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Abstract

During the combustion process of coal, the emissions pollute the environment. So, to
control these emissions and to get the energy from coal the coal clean technologies are
focused. The Integrated gasification clean coal is more efficient process and the
numerical analysis play essential role in the improvement of gasification process.
Different accepts of this process are analyzed. In this study the dynamic numerical
approach is counseled to propose the fractions of different species present in the syngas
produced during gasification because of volatile breakup. The volatile matter produced
from solid fuel is composed of hydrogen, carbon, oxygen, nitrogen and sulfur. The
composition of these species is estimated by species balance with their fraction existent
in solid fuels. Computational fluid dynamic analysis is performed incorporating the
volatile break-up predicted through finite volume method. Finite rate/Eddy dissipation
model is implemented for reaction rates. The syngas outlet composition and
temperature are examined with the experimental data. The analysis outcome that model

results are within 10% precision with experimental data.

Keywords: Entrained flow gasifier; coal gasification; CFD; Finite rate/Eddy

dissipation reaction model
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Chapter 1

Introduction

1.1 Background

Self-reliance in local energy resources is the reassurance for the country’s economic
development. In the light of recent fossil fuel consumption analysis, the most
commonly explored oil and gas reserves will be exhausted in the subsequent half of
this 21% century. Regarding the upcoming situation, to achieve self-sufficiency,
substitute energy resources are being considered [1]. Conversion of solid coal into a
gaseous fuel with high calorific value is widely accomplished today. In the 20 to 40
years of the last century, coal gasification was a common practice to produce
manufactured gas in a number of plants around the whole world, and such plants were
generally known as manufactured gas plants (MGPs) in those times [2]. This
technology lost appeal after World War 11 era due to the ample resource and supply of
petroleum and natural gas at reasonable prices. However, oil embargo enforced by
Gulf oil producing countries in the early 1970s and following increases and
instabilities in petroleum prices, as well as the shortage of natural gas and petroleum
encountered in 2008-2009 when the whole world run into food and fuel crisis, the
interest in coal gasification as well as its further commercial manipulation was

invigorated [3].

Due to midterm exhaustion of oil and gas, coal gains significance not only as fuel
providing cheap energy but also as feed for various industrial chemical syntheses. The
available commercial gasification processes must be evaluated carefully for particular
type coal feed to get best gasification yields [4]. The excessive ash, mineral and
moisture content initially present in the coal feed are main challenges that arise in the
coal gasification. The inclusive evaluation of gasification processes is challenging, as
lots of governing variables such as coal structure and reactivity, temperature, pressure,

steam requirement and other varying limiting conditions [2, 5].



1.2 Worldwide Coal Consumption and Production

Coal is the fastest-growing fuel in the last almost in every region of the world. Global
production is greater than before by 6.1%. The Asia Pacific region is most prominent
that is responsible for production growth of 85 % globally, led by China with 8.8 %
increase the world’s leading consumer and supplier. Coal consumption increased by
5.4 % with the Asia Pacific as the most prominent region in this net increase, while
large regressions in North American consumption [6]. Coal has the prevalent
Reserve/Production ratio among other conventional fuels. Europe & Eurasia has the
largest regional reserves and has the highest R/P ratio, which shows they were not
completely exploited. Coal consumption grew by 5.4% in 2011, the only hydrocarbon
fuel to exceed the average growth and the fastest-growing form of energy other than
renewable. Coal had a share of 30.3% of global energy consumption, the highest since
1969. Global coal production has increased by 6.1% with non-OECD countries
accounting for nearly all of the growth. China is accounting for 69% of global growth
[3, 6].
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Figure 1 World's fuel consumption by source



1.3 Coal
The coal is fossil fuel which is present as sedimentary rock. Due to climate changes
temperature and pressure the coal is form under the earth. It is composed of primarily
of carbon, oxygen, hydrogen, nitrogen and has few traces sulfur and other compounds.
Due to biological and geological changes during millions of years the dead plants and
other organic compounds are converted from peat to anthracite with is considering

have high-rank coal type. The conversion process from peat to coal is shown in figure

).

Figure 2 Coal Formation process

1.3.1 Rank of Coal
On the basis of carbon, hydrogen, oxygen, nitrogen, moisture content percentage

presence the coal is divided into four ranks.

Lignite, Sub-bituminous coal, Bituminous coal, and anthracite are the types of coal on
above basis. the lignite is considered as low-rank coal, and anthracite is known as high-

rank coal.
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1.4 Thesis Management

Chapter 1 describes the introduction. Gasification process, gasifiers used for
gasification and literature review is discussed in chapter 2. Chapter 3 describes the
Computational fluid dynamics-based modeling parameters, boundary and input
parameters for gasifiers. Chapter 4 describes the results and discussion and in end

conclusions, future recommendations are discussed.



Chapter 2

Literature Review

2.1 General Aspects of Gasification
For all the gasification reactions that take place, the conversion and reaction rate
kinetics are typical functions of gas composition, nature and rank of coal, mineral
content and moisture content of coal and operating variables like temperature and
pressure. For a specific type of gasification reaction, the equilibrium of reaction shifts
by either decreasing or increasing the temperature in all types of gasifier [7]. In
general, the rate of reaction increases with small increase in temperature. However, in
some particular reactions, the effect of pressure change cannot be ignored; it also
affects the product gas formation [8, 9] Thermodynamics of carbon and hydrogen
gasification reactions shows that methane production is enhanced at high pressures
like 50 to70atm and temperatures ranging between (760-930°C). In case of syngas
production, at low pressure and high-temperature yield is maximum [10, 11]. Heat
provision and heat recovery is an essential in gasification from the viewpoint of cost,
design specification and operability. Char formed in pyrolysis is oxidized partially
with steam leading to the generation of heat and synthesis gas. Through redox reaction
of iron ore in a cyclic manner is an additional way to produce a synthesis gas stream
associated with heat [7, 8] Downstream operations and further treatment of syngas
depend on the rank of coal initially used in gasification. An Entrained flow gasifier on
the hand is capable of handling almost any quality of coal feed, because the feed
injection mechanism is different, forming a slurry or suspension of feed. However, if
caking coals were gasified in a fixed bed or fluidized bed, some important changes are
done, and special methods are employed to prevent caking. If cake formation or
agglomeration happens in the gasifier, it seriously affects the normal operation of the

gasifier in long runs [2].

Gas leaving contains sulfur in the form of sulfur dioxide, hydrogen disulfide or
mercaptans, depending upon conditions and the nature of the reaction. Sulfur dioxide
is produced if the oxidizing environment is there in the operation of gasification. The
volatile matter (VM), fixed carbon content (FC), and the moisture content also plays
an important part in coal treatment needs and processing in gasification [7, 12]. The



sulfur and nitrogen contents of coal determine whether post-treatment and waste heat
removal requirements are significant. Sulfur may exist in three different types of coal.
The pyritic sulfur and organic sulfur are more frequently found in coal whereas the

sulfatic sulfur is present in oxidized or windswept then fresh coals [2].
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Figure 5 Overview of gasification feedstock and syngas utilization

2.2 Types of Gasifiers
» Fixed Bed Gasifier
» Fluidized Bed Gasifier
» Entrained flow Gasifier

2.2.1 Fixed Bed Gasifier
It is the oldest type of gasifier. For less power generation these gasifiers are suitable.

These gasifiers are divided into different types on the bases of the direction of fuel and

oxidant. These types are

» Updraft gasifier
> Downdraft gasifier



2.2.1.1 Updraft gasifier
The schematic diagram of this type of gasifier is shown in figure (6). The gasifying

agent flows through the fixed carbonaceous fuel bed. The feed is entered form the top
of the gasifier in the form of large particles and the gasifying agent is entered from the
bottom of the gasifier. The feed started to move in a downward direction, and the
gasifying agent is started to moving in an upward direction and in countercurrent flow
the reaction takes place. That is why the updraft gasifier is also known as

countercurrent gasifier.
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Figure 6 Updraft fixed bed gasifier

The moisture is removed from fuel in drying zone, and then fuel is entered into the
pyrolysis zone where the volatile components are removed, and fuel is converted into
char. The char is a move in a downward direction and enter into the gasification zone
where the reduction is made after that in oxidation zone the char combustion is done

by introducing the oxidizing agent [13].

The removal of ash in the form of liquid from the oxidation zone due to high

temperature. The product gas produced from the gasifier is mostly from char



combustion and oxidation reactions. These gasifiers have relatively high thermal
efficiency.

2.2.1.2 Downdraft Gasifier
Figure (7) show the schematic diagram of gasifier. The fuel is entered from the top,
and the oxidizing agent is entered at the moderate level and the syngas is obtained at
the bottom. These gasifier are also known as co-current gasifier because both fuel and
oxidizing agent move in the same direction. The product gas produced in this gasifier

have high outlet temperature.
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Figure 7 Downdraft fixed bed gasifier

The tar passes through the hot char keep in a downdraft and is converted into the
gaseous product. From the top the solid fuel first enters into drying zone where it is
dried by evaporating the water in the form of vapor. In the reduction zone, the some
of the H>O vapor reacts with char and form product gas. After the drying process, the
fuel enters into the pyrolysis zone where the volatile matter and char are produced, and
other products enter into oxidation zone where oxidation reactions occur by the

introduction of an oxidizing agent.

2.2.2 Fluidized Bed Gasifiers
By the help of gas, the solid particles are converted into fluid form is known as

fluidization. The feed used for the fluidized bed is in small particles, and from the



bottom of the reactor the fluidizing gases are entering to move in upward direction. In
case of the fixed bed, there is defined a zone of drying, pyrolysis, reduction and
oxidation zone but these are not defined in case of fluidized bed reactors. As there is
no fixed zone in fluidized bed gasifier, so all the process of drying, pyrolysis,
reduction- oxidation occurs in the whole gasifier that is why this is also known as the

type of homogeneous reactors.
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Figure 8 Fluidized bed gasifier

The gasifying agent in the fluidized bed gasifiers does two jobs the fluidization of
particle bed and gasification of particles. In these gasifiers due to solid-gas excellent
mixing, they have a controllable and uniform temperature, the conversation of carbon
is high at a low tar production rate. Under different feed rate, feedstock, solid particle
size and moisture content. These gasifiers have the flexibility to operate [14]. Due to
increase in solid particles surface area, the reaction rate is increased in these reactors
as compared to fixed bed reactors. Due to distinguishing features, the fluidized bed
gasifiers scale up, and operation is easy as compared to fixed bed gasifiers. The
residence time of these reactors are much less, but it can be increased by the continuous
circulation of particles in circulating fluidized bed gasifiers. The coal and biomass both



can be used as feedstock in this type of gasifiers, but due to low gasification
temperature of biomass, it is mostly used for biomass. In power generation (500kW to

50MW) set up these gasifiers are mostly.

2.2.3 Entrained flow gasifier
These gasifiers are mostly used the co-current flow of feedstock and gasifying agent.

The schematic diagram of these gasifiers is shown in Figure (9). For these gasifiers
both oxygen and air can be used as gasifying agent. The oxygen is used mostly in
commercial gasifiers. The solid feedstock which has to enter in these gasifiers are
much finer as compare to the particle size of solid particles which is used as feed in

fluidized bed gasifiers.

Gasifiving

Solid f‘LlL‘l1 r agent

Figure 9 Entrained flow gasifier

As the fuel particle size is finer that means that surface area is increased and due to
increase in the surface area of fuel particles when they entrained with a gasifying agent
the reaction rate is increased and residence time is decreased. Due to this reason the
operating temperature is increased and increase in temperature cause turbulence in
flow which causes more conversation of fuel into product gas. The tar production in
this type of gasifier is lesser due to a high operating temperature of gasifiers. These
gasifiers can be used for any type of fuel feedstock. Whereas, the fuel with low

moisture is best as a feedstock because it requires less amount of oxygen.

The fixed bed gasifiers are used for small-scale, fluidized bed gasifiers are used for

medium scale, but the entrained flow gasifiers are mostly used for large-scale power

10



generation applications. The entrained flow gasifiers are mostly used for integrated

gasification combined cycle coal power plants to produce several hundreds of MW.

The entrained flow gasifier is divided into different categories on the bases of

following categories

2.2.3.1 Slurry feed and Dry feed
The commercially available gasifiers are operated at both dry and slurry feed. The

gasifiers of MHI, Shell, Siemens, and PRENFLO are operated by using dry pulverized
coal as feed whereas the GE, E-gas and ECUST gasifiers are operated by using the
slurry coal as feed. The slurry coal is prepared by using rod mills through wet grinding
[2]. Through the conveyers, the coal is sent into the rod mill feed inlet. Where coal is
grinding into required particles size so that stable and optimum coal-water slurry is
prepared. The use of slurry as feed has the disadvantage that loss of heat in the
vaporization process of slurry and high concentration of oxygen is required for
maintaining the required temperature of the gasifier. This problem leads to the low
over the efficiency of the plant. Coal-water slurry is not feasible for low-rank coal

because it already contains a considerable amount of inherent moisture.

Dry coal feeding is getting the great attraction for the low-rank coal which already
contains significant moisture content. The lock hopper is used for the dry feed
preparation. The operating pressure of lock hopper is low as compared to the coal-

water slurry. Due to this, the thermal efficiency of the plant is decreased.

2.2.3.2 Oxygen-blown and air blown
The most of the commercial available entrained flow gasifier are oxygen blown. The

air blown is MHI gasifier. The slurry feed system mostly operated with the oxygen-
blown gasifier because of the remarkable sensible heat generation to evaporate the
water from the slurry. The oxygen is used as oxidizing agent reduce the gasifier size

and reduce the heat lost in the flue gas.

From the discussion of all types of gasifiers, the entrained flow gasifiers are seemed
to be more feasible for the coal gasification and also can be used in large-scale power
generation setup. By considering these points, the numerical simulation is based on

this type of gasifier.

11



Table 1 Major Commercial entrained flow gasifier design

Manufacturer Coal feeding | Oxidant Flow -direction
SHELL Drv Oxvygen Upward
SIEMENS Drvy Oxvygen Downward
PRENFLO PSG Dry Oxveen Upward
PRENFLO PDQ Drv Oxvegen Downward
MHI Dry Air Upward
HCERI Dry Oxveen Upward
E-GAS Slurry Oxvygen Upward
GE (Texaco) Slurry Oxveen Downward
MCSG Slurry Oxvygen Downward
T sinchua OSEF Slurry Oxveen Downward
ECUST Shurrv/Dry Air/Oxveen Downward

2.3 Literature Review

The generation of power is attainable from both renewable and non-renewable energy
sources. However, the clean sources of power include the renewable resources like
solar and wind energies as compared to non-renewable sources. The fossils fuels are
also a non-renewable energy source. By using fossil fuels as a feedstock, technologies
are being evolved for the inception of clean power. This is of high significance to
deploy such systems which have the ability to produce eco-friendly outcomes and are
economical as well [15, 16].

By deploying Coal as feedstock, the cleanest and efficient process considered for the
generation of power is IGCC process [17, 18]. Through the process of gasification, the
syngas and combustible gases are produced from coal or heavy hydrocarbons [19,
20].The gasification is the best suitable process to eliminate such gases which are
responsible for the creation of corrosion. This process also enhances the production of

convenient ignitable syngas [21].

For the gasification process fluidized bed, fixed and moving bed and entrained flow
gasifier reactor can be used [16, 22]. However, In IGCC process, entrained flow
gasifiers are used due to its high rate of utilization of carbon and their high reaction
rate. Any type of coal can be used as feedstock and they operate at high temperature

and pressure to produce tar-free syngas.

The Entrained flow gasifier can be updraft, downdraft and feedstock that is being used

in it can be in dry or slurry form. Shell gasifier uses dry feedstock while E-gas gasifier
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uses slurry feedstock. The E-gas type of entrained flow gasifier which is mostly used

in IGCC is two stages, pressurized, updraft and oxygen is blown [23, 24].

CFD analysis is of high significance in designing and optimization of reactors because
it proved the chemical conversion, thermal, hydrodynamics, operating parameters,

coal quality effect on the mole fraction of syngas [25, 26].

In the oxygen-carbon dioxide blown gasifiers reactivity of char, gasification was
observed in the presence of water and carbon monoxide, which result out that the
presence of active sites of char improved the model accuracy [27].For the IGCC
several modeling simulations are done [28, 29].All the researches are mostly based on
mass balance, and thermodynamic analysis few of them are based on the steady state
temperature to investigate the performance of gasifier [30, 31].Through the ASPEN
model, the performance of gasifier ,the flexibility of use of feedstock , capital, and
operating cost is investigated [22].By the simulation and numerical methods the steady
state temperature and syngas composition is investigated [32-34].For the prediction of
the temperature, reaction rate, product gas composition is investigated for the one

dimensional entrained flow gasifier [34].

Many researchers developed different studies on gasifiers. Simulations are done to
suggest optimum operating conditions and species comparison, concentration, and
temperature with experimental data for pilot scale entrained flow gasifier [35]. For
moving bed and fluidized bed, forecasting temperature changes and syngas production
has been done, and systems are deployed to devolatilization for cracking model for it.
For accurate prediction of syngas mole fraction in the gasifier, a simulation setup is

developed based on Euler-Granular multiphase approach [36].

The effect on the performance of bubbling fluidized bed reactor due to the operating
parameter is studied by both experimental and simulation [37]. In entrained flow
gasifier, the controlling mechanism and turbulent mixing effect are studied for coal
[38] . By changing operating parameters, the effect on gasification process is observed
for two-stage entrained flow gasifier[39]. For entrained flow gasifier the turbulent
particle dispersion and turbulence model sensitivity are explored [40]. For coal, the
kinetic reaction parameters effect is explored for syngas composition in entrained flow
gasifier [41]. The chemical and physical properties occur in gasifier and effect on

gasifier performance is investigated at different conditions [42].
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The species mole fraction and temperature changes are studied by using Illinios#6
coals as feedstock in E gasifier. Density/size effect of Pittsburgh coal on the product
is investigated for E-gas [43]. The UDF is developed for devolatilization and
improvement in evaporation for accurate numerical analysis of coal gasification [44].
Coal/oxygen ratio, slurry coal mass fraction feed rate of 1t /2" stage for Illinois # 6
coal effect on E-gas gasifier performance. The O,/Coal ratio decreases increases in Co
and CO; and decreases in exit temperature [45]. Comparison of Illinois# 6 and North
Dakota lignite coal particle size and cold gas efficiency effect on E-gas are observed
and found out that it has high carbon conversion and is more efficient for coal particles

having diameter 100 micrometers [45].

14



Chapter 3

Computational Fluid Dynamics Based
Modeling

Computational fluid dynamics is a subdivision of fluid dynamics which uses data
structure and numerical analysis to analyze and solve problems based on fluid flow.
For the calculations, computers are required to simulate the gases and liquids
interaction with surfaces described by boundary conditions. Better solutions can be
achieved through high speed supercomputers. Many computational tools are
developed through continuous research, which can enhance the speed and accuracy of
complex simulation problems such as turbulent and transonic flows. This software is
validated by experimental comparison using a wind tunnel, and final validations are

done by flight tests.

3.1 Methodology

3.1.1 Preprocessing

The preprocessing consists of the following steps:

Computer Aided Design (CAD) can be used to define the physical bound and
geometry of the problem. From there, fluid volume is extracted.
The volume which is occupied by the fluid is then divided into discrete cells (mesh).
The mesh may be uniform or non-uniform, pyramidal or polyhedral, tetrahedral,
structure or unstructured cells.
Now the physical mesh is defined using fluid motion, radiation, enthalpy and species
conservation or non-conservation equations.
Boundary conditions are specified.

3.1.2 Processing
Simulations are processed until the convergence is reached and the set of equations

are solved as steady-state or transient.

3.1.3 Post processing
Finally, the post-processing is done to aid the visualizing and analysis of the

solution.
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3.2 Simulation Environment

3.2.1 ANSYS Workbench
There are many geometries making software such as Gambit, Solid Works, Auto CAD,
design modular, IGES, etc. Design modular is present in ANSYS workbench to others.
So, Design modular is used to prepare geometry. In this work, three-dimensional
geometry is prepared with the help of cylinders and cones. Cylinders and cones are
connected with faces where required. After that geometry in imported into mesher
where the Unstructured meshes are prepared and boundary conditions are labeled at

edges while different zones are labeled at faces.

fresh Project  Update Project

=l

v 12 x BB i

x
e |
S5l (
alue Bucklin
[CF:
@) Fluid Flow (e @ v @ -
(@ Fluid Flow (Fluent) -
4+ @ senp F .
5 | @ Soluti . | 8 | lastUpdate UsedLicenses
6 @ Resuts =
Fluid Flow (Fluent)
12 olid Bodies
PE) urface B0
14 Line Bodies [
L 15 Parameters
16 Parameter Key DS
17 Atributes B
18 Named Selections ]
19 Material Properties [
21 Analysis Type D =l
2
2 []
24 oints [=]
. 25 Reader Mode Saves Updated File [
F % Import Using Instances
Fluent (with Fluent Meshing) z Smart CAD Update 5]
A z B Compare Parts On Update No =l
‘ T View All / Customize. .. E5) Enclosure and Symmetry Processing

@ Double-click componentto edit (01 Show Progress |21 show 1Messages |

Figure 10 ANSYS workbench environment

3.2.2 ANSYS Fluent

Geometry is exported from design modular to the Fluent software which performs
required simulation. Control volume method is used to solve the mass, energy, and
species conservative equations. Mesh quality is calculated in ANSYS fluent. The
boundary and zone conditions which are labeled in Design Modular software are now
specified one by one in Fluent. Under solution method, pressure velocity coupling
scheme is chosen and specified the spatial discretization for gradient, pressure,
momentum, turbulent Kinetic energy, turbulent dissipation rate, and species. Under
solution control method, relaxation factors are adjusted for pressure, velocity, density,
and other parameters. Residual monitors for absolute convergence are specified to find
out the absolute convergence. After that initialization of solution is done and then
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iteration is performed at different equations until the absolute convergence is achieved.
Figure (11,12) shows the GUI of the ANSYS fluent tool.
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Figure 11 ANSYS Fluent Environment for E-gas
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Mesh Quality:

Minimum Orthogonal Quality = 2.20835e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)

Maximum Ortho Skew = 7.53059e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspend to low quality.)

Maximum Aspect Ratic = 1.49530e+01

Figure 12 ANSYS Fluent Environment for air blown entrained flow gasifier
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Thirteen reaction models; laminar finite-rate, finite-rate/eddy-dissipation rate, eddy-
dissipation and eddy-dissipation concept are present in the fluent to deal with reactions
and incorporate turbulence-chemistry interactions. In laminar finite-rate, Arrhenius
expressions are used to calculate reaction rate and turbulence effects are ignored. In
finite-rate/eddy-dissipation rate, both Arrhenius expression and mixing can influence
the reaction. The smaller value of Arrhenius rate and mixing rate is considered the rate
of reaction. In eddy-dissipation model, the reaction rate is controlled and determined
by turbulence while in eddy dissipation concept model, Arrhenius expression is also
incorporated in turbulent flames. Laminar finite-rate model is not recommended in
turbulent conditions due to non-linearity in Arrhenius chemical kinetics. The values
of different reaction parameters in these reaction models which includes a pre-
exponential factor, activation energy, mixing law constants, stoichiometric
coefficients and rate exponent are required to incorporate different reactions as shown

in these figures.
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Figure 14 Species model

19



| Mocture coakvolsties-ar Total Number of Reactions 13 5/
|

Reaction Nama D geacm Type

feaction-2 B & @ vowmetric( | el Surface () Partide Surface (| Electrochemical
| 7 o

Number of Reactants 2 = Number of Products 2 =/

Stoich. Rate Stoich. Rate

Spacies Coefficent ~ Exponent Spacies Coeﬁoant Exponent

Fm—F z Ea— 0

| | 0.5 0.25 |h20 .'_I 0 0.5

Arthenius Rate Maing Rate
Pre-Exponential Factor 2.239e+12 A4 B0S ‘
Activation Energy (ifkamol) 1.7¢+08
Termperature Exponent 0

[ nclide Backward Reaction 'Soecfy__'

|
|"] Third-Body Effidencies 'mwn]

[T pressure-Dependent Reaction ‘s‘)ecfy_._|

[ Coverage-Depandant Reaction ’specfym]

,

Figure 15 Reactions environment
3.2.3 Convergence criteria
The commonly used absolute convergence criteria for the residuals of continuity, x-
velocity, y-velocity, epsilon and species equation is 0.001 while the convergence

criteria are 1e-06 for energy equation. For the convergence, the absolute convergence
criteria need to be satisfied.

:I = Scaled Residuals =2

1e-09 —

180001 35&01 QQUU 1 950020&002050021 0002 1 500220002250023000
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Figure 16 Scaled residuals
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3.3 Geometry of all gasifiers

Redactor burner

—— Combustor Char burner

Combustor coal burner

Figure 17 Geometry of air blown entrained flow gasifier
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Figure 18 Geometry of E-gas entrained flow gasifier
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Figure 19 Geometry of Single stage gasifier
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3.4 E-gas entrained flow gasifier
The entrained flow gasifier named E-gas is pressurized, up the flow, slurry feed, and
two-stage gasifiers. The raw feed coal is converted into the slurry from wet crushers.
The concentration of coal slurry is mostly in the range of 50 to 70% based on the
inherent moisture and type of coal. The maximum coal slurry is introduced from the
first stage of gasifier along with the oxidizing agent. Due to the high percentage of an
oxidizing agent, the exothermic reactions are take place in the first stage. The
exothermic reactions increase the pressure and temperature of 1% stage of the reactor

due to which the hydrocarbons gases and liquid formation become negligible.

E'G”'- ’ Fuel Gas

Entrained-Flow | |
Gasifier

(from Air
Ms"""u“' Water
/ Slag/Water
Shurry
Siag By-product

Figure 20 Schematic diagram of E-gas gasifier

The ash which is formed during the reactions is an exit from the bottom of the gasifier,
and the quenching is done by the water. Due to quenching, it is converted into slag
product. The product gases of the first stage are entered into the second stage of
gasifier where almost 25% of slurry feed is introduced. Due to a limited oxidizing
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agent in the second stage, the endothermic reactions and devolatilization reactions take
place at 1310K.The hydrocarbon and char formation in this stage is recycled into the
first stage. The syngas produced at 1310K is cooled by using the fir tube cooler where
the steam is generated. In the wet scrubber, the chloride is removed from the syngas
and char is recycled in the gasifier again. After that, the carbonyl sulfide and hydrogen
sulfide removed from the syngas for the further applications of energy. The schematic

diagram of the gasifier is as shown in figure (21).
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Figure 21 Process flow diagram of E-gas gasifier

3.4.1 Mesh and its properties
The geometry of both the gasifier is constructed in three dimensions. The three
important parameters which give the quality of mesh are minimum orthogonal quality,
maximum Ortho-Skew and maximum aspect ratio and their values are shown in the table.
Figure (22) show the mesh of E-gas entrained flow gasifier and figure (24) show the mesh
of air blown entrained flow gasifier. Table (2,5) presents the mesh characteristics for the
E-gas and air-blown entrained flow gasifier respectively. The summation of all cells

volume is equal to total volume of geometry.

24



Table 2 Mesh properties of E-gas

Properties of mesh E-gas Values
Orthogonal quality(Minimum) 244831
Ortho skew (Maximum) 7.21100e!
Aspect ratio (Maximum) 1.62576e7!
Minimum volume (m?*) 3.582359¢7
Maximum volume (m®) 1.442533¢7
Total volume (m®) 45721371
Minimum face area (m?) 8.279624e7
Maximum face area (m?) 1.574574e2

Figure 22 Mesh of E-gas gasifier
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3.4.2 Boundary and Cell Zone Conditions for E-gas gasifier
The coal properties used in E-gas gasifier is given in table (3) and boundary conditions

for gasifier are given in table (4) [46, 47] .

Table 3 Coal properties for E-gas gasifier

Froximate Analysis Weight %

Fixed Carbon 54.65
Volatile 37.81
Maoisture 0.3
Ash 7.22
Ultimate Analysis {DAF)
Carbon 21.5
Hydrogen 5.61
Oxygen 8.86
MNitrogen 2.439
Sulfur 1.13
HHWY 30.09MJ/Kg

Table 4 Boundary conditions

Operating and Boundary Parameters Values
Operating Pressure 2.84 MPa
Inlet temperature 390 K
Oxygen mass fraction 0.944

First stage coal feed flow rate 10.84 kg/sec
First stage water feed flow rate 5.583 Kg/sec
Second stage coal feed flow rate 6.11 Kg/sec
Second stage water feed flow rate 3.15 kg/sec

3.5 Air Blown Entrained flow gasifier
The air blow entrained flow gasifier which is discussed here is MHI gasifier. It is dry
feed, up the flow and two-stage operation reactors. The main focus on the air blown

entrained flow gasifier is to use of it for IGCC applications.

The gasifier has three chambers the combustion, diffuser and the redactor zone. The
combustion chamber is the lower zone. The dry mill is used to make the pulverized
and dry coal which is injected from the inlets of combustion and the diffuser zone

along with the oxidizing agent air. The exothermic reactions take place in the

26



combustion zone due to which the temperature of the combustion zone is increased.
At the high temperature of the combustion zone, the coal ash is melt into the molten
slag. From the bottom of the gasifier the molten slag is separated. The gases produced
in the combustion zone is rising in an upward direction into the diffuser zone where
more coal is added. The coal along with the product gases of combustion zone is a
move into the redactor zone. Due to the endothermic reaction in the redactor zone its
temperature is low as compared to the combustion zone. The syngas produced in the
gasifier is an exit from the top of gasifier which is quenched by cooler by generating
steam. The product gas which leaves the gasifier is at high temperature almost 2220°F.
So, the production of hydrocarbons gases and liquid is negligible. The schematic

diagram of the gasifier is shown in figure (23).
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Figure 23 Schematic diagram of MHI gasifier
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Table 5 Mesh properties of air blown entrained flow gasifier

Properties of mesh Values
Orthogonal quality(Minimum) 2.208e*
Ortho skew (Maximum) 7.53052¢™?
Aspect ratio (Maximum) 1.4953e*!
Minimum volume (m?) 2.754929¢
Maximum volume (mq) 3.27359¢7
Total volume (m?®) 1.207942¢*!
Minimum face area (m?) 1.500644¢°
Maximum face area (m?) 4.85188¢™?

Figure 24 Air-blown entrained flow gasifier mesh

Z/-\
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3.5.1 Boundary and Cell Zone Conditions for air blown entrained flow gasifier
The coal properties used in air blown gasifier is given in table (6) and boundary

conditions for gasifier are given in table (7) [32, 33].

Table 6 Coal Properties for air blown gasifier

Proximate Analysis Weight
%

Fixed Carbon 35.8
Volatile 46.8
Moisture 3.3
Ash 12.1
Ultimate Analysis (DAF)
Carbon 78.25
Hydrogen 6.5
Oxygen 13.9
Mitrogen 1.12
Sulfur 0.22
HHY 2.7MIfKg

Table 7 Boundary conditions

Operating and Boundary Values
Parameters

Operating Pressure 2.7 MPa
Inlet temperature all levels 521K

Air flow rate in combustion burner

4.708 kg/sec

Coal feed flow rate combustion
burner

0.472 kg/sec

Air flow rate in char burner

4.708 kg/sec

Char feed flow rate char burner

1.112 Kg/sec

Air flow rate in reducer burner

1.832 Kg/sec

Coal feed flow rate reducer burner

1.832 kg/sec

3.6 Single Stage Gasifier

Figure 25 Mesh of single stage gasifier
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3.6.1 Boundary and Cell Zone Conditions for single stage gasifier
The coal properties used in single stage gasifier is given in table (8) and boundary

conditions for gasifier are given in table (9) [48].

Table 8 Coal properties for single stage gasifier

Proximate Analysis | Weight %
Fixed Carbon 50
Volatile 30
Moisture 10

Ash 10
Ultimate Analysis (DAF)

Carbon 85
Hydrogen 10
Oxygen 4
Nitrogen 1

HHV 24.0MJ/Kg

Table 9 Boundary Conditions for single stage gasifier

Operating and Boundary Parameters Values
Operating Pressure 2.7 MPa
Inlet temperature all levels 521K
Oxygen Velocity inlet 1 25m/sec
Oxygen Velocity inlet 2 100m/sec
Coal feed flow rate 0.25 kg/sec

3.7 Numerical Scheme

The procedure for CFD of 3-D coal gasifier of E-type entrained flow gasifier, air blown
entrained flow gasifier and 2-D simulation of single stage entrained flow gasifier is
based on Navier-stokes equation which is computed by using Eulerian-Lagrangian
approach. The coal particle is considered as discrete, and for this purpose, Discrete
Phase model (DPM) is applied, DO radiation model, a k- model for turbulence flow.
The operating parameters for the analysis are given in table (7,4)[33, 47]. The reaction
involved in gasification are given in table 10. The reaction R2-R5 are heterogeneous

surface reaction, and others are gas phase reactions.

3.7.1 Governing equations

Mass conservation equation is

V. (pv) = S, 1)

30



The water droplets vaporization and devolatilization of coal particles introduced from
the dispersed second phase flow to the continuous phase.

. Conservation of momentum equation is:

V.(p00) = -Vp+V.(D) + pg + F (2)

Where static pressure, stress tensor is denoted by p and t pg and F show the
gravitational and external body forces. That arises from the dispersed phase interaction
respectively

The stress tensor t is given by

7= ul(V5+ V7)) - 2v.51 3)

Where molecular viscosity is y, | is the unit tensor,

The conservation of energy is:

]

5} _ aT
= (piih) = 5= (K25) + Spn @

14

3.7.2Turbulence Model
The turbulence model is based on kinetic energy k, and dissipation rate € are computed
by using k-¢ transport equations (5,6). The turbulence kinetic energy generation Gk
because of velocity gradients. The turbulent Prandtl number for k and ¢ are ok , ¢

respectively. From equation (7) the eddy viscosity is calculated.

2 2 ur) 2k _ .
o (Phu) =5 [(# +5) ale + Gy — pe 5)
And

8 -2 pe) 8s fG. — Cop

a—”(ﬁ*sm] = 2, l(ﬂ + EE:] a, + Cy; - Gy — Cap - (6)
ue = pCu= (7

The empirical model constants used in above equations are C;, = 1.44, O, =

1.92,C, = 0.09,0, = 1.3,0; = 1.0 [45].

3.7.3 Devolatilization
The coal particles devolatilization reaction are computed by using two rate models.
The constants values are A; = 2x105, A, = 1.3x107, E1 = 1.046x108 J/kg mol, and E>
= 1.67x108 J/kg mol.
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R, = A1e_(E1/RTp) 8)
R, = A,e~(E2/RTy) (9)
Weight function for devolatilization based on the kinetic rates which are obtained from
equation (8,9). The yield factors are a1 and o; moisture mass fraction is fo, particle

mass and ash mass are mp, ma respectively are the parameters used in equation (10)

O _ [%ayRy + azR;) exp (— [y (Ry + Ry) dt) dt (10)

(1_fw,0)mp,0_ma

The heterogeneous reaction is based on the particle surface, and the depletion rate of
carbon because of surface reactions are based on relations given in equation (11,12,13)
[45] .In gas phase particle yield endothermic reaction and the reaction rate R, (kg/sec)
for depletion of particle surface are calculated from equation (8).The parameters used
in these relations are particle surface area A effectiveness factor nk, mass faction for
particle surface species pi .diffusion rate coefficient Dy, reaction Kinetic rate kkin and
apparent reaction order N

R_k = Apnk Ycarbonﬁlz (11)
— o\ Nk

Ry = kyink ('Pi,k - D_i) (12)
kiin = Afexp"(Ew/RTP) (13)

The water which is present in coal slurry particle is considered as small droplets, and
the rate of vaporization of water is controlled by the surface and gas streams difference
concentrations. The rate of change of droplet mass is given in equation (14). The mass
transfer coefficient k¢ calculated by empirical correlation of equation (15) relative
Reynolds number Req depends on relative velocity and particle diameter, vapor
concentration at particle surface Cs calculated by using assumption of flow over the
saturated surface, bulk flow vapor concentration C. are parameters used for droplet

mass gradient.

8 = nd%k(Cy — Cao) (14)
Shg =" = 2.0 + 0.6Re$5Sc%% (15)

In devolatilization, the particle temperature change occurs which is evaluated from
energy balance based on radiative, latent and convective heat transfer. After
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devolatilization, the char surface reaction with oxygen, carbon dioxide, and water are

started, and heat balance for surface reaction is evaluated from equation (17) [49].

-Iimp-

m,C F‘—h,q o(T—Tp) + =L+ Ape,o(62 — 1) (16)

L

myCp =2 = hAL(T = T,) + fu () AH + A,,0 (6% — T3}) a7

3.7.4 Chemical Reaction

For the conservation of species, the equation (18) is applied. The species net
production rate Ri, mass rate creation S;, diffusion flux Ji which is because of
concentration temperature gradient. The Arrhenius reaction sum is applied for Nr
reaction, and the parameters which are involved are molecular weight Mw,i, Arrhenius

molar rate production per consumption of species in all reaction R, ,..

V.(piY)) = -V.J, + R, + S; (18)

Ry = M,,; Y R R, (19)
3.7.5 Arrhenius rate

The Arrhenius rate is applied for computation of finite-rate/eddy-dissipation model.
For the heterogeneous reactions, only finite-rates are used. The reactant and product
stoichiometric coefficient are v I',r ,v i”,r, rate exponent are , n'j,r ,n'j’,r respectively
,activation energy E:, pre-exponential factor A, temperature exponent is n and K is

equilibrium constant, all these parameters are involved in equation (20,21,22)

3 / Nr Nr

Rl,r = (vir,lr - vi,r (kf,r jvzl[C]] - kb,r 7:1[61] g ) (20)

k¢, = A, T"exp(—E,/RT) (21)
krr

Ko =22 (22)

3.7.6 Eddy-dissipation rate
For the eddy-dissipation rate, the following equations are applied, the mass fraction is
Yr and Yp. Magnussen constant, molecular weight, and subscripts for reactant and

product are A and B, M and R, P respectively.

R;, = min (Rl(f), R(p)) (23)
®) _ e v
Ri,r - vi,rMiAp % (va}LR) (24)
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R = v M;AB f( 2L PYp ) (25)

N I pr.
k Zj v M

3.7.7 Radiation model
For the radiative heat transfer equation, the discrete ordinate (DO) radiation model is

applied as follow.

@ = (a+ay + 0y)Lrqa(?,5) + E, + ag? "TT‘} + Z—;f:"lmd(?, HD(S,5)d0
(26)

3.8 Reaction Kinetics
During the gasification, some of the major reactions are devolatilization of volatile
matter, char combustion, carbon dioxide gasification, hydrogen gasification, steam
gasification, methane oxidation, steam methane reforming, carbon monoxide
oxidation, forward and reserve water gas shift reactions, hydrogen oxidation, and tar
oxidation are involved. The Arrhenius constant and activation energy along with

reactions are given in table (10)

3.8.1 Devolatilization
Fuel feed and oxidizing agent when entering into gasifier it starts mix quickly. Due to
the mixing of the moisture present in feed fuel start vaporization rapidly.
Devolatilization is the process of leaving of volatile components from solid fuels. The
volatile matter mostly consists of hydrogen, carbon monoxide, methane, tar which
further react with oxygen and provide the energy for consequent reactions. The char
is the solid residue which left after the devolatilization, and the char is consist of
carbon and ash. The devolatilization is depended on the gasifier type, operating

conditions, the particle size of solid fuel and volatile fraction within the solid fuel.

3.8.2 Coal Gasification Reactions
In almost all types of gasifiers, with different symmetry and principle, following major
reactions occur simultaneously [50]. The graphical representation is shown in figure

(26). Following significant conclusions are drawn from the figure (26):

i. The curve between logi0K, and 1/T is almost linear for all the reactions.
ii. The amount of heat necessary for the reaction to proceed (exothermic reaction)
is equal to the slope of the curve logi0Kp and 1/T for individual reaction curve.
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iii. At low temperature, hydrogasification is preferred thermodynamically for
which criteria is log10Kp>0. On the contrary to this carbon dioxide and steam
gasification reactions takes place at high temperature.

iv. For WGS reaction, equilibrium constant shows significant variation with
temperature change as compared to all other chemical reactions that show little
or negligible variation. Equilibrium of WGS reaction can be easily shifted by
changing operating parameters as compared with all other reactions in the
process[7].

3.8.3 Steam Gasification

The heat input is essential for steam gasification reaction to proceed due to its
endothermic nature.to enhance the rate of reaction in limited time steam is supplied in
excess [10].The carbon and gaseous reactants mechanistic chemistry is being
discussed here precisely, but not for reactions that occur between gaseous reactants
and solid carbon. Carbon has the maximum percentage value in coal as it is clear from
the proximate analysis of lignite coal. But, the reactivity of carbon is different from
other elements and compounds present in coal. In normal practice, pure carbon is less
reactive as compared to coal because there is a number of various reactive compounds
present in the coal which alters it overall reactivity and they also play a role as a
catalyst in many chemical reactions, altering the rate of reaction [50]. Mineral matter
present also increases the reactivity of coal depending on the nature of minerals
present. Anthracite has the highest percentage of carbon in proximate analysis and is
best in rank among all types of coal but offers the least reactivity and is most unlikely
and difficult to gasify or liquefy because it requires lots of heat and elevated
temperatures to gasify this solid fuel. The carbon deposition reaction occurs at a good

rate when steam supplied in the gasifier is low [5].

3.8.4 Carbon Dioxide Gasification
The reaction between carbon and carbon dioxide produced in combustion reaction is
known as a Boudouard reaction. This reaction is of endothermic nature and requires

heat to proceed similarly to the steam gasification reaction [2].
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Figure 26 Plot Between 1/ T and log10Kp

For reaction to occur separately, it requires very high temperature and pressure (for
reaction rate to be satisfactory). When reactant concentrations are higher than normal
high pressure is required to get maximum conversion[2, 7].The Boudouard reaction is
difficult to be carried out separately as it is not cost-effective; highly energy intensive,
slow reaction rate problem and minimum conversion are the major problems that
practically arise. Methane can also be produced by addition of hydrogen gas to the
lignite coal at very high operating pressures. The reaction is commonly termed as

hydro gasification [51].

The reaction mentioned above generates heat in that it is preferred at low operating
temperature because of the exothermic nature. The temperature preferred for the
reaction below 670°C, which is opposite to the steam and carbon dioxide gasification
reactions [12]. At low, to moderate temperatures, the other problem that arises is slow
reaction rate. Thus, for reaction rates being high and better kinetics of process
temperature is kept on the higher side. For syngas production, high pressure shifts the
equilibrium in syngas formation. The overall cost and economics of process increase
with the use of a catalyst, making difficult to justify the process on economic grounds

because the exhausted catalyst recovery posse a serious problem and its recycling also
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require energy and cost for the removal of unreacted char and ash and regeneration
[50].Consequently, the above-mentioned complications are the main reasons due to

which catalytic gasification is not practiced widely on a commercial scale [8]

3.8.5 Partial Oxidation
Coal combustion reaction with oxygen, which can be provided as pure or a fraction of

air results in carbon monoxide and carbon dioxide.

If the amount of air or oxygen supplied is just sufficient or stoichiometrically required,
then vapor- phase oxidation and ignition of volatile matter are the phenomena by
which combustion proceeds sequentially and eventually leading towards the ignition
of residual char. To continue combustion reaction for a long-time result in the
inadequate use of carbonaceous solid, that’s why it is not desirable. Although the
expressions for combustion and oxidation reactions are a simple equation, the partial
oxidation mechanism is complex and which depends on how quickly and efficiently
combustion reaction proceeds [11].Due to the presence of both heterogeneous and
homogeneous reactions the pathway of the main reaction is further complicated to
understand. The early argument that arises in carbon oxidation reaction is whether in
the heterogeneous reaction of oxygen and carbon the main product is carbon dioxide,

or the other suppressed product is carbon monoxide in gas phase oxidation reaction
[71.

3.8.6 Water Gas Shift (WGS) Reaction
WGS reaction is not the prime centered reaction in gasification reactions, yet its
importance in chemical reaction systems and synthesis gas is very much significant.
The equilibrium for WGS reaction is least sensitive among all other reactions when
temperature variation is considered [2, 7] . It can be concluded with other words that
its equilibrium constant has almost no effect of temperature change. Thus, equilibrium
for WGS reaction does not shift for a long range of temperature variation in operation.

WGS reaction when proceeds in the forward direction is slight of exothermic nature
[2].

Scientists and chemist still have believed that reaction takes place at the coal particle
surface and is of heterogeneous type and is catalyzed by solid carbon surface.
However, on the other hand, all the chemical species participating in the reaction are

in gaseous state. It is difficult to understand and develop a generalized approach
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regarding WGS reaction as it is being catalyzed on heterogeneous surfaces. Also, the
reaction is homogeneous and heterogeneous. For commercial scale reactor, the rate
kinetics information available in the literature is not of much use and worth. Methanol
production from syngas can be achieved by keeping the hydrogen and carbon mono
oxide ratio 2:1 and operating the gasifier at low pressure especially in vapor phase [8].
Balanced gas is a term used for consistent syngas produced from above methodology
on the other hand syngas composition that differs from basic principle reactions is
known as unbalanced syngas [51].If the high yield of hydrogen is required in syngas,
then hydrogen to carbon monoxide ratio should be further increased by mainly GS
reaction and convert maximum, produced CO into carbon monoxide. If the hydrogen
produced by syngas mixture is to be used in fuel cell applications, carbon monoxide
and carbon dioxide should be removed to the minimum level by adsorption process or

either employing acid gas removal unit.

3.8.7 Reaction Kinetics Char Reactions

Reactions (R3-R5) are the solid-gas reactions involving solid carbon as a reactant in
char with the gasifying medium. Some of these reactions are volumetric reactions,
while others are surface reactions. In the volumetric reactions, gas can quickly diffuse
into the particles and reaction takes place throughout the interior of the particle as
diffusion rate is much more as compared to the reaction rate. In the surface reaction,
gas does not penetrate into the pores and spaces inside the particle but rather is
confined at the surface of the shrinking core of unreacted solid. Generally, the
volumetric reaction occurs when a chemical reaction is slow compared with diffusion.
The surface reaction occurs when a chemical reaction is very fast and diffusion is the
rate-limiting step. Among these four reactions, the rate of reaction (R2) is fast
compared to the diffusion rate of reactants, so the reaction (R2) occurs spontaneously
on the surface of solid particles of char. The rates of the other reactions are rather slow
compared with the reaction (R2) because of the low operating temperature in the coal

gasifier, typically lower than the ash fusion temperature.
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Table 10 Reactions

S.NO | Reactions A Ea xe*® | References
(J/Kmol)
R1 op = @CO+bHy + cCHy +dH,0 + | 2.119e™ | 2.027 | [52]
eH,S + fO, + gN, + hTar
R2 Char Combustion 300 1.3 [38]
€ <S> +0.50,— CO
R3 CO, Gasification 2244 2.2 [38]
C<S5>+C0,—2C0
R4 H, Gasification 1.62 1.5 [38]
C<S>+H, — CH,
R5 H,0 Gasification 42.5 1.42 [38]
€ <S>+H,0— CO +H,
R6 Methane Oxidation 5.012e*t | 2 [52]
CH, + 1.50, —> CO + H,0
R7 Steam methane reforming 5.92 e | 2.09 [53]
CH, + H,0 —> CO + 3H,
R8 CO oxidation 2.239 1.7 [52]
CO +0.50, —> CO, 12
R9 Forward water-gas shift reaction 2.35¢*10 | 2.88 [52]
€O + H,0 —> CO, + H,
R10 | Reverse water-gas shift reaction 1.785e*1% | 3.26 [52]
€O, + H, —> CO + H,0
R11 | Hydrogen Oxidation 9.87e*® 0.31 [52]
H, + 0.50, — H,0
R12 | Reverse Hydrogen Oxidation 2.06 et | 2.72 [52]
H,0 —> 0.50, + H,
R13 | Tar Oxidation le*®® 1 (54]

Tar + 0, — CO
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Chapter 4

Results and Discussion

4.1 Single stage Gasifier

Fig (27-31) shows the contours of mass fractions of carbon monoxide, hydrogen, water,
carbon dioxide, oxygen. From the results, it is analyzed that in single stage gasifiers
where the mass fraction of carbon dioxide is high carbon monoxide is low but along the
length due to char reactions of carbon monoxide and water the mass fraction of carbon
dioxide is increased and carbon dioxide is decreased. The oxygen is the oxidizing agent,
so in the injection points the mass fraction of oxygen is high, but after that due to
combustion reactions the oxygen is utilized in to formation of carbon dioxide and water
but after that along the length the mass fraction of oxygen is decreased so in the
presence of limited oxygen the endothermic reactions occur, and hydrogen production

is increases.

The figure (32-33) show the velocity and temperature profile. At the injection point of
air, the velocity is more, but along the length, it starts decreases when the reactions
occur. From the temperature profile, it is observed that almost at the center of the reactor
the exothermic reactions occur so in that region the temperature is high, but after that
along the length, the temperature start decreases due to endothermic reactions. Figure
(34) show the residence time of particles and point out that the particles residence time

is almost 0.17 seconds in the reactor during which all the reactions take place.

0 0.088 0118 0177 0.236 0.285 0.354

Figure 27 Mass fraction of carbon monoxide

40

0.394



0 0.00844 0.0169 0.0253 0.0338 0.0422 0.0506 0.0563

Figure 28 Mass fraction of hydrogen
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Figure 29 Mass fraction of carbon dioxide
0 0.00683 0.0137 0.0205 0.0273 0.0342 0.041 0.0455
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Figure 30 Mass fraction of water
0.000262 0.0347 0.0692 0.104 0.138 0.173 0.207 0.23

Figure 31 Mass fraction of oxygen
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Figure 32 Velocity profile
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Figure 33 Temperature profile
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Figure 34 Residence time

4.2 E-gas entrained flow gasifier
Contours of the magnitude of velocity are shown in figure (35). From the contours, it
is examined that with respect to the second stage of the gasifier the velocity profile
remains symmetric. Figure (36) shows the contours of temperature, from the contours
it is observed that temperature is decreased in the second stage of gasifier as compared
to the first stage. Figure (37) show the pressure profile of reactor that operating
pressure remains constant throughout the gasifier. This reduction in temperature is
because of the endothermic reaction of char gasification. The contours of oxygen mole
fraction show that jet penetration is done at both ends of 1% stage gasifier as shown in
figure (38). The boundary conditions, stoic-metric ratio and buoyancy effect,
turbulence and fluid dynamics may affect the penetration length. The contours of water
mole fraction are shown in figure (39). At the oxygen injection point the mole fraction
of water is high, and up to the second stage, slurry injection makes the reduction in
mole fraction because of water gas shift reaction and water reaction with char in char
gasification. Figure (40) show the mole fraction contours of carbon dioxide. From the
contours, it is examined that at high temperature the mole fraction of carbon dioxide
is high the mole fraction of carbon dioxide is decreased along the height of gasifier
because of carbon dioxide reaction with char. Figure (41) show the contours of mole
fraction of carbon monoxide. The mole fraction of CO is less in the 1% stage, but it
increases in the 2" stage of gasifier because of char reaction with carbon dioxide and
water. Figure (42) show the contours of hydrogen. For contours, it is found that the
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hydrogen mole fraction is high at high-temperature region mean in 1% stage and it
decreases along the height. This is due to water gas shift reaction and methane reaction.
The reduction in hydrogen mole fraction in 2" stage may be due to slurry injection
and forward water shift reaction. The methane mole fraction in the 1% stage in less as
compared to the 2" stage because of the 1% stage the temperature, high and at high
temperature the methane oxidation and steam reforming reaction occur but in 2" stage,
these reactions do not fully occur and it leads to methane mole fraction is high at the
exit shown in figure (43).

Figure (44,45,46) show the mole fraction of hydrogen sulfide, tar, and nitrogen. From
the contours of hydrogen sulfide, it is observed that due to devolatilization reactions
there is a limited production of hydrogen sulfide occurs due to the presence of sulfur
in the feedstock. From contours of tar, it is analyzed that in the 1% stage due to high
temperature the tar formation is more, but the temperature is a drop in the 2" stage, so
tar production decreases. As there is no reaction of nitrogen involved in the simulation
process, so there is limited nitrogen which is present in feedstock leave the gasifier

without any notable change and act as a carrier for other gases.
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Figure 35 Velocity profile Figure 36 Temperature Profile

43



-5.24p+03
-5.0e+03

-6.56e+03
-721e+03
-7.86e+03
-8.52e+03
-9.17e+03
-3.83e+03

-1.0%e+04 ‘ 500
Figure 37 Pressure Figure 38 Oxygen mole fraction

104
0.0896
0.0751
0.0606
0.0461
00317
00172
0.00267

Figure 39 Water mole fraction Figure 40 Carbon dioxide mole fraction

44



0.141

0.118

0.0958

0.0733

0.0508

0.0283

0.00583 ] 5 gm) 5.77e-0% 0 5 gm)

Figure 41 Carbon monoxide mole fraction Figure 42 Hydrogen mole fraction

! _ 0.00369

0.043 10,0033

0.042 : 0.00282

0.035 0.00253

0.028 0.00214

0.021 0.00176

0.014 0.00137

0.007 0.000982

3.8e-12 0 s 0.000596 P o~
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Figure 45 Tar mole fraction

0.00827
0.0081
0.00393

4.2.1 Validation of E-gas gasifier model results

Table 11 Syngas Composition

Figure 46 Nitrogen mole fraction

Percentage dry volume fraction

Model Values | Wabash River Plant % Change
CcO 45.40 45.30 0.22
COo2 13.72 15.80 13.16
H2 37.61 34.4 9.33

4.3 Air blown Entrained flow gasifier

The mass fraction of carbon monoxide is lower in combustion zone because of excess
of oxygen and combustion reactions but when diffuser chamber comes to the amount
of carbon monoxide increase because here low oxygen as compared to combustion
zone but in redactor or 2™ stage the mass fraction of carbon monoxide increase due to
reduction reactions in the presence of limited oxygen as shown in Figure (47).The
mass fraction of hydrogen is increased in the combustion chamber due to a high

temperature, but it is less in the diffuser zone after that because of limited oxygen, and




a reduction reaction occurs due to this the hydrogen increases in reduction zone as

shown in Figure (48).

Figure (49) show the mass fraction of carbon dioxide contours. From the contours, it
is observed that as in combustion zone the temperature is high and oxygen
concentration is high due to which the mass fraction of carbon dioxide is high in this
zone. But in diffuser and redactor zone the oxygen is limited, and because of carbon

dioxide and char reactions, the mass fraction of carbon dioxide decreases.

The contour of mass fraction of water is shown in figure (50). From the contours, it is
analyzed that in combustion zone due to combustion process the mass fraction is more
as compare to redactor zone because in redactor zone due to water gas shift reaction

and water reaction with char in the gasification process.

Figure (51) show the mass fraction of methane. In the combustion zone, the methane
mass fraction is less as compare to redactor zone. This is due to methane oxidation,
steam reforming reaction at high temperature in combustion zone but these reactions
slow done in redactor zone, so methane mass fraction is high at the exit. The contour
of oxygen is shown in figure (52). The contours reveal that mass fraction of oxygen at
the injection point is high, but after that due to reactions in combustion, diffuser and

redactor zone, the mass fraction of oxygen is decreased.

Figure (53) show the mass fraction of nitrogen. As in this simulation, the no nitrogen
reaction is involved. So, in this process, it acts as a carrier of gases to move in upward

direction. So, in the whole gasifier, the mass fraction of nitrogen remains unchanged.

Figure (54) show the mass fraction of tar formation in the gasifier. As in the
combustion zone, the temperature is high, so the tar formation is less, but after that,

the temperature is dropping so there is limited tar production occur in the gasifier.

Figure (55) show the contours of mass fraction of hydrogen sulfide. During the
devolatilization reaction of volatile matter, there is a limited production of hydrogen
sulfide due to the presence of volatile sulfur matter. The temperature profile in figure
(56) shows that in combustion zone the temperature is high but along the height the
gasifier height the temperature is decreased due to endothermic char reactions. The
operating pressure profile is shown in figure (57). As in the simulation, the pressure is
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adjusted at optimum conditions of 2.7MPa. The contour shows that throughout

pressure no change in operating pressure.

0.2504

0.2003

0.1753

0.1502

0.1252

0.1002

0.0751

0.0500

0.0250

0.0000

Figure 47 Mass fraction of CO

0.3866
0.3479

0.3083

0.2706

0.2320
0.1933

0.1546

0.1160

0.0773

Figure 49 Mass fraction of CO2

0.0010

0.0094

0.0084

0.0073

0.0063

0.0052

0.0042

0.0031

0.0021

0.0010

0.0000

Figure 48 Mass fraction of H»

0.0727
0.0654
0.0582

0.050¢

0.0436
0.0363

0.0291

0.0218

0.0145

0.0073

0.0007

Figure 50 Mass fraction of H.0

48



0.0517
0.2311
0.0317
0o.2080
0.0281
0.1849
0.0246
Oo.1ls1e
0.0211
0.1387
0.0175
0.1155
0.0140
0.0924
0.0105 0.0693
0.0070 0.0462
0.0035 0.0231
0.0000 0.000
Figure 51 Mass fraction of CHs4 Figure 52 Mass fraction of O>
0.7672
N 0.0193
-
w
0.7385 =
> I 0.0174
-
0.70¢98 h A
0.0154
v
v
0.6811 b
i 0.0135
b4
0.6524 ¥
v 0.0116
v
>
0.6237 i
= -
- 0.00¢%s6
-
0.:5950 3 0.0077
. ;
0.5664 0.0058
0.5377 0.0038
’%
0.5090 = B 0.0019
0.4803 c 0.0000
Figure 53 Mass fraction of N2 Figure 54 Mass fraction of tar

49



1.960E-4
v
v
-

4.464E-4 4
A 2
k4

3.968E-4 -
v

3.472E-4 o=
.
v

2.976E-4 ¥
»
%

2.480E-4 :
h
w
v

1.984E-a .
-~
=
-

1.488E-4

9.920E-5

4_960E-5

0.000 0

Figure 55 Mass fraction of H2S

2.7T17TE®6
2.T12E6
2.707TE6
2.702E6
2.697E6
2.692E6
2.687TE6
2.682E6
2.67TTES6
2.672E6

2.667TES6

2646

2420

2193

1966

1740

1513

1286

1080

832.9

606 .2

379.5

Figure 57 Pressure Profile

g
:
%
z
3
v
4
-
'i
%
3
b7
" 5
v
v
v
L 2

50



4.3.1 Validation of air blown entrained flow gasifier model results
The graph of carbon monoxide, carbon dioxide, hydrogen mole fractions comparison
with the literature data is shown in figure (58,59,60). From the graph of CO mole
fraction, it is observed that along the gasifier the carbon monoxide mole fraction is
increased due to gasification reactions in redactor zone of gasifier. Carbon dioxide is
decreased along the gasifier height because at the lower stage or in the combustion
zone of gasifier the combustion reactions occur but along the gasifier height and in
redactor zone the carbon dioxide is converted into other products that is why it
decreases along the height. The hydrogen mole fraction in the lower part of the gasifier
is low as compared to upper zone this is because high temperature at lower region but
at upper region the temperature decreases and limited oxygen so reduction reactions
occur and produce hydrogen. The graph of temperature is shown in figure (61). It
reveals that due to exothermic reaction at lower zone mean in combustion zone the
temperature becomes high but after that endothermic reactions start along with
exothermic reactions, so temperature becomes relatively low. Figure (62) show that

the model results almost validated the literature results.
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Conclusions

In the present research, the CFD analysis is done for the entrained flow gasifier by
using bituminous coal as feedstock. The sub-models related to coal devolatilization,
combustion and gasification are applied for better syngas composition in the product.
The volatile matter includes not only major combustion and gasification species but
also include minor species such as H»S and tar. Almost thirteen reactions are
incorporated in this model from which four are surface reactions, and others are gas
phase reactions. The approach used to ensure an optimum convergence for energy and
mass conservation for discrete species in CFD model. The predicted temperature
velocity and syngas composition containing mole fraction of carbon monoxide,
hydrogen, carbon dioxide, methane provide a reasonable trend for the gasifier. The
accuracy of predicated syngas composition is almost within range of experimental
results. From the analysis is examined that at the exit the syngas composition is not in
chemical equilibrium due to heterogeneous and homogeneous gas phase reactions

kinetics.
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Future Recommendations

CFD of other commercial entrained flow gasifiers.

Exergy analysis of entrained flow gasifier based on computational fluid
dynamics

Modeling and simulation of entrained flow gasifier based on ASPEN model
to evaluate the syngas composition, cost analysis, exergy analysis of gasifier.
Computational fluid dynamics of coal and other fuels such as biomass as

combine feedstock for the entrained flow gasifier.
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