energies

Article

Numerical Analysis for Coal Gasification Performance in a
Lab-Scale Gasifier: Effects of the Wall Temperature and
Oxygen/Coal Ratio

Sunel Kumar *', Zhihua Wang

check for
updates

Citation: Kumar, S.; Wang, Z.; He, Y.;
Zhu, Y.; Cen, K. Numerical Analysis
for Coal Gasification Performance in a
Lab-Scale Gasifier: Effects of the Wall
Temperature and Oxygen/Coal Ratio.
Energies 2022, 15, 8645. https://
doi.org/10.3390/en15228645

Academic Editors: Nadir Yilmaz

and Albert Ratner

Received: 23 September 2022
Accepted: 28 October 2022
Published: 17 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Yong He, Yanqun Zhu and Kefa Cen

State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China
* Correspondence: sunelkotak@zju.edu.cn; Tel.: +86-571-87953162; Fax: +86-571-87951616

Abstract: The optimization of multiple factors for gasification performance using a 3D CFD model
with advanced sub-models for single-stage drop tube coal gasification was compared with experi-
mental results. A single-stage down-drop gasifier with multiple coal injectors and a single oxygen
injector at the top of the gasifier was investigated at different temperatures and O, /coal ratios. A
finite rate/eddy dissipation (FR/ED) model was employed to define the chemical reactions. Kinetic
data for the various reactions were taken from previous work. The realizable k—¢ turbulent model
and Euler-Lagrangian framework were adopted to solve the turbulence equations and solid-gas
interaction. First, various preliminary reactions were simulated to validate the reaction model with
experimental data. Furthermore, various cases were simulated at various O/C ratios and wall tem-
peratures to analyze the syngas species, temperature profile in the whole gasifier, exit temperature,
carbon conversion, turbulent intensity, and velocity profile. The maximum CO was found to be
75.06% with an oxygen/coal ratio of 0.9 at 1800 °C. The minimum and maximum carbon conversions
were found to be 97.5% and 99.8% at O/C 0.9 at 1200 °C and O/C 1.1 at 1800 °C, respectively.

Keywords: CFD simulation; coal gasification performance; single-stage entrained flow gasifier;

carbon conversion

1. Introduction

Coal gasification is one of the cleanest methods of coal utilization to produce syngas,
electricity, and additional chemical products [1]. The enormous contribution of oil is helping
to satisfy the rising demand for electricity over time. However, in the last few decades,
scarcities of oil reservoirs and the accessibility of coal in China shifted the research toward
the use of coal [2]. The maximum energy conversion into electricity can be achieved through
gasification technology with minimal hazardous effects. The researchers’ primary objective
is to produce cutting-edge gasifiers with advanced performance and lower pollutant
releases [3-6]. The efficient conversion of coal into gas has been widely investigated
in terms of the chemical and physical variations that take place during the gasification
process. Besides the experimental work, CFD simulation is a cost-effective approach used to
investigate the different parameters, such as the rate of reaction, temperature distribution,
oxygen and coal ratio, turbulent intensity, and residence time of the coal. However, CFD
simulations of coal gasification require a different mathematical model to interpret the
complex turbulence, temperature distribution, reaction rate, etc., to achieve valuable results.

Various researchers recently conducted CFD simulation research for an entrained
flow coal gasifier [7-14]. Shaohua et al. [15] studied the numerical simulation of the co-
gasification of mixing PET with coal in a fluidized bed and found that a larger particle
size reduces heat transfer. Kim et al. [16] performed a numerical simulation for a 300 MW
IGCC and found that a 0.7 oxygen/coal ratio is optimal for coal gasification. Diba et al. [17]
studied the effect of calcination on coal gasification in fluidized bed furnaces. They found
that a 17 kg/h airflow has the highest char conversion and the CO, composition increased

Energies 2022, 15, 8645. https:/ /doi.org/10.3390/en15228645

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15228645
https://doi.org/10.3390/en15228645
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-8336-5045
https://orcid.org/0000-0002-7521-2900
https://doi.org/10.3390/en15228645
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15228645?type=check_update&version=2

Energies 2022, 15, 8645

20f15

due to calcination. Some researchers investigated mixing gasification agents with syngas
and measured the temperature up to 1550 °C using numerical methods [18]. Wang et al. [19]
studied the numerical simulation for heat recovery from molten slug and syngas using
the discrete-phase and solidification models. Some other researchers used the Euler—Euler
method to elaborate the gas and solid flow [20,21], but some studies used Euler-Lagrangian
methods to define the interaction of the gas—solid phase [9,22-24]. Generally, FR/ED and a
probability density function (PDF) were used for the chemistry of the gasification reaction.
Researchers used various gasification media, such as air/steam and air [25-27]. Some other
researchers investigated different parameters through CFD simulation, such as particle size,
nozzle design, and gasification reaction [12,28-32]. Imran et al. [33] investigated a two-stage
coal gasifier for multi-opposite burners at different oxygen and coal ratios and the result
revealed that hydrogen was up to 28%, and CO was 52%; furthermore, it was revealed that
pure oxygen produced higher temperatures and maximum carbon conversion efficiencies.

This study used CFD simulations to investigate the influence of different O/C ratios
and wall temperatures on parameters such as the temperature distribution, syngas com-
position, heat generation, and turbulence. First, we investigated different grid densities
to determine the grid sensitivity. Having perceptually recognized the independence of
the grid sensitivity, we analyzed the effect of the O/C ratio (0.9, 1.0, and 1.1) at different
temperatures (1200 °C, 1500 °C, and 1800 °C).

2. Computational Model
2.1. Design and Mesh of the Gasifier

The schematic diagram of the lab-scale gasifier is shown in Figure 1. The height and
internal diameter of the gasifier were 4.25 m and 0.3 m, respectively. Pulverized coal and
oxygen were inserted into the top of the gasifier, oxygen was inserted into the top of the
center, and coal was inserted through six consecutive injectors, as shown in Figure 2. The
coal feeder rate was 75 kg /h from the top of the gasifier, and oxygen was injected at various
rates. The gasifier was divided into two parts: a combustion zone (upper part) and a
reduction zone (lower part). The alternate pattern of coal and oxygen was designed to
allow for maximum oxygen utilization in the combustor region and produce a significant
amount of heat. The gasifier was a down-drop reactor that consisted of syngas and slug
released from the bottom of the furnace. The ultimate and proximate analysis of coal is
listed in Table 1. The injection properties were set as a Rosin—-Rammler distribution that
was appropriate for the particle size (max diameter: 125 um, min diameter: 4 um, and
average diameter: 45.6 pm). The total amount of coal and oxygen was injected from the top
of the gasifier. The CFD simulations were conducted using the Ansys Fluent platform.

Table 1. Proximate and ultimate analyses of coal samples.

Proximate Analysis (% ad)

M A \%

Qnet,aa J/g) Ultimate Analysis (% ad)
FC C H N S (0]

13.84 10.30 28.77 47.09 24,237 62.03 3.27 0.70 0.37 9.49

Note: FC, fixed carbon; M, moisture content; ad, air-dry basis; V, volatile content; A, ash content; Qpet a4, lower
heating value.

2.2. Governing Equation

In the current work, the numerical study included a three-dimensional design, ho-
mogenous and heterogeneous reactions, and a steady flow with incompressible turbulence.
Therefore, the species, energy, mass momentum, and time-averaged steady-state pressure-
based Navier-Stokes equations were solved. The governing equations for the simulation
are given below [13]:

0
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where the symmetric stress tensor is represented by 7;; and the Reynolds stress is repre-

sented by pu;u}. The turbulent flow was solved by using the realizable k—¢ turbulence equa-
tion, while the kinematic turbulence viscosity was determined from the following equation:

He = pCp k2 /¢ ©)

where the viscosity constant is C;,, and & and ¢ represent the turbulence kinetic energy and
rate of dissipation, respectively, which can be obtained from the subsequent standard £—¢
transport equations [34]:

3 0 e ok
aTCi(P”zk) = E)Tci[(y + ;k)aTcI-] + Gy — pe (6)
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E)Tc,-(pule) = aTCi[(H + ;8)871,] + ClsGk% + CZSGk? (7)
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Figure 1. Schematic diagram of the drop tube gasifier.

In the given model, G shows the turbulence kinetic energy as a result of the mean
velocity gradients. The turbulent Prandtl numbers for £ and ¢ are represented by o and
e, respectively. The constants Cy, = 1.44, C;, = 0.009, ¢ = 1.0, Co¢ = 1.92, and ¢ = 1.3 in
Launder and Spalding’s work [35] were used in Equations (6) and (7). The diffusion
coefficient (D) and turbulence heat conductivity (1) in Equations (3) and (4) are given by

Cou/iT" = —A=— = C, L
prpiti ax,- pPT’t axi

®)
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Pri (=0.85) and Sc; (=0.7) represent the turbulence Prandtl number and the Schmidt
number, respectively.
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Figure 2. The schematic diagram for the meshed geometry shows a closer view of the inlet and
outlet injection.

The discrete phase model (DPM) was used to calculate the motion of the particles
in the Lagrangian method. According to the Lagrangian reference frame, the integrated
balance force on the coal estimated the discrete phase particle trajectory. The balanced
force compares the inertia of coal with the forces as a substitute for the coal and can be
represented as follows [36]:

du —
22 Fp(u—uy) + g

pr P + F; (for x — direction in Cartesian coordinates)  (10)
P

The governing equations consider the mass loss and heat of particles as a source term
and consider the interaction between continuous and discrete phases.

The P-1 equation determines the radiation interaction between gas and other particles.
In the P-1 equation, the radiation intensity is found using the following model [14]:

— Vg, = aG — 4aGoT* (11)

where
1

=  3(a+0s) — Cos
where 05, a, 0, C, and G represent the scattering coefficient, absorption coefficient, Stefan—

Boltzmann constant, linear anisotropic phase function coefficient, and incident
radiation, respectively.

VG (12)
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2.3. Main Reaction of Gasification

The species transport equation (Equation (4)) can be utilized for kinetic parameters
and chemical reactions inside the gasifier, but due to the high temperature in the gasifier,
coal converts into char, volatiles, and ash [37]. The following equation shows the released
composition from the coal [38]:

Coal —aq volatiles + ap HyO + a3 char + a4 Ash (13)

Due to the high temperature near the coal particles, coal inserted from the top in
a high heating zone will cause various chemical and physical changes [30]. The main
reactions include char gasification, combustion of unburned char and volatiles, and coal
devolatilization. In the current work, the volatile species were combined into a single
volatile species Cq 45H4640p .44 and determined from the ultimate and proximate analysis of
coal in Table 1. The two-step devolatilization model [39] was used to describe the released
volatiles and is given as follows:

Coal % (1 - ;) x Char; +Y; x Volatile (14)

Coal ™ (1 - Y;,) x Chary, +Y;, x Volatile (15)

where Y represents the stoichiometric coefficient. Equation (14) shows the lower tempera-
ture and Equation (15) denotes a higher reaction rate at higher temperatures. The kinetic
reaction model is represented as

% = (k;Y1 + k;,Y};)Coal (16)
kl = Al exp(—El/RTp) (17)
kh = Ah exp(—Eh/RTp) (18)

V, A, k, Tp, and E represent the volatile mass fraction, pre-exponential factor, rate
constant of reaction, coal particle temperature, and reaction activation energy, respectively.
The k;, Y}, ky, Y3, Ej,, and E; values were obtained from earlier studies [33,34] and are shown
in Table 2. The coal devolatilization resulted in char production; therefore, char gasification
was the source of CO and H; production. Researchers selected different reactions to define
the gasification reaction mechanisms [9,13,14,20,22-24,40]. Different preliminary reactions
were selected to discover the optimized reaction mechanism between various reactions in
the present work; different cases are presented in Table 3.

The different reactions consisted of various chemical volatile species to represent
different reaction mechanisms: O, C(s), CO, N, H,O, Hp, and CO;. The species transport
model was chosen with the particle surface, volumetric reaction, and turbulence—chemistry
interaction defined by the FR/ED model employed to determine the rate of formation of
each species and update the source term S, in Equation (4) as given below:

S, = M,% wj, (19)
j=1
L N w1 N
wj, = (v]-,, - vj,r)kf (11 cr — il () ) (20)
kp = ATBe(=E/RT) (21)

where kf, B, E;, and A represent the rate constant for forward reaction (based on the Arrhe-
nius law), temperature exponent, the activation energy of reaction, and pre-exponential
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factor, respectively. The E;, A, and B values in various reactions were obtained from earlier
work [13,32,41] and are listed in Table 2.

Table 2. The kinetic factors for combustion/gasification and devolatilization reactions.

Devolatization
Y, 1
Y, 0.3
ky (s71) 1.3 x 107
k(s 2 x 10°
Ej, (k] mol™1) 167.4
E; (k] mol™1) 104.6
Gasification or Combustion Reactions A B E;(JKmol 1)
Solid—Gas Phase (Heterogeneous Reactions)
C(s) + CO, — 2CO 242 0 275x108
C(s) + 0.50, — CO 0.052 0 6.1x107
C(s) + Oy — CO, 0.002 0 79 x107
C(s) + H,O - CO+H, 426 0 3.16 x 108
Guas Phase (Homogeneous Reaction)
H, + 0.50, — H,O 6.8 x 101 0 1.68 x 108
CO +H,O0 +» CO, + Hy 1) f 2.75 x 1010 0 838 x 107

b 2.65 x 1072 0 396 x10°
CO +0.50, — CO, 2.239 x 1012 0 1.7x108
Cy.37H4 5800.44 (volatile) + 2.290, — 1.37CO, + 2.29H,0 (2) 2.119 x 101! 0 2119 x 101
C1.37H, 580044 (volatile) + 1.610, — 1.37CO + 2.29H,0 (3) 2.119 x 101 0 2027 x 108

Note: 1—WGS reaction, 2—volatile complete combustion, 3—volatile partial combustion.

Table 3. Numerous preliminary models for the evaluation of the best reaction.

Simulation Cases

Reaction

A B C D E F
H; +0.50;, — H,O 1) Y Y Y Y Y Y
CO + HyO > CO, + Hp (2) Y Y Y Y Y Y
C(s) + O = CO, (3) Y Y Y
C(s) + 0.50, — CO 4) Y Y b Y
C(s) + Oy — CO, (5) v
C(s) + H O — CO + Hy (6) Y Y Y Y Y Y
C(s) + CO, = 2CO (7) Y Y Y Y Y Y
Vol + 1.610, — 1.37CO +2.29H,0  (8) v v
Vol + 2.290, — 1.37CO5 + 2.29H,0  (9) v Y v v

Reactions: 1—combustion; 2—water gas shift reaction; 3—char complete combustion; 4—char partial combus-
tion; 5—CO combustion; 6—gasification; 7—gasification, Boudouard reaction; 8—volatile partial combustion;
9—volatile complete combustion.

2.4. Simulation Method

The boundary conditions for the input and outlet stream were set as mass flow inlets
and pressure outlets, respectively. The coal composition is given in Table 1. The coal feeding
rate was constant at 75 kg/h for all case studies. The stationary wall with the no-slip state
(zero velocity) at a constant roughness of 0.5 reflected a normal type of wall and the tangent
DPM was polynomial. To control the outflow of syngas, the syngas outlet was set as the
pressure outlet condition. The energy and momentum equations were decoupled by the
implicit pressure, and the steady-state simulation was carried out. The SIMPLE algorithm
was employed for coupling the pressure and velocity. Due to the large grid size, parallel
processing was used in the numerical calculation. Temperature is the most influential factor
in the gasification process, which is why it was chosen for the grid sensitivity analysis.
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Figure 2 shows the mesh geometry and a close view of the top nozzles and outlet. First, cold
flow simulations were selected for four various grids. Furthermore, temperature contours
for all the grid sensitivity analyses are shown in Figure 3. The grid analysis for 490,539 and
747,185 showed a similar temperature around the center of the gasifier. Further simulation
results were independent of the grid; therefore, a 917,374 grid size was chosen for other
simulations at various O, /coal ratios (0.9, 1, and 1.1) and different wall temperatures
(1200, 1500, and 1800 °C), as shown in Table 4.

1800 - —u— 480,539 mesh

! —e— 747,185 mesh
1600{ g A 017,374 mesh
1400

—»—1.220 646 mesh

1200 -

1000

Temperatune (K)

300

400

200

[
e
LA

T
Height (m)

Figure 3. Temperature (K) distribution w.rt height (m) for the grid sensitivity analysis
(four grid sizes).

Table 4. Simulation case for various oxygen/coal ratios and wall temperatures.

Case O/Coal Ratio Wall Temperature (K)
1 0.9 1200
2 0.9 1500
3 0.9 1800
4 1 1200
5 1 1500
6 1 1800
7 1.1 1200
8 1.1 1500
9 11 1800

3. Results and Discussion
3.1. Various Grid Sensitivity for Validation of the Model

The temperature was the most influential factor in the gasification, and thus, various
mesh sizes were employed for the grid sensitivity study. Figure 2 shows the top nozzle (coal
and oxygen inlet) and the gasifier outlet. The numerical simulation’s cold flow (no reaction)
was carried out at various grid sizes (490,539, 747,185, 917,374, and 1,229,646 meshes).
Figure 3 shows the temperature contours around the center of the gasifier at various grid
sizes. Figure 4a shows the temperature profile of the gasifier along with a close view of the
temperature for the 3D fluid domain of the upper and lower parts of the gasifier. Figure 4b
shows the temperature at different heights of the experimental gasifier. It is clear from
Figure 3 that the fluid domain temperature increased as the gasifier decreased in height,
but the temperature at the opposite side of the syngas out was higher than the other side
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of the gasifier. The gasifier’s temperature trend and the gasifier’s height were almost the
same, and thus, it can be concluded that the result was independent of the grid; therefore,
the 917,374 grids were selected for further simulation.

Temperature (K)  (b) 4399
1.800 x 10° —=—3.225m
—e— 2.295m
1.633 x 10° 1250 - —+—1.365m
—v—0.465m
1.467 x 10°
1.300 x 10° & 1200
L
1.133 x 10° g
L1150
9.667 x 102 5
'_
6.333 x 102
: 1050 L~ . - - - -
, Time (min)
3.000 x 102

Figure 4. Temperature profiles of the furnace along with a closer view: (a) temperature profile for
simulation and (b) temperature profile for experimental gasifier at different heights as a function of
time (min).

3.2. Selection of the Reaction Mechanism for Further Simulations

The syngas composition was the best parameter for a comparative study between
various reaction mechanisms and experimental results. Figure 5 shows the mol % of CO,
Hj, and CO; for various preliminary reactions and experimental results at a constant
O/C = 1. Figure 5 shows that the maximum CO mol % was 70.51, and the minimum CO
was found in the D case at 46.54%, but the CO mol % was 60.4% in the experimental results.
LiJun et al. [39] also investigated reaction mechanisms and found that the CO mol % was
less than 65%. Compared with the simulation results, the H, mol % was higher in the
experimental results; indeed, case C had the maximum mol % among the other simulated
cases, but the maximum Hj % in the experimental result was 31.39% and case C had 23.09%,
while the minimum mol % was found in case D, which was 18.85%. The CO, composition
was unsatisfactory in cases A, B, and D, which were 33.39, 22.72, and 34.60%, respectively,
but the minimum CO; was found to be 6.35% and 8.23% in case C and the experimental
results, respectively. Therefore, it is clear from the above discussion that case C showed the
best syngas composition regarding the experimental analysis. An ideal reaction mechanism
was found in case C, which neglected the oxidation of CO and the proper gasification of
char and volatiles was found. Therefore, case C was selected for further simulations.

3.3. Influence of the O/C Ratio and Wall Temperature on the Syngas Production

The temperature and O/C ratio were the key parameters that influenced the gasifier
performance because the oxygen-blown drop tube furnace strongly depended on the
oxygen concentration. Due to the combustion reaction, CO, was produced, along with
heat released as an endothermic reaction as a result of CO and H, formation. This study
simulated nine cases at various O/C values (0.9, 1, and 1.1) and various temperatures
(1200, 1500, and 1800 °C), as shown in Table 4. Figure 6 shows the effect of O/C and
temperature on the syngas composition. Figure 6a shows the effect of an O/C ratio = 0.9 at
different temperatures. It is clear from Figure 6a that as the temperature increased from



Energies 2022, 15, 8645

9of 15

1200 °C to 1800 °C, the CO mol % also increased from 52.03% to 75.06%, the H, % decreased
from 29.57% to 5.95% as the temperature increased, and the CO; % decreased from 18.39%
to 16.76% from 1200 to 1500 °C and then increased slightly up to 18.98% at 1800 °C.
Furthermore, Figure 6b,c show the same trend of CO % as in Figure 6a, but the H, and
CO; trends were quite different. In Figure 6b,c, Hy % was stable at 19% to 20%, but CO, %
decreased with temperature. In general, CO, % increased the O/C ratio because of the
water shift reaction, but as the temperature increased, the CO, % decreased because a high
temperature was not favorable for the water—gas shift reaction. Figure 6b,c show that the
temperature and O/C ratio did not have a great impact on the H, % yield; the reason
for this was the non-availability of steam for the water—gas shift reaction because all the
simulations occurred in pure oxygen.

80 7 p
g 3 B2 Case A
70 - i B Case B
1 l: o
5 © VAV
604 ’ ’ : B3 case D
’ ’ / B9 Case E
ol ‘MY & Ecer
T ~ D ~ .
" 47 B2 Experimental
£ %2 % o
> g g
S 40 ’; ’ / - M
= Ty o :
301 B EEET g ' 5
< ' i S > 4 S
; D m.{)l\ ’ ’
9% REER S
g504% - bl a
20 ~ A ’ . y <
2587 T L -
S =
gii4d T 2B
10 X A 3 g %
S ' 2 S
2 g < g KT
§%%%7 T 3%
oL A EEEY T 1
n L pAPAN ¥ A [ A A NK A 1 D W A
CO Mol % H2 Mol % CO2 mol %
Component

Figure 5. The evaluation of various preliminary reaction results for Hy, CO2, and CO mol percentages
incoalat O/C =1.

(b) 80 ©) s
[ co BN H, iR co B co BN H, B
] : : 704 CO W, - co, 10 o R v, [858 o,
60 604
50 50
X 3
S 40 S 40
= g
30 30
20+ 20
10 10
ol 0-
1200 1500 1800 1200 1500 1800 1200 1500 1800
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 6. Influence of the wall temperature on the coal gas composition (a) at O/C = 0.9, (b) at
O/C=1,and (c)atO/C=1.1.

3.4. Effect on the Coal Gas Exit Temperature and Carbon Conversion

The temperature parameter was one of the critical parameters in the gasification/
combustion reaction, and increasing the oxygen concentration also raised the temperature
profile in an upper section of the gasifier. Figure 7 shows the temperature at the exit of the
furnace; it is clearly shown that the temperature at the exit of the furnace increased as the
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wall temperature and O/C ratio increased. The maximum and minimum temperatures
were found at 1770 °C and 1212 °C for cases 1 and 9, respectively. Further, Figure 8
shows the overall temperature profile in the upper part of the gasifier with increasing wall
temperature and O/C. The maximum temperature of 2200 K was observed because a high
oxygen concentration resulted in exothermic reactions in the upper part of the gasifier.

2000 [ 0.9 0/C RN 1 O/C &R 1.1 0/C

1500

1000 -

Temperature (°C)

500 +

1500
Wall temperature (°C)

Figure 7. Syngas temperature for numerous cases at the exit of the furnace.

Temperature (K)
2.400 x 10°

2.164 x 10°
1.927 x 103
1.691 x 10°
1.455 x 10
1.218 x 10°
9.820 x 102

7.457 x 10?

5.093 x 10*

2.730 x 107

Figure 8. Syngas temperature for various cases at the exit of the gasifier.

The overall variation in the carbon conversion rate shown in Figure 9 was between
97 and 99.8%. It is clear from Figure 9 that the carbon conversion increased with increased
wall temperature and O/C ratio. The minimum and maximum carbon conversions were
found to be 97.5% and 99.8% in case 1 and case 9, respectively.
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B 0.0 o/c B 1 o/C B 1.1 0/C

100

80

60

40

Carbon conversion (%)

20

1200 1500

Wall temperature (°C)

Figure 9. Carbon conversion for various cases.

3.5. Turbulent Intensity and Velocity Profile for Selected Cases

The effect of the turbulence intensity and velocity are shown in Figures 10 and 11. The
turbulence intensity was predicted by solving the equation of the reliable k—¢ model from
Equations (5)—(9). The upper part of the gasifier showed the maximum turbulent intensity
range observed at 300-400% because the gasifier’s upper part was the main combustion
reaction zone. Therefore, it was ensured that a higher mixing rate occurred in the upper
part of the gasifier. Furthermore, Figure 11 shows a close view of the velocity profile.
The velocity of the particle increased as the temperature and O/C ratio increased. The
maximum velocity was observed at 10 m/s and the velocity increased as the height of the
gasifier decreased.

4.00 = 10?
3.80 = 102
3.60 = 10*
340 = 102
3.20 = 10?
3.00 = 107
2.80 x 10?
2.60 % 10
2.40 = 107
2.20 x 10%

2.00 = 10?
1.80 = 102
1.60 x 10*
1.40 = 107

1.20 < 102
1.00 = 107
8.00 x 10*
6.00 = 10!
4.00 = 10
2.00 = 10!
0.00 = 10°

Case 1 3 4 6

Figure 10. Turbulent intensity for selected cases.
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VELOCITY (m/s)

10
8.889 I

7.778
6.667
5.556
4.444
3.333

2:222

1.111 I
0.000

Figure 11. Velocity profile for selected cases.

4. Conclusions

The aim of this work was to investigate multiple factors for a drop tube coal gasifier.
First, various preliminary reactions were simulated to validate the reaction model with
experimental data. Furthermore, various cases were simulated at various O/C ratios and
wall temperatures to analyze the syngas species, temperature profile in the whole gasifier,
exit temperature, carbon conversion, turbulent intensity, and velocity profile. The syngas
composition was the best parameter for a comparative study between the various reaction
mechanisms and the experimental results. The maximum CO mol % was 70.51%, and
the minimum CO was found in case D at 46.54%, but the CO mol % was 60.4% in the
experimental results. Furthermore, the H, mol % was higher in the experimental results
at 31.39%, and the maximum mol % was found at 23.09% in case C among the simulated
cases. Therefore, case C was selected for further simulations. The various O/C values and
wall temperatures have a significant effect on reaction mechanisms. The maximum CO %
was found to be 75.06%, with an oxygen/coal ratio of 0.9 at 1800 °C. The maximum H; %
was found at 1200 °C with an O/C ratio of 0.9, but the trend showed that increasing the
wall temperature caused a reduction in the Hy mol %. The minimum and maximum carbon
conversions were found to be 97.5% and 99.8% at an O/C of 0.9 at 1200 °C and an O/C
of 1.1 at 1800 °C, respectively. The overall optimized results were found in case C in the
preliminary reaction. Furthermore, the best syngas result was obtained in the sixth case.
It can be concluded from the results that O/C and the wall temperature had a significant
influence on the syngas composition.
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Nomenclature

u, up Velocity, velocity of particles (m/s)

0, Op Density, density of particles (kg/ m3)

S, S]-, Sy, Sy Source terms for mass, momentum, energy, and species
Cp Specific heat at constant pressure (J/kg K)
Tij Symmetric stress tensor

T Temperature (K)

A Turbulent thermal conductivity (W/m K)
G Mole fraction of species j

D; Diffusivity (m?/s)

Fp Drag force (kg m/s)

U Dynamic viscosity (N S/ m?)

K Kinetic energy of turbulence (m?/s?)

€ Dissipation rate of turbulence (m?/s3)

Ut Turbulence viscosity

Cu Viscosity constant

Gg Mean velocity gradients

Dy Diffusion coefficient for turbulence (m?/s)

Py Prandtl number for turbulence

Set Schmidt number for turbulence

qr Heat flux for radiation heat (J/m? s)

G Incident radiation

C Coefficient of function for linear anisotropic phase
o Absorption coefficient

O Scattering coefficient (m~b

o Stefan—Boltzmann constant

ew Emissivity

Wi Net production rate of species i via chemical reactions (K mol/ m3 S)
M; Molecular weight of species j

vy Stoichiometric coefficient for product j in reaction r
vy Stoichiometric coefficient for reactant i in reaction r
[C] Molar concentration of species (K mol/ md)

7 Rate exponent for product species

Ui Rate exponent for product reactant species

& Forward reaction rate constant

A Pre-exponential factor (consistent units)

B Temperature constant (dimensionless)

E, Activation energy for reaction (J/K mol)
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