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ABSTRACT

Charcoal is an interesting reducing agent because it is produced from growing wood which is renewable and
does not contribute to global warming, provided that there is a balance between the felling of timber and
growth of trees. In the biocarbon project the possibilities for using charcoal is investigated as well as other
biological based and renewable reductants for ferroalloy production. The background for the project is that
the Norwegian ferroalloy producers wish to contribute to reduction of CO,- emissions.

This paper focuses on the use of charcoal instead of coke for the production of manganese alloys, and the
consequences of doing so. Results from practical SiMn smelting experiments on a pilot scale have previously
been reported, where only 12-14 % Si in the metal was obtained when charcoal was used. Recently we have
attained satisfactory 18 %Si also for charcoal, but good results are indeed dependant on good furnace per-
formance.

There is no tradition for using charcoal for manganese production in Norway. A change from using mainly
coke to the use of some charcoal will demand new routines for furnace operation, raw material and off-gas
handling. Hence, characteristic properties of charcoal, which may cause change of furnace operation, have
been measured and are compared to coke. The following results are presented:

® Thermal abrasion strength together with CO,- reactivity; important parameters for the performance of
the upper part of the furnace.

® Coke-bed resistance; it will increase with the use of charcoal (a review of new results).

® Slag reactivity, a relevant method for testing slag reactivity of industrial reductants is of interest. The
suggested method can serve for comparing slag reactivities towards graphite.

1. INTRODUCTION

The Norwegian production of ferroalloys is well above one million tonnes per year and includes FeMn, SiMn,
silicon (Si) and ferrosilicon (FeSi). The established Norwegian producers are ERAMET Norway, Tinfos Jern-
verk A/S, Elkem AS, Fesil ASA, and Finnfjord AS. In 2003 CVRD also started production of manganese al-
loys at Mo (RDMN).

The production of ferroalloys and silicon metal in Norway are modern, energy intensive activities where
efficient large electric submerged —arc furnaces give high yields and facilitate low energy consumptions.
While the production of the slag-bearing processes FeMn and SiMn is carried out in closed covered furnaces,
the production of FeSi and Si is carried out in semi-covered furnaces. Some of the smelting plants have in-
stalled electrical energy recovery from the off-gas while others utilize some of the excess heat in the off-gas
for other purposes. The electric power supply is based on hydropower, which has very low CO, emissions.
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The Norwegian ferroalloy industry has joined forces in the Norwegian Ferroalloy Producers Research Or-
ganization (FFF). Since its foundation in 1989, FFF has funded R&D projects worth ~ 130 MNOK (including
contribution from The Research Council of Norway). In 1997 FFF launched a 5- year long biocarbon re-
search project, succeeded by two 3-year long biocarbon projects, the last for the period 2005-7. Central par-
ticipants in the biocarbon project are SINTEF and NTNU together with the industry representatives. The main
objective is to reduce CO, emissions by substituting a part of the fossil reductant with biocarbon. Important
sub-goals are to identify consequences of and reduce costs connected to increased use of charcoal, and opti-
mize or develop charcoal processes with high carbon yield and/or high purity. Biocarbon is biological based
renewable materials, and examples are wood chips and charcoal. Since charcoal is produced from growing
wood it does not contribute to global warming, provided that there is a balance between the felling of timber
and growth of trees. The reason is well known, growing plants utilize CO, in the photosynthesis during day-
time and convert CO,, sun energy and water into polysaccharide while oxygen is released.

At present the Norwegian ferroalloy industry is responsible for about 3 million tonnes of C0,-emissions [1]
which come from fossil carbon, mainly coal and coke used as reductant in the smelting processes. The SiMn
industry in Norway uses mainly coke as reductant and has no tradition for the use of charcoal. Atthe moment
we do not believe that there are process benefits by using charcoal. However, in the production of Si and FeSi
charcoal and wood chips are used to a small extent because of possibilities for process improvements [2][3].
South America and Asia have been the main charcoal suppliers as charcoal is not produced in Norway

2. PROPERTIES OF REDUCTANTS FOR SIMN AND FEMN PRODUCTION

Typical chemical analyses and selected properties of reducing agents for SiMn/FeMn production are com-
pared in Table 1. The selected properties are of special importance for manganese alloy production and have
of this reason been measured at SINTEF/NTNU, using appropriate equipment designed/built during the last
5 years. Detailed descriptions of these measurements are presented in the following sub- chapters. There are
major differences between charcoal and the most common metallurgical type of cokes used today. Usually
charcoal has a lower fixed carbon content and much higher content of volatile matters, while ash is rather low
with composition strongly dependant on soil and use of fertilisers. Charcoal volume weight is low. Compared
to coke industrial charcoal has higher CO,- reactivity, lower thermal abrasive strength and higher electrical
resistivity, which is decreasing with increasing temperature. Other possible reductants have been included in
Table 1 for comparison, where some relevant properties have been measured.

Table 1: Typical properties for charcoal compared to metallurgical coke
(special qualities in brackets)

Fixed carbon (%) 65-85 (94) 86-88 93.8 84-90
Volatile matter (%) 15-35 (4) =1 3.8 9-16
Ashes (%) 0.4-4 10-12 2.4 <1
Ash composition (% of ash):

Si0, 5-25 25-55 23

Fe,0, 1-13 5-45 5

Al, 04 2-12 13-30 5

P,0; 4-12 0.4-0.8 -

CaO 20-60 3-6 11
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Table 1: Typical properties for charcoal compared to metallurgical coke
(special qualities in brackets) (Continued)

MgO 5-12 1-5 -
K,0 7-35 1-4 -
Volume weight on dry basis (kg/m?) 180 -350 500-550 450-800
CO,-reactivity at 1060°C (%C/s) (2.1-2.3)102 [ (0.2-0.50y10 | (2.8 - 3.2)'10 -
Thermal cohesion strength: C.I (%) 74 - 84 93 -97 93-95 -
Thermal abrasion strength: T.1.3 (%) 78 — 82 82 -89 84 -
Electrical resistance (U'm) 5-35 mm 10-20 mm - 10-20 mm
at 1000°C 0.014 - 0.023 | 0.003 —0.008 - 0.012-0.035
at 1400°C 0.009 -0.018 | 0.003 -0.009 - 0.007 - 0.021

2.1 CO,- reactivity

NTNU/SINTEF has developed a special CO,-reactivity test relevant for manganese alloy production in close
cooperation with Eramet and Tinfos. This CO,-reactivity test can be combined with other measurements after
the test, i.e. cohesion strength (C.1.) and thermal abrasive strength (T.1.3), described in the following section.

A highly reactive material will have a high reactivity number, reflecting a high rate of the Boudouard reac-
tion (1).

CO,+C=2CO (1

A high rate of this endothermic reaction is undesirable in manganese alloy production according to energy
consideration [4], because it will increase both coke and power consumption in the upper part of the furnace.
An existing standard ASTM test measures carbon reacting with 100 % CO, at 1100°C [5]. Other versions of
the NTNU/SINTEF CO,-reactivity test are carried out in an atmosphere of 75% CO and 25% CO, or 50%
CO and 50% CO,, at 1000 °C or 1100 °C, described and discussed elsewhere [6][7][8][9].

In the industrial manganese processes the CO, concentration range from 0 — 50%, and the temperature in-
creases quickly from the top of the charge towards the metal at the bottom. The CO,-reactivity test should be
carried out in an atmosphere relevant to furnace atmosphere in the upper part of the furnace. We have chosen
a composition of 50% CO, and 50% CO and a temperature close to 1100 °C for the present CO,-reactivity
test. The sample amount (60-100 g) is large enough to be sufficient for further tests afterwards. The chosen
amounts take up the crucible room. The crucible is made of stainless steel. For the further tests, it is of utmost
importance to stop the reaction after a certain amount of solid carbon has reacted, because the abrasion
strength decreases with the extent of reaction, and a weight loss corresponding to 20% of the fixed carbon
was chosen. The required weight loss is calculated from proximate analysis (volatiles, ash and fixed carbon).
The reaction is stopped by purging with inert gas and withdrawal of the sample crucible from the furnace.
The thermo-weight and experimental set-up are shown in Figure 1.

From the slope of the curve for the recorded weight measurements during oxidation with CO,, the fraction
of reacted fixed carbon per time is calculated, and an example is shown in Figure 2:. The slope is defined as
the CO,-reactivity. It can be seen that the temperature drops once the endothermic Boudouard reaction starts,
starting temperature is close to 1175°C while stop temperature is close to 1050 °C. The test temperature is
calculated as the average temperature during the period where the slope of the weight measurements is con-
stant.
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Figure 3: shows a comparison of different
carbon materials at 1060 °C. An adjusted
CO,-reactivity has been calculated based on a
theoretical reaction mechanism [6] in order to
determine the reactivity at 1060 °C. It is seen
that the CO,-reactivity for the Brazilian char-
coal made from eucalyptus (BE-1, BE-2, BE-
3: 3 parallels) is 4-12 times higher than the 3
different metallurgical cokes, while the CO,-
reactivity of charcoal made from preserved
wood is somewhat higher than for the indus-
trial charcoal. There is also a span in reactiv-
ity for the cokes, Corus coke being less
reactive.

Potassium is a catalyst for the Boudouard
reaction, and enters the furnace as compo-
nents of the manganese ore and to a smaller g0y e 1 Thermoweight for measurement of CO-reactivity
extent also as a component of the coke. Al-
kalis are known to accumulate and re-circulate in the furnace, and may condense on the coke in the upper
parts. Potassium speeds up the Boudouard reaction several times [6][7][8][9] and remove some of the differ-
ences between CO,-reactivities for charcoal and coke.

Flow controllers:
connected to the pc
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Figure 2: COyreactivity at 1060°C of Brazilian Figure 3: CO2-reactivity at 1060°C of industrial
charcoal charcoals, charcoal from preserved wood and
metallurgical cokes

2.2 Thermal abrasion strength

The abrasion strength is tested on partly reacted materials which have been oxidized according to the Boud-
ouard reaction at about 1100°C and with an atmosphere consisting of 50% CO and 50% CO, as described in
the previous section. The strength is measured independently of the CO, reactivity, since around 20% of the
fixed carbon is reacted for all samples.

The abrasion test is done on partly reacted material by analyzing the size distribution of the carbon materials
before and after tumbling for 30 minutes in a Hannover drum at 40 rpm. The drum diameter is 200 mm, the
depth is100 mm, and there are 4 baffles with height 16 mm and thickness 6 mm. The cohesion index (C.I)
tells about the ability of the material to maintain its strength (cohesion) after reaction with the furnace gas,
and its ability to withstand generation of fines.The thermal stability index (T.I.3) is measured after tumbling
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and tells something about the material ability to resist abrasion toward other particles under charge pressure.
A high number is preferred for both indices.

C.I.= Cohesion Index; the fraction larger than 4.75 mm before tumbling

T.1.3 = Thermal stability index; the fraction larger than 3.33 mm after tumbling.
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Figure 4: Abrasion strength (C.1. and T13) for Brazilian charcoal and charcoal from preserved wood
compared to different metallurgical cokes. C.I = fraction larger than 4.75 mm before tumbling, T13 =
fraction larger than 3.33 mm after tumbling

From Figure 4: it can be seen that the cohesion index of the industrial charcoals from Brazil are in the range
74-84%, which is lower than the cohesion index for the metallurgical cokes, being in the range 93-97%. The
charcoal made from preserved wood have as high cohesion strength as the cokes.

However, regarding the thermal stability based on T.1.3 there are only minor differences between charcoal
and coke.

2.3 Electrical resistivity

The electrical resistivity of the coke bed is of utmost importance for the operation of the submerged arc fur-
nace in the production of manganese alloys. Typical position of this coke bed is below and around the elec-
trode tip, as for example shown in Figure 18:. In addition to the carbonaceous particles, the coke bed contains
slag and metal droplets, and furnace gas is flowing up through it. However, the present work focuses on meas-
urements of electrical resistivity of dry coke beds.

A reliably method has been developed which is suitable for measuring industrial sized reductants at elevated
temperatures, up to 1600 °C and at current densities present in an industrial coke bed [10][11][12]. A sketch
of the apparatus is shown in Figure 5:, consisting of a high-alumina refractory cylinder built around a 30 cm
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standard graphite electrode. The layer of Kao-Wool reduces heat losses and minimizes temperature gradients
inside the coke bed. Water-cooled copper bus bars connect the power supply to the top and bottom graphite
electrodes. To ensure optimal contact, weights were placed at the top to increase the load. The temperature
was measured by thermocouples entering through the top electrode at the positions indicated. The 4-elec-
trode-principle was used, and the voltage drop was measured by molybdenum wires. The current was deliv-
ered by two series couples AC arc welding transformers and the current density was kept in the range 7.4-
14.1 kA/m?. Particle sizes were kept below 10% of the diameter of the alumina tube to reduce wall effects.
The coke bed was heated until one of the thermocouples showed 1600°C. This temperature is the limit due to

furnace lining.

0.025 L L L L L

Water-cooled bus bar—p»

0.020
Carbon sample

Thermocouple

0.015 5

0.010 o

Resistivity [Qm]

Brazilian charc. 4-35mm

0.005 - —v—— Brazilian charc. 4.7-13.4mm

. / 5 991 —o— Brazilian charc. 13.4-35mm
MOTere / 1C — @ —- Indonesian charc. 4.7-13.4mm
Alsint tube I 15 — -#—  Indonesian charc. 13.4-26.9mm
Kao-wool M 2 0.000 . . . : .
High ALO:s refractory/ | u s 1000 1100 1200 1300 1400 1500 1600

3C
cm Temperature [°c]

Figure 5: Apparatus for measurement of bulk
electrical resistivity [10]

The resistivity is calculated from the simplified

Figure 6: Electrical resistivity of charcoal (different
grain sizes) at high temperature [10]

equation shown in equation (2) where p is the re- o Brazilian charcoal 4-35mm
sistivity (Qm), U is the cell voltage (V), I is the cur- 0.04 ——— Brazilian charcoal 13.4-35mm
rent (A), A is the area of the cross section (m?) RO Brazilian charcoal 4.7-13 4mm
R Indonesian charcoal 4.7-13.4mm
where measurements were made, and h is the _ Indonesian charcoal 13.4-26.9mm
height (m) between the measuring points. é 0.03 1
= )
=U A/ h 2 2 ===\
p=(U"A)(I"h) @ 2 g =TT

The charcoal was heat treated prior to the meas- § T — NN
urements at 850°C for one hour in a tight container 001 & . >
without oxygen access. Due to the high content of 6 =
volatiles in charcoal the untreated materials has a
high resistivity, too high to carry current through 0.00 ' ' ‘ ' ' ‘

900 1000 1100 1200 1300 1400 1500 1600

the packed bed at room temperature.

Figure 6: shows that the electrical resistivity de-
creases with increasing temperature and increasing
particle size for the industrial charcoals from Brazil
and Indonesia. This is also the general trend for all
carbonaceous materials measured.

Temperature [°C]

Figure 7: Comparison of electrical resistivity of
different carbon materials

The results for charcoal are compared to metallurgical coke and petrol coke on a general basis in Figure 7:
The petrol cokes had also to be heat treated prior to the measurements, and have the highest electrical resis-
tivity at all temperatures. The resistivity of charcoals is 2-8 times higher than that of metallurgical coke in
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the temperature range 1000-1300 °C, while at higher temperatures the electrical resistivities can be similar or
up to 2-3 times as high.

3. SLAG-REACTIVITY

The reactivity of different slags towards different reductants is of industrial interest if a simple test could give
reliable and quick answers. In the thermo-gravimetrical method at 1600°C (CO atmosphere) used by 1. Sol-
heim[7][13] the crucible was made of selected large pieces of the reductant to be tested. A synthetic slag was
made and filled to the rim into the crucibles. The results showed that charcoal and coke slag reactivity was
equally good and thermodynamic equilibrium was achieved within 1 hour with 20% Si in the metal produced
in all experiments. The rate of reaction was equal too, if the reductants had been calcined at 1600 °C prior to
the experiments. However, this method is not suitable for testing industrial reductants, because of the diffi-
culties with getting large enough pieces of the reductants for making crucibles. Besides, there is the question
of representative samples regarding the huge differences in particle size for the crucible and the size fraction
to be tested.

In order to develop a simple test method for different reductants and slags with relevance for the production
of FeMn and SiMn, the reduction of MnO and SiO, was investigated in a graphite crucible in an induction
furnace. The two most important slag-reactions are shown in formulas (3, 4).

(SiOZ)slag +2C= Simetal + 2CO(g) (3)
(Mno)slag +C= Mnmctal + Co(g) (4)

The experimental set-up is shown in Figure 8:. The crucible cover reduces heat losses and let evolved gas
escape through holes, but is also designed to keep the reductant below the slag surface and prevent it to float
at the top. Both synthetic slag (S) and industrial HC slag (I) have been tested in different experimental series,
and reductants have been charcoal, metallurgical coke, anthracite, and petrol coke. Reference experiments
without the use of reductant were also carried out. The experimental procedure is described in detail by
Figure 9:. The figure shows the temperature during an experiment for
I3 which is the third of six experiments in the series with industrial
HC slag, using the same crucible and cover each time. The first and
last experiments in this series are reference experiments with no re-
ductant added, while 160 g fixed carbon from reductants are added in
the raw material mixture in the experiments 12 — 1 5. As for the rest,
the raw material mixture in each of these experiments consisted of:

<—— thermocouple

¢ HC slag (1400 g) containing 34.2% MnO and 23.1% SiO,

® Quartz (400 g) in order to increase the SiO, content to 41.7%
(before the reduction begins)

large crucible
€

® Iron (43 g) in order to produce SiMn metal with around 10% Fe. Hcm

The results from the experimental series with industrial HC slag are
presented in Table 2: and Figure 10:. The reduction rate is nearly
identical for the reference experiments and the other experiments
with reductants. The graphite consumption from the crucible and cov-
er is in the range (300-440) gram in each experiment. The calculated
amount of fixed carbon necessary to perform the reduction is only
160 g. Although some of the graphite consumption is due to combus-
tion with air on the outside, it is rather obvious that part of this high
loss is due to the reduction with slag. The method may be used for
testing different slags towards graphite, but not for testing the per- Figure 8: Sketch of experimental set-
formance of different reductants. up

reductant

I 150 mm 1
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1800 T T
: : 1. Crucible temperature reached
g 1oy | B2 e 5 s 1600°
o ! ! 2. Cover + thermocouple removed,
< 1400 + ! ! raw materials added
% 1200 1 ‘ | 3. Slag is melted, and slag sample
° I3: Charcoal - b 1 is taken (only in series |)
g' 1000 &/~ r--——-t-——F T e 4. Temperature 1600°, time set to
2 | | zero, sample 2 taken
800 A | | 5. Slag sample 3 is taken after 15
| | min
600 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 6. Slag and metal poured out, slag
955 1005 1015 1025 1035 1045 1055
Time and metal samples taken

Figure 9: Temperature recorded during an experiment using HC slag (I3), including experimental
explanations

Table 2: Analysis of slag and metal in the experimental series with industrial HC slag (I)

Time Slag analysis (%) R Final metal
Reductant (min) | MnO  FeO AI203 Si02 CaO MgO | Sum %Si | %Fe | %Mn| %C
I-1 Reference 1 -14 31,8 1,0 10,3 36,8 13,7 3,6 97,1 1,69

0 18,2

15 | 129 02 137 469 181 49 | 966 | 167
30 | 103 01 150 459 198 52 | 962 | 167|138 123|704 | 29
-2 Charcoal-a | -14 | 288 04 108 388 144 37 | 969 | 1,68
0 | 176 02 122 462 162 42 | 966 | 1,67
15 | 108 02 140 481 185 49 | 964 | 1,67
30 | 107 01 150 461 199 52 | 971 | 167|141 109 | 71,6 | 28
I-3Charcoa-b | -9 | 239 02 115 420 154 40 | 970 | 1,69
0 | 175 02 125 458 166 43 | 968 | 1,67
15 | 115 02 141 472 186 49 | 964 | 1,67
30 | 112 02 149 461 196 51 | 971 | 167|133 | 115|715 3,0
-4 Petrol coke | -9 | 23,7 02 11,2 425 151 39 | 966 | 1,70
0 | 159 02 126 466 165 43 | 961 | 1,66
15 | 108 02 141 476 188 49 | 964 | 1,68
30 | 99 01 151 455 201 53 | 960 | 168|140 | 11,3 | 71,2| 28
11
I-5 Anthracite | 0 189 02 123 444 166 43 | 96,6 | 1,70
15 | 110 02 144 470 190 50 | 965 | 1,67
30 | 96 01 154 458 203 53 | 965 | 165|141 | 114|710 28
16 Reference 2| -8 | 283 07 110 387 146 38 | 970 | 1,68
0 | 185 02 123 455 165 43 | 972 | 1,68
15 | 123 01 140 465 188 49 | 966 | 1,69
30 | 105 01 150 459 199 52 | 966 | 168|133 | 11,9 | 71,2 | 29

The results from the experimental series with synthetic slag are presented in Table 3: and Figure 10:. The
synthetic made slag composition is also shown, being high in MnO (39.2%) and SiO, (36.2%), containing
0.44% sulphur. The reactivity of synthetic made slag is similar to industrial slag of approximately the same
composition, provided that sulphur is added.

A comparison of test values is shown in Figure 11: for the experiments with industrial slag (I, R=1.7) and
synthetic slag (S, R=1.5-1.7) to chemical equilibrium between SiO, in the slag and silicon in metal for R=1
and R=2.

R=(MgO+Ca0)/Al,0, (5)
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Table 3: Analysis of slag and metal in the experimental series with synthetic slag (S). The slag did also
contain 0.44% S, and the slag mixture contained metal droplets (3.6% Fe)

Reductant 1600 °C Slag analysis (%) R Final metal
Time (min)] MnO FeO AI203 Si02 CaO MgO | Sum %Si | %Fe | %Mn
S-Charcoal 30 -10 39,2 8,4 36,2 105 53 99,5 1,87
0 26,1 0,8 10,2 451 11,3 6,0 99,5 1,69
15 15,7 0,5 12,7 495 138 75 99,7 1,68
30 10,5 0,4 14,5 502 155 84 99,5 1,65 | 13,7 | 11,3 [ 725
S-Charcoal 60 -10 39,2
0 21,2 1,1 11,6 46,5 126 6,7 99,7 1,66
15 11,2 0,5 14,5 49,7 155 85 99,8 1,65
30 8,4 0,5 15,3 50,1 16,4 89 99,5 1,65
45 7,5 0,5 16,0 494 170 93 99,6 1,65
60 7,9 1,3 17,1 470 166 99 99,7 1,55 [ 169 | 9,7 | 71,2
S-Coke 30 -10 39,2
0 16,1 1,1 12,9 483 138 75 99,6 1,65
15 11,2 0,5 14,1 50,56 150 8,2 99,5 1,65
30 9,0 0,5 15,0 504 159 87 99,6 164 | 152 ]| 94 | 734
S-Coke 60 -13 39,2
0 22,2 0,4 11,0 470 124 6,6 99,5 1,72
15 14,2 0,6 13,6 488 146 79 99,8 1,65
30 9,6 0,3 14,6 50,6 159 8,7 99,5 1,68
60 9,4 0,5 16,5 46,7 17,2 95 99,7 1,62 [ 153 | 13,9 | 68,7
45 : 20
—e— -1 Reference 1 —R=1
o 4B —8—|-2 Charcoal-a | 18 7 _>K ) S=I32030
3 " —&— 3 Charcoal-b 16 1 % sBC6O
RN ?5 17" —&— 4 Petrol coke | & SCC30
. ‘Q —A— |5 Anthracite 14 44 © SCC60
_ N R —o— 6 Reference 2 il g xg :2; gg
o\\°/ =S S-Charcoal 30 | — & SGref20
e) S-Charcoal 60 Z\c)» 10 4 A SGBC20
S WIS - % - 8-Coke30 | . A ggérggo
1 ®
15 | —* - S-Coke 60 ® I1ref30
| 61 W [2CC30
10 | | O BBCC30
[ 44 A KPC30
| A 15An30
57 ! 24 o IBref3o
| o -6
0 T T T 0 T
15 5 25 45 15 25

Time (minutes) from 24% MnO- reduction

Figure 10: Reactivity of industrial HC slag (11-16)
and synthetic slag (S) towards carbon materials at

1600°C
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Figure 11: Comparison of test values to chemical
equilibrium between SiO, in the slag and silicon in
metal for R=1 and R=2

The test values from the series with industrial HC slag (I11-16) are all extremely close to each other and rather
high in silicon (14%) which is achieved after 30 minutes at 1600°C. These values are also rather close to test
values with synthetic slag, and reasonable close to chemical equilibrium, compared to previous results by S.
Gaal (SG [14], R=1..8) and V. Olse (VO, R=2.5). Abbreviations: charcoal (CC), blast furnace coke/metallur-
gical coke (BC), petrol coke (PC), anthracite (An), reference (ref), reduction time in minutes (20, 30 or 60).

It is not recommended to test slag reactivity towards different reduction materials in a graphite crucible in
an induction furnace. The actual reactions are highly endothermic and by continuously supplying the graphite
crucible with the required inductive energy, the temperature of the crucible will be higher than of the coke
particles. The observed reduction is most probably due to reduction by the graphite crucible and only to a
minor extent by the added reductants.
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4. EXPERIENCE FROM USING CHARCOAL IN A PILOT FURNACE

Silicomanganese has been produced in six pilot scale experiments with three different reductants with a large
variation in CO, reactivity. The results from the first 5 were reported at INFACON X [7], and detailed de-
scription of procedures, raw material analyses and results for the first 5 can be found there. The reductants
have been metallurgical coke, reactive coke and charcoal, with increasing CO, reactivity. The aim was to pro-
duce SiMn with 18% silicon and see if any significant difference was found in the coke-bed by using different
reductants. Metal with 18% silicon was produced using metallurgical and reactive coke, but not for the ex-
periments with charcoal, neither with charcoal as the sole reductant (run 3 and 4) nor with charcoal/coke in a
50%-50% mixture on fixed carbon basis (run 5).

The aim of the last experiment (run 6) is to see if a colder charge top will improve the previous results of
run 5, and this paper puts weight on describing differences between these two experiments. In run 6 the ore
and coke were moistened to 10% and 8%, respectively. The charged composition is shown in Table 4:. The
amount of HC FeMn slag (15 kg), quartz and ore on a dry basis (35kg) was the same. The experiments started
with 3-5 kg coke-bed, and the amount of coke in the charge is calculated to give an off gas composition of
CO/(CO+CO,) close to 1. Trying to avoid a build-up of a quartz-bed, quartz was not added to the first charge.
Gradually the amount of quartz was increased in charge 2-3, and for charge 4-11 the total amount of SiO, in
the charge is about the same in all runs.

Table 4: Charge composition (kg, wet), based on 35kg dry ore and 15kg HC slag in each charge

Run | Starting coke-|  Charged Moisture | Charge 1 | Charge 2 | Charge 3 Charge 4-11
no bed (kg) materials (%) (kg) (kg) (kg) (kg)
Charcoal 7 5.5 6 6.3 6.6
Industrial 0 4.8 52 5.5 5.7
5 3 coke
Quartz 0 0 6.5 11 13.3
Ore 0 35 35 35 35
Charcoal 7 5.5 6 6.3 6.7
Industrial 8 5.1 5.6 6.0 6.3
6 3 coke
Quartz 0 0 6.5 11 13.3
Ore 10 38.8 38.8 38.8 38.8

The 150 kW single electrode furnace at SINTEF/NTNU is shown in Figure 12: (max 80 V, max 6 kA). Dur-
ing excavation the outer lining of silica sand can be easily removed. The furnace is filled near to the rim with
epoxy (40 1) and after hardening, the electrode can be cut. Because the coke layer in the bottom is serving as
a slipping layer, the furnace is taken away in one piece and a cross section plate of the furnace is sawed out
for further studies. Samples are cored from the excavation plate for microprobe investigations.

The furnace was preheated for 100 kWh on a coke-bed before charging was started. A load of 150 kW was
aimed for once charging started (average load in the range 144-155 kW was obtained in the 6 different runs)
and tapping was carried out every 80 kWh (8 taps). The furnace was shut down 50 kWh after the last tap. The
electrode position was fixed with a tip position of 15 cm above the bottom lining in run 5 and 6. Power con-
sumption was the same in these two runs, 3.6 kWh/kg metal produced, even though the silicon levels in the
metal produced were different. The iron content was around 5-7% in all the last taps. Selected experimental
results are presented in Table 4
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595 mm

465 mm

Electrode, 150 mm

Silica sand

High-alumina bricks (79.5% Al203)
(64 mm * 234 mm)

Hi=560.

Charge

<— Tap hole, 50 mm
Layer ( 50-80 mm) of coke (grain size 3-5 mm)
Carbon paste lining

Bottom electrode

Figure 12: Sketch of pilot furnace and picture taken during tapping

Table 5: Furnace operation during stable production (average numbers for tap 4-8). Mean slag and
metal analyses for the taps 4-8 are shown

5 2.1 71 148 |35 180 223 19.0 39.2 12.9
6 34 48 155 15 151 182 29.1 37.5 16.6

The metal and slag analyses are shown in Figure 13: and Figure 14:. Run 6 (and the coke experiments, run
1-2) deviates from run 5 (and run 3-4 with charcoal) with a higher %Si in the metal. The manganese reduction
is lower, which leads to a lower metal production in these runs. With equal amounts of energy supply, the
energy will mainly be used for reduction of MnO and/or SiO,. The more Mn that is reduced, the less energy
remains for reduction to Si. The total reduction of both MnO and SiO, is of course important.

50

Metal analysis (%Si)

Slag analysis ¢, si0,
20

LA

% Si

% MnO, % Si02

—— Run 1: ind. coke (tip 20cm)

—=— Run 2: reactive coke (tip 20cm)

- 4- Run 3: charcoal (tip 20cm)

- # Run 4: charcoal (tip 15cm)

—e—Run 5: charcoal/coke (tip 15cm)

3 —e—Run 6: charcoal/coke (tip 15cm)

0 T T T 0 T T T
1 3 5 7 1 3 5

Tap no. Tap no.

10 +

~

Figure 13: %Si tapped metal Figure 14: %MnO and %Si0, in tapped slag
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Figue 15: R value of tapped slag Figure 16: Si-distribution between slag and metal

The R-value in the raw materials should be equal to the R-value in the tapped slag as MgO, CaO and Al,O,
is not reduced, and should therefore ideally be constant, approximately 0.7 in all taps. As shown in Figure
15:, the R value varies in the range 0.5-07 in run 6. In run 5 the R-value is 0.7 at start but is reduced to 0.4 in
the last taps, due to dissolution of the alumina lining in the slag [7]. A more resistant lining was used in the
last run. In Figure 16: we see how silicon is distributed between the metal and the slag, compared to equilib-
rium at 1600 °C. At an equally high content of SiO, in the slag, run 6 has a much higher %Si in the metal
than run 5, it is even higher than for the cokes. For an equal electrode tip position of 15 cm, run 6 has probably
a higher temperature in the reduction zone than run 5 (even though water was added with the ore and coke in
run 6). The coke-bed temperature in run 6 seems to be higher than for the cokes in run 1 and 2 with a higher
electrode position (20 cm), especially at the beginning of the experiment.

Last tap: 15.5% 5i .

Clhargze

Ciake bed
e | wyith sceme
Cavily | -

X —
“Coke bed filled with slag
and some metal

Mtal

Carbon paste lining, with crack

Mletal in slip liver ol cole grains

Figure 17: Excavation plate from run 6 Figure 18: Furnace in run 6
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Figure 19: Excavation plate from run 5 (charcoal) Figure 20: Degree of Si-reduction in run 5

A photo of the excavation plate from run 5 and 6 is shown in Figure 17:and Figure 19:. Figure 18: and Fig-
ure 20:show the different zones which this plate can be divided into, together with the silicon microprobe
analyses of the 18 samples cored out from the plate from run 5.

Metal is found at the bottom (and slag and metal are observed in the bottom lining of run 6). Above is a
“coke”-bed filled with green slag and some metal. Reaching up around the electrode tip is the coke-bed with
some metal and slag droplet. The excavation plates from run 5 and 6 look similar. However, there is a big
difference in the resistance in the two experiments that shows that the current paths have been somewhat dif-
ferent. For both we find a few small islands of melted quarts in the coke-bed filled with slag, which will in-
crease the furnace resistance. The shape of the coke-bed seems to be rather equal. However, the size of the
coke bed in run 6 may be somewhat bigger (wider). A larger coke-bed should give a somewhat higher amount
of energy development in the coke-bed when no quartz is present. By measuring the electrode length before
and after the runs we find that 2 and 2.7 cm of the electrode were consumed in run 5 and 6. Some bottom
lining was also consumed, the most in run 5. The electrode tip position, which was set to 15 cm above the
bottom lining at start, has increased towards the end of both runs.

5. CONCLUSIONS

Selected reductant properties of special importance for manganese alloy production have been measured at
SINTEF/NTNU, using appropriate equipment designed/built during the last 5 years. There are many differ-
ences between charcoals and common metallurgical cokes used today. Industrial charcoal has higher CO,-
reactivity, lower thermal abrasive strength and higher electrical resistivity, which is decreasing with increas-
ing temperature.

It is not recommended to test slag reactivity towards different reduction materials in a graphite crucible in
an induction furnace. The observed reduction is most probably due to reduction by the graphite crucible and
only to a minor extent by the added reductants. The method may be used for testing different slags towards
graphite, but not for testing the performance of different reductants.

A pilot experiment (no. 6 in a series) shows that SiMn with 18% Si can be produced when charcoal is sub-
stituting 50% of the coke on a fixed carbon basis. The main difference from a previous similar run is that the
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ore and coke were moistened to 8-10% moisture in order to keep the charge top colder, avoid carbon burn-off
at the top and improve temperature distribution in the furnace.

6. ACKNOWLEDGEMENTS

The authors would like to thank the Research Council of Norway and FFF for financial support.
REFERENCES

[1] Nestaas, I., Lehmann, M. and Lindstad, T., “Hvitbok om klimagassutslipp fra norsk landbasert pros-
essindustri” [“White-book dealing with greenhouse gas emissions from Norwegian on-shore process
industry”’], SINTEF & Det Norske Veritas, 2003, pp. 18 and 62.

[2] Eikeland, I.J., Monsen, B., and Modahl, 1.S.: “Reducing CO, emissions in Norwegian ferroalloy production”, COM
2001 (Greenhouse gases in the metallurgical industries: policies, abatement and treatment), Toronto 2001.

[3] Monsen, B., Grenli, M., Nygaard, L. and Tveit, H., “The use of biocarbon in Norwegian ferroalloy production”,
INFACON 9, 2001, pp 268-276

[4] Ostrovski, O., Olsen, S.E., Tangstad, M., Yastreboff, M., “Kinetic modelling of MnO reduction from manganese
ore”, INFACON 9, 2001, pp 302-312.

[S1 ASTM D 5341 — 99: “Standard Test for Measuring Coke Reactivity Index (CRI) and Coke Strength After Reaction
(CSR).

[6] Lindstad, T. et al, “The influence of alkalis on the Boudouard reaction”, INFACON X, Cape Town South Africa,
2004, pp 261 — 271.

[71 Monsen, B., Tangstad, M. and Midtgaard, H., “Use of charcoal in silicomanganese production”, INFACON X,
Cape Town South Africa, 2004, pp 392 — 404.

[8] Ishak, R.J., “Reaction kinetics for reduction of manganese ore with carbon monoxide in the presence of carbon”,
PhD thesis at NTNU, Norway 2002.

[91 Arntzen, H.B.,”Alkalier og Boudouard-reaksjonen i ferromanganeprosessen. [Alkalies and the Boudouard reaction
in the ferromanganese process]”, Diploma Thesis at NTNU, Norway, 2002.

[10] Eidem, P.A., Tangstad, M. and Bakken, J.A.,”Determination of Electrical Resistivity of Dry Coke Beds”, to be pub-
lished in Met. Trans. 2007.

[11] Eidem, P.A., “Determination of Specific Resistance of Coke”, Diploma Thesis at NTNU, Norway 2003.

[12] Eidem, P.A., “Electrical resistance measurements of charcoal compared to coke”, SINTEF- report STF80 F04012,
Norway 2004.

[13] Solheim, I., “Reactivity of coke and charcoal towards SiMn slag”, SINTEF report STF24 F03522, Norway 2003

[14] Gaal, S. et al: “An investigation into aspects of liquid phase reduction of manganese and silica containing slag”,
Molten Slags, Fluxes & Salts, South Africa 2004, pp 651-657.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


