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Abstract 9 

The proper understanding and description of fuel devolatilization behavior in a fluidized 10 

bed (FB) is important to the FB reactor design and modeling. Aiming at this issue, two different 11 

mathematical models, isothermal (0D) particle model and one-dimensional (1D) particle model, 12 

have been developed. The particle heat transfer is solved simultaneously using an iterative 13 

approach with the existing nitrogen containing chemical percolation devolatilization (CPD-14 

NLG) model. Experiments in a special designed FB reactor were conducted to help validate 15 

both the temperature solver and modifications to the fast nitrogen release chemical kinetic 16 

parameters. The results show that when the bed temperature is higher or coal size become 17 

smaller, the final volatiles yield increases and the nitrogen remaining in char decreases. Under 18 

all conditions given in the present study, the final nitrogen content of char is always lower than 19 

that of parent coal. The yields of some volatile species are also affected by the coal size and 20 

bed temperature. In addition, simulation analysis reveals that the deviation between the results 21 

of these two models cannot be ignored if the particle size exceeds a specific value (transition 22 



 

2 

size), namely, the large particle is improper to be described as isothermal during heat-up, while 23 

this transition size decreases with the increase of bed temperature. A selection principle of these 24 

two models is proposed for balancing the calculation precision and computational time. The 25 

particle model developed in this work makes it possible to carry out further FB reactor 26 

simulations with the devolatilization process more consistent with laboratory data. 27 

Keywords: Devolatilization, Fluidized bed, Modeling, Particle size, Temperature 28 

Introduction 29 

The fuel particles undergo drying and devolatilization as the first step after they are 30 

introduced into the fluidized bed (FB) at which the particles decompose into char, tar and 31 

several light gas species. Though the devolatilization usually completes in a very short time 32 

compared to the subsequent char reaction process, it has significant effects on the characteristics 33 

of several fuel thermal conversion processes, including combustion, gasification and nitrogen 34 

oxide formation [1-3]. Therefore, the proper understanding and description of fuel 35 

devolatilization behavior is a very key issue in both chemical reactor design and modeling. 36 

Several models have been proposed to simulate the devolatilization process of fuel 37 

particles, including constant rate model [4], single kinetic rate model [5], two competing rates 38 

(Kobayashi) model [6], distributed activation energy (DAE) model [7]. Bu [8] and Sadhukhan 39 

[3] both use the DAE model for simulating the pyrolysis of a single fuel particle in the FB. 40 

Chen [9] assumed the lignite washery tailing particles’ devolatilization process consists of 6 41 

kinetic reactions which can all be formulated by first order kinetic expressions. However, these 42 
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models can only provide the information of devolatilization rate, some other important 43 

characteristics such as the volatile species distribution were ignored. To analyze the fuel 44 

devolatilization behavior comprehensively, one of the network models, chemical percolation 45 

devolatilization (CPD) containing nitrogen and light gas release (NLG) model that was 46 

developed by Fletcher et al. [10-13], is applied in this paper. It has been validated in many 47 

studies [14, 15] and widely used in coal and biomass simulations [16-18]. The CPD-NLG model 48 

assumes the compositions of initial volatiles are tar, H2O, CO2, CH4, CO, nitrogen-containing 49 

light gas and some C2+ light hydrocarbons, which are also the most frequently reported major 50 

volatile species [19-23]. 51 

Other than the conversion of elements C, H, O, the fuel nitrogen is accordingly partitioned 52 

into char-N and volatile-N during devolatilization. Numerous studies have been conducted with 53 

the quest to determine the char-N / volatile-N distribution due to its significant effect on the 54 

NOx emission of a FB reactor [24-26]. Some studies report that the nitrogen content in char will 55 

be higher than that of the parent coal, especially for the low degree of devolatilization, i.e. low 56 

final temperature and short residence time [27, 28]. However, some other experimental research 57 

present contradicting results [2]. A proper description of the fuel-N release under different 58 

conditions is also a key point in FB modeling and prediction of NOx emission. 59 

The CPD-NLG model needs the particle temperature as the input data, hence the heat 60 

transfer process of a spherical particle in the FB should be simulated simultaneously. Salmasi 61 

et al. [16] used Computational Fluid Dynamics (CFD) to simulate the temperature history of a 62 

single coal particle during devolatilization, and they pointed out that the energy exchange 63 
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between inert bed materials and fuel particle cannot be ignored in the FB. However, CFD 64 

modeling is very time-consuming. Instead, there are two typical mathematical models to 65 

describe the particle thermal conversion process: isothermal particle model (lumped parameter 66 

method, 0D) [16, 18] and one-dimensional particle model (1D) [3, 9]. The former assumes the 67 

particle is thermally thin, namely, the temperature is uniform throughout the particle at any 68 

given time. While the latter considers a thermally thick particle, inside which the temperature, 69 

as well as the devolatilization or combustion process, is uneven, thus the spatial terms need to 70 

be discretized in solving (assuming that the coal particle is isotropic). Though the 0D model is 71 

simpler and costs shorter computational time, the 1D particle model is more realistic as revealed 72 

in the study of Ström and Thunman [29]. Therefore, there should be a balance between the 73 

calculation precision and computational efficiency when selecting the particle model. 74 

The fuel devolatilization characteristics are affected by many factors, including particle 75 

size [3, 16, 23, 30-33] and shape [34], environmental temperature [2, 3, 9, 16, 17, 19, 21, 22, 76 

30, 34-36], heating rate [17, 20, 23, 32], fuel type(rank) [2, 21, 31, 34], atmosphere [1, 31, 32, 77 

36], etc. Tian et al. [23] and Yan et al. [17] both argued that the temperature and fuel particle 78 

size are the more important parameters compared to others. For example, larger fuel particles 79 

experience lower heating rate and uneven heating [16, 30], resulting in longer devolatilization 80 

time [30, 34] and different yields of volatiles [3, 23, 33]. Further, with the higher 81 

environment/surrounding temperature, the devolatilization time is shorter [3, 30, 34] and the 82 

volatiles yield is higher [3, 21, 22, 35, 37]. In addition, the composition of volatiles, as well as 83 

the distribution of fuel-N into volatile-N and char-N, may also change [2, 17, 19, 21, 31]. 84 
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The present study aims at establishing a mathematical model for fuel devolatilization 85 

behavior in a fluidized bed with high efficiency in terms of computational time. This model can 86 

predict the yields of volatiles including the release of volatile-N, while the particle heat-up 87 

process has significant effects on the fuel devolatilization characteristics. Two different simple 88 

models, isothermal (0D) particle model and one-dimensional (1D) particle model, have been 89 

developed and compared. The particle heat transfer is solved simultaneously using an iterative 90 

approach with the existing CPD-NLG model. Experiments in a special designed FB reactor 91 

were conducted to help validate both the temperature solver and modifications to the fast 92 

nitrogen release chemical kinetic parameters. Besides, the effects of the coal particle size and 93 

bed temperature on the fuel particle heat-up and devolatilization behavior are also discussed. 94 

2. Mathematical model 95 

2.1 CPD model and devolatilization rate 96 

The CPD-NLG model is applied in this paper as the kinetic model to describe the single 97 

fuel particle devolatilization behavior based on the chemical structure of parent fuel. Five 98 

parameters about the chemical structure that are directly measured by 13-C NMR spectroscopy, 99 

Mcl, Mdel, σ+1, p0 and c0, should be determined before utilizing the CPD-NLG model. Fletcher 100 

et al. have developed a correlation to derive these parameters from a combination of the 101 

elemental and proximate analyses. A more detailed description of the CPD-NLG model and the 102 

parameter correlation is found elsewhere [10-12, 14, 15, 38]. 103 
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The output variables from the CPD-NLG program include the time series of total volatiles 104 

yield (YVol,daf(j,k)) and each volatile species yield (YVol,daf(j,k,m)) (in dry ash-free basis). Hence, the 105 

final volatiles yield for jth size fuel particles in received basis can be expressed as: 106 

    daffinal,Vol,ar Vol,daf , kj j k N
Y Y


   (1) 107 

where Y represents the yield mass fraction, subscripts j, k, m, Vol denote the fuel particle size 108 

group, fuel particle age group, volatile species number and volatiles, respectively. γdaf is the 109 

content of char plus volatiles in fuel, 
2daf ash, Fuel, ar H O, Fuel, ar1 Y Y    . 110 

The devolatilization is considered complete when the yield of total volatiles reaches 95% 111 

of the final volatiles fraction. Assuming that the final char consists of carbon and ash only, the 112 

final N/C ratio in the char, normalized to the N/C ratio in the parent coal, can be written as 113 

follows: 114 
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  (2) 115 

where φN,char represents the mass fraction of nitrogen remaining in the char, which is also one 116 

of the output variables from the CPD-NLG program. If θN/C is greater than 1, it means that the 117 

char is enriched in nitrogen. Conversely, more fuel-N is supposed to be released as volatiles. 118 

2.2 Single particle heat transfer model 119 

This section introduces the mathematical approaches of the two single fuel particle heat 120 

transfer models: isothermal particle model (0D) and one-dimensional particle model (1D). Note 121 

that in order to eliminate the influence of the discrepancy of moisture content among different 122 
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size raw fuel particles, in this paper, the studied fuel particles are dried before experiments, thus 123 

the item about water vaporization is ignored in the particle energy balance equations. 124 

2.2.1 Isothermal particle heat transfer model (0D model) 125 

The overall heat transfer Q between the particle surface and the outside environment is 126 

expressed as the sum of three parts: solid particle convective heat transfer Qsc (from surrounding 127 

bed materials to fuel particles), gas convective heat transfer Qgc and radiative heat transfer Qr. 128 

Therefore, the energy conservation equation of an isothermal particle in the FB is written as 129 

follows: 130 

      p 4 4 Vol
p p gc p g p sc p s p p p e p devol

dT dm
m c h A T T h A T T A T T H

dt dt
           (3) 131 

where m denotes the mass, c denotes the specific heat capacity, T represents the temperature, 132 

Ap is the particle surface area, κ is effective the surface emissivity, σ is the Stefan-Boltzmann 133 

constant, hgc and hsc denotes the heat transfer coefficients of gas convection and solid particle 134 

convection, respectively (
c gc sch h h   ), ∆Hdevol is the pyrolysis reaction heat, subscripts s, p, 135 

g, e represent the inert bed materials, fuel particle, gas phase and environmental parameters, 136 

respectively.  137 

In this paper, we consider that the radiative heat transfer is between a grey body (the fuel 138 

particle) and a black body (the bed), and the radiative heat flux is dominated by emission from 139 

the relatively low temperature particle layer in the vicinity of the heat receiving surface. 140 

Because of the “cavity effect”, the effective surface emissivity of the fuel particles (кp) is a little 141 

higher than that of the particles themselves [39, 40], and the кp is assumed as a constant value 142 
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(=0.85), hence the four-fold Stephan-Boltzmann law written in Equ.(3) which describes the 143 

radiation is still valid in the present context. Besides, the temperature in a bubbling fluidized 144 

bed (Tbed) is very uniform and stable, namely, Tg =Ts = Te = Tbed. 145 

The gas convective heat transfer coefficient hgc is correlated to the Nusselt number (Nu), 146 

which is expressed by Prandtl number (Pr) and Reynolds number (Re): 147 
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  (4) 148 

where μ is the dynamic viscosity, λ is the heat conduction coefficient, Umf is the minimum 149 

fluidization velocity, εmf,s is the minimum bed voidage which is calculated by the following 150 

correlation [41]: 151 
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  (5) 152 

The solid particle convective heat transfer plays an important role in the overall heat 153 

transfer process [16] in the FB, which can be expressed as a combination of the contact thermal 154 

resistance Rcont and the thermal resistance of a thermal penetration layer Rpene [42]: 155 

 sc

cont pene

1
h

R R



  (6) 156 

The penetration layer thermal resistance, Rpene, is expressed as 157 
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  (7) 158 

where λs is the effective thermal conductivity of emulsion; ρem is the emulsion density; cs,em is 159 

the specific heat capacity of emulsion phase; θt denotes the mean emulsion residence time. 160 
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The Rpene is more suitable for the continuous contact and long residence time. For the heat 161 

transfer process in the case of large coal particles or short residence time, another effect, surface 162 

contact resistance Rcont, becomes more obvious: 163 
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  (8) 164 

where ds is the inert bed materials size; λg is the thermal conductivity of gas; Ns denotes the 165 

surface thermal contact resistance constant.  166 

It should be noted that the particle convective contribution toward the total heat transfer 167 

will be limited if the fuel particle size is close or even smaller than the surrounding particles, 168 

due to the tendency of synchronous particle movement in a bubbling fluidized bed [39]. Both 169 

considering the reasonability and the continuity of equation, for the extremely fine fuel particles 170 

(dp < dse
-0.8), the contact thermal resistance (Rcont) approaches infinity and the particle 171 

convective heat transfer coefficient (hsc) is nearly zero, as expressed in Equ.(8). 172 

The calculated convective heat transfer coefficients, hgc, hsc and hgc+hsc, as a function of 173 

coal particle size are shown in Fig. 1. It shows that the hsc will decrease sharply if dp is close to 174 

the surrounding bed materials, and the particle heat transfer will not be affected by the particle 175 

convection when dp is smaller than a specific value. 176 
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  177 

Fig. 1  Calculated convective heat transfer coefficients as a function of coal particle size 178 

(Bubbling fluidized bed conditions as listed in Tab. 3, Tbed = 850℃) 179 

Assuming that the particle size dp remains unchanged during devolatilization, while the 180 

particle mass mp gradually decreases due to the loss of volatiles: 181 
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  (9) 182 

where mp,o is the initial fuel particle mass, ρp is the fuel particle density. Hence, there is also a 183 

mass time series for a fuel particle, and it should be determined by iteration between heat 184 

transfer model and CPD model. 185 

Equ.(3) is solved analytically by assuming that the particle temperature and mass do not 186 

change significantly during a time step: 187 
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In the calculation of 0D particle heat transfer model, the time step ∆t is set to be 0.5 ms. 189 

Using this value typically resulted in time step temperature changes (dT/T) smaller than 5% 190 

even for very fine particle (100 μm) at high temperature (900℃). 191 

2.2.2 one-dimensional particle heat transfer model (1D model) 192 

The heat transfer equation of an isotropous particle is written as: 193 

 
p p2

p p p devol2

1T T
c r Q

t r r r
 

  
  

   
  (11) 194 

The boundary conditions of the energy conservation equation are as follows: 195 
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  (12) 196 

where the hgc and hsc are calculated in the same way as 0D model. 197 

The concentric annular layer scheme is used for the space discretization, as displayed in 198 

Fig. 2. The specific mesh size depends on the particle size. A finer mesh is used for smaller 199 

particles, while, considering the computational efficiency, the minimum mesh size is preferably 200 

larger than 12.5 μm, meanwhile, the maximum mesh number should be lower than 50. The first 201 

order explicit method is applied in solving Equ.(11), and the length of time steps is controlled 202 

by the CFL condition to avoid divergence (CFL = 0.1). 203 
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 204 

Fig. 2  Schematic of the one-dimensional fuel particle devolatilization model 205 

After meshing, a fuel particle can be regarded as consisting of several layers and each layer 206 

is assumed to be uniform. Due to the temperature gradients inside a particle, the devolatilization 207 

occurs sequentially in a given layer as the local temperature increases. When the calculation of 208 

heat transfer model completes, each layer can obtain its own time series of temperature. 209 

Meanwhile, each layer had respective initial mass (the initial temperature is the same). 210 

Therefore, the devolatilization processes of different layers can be calculated by CPD model 211 

separately. Each layer also has a mass time series which is used as the iterative value. 212 

The net yield of volatiles from a whole fuel particle is expressed as: 213 

      

,p

Vol,daf , V Vol,daf , ,
1

lN

k m l k m l
l

Y Y


   (13) 214 

where 
 V l

  is the volume fraction of lth layer, Nl,p is the number of layers. 215 

The value of some common parameters used in both 0D and 1D particle models are listed 216 

in Tab. 1. For the model developed in this paper, the main input parameters are fuel particle 217 

properties (elemental and proximate analyses, sphericity, size, particle density), inert bed 218 

Rp

Tbed

T

r

TPC

TPS

δl
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material (quartz sand) properties (size, sphericity, particle density) and operation conditions 219 

(temperature, fluidization velocity). 220 

Tab. 1  Parameters and their value in particle heat transfer models (both 0D and 1D) 221 

Parameter Unit Value Source 

ρp,0
* kg·m-3 1500 assumed 

κp - 0.85 assumed 

σ W·m-2·K-4 5.67×10-8 constant 

cp J·kg-1·K-1 420 + 2.1Tp + 6.85×10-4×Tp
2 [9] 

λp W·m-1·K-1 5×10-4 (Tp – 273.15) + 0.1104 [43] 

cs J·kg-1·K-1 

Tg ≤ 847K: (-6.076591 + 0.2516755Tg – 3.247964×10-4Tg
2 + 

1.685604×10-7Tg
3 + 2548/Tg

2) /60.08×103; 

Tg > 847K: (58.75340 + 1.027925×10-2Tg – 1.31384×10-7Tg
2 + 

2.5210×10-11Tg
3 + 25601/Tg

2) /60.08×103 

NIST 

Chemistry 

WebBook 

(quartz) 

λs W·m-1·K-1 3.8 [44] 

cg, Ar J·kg-1·K-1 
(20.786 + 2.825911×10-10Tg - 1.464191×10-13Tg

2 + 1.092131×10-

17Tg
3 - 3.661371×10-2/Tg

2) /39.95×103 NIST 

Chemistry 

WebBook 

λg, Ar W·m-1·K-1 4.0×10-5Tg + 0.0054 

μg, Ar Pa·s 5.0×10-8Tg + 7.0×10-6 

ρg, Ar kg·m-3 1.7849×273.15/Tg 

∆Hdevol kJ·kg-1 -160.0 [45] 

*Except for the cases listed in Tab. 3, in which the initial coal particle density ρp,0 is set as the tested value. 222 

3. Experimental work 223 

3.1 Experimental scheme 224 

In the present study, two types of experiments were carried out in a specially designed lab-225 

scale bubbling fluidized bed reactor. One focused on the temperature history of a single fuel 226 
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particle during devolatilization in the fluidized bed. The other was designed to study the fuel 227 

devolatilization characteristics including nitrogen release under different conditions. 228 

The schematic diagram of this FB reactor system is shown in Fig. 3. The cylinder-shaped 229 

reactor made of quartz glass is 950 mm in height with a 54 mm inner diameter and 3 mm thick 230 

walls. A quartz sintered plate with a thickness of 5 mm is designed as the gas distributor and 231 

fitted in the middle of the reactor. The chamber below the gas distributor where it is fully filled 232 

by quartz glass fragments has the role of preheating gas. The reactor is heated electrically from 233 

outside and the height of heating zone is 600 mm. Two K-type thermocouples are connected to 234 

the electric heater controller and arranged outside of the reactor. A K-type thermocouple with 235 

first-class precision is also immersed into the fluidizing materials to monitor the actual bed 236 

temperature. During experiments, the high purity argon whose flow rate is controlled by a mass 237 

flow meter enters the bed after preheating. Under different temperature conditions, the argon 238 

flow rate is adjusted to keep the fluidization velocity in the same value, meanwhile, the bubbling 239 

fluidization state should be ensured. 240 
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Fig. 3  Schematic diagram of the lab-scale bubbling fluidized bed reactor 242 

Quartz sand was used as the inert bed material, and one kind of Chinese bituminous coal 243 

was selected as the fuel. All coal samples were dried under 105℃ for 2h before being put into 244 

the fluidized bed. The analysis of the dried coal sample is listed in Tab. 2 245 

Tab. 2  Analysis of fuel used in the laboratory experiments 246 

Fuel 
Proximate analysis / % Ultimate analysis / % 

Aar Var FCar Car Har Oar Nar Sar 

Bituminous (dry) 10.52 39.05 49.76 64.09 4.36 18.39 1.30 0.67 

where symbols A, V, FC denote mass contents of ash content, volatiles and fixed carbon in fuel, 247 

respectively; C, H, O, N, S denote element contents of carbon, hydrogen, oxygen, nitrogen and 248 

sulphur in fuel; subscript ar represents received base. 249 

3.2 Single fuel particle temperature history 250 

In this part of the experiments, the temperature history of the center of a single fuel particle 251 

during devolatilization in a hot fluidized bed was tested. The Sauter mean diameter (D[3,2]) of 252 
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inert bed material was 364.1 μm. All investigated coal particles were shaped into the spherical 253 

form, ranging from 10 mm to 15 mm in diameter. The relatively large size results in heat-up 254 

times typically in the range 101 to 102 seconds, providing good time-resolved temperature data 255 

for model evaluation. A Cr-Ni thermocouple was embedded in the particle center, following 256 

which it was fastened to the particle with high-temperature sealant. This thermocouple is only 257 

500 μm in diameter to minimize the effects of the attached thermocouple on the particle heating 258 

process and the particles’ free movement inside bed. During the test, the measured temperature 259 

was recorded by a data acquisition with a sampling frequency of 3 Hz.  260 

The experiments were done at 5 different conditions as listed in Tab. 3. Each case was 261 

repeated three times. 262 

Tab. 3  Operating conditions in the single particle experiments 263 

Items Unit Case 1 Case 2 Case 3 Case 4 Case 5 

Bed temperature ℃ 750 855 955 855 855 

Pyrolysis time s 150 120 120 120 180 

Coal particle diameter mm 12 10 15 

Initial coal particle mass (dry) mg 924.2 505.8 1765.4 

D[3,2] of bed material μm 364.1 

Static bed height mm 40 

Fluidization velocity cm/s 26.9 

Room temperature ℃ 30 

3.3 Fuel pyrolysis and char preparation 264 

In this part of the experiments, char particles were prepared in a bubbling fluidized bed 265 

under different temperatures. The pneumatic separation method was applied to separate the 266 
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pyrolytic chars from the inert bed materials. Under a specific superficial gas velocity Ug, the 267 

small and light char particles with low terminal velocity Up,t can be entrained by gas flow, 268 

while the relatively larger and heavier quartz sand particles still remain in bed. The key point 269 

of this method is to select the appropriate fluidization gas velocity during the pyrolysis process 270 

and pneumatic separation gas velocity, namely, the particle size of both raw fuel and quartz 271 

sand should be designed well. 272 

During experiments, the quartz sand with D[3,2] of 406.3 μm was used as the inert bed 273 

material. Before the pyrolysis operation, the superficial gas velocity Ug was maintained at the 274 

maximum pneumatic separation velocity Ug,se, max for at least 15 min to remove a few small 275 

inert particles in bed. Then, the Ug fell to the value that is a little higher than the minimum 276 

fluidization velocity of quartz sand. A certain amount of coal particles was fed into the bed 277 

through ball valve 1 and experienced the devolatilization process for 3-7 min. The d(0.1), d(0.9) 278 

and D[3,2] of raw coal particles were 219.6 μm, 571.5 μm and 332.9 μm, respectively. After 279 

the devolatilization period, valve 2 was opened and valve 1 was closed. With the increase of 280 

argon flow rate, different size of char particles will be carried out under different pneumatic 281 

separation velocity, and all are separated by a metal filter. Finally, valve 1 was opened and 282 

valve 2 was closed, and the prepared chars were collected from the filter. 283 

The experiments were done at 15 different conditions as listed in Tab. 4 (five bed 284 

temperature conditions, and three sizes of coal/char particles under each temperature). Each 285 

case was also repeated at least three times. The proximate and ultimate analyses were done for 286 

all char samples in order to study the coal devolatilization characteristics. 287 
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Tab. 4  Operating conditions in the fuel particles pyrolysis experiments 288 

Items Unit Value 

Pyrolysis temperature ℃ 760, 810, 860, 910, 960 

Pneumatic separation velocity cm/s 40.0 (V1), 60.0 (V2), 80.0 (V3) 

Pyrolysis time min 3 (for V1), 5 (for V2), 7 (for V3) 

Tested D[3,2] of char particles μm 176.2 (dV1), 284.5 (dV2), 340.2 (dV3) 

D[3,2] of bed material μm 406.3 

D[3,2] of raw coal particles μm 332.9 

Static bed height mm 50 

Room temperature ℃ 20 

Pyrolysis fluidization velocity cm/s 12.0 

4. Results and discussion 289 

4.1 Particle temperature history and selection principle of the heat transfer model 290 

Fig. 4 compares the calculated particle center temperature history with the experimental 291 

data for five cases. The particle heat transfer model used here is the one-dimensional model. 292 

For most cases, the model prediction agrees well with the experimental results, while for the 293 

highest temperature results (Case 3), the 1D model is not as accurate. There are two possible 294 

reasons. On the one hand, the probability of coal particle fragmentation rises with the increase 295 

of bed temperature. On the other hand, the correlation equations of specific heat capacity or 296 

thermal conductivity as listed in Tab. 1 may be inaccurate under high temperature, namely, the 297 

thermal diffusivity is underestimated. 298 
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(a) Different coal particle size (Tbed = 855 ℃) (b) Different bed temperatures (dp = 12 mm) 

Fig. 4  Measured and 1D model predicted temperature history of the coal particles under different 299 

conditions 300 

The stage that fuel particle local temperature increases from room temperature to 63.2% 301 

of the bed temperature is defined as the rapid heating period. The average heating rate in this 302 

stage under different conditions is shown in Fig. 5. It indicates that with the decrease of particle 303 

size, the heating rate of the whole particle increased. 304 

  

(a) Different coal particle size (Tbed = 855 ℃) (b) Different bed temperatures (dp = 12 mm) 

Fig. 5  Predicted heating rate in particle center and on particle surface (PS), as well as experimental 305 

heating rate in particle center (PC) under different conditions 306 
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Fig. 6(a) compares the particles’ temperature history predicted by the two heat transfer 307 

models. It can be seen that the overall heating rate of an isothermal large particle is 308 

unrealistically high at the beginning of devolatilization process when using the 0D model. As 309 

shown in Fig. 5, the heating of the particle surface is nearly ten times faster than that of the 310 

particle center, which means the temperature distribution inside the particle is quite uneven. 311 

Therefore, for large fuel particles, the 0D isothermal particle model predicts a significantly 312 

higher devolatilization rate (see in Fig. 6(b)). 313 

  

(a) Coal particle temperature history (b) Total volatiles yield 

Fig. 6  Comparison between the results of two particle models 314 

Fig. 7 compares the calculated results between the two heat transfer models for different 315 

sized fuel particles. The discrepancy between 0D model and 1D model becomes smaller with 316 

decreasing particle size. Considering the Biot number (
eff p pBi /h d  ), the small particle 317 

usually has a small Bi value, namely, the heat transfer resistance inside a particle is much lower 318 

than that in the surface, and this particle can be described as isothermal. 319 
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 320 

Fig. 7  The discrepancy of volatiles yield history between the results of two particle models (Tbed = 321 

850℃) 322 

To quantify the difference between the models, the time integration deviation of total 323 

volatiles yield between the two models is defined: 324 
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  (14) 325 

where tdevol denotes the devolatilization time. 326 

Under different bed temperatures, the variation of δ0D-1D with particle size is shown in Fig. 327 

8: 328 
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 329 

Fig. 8  The time integration deviation of total volatiles yield between two particle models, with 5% 330 

deviation threshold indicated 331 

It shows that the δ0D-1D is lower than 5% when the particle size does not exceed a specific 332 

value (transition size). However, as the size increases further, the deviation between these two 333 

heat transfer models grows significantly which cannot be ignored. In addition, this transition 334 

size is related to the environmental temperature, Tg. Under higher temperatures, the deviation 335 

δ0D-1D is larger and the transition size should be smaller. It can also be explained by the Biot 336 

number. The integrated external heat transfer coefficient over particle surface heff is written as 337 

follows: 338 

 
 4 4

p g p

eff gc pc

g p

T T
h h h

T T

  
  


  (15) 339 

The higher the Tg, the larger the heff is. While for the same size fuel particles, the internal heat 340 

transfer resistance, dp/λp, is a weaker function of temperature. Therefore, the Biot number is 341 

greater under higher environmental temperature, namely, the particle inside temperature is more 342 

uneven. Fig. 5(b) also shows that with the increase of bed temperature, the particle surface 343 

heating rate increases more as compared to the particle center heating rate. 344 
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Within the bed temperature range 750℃ ~ 950℃, the transition size dp,0D-1D can be 345 

approximated by a linear relationship based on Fig. 8: 346 

    tr,0D 1D g2 2800d m T K      (16) 347 

For some types of FB reactors such as the CFB boiler, the feeding fuel size usually covers 348 

a wide range (100 μm ~ 103 μm). On the other hand, the calculation of 1D particle 349 

devolatilization model takes much more time than the 0D model does. Considering both the 350 

calculation precision and computational efficiency, in the present work, the 1D particle model 351 

is applied when the particle size is larger than dtr,0D-1D, while the isothermal particle model is 352 

used for the smaller fuel particles. The hybrid 0D/1D particle model is used in the section to 353 

follow, which focuses on experimental measurement and model predictions of fuel 354 

devolatilization characteristics. 355 

4.2 The effect of particle size and temperature on fuel devolatilization characteristics 356 

All char samples which were prepared in a bubbling fluidized bed following the method 357 

introduced in section 3.3 were tested to obtain their elemental analysis data. Fig. 9 shows that 358 

the hydrogen content in char decreases with temperature. This trend is consistent with the 359 

results of some other studies: whether coal or biomass, more volatiles are released at higher 360 

temperature [22, 35]. 361 
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 362 

Fig. 9  Experimental hydrogen content in char at different temperatures (wt -%) 363 

The experimental results published by Sadhukhan et al. [3] are also used to validate the 364 

devolatilization model developed in this paper. Five particle sizes (0.92mm, 2.18mm, 3.0mm, 365 

4.36mm, 6.0mm) and two bed temperatures (700 ℃, 850 ℃) are chosen in their studies. Fig. 366 

10 compares the final volatiles yield and devolatilization time obtained in Sadhukhan et al.’s 367 

experiments with the model predictions in this paper. 368 

  

(a) Final volatiles yield (N2 atmosphere) (b) Devolatilization time (Air atmosphere) 

Fig. 10  Comparison of predicted and experimentally obtained devolatilization behavior in a 369 

fluidized bed 370 
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The model prediction of the final volatiles yield agrees well with the experimental results. 371 

However, the predicted devolatilization time is generally longer than the experimental one. The 372 

difference appears to be an almost constant offset, independent of particle size. A possible 373 

explanation for it is the difference in the definition of devolatilization time. In the study of 374 

Sadhukhan et al., the disappearance moment of volatile flame is regarded as the end of 375 

devolatilization, while after that, the volatiles may continue to be released slowly. Another 376 

possible reason is that the thermal conductivity, specific heat capacity and particle density 377 

depend on the fuel types, namely, the thermal diffusivity varies from coal to coal which has 378 

significant effect on the particle heat-up process. 379 

Both experimental and model results reveal that the mass loss is a little higher for smaller 380 

fuel particles. As mentioned in section 4.1, the fuel heating rate is increased with the decrease 381 

of particle size. Yan et al found that the fast pyrolysis of coal slightly increases the coal 382 

conversion compared to the slow pyrolysis process [17], which may be the reason for the above 383 

phenomenon. 384 

Fig. 11 compares the experimentally obtained normalized N/C ratio in char (θN/C, which 385 

is expressed in Equ.(2)) with the model predictions. Though the trend is the same, the original 386 

CPD-NLG model significantly underestimated the nitrogen release fraction. To correct this 387 

deviation, some modifications to the nitrogen release chemical kinetic parameters in CPD-NLG 388 

model should be made.  389 
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 390 

Fig. 11  Comparison of two NLG model predicted θN/C with the experimental results 391 

In the CPD-NLG model, the nitrogen release from coal includes three main pathways: a) 392 

Nitrogen-containing tar clusters leave away from char during tar release. b) Breakage of ring 393 

nitrogen in char that occurs quickly at temperatures lower than 1600 K (fast light gas nitrogen 394 

release). c) Ring nitrogen is slowly broken out of the char clusters at pretty high temperatures 395 

(slow light gas nitrogen release). Pathway A is controlled by the tar release mechanism that is 396 

described by the CPD model, and the required reaction temperature for pathway C is usually 397 

higher than the temperature in most FB reactors. Therefore, only the reaction rate for pathway 398 

B is adjusted in this paper. 399 

The overall global rate expression for pathway B is written as [13, 15]: 400 

 
 

 

 site clsite
N site2

cl

d N d MM
k N

dt dtM
   (17) 401 

where Nsite denotes the ring nitrogen concentration, Msite denotes the aromatic mass per cluster, 402 

Mcl denotes the total mass per cluster. The specific meaning and calculated method of these 403 

parameters are found elsewhere [13, 15]. 404 
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The reaction rate kN in the original NLG model is expressed as the Arrhenius form with 405 

constant activation energy. While, in this paper, this reaction is assumed to have a distributed 406 

activation energy: 407 

   N N N Nexp /k A E V RT       (18) 408 

where AN, EN and VN are the pre-exponential frequency factor, the activation energy and the 409 

distributed variation in activation energy. The normalized probability function and the 410 

calculation method for the distributed activation energy can refer to Ref. [12], which is also 411 

applied for the other reactions in the CPD model. 412 

The value of these three kinetic parameters, AN (=20.0), EN (=18.8 kJ/mol) and VN (=2.1 413 

kJ/mol), were obtained by fitting the present experimental data. Fig. 11 and Fig. 12 show the 414 

results of the modified NLG model. 415 

 416 

Fig. 12  Normalized N/C ratio of char at different devolatilization temperature and particle size 417 

Fig. 12 illustrates the θN/C versus devolatilization temperature for different size coal 418 

particles. The results imply that at a high degree of devolatilization, i.e. high final temperature 419 

or faster heating rate (smaller particles), the final nitrogen content in char will be decreased, 420 
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namely, more nitrogen will be released as volatiles. This phenomenon is also shown in many 421 

studies [13, 46-48]. However, the θN/C is less than 1.0 in all cases. This observation is 422 

inconsistent with some reported results that the nitrogen enrichment in char generally occurs in 423 

the range of 600-1200 K [2, 13, 27]. However, also some studies show that the ratio of volatile-424 

N to fuel-N can be higher than the volatile matter content in some conditions [47, 48], which is 425 

in line with the results of the present work. Kambara et al. [48] investigated the formation of 426 

NOx precursors during rapid pyrolysis for 20 coals covering a wide temperature range (853-427 

1488 K). He found that the yields of volatile-N are strongly dependent on coal types, and it is 428 

uncertain whether the char is enriched in nitrogen for different fuels. 429 

One issue should be pointed out here. The deviation between the calculation results using 430 

original or modified chemical kinetic parameters (as shown in Fig. 11) can be attributed to two 431 

main reasons. On the one hand, as mentioned above, the yields of volatile-N are strongly 432 

dependent on coal types, namely, the chemical kinetic parameters for different fuels are 433 

discrepant. On the other hand, the type of reactor is different. In this paper, the reactor is a 434 

bubbling fluidized bed, in other studies it may be a drop tube furnace or a fixed bed reactor. 435 

Actually, the physical processes involved in a fluidized bed are relatively complex, including 436 

not only the heat transfer, but also the gas-solid two-phase flow and mass transfer, thus some 437 

factors that are related to the reactor itself may be ignored here. However, it cannot say that the 438 

original parameters reported by Perry are inaccurate, by contrast, they are more universal since 439 

these original parameters were regressed using a collection of more different coals [13, 15]. 440 

The parameters obtained in this paper are just more suitable for this kind of coal and the 441 
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fluidized bed conditions. From another perspective, the coal devolatilization characteristics, 442 

including the ratio of volatile-N to total fuel-N, have significant effect on the final NOx emission 443 

of a FB reactor. Hence, the chemical kinetic parameters about nitrogen release should be 444 

determined carefully in modeling. 445 

Fig. 13 shows the predicted yields of tar and light gas of different size coal particles at 446 

three devolatilization temperatures. The simulation conditions for this figure is the same as 447 

listed in Tab. 3. 448 

 449 

Fig. 13  The simulated yields of selected volatile species as a function of coal particle size and 450 

devolatilization temperature 451 

The simulation shows that if the bed temperature increases, the yields of all volatile species 452 

will increase in varying degrees. The experimental results reported in some literature show that 453 
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the yield of CO significantly increases with the increase of devolatilization temperature [17, 19, 454 

21, 31, 37]. However, the rising trend for other light gases is not so obvious as CO [37], even 455 

the yields are unchanged or slightly decrease at higher temperatures [17, 19, 21]. These trends 456 

are also shown in Fig. 13. In addition, as the coal particle size increases, the yield of tar 457 

decreases and the yields of other light gaseous species increase, which is in general agreement 458 

with the findings reported in literature [23, 33, 47]. Meanwhile, this variation tendency is only 459 

obvious in the small size range. Shen et al. [33] also found that in a FB reactor, the yield of bio-460 

oil only decreases when the biomass particle size increases from 0.3 to 1.5 mm, further increases 461 

in particle size has a negligible effect on the bio-oil yield. It is mainly attributed to the variation 462 

of heating rate among different size fuel particles. 463 

4.3 Sensitivity analysis 464 

The temperature evolution of fuel particle during devolatilization is affected by various 465 

fuel properties, involving specific heat capacity (cp), thermal conductivity (λp), particle density 466 

(ρp) and enthalpy of devolatilization (ΔHdevol), etc. The extent of the impact of each parameter 467 

is discrepant. A sensitivity analysis is carried out, taking as a reference the average heating rate 468 

in particle center during rapid heating period and the normalized N/C ratio in char. Fig. 14 469 

shows the results of sensitivity analysis, obtained by increasing and decreasing each parameter 470 

by 25%. 471 



 

31 

  

(a) Average heating rate (b) Normalized N/C ratio in char 

Fig. 14  Parameter sensitivity analysis of the model (conditions of case 2 as listed in Tab. 3) 472 

It shows that the coal particle heating process as well as the devolatilization behavior is 473 

insensitive to the ΔHdevol. It is because that compared to the overall heat transfer from outside 474 

environment (gas/solid convection and radiation), the heat loss due to the enthalpy of 475 

devolatilization is much smaller. The item Vol devol/dm dt H  is even ignored in some 476 

literature [8]. 477 

However, the particle’s specific heat capacity, thermal conductivity and density, namely, 478 

the thermal diffusivity (αp = λp/(ρpcp)), show significant influence on the fuel particle heat-up 479 

process. Due to the difference in pore structure, element content, mineral composition and some 480 

other properties, the thermal diffusivity varies considerably among fuels. If λp increases, cp 481 

decreases or ρp decreases, the αp will be higher and the particle temperature will rise quickly, 482 

thus the devolatilization characteristics may be also affected, for example, more fuel nitrogen 483 

tends to be released as volatiles. This may be one of the reasons that different types of fuel 484 

differ in devolatilization characteristics. 485 
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5. Conclusion 486 

In this study, two different mathematical models, isothermal (0D) particle model and one-487 

dimensional (1D) particle model, have been developed for predicting fuel particle heat-up and 488 

devolatilization behavior in a fluidized bed. The particle heat transfer is solved simultaneously 489 

using an iterative approach with the existing CPD-NLG model. Experiments in a special 490 

designed lab-scale FB reactor were conducted to help validate both the temperature solver and 491 

modifications to the fast nitrogen release chemical kinetic parameters. Though the 0D particle 492 

model is not suitable for large fuel particles and may overestimate the devolatilization rate, the 493 

deviation between the results of these two particle models can be acceptably small if the particle 494 

size is smaller than a specific value (transition size), and this transition size decreases with the 495 

increase of environmental temperature. For a FB reactor with a wide size range of feeding fuel, 496 

a selection principle of the 1D or 0D particle model is proposed based on the fuel particle size 497 

and bed temperature, in order to obtain a good balance between the calculation precision and 498 

computational efficiency. 499 

Both experimental and model results show that at a high degree of devolatilization, i.e. 500 

high final temperature or faster heating rate (smaller particles), the final volatiles yield increases 501 

and the nitrogen remaining in char decreases. In addition, under all conditions given in the 502 

present experiment, the final nitrogen content of the char is lower than that of the parent coal. 503 

Finally, based on the developed devolatilization model, the effects of fuel particle size and 504 

temperature on the yields of some volatile species are discussed. The particle model developed 505 
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in this work makes it possible to carry out future FB reactor calculations with the 506 

devolatilization process more consistent with laboratory data. 507 

Nomenclature 508 

Abbreviation 

FB fluidized bed 

CPD chemical percolation devolatilization (model) 

NLG nitrogen and light gas (model) 

  

Symbols 

A area (m2), pre-exponential frequency factor (-) 

Bi Biot number (-) 

c specific heat capacity (J·kg-1·K-1) 

c0 initial fraction of char bridges 

D diffusion coefficient (m2·s-1) 

d particle size (μm, mm, m) 

E activation energy (kcal·mol-1) 

h heat transfer coefficient (W·m-2·K-1) 

k reaction rate (-) 

Msite aromatic mass per cluster (-) 

Mcl total mass per cluster (-) 
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Mdel side chain molecular weight (-) 

m mass (kg) 

N number (-) 

Ns surface thermal contact resistance constant (-) 

Nu Nusselt number (-) 

Nsite ring nitrogen concentration (mol) 

Pr Prandtl number (-) 

p0 initial fraction of bridges in the coal lattice 

Q heat flow (W) 

R thermal resistance (m2·K·W-1), gas constant (kcal·mol·K-1) 

Re Reynolds number (-) 

r radius (m) 

T temperature (K) 

t time (s) 

U velocity (m·s-1) 

V distributed variation in activation energy (kcal·mol-1) 

Y mass fraction of volatiles, or elements, or other matters (-) 

∆H latent heat (J·kg-1) 

ρ density (kg·m-3) 

ε voidage (-) 

γdaf content of char plus volatiles (-) 
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θN/C normalized N/C ratio in the char (-) 

θt mean emulsion residence time (s) 

φN mass fraction of original nitrogen remaining in the char 

κ effective surface emissivity (-) 

σ Stefan-Boltzmann constant (W·m-2·K-4) 

σ + 1 lattice coordination number (-) 

μ dynamic viscosity (Pa·s) 

λ heat conduction coefficient (W·m-1·K-1) 

χV volume fraction of particle layer (-) 

δ0D-1D time integration deviation between two heat transfer models (-) 

  

Subscripts 

ar in received basis 

daf in dry ash-free basis 

devol devolatilization 

e environment 

em emulsion phase 

g gas phase 

gc gas convection 

j particle group 

k particle age group 
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l particle layer number 

ML particle marginal layer 

m volatile species number 

mf minimum fluidization state 

N nitrogen 

p single fuel particle 

PC particle center 

sc solid particle convection 

r radiation 

s solid bed materials 

tr transition 

Vol volatiles 
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