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Abstract: In this research entrained flow gasifier is modeled through commercially available Computational Fluid
Dynamics (CFD) software Ansys Fluent®14. The general continuity equation, energy equation, and Navier-Stoke fluid
flow equations were solved using the CFD modeling approach. The mathematical modeling was done using differential
partial equations. The turbulence was predicted using the standard k-¢ turbulence model. Co-gasification of coal and
biomass for syngas production is considered environmentally friendly. Numerous thermal conversion technologies have
been used for the co-gasification of coal and biomass, but multiple opposite burner (MOB) gasifiers got more attention
because of their higher efficiency during the gasification of low-grade coal and biomass. The MOB gasifiers are
commonly used for coal and biomass gasification. However, MOB gasifiers were not used with the combination of low-
grade coal and biomass. The efficiency of the gasifier was predicted by changing the mixing ratio of coal with biomass,
feed flow rate, and oxygen-to-carbon ratio. Three biomasses were used including rice husk, sugarcane bagasse, cotton
stalks, and lignite coal mixture. According to the results, mixing coal with biomass significantly impacted the syngas
composition, char conversion, and operational temperature. The mole fraction of CO was achieved at 0.344, and the H,
mole fraction was obtained at 0.155 with 10% coal and 90% rice husk at 0.1 kg/sec feed flow rate and 1.0 O/C ratio.
Char conversion and syngas composition were significantly affected by varying O/C ratios. With an increasing O/C ratio
from 0.8 to 1.2, the mole fraction of H, and CO in syngas composition increases and decreases. The optimum O/C ratio
was found at 1.0. At this O/C ratio, the syngas exit temperature was observed at a minimum, and char conversion was
observed at a maximum.

Keywords: Mathematical Modelling, Partial Differential Equations, Navier Stoke’s Equation, Energy Equation,
Computational Fluid Dynamics
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1. INTRODUCTION

Several mathematical sub-models are required to model coal gasification to describe the complex turbulent
multiphase reacting flow system [1-3]. The relevance and applicability of the final simulation result are directly
dependent on the quality and applicability of these sub-models, and efficient feedstock conversion is especially
important in coal gasification. In recent decades, with rapid industrialization, urbanization, and economic and
population growth energy usage on a global scale has risen dramatically [4, 5]. Fossil fuels have been a basic
energy source for humanity [6-8]. Middle East, Asia, Africa, and other developing countries use ail, coal, and
natural gas as their primary energy source [9]. For transportation, natural gas and oil have been used as primary
fuel sources, while for electricity generation, coal is used. On the other hand, fossil fuel’s natural reserves are
depleting fast [10]. Oil and gas supplies may not last more than 50—60 years at present utilization rates, however,
coal resources may last up to 200 years [11]. Furthermore, fossil fuels are one of the major sources of greenhouse
gas emissions these emissions are liable for climate change and global warming [12]. When fossil fuels are burnt
in engines and powerplants, they produce harmful emissions like carbon dioxide (CO.), compounds of nitrogen
oxides (NOx), and compounds of Sulphur dioxides (SOx) [13]. From 1970 to 2015, the global CO; emission was
raised by 16 Gton to 36.25 Gton and it is estimated that out of 36.25 Gton, 11Gton was only produced by coal -
based power plants and other sources of heat generation [14]. Global concerns about energy security and the threat
of climate change have sparked intensive studies into carbon-neutral alternative and renewable energy sources
[15, 16]. Although there are multiple sources of electricity generation, the lowest capital and operating cost is
offered by the coal-thermal route thus they provide the smallest per unit cost [17, 18]. There are different ways
coal is used as an energy source i.e., gasification pyrolysis and combustion [19]. The combustion pathway entails
producing steam from the energy generated during coal combustion and using that steam to power the turbines.
In contrast, the gasification pathway implies partial oxidation of coal to produce a mixture of gases like CO, H,
CO,, and other hydrocarbons in small proportion. Then it is used as fuel to fire the engine coupled with a generator
set.

The main operational issue in coal gasification is incomplete char conversion owing to delayed oxidation kinetics.
This incomplete char oxidation reduces the energy efficiency of coal gasification and becomes the reason for
particulate emissions. Generally, for fluidized bed gasifier fuel having high char reactivity is preferred. Fuels with
a high char reactivity are favored for a fluidized bed gasifier [20-22] and raising the operating temperature to
improve conversion efficiency [23]. Hence, biomass and coals with low rank (lignite) are the most proper
feedstocks. Higher rank coals are usually processed if the gasification process includes a residual char combustion
stage [24, 25], if the gasifier is run under ash agglomerating conditions [26, 27]. Other possible benefits of this
method include that the fuel does not need to be ground as finely as it does for entrained flow gasification, which
is beneficial for fuels like biomass. Furthermore, the operating temperature is below the ash softening point,
eliminating the risk of corrosive/melting ash. In a gasifier, the oxy-fuel gasification uses O, mixed with CO; and
possibly steam as a substitute for conventional gases. The exhaust gas from this design is a CO/steam combination
when combusted in a turbine. A part of this is reprocessed to support the inlet process stream with added O; and
the remaining is open for sequestration. Any further development of the concept, on the other hand, would ideally
need to be fuel adaptable, able to run on a variety of coals as well as, ideally, biomass. Biomass gasification is
considered CO- neutral reducing fossil fuel dependence and sequestration of CO2 has resulted in a negative C
footprint for the power plant. Waste biomass gasification also prevents the need to landfill / composite material,
which results in undesirable emissions. Co-processing coal and biomass has potential benefits, Spiegl et al [28]
found that co-gasification of Polish coal with silver birch wood in a pressurized fluidized bed reactor (4 barg,
700-900°C) resulted in greater carbon conversion than gasification of the coal alone. Co-gasification of coal with
olive bagasse (a waste material from the olive oil industry) was claimed to be effective by Andre et al [29]. An
atmospheric pressure fluidized bed reactor with a 70 mm internal diameter was employed in that investigation. A
varied combination of air and steam was used to fluidize the bed. According to the findings, up to 40% of biomass
by weight might be gasified with coal. Although gasification has many advantages, the main drawback is the
production of excessive tar [30-32], seasonal dependency, broad size distribution, and variable proportion of solid
fuel [33]. Even though coal is a fossil fuel, co-gasification with biomass can lessen its environmental effect while
also addressing the issue of seasonal reliance [34-36]. According to research, biomass improves the overall
reactivity of coal by containing relatively high volatiles, which boosts the rate of heterogeneous reactions [37,
38]. As the complexity of these modeling and simulation operations has grown, greater depth in the underlying
sub-models and processes has been necessary to produce accurate and meaningful results. Furthermore, as high-
performance computer resources become more widely available, simulation tools are increasingly being employed
to better understand and optimize the complicated reactive multiphase flow in coal gasification systems [39]. CFD
simulations are becoming increasingly significant in the design of modern reactors.
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This study investigated biomass and lignite coal dynamics using an entrained-flow MOB gasifier. As scant
literature is available on the gasification of biomass and coal through the application of CFD using an entrained-
flow MOB gasifier.

1.1 Fundamentals of Gasification
The carbon conversion efficiency using gasification is higher as compared with combustion, and in gasification,
less quantity of oxygen is required. Carbon monoxide, hydrogen, and methane are the main products of the

gasification process. The main chemical reaction involved during gasification is given as under.

Combustion-Reactions
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2. MATERIALS AND METHODS

2.1 Creating CAD Model and Computational Domain

The geometry of the multi-opposite burner was built with Ansys Design Modeler® 14.0, whereas Ansys
Mesh®14.0 was used for mesh development. Ansys Fluent®14 was used for CFD Computations and solution of
governing equations. The post-processing of results was done through the Ansys CFD Post®14 version. The
diameter of the MOB was set at 1m, and the height of the MOB was taken as 4.2 m for feedstock gasification.
Figure 1 shows the methodology of CFD simulation, coal, biomass sample preparation, and characterization. Fig.
2(a-b) shows the 3D top and front views of geometry, whereas Fig. 2(c) shows the 2D symmetric meshed domain
of the geometry. With a minimum orthogonal quality of 0.689, the meshed geometry had 58,382 quadrilateral
cells.
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Fig. 1. Methodology for CFD simulation, coal, biomass sample preparation and characterization.

http://xisdxjxsu.asia VOLUME 20 ISSUE 05 MAY 2024 806-823



http://xisdxjxsu.asia/

Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

(c) Meshed Geomet

"AVAVAVAN AN X,
MAVAVAWAVAVAS /'
AVAY STAVAN.

[AAVAY S SV ANAYAT]
AVAVAVAYAVAVAY,

0.00 150.00 30000 (cm) A
[ e S TAT AV AV ANAN,T,
75.00 22500 SSANAVANAS SO
Front View

Fig. 2 (a-c) Top view, front view of 3D and meshed geometry of MOB gasifier.

2.2 GOVERNING EQUATIONS

The governing equations in this simulation study include momentum, mass, energy, and steady-state Navier
Stokes equations. Furthermore, the heterogeneous and homogenous reactions were modeled [40].

0
o, (pui;) = Sm 9

a( )=pg 6P+6( u'u';)+S 10
ox, pui;) = pg; ox, " o, T — pu'u')+S; (10)
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Here 7 represents symmetric stress and pui' u'j is represents Reynold’s stress. Whereas k — was applied to
explain the flow of turbulence and turbulence kinematic viscosity was assessed using Eq. (13).
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The Kinetic energy generation due to the gradient of mean velocity is Gk. Heat conductivity of turbulence is
represented by (1), and coefficient diffusion is (D) in Egs. 11 and 12.

iy A LI CLNOY
Pl = A= Wy, 0

C' = D; 17
U P Yox; Sctaxl a7

The value of the Prandtl number for turbulence is 0.85, whereas the Schmidt number is 0.7 for turbulence.
2.3 Discrete Phase Modeling

Euler Lagrangian approach was used through a discrete phase model to investigate the particle motion trajectories
during continuous movement of fluid phases and can be written as.

du Pp—P
d_tp = Fa(u—w,)+ g ———+F, (18)
14
—Vq, = aG — 4aGoT* (19)
1 VG (20)

"= "3(a+ay)—Co,

2.4 Combustion / Gasification Model

The decomposition of biomass and coal occurs mainly in volatile species, char and ash, at high temperatures and
can be represented as.[41, 42].

Coal/Biomass — aqvolatiles + a,H,0 + azChar + a,Ash  (21)
kI
Coal/Biomass — (1 — Y;) X Char; + Y; X Volatile for low temperature (22)

n
Coal/Biomass — (1 — Y,) X Chary, + Y, X Volatile for high temperature (23)
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av
—_ = (Klyl + Kth)Coal (24‘)

dt
K, = A, esp(E, /RT,) (25)
Ky, = Ay esp(Ey, /RT,) (26)

In gasification of coal mainly generates char, hydrogen, and carbon monoxide. Various researchers have explained
the mechanism of gasification reactions [40, 43-51]. The Eddy dissipation rate model calculated each species
formation rate of each species.

N
S, =M Y w, (27)
JJZ:; J

Nr 1 Nr

W= (0o 1) K (H[Cl"” - K—@H[C]"") (28)
i=1 i=1

Ea
ky = ATBe(= /rr) (29)

The rate constant for a forward reaction was obtained by Arrhenius law, and Kf represents the rate constant. While
A represents the pre-exponential factor and Ea shows activation energy.

2.5 NOx and SOx modeling

Modeling and simulation for NOx and SOx prediction were done through the application of ANSYS Fluent.
During the simulation of prompt NOx and SOXx, subsequent mass transfer equations were solved.

d

IT: (pYno) = V.(pDVYy0) + Sno (30)
d S

7t (PYucen) + V. (p0Yyen) = V.(pDVYycen) + Suen (31)
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% (pYNHg) + V (vaNH3) = V (pDVYNHg) + SNH3 (32)

d S
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a 4
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E(PYHZS) +V - (pPYy,s) = V- (pDVYy,s) + Su,s (35)
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E(PYS%) +V- (PVY503) =V (PD‘7Y503) + Sso, (36)
a 4

E(sto) + V- (pVYs0) =V - (pDVYs0) + Sso (37)
2.6 Boundary conditions and calculation methods

The development of a 3D computational domain having quadrilateral cells 58382 was established using ANSY'S
Fluent. The inlet boundary conditions were set as mass flow and pressure flow at outlet boundary conditions. The
temperature of the walls was kept constant at 800K and was maintained through a cooling water system. The inlet
boundary condition was represented by mass flow and outlet boundary conditions were represented as pressure
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outlet. The solution converged when mass transfer, turbulent kinetic energy, and momentum residuals were
satisfied at 10 and residuals for energy and radiation at 10,

Table 1. Proximate and ultimate analysis of biomass and Thar Coal [52]

Biomass type SB RH CS Proximate Analysis of Thar Coal
Proximate Analysis (wt. % dry basis) Element Value (wt.%)
M 5.8 6.10 5.58 M 44.3
VM 74.87 63.39 69.98 VM 29.55

FC 14.93 15.96 16.31 FC 19.21
Ash 4.40 14.55 8.13 Ash 6.83
Ultimate investigation results on (wt. % dry basis) Ultimate investigation results on (wt.% MF)
@] 49.39 50.43 52.05 C 38.17

H 5.96 5.36 5.82 H 7.93

S 0.19 0.59 0.30 N 0.23

C 44.1 43.33 41.73 @) 6.84

N 0.36 0.29 0.10 S 1.87
HHV (MJ/KQ) 17.33 13.86 16.22

3. RESULTS AND DISCUSSIONS
3.1 Biomass to Coal Mixing Ratio Effect

Rice husk, cotton stalks, and sugarcane bagasse were gasified separately by different mixing ratios. The biomass
and coal feeding flow rates were fixed at 0.1 kg/sec and the oxygen/carbon ratio was maintained at 1.0
respectively. The effect was measured keeping in view three operating parameters: effect on syngas composition,
char conversion, and temperature.

3.2 Syngas Composition at a Varying Mixing Ratio

Fig. 3(a) shows the effect of different mixing ratios of thar coal with cotton stalks and their impact on syngas
composition. The composition of syngas is significantly affected by varying mixing ratios. In the syngas
composition, the mole fractions of carbon monoxide and hydrogen at 100 percent cotton stalks were observed at
0.2720 and 0.197 respectively. Furthermore, at a mixing ratio of 70 cotton stalks and 30% coal maximum mole
fractions of CO were observed at 0.287, while the mole fractions of H, decreased slightly to 0.162. Moreover,
Fig. 3 (b-c) shows the effect of the mixing ratio on syngas composition using sugarcane bagasse and rice husk as
feedstocks. In syngas composition, the maximum mole fractions of CO and H2 were achieved at a mixing ratio
of 80% rice husk and 20% coal of 0.332 and 0.145 respectively. Whereas for sugarcane bagasse, the maximum
mole fractions of CO and H: in syngas composition were observed at 0.287 and 0.1885 using a sugarcane bagasse
of 90% and a coal mixing ratio of 10%.
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Fig. 3 (a-c) Shows the Mole fractions of CO, CO-, and H; produced in syngas composition using varying
mixing ratios of selected biomasses with thar coal.
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sugarcane bagasse at different mixing ratios with Thar Coal at O/C ratio 1.0 and Feeding flow rate of 0.1kg/sec.

3.3 Syngas Exit Temperature and Char Conversion at a Varying Mixing Ratio

Figure 5(a-c) shows the char conversion and syngas temperature for all three selected biomasses. The char
conversion at a mixing ratio of 80% cotton stalks and 20% coal was achieved the maximum of 96.88%, whereas,
in the case of 90% rice husk and 10% coal, the highest char degradation was attained at 99.92%. Furthermore,
having a mixing ratio of 80% sugarcane and 20% coal the highest char conversion was obtained at 98.5%. Whereas
at a feeding rate of 0.1 kg/sec and a 1.0 O/C ratio for 80% sugarcane bagasse and 20% coal, the syngas maximum
outlet temperature was noted 1969 K.
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Fig. 5 (a-c) shows char conversion and syngas exit temperature at a different mixing ratio of selected biomasses
and coal.

3.4 Effect of O/C Ratio on Syngas Composition

The effect of variations in O/C ratio on mole fractions of CO, CO, and Hy in the synthesis using 90% rice husk
and 10% coal is shown. At an O/C ratio of 0.8, the mole fractions of CO were observed 0.281 and further increased
up to 0.344 at an O/C ratio of 1.0. When the O/C ratio was further increased to 1.2, mole fractions of CO in syngas
composition decreased to 0.274. the decrease in CO production at a higher O/C ratio was due to the dominance
of combustion reactions producing more CO; than gasification reactions. Furthermore, the H, production was
observed at 0.142 at 0.8 O/C, whereas H, mole fractions were further increased to 0.155 at the O/C ratio of 1.0
and a further increase in O/C ratio reduced mole fractions of H in syngas composition. The maximum CO; mole
fractions were observed at 0.182 at 0.8 C/O ratios, whereas the minimum CO2 mole fractions achieved 0.115 at
1.0 O/C ratios. Therefore, the optimum O/C ratio for 90% rice husk and 10% lignite coal was observed at a 1.0
O/C ratio for getting mole fractions of CO and H; in syngas composition.

35 Effect of O/C Ratio on Char Conversion and Syngas Temperature

The effect of variations in O/C on syngas temperature and char conversion is shown in Fig. 7. The maximum
conversion of char 98.73 was achieved at an O/C ratio of 1.0 and a minimum temperature of 1402K. Moreover,

the minimum temperature suggests that gasification reactions are endothermic hence the temperature of syngas
was reduced.
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Fig. 6 Shows the effect of O/C variation on the composition of Fig.7 Shows exit syngas temperature along with char
syngas utilizing 90% rice husk and 10% thar coal. conversion utilizing 90% rice husk and 10% Thar Coal as

feedstock at varying O/C ratios.
3.6 Effect of Feeding Rate On Syngas Composition

Figure 8 shows mole fractions of syngas components at different feeding flow rates. The feed flow of biomass
and coal ranged from 0.1 kg/sec up to 0.5 kg/sec, whereas the O/C ratio was maintained at 1.0 for 90% rice husk
and 10% coal to get an optimized feed flow rate. The feeding rate on syngas composition such as CO, CO,, and
H, char conversion, and temperature were investigated. With the increase in feed flow rate, the mole fractions of
vital elements in syngas composition CO and H decreased. In contrast, the mole fractions of CO: in syngas
composition increased with increasing feeding flow. Moreover, the MOB gasifier's optimized performance was
achieved at a feed flow rate of 0.1kg/sec.

3.7 Effect of Feeding Rate on Char Conversion and Syngas Temperature
Figure 9 shows the trend of syngas temperature and char conversion at different feed flow rates. More specifically,

the char conversion was decreased with an increase in feeding rate, besides that the temperature was also
increased. Therefore Fig. 9 represents the effect of varying feed flow rates on char conversion and syngas

temperature.
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Fig. 8 Shows the behavior of syngas using 90% rice husk Fig. 9 Represents syngas temperature and char conversion trend
and 10% coal at varying feeding flow rates. at 90% rice husk and 10% thar coal using varying feeding rates.
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3.8 Estimation of SOx and NOx

Rice husk and coal mixture at a fixed feeding rate of 0.1kg/sec was used to estimate NOx and SOx emissions. The
NOx emissions at varying O/C ratios of rice husk and coal are given in Fig. 10. The SOx emissions decreased with
an increase in O/C ratio suggesting that combustion reactions dominate over gasification reactions producing
fewer emissions of SOx. Gasification of biomass without mixing with coal generates higher emissions of SOx.
Because of the high sulfur content in biomass, its gasification produces more SOx emissions compared to the
different mixing ratios of coal and biomass feedstocks. The maximum concentration of SOx in syngas composition
using 100% rice husk was observed at 4235 ppm at an O/C of 0.8, while the minimum concentration of SOx in
syngas composition was found at 2457 ppm at a missing ratio of 70% rice husk and 30% coal at 1.2 O/C ratio
respectively. Fig. 10 shows the SOx generation at varying rice husk and coal mixing rates and using different O/C
ratios.

According to the National Environmental Quality Standards (NEQS) of Pakistan, the maximum limit of SOx
(mostly in the form of SO,) from any power plant should be less than 800 mg/Nm?, equivalent to 14500 ppm. So,
comparing the simulated SOx estimation with the standard, it has been found that the gasifier produces much less
SOx than NEQS standards. The maximum concentration of NOx in syngas composition using 100% rice husk
was achieved at 268.6 ppm at a 1.2 O/C ratio. The minimum concentration of NOx emissions was found using
70% rice husk and 30% coal at 168.5 ppm at 0.8 O/C ratios.

The generation of NOx emissions increased with an O/C ratio irrespective of the feedstock and its varying mixing
ratios. The behavior of NOx emissions during gasification at varying mixing rates and O/C ratios is shown in Fig.
11. More specifically, the NOx emissions during alone gasification of rice husk are higher than the co-gasification
of rice husk and coal at different mixing ratios due to higher concentration of nitrogen in rice husk composition
and dominance of combustion reactions.

According to the National Environmental Quality Standards (NEQS) of Pakistan, the maximum limit of NOx
(mostly in the form of NOy) from any power plant operated on coal should be less than 240 ppm. The comparison
of simulated results with standard gives an idea that a few simulated results are smaller than provided standard
limit, however most of the case results are less than the NOx limits.
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Fig. 10. Emissions of SOx using rice husk and coal Fig. 11. Emissions of NOXx using rice husk and
feedstocks at varying O/C ratios. coal feedstocks at varying O/C ratios.
4. CONCLUSIONS

The entrained flow gasifier with multi-opposite burners was numerically simulated in the present study to inspect
the behavior of biomass gasification with a Thar lignite mixture. ANSYS FLUETNT®14 was used for modeling
and simulation purposes. In simulations, the solid gas phase and their interactions were solved using the Euler-
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Lagrangian framework. The effect of different biomass/coal mixing ratios, char conversion, temperature, and
syngas compositions were investigated. Furthermore, the generation of SOx and NOx were also investigated
through modeling and simulations. The finding of this study is summarized as follows.

At a mixing ratio of 80% sugarcane bagasse and 20% coal maintaining an O/C ratio of 1.0 and a feeding
flow rate of 0.1kg/sec, the maximum syngas temperature at the MOB exit was achieved at 1969 K.

The variations in O/C ratio from 0.8 to 1.2 significantly affect char conversion and synthesis gas
composition, the increase in H, and CO mole fractions was initially observed then the mole fraction
decreased.

At O/C ratio 1.0, the maximum char conversion and minimum syngas exit temperature were recorded.
An increase in feed flow rate results in decreased mole fractions of CO and H,, whereas the mole fractions
of CO; were also increased with an increase in feed flow rate. The increase in feed flow rate reduced
char conversion.

The increase in coal mixing with biomass decreased the SOx and NOx emissions. Moreover, with an
increase in the O/C ratio, NOx emissions increased, and SOx emissions reduced significantly.

The maximum SOx emissions of 4235 ppm were noticed at a 0.8 O/C carbon ratio when 100% rice husk
was gasified. At the same time, minimum SOx emissions were found at 2457 ppm by using 70% rice
husk and 30% Thar coal at a 1.2 O/C ratio.

At an O/C ratio of 1.2, the maximum NOx emissions were observed 268.6ppm from biomass, while the
maximum NOx emissions of 168.5 ppm at 0.8 O/C ratios were observed using 70% rice husk and 30%
Thar coal.
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