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Abstract

Pulverized coal injection technique has been widely used as a means of reducing coke consumption during ironmaking
process. Owing to the increasing shortage of fossil fuels, other substitutes such as biomass, plastic, and waste tires have
been studied in recent years. Coke breeze as one of the by-products of coking industries has been investigated as a
substitute for partial pulverized coals. The combustion characteristics of blended fuels were estimated based on the
flammability index C and the combustion characteristic index S. For different coke breeze additions, the combustion was
divided into two stages, and the apparent kinetic parameters of the two stages were estimated by fitting the experimental
data to the shrinkage reaction model and shrinkage diffusion model, respectively. Results showed that with the increase in
coke breeze addition from 15% to 60%, the indexes C and S decrease, and the activation energy of the first stage remains
almost constant, while that of the last stage increases from 16.89 up to 67.18 kJ mol ™', which indicates that adding coke
breeze decreases the combustion efficiency of pulverized coal. Comparing the combustion and kinetic parameters under
different coke breeze addition conditions, the optimal addition amount is suggested to be within 15%.
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1 Introduction

Recently, there has been an increasing emission of green-
house gases in the world, 70% of which are attributed to
the production of iron and steel [1]. For an increasing
environmental concern associated with limited supply of
coking coals, the blast furnace (BF) route is required to
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reduce its amount of CO, emissions. To promote sustain-
ability in ironmaking, a number of researches have been
carried out to provide a more sustainable and efficient
alternative to fossil fuel-based energy and reductants such
as coke and coal with renewable energy sources such as
waste plastics, biomass materials and CO—H,-based gas
mixtures [2-5]. Wang et al. [6] reported the combustion
reactivity of biomass and coal mixture, and the experi-
mental results showed that biomass had catalytic effects on
the combustion of coal. Babich et al. [7] have also reported
the industrial-scale test for charcoal injection into the BF.
Therefore, the use of coke breeze as one of the by-products
in the coking industries has been reported as a solid fuel in
sintering plants [8]. Ansteel, for example, has an excess of
approximately 0.3 t of coke breeze per month, except for
supplies in sintering. The replacement of anthracite coals
by coke breeze in pulverized coal injection (PCI), though
theoretically feasible considering similarities of the two
fuels, has been successfully mixed with bituminous coals in
several BFs of China in practical production, providing the
need for validation of the vital significance of combustion
properties of mixed fuels [9-11].
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Relevant researches on combustion kinetics of mixed
fuels are mainly focused on employing a single reaction
model to describe the whole process. Fei et al. [12] found
that the random pore model (RPM) was better to fit the
experimental data. Sadhukhan et al. [13] deduced a
shrinking core model (SCM) to analyze the dynamics of
coal char combustion and evaluated the accuracy with
experimental data. Furthermore, Sun et al. [14] compared
the kinetic parameters of coal char with different models
including RPM, unreacted SCM and volumetric model,;
however, the rate-determining step of the coal combustion
process is not actually a single chemical reaction, and thus
more kinetic models should be taken into consideration for
different reaction processes.

In this paper, non-isothermal thermogravimetry [15-19]
is employed to carry out the combustion experiments
among Taixi anthracite, Hongliulin bituminous coal, and
coke breeze. Based on the combustion characteristic
parameters, the reaction process is divided into two stages.
Then, the appropriate models are presented to describe the
reaction process in different temperature ranges. The
kinetic parameters such as activation energy, reaction rate
constants and effective diffusion coefficient can be
obtained at different intervals, and the optimum addition
amount of coke breeze for PCI is proposed, which may
help to reduce the greenhouse gas emission in BF
production.

2 Experimental

2.1 Materials

Taixi coal (TA) is one of the anthracitic coals located in
Ningxia Province, China, while Hongliulin coal (HB) is
one of the bituminous coals located in Shanxi Province,
China. TA and HB are widely used in BFs of Ansteel. The
proximate analysis and ultimate analysis of the mentioned
two coals and coke breeze (CB) are shown in Table 1.
According to the requirements of coal quality for PCI

[20, 21], the volatile content of mixed fuels used in the
experiments is limited within the range of 15-20 wt.%. The
mixing ratio of HB is kept as 40% to illustrate the influence
of replacing TA with CB on the combustion properties of
mixed fuels as shown in Table 2.

2.2 Methodology

A comprehensive thermogravimetric analyzer Netzsch No.
STA 449 F3 was used for the testing of the sample, and
approximately 15 mg of the mixed fuel sample (75—
150 pm) was prepared, which was then heated from room
temperature to 1000 °C, at a heating rate of 20 °C min~"
and airflow rate of 100 mL min~'. The mass loss and
weightlessness rate were expressed by thermogravity (TG)
and differential thermogravimetry (DTG) curves of the
sample, respectively, and automatically recorded by a
computer. Finally, the conversion curve and conversion
rate curve of mixed fuel combustion were obtained based
on related calculations. The conversion rate of reaction ()
at time ¢ is defined as follows:
my — ny

o= o e (1)
where my is the initial mass of the sample, mg; m, is the
mass of sample at reaction time ¢, mg; and m; is the final
mass of the sample at the end of the test, mg.

Table 2 Composition of each mixed fuel sample (%)

Sample No. HB TA CB
S1 40 60 0
S2 40 45 15
S3 40 30 30
S4 40 15 45
S5 40 0 60

Table 1 Proximate analysis and ultimate analysis of different fuels (wt.%)

Fuel Proximate analysis (air dried basis) Ultimate analysis

M A \% FC C H N (0} S
HB 1.82 11.21 3244 54.53 69.48 4.24 1.56 11.12 0.56
TA 0.70 5.56 8.38 85.36 81.40 3.42 1.32 2.42 0.07
CB 0.98 6.03 1.98 91.01 92.54 0.49 1.04 0.95 0.13

M Moisture; A ash; V volatile; FC fixed carbon
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Fig. 1 Fractional conversion curves of different fuels
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Fig. 2 Conversion deviation rate curves of different fuels
3 Results and discussion
3.1 Combustion characteristics analysis

The conversion rate and the conversion deviation rate
curves of different fuels are shown in Figs. 1 and 2. The

Table 3 Combustion characteristic parameters of single fuel
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Fig. 3 Conversion deviation rate curves of mixed fuel combustion

results showed a distinct phenomenon of mass loss caused
by evaporation of water at around 373 K. According to the
TG-DTG principles, the ignition temperature of coal can
be obtained, and the flammability index C and the com-
bustion characteristic index S can be calculated by Egs. (2)
and (3), respectively.

Wmax
C= 2
7 (2)
S = Wmax 2 Wmean (3)
Ty

where T; is the ignition temperature, K; T is the burnout
temperature, K; Wy.x is the maximum conversion rate in
the combustion process, % min~'; and Winean 18 the mean
conversion rate in the combustion process, % min~".

Results in Table 3 show that the T; and T; of CB were
the highest, and thus the indexes C and S were the lowest,
indicating that the CB had the worst combustion perfor-
mance. Besides, the T; and T of TA are higher than those
of HB, which shows that the combustion performance of
TA was inferior to that of HB.

Five samples of the mixed fuel were analyzed (S1, S2,
S3, S4, and S5), four of which (S2, S3, S4, and S5)
exhibited a double peak phenomenon as shown in Fig. 3.
However, the reaction mechanism for the initial and later

Sample No. TJ/K T/K Winax/(% min™!) Winean/(% min~") C/(% min~! K72 S/(%* min~2 K™3)
TA 753 1059 142 9.7 2.50 x 1073 229 x 1077
HB 645 942 15.3 10.8 3.68 x 107° 422 x 1077
CB 835 1110 7.5 3.7 1.08 x 1073 3.61 x 1078
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Table 4 Combustion characteristics parameters of mixed fuels

Sample No. TJ/K T/K Winax/(% min~1) Winean/(% min~1) Cl(% min~! K72) S/(%* min—2 K~3)
S1 660 996 13.6 7.24 3.12 x 107° 227 x 1077
S2 646 1009 12.4 7.11 297 x 1073 2.09 x 1077
S3 633 1040 11.6 6.09 290 x 107° 1.70 x 1077
S4 631 1059 11.4 4.89 2.86 x 107° 1.32 x 1077
S5 622 1071 10.7 4.47 277 x 1073 1.15 x 1077

stages was different. The driving force at the initial stage is
mainly chemical reaction, but it gradually changes to
internal diffusion at the later stage of the combustion.

In addition, in the low-temperature zone (tempera-
ture T < 773 K), CB in the mixed fuel basically does not
react due to a higher T}, and it is mainly the combustion of
HB and TA, while in the high temperature zone
(T > 973 K), the combustion of the TA and CB plays a
leading role. The combustion characteristic parameters of
mixed fuels are listed in Table 4.

Since the combustion property of HB coal is better than
that of TA, the 7; of the mixed fuels decreases gradually,
and the Ty increases from 996 to 1071 K. Taking the other
operational parameters into account, the addition of coke
breeze in mixed fuels will worsen the combustion perfor-
mance of pulverized coal. Furthermore, compared with S1,
the flammability index for the other samples (S2, S3, S4,
and S5) decreased by 4.8%, 7.1%, 8.3%, and 11.2%,
respectively, and the combustion characteristic index
decreased by 18.9%, 29.0%, 39.6% and 46.7%, respec-
tively. However, when the CB addition is higher than 15%,
the combustion performance of the mixed fuels deteriorates
greatly. This result can provide a reference for PCI in
actual production and thus improve the utilization of CB.

3.2 Kinetic modeling of mixed fuel combustion

The subsection method, as a kinetic analysis method based
on rate-determining steps in different reaction stages, is
mainly used for analyzing the pyrolysis of pulverized coal
[22]. In Eq. (4), for example, the product layers were not
formed at the initial stage, which is mainly controlled by
chemical reaction [23-25]. However, at the end of this
stage, the product layer was formed, and then the diffusion
of the gaseous reactants and products became the main
rate-determining step.

A(g) + bB(s) = gG(g) + Ash (4)
The reaction rate can be calculated by Eq. (5):
b _dna _ dng _4nrt2der, )
dr bdt bMgdt
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Fig. 4 Schematic diagram of chemical reaction model

where v is the reaction rate of combustion, mol s~ '; n A and
ng are the molar amount of reactant A and B, respectively,
mol; r, is the radius of reactant B at time ¢, m; Mg is the
molar mass of reactant B, kg mol™'; and pyg is the density
of reactant B, kg m>.

Considering different reaction models, we have the
following models.

Model 1: interface chemical reaction model

The SCM is selected as shown in Fig. 4, assuming that
pulverized coal particles were spheres, and that the speed
control stage was a first-order interface chemical reaction
[26].

Under the condition for the interface chemical reaction
control, the reaction rate can be calculated as follows:

dnA
2
VB = ———— = 4Tl',rl kreaCAb

5 (6)
where vg is the reaction rate of reactant B, mol s™'; ke, is
the rate constant of interface chemical reaction, m s~ '; and
cap is the concentration of gas in the gas phase, mol m .

Further, Eq. (7) can be obtained by combining Egs. (5)
and (6):

_ 4nr? ppdr,

7
bMgdt ( )

2
= 47r; kreaCap = VB

Then, it is simplified as follows:
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PB
— dr; = kpeadt 8
bMBCAb nt e ( )
Substituting d7 = fdt and k., = Aexp[— E/(RT)] in
Eq. (8), the kinetic model under non-isothermal conditions
can be derived by employing Coats—Redfern integral
equation.

Gl(OC) - 51AR E1
In 7= In BE, RT 9)
where
Gi(o)=1—(1—- ot)l/3; o= (rg - r?)/rg;

01 = bMgcan/(peho);

T is the reaction temperature at time ¢, K; f is the heating
rate, K min_l; A is the pre-exponential factor of the reac-
tion, m s~'; E; is the activation energy of the interface
chemical reaction, J mol_l; R is the molar gas constant, J
mol ! K*l; and ry is the initial radius of reactant B, m.

From the linear fitting between ln[Gl(oc)/Tz] and 1/T, E;
and A were calculated. Finally, the relationship between
k., and T is obtained.

Model 2: internal diffusion model with shrinking core
volume

The combustion of the later stage is controlled by dif-
fusion. Considering the actual reaction conditions, this
stage is described by the internal diffusion model with the
shrinking core volume. The internal diffusion rate in the
product layer can be expressed as:

dnA ) dCA
VD:—7:4TEVfo7 10
dt T dr, (10)
where vp is the rate of internal diffusion, mol s L D is
the effective diffusion coefficient of reactant A, m? sfl;
and cp is the concentration of reactant A, mol m~>.
The reaction rate for reactant B is as follows:

dng 4TCVt2 ppdry
VB = = —

5 T PBYY 11
bdt bMpgdt (1)

Using the same method, Eq. (12) is obtained by syn-
thesizing Egs. (10) and (11).

dea 4nr?ppdr,
= 4N Do —— = — — 2L = 12
YD = AT et bMgdr P (12)
Then, it is simplified as follows:
dca ppdry
Do —— = — 13
T dr, bMydt (13)

Substituting d7 = fdr and Deg = Dy-exp[—E»/(RT)] in
Eq. (13), the internal diffusion-reaction model can be
derived by employing Coats—Redfern integral equation.

G »DoR E
In 2(%) e N (14)
T2 BE, RT
where

Go(a) =1—-2/3u— (1 —a)*? & = 2bMgcan/ (ppry);

D, is the diffusion coefficient in the standard state, m? sfl;
and E, is the diffusion activation energy, J mol ™.

Similarly, from the linear fitting between In[G,(20)/T?]
and 1/T, E, and Dy can be calculated according to the slope
and intercept of the straight line. Finally, the relationship
between D g and T is obtained.

3.3 Modeling fitting results

Based on the above analysis, the experimental data are
substituted in Egs. (9) and (14) for linear fitting. The
demarcation point of the rate-determining step is judged by
the linear correlation degree. In order to improve the linear
correlation of the experimental data fitting, the two curves
at the initial and later steps were simultaneously fitted by
the two models to obtain a much more accurate demarca-
tion point of temperature.

According to the results of the above derivation, the
experimental data are substituted in Egs. (9) and (14),
respectively, for linear fitting, where pg =129 x 10°
kg m~3, ro=1.12 x 10 mm, cap = 8.58 mol m”3,
b=1,and Mg =291 x 102 kg mol™".

The slope, intercept and correlation coefficient were
obtained based on fitting, and then the activation energy
and pre-exponential factors were obtained. Substituting the
obtained activation energy and pre-exponential factor in
the equation kg, = A-exp[— E}/(RT)] and Deg = Dy.
exp[— E»/(RT)], the relationship of the reaction rate con-
stant and effective diffusion coefficient to the temperature
at two stages is obtained.

The kinetic parameters of initial and later stages of
combustion process for different fuels are listed in Tables 5
and 6, respectively. Figures 5 and 6 illustrate that the
experimental data were well fitted. The pre-reaction model
was a chemical reaction model with a small activation
energy, and then for the later stage, the activation energy
was large and the internal diffusion of the gas product
became the main rate-controlling step due to the existence
of the product layer. It is observed in Fig. 3 that the mixed
fuel S1 without coke breeze has only one peak, and the
mixed fuels S2-S5 with different proportions of coke
breeze have two peaks of different degrees, and as the
proportion of coke breeze added increases, the second peak
becomes larger. The main reason is that the reaction speed
control links in the initial and late stages of combustion are
different. In the initial stage, the chemical reaction speed is
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Table 5 Kinetic parameters of combustion in initial stage

Sample No. E,/(kJ mol™Y) Al(m s™h kpeo/(m s71) Correlation coefficient R?
S1 49.80 20.32 Inke, = — 5990/T + 3.01 0.9941

S2 39.31 4.31 Inkye, = — 4728/T + 1.46 0.9936

S3 39.17 4.33 Ink, = — 4711T + 1.46 0.9942

S4 37.26 3.72 Ink., = — 4480/T + 1.31 0.9898

S5 36.71 3.27 Ink,, = — 4415/T 4+ 1.18 0.9863

Table 6 Kinetic parameters of combustion in later stage

Sample No. E»/(kJ mol™h) Do/(m s™1) Deg/(m s71) R?

S2 16.89 2.56 x 107° InDgs = — 2031/T — 12.88 0.9901
S3 28.75 7.81 x 107° InD s = — 3458/T — 11.76 0.9949
S4 50.77 423 x 107° InDegr = — 6107/T — 10.07 0.9950
S5 67.18 123 x 1074 InDegr = — 8080/T — 9.00 0.9956

dominant, while in the later stage, the internal diffusion
speed is controlled. The mixed fuel of bituminous coal and
anthracite in S1 has a fast enough chemical reaction speed
in the initial stage. The violent reaction makes the fuel
exhausted. In the later period, the diffusion process is short
and can be ignored, and the second peak does not appear,
so that in Fig. 6, the calculation of the effective diffusion
coefficient for S1 is not performed.

Table 7 shows the combustion reaction rate constant and
diffusion coefficient of each sample at 400-800 °C, where
M is the ratio of decrease of each sample compared to S1 or
S2:

keeai — k
M =" Tl 100% (15)
kreal
Desti — Degt
M == 100% (16)
Despp

where k,.,; is the reaction rate constant for the combustion
of mixed fuel S; (i =2, 3,4,5), m s keea1 18 the reaction
rate constant of mixed fuel SI, m s™'; Deg; is the diffusion
coefficient for the combustion of mixed fuel S; (i = 3, 4, 5),
ms~'; and D.sp> is the effective diffusion coefficient for the
combustion of mixed fuel S2, m s

With the increase in CB mass fraction, the change in the
trend of the k.., and D is different. The k.., increases
slightly in the earlier stage, which corresponds to the pre-
vious conclusions, but the D¢ decreases greatly in the later
stage. This shows that the increase in the mass fraction of
the CB has a great influence on the later diffusion process,
which is not conducive to the stable and smooth operation
of the BF. As the content of CB in the mixed fuel increases,
both the flammability index and the combustion charac-
teristic index decrease, and the reaction activation energy

@ Springer

increases greatly in the later stage of combustion, indicat-
ing that a large amount of CB will reduce the combustion
performance of the mixed fuel. Comparing the combustion
characteristics and kinetic parameters of mixed fuels with
different coke breeze contents, it is acceptable to use a
small amount of coke breeze replacing pulverized coal for
high injection under the condition of ensuring the smooth
operation of the blast furnace. Combined with the results in
Sect. 3.1, it is believed that the mass fraction of the CB for
the pulverized coal injected into the BF should be con-
trolled within 15%, which ensures the stable combustion of
the pulverized coal and can make good use of the coke
breeze. Considering the price of coke breeze, calorific
value, and other factors, different steel plants should
determine the amount of addition according to their actual
conditions.

4 Conclusions

1. With the increase in the amount of CB, the ignition
point and burnout point of pulverized coal increase
correspondingly, and the flammability index and the
combustion characteristic index both decrease, indi-
cating that the addition of CB reduces the combustion
performance of pulverized coal.

2. The dynamic analysis of the combustion process of

coal/coke breeze mixed fuel is carried out by the
subsection method. Shrinking core models of interface
chemical reaction and internal diffusion were used to
model the process at the earlier stage and the later
stage to obtain the kinetic parameters, respectively.
The results showed that with increasing CB content in
blended fuels, the activation energy at the earlier stage
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Fig. 5 Linear fitting of rate-determining step controlled by chemical reaction in initial stage

decreased slightly, but the activation energy at the later
stage increased significantly, and the trends of k.., and
D, were consistent with the trend of the activation
energy, which further shows that the addition of CB
reduces the combustion performance of pulverized
coal.

3.

Comparing the combustion characteristics and kinetic
parameters of the mixed fuel with different CB
contents, the mass fraction of the CB should be
controlled within 15%.
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Table 7 Reaction rate constant and diffusion coefficient of blended fuels
Reaction temperature/°C Parameter S1 S2 S3 S4 S5
400 keeo/(m s71) 277 x 1073 3.85 x 1073 3.93 x 1073 475 x 1073 461 x 1073
M - 38.99 41.88 71.48 66.43
500 kel (m 571 8.74 x 1073 9.47 x 1073 9.75 x 1073 1.13 x 1072 1.08 x 1072
M - 8.35 11.56 29.29 23.57
600 keeo/(m s 2.13 x 1072 1.93 x 1072 1.95 x 1072 2.19 x 1072 2.07 x 1072
M - — 441 — 8.45 2.82 — 282
700 Der(m s™h) - 12 x 107° 2.24 x 1077 8.59 x 1078 3.06 x 1078
M - - — 8133 —92.84 — 9745
800 Deg/(m s™") - 3.85 x 1077 3.12 x 1077 143 x 1077 6.62 x 1078
M - - — 18.96 — 62.86 — 82.81
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