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Abstract: In this work, an improved comprehensive model was developed for large coal particles
to predict temperature variation and volatile component yields. The kinetics model of volatile
component yields, where the volatile matters were assumed to comprise nine species, was combined
with heat transfer model. The interaction between volatile yield and heat transfer during pyrolysis of
large Maltby coal particles was investigated. An apparent temperature difference has been observed
between the surface and core of particles at the initial heating stage. The non-uniform temperature
distribution inside coal particles causes non-simultaneous volatile yields release from the surface
and core area. The volatile release occurs after the coal temperature rises higher than 350 ◦C, and its
yield steeply increases within the temperature range of 450–520 ◦C. The peak of volatile release rate
corresponds to about 485 ◦C due to the rapid release of tar and H2O. The tar is almost completely
released at around 550 ◦C. With the increasing particle size, the difference in temperature and volatile
yield between the surface and core increases at the end of heating. The results are expected to
provide insights into the interaction between heat transfer and volatile yields during pyrolysis of
large coal particles.
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1. Introduction

Coal, one of the primary fossil fuel sources, plays an important role in China, owing to the
abundant reserves and its competitively low price compared to natural gas and oil [1]. Direct
combustion as a main manner of the utilization of coal, which suffers a high energy penalty for
carbon capture and a low energy efficiency [2], requires further improvement. Recently, pulverized
coal has been widely used in steel and power plants for improving the burnout of coal, although this
technology suffers from separation, crushing, grinding from the raw coal, and pipe blockage issues
during the transportation of the pulverized coal [3–7]. Moreover, the need for reduced greenhouse gas
emissions has spurred the development of clean coal technology, such as chemical looping combustion
(CLC) [8], integrated gasification combined cycle (IGCC) [9], multi-stage coal gasification (MSCG) [10],
and so on. These innovative technologies based on the pyrolysis and gasification of coal have been
applied in the manufacturing industry. However, pyrolysis, or devolatilization, as the primary process
during coal gasification and combustion, plays a key role in determining the gaseous production
and carbon structure, which causes an inevitable effect on subsequent processes [11,12]. Li et al. [13]
reported the transformation of aggregate structure for low-rank coal by in-situ X-ray diffraction (XRD)
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and thermogravimetric analysis-mass spectrometry (TG-MS). They found that the changes of structure
parameters were associated with the release characteristics of gaseous products. Nassini et al. [14]
showed that the layer structure was observed clearly in high pyrolysis temperature, compared with
parental coal, in which the structure seems more disordered. Wen et al. [15] claimed that the decrease
in specific capacity was related to the evolution of volatile matter. Lee et al. [16] examined the pore
structure variation of coal char during pyrolysis and concluded the higher surface area and better
dispersion of ash phase leads to a higher combustion reactivity of the Shievee Ovoo coal (SOC) char.
More recently, Bhoi et al. [17] and Gao et al. [18] adopted ReaxFF molecular dynamics simulations
to investigate coal pyrolysis at a microscopic view. Meanwhile, the pyrolysis, as part of the coal
conversion technology, can extract high-value parts in coal to the gaseous fuel, liquids, and the coke.
Therefore, it is essential to comprehensively understand the behaviors of pyrolysis.

A few models have been proposed for simulating the pyrolysis of large coal particles, with
a particular focus on heat transfer processes coupled with the devolatilization kinetics. Agarwal et al. [19]
studied extensively on devolatilization models for coal combustion processes. Fu et al. [20] developed
a general devolatilization model for large coal particles, and they concluded that the kinetics parameters
of coal only depended on the final temperature of coal, rather than the coal type. This model was later
employed by Wan et al. [21] and the devolatilization characteristic of coal, biomass, and coal–biomass
blends were obtained. However, these models mentioned above usually assumed the intraparticle heat
transfer to be the rate-controlling mechanism without considering the effect of mass transfer.

Researchers have made a lot of effects on the kinetic numerical model of coal pyrolysis.
A single-equation kinetic model was developed by Badzioch et al. [22], and then a two-parallel reaction
kinetic model was put forward by Conesa et al. [23]. More recently, Samuele et al. [24] described
coal devolatilization with a multi-step kinetic model, which refers to about 30 reactions and lumped
species. Chern and Hayhurst [25,26] studied the pyrolysis of large particle coal and small granular coal
with an improved nuclear condensation reaction model and first order reaction model, respectively.
In addition, some sophisticated models, such as the functional group-depolymerization vaporization
crosslinking (FG-DVC) model [27], the chemical percolation devolatilization (CPD) model [28,29] and
the distributed activation energy model (DAEM) [30,31] were proposed to describe the precipitation of
gas products and the formation of tar. For both the FG-DVC model and the CPD model, the relationship
between coal category and model parameters is difficult to determine. In contrast to the FG-DVC
model and the CPD model, the DAEM model is relatively simpler, and it is also commonly used
to predict the pyrolysis behavior of large coal particles [32]. The DAEM model assumes that the
pyrolysis is a combination of a series of parallel chemical reactions, and the activation energy of the
reaction is expressed by the Gauss distribution function. The relevant experimental data provided by
Solomon et al. [33] and Sadhukhane et al. [7,34] showed that this model is in good accordance with the
practical process.

Previous studies [20,21,35] have accurately predicted the temperature distribution and volatile
matter release during coal pyrolysis, with the particles size ranging from 3 mm to 16 mm. In respect
to large particle sizes, e.g, more than 20 mm, which can be accepted by pyrolysis or gasification
in the fixed/moving bed [36] and Lurgi–Spuelgas (L–S) gasifier, they are still under investigation.
Wu et al. [37,38] have reported the rotary hearth furnace used in the pyrolysis technology with the
particles sized between 10 mm and 100 mm. Although much work has been carried out on coal
pyrolysis behaviors, so far there are only a few studies focusing the interaction between heat transfer
and volatile yield during pyrolysis of large coal particles. For large coal particles, heat transfer is
crucial to the coal pyrolysis. Due to the large particle size and low thermal conductivity of coal, a larger
temperature gradient exists inside the particle, and heat conduction is the limiting factor for coal
pyrolysis [26]. In our previous studies, we have developed a comprehensive model for coal pyrolysis
coupled with heat transfer inside the particle, considering the heat effect of pyrolysis reaction and
convective heat transfer due to volatile matters release [39,40]. However, the volatile matters were
regarded as a substance for simplification. The composition of volatile matter is complicated, which is
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dependent on the original coal sample, heating rate, and final decomposition temperature. In order to
describe the kinetics of volatile components release, Merrick [41] proposed a model that included
a system of parallel first-order reactions, where the composition of the volatile matter was defined
in terms of the following nine species: CH4, C2H6, CO, CO2, tar, H2, H2O, H2S, and NH3. However,
Merrick’s model omitted the heat transfer inside the coal particles and the model is usually applied to
small particles.

The aim of this study is to extend our previous research work [39,40] and develop an improved
comprehensive model, combining the kinetics model of volatile composition release and the heat
transfer model, and investigate the interaction between volatile yield and heat transfer during pyrolysis
of large coal particles in the moving bed. In the improved model, the volatile matters were assumed to
be a mixture of nine components. The pyrolysis was simulated for large coal particles, up to 60 mm,
during heating for an hour, and the effects of particle size on the heat transfer, as well as volatile
component yields, were investigated and discussed.

2. Mathematical Model

2.1. Kinetic Model of Volatilization Analysis

In this model, the pyrolysis products of coal particles were assumed as a mixture of nine species
of volatile matters and char. The nine volatile matters include CH4, C2H6, CO, CO2, tar, H2, H2O,
H2S, and NH3. Therefore, the final yields of the volatile matter species can be obtained by a set of ten
simultaneous linear equations. These equations can be written as follows [41]:

9

∑
j=0

Aijmj = bi (i = 1, 2, . . . , 10) (1)

where Aij is a matrix of constants; mj denotes the final yields (as mass fractions of daf coal) of char and
volatile matter species; and bi is a vector of constants.

The kinetics of volatile matter release can be described by a system of parallel first-order reactions:

dδj

dt
= k exp(−E/RT)(1− δj) (2)

where δj is the fraction of yield and final yield of volatile matter species released by time t (%), j = 1, 2,
. . . , 9; k is the frequency factor (1.3 × 1013 s−1); E denotes the activation energy (J·kmol−1); R is the
gas constant (8314.4 J·kmol−1) and T represents the temperature (K).

The activation energy distribution corresponds to the Rosin–Rammler function, which can be
expressed as:

Fj(E) = exp[−(
E− E0j

γj
)

βj

] (j = 1, 2, . . . , 9) (3)

In general, the parameters E0j, βj, and γj vary both with the species and with coal rank. γj is
determined by γj = γ1j − γ2j ln p. The adopted parameter values in the model are listed in Table 1 [41].

Table 1. Parameters and values in the model. Reproduced from [41], Elsevier: 1983.

Parameter CH4 C2H6 CO CO2 Tar H2 H2O NH3 H2S

E0/(MJ·kmol−1) 183 183 183 183 183 183 183 183 183
β 2 4 4 4 8 4 8 4 4

γ1/(MJ·kmol−1) 110 61 93 78 23.6 16.2 23.6 106 114
γ2/(MJ·kmol−1) 0 0 0 0 17.6 0 17.6 0 0
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For the volatile matter species, except char, the cumulative amount mj (expressed as a fraction of
the daf coal) released at time t was given by:

mj(t) = mj

1∫
0

δ(t, E)dFj(E) = −mj

∞∫
E0

δ(t, E)F′ j(E)dE (j = 1, 2, . . . , 9) (4)

The mass of char remaining at time t can be determined by an overall mass balance:

m0(t) = 1−
9

∑
j=1

mj(t) (5)

2.2. Heat Transfer Model

In this model, the heat conduction inside the coal particles can be described by the following
equation [34]:

∂(ρcpT)
∂t

=
1
r2

∂

∂r
(λr2 ∂T

∂r
) + S (6)

where ρ is the density of coal; cp is the specific heat; λ is the thermal conductivity of coal; S is the source
term. The source term includes the endothermic effect of coal pyrolysis and convection heat transfer
during the escape of volatile matter [40], which can be depicted as:

S =
9

∑
j=1

ρ0∆H
dmj

dt
+

Qcpv

4πr2
∂T
∂r

(7)

where ρ0 is initial coal density;4H is the pyrolysis reaction heat in unit mass; Q is the mass flow rate
of volatile matter release; cpv is the specific heat of volatile matter. Mass flow rate at the place r can be
written as:

Q =
∫ r

0
4πr′2ρ0

9

∑
j=1

dmj

dt
dr′ (8)

The boundary conditions were given by:

Coal center − λ
∂T
∂r

∣∣∣∣
r=0

= 0 (9)

Coal surface − λ
∂T
∂r

∣∣∣∣
r=R

= h(Tg − TR) + εSσ(T4
g − T4

R) (10)

where Tg and TR are the temperature of ambient gas and particle surface, respectively; εS is the
emissivity of coal; h is the coefficient of external convective heat transfer which is obtained from the
calculation of Nu number:

Nu = 2.0 + 0.667Re
1
2 Pr

1
3 (11)

The parameters used in the numerical model are shown in Table 2.
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Table 2. Parameters used in the model.

Parameter Value or Equation Reference

ρ 0 (kg·m−3) 850 [42]

λ (J·kg−1·K−1)

{
λ = 0.23 T ≤ 623K

λ = 0.23 + 2.24× 10−5(T − 673)1.8 T > 623K
[39,40,43]

cp (W·m−1·K−1)

{
cp = 1254 T ≤ 673K

cp = 1254− 1.75(T − 623) T > 673K
[39,40,43]

∆H (kJ·mol−1) −300 [39,40,43]
Tg (°C) 750 -

εS 0.9 [20]

2.3. Model Parameters and Final Yields

In the present study, Maltby coal was adopted in the simulation cases. According to the literature [41],
the proximate analyses of Maltby coal, tar, and char (daf mass fraction basis) are listed in Table 3.
The calculated final yields are given in Table 4.

Table 3. Proximate analyses of coal, tar, and coke (wt % daf basis). Reproduced from [41], Elsevier: 1983.

C H O N S Volatile Matter

Maltby 83.8 5.3 7.1 1.8 2.0 36.3
Tar 85 8.2 4.9 0.9 1.0 -

Char 98 0.2 0.2 1.0 0.6 -

Table 4. The final yields of volatile matter (wt % daf basis).

Product Final Yield Product Final Yield

Char 67.13 Tar 12.49
CH4 6.94 H2 1.33
C2H6 1.17 H2O 4.82
CO 2.27 NH3 1.23
CO2 1.07 H2S 1.56

The finite volume method (FVM) was used to discretize heat conduction equation (Equation (6)).
The discrete algebraic equations were solved by the tridiagonal matrix algorithm (TDMA). Equation (4)
was solved by the trapezoidal rule. The detailed formulation for the double integral over both time
and activation energy can be found in our previous work [39,40]. As the thermal effect of pyrolysis
and convective heat transfer of volatile matters (Equations (7) and (8)) depends on the volatile release
rate, the equations should be coupled and solved iteratively.

The numerical program code was developed by using C# language based on the Microsoft NET
Framework. The particles were divided into 100 parts with equal distance along the radial direction.
In each time step, Equations (4) and (6) were calculated six times. The solution scheme requires about
300 s on the Intel®Core™ i5-3470 (3.20 GHz) type of personal computer, with the integral time steps of
3600 and activation energy increments of 100, respectively.

3. Results and Discussion

3.1. Model Verification

The model was first verified by being compared with the experimental data of coal pyrolysis [41].
The model predictions of volatile yields were compared with the experimental results of coal water
mixture (CWM) and Maltby coals with a particle diameter of 3 mm at a heating rate of 5 ◦C/min.
The comparison is shown in Figure 1. It was found that the prediction agrees well with the experimental
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results for CWM. For Maltby coals, there was a slightly under-predicted volatile yield. The reason for
this may be that some parameters used in our model, e.g., the frequency factor in Equation (2), were
selected by the previous work [41]. However, the temperature gradient, which was neglected in the
previous work, is considered in the present study. Compared with previous studies, an improvement
of numerical results has been found and the average relative error with experimental results is
around 7.5%. Therefore, the agreements are considered satisfactory with the experimental results.
It should also be mentioned that the clarification of the heat transfer model for large coal particles with
a diameter of up to 16 mm can be found in our previous study [40].
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Figure 1. Comparison of prediction and experimental data (Reproduced from [41], Elsevier: 1983) of
volatile yields of coal water mixture (CWM) and Maltby coals.

In the following sections, the parameters in the model were set based on Maltby coal and the
operating conditions of moving bed. In the moving bed, the coal particles, with the particle diameter
ranging from 20 mm to 60 mm, were fed and dropped uniformly. The initial temperature of coal was
150 ◦C, and the particles were heated by hot inert gas at a rate of 10 ◦C/min. The gas flows across the
packed bed, with the gas temperature decreasing linearly from 750 ◦C down to 240 ◦C.

3.2. Temperature Distribution and Volatile Component Yields

To examine the effects of heat transfer inside coal particles on volatile yield, the temperature and
volatile yield of different parts inside the particle, including the surface, core, and the middle layer
between them (r = 0.5 R) were investigated. The results are plotted in Figure 2. It is observed that the
temperature difference between the core and middle layer is less than 10 ◦C, which indicates that the
inner region of the particle has relatively uniform temperature distribution. Therefore, for the sake of
simplicity, the core temperature data is applied to represent the temperature at the inner region of the
particle in the rest of the content. Due to the low thermal conductivity of coal, a larger temperature
difference of up to 67 ◦C exists between the core and external layer at the initial stage. With the heating
processes, the temperature difference gradually decreases down to only 1.7 ◦C after one hour.

The non-uniform temperature distribution inside coal particles leads to the non-simultaneous, but
a similar tendency volatile yields release from the surface and center area of the coal particles, as shown
in Figure 2. The increase in volatile matter release can apparently be observed with the temperature of
particles. The initial volatile matter yield of surface zone occurs 15 mins later after heating, while that
of the center starts up several minutes later than the surface. The volatile yields of both zones increase
steeply between 25 and 33 mins, when the corresponding temperatures range from 450 ◦C to 520 ◦C.
This agrees with our previous model prediction [39,40] and experimental data [31,41,44–46] obtained
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by the thermogravimetric analysis. The yields differentiation between the surface and center decreases
gradually with the heating process, and finally, both of the volatile yields reached 29%, which accounts
for 89% of the final yield.Energies 2019, 12, x FOR PEER REVIEW 7 of 15 
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Figure 2. Temperature variation and volatile yield in the different regions of the coal particle with a
diameter of 20 mm.

To reveal the relationship between volatile yield and temperature, the volatile yield and its release
rate from the coal particle with a diameter of 20 mm are demonstrated against temperature variation
in Figure 3. When the temperature is below 350 ◦C, only a little of the volatile matter is released. After
the temperature rises higher than 350 ◦C, the volatile yield increases gradually and then has a sharp
release within the temperature range of 450–520 ◦C. The peak of release rate corresponds to 485 ◦C,
which is attributed to the fast release of tar and H2O, as shown in Figure 4. Tar and H2O have very
close temperatures of 476 ◦C, at which they reach their peak release rates. The two components account
for a large proportion of volatile yields, which will be given later.

Energies 2019, 12, x FOR PEER REVIEW 7 of 15 

 

 
Figure 2. Temperature variation and volatile yield in the different regions of the coal particle with a 
diameter of 20 mm. 

To reveal the relationship between volatile yield and temperature, the volatile yield and its 
release rate from the coal particle with a diameter of 20 mm are demonstrated against temperature 
variation in Figure 3. When the temperature is below 350 °C, only a little of the volatile matter is 
released. After the temperature rises higher than 350 °C, the volatile yield increases gradually and 
then has a sharp release within the temperature range of 450–520 °C. The peak of release rate 
corresponds to 485 °C, which is attributed to the fast release of tar and H2O, as shown in Figure 4. 
Tar and H2O have very close temperatures of 476 °C, at which they reach their peak release rates. 
The two components account for a large proportion of volatile yields, which will be given later. 

 
Figure 3. Volatile yield and its release rate from the coal particle as a function of temperature (d = 20 mm). Figure 3. Volatile yield and its release rate from the coal particle as a function of temperature (d = 20 mm).



Energies 2019, 12, 884 8 of 15Energies 2019, 12, x FOR PEER REVIEW 8 of 15 

 

 

Figure 4. Release rate of tar and H2O and the tar yield from the coal particle as a function of 
temperature (d = 20 mm). 

In Figure 3, while the temperature is approaching 600 °C, the release rate has another peak with 
much lower values. This is mainly due to the release of CH4, which has a maximum rate of 596.1 °C, 
as displayed in Figure 5. Similar results have also been reported by Zou et al. [47]. They concluded 
that the product of CH4 has a wide temperature range, from 331 °C to 907 °C, and its maximum rate 
occurs around 540 °C. Moreover, these mass loss depicted above are consistent with previous 
studies [31,47] which can be summarized as three stage: the first stage in the temperature below 300 
°C mainly occurs the release of moisture and absorbed gases; the second mass loss in the 
temperature between 300 °C and 550 °C is the main degradation stage, due primarily to the volatile 
gases and tars releasing; the last stage from 600 °C to 1000 °C derives from the aromatic ring 
condensation. The temperatures corresponding to the peak release rates of volatile species are 
shown in Table 5. The yields of these species are listed in Table 6. 

 
Figure 5. Release rate of other seven volatile components excluding tar and H2O from the coal 
particle (d = 20 mm). 

Table 5. The temperature corresponding to peak release rate of volatile components. 

Figure 4. Release rate of tar and H2O and the tar yield from the coal particle as a function of temperature
(d = 20 mm).

In Figure 3, while the temperature is approaching 600 ◦C, the release rate has another peak with
much lower values. This is mainly due to the release of CH4, which has a maximum rate of 596.1 ◦C,
as displayed in Figure 5. Similar results have also been reported by Zou et al. [47]. They concluded that
the product of CH4 has a wide temperature range, from 331 ◦C to 907 ◦C, and its maximum rate occurs
around 540 ◦C. Moreover, these mass loss depicted above are consistent with previous studies [31,47]
which can be summarized as three stage: the first stage in the temperature below 300 ◦C mainly
occurs the release of moisture and absorbed gases; the second mass loss in the temperature between
300 ◦C and 550 ◦C is the main degradation stage, due primarily to the volatile gases and tars releasing;
the last stage from 600 ◦C to 1000 ◦C derives from the aromatic ring condensation. The temperatures
corresponding to the peak release rates of volatile species are shown in Table 5. The yields of these
species are listed in Table 6.
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Table 5. The temperature corresponding to peak release rate of volatile components.

CH4 C2H6 CO CO2 Tar H2 H2O NH3 H2S

Temp (◦C) 596.1 525.5 622.3 578.6 476.2 - 476.2 661.5 687.4

Table 6. Yields of nine components in the volatile matter.

CH4 C2H6 CO CO2 Tar H2 H2O NH3 H2S

Yield (% daf) 5.01 1.17 2.15 1.06 12.49 0.38 4.82 1.03 1.17
Final yield (% daf) 6.94 1.17 2.27 1.07 12.49 1.33 4.82 1.23 1.56

Ratio (%) 72.19 100 94.71 99.07 100 28.57 100 83.74 75.00

In addition, it can be seen from Figures 4 and 5 that the peak rate of tar release (daf mass fraction
basis) is about 10 times as much as that of other components, except H2O. For tar and H2O, the peak
release rate corresponds to the same temperature of 476 ◦C. When the temperature rises up to 550 ◦C,
the tar yield reaches the final yield of 12.49%. At the end of heating, with the temperature approaching
750 ◦C, the species of C2H6, CO2, tar, and H2O were completely released, while others were not,
such as CH4, CO, H2, H2S, and NH3.

3.3. Effect of Particle Size on the Heat Transfer and Volatile Yield

For pyrolysis of large coal particle, internal heat transfer is the limiting factor, due to the low
thermal conductivity of the coal. To investigate the effect of particle size on the heat transfer and
volatile yield, the pyrolysis was simulated for three kinds of coal particle sizes (with diameters of
20 mm, 40 mm, and 60 mm) under the same heating condition.

Figure 6a,b shows the core temperatures and its rise rate as a function of time during the heating
process of particles with different sizes. It was found that, with the increase of coal particle size,
it takes more time to raise the core temperature. The core temperature rise rate becomes lower at
the initial stage and reaches a peak later. At the end of heating, the core temperature of the particle
with a diameter of 60 mm is around 20 ◦C lower than that with a diameter of 20 mm. As shown
in Figure 6b, the second temperature rise rate peak becomes higher and more centralized with the
increase in particle size. This is because, in the intraparticle heat transfer, thermal conduction may
play a leading role rather than heat convection and radiation. Thus, the temperature gradient becomes
more apparent with the increase in particle size, and a thermal inertia or thermal lag occurs in the core
temperature–rise history. These results are consistent with the published work [35,40].
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particles. The volatile yield in the core rises more steeply as the coal particle size increases, which is 
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10 ◦C/min.

Figure 7a,b present the volatile yields and the release rate in the core region of coal particles with
different sizes as a function of heating time. It can be seen from the figure that, with the increase of
particle size, the initial volatile matter is released much later and achieves a slightly lower yield at
the end of heating. Specifically, it takes 15 mins more time to reach the peak volatile release rate for
the particles of 60 mm than those of 20 mm. The larger the coal particle is, the greater the release rate
peak value it has, as shown in Figure 7b. Compared with Figure 6b, a similar tendency of volatile
release rate can be observed due to the difference in the core temperature of the particles. The volatile
yield in the core rises more steeply as the coal particle size increases, which is caused by a higher core
temperature rise rate within the temperature range of 450–520 ◦C for a larger particle. The peak rate
corresponds to the core temperature of about 485 ◦C, which is mainly attributed to the release of tar,
as displayed in Figure 8.
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Figure 8a,b display the tar yields and its release rate from different particles as a function of
heating time. The difference in the tar release rate from the core can be ascribed to the difference in the
core temperature rise rate of coal particles, as shown in Figure 6. It is observed that the tar yields reach
their maximums much earlier. This is because the tar and H2O are completely released when the coal
temperature rises up to 550 ◦C. Other components, such as CH4, C2H6, CO and so on, are sequentially
released but with relatively lower rates.

Figure 9 shows the difference of temperature and volatile yield between the external layer and
core of three particles with different diameters at the end of heating. After heating for an hour, the
temperature difference between the surface and core of the particle with a diameter of 20 mm is around
2 ◦C, while the volatile yield difference was less than 0.1%. For the particle with a diameter of 60 mm,
the temperature difference rose up to 20 ◦C, and the yield difference was 0.6%. Therefore, to achieve
a high volatile yield, the heating time needs to be longer for the larger coal particle. It indicates that
the coal feeding rate should be adjusted according to the particle size during the operation of a real
L-S retort.
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4. Conclusions

In this article, an improved comprehensive model, combining the kinetics model of volatile
composition release with the heat transfer model, was developed. In the proposed model, the volatile
matters were assumed to comprise nine components. The pyrolysis of large coal particles (Maltby
coal particles with diameters ranging from 20 mm to 60 mm) during heating for an hour (temperature
linearly increasing from 150 ◦C up to 750 ◦C, and heating for an hour at the rate of 10 ◦C/min) was
simulated. The effects of particle size on the pyrolysis and temperature variation were examined.
Major conclusions can be drawn as follows.

(1) Due to the low thermal conductivity of coal, a large temperature difference (up to 67 ◦C for the
particle with a diameter of 20 mm) exists between the external layer and core at the initial stage, while
the temperature is more uniformly distributed in the inner region near the core.

(2) The volatile yield of the particle increases after the coal temperature rises higher than 350 ◦C,
and has a sharp gain within the temperature range of 450–520 ◦C. The peak of volatile release rate
corresponds to about 485 ◦C, which is mainly attributed to the fast release of tar and H2O. When
the temperature rises up to 550 ◦C, the tar is almost completely released approaching the final yield
of 12.49%.
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(3) With the increase of particle size, more time is needed to raise the inner temperature of the
large particle. For the particle with a diameter of 60 mm, the temperature difference between the
surface and core increases up to 20 ◦C at the end of the heating for an hour, and the yield difference
is 0.6%. Additionally, the volatile matter is released much later and achieves a slightly lower yield.
To achieve a higher volatile yield, the heating time needs to be adjusted to larger coal particles.
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