU pro-

cess. 
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The CLU process gives unique cost benefits and high yield in both FeMn- and FeCr-refining. 

Afarak has recently proven that installation of a complete CLU converter refining and GRANSHOT granulation 

project with all necessary buildings and other infrastructure can be made in a short time and with limited capital ex-

penses. 

With the real-time process control system UTCAS, all aspects of modern ferroalloy refining are handled ena-

bling excellent process control that optimizes the process for every situation. 
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ABSTRACT 

RHI has been serving the ferroalloys industry for many years and is well-known for its proven refractory solu-

tions, combining high quality refractory materials and additional technical services. Excellent process knowledge and 

close collaboration with customers and well known OEMs help to detect further optimization potential in the areas of 

refractory selection, application and development of new materials. To achieve the necessary performance of a fully 

engineered furnace lining a proper installation is also very important with a strong focus on furnace integrity. A com-

prehensive approach which takes into account all these fields is required to guarantee economic and safe furnace oper-

ations. The present paper gives a general overview of recent developments, as well as application of engineering tools 

and their big advantage to integrate chemical and physical influences, implemented in a variety of furnaces in the world 

of the ferroalloys industry. 

1 INTRODUCTION 

Over the last years and decades the importance and production of ferroalloys industry has increased, due to its 

connection with (stainless) steel production, which is the main application area for ferroalloys [1]. In order to improve 

ferroalloy production processes, production routes and vessels have to be optimized continuously – refractory materials 

which are a decisive factor for furnace performance are one of the parameters in this optimization process. The main 

difference and also challenge in ferroalloys production compared to the production of base metals such as Cu, Pb and 

Zn, are the high temperatures involved in the production processes.  

Therefore, adequate refractory linings have to be chosen in order to guarantee safe furnace operation and satis-

factory furnace lifetime with short downtimes for repairs. In order to consider all these aspects, holistic refractory solu-

tions are required: starting with proper material selection, functional lining concepts for the individual process and re-

fractory engineering, and also taking into account a time-saving and safe installation methods. Furthermore, to guaran-

tee even further improvement of the refractory products and hence production processes, post-mortem investigations of 

used refractory materials from production vessels help to understand the wear mechanisms and process challenges. 

Considering the production processes of the various ferroalloys the production steps can be divided into ore 

preparation, reduction, refining and casting. These process stages include various pyrometallurgical vessels, each re-

quiring different refractory products. Generally, a wide variety of refractory products is used, both formed and un-

formed products of both basic and non-basic materials, including different application methods (e.g., brick installation 

with/without mortar, prefabricated shaped geometries, castables, gunning materials, ramming materials). 

The present article gives an overview of RHI’s latest developments and technology improvements for the fer-

roalloy industry. The principal pyrometallurgical production vessels in ferroalloys industry, for example FeNi produc-

tion (Figure 1) are: 

 Rotary kiln (dryer, calciner) 

 EAF (AC, DC) 

 Refining vessels (ladle, converter) 

 Launders and auxiliary equipment 
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Figure 1: FeNi production route [2] 

A special process route and vessel type is the production of Si, FeSi and FeMn where - due to the high tempera-

tures implied and the high tendency for reactions with refractory oxides - carbon linings are used (Figure 2). 

 

Figure 2: RHI carbon lining concepts (left: freeze lining concept, right: insulative lining concept) 

When designing lining concepts, process knowledge is decisive in order to see parallels to other production 

routes and take advantage of experiences in other industries, learning from examples and adapting proven concepts to 

the specific production vessel. In case of ferroalloys production, regarding vessels and processes, some similarities can 

be found with steel industry, but also with vessels used in cement production. However, lining concepts can never be 

just a “copy/paste” version from other industries, as the specific features of every process have to be understood and 

considered. RHI’s refractory concepts for ferroalloys producers are industry-specific solutions, including longstanding 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 266  
 

knowledge of industry practice and experience in refractory materials, as well as internal experience and knowledge 

exchange between RHI’s divisions. 

2 NEW APPROACHES, TECHNOLOGIES AND PRODUCTS 

In order to achieve efficient and safe furnace operations, comprehensive refractory lining concepts which take 

into account Furnace Integrity, i.e. the furnace as a holistic unit with many interacting sub-areas that cannot be changed 

independently, are required. Industry-specific refractory design also has to include a close collaboration between the 

refractory producer, namely Sales, Marketing and Research, and the ferroalloy producer. RHI’s additional technical 

services, namely technical studies (e.g., wear studies for material suggestions) and after-sales services (e.g., post mor-

tem investigations) allow reproducing and understanding customers’ process conditions and gain more realistic insights.  

Below, some new RHI technologies and methods are described, which can be applied to both new and existing 

vessels. 

2.1 Engineering Tools - Simulation & Modeling 

The first step and basis for providing refractory solutions is the knowledge and understanding of the process 

mechanisms and refractory interactions. Simulation and modeling software is valuable tool for getting a theoretical in-

sight and first estimation of the expected refractory performance taking into account thermodynamic considerations 

(i.e., study of the chemical interactions between process phases like slag/metal/gas and refractory lining), as well as 

thermomechanical behavior (i.e., expansion during heat-up and resulting stresses in the lining and furnace steel shell, 

tap hole simulations with thermal profile).  

The thermodynamic software FactSage is a well-proven tool for studying metallurgical processes and slag sys-

tems [3]. The use of thermodynamic calculations in refractory design is a new application which has been applied and 

continuously improved at RHI over the last years. The theoretic calculations of interactions between refractory materi-

als and process phases (i.e., metal, slag, gas) serve as a first basis for refractory selection and allow comparing different 

refractory materials for the individual process, hence reducing the required experimental work. However, expert process 

and refractory knowledge is vital to interpret the results and give corresponding refractory suggestions. 

RHI generally provides refractory design in 2D and 3D, the latter allowing a better insight into furnace areas 

with complex lining solutions. The lining engineering has to be carried out considering furnace properties and design, as 

well as additional factors like easy installation and repair (i.e., short furnace downtimes). Furthermore, the expansion of 

the selected refractory materials and combinations has to be determined and included in the lining engineering. In order 

to guarantee a smooth practical refractory implementation and furnace operations, heat-up instructions and cool-down 

guidelines both for planned shutdowns and emergencies situations are provided, as well as repair instruc-

tions/suggestions and advice. 

 

Figure 3: RHI 3D engineering - rotary kiln with combined lining (monolithics and bricks) 

Due to the high process temperatures and the combination of different refractory materials with different thermal 

behaviour, CFD (computational fluid dynamics) and FEA (finite element analysis) simulations are essential tools for 

analyzing complete vessels or areas of special interest (e.g., tap hole area) and study thermal expansions and heat flows, 

as well as resulting mechanical stresses [4,5]. These studies are vital for determining the behaviour of the lining and 

steel structure in order to avoid deformation and damage of the furnace. 

2.2 Lining Concepts 

The results from the theoretical engineering tools together with longstanding practical industry experience allow 

RHI to develop holistic lining concepts aiming at ensuring furnace integrity. Different requirements have to be fulfilled 

in distinctive vessel areas, depending on process conditions (e.g., temperature, chemical analysis of involved phases, 

flow conditions, state of phases - gas/liquid/solid) and furnace operations. As there are no “totally identical” smelting 

operations, but always some differences are present in the various smelting routes, every furnace lining concept is a 

tailor-made solution for the respective vessel. An additional challenge consists in changes in process parameters (e.g., 

ore compositions, slag fluxing, burner modifications) or reduction of lining thickness for increasing vessel capacity that 

require corresponding adaption of the lining concepts in existing furnaces for maintaining the furnace lifetime and per-

formance. The main points of lining concept design are suitable material selection and harmonic combination of materi-

als and geometries (e.g., use of specially shaped bricks, anchor systems). Depending on the process requirements, also 

functional products like purging plugs or slide gates are considered in the lining concept. 
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2.3 Products 

RHI is constantly working on improving its products and product range taking advantage of its own research and 

development specialists (RHI Technology Center) and close collaboration with customers. As an example for recently 

successfully introduced products, an overview of the new material family of Sol-bonded refractory castables is given. 

The new product lines COMPAC SOL and CARSIT SOL, the latter containing SiC, represent a new type of 

alumina-based refractory castables based on a completely different bonding system in comparison to low cement casta-

bles (LCCs) and conventional castables (CCs), namely on nano-sized silica particles. This bonding system replaces the 

conventional binder, namely cement, and its complex system of (hydrated) calcium-aluminate-phases that require spe-

cial attention and measures during material application and heat-up [6]. The COMPAC SOL and CARSIT materials are 

considered as “cement-free” and combine high performance and superior physical properties of corresponding LCCs 

with the easy workability of CCs with additionally facilitated heat-up requirements [8,7,9,10].  

Conventional alumina-based castables are cement-bonded and use water as binder forming various calcia-

alumina-hydrate phases, which determine the setting and hardening of the concrete. However, the chemically bonded 

water and variety of hydrate phases results in dehydration over a broad temperature range and hence requires slow and 

careful heat-up procedures in order to avoid lining damage due to water vapour explosions. RHI’s COMPAC SOL and 

CARSIT SOL materials use a totally different binding system (sol-gel), where the setting and hardening of the concrete 

(jellying) is based on the formation of Si-O-Si bonds. This means that no chemically bonded water is present and con-

sequently no hydrate phases are available. The sol-gel bonding allows an easy and fast drying and heat-up without hav-

ing to consider dehydration.  

RHI’s SOL material family offers the following advantages: 

 No chemically bonded water: easy drying, no specific pre-drying requirement, fast and easy heating-up 

procedure 

 Finer pores and pore distribution: higher refractoriness compared to LCC, less infiltration, higher chemical 

resistance 

 Reduced ambient temperature impact on final product properties 

 Reduced sensitivity to incorrect dosing of the mixing fluid 

 Easily adjusted to the desired setting time 

 Improved chemical resistance (e.g., alkali, sulphur, slags) compared to equivalent cement-bonded products 

 Longer shelf life than low cement castables (LCC) 

 Excellent mechanical properties (Figure 4), e.g. thermo-shock resistance, internal flexibility, reduced crack 

formation, abrasion resistance 

 

Figure 4: Comparison of refractoriness under load (left) and crack progress (wedge-splitting test) (right) for sol-bonded 

materials (blue lines) and cement-bonded materials (red lines) 

Apart from the chemical and mechanical properties, the most interesting feature of the SOL materials is their 

heat-up behavior (Figure 5). The absence of chemically bounded water allows a very fast heat-up and therefore signifi-

cantly reduces the furnace repair time and downtime. This is especially beneficial in furnaces that are completely or to a 

large extent lined with monolithic materials, for example rotary kilns in FeNi industry. 
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Figure 5: Comparison of heat-up procedure for COMPAC SOL and ULLC/LCC (ultra low-cement castables / low-

cement castables) 

The application of SOL materials does not require special installation equipment, but the existing standard cast-

ing or gunning equipment can be used. Ambient temperature does not have a significant influence on the workability of 

these materials and the setting behaviour is the same as for the cement-containing (i.e., hydraulic-bond) counterparts. 

The SOL materials can also be used for casting pre-shapes (e.g., for EAF roofs and electrode deltas). Due to their excel-

lent physical properties and fast heat-up schedules, the SOL materials are a solution the ferroalloys industry in interest-

ed in and have already been implemented in different vessels using both castables and gunning materials. The main 

advantages and basis for choosing SOL materials were the absence of water and corresponding faster heat-up schedule, 

as well as their excellent physical properties (including abrasion) and chemical properties [8].  

Some examples (and main advantages) for application of SOL materials in ferroalloy production vessels are: 

 Rotary kilns: abrasion resistance, faster heat-up (especially if the kiln is completely lined with castables) 

 EAF: thermo-shock resistance, abrasion resistance, chemical resistance 

 Ladles: fast heat-up (i.e., heat-up schedule like for bricked ladles) 

 Launders: thermo-shock resistance, fast heat-up 

 SOL gunning mixes for repair and complex furnace areas 

Due to their broad range of raw material bases, suitable SOL materials for various furnace areas and specific re-

quirements are available. The practical applications have proven the laboratory research carried out at RHI’s Research 

Center, and showed that also in industrial furnaces no pre-drying is required and the heat-up procedure is fast and safe 

(e.g., heat-up curves for brick linings can be used without spalling and other lining damages). Also the workability on-

site proved to be convincingly easy and good enough. 

2.4 Installation 

In the refractory engineering stages already, considerations regarding fast and safe practical installation are in-

cluded. For the actual refractory installation and heat-up, RHI provides corresponding manuals, but also its experienced 

supervisors and own installation personnel. Based on practical experience, installation techniques are continuously im-

proved, for example anchoring systems, special brick retaining [5,11] and castable application technologies. The latter, 

together with RHI’s SOL castables, results in significant reduction in furnace downtime due to time savings in both 

installation and heat-up. 

2.5 Technical Services 

For providing high-quality refractories that fulfil and exceed customer expectations, knowledge of refractory ma-

terials and metallurgical processes are required. Development of new materials as well as experimental testing is carried 

out at RHI’s Technology Center taking advantage of a wide variety of pilot-scale furnaces and investigation technolo-

gies. Another important technical service is the so-called post mortem studies, namely the investigation of used bricks 

from industrial furnaces where the refractories are exposed to a complex and mutual wear caused by chemical, thermal 

and mechanical stresses. These studies serve for understanding of the refractory wear mechanisms and for further prod-

uct improvement and/or corresponding lining suggestions. After the bricks arrive at RHI’s Technology Center, first  a 

macroscopical analysis is carried out, defining areas for closer chemical and mineralogical investigation. The macro-

scopical overview already provides the first information about wear mechanism and brick condition. The closer miner-

alogical investigations over the brick thickness provide information about the corrosion mechanism and chemical reac-

tions. 
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3 SUMMARY AND CONCLUSION 

RHI’s refractory solutions for the ferroalloys industry include various engineering aspects, providing customer-

tailored refractory selections and concepts for furnace integrity based on process knowledge and theoretical studies as 

well as practical experience. The present paper gives an overview of recent developments and technologies that have 

already proved their advantages in practice. As the adequate choice of refractory is always essential for a successful 

furnace operation, a close collaboration between refractory producers and metal producers is required to ensure suitable 

refractory selection. For optimum practical results, not only high-quality refractory products are required, but also tech-

nical services and customer support throughout all engineering stages, installation and after-sales. Practical experience 

and new insights from technical discussions with metal producers facilitate lining adaption in case of process changes, 

as well as successful development of new products that provide further advantages in practical application and guaran-

tee efficient, economic and safe furnace operations. 
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ABSTRACT: 

Longer lifetime is the most significant factor in economics of linings. When a furnace burn-through occurs, the 

resulting loss of production has adverse effect on profitability. It is, therefore important for furnace operators to meas-

ure and understand the effect of their operating practice on lining wear. Unlike earlier days, when red spot on shell 

surface or shell bulging was indicative of a lining failure, nowadays submerged arc furnaces are built with ‘Lining 

Management System’ to monitor online lining conditions of the furnace. This provides operational staff with a manage-

ment tool to predict long term lining life and acts as a process optimization tool. It alarms and records upset furnace 

conditions. Lining Management system provides operators with instant information on lining conditions based on real 

time data. Its trending facility provides management with a tool to estimate remaining lining life and understand the 

effect of specific operating practices on lining wear and crucible conditions. However, this lining management system is 

based on the design of furnaces with dual thermocouple measurements. There are several submerged arc furnaces 

working nowadays worldwide, having no thermocouple arrangement or having single thermocouples for temperature 

measurement. Though single thermocouple measurements can indicate lining deterioration, they do not suggest correct-

ly the exact remaining lining thickness. Higher temperatures can also be attributed to loss of protective skull, electrode 

lengths and breaks, as well as changes in power input. 

This paper describes the principle of Lining Management System based on dual thermocouples. An innovative 

approach has been tried to introduce the lining management system for furnaces having no thermocouples or having 

only single thermocouples. Test results of 28.5 MVA Ferro Silicon Furnace of Bhutan Ferro Alloys Ltd., supplied by 

Elkem, Norway, have been demonstrated. The principles can be extended for furnaces having no/ or having single ther-

mocouples. 

KEY WORDS: Lining, Thermocouples, Heat Flux Density, Thermal Conductivity, Thermal Resistance, 

Temperature Gradient 

1 INTRODUCTION: 

In a submerged electric arc furnace the ultimate goal is to operate the furnace longer between major relines, with 

fewer or no intermediate repairs. Longer lifetime is the most significant factor in the economics of linings. Furnaces are 

lined with a varying composition of refractory materials depending on the alloy being produced and whether shell cool-

ing is involved. A submerged arc furnace lining is a dynamic thermal system that drives toward an equilibrium heat flux 

that is determined largely by the boundary conditions (molten bath temperature and convection cooling by air/ water). 

The system is dynamic because the components may change according to temperature conditions.  

For a conventional Lining Management System, dual thermocouple principle is used. The System consists of 

numerous thermocouples (K type) placed in pairs around the furnace shell as well as in the hearth. The pairs of hearth 

thermocouples are installed one above the other, the spacing being such as to create an adequate layer of refractory ma-

terial between the two thermocouples. This ensures a large enough temperature differential for accurate heat flux calcu-

lations. The feedback from the thermocouples is used to detect the present lining condition of the running furnace. Dur-

ing the replacement of faulty thermocouples, the insertion depth is measured and updated to ensure accurate heat flux 

calculations. 

2 FUNDAMENTALS OF HEAT TRANSFER: 

Heat is a form of ENERGY. The transfer of heat is usually considered to occur by means of three processes. 

CONDUCTION: Conduction is the transfer of heat from one part of a body to another part or to another body by 

short range interaction of molecules or/and electrons. 

CONVECTION: Convection is the transfer of heat by the combined mechanisms of fluid mixing and conduc-

tion. 

RADIATION: Radiation is the emission of energy in the form of electromagnetic waves. All bodies above abso-

lute zero i.e. temperature above (–) 273
0
C or above 0

0
K radiate. 

The S.I. unit of heat is Joule. Rate of heat transfer is ENERGY/TIME; the S.I. unit is Joule/Sec. or Watt. 

mailto:bhabesh.mohanty1970@gmail.com
mailto:bhabesh.mohanty@
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From the basics of heat conduction, (Fourier’s Law for heat conduction through solid bodies) the steady state 

rate of heat transfer by conduction is directly proportional to the cross sectional area of the medium normal to the direc-

tion of heat flow and to the temperature gradient along the conducting path. If 

Q = Steady state rate of heat transfer by conduction through a medium [in Watt] 

A = Cross sectional area of the medium normal to the direction of heat flow [in Meter
2
] 

L = Length of the medium along the direction of heat flow [in Meter] 

T1 = Temperature at one end of the length ‘L’ [in 
0
K] from where heat is flowing 

T2 = Temperature at the other end of the length ‘L’ [in 
0
K] to where heat is flowing 

Temperature gradient along the conducting path =    LTT /12       in 
0
K/Meter. The temperature gradient is a 

negative value as heat flows from higher temperature end to lower temperature end. 

   LTTAQ /12   or    LTTkAQ /12   

The ‘k’ is proportionality constant, known as Coefficient of thermal conduction or Thermal conductivity; the 

unit is Watt/ (Meter
0
K). This is constant for a particular material/medium & particular temperature.  

Heat Flux Density is the rate of heat transfer per unit cross sectional area of the medium normal to the direction 

of heat flow  

   LTTkAQq /12/  in W/M
2  21/ TTLk   in W/M

2
 (Eq. No. 1) 

Or    TTT 21  Heat Flux Density kL / in 
0
K 

Here ‘L/k’ is called Heat or Thermal Resistance, the unit being M
2 0

K/W. The inverse of Heat Resistance, i.e. 

‘k/L’ is called Thermal Conductance, the unit being W/ (M
2 0

K). 

ΔT = Temperature difference across the thermal system, or between two points in    
0
K, 

It is easier to understand one dimensional heat transfer by considering its analogy with simple electrical resistive circuit. 

 

               I 

V1                                       V2   T1 q T2 

  R L 

Figure 6: Electrical Analogy  Figure 7: Heat Transfer 

In Fig. 1, the Electric Current ‘I’ (or rate of charge flow) flows from ‘V1’ (Higher potential) to ‘V2’ (Lower po-

tential) in a closed path and the magnitude is determined by Ohm’s law.  

RVVI /)21(   (Eq. No. 2) 

Here  (V1 – V2) = The difference of energy level in a closed path. = Δ V 

R = The Electrical resistance of the path from V1 to V2 

Similarly, in Fig. 2, in the equivalent thermal system, ‘q’, is the rate of energy transfer per unit cross sectional 

area or heat flux density, ‘(T1-T2) = ΔT’ is the difference of energy level, i.e. difference of temperature. 

Considering Eq. No. 2 in analogy with Eq. No. 1, it is clear that RkLVTIq  /,,  

This ‘L/k’ is known as thermal resistance and is expressed as ratio of Length & Thermal conductivity. Thermal 

resistance is inversely related to thermal conductivity. 

Thermal resistance kLr / (Eq. No.3) 

In the case of a lining system, the molten liquid acts as high temperature body (T1) and the wall surface in con-

tact with water/air acts as low temperature body (T2). 

In an electrical circuit, each component is added as a series of resistors. Net RnRRRR  ......321  
 

     I 

 R1                                                    R2 R3  

Figure 8: Resistors in Series 

Using the process high temperature and cooling temperature (air/water) as the boundary conditions, the equiva-

lent thermal resistance of complete lining at any particular point of furnace hearth can be determined as  

Net r = r1 + r2 + r3 + - - -   + rn = L1/k1 + L2/k2 + L3/k3 + - - - + Ln/kn  (Eq. No.4) 

L1 = Thickness of lining adjacent to molten liquid 

k1 = Thermal conductivity of the layer ‘1’ and so on. 
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  T1  T2 

  q 

  L2  

L1 L3 

Figure 9: Thermal Resistances in Series 

As the current is same in the series resistors in case of an Electrical circuit, Heat flux density is the same in each 

component of the lining. Therefore, the heat flux density can be used to calculate temperature drop in each component, 

beginning with either boundary and working through the entire lining. 

So, the heat flux density q = (Molten Metal Temperature – End Steel Temperature)/ Net r (Eq. No. 5) 

And the layer drop temperature is mqdTn  (Eq. No. 6) 

‘m’ being the thermal resistance of that layer. 

3 PRINCIPLE OF LINING MANAGEMENT WITH DUAL THERMOCOUPLE: 

For explanation, the 28.5MVA Submerged Electric Arc Furnace of Bhutan Ferro Alloys Limited, in Bhutan, 

supplied by Elkem is considered. The furnace has been provided with single thermocouples at bottom. However, a theo-

retical analysis has been made how the dual thermocouple Lining Management System works. Based on this under-

standing, the furnace Lining Management shall be explained without any base on thermocouple. 

Let us assume that dual thermocouples are inserted into this furnace at inception stage. The furnace bottom lin-

ing has been considered and the similar inference can be extended for side wall and tap hole zone lining. The bottom 

lining consists of different layers as stated in Table 1. Total design thickness of furnace bottom is 1531 mm, including 

shell steel. 

Table 4: Layer details of Bottom Lining 

S.N. LAYER MATERIAL (FROM INSIDE) LAYER THICKNESS (mm) 

1 Carbon Masse 773 

2 Silicon Carbide (SiC) 225 

3 60% Al2O3 Brick 150 

4 45% Al2O3 Brick 225 

5 Ferro Silicon Fine (FeSi) 140 

6 Steel 18 

The molten metal temperature is 1800 deg. Celsius in the hearth, design heat flux density is 4270 Watts/M
2
 and 

design end steel temperature is 151 deg. Celsius. The dual thermocouples are assumed to measure temperature at the 

junction of layers (a) SiC and 60% Al2O3 Brick (b) 45% Al2O3 Brick & FeSi Fines. From the coefficient of conduc-

tion (design parameter of lining material) and layer thickness the heat resistance of each layer can be calculated (Eq. 

No. 3). Layer drop temperature is equal to this thermal resistance multiplied by heat flux density (Eq. No. 6). The dif-

ference of two thermocouple measured temperatures will provide sum of the layer drop temperatures in 60% Al2O3 

Brick & 45% Al2O3 Brick. As thermal resistances are known, it is easy to calculate back the present heat flux density. 

From this heat flux density & temperature of molten metal, the present lining condition can be inferred (Table No. 4). 

In the given example it is clear that the Carbon Masse lining has been eroded by 327 mm at the point of meas-

urement. The similar inference can be made for any deposit inside the furnace. For a Ferro Silicon furnace this deposit 

shall be Silicon Carbide with conduction coefficient of 3 W/m
0
K. In this case the thermocouples will read temperatures 

below the designed ones, which will result in less heat flux density than the designed one. 

4 PRINCIPLE OF LINING MANAGEMENT WITHOUT THERMOCOUPLE / SINGLE 

THERMOCOUPLES: 

Again the 28.5 MVA furnace of Bhutan is taken into consideration. In this Lining Management System, all lin-

ings i.e. Bottom Lining, Side Wall Lining & Tap Hole Zone lining shall be discussed. The bottom lining layers are de-

scribed in Table No. 1. The Tap hole zone lining layers are described in Table No. 2 and side wall lining layers are de-

scribed in Table No. 3. Total design thickness of furnace side wall is 1076mm, including shell steel. Total design thick-

ness of furnace tap hole zone is 1166 mm, including shell steel. 

Table 5: Layer details of Tap Hole Zone Lining 

S.N. LAYER MATERIAL (FROM INSIDE) LAYER THICKNESS (mm) 

1 Carbon Masse 700 
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2 Silicon Carbide 450 

3 Steel 16 

Table 6: Layer details of Side Wall Lining 

S.N. LAYER MATERIAL (FROM INSIDE) LAYER THICKNESS (mm) 

1 Carbon Masse 700 

2 Unicast Refractory 30 

3 45% Al2O3 Brick 300 

4 Mineral Wool 30 

5 Steel 16 

The molten metal temperature is 1800 deg. Celsius in the hearth for bottom lining, design heat flux density is 

4270 Watts/M
2 

and design end steel temperature is 151 deg. Celsius. Metal pool temperature is 1400 deg. Celsius for 

side wall lining, design heat flux density is 4120 Watts/M
2 

and design end steel temperature is 163 deg. Celsius. Metal 

pool temperature is 1400 deg. Celsius for tap hole zone lining, design heat flux density is 10000 Watts/M
2
 and design 

end steel temperature is 400 deg. Celsius. 

Further, the instrument measures the heat flux density & temperature on the surface of the furnace side wall, bot-

tom & near tap holes (T.H.) at different points. The instrument readings are noted for these areas in Table No. 8, 9 & 

10. From this heat flux density & temperature of molten metal, the present lining condition can be inferred (Table No. 

5, 6 & 7). 
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Table 8: Side Wall Lining Parameters 

[1300 mm Height From Bottom]  

PLACE 

FLUX 

DENSITY 

(W/m2) 

TEMP. 

(Deg. 

Celsius) 

THIC. 

EROD. 

(mm) 

T.H.1 Right       

500 mm 2459 167.6 -602 

1000 mm 3321 187 -195 

T.H.1 Left    

500 mm 3062 198.1 -277 

1000 mm 3637 191.4 -96 

T.H.2 Right [Running Taphole]   

500 mm 2561 164 -547 

1000 mm 2835 176.6 -393 

T.H.2 Left [Running Taphole]  

500mm 2734 185.9 -431 

1000 mm 3260 188.9 -214 

T.H.3 Right       

500mm 2436 161.1 -625 

1000 mm 2850 208.1 -354 

T.H.3 Left       

500 mm 3026 184.2 -305 

1000 mm 3869 202.8 -27 

T.H.4 Right    

500 mm 3366 235.2 -137 

1000 mm 3451 216.3 -128 

T.H.4 Left    

500 mm 2613 211.6 -463 

1000 mm 3312 206.4 -181 

T.H.5 Right    

500 mm 2470 234.6 -514 

1000 mm 2748 219.2 -388 

T.H.5 Left    

500 mm 3430 194 -154 

1000 mm 4020 180.9 -9 
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Table 9: Bottom Lining Parameters 

PLACE 
FLUX DENSITY 

(W/m2) 

TEMP. (Deg. 

Celsius) 
THIC. EROD. (mm) 

EL-1 3853 123.3 -147 

EL1 & EL2 3892 142.9 -119 

EL-2 3606 131.9 -229 

EL2 & EL3 3971 151.1 -87 

EL-3 4285 142.4 -2 

EL3 & EL1 3835 126.1 -151 

Table 10: Tap Hole Zone Lining Parameters [1300 mm Height from Bottom] 

PLACE 

FLUX 

DENSITY 

(W/m2) 

TEMP. 

(Deg. 

Celsius) 

THIC. EROD. (mm) 

T.H.1 Right       

100 mm 3406 192 -719 

T.H.1 Left    

100 mm 4303 245.7 -460 

T.H.2 Right [Running Taphole]  

100 mm 2100 141.5 -1453 

T.H.2 Left [Running Taphole]  

100 mm 3516 232 -652 

T.H.3 Right    

100 mm 3363 213.5 -713 

T.H.3 Left    

100 mm 3990 234.3 -532 

T.H.4 Right    

100 mm 5650 242.2 -270 

T.H.4 Left    

100 mm 6269 271 -196 

T.H.5 Right    

100 mm 4573 262 -402 

T.H.5 Left    

100 mm 5589 289.7 -251 
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Figure 10: Side Wall Lining Profile 

In the given example (Table No. 5) it is clear that there is a deposit on the bottom (at the point of measurement) 

of 147 mm of Silicon Carbide. As noted in the Table No. 6, the deposit at the point of measurement on side wall lining 

is 602 mm and according to Table No. 7, the deposit at the point of measurement on tap hole zone lining is 719 mm.  

Different measurement points can be fed back to PLC/DCS to draw the 3 dimensional view of the remaining lin-

ing. This can be done online or offline. Online data will be able to present the dynamic 3D lining profile of the furnace. 

5 CONCLUSION: 

The Lining Management system provides the operations staff with tools to predict long term lining life and pro-

cess optimization. It provides knowledge that can be used to insure the longest life possible for refractory, as well as 

effective and efficient operation of a furnace. 

The Lining Management system will prove to be of huge benefit to any furnace operation. It is the only means to 

get detailed information on ever changing refractory lining. It gives the ability to constantly monitor the furnace refrac-

tory lining. It monitors the refractory wear and hot face temperatures at various points in the furnace, and have the fol-

lowing main benefits: 

 Prolong refractory life. 

 Makes it possible to draw 3D view of remaining refractory for the furnace & isothermal view of the 

furnace refractory hot face. 

 Provides real–time refractory wear, heat flux, hot face temperature and shell temperatures. 

 The various images give the furnace operator an overall view of the current lining conditions. 

 Identifies problem areas, and gives sufficient warning to take remedial action. 

 Prevent costly down time from burn through. 

In this way the common temperature-dependent wear mechanisms are prevented and a long lifetime of a furnace 

is assured. 
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Evaluation of Furnace Refractory Linings after Sixteen Years of Pro-

ducing Silicomanganese 
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2. BHP Billiton, Johannesburg, South Africa 

Abstract: 

The South Plant of BHP Billiton at Meyertonin South Africa has five furnaces in which UCAR
®

ChillKote
TM 

freeze linings had been installed for the production of silicomanganese between 1996 and 2012. A core drilling pro-

gram was carried out to determine the integrity of the linings after service and the thickness of slag freezing on the car-

bon brick hot face. A total of 180 cores of lining material and slag were collected, mapped and analysed. The paper 

explains core selection, analytical results of the cores, mapping of the linings and the operating performance of the 

furnaces to demonstrate the interconnection between the process and refractory lining.  

1. INTRODUCTION 

BHPBilliton operates a manganese ferroalloy plant at Meyerton in South Africa, which is divided into three sec-

tions known as the South, North and West plants. South Plant is the oldest section which started operations more than 

sixty years ago. The furnaces in South Plant have been upgraded over this period 
[1,2,3]

 and by 1996, only the 15 MW 

furnaces remained. Five furnaces of the same size were established over a ten year period up to 2006. South Plant was 

decommissioned in January, 2012. A demolition program started in 2013 to clear the equipment and buildings and gen-

erate a brownfield site. 

While the UCAR freeze lining had been applied to blast furnaces since the 1950’s 
[4]

, it was during the 1980s 

that Samancor Manganese started to investigate the technical background for a freeze lining for submerged arc furnaces 

producing manganese ferroalloys 
[5,6]

. This investigation was initiated as a result of frequent lining failures caused by 

the erosion of carbon materials by process slags. The first complete freeze lining was installed on M4 at South Plant in 

1996 which was then producing silicomanganese. During the next ten years, the other four furnaces, namely M1, M2, 

M3 & M5 were rebuilt with freeze linings.  

South Plant had a single raw material day bin and batching plant which feeds all of the five furnaces in a single 

building. Each furnace has a tapping pit for ladles and slag pots. The metal was transferred to a casting section at one 

end of the building while the slag was dumped into a pit at the other end of the building. The five South Plant furnaces 

were essentially the same with an electrode diameter of 1,143 mm or 45 inches, and with a Pitch Circle Diameter (PCD) 

of about 2,950 mm.  

GrafTech and ChillKote are trademarks of GrafTech International Holdings Inc. UCAR® is a registered trade-

mark used under license by GrafTech International Holdings Inc. 

2. UCAR CHILLKOTE LININGS  

The basic design used on all five furnaces is shown in Figures 1 and 2. 
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Figure 1: Furnace Lining  
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Figure 2: Taphole abutment and hearth details 

The hearth is made up of alumina brick, graphite block, carbon block and carbon paste. The sidewalls have a 

graphite tile against the shell, then carbon brick and an alumina brick layer for protection during start-up. The thickness 

of the carbon brick depth was increased between and to the sides of the two tap holes, in what is termed an abutment. 

The shells were water cooled and the bottom plates raised onto grillage beams and air cooled. A record of ChillKote 

lining campaigns is given in Table 1. 

Table1: ChillKote lining campaigns on all the South plant furnaces since 1996. 

Furnace M1 M2 M3 M4 M5 

Start up 2000 2003 2006 June, 1996 2005 

Campaign  11.5 years 8.8 years 5.2 years 15.5 years 6.6 years 

Operating Time 10.5 years 8.0 years 4.7 years 13.8 years 6.2 years 

Thermal cycles 5 5 2 6 2 

Total GWh 1,186.45 875.14 517.08 1,541.54 726.03 
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A thermal cycle is defined as when the lining is heated to operating temperature and then cooled down again. 

The M4 lining was in use for the longest period, during which there were six thermal cycles amounting to a total of 2.7 

years, as shown in Figure 1. The next longest lining campaign was on M1, during which there were five thermal cycles 

of 1.0 years. The linings on M4 and M1 therefore represent the greatest combination of full power operations combined 

with thermal cycling, leading to conditions in which lining deterioration might be expected to occur.  

3. FURNACE OPERATIONS OVERVIEW 

Hot metal production at South Plant from 1996 until 2012 is shown in Figure 3 below: 

 
Figure 3: Hot metal production on South Plant furnaces.  

The principal product was silicomanganese, with only short periods when high carbon ferromanganese was pro-

duced.  

Operating parameters on M1 and M4 are shown in the following figures 4 to 7 from 2003 onwards, periods when 

the UCARChillKote linings were in use.  

 

Figure 4: M4 ore mix and alloy analysis (RSA sinter is sinter from Mamatwan mine, M1L is lumpy ore from 

Mamatwan mine, RSA Lump is either W1L or W4L from Wessels mine, TS is Temco sinter and GL is Gemco lump) 
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Figure 5: M1 ore mix and alloy analysis (RSA sinter is sinter from Mamatwan mine, M1L is lumpy ore from 

Mamatwan mine, RSA Lump is either W1L or W4L from Wessels mine, TS is Temco sinter and GL is Gemco lump) 

The principal ores were Mamatwan and Wessels lump, standard grades mined by BHPBilliton, with occasional 

use of sintered ore produced in South Africa. Alloy grade was consistently maintained at about 66 percent manganese 

and 16 to 17 percent silicon. 

 

Figure 6: M4 reductant blend and slag chemistry. 
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Figure 7: M1 reductant blend and slag chemistry. 

Reductant was principally coal with between 10 and 20 percent coke which was replaced in the last 12 months of 

operation by anthracite. The slag contained on average about 16% MnO, 45% SiO2, 5% Al2O3 and 30% CaO and MgO. 

The slag basicity was about 0.6 to 0.7.  

4. CORE DRILLING PROGRAM 

The plan for core drilling was to divide each lining into six sections in the horizontal and vertical planes. The 

principal horizontal sections have been designated as follows and are illustrated in Table 2 and Figure 8. 

Table 2: Horizontal drilling pattern and designation. 

N North Between tap holes, closest to the front electrode, inside the abutment 

NE North East To the right of one tap hole, inside the abutment 

SE South East Close to one back electrode 

S South Furthest from the smelting zone 

SW South West Close to the other back electrode 

NW North West To the left of the other tap hole, inside the abutment 
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Figure 8: Nomenclature used to describe core positions 

In this three-electrode configuration, the N, SE and SW positions are where the process heat source is closest to 

the lining. The NE and NW positions are adjacent to the channels through which the metal and slag are tapped. The S 

position will therefore be least affected by the smelting conditions, being furthest from the electrodes and the tap holes. 

The vertical sections, which are referred to as Levels, are shown by the shell cut-outs in Figure 9 below. Levels 1 

to 3 are above, and Levels 4 to 6 are at and below the taphole centreline. The elevations on furnaces M1 and M4 are 

different because of practical considerations. Access to level 6 was generally problematic and required partial removal 

of concrete platforms. In addition, the water feed pipes and the return launder needed to be partially removed to allow 

for access to levels 5 and 6. Figures 10, 11 and 12 provide details of the core drilling equipment that was used. 
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Figure 9: Work environment Figure 10: Core Drilling Equipment 

 

Figure 11: Core Drilling Equipment Figure 12: Drill Detail  

A 50 mm diameter core was extracted. During the first stage, cores were drilled to a depth of 700 mm which is 

about 200 mm deeper than the carbon lining in the sidewalls outside of the tap hole abutment. At a second stage, the 

depth of some cores was extended a further 500 mm to complete data collection on the condition of the abutment and 

the extent of slag freeze. 
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5. CORES RECOVERED FROM FURNACES M4 AND M1 

The cores recovered from the linings are shown in the following series of photographs. The positions of these 

cores have been superimposed onto the furnace outline shown in Figure 13. 

 

Figure 13: Position of Cores superimposed on the Lining Drawing 

Brick Course A-B: level 6 on M4 & M1: At the lower end of the carbon blocks and above the graphite layer in 

the hearth  
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All cores included 70 mm of graphite and 230 mm of carbon brick before intersecting the carbon block. Ram-

ming paste, used as filler at the periphery of the carbon blocks adjacent to the carbon bricks, was also recovered. The 

paste did not always retain its structure during drilling operations.  

Brick Course No.1: level 5 on M4 and M1: In the carbon paste layer and above the carbon blocks in the hearth 
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All cores included 70 mm of graphite and 230 or 460 mm of carbon brick before intersecting the carbon block. 

Ramming paste was also in place on M4 but not on M1. According to the drawings, the hearth ramming should have 

been intersected. It is possible that the carbon block was installed higher than indicated on the drawing.  

Brick Course Nos.5 & 6: level 4 on M4 and M1: In the sump below the tap hole 
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All cores included 70 mm of graphite. Within the abutment, ceramic brick was recovered at the hot face of the 

carbon brick in M4 which extended to about 900 mm from the steel shell. The design of the abutment on M1 was ap-

parently not as wide, such that frozen slag was recovered at 800 to 900 mm from the steel shell. Outside of the abut-

ment, a combination of slag and raw materials was located at the hot face of the ceramic brick. 

Brick Course No.8: level 3 on M1: at the centreline of the tap hole 
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All cores included 70 mm of graphite. Within the abutment, ceramic brick was located at the hot face of the car-

bon brick which extended to about 950 mm from the steel shell. Outside of the abutment, a combination of slag and raw 

materials was found at the hot face of the ceramic brick.  

Brick Course Nos.12: level 3 on M4 and level 2 on M1: above the elevation of the tap block. 
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All cores included 70 mm of graphite. Within the abutment, ceramic brick was located at the hot face of the car-

bon brick which extended to about 900 mm from the steel shell at the centreline. Outside of the abutment, a combina-

tion of slag and raw materials was found at the hot face of the ceramic brick.  

At the top Carbon Brick Course No.14: level 1 on M1: this elevation coincides with the limit of sidewall car-

bon brick. 
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All cores included 70 mm of graphite and between 230 and 450 mm of carbon brick before intersecting the alu-

mina brick and then slag. Most of the alumina brick had retained its original dimensions. 

Above Carbon Brick Course No.14: levels 2& 1 on M4: 
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All cores included 70 mm of graphite before intersecting the alumina brick and then slag and raw materials.  

Most of the alumina brick had retained its original dimensions.   
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6. CONDITION OF LININGS AT TIME OF SHUT DOWN 

Hearth: The cores collected at hearth level (Brick Course A-B, level 6 on M4 and M1 and Brick Course No.1, 

level 5 on M4 and M1) all demonstrated that the carbon blocks and carbon bricks in the hearth under the sidewalls were 

in good condition when the furnaces were shut down in 2012.     

Sidewalls in the Abutment: The North (N) core provides the best representation for the condition of the abut-

ment, while the NE and NW cores represent the extremities of the abutment.  The tap holes are located between the N & 

NW and the N & NE positions. 

In the N cores, all original carbon and ceramic was still in place above and at the centreline of the tap hole.  Be-

low the tap hole, metal was intersected on the hot face of the ceramic, in the region of the sump.  In the NE and NW 

cores, the presence of the ceramic brick confirms that the carbon brick was still intact both above and below the centre-

line of the tap holes.  As a result, the abutment carbon bricks were confirmed to be in good condition. 

Sidewalls Outside of the Abutment adjacent to the back two electrodes:  The SE and SW cores provide a 

representation of the lining closest to the back two electrodes.  In all cores at elevations above the hearth, most if not all 

of the ceramic brick was found to be intact.  As a result the lining closest to the back two electrodes was confirmed to 

be in good condition.  

Sidewalls Outside of the Abutment furthest from the back two electrodes: The South (S) core provides a 

representation of lining condition furthest from the smelting zone.  In all cores at elevations above the hearth, the ce-

ramic brick was found to be intact.  Additional cores at level 2 on M1 in the East (E) and West (W) orientations were 

also found to have the alumina brick still in place, confirming good lining condition.   

7. SLAG FREEZE LAYER 

Under ideal conditions, metal freeze could be expected up to carbon brick course no.8, accounting for the sump 

or hearth below the tap hole.  Slag freeze might therefore be expected to extend from carbon brick course 8 up to 14, 

approximately in line with the predicted electrode tip to hearth position.   

The radius of the shell was 4,920 mm and the distance from the centre of the furnace to the outside surface of the 

electrodes was 2,050 mm.  Therefore the distance between the shell and the outside surface of the electrodes was 2,870 

mm.   

Outside of the abutment, the total lining thickness was 530 mm, consisting of graphite, carbon brick and ceramic 

brick.  Therefore the open space between the hot face of the lining and outer surface of the electrode was 2,340 mm.  

Since the drill core length was up to about 1,250 mm, a frozen slag zone to a depth of 720 mm was found to exist.  

Inside of the abutment, the total lining thickness was up to 1,100 mm, consisting of graphite, carbon brick and 

ceramic brick.  Therefore the open space between the hot face of the abutment lining and the outer surface of the elec-

trode was 1,770 mm.  Since the drill core length was up to about 1,250 mm, a frozen slag zone to a depth of 150 mm 

was found to exist.  

Slag was intersected above carbon brick course no.14 where there is a 70 mm graphite tile fronted by ceramic 

brick.  It is not known whether this condition represents standard furnace operations or an upset condition, but demon-

strates that the 70 mm graphite tile water cooled on the cold face had been adequate to create a slag freeze layer.   

The cores shown in Figure 14 are a selection from several furnaces at various levels and orientations.   
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Figure 14: Core Samples submitted for physical and chemical analysis 

Some physical properties of these samples are given in Table 3 below. 

Table 3: Core Sample Physical Properties 

ID  Location  Description  Density 

 (g/cm
3
) 

Thermal conductivity (Wm/K) 

1 SW, Level 2 Ceramic brick  2.7 1.03 

2 SW, Level 3 Ceramic brick 2.6 1.04 

3 SE, Level 3 Coke in slag 2.8 1.28 

4 SW, Level 2 Coke in slag 2.7 1.46 

5 SE, Level 4 Ceramic brick 2.9 1.89 

6 E, Level 2 Porous slag 3.2 1.48 

7 W, Level 2 Dense slag 3.2 1.41 

8 S, Level 3 Metal in slag 4.2 1.23 

9 S, Level 1 Mainly metal 5.9 1.19 

10 S, Level 3 Coke in slag 4.6 2.34 

11 SW, Level 2 Coke in slag 2.0 1.88 

12 SE, Level 2 Metal in slag 4.3 2.30 

Samples 1, 2 and 5 were shown to be alumina brick with a density between 2.7 and 2.9 g/cc.  For the remainder 

of the samples, and as expected in general terms, the presence of coke in slag lowers the density of the freeze layer, 

while metal in slag raises the density.  Within this range of samples containing metal, slag and coke, there is however 

no discernible trend relative to changes in the thermal conductivity of the freeze layer.  The cores were submitted for 

physical and chemical analysis and the results are given in Table 4 below. 
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Table 4: Core Sample Analysis 

ID  Description MnO Fe SiO2 Al2O3 CaO   MgO 

1 Ceramic brick  0.2% 1.0% 36.0% 39.9% < 0.1% < 0.1% 

2 Ceramic brick 0.2% 1.1% 38.8% 49.4% < 0.1% < 0.1% 

3 Coke in slag 8.3% 2.5% 46.7% 18.6% 1.6% 0.5% 

4 Coke in slag 21.6% 2.0% 36.6% 5.8% 12.8% 2.7% 

5 Ceramic brick 3.8% 1.9% 35.8% 40.0% < 0.1% < 0.1% 

6 Porous slag 15.9% 1.1% 44.1% 4.4% 25.9% 5.0% 

7 Dense slag 47.5% 10.4% 19.7% 1.9% 10.7% 1.8% 

8 Metal in slag 68.6% 13.2% 24.7% 0.1% < 0.1% < 0.1% 

9 Mainly metal 6.9% 68.3% 6.3% 1.4% 2.9% < 0.1% 

10 Coke in slag 27.9% 1.7% 33.5% 4.4% 14.0% 2.6% 

11 Coke in slag 27.7% 1.2% 43.1% 4.2% 15.5% 3.1% 

12 Metal in slag 24.9% 0.4% 46.3% 5.0% 16.7% 3.3% 

Slag  16% 0.3% 44% 5% 25% 5% 

Sample 6 is the only one of these twelve which can be described by the chemical analysis as pure process slag 

and this sample has a thermal conductivity of about 1.5 Wm/K.  Density and thermal conductivity variations may be 

due to the variable nature of the cores, particularly with respect to porosity and the presence of embedded carbon or 

quartz particles.   The physical differences may well have more of an influence on density and thermal conductivity 

than the presence of metal or the chemistry of the slag.   

8. THERMAL ANALYSIS 

Thermal analysis of the composite lining including a freeze layer consisting of various compositions of metal 

and slag with a range of thermal conductivity values as presented in Table 3 indicates the likelihood that there is a stable 

freeze of about 800 mm outside of the abutment and about 100 mm inside the abutment.  There is then molten slag ad-

jacent to this frozen slag layer which is a dynamic phase from which solidification is expected to be initiated.  The fact 

that most of the analyses of the freeze cores do not correspond to that of the process slag indicates that the chemical 

composition of the freeze lining cannot be readily predicted.  Nevertheless, the range of thermal conductivity values 

between 1.2 and 2.4 Wm/K provides valuable information for first order predictions of freeze lining thickness.   

9. CONCLUSIONS 

The South Plant furnaces had been used to produce silicomanganese from a combination of South African ores.  

The UCAR ChillKote linings had been in place for up to sixteen years with several thermal cycles enforced by com-

mercial considerations.  After this time in service and before the plant was decommissioned, the furnaces were subject-

ed to this core drilling program which established three principal facts: 

1. The sidewalls and hearths were still in a condition suitable for many more years of service 

2. The formation of a protective freeze layer was shown to exist, formed from a process slag containing about 16 

percent MnO 

3. The composition of the freeze layer was a variable containing not only slag but also metal, carbon and quartz 

particles, some porous and others compact or dense.  Nevertheless the thermal conductivity values were 

reasonably similar in a range between 1.2 and 2.4 Wm/K. 
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ABSTRACT 

This report describes the condition of the ErametSauda High Carbon furnace 12 immediately prior to relining, 

observations during the excavation of the furnace and the relining of the furnace in 2013. This furnace was last relined 

in 2002 with 50 cms high carbon blocks / freeze lining concept. Shortly after start-up lifting of the lining was observed 

and continued in the following years until relining in 2013. During this period the lining condition was continuously 

monitored using thermocouples in the lining and periodic heat flux measurement by measuring the shell cooling water 

flow and temperature rise. Periodic injection of grouting paste was made in an attempt to keep good contact between 

the hot face and the cooled shell. During the dig out the penetration of slag between the blocks which resulted in the 

lifting and tilting of lining was confirmed. In additionб samples from the burden and banks around the sidewalls were 

taken in order to increase process knowledge. The new lining is based on the large block / freeze lining concept to 

avoid penetration of liquids in the joints. Experience to date shows that this concept has been successful. 

1 INTRODUCTION 

Furnace 12 has operated from 1972 until 2004 with two tapholes levels. The reason for this design was to reduce 

metal losses to slag, reduce specific energy consumption, reduce coke consumption, increase pre-reduction and better 

control the liquid supply to refining operation. Other large HCFeMn furnaces also operate / have operated successfully 

with two taphole levels, in particular Beauharnois and Samancor M12. Furnace S12 was relined in 2002 using the new 

(for Eramet) freeze lining concept. The freeze lining concept is based on a high conductive lining with water cooling on 

the shell in order to freeze a protective layer of slag/mix on the inner face of the lining to protect it from corrosion. The 

sidewall lining was constructed of small blocks from by European supplier to avoid cracking of large blocks, furnace 

shell was water-spray-cooled and the metal and slag tapholes were cooled with water-cooled copper blocks inserted into 

the lining. Difficult furnace operation, many stops to fix water leaks, an unstable freeze lining, lining lifting problems 

and high lining temperatures began soon after the reline in 2002. A large water leak occurred in the lining between the 

slag hole copper cooling block and slag hole 1 in March 2003 and lifting began shortly afterwards. High lining tempera-

tures and slag tapping difficulties from March to July resulted in single level front tapping which was implemented only 

on 15.07.2004 in an attempt to lower the liquid levels in the furnace to reduce the thermal stress and buoyancy effect on 

the sidewalls. A decrease in the lining temperature was achieved after one tap-hole level was implemented.  

An advantage of bi-level practice is the lower metallic losses to the slag, because metal is only tapped through 

the lower taphole. Little if any slag skimming is required. This saves time and reduces the metallic losses to the slag, 

particularly during the slag raking operation. In the present work, metallic loss is defined as the difference between the-

oretical daily production based on Mn balance and the actual daily production of casted metal. For the studied slag pool 

operation period, the metallic losses were of about 2 wt.%, whereas those found for the single level operation period are 

around 7 wt.%, which confirms the above-mentioned advantage. 

Figure 1 below shows side wall temperatures before and after introducing one tap-hole level. 
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Figure 1: Temperatures in side wall ENS12 before and after bi-level 

2 PREPARATIONS BEFORE EXCAVATION 

2.1  Shutdown 

Two days before the planned shut down the following changes were made: 

 The Comilog ore was replaced with sinter. The reason for this was to avoid discharge of Mercury to the atmos-

phere while the furnace was disconnected from the gas cleaning equipment during burning down. In addition, 

Sinter is a less reactive material than highly oxidized ore giving less thermal strain on furnace equipment. 

 The needle closing gates on the furnace charging tubes attached to the furnace bins were tested. Reason for this 

was that after the stop we wanted a plug left in the furnace bins in order to avoid gas and steam in the top floor.  

 The desired liquid paste level in electrodes was set to 3.5 – 4 meters.  

 In order to reduce electrode length before stop, desired holder position was changed from 60 to 40cms.  

 The resistance set point was reduced from 0.60mohm to 0.57 mohm.  

 The level in furnace bins was reduced from 50% to 30% and further down to 40 and 30% throughout the day. A 

low level was required in period before stop in order to be able to drop down the last remains of raw materials in 

the furnace after stop.  

2.2  Burn Down 

Visual inspection of the level in all furnace siloes was taken before burn down started.  

Tapping was started and load was reduced to 20 MW. The needle gates to furnace siloes were closed. Shortly af-

ter tapping gas, fumes and flames were observed in the top floor. The furnace was stopped for control below roof.  

During the following hours there were several stops and controls below cover in order to see the effect of the 

burn down.  

25
th

 of November: Final stop on the furnace.  

Control below cover after stop showed very good effect of burn down. Mix burden was approximately 2-3 me-

ters below mix chutes. Figure 2-5 shows the electrodes and charge during the burn down process. 
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Figure 2:  Area around A electrode shortly after burn down started 

 

Figure 3:  Area around A electrode during burn down 

 

Figure 4:  A el during burn down 
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Figure 5:  Area around A electrode after burn down 

3  EXCAVATION 

3.1  Cutting Of Electrodes 

Before excavation started the electrodes were cut below clamps. The tool used for cutting was a diamond im-

pregnated wire. Fig. 7 shows two of the electrodes after cutting.   

 

Figure 7:  Furnace cover removed and electrodes after cutting 

Figure 8 shows the lifting of the side-wall lining blocks during removal of the furnace cover. 
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Figure 8:  Lifting of carbon blocks in side wall 

3.2  Excavation 

Figure 9 and 10 shows the opening made in the furnace shell between the two metal tapholes to remove the old 

lining and charge materials. There seemed to be no lifting in the lower parts of the furnace, but in the upper side walls 

the blocks were tilted and lifted. The carbon blocks themselves are not worn or damaged 

 

Fig 9:  Area outside B el. Lifted blocks 
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Fig 10:  Lifted blocks in area left of tap hole A side 

3.3  Observations inside furnace  

During excavation we discovered several banks in areas between electrodes. Samples from burden were taken 

with assistance of people from Eramet Research.A discussion of the analysis of the burden is beyond this report.  

 

Fig 11: Bank in area left of tap hole A side 

4  RELINING 

Relining of furnace started up on the 4
th

 of January and was completed on the 24
th

 of January. A new supplier 

had been responsible for the lining materials. The quality of materials was considered as very good. The lining is de-

signed to have the possibility to operate the furnace as a bi-level furnace in the future. 
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5  RAMP UP ENS12 

The furnace was started up in star connection on the 10
th

 of February at 14:20. Starting up was successful with 

immediate contact on all electrodes. Addition of mix was done regularly during ramp up in order to avoid high tempera-

tures/radiant heat. Fig.15 shows electrodes and mix burden during ramp up.  

 

Fig 13: Mix burden during ramp up 

Ramp up went according to plan as shown in Table 1 below until Sunday, the 16
th

 of February.  
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Table 1: Run up plan ENS 12 

Then a breakage occurred on A electrode approximately 1.5 meters below clamps. The electrode was slipped 1.5 

meters. This was followed the day after by a new breakage on B el.  
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Fig 14: Electrode breakage A and B el  

Recovery finished and the operating load reached on the 13
th

 of February. 

6 CONCLUSIONS 

Excavation has showed that an unstable freeze lining and water leakages can contribute to slag penetration in 

horizontal joints and lifting of the side wall lining. Hypothesis for lifting are stops and water leakages that lead to an 

unstable freeze lining. When the furnace was warmed up after stops, the freeze lining attached to the hot face of the 

lining expanded more rapidly than the carbon blocks, lifting the hot face and thereby opened gaps between blocks. To 

reduce slag penetration in the new lining we used large carbon blocks with few horizontal joints. No lifting has been 

observed since start up in February 2014.  

In addition, we have thermocouples placed in the side wall and bottom in order to follow up temperature devel-

opment. We have also developed a model in order to follow freeze lining thickness and lining lifetime.  
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ABSTRACT 

Refractory campaign life in pyrometallurgical vessels is one of the critical factors in the overall profitability of 

operations. Failures and/or reduced throughput have direct implications on efficiencies, costs and overall business via-

bility for the operator. Today’s challenging process conditions continue to increase the wear rates and shorten cam-

paign lives which puts additional pressure on an operation’s sustainability.  

For many years Hatch has assisted operators in increasing vessel life through the novel and innovative applica-

tion of cooling and cooling elements, allowing organisations to increase productivity through longer campaign life, 

higher operating rates, or more aggressive process conditions. Water has historically been the medium of choice for the 

cooling of pyrometallurgical vessels but Hatch has recently designed and installed an internal, completely waterless 

cooling system in an existing refractory-lined smelting vessel. 

Based on Hatch’s air cooling technology, experience in the implementation of high-velocity air cooling of fur-

naces, and knowledge of corrosion protection technology, a novel solution was developed. The solution incorporates 

fully enclosed high velocity air channels integrated into the refractory design using corrosion - resistant metal fin plates 

to locally increase the heat transfer from the refractory to the air channels.  

The paper describes the development and implementation of the technology at an existing site. The flexibility of 

the technology is illustrated by various examples of other possible applications for this novel, cost-effective and inher-

ently safe system. 

1. Introduction 

Implementation of high intensity cooling technologies has been a common method to mitigate refractory wear 

for decades. Since first being implemented by Hatch for Falconbridge Dominicana in 1973, water-cooled copper ele-

ments have been designed for and installed in many vessels around the world [1]. In 1994, Hatch was awarded the Fal-

conbridge Innovation Award (now Xstrata Innovation Award) for the industry acceptance of the copper cooling system 

[2]. Hatch also designed the first waffle cooler for areas of elevated heat loads [1]. Since then, cooling technology ad-

vancements have generally been limited to geometry and material changes.  

The need for a high intensity, waterless cooling technology which generated the impetus for the development of 

the solution described in this paper, arose due to a confluence of two factors: 

 Severe local lining wear which limited the campaign life of the process vessel 

 A strict prohibition against the use of water-cooling at the particular plant site due to safety concerns 

Existing waterless cooling technologies could not meet the heat removal performance required for this applica-

tion, so a new concept had to be developed. 

The patented Internal Air Cooling technology is a new approach for intensive heat removal from refractory by 

use of high velocity air [3]. Development of this design had to overcome challenges on a number of fronts. The geome-

try of the system had to fit within the refractory bricks while maintaining a tight cooler pitch spacing. The material se-

lection demanded a combination of high thermal conductivity, mechanical stability, and high temperature corrosion 

performance. Hatch marshalled a team of experts to work together to address these issues.  

Internal Air Cooling’s inherent safety, economical implementation, low maintenance requirement and versatility 

make it an attractive alternative to water cooling. Since its successful pilot campaign in a process vessel, other potential 

applications have been identified and developed.  

2. Cooler Use to Mitigate Refractory Wear 

Refractory wear occurs due to a combination of partial melting, mechanical erosion, and high temperature corro-

sion. The “refractoriness” of a brick (an indicator of ability to resist wear) is largely influenced by temperature. Reduc-

ing the temperature of the refractory within the lining allows the bricks to resist wear more effectively [4]. Build-up can 
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also be frozen onto the hot face to mitigate refractory wear. This allows for increased campaign life of process vessels 

which improves the commercial performance of the overall plant. There are a number of widely accepted cooling tech-

nologies described in detail in [5], [6] and summarized below. 

2.1 Water-Cooled Copper Coolers 

Hatch employs various cooling technologies to achieve a stable thermal equilibrium condition, leading to the 

formation of a freeze-lining. Water-cooled plate coolers are designed as both deep-cooled with a cast in pipe, or shal-

low-cooled with the water passage drilled into the portion of copper plate extending out of the sidewall.  

Hatch waffle coolers are taller components, usually thinner in profile with multiple cast-in pipes located with a 

tight pitch spacing. This high concentration of cooling coils increases the heat removal capacity of the waffle cooler 

beyond that of a plate cooler [5]. 

A thermal model of a typical furnace wall section is shown in Figure 78 below, comprising shallow plate coolers 

and a waffle cooler. Both nominal and peak heat loads are applied to the hotface as indicated, and yield the thermal 

equilibrium wall profiles shown in Figure 78. The equilibrium point identifies the wall wear profile at which a freeze 

lining begins to form. 

 

Figure 78: Thermal profile of a typical wall construction at nominal and peak thermal loads 

2.2 External Finned Air Cooling  

Hatch commonly employs external forced-air cooling in the matte/metal zone of a furnace. There have been 

many different cooling methods custom-designed for this zone to maintain the shell within acceptable limits for struc-

tural integrity and provide moderate cooling for the sidewall refractory. The standard Hatch practice includes convolut-

ed copper fins that are bolted to the outside of the steel shell where they are enclosed by steel plates to form a duct. The 

system is cooled by a fan-driven draft air system. [7] 

3. Internal Air Cooling 

Although water-cooled copper coolers are quite common, there are some situations where they are not applica-

ble. Some of these situations include: 

 Limited water circuit availability 

 No water cooling system implemented at the plant 

 Water cooling prohibited due to site-specific safety concerns 

Internal Air Cooling can meet the cooling requirements in these situations due to its versatility and ease of im-

plementation. As shown in Figure 79 below, the heat removal capacity of Internal Air Cooling bridges the performance 

gap between external cooling methods and internal water-cooled copper coolers.  
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Figure 79: Relative performance of different cooling technologies [5] 

3.1 Development Approach 

The design challenge for Internal Air Cooling was confronted by a multidisciplinary team of engineers from 

within Hatch’s Technologies Group. A concept was developed and thermal modelling was performed to predict the 

equilibrium lining thickness and heat flux removal rates. This was done with various geometry cases and cooler pitch 

spacings to optimize the design for cost-effective implementation.  

The material selection challenges were extremely demanding. The materials chosen for the coolers had to not on-

ly provide the required thermal conductivity, but also had to mechanically and chemically withstand extreme tempera-

tures in an aggressive environment. Our Corrosion Specialists worked closely with external laboratories to design an 

accelerated testing program to assist in optimal material selection and evaluation of coating protection options for the 

coolers. 

3.2 How It Works 

The technology is based on the principle that cooling is more effective with higher temperature differentials be-

tween the refractory and the cooling medium. By placing the air channels within the lining, the cooling air is less ther-

mally insulated from the working surface of the lining, allowing for more effective heat transfer. Unlike in conventional 

external air-cooling systems, less lining wear is needed for thermal equilibrium to be established when the cooling sys-

tem is closer to the working surface. 

As shown in the partial assembly given in Figure 80, the system comprises a fabricated channel assembled with-

in the refractory lining, connected to an external source of cooling air. Optionally, high-conductivity fin plates fabricat-

ed from a specialized material can be attached to this channel and protrude inward toward the lining hotface. These 

plates further increase the impact of the cooling application by locally increasing the effective thermal conductivity of 

the lining as shown in Section 0. Due to high operating temperatures, copper, the material traditionally used for cooling 

elements, may be insufficient for use in some applications. 

By using closed cooling air channels, higher air flow rates can be achieved without risking leakage of air into the 

furnace, which may cause local process disruptions or refractory rat-holing. These channels are placed within a profiled 

brick course, shown below in blue. Ambient air is drawn or pushed through the air channels at a high velocity, while the 

hot outlet air is simply exhausted externally or sent to heat recovery. 
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Figure 80: Partial assembly of Internal Air Cooling channels within refractory wall 

3.3 Comparison to Water-Cooled Copper 

System parameters are compared in Table 20 for both Internal Air Cooling and water-cooled copper coolers. 

Table 20: Performance parameter comparison between Internal Air Cooling and Water-Cooled Copper 

 
Internal Air Cooling Water-Cooled Copper 

Peak Stable Wall Heat Flux Capac-

ity 
50 kW/m

2
 100-1000 kW/m

2
 

Maximum Cooling Media Outlet 

Temperature 

300 °C 

Limited by downstream instrumenta-

tion 

~90°C 

Nucleate and dead leg boiling 

Maximum Cooler Material Tem-

perature 

900°C 

(Material dependent) 
450°C 

Cooling Media Velocity 15 - 20 m/s 1.5 – 3 m/s 

Risk Due to Cooling Media Leak Possible refractory rat-holing 
Possible refractory hydration or ex-

plosion 

Stable Cooler Material Life at 

Low/No Flow 

Weeks 

(Pilot campaign experience) 
Minutes to hours 

Auxiliary Equipment Required Fan and ductwork 
Water pump, manifold, cooling tower 

/ heat exchanger 

Operating Costs Fan power 
Pump power, cooling power, water 

treatment, corrosion management 
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3.4 Options for Increased Effectiveness 

The theoretical performance, as measured by lining equilibrium thickness, of air cooling with and without fins is 

compared to forced external air cooling using finite element thermal analysis in Figure 81. It can be seen that the im-

plementation of internal air cooling establishes thermal equilibrium at a greater thickness, closer to the lining hotface; a 

very favourable benefit. Additional benefit can be obtained by the installation of conductive plates within the lining, 

which extend the influence of the cooling channels further towards the lining hotface.  

 

Figure 81: Thermal comparison between various sidewall cooling methods 

The above model was run to simulate a 25 kW/m
2 
heat flux with a fused grain Mg-Cr refractory lining inside of a 

5 cm thick steel shell. The internal air is modeled at 15 m/s with a bulk air temperature of 100°C. This model assumes 

full thermal contact between the bricks and the shell, which artificially boosts the performance of the forced external 

cooling only model (left) relative to the other cases. 

Heat removal performance of the Internal Air Cooling system could be improved by a number of measures:  

 Decrease the pitch spacing between cooling channels 

 Increase air pressure within the channels 

 Increase air velocity 

3.5 Vertical Arrangement 

An alternate Internal Air Cooling channel design, shown in Figure 82, was developed by placing the air channels 

vertically within the refractory. The straight channel is designed within the refractory so that brick bonding is main-

tained. In this particular arrangement, only one hole is required in the shell for air to circulate through the channel. This 

allows for cooling of bath zones with all shell perforations above the bath surface – with the goal of maintaining a 

sealed bath zone shell. If used beneath the taphole, Internal Air Cooling could substantially mitigate the potential risks 

posed by water leaks (hydration of magnesia brickwork and possible explosion). 
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Figure 82: Vertically oriented Internal Air Cooling channels within refractory bricks 

4. Successful Implementation in a Process Vessel 

The Internal Air Cooling system has been implemented in a confidential smelting vessel. Localized refractory 

wear limited the campaign life of the vessel and water-cooled technology was prohibited by the plant due to safety con-

cerns. Internal Air Cooling with fin plates was proposed and designed for the requirements of the vessel and refractory 

geometry. Both horizontal and vertical Internal Air Cooling channels have been installed. Prior to implementation, effi-

cient methods of installing the system were developed to allow implementation without undue disruption to brick instal-

lation. 

After a full campaign, retained lining thickness in the high wear zone was increased by ~300%. The cooling 

channels were removed with the fin and channel materials showing marginal corrosion and wear. The wall was then 

rebuilt with a new set of coolers installed. 

5. Potential Applications 

As with water-cooled copper cooling elements, the Internal Air Cooling system can be adapted to wear zones in 

most metallurgical process vessels. A number of potential applications have been identified and analyzed. These early 

stage concepts require further engineering to optimize the particular system and installation requirements. A brief out-

line of the opportunities is provided below. 

5.1 Hung Roof Cooling 

Hung refractory roofs are normally cooled by natural air convection. This convection is inhibited by dust build 

up on the refractory cold face, which leads to higher refractory temperatures and wear rates. Implementation of water 

cooling would require a complete redesign of the brick roof to incorporate cooled panels, and also introduces a water 

leak risk in the event of cooling element failure. 

By profiling the refractory to accept an Internal Air Channel, the thermal performance of the roof can be in-

creased, as shown in Figure 83, to help mitigate wear of the lining. A secondary benefit is that the exhaust cooling air 

could be ducted outside of the building, thereby dramatically reducing the ambient temperatures at the roof level and 

improving working conditions for the plant personnel. 
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Figure 83: Predicted refractory thickness of Internal Air Cooling vs natural air convection 

It can be seen from Figure 83 that a roof using Internal Air Cooling maintains an equilibrium lining thickness 2-3 

times greater than a natural convection cooled roof for heat loads between 10 – 25 kW/m
2
.  

5.2 Clover Wear Mitigation 

In circular Ferroalloy furnaces, wear is commonly experienced in areas close to the electrodes producing a “clo-

ver” shaped wall wear pattern. The sidewalls are commonly cooled by external water film cooling, which exploits the 

high conductivity of a graphite lining. 

The effectiveness of this cooling is linked to the contact loss between the lining and the shell. This is difficult to 

prevent, as voids are common due to lining movement and shell distortion. By installing Internal Air Channels within 

the lining, as shown in Figure 84, the requirement for this shell contact is reduced as the cooling occurs inside the shell, 

and can be maintained by the vertical loads due to self-weight of the lining.  
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Figure 84: Horizontal Internal Air Cooling channels in a circular furnace wall 

5.3 Other  

Aside from those already mentioned, numerous other potential applications exist. Implementation of Internal Air 

Cooling is relatively simple and entails low CAPEX and OPEX, thereby making it an attractive alternative to more con-

ventional cooling elements in many situations. Application-specific safety concerns, insufficient cooling tower or water 

system capacity, or other economic considerations can all potentially favour the implementation of Internal Air Cooling. 

Examples of potential applications include: 

o Converter tuyere lines 

o Launders 

o Matte/Metal zones 

o Hot gas duct cooling 

6. Conclusion 

This paper presents a new, patented air cooling technology that can be installed within the refractory lining of 

any pyrometallurgical process vessel. The technology comprises vertically or horizontally oriented enclosed air chan-

nels, embedded within profiled refractory bricks, and integrated with the lining to provide high intensity cooling. Cool-

ing effectiveness can be further enhanced by furnishing the channels with high conductivity fin plates to extend the in-

fluence of the cooling air toward the working face of the lining. This technology can be used to mitigate lining wear in a 

variety of applications, in any area of a process vessel. 

Internal Air Cooling’s safe operation makes it an attractive candidate for high intensity cooling where water-

cooled copper coolers or falling film water may not be applicable. The versatility of the design allows for Internal Air 

Cooling to be safely implemented in situations where constraints make the application of water cooling difficult, uneco-

nomical, or impossible. This allows reduced lining wear, and the economic benefits of prolonged campaign life, to be 

realized at low cost in applications where it was not previously feasible to do so. 
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ABSTRACT 

The article is devoted to improving the technical and economic indicators (TEI) of ore-thermal furnaces opera-

tion. 

The reserves for improvement TEP depending on the degree of development of the technological process are 

available on any electric furnace. To search for these reserves requires holding furnace on special studies or work-

related furnace for a given program for some time (active experiment, the preferred option), or without interfering with 

the normal course of its operation (passive experiment).  

The main ways to increase TEP operation of the electric furnace: 

- monitoring the state of the elements of its construction; 

- reduction of the heat losses (based on heat balance); 

- providing input into the bath furnace maximum useful power;  

- ensuring the stability of the process parameters; 

- determination of rational parameters of power furnace operation  

on the basis of a comprehensive analysis of the array data; 

- improvement of the automated control system of an electric furnace. 

The technique of long-term comprehensive experimental studies of electrical, thermal and technological process-

es for operating electric furnace for the production of carbon ferrochrome at the application of various types of charge 

materials is considered. The description used measurement systems, methods of processing, storage and presentation of 

the information received. Recommendations for improving the energy efficiency of the furnace are provided. The issues 

related to the creation and the use of systems to make operational decisions and management of electro-technological 

process of production of ferroalloys are analyzed. 

The complexity of maintaining a rational mode of operation of the electric furnace is also related to the fact that 

the process in it is a complex multifactorial system that fails to fully give way to prior analytical calculations, so the 

task requires experimental solution due to the need for additional instrumentation of the furnace. 

The implementation of the provisions set forth is also contributed by specifically developed for this purpose 

POLINOM program. This program set in ACS furnace allows tracking additional relationships between parameters and 

facilitating maintenance of electro-technological process either in the form of advice to the operator or automatically. 

The algorithms used in the ACS on the basis of the work carried out in electric furnaces in the smelting of high-

carbon ferrochrome can be used in the smelting of other types of ferroalloys with minor adjustments 

INTRODUCTION 

In conditions of a severe competition between producers of ferroalloys for markets the most important indicator 

of economic stability of the company is the reduction of production costs. The main directions of solving these tasks 

may be considered the acquisition of charge materials at lower prices, search for new raw materials, adaptation to the 

conditions of this technological process, and the improvement of technical and economic indicators by increasing 

productivity and reducing energy consumption [1]. 

It should be noted that the acquisition of cheap raw materials (mainly reducing agent) can lead to the opposite re-

sult, i.e. to the decrease in TEI, if the input raw materials are used arbitrarily without technological communication with 

the other components of the charge. In this case, it is necessary to adapt new raw materials to a specific process by find-

ing rational power modes of operation of the electric furnace in the new conditions, i.e. with the analytical adjustment 

of the relationship of input and output parameters.  
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At Tikhvin Ferroalloy Plant (LLCTFP) after the start of the first electric РКО-16,5ФХ-M and commissioning 

of the whole production line for the production of carbon ferrochrome the problem of improving the technical and eco-

nomic indicators of production became urgent, since this path can be considered the most effective and the one that 

leads to significant economic effect. The analysis of the situation led to the identification of the following ways to im-

prove technical and economic indicators: 

- increasingthe capacity of the furnace (within the designed capacity of furnace transformers) to the economical-

ly justified level; 

- definition of electric rational modes; 

- search for possible ways to reduce electrical and thermal losses; 

- increasing the reliability of the lining of the bath, structural elements and electrical equipment of the kiln; 

- ensuring process stability. 

The above provisions have determined the direction and procedure of the studies on РКО-16,5ФХ-M electric 

furnace. 

MAIN SPECIFICATIONS OF THE ELECTRIC FURNACE 

TFP ferroalloy furnace РКО-16,5ФХ-M is designed for the production of carbon ferrochrome and is equipped 

with three single-phase transformers of ЭОЦНР-12500/10 type of the total installed capacity of 22.5 MW. 

The electric furnace has a cylindrical bath with three self-baking electrodes. The lining of the furnace, the bottom 

and walls of the melting space, is made of magnesite bricks. The lower part of the hearth is lined with chamotte bricks. 

Electric furnace bath is covered with low umbrella with three openings to service the mouth. The umbrella which 

is not water-cooled is gunited from inside with the refractory mass. Through the openings in the cover of the umbrella 

there are three self-baking electrodes.  

The power supply to the electrodes consists of a contact node, the system of current-carrying pipes with slip 

rings and the carrier beam. The contact assembly includes 8 copper contact cheeks and thrust ring with hydraulic clamp-

ing of the contact cheeks. 

Vertical movement of each electrode is carried out by the electric motor which is by a system of pulleys and 

ropes through the yoke linked with the suspended casing which the current carrying facility is attached to. The electrode 

is equipped with a pneumatic bypass device and contact cheeks of current carrying facility. 

Short network of the electric furnace provides a current supply from low-voltage lead wire of a furnace trans-

former to the movable shoe s of current carrying facility. The short network packs are made of copper bars with section 

of 12х400 mm and connected to lead wires of furnace transformers by compensators of copper strips which remove 

dynamic loads from lead wires. Flexible part of a short network is made of МГЭ-1000 cables [2]. 

Main specifications of the electric furnace are shown in Table 1. 

Table 1: The main specifications of the electric furnace. 

№ Name of the parameter Measurement unit Value 

1 Nominal power of the furnace kVА 16500 

2 Installed power of the furnace transformers kVА 22500 

3 Limits of the secondary voltage V 137÷204 

4 Maximum current in the electrode А 60000 

5 Diameter of the electrode mm 1200 

6 The diameter of the distance between electrodes mm 3200-3400 

7 Diameter of the casing of an electric furnace mm 10000 

8 Dimensions of the melting area 

- bath diameter 

- bath depth 

 

mm 

mm 

 

6900 

3000 

9 Number of taholes pcs 1 

10 Water consumption for furnace cooling  м
3
/h 220 

EVALUATION OF THE MAIN PARAMETERS OF THE ELECTRIC FURNACE ON THE 

FURNACE-ANALOGUES 

Technological requirements that must be considered when choosing rational modes of operation, and evaluation 

of compliance of the basic parameters of the furnace (electric and geometric) of its power can be obtained on the basis 

of furnaces-analogues with high technical and economic indicators. Calculation of the furnace parameters is performed 

in accordance with the theory which is based on the criterion of electric similarity  
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where Uп- is a useful phase voltage, V; 

de - electrode diameter, cm; 

ρ – specific electric resistance of the reaction zone, Ohm/cm; 

 Iэ - the current in the electrode, A. 

Based on the criteria of ES accounting for the fact that furnaces with the same technology have almost the same 

value of ρ, the following ratio if obtained 
33,033,0

пэп PjCU   

where C - the coefficient of similarity; 

je - the current density in the electrode, A/cm2 ; 

Pп - useful power on the electrode, kW. 

Below is the calculation result for the electric furnace РКО-16,5ФХ-M on the power of 22.5 MVA which is car-

ried out for two counterparts [3]. The calculation results are shown in Table 2. 

 

Design parameters of the electric furnace РКО-16,5ФХ-M on the power of 22.5 MVA 

Table 2 

Parameters The calculation is 

similar to the -1 

The calculation is 

similar to - 2 

Average result 

Sном, kVA 22500 22500 22500 

Pакт , kW 17300 18700 18000 

U2 , V 190 209 200 

Iэ, kА 68.5 62.3 65.0 

Cos  0.77 0.83 0.80 

dэл , mm 1200 1400 1300 

dр , mm 3400 3900 3650 

dв , mm 7500 8400 8000 

hв , mm 2700 3400 3000 

From the data in Table 2 we can conclude that the geometric parameters of the furnace РКО-16,5 ФХ-M in its 

current version (del=1200 mm and dр=3200 - 3400 mm) do not allow it to supply power more than 17- 17,5 MW, as the 

specific power Pудп in the bath of the Jyf  becomes unacceptably large (load on the furnace bottom up to 550 kW/m
2
 at 

390 - 425 kW/m
2
 for analogue furnaces). 

To check the correctness of the drawn for the existing furnace РКО-16,5ФХ-M comprehensive studies were car-

ried out that required the installation of recording and measuring devices and the subsequent processing of the obtained 

data arrays about the operation of the furnace. 

A comprehensive target setting required a phased work: the first stage was conducted in 2008, the second in 

2011 being continued till present. 

At the first phase hardware support of the experiment was identified and installed, and the maximum allowable 

powers of the furnace under the design and rational modes for the same type of raw material were worked out that was 

used during the experiment. Thermal conditions of the technological process and electrical parameters of the furnace 

control in automatic mode with minimization of the staff involved in melting to reduce the impact of the human factor 

were investigated. 

As the primary furnace contol option in ACS mode the current limitation mode was selected, as it reduces losses 

from accidents on the electrodes. The practice of our operation of the electric furnace it is normal when the furnace op-

erates in the ACS control mode for all three electrodes of 60 to 80% of the total time of its operation. 

In the second phase of operation rational electric modes were identified in connection with the changes in the ore 

base in terms of chemical and particle size, as well as the use as a reductant some other types of carbon materials. 

Further continuation of operation allowed at this stage to make the assumption that on the basis of the available 

hardware complex and the obtained data it is possible to create a model of furnace control which provides not only usu-

al functions of the ACS, but the forecast of the possibilities to use different types of raw materials which are cheaper or 

were not previously used. Possible options of this forecast is from the point of view of technical and economic indica-

tors - positive, negative or neutral – can be converted into financial result for decision-making about the use of new 

material. This will allow reducing the duration of the experiment not only as planned, but also taking into account the 

overlapping of other associated factors that are specific for the ore-smelting furnace, and to make the right decision in a 

shorter time. 
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ALGORITHM OF ENGINEERING CALCULATION OF ELECTRIC PARAMETERS 

USED WHEN PROCESSING EXPERIMENTAL DATA 

For continuous registration and recording of controlled electrical parameters of the measuring system based on 

the four panel programmable analyzers CVM-NRG96 by CIRCUTOR (Spain) is developed. The analyzer is designed to 

measure basic electrical parameters of three-phase industrial electric furnaces with symmetrical or asymmetrical load. 

The analyzer simultaneously registers the following parameters:  

- voltage - linear and phase (for each phase);  

- current;  

- active and reactive power (for three phase);  

- full power (for three phases);  

- power factor (for each phase);  

- pickup of active and reactive power (for three phases) and other parameters required for the analysis. 

There is a possibility to connect analyzer with a personal computer. 

The program of processing of experimental data obtained during operation is developed on the basis of engineer-

ing algorithms and provides the necessary calculations, plotting of various graphs and dependencies, presenting of the 

experimental and calculated data in a readable form. The source for the processing is the file created in the course of the 

experiment using a measuring part of the program. The information unit is a daily archive file for random access. Se-

lected and opened file is analyzed primarily for the purpose of elimination of distorted and unreliable data. According to 

the analysis. a new file is created being the basis for all calculations.  

The data processing program includes two parts: calculation (to perform the necessary calculations and averag-

ing) and graphic (charting). The graphic part of the program, in turn, has two components: building of dependencies of 

the furnace operation performance and graphing functions of time. 

Building of dependencies is carried out automatically, and the program determines the averaging interval (inter-

val criterion is the constant level of voltage). Having built a dependence for one interval, the program at the user’s in-

struction can build for the next interval, etc. until the end of the day. 

ELECTRIC CHARACTERISTICS OF THE ELECTRIC FURNACE 

The experimental data array obtained from the furnace based on the installed equipment, and processed using al-

gorithms allowed us to obtain the electrical characteristics of the furnace which give the opportunity to define rational 

mode of the furnace operation. There is further opportunity to quickly adjust the progress of the technological mode in 

this way directly during the operation of the furnace. 

To determine the dependence of the inductive resistance of the heater circuit on the current data in a wide range 

of current change with hourly averaging of parameters were processed. As a result, using a parabolic correlation, the 

following dependence is obtained 

Xпк = 1,643 –  1,237· 10
 – 2 

Iэ + 1,701 · 10
 – 5 

Iэ
2
, mОhm 

This dependence is set in the program of calculation of electrical characteristics of the furnace. Value Rтп is left 

constant, since the active resistance of the current carrying facility is slightly dependent on the current and is in the area 

of operating modes only part (10 - 15%) of the active resistance of the entire furnace.  

The electrical characteristics for voltage steps 1 through 17 are calculated. In Fig.1, for the purpose of illustration 

the full set of electrical characteristics of the furnace for the 1
st
 stage of voltage. From the electrical characteristics for 

all voltage steps the dependences of active power on the current in the electrode Pа = f (Iэ) are taken and combined on 

one graph (Fig. 2). The result is a line of maximum powers for all voltage steps. 

But when allowable currents of furnace transformers by voltage steps are taken into consideration, the maxima 

of active power can be achieved only on the steps starting with the 6
th

 and below. At higher levels the current limit of 

the transformers do not allow to reach the maximum points (see the line where the limitations are taken into considera-

tion). Zone of operating modes is to the left of this line, i.e. in the zone of lower currents. 

As noted above, electric characteristics of furnaces reflect the electrical side of the process, i.e. show for each 

atep of the voltage what the maximum active power can be achieved at the data of electrical parameters of the furnace 

circuit. 

But from the point of view of process technology the maximum power is not necessarily rational (it might be 

excessive), so the operating mode can only be determined either by practice (this requires a long period of opera-

tion with a gradual withdrawal at an acceptable mode), or by calculation on the basis of analogue furnaces. 

RESEARCH OF THERMAL MODES OF THE ELECTRIC FURNACE 

Research of thermal modes is required for the following reasons: 

- serch for the opportunities to reduce heat losses; 

- confirmation and further justification for limiting power; 
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- monitoring of the furnace condition and the lining durability [4]. 

Study of the thermal modes of the electric furnace was conducted in several areas: 

- continuous monitoring of temperatures inside magnesite masonry  

- the vertical part of the lining at the level of the ends of the electrodes in the areas  

- opposite and between the electrodes using duplex thermocouples  

- HA type with automatic recording their readings; 

- periodic measurements of the temperature distribution on the casing surface  

- electric furnaces with TESTO 880 thermal imager; 

- periodic measurements of the velocity and temperature of cooling air  

- the furnace bottom for each of the 12 cooling channels  

- thermal anemometer of TESTO-420-2 type; 

- periodic measurements of cooling water consumption and its temperature 

- heat-stressed structural elements of the electric furnace. 

Calculation results on the input and consumption of heat, supplemented with data of averaged statistics for fur-

naces which are close in terms of power and designed for smelting ferrochrome allowed for an approximate heat bal-

ance of the furnace РКО-16,5ФХ-M.  

Table 3: The heat balance of the electric furnace 

No. Input items Power, kW № Consumption 

items 

Power, kW 

14100 16200 18300 14100 16200 18300 

 

1 

 

Electricity 13100 

75% 

14700 

75% 

16800 

75% 

1 Useful heat (target 

reactions) 

12300 

70% 

13700 

70% 

15700 

70% 

2 Physical heat of the 

charge 

530 

3% 

590 

3% 

670 

3% 

2 The heat of alloy 

being tapped 

1050 

6% 

1180 

6% 

1350 

6% 

3 Heat of exothermic 

reactions 

1580 

9% 

1760 

9% 

2020 

9% 

3 The heat of out-

going slag  

350 

2% 

390 

2% 

450 

2% 

4 The combustion gas-

es at the top 

2290 

13% 

2550 

13% 

2910 

13% 

4 The heat with 

gases 

820 

4.7% 

940 

4.8% 

1060 

4.7% 

     5 Losses through 

side lining 

520 

3.0% 

540 

2.8% 

550 

2.5% 

     6 Losses through the 

furnace hearth 

furnace 

120 

0.7% 

145 

0.7% 

160 

0.7% 

     7 Losses with water 

cooling 

760 

4.3% 

1810 

9.2% 

1730 

7.7% 

     8 The thermal con-

ductivity through 

electrodes 

180 

1% 

200 

1% 

220 

1% 

     9 Unaccounted 

losses 

1400 

8.3% 

695 

3.5% 

1180 

5.4% 

 Total 17500 

100% 

19600 

100% 

22400 

100% 

 Total 17500 

100% 

19600 

100% 

22400 

100% 

Analysis of Table 3 shows that in the comsumption of the heat balance the item that contains the possibility of 

reducing the power loss is water cooling [5]. 

ELECTROTECHNOLOGICAL MODES OF THE FURNACE 

For the entire period of operation 3.238.915 kg of chrome ore is processed with an average content of Cr2O3 - 

46,96%, SiO2 - 8.59%, S - 0,046%, quartzite - 112002 kg, coke - 724747 kg. The moisture content in the ore 2.43%, in 

coke - 17,53%. The charge loaded in a furnace contained an average of 48.1% of fines sized 10mm or less, and on some 

days up to 67.6% of fines of this size. Obtained ferrochrome amounts to 1133.97 tonnes with an average content of Cr – 

69.63%, C - 8.41%, Si - 0.27%, and S – 0.038%. 

The basis of the studies on the electric furnace was an active experiment in the power range from 13 to 17 MW 

with different size composition of chrome ore (the ratio of lump and fines from 30/70% to 70/30%). Table 4 lists the 
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preset modes of furnace operation, thus the active experiment was started with a large-size of ore (70/30 % ratio). An 

average active power preset for each mode was maintained with an accuracy of ± 1 MW.  

Table 4: Preset modes of active experiment for the Furnace No. 1 TFP  

 

Mode 

No.. 

The beginning 

and the end of 

the mode 

Lump/fine 

ratio, % 
Active power Pа, MW 

70/30 50/50 13 15 17 

 May 14-15  Charge loading with 70/30% ore size 

1 May 16-17  +  +   

2 May 18-19  +   +  

3 May 20-21  +    + 

4 May 23-24   +   + 

5 May 25-26   +  +  

6 May 27-28   + +   

Voltage steps at each given power was chosen in the experiment, in accordance with the status of the furnace for 

the period and had to provide this capacity. 

During the active experiment, the ratio of the charge components (quartzite share, excess/deficiency of a reduc-

ing agent, etc.) should remain unchanged.  

Each mode was maintained for 2 days, between modes with different lump/fines ratios was a transitional period 

with a duration of 1 day, the total duration of the active experiment was 16 days. 

Preset modes were held as precisely as possible [6]. As a result, the following averages of rational modes of the 

furnace operation were obtained (Table 5) 

Table 5 

Ore breakup 30/70 

with anthracite 

30/70 

without 

anthracite 

50/50 70/30 

Electrical parameters:     

Active power, MW 13.40 12.72 15.70 15.67 

Reactive power, МВАR 7.36 7.33 9.14 10.1 

Current per phase, kA 47.2 47.5 56.15 57.76 

The voltage per phase, V 104.6 108.9 109.0 111.6 

Х of the bath, mОhm 0.687 0.657 0.59 0.61 

R of the bath, mОhm 1.81 1.79 1.57 1.58 

Cos  0.862 0.857 0.86 0.85 

Voltage steps 4-6 3-5 3-4 2-3 

Technological parameters:     

Pickup of active electric energy, kWh 25244 25520 26050 26503 

Pickup of reactive electric energy, kВАRh 14740 16200 16604 16604 

The amount of charge per melting, kg:     

Ore 18517 16904 17315 17881 

Quartzite 605 603 435 435 

Coke 3634 3904 3184 3545 

Anthracite 1040 0 1222 1123 

Metallurgical concentrate 2793 2083 2609 2686 

Technical and economic indicators:     

Obtained FeCr (per melting), phys. t 7.48 8.60 8.64 9.02 

Performance, phys. t/h 4.00 4.32 5.22 5.30 

Specific consumption of electric. energy, MWh/t 3.4 2.9 3.01 2.91 

Analysis of the electrical parameters of the furnace РКО-16,5ФХ-M allows drawing the following conclusions: 

- inductive resistance of the heater circuit on chrome ore sized 30/70% is Xпк= 1.10 mОhm, for the ore sized 

70/30% - Xпк= 1.05 mОhm, active resistance of the current carrying facility - Rтп = 0.14 mОhm at the current in the 

electrode Iэ= 54 kА. When calculating the electrical characteristics of the furnace  

the dependence of the inductive reactance from the current Xпк = f (Iэ) is taken into account, 

the gradient change is ΔX = 0,005 mОhm/kА; 
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- electrical characteristics are calculated for the voltage steps of furnace transformer – the 1
st
 (204 V), 3

rd
 (192.5 

V), 5
th

 (182 V), 7
th

 (172.5 V) and 9
th

 (164 V) at a ratio lump/fines 30/70 and 70/30%; 

- characteristics show (Fig.1) that the maxima of active and useful powers do not match:  

with increasing current the maximum of useful power comes earlier. This should be considered in the analysis 

and calculation of electric modes of the furnace, therefore, on the basis of the obtained characteristics, the dependencies 

are grouped by sizes of the ore and the voltage steps. One can see what maximum power can be achieved on the rele-

vant the voltage steps in data electrical parameters heater circuit and in which the currents the electrode is achieved;  

- if these maximum powers are imposed restrictions on the currents associated with the allowable currents fur-

nace transformers, on the top voltage steps magnitude of achievable powers are reduced, and the area of operation 

modes is shifted towards the decreasing current; 

- based on the allowable load on the bottom Pудп.доп. = 450 kW/m
2
, the active power the furnace should be limited 

to the value of Pа = 16,8 МВт.  

- comparison of the results of measuring active resistance of the bath when the furnace operates using the ore of 

the Kempirsai deposit and Albanian-Turkish ore shows the reducing resistance of the bath on average by 15%. In this 

regard, electric modes of voltage and current are changed as well. Analysis of the data obtained shows that with the 

increasing power the amount of carbon ferrochrome slightly increases, silicon content reacts more noticeably and sulfur 

content reduces. This composition of the charge affects the resistance of the bath and, ultimately, the increase in specific 

energy consumption. Because of increased fines content during the furnace operation at an average power of 18 MW, 

there was a sharp increase in the fly of dust into the system of flue gases cleaning [7]. Increasing the sample of quartzite 

in the charge by on average 50% does not provide noticeable effect in the resistance of the bath. 

When the furnace operates at an average power of 18 MW due to frequent exits to open arc and, as a conse-

quence, emissions with increased fine dust fly the loss from a water-cooled furnace structural elements creased sharply. 

The allocation of a temporary period of each melting is of practical interest for further analysis. Analysis of the electri-

cal parameters by meltings gives the opportunity to evaluate and, further, to adjust the power mode, demonstrating the 

reason for high unit cost of electricity. 

CONDITIONS OF INCREASE IN CAPACITY OF THE ELECTRIC FURNACE UP TO 19 

MW 

Active power Pа = 19 MW can be obtained at the 1
st
 voltage step of furnace transformers (204V) when the cur-

rent in the electrodes Iэ = 64 kА, which corresponds to the current of the secondary windings of the transformers at this 

step of 37 kA (permissible current in the windings at this step is 36.75 kA). 

The specific power density at the bottom when Pа = 19 MW  

Pудп = 
22 9,6785,0

19000

785,0 


вd

Pа
 = 510 kW/m

2
 (Pудп.доп. = 450 kW/м

2
) 

If we proceed from the allowable load on the furnace hearth, the diameter of the furnace bath РКО-16,5 ФХ-M 

should be increased from 6900 to 7500 mm, then 

Pудп = 
22 5,7785,0

19000

785,0 


вd

Pа
 = 430 kW/m

2
< 450 kW/m

2
 

The increase in bath diameter can be performed by decreasing the lateral thickness of the side lining at the level 

of the bottom by 300 mm aside without changing the diameter of the furnace casing, but with the possible adjustment of 

materials and layers of the lining (if required, by the results of the calculation). 

RATIONAL ELECTROTECHNOLOGICAL OPERATING MODES OF THE FURNACE 

The choice of rational energy modes of ferrochrome smelting in the electric furnace РКО-16,5-ФХ-M at the 1
st
 

stage requires the formation of data array (in tabular form). Technological parameters, as well as main output technical 

and economic indicators are subject to manual input. 

Rational mode is designed for electric furnaces РКО-16,5ФХ-M TFP after putting them in a normal operation 

over the range of operating power values. The goal is to achieve the best technical and economic indicators of produc-

tion at each furnace individually in terms of a specific technology. 

The basis of suggestion is a specially designed computer program for processing of experimental data array ob-

tained from the existing furnace and characterizing its work. The data consist of input and output parameters and pa-

rameters of the electric furnace condition in periods of stable operation. Data collection is expected to be implemented 

using storage measuring devices. 

To implement the program, experimental data array is required to be generated in a text editor following the giv-

en form.  
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The input values 

1. Power of electric furnace, kW 

2. Operating voltage, V. 

3. The current in the electrode, kA. 

4. Volume of loaded charge by its components, t/h. 

5. Content of the leading element in the charge. 

6. Excess of reducing agent %. 

7. Size of the charge, mm. 

8. Moisture content in the charge, %. 

9. Charge input mode. 

10. Melt tapping mode. 

Output values 

1. Furnace capacity, tons/day. 

2. Specific energy consumption, kWh/t. 

3. Recover of the main element, %. 

 
All the necessary calculations for the quantities can be obtained from the subsystem of data collection, archiving 

and the formation of technological reports with the addition of information from recording devices aditionally installed 

on the furnace.  

Special requirements to the file of experimental data: 

- the possibility of changing the set of input and output values;  

- the possibility to change the periodicity and frequency of values measurement within a specified period; 

- the possibility of averaging the values within a specified period;  

- the file should be generated automatically based on specified conditions; 

- the output of the data array in the form of the specified table in a file on the diskette. 

Characteristics of the charge (components, their ratio, chemical composition, granulometric composition, mois-

ture), as well as the mode of its loading and all changes can be periodically entered into the system manually according 

to the results of control established by the plant, but a continuous automatic input of these parameters into a table of 

experimental data should be provided. 

The quality of the experimental data array (reliability and the degree of their relationship) is estimated by the 

correlation coefficient. In this case ranking of the input values according to their importance and influence on the output 

values is also possible.  

The sources of experimental data table generation: 

- readings of the measuring devices; 

- manual data input; 

- data on the downtime of the furnace (to be excluded from the experimental data array of unrepresentative peri-

ods). 

At the initial stage of introduction and development of optimization of electric furnaces operation modes manual 

entry of the data array in the program on the basis of the table in any form is possible. 

After entering of the experimental data file in the program and its processing obtained mathematical dependenc-

es of the output values on input values are investigated for the extremum with the help of OPTIM program and the 

combination of input parameters, at which the best output performance of the electric furnace is achieved, are given [8]. 

The results of data array processing for the shift may be given in the mode of the recommendation to the following 

shift. 

At subsequent stages of work it is appropriate to conduct active experiment with a pre-designed program of trial 

melts. 

MINIMIZATION OF THERMAL LOSSES AT ELECTRIC FURNACE DOWNTIME 

Due to possible interruptions in the electric furnace operation (in terms of technology, under the constraints of 

power consumption, repair, and also for the reasons underlying state of the market - difficulties in the marketing of 

products, the transfer of the electric furnace to another production), the furnace have to be off for a certain periods. Such 

downtime can be "held" in different ways: with a complete disconnection of the electric furnace (in this case the heat 

accumulated by lining is completely lost) or at idle running power (in this case the electricity to maintain heat accumu-

lated by lining is consumed). The question of choosing the option of downtime is solved by the prior (to stop of the fur-

nace) parallel calculation of both options with a gradual increase in the duration of downtime and comparison of the 
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energy loss in each case. Depending on the planned duration of the outage (for calculation, it is desirable to know it in 

advance) the option of furnace downtime with minimal loss of energy is selected. 

The options of electrical modes during the periods of power limitation from the power system, taking into ac-

count different rates for electricity in the daytime and at night can be calculated. 

ADJUSTMENT OF TECHNOLOGICAL MODES OF OPERATION DUE TO THE 

TECHNOLOGICAL CHANGES 

In the operation of furnaces various possible violations of technological progress associated mainly with changes 

in the chemical composition of the mixture components and their ratio in preparation for smelting are possible. As a 

result, physical properties of the melt and, consequently, the resistance of the furnace bath, change. If these properties of 

the melt are known before and after burdening change, namely: 

- specific electric resistance, Ohm-m; 

- density, t/m
3
; 

- specific heat capacity, W-h/kg-С; 

- specific heat of melting, W-h/kg; 

- process temperature, С 

or at least part of this information, the calculation can be adjusted by electric melting conditions. Using a similar 

calculation we can determine the electric furnace operation during the transition to the production of other alloy. 

DIRECTIONS FOR IMPROVING TEI OF ELECTRIC FURNACES 

On the basis of materials obtained during the execution of the present work the following areas for further work 

can be projected: 

- adjustment of rational modes of operation of the electric furnace in the course of technological changes associ-

ated with changes in the composition of raw materials, ACS means; 

- minimization of heat losses during the furnace downtime; 

- increasing the reliability of structural elements. 

CONCLUSION 

1. After start-up of an electric furnace and commissioning of the whole production line for the production of car-

bon ferrochrome the problem of improving technical and economic indicators of production becomes urgent, since the 

improvement of these indicators even by 5-10% leads to a significant economic effect. 

2. For working voltage steps the electric characteristics of the electric furnace are calculated. The line of maxi-

mum power by voltage steps constructed on the basis of these characteristics reflects the possibility of the furnace cir-

cuit (active and reactive resistances), but does not take into account the allowable values of current for the furnace 

transformer for voltage steps. 

3. Taking into account the allowable values of current for the furnace transformer we obtain a line of maximum 

power achievable in an electric furnace without taking into account the technological aspects of the process.  

4. To account for technology, calculations were made on the basis of analogue furnace – a well and steadily op-

erating furnace for the production of ferrochrome (electric OKБ-539 of the Serov Ferroalloy Plant). In addition, the data 

obtained on the furnace РКО-16,5ФХ-M on stages of its development were taken into account. Based on the calculation 

results, we can conclude that the maximum power for the furnace in its current version is 17 and 17.5 MW. Thus the 

power density at the bottom does not exceed the allowable value of 450 kW/m
2
. The power of 20.5 MW achieved with 

the furnace can be only momentary and is not allowed for permanent operation, as the load on the furnace bottom 

reaches 550 kW/m
2
.  

5. The electrical characteristics testify to the fact that the maxima of active and useful power occur at different 

values of the current (maximum net power occurs earlier, i.e. at a lower current value). Electric mode should be sup-

ported to the maximum useful power. 

6. Additional measuring means in the electric furnace include a control thermocouple in the side lining of the 

baths, TESTO 880 IRSoft thermal imager and CVM-NRG96electroanalyzer. 

7. The inductive resistance of the heater circuit is introduced into the algorithm for calculating the electrical 

characteristics not like a constant value, as is customary, but a variable obtained continuously in the process of conver-

sion of readings of CVM-NRG96electroanalyzer. The active resistance of the current supply facility is taken to be con-

stant (0.14 mОhm). 

8. The possibility of investigation with the help of TESTO 880 IRSoft thermal imager the entire housing of the 

furnace and diagnosis on this basis of the total volume of the lining is shown. 

9. The plots of temperature distribution along the circumference of the furnace for three zones, and, at the height 

of the casing for areas across the electrodes and for areas between the electrodes common to all round three-electrode 
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furnaces, are common in nature, and therefore represent the interest of the ratio of these temperatures in the form of 

coefficients, which can be used for other similar furnaces. 

10. The proposed method allows automatic monitoring of the condition of lining with checking compliance with 

the conditions t< tдоп in each layer of the lining and t < tкрon the inner surface of the lining. In the case of non-

compliance of these conditions there should be a signal indicating a dangerous place and the temperature deviation from 

the norm. This requires the development and implementation of communication “exit from the thermal imager in the 

selected reference points of the temperature field of the casing - entrance to the algorithm of calculation of the tempera-

ture of chains along radial directions of the total volume of the lining” to diagnose its condition. 

11. The search for the relationship of the magnitude and distribution of heat losses with the air through the bot-

tom cooling channels with a ratio of the power at the electrodes and erosion of the bottom under each electrode (in con-

junction with the control thermocouple readings under the electrodes) is the subject of further more detailed studies with 

further introduction into ACS of the electric furnace of the monitoring method of the bottom condition and the progress 

of the entire process. 

12. Concerning the water cooling system, we can conclude that the largest proportion of losses in the water cool-

ing system is in the contact cheeks (60-65%), and increasing the power of the electric furnace from 14.4 or 14.8 MW to 

17.2 - 18.8 MW, i.e. by 23%, was accompanied by an increase in loss in the water cooling system from 660 - 850 kW to 

1730 - 1810 kW, which is 2.3 times more that perhaps speaks of redundancy of power 18 - 19 MW to the furnace (this 

is primarily confirmed by the analysis of the electrical characteristics of the furnace). 

13. The loss of heat with the furnace gases (gas mixture which results in combustion of gases in the top of the 

furnace due to the oxygen of the air) amounted to a range of 820 kW at RA = 14.1 MW up to 1060 kW at Pа= 18.3 MW. 

14. Approximate heat balance of the РКО-16,5-ФХ-M furnace shows that water cooling in the main item which 

has the possibility of reducing. 

15. Further continuation of this work allowed at this stage to make the assumption that on the basis of the availa-

ble hardware and the obtained data it is possible to create a model of furnace control which provides not only the usual 

functions of the ACS, but also the forecast of the possibilities of using other raw materials which are cheaper or not 

previously used, if the characteristics of these raw materials are investigated. Possible options of such a forecast - posi-

tive, negative or neutral - can be converted into financial result to make right decisions about the use of new material in 

a shorter period.  
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ABSTRACT 

Temperatures were measured with K-type thermocouples in two electrodes in an industrial FeMn furnace. The 

measurements were taken over a period of 16 days with seven measurement days, including one furnace shutdown and 

start up. The temperature profiles show a temperature rise from 50 to 70° C in the area of the paste level. Further 

downing of the electrode induced current from the current bars heat up the paste above the contact clamps. Differently 

positioned measurement points on the circumference of the electrode show large differences in paste temperature. In 

one measurement position between the fins of the casing, temperatures reach up to 270° C due to induction, and at 

these temperature volatiles may start to leave the coal-tar pitch going upward through the melted electrode paste. The 

volatiles may condensate again, and hence decrease the coal-tar pitch viscosity which again increases the chance of 

segregation in the paste. The highest temperature is found between the steel fins because heat conduction by the steel 

decreases temperature gradients close to the fins. The need for heat conduction by steel fins can also be seen in a 

COMSOL computer model where the steel fins are not included, and better heat conduction would improve the model. 

During high slipping before a furnace shutdown the position of the baking zone is moved down, but stays within the 

contact clamp. Temperatures in the electrode need more than 12 hours to recover after a shutdown of 8 hours.  

1. INTRODUCTION 

The Søderberg electrode is made of electrode paste. The electrode paste is a mixture of carbon aggregates (an-

thracite, coke or scrap graphite) and a binder (coal-tar pitch), and is added into a steel casing on top of the electrode. As 

the electrode is consumed the electrode and the casing with electrode paste is moved down towards the furnace. The 

movement of the electrode is called slipping, and the resistive heating from the electrode current and heat from the fur-

nace - heat the new paste. The electrode paste softens as it heats and will fill the whole casing between 50-100°C. The 

paste is finish baking to a solid carbonaceous body at about 475 °C [1]. Important inputs to electrode quality are raw 

materials (carbon aggregate and binder), the slipping rate and the electrode current. Too high slipping rate can make the 

baking zone (450-500° C) move under the contact clamps. This may cause a soft breakage if the electrode current is 

higher than the current carrying capacity of the electrode casing. Too high slipping rate also reduces the strength of the 

baked electrode. The electrode current is also the main source of heat for electrode baking and is thus important for the 

electrode quality. The operating conditions of a ferroalloy furnace will also influence the baking conditions and inferior 

electrode quality may be the result of unfavourable furnace operation [2]. 

One of the reasons for the successful invention of the Søderberg electrode in 1919 was the use of fins in the steel 

casing. Figure 1-1 illustrates the temperature distribution in the Søderberg electrode from addition of paste cylinders to 

the baked electrode in the smelting zone. The equipment for electrode handling is also shown in Figure 1-1. 

One of the most important raw materials in the electrode process is the coal-tar. Coal-tar is a by-product from 

coke production. The metallurgical coke produced from coal is used in the blast furnace production of steel. In the cok-

ing process, the coal is heated to 1000-1200°C with a holding time of 14-20 h. The yield of coke is about 75% and the 

yield of coal-tar 3-4%. Water and chlorides are then removed before the crude tar is distilled to give coal-tar pitch. 

From 1 metric ton of coal about 15-20 kg coal-tar pitch is produced [3, 4].Coal-tar pitch is the distillation residue after 

naphthalene-, creosote- and anthrecene-oils are boiled of. Anthracene oils are the heaviest of the mentioned oil fractions 

and have boiling point above 300°C. Coal-tar pitches consists of many individual organic compounds, mostly polycy-

clic aromatic hydrocarbons with 3-6 rings [5]. Distillation of the lighter fraction is an important characteristic of coal-tar 

pitch used as binder for electrode paste. Components that are vaporized at low temperatures may rise and condensate 

higher in the electrode column and make the paste more liquid in this area. Distillation is usually checked in accordance 

with ASTM 2569-97 (withdrawn in 2006) in the range of 270° C to 360° C. For electrode paste little or no volatiles 

should evaporate at lower temperatures.  
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Figure 1-1: Illustration of the Søderberg electrode in a FeSi furnace, from Schei et.al.[6]. Electrode zones and equip-

ment are numbered in the figure: Paste cylinders – 1, Melted paste – 2, Baking zone – 3, Baked electrode – 4. Smelting 

zone, Casing – 6, Slipping rings – 7, Fans for heating air – 8, Suspension casing– 9, Current tubes – 10, Heat shield -11, 

Contact clamps – 12. 

Using Søderberg electrodes is an efficient way of adding energy to metal producing processes, and hence Søder-

berg electrodes are used in numerous different processes such as production of ferrosilicon, ferromanganese, ferro-

chromium, platinum and nickel matte. The furnace process and the process temperature will be different for each pro-

cess and the temperature gradient in the electrode is believed to change accordingly. This paper will hence describe the 

temperature profile and the variation in the temperature profile in 1.9 m diameter electrodes during FeMn operation. 

The maximum operating temperature in FeMn furnaces are believed to be about 1500 °C. 

Computer simulations have since the 1970’s been used to improve Søderberg electrode management. McDougall 

et al. [7] used a 3-D model to asses different casing materials and their influence on the baking zone. Meyjes et al. [8] 

also used modelling as a tool for casing and current clamp design. Larsen et al. [9] used mathematical modelling to un-

derstand thermal stresses in electrodes during shutdown and state that temperature measurements are important to vali-

date the computer simulations. Ord et al. [10] studied the electrode equipment influence on electrode temperature by 

using mathematical simulations in non-ferrous furnaces, and concluded that the effect of contact clamp cooling water is 

significant.  

2. EXPERIMENT 

Steel tubes were mounted on the electrode casing to be able to move the thermocouples up and down in the elec-

trode. Oxygen tubes used in the tapping were cut into pieces of 2 m and then screwed back together during welding of 

new casings. This worked very well without any visible pitch leakages. In Figure 2-1 the placement of thermocouples 1-

6 is shown with the steel plate that supports the tubes. The steel plate at the top was used to keep the tubes in the same 

position on the way down into the electrode.  

The steel tubes for the thermocouples were placed as shown in Figure 2-1. Tubes 1, 4, 7 and 9 were placed 2 cm 

from the inside of the casing, and tubes 3, 6, 8, and 10 were placed at the tip of the fin in 36 cm from the casing. Posi-
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tion 2 and 5 are in-between position 1 and 3 (4 and 6) 17 cm away from the inside of the casing. Thermocouples 1-3 and 

7-10 are placed about 2 cm away from the fin they are placed next to.  

 

Figure 2-1: On the left - a picture of the tubes for thermocouples 1-6. On the right - the placement of thermocouples 

during the measurement. Only fins essential for the measurements are shown, but fins are placed around the whole cas-

ing. 

Temperature profiles of the electrodes were measured by lowering thermocouples into the tubes mounted on the 

casing, and stopped at set intervals to measure temperature. The thermocouples were 18 m long K-type delivered by TC 

ltd. Measurements started approximately 4-8 meters above the top of the contact clamp. Thermocouples were also 

maintained in fixed positions over periods to log the temperature.  

The length from the top of the casing to the top of the slipping ring was measured at the start of each measure-

ment. The height from the top of the contact clamp to the uppermost slipping ring is constant and position of the ther-

mocouples relative to the contact clamp can be calculated. Measurements can last for hours, and slipping was taken into 

account as the distance between top of casing to the uppermost slipping ring decreases when the electrode is slipped.  

Figure 2-2 shows the measurement log as of 9
th

 of April for thermocouples 1-3. For each movement of the ther-

mocouples the time and height of the thermocouples were registered in the logbook. The average temperature for each 

step was used as the temperature for a given height. Measurements were stopped when the temperature reached approx-

imately 1000° C or it was impossible to move the thermocouple further down.  

 

Figure 2-2: Log from data collector for TC1-3 during measurements on April 9; 101 corresponds to TC1, and 102 to 

TC2 etc. 
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3. RESULTS 

Figure 3-1 shows the temperature interval from all measurements done with indication to where electrode paste 

and equipment is situated. The temperature rises to about 70-80°C as the melted paste level is reached. Further down 

the electrode the temperature will rise to a local maximum above the tip of the contact clamp. Inside the contact clamp 

temperature decreases as the paste is cooled by cooling water in the contact clamps, before it rises rapidly in the baking 

zone.  

The electrode on the left in Figure 3-1 shows measurements taken 2 cm from the steel casing and the electrode 

on the right - 35 cm from the casing at the tip of the fins. The red vertical lines in the figure indicate these positions. 

Notable differences between the two figures are that the first temperature peak is smaller closer to the centre of the elec-

trode (there is no temperature peak for the measurements positioned towards the furnace centre), and in the baking zone 

the temperatures rises quicker closer to the centre of the electrode.  

 

Figure 3-1: The temperature profiles from the measurements are shown in green as temperature bands. The red vertical 

line indicates where the measurements are taken, i.e. on the left hand side measurements are taken 2 cm from the casing 

and on the right - 35 cm from the casing. The measurements on the right in both figures are towards the furnace centre. 

The numbers shows the following: 1. Electrode paste cylinder 2. Melted electrode paste. 3. Baking zone of electrode 

paste. 4. Hot solid electrode. 5. Contact clamps. 6. Current tubes. 7. Heating air.  

In Figure 3-2 temperatures are higher in positions 4-6 than the corresponding positions 1-3 in the area above the 

contact clamps. Within the contact clamp, the opposite is observed since temperatures are lower for positions 4-6 than 

positions 1-3. Thermocouples 1-3 are close to the fins, while thermocouples 4-6 are in between two fins. The difference 

in temperature is most evident for the comparison of position 1 vs 4 and the effect diminishes with the approximation of 

thermocouples to the centre of the electrode. As the difference between the positions almost diminishes at the tip of the 

fin, the penetration depth of these heat fluxes is limited.  
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Figure 3-2: Comparison of temperature development in different positions on electrode A. Yellow dotted line depicts 

the position of the heating air. Red dotted line is the area where the bus tubes are close to the electrode. Blue dotted line 

show the contact clamps 

Figure 3-3summarizes the temperature closest to the casing. The figure shows that the temperature in the area above the 

contact clamp is quite high due to induction from the current bars going to the contact clamps. This effect is best ob-

served on thermocouples 1, 4, 7 and 9, i.e. the thermocouples closest to the casing. Figure 3-3 shows big variation in 

how high the temperature peak is between the different positions. TC1 and TC4 are quite close but different as dis-

cussed earlier, due to difference in distance to the fins. TC1 is hotter than TC7, which again is hotter than TC9 in the 

area 0.5 m above the contact clamp. This may be explained by differences in the position of the current bars, and differ-

ences in current in the current bar closest to the measurement position. However, these data are not known at present. 

In the area 0.5 m above the contact clamp the temperature of TC4 in Figure 3-3 are close to 270°C, which is in the area 

that can lead to pitch distillation. TC1 peaks at approximately 230°C, and TC7 and TC9 are below 200°C in this area. 

The temperature peak in this area seems to be highest for the position in between the fins.  
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Figure 3-3: Temperature profiles from positions 1, 4, 7, and 9. The position of heated air flow, the position where cur-

rent bars come into the electrode and the contact clamps are marked with dotted lines. 

In Figure 3-4 the minimum and maximum temperature profiles are shown together with measurements before, 

during and after a furnace shutdown. For both TC1 and TC3 the effect of high slipping can be seen on the 2/4, when the 

line goes below the minimum for the temperature profiles. At first, the temperatures stay within the mini-

mum/maximum borders but as the slipping increases the temperatures decreases.  

The temperature profiles in Figure 3-4 from the furnace shutdown on April 3 were recorded around 10:00, ap-

proximately 3 hours before the shutdown. For TC1 the temperatures stay below the normal limits in the whole meas-

urement range. However, closer to the centre of the electrode, i.e. TC3, the temperatures have not decreased as much. In 

the temperature trough 0.5 m below the contact clamp tip the temperature was within the range of profile measure-

ments. The same can be seen approximately 0.8 m above the contact clamp.  

During furnace start-up in Figure 3-4 temperatures recording has started approximately 17:00, 3 hours after fur-

nace start-up, and were recorded until the next morning till 07:00. Close to the casing, the temperatures of TC1 during 

furnace start-up are tangent to the minimum temperature profile line in Figure 3-4. Closer to the electrode centre the 

temperatures does not rise as fast during start-up, but the distance between the minimum temperature profile and the 

start-up measurement is diminishing towards the end of the measurement.  
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Figure 3-4: Minimum and maximum temperature profiles for thermocouple 1 and 3 with measurements taken overnight 

and during furnace shutdown. 

COMSOL Multiphysics was used to model the heat transport in an electrode without fins and slipping of the 

electrode. The “conjugated heat transfer” mode was chosen to allow modelling the effect of the heating air. So far, only 

heat transport has been included in the model.  

The model is axisymmetric, with carbon paste in the centre and casing outside the paste. To describe the thermal 

conductivity of the electrode paste a 4
th

 degree polynomial function was adopted to thermal conductivity data given by 

I. McDougal et.al. [7]. For the other materials in the model, steel (Steel AISI 4340) and air, the material properties giv-

en in COMSOL is used. The model uses a stationary solver with the temperature equation given as Equation 1.  

  2 

Where u is the velocity field, T is the temperature, Cp is the heat capacity of the material, k is the thermal con-

ductivity and Q is heat flux. However, for the electrode paste the velocity is assumed zero and the temperature equation 

for electrode paste becomes:  

  3 

Heat fluxes were chosen to get the best result for both the inductive heating and the cooling from cooling 

clamps. The boundary conditions of heat flux and temperatures are shown in Figure 3-5. The output of the model is 

given i nFigure 3-6 as a 3D plot of the temperature and a contour plot of temperature.  
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Figure 3-5: Heat flux and temperature input to the COMSOL model. 

In Figure 3-6 a 2-D isothermal contour plot of temperatures up to 500 °C is shown to the left and a 3-D surface 

plot of temperatures up to 500 °C is shown to the right.  

 

Figure 3-6: Output from COMSOL Multiphysics modelling. The temperatures are given in degrees Celsius. 
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4. DISCUSSION 

The temperature bands of Figure 3-1 gives a good picture on how the temperature in a Søderberg electrode used 

in FeMn furnaces develops from electrode-paste cylinder addition to the baked electrode in the contact clamps. Further 

Figure 3-1 and Figure 3-2 show that effect of heating above the contact clamps and the cooling within the contact 

clamps decreases with approximation of measurements to the electrode centre done as expected when the source of 

heating/cooling comes from outside the electrode paste. Figure 3-2 also show that the measurement points in between 

fins are effected more of cooling/heating from the outside than the measurement positions close to the fins. The high 

heat conduction in the fin steel will decrease temperature gradients close to the fins by both radial and vertical heat 

transport.  

In Figure 3-3 the temperature peak above the contact clamp tip is shown to vary between the different positions 

around the electrode. This peak is believed to come from induced currents from current bars going into the contact 

clamps. The effect of the induced current will vary depending on the distance from between casing and current bar and 

the current in the current bar. Thus, there are large differences in the temperature peak between the measurement posi-

tions. The highest measured temperature in this region is around 270°C and it is unlikely that this is the highest temper-

ature in this area around the electrode. With temperatures above 270°C, there is a risk that light coal-tar pitch compo-

nents will evaporate and rise in the electrode. If the lighter coal-tar pitch components condensate higher in the electrode 

the viscosity of the electrode paste will decrease and the risk of segregation will increase. To counteract the rise in tem-

perature increased cooling by e.g. the “heating air” can be done. The heating air will in this region be colder than the 

casing/paste and therefore act as cooling. If the heating air cannot be used induction shield may be installed.  

Increased slipping and reduced currents before electrode shutdowns are used to prevent breakages of the elec-

trode caused by thermal shocks or thermal stresses [9]. Even with lower current and increased slipping, the baking iso-

therm (475 °C) stays within the current clamp for the measurements done, but as can be seen from the measurements 

electrode paste baking isotherm is lowered considerably in this period. The recovery time for temperatures in the lower 

parts of the contact clamps are considerably longer for measurement positions closer to the electrode centre than those 

close to the casing.  

 

Figure 4-1: The temperature profile given by the COMSOL model is shown to the left and the position of the profile is 

given in the figure to the right, 2 cm from the casing 

In Figure 4-1 the measured and COMSOL modelled temperature profile for the position 2 cm away from the casing is 

shown. The peak from positive heat flux above the contact clamp is shown approximately 0.5 m above the contact 

clamp tip. The through just below the contact clamp is almost at 50°C and one can also see where the model goes from 

paste to air with the sharp drop 2.5 m above the contact clamp. The through caused by the water-cooled clamps has a 

minimum which is lower in the contact clamp for the measured profile compared to the model. The temperature gradi-

ent is higher for the measured profile for the temperature rise 1 m above the clamp and 1 m below the clamp.  
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Figure 4-2 shows the temperature profile for measurements and calculated by the COMSOL model 35 cm into the elec-

trode from the casing. The transition from air to paste at 2.5 m is seen where the temperature profile suddenly changes 

slope. The temperature profiles of the model and measurement are more similar with the approximation to the electrode 

centre where there are no fins to conduct heat.  

 

Figure 4-2: The temperature profile given by the model is shown to the left and the position of the profile is given in 

the figure to the right, 35 cm away from the casing 

With many simplifications, a COMSOL model is able to reproduce the shape of temperature profiles quite accu-

rately. It is clear that heat is added to the electrode paste above the contact clamps and removed within the clamps. The 

biggest discrepancy between measurements and model is probably due to the fact that the fins are not added to the mod-

el, which will reduce the heat conductivity. This can be seen as the temperature decreases slower for the modelled pro-

file compared to the measured profile within the contact clamp and in the upper parts of the paste.  

5. CONCLUSION 

Temperature is more stable close to the fins than in-between fins, due to heat transport by the fins. Steel has 

higher heat conductivity than carbon paste and partly even out the effect of cooling from the contact clamp and heating 

by induction above the contact clamps.  

Temperature increase close to the casing in the area above the contact clamp is probably caused by induction 

from current carrying copper bars. Temperatures can be as high as 270°C, which can lead to volatilization of light coal-

tar pitch components. If light coal-tar pitch components re-condense within the electrode paste, and decrease paste vis-

cosity problems with segregation can increase. The position of the bus tubes on the outside of the casing seems to be 

important for how high the temperature of the paste reaches in the area above the contact clamp.  

Higher slipping rates before shutdown of furnace will lower the baking zone, but the baking zone is kept within 

the contact clamp for the shutdown procedure utilized in this case. During start-up of a FeMn furnace it is required that 

temperatures reach normal temperatures in more than 12 hours at the tip of the fins in the lower parts of the contact 

clamp. Whereas close to the casing temperatures are normal within 4 hours after start-up.  

The form of the temperature profiles from a COMSOL model resembles the measured profiles, and the resem-

blance is better for thermocouples placed closer to the centre of the electrode. However, without the heat flux conducted 

by the fins a model of the temperature is inaccurate. A higher heat flux is needed to get the top of the electrode accu-

rately modelled.  
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ABSTRACT 

Efficient control of the power input to an electric furnace is a critical operational success factor that requires 

accurate measurements of the electrode currents and voltages. These are the key measured values for control of furnace 

power as they are required to calculate electrode resistance, used by most control systems in deciding when to raise or 

lower an electrode or change the tap position. The method of electrode current measurement is generally considered 

adequate; however, there is debate over how to most accurately determine electrode voltage. There is a belief in the 

industry that direct voltage measurement between an electrode and the furnace bath suffers from an induced voltage 

error caused by the very high currents in the electrode. An alternative method calculates the electrode voltages from 

measurements on the primary of the furnace transformer where the induced voltage is negligible. It is demonstrated in 

this paper, however, that the accuracy of this alternative method depends on accurate knowledge of the reactance in the 

furnace power supply circuit. Any error in the estimated reactance will produce errors in the calculated voltages. This 

paper also includes calculations showing that the induced voltage error affecting the direct measurement is often less 

than what is commonly believed and that this method is a viable option for furnace power control. The choice between 

the two methods may be influenced by furnace geometry, e.g. the calculation method is not applicable to six-electrode 

furnaces, or by maintenance concerns. The furnace process will also be a factor in determining the preferred method, 

giving consideration to electrode current levels and furnace power factor. Hatch is developing a PLC-based Electrode 

Regulator with a selectable source for electrode voltage, allowing either method to be used for control and the possibil-

ity to compare the two in real-time. 

1 Background 

The power delivered to an electric furnace is controlled by raising or lowering the electrodes to adjust the elec-

trode-to-bath resistance as well as changing the transformer tap position to alter the voltage applied to the electrodes. 

Control of this equipment is usually provided by a computerized control system, typically a PLC (programmable logic 

controller). The main inputs for control are measurements of electrode-to-bath voltage and electrode current. Potential 

transformers (PTs) and current transformers (CTs) reduce the electrode voltages and currents to a level suitable for 

transducers to provide the signals to the control system. The accuracy of these measurements has a direct impact on the 

control of power delivered to the furnace. 

The electrode-to-bath voltage measurement is the focus of this paper. As illustrated in Figure 3, there are two 

common methods for voltage measurement in a furnace: 1) secondary, or direct, measurement and 2) primary voltage 

measurement, so named because the measurements occur, respectively, on the secondary and primary side of the fur-

nace transformer. 
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Figure 3: Primary and secondary voltage measurements on an electric furnace 

For the secondary measurement a PT is connected between each of the electrodes’ buswork and the furnace bath. 

The measurement is nearly a direct measurement of electrode-to-bath voltage, but also includes voltage drops across the 

electrodes and flexible cables, as well as a portion of the buswork (the connection to the buswork is often made at the 

transformer, however this component can be reduced by connecting the PT closer to the electrode). 

The primary measurement is the line-to-line voltage at the primary side of the furnace transformers. In addition 

to the voltage drops listed above the primary measurement also includes a drop across the furnace transformer. Because 

the primary voltage measurement does not have a connection to the furnace bath, a calculation is used to estimate the 

electrode-to-bath voltage; this paper refers to this method as the primary calculation method. 

2 Secondary Measurement of Electrode-to-Bath Voltage 

The measurement of electrode-to-bath voltage on the transformer secondary has the advantage of being a direct 

measurement not requiring additional calculations. It does, however, require electrical connections in the harsh envi-

ronment near the furnace. The bath connection is typically a metal control strap woven between courses of refractory in 

the furnace bottom, or hearth. As the straps are difficult to inspect and replace, several are typically installed under each 

electrode. Thermal expansion and contraction of the hearth can sever the connections and in some instances the connec-

tion may be relying solely on metal penetration through the refractory to complete the circuit. The focus of this paper, 

however, is the existence of an inherent error in the voltage measurement. This error is due to the close proximity of the 

measurement to the high electric current in the electrode. 

2.1 Measurement Error 

Faraday’s Law describes how a changing magnetic field, such as that caused by AC current, can induce a voltage 

in a coil of wire. Figure 4 highlights the measurement loop created by the secondary voltage measurement. As illustrat-

ed in the figure, this measurement loop is tantamount to a coil in the presence of a changing magnetic field caused by 

the high electrode current; a voltage is therefore induced in the measurement leads. The transducer reports the total 

voltage – the sum of electrode-to-bath voltage and induced error – to the control system. This error can impact both 

furnace control and reporting. 
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Figure 4: Measurement loop and the magnetic field created by the electrode current 

The magnitude of the induced voltage error, labelled URMS, can be estimated from a calculation provided by 

Bretthauer and Timm [2]: 

Equation 4:  

where: 

μ = magnetic permeability of the medium  

b = height of the measurement loop 

f = alternating current frequency 

a = distance from the electrode to the voltage transducer 

r = radius of electrode 

I = RMS electrode current 

An example from Stewart [1] demonstrates that on an actual electrode-to-bath voltage of 180V, with electrode 

current of 100kA, the induced voltage, URMS, as determined from Equation 4 is 21V
2
; this corresponds to a rather signif-

icant 12% error. This result would suggest direct measurement of electrode-to-bath voltage is not useful for control. The 

example given, however, only examines a specific set of furnace operating conditions – one with very high electrode 

current and relatively low electrode-to-bath voltage – and different furnace operations should be examined. Moreover, 

note that Equation 4 only considers a single electrode. The other electrodes in the furnace form the current return path 

and will produce an induced voltage which counteracts that from the first electrode. 

In the following sections, the magnitude of the induced voltage error is investigated for different furnace opera-

tions and is extended to an approximate two and three-electrode model to further examine the net effect of the induced 

voltage. 

2.2 Error Analysis for Different Operating Parameters 

It was shown that the induced voltage error created by an electrode carrying a high current may be large enough 

to affect the control and reporting of furnace operation. While some ferroalloy operations will have electrode currents in 

the range of 100kA or more, other furnaces, particularly those processing ferronickel or PGM-type materials, typically 

operate with electrode currents below 50kA. As well, the electrode-to-bath voltage could range anywhere from 100V to 

1000V or more. The induced voltage should, therefore, be examined at different operating points for a variety of fur-

naces to understand the extent of the error. Considering Equation 4 as the worst-case scenario before considering the 

effect of multiple electrodes, Table 21 presents the induced voltage error calculated for a selection of furnaces with 

electrode currents and voltages in their typical operating regions. The data was taken from a variety of furnaces with 

which Hatch has been involved, including those producing ferronickel, lead, ferroalloys, etc. 

                                                           
2 The example uses the following parameters: 

μ = 4π * 10-7 V∙s/A∙m 

b = 3 m 
f = 50 Hz 

a = 2 m  

r = 1 m 
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Table 21:  Induced voltage on various furnaces 

Description Electrode 

Current, I 

Electrode 

Voltage, V 

Induced 

Voltage, URMS 

Error 

Furnace #1 120 kA 225 V 25 V 11 % 

Furnace #2 75 kA 150 V 16 V 10 % 

Furnace #3 38 kA 120 V 8 V 7 % 

Furnace #4 20 kA 100 V 4 V 4 % 

Furnace #5 31 kA 275 V 6 V 2 % 

Furnace #6 8 kA 215 V 2 V 1 % 

Furnace #7 40 kA 850 V 8 V 1 % 

Furnace #8 41 kA 738 V 8 V 1 % 

The error calculated for certain submerged-arc furnaces is shown to be in the range of the example given previ-

ously. The other furnaces examined, however, have lower electrode currents and correspondingly lower errors. Thus, 

although significant error may be possible for furnaces with very high electrode currents, there are many furnaces where 

the error is negligible, including most nickel and platinum furnaces, or other arcing operations. 

2.3 Error Analysis using a Multiple-electrode model 

As mentioned, Bretthauer and Timm’s equation 

for the induced voltage [2] considers only the voltage 

induced by a single electrode. In the common three-

electrode furnace there are two other electrodes 

which will contribute to, and in fact decrease, the in-

duced voltage error. Discussion of the complicated 

geometry in the three-electrode model will be de-

ferred to consider the simpler two-electrode model 

presented in Figure 5. 

The model considers a second electrode located 

at a centre-to-centre distance, d, from the original. 

The current flowing into the first electrode flows out 

of the second. As the current is travelling in opposite 

directions, the magnetic flux from the second elec-

trode will be in opposition to that generated by the 

first. The reduced strength of the magnetic field will 

therefore decrease the induced voltage in the meas-

urement loop. 

 

 

 

Figure 11: Figure 5:  Two-electrode ar-

rangement for analysis of induced 

voltage error 

Maintaining the variables of Equation 4, the induced voltage due to each electrode can be derived as: 

Equation 5:  

Equation 6:  

Equation 5 for the value of U1RMS comes directly from Equation 4. The induced voltage from the second elec-

trode, U2RMS given in Equation 6, considers the additional distance between the electrode and the measurement loop, d. 

The resulting induced voltage is a sum of that from each electrode. Recalculating Stewart’s example, using I2 = -I1 = -

100kA and choosing a typical electrode spacing of 3m, reveals an overall induced voltage, URMS, of 13V. This corre-

sponds to an error nearly half that of the single electrode model, at approximately 7%. 
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The two-electrode analysis is extended to the 

common three-electrode configuration. The calcula-

tion is complicated by the geometry of the magnetic 

flux lines passing through the measurement loop and 

also by the different phase angle of the current in 

each electrode. Figure 6 presents a top-view of the 

three-electrode system for a geometric analysis. The 

magnetic flux through each measurement loop will 

be the vector sum of the flux generated by all three 

electrodes. 

Considering the measurement loop highlighted 

in the figure, the component of the induced voltage 

from Electrode 1 is unchanged from the single and 

two-electrode models. The other electrodes, however, 

have a diminished effect as they are no longer in the 

same plane as the measurement loop (magnetic flux 

induces the highest voltage when the lines of flux are 

perpendicular to the induction loop). The flux lines 

from electrodes 2 and 3 no longer meet the loop at 

right angles, and therefore the induced voltage is less.  

Recalculating Stewart’s example for the three-

electrode model, again assuming a 3m centre-to-

centre distance between electrodes, yields an induced 

voltage, URMS, of 13V, similar to the 7% error deter-

mined by the two-electrode model. 

 

Figure 12: Figure 6: Geometric model 

of the magnetic flux from elec-

trodes in a three-electrode system 

2.4 Summary of Direct Electrode-to-Bath Voltage Measurement 

Although preliminary analysis of induced voltage casts doubt on the validity of direct electrode-to-bath voltage 

measurements, expanding the analysis to include all electrodes reveals the error is not as large as initially expected. It is 

also worth noting that the error is only significant on a subset of furnaces with very high electrode currents and relative-

ly low electrode-to-bath voltages. Furnaces with electrode currents less than 50kA can expect less than 5% error due to 

induced voltage. Table 22 summarizes the results of the different models applied to the example furnaces. These results 

are still only an approximation as it is extremely difficult to consider every angle of the furnace geometry, or the effect 

of the material inside the furnace and the building steel framing the entire circuit. 

Table 22:  Induced voltage error as determined by the single and multiple-electrode models 

Description Electrode 

Current, I 

Electrode 

Voltage, V 

Single-electrode 

calculation 

Two or Three-electrode 

calculation 

Induced 

Voltage 

Error Induced 

Voltage 

Error 

Stewart [1] 100 kA 180 V 21 V 12 % 13 V 7 % 

Furnace #1 120 kA 225 V 25 V 11% 16 V 7 % 

Furnace #2 75 kA 150 V 16 V 10% 10 V 7 % 

Furnace #3 38 kA 120 V 8 V 7% 5 V 4 % 

Furnace #4 20 kA 100 V 4 V 4% 3 V 3 % 

Furnace #5 31 kA 275 V 6 V 2% 4 V 1 % 

Furnace #6 8 kA 215 V 2 V 1% 1 V 0 % 

Furnace #7 40 kA 850 V 8 V 1% 5 V 1 % 

Furnace #8 41 kA 738 V 8 V 1% 5 V 1 % 

3 Electrode-to-Bath Voltage from Primary Calculations 

Stewart [3] introduced a method to estimate electrode-to-bath voltage from measurements performed on the pri-

mary side of the furnace transformer; in this paper the method is referred to as the primary calculation method. The 

method avoids the induced voltages that affect the direct measurement of electrode-to-bath voltage discussed in the pre-
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vious section. The calculation, however, must be specifically calibrated for each furnace. This paper discusses the pri-

mary calculation method, the information required to calibrate the calculation, and the accuracy that can be expected if 

the calibration is not exact. 

The complete electrical circuit for the furnace introduced in Figure 3 is provided schematically in Figure 7. The 

diagram includes all three furnace transformers, Ti, all sources of reactance for each electrode including the buswork, 

flexible cables and electrode itself, Xsource-i, and the electrode-to-bath resistance, Rbath-i. The primary calculation method 

estimates the electrode-to-bath voltage for each electrode, V1n, V2n, and V3n, from measurements of: 

 the furnace transformer primary voltage, V12, V23, and V31; 

 the electrode currents, I1, I2, and I3; 

 and the total furnace power, P, measured separately by a dedicated meter. 

 

Figure 7: Complete circuit diagram for the three-electrode, three-transformer furnace 

The accuracy of the primary calculation method relies on the assumption that the reactance in each phase is re-

lated by a fixed ratio and, moreover, that the ratio is known. The reactance per phase is a subset of the total furnace re-

actance which can often only be estimated and may change over time. There are several known methods used to esti-

mate the phase reactance [4], however, these will not be discussed in this paper. The result of the primary calculations 

must be considered an approximation and in the next sections the expected accuracy of the method is considered. 

3.1 Validity of the Primary Calculations 

The complete three phase furnace circuit shown in Figure 7 can be simplified by considering only the secondary 

side of the furnace transformers. As well, the reactance values for the transformer, buswork, flexible cables and elec-

trode can be combined into a single value for each phase, known as the total phase reactance, Xi. The simplified circuit 

is shown in Figure 8. The available measurements are shown on the figure, as well as the actual value of electrode-to-

bath voltage, which the primary calculation method is meant to calculate. 
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Figure 8:  Simplified furnace circuit model with sample values 

Figure 8 provides sample data for furnace resistance and reactance, and the corresponding electrode current, 

electrode-to-bath voltage and power at each electrode. Although the electrode-to-bath resistance for each electrode is 

equal, note that the current, voltage and power for each electrode are not. This unbalance occurs because the total phase 

reactance for each electrode differs slightly, as provided in the figure. 

To demonstrate the validity of the primary calculation method it is applied to the example of Figure 8. The cal-

culation is performed assuming accurate measurement of the required values as well as exact calibration of the total 

phase reactance. The results, presented in Table 23, are equal to the actual values provided in the Figure. This demon-

strates the accuracy of the primary calculation method when the calculation is perfectly calibrated. 

Table 23:  Primary calculation method applied to the circuit of Figure 8 

Primary Calculation Method Inputs Primary Calculation Method Outputs 

Transformer Secondary 

Voltages (measured) 

V12 = 300 V 
Electrode-to-Bath 

Voltages 

V1n = 174 V 

V23 = 300 V V2n = 172 V 

V31 = 300 V V3n = 174 V 

Electrode Currents 

(measured) 

I1 = 99 kA 

Bath Resistances 

R1 = 1.2 mΩ 

I2 = 100 kA R2 = 1.2 mΩ 

I3 = 100 kA R3 = 1.2 mΩ 

Total Phase Reactance 

(calibration values) 

X1 = 1.28 mΩ 

Electrode Powers 

P1 = 11.8 MW 

X2 = 1.24 mΩ P2 = 11.9 MW 

X3 = 1.25 mΩ P3 = 12.1 MW 

Total Furnace Power 

(measured) 

P = 35.8 MW 
 

3.2 Error in the Calculation  

As noted for Figure 8, the reactance values for each phase are similar but not identical. In a real system it may 

often be assumed, for lack of better information, that these values are the same. Employing this assumption in the pri-

mary calculation method, however, results in an error in the calculated electrode-to-bath voltages. Table 24 presents the 

results of the primary calculation method when reactance is assumed to be equal for the example of Figure 8. 
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Table 24:  Primary calculation method applied to Figure 8, assuming equal reactance 

Primary Calculation Inputs Primary Calculation Outputs Actual Error 

Secondary 

Voltage 

(measured) 

V12 = 300 V 
Electrode-to-

Bath Voltage 

V1n = 173 V 174 V -1% 

V23 = 300 V V2n = 174 V 172 V +1% 

V31 = 300 V V3n = 173 V 174 V -1% 

Electrode 

Current 

(measured) 

I1 = 99 kA 
Bath 

Resistance 

R1 = 1.2 mΩ 1.2 mΩ 0% 

I2 = 100 kA R2 = 1.2 mΩ 1.2 mΩ 0% 

I3 = 100 kA R3 = 1.2 mΩ 1.2 mΩ 0% 

Total Phase 

Reactance* 

(calibration) 

X1 = 1.25 mΩ 
Electrode 

Power 

P1 = 11.8 MW 11.8 MW 0% 

X2 = 1.25 mΩ P2 = 12.1 MW 11.9 MW +2% 

X3 = 1.25 mΩ P3 = 11.8 MW 12.1 MW -2% 

Total Power 

(measured) 

P = 35.8 MW 

*Actual Xi, per the figure: 1.28 mΩ, 1.24 mΩ, 1.25 mΩ 

Although the errors in the calculated electrode-to-bath voltage are small – less than 2% – considering a circuit 

with different parameters shows how easily the error can increase. The circuit presented in Figure 9 has a wider range of 

total phase reactance, although they are all still within three-tenths of a milliohm. The primary calculation method will 

be applied to the circuit, again assuming accurate measurements but using equal values of total phase reactance as de-

fault calibration values. The results are provided in Table 25. 

  

Figure 9:  Circuit model with unequal total phase reactance values (actual electrode-to-bath voltages shown) 

Table 25:  Primary calculation method applied to Figure 9, assuming equal reactance 

Primary Calculation Inputs Primary Calculation Outputs Actual Error 

Secondary 

Voltage 

(measured) 

V12 = 300 V 
Electrode-to-

Bath Voltage 

V1n = 171 V 175 V -2% 

V23 = 300 V V2n = 182 V 165 V +10% 

V31 = 300 V V3n = 167 V 179 V -7% 

Electrode 

Current 

(measured) 

I1 = 95 kA 
Bath 

Resistance 

R1 = 1.3 mΩ 1.2 mΩ +8% 

I2 = 101 kA R2 = 1.3 mΩ 1.2 mΩ +8% 

I3 = 103 kA R3 = 1.0 mΩ 1.2 mΩ -16% 

Total Phase 

Reactance* 

(calibration) 

X1 = 1.25 mΩ 
Electrode 

Power 

P1 = 11.7 MW 10.9 MW +7% 

X2 = 1.25 mΩ P2 =  13.3 MW 12.4 MW +7% 

X3 = 1.25 mΩ P3 = 11.1 MW 12.9 MW -14% 

Total Power 

(measured) 

P = 36.1 MW 

*Actual Xi values, per the figure: 1.40 mΩ, 1.10 mΩ, 1.25 mΩ 

As demonstrated in Table 25, a larger, but still conceivable error in the total phase reactance calibration has in-

creased the error in electrode-to-bath voltage to 10% on Electrode 2. An even larger error is observed in the electrode 

power calculations. Considering typical furnace operation where power is meant to be balanced on all electrodes, the 

primary calculation method would result in an unbalance, with electrode 3 compensating for the calculation and actually 

drawing too much power. 
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3.3 Error Analysis with Different Operating Parameters 

As in the analysis of error in the secondary, or direct, measurement in Section 2, it is worth examining the error 

in the primary calculation method for different operating parameters. The next example, provided in Figure 10, consid-

ers a furnace operating with a higher resistance than that in Figure 9, with a power factor of 0.9 compared to 0.7 in the 

previous example. The results of the primary calculation method, presented in Table 26, demonstrate that a furnace with 

a higher power factor will have less error, and in fact doubling the resistance in the circuit effectively reduces the error 

by half. 

  

Figure 10:  Circuit model with higher power factor 

Table 26:  Primary calculation method applied to Figure 10, assuming equal reactance 

Primary Calculation Inputs Primary Calculation Outputs Actual Error 

Secondary 

Voltage 

(measured) 

V12 = 300 V 
Electrode-to-

Bath Voltage 

V1n = 174 V 173 V +1% 

V23 = 300 V V2n = 178 V 169 V +5% 

V31 = 300 V V3n = 168 V 178 V -6% 

Electrode 

Current 

(measured) 

I1 = 60 kA 
Bath 

Resistance 

R1 = 2.6 mΩ 2.5 mΩ +4% 

I2 = 62 kA R2 = 2.6 mΩ 2.5 mΩ +4% 

I3 = 64 kA R3 = 2.3 mΩ 2.5 mΩ -8% 

Total Phase 

Reactance* 

(calibration) 

X1 = 1.25 mΩ 
Electrode 

Power 

P1 = 9.4 MW 9.1 MW 3% 

X2 = 1.25 mΩ P2 = 9.9 MW 9.6 MW 3% 

X3 = 1.25 mΩ P3 = 9.4 MW 10.1 MW -7% 

Total Power 

(measured) 

P = 28.8 MW 

*Actual Xi values, per the figure: 1.40 mΩ, 1.10 mΩ, 1.25 mΩ 

3.4 Loss of Arc and Six-Electrode Furnaces 

Loss of arc is a special case which should also be examined in discussing the primary calculation method. In 

some arcing operations arc loss occurs frequently, often caused by interruptions from feed material, changing bath level 

or an electrode break. A representative circuit diagram during arc loss is presented in Figure 11. 
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Figure 11:  Circuit model for a loss of arc on Electrode 3 

During arc loss the three-phase furnace circuit temporarily becomes a single-phase loop. With I3 equal to zero, it 

is given that I2 is now equal and opposite to I1. In this configuration, the solution to the primary calculation is undefined 

as there is no longer enough information to determine the electrode-to-bath voltages, V1n and V2n. 

The problem stems from the available measurements used in the primary calculation method. As indicated in 

Figure 11, the measurements include the line-line voltage, V12, and the electrode current, I1. The other measurements 

are trivial, in that V23 + V31 = V12, I2 = -I1, and I3 = 0. The circuit impedance of the loop formed by electrodes 1 and 2 is 

the sum of that for the two phases, i.e. R = R1 + R2 and X = X1 + X2. Given any combination of resistances that sum to 

the same value (e.g. R1 = 2.5mΩ and R2 = 2.5mΩ, or R1 = 1.0mΩ and R2 = 4.0mΩ, which both sum to 5.0mΩ) the 

measurements at V12 and I1 will remain the same. Consequently, it is impossible to know the electrode voltages, V1n and 

V2n. 

A six-electrode furnace consists of three single-phase loops, as the furnace circuit diagram demonstrates in Fig-

ure 12. By extension of the single-loop analysis for loss of arc, it is evident that measurements of line-line voltage and 

electrode current will not be sufficient to determine the individual electrode voltages. It is thus necessary for six-

electrode furnace control systems to use direct measurement of electrode-to-bath voltages. 

 

Figure 12:  Six-electrode furnace model 

4 Conclusion 

In an electric furnace there are two methods of obtaining the electrode voltages needed for control: direct meas-

urement from electrode-to-bath on the secondary side of the furnace transformer, or calculation using measurements 

from the primary or high-voltage side. The former method is affected by an induced voltage error caused by the high 

currents in the electrodes. Because of this error the latter is often cited as the preferred choice. However, the accuracy of 

the primary calculation method quickly falters when the reactance of the system is not known precisely. 

A practical implication of an error in electrode voltage measurement is the possibility of unequal power distribu-

tion within the furnace. Assuming balanced heat under each electrode is desired, an operator would enter an equal re-

sistance setpoint for each electrode. If the measurement of electrode voltage is not accurate, however, what the control 

system presumes is equal resistance will actually be unbalanced. This will result in uneven heating of the furnace and 
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increased wear and maintenance requirements. Choosing the best option is thus important, and will depend on the fur-

nace and the preferred operating point. Hatch has prepared furnace control software that offers both methods with the 

desired method selectable from the operator screen which allows the user to determine and test the best method for their 

furnace. 

Considering direct electrode-to-bath voltage measurement, a calculation of the induced voltage caused by 100 

kA in a single electrode suggests that errors in the direct electrode-to-bath voltage measurement can be as high as 12%. 

However, expanding the analysis to account for the other electrodes in the system demonstrates that the induced voltage 

error may actually be as low as 7%. Further, an error this large is possible only on a subset of furnaces with very high 

electrode currents and low voltages. Furnaces with electrode currents less than 50kA can expect less than 5% error from 

induced voltage. 

As discussed in this paper, the primary calculation method can be used to estimate the electrode-to-bath voltages 

using measurements from the primary of the furnace transformer, where induced voltage is not a significant issue. The 

primary calculation method has been shown to be very accurate, assuming that the reactances of each phase are known 

precisely. However, estimating reactance is not straight-forward, and errors of only a few tenths of a milliohm can cause 

greater than 10% error in the calculated electrode-to-bath voltage. 

The percentage error in the primary calculation method is reduced in furnaces with higher power factor, but 

these furnaces tend also to have lower currents and would thus experience less error in a direct measurement as well – 

choosing between the two methods remains unclear. The primary calculation method does fail, however, when there is a 

loss of arc, and is never applicable to six-electrode furnaces. In these cases, only the direct measurement offers valid 

measurements. In three-electrode furnaces where arc loss is not frequent, though, consideration can be given to both 

options. 
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ABSTRACT: 

This paper describes the Electrode Control philosophy of Submerged Electric Arc Furnace (SAF). It begins with 

explanation of different types of electrode control existing worldwide, e.g. Current Control, C3 Control, Impedance 

Control, Resistance Сontrol based on Secondary Data and Resistance Control based on Primary Data. The limitations 

of different controls as compared with Resistance Control based on Primary Data are described. This is demonstrated 

through examples of interaction effect. Advantages of Resistance Control have been discussed in details. Since the elec-

trical & metallurgical effects are decoupled under resistance control the operating staff will be able to treat the source 

of metallurgical problem without fearing that the electrical side influences their observations. The aim of this paper is 

to acquaint the readers with resistance control based on Electrical model of Submerged Arc Furnaces and how it helps 

in energy efficiency. Finally, characteristic graphs of 28.5MVA Ferro Silicon furnace of Bhutan have been drawn with 

derivation of all the equations from electrical considerations of the furnace. 

The algorithm for calculation of furnace resistances (secondary resistances) based on primary data of furnace 

transformers is not presented here. The Resistance Control based on Primary Data completely depends on this algo-

rithm and the algorithm can be obtained from the author, which can be implemented in any running PLC/DCS system 

used for electrode control or can be implemented anew in SAF.  

KEY WORDS: Electrode control, specific energy consumption, C3 control, interaction effect, interaction 

coefficients, perpetual imbalances, insensitivity effect, dead and live phases, chronic imbalance, characteristic graph, 

density distribution diagram, PID controller. 

1. INTRODUCTION 

The required electrode control system for least specific energy consumption should be 

1. To control electrode penetration based on a patented algorithm for calculation of individual electrode re-

sistances based on primary data [not using any secondary data]. 

2. To enable electrical optimization at higher power levels. 

3. To ensure more stable furnace operations & providing relevant and accurate electrical variables to make 

rational metallurgical decisions. 

4. To improve electrical power consumption, furnace production and metallurgical performance of furnace. 

Under balanced metallurgical conditions, trends in the holder position will be an excellent indication of electrode 

length and combined with ampere-hour consumption per electrode can be used to determine & maintain the required 

slip rate of each electrode. Metallurgical condition will however change regularly for a variety of reasons resulting in an 

unstable furnace operation. Since the electrical & metallurgical effects are decoupled under resistance control the oper-

ating staff will be able to treat the source of metallurgical problem without fearing that the electrical side influences 

their observations. It is also possible for the operating staff to adjust the individual resistance set points to limit the elec-

trode traveling if metallurgical condition causes an electrode to lose penetration. Deep electrode penetration is essential 

for high reaction temperature & good recoveries. The optimal operating conditions will depend on setting of correct 

resistance for the type & size of reductant, carbon balance & particular blend of materials & fines. 

2.1 CURRENT PHILOSOPHY IN FURNACE CONTROL 

2.1 Current Control 

In manual mode of operation fixed electrode penetration is maintained on the basis of current of individual elec-

trode. Furnace power is maintained by changing the tap position of the Furnace transformer/s. In a PLC/DCS based 

operation, electrode wise current set points & furnace power set points are fed to PLC/DCS. The required current of 

individual electrode is maintained by electrode regulation through command from PLC/DCS & power of furnace is 

maintained by tap changing of furnace transformer through command from PLC/DCS. In some places only current is 

maintained as per set point in PLC/DCS & tap changing is performed manually to avoid excess operation of tap chang-
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er. For different loads, different current set points are applied. The actual electrode current is fed to the PLC/DCS by 

any of the following four means. 

(i) By converting the primary current to corresponding secondary line/electrode current through putting physical 

interposing CTs, furnace transformer Dial Switches (Auxiliary tap changer) & furnace transformer Star Delta connec-

tion status feedback. (ii) By converting the primary current to corresponding secondary line/electrode current by pro-

gramming interposing CTs in PLC/DCS & by feeding furnace transformer Star Delta connection status feedback to 

PLC/DCS. However, in this method in case of problem in PLC/DCS it is not possible to know the electrode current. (iii) 

By taking reflection of secondary current through putting a single ratio CT in the main transformer of an Auto Trans-

former type Furnace Transformer. (iv) By introducing CTs/ Rogowski Coils into Furnace Transformer Secondary. It is 

not always physically possible to put secondary CTs/ Rogowski Coils, moreover, the secondary leads would be suffer-

ing from high electromagnetic induction due to high magnetic field. 

2.2 C3 Control 

This is another version of Current Control. In this philosophy of electrode control, fixed electrode penetration is 

maintained by PLC/DCS/ manually based on C3 factor and power input to furnace is regulated by operating transformer 

tap changer manually/by PLC/by DCS. According to Mr. W.M. Kelly & Mr. J.A. Person, the electrode periphery re-

sistance decreases as the power density in the electrode increases. On the basis of this theory Mr. J.Westly of Elkem 

suggested the formula 

I = Constant = C3, I = Electrode Current, P=Furnace power
 

P2/3    

Where ‘I’ is in KA & ‘P’ is in MW. Hence, the current ‘I’ is changed by the electrode regulation so as to reach 

the set value of ‘C3’. Sometimes if ‘C3’ set value is not reached then the tap position has to be changed to change ‘P’ 

and again the ‘I’ is adjusted by traveling of electrode to reach at the set value of ‘C3’. Normally, this ‘I’ is calculated 

from the primary current of furnace transformers and ‘P’ is measured from the primary as well. There are also some 

fluctuations in the supply primary voltage. This also leads to inconsistent electrode penetration. As the electrode move-

ment is based on electrode current, hence decision cannot be made fast when furnace is at full load & hence no stability 

would be available.  

It is not easy to have a better recovery through ‘C3’ control or current control as metallurgical problems and 

electrical parameters are coupled with each other (explained in interaction effect). But in case of resistance control the 

recovery becomes good. 

2.3 Impedance Control 

In this control method, electrode-wise impedance set point and total power set points are fed to PLC/DCS which calcu-

lates the electrode-wise impedance either from furnace transformer primary voltage and current or from electrode to 

hearth voltage and from electrode current (which is calculated by any of the four methods described in current control). 

Impedence is controlled by electrode regulation by PLC/DCS and power is controlled by changing the tap position of 

furnace transformer. This is a little bit similar to Resistance Control, but the method is not accurate. Electrode move-

ment directly changes the resistance of secondary circuit and indirectly changes the reactance of secondary circuit due 

to change of current. So a better option is to control directly the resistance of secondary circuit. 

3. ADVANTAGES OF RESISTANCE CONTROL 

In case of current or ‘C3’ control the trends in metal composition become clear only after several taps, but 

changes in electrode position under resistance control can indicate the need for immediate corrective action. This may 

involve changing the resistance set point or adding more carbon. During wet season controlling the carbon balance by 

‘C3’ control system is difficult that leads to a variable carbon balance within the furnace. Hence, the improvement in 

furnace efficiency is possible by means of resistance control. This process also helps us to achieve higher load than the 

rated value as the process is more stable. If we have to increase the load beyond the rated value, then we have to ensure 

the following: 

(a) The gas plant should be able to handle the additional gas flow. (b) The furnace burden is sufficiently permea-

ble to minimize blows. (c) The metal / slag can be tapped & transmitted away from the furnace quickly & efficiently. 

(d) The batching system can handle increased capacity. (e) Sufficient raw materials. (f) All cooling water circuits are 

regularly monitored and water leaks are minimized. (g) Transformer temperatures are regularly monitored & oil to be 

replaced/ filtered at recommended intervals. (h) The furnace shell is large enough & lining is good. (i) The furnace roof 

lining is in good condition, etc. 

If the resistance set point is not properly fixed the furnace may behave abnormally. If high resistance is set then 

consequences are the following: 

- Slag formation which gives rise to problems in tapping & plugging of furnace. 
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- The electrical instrument shows little or only temporary response to raising and lowering of the electrodes 

with subsequent problems in balancing the furnace load & excessive electrode travel. 

- An abnormal wear on the electrodes i.e. reduced wear on the electrode tip and increased wear on the side 

of the electrodes. Above all, wear on the slits of the fins may result in channel formation and splitting up 

of the electrodes. 

Actually the slagging condition is frequently related to a deficiency of carbon in the charge, but with higher re-

sistance set point, the slaggy condition cannot be avoided even with a surplus of carbon in the charge. The reason for 

such a condition may be a lack of heat in the inner zone as the heat evolution from I
2
R is decreased when the furnace is 

operated on high resistance. In case of a Ferro Silicon furnace, the SiO in the gas will increase with lower temperature 

in the inner zone followed by increase of lava or slag in the outer zone. 

With a slaggy condition a lifting or lowering will result in a small and temporary change in resistance indicating 

that the current finds other ways to travel, for instance from the side of the electrode to charge. This may again limit the 

heat to inner zone and the consequences of too high resistance are accelerated. So for proper control of the furnace op-

eration, both metallurgical and electrical considerations have to be taken into account. In case of ‘C3’ factor or current 

control this is not easy to solve the situations as ‘C3’ or current is a dependent parameter. 

Besides increasing production and reducing electricity cost, the resistance control of the electrodes results in a 

more stable & more balanced operation. This leads to: 

(a) Reduced thermal strain on super structure; (b) Accurate logging and reporting of data; (c) Resolving of opera-

tional issues before they become major problems; (d) Reduced damage to electrodes and hoisting devices; (e) Easier 

tapping. 

These advantages yield further benefits such as increased safety, reduced operating costs, reduced variable costs 

& reduced maintenance costs. 

4. LIMITATIONS OF CONVENTIONAL RESISTANCE CONTROL TECHNIQUES 

[RESISTANCE CALCULATED FROM FURNACE TRANSFORMER SECONDARY 

DATA] 

If the resistance r1, r2, r3 are calculated using the electrode voltages measured from electrode to hearth [or to a 

calculated star point], then inaccuracy increases. Electrode to hearth [or to a calculated star point] voltage measurement 

is not correct, as induced voltages in the measurement cause large inaccuracies. Furthermore, these induced measure-

ment errors become progressively worse since the power factor decreases as the magnetically induced voltages increase 

resulted from higher current to voltage ratios. The measurement also rely on a reliable electrical connection to the 

hearth of the furnace [or to a calculated star point] that is difficult to maintain in practice. The accuracy of electrode to 

hearth voltage measurement is affected as neutral point [the physical location where the three electrode currents vector-

ically add to zero] moves around as the magnitude of electrode currents vary [if the star point is not calculated by 

Bockman method]. The connections to the hearth need to be provided exactly at this point to accurately measure the 

voltage. Hence, the inaccuracy in measured resistance would skew the penetration of individual electrodes. The results 

may be superheating of bath or excessive losses in off-gas. The resulting effect is substantial increase in specific energy 

consumption. Hence resistances measured from primary parameters are to be taken into account. 

The Bockman method is characterized by the three measuring conductors from contacts in the furnace bottom to 

a junction box placed above the furnace current supply. In this junction box three conductors are star connected by three 

adjustable resistors (adjusted to the value calculated by this method). The star point will then represent the exact poten-

tial of melted metal. 

5. CONSEQUENCES OF CURRENT-BASED CONTROLS 

In three phase star equivalent circuits one will find the effect that if one of three currents changes, the remaining 

two currents will change as well. This interaction between three currents is known as the interaction effect. 

For electrical consideration the furnace can be taken as a star connected load as it can be shown that when an 

electrode is moved the resistance in that phase is affected while the resistances of other two phases remain unaffected. 

Electrode currents are three line currents of the star circuit. Vectorically, where these 3 line currents mix to zero result-

ant, it is called the star point. In the balanced condition the star point to electrode resistances is same. Let the electrodes 

be electrode 1, 2 & 3, the currents be I1, I2, and I3 for the electrodes, respectively. Electrode 1 has the charge resistance 

of r1 up to the star point, electrode 2 has r2 & electrode 3 has r3. In a balanced condition I1 = I2 = I3 & r1 = r2 = r3. 

Suppose the charge resistance under electrode 1 changes, say to r11, then I1 definitely changes. As the furnace is a star 

equivalent load, though r2 & r3 do not change, I2, I3 still deviate from their normal value. Actually when r1 is dis-

turbed, Electrode 1 should move up or down to restore the balance but as the system is working in the principle of cur-

rent balancing [not resistance balancing], hence there would be movement of every electrode as all currents deviate 
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from their normal value. This results in excessive movement of electrodes and balancing time increases as the balancing 

parameter is a dependent quantity ‘I’ but not an independent quantity ‘r’.  

Example [of interaction effect]: 

CONDITION PARAMETERS  ELECTRODE 1 ELECTRODE 2 ELECTRODE 3 

Balance Primary Current   610A  610A  610A 

  Electrode Current  81.0KA  81.0KA  81.0KA 

  Resistance   1.4 m-Ohm 1.4 m-Ohm 1.4 m-Ohm 

  Tap Position   23  23  23 

Unbalance Electrode Current  71.7KA  75.7KA  81.5KA 

  Resistance   1.8m-Ohm 1.4m-Ohm 1.4m-Ohm 

Percentage Electrode Current  -11.5%  -6.5%  +0.6% 

Change Resistance   +28.6%  0%   0% 

Owing to invisibility of interaction effect, many operators will dispute that it is a part of their problem. Instead 

they try to interpret the cause in more physically observable terms and they typically point to the problems with the 

electrode paste or raw materials or broken electrodes or water leakages as the source of the trouble. Of course such 

problems do occur as well but they are not the exclusive cause of poor operation, particularly in the case of large fur-

naces that seems to suffer from perpetual imbalances. 

 

 

Figure 1: Electrodes and per phase charge resistance 

It is convenient to introduce the concept of interaction coefficients G1, G2, G3 to quantify these functional de-

pendences. 

G1 = - (2/3) Cos
2
Ф,   G2 = (1/3)(-0.5 Cos

2
Ф + 0.866 SinФ CosФ), 

G3 = (1/3) (- 0.5 Cos
2
Ф - 0.866 SinФ CosФ), where CosФ is the power factor of furnace.  

The change ΔIi in current Ii of an electrode [i= 1, 2, 3] as a result of a change ΔRj in resistance Rj [j=1, 2, 3] can 

then be determined from ΔIi = ΔRj [Ii / Rj] Gk, where k = 1, 2, 3. Here G1 refers to the electrode in which the re-

sistance was changed, G2 is the following one in phase sequence and G3 is the preceding one in phase sequence. The 

larger the value of G the greater will be the change in current corresponding to G coefficient as a result of one electrode 

movement. An analysis based on a linearization around a balanced furnace shows that these coefficients are functions of 

power factor only. 

Please refer to the figure showing interaction coefficient as function of furnace power factor. From the figure, G1 

drops in proportion to the square of power factor down to zero. This means that in large furnaces where the power fac-

tor is lower, the sensitivity of current to movements of the electrode is relatively less than on small furnaces where the 

power factor is higher. This phenomenon is called insensitivity effect and results in large movements of an electrode 

being needed to achieve small changes in electrode current. 

The graph of G3 crosses that of G1 at a power factor of 0.5. This means that in a furnace with a power factor of 

less than 0.5 the movement of any electrode will cause a greater change to the current in another electrode than to the 

current in itself. Clearly this has major consequences for electrode control based on current. In practice the skewness of 

interaction problem associated with current control getting progressively worse as the power factor decreases, and does 

not suddenly appear at power factors below 0.5. At power factor exceeding 0.9 the problem is seldom. At 0.8 the prob-

lem becomes noticeable. At 0.7 it is significant and affects the operation of the furnace. At 0.6 it is a major problem and 

likely to contribute to major production losses. At power factor of 0.5 and below the system becomes unstable and the 

furnace is likely to suffer perpetual operating problems. In the interaction effect the changes in the currents are not 

strictly linear functions of the changes in the resistance, but they can be approximated as linear functions around any 

chosen operating point. This makes it easier to draw generalized conclusions about the important trends.  
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Figure 2: Interaction Coefficient as a function of Furnace Power Factor 

A combination of interaction and insensitivity effect during an unbalance on a large furnace can result in a low 

voltage across a phase. In an attempt to keep the current at a normal level, the operator may push the electrode right into 

the metal bath. It is almost impossible for the usual instruments in the control room to detect this extremely dangerous 

situation. This is called the effect of DEAD AND LIVE PHASES.  

The interaction effect has two consequences in furnace operation based on current or C3 control. 

5.1 Excessive movement of electrode 

5.1 For efficient metallurgical reductions to take place the correct electrode penetration needs to be main-

tained. If the electrode is moved excessively the arcing & the reduction condition will be disturbed. Frequent movement 

of electrodes can also lead to pumping of burden [charge]. Pumping of colder charge into the reaction zone causes the 

current density to drop off as colder mix is more resistive. There is also the possibility that the new colder mix will dis-

place some existing mix from reaction zone, thus shortening the reduction time and hence inhibiting metallurgical reac-

tions. Excessive movement of electrodes also causes electrode breakage and accelerates wear on hoist mechanism and 

other mechanical parts. 

In furnaces with higher power factor the interaction effect is minimal. In the furnaces with lower power factors 

these phenomena can be a major problem that cause excessive and endless operating troubles. 

5.2 Excessive movement of electrode 

When the electrode is on lower limit & current is low, the electrode cannot be slipped since it needs to be baked 

to avoid fractures and breaks. The operator has now very few options available. If a long slip is taken the power limit 

will have to be reduced to allow baking. This will affect production. If normal slipping is maintained an unbalanced 

condition for an extended period of time will cause metallurgical and ultimately production problem. 

Let’s consider initially the case where there is one short electrode [electrode 1] in the furnace & two undamaged 

electrodes. The short electrode will be running on the bottom stops of the hoist with a low current. Due to interaction 

effect, the current in the preceding phase [electrode 3] in the phase direction [say 1-2-3] will decrease while the current 

in the following phase [electrode 2] will increase. [The current in the preceding phase in terms of phase sequence drops 

by an amount comparable to that drop in a particular electrode current, while the current in the following phase rises by 

a smaller amount] The operator tries to rectify this unbalance by lowering the electrode in preceding phase [electrode 3] 

and raising the electrode in the following phase [electrode 2]. In doing this he will cause the current in the short elec-

trode [electrode 1] to decrease still further that aggravates the problem of recovering this short electrode. The electrode 

currents may be balanced now, but the penetrations are unbalanced. One of the first consequences of the above is that 

the molten pool beneath the raised undamaged electrode [Electrode 2] will start to cool & solidify. A few hours later 

this will lead to difficulties in tapping the material out from beneath this electrode, as well as from beneath the original 

short electrode. The operators at tap hole are unable to judge what is actually happening within the furnace and may 

think the problem roots to some other cause, e.g. a pieced broken electrode blocking the tap hole. 

Another possible consequence is an increase in temperature above the burden in the region of electrodes that are 

riding high, while the remaining electrode that has penetration has a cooler top. If this type of problem persists over a 

period of time, the heat may accelerate the rate of structural damage to the roof and to the electrode contact shoe assem-

blies. This loss of heat will also adversely affect the consumption of electrical energy per ton of production. Yet another 

G
3 

G1 
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effect may be a difference in the rate of raw material consumption between the electrode zones. Unfortunately this can 

be rather difficult to interpret in a way that can be used to diagnose and correct the situation. 

In a furnace with a very low power factor specifically around 0.5 and lower the penetrations of two undamaged 

electrodes may actually be so disturbed that they are far from the desired penetration than the original short electrode 

was. Indeed the required current may actually be unattainable in the deep-penetrating electrode even with the electrode 

in direct contact with the hearth. The damage caused during such operation can be considerable and can include break-

age [particularly green breaks] of the electrode, damage to hearth and other structures apart. 

If the two undamaged electrodes were initially of similar lengths, then driving them into an unbalance in penetra-

tion will obviously result in an unbalance in the hoist position too. If the short electrode persists for more than a day or 

two, it is likely that the rates of slipping of the electrodes will be adjusted to bring the range of travel of the hoists back 

to more normal limits [in the example slipping electrode 3 is longer & electrode 2 is shorter]. The electrode with good 

penetration [El 3] will therefore be encouraged to grow longer, while the electrode with poor penetration [El 2] will 

become shorter. When the original short electrode finally recovers, the new short electrode will in turn throw the fur-

nace into an unbalance, and the cycle will begin again. When the unbalance moves from one electrode to another in this 

way, the operators are often surprised at the lengths of electrodes that they thought were operating properly. They may 

even treat the new short electrode as as a broken one.   

Table 7: Interaction Effect 

63MVA, 45MW, P.F.  0.71, Secondary line Voltage = 300V, Phase Seq. = 1-2-3 

CASES r1 r2 r3 I1 I2 I3 

Base Case 1.0 m-Ohm 1.0 m-Ohm 1.0 m-Ohm 122.5KA 122.5KA 122.5KA 

Raise El 1 1.1 m-Ohm 1.0 m-Ohm 1.0 m-Ohm 118.5KA 123.2KA 119.9KA 

Differences 
0.1 m-Ohm 

[+10%] 

0 m-Ohm 

[0%] 

0 m-Ohm 

[0%] 

(-)4.0KA 

[-3.3%] 

+0.7KA 

[+0.6%] 

(-)2.6KA 

[-2.1%] 

With short electrode 1 

electrode 2&3 are 

moved to return to their 

normal current 

1.1 m-Ohm 1.057m-Ohm 
0.945 

m-Ohm 
116.6KA 122.5KA 122.5KA 

5.2 Variation in Supply Voltage 

In case of change of supplied voltage to furnace transformers, the electrode currents change, though the re-

sistances r1, r2, r3 are unchanged. Furnace operation based on current or C3 control would operate the electrode regula-

tion to maintain the same current. Actually the tap position of the furnace transformers should be operated differently to 

maintain the same current. 

6 6. ELECTRICAL CONSIDERATIONS OF FURNACE 

P = Total active power of furnace [measured at furnace transformer primary] 

Q = Total reactive power of furnace [measured at furnace transformer primary] 

I = Electrode current [calculated from primary line current & tap position] 

X = Furnace reactance [calculated at primary] 

V = Secondary phase voltage [calculated from primary voltage & tap position] 

 = Electrode to star point voltage 

R = Furnace resistance [calculated at primary] 

Z = Furnace impedance [calculated at primary] = + (r
2
 + X

2
)

0.5
 = V/I 

K = Arcing factor [max. value = 1] 

VA = Apparent power of furnace [measured at furnace transformer primary] = 3VI  = + (P
2
 + Q

2
)

0.5
 

MVA max. = Furnace designed MVA 

I max. = Max. Electrode current as per design 

D = Diameter of casing in meter 

The inductance of a furnace and hence the furnace reactance ‘X’ is fixed for a particular furnace. It normally de-

pends on the physical layout of electrodes, bus bars, transformer inductance etc. The resistance ‘r’ is a variable one & is 

the power dissipating unit. It is approximated when there is not too much arcing below the electrode. When arcing takes 

place, there is a nonlinear inductive effect in power dissipation, which affects the analysis. This affect can be taken into 

account in the circuit analysis by using a special arcing factor. 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 355  
 

 

Figure 3: Star Equivalent Circuit of Furnace and Furnace Transformer 

From the fundamentals P = 3I
2
r  (1) 

= 3I
2
 (Z

2
-X

2
)

0.5
 = 3I

2
 [(V/I)

2
-X

2
]

0.5
 

= 3IX (V
2
/X

2
-I

2
)

0.5
 (2)  

For all furnaces maximum safe (peak) electrode current Imax. = 55 x d
1.5 

KA 3) 

From the fundamentals Q = 3I
2
X, X = Q/(3I

2
)  (4) 

P = +[(VA)
2
 – Q

2
]

0.5
 

If we take arcing factor (K) into consideration 

P = K [ (VA)
2
 – (3I

2
X)

2
]

0.5
   (5) 

Pmax. = K [ (VAmax.)
2
 – (3I

2
X)

2
]

0.5
    (6) 

The curves of equation 1 are obtained by changing P & I at constant ‘r’. This is done if the electrode position and 

the mix in the furnace stay constant and P&I are varied by changing the tap position of furnace transformers. As the 

changes are in step, so we can get only certain points not a continuous curve. Then curves for different ‘r’ are drawn in 

the same manner. But for each curve ‘r’ has a constant value. 

  
 

Figure 4: Curves of Eq.1 Figure 5: Curves of Eq.2 

Curves of equation 2 are obtained by changing P & I keeping ‘V’ constant i.e. by movement of electrodes keep-

ing tap position of transformers constant. So we can get total nos. of curves equal to nos. of tap positions. 

Increasing the current beyond corresponding peak value of ‘P’ results in only over heating of hearth and over-

heating of electrode with less production and more specific power consumption. 

The curve of Eq.3 is a straight line parallel to ‘P’ axis. 

 

Figure 6: Curves of Eq.3 

Curve of Eq.6 is drawn between ‘P’& ‘I’ taking MVAmax. and ‘X’ as constants. For analysis ‘K’ is taken as 1. 

This curve is called as MVA Limit Curve. When all these four types of curves are drawn on a single graph sheet the 

total graph is named as ‘Characteristic Graph’ for a furnace or ‘Density Distribution Diagram’. The intersection of 

curve of Eq. 6 with curves of Eq. 2 gives the max. allowable current for that particular tap position. The operating point 

of the furnace lies below MVA limit curve & left to Imax. curve. 
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Figure 7: Curves of Eq.6 

It has been mentioned above that C3 = I/(P
2/3

) = Constant, which implies that rP
1/3 

= Constant  as  I = +[P/(3r)]   

This indicates that r  [1/P
1/3

], but for larger furnaces the resistance decreases relatively less with higher power 

or with higher electrode current.  Hence taking r = constant in resistance control will not make any difference even if 

power density is changed.  

Controlling ‘r’ is done according to the flow diagram below. 

 

Figure 8: Closed Loop Control System for Electrode Control 

For a closed loop PID controller, generally the following set points are provided. 

1. rset point  2. Hysteresis band for rset point Upper 3. Hysteresis band 

for rset point Lower 4. Power set point 

The controller moves the electrode to get the rset point  . The movement of electrode is restrained when 

(rset point  - Lower hysteresis band)   r  (rset point + Upper hysteresis band)  

Beyond these values of ‘r’ the movement of electrodes starts and it finishes when r = rset point  is reached. With this 

value of ‘r’ the PLC/DCS reads the power at any existing tap. If power does not match with ‘Pset’, then it gives com-

mand to change the transformer taps [all transformers at a time] so that the measured power reaches approximately to 

‘Pset’. It should be understood that when ‘P’ is changing due to changing of taps the electrode does not travel as ‘r’ is 

constant. Hence the PLC/DCS maintains the resistance set point by movement of electrodes (Electrode Regulation) and 

maintains the power by changing transformer taps. 

It should be kept in mind that auto system based on resistance control should only be tried when 

(a) Furnace is stable (b) There is no abnormality of electrodes (c) Furnace has not been just started. 

In the above cases manual control of electrodes should be tried. 

7 7. CALCULATIONS FOR CHARACTERISTIC GRAPH OF 28.5MVA Fe-Si FURNACE 

OF BHUTAN FERRO ALLOYS LTD., BHUTAN 

The following readings were taken. 

Set value C3 = 10.8, Pset = 12.4MW, actual P = 12.7MW, C3 = 10.9, Q = 9.8MVAR, Tap position = 5,  

I1 = 59.1KA, I2 = 60.4KA, I3 = 58.5KA, Primary Voltage [line] = 21.5KV [balance], 

Primary current [line] = 430A, Diameter of the casing = d = 1.32m 

Iav = [59.1 + 60.4 + 58.5]/3 = 59.3KA, If we calculate from tap ratio & primary current Iav [from primary] = 

(22000/160) x 430 = 59.13KA  59.3KA [tap ratio at Tap 5 = 22000/160], we will use the value of 59.3KA for calcula-

tion purpose. 

X = Furnace per phase reactance = Q/(3I
2
) = 0.92896 mW 

Imax. = 55 d
1.5

  = 55 x 1.32
1.5

 = 83.4KA   (a) 

From Eq. 1 P = 3I
2
r  (b) 

‘P’ is from 0 to 35MW, ‘I’ is from 0 to 86KA, ‘r’ is from 0.6 to 1.5 mW (0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 

1.0, 1.05, 1.1, 1.15, 1.2, 1.25, 1.3, 1.35, 1.4, 1.45, and 1.5) 

MVAmax.  = 28.5 x 1.2 = 34.2MVA, 28.5MVA is transformer rating with 20% continuous overload capacity,  

X = 0.92896 mW 

From Eq. 6 Pmax.[in MW] = [34.2
2
 – (3I

2
)

2
(0.92896)

2 
/10

6
]   (c) (‘I’ from 0 to 86KA) 

From Eq. 2 P = 3IX(V
2
/X

2
 – I

2
] Putting value of ‘X’ the equation becomes 

P = 3I x 0.92896 x 10
-3

 [V
2
/(0.92896 x 10

-3
)

2
 – I

2
] (d) Here ‘I’ varies from 0 to 86KA 
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V = Secondary phase voltage when primary line voltage is 22KV and 3V = 140.1, 145.2, 150.2, 154.9, 160, 

164.8, 169.9, 175.3, 180.3, 184.9, 189.7, 194.7, 200, 204.7, 209.5, 214.6, 220, 224.5, 229.2, 234, 239.1, 244.4 volts at 

different taps 

 

Figure 9: Characteristic Graphs 
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ABSTRACT 

The regularities of the temperature distribution and the location of the type of aggregate zones of self-baking 

electrodes in high-power furnaces have been identified. Optimal operation modes during furnaces shut downs are iden-

tified and implemented at PJSC “NFP”; this provides a uniform ratio of cooling rates for the center of the electrode and 

its surface reducing the number of the breaks, which improves furnace performance and reduces the cost of electricity 

and charge materials. A mathematical model has been created for calculating thermal fields of round and flat self-

baking electrodes applied to different types, designs and capacities of furnaces and also types of melted alloys was de-

veloped. Investigations of microstructure as well as physical and mechanical properties of the flat sheet metal samples 

heated to 1300°С in oxidizing and low-oxidizing gaseous media in the contact with the electrode paste were carried out. 

The electrode  shell building  technology have been studied, conditions and features for joint weld formation have been 

considered using different grades of steel, types of joint weld and welding process, the method of semi-automatic weld-

ing of self-backing electrodes shells hasbeen studied and implemented at PJSC “NFP” by solid and flux cored wire in 

carbon gas medium. 

1. INTRODUCTION 

Creating the optimal operating conditions for continuous self-baking electrodes of iron-smelting electric fur-

naces with complex and diverse  physical and chemical processes occurring during the firing of electrode gives rise to 

the urgent need to  study the thermal and technical characteristics of the electrode formation. Therefore, the information 

about temperature distribution along the height and cross-section of the electrode as well as the position of particular 

areas of the aggregate state of electrode paste becomes important, so as to allow the development of specific sugges-

tions to eliminate breaks of electrodes on coked and uncoked parts [1]. 

2. EXPERIMENT 

For investigation of the temperature fields of self-baking electrodes of electric ore-smelting furnaces one of the 

most reliable though labour-consuming method of anadromous thermocouples was used [1]. Chromel-Aluminium ther-

mocouples isolated from the external environment by alundum strips were placed in a tube pre-installed in the electrode 

with a diameter of 1 inch following the schematic shown in Figure 1. The working end of the thermocouple was pro-

tected by a corundum cap 60 mm long. This was necessary to prevent it from carburization in the high-temperature 

zone. The load was attached to the corundum cap with nichrome wire. As the electrode was being built-up the sections 

of the pipes with a high equal to that of the shell were connected via joints. Welded pipes connections were not used 

because they made it difficult to move the thermocouple wire (Figure 1). 

The coordinates of the points at which the temperature was measured were determined by the formula: X = (H 

+ h + l) - (A + L), where H - the distance from the bottom edge of the thrust ring to the upper edge of the contact 

cheeks; h - height of the contact cheeks; l - distance from the top edge of the shell to the bottom edge of the housing of 

the thrust ring; L - length of the tube; A - distance from the top of the pipe to the upper edge of the shell. Thermal emf 

was measured by recording electronic potentiometer KSP-06 with chart strip velocity of 60 mm/h. Temperature meas-

urement was carried out by moving the thermoprobe along the electrode height and by holding it at each measurement 

point till the equilibrium was established, but not less than 10 minutes. The reference point was the lower edge of the 

contact cheeks. Studies of temperature zones were carried out at discrete change of power in the range of 50-55 MW 

and the current equal to an average of 90 - 100 kA. Measurements of thermal fields were carried out after the furnace 

operation at a given electric mode for at least 1 day. 
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Fig. 1. Schematic of thermocouples arrangement in the study of temperature fields of the electrodes 1 - supporting cyl-

inder; 2 - electrode; 3 - a pipe with thermocouple; 4- electrode area; 5 - potentiometer; 6 - protective angles. 

3. RESULTS 

The results of studies of the electrode thermal field of RPZ-63 at Nikopol Ferroalloy Plant duringsilico-

manganese smelting (a) and ferromanganese (b) operating at a power of 52-55 MW and 95-100 kA electrode current are 

shown in Fig. 2. 
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Fig. 2. Temperature field of the electrode ofRPZ-63 furnace when: (а) silico-manganese smelting, (b) ferro-manganese 

smelting. 

Comparative analysis of the distribution of temperature zones and forms of isothermal surfaces in the electrode 

of the RPZ-63 furnace whilst smelting ferromanganese made with similar data for rectangular silico-manganese furnac-

es RPZ-63 (Fig. 2) shows that the main regularities of temperature field distribution in rectangular self-baking elec-

trodes of RPZ-63 furnaces are retained irrespective of the melted alloy type, smelting method and furnace capacity. The 

To the center of the furnace 
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shape of the isothermal surfaces bounding the melting and electrode paste coking zones are both convex and concave. 

The surface curvature in the longitudinal direction (along the major axis) is slightly larger than in the transverse dimen-

sion. Convex nature of the isothermal surface of the upper coking zone obtained during the study of the electrodes of 

ferromanganese furnaces shows that the proportion of ‘Joule’ heat during coking of the electrode paste is slightly lower 

than the heat coming out of the furnace bath. This is due to comparatively small size of the rectangular electrodes along 

the minor axis. 

The isothermal surface of the lower part of a coking zone (isotherm 600
0
С) is slightly convex. Furthermore, the 

temperature of the central part of the electrode below the coking zone increases at a greater rate than at the periphery. It 

seems likely that in the coked carbon block of the electrode the cooling effect of continuously uploaded charge as well 

as the heat supplied through the electrode from the furnace bath greatly affects temperature distribution. The tempera-

ture of the peripheral layers of the electrode is under significant impact of the conditions of contacting and cooling of 

the contact cheeks. Near the upper edge of the cheeks temperature difference between the center and the surface of the 

electrode may reach 1000°C or more. In this case the heat is likely to abstract through the shell [2]. 

One of the most important features of the temperature zones distribution is pronounced slope of isotherms at 

the beginning of electrode paste coking, whereby the side of the electrode facing the  homonymous phase is hotter 

which is also typical for silico-manganese rectangular furnaces. In some cases, the temperature difference reaches 200-

250
0
С or more, which is extremely undesirable since it contributes to the development of desintegration (sedimentation) 

of the electrode paste components, and as a result, leads to deterioration of the operational stability of the working elec-

trode edge. It seems necessary to introduce minor changes in the blasting systems design to obtain the opportunity to 

more intensively blow ‘hot’ side of the electrode that will allow reducing or eliminating the asymmetry of the electrode 

thermal field. 

The most important indication of the reliability of the self-baking electrode area is the level of zone where cok-

ing begins (isotherms of 400-600
0
С). The studies carried out suggest that in RPZ-63 furnaces during carbon ferroman-

ganese smelting at a power of 52-55 MW the coking zone is at 350-450 mm above the lower edge of the contact cheeks, 

in some cases - lower. Such a position of the coking zone can be considered  optimal in practice though with increasing 

power of the furnace it may be necessary to develop activities that heighten the level of coking zone. 

4. DISCUSSION 

Electric furnaces by Tanabe-kakoki (Japan) with an installed  capacity of the transformer at of 81 MVA  and 

three self-baking electrodes with a diameter of 2000 mm installed in the Nikopol Ferroalloy Plant constantly require the 

solving of issues of furnace equipment reliability, in particular, with the self-baking electrodes. Installed power of the 

furnace transformer RKG-75 is 81 MVA, while actual operating power is 45 MW, design capacity of 90 thousand tons 

per year. 

The hydraulic hoisting mechanism for movement of the electrode is equipped with two cylinders, however, the 

electrode goes down under its own weight. To prevent lateral displacement of the electrode guide rollers are mounted. 

Operating pressure in the cylinder is 140 kg/cm2. The mechanism of the electrode bypass is a hydraulically driven sys-

tem with two friction steel straps. The upper friction strap is supported with 4 hydrocylinders. The electrode clamping 

with friction straps is made by cylinders with a force of 50 tons. Operating pressure in the cylinder is 112 kg/cm
2
 and 

stripping of 15 mm. Frictional straps fastening tape rate is 1000 mm/min. 

The bypassing control can be manual and automatic, the single bypass value is 10 mm. RKG-75 furnace design 

also features an electrode clamping device which is a cone clamping system. Both the outer side of the contact cheek of 

the electrode and a ring surrounding the contact cheeks are conical. When the conical ring is moved up or down through 

hydromotor the contact cheeks are fastened or loosen relative to the electrode (Figure 3.). Contact cheeks clamping is 

always consisting of : hydromotor, reducer, cylindrical spur wheel, drive shaft, sprocket, lantern gear, sprocket, lifting 

and descending shaft of the cone ring, cone ring, contact cheeks (Fig. 3.) of the electrode [3]. 

The results of the studies to determine the temperature fields of the electrodes show that when the furnace oper-

ates at the power of 42-45 MW, operating current of 145-150 kA and an average consumption of electrode 550 mm/day, 

the coking isotherm was concave and was located at the level of +550 and +200 mm of the hot and cold side, respec-

tively. The height of the column of molten mass (100350
0
С) reaches 1.5-2.0 m and softening point isotherm 

(70100
0
С) is at 1.32.3 m above the bottom edge of the contact cheeks. Contact cheeks have a very significant cooling 

impact on the electrode. Due to this fact, below the coking zone, the temperature drop in the areas that are in contact 

cheeks and between them reaches 100-120
0
С (Fig. 4). The temperature of underroof in the electrode area reaches 1000-

1100
0
С. 
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Fig. 3. Schematic of clamping contact device operation 

1 - cone ring; 2 - contact cheeks; 3 - lifting and descending shaft; 4 - screw; 5 - gear wheel; 6 - electrode; 7 - supporting 

cylinder; 8 - supporting cylinder ring; 9 - hydromotor; 10 - coupling; 11 - reducer; 12 - drive shaft; 13; 14 - sprockets 

The relatively low position of the coking area requires strict compliance with the electrodes bypass modes 

(100-200 mm three times a day) and, accordingly, with the blasting modes at different times of the year, providing high-

quality shell weld joints and uniform uploading of the electrode paste. High reliability of operation of the furnace RKG-

75 electrodes is achieved by using sheet steel housing 4 mm thick. To heighten the coking zone, , it was recommended 

to develop and introduce higher quality thermal conductive electrode paste containing silicon carbide [3]. 

Over the recent years, the practice of operation of electric ore-smelting furnaces has shown that often limita-

tions of the companies energy use  force them to reduce and sometimes even shut down electrometallurgical units for 

certain periods of time. This has a negative impact on the operational stability of self-baking electrodes, as about 80% 

of their breaks occurs after the "hot" and "cold" downtime and thermal stresses occurring in the body of the electrode 

during prolonged shutdown. During the shutdown of the furnace the cooling rate of the outer electrode surface reaches 

160-180
0
С per hour, which is 8-10 times greater than the permissible cooling rate in the manufacture of molded carbon 

and graphite electrodes that results in much larger temperature gradient over the cross section than that which existed in 

the operating electrode. When the resulting thermal stresses exceed the limit of the mechanical strength of the electrode 

material, the crack is formed in the surface layer. 

When the furnace is connected to the current load the thermal expansion coefficient increases dramatically and 

the gap between the cracks also increases. In the areas where the cracks develop there is additional electrical resistance 

where significant amount of heat is generated. The temperature at the contact point increases. Intensive oxidation of the 

carbon components which come up onto the surface of partition occurs. When the current load after the furnace shut-

down increases, the electrodes usually break, the period for the furnace to reach its full  capacity  is delayed, and per-

formance decreases [1, 2]. 
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Fig 4. Temperature fields of the electrodes of three-electrode electric furnace RKG-75 for ferroalloys smelting 

A practice of slow gaining of power after a long furnace downtime has been applied in order to prevent sudden 

thermal shock. In our opinion, this method has no significant effect on the durability of the electrode. When the furnace 

is turned on after a downtime, the electric current passing through the surface layers of the electrode heats them and 

thereby eliminates occurring thermal stresses. However, if the cracks were formed in the electrode during downtime, 

slow heating only postpones the electrode break but does not prevent it. 

At PJSC “NFP” and PJSC “ZFP” the investigations have been carried out and the temperature difference be-

tween the center and the surface of the electrode during the furnace shut-down and subsequent power gain have been 

determined. Temperature gradient at the unregulated furnace shut-down mode reaches 400-500
0
С (Fig. 6) 

In order to prevent breaks associated with shut-downs and prolonged downtime, a method for the preparation of 

electrodes for the furnace shut-down has been developed and implemented, which is based on the principle of a smooth 

cooling of the electrode surface by reducing the current load. During the period of 2-3 days before shutting down the 

furnace the electrodes are shortened by 400-500 mm by reducing or stopping the bypass; during 6-8 hours before the 

shutdown load current is gradually reduced to 20-30% of the nominal value bypassing the electrodes and shutting down 

the furnace. 

This mode enabled cooling of the center and on the surface of the electrode by 200-300
0
С at the same rate, and 

to move the area mostly prone to cracking towards the furnace roof, that is to reduce the rate of further cooling. Ulti-

mately, the maximum temperature difference did not exceed 200
0
С and this  significantly increased electrode durability. 

After the introduction of the developed mode in 16 electric furnaces (78 electrodes) the number of breaks decreased by 

47.7%, thereby increasing performance and reducing energy consumption (Fig. 5). 

To the center of the furnace 

 



PRODUCTION TECHNOLOGIES AND OPERATION 

 

The Fourteenth International Ferroalloys Congress  May 31-June 4, 2015 

Energy efficiency and environmental friendliness 

are the future of the global Ferroalloy industry 

 Kiev, Ukraine 

 364  
 

 

Fig. 5. Temperature change in the self-baking electrode of RPZ-63 furnace after its shutting-down 

The need for a PC simulation of electric and thermal fields of self-baking electrodes of ore-smelting electric fur-

naces arises both  at the design stage and when developing and optimizing techniques in the process of operation. To 

this effect, algorithms and software package have been developed that allow the simulation of the thermal fields of the 

electrodes of ferroalloy furnaces. The software is written in the algorithmic language Turbo Pascal and C ++ and does 

not require any special system-dependent tools throughout its operation [4-8]. 

Construction of a mathematical model was preceded by systematically considering the influence of the main 

technological, electrical and design parameters. The model is based on the equation of heat distribution in the electrode 

accounting for the influence of various factors. Models are compared with their numerical and analytical analogues 

which check the  the accuracy, the analytical and computational simplicity of numerical solutions, and the  processabil-

ity of information transfer between the internal nodes of the grid area and the limit where single value conditions are 

set. For the construction of adequate and efficient algorithms for solving a system of differential equations in partial 

derivatives describing thermal fields of the electrode finite-difference methods and the method of splitting the spatial 

variables of Peaceman-Rechford were used, allowing us to reduce the algorithm to the scalar marching and thus to build 

an efficient scheme in terms of the number of arithmetic operations. 

While constructing the model the equations and boundary conditions were used that adequately describe the real 

processes occurring in each temperature zone of the electrode. the equation was used for areas of solid paste heat con-

duction, and  the Navier-Stokes equations applied for viscous non-compressible fluid was used for “liquid zone”. A set 

of basic problems arising in the analysis of temperature fields of the electrodes of iron-smelting furnaces allows for 

consolidation of equations, the single-valuedness conditions and their recording in a standardized form: 
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The vectors of the desired function of temperatures ordered by the k zones of the electrode; A(Y), B(Y), C(Y), 

D(Y) are known functions describing physical and mechanical, thermal and physical as well as electrical properties of 

the electrode paste; W - vectors of sources characterizing heat transfer from the furnace, specific heat of the electrode 

paste coking, :Joule heat” of the electric current, heat of flue gases, heat transfer to the environment and the charge with 

the cooling water for heating and melting of the paste, etc. Initial and boundary conditions are applied to the dynamics 

of the process. 

In the analysis of the various methods for solving the set the method of splitting by spatial variables was pre-

ferred, which allowed building a compact system of algorithms to implement solutions to this class of problems, and 

supplementing a set in case of an increase in the number of factors influencing the temperature field. 

The program is based on the idea of structured programming with step-by-step refinement of tasks and the de-

velopment of the structural models. The individual parts of the program are presented in the form of functions-

operators, localized in one place in the program, which is convenient when you make changes to the program. 

The programming means allows  entering of the initial data required for calculation, analysis and processing of  

the results, as well as presenting them in the form of tables and figures. The developed set of programs of the automated 
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system of thermal analysis can be used to detect and predict the conditions of rational conditions of the electrodes for-

mation. 

To identify the processes occurring in the electrodes, a method   based on the principles of the solution of inverse 

heat transfer problems is suggested, in case if on the basis of some information about temperature or electric fields, 

known from the experiment, it is necessary to determine any causal characteristics. The most characteristic inverse heat 

transfer problems are classified with respect to the operation of self-baking electrodes. The models, algorithms and 

software for solving boundary inverse heat conduction problems have been developed for the identification of heat 

transfer processes in a self-baking electrode. The algorithm has an incremental regularization; it received certification 

based on analytical solutions of the theory of heat conduction, and is simply generalized to the solution of other classes 

of inverse problems and can be recommended for the practice of processing and interpretation of thermal measurements 

data in relation to the identification of the processes of heat transfer in self-baking electrodes of ore-smelting furnaces. 

Results of the research into microstructure as well as physical and mechanical properties of sheet (2-4 mm) metal 

used for manufacturing of shells of the continuous self-baking electrodes heated  up to 1300
0
С in a low-oxidizing and 

oxidizing media in contact with the electrode paste have been investigated. The samples cut from the electrode shell of 

the ore-smelting furnaces at their shut-down were also investigated. With increasing temperature, the mass loss of sheet 

metal in an oxidizing medium increases and at 1000
0
С the samples were almost completely oxidized. Strength and plas-

tic characteristics also decreased in this case. Metal heated in a low-oxidizing medium oxidizes slightly with the in-

crease of temperature up to 1200°C [9]. 

In the absence of contact with the electrode paste at 800-900
0
С an increase in the metal grain and partial decar-

bonization is observed. The samples heated in an environment of electrode paste underwent significant carburization. At 

1250
0
С the metal structure corresponds to perlite. In the electrode shell metal of the furnace RPZ-63 sampled near the 

lower edge of the contact cheeks, there is a substantial grain growth. In the area 0.5 m below the cheeks the metal is 

strongly carbonized. The initial ferritic structure is transformed into ferrite-perlite one which is accompanied by an in-

crease in the  gap to 540-584 MPa. * The values of  decreased to 3.2-5.2%. 

Type of weld Steel grade 
Sheetthickness

mm. 

,kgs/mm
2 
at temperatures, 

0
С 

20 300 600 

 

Control, withoutt weld 

joint 

SCS 4.5 46.7 43.6 10.28 

SCS 3.9 42.6 39.8 8.84 

SCS 3.0 38.3 35.1 7.96 

Overlapped SCS 3.9 41.3

 29.2


 5.48


 

in a butt joint without a 

gap 

SCS 3.9 39.2

 31.5


 5.5


 

SCS 3.0 37.5

 29.0


 7.5


 

in a butt joint with a 

gap of 3 mm 
SCS 4.5 40.7


 33.5


 6.8


 

in a butt joint with a gap 

of 10mm, triple joint 
SCS 4.5 48.7 39.0 8.4 

*Break along the weld joint 

Table 1: The mechanical characteristics of welded and solid samples at different temperatures (heating by electric cur-

rent) 

In the course of the research  on a unit specially created for mechanical testing of samples under current load, 

the temperature dependence of mechanical properties of solid and welded samples of the type of low-carbon steels on 

the type of welds was defined. It has been established (Table. 1) that the metal welded in a butt joint has ultimate tensile 

strength by 10-30% lower than that of the whole sample. It has been determined that the samples of the shell made of 
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structural carbon steel of ordinary quality (SCS) welded by ANO-4 electrodes in a triple butt joint according to all the 

technological requirements, have mechanical tensile strength greater than that of whole sample. 

The obtained results show that the technique of growing the shell sections (total height of the shell is 15-20 

mm) is of great value especially for the furnaces RKG-75 where the only permissible type of weld joint is a triple one. 

The research results allowed to develop and implement at PJSC "NFP" the method of semi-automatic welding 

of steel shells of self-baking electrodes with solid and cored wire SV-08.G2S in CO2 medium, ensuring high stability of 

the welding process, improving the quality of welded joints, increasing durability of the electrodes and significantly 

reducing the labor input of the operation of shell growing. 

CONCLUSIONS 

The regularities of the temperature distribution and the nature of the location of aggregate zones of self-baking 

electrodes of the electric furnaces RKZ, RPZ and RKG are identified. Optimum operation modes during shutting-down 

of furnaces have been determined  and implemented at PJSC "NFP" to provide a uniform ratio of cooling rates for the 

center and the surface of the electrode allowing for reduction of the number of their breaks, increasing performance of 

furnaces, reducing the cost of electricity and charge materials. 

Algorithms and programs set for PC calculation of the thermal fields of self-baking electrodes have been de-

veloped in non-stationary formulation based on two and three spatial dimensions. This mathematical model allows the 

calculation of thermal fields of round and flat electrodes both at the furnaces design stage and during the optimization of 

techniques in the process of operation. A program written in an algorithmic language Turbo Pascal and C++ is devel-

oped in the form of an automated system of thermal analysis for PC. 

Some research  has been carried out on steel used in manufacturing of electrodes shells at heating in an oxidiz-

ing and low-oxidizing gas media in contact with the electrode paste at temperatures up to 1300°C, and on samples cut 

from the electrode shell of the operating furnaces during their shutdown. It has been determined that the microstructure 

and properties of steel shells of the electrodes during their formation undergo significant changes and reflect complex 

physical and chemical processes and temperature conditions of interaction with the electrode paste and the environment. 

The analysis of the conditions and characteristics of the electrodes shell growing technique when using differ-

ent types of welding was carried out; the  semi-automatic method of self-baking electrodes shells by solid and cored 

wire in carbon dioxide medium has been studied and implemented at PJSC “NFP” that ensured high stability of the 

welding process, improving the quality of weld joints, increasing durability of electrodes and reducing the complexity 

of growing operations. 
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