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Interactions of carbonaceous materials in liquid Fe-C melts have been investigated 
experimentally by determining the rates of dissolution at temperatures ranging from 1623 to 
1935 K. The rates of dissolution of spectroscopic graphite and an industrial coke obeyed the 
correlation for natural convection under turbulent conditions. The experimental data for the 
graphite suggested that the rate of dissolution was controlled by mass transfer in liquid boundary 
layer adjacent to the solid sample. The value of the empirical parameter correlating the disso- 
lution coefficient and the operating variables was found to be 0.19, which was close to that 
reported in the literature. The comparison of the results obtained for coke and low-volatile coal 
char samples with those for the graphite revealed that impurities and porosity of  the samples 
can effect the dissolution rates. The values of k, for coke decreased with increasing the disso- 
lution time. The examination of some of the partially dissolved coke samples by electron mi- 
croscopy revealed that a thin, viscous ash layer was forming on the sample surface, which must 
be the main reason for the behavior. The dissolution rates were controlled by both mass transfer 
and phase boundary reactions when sulfur was present in the bath. The extent of devolatilization 
and dissolution of coal particles when they were injected into an Fe-C melt depended on the 
particle size and location. 

I. I N T R O D U C T I O N  

THE injection of carbonaceous materials into liquid 
iron-carbon alloys has important technological applica- 
tions, mainly in smelting reduction processes of iron 
ores and in coal gasification processes in an iron bath. 
Several smelting reduction processes of iron ores are 
being developed around the world I~ 5] and the most 
promising one is the in-bath smelting process, where liq- 
uid iron-carbon bath is employed to carry out the reduc- 
tion reactions. The in-bath smelting process is also 
considered to have many other advantages, such as high 
productivity, enhanced energy utilization, continuous 
steelmaking, and easy maneuverable operation. One of 
the main objectives of such processes is to replace the 
coke with coals, as the source of carbon, and to avoid 
the need for an expensive and environmentally trouble- 
some coke-making process. 

When coals are added to liquid iron, first they are 
heated and devolatilized. A gas film will develop around 
the coal particles during devolatilization, thus avoiding 
the contact between coal particles and liquid metal. ]< 
Therefore, the dissolution of carbon into liquid metal 
from the added carbonaceous particles will take place 
only after devolatilization. Hence, the interaction of 
coals with liquid iron-carbon alloys will consist of two 
processes in series: one being devolatilization and the 
other being dissolution. 
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The focus of this investigation has been the inter- 
actions of coals with (dissolution of the coal chars in) 
liquid iron melts. The rate of mass flux, j ,  of coal char 
dissolution in the liquid iron-carbon alloy may be de- 
fined as 

j = k, (C, - Ce) [ 1 ] 

where Cs and Cb are the carbon concentration at satu- 
ration point and of the bulk, respectively. The parameter 
k, is the overall dissolution coefficient and is given by 

1 1 1 
- = - -  + - [21 
k, k,,, kb 

where k,, is the mass transfer coefficient of  carbon in the 
liquid boundary between solid char and the bulk liquid 
and kb is the phase boundary reaction constant. 

It is evident from Eq. [2] that the value of k, depends 
on the magnitude of the parameters kb and km. If kb >> 
k,,, the rate will be controlled by the transport in the 
liquid boundary layer and vice versa. On the other hand, 
the rates might be affected by both km and kb if the mag- 
nitudes of the two are comparable. The values of kt have 
been determined by several investigators by changing 
the experimental conditions that effect the liquid hydro- 
dynamic conditions around the solid sample (and, in 
turn, effect kin). The experimental methods used for the 
purpose were stationary rods, 171 rotating cylinders/8-121 
revolving discs, t131 and floating carbon particles on the 
surface of the iron melts, t6'1~ 

Mass transfer in the boundary layer of the liquid ad- 
jacent to the dissolving solid might control the rate of 
dissolution when Reynold's number is below a certain 
value, tS-H,131 and the process might be controlled by 
phase boundary reaction in the higher Reynold's number 
range, ta3] The value of ko reported in the literature tg'm~ 
was in the range of 5 • 10 -3 - 6 • 10 -3 m / s ,  and it 
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was much higher than the values of the overall disso- 
lution coefficients. Several investigators have reported 
that the impurities (such as sulfur, phosphorus, and ox- 
ygen) in the liquid iron-carbon alloy would reduce the 
dissolution rates.[9,1~ It was, initially, postulated that 
the diffusion of carbon in the liquid boundary layer ad- 
jacent to the solid decreases with increased impurities in 
the liquid alloy, affecting the dissolution rates of the 
solid carbon. However, after the comparison of the dis- 
solution rates in impure iron-carbon alloys of pure 
graphite with those of low-graphitized graphite 191 and of 
activated carbon, [~~ it was evident that the surface of the 
carbon also effects the rates; the rates decreased further 
when low-graphitized graphite or activated carbon was 
used. Therefore, it has been assumed that the impurities 
in the melt would, perhaps, effect the phase boundary 
reaction. [9,10,11,13] 

Oeters and Orsten [6] and Gudenau et a l .  [12] have 
investigated the dissolution rates of cokes in the iron- 
carbon melts, and it has been reported that the dissolu- 
tion rates of cokes were less than those of pure graphite. 
It was presumed that the ashes in a coke would reduce 
the dissolution rates, and that the rates decrease if the 
melting point of the ashes are higher. A coke with high 
melting point ash would tend to form a viscous film on 
the surface, preventing the dissolution. 

There have been only a few investigations L6,141 carried 
out to study the effect of injection parameters on the dis- 
solution rates of carbonaceous materials in iron-carbon 
alloys. It has been reported tl4] that the rates of dissolu- 
tion of graphite particles were approximately equal to 
their injection rates until the bath carbon concentration 
reached 85 pct of the carbon saturation level. The ad- 
ditions of sulfur to the melt decreased the dissolution 
rate. t~4~ Oeters and Orsten ~6~ showed that the dissolution 
rate depended strongly on the particle size and carbon 
content of  the melt. 

The authors of this article, therefore, have carried out 
a set of experiments to study the rates of dissolution of 
different types of carbonaceous materials in the liquid 
iron-carbon alloys. The method of the experiments is 
presented in Section II followed by results and discus- 
sions in Section III. Several experiments were also con- 
ducted to study the extent of devolatilization and 
dissolution of different types of coal particles when they 
were injected into liquid iron-carbon alloys, and the re- 
suits of those experiments are discussed in Section IV. 

II. EXPERIMENTAL 

Experiments to study the dissolution rates of carbon- 
aceous materials in 300 g of iron-carbon alloys, con- 
tained in a pure (99.8 pct) alumina crucible of 35 mm 
inner diameter and 120-mm-long, were carried out at 
temperatures ranging from 1623 to 1935 K. The iron- 
carbon melts were prepared, in an induction furnace, by 
melting a mixture of pure electrolytic iron and graphite 
powder. The furnace was heated using a pure graphite 
susceptor in which the alumina crucible was placed. The 
experimental setup employed in the present investiga- 
tions is shown in Figure 1. The furnace temperatures 
were monitored using a type-B thermocouple which was 

placed between the graphite susceptor and the alumina 
crucible. The initial carbon concentration of the iron- 
carbon baths ranged between 0.5 and 3.5 wt pct C. The 
furnace was continuously purged with argon ~as during 
the experiments at a flow rate of 7.17 • 10- m3/s. 

The behavior of carbonaceous materials in iron-carbon 
melts was examined by conducting several experiments 
using samples of pure spectroscopic graphite, industrial 
coke, and coal chars (obtained from anthracite and low 
volatile bituminous coals whose proximate analysis is 
given in Table I). The spectroscopic graphite samples 
were cylindrical in shape (4.53 mm in diameter and 1873 
k g /m  3 of density) and contained less than 1 parts per 
million (ppm) ash and less than 6 ppm impurities with 
maximum 2 ppm per element. The cylindrical industrial 
coke and coal char samples (10-20 mm in diameter and 
20-30 mm in length) were obtained by grinding large 
pieces of coke and coal char. The coke samples were 
devolatilized at 1723 K before they were used for the 
dissolution studies. The anthracite coal char samples 
were acquired after devolatilizing the coal samples under 
argon atmosphere by heating slowly to 1723 K. Simi- 
larly, low volatile bituminous coal char samples were 
prepared by slowly heating the coal samples to 1723 K 
under argon atmosphere, initially at a rate of 100 K /h  
until the sample reached 873 K and then at a rate of 300 
K/h. 

The carbon samples were preheated for about 120 s 
before they were immersed into the melt by holding with 
an alumina rod. The samples were immersed in the iron- 
carbon melt for a known amount of time (10 to 150 s) 
and were withdrawn from the melt. The partially dis- 
solved samples were furnace-cooled by holding them in 
the low-temperature zone. The amount of carbon dis- 
solved in the melt was determined from the weight-loss 
measurements of the samples. Several dissolution ex- 
periments were carried out employing the same iron- 
carbon melt, and the carbon content of the melt was 
determined for each dissolution experiment by analyzing 
samples of the melt for carbon after each dissolution 
experiment. 

The interaction of different types of coals with iron- 
carbon melts was studied using different size coal 
powders, which were dropped onto the melt surface 
(powders were freely floating on the surface of  the melt) 
or injected into a bath. The experiments were carried out 
by measuring the flow rate of devolatilized gases and by 
determining the bath carbon composition. The results of 
the experiments are presented and discussed below. 

III.  RESULTS AND DISCUSSIONS 

The rates of dissolution of various carbonaceous ma- 
terials (spectroscopic graphite, industrial coke, and coal 
chars) were determined using the weight-loss measure- 
ments of the dissolved samples. The total weight of the 
carbon dissolved, Wca, in the melt was determined by 
multiplying the measured weight loss of the sample with 
the fixed carbon of the material at the experimental tem- 
perature. Equation [ 1 ] was rewritten to calculate the rate 
constant for dissolution, kt, 

Wc~ 
k,  = [3] 

t As (Cs-  Cb) 

630--VOLUME 24B, AUGUST 1993 METALLURGICAL TRANSACTIONS B 



13 

1 Iron-Carbon Melt 

2 Carbonaceous Sample 

3 Alumina Rod 

4 Graphite Tube 

5 Crucible Stand (Graphite) 

6 Graphite Felt for Insulation 

7 Alumina Crucible 

8 Graphite Suceptor 

9 Suceptor Stand (Graphite) 

10 Silica Furnace Tube 

11 Induction Coil 

12 Brass Furnace Lid 

13 Thermocouple 

14 Therrnooouple Protection Tube 

15 Cooling Water 

16 Argon 

Fig. 1 --Schematic diagram of the experimental setup used in the dissolution experiments. 

where t is the total immersion time of the sample and As 
is the apparent surface area of  the immersed part of the 
sample, which was estimated using the average diameter 
calculated based on initial and final diameters of  the 
sample. The final diameter, d I, of the immersed part of 
the sample was calculated using the following equation: 

4Wca 

7rLpe 
[41 

where di is the initial diameter of  the sample, L is the 
immersed length of the sample, and Pc is the density of 
the sample. 

Some typical values of the experimentally determined 
coefficients of  rate of  dissolution, k,, are presented in 
Tables II and III. The results in Table II are for graphite 
and those in Table III are for an industrial coke whose 
proximate analysis is given in Table I. The values of k, 
determined in the present  investigation have varied be- 
tween 8.3 x 10-Sand  20.6 • 10 -s m / s  for spectro- 
scopic graphite; between 1.8 x 10 _5 and 28.1 x 10 -5 
m / s  for coke; 5 x 10 -5 and 35 x 10 -5 m / s  for anthra- 
cite coal char; and 4 • 10 -5 and 14 • 10 -5 m / s  for low 
volatile bituminous coal char. The values were functions 
of  bath temperature, carbon content, and sample im- 
mersion time, t~. 

An attempt was made to compare the experimentally 

determined values of k, obtained using spectroscopic 
graphite with those derived using industrial coke or coal 
char samples at different operating variables. The op- 
erating variables that were investigated in the present 
study have been the bath carbon concentration, temper- 
ature, and agitating rates. It is well known that the bath 
density, which influences the hydrodynamic conditions, 
depends on both carbon concentration and temperature. 
The values of  k, will also be affected by chemical activ- 
ity in the bath. The parameters km and kb (given in 
Eq. [2]) represent the contribution of physical conditions 
and chemical activities in the bath, respectively, to the 
overall dissolution process. Thus, the values of  param- 
eters k,, and kb as functions of  operating parameters need 
to be determined before any comparisons can be made. 

The relationship between the value k,, and hydro- 
dynamic conditions of  the bath was deduced from the 
available dimensionless correlations. [7] Under the present 
experimental conditions, the hydrodynamic conditions 
near the sample might be governed by natural convec- 
tion. For a cylindrical sample in its vertical position, the 
dimensionless correlation under natural convection may 
be written t71 as 

Sh = 0 .555  (GrmSc) 1/4 for 104 < GrmSc < 108 [5] 

and 

Sh = 0 . 1 2 9  (GrmSc) 1/3 for 108 < GrmSc < 10 ~z [6] 

METALLURGICAL TRANSACTIONS B VOLUME 24B, AUGUST 1993--631 



Table I. Proximate Analysis of the Carbonaceous Materials Used in the Present Investigation 

Material 
Type 

As-Received Dry, Ash-Free 

Moisture Ash Volatile Matter Fixed Carbon Volatile Matter Fixed Carbon 

Coke 1.3 8.3 
Anthracite 0.3 2.9 
Low volatile 1.5 6.4 
Medium volatile 1.8 3.2 
High volatile 2.2 4.2 

4.3 86.1 4.7 95.3 
3.9 92.9 4.0 96.0 

13.8 78.3 15.0 85.0 
19.8 75.1 20.8 79.2 
33.9 59.6 36.3 63.7 

Table II. A range of Operating Conditions 
and Some Typical Experimentally Determined 
Values of Dissolution Coefficients for Graphite 

kt, X 10 4 
T(K) WtPc tC  L (mm) di(mm) t(s) W,-d(g) (m/s) 

1770 2.3 34.4 4.53 25 0.189 0.90 
1796 0.8 27.4 4.53 20 0.222 1.07 
1807 0.8 13.5 4.53 20 0.135 1.33 
1853 0.9 9.1 4.53 30 0.162 1.82 
1875 1.5 10.6 4.53 25 0.152 1.96 

Table III. A Range of Operating Conditions 
and Some Typical Experimentally Determined 

Values of Dissolution Coefficients for Coke 

k,, X 104 
T(K) WtPc tC  L (mm) di(mm) t(s) Wed(g) (m/s) 

1747 1.5 29.68 12.09 25 0.530 0.85 
1777 1.0 22.32 11.14 20 0.661 1.76 
1797 1.6 18.45 11.52 30 0.475 1.14 
1818 0.5 25.26 10.61 30 0.665 0.96 
1845 2.0 23.19 11.40 20 0.721 2.31 

where Sh (Sherwood number), Grin (Grashof number), 
and Sc (Schmidt number) are defined, respectively, as 

k.L 
Sh = [7] 

De 

gApp2sL 3 
Grm - -  2 [8] 

/x 

and 

t z 
Sc - [9] 

pj)~ 

Where L is the immersed length of the sample, Dc is the 
diffusion coefficient of the carbon in the liquid iron- 
carbon alloys, g is the acceleration due to gravity, Ps is 
the density of the carbon-saturated iron melt, tz is the 
melt viscosity, and A p, buoyancy factor, is given by 

P - - P s  
Ap - [ 1 0 ]  

P 

where p is the melt bulk density. 
The value of Gr,,Sc for a carbon sample 15-mm-long, 

immersed in a bath having 1 pct carbon at 1823 K, was 

2 x 108 (the values of p, /z, and Dc used in the calcu- 
lations were estimated employing the correlations given 
in the Appendix). Therefore, the correlation given by 
Eq. [6] will be applicable for the set of operating con- 
ditions employed in the present investigation. Hence, the 
parameter k,, can be expressed in terms of several vari- 
ables as follows: 

1/3 

km= a (  \ D~/3 [11] 
\ I 3. / 

where a is an empirical coefficient. The important fea- 
ture of the equation is that the values of parameter km do 
not depend on the characteristic length, L. 

With the substitution of Eq. [ 11] in Eq. [2], assuming 
that the parameter kb is a constant for a given set of ex- 
perimental conditions, one would obtain a linear rela- 
tionship between the dissolution coefficient, k,, and the 
operating variables. Therefore, a plot of 1/k, vs [g A p /  
Psla.] -1/3 D~ 2/3 would give a straight line with a slope of 
1/a and a constant (Y-intercept) which will be equal to 
1/kb. If the process is controlled only by mass transfer, 
as was reported by several investigators, ty-lzj the value 
of 1/kb should be negligible when compared to that of 
l /k , , .  Therefore, the intercept would be negligible or 
close to zero, and the plot of k, vs [g Ap Ps/l~] ~13 DZ~ 13 
with zero intercept would be a straight line whose slope 
would be equal to the value of the parameter a. Figure 2, 
obtained for pure spectroscopic graphite, indeed depicts 
the argument. The obtained value of the parameter a was 

30 

25 

t 5  
X 

...,- lO 

SPECTROSCOPIC GRAPHITE 

�9 Experimental 

m Equation (12) 

mm �9 mm �9 

t i ' i 

4 5 e 7 8 9 lo 3 

[~ ~ P']~ D ~, xl0* (m/s) 

Fig. 2 - -  A plot of  experimentally determined dissolution coefficient, 
k,, vs [gApp,/iz] ~/3 D ~/3 for spectroscopic graphite. 
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0.19, which was close to the values reported in the lit- 
erature tTl (0.129 and 0.11). Thus, the following corre- 
lation can be taken as the basis for the comparison of 
the data obtained for industrial cokes and coal chars with 
those obtained using spectroscopic graphite: 

/ ,. \ 1/3 

k t =O.19(gzaPPs I Dec/3 [12] 
\ tx / 

Figure 3 shows a plot of  k, vs [g Ap ps/lz] ~/3 D~/3 f o r  

industrial coke, anthracite coal char, and low volatile bi- 
tuminous coal char. It was evident from the plot that the 
data for coke and coal char samples were scattered 
around the line given by Eq. [12]. The data obtained 
using coke samples (Figure 6) for immersion times (tl) 
less than 30 s were higher and those for t~ more than 
30 s were lower than the values calculated employing 
Eq. [12]. Oeters and Orsten tim and Gudenau et al. I~21 
have also observed that the dissolution rates for coke de- 
creased with increasing immersion time. The initial high 
dissolution rate for the coke samples employed in the 
present study probably was due to the higher effective 
surface area available for dissolution because of the po- 
rous structure of  the coke. The data points for anthracite 
and low volatile coal chars were obtained for the im- 
mersion times less than or equal to 30 s. The data for 
anthracite coal char were scattered around the line given 
by Eq. [12]; therefore, it may be assumed that the dis- 
solution coefficient for anthracite coal char was similar 
to that of  coke samples. On the other hand, the values 
of dissolution coefficients for low volatile bituminous 
coal char samples were less than those determined by 
Eq. [12]. 

The scatter in the data points for coke and coal char 
samples must have been due to the fact that the ash con- 
tent and porous structure of  the samples play a role in 
the dissolution process. Several partially dissolved coke 
samples were examined by electron microscopy, and the 
slag-like surface was analyzed for its chemical compo- 
sition. A few typical micrographs are presented in 
Figure 4. The structure of  the unreacted coke sample 
surface was comparatively smoother (micrograph I) and 

that of  the partially reacted sample surface was porous 
and covered with molten slag phase (micrographs II and 
III). Gudenau et al. tlzl as well as Oeters and Orsten t61 
have made similar observations. 

The chemical analysis of  the slag-like layer on the par- 
tially reacted two coke samples is given in Table IV. It 

Fig. 3 - -Compar i son  of  values of dissolution coefficieni, k,, deter- 
mined experimentally for coke, anthracite coal char, and low volatile 
coal char with those estimated using Eq. [12l. 

Fig. 4 - -Mic rog raphs  of surface of  some partially dissolved coke 
samples: (I) before dissolution; (II) after 25 s; and (III) after 210 s. 
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Table  IV.  Chemica l  Compos i t ion  of  Slag- l ike  Layer  F o u n d  
on Part ial ly  Dissolved Coke  Sample s  Obta ined  from Microanalys i s  

Elemental Analysis (Wt Pct) 

Fe AI Ca Si K Na Ti P 
Sample 1 
At a point Average 

Sample 2 
At a point Average 

68.4 22.1 1.6 4.7 0.6 2.6 - -  
54.9 29.8 1.8 5.9 1.8 5.0 0.8 

36.9 26.1 1.5 4.2 0.5 - -  1.1 0.6 
31.5 38. l 0.2 2.1 0.3 0.8 0.8 - -  

Oxides, Estimated Using Elemental Analysis (Wt Pct) 

A1203 CaO SiO2 K20 Na20 TiO2 P2Os 
Sample 1 
At a point Average 

Sample 2 
At a point Average 

71.8 3.9 17.0 1.1 6.0 - -  
69.0 3.1 15.4 2.7 8.3 1.6 

76.7 3.2 14.1 0.9 - -  3.0 2.0 
91.1 0.3 5.6 0.5 0.6 1.9 - -  

can be seen in the table that the slag layer on the partially 
reacted coke samples primarily contained metallic iron 
and aluminum. It was assumed that all of the elements 
other than iron were present in the form of slag, and 
accordingly the chemical composition was converted 
into oxides. The slag layer contained about 70 to 90 wt 
pct A1203; about 6 to 17 wt pct SiO2; approximately 0.3 
to 4 wt pct CaO; and traces of  TiO2, Na20, K20, and 
P205. Therefore, it can be concluded that the slag-like 
viscous layer was slowing down the dissolution process. 
As the dissolution proceeds, the ash content on the sur- 
face of  the sample increases, leading to the formation of 
a thick viscous layer which will reduce the surface area 
available for dissolution. In addition, the liquid metal 
that penetrated into the pores of the sample in the be- 
ginning of the process might be trapped inside the pores. 
If  so, the pores may become saturated with carbon, lim- 
iting the dissolution of carbon in the coke into the liquid 
alloy. 

A. Effect of Sample Immersion Time, tz, on the 
Dissolution Rates 

The effects of the formation of a viscous layer and the 
penetration of  molten iron into the sample pores on the 
dissolution rates were investigated by conducting exper- 
iments with a coke sample which was immersed inter- 
mittently several times. The partially reacted sample was 
withdrawn after several seconds, cooled to room tem- 
perature, and weight lost due to dissolution was deter- 
mined to estimate the dissolution coefficient, k,. The 
sample was reimmersed into the bath for a known pe- 
riod, and the process was repeated several times. The 
values of  k, were determined after each immersion based 
on the weight lost during the total time period (cumu- 
lative weight loss). 

The values of  kt determined in these experiments for 
three different coke samples are compared with those ob- 
tained employing the data from the continuous immer- 
sion experiments in Figures 5 and 6. The data in 
Figure 5 were obtained for the immersion times less than 

tD 
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s 
w 
o 
r 
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l �9 v Interm~entJ 

.4<. 
. . . .  v" . . . . .  ~ - - - ~ ;  . . . . . . . . . . . . . . .  ~ . . . . . . .  

�9 . . . . . . . . . . .  . . . . . . . .  

i 310 i i i 
20 40 50 60 

Coke Sample Immersion Time (s) 
70 

Fig.  5 - -  Var i a t ion  o f  d i s so lu t ion  coe f f i c i en t ,  k .  as  a func t ion  o f  d is-  
so lu t ion  t ime ( for  less than  6 0  s) fo r  coke  s a m p l e s  i m m e r s e d  con t in -  
uous ly  or  in te rmi t t en t ly .  

60 s and those in Figure 6 were for the immersion times 
more than 30 s. The total length of immersion did not 
effect the determined values of  k, in the intermittent im- 
mersion experiments; the values of k, were approxi- 
mately constant with the time of immersion. Thus, the 
dissolution process continued at a constant rate after 
each cycle. However,  the values of k, determined from 
the continuous immersion experiments were monotoni- 
cally decreased with increased immersion time, tz. It was 
presumed that the viscous slag layer formed during the 
dissolution process was changing its morphology while 
cooling, leading to renewed active surface. 

The calculated amounts of carbon dissolved into Fe-C 
melts employing Wcd were verified with measurements 
of the actual carbon content of  the bath. The bath carbon 
content was determined from the chemical analysis of  
the melt samples obtained after each dissolution exper- 
iment. Figure 7 shows the comparison of the bath carbon 
composition determined employing chemical analysis of  
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Fig. 6 - -A plot of dissolution coefficient, k,, vs dissolution time (for 
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mittently. 
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the melt samples with that calculated using the value of 
W~a. The agreement between the values of  the bath car- 
bon content obtained using the two methods was 
excellent. 

B. Effect o f  Sulfur on the Dissolution Rates 

Although it was mentioned earlier that the phase 
boundary reactions were not rate-limiting, the presence 
of  surface-active elements, such as sulfur, may retard 
phase-boundary reaction rates. Therefore, the value of 
kb in the presence of surface-active elements will be less 
than that without sulfur, and hence the contribution of 
k~ in the presence of surface active elements to the over- 
all dissolution coefficient, k,, will be considerable. This 
was examined by determining the values of k, for spec- 
troscopic graphite and industrial coke samples dissolving 
in sulfur containing Fe-C bath. Figure 8 shows the effect 
of  sulfur on the values of k, obtained by conducting ex- 
periments with 0.28 and 0.93 wt pct S melts using spec- 
troscopic graphite and coke samples. The values of  kt 
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Fig. 8--Effect of bath sulphur content on the dissolution coefficient, 
k,, for spectroscopic graphite and coke samples. 

for graphite were larger than those expected for sulfur- 
free melts. However,  the data points obtained for 0.93 
pct S were no different from those for 0.28 pct S. 
Kalvelage et al. 115J have reported similar observations. It 
was believed that the wettability of graphite by Fe-C 
melts increases with increasing sulfur in the bath, which 
might lead to increased rates of dissolution. On the other 
hand, the values of  k, determined from the experiments 
using coke samples in sulfur containing melts were less 
than those obtained with sulfur-free melts, and the val- 
ues of k, decreased further with an increased amount of  
sulfur in the bath. Similar conclusions can be drawn after 
comparison of the data reported for graphite 19} with those 
for coke. [~~ If  the hydrodynamic conditions were con- 
trolling the dissolution rates, the effect of sulfur on the 
dissolution of graphite and coke would have been the 
same because of the fact that the change in the melt 
physical properties (density and viscosity) of the melt 
having a known amount of  sulfur will be constant, 
Therefore, it may be concluded that the phase boundary 
reactions were playing a role when sulfur was added to 
the bath. 

The retarding effect of  sulfur was more pronounced in 
coke than it was in graphite because of the differences 
in the surface structure. The high degree of graphitiza- 
tion of pure graphite offers less active sites, which low- 
ers sulfur adsorption kinetics. Several experiments were 
performed to investigate the effect of  bath agitating rates 
on the graphite surface reactions, both in the sulfur-free 
and sulfur-containing melts. The bath was agitated by 
injecting argon gas in the range of 0 to 13.33 • 10 -5 
Nm3/s.  The results of the experiments conducted using 
sulfur-free and 0.84 pct S sulfur-containing melts are 
shown in Figure 9. As shown, the values of k, increased 
with increasing bath agitation rates. However, the values 
of k, obtained using sulfur-containing melts did not in- 
crease' at the same rate as those employing sulfur-free 
melts in the range of gas-flow rates employed in the 
present study. This might be possible only if the sulfur 
adsorption rate on the graphite surface increased with 
increasing turbulent intensity of the bath. 

C. Interaction of  Coal Particles with Fe-C Melts 

Behavior of various types of coal particles in liquid 
iron-carbon alloys was examined by conducting two 
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Fig. 9 - - A  plot showing the effect of sulfur in the bath on the experi- 
mentally determined values of dissolution coefficient, k,, for spectro- 
scopic graphite v s  gas flow rate, Q,. 

types of  experiments with particulate coal additions to a 
liquid bath of  1.5 kg contained in a pure alumina cru- 
cible of 78.8 mm in diameter and 165-mm-long. The 
experiments were carried out at 1823 K. In the first set 
of  experiments, the coal particles ranging from 2 to 5.6 
mm in size were dropped onto the melt surface, whereas 
those in the second set, the coal particles from 0.6 to 
1.2 mm in size, were injected into the bath. The coal 
particles were injected through an alumina tube 5 mm in 
diameter, and argon was used as carrier gas at a flow 
rate of  10.2 x 10 -6 Nm3/s.  The extent of devolatiliza- 
tion was determined by measuring the gas-flow rates. 
Some typical values of volume of gas evolved are pre- 
sented in Table V. The amount of  gas volumes measured 
in these experiments was much less than that determined 
in the devolatilization experiments u6] (they were about 
30 to 59 pct of gas volumes obtained in devolatilization 
experiments), which might be partly due to measurement 
errors and because a lot of  unreacted particles were car- 
ried away from the reactor by the carrier gas. The carbon 
recovery was determined using the melt carbon com- 
position which was obtained from the chemical analysis 
of the melt samples taken before and after each exper- 
iment. The carbon recovery was only about 77 and 59 
pct in the surface addition and injection experiments, 
respectively. 

IV. C O N C L U S I O N S  

Rates of dissolution of spectroscopic graphite, indus- 
trial coke, and coal (anthracite and low-volatile bitu- 
minous coal) chars were determined under natural and 
forced convections by determining weight loss of  the 
samples. The values of  dissolution coefficient, k,, de- 
termined under natural convection were controlled only 
by mass transport, and the contribution of phase bound- 
ary reactions was negligible. The values of  k, for coke 
decreased with increasing dissolution time. The exami- 
nation of some of the partially dissolved coke samples 
under an electron microscope revealed that a thin (vis- 
cous) ash layer was forming on the sample surface, 
which must be the main reason for the behavior. 

The values of  k, were affected by both sulfur in Fe-C 
melt and turbulent intensity of  the bath (the rates de- 
creased with increasing sulfur in the bath or by decreas- 
ing the turbulent intensity of  the bath). Therefore, it was 
concluded that the dissolution rates were controlled by 
both mass transfer and phase boundary reactions when 
surface active elements, such as sulfur, were present in 
the bath or when the bath was stirred. The effect of  
phase boundary reactions on the dissolution of coke and 
coal chars in sulfur-containing melts was more than that 
on the dissolution of spectroscopic graphite in the same 
melts. 

The extent of devolatilization and dissolution of dif- 
ferent types of  coal particles, either dropped onto the 
bath surface (freely floating on the surface) or injected 
into the bath, was determined at 1823 K. The measured 
volumes of volatilization gases were about 30 to 59 pct 
of those determined in the high-temperature devolatil- 
ization experiments. The carbon recovery in these ex- 
periments was about 77 pct when the particles were 
dropped onto the bath surface and about 59 pct when the 
particles were injected into the bath. 

A P P E N D I X  

P R O P E R T I E S  E V A L U A T I O N  

The carbon concentration, Cs, and density, Ps, of  the 
melt at carbon saturation were evaluated using the fol- 
lowing expressions available in the literature, u~ 

Table V. Extent of Devolatilization of Medium Volatile Coal Particles, Either Dropped onto the 
Melt Surface (Q~ = 0) or Injected (Q~ > 0), when They were Interacting with Fe-C Melts at 1823 K 

Gas Injection Rate Sample Weight Particle Size Estimated Volatile Gases Experimental Volatile Gases 
QI X l0 s (Nm3/s)  (g) (mm) x 10 3 (m 3) • 10 3 (m 3) 

0.0 1.00 2-2.36 0.87 0.26 
0.0 1.00 3.2-5.6 0.87 0.44 
0.0 2.01 3.2-5.6 1.75 0.73 
1.02 1.70 0.59-0.707 1.48 0.65 
1.02 2.06 0.707-1 1.79 1.05 
1.02 2.39 1-1.19 2.08 0.94 
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Cs -- 1.34 2.54 x 10-4(T - 273) - 0.4(wt pct S) 

[AI. 11 

and 

p, = 8750 - 69.6(wt pct C) - 1.15(T - 273) [AI.2] 

where wt pct C and wt pct S are the weight percentages 
of carbon and sulfur of the melt. The viscosity, /z, of 
liquid iron-carbon alloys depends both on temperature 
and melt carbon concentration. The values of viscosity 
corresponding to the liquid in the boundary layer 
adjacent to the carbon surface, where it will be carbon- 
saturated, were of significance to the present investiga- 
tions and were obtained [71 by extrapolating the data 
available for low-carbon melts to the level of carbon sat- 
uration, which is given by 

/Z = I0  -531+4874/T [AI.3] 

The value of the carbon diffusion coefficient, De, in liq- 
uid carbon-saturated iron alloys was not available; sev- 
eral correlations have been proposed to estimate the 
same. lzTl The general format of these correlation was 
given by 

T 
D c = a -  [AI.4] 

/x 

where the parameter a is a constant. The value of ot was 
determined after employing the reported [71 values of D c 
and the values o f / z ,  given by Eq. [AI.3J, and it was 
found to be 2.5 x 10 -14. 

A S 

a 

Cb 
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J 

kb 

k, 
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LIST OF SYMBOLS 

surface area of the dissolving sample (m 2) 
empirical coefficient defined by Eq. [11] 
(dimensionless) 
carbon concentration of the ba th  (kg/m 3) 
carbon concentration of carbon-saturated bath 
(kg/m 3) 
carbon diffusion coefficient in Fe-C melts 
(m2/s) 
sample final diameter (m) 
sample initial diameter (m) 
Grashof number for mass transport 
(dimensionless) 
acceleration due to gravity (m/s 2) 
mass flux per unit surface area of the sample 
(kg/mas) 
phase-boundary reaction constant in Fe-C 
melts (m/s) 
mass transfer coefficient (m/s) 
overall dissolution coefficient (m/s) 
sample length (m) 
empirical constant in Eq. [1] (dimensionless) 

Sc 
Sh 
T 
t 
t/ 
W~ 
o~ 

Ap 

p. 
P 
P~ 
P~ 

Schmidt number (dimensionless) 
Sherwood number (dimensionless) 
temperature (K) 
time (s) 
sample immersion time (s) 
weight of carbon dissolved (kg) 
empirical constant in Eq. [AI.4] (m. k g /  
K.  s 2) 
buoyancy factor defined by Eq. [10] 
(dimensionless) 
melt viscosity (kg/ms) 
melt bulk density (kg/m 3) 
sample density (kg/m 3) 
carbon-saturated melt density (kg/m 3) 
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