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Abstract 

The purpose of this study is to develop an experimental data-based char particle gasification 

model in order to assess the effects of particle size, gasification temperature and char 

generation heating rate on global gasification parameters. Also, the effect of initial porosity is 

observed by performing parametrical numerical simulations. A continuum-based model is 

used to solve the gasification inside a char particle and within the external boundary layer. 

The intrinsic rate of CO2 gasification reaction is computed according to Langmuir-

Hinshelwood (LH) mechanism. External mass transfer is modeled by Stefan-Maxwell 

relations, and Cylindrical Pore Interpolation Model (CPIM) is used for intra-particle 

molecular diffusion. In the model, all the effects due to particle internal structure changes are 

represented by a global conversion function, f(X) which is computed from local reaction rate 

values. In this study, f(X) is deduced from experimental results instead of phenomenological 

models almost impossible to validate. The best reproduction of the experimental gasification 

results is obtained for the function f(X) postulated as a summation of two Gaussian functions 

which represent the char particle random pore structures and their dynamics during 

gasification. Comparative simulation results show that the Gaussian for low conversion 

interval is shifted to even lower conversion values for higher gasification temperature and 

higher initial porosity. Thereby, the Gaussian function for low conversion rates (large particle 

sizes) is interpreted as representative of the diffusion-limited gasification regime in 

conjunction with the network of macropores and molecular diffusion rates. The modification 

of the pore structure due to char generation heating rates causes a shift of the second 

Gaussian towards higher conversion rates. It is therefore postulated that the second Gaussian 

function corresponds to the boundary layer diffusion-controlled regime related to available 

outer surface area of the particle. 
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Highlights: 

• For modeling purposes, char internal structure changes can be expressed using an 

experimentally-determined function, f(X). 

• Well reproduction of experimental results with the modeled f(X) function justifies the 

use of the sum of two Gaussians which separately represent the diffusion-limited and 

the boundary layer diffusion gasification regimes. 

• The contribution of the pressure term in molecular transport, computed using Stefan-

Maxwell equations, is found negligible.  
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1. Introduction 

Coal is the largest source of global energy production, accounting for over 40 % of global 

power generation. A significant portion of the CO2 emissions originates from the electricity 

generation and the commercial heat generation out of coal. Despite tightening limits on CO2 

emissions and the expansion of renewable technologies, coal production is still increasing 

[1,2]. Low-rank/high-ash coals are particularly responsible for particulate matter emissions. 

More efficient energy transition technologies with low carbon emissions are necessary. Coal 

gasification offers a cleaner and more effective conversion of low-rank/high-ash coals. 

Moreover, synthesis gas which is a product of gasification can directly be used for clean 

energy production processes. Low-rank coals are more reactive since they have a higher 

amount of mineral matter and a larger average pore size; which makes them a good candidate 

for gasification [3]. There is a substantial amount of both experimental and modeling work 

into the understanding of the reaction chemistry and the effect of structural evolution of coal 

particles on their gasification and combustion. In gasification studies, experimental work is 

conducted using equipment such as small size reactor beds, entrained flow type (drop tube) 

reactors, and thermogravimetric analyzers. Recent research has focused on the gasification 

and combustion under different temperatures and ambient gas composition [4].  Gasification 

(with CO2) and the combustion (with O2) rates at different conditions are observed with 

recent measurement methods [5]. The variation of gasification rate with the pore structure  

[6], and with the reactor pressure [7] were studied in entrained flow reactors. Simultaneous 

gasification with steam and CO2 has drawn special attention recently [8,9]. In the context of 

steam/CO2 gasification, influence of the coal char generation process [10,11], the influence of 

porosity [12], the volatile-char interactions [13], and the pressure [14,15] are investigated.  

The gasification processes are categorized into three regimes by Smith [16] based on the 

governing physical and chemical mechanisms which determine the gasification rate. In a first 

regime, the chemistry solely controls gasification reactions which proceed uniformly on the 

particle inner surfaces. Larger particle sizes or higher reaction rates result in internal pore-

diffusion limitations. In the second regime, the rate is controlled by the combined effects of 

pore diffusion resistance and surface gasification reactions. With further increase of the 

reaction rates the external boundary layer diffusion control of species concentration gradients 

sets in [16]. In this third regime, the gasification may be considered to occur at the outer 

surface of the particle. Here the external boundary layer, namely the Knudsen boundary layer, 

refer to the outer gas shell in which the molecular diffusion dominates the convective mass 
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transfer. The gasification regimes are determined by the particle properties such as particle 

size, particle porosity, pore structure, active site density etc., and the gasification atmosphere. 

The change in particle properties and the internal pore network are investigated 

experimentally in many studies for different gasification conditions [10,17–21]. Hungwe et 

al. studied high and low ash particles for CO2 gasification and observed the change in 

porosity using Scanning Electron Microscopy (SEM) at different conversions [20]. They 

reported that surface area increases significantly up to 50 % conversion for both chars and for 

high ash particle (nearly 20 % ash), they observed the maximum area change between 50-

75 % conversions. The surface area decreases in high ash particles because of pore 

coalescence and carbon accumulation within the pores in addition to the formation of 

macropores having lower surface areas due to the mesoporous structure. Nie et al. reported 

different pore shapes for various coal samples [17]. They concluded that different pore 

structures affect the adsorption and transport properties. For high volatile matter-containing 

coals (nearly 33 %), micropores increase while mesopores becomes significantly smaller. 

Jayaraman et al. reported that the char preparation heating rate affects the pore structure by 

changing the volatilization rate [10]. 

Experimental procedures only provide global measurements of the conversion, the change in 

composition in the gas phase, and observations of changing coal particle structure. On the 

other hand, numerical modeling can be used for the assessment of gasification and, similarly, 

the combustion processes within the coal particle and the boundary layer. Numerical models 

enable understanding the time variation of the internal porous structure and the gas 

composition inside the particle. Two commonly used approaches for simulation are the 

continuum and the discrete modeling. 

The discrete modeling approach, which relies on the percolation theory, mainly accounts for 

the randomness of the pore structure and the heterogeneity of the particle composition. 

Discrete models are suited for the fragmentation analysis to predict the changes in the 

morphology during coal particle combustion and gasification. In the diffusion limited regime, 

percolation modeling may show the fragmentation behavior with a variation of the porosity 

[22] and the local Thiele modulus [23]. The transient increase in burning rate due to the 

morphology change can be analyzed using unsteady simulation [24]. The discrete models 

also enable the use of sub-models for the effect of ash mobility, ash diffusivity [25], the 

influence of swelling mechanism on gasification rates [26] and the ash agglomeration 

mechanism below ash fusion temperature [27]. 
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The continuum models address the physics of the external flow with the boundary layer with 

or without taking into account the intraparticle mass transfer and gasification [28]. One-

dimensional models without intraparticle mass transfer resolve the boundary layer with the 

surface and the gas-phase chemistry at steady [29] or transient conditions [30]. Recent work 

also provides highly resolved simulations of the flow around burning and gasifying coal 

particles [31,32]. 

The models, which consider the gas-solid reactions in the particle and the external boundary 

layer, solve spherically symmetric, one-dimensional reaction-diffusion equations. The one-

dimensional reaction-diffusion model can be used for both the pore diffusion and the reaction 

limited regimes. The effect of pore structure evolution on the heterogeneous reaction rate is a 

main challenge in the continuum modeling approach. This problem can be solved by 

implementing simple models such as the random capillary model [33], the random pore 

model [34], or the adaptive random pore model [35], etc. Other sub-modeling approaches for 

the annealing, the peripheral fragmentation, and the ash agglomeration are alternatives to 

improve continuum models [35]. Additionally, a chemical looping mechanism could be 

assessed using a coupled one-dimensional quasi-steady model [36],[37].  

With the continuum approach, Dai et al. used experimental conversion rate results to avoid 

submodels for the physical phenomena at a micro-scale [38]. This approach represents the 

local (spatially) dependence of the heterogeneous reactions on the variations of the particle 

inner structure by combining all non-modeled phenomena in a global function derived from 

experiments.  

The present work focuses on CO2 gasification of lignite char particles. The internal structure 

change function, f(X) is obtained from the experimental conversion vs. reaction rate data 

reported by Jayaraman and Gökalp [11] and then, it is modelled by the summation of two 

Gaussians. Starting from an initial guess for f(X) based on the experimental conversion data, 

optimization is performed by minimizing the differences between the experimental and 

modeled conversion vs time data. Following a similar approach as in [44], instantaneous 

quasi-steady gasification rate is calculated from Langmuir-Hinshelwood kinetics. The species 

conservation, the species diffusion and the momentum conservation equations are solved for 

both the inner porous field and the outer Knudsen boundary layer. The intraparticle mass 

transfer is modeled according to the Cylindrical Pore Interpolation Model (CPIM). The 

external mass transfer is modeled using Stefan-Maxwell relations. The effects on the particle 

internal structure changes of several parameters are investigated. They are the char generation 
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(pyrolysis) heating rate, the gasification temperature, the particle size, and the initial particle 

porosity. 

 

2. Materials and methods 

2.1. Experimental 

The material used in this study is a high ash content Turkish lignite from the Thrace region in 

Turkey. The experimental data are taken from Jayaraman and Gökalp [11]. Ultimate and 

proximate analyses of the coal are given in Table 1 below.  

Table 1. Proximate and ultimate analyses of Turkish lignite samples (based on dry basis 

wt. %) [11] 

Proximate analysis % 

Ash 32.33 

Volatile 36.40 

Fixed carbon 21.70 

Ultimate analysis  

C 54.34 

H 3.74 

N 1.57 

S 3.74 

 

In the reported work, the raw lignite particles were pre-dried and sieved to two mean 

diameters, 800 µm and 3 mm. The char particles were produced by pyrolysis in Ar 

atmosphere at the temperature used for gasification, i.e. 950 °C. During the pyrolysis 

procedure, the samples were heated with two heating rates, 100 K/min and 800 K/min, up to 

950 °C and maintained for 5 minutes at this temperature. The recorded temperature and mass 

variations during the pyrolysis procedure are shown in Figure 1.  
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(a) 

 

(b) 

Figure 1. Mass loss during char generation and temperature variation under Ar atmosphere 

[11]  (a) 3 mm and 800 µm particles at 100 K/min heating rate (b) 3 mm particle at 800 

K/min heating rate 

 

After pyrolysis, the char particles were cooled to room temperature. For their gasification 

experiments, they are first heated up to the target gasification temperatures with a lower 

heating rate of 40 K/min under Ar atmosphere. TGA gasification experiments in CO2 were 

performed at 900 °C and 950 °C isothermally under 70 % CO2 with balance Ar atmosphere 

for 800 µm and 3 mm particles (Figure 2a). Figures 2b and 2c show the change in the 

reaction rate and the conversion during gasification. The duration of gasification is shown to 
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be determined by the temperature. More detailed explanations of the experimental setup and 

procedure are reported in  [39–41].  

 

(a) 

 

(b) 
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(c) 

Figure 2. Experimental data for gasification in  CO2 [11] (a) Mass loss vs. time (b) Reaction 

rate variation with conversion (c) Conversion vs. time. 

 

Experimental conditions considered in this study based on Jayaraman and Gökalp [11] are 

listed in Table 2. 

Table 2. Overview of experimental parameters used in this study  

 Particle size 
Heating rate 

(K/min) 

Gasification temperature 

(°C) 
Gasification ambience 

1 3 mm 100 900 70 % CO2-Ar 

2 3 mm 100 950 70 % CO2-Ar 

3 3 mm 800 900 70 % CO2-Ar 

4 800 µm 100 900 70 % CO2-Ar 

 

2.2. Numerical model 

2.2.1. Modeling approach 

The carbon conversion vs time is directly proportional to the rate of reaction, r and to the 

function f(X), which globally represents the change in the internal structure of the particle 

[42]:  

 
dXdt � �f�X� (1) 

The reaction rate, r can directly be expressed from the Arrhenius law considering only the 

overall Boudouard reaction C(s)+CO2(g) ↔2CO(g) for a char gasified by CO2; 
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 � � Ae���� g�C������ (2) 

The overall reaction scheme is commonly used since the parameters, A and Ea, can easily be 

extracted from experimental data. However, char gasification with CO2 is made of 

heterogeneous reactions occurring on pore surfaces via several steps of adsorption and 

desorption reactions. Moreover, due to the different morphological structures of the char 

particle, local heterogeneous reaction rates should also be calculated, including local 

parameters such as temperature, pressure, and concentration of species [43]. Therefore, it is 

more accurate to calculate the intrinsic rate of reaction according to the Langmuir-

Hinshelwood (LH) mechanism [44–46]. For char gasification with CO2, the commonly 

accepted two-step LH reaction scheme is reported by Ergun. In this scheme, first oxygen in 

CO2 is adsorbed on the surface active-sites forming a surface oxygen complex (Eq. 3) and 

then, it evaporates together with the carbon atom as CO (Eq. 5) [46].  

 C���∗ + CO���� ↔ C�O� + CO��� (3) 

 C�O� → C���∗ + CO��� (4) 

The intrinsic reaction rate, r, of CO2 char gasification according to LH mechanism can be 

calculated from [47]: 

 � � k!P#$% + k�P#$%�1 + k'P#$% + k(P#$ (5) 

where k1, k2, k3, and k4 are the temperature-dependent constants calculated by the Arrhenius 

law. Many studies reported experimentally-determined reaction parameters for the two-step 

LH mechanism for CO2 gasification processes [42,44,47]. 

In Eq. 1, f(X) represents the changes in the internal structure of the char particle during 

gasification. There are many models reported in the literature for f(X). Commonly studied 

models are the volume reaction model, the shrinking core model (or sharp interface model), 

and the random pore model [48]. The choice of the model is crucial as the kinetic parameters 

will differ for each model. Moreover, porosity, voidage, active surface area and diffusivity 

parameters are not constant for the char particle during gasification. It is therefore essential to 

include the effects of the changes in such parameters in f(X) models. Due to the lack of 

detailed knowledge on the particle structural changes during different phases of gasification 

reactions, as also argued in [49], it is tempting to use the experimentally-determined f(X) 

function to globally model the local changes during the heterogeneous gasification reactions. 

In the present work,  the experimental reaction rate vs conversion data are used to compute an 

initial guess for the internal structure change function, f(X). This initial guess is composed of 
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the summation of two Gaussians. In this study, it is assumed that kinetically-controlled 

regime is passed and therefore, the first Gaussian  is attributed  to the gasification regime for 

which the gasification is controlled by both pore diffusion and kinetics. With the progress of 

gasification, char particle gets smaller and its porosity increases, so that the resistance due to 

pore diffusion diminishes. This is modeled with a second Gaussian to represent gasification 

regime in which the boundary layer diffusion is dominant. The initial pore structure as well as 

its various stages during gasification are assumed to be spatially random with an estimated 

average pore size. We postulate that this structure is best represented by a normal 

distribution. Six coefficients of the two Gaussians of f(X) are optimized by minimizing the 

differences between the experimental and modeled conversion vs. time data. This is 

performed iterating f(X) function by computing the reaction rate through solving the 

conservation equations. The governing equations for computations are reported in the 

following sections. 

2.2.2. Governing equations 

In this study, as in [44], char particle gasification is modeled with one-dimensional and 

spherically symmetric reaction-diffusion equations. Intraparticle temperature variations are 

neglected, and the Sherwood number is taken to be 2 for the mass transfer in the boundary 

layer. Three species are considered for the calculations: CO (α=1), CO2 (α=2), and Ar (α=3). 

 

Intraparticle conservation equations  

⋅ Multispecies conservation equation:       

Within the char particle, the species mass balance is given by Eq. 6. 

 
dJ*dr � R* − 2J*r        (6) 

        R* � ν*2 �*ρ�f�X�            (7) 

          ρ� � ρ1�1 − ε�                (8) 

Here, Jα is the diffusion flux and Rα is the reaction rate for the species α. Rα is a function of 

the conversion. The bulk density of the particle, ρe can be calculated using porosity, ε, and the 

skeletal density of the particle, ρm. να is the stoichiometric coefficient for the species α. The 

porosity change of a particle is calculated as a function of the conversion by; 

 ε�X� � ε3 + X�1 − ε3� (9) 

In which ε0 is the initial porosity of a particle and it is used here as a parameter with different 

values in order to see its effect on the fluxes. The multispecies equation is solved only for CO 



12 

 

since J#$ + 2J#$% � 0 and J5� � 0. In this study, the intrinsic reaction rate parameters are 

taken from Mühlen et al. [47]. 

⋅ Diffusion equation: 

Stefan-Maxwell equations are modified according to the Cylindrical Pore Interpolation 

Model (CPIM) and the mole fraction of species, xα are calculated from the diffusion equation: 

dx*dr � τ�RTεP 9 : x*J;D5,;* − x;J*D5,;*>'
;?! − τ�εP x* @1 − 1DAB,* ∑ x;DAB,;; D ∇P 

 

(10) 

 

Where R is the universal gas constant (8.314 J/mol.K) and τ is the tortuosity factor of the 

particle which is approached as F1/ε3 [50]. T is the gasification temperature which is taken 

as constant according to experimental measurements. Pressure inside the particle, P, is 

simultaneously solved from the momentum equation (see below). D5,*; is the effective 

diffusivity within pores calculated as an interpolation of the Knudsen diffusivity, DAB,* and 

the molecular diffusivity, DH,*; [51].  1D5,*; � 1DAB,* + 1DH,*; 
              

(11) 

 

The Knudsen diffusivity is taken from the kinetic theory, and the binary molecular 

diffusivities are computed using the Cantera software [52]. 

⋅ Momentum equation: 

The variation of pressure inside the particle is calculated from the momentum equation where 

the convection term is neglected 

 
dPdr � − τ�A5ε 9�IM;. J;�'

;?!  (12) 

The pressure gradient coefficient, AA, related to the molecular viscosity in porous media, is 

calculated from the relations given below for momentum transfer in Knudsen, AKn , and 

continuum, AC , regimes [51]:  

 
1A5 � 1AAB + 1A# (13) 

 AAB � 32dMN�� OπRT2  (14) 

 A# � 32µ1QRRTPdMN��� ∑ �x*FMW*�'*?!  (15) 
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dpore is the pore diameter of a particle and in this study, is taken as constant and equal to 165 

nm [38]. The dynamic viscosity of the gas mixtures is computed using Cantera software and 

updated along the radius [52]. MW* indicates the molecular weights of CO, CO2, and Ar. 

⋅ Boundary conditions: 

As spherical symmetry is assumed, there is no flux for any species at the center of the 

particle; 

 J*|UVW � 0 (16) 

Since gas compositions at the edge of the external boundary layer are known, they are used to 

compute surface mole fractions; 

 x*XUVUY � x*,�Z�[ (17) 

For the boundary layer, it is assumed that pressure is not changing and equal to the 

atmospheric pressure. Therefore, surface pressure is taken as 1 atm. 

 PX�?�Y � P�1\Q�B� � 1 atm (18) 

These surface conditions are used as boundary conditions for internal transfer equations.  

 

External conservation equations 

⋅ Multispecies conservation equation; 

In the boundary layer, the species conservation equation is: 

 
dJ*dr � − 2J*r  (19) 

⋅ Diffusion equation: 

For the boundary layer, species mole fractions are calculated from the Stefan-Maxwell 

equations: 

 
dx*dr � RTP 9 :x*J; − x;J*DH,*; >'

;?!  (20) 

⋅ Momentum equation: 

It is assumed that pressure is constant in the boundary layer. Therefore, the momentum 

equation is simplified as: 

 
dPdr � 0 (21) 

⋅ Boundary conditions: 

The calculations are initiated with guessed J*,�Z�[ values. After solving the internal transfer 

equations, the surface boundary condition for the CO flux is updated. 

 J*XUVUY � J*,�Z�[ (22) 
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The ambient compositions of gases and pressure are known; hence they are used as boundary 

conditions for external transfer equations; 

 x*XUVUY_` � x*,�1\Q�B�       �≅ 0 for CO and � 0.7 for CO�� (23) 

 PX�?�Yef � P�1\Q�B� � 1 atm (24) 

2.2.3. Numerical approach 

In this study, MATLAB® is used to solve the set of equations (mass transfer, diffusion and 

momentum) for inside the particle and for the boundary layer. At X = 0, initial guess of 

coefficients for f(X) and of CO flux are optimized by minimizing the difference between the 

experimental and modeled conversion vs. time data using the MATLAB lsqnonlin function. 

This function is applicable to solve nonlinear least-square curve-fitting problems. For each 

set, governing equations are solved with a new f(X) using the MATLAB bvp4c function, 

which is a finite difference-based solver for boundary value problems. Governing equations 

for external transfer (mass balance for CO, external mass transfer for CO and CO2, pressure) 

are first solved. Since the properties of gas flow in TGA experiments are fixed, boundary 

conditions at the edge of the boundary layer are used to find surface mole fractions and 

pressure conditions, taking the initial CO flux as the surface CO flux. Then, internal transfer 

equations (mass balance for CO, internal mass transfer for CO and CO2, pressure) are solved 

with the surface boundary conditions, and the surface flux of CO is iterated. Finally, external 

transfer equations are solved again with the corrected surface CO flux. For following time 

steps and increasing conversion rates, the same solution procedure is followed using the 

MATLAB fminsearch function by optimizing the initial flux of CO to match the surface 

conditions from both external and internal parts. 

3. Results and discussion 

3.1. Gasification with CO2 

Radial variations of CO fluxes, CO mole fractions, and intraparticle pressure with respect to 

conversion rate are given in this section for the base case; 3 mm char particle size prepared at 

100 K/min heating rate and gasified at 900 °C. 

It should be noted that in all figures, dimensionless radius equals to 1 means the particle 

surface. The values below 1 correspond to the inner radial distance from the center of the 

particle while dimensionless radius values higher than 1 correspond to the outer radial 

distance in the boundary layer. 
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(a) 

 

(b) 
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(c) 

Figure 3. (a) CO fluxes, (b) CO mole fractions and (c) intraparticle pressure at different 

conversion levels for 3 mm char particle with ε0=0.33, prepared at 100 K/min heating rate 

under 70 % CO2-Ar atmosphere and gasified at 900 °C 

 

In Figure 3, it is observed that the CO fluxes are decreasing with increasing conversion. As 

reaction proceeds, the char particle is shrinking in size so that the gases cannot penetrate the 

solid particle which reduces the CO flux. 

3.1.1. Effect of particle size 

In order to observe the effect of particle size, the following two cases are compared; 3 mm 

and 800 µm particles gasified at 900 °C and prepared at 100 K/min heating rate. 

 

Figure 4. Comparison of the initial quasi-steady CO and CO2 fluxes for 3 mm and 800 µm 

char particles with ε0=0.33 generated with 100 K/min heating rate and gasified at 900 °C, 

under 70 % CO2-Ar atmosphere 
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Figure 5. Comparison of the initial quasi-steady CO and CO2 mole fractions for 3 mm and 

800 µm char particles with ε0=0.33 generated with 100 K/min heating rate and gasified at 900 

°C, under 70 % CO2-Ar atmosphere 

 

Figure 6. Comparison of the initial quasi-steady pressures for 3 mm and 800 µm char 

particles with ε0=0.33 generated with 100 K/min heating rate and gasified at 900 °C, under 70 

% CO2-Ar atmosphere 

 

 

Figure 7. Comparison of f(X) for 3 mm and 800 µm char particles with ε0=0.33 generated 

with 100 K/min heating rate and gasified at 900 °C, 70 % CO2-Ar atmosphere (x and + 

markers indicate the Gaussian peaks for 3 mm and 800 µm, respectively.) 

 

Smaller particles have a lower surface area but a higher surface to volume ratio. 

Consequently, active site density is expected to be higher for smaller particles except for the 

particles below a certain radius for which a relatively solid structure exists [53]. In Figure 4-

6, the initial quasi-steady radial variation of the fluxes, the mole fractions and the pressure are 

shown for two different particle sizes. Figure 4 shows a higher rate of increase in CO flux for 
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smaller particles. However, as the stagnant Knudsen layer is shallow, ambient gas 

composition yields a lower CO surface composition along with a lower surface flux for 

smaller particles. Figure 6 shows a significant variation of internal pressure with particle size. 

The gasified matter accumulates within the particle due to the diffusion resistance of the 

porous wall which should result in a pressure increase within the particle. Nevertheless, the 

weight of the pressure gradient term in the momentum equation is observed to be negligible 

compared to the species gradient related diffusion term (Eq. 10). 

The experimentally-determined function f(X), which indicates the global internal structure 

change, is fitted with two Gaussians. In Figure 7, the variation of f(X) by local conversion 

level is presented. The locations of maxima are not shifted for the two different size particles 

having the same experimental conditions. The particle specific surface is larger for small 

particles; thereby, the gasification is faster [54]. Also, due to the mesoporous structure, 

surface area increases because of the micropore formation especially at initial stages. For the 

particles prepared and treated under same conditions, it is expected that the trend of 

Gaussians should be the same while the area under the curve should change due to the 

availability of active surfaces for different size particles. It is observed from the Figure 7 that 

the effect of size is observed in the f(X) curve as larger areas under Gaussian functions 

having higher standard deviation for smaller particles. In other words, the peak point of 

Gaussians did not change significantly for different size of particles, while the area under the 

curve is observed to increase for a particle having larger diameter. A higher deviation yield 

flatter (smooth) change of gasification rate with the conversion. Nevertheless, the trend of the 

structural evolution is not affected much for both cases, as noted by Dai et al. [38]. This 

subtle difference in deviations is observed owing to the precision of TGA method. 

3.1.2. Effect of heating rate 

The effect of char generation heating rate is studied by comparing two different cases; for 3 

mm particles prepared at100 K/min and 800 K/min heating rates and gasified at 900 °C. 
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Figure 8. Comparison of the initial quasi-steady CO and CO2 fluxes for 3 mm char particles 

with ε0=0.33, generated with 100 K/min and 800 K/min heating rates and gasified at 900 °C, 

under 70 % CO2-Ar atmosphere 

 

 

Figure 9. Comparison of the initial quasi-steady CO and CO2 mole fractions for 3 mm 

particles with ε0=0.33 generated with 100 K/min and 800 K/min heating rates and gasified at 

900 °C, under 70 % CO2-Ar atmosphere 
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Figure 10. Comparison of the initial quasi-steady pressure for 3 mm char particles with 

ε0=0.33 generated with 100 K/min and 800 K/min heating rates and gasified at 900 °C, under 

70 % CO2-Ar atmosphere 

 

 

Figure 11. Comparison of f(X) for 3 mm char particles with ε0=0.33 generated with 100 

K/min and 800 K/min heating rates and gasified at 900 °C, under 70 % CO2-Ar atmosphere 

(x and + markers indicate the Gaussian peaks for 100 K/min and 800 K/min, respectively.) 

 

In real particle preparation processes, coal particles reach high temperatures almost instantly. 

However, heating rate analysis is essential to understand the physics of the gasification 

procedure. In Figure 8-10, the initial quasi-steady radial solution of the fluxes, the mole 

fractions, and the pressure are shown corresponding to gasification of particles prepared at 

different heating rates. Both the CO flux and the composition of CO are increasing within the 
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particle with radius, as reported in [55] that particles prepared at a higher heating rate gasify 

faster. It is observed that these particles yield higher intraparticle pressure, as seen in Figure 

10. Figure 11 depicts the behavior of f(X) of particles prepared at different heating rates. The 

area under both curves increases with increasing heating rate, and the second peak is shifted 

to higher conversion rates for higher heating rates. The porous structure can be considered to 

consist of a network of cylindrical macropores and micropores in which cylindrical microrods 

are observed due to presence of highly dense network of solid microcrystals [56,57]. The two 

cases differ only for the preparation of particles in which the pore structure is modified. The 

structural alteration affects the second Gaussian function which may be attributed to 

boundary layer diffusion-limited regime of gasification. This can be explained by the fact that 

higher heating rates reduce the micropores and active surface sites giving a relatively smooth 

surface [58]. 

3.1.3. Effect of temperature 

Two cases for different gasification temperatures are compared for a 3 mm char particle 

prepared at 100 K/min heating rate. 

 

 

Figure 12. Comparison of the initial quasi-steady CO and CO2 fluxes for 3 mm char particle 

with ε0=0.33 generated with 100 K/min heating rate and gasified at 900 °C and 950 °C, under 

70 % CO2-Ar atmosphere 
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Figure 13. Comparison of the initial quasi-steady CO and CO2 mole fractions for 3 mm char 

particle with ε0=0.33 generated with 100 K/min heating rate and gasified at 900 °C and 950 

°C, under 70 % CO2-Ar atmosphere 

 

 

Figure 14. Comparison of the initial quasi-steady pressure for 3 mm char particles with 

ε0=0.33 generated with 100 K/min heating rate and gasified at 900 °C and 950 °C, under 70 

% CO2-Ar atmosphere 
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Figure 15. Comparison of f(X) for 3 mm char particle with ε0=0.33 generated with a 100 

K/min heating rate and gasified at 900 °C and 950 °C under 70 % CO2-Ar atmosphere (x and 

+ markers indicate the Gaussian peaks for 900 °C and 950 °C, respectively) 

 

The gasification rate increases with the gasification temperature because of the temperature 

dependence of rate constants and molecular diffusivities. In Figure 12-14, the initial radial 

variation of the flux, the mole fractions, and the pressure are shown for two different 

gasification temperatures. Both the CO flux and the mole fraction of CO are higher for the 

950°C gasification case. A higher gasification temperature case ends with a minor increase in 

internal pressure. It is seen from Figure 15 that the area under both curves increases with 

increasing temperature, and the first Gaussian is shifted to higher conversion rates for the 

higher temperature case, in contrast to Figure 11 where the char particle generation heating 

rate was changed for a constant char particle size. As the temperature dependence of the 

diffusion coefficients to temperature is (~7%) higher compared to reaction rate constant, the 

first Gaussian is observed to be shifted which is attributed to the diffusion of species in the 

pore network.  

3.1.4. Effect of initial porosity 

The effect of initial porosity of char particles on species transport is investigated for a 3 mm 

particle prepared at 100 K/min heating rate and gasified at 900 °C by varying parametrically 

the initial porosity as 0.25, 0.33, 0.50, and 0.67. 
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Figure 16. Comparison of the initial quasi-steady CO and CO2 fluxes for various initial 

porosity values for a 3 mm char particle generated with 100 K/min heating rate and gasified 

at 900 °C, under 70 % CO2-Ar atmosphere 

 

Figure 17. Comparison of the initial quasi-steady CO and CO2 mole fractions for various 

initial porosity values for a 3 mm char particle generated with 100 K/min heating rate and 

gasified at 900 °C, under 70 % CO2-Ar atmosphere 
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Figure 18. Comparison of the initial quasi-steady pressure for various initial porosity values 

for a 3 mm char particle generated with 100 K/min heating rate and gasified at 900 °C, under 

70 % CO2-Ar atmosphere 

 

 

Figure 19. Comparison of f(X) for various initial porosity values for a 3 mm char particle 

generated with 100 K/min heating rate and gasified at 900 °C, under 70 % CO2-Ar 

atmosphere 

 

Figures 16-18 plot the species flux, mole fraction and the pressure in the radial axis for 

parametrically changes porosity values. Higher porosity provides more space for diffusion. 

The diffusion dominated early stages of conversion are augmented since the product CO is 

well evacuated. As the initial porosity takes larger values, it is observed from Figure 16 and 

Figure 17 that both the mass flux and the mole fraction of CO increase. Figure 19 shows that 
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as initial porosity increases, the first Gaussian is shifted to lower conversion values. This 

analysis confirms that the first Gaussian can directly be attributed to the initial pore opening 

due to the formation of micropores at the initial stages of gasification and increasing diffusion 

capacity of the porous structure. 

3.1.5. Structure of function f(X) 

In this study, function f(X) in Eq. 1 is interpreted from experimental conversion vs. time data, 

instead of using complicated and not really validated pore structure models. This function 

indicates the change in the particle internal structure globally and is computed from local 

composition and pressure values. The structure of this function is selected to represent the 

different stages of gasification and pore network change, as the summation of two Gaussians, 

given in Eq. 25 below. 

 f�X� � a! exp h− :�X − b!�c! >�k + a�exp h− :�X − b��c� >�k (25) 

 

Initial guess values for the parameters in f(X) are taken from the experimental conversion vs. 

reaction rate data [11]. However, it is known that these parameters are highly dependent on 

the reaction rate constants due to link between species fluxes, Jα and reaction rate, Rα 

Therefore, f(X) parameters are optimized in order to obtain logical results in terms of their 

order of magnitude. Consequently, the parameters in f(X) are optimized in each iteration 

while solving the system of equations so that the experimental conversion vs. time data are 

approached from the simulation results. Final optimized parameters for f(X) function are 

reported in Table 3 for each case. 

Table 3. Parameters in f(X) function for each case 

 
Particle 

size 

Heating 

rate 

(K/min) 

Gasification 

temperature 

(°C) 

f(X) parameters 

a! l 10m b! c! a� l 10n b� c� 

1 3 mm 100 900 1.6344 0.0877 0.0902 5.9414 0.4087 0.4365 

2 3 mm 100 950 2.1247 0.0438 0.0721 16.042 0.4087 0.1000 

3 3 mm 800 900 2.3516 0.0663 0.1973 8.1499 0.6351 0.3469 

4 800 µm 100 900 1.0793 0.0903 0.1569 3.6901 0.4239 0.5377 
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It should definitely be noted that reaction rate parameters have a significant effect on f(X) 

parameters. In this study, since the rate constants in LH reaction rate are taken from literature, 

only the trend of f(X) is discussed according to different experimental parameters. 

4. Conclusions 

A continuum-based model for char particle gasification was used to investigate the effect of 

char generation heating rate, gasification temperature, particle size and initial particle 

porosity. One dimensional spherically symmetric mass and momentum conservation 

equations for porous particle and external Knudsen layer were solved. The model was 

constructed on the idea of putting all unknown phenomena, which are related to the 

morphology change of solid particle, into a function of conversion, f(X). TGA experimental 

results of high-ash Turkish lignite were used to investigate the dependence of f(X) on the 

gasification parameters. Simulations were performed to determine f(X) that gives the best fit 

of experimental conversion data. Optimum f(X) functions were obtained as the sum of two 

separate Gaussian functions. The good agreement between the simulations and the 

experiments is achieved by optimizing the parameters of f(X) so that the changes inside 

particle structure are relevant to interpret the TGA data. Simulations provide radial variations 

of species diffusive fluxes, gas concentrations and intraparticle pressure. Therefore, the 

change of f(X) function can be correlated with the gasification conditions and the structural 

properties of the gasified material.  

Higher gasification rates are observed; (i) when the char particles are generated with higher 

heating rates, (ii) for higher gasification temperatures, (iii) for smaller particle diameters and 

(iv) for higher particle porosities. 

For smaller particles, CO mole fractions on the particle surface are smaller The Knudsen 

boundary layer is thinner; therefore, the CO concentration gradient is higher, resulting the 

evacuation of CO rapidly. The variation of f(X) with local conversion gives the same trend 

for particles of different sizes. However, varying the gasification temperature or the particle 

porosity affects the first Gaussian which is assumed to be related to pore diffusion-dominated 

regime. This is because molecular diffusion rates increase at higher temperatures. Also, 

researchers experimentally observed [17] that the mesoporous structure caused an increase in 

micropores during the initial stages of gasification, resulted in high surface areas offering 

more space for diffusion for high porosities. On the other hand, when comparing the results 

for the char particles generated at two different heating rates, one can observe that only the 

second Gaussian function is influenced. Therefore, the second Gaussian is attributed to 
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represent the boundary layer diffusion-limited gasification regime. This is due to the 

modifications of the structure of microrods and micropores. As the conversion increases, the 

pore diffusion becomes insignificant and the reaction takes place mainly at the surface of char 

particle. At this stage, only the diffusion of gases from far boundary layer to the particle 

surface becomes dominant. 

As a last remark, it should be emphasized that the proposed structure of f(X) is a global 

representation of the char internal structure change during gasification without referring to 

the models given in the literature, i.e. shrinking core model, random pore model etc.. In this 

study, the species diffusion and reaction and the effects of them on the changes in the 

behavior of f(X) are investigated depending on several experimental parameters, so that the 

changes in pore network can be interpreted for gasification process. This current study can 

definitely be extended in order to propose an empirical model for f(X). 
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