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Abstract With the help of Aspen Plus, a two-dimensional unsteady CFD model is developed to simulate the coal
gasification process in a fixed bed gasifier. A developed and validated two dimensional CFD model for coal gasification has
been used to predict and assess the viability of the syngas generation from coal gasification employing the updraft fixed bed
gasifier. The process rate model and the sub-model of gas generation are determined. The particle size variation and char
burning during gasification are also taken into account. In order to verify the model and increase the understanding of
gasification characteristics, a set of experiments and numerical comparisons have been carried out. The simulated results in
the bed are used to predict the composition of syngas and the conversion of carbon. The model proposed in this paper is a
promising tool for simulating the coal gasification process in a fixed bed gasifier.
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1 Introduction

With the economic development in our country, the steel
industry is facing the transformation and upgrading, the
demand for coal is declining, and a severe overcapacity
appears. Therefore, under the critical situation that the
traditional coal industry is facing elimination and rectifi-
cation, the development of new coal gasification technol-
ogy has become an essential direction for the current
restructuring and upgrading of the coal industry (Cau et al.
2012). Some enterprises have changed their original
capacity for producing metallurgical coal to produce
gasified coal. Because of their large particle size,
(15-35 mm) cannot be directly applied to the fluidized bed
and the entrained flow bed, so they are needed to pretreat
first, which will increase the cost. Therefore, a coal-bed
classification oxygen fixed bed gasifier is proposed (Xu
et al. 2016).

Adopting the form of graded oxygen can reduce the
temperature of the flame at the exit of the nozzle, supple-
ment oxygen in the appropriate part of the combustion bed
of the fixed bed, and increase the temperature to promote
the gasification reaction. On the one hand, the graded
oxygen supply can decouple the oxygen supply of the main
nozzle of the gasifier from the oxygen equivalent required
by the reaction and reduce its oxygen load.

On the other hand, the graded oxygen improves the
working environment at the nozzle and prolongs the ser-
vice life of the nozzle. Graded oxygen can also make the
combustion layer temperature distribution more uniform,

so that the fixed bed temperature distribution within the
more reasonable while increasing the average temperature
of the combustion layer, the gasification effect is optimized
(ECUST 2005).

In a fixed-bed gasifier, as the bed height changes, there
are different distributions for temperature, chemical reac-
tion rate, and porosity and gas composition. Among these
various distributions of these parameters will have a sig-
nificant impact on gasifier efficiency and operational sta-
bility. However, due to the complicated flow in the bed and
the reaction process, it is tough to obtain valid data through
experiments (Xu et al. 2016). The development of Com-
putational Fluid Dynamics (CFD) provides a new method
for studying the internal flow reaction in a fixed bed. At the
same time, a large number of experiments are needed to
obtain the parameters of oxygen to coal ratio and steam to
coal ratio. This paper uses a large process simulation
software Aspen Plus. The simulation results obtained
through thermodynamic equilibrium can guide the experi-
ment and significantly reduce the experimental cycle.

Many researchers studied and investigated the gasifica-
tion process, as well as, the coal gasification. Ai et al.
(2011) used CFD software to simulate the flow field inside
a fixed bed gasifier Based on the establishment of the actual
gasifier geometry model, the k—¢ two-equation model, the
fluid transport model, the P1 model and the SIMPLE
method are used to solve the N-S equation. The concen-
tration distribution and temperature distribution in the
furnace were simulated. Wu et al. (2013) developed a 2D
CFD model to simulate the gasification process in the lower
suction gasifier. The model includes drying, pyrolysis,
combustion, and gasification. In this paper, a multiphase
Euler—Euler model is used, considering the change of
momentum, mass, and energy. The simulation results are
compared with the experimental data, and there is a good
consistency.

Masmoudi et al. (2014) established the two dimensional
model of the reduction zone in the biomass suction fixed
bed gasifier. The model is mainly based on the mass,
momentum and energy conservation of solid and mobile
phase and coupled with chemical reaction kinetics. The
kinetic parameters in the model are derived from the pre-
vious literature, and the effective factors are used to
quantify the mass transfer resistance in the bed.

The calculated results are compared with the experi-
mental values, and good consistency is obtained. Ismail and
El-Salam (2015) studied the gasification and combustion
processes in the updraft gasifier, and the reaction rate of the
process is considered at the same time. In the model, the
particle flow dynamics (KTGF) is introduced to simulate
the solid phase, and the gas phase turbulence is simulated
through the k-epsilon model. The gasification process, the
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temperature of gas phase and solid phase and the concen-
tration curve of the component are studied by the model.
On one hand, the model can predict the distribution of
temperature and gas composition well. On the other hand,
the simulation results are compared with other models and
experimental data, and the comparison results show that the
existing models can provide more accurate results.

Chen et al. (2012) simulated the fixed bed coal gasifi-
cation process by Aspen Plus software. A series full mixing
reactor with FORTRAN gasification kinetics subroutine
was used instead of Gibbs reactor. The results show that the
model is in good agreement with the results of the actual
fixed bed gasification. Duan et al. (2015) simulated the coal
integrated gasification using Aspen Plus software platform.

The effects of different reaction temperature, the mass
ratio of glycerol to biomass, and the ratio of gasifying
agent to material and reaction pressure on hydrogen pro-
duction by CO gasification of pure glycerol and biomass,
crude glycerin and biomass were investigated. Kong et al.
(2014) studying an equivalent compartment model (CM)
using the Aspen Plus of coal gasification in an entrained
flow gasifier. The effects of gas production on gasification
gas composition, calorific value, conversion rate and car-
bon conversion rate were studied. The composition of
gasification gas, the low calorific value of gasification gas,
heat conversion efficiency, and carbon conversion rate are
predicted under different operating conditions.

Shabbar and Janajreh (2013) use the Gibbs free energy
minimization method to establish the model of the airflow
bed coal gasifier. The influence of the main operating
parameters of the gasifier on the gasification results was
studied. The simulation results are analyzed. It is found that
the model is correct and can be applied to the calculation of
chemical and thermodynamic equilibrium of some gasifi-
cation processes with complex reaction mechanism. Liu
et al. (2013) adopted the Aspen Plus industrial process
simulation software, followed the Gibbs free energy min-
imization method and the reaction equilibrium model to
build BGL gasifier model. The gasification simulation of 3
different kinds of coal is carried out.

The results show that the model is highly consistent with
the actual operating results of BGL gasifier, and can be
applied to the calculation of chemical and thermodynamic
equilibrium of some gasification processes with complex
reaction mechanism, and the influence of different opera-
tion parameters on the gasification performance of BGL
gasifier is also studied.

The CFD model used in this paper is a homemade model
(Ismail and El-Salam 2015, 2017; Ismail et al. 2016, 2017,
Monteiro et al. 2017). The model is based on the mass and
energy conservation equations, including energy exchange
between gas and solid two-state and radiative heat transfer
from solid particles. Including different gasifier processes:
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coal drying, pyrolysis, oxidation of carbon and volatile
materials, chemical reduction of H,, CO, CO, and CHy,,
and reforming of hydrocarbons. The kinetics associated
with gas—solid gasification have been studied extensively
during the last decades. Nevertheless, the understanding of
these kinetics and their many factors of influence are not
completely mastered.

The proposed model can be used in the future to simu-
late and analyze the effects of nozzle structure, position,
dip angle, gasification flux and composition on the reaction
zone temperature, component concentration, coal carbon
conversion and so on, Oxygen fixed bed pressurized gasi-
fier to provide optimal design support. Aspen plus set up a
set of gasification coal grading oxygen fixed bed gasifier
mathematical model for the future study of oxygen and
steam and preheating temperature of gasification syngas
gas production and effective gas composition impact
equipment operating process parameters to provide a
reference.

2 Experimental test rig

The commercial-scale gasifier geometry is shown in Fig. 1.
The inner diameter of the combustion chamber is about
3600 mm. There are six nozzles fixed around the bottom of
the gasifier, and the total oxygen flow rate is about
15,000 N m*/h (vol% > 99.6). The steam is mixed with the
oxygen. The nozzle jet velocity is about 150 m/s. The
operation condition of the gasifier is shown in Table 1. The
coal-bed height (straight section) of the standard operation is
about 9 m. The refractory bricks are lined inside the gasifier
and the wall boundary using is approximately 8.82 W/m? K
heat transfer coefficient and 330 K free stream temperature.

The coal size and composition data are listed in Table 2.
In order to discharge the molten slag from the bottom of the
gasifier, about 15% mass content CaCOs is added. And the
temperature of molten slag is about 1300 °C. Tables 3 and
4 displace the product and by-product data of a commercial
operation gasifier.

3 Mathematical formulation
3.1 Euler—Euler model

Thermochemical transformation of carbon compounds is a
complex chemical process. During this transformation,
homogeneous and heterogeneous reactions take place
simultaneously. Homogeneous reactions in the gas phase are
described by relatively simple equations and can approach
equilibrium at the wusual temperatures and pressures
encountered in modern gasifiers. On the other hand, the
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Fig. 1 Gasifier geometry

heterogeneous solid gas reactions are much more complex,
in particular because of the heat and mass transfers that take
place. The source terms that are constituted is needed by the
products of the chemical reactions concerning the equations
of conservation of mass, and flows of energy exchanged
concerning the energy conservation equation.

The coal undergoes the devolatilization (or pyrolysis)
step producing a set of gaseous products (volatiles) on the
one hand and a solid residue (the char) consisting essen-
tially of carbon. Each of these two products follows a
specific transformation path leading to the production of
gaseous fuel called synthesis gas (H, + CO), Fig. 2 shows
a simplified diagram of the gasification process.

The gaseous phase consists of so-called primary vola-
tiles composed of light (CO, H,, CO,, and CH,) and heavy
(tar) or light (H,O) condensates. At sufficiently high-tem-
perature levels, the light hydrocarbons and the tars split to
give slightly lighter molecules called secondary or tertiary
volatiles: this is referred to as homogeneous or secondary
thermal cracking.

Table 1 Gasifier operation condition

Item Normal Remarks
operation
parameter
Coal flow rate (t/d) 976
Fluxing agent (CaCOs) (t/d) 144
Oxygen flow rate (N m*/h) 15,000 Normal temperature
Steam flow rate (kg/h) 14,000 P > 3.7 MPa (G)

T =425°C

Table 2 Coal particle size distribution

Particle size (mm) Distribution (%)

0-10 5
10-25 70
25-50 20
50-100 5

Table 3 Commercial gasifier operation results

Parameter Value
Gasifier operation pressure (MPa(G)) 3.0
Gas flow rate (dry basis) (N m>/h) 70,900
(CO + H,) flow rate (N m>/h) 63,000
CH, flow rate (N m>/h) 2900
Syngas temperature (°C) 442
Gas composition (mol%) -

H, 25.93
(¢(0) 62.77
CH, 4.05
CO, 5.94
H,S, COS and CS, 0.69
NHj3;, HCI and HCN 0.03
N, and Ar 0.36
CH,, 0.23

The solid residue (char) is oxidized by water vapor,
carbon dioxide, and oxygen to produce the synthesis gas.
These transformations, which are encompassed by the
gasification of the char, involve heterogeneous chemical
reactions and heat and mass transfer mechanisms, the study
of which constitutes the core of this work.

In this work, a mathematical model of coal gasification
in a fixed bed gasifier is proposed. The model is based on
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Table 4 Byproduct in the syngas

Parameter Value Remarks

Tar (kg/h) 0

Light oil (kg/h) 140 Molecular formula unknown
BTX (kg/h) 240

Phenols (kg/h) 60

the conservation equation of mass and energy. Including
energy exchange between solid and gas phases and radia-
tive heat transfer from solid particles. Different gasification
processes are introduced: coal drying, pyrolysis, oxidation
of char and volatile matter, chemical reduction of H,, CO,
CO; and CH, by char, and hydrocarbon reforming.

Turbulent flow is captured by using k—¢ model. The
Finite rate/Eddy dissipation model is used to solve the gas-
phase mass transport equation. Moreover, the turbulent
diffusion effect is taken into account. Particle size varies
with particle density.

The model will be validated experimentally in a fixed
bed gasifier. So, the model can be used as a tool to study
the influence of different process parameters in future.
Such as coal particle diameter effect, airflow velocity,
equivalence ratio, oxygen ratio, the inlet temperature of the
gasifying agent and steam to coal ratio on the gasification
process, the efficiencies, the temperature/gas composition
distribution in the bed, reaction distribution and the mul-
tiphase flow information around the nozzles exit region.

Coal

Heterogeneous
thermal cracking

’
’

Cracking
—

heterogeneous

Understanding the gasification/combustion characteris-
tics of coal in a small-scale will help with the clean and
efficient use in a large-industrial scale with the real effect
of the process. Table 5 shows physical and chemical
properties of present coal used in the proposed model.

Firstly, a kinetic model must be defined for all the
chemical reactions involved, as the products of these
reactions are known to constitute the source term of the
mass conservation equation for each species solution.
Similarly, the heat of reaction is involved in the calculation
of the source term of the energy conservation equation.

The morphological structure of the material is a
parameter that significantly influences heterogeneous
reactions. The properties representing this parameter are
numerous: porosity, tortuosity, specific surface area, por-
ous distribution, and pore size (Mermoud 2006; Klose and
Wolki 2005; Cetin et al. 2004; Lussier et al. 1998;
Mehrabian et al. 2014). Considering all these issues, the
modeling of the morphological structure of the char
remains very complicated.

In the present model, the adaptation of Mermoud (2006)
was used, which state that the increase of the reactive
surface is accompanied by the reduction of the density of
the char so that the two phenomena remain compensatory.
Thus, the term (S, x p, ) is conserved and remains constant
during the conversion (Lussier et al. 1998). It is expressed
regarding the evolution of the reactive surface as a function
of the conversion rate by the following relation (Manocha
et al. 2002; Golfier et al. 2004):

-
- -
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Fig. 2 Simplified overview of the various mechanisms involved in the gasification process
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Table 5 Coal properties

Category Item Value
Ultimate analysis N 0.95
(%) c 88.67

H 2.32

(e} 5.20

C 10.01

S 2.35

HHV (MJ/kg 33.28

coal)

Proximate analysis Ash 19.73

Volatile matter 3.97

Fixed carbon 70.70

Moisture 5.60

Empirical CHo 098 O0.011N0.00236 S0.00256

formula
Py, O 1— (:bo 1
510 = S0 22 = 5,0 =g =507 ()
In this case, the structure function is written as follows:
X) = ! 2

fX) = T—x (2)

This function takes into account the variations related to
the morphological structure of the particle that occur dur-
ing the conversion of the parameters, which was consistent
with the experimental results of Refs. Klose and Wolki
(2005), Mehrabian et al. (2014).

3.2 Kinetic model

The volatile matter emitted always depends on both the
devolatilization conditions (for example, the heating rates,
and the final temperature) and the fuel type. Also, the
released volatile matter contains gaseous hydrocarbons.
Coal pyrolysis and composition balance of coal are taken
into account as follows:

Coal — Carbon + Volatile + H,O + Ash
Volatile(CHo.09800.011N0.00236S0.00256 )
= n1C02 + I’ZQCO + I’l3H2 + n4CH4 + n5N2

volatilecracking

(3)

This work assumes that the volatile matter contains Car-
bon, Hydrogen, Oxygen, and Nitrogen, while the Sulphur is
ignored. The current model can determine the elements’
contents and the volatile heating value automatically
depending on the ultimate and the proximate data. As a
result, the model can be efficiently utilized for the study of
different types of coal (Di Blasi 2004).

CoalL(l — Yy)char 4+ YV, (low temperature)

Coalg(l — Yy)char + Y,V, (high temperature) (4)

E;
k,’ = A,-exp (— ﬁ)

Here V is the volatile and Y is volatilization coefficient
(Y; =03 and Y, = 1.0). Besides, k; is the Arrhenius
kinetics rate constants that affect and control the
devolatilization model for different temperature ranges.

kg
A =2x100—=—
: m2sPa%?’
kg
_ 7
Ar=13x10 e

E; = 1.046 x 10%J/kmol
E> = 1.67 x 10] /kmol

While the volatile matter always includes a wide range of
species, it can be represented as a single virtual material
(Prando et al. 2016). The reason for this is that the release
kinetics of the individual gaseous species over the
devolatilization process has not been clarified yet, due to
the complexities of the chemical reactions concerning the
different intermediates and final gaseous products. Addi-
tionally, regarding combustion, the complicated formation
mechanism for the volatile matter is not normally required.
It is because the gases are burned instantly under the
appropriate temperature and oxygen. This instantaneous
burning minimizes the necessary of computational
calculations.

In the present work, coal with around 5% moisture
content is fed into the fixed bed gasifier with the inlet air
from the bottom. The ignition of the coal starts from the
bottom of the gasifier using six nozzles. A detailed kinetic
model for the different reactions process is summarized in
Table 2 with all reactions and kinetic rate parameters
(Prando et al. 2016).

3.2.1 Particle shrinkage model

By studying the average diameter of the coal particles and
analyzing the fuel and char morphology, it is found that
particle shrinkage during the devolatilization process is
significantly affected by the following swelling coefficient
equation:
dp(1)

—=1 Cow — 1
dpo (G )

(1 — MCo)mpp — mp

5
VM()(] — MC())mN) ( )

Here MCy is the initial moisture content of the coal and
VM, is the initial volatile material content of the studied
coal obtained from proximate analysis. The term
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(lfMCU)mp_()*mp . . .
VMo (I—MCoJmy, 15 the ratio between the total volatile mass

and the mass that has been devolatilized of the particle.
During the devolatilization process, it is found that the
particles’ size depends on the value of the swelling coef-
ficient. The size increases if the swelling coefficient is
larger than one, and decreases when the swelling coeffi-
cient becomes less than one. For example, the diameter
reaches the double if the value of the swelling coefficient
becomes 2.0. Besides, the swelling coefficient is obtained
by the morphological analysis, and can be calculated by the
following equation:
dp
Csw - d_

Po

(6)

where d, is the average diameter of the particles and d,, is
the average diameter of the parent fuel.

Based on the morphological results, the swelling factor
of the studied coal is 0.7. As a result, it is increasingly
difficult to measure experimentally. For this work, ranges
from 0.5 to 1 are considered uncertain.

The char oxidation rates are predicted by the following
equation (Hurt et al. 1998):

drm,

dm, 1 \"
= Apk( Poy oo — —2—— 7
dr P ( 000 7 7y SPD> )

where m, is the mass of the particle; A, is the external
surface area of the particle, which is calculated according
to the particle size dp; Po, « 1s the oxygen partial pressure;
n is the apparent reaction order; k is the apparent kinetic
rate; and D is the external diffusion rate coefficient cal-
culated as follows (Morgan and Roberts 1987):

k = A.exp ( %) (8)

0.75
D =257 %1077 (T + Z”)/z] ) (9)

The evaluated diameter is modelled according to the fol-
lowing equation:

dp _

o (1-X)" (10)

where A, is the apparent pre-exponential factor; E, is the
apparent activation energy; d,, is the particle diameter (the
subscript 0 indicates the initial value); X is the degree of
burnout.

According to Hurt work (1998), the density and particle
size are evolved during the reaction gasification process. So
the particle density should be model basin the particle mass
and diameter.

The burning mode () is ranged between 0 and . If it
decreases to the minimum O, this situation corresponds to
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regime (I) which has a decreasing density with constant
particle size. On the contrary, if the burning mode reaches
the maximum %, this situation refers to regime (III) which
has a constant density with decreasing particle size.
Additionally, in regime (II), the burning mode depends on
both the combustion conditions and the particle size. In this
model, the burning mode is adjusted to i due to its influ-
ence on the burnout prediction at the late combustion
stages (Karlstrom et al. 2011).

3.3 Governing equations

In the current model, the transport equations are based on
the equations of conservative mass, energy, momentum,
species reaction and fluid state. In addition, the system uses
a time-averaged or spatially filtered form because the
actual flow is always turbulent. The diffusion of fluid in the
bed is diffusion and turbulence (Di Blasi 2004). Table 4
shows the governing equations of solid and gas phases.

Table 5 shows the main interactions between phases,
Convection heat transfer and momentum (the drag in gases
and solids) stress in granular solids shows the inelasticity
of solid particles by moving random particles and mole-
cules in heat gases. The intensity of velocity fluctuation
determines the stress, viscosity and pressure of particle
phase. Compared with fluid—solid momentum transfer, the
solid—solid momentum transfer is less. Because of the
velocity difference, it is assumed that the resistance
between phases is safe.

Moreover, Table 6 clarifies the radiative and convective
heat transfer depending on the Rosseland model (1936). In
addition, Table 7 illustrates the mass and heat transport
correlations.

Coal gasification is a multiphase flow problem. It is a
multiphase problem between gas and coal particles, and it
is also a reactive flow. In this study, Euler—Euler method is
used. The gasification model of gasified fixed bed is
designed to help understand the physicochemical and
mechanical phenomena in the fixed bed during gasification.

Calculation of homogeneous and heterogeneous solid—
gas reactions are introduced in the present model. In the
present work, the finite-rate model is utilized for the
heterogeneous reactions. Both the finite-rate and eddy-
dissipation models are considered for the homogeneous
reaction, and the smaller of the two is used as the reaction
rate. The finite-rate model calculates the reaction rates in
view of the kinetics, while the eddy-dissipation model
calculates based on the turbulent mixing rate of the flow.

After the solid phase calculation is completed, the gas
phase is consumed or produced through the matter and
updated as a result of energy changes caused by hetero-
geneous reactions. The iteration continues until the gas
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Table 6 Heterogeneous and homogeneous reactions in the fixed bed gasifier

No. Chemical reactions Kinetic equations
Heterogeneous C+ %02 _ <2 _ %) Cco+ (% _ 1)C02 r = nd*k.Co, (mol/s)
reactions ko= RIM o
The parameter ) is function on the fuel (1/ker) +( 1/kea) (kg/s)
temperature ke = 8710 - exp( M) (kg/m?s kpa)
0= 24+2512eXp(=42)
T 2(1+2512eXp(52)) ked = ]ZPSM? (kg/m’s kpa)
C + CO, — 2CO (Boudouard reaction) o Re\ 1/2 P
_ ¢ RYE
C + H,O — CO + H, (water + gas) Sh=pr=2¢+0. 69( ,,) Se
C + 10, — CO(partial combustion) r = 4364exp (_ ﬁﬂ) Cco, (mol/m’s)
C + 2H,; — CHy(Methanation reaction) 1 3 .
ki = 4.93 x 1o*exp( )
ky = 1.11 x 10exp< “48)
ks = 1.53 10~ exp( . 1"1)
_ _6.1x107
ks = 0.052exp (— 110")
ks = 6 x 10‘7exp<— 7.53><]()7
Homogeneous CH, + H,0 — CO + 3Hj; (stream reforming) . _ 33 IOIOexp( 24><105) CéZL,C 08 (mol/m’s)
reactions

CH4 + O, — CO + 2H,

CO + %Oz — CO,

CO + H,0 — CO; + H; (water—gas-shift)
H, + %Oz — H,0

24,343

r=1.58 x 10”exp(—

28) O ¥ (mol/m’s)
r=3.98 x 10%exp(— 2%

2L2) Coo CEB Y5, (mol/m? s)
r=2.78 x 10%xp(— 1319 (W) Kiq = 0.0265exp (— 3268)
(mol/m S)

r=2.196 x 10'8exp(—

E:27) Cco, Ch, (mol/m’s)

phase and solid phase converge, the use of computational
fluid dynamics (CFD) simulation is an economical and
efficient tool for the study of coal gasification. The detailed
computational model is as follows (Tables 8, 9, 10).

3.4 Aspen plus model

A thermodynamic equilibrium model of pressurized fixed
bed gasifier is established by using Aspen plus. The equi-
librium model can predict the system’s thermodynamic
constraints accurately and quickly, and the simulation
results can be used as the basis for process design evalu-
ation and improvement. In the future, the effects of oxygen
and steam quantity and preheating temperature on the gas
production and effective gas composition of the synthetic
gas are investigated to provide the reference for the
selection of the operating parameters of the device.
Aspen Plus is a general chemical process simulation
software. On the basis of material balance, heat balance,
phase equilibrium and chemical balance, Aspen Plus pro-
vides a large amount of physical data, strict thermody-
namic estimation model library, and rich process unit

model library, which can be used to simulate various
industrial processes. In providing reliable thermodynamic
data, operation parameters and accurate device models,
Aspen Plus can be applied to the simulation of actual
production units. Based on the Aspen Plus chemical pro-
cess simulation software, the Gibbs free energy mini-
mization method was used to establish and simulate the
gasification coke grading oxygen supply pressurized fixed
bed gasifier model, and the Aspen Plus physical property
database and the unit model were used to calculate the
model. The carbon conversion data and the estimated heat
loss in actual industrial operation are introduced to correct
the simulation results (Aspen Technology 2000).

According to the gasification process and mechanism of
fixed bed gasifier, the following assumptions are made
(Zhu et al. 2011):

(1) The combustion and gasification processes are
considered as steady-state processes in the
simulation.

(2) It is assumed that the pressure inside the reactor bed

is constant.
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Table 7 Governing equations (Kader 1981; Gupta et al. 2003)

No. Parameter Governing equation

1 Gas phase continuity equation  3(¢p,
p Yy €q 3 )+V(¢pgug) = Sy
2 Solid phase continuity equation a((l S V((1 = ¢)pyus) = —Ssg
3 Gas phase momentum equation a(qbp ug) " V(d)pgugug) —OVP, + ppgg — ﬁ(ug . us) + Ve,
4 The (gloverning equations for k %(([)pgk) + V(qbpgugk) — 4V ((b%Vk) + ¢Gy — ppye
and &
$($pe2) + V (9pguee) + V(914 Ve) + ¢(CaGi — Capye)
3 Solid phase momentum LR 1 V(1= §)pyusas) = —(1 = D)V + (1= §)pyg — Bluy —us) + V(1 = Bz
equation
6 Gas phase energy equation O((1=9)pscpsTs
P &y ed NO00oT) 4 G (ppyugepeTe) = V(2 - VT,) + Ady (T, — T2) + S,
7 Solid phase energy equation M " V(( ¢)psuscpsT<) — V(ket - VT,) + (Vg,) —Ash's(Tg _ Ts) L5
8 Gas phase species equation 6(¢p Y )

+ V(d)pg”g lg)
9 Solid phase species equation o

V(Digv(¢ngig)) + Sy,
7!’") + V(1 = ¢)psusYis) =

Sy,

Here Y is the species mass fraction, Dj, is the fluid dispersion coefficient as expressed in Ismail and Abd El-Salam (2017) and Yj; is the particle
mass fraction composition (moisture, volatile and fixed carbon). The source term of the species equation for both gas and solid is calculated

individually for each species and particle composition
Source terms
Continuity equation Ssg = Revp + Ry + R
Energy equation Sty =

STS =—R

—Revp X htco gas-phase

X [l’lﬂCOz — hf7co} X [%— } solid-phase

Ss¢ = Revp + Ry + Rc S, is the conversion rate from solid to gases due to evaporation, devolatilization

and char burning

(3) The model includes the processes of fixed-bed
gasification, including coal drying, coal pyrolysis,
carbon gasification and combustion, and drying and
pyrolysis occur rapidly at the top of the gasifier.

(4) A one-dimensional assumption is made to assume
that the gas has no concentration and temperature
gradient in the radial direction.

3.4.1 Physical method

The PR-BM model was applied to the physical properties,
and the related components were divided into two cate-
gories: conventional components and unconventional
components. The conventional components (for example,
CO, CO,, H,, H,0, etc.) use PR-BM model equation to
calculate their thermodynamic properties. The unconven-
tional components are coal and ash. We think it is not
directly involved in chemical reaction and phase equilib-
rium but only calculate its enthalpy and density. The
enthalpy of coal is calculated by HCOALGEN model, and
the density of coal is calculated by DCHARIGT model.
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3.4.2 Setting of unit modules

The fixed-bed gasifier can be divided into five zones: dry
layer, distillation layer, gasification layer, combustion layer
and ash bed. The simulation flow chart of the fixed-bed
gasifier is shown in Fig. 3. The drying layer was simulated
by RSTOIC and FLASH?2 modules.

The Decomp module is a yield reactor in Aspen Plus,
which can simulate reactions with unknown or unimportant
stoichiometric and kinetic data. But it is necessary to know
the yield distribution of the reaction product. Its primary
function is to dry the coal and decompose it into single
element molecule and transfer the pyrolysis heat to the next
combustion unit, where Eq. (11) is the equation of enthalpy
equilibrium of the modified reaction. Where Q is pyrolysis
heat, the enthalpy of formation of coal is calculated by
Eq. (12), and carbon conversion is set by the model.
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Table 8 Hydrodynamic mode 1

The inter-phase drag coefficient when ¢ <0.8 B

150 ¢ Pt 175

pe(1-9)|Us—Uy]
dy

Gas phase stress tensor

Ty = i [Vug + Vug] = 2ur(Vug)

The effective viscosity,ur, which is the summation of laminar viscosity, p,, and turbulent viscosity, g, is expressed as follows:

Effective viscosity Hr = [y T 14
Turbulent viscosity

Generation of turbulence kinetic energy

W= ngﬂ% C, is the constant, set as 0.09

= 1 Vty - [ Vit + Vul | =3ty (1 Vitg + pik)

The following values have been used for the model constants Monteiro et al. (2018) C,; = 1.44 and C,, = 1.92, the turbulent Prandtl numbers for

k and €. are o, = 1 and o, = 1.3, respectively.

Stress tensor of the solid phase

Bulk viscosity —%(1 ) psdpgo
Solid shear viscosity =41 -

=5
Solid pressure Py = (1

Radial distribution function of solid phase

The granular temperature 30, =

The fluctuating velocity of the particles

Void fraction in the bed

<

(,ub f% )VuS +,us(Vus + ug )

D, 2
D)ool + )/ + SEEVIO1 440 (1 - g)(1 + )]
— $)p.O; +2(1+e)(1 — ¢)’80p,©

-
3 (1-¢) \?
& 5[1 - (a5

05
u, = <2k/3) Where ( is a random number that obeys the Gauss distribution, 0 << 1

% = 1 a (R — Ray) — ax(R: ~ R) — an (R0~ R)

ay,ay,as are coefficients equal to 1 or 0 according to the appearance of moisture, devolatilization, and char burnout, respectively

Table 9 Interphase heat transfer

No. Parameter

Equation

Heat and mass transfer model

1 Radiative flux density Vg, = — 166 (yT)*4 16T (27
2 Thermal dispersion coefficient Sy = kero +0.5 x d x Ug X pg X Cpg
3 Thermal conductivity for no fluid flow — #)N

Y ketro = (ke + hrAl) + 1/ (thes ) s ks
4 Effective radiation heat transfer coefficient b(1—e) ) ! n

ey = 0.1952(1 4+ $50) 7 ()"
5 Radiation heat transfer coefficient for radiation at contact surface hes = 0.1952 x d, ( )(1{)‘0)
6 n is an empirical parameter related to the fuel packing conditions _ (m;—0.39)
pirical p packing n=1.93 +0.67exp(~ ")

7 Characteristic distance between two particles Al = 0.96795d,,(1 — d,)%
8 Air thermal conductivity kair (Tg) = 5.66 x 10T, + 1.1 x 1072,
9 Equivalent thickness a layer of solid [, =%

-3

L L
Z I’I’l,AH? + Z miAH(TfeedJ)

i=1
L

Z prob 208 T Zn,AH Treed) + Q (11)

i=1 i=1
AH 1205 = HHV — (327.63Cy + 1417.92H,,
+92.57Sa + 158.67M,;)

The Burn cell is a reactor based on the principle of Gibbs
free energy minimization. Both chemical equilibrium and
phase equilibrium can be calculated simultaneously. The
unit is used to simulate the gasification layer and com-
bustion layer in the fixed bed gasifier. The components
contained in C, H, O, N, S are as follows: H,O, N,, O,, S,
Hz, Clz, HCI, C (SOlid), CO, COz, st, CH4, H";N, CHN,
COS, etc.
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Table 10 Heat and mass transport correlations used in the present model (Green and Perry 1999; Kremer 2011)

No. Parameter Equation
. . . . s
1 Heat transfer rate from solid and gas to wall is expressed as: O = 7> (Ty — Ty)
4hE
Ogw =4 (Tg - TW)
id-to- i s _ _kn
2 Solid-to-wall heat transfer coefficient 1, = T B
3 Gas-to-wall heat transfer coefficient A
W T Kotk Y
4 Bed-to-wall heat transfer coefficient hy = 2Mkeirg | 0.033k, Prie

R d,

ia

SEP

PRY-FLSH

SEEES

TR

Fig. 3 Schematic diagram of fixed-bed gasification model

When the equilibrium criterion is reached, the Gibbs
free energy of the reactor is minimized. The Separate unit
is an ideal separator from the SSplit module. Its function is
to separate crude syngas from cinder.

According to the results of the pilot test, the byproducts
of gasification are tar, light oil, BTX, phenols and con-
centrated ammonia water. Due to ASPEN don’t have tar,
light oil BTX, Phenols, Concentrated ammonia component.

Cy5H30.1, CioHis.1, CeHg, CcHgO, NH,OH were selec-
ted to represent the five by-products mentioned above
(Pickett 2000), and its yield was determined to modify the
simulation.

(1) Operating conditions and model checking
The industrial and elemental analysis of coal quality
used in this simulation is shown in Table 1, and the
calorific value of coal is 26.67 MJ/kg. The gasifica-
tion operation conditions used in this simulation are
shown in Tables 1 and 2.

(2) The simulated data are compared with the experi-
mental results.

From Table 11 the simulation results are close with the
experimental data. The present work uses the mathematical
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model of Aspen Plus to establish a fixed bed gasification
reactor, to simulate the coal gasification process, the sim-
ulation data and the experimental data is in good agree-
ment, as shown from the relative errors between the
experimental and simulated values. In future, the model
can be used to investigate the effect of oxygen and steam
and preheating temperature on the composition of gas and
gas production the influence of effective gas, provide a
reference for the operation of the device parameters.

3.5 Numerical methods and boundary conditions

The transport equations described earlier form a set of
nonlinear parabolic partial differential equations that can
be solved numerically, using the SIMPLE algorithm.

The transport equations are generalized into a standard
form:

op® Opud OpVd 0 0P 0 0

sttt oS ) ol I Y il

o T Ty 6x< ax>+6y< ay>+S"’
(13)

Here p is the density, u and V are velocities, @ is the
parameter to be solved, I is the transport coefficient, and
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Table 11 Comparison of simulation results with experimental results
(mole fraction)

Species Experimental Aspen plus model Error
value value (%)

H, 25.93 25.72 0.8

Cco 62.77 62.36 0.67

CH, 4.05 4.16 2.7

CO, 5.94 6.34 6.7

H,S,COS and 0.69 0.75 8.7
CS,

NH;, HCI and 0.03 0.01 66.6
HCN

N, and Ar 0.36 0.44 22

C.H,, 0.3 0.23 23

S is the source term. The bulk density of our pellets is
about 400 kg/m”.

The governing equations (presented above) are dis-
cretized into a system of algebraic equations, using the
Upwind Difference Scheme on a staggered grid system
(Patankar 1980; Tao 2001). The total number of grid cells
is 200,000 with uniform time step is 10~*. The mesh adapts
to the height of the gasifier at each time step.

Several methods of discretization of differential equa-
tions with partial derivatives are currently used. Given our
case, the method used is that of the finite volume. The finite
volume method is characterized by its advantage in satis-
fying mass, momentum, and energy conservation in all
finite volumes and throughout the computational domain.

It facilitates the linearization of nonlinear terms in
conservation equations, such as the source term. The
method involves sharing the computational domain in
multiple volumes or through each volume surrounding a
node. Using different approximation schemes, we can
integrate the terms of the modeling differential equations
on each control volume. The algebraic equations produced
to express the conservation of quantities for the control
volume and throughout the computational domain. The bed
domain is discretized into many small cells, and Eq. (13) is
discretized for every cell equation by the finite volume
method (FVM).

The shrinkage model is considered in the present model,
where the particle size changes during the gasification
stage, starting with drying, to pyrolysis, and finishing with
char burnout. This assumption prevents the occurrence of
channeling in the bed and allows the observed temperature
to be fully addressed in the model.

The kinetic rate reaction is a key in the modeling of coal
gasification in a fixed bed gasifier. Kinetic reaction rates
are divided into two main reactions; oxidation reaction

(combustion zone) and reduction reaction (gasification
zone). These two main reactions are classified as homo-
geneous and heterogeneous reactions. The advanced
kinetic model used in the present model shows the different
reactions along the reactor height, which in turn allows
visual observation of what happens within the gasifier; this
leads to better fitting predicted values for produced gases
and heating value.

A comprehensive basic investigation begins with two-
dimensional geometry. Based on 2D results, in simulations,
different fluid properties are calculated for each species and
gas mixture, taking buoyancy into account. And the wall is
considered impervious and adiabatic. The flow is stable and
the wall surfaces are a no-slip condition (zero velocity).

The temperature distribution of all four meshes in two-
dimensional geometry is very small, as shown in Fig. 4.
Therefore, in order to save computing time with accurate
results, the medium grid of 200,000 cells is selected for
further parameter study, as well as is also selected for the
near wall y+ of a two-dimensional grid.

4 Model validation

The durability, efficiency, performance, and utility of the
presented mathematical model can be evaluated by com-
paring the results from the presented model with the pre-
sent experimental data.

The proposed mathematical models can be evaluated by
comparing the results of the models provided with the
experimental data. Figure 5 and Table 12 illustrate the
comparison between the existing experimental results and
numerical models for the syngas compositions. The results
obtained by the model are in good agreement with the
experimental results.

The carbon balance in gasification process is calculated,
and it is found that the experimental and numerical results
are very similar. The carbon conversion is calculated by the
ratio of carbon in the product gas to the carbon in the coal,
which is obtained from the final analysis as the weight
benchmark. It can be expressed numerically as (Konttinen
et al. 2012):

CCE — Total, carbon, outlet, syngas

1 14
Carbon, in, feedstock x 100% (14)
Cold-gas efficiency (CGE) is the energy input over the
potential energy output based on the HHV of both the solid
fuel and the product gas (Zainal et al. 2001; Chen et al.
2013):

mg SHHV,

CGE=—"""—-—"">"—
min.fuel ZI—II_IVfuel

(15)
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Fig. 4 Temperature distributions for the different grid sizes of the 2-D geometry

where HH V) and HHV,; (H,, CO and CHy) are the lower
heating value of the coal and of the product gas, respec-
tively. miip el and mi, are the coal feeding rate and gas
production rate, respectively. Therefore, CGE can be ana-
lyzed based on the numerator of Eq. (15) since the
denominator can be considered constant.

Based on the above comparisons, the proposed numer-
ical model is valid and provides an effective simulation for
the combustion/gasification of coal in the main technology
of gasification in fixed-bed gasifier.

5 Numerical results

Figure 6 shows the concentration of gaseous products vary
significantly with both axial and radial positions. The
concentration of H, and CO is very less at the bottom of the
gasifier. This is because in coal gasification, the major
contributions of these gases are from the volatile matter
and their homogeneous reactions. The species CO, and
CH, show a larger mole concentration at the bottom of the
gasifier. Concentration of H, and CO increases along the
height of the gasifier. On the other hand, the concentration
of CO, and CH,4 is more above the coal injection port and
then decrease along the height. This is because that O,
reacts exhaustively in the bottom portion of the gasifier, so
there is no O, present in the freeboard region. That means
the O, depletion takes place concurrently with pyrolysis
which confirms that the gasification is taking place in the
rest of the gasifier region.
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Figure 7 shows the distribution of gas temperature and
gas composition in the gasifier. The oxidized coal particles
react immediately upon entering the gasifier. The char is
based on the exothermic reaction (C+ 0.50, — CO),
where combustion of char produces carbon monoxide and
raises the temperature. The carbon monoxide produced by
the above reaction then reacts with the remaining air,
through the reaction of CO + 0.50, — CO, releases car-
bon dioxide, heat and further raises the temperature. The
heat released from homogeneous and heterogeneous reac-
tions provides the energy required for all other endothermic
reactions under limited oxidation conditions.

The temperature distribution of each nozzle in the
gasifier is simulated as the flame shape. The outer space
temperature of the oxidant jet is the highest, which is
1900-2000 °C. Coal particles react with gaseous fuel gas
under combustion conditions. Syngas and slag remain at
1600 °C, which is higher than the melting point of ash. Ash
and flue gas will be discharged smoothly together.

To further understand the physical process simulation of
heterogeneous reactions such as combustion reaction, the
reaction rate of water gas shift reaction and thermal
cracking reaction. Figure 8 illustrates in the fixed bed
combustion rate relates to the heterogeneous and homo-
geneous reaction model. It can be seen that once in the coal
bed, the rapid release of volatile, and the reaction speed is
10-1000 times faster than other. The homogeneous reac-
tion rate showed that the volatile products in the upper part
of the bed combustion significantly. From the study of
some model of the middle zone completely volatile com-
bustion assumptions may not be accurate, especially for the
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Fig. 5 Experimental and predicted syngas compositions

Table 12 Comparison between experimental and current simulation results

Item Syngas temperature (°C) CCE (%) CGE (%)
Experimental work 442 99 89
Present model 450 98 87
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Fig. 6 Gas species contour distribution in the gasifier (mol%)
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Fig. 7 Temperature contour distribution in the gasifier

high content of volatile bituminous coal. It can be seen
from the figure, as shown in Figs. 5 and 6, high tempera-
ture at the bottom of the region, mainly due to the release
of volatile combustion heat.

The combustion reaction of heterogeneous coal mainly
occurred in the lower region and transition region. The
comprehensive chemical kinetic reaction rate and oxygen
diffusion rate of k.q are to describe the coal burning rate.
Figure 8 shows the k.. is very high, indicating that the
combustion rate of coal in the simulated conditions by
kinetic reaction rate control for coal in the air in the
combustion reaction, because the rate of low carbon gasi-
fication is negligible.

Figure 9 demonstrates the gasifier height (distance from
bottom nozzle) effect on the syngas mean mole fractions.
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The average hydrogen molar fraction is almost stable after
the reactor height is 3 m. In addition, the average mole
fraction of carbon monoxide increases along the reactor
height. The growth rate of carbon monoxide is very small.
By showing all the reaction rates along the reactor height,
the reactor height effect can be more clearly understood.

Figures 10 and 11 show the heterogeneous and homo-
geneous reaction rates changes in the reactor height,
respectively. As shown in these Figs., the reactions of R6,
R7, and R8 are stopped due to a lack of oxygen. The main
reason is that the average mole fraction of oxygen after the
second meter of the reactor is less than 0.09, as shown in
Fig. 9. The rate of water gas shift reaction is shown in
Fig. 7. Because of the reactor temperature is below 900 K,
it is almost zero after the reactor height is 6 m.
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Fig. 12 Arrhenius kinetic rate constant changing for water gas shift reaction versus temperature

Arrhenius kinetic rate constant, k, is shown in Fig. 12
for water gas shift reaction. As shown in this figure, the rate
is very small below 1000 K. Because of the lack of oxygen
and water vapor in the medium, combustion and gasifica-
tion reactions disappear after the third meters in the height
of the reactor.

Boudouard reaction is the key reaction along the reactor
height especially above the second meter because it
increases the average mole fraction of carbon monoxide
very effectively. Figure 9 shows that the average mole
fraction of carbon monoxide increases as the average mole
fraction of carbon dioxide decreases. The main reason is
that, as shown in Fig. 10, Boudouard reaction is still active,
and the average molar fraction of carbon dioxide peaks
with temperature and then decreases due to the main
reaction with carbon monoxide (Boudouard reaction).

6 Conclusions

This paper presents a promising tool for simulating the coal
gasification process in a fixed bed gasifier. Two kinds of
simulation tools are used in this method.

One method is Computational Fluid Dynamics (CFD).
Based on the Eulerian—Eulerian model, chemical reaction
kinetics model and particle shrinkage model were added to
our home-made code. A developed and validated two
dimensional CFD model for coal gasification has been used
to predict and assess the viability of the syngas generation
from coal gasification employing the updraft fixed bed
gasifier.

The other method is Aspen Plus. Based on the principle
of Gibbs free energy minimization, the method uses

different cell modules to simulate five different regions in a
fixed bed reactor.

A comparison between the data from the pilot experi-
ment with those of the two models are conducted, and the
results showed that the three had good consistency. It
shows that CFD and Aspen Plus model can be used to
simulate the fixed bed gasifier. In the absence of experi-
mental data, the two can verify the reliability of the sim-
ulation data.

Besides, in the future, these two models could be used to
simulate different operation conditions on the gasification
efficiency and syngas quality in the fixed bed gasifier, so as
to get the best operation conditions.
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included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

Appendix 1: Correlations used in the present
model.

See Tables 13, 14 and 15.
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Table 13 Expressions of integral heat capacity at constant pressure of gaseous species and the char depending on the temperature between

T, =298 K and T (Lu et al. 2018)

Species J CpedT(3/mol), Ty — 298K
To
CH, (5.34(T — Tp) + 2015 5 (T — To)z) x 4.1855
0, ( (T — To) + 2000258 » (T — T3,) +@) % 4.185
co (6 6(T — Tp) + 20012 (T — T0)2> X 4.1855
CO, (10 34T = To) + 0922 x (T = To)"+ 2508 x 4.1855
H,0) (8 20(T — Ty) + Q09015 (T — )24 200000134 (T _ T0)3> x 4.1855
H, (6 62(T — Tp) + 200018 » (7 — Ty ) x 4.1855
N2 (6.5(7 7o) + 292 x (T = Ty)*) x 4.1855
Char (

1.39(T — Tp) + 292956 o (7 — T0)2> X M

Table 14 Expression of the thermal conductivity of gaseous species and carbon as a function of temperature (Monteiro et al. 2018; Lu et al.

2018)

Species  Thermal conductivity (mW m~ ! K™ Validity

N, (—0.3721 4 0.10977 - T — 9.42549 - 107> - T*> 4 8.05548 - 10~* - T — 3.35367 - 107" - T* 4+ 5.15605 - 10~ - T9) 65-2500 K
()3 (—1.7536 4 0.1224 - T — 1.322444 - 107 - T> 4+ 1.7804 - 1077 - T* — 1.200176 - 107'% - T* +2.9817302 - 10~"* - T%) ~ 70-1500 K
CO, (—0.341914 + 0.0314 - T + 1.170458 - 10™* - 72 — 1.282 - 1077 - T3 + 5.7923 - 10~ - T* — 9.72044 - 10~15 . T°) 190-2000 K
H, (—4.0803 4+ 0.9858 - T — 1.330466 - 10~ - 7> + 1.1217 - 1076 - T3 — 3,25582 - 1070 . T#) 16-1500 K
CO (—0.42832 +0.09941 - T — 5.96573 - 107 - T? 4+ 3.81583 - 1078 - 7% — 1.43131 - 107" - T* 4+ 2.56748 - 1071 - T%) 80-2200 K
H,O 148 1500 K

C 95.8

Table 15 Expression of the mass diffusivity of gaseous species as a
function of temperature (Chapaman—Enskog formula) (Mermoud
2006)

Gas species Massive diffusivity Djn» (m%/s)

N, 1.39 x 1074
CO, 1.13 x 1074 x

H,0 2.11 x 1074 x

Hy 511 x 1074 x

02 1.43 x 1074 x

CHy 1.56 x 1074 x

(
(
co 140 x 107# x (LoB10°
(
(
(
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