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ARTICLE INFO ABSTRACT
Keywords: Accurate measurement of particle temperature is crucial for calculating the kinetic parameters of gas-solid re-
Coal gasification action, and predicting the carbon conversion in gasifiers. In this study, an in-situ experiment of single coal
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particle gasification was conducted by the online temperature measurement system. The heat and mass transfer
processes of the internal carbon core were modeled under the consideration of the ash layer, and the actual
reaction temperature of the internal core was calculated. The results showed a gradual decrease in particle
surface temperature from the periphery to the interior during the gasification process. Highly non-uniform
temperature distributions exceeding 80 K on the surface of the reacting particles were observed. Calculation
results showed the temperature of the internal carbon core was lower than the surface by 27 K to 72 K from 1173
K to 1373 K. A modified kinetic model was proposed based on the unreacted core temperature and the reaction
area. Compared with the traditional model, the proposed model prediction demonstrated a better agreement
with the experimental data, particularly in the initial and late stages.

to temperature variation, and the conversion heavily relies on the
temperature of the particles involved [8,9]. Accurate temperature
measurements for particles are essential for enhancing the energy con-
version and efficiency of fuels [10,11]. Meanwhile, in reactions with
notable thermal effects, variations in reaction rates at the particle sur-
face also led to inhomogeneities in the surface temperature distribution
[12,13]. For instance, in the gasification process, differences in surface
temperature among particles contribute to non-uniform Stefan flow,
introducing additional forces that impact the balance of particulate
forces during high-temperature reaction processes [14,15]. This, in turn,
affects the dispersion and reaction of particles within the fluidized bed
gasifier [16].

Previous studies including simulations for large-scale systems of
gasification ignored the local temperature difference of the particle and
instead relied on the reactor temperature as the average particle tem-
perature for further calculation, but a certain deviation from the actual
temperature still existed, affecting the calculation accuracy [17,18].
Kiister et al. [13] revealed that inhomogeneous particles affect gasifi-
cation kinetics, and for reactive particles, there was a significant

1. Introduction

With the implementation of the carbon-neutral policy in China, the
energy industry, in which coal is the main resource, is facing tremendous
pressure to reduce carbon emissions [1,2]. The clean and efficient uti-
lization of coal has become an urgent task. In the field of the coal
chemical industry, gasification technology plays a vital role in the
conversion of coal into clean energy and the reduction of carbon emis-
sions [3,4]. During the gasification process, the coal particles react
rapidly with the reaction gas in the furnace under a high-temperature
environment, and the particle size, coal type, and pore structure of
coal char have a significant impact on the gasification activity, affecting
the conversion of the residual carbon [5-7]. Hence, it is meaningful to
explore methods for enhancing gasification efficiency and minimizing
carbon content in the form of residue in fine slag, as this is a critical
aspect of gasification process research.

For gas-solid reactions occurring at high temperatures, such as
gasification or combustion, exhibit rapid reaction rates that are sensitive
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Nomenclature

A Correction parameter

Ap Heat transfer area at time t (m?)

B Correction parameter

Bi, Biot number

C Infrared thermal camera parameter
Cc Carbon concentration (mol-m~%)

Ccoz Gas phase concentration (mol-m~>)
Cp Specific heat capacity (J-.g~ 1K)

d particle diameter (m)

D, Effective diffusion coefficient (m?s™1)
D, Molecular diffusion coefficient (m?-s™1)
D, Knudsen diffusion coefficient (m2s~1)
E Activation energy (J-mol™')

F(x) Structural factor

he Convection coefficient (W-m 2 k1)
ko Pre-exponential factor (s™1)

k. Reaction rate constant (s~1)

L Total radiant intensity (W/m?)

m Thermometric equation parameter
Mco2 Molar mass of carbon (g-rnol’l)

m; Particle mass at time t (g-molfl)

n Thermometric equation parameter

Q. Particle heat absorption (J sh

Q..c Carbon core heat absorption (J s
Q¢ Reaction heat of carbon core (J-s™1)
Qcd Carbon core heat conduction (J-s™1)
Q4 Heat conduction (J-s™1)

Qn Convective heat transfer (J-s~ 1)

Q, Radiative heat transfer (J-s™1)

Q: Reaction heat (J-s™1)

R Molecular gas constant (J .mol LK)
rco2 Gas reaction rate (mol-m3-s71)

re Carbon consumption rate (mol-m 351

Ry Particle radius (m)

Tpores Average pore size (m)

S, Reaction area at time t (m?)

To True temperature of the particle(K)
Tq Ash layer temperature at time t (K)
T, Environmental temperature (K)

T, Measured radiation temperature (K)
T Carbon temperature at time t (K)
Tro.2 Carbon temperature at time t-0.2 (K)
T Heating crucible temperature (K)

X Conversion rate

Greek symbols

AH Gasification enthalpy (J .mol™1)

€ Porosity

& Emissivity

A Infrared wavelength (nm)

As Ash layer thermal conductivity W-m Lk
T Tortuosity factor

Tp Optical transmittance

n Effectiveness factor

P Fixed carbon content

0] Modified Thiele modulus

c Standard deviation

W Pore structure parameter in RPM
Subscripts

0 Initial moment of reaction

g Gas

m Ash and carbon mixtures

p Particle

s Ash layer

t Reaction time

w Inner wall

0.2 Time step

difference between the gas and particle temperature (AT~40 K at 1293
K, lignite). Stadek’s [19] study also confirmed this result and established
a function to correlate the mean particle temperature with its temper-
ature variance, which can be used in numerical modeling to include the
influence of varying reactivity for individual particles. Due to the limi-
tation of the particle size and reaction environment, it is challenging to
directly obtain the actual temperature distribution on the particle sur-
face, especially for the high temperature (>1000 K) reactions [20,21].
Accordingly, it is necessary to realize the measurement of particle
temperature at high temperatures by establishing a micro-infrared
thermometry platform.

The development of mathematical models to describe coal gasifica-
tion processes is a crucial aspect of studying gasification and provides a
theoretical foundation for achieving efficient conversion of the fluidized
bed gasification technology [22,23]. A variety of models were proposed
early, including the volume model (VM), grain model (GM), and the
random pores model (RPM) [24-26]. Among these models, modified
RPM is commonly used to describe the whole coal-char gasification
process and incorporates pore structure parameters to explain the
occurrence of rate peaks during the gasification process [27,28]. He
et al. [29] applied the random pore model to fit and predict different
coal char gasification reactivities with a high fitting degree, and struc-
tural factors were incorporated to elucidate the impact of ash on pore
properties during gasification. However, the RPM model does not ac-
count for the temperature distribution within the reaction layer, which
is influenced by particle size, nor does it consider the effects of the ash
layer on the heat and mass transfer processes. In gasifiers, the thermal

behavior inside char particles varies with particle size, as larger particles
transfer heat over longer distances and possess larger reaction areas
[30]. However, there is limited literature discussing the effect of the ash
layer on the reaction heat and mass transfer [31,32].

For gasification at medium temperatures (900-1100 °C) in the flu-
idized bed gasifier, temperature is a critical parameter that influences
the local reactivity of particles and the overall conversion. Previous
studies and mathematical models of coal gasification processes have
paid insufficient attention to the local temperature difference of parti-
cles and the temperature effect. Therefore, an in-situ experiment of
single coal particle gasification was conducted by the online tempera-
ture measurement system to measure the temperature variation on the
particle surface in real-time, which allows for the assessment of the local
reactivity difference. Considering the presence of the ash layer, the
actual reaction temperature of the internal core was calculated. This
work aims at a gasifier operating at atmospheric pressure, and the
experimental and modeling results are consistent with the heat and mass
transfer process and provide a reference for predicting and modeling the
reactivity of industrial fluidized bed gasifiers.

2. Materials and methods
2.1. Materials
The experimental raw material used in this study was Yili coal

(Xinjiang, China). After drying, the coal was crushed and screened to
obtain different particle size ranges. The coal samples with a particle size
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of 0.8-1.2 mm were selected as the raw material for gasification in this
experiment, and the weight of a single particle was about 0.6-1.0 mg.
The proximate and ultimate analyses of the samples were carried out on
a 5E-MACIII (Kaiyuan company, China) and a Vario MACRO element
analyzer (Elementar, Germany), the results are shown in Table 1. The
ultimate analysis results are based on the combustible part, the element
contents of C, H, S, and N can be directly measured, and the oxygen
content was obtained by difference. The fusion temperature (FT) of coal
ash under the CO/CO, atmosphere was 1607 K measured by the SE-
AF4000 ash fusion point tester (Kaiyuan, China).

2.2. In-situ temperature measurement

To facilitate the observation and recording of the reaction process, an
infrared temperature measurement device (FLIR A615, America) com-
bined with a hot stage (Linkman, Britain) was constructed, as illustrated
in Fig. 1. The details of the hot stage used in this study were introduced
in our previous study [33]. In this study, micron-scale particles of
bituminous coal char were selected for gasification experiments, and the
experiments were conducted at temperatures ranging from 900 to 1100
°C and under ordinary pressure, which are consistent with the operating
conditions of current major fluidized bed gasifier technology, including
U-Gas ash fusion agglomeration gasification, KBR transport gasifier,
ordinary pressure circulating fluidized bed technology (CFBR), and
staged fluidized bed gasifier [34]. As shown in Fig. 1, the temperature of
the hot stage was measured by two thermocouples placed outside and
inside the heated crucible. The thermocouples were named TC1 and
TC2, respectively. These thermocouples measured the temperatures at
the edge and the center of the heated crucible respectively to verify the
accuracy of the temperature field determined by the infrared camera
measurements. The gasification experiments were conducted within the
high-temperature hot stage, where the sample was brought to a set
temperature at a ramp rate of 25 K/min, while the infrared camera was
utilized to record the temperature distribution of particles during the
gasification process through the visualization window located on the top
of the hot stage. Meanwhile, the conversion curves for individual par-
ticle at set temperatures were obtained by recording the weight loss. The
experimental heat absorption curves were obtained by the thermogra-
vimetric and differential scanning calorimetry (STA449-F3, Netzsch,
German).

The FLIR A615 infrared camera is equipped with an uncooled va-
nadium oxide detector, which generates a high thermal image of
640%480 pixels in the long infrared wavelength band (7.5-14 pm). To
observe millimeter-sized particles within the hot stage chamber, a 1.5x
close-up lens with a resolution of 25 ym was used in this study. Ac-
cording to the test results of the camera temperature measurement, the
test repeatability error is £2 K in the temperature range of 573~2273 K,
which proves the device has a high measurement accuracy.

In the experiment, the total infrared radiation of the coal particle
entering the infrared thermal camera included the real object radiation
and the environmental infrared radiation reflection. Thus, the total ra-
diation intensity can be expressed as Eq. (1).

L = ty-6-L(To) + 7p-(1 — &,)-L(Te) )

where L is the total radiation intensity; p, is the optical transmission
transmittance; ¢, is the sample emissivity; T, is the environmental

Table 1
Proximate and ultimate analyses of Yili coal.

Proximate analysis (ad, wt. %) Ultimate analysis (daf, wt. %)

Moisture ~ Combustible part Ash Combustible part
C H S N o*
6.23 84.14 9.63  81.66 428 1,57 1.33 11.15

" The oxygen content was obtained by difference.
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temperature outside the heating crucible; T is the true temperature.

According to the previous study [35], in the 7.5-14 mm band, based
on Planck’s law, the radiated power can be written approximately as Eq.
).

Lr(To) = /Ll(To)dzl ~CTV" )

AL

where A4 is the wavelength range received by the camera, C and n are
the parameters related to the spectral bands received by the infrared
thermal camera.

The deviation of the measured temperatures relied on the radiation
intensity. As shown in Fig. 1, in the experiment conducted in the hot
stage, the samples were placed in the center of the heated crucible with
an inner diameter of 5 mm, and the environmental temperature except
for the heated crucible was approximated as consistent with room
temperature (298 K). For the high-temperature particle (>1000 K), the
true radiation received from the sample is much higher than the envi-
ronmental radiation outside the heated crucible by two orders of
magnitude. Hence, the effect of environmental radiation on the tem-
perature measurement results is neglected here, as shown by the Stefan-
Boltzmann law. Further, the logarithmic equation between the
measured temperature (T;) and the true temperature (Tp) can be
described as Eq. (3) after considering the external optical transmittance

(zp).

T,
In (T—'> =m-In(e,) + n-In(zy) 3)
0
The relationship between the real temperature and the radiant
temperature can also be written as Eq. (4).

Tr
T om.n
em-1l

()]

To

where m and n are the function parameters. m = 1.91 n = 1.93, the
equipment calibration and parameterization of equations including
emissivity and transmittance can be found in the Supplementary
Materials.

3. Mass and heat transfer analysis
3.1. Gasification process analysis

The coal gasification experiment was carried out at a temperature
lower than the ash melting point, and the carbon core was continuously
consumed and shrank throughout the reaction process. Simultaneously,
the ash layer presented on the surface of the coal char gradually became
exposed, resulting in the formation of a compact and porous layer
without partial melting or collapsing. This shrinkage phenomenon is
shown in Fig. 2, and the projected area of the particle decreased by
approximately 17 % before and after the complete reaction.

The presence of the ash layer hindered the gas-solid contact and heat
transfer. Therefore, to evaluate the effect of the ash layer on the
chemical reaction and heat transfer process of the unreacted carbon
core, assumptions were given as follows before further analysis.

(1) Coal char has a uniform density and diffusivity during
gasification.

(2) Ash is uniformly distributed in the coal particle.

(3) Variation of ash shell volume was neglected during the reaction.

(4) No reaction between minerals in the ash and carbon.

3.2. Mass transfer and kinetics model modification

Coal gasification is a typical gas-solid reaction, and the coal gasifi-
cation experiments were carried out in the pure CO atmosphere. During
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Fig. 1. Schematic diagram of the online temperature measurement system.

Fig. 2. The morphology of coal particle (a) and ash particle after complete gasification (b).

gasification, a single coal char was assumed as a sphere with a radius Ry,
The carbon could be completely converted in the reaction stages and the
gasification was regarded as a first-order reaction and the reaction rate
can be expressed as a function of temperature and conversion.

C+CO, % 2€C0,AH = 173.4kJ / mol )

The reaction takes place at the interface between gas-solid phases of
the coal char. From a macroscopic perspective, the intrinsic reaction rate
can be expressed as Eq. (6)

Tco, = ke-St-Ceo, (6)

E
k. = k0~exp( - R_T> ()]

Microscopically, the gasification process consists of gas diffusion
(external and internal), adsorption, reaction, and desorption process, the
slowest step dictates the overall reaction rate. Hence, the mass transfer
equation of the gas-phase process based on the equilibrium relationship
between CO, consumption, mass transfer of internal diffusion, and the
reaction was obtained as Eq. (8).

9CCO, D, 0 (., ICCO,
Ta RLR (vaf R )”COZ ®)

where, boundary condition: R=Ry, Cco2=4.21 X 10~* g/crn3.

Conservation of carbon consumption and reaction:

G _
o €

Under experimental conditions, the injected gas was in a laminar

9

flow state with a low Reynolds number (Re < 200). Based on Eq. (10),
the mass transfer Biot number could be calculated at about 5
(Bip~5>1), inducting the mass transfer time of gas inside the particle is
higher than that outside the particle. The effect of external diffusion
resistance on the concentration distribution of particles could be
neglected.
toi ke Ro

- tDe B De (10)
In Eq. (10), the CO. effective diffusion coefficient (D,) inside the
particles includes the volumetric diffusion and the Knudsen diffusion of
the gas in the pores [36], which is expressed as:

Bi,

ef1 1\

De=-—+— 11
T(D]1 + Dm) an
2 8RT - T

D, =2 —_~  __o9 10%.r . 12
37\ Z0MC0, x 105~ 070 107 T\ 470, (12)

D =1.39 x 1071.(T/273.2)"7° 13)

On the reaction surface of the coal char particle, the deceleration step
of the gasification could be determined based on the modified Thiele
modulus [37].

Hence, the effectiveness factor could be calculated based on Eq. (15).
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1 1 1
s (tanh(3<l>) - 3_<D) as)

At temperatures ranging from 1173 to 1373 K, ®~0.062 < 1,1 > 0.9,
The intrinsic chemical reaction rate is slower than the internal diffusion.
Therefore, the effect of mass transfer on the gasification can be
neglected, and the gasification was in the chemical reaction control
regime within the temperature range. The rates of gas consumption,
carbon consumption, and reaction are equivalent.

r=r.=rco, (16)

Meanwhile, in the gasification process, the specific surface area of
the char involved in the gasification was changed. Hence, an eigen-
function, the structure factor F(x), was introduced to describe the vari-
ation, and a Taylor expansion of F(x) at x = 1 was carried out based on
the boundary conditions.

S, = So-F(x) an

F(x) = A-(1—x) +B-(1 — x)* + R(x) (18)

Based on the boundary conditions: F(0) = 1, F(1) = 0, we got the
relationship of the parameters of A and B, A+B = 1.

As a result, a modified mathematical model for single particle con-
version and reaction rate in the gasification process was obtained by
combined Egs. (6), (9) and (16) ~ (18):

6xc _ Cc02
Iikc SO CC (17.)() (lfo)
Xx=1- 1-B (20)

exp<(1 — B)cho%t) —B

Meanwhile, volume model (VM), grain model (GM), and random
pore model (RPM) could also describe the gasification process, which is
summarized in Table 2. The conversion equation vs. t is also listed in
Table 2, whereas the activation energy and pre-exponential factor were
obtained by fitting the experimental results

3.3. Heat transfer analysis

As the carbon consumed rate is higher on the external surface of the
particle compared to the interior, and the carbonaceous layer on the
particle surface is first consumed to form an ash layer, followed by the
internal part. Therefore, in this study, to describe the process, the par-
ticle during the reaction is assumed to be a carbonaceous core that
continues to react. The exposed ash layer hindered the heat transfer
between the reaction interface and the gas phase, and the schematic
diagram of the heat transfer process during gasification is displayed in
Fig. 3. The schematic from left to right indicates the deepening of the

Table 2
Summary of conversion equation of gasification models.

Model Assumption Conversion equation
This Unreacted core encased in a x—1—
study porous ash layer
1-B
Cco,
exp| (1 —B)-k¢-So- t)-B
CC
VM [29] Homogeneous reaction of solid xym = 1 — exp(— kt)
reactant
GM [29] Surface reaction on the 1.\?3
nonporous grains xom =1- (1 - §kt)
PM I h
R] el ndependent and growth pores Yoo = =1 exp[— kt(WTkt n

)
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reaction.

In a single particle gasification at constant temperature, the energy
balance included the gasification heat (Q), heat radiation with the
environment (Q,), convective heat transfer with the gas (Qp), and par-
ticle heat absorption (Q.). The total energy balance equation could be
expressed as Eq. (21).

Q=Q+Q+Q e

For the unreacted carbon core inside the particle, the energy balance
could be further simplified as Eq. (22) based on the known temperature
of the ash layer. The total gasification heat was carbon core heat ab-
sorption (Qc), and heat conduction with the ash layer (Qg). Values of
model parameters used in this study were given in Table 3.

Qee = Qee + Qea (22)

The gasification heat could be expressed as:

-Am,-AH
Q=S Ve (23)
Am, = my-Ax, (24)

For the spherical char particle, the heat transfer area was calculated
as:

Ay = 4nR2, = Ay (1 —x)*° (25)
The unreacted carbon core heat absorption could be expressed as:

Q.= Cp'(/)c'Amt'(Tt - tho.z) (26)

where the time step selected was 0.2 s in this study.
The heat conduction between the ash layer and the unreacted carbon

core could be expressed as:
aT 2/3.Tt — Ta.t

Qc.d = _ﬁs'Ap.t' = _/1AO(1 - xt) RO-X[I/3

R (27)

The thermal equilibrium of the particles when controlled by the re-
action rate can be further derived:

mo(1 — ¢)-Ax-AH
Mc¢ a

T, — T,
2/3.ﬁ+ Cp'mo'Axt'(Tt — Tpo‘z)
0" Xt

—A-Ao-(1 —x;)
(28)

4. Results and discussion

4.1. Conversion and reactivity

The weight loss and conversion results of a single coal particle during
gasification processes are shown in Fig. 4. The volatiles and moisture
have been released during the heating process, and the weight loss
variation of the coal particle in the constant temperature reaction stage
is the gasification of fixed carbon, as shown in Fig. 4(a). The initial re-
action time is when CO2 starts to be injected. The gasification conver-
sion curves and reaction rates in the constant temperature sections of
1173 K, 1273 K, and 1373 K are shown in Fig. 4(b) and (c). The trend of
the coal-char particle conversion curves at different temperatures was
similar, with a rapid near-linear increase in the first and middle stages of
the reaction and a gradual increase in the late stages. In the experimental
temperature range, the temperature had a significant effect on the
gasification reactivity of coal particles. For the gasification of a single-
particle, the average reaction rate at 1373 K and 1273 K with a car-
bon conversion of 0.9 (x = 0.9) was 6.4 and 3.0 times higher than that at
1173 K, respectively. Besides, the linear relationship between In(r.) and
1/T indicated the direct impact of temperature on the gasification
reactivity, and it also confirmed that the gasification was in the intrinsic
kinetic control region during the experimental conditions.
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Fig. 3. Schematic diagram of heat transfer and conversion in single particle gasification process.

Table 3

Values of the heat and mass transfer parameters used in this study [38-40].
Parameter Value Parameter Value
G, (Jg MK 1.2 Tpores (NM) 25.33
C. (g/cm®) 0.428 Ro (m) 5.0 x 1074
Ccoz (g/cm®) 421 x107* 6 (Wm 2K 5.67 x 1078
De (cm?/s) 2.39 x 107* @ 0.096
ke 7Y 3.25 x 1073 T 4
mg (g) 6.08 x 107* E (%) 0.77
M, (g-mol 1) 12 As (W-m LK™ 1) 0.23

4.2. Particle surface temperature distribution

Fig 5. shows the surface temperature distribution (STD) at the lowest
average particle temperature during gasification. In Fig. 5, according to
the previous method in Supplementary Materials, a 500*500 pm rect-
angular area at the center of the particle was selected and the surface
temperature distribution in this area was measured. The temperature
points located at the periphery of the sample were omitted from the
analysis. This decision was made to ensure the accuracy and reliability
of the temperature measurements, as the edge of the sample is partic-
ularly susceptible to external heat sources [19].

Overall, the temperature of the central region of the coal particle
surface exhibited a lower value compared to its surroundings, showing a
layered decrease from the outer periphery towards the center. The result
proved the cascade of char particle gasification, which is consistent with
the assumption of an unreacted carbon core. The external carbon had
completed the reaction, and the temperature of the peripheral surface
was approaching the ambient temperature. The size of the central low-
temperature region exhibited an inverse relationship with the reaction
temperature. Specifically, at a temperature of 1173 K, the surrounding
temperature was high and the central low-temperature region was small;
while, at 1373 K, the central low-temperature region is larger and the
temperature is relatively lower. As the gasification temperature

100
l(a) Measured weight loss
80
X
2 60t —o—1173K
= 1273K
i —A—1373K
5 40
=
20
0

0 200 400 600 800 1000
Relative time/s

1.0
0.9F-f- oo PR
0.8
06l |(b) Measured conversion
. O
0.4 —o—1173K
02 1273K
—A—1373K
0.8 1 - 1 — L L - :.
0.012 oot B e (c) Gasification rate
0.009 F ;;14310 ‘ \‘;\
n E a0° \\
\:,, 0.006 F *
0.003 ity ,)‘V‘ 0 f %y f g,

increased, the difference between the particle center temperature and
the ambient temperature gradually amplified. Influenced by the surface
structure and mineral distribution of coal char, the surface gasification
characteristics of coal char were different, resulting in uneven surface
temperature distribution of particles at the same gasification tempera-
ture. Under experimental conditions, the surface temperature difference
could be up to 80 K. The coal particle exhibited high gasification activity
and rapid gasification rates at the low-temperature point.

Influenced by the coal particle structure and the variability of surface
ash, the surface temperature distribution between different particles was
different. Hence, the gasification experiments were repeated five times
for each group of experimental conditions, and the repeatability mea-
surements of the temperature difference in the gasification process of
coal char particles surface are shown in Table 4. With the increment of
the ambient temperature, the mean value of the maximum temperature
difference (AT max) Was increased, and the thermal effect was more
obvious, which was related to the reactivity. Meanwhile, statistical
analysis of various particles shows the standard deviation (c) of the
maximum temperature difference decreased with the increase in tem-
perature. The measurement deviation is acceptable and does not affect
further analysis of the gasification heat transfer process, as the
maximum temperature difference (AT max) due to the thermal effect is
higher than the measurement deviation. Additionally, it was found that
at higher temperatures, the standard deviation of the temperature dif-
ference decreased, indicating that the inhomogeneity of the feedstock at
higher temperatures has less effect on the overall temperature vari-
ability of the particles, which is attributed to the high reactivity of the
particles at higher temperatures.

4.3. Temperature variation in gasification

Fig. 6(a)~(c) illustrates the variation of the measured average tem-
perature of the ash layer surface during gasification at different tem-
peratures. During the gasification process, the internal carbon core

0 200 400 600 800 1000 1200

Fig. 4. Measured weight loss (a), conversion curves (b), and gasification rate (c) of coal particle during gasification at different temperatures.
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T/K
1285

1272
1258
1244
1231
1218
1204
1191
1177
1164
1150

(b) STD at 1273K

T/K
1344
1337
1331
1325
1318
1312
1306
1300
1293
1287
1281

(¢) STD at 1373K

Fig. 5. Surface temperature distribution (STD) at different reaction temperatures of coal char at the lowest particle temperature during gasification.

Table 4

Volatility analysis of average temperature measurements during

gasification.
Tw/K ATo max/K 6/K
1173 15 10
1273 29 7
1373 54 5

shrank and the ash layer was exposed on the surface of the coal char. The
experimental temperature measurement results by the online tempera-
ture measurement system were the temperature of the exposed ash layer
on the surface of coal char. As the reaction proceeded, the difference in
the average temperature of the particle surface initially increased and
then decreased. This trend was associated with the gradual decrease in
the gasification rate. The return to ambient temperature slightly lagged
behind the overall reaction time. Additionally, the reactivity of coal char
gasification was significantly influenced by temperature. With the in-
crease of gasification temperature, the temperature variation curve
shifted from a through to a sharp peak. The average temperature dif-
ference on the particle surface, referring to the difference with the
equipment temperature, increased, and the maximum average temper-
ature difference was increased from 17 K to 56 K when the gasification
temperature was increased from 1173 K to 1373 K, respectively.
Simultaneously, the relative time (7,=ty/t;oq) at which the lowest tem-
perature point occurred was observed to be skewed with the increasing
reaction temperature. This phenomenon arises due to the rapid rise in
reaction rate, causing a slight delay in the heat transfer rate to the sur-
face of the ash layer.

The reaction rate is highly dependent on the temperature. To obtain
accurate kinetic data, it is crucial to determine the actual gasification

temperature of the unreacted carbon core. The actual gasification tem-
perature of the unreacted core inside the particle could be calculated by
Eq. (28), and the results are shown as the red line in Fig. 6(a)~(c).
Throughout the reaction, the temperature variation in the unreacted
carbon core is correlated with the reaction rate and exhibits a distinct
difference lower than the temperature change in the ash layer. Notably,
the temperature of the unreacted carbon core reaches its minimum point
in the middle stage of the reaction, regardless of the reaction
temperature.

The results of the maximum temperature difference during the re-
action process are shown in Fig. 6(d), the temperature difference be-
tween the unreacted carbon core reached 45 K, 59 K, and 128 K at 1173
K, 1273 K, and 1373 K, respectively. Compared with the previous results
[41,42], the temperature difference between the unreacted carbon core
and the environment was higher than the measured value when
considering the presence of the ash layer, proving that the ash layer
insulated the internal reaction layer and reduced the rate of internal heat
transfer. Besides, the disparity between the internal and external tem-
perature differences gradually amplifies with an increase in the reaction
temperature. This can be attributed to the fact that the temperature
reduction within the unreacted carbon core primarily relies on the re-
action rate, whereas the temperature decrease in the external ash layer
predominantly depends on the heat conduction of the ash layers. It can
be anticipated that this dissimilarity will become more pronounced at
higher gasification temperatures, consequently impacting the gasifica-
tion activity.

4.4. Heat transfer analysis
The results of the reaction heat curves obtained by the thermogra-

vimetric and differential scanning calorimetry (TG-DSC) and theoretical
values calculated in this study in the gasification process of single-
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Fig. 6. The variation of measured ash layer surface temperature and unreacted carbon core temperature at different gasification temperatures (a) ~(c), and (d) the
comparison of the maximum difference of the experimental ash layer surface temperature and the calculated unreacted carbon core.

particle coal char are shown in Fig. 7. The DSC curve reflects the
enthalpy change of the sample, and the trend was directly related to the
reactivity. The rate of reaction heat reaches the highest value rapidly in
the initial stage and then decreases gradually, which is related to the
gradual decrease of the reaction rate. The theoretical reaction heat
curves had a high compliance value with the actual results, which
proved the accuracy of the calculation of reaction heat and heat transfer
in this study.

The heat transfer rates in different gasification temperatures are
shown in Fig. 8, and relative time 7, (r,=ty/t;orq)) is employed here to
visually show the variation in particle heat transfer at different gasifi-
cation temperatures. During the reaction process, the heat conduction
rate (Qq) and the particle heat absorption rate (Q.) showed a trend of
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Fig. 7. Comparison of experimental results and calculated values of reaction
heat curves during particle gasification process.

increasing and then decreasing. The presence of the ash layer played an
inhibitory role in the heat transfer of the reaction process, which is
mainly manifested in the decrease of the heat conduction rate. With the
gasification temperature increased, the temperature difference between
the unreacted carbon core and the environment increased, and the heat
transfer rate increased. Further, the heat conduction with the ash layer is
approximately 1~2 orders of magnitude higher than the internal heat
transfer rate, conduction is still the primary mode of heat transfer. The
majority of the heat in the reaction process originated from the external
environment, and the heat conduction rate directly influenced the
temperature of the carbon particle surface. Meanwhile, a comparison of
the results at different temperatures revealed that an increase in tem-
perature led to an increase in the heat transfer rate.

4.5. Kinetic model

The key parameters in the model, including the activation energy
and the pre-exponential factor, are determined by fitting the data from
the four mathematical models to the experimental results. The fit degree
is shown in Fig. 9. Some deviations existed in the fitting results of the
three conventional models for the single coal particle gasification pro-
cess, especially at the initial and the late of the reaction. Specifically, the
model predicted a fast reaction rate in the initial and a slow reaction rate
at the end of the reaction. While, the modified kinetic model fitting
results exhibited a high level of conformity with the experimental values
for the reaction-driven gasification process, especially in the initial
stages of the reaction.

Meanwhile, the kinetic parameters of the kinetic models, including
R-squared R, pre-exponential factor (kg), and activation energy (E,),
are shown in Table 5. In the RPM model of isothermal gasification, the
pore structure parameter y was determined by fitting the reduced time
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Fig. 9. Experimental data and the kinetic model fitting curves of the gasification process.

(tx/to.8) equation according to the experimental results obtained from
TG [27], and the fitting result of the pore structure parameter y is 4.84.
The VM and RPM models had poor fitting results compared with the
other models, and this could be attributed to certain limitations in the
model assumptions. VM model assumes that the gasification reaction
occurred uniformly throughout the particles, whereas the RPM model

Table 5
Kinetic parameters of different gasification models.
Parameters RPM GM VM This study
E, (kJ/mol) 123.64 113.81 113.41 108.46
ko (s™h) 384 328 398 416
R? 0.9742 0.9931 0.9751 0.9986

assumes that the reaction occurs on the pore surface and the pores would
grow or merge as the reaction proceeded. However, neither of the
models accounted for the contraction of the carbon core. Conversely, the
GM presented relatively favorable fitting results. This model assumes
that the gasification reaction initiated from the surface of the particles
and proceeded inward, maintaining a continuous contraction of the
carbon particles during the gasification process, which was consistent
with the assumption in this study. Compared with the above results,
based on the consideration of the effect of the ash layer on the tem-
perature and reaction area, the modified kinetic model fitting results
exhibited a high level of conformity with the experimental values for the
reaction-driven gasification process, and the value of R-squared (R?)
exceeded 0.998. The result also demonstrated the accuracy of the
modified kinetic model in reactivity prediction for the gasification
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process.

The reaction activation energy and frequency factor were further
calculated based on the Arrhenius equation and experimental results.
The activation energy E, represents the energy required for the mole-
cules to reach the active state of the chemical reaction while the fre-
quency factor ko represents the effective collision probability,
respectively. Compared to the kinetic data in Table 5, the fitting result of
the modified kinetic model has a lower activation energy than the rest,
which is due to the compensation of the kinetics after considering the
actual temperature of the internal carbon layer is lower by tens of de-
grees than particle surface temperature. ko is higher in the modified
kinetic model, indicating that the effective collision probability is
elevated and the coal gasification activity is higher than the results of the
conventional reaction model.

5. Conclusion

This study employed an in-situ measurement of single coal particle
gasification using a visualized temperature measurement system. The
results show that the surface temperature exhibited a hierarchical dis-
tribution with a low temperature in the center of the particle during the
gasification process. As the gasification temperature increased from
1173 K to 1373 K, the maximum average temperature differences
increased from 17 K to 56 K. Meanwhile, affected by the differences in
the active sites and particle structure, the surface temperature distri-
bution shows inhomogeneity, with particle surface temperature differ-
ence reaching up to 80 K. Considering the presence of the ash layer, the
actual reaction temperature of the internal core was calculated, and the
kinetics model within the reaction process was modified. The results
revealed that the temperature difference between the unreacted carbon
core, and the surroundings was significantly higher than the measured
results. The presence of the ash layer hindered the heat transfer.
Meanwhile, a modified kinetic model was proposed based on the
consideration of the unreacted core temperature and reaction area.
Compared with the traditional gasification model, the model predictions
demonstrated a favorable agreement with the experimental values,
particularly in the initial and late stages of the reaction. This study offers
novel insights into the heat transfer and reaction processes occurring
during gasification, serving as a valuable reference for predicting reac-
tivity and achieving complete conversion of coal particles.
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