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Hence, the present study aims to investigate the effect of throat size of the plasma
downdraft gasifier on the quality of produced syngas using Computational Fluid
Dynamics (CFD) modelling. The effect of different sizes of reactor throat diameter on
the temperature and produced syngas composition was systematically investigated
and validated with previous study. The model geometry was developed by SolidWorks
software package and simulation work was performed using Ansys Fluent software
package. The design geometry of plasma throated downdraft gasifier involved a throat
diameter of 201 mm, 164 mm, and 238 mm. The simulation model in this work was
using the combustion, mixing and turbulent model of non-premixed combustion,
Euler-Lagrangian method, and the K- turbulence model respectively. The Air, coal and
plasma inlet temperature was set at 673 K, 293 K, and 1173 K, respectively. Whereas
the air, feedstock and plasma gas flowrate were set at 0.0029 kg/s, 0.029 kg/s, and
0.0438 kg/s respectively. The results revealed that the throat diameter had a significant
effect on the properties of the gas and temperature profile. This study reported that
the temperature distribution at the centerline of reactor decreased with the increase

Keywords: of throat diameter. This result consequently caused the increase of the concentration
CFD; Plasma gasification; Downdraft of Hy, CO, and CH,4 by 8%, 12% and 6% due to the occurrence of endothermic reaction
reactor; Coal; Throat diameter; Syngas rather than exothermic reaction as complete combustion process is hindered.

1. Introduction

In the global trend of energy conservation and emission reduction, countries pay more attention
to clean energy utilization technology, which is the key to reducing greenhouse gas emissions.
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Although coal resources are one of the largest pollutants, many countries still depend on coal for
energy sources, liquid fuels in transportation and gaseous fuels for heating and chemical production.
Coal is regarded as one of the dominant fuel sources throughout the 20th century globally. In 2018,
35.3 million metric tonnes of coal have been used in Malaysia where the majority of 92% was
imported mostly from Indonesia (63%) and Australia (22%). There are two national energy policies
including the National Energy Policy of 1979 and the fourth and fifth Fuel Policies, that drive the
increasing coal usage in Malaysia [1]. Those policies program encourage the usage of coal to ensure
a low-cost and dependable supply and lessen the reliance on oil by the energy sector. However,
dependence on coal also presents a carbon balance problem in Malaysia. Despite the government's
commitment to enhancing the usage of renewable energy, the share percentage of the total energy
usage is still low due to technological difficulties. For example, the gasification of biomass technology
poses some limitations due to its intrinsic properties of raw material such as high moisture content,
low calorific value, high hydrogen content, hygroscopic nature, and low density, which makes it more
crucial during transportation, storage, and preparation for gasification. Hence, this limitation caused
the energy from biomass usage is yet unable to meet the energy demand brought by rapid economic
development [2]. Consequently, limiting the pollutant emissions becomes challenging to protect the
ecosystem from serious subsequences effect. Coal-based clean and efficient power generation
technology is hence becoming a critical response in this instance.

One of the promising approaches to achieve clean coal usage is via coal gasification technology.
Gasification is a partial oxidation process that converts carbonaceous materials into a clean syngas
fuel (synthesis gas) which contained a combination of mostly H, and CO with minor quantities of CHg,
CO3,, Ny, char, ash, tar, and oils at temperatures between 973 and 1773 K [3]. The parameters such as
type of gasifier, gasifying agent used (O, CO,, air, or steam), equivalency ratio of the gasifying agent
to the feedstock, and properties of feedstock attributed a significant impact on the percentage of
components in the produced syngas [4]. Since the produced clean fuel of syngas can reduce the effect
of greenhouse gas emission, gasification method is hence observed as highly potential technology
for bio-waste disposal technology. The gasification process typically demonstrates a few
conventional methods including downdraft, updraft, bubbling fluidized bed, circulating fluidized bed
and entrained flow. The conventional gasification method also can be integrated with other elements
such as heating element by plasma, gasifying agent of supercritical water, catalyst etc. to optimize
the operability performance [5-7].

Plasma gasification has been used to decompose and eliminate hazardous pollutants by
converting them into non-leachable slag. It has been observed as a valuable and effective process for
solid waste treatment as the process produced lower gaseous emission. Hence, Plasma gasification
is a promising method that can produce cleaner syngas due to a more efficient gasification process.
Plasma is an electrified gas that exists in ions, free electrons and neutral particles that become
electrically conductive when the gas atoms are energized by electric current or by producing high
thermal energy [8]. The operation of plasma typically involves an electrical torch that can heat
feedstocks to temperatures up to 1500°C which allows the disposal of solid waste. Plasma production
also can be done with different setup of plasma torches, that consist of arc plasma (direct current
(DC) transferred and non-transferred), radio frequency (RF), microwave, and inductively coupled
plasma torches.

The implementation of plasma gasification for waste to energy conversion was still lacking with
fundamental understanding through the experimental analysis. The complicated nature of the
plasma process became a major factor that caused this task to be difficult to achieve. Currently, the
growth in using numerical simulation method to understand the plasma gasification reaction has
become an important part of designing the process [9]. Numerical simulation is known as one of the
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viable analysis tools that can be used to predict and optimize the gasification performance of the
process conversion, saving energy, material resources and time [9]. CFD methods are particularly
useful for complicated solid conversion analysis and optimization, as well as for minimizing
experimental difficulties by predicting statistical field values without impairing system operation [10].
A few works have been previously done on utilizing the computational fluid dynamics (CFD) approach
to numerically investigate the behavior of the plasma gasification and to optimize the process.
Beycan and Yilmazoglu conducted a 3D numerical simulation of plasma assisted downdraft
gasification to investigate the effect of equivalence ratio (ER) on the produced syngas. The results
reported that the lower heating value of syngas decreased from 1536.6 kcal/m3 to 751.8 kcal/m?3 as
ER from 0.20 to 0.45 increase [11]. A.A. Erdogan and M.Z. Yilmazoglu conduct a numerical
investigation via ANSYS Fluent software on the characteristic of medical waste gasification in updraft
plasma gasifier. The results found that increasing the ER value enhance the production of H; and
reduce the CO content in the syngas [12]. M. Sakhraji et al. suggested a simulation model of plasma
gasification using MSW as feedstock to characterise the temperature distribution and the
composition of produced syngas. The result found that plasma element was significantly affect the
guality of syngas as the temperature distribution in the updraft gasifier operated at approximately
1000 K [13].

Previous study typically focused on the operating parameters such as equivalence ratio,
temperature, and type of feedstock. However, investigation regarding the effect of reactor geometry
on the performance of plasma gasification was rarely conducted. Due to the lack of studies that use
CFD models for studying interaction between various design aspect of a gasifier geometry and
operating conditions, the present study aim to propose an appropriate configuration of a throat size
for plasma downdraft gasification as the attempt to produce high quality of syngas. The effect of
varying the sizes of ratio of throat diameter to gasifier external diameter were numerically
investigated using CFD simulation method.

2. Methodology
2.1 Reactor Geometry

A gasifier with a diameter of 371.86 mm and total heigh of 1366.8 mm as shown in Figure 1 was
modelled in this study. The reactor consisted of three reaction zones including pyrolysis zone,
oxidation zone and reduction zone. The throat of the gasifier was modelled for three different sizes
of diameter which were 164 mm, 201 mm, and 238 mm (or equivalent with the ratios of throat to
reactor diameter (d;/Dg) of 0.44, 0.54 and 0.64). The different throat diameter is analyzed to
investigate the effect of the design parameters on the syngas composition and temperature profile.
The air inlet nozzles were created with a diameter of 30 mm at the center throat location of gasifier.
The feeding inlet of feedstock was placed at the top of gasifier and the outlet nozzle was set at the
40 mm from the bottom side of the gasifier. This geometry was developed by using the parameters
from the research carried out by Ibrahimoglu and Yilmazoglu [11]. This model was created using
SolidWorks 2019 software package.

Table 1 illustrates the detail dimensions of throated downdraft gasification reactor with three
different sizes of throat diameter. The throat diameter of 164 mm, 201 mm, and 238 mm were
denoted as model 1, model 2 and model 3 respectively. Model 2 which represented as a middle size
throat is treated as a baseline model to observe the effect of decreasing and increasing the size of
throat which represented by model 1 and model 3 respectively.
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Fig. 1. 3D model of plasma downdraft gasifier [11]
Table 1
Dimension of reactor geometry with different sizes of throat diameter
Design Model 1 Design Model 2 Design Model 3
Throat diameter 164 mm Throat Diameter 201 mm Throat Diameter 238 mm
(dT/DR= 0.44) (dT/DR= 0.54) (dT/DR= 0.64)
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2.2 Computational Model

The present study used ANSYS FLUENT 19.0 software package to conduct the computational fluid
dynamic (CFD) simulation analysis. The primary intention of the CFD study was to achieve accurate
and reliable modelling results in an appropriate amount of computing time to allow the design
optimization. Hence, the grid independence studies, convergence criteria and model validation were
conducted to optimize the simulation computing time without interrupting the accuracy of the
calculated parameters result. The species transport is solved under gravitational acceleration. The
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Eulerian-Eulerian approach was used to solve transport phenomena, preserve momentum, mass, and
energy equations. The gas phase turbulence flow within the gasifier was captured using the
conventional k- model with normal wall functions. The SIMPLE algorithm scheme was used to fix the
pressure-velocity coupling and standard system was used for discretion of the pressure.

2.2.1 Governing equation

The mass conservation equation, or continuity equation formulated as in Eq. (1)
d —
a—f+V-(p VU )=Sm (1)
Eqg. (1) is the general form of the mass conservation equation, and it is valid for incompressible as
well as compressible flows. The added mass due to the devolatilization of coal particles and
vaporization of water droplets from secondary phase into the continuous phase is considered as the

source, Sm. The momentum conservation equation, or conservation of momentum in an inertial
(non-accelerating) reference frame is described by Eq. (2) [14,15].

L (v )+ V-(p U0 )=-Yp+V-@)+p §+F, (2)
where p is the static pressure, T is the stress tensor (described below), and p g~ and F are the

gravitational body force and external body forces (for example that arise from interaction with the

dispersed phase), respectively. F also contains other model-dependent source terms such as porous-
media and user-defined sources. The stress tensor T is given by Eqg. (3):

t=q [(W+WT)- : V-T)’I] (3)

where L is the molecular viscosity, I is the unit tensor, and the second term on the right-hand side
(RHS) is the effect of volume dilation. The energy conservation equation is described by Eq. (4):

2 (PE)+V-(T(pE+p))=-V-(Z; hyj)) +Sp, (4)

where Syis the source term for particle-gas heat transfer, evaporation energy (latent heat), the
radiation energy, and reaction heat.

2.2.2 Turbulence model

Transport equation for the standard k-g transport equations for the turbulence kinetic energy, k,
and its rate of dissipation, €, are obtained from the following transport equations of Eq. (5) and (6)
[11]:

0 okt (ol 2 [ (1 22 26 _
% (PlO-+ o= (phu)= = | (n+2) aX]] Gt Gy +pE-Yiy +S (5)

and
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where S} and S, are the source terms for k and € respectively and Gy is the term to produce turbulent
kinetic energy due to the mean velocity gradient and the Reynolds stress which defined as in Eq. (7):

[ ,6u-
Gr=-pu;y; a_x: (7)

G, represents the generation of turbulent kinetic energy that arises due to buoyancy and is
defined as Eq. (8),

aT
G,=Pg; ertiaTq (8)

Yy represents the contribution of the fluctuating dilatation in compressible turbulence to the
overall dissipation rate and is defined as in Eq. (9):

Yy=2 peM? (9)

The turbulent viscosity (ut) is computed by combining the local values of turbulent kinetic energy
(k) and dissipation rate (€) at each point by Eq. (10):

n=pCke (10)

The values of Clg, C2¢,Cu, ok and o¢ in Eqg. (5) and (6) are constants and their values for the
standard k-€ model are as follows:

Cie = 1.44, Cye =192, C, = 0.09, o, = 1.00, o, = 1.30
2.2.3 Reaction model

The reaction species model of non-premixed combustion model has been applied in this study as
a solution to distinguish the mixture between feedstock and gasification medium. For each flow, the
mass and momentum conservation equations were solved in Ansys-Fluent using Eq. (1) and Eq. (2).
The energy conservation, depicted in Eq. (4), was useful in the non-adiabatic and non-premixed
combustion model. The instantaneous thermochemical state of the fluid is linked to a conserved
scalar variable known as the mixing fraction f under a series of simplifying assumptions, and this
relationship forms the basis of the non-premixed modeling technique. The mixture fraction can be
written in terms of the atomic mass fraction as Eq. (11):

Zi' Zi,ox
f_ (Zi,fuel'Zi,oX) (11)
2.2.4 Meshing model

The structure of mesh was generated by the mesh platform of Ansys workbench. The generated
mesh covered all three zones in the reactor including pyrolysis zone, oxidation zone, and reduction
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zone. The mesh parameter was set with a CFD physics environment, and the preferred linear element
order and size for the fluent solver are 100mm. The type of generated mesh was unstructured
tetrahedral mesh as depicted in Figure 2. The inflation was applied on the wall surface of reactor for
calculation accuracy with the transition ratio of 0.272, minimum 5 layers and a growth rate of 1.2.
The generated mesh on the reactor model comprises of 88409 elements which equivalence to 26173
nodes. The meshing quality in terms of skewness and orthogonality have averaged value of 0.23 and
0.79 respectively. Whereas orthogonal quality is determined to be 0.21 and 0.98.
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Fig. 2. Generated mesh of the reactor model
2.2.5 Boundary conditions

The simulation setup parameter was verified using the previous work which predominantly
utilized coal as feedstock as shown in Table 2 [16]. The common setup of the boundary condition
was including K-epsilon, energy, radiation, species movement, and Discrete Phase Model (DPM). The
feedstock used in this study was coal. The properties of coal based on proximate and ultimate analysis
were listed as in Table 3. The proximate analysis of coal is the process of defining the presence of
different compounds and their amounts in coal including moisture content, volatile matter content,
fixed carbon, and ash. Whereas ultimate analysis of coal is the process of determining different
chemical elements that are present in coal including Carbon, C element, Hydrogen, H element,
Oxygen, O, Sulphur, S and Nitrogen, N. The data of the composition of coal was based on I|. Beycan
and M.Z. Yilmazoglu [11].

A coal calculator features in the ANSYS Fluent solution setup is used to specify the proximate and
ultimate properties of the coal. The proposed chemical kinetic scheme of gasification is also
integrated into the species of non-premixed combustion. The inlet of air is selected as the mass-flow
inlet and the gasifier outlet as the outflow. An adiabatic wall with the ‘no-slip’ condition is considered
for the wall setup. The temperature of plasma was set at 1173 K. Coal and steam temperatures are
293 K and 673 K and mass flow rates of coal, plasma gas and air, are set to 0.029, 0.0438, and 0.0029
kg/s, respectively.
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Table 2
The values of Reynolds number and velocity
[16]
Type Value or Description
Type of gasifier Plasma gasification
System Throat arrangement
Plasma temperature 1173K
Plasma flowrate 0.0438 kg/s
Feedstock type Coal
Gasifier agent Air
Gasifier agent flowrate  0.0029 kg/s
Feedstock flowrate 0.02908 kg/s
Turbulence model K-epsilon

Table 3

Properties of coal based on proximate and ultimate

analysis [11]

Properties of coal

Category Composition  Coal

Proximate analysis (wt. %, ar) Ash, A 18.4
Moisture, M 25.22
Volatile, V 32.38
Fixed carbon  23.55

Ultimate analysis (wt. %, ar) Carbon, C 39.48
Hydrogen,H 2.95
Oxygen, O 12.83
Nitrogen, N 0.59
Sulphur, S 0.53

Lower heating value [kj/kg] 14248

2.2.6 Solution method

The present study assumed the coal was fed from the top of the plasma gasification at a constant
rate of 0.0438 kg/s and a temperature of 1173 K. The list of solution methods was depicted as in
Table 4. The data of the solution method was adapted from P. Prasertcharoensuk et al. [4]. The
solution method for turbulence model was using k-gpsilon model. The Semi-Implicit Method was
used for Discretization (SIMD) Since Pressure-Linked Equations (SIMPLE) offers a benefit in the
utilization of computer resources, it was employed. SIMPLE Scheme is selected to express the
pressure-velocity coupling. All the spatial discretization was set to second order upwind, and gradient
was set as least squares cell based.

2.2 Simulation procedure

The Computational Fluid Dynamic (CFD) simulation comprise a few designs stage and analysis
including geometry development, meshing geometry, solver setup, simulation run and post-
processing. The geometry model was developed using SolidWorks 2019 software package. The
geometry model was then transferred to the workbench of ANSYS Fluent by using ANSYS Design
Modeler. The mesh structure was then generated on the model. The setup of boundary condition
was also defined during the meshing process including the selection of feedstock (coal) and gasifier
agent (air) inlet and outlet of syngas. The simulation condition setup of meshed model was then
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conducted in ANSYS Fluent solver. The gravitational force was utilized to act on the y-axis at -
9.81m/s2. The solver preference was set to use Fluent k-g turbulence model and DO model for
turbulence and radiation models. The properties of feedstock fuel, which in this case is coal, were set
based on the proximate and ultimate analysis value as listed in Table 3. The species model was set to
use non-premixed combustion model. The boundary condition of the inlet surface was defined as
mass-flow inlet. The coal and steam temperatures were set at 293 and 673 K respectively. The mass
flow rates of coal, plasma gas and air were set to 0.029, 0.0438, and 0.0029 kg/s respectively.

Table 4

List of setups for solution method [4]

Solution Method Parameter
Pressure-velocity coupling  SIMPLE

Pressure Standard

Gradient Least Squares Cell Based
All other parameters Second Order Upwind
Pressure 0.3

Density 1

Body Forces 1

Momentum 0.7

Turbulent kinetic energy 0.8

Turbulent viscosity 1

Energy 1

Temperature 1

Mean mixture fraction 1

Mixture fraction variance 0.9

Discrete phase sources 0.5

Initialization method Hybrid initialization
Number of interactions 1500

3. Results
3.1 Grid Independence Study

Grid independence study was performed in this numerical analysis to determine the reliability of
the meshing model. This stage is crucial as the parameters of simulation result is strongly dependence
on the number, concentration, and quality of mesh. Hence, grid independence study is conducted to
optimize the number of mesh, mesh type and mesh quality factors as to demonstrate an effective
cost and time consuming yet high accuracy simulation results. Three different types of mesh have
been generated for the grid independence study purposes and the detail of those meshing
characteristics was listed as in Table 5. The orthogonality factor defined the ranges value from O to 1
as bad to good meshing quality. In contrast, the skewness factor demonstrated the reverse scale of
ranges from 0 to 1 as good to bad meshing condition. Table 5 depicted that the obtained orthogonal
maximum values were very close to 1 and skewness minimum values were very close to 0 which
indicate that the cell is very close to being ideal [17]. This indicates that all types of generated
meshing demonstrated a considerably good meshing quality.

The selection of appropriate meshing type was then conducted based on the selected parameter
simulation results which in this case is average temperature values. Figure 3 indicates that meshing
type with the element size of 100mm (88409 elements) and 70mm (92181 elements) demonstrated
an identified results of temperature distribution. Hence, meshing size of 100mm has been chosen in
this study as it reduces the calculation time and yet produced a comparable result with the meshing
size of 70 mm which demonstrated higher number of element and meshing concentration.
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Table 5

Generated mesh properties with different element size

No Elementsize Node Element Skewness Orthogonal

1 70 mm 26173 92181 Min: 1.2299e-004 Min: 0.10101
Max: 0.89899 Max: 0.99143

2 100 mm 27124 88409 Min:1.3517 e-004 Min:0.1
Max: 0.9 Max: 0.99039

3 130 mm 25311 85037 Min: 1.0127e-004  Min: 0.10093
Max: 0.89907 Max: 0.98873
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Fig. 3. Grid independence study for temperature against
reactor height for different size of mesh

3.2 Convergence Criteria

Convergence criteria for any CFD simulation using ANSYS Fluent is typically based on the residuals
of the equation being solved. The residuals are defined as a measure of the accuracy of the solution
which continuously monitored during the simulation. The simulation of solving the equation is
converge or reach a considerable accuracy of calculated results when the residuals value become
slightly constant or steady state at certain number of iterations. Hence, convergence criteria can be
used to evaluate the accuracy of the simulation. This criterion is based on the convergence of the
solution to a steady-state solution. The criteria typically involve measuring the change in the model's
parameters against number of iterations. The model’s parameters are converged if the change is
considered small enough. In this study, the convergence criteria were evaluated based on the value
of methane (CH4) compositions in the syngas as the measured parameter against the number of
iterations. The iteration starts form 1000 iteration then increase to 1500 iteration and finally 2000
iterations. The simulation stops at the iteration number of 1650 that is considered converged as
depicted in Figure 4.

3.3 Model Validation

The composition of produced syngas from the gasification process typically consists of carbon
monoxide (CO), Hydrogen (H2), Carbon Dioxide (CO;), Methane (CH4) and Nitrogen (N3). Several
parameters such as reactor geometry, gasifying agent, and types of feedstocks greatly influence the
variations in the volume fraction of the syngas component. The present study established a

23



Journal of Advanced Research in Numerical Heat Transfer
Volume 22, Issue 1 (2024) 14-30

simulation model based on the previous study and parameters setup as listed in Table 2. The present
model was then validated with the simulation model established by Ibrahimoglu and Yilmazoglu [11].
The deviation between the present result of carbon monoxide (CO), Hydrogen (Hz), Carbon Dioxide
(COy), Methane (CH4) and Nitrogen (N2) with Beycan et al. was then assessed as depicted in Figure 5.
Figure 5 illustrated that the results of the present study were in good agreement with Beycan et
al. as the average error percentage for all the syngas components was 12%. This average error
percentage was identical with the value reported by M. Sharkaji et al. (12%) and close with A.A.
Erdogan and M.Z. Yilmazoglu (8.6%) [12,13]. Both previous studies also conducted CFD simulation of
plasma gasification. Hence, this model is considerably applicable to be used as a simulation model
for the case study in this paper. The deviation was only 7%, 16%, 7%, 14%, 19% and 9% for CHs, H,,
0,, CO, CO,, and N; respectively. The deviation of the present result seems to cause by the
implementation of non-premixed combustion as a reaction species model rather than species
transport model which used by Beycan et al. Since, the present study lacking with information from
the previous study such as the value of injection through the discrete phase, non-premixed
combustion model is hence decided to be use in this study which is a simplify to a mixing problem.
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3.3 Temperature Distribution

Figure 6 shows the contour profile of the temperature distribution for the Model 1, Model 2, and
Model 3. The result showed that the higher temperature distribution with dark red colour
appearance was existed in a pyrolysis and oxidation zone and gradually decrease into reduction zone.
The peak temperature or the ignition temperature of 1700 to 1850K was appeared close to the
injection of plasma points. The temperature distribution was then decrease between 1200 to 1400K
in the middle region of the gasifier. The result of temperature distribution contour also compared
between model 1, 2 and 3. Figure 6 depicted that more region was covered with lower temperature
region between 700 to 900K which appear in green colour for Model 2 with d;/Dg= 0.54 and Model
3 with d;/Dg= 0.64. This indicate that model 2 and 3 exhibited lower distribution of temperature
within the reactor. In contrast, the reactor was entirely covered with temperature distribution of
above 900K which appeared in light yellow colour for Model 1 with d;/Dg= 0.44. This indicate that
smaller throat diameter demonstrated higher temperature distribution within the reactor. The
temperature distribution contour results also strongly agree with the plotted value of temperature
at the centreline of reactor as depicted in Figure 7. Figure 7 showed that model 1 exhibited higher
temperature distribution followed by model 2 and 3. However, model 3 demonstrated higher
temperature distribution compared to model 2 especially at the region close to the top of reactor.
This indicates that larger size of throat somewhat exhibits higher temperature distribution at certain
region of reactor.

Since models 2 (201 mm) and 3 (268 mm) demonstrated wider region of lower temperature
distribution, the gas stream in the reactor is expected to increase the amount of high molecular
weight species (tar). However, model 1 (164 mm) yield higher temperature distribution in oxidation
and reduction zone due to smaller size of throat which led to the high concentration of particle
reaction. High and uniform temperature across the oxidation zone is important to eliminate tar
formation in the gas stream [4].

stictemperaura
Static Temperatura

190e+03
- 1.71e+403
152e+03
1.33e+03
1142403
9500402
7.60e+02
5 70e+02
380e+02
- 1.90e402
0.00e400

[K]
Model 1 Model 2 Model 3

Fig. 6. Temperature distribution contour for model 1, 2 and 3
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3.3 Syngas Composition Contour

Figure 8 depicted the species contour of CO component in syngas for model 1, 2 and 3. The
concentration of CO content is increased up to 0.281% at top of the reactor. The species reaction
that involved in producing CO was through oxidation and Boudouard reaction as formulated in Eq.
(12), (13) and (14) [18-20].

C+ 0.50, —» CO, AH® =- 268 kJmol™ (12)
C+ 0, » CO, AH®=-406kJmol! (13)
C+C0, »2C0O, AH®°=172.6 kjmol! (14)

Figure 8 depicted that model 1 and 3 attributed more region covered with higher distribution of CO
apparently right above the throat area which appeared in bright green colour compared to model 2.
This indicate that larger and smaller size of throat diameter produced higher CO species compared
to throat with middle size. This is implied with the results in Figure 6 and 7, where higher temperature
distribution attributed by model 1 promoted higher exothermic reaction rate of oxidation as shown
in Eq. (12) where the exothermic reaction of carbon, C component in raw material increase the
production of CO. Whereas lower temperature distribution promoted endothermic reaction
(absorbing heat) of Boudouard reaction as shown in Eq. (14) where the carbon, C component is more
prone to incomplete reaction of producing CO rather than complete combustion to produce COs.

Figure 9 showed the contours of H; distribution for model 1, 2 and 3. The species reaction that
involved in producing CO was through water-gas and water-gas shift reaction as formulated in Eq.
(15) and (16),

C+ H,0 - CO + H,, AH? = 131.4 kJmol™! (15)

CO + H,0 & CO, + H,, AH® =-42KkJmol? (16)

26



Journal of Advanced Research in Numerical Heat Transfer
Volume 22, Issue 1 (2024) 14-30

The results show that the production of H, was insignificant as the region covered by the H;
contour was least between those models. This indicate that the effect of throat diameter is unclear
since the produced H, was low. However, it is visibly showed that model 3 and 1 seems exhibit a
slightly wider region of H, contour compared to model 2. The distribution of CO and H, species were
also generally exhibited a gradual decrease amount from the pyrolysis and oxidation zone into the
reduction zone. This profile species distribution was also reported by Maya et al. [21]. L. Montuori et
al. also reported that increasing the size of throat is relatively increase the produced amount of
reactive gas in syngas [22].
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Fig. 8. Mole fraction of CO contour for model 1, 2 and 3
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Fig. 9. Mole fraction of H, contour for model 1, 2 and 3
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3.3 Syngas Composition at the Reactor Outlet

Figure 10 shows the species composition that produced at the outlet of the reactor for model 1,2
and 3. The result seems strongly corelated with the contour result of Figure 8 and 9 where the higher
CO and H; composition was primarily produced by model 3 followed by model 1 and 2. The
composition of CHs was also relatively higher for model 3. The composition of H,, CO and CH4 was
increase by 8%, 12% and 6% using model 3 as compared to the lowest composition of model 2. This
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implies that higher d;/Dg ratio or larger size of throat diameter which attributes lower temperature
distribution promotes higher endothermic reaction of boudouards, water-gas, and steam-reforming
reaction (Eqg. (14) and (15)) which resulted on the high production of H,, CO and CH4 species. This
trend of increasing combustible component in syngas with the increase of throat diameter was also
reported by Bunchan et al., [23]. Smaller size of throat diameter somewhat also produced higher H,,
and CO composition compared to middle size of throat diameter. Higher distribution temperature
attributed by model 1 also can be a factor to produce higher syngas composition through exothermic
reaction of partial oxidation and water gas shift reaction (Eq. (12) and (16)).
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G
= 0.3
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[14]
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Syngas Component
Fig. 10. Mole fraction of syngas composition for model 1, 2 and 3

4. Conclusions

The present study conducted a 3D numerical CFD simulation analysis of plasma coal gasification
using downdraft reactor to study the effect of throat diameter on the produced syngas. The applied
simulation model was first validated with previous study by comparing the composition of syngas
component with the same setup of throat diameter size and type of feedstock. The present result
was in good agreement with the previous study as the percentage error was considerably lower and
accepted for further analysis of simulation study. The validated simulation model was then used for
analysis of coal plasma gasification using three different size of throat diameter or throat to reactor
diameter of d;/Dg= 0.44, 0.54 and 0.64 denoted as model 1, 2 and 3. The result of temperature
distribution indicate that increasing the d;/Dg resulted on the decrease of temperature distribution.
This implies that lower and higher d;/Dg which specifically referred to model 1 and 3 produced higher
and lower temperature distribution which relatively can increase the rate of exothermic and
endothermic reaction respectively. The present simulation results also showed that different size of
throat poses a significant effect on the syngas composition and temperature distribution particularly
in the oxidation zone and pyrolysis zone. Higher d;/Dg attempt to increase the composition H,, CO,
and CHs by 8%, 12% and 6% as compared to model 2 which produced the lowest composition of
those gas component.
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