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ABSTRACT

Gadfication isavery eficent method of producing clean synthetic gas (syngas)
which can be used as fud for dectric generation or chemica building block for
petrochemica indudtries. This study performs detailed smulations of coa gasification
process indde a generic two-stage entrained-flow gadifier to produce syngas carbon
monoxide and hydrogen. The smulations are conducted using the commercid
Computationa Fluid Dynamics (CFD) solver FLUENT. The 3-D Navier-Stokes
equations and seven species trangport equations are solved with eddy-breakup
combustion model. Simulations are conducted to investigate the effects of cod mixture
(durry or dry), oxidant (oxygenblown or arr-blown), wal cooling, cod digtribution
between the two stages, and the feedstock injection angles on the performance of the
gasfier in producing CO and H,. The result indicates that cod-durry feed is preferred
over cod-powder feed to produce hydrogen. On the other hand, coal-powder feed is
preferred over coal-durry feed to produce carbon monoxide. The air-blown operation
yields poor fue converson efficiency and lowest syngas heeting value. The two-stage
design gives the flexibility to adjust parametersto achieve desired performance. The
horizonta injection design gives better performance compared to upward and downward

injection designs.

X



CHAPTER ONE

INTRODUCTION

1.1 Background

Gadification is the process of converting various carbon-based feedstocks to clean
gynthetic gas (syngas), which is primarily a mixture of hydrogen (H») and carbon
monoxide (CO). This conversion is achieved through the reaction of the feedstock with
oxygen and steam at high temperature and pressure with only less than 30% of the
required oxygen for complete combustion being provided. The syngas produced can be
used asafud, usudly asafud for boilers or gas turbines to generate electricity, or can be
used to make a synthetic naturd gas hydrogen gas or other chemical products. The
gasfication technology is gpplicable to any type of carbon-based feedstock, such as coal,
natura gas, heavy refinery resdues, petroleum coke, biomass, and municipa wastes.

The gas produced from cod gasification can be used for syngas or as a source for
methanol and hydrogen, which are used in the manufacturing process of ammonia or
hydrogenation gpplications in refineries. Another usage of syngas, which is gaining more
popularity recently, isusing syngas asfud in dectricity generation by employing the
Integrated Gasification Combined Cycle (IGCC). The syngas produced in the gadfier is
cleaned and used as afuel for gasturbines. The gasis burned with compressed air in the
combustor of the gasturbine. The high pressure and hot gases produced in the combustor

then expand through the gas turbine to drive the air compressor and an electric generator.



The hot exhaust gases from the gas turbine are sent to a boiler that heats water
producing steam that expands through a steam turbine to drive another eectric
generator.

IGCC plants can achieve efficiencies of about 50% and low emissions, compared
to 43-45% efficiencies and high emissonsfor regular or critical pulverized cod
combustion power plants. Gasfication integrated in IGCC is consdered a clean and
efficient dternative to cod combustion for power generation. The high-pressure and
high-temperature syngas from the gasifier can especiadly take advantage of the new
generaion of advanced turbine systems (ATS), which require high compression ratio and
high turbine inlet temperature to produce up to 60% combined cycle efficiency.

Furthermore, the syngas stream can aso be tapped to produce methanol and hydrogen.

1.2 Literature Survey
1.2.1 Basic Gadification Reactions
Cod gadification reactions occur when cod is heated with limited oxygen and
usudly steam in a gasification reaction chamber. The main globd reactionsin a
gasfication process are asfollows:
Heterogeneous (solid and gas) phase
C(s) +%0,® CO DH°g = -110.5 MJkmol (RL1)
C(s) + CO, ® 2CO DH°g = +172.0 MJkmol (RL2)
(Gadfication, Boudouard reaction)
C(s) + H0(g) ® CO + H; DH°r*= +131.4 MJkmol (R1.3)

(Gasification)



Homogenous gas phase

CO+%0,® CO, DH°g = -283.1 MJkmol (R1.4)
CO + H,0(g) ® CO;, + Hy DH°g = -41.0 MJkmol (RL5)
(Watershift)

Reactions given in R1.1 and R1.4 are two exothermic reactions that provide the
complete energy for the gasification. Based on these globd reactions, gpproximately
22% of the stoichiometric oxygen is required to provide sufficient energy for gasification
reactions. In real applications, 25~30% of the stoichiometric oxygen is provided to
ensure high-€efficient carbon conversion.

Partia combustion occurs when the coa mixes with oxygen (R1.1). The energy
released from (R1.1) aso hests up any cod that has not burned. When the cod is heated
without oxygen, it undergoes pyrolyss during which phenols and hydrocarbon gases are
released. At the sametime, char gasification (R1.2) takes place and releases CO. If a
sgnificant amount of steam exigts, gadification (R1.3) and water shift reaction (R1.5)

occur and release H,.

1.2.2 Gasfication Methods

The formation of volatile components from coal was observed in the 17" century.
Murdoch used partia gadification to produce cod gas (town’s ges) for gaslighting in
1797, which led to amajor industry in many countries. In the mid-19'" century, Siemens

introduced the complete gasification, where coke produced by the cod devolatilization



gsep isaso gadfied.. Oxygen gasfication, where pure oxygen is used, was introduced
around 1925 as ameans of producing a high-cdorific-vaue town's gas.

Astechnology progressed, the next phase was the development of gasfication to
meet the needs of the petroleum industry. The god was to produce synthetic gas or
substitute natural gas for

synthess of gasoline,

hydrogen for refinery purposes,

synthetic, sulfur-free, diesd fud, and

chemical feedstocks for methanol and amoniawere emphasised.

The next development was the power generation using gas turbines. The current
preferred choice of fuel for gasturbinesis naturd gas. However, this may not be the
most economic choice as future natural gas pricesrise. . On the other hand, cod hasa
reserve of more than 250 years and the cost of cod is expected to be low for many years
to come. The use of syngas produced from cod gasification reactions as afue for gas
turbines has led to the interest and development of cod gasification technology.

Commercia gasifiers have been extensvely studied and can be classified based
on flow speeds, feedstock feeding direction, and oxidant feeds. Based on the flow
Speeds, gasfiersare classfied as

a  Huidized-bed gasfier
b. Moving-bed gasfier
c. Entrained-flow gesfier
Basad on the direction of feedstock feeding, gasifiers are divided into:

a.  Co-current: the cod and the oxidant move in the same direction.



b. Counter-current: the coa and the oxidant move in opposite directions.
c. Updraft: the oxidant is supplied from the bottom, and syngasis extracted on the
top of the gagfier.
d. Downdraft: the oxidant is supplied from the top, and syngas is extracted fromthe
bottom.
Based on the oxidant feed, gasifiers are categorized into:
a. Oxygen blown
b. Airblown
Each type of gadifier, in terms of the flow peed, is discussed briefly below.
a) Fluidized-Bed Gasifier
Theflow speed in afluidized-bed gadifier is about 0.9 m/s. Figure 1.1 showsthe
schematic of afluidized-bed gasifier. Due to the low flow speed, a fluidized-bed gasifier
has long residence time (severd minutes). Cod particles with diameterslessthan 5 mm
are thoroughly mixed with sseam and oxygen at the lower part of the reactor. The syngas
formed from the gasification reaction leaves the reactor from the top. The fluidized-bed
gasfier is operated a a constant low temperature, which is below the ash fuson
temperature to avoid agglomeration and clinker formation in the fluidized bed. The
advantage that the fluidized-bed gasifier has over the moving-bed gasfier isthe smdl
temperature difference between the fuel particles and the oxidant due to the thorough
mixing, which resultsin higher efficiency. Huidized-bed gasfiers have mid-sze
capacity with an operating temperature of 870-1038°C (1600-1900°F). Thissmdl range
of operating temperature is the biggest drawback to fluidized-bed gasifiers. The

operating temperature needs to be kept lower than the melting point of ash but high



enough to avoid formation of tar. Currently, there are 3 types of high-pressure fluidized-
bed gasifier (Kellogg KRW, HT Winkler and U Gas) and one type of low-pressure
fluidized-bed gasifier (Winkler) available commercialy.

Raw Product Gas Outlet

Coal/Limestone

Figure 1.1 Schematic of aKRW fluidized-bed gasifier (US Department of Energy,
1996).



b) Moving-Bed Gasfier

In atypicad moving-bed gasfier, cod isfed into the reactor from the top while
steam and oxygen are fed at the bottom. Steam and oxygen react with cod as they move
up the reactor to form syngas, which then exits from the top. Compared to other types of
gadfiers, the moving-bed gasifier produces the highest heeting vaue fud gas and
requires the least amount of oxygen. However, a non-uniform mixing and temperature
digtribution is a disadvantage; therefore, very high temperature to maintain the
equilibrium of the gasfication reaction isrequired. Due to the countercurrent operation,
there is a Sgnificant temperature drop in the reactor and a Sgnificant temperature
difference of coa and of gas. This means cod particles and gasses do not mix
thoroughly and resulltsin low efficiency. A moving-bed gasifier can be operated either as
dry-ash bed or dagging bed, depending on temperature and the steam/oxygen ratio
injected into the gadifier. The operating temperature for adagging bed ranges from
430°C to 1540°C (800-2800°F). The temperature in the reactor must be higher than the
ash melting temperature before quenching is applied. The by-products, tar and liquid
volatile, flow down to the dagging area and decompose. Slagging bed is usudly used
with fine coa particles, and dry-ash bed is usudlyused for coarse cod particles. The
design operating temperature for adry ash bed ranges from 430°C to 1095°C (800-
2000°F), which is below the ash melting temperature.

Figure 1.2 shows the schematic of aLurgi dry ash moving-bed gadfier. A Lurgi
gadfier isahigh-pressure and dry-fed moving-bed gasifier. Cod with a diameter
between ¥4’ to 2" (6~50 mm) isfed from the top of the gasifier through alock hopper.

Steam and oxygen enter at the bottom and react with the coa as the gasses move up the
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Fgure 1.2 Schematic of aLurgi dry ash moving-bed gadifier.

gasfier. Thetemperature in the combustion region (bottom part) is around 2000°F, and
the temperature of raw syngas leaving the gasifier from the top is gpproximately 500-

1000°F. Theraw syngasis cooled with recycled water to condensed tar. Steam needs to



be injected into the bottom of the gasifier to keep the temperature lower than the mdting
point of ash.

Among different types of gagfiers, moving-bed gasifier has the longest history
and isthe most widdy used commercidly. Some examples of moving-bed gasifier are
high-pressure Lurgi dry ash gagifier, British Gas Lurgi (BGL) dagging gasifier, and low-
pressure Wellman Bausha gasfier.  Lurgi’s are the predominant gasifiers used by the
South African Coal, Oil, and Gas Corporation (SASOL) to produces a variety of
chemicds and syngas from cod. Although Lurgi iswiddy used, rdaively low capecity
and the inability to handle fine cod powders limit its gpplication. On the other hand,
BGL, co-developed by British Gas and Lurgi, iswell fitted to anthracite, and there are

commercid gpplications showing success.

¢) Entrained-Bed Gadfier

The flow speed in an entrained-bed gadifier is the highest among al gasifiers, ad
the flow resdent time is about 3~5 seconds. Very fine cod particleswith diameters less
than 0.13 mm are injected into the reactor together with steam and oxygen. Coa
particles mix and react thoroughly with sleam and oxygen in the gasifier, and the syngas
produced exits through the outlet. The operating temperature is high, ranging between
930-1650°C, making efficiency very high. Because the temperature is above the mdting
point of ash, most of the ash forms dag and is discharged from the bottom of the gasifier.
The temperature distribution is pretty uniform, and there is nearly no temperature
difference between gas and syngas. The entrained-bed gasifier produces a better mixing

of fuel and oxidant resulting in a higher efficiency compared to moving-bed and
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fluidized-bed gasifiers. This makesit widdly used in power generation plant. However,

an entrained-bed gasifier does have disadvantages as it requires the highest amount of O,
and produces the lowest heating values gas. Entrained-flow gesfiers predominantly used
in commercia applicationsare Texaco , E-Gas ~, Shell, Prenflo, and GSP. Thefirst three
gasfiers are briefly described below.

Figure 1.3 shows a schematic of a Texaco gasifier. The Texaco gadifier isa
sngle-gage, high-pressure, oxygen-blown, downward firing entrained gesifier. Coal-
water durry and oxygen enters the hot gasifier from thetop. The mass fraction of cod in
the coal-water durry is 60- 70%, and the oxidant is 95% pure oxygen. At atemperature
of about 1500°C (2700°F), gasification occurs rgpidly. The coa durry reacts with
oxygen to produce syngas and molten ash. The hot syngas flows downward into a radiant
syngas cooler or awater quench section where high-pressure steam is produced. The
syngas passes over the surface of apool of water a the bottom of the radiant syngas
cooler and exits the reactor. The dag dropsinto the water pool and cools down. Itis
then fed from the radiant syngas cooler sump to alock hopper. The black water flowing
out with the dag is separated and recycled after processing in a dewatering system.

The Shdll gadifier isahigh-pressure, dry-fed, oxygen-blown, downdraft
entrained-flow gagfiers. Figure 1.4 illudtrates a schematic of the Shell gadifier.

Pulverized, dried cod isfed into the high-pressure vessel with transport gas through a

lock hopper system. The trangport gasis usudly nitrogen. Steam and oxygen enter into

" Texaco: Texaco Inc merged with Chevron Corp to form ChevronTexaco in 2001. The ChevronTexaco
gasificatin division was purchased by General Electric in 2004.

" E-Gas Technology: Was originally Dow which then evolved into Destec. Destec was later purchased by
NGC in 1997 but changed its nameto Dynegy ayear later. Then Global Energy, Inc. acquired Dynegy’s
gasification unit in 2000 and marketed it under the name E-Gas Technology. Global Energy, Inc. sold the
technology to ConocoPhillipsin July 2003.
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Figure 1.3 Schematic of Texaco entrained-flow gadifier (US Department of Energy,
2000(a)).

the gasifier together with dry cod particles. At about 1370°C (2500°F), reaction of coa

and oxygen occurs with the main products of Hp, CO, and a smal amount of CO..

Because of the high temperature, no hydrocarbon volatile will be produced. At thishigh
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temperature, the ash is converted into molten dag that flows down the refractory wall

into awater bath at the bottom of the vessdl and then discharged with the water through a
lock hopper. When the raw syngas at the temperature of 1370-1650°C (2500-3000°F)
leaves the vessd, it contains asmall amount of unburned carbon as well as about half of
the molten ash. To prevent the molten ash from gticking to the wall, the raw syngasis
partidly cooled down to around 870°C (1600°F) by quenching it with cooled recycle
product gas. The raw syngas goes through a further cooling processin the syngas cooler
unit for further clean up.

The E-Gas gadfier isatwo-gage, high-pressure, oxygen-blown, durry-fed,
upflow, dagging entrained gasifier. Figure 1.5 shows the E-Gas gasifier. Itstwo-stage
operation and the large combustion chamber make it unique. Feed cod is mixed with
water in cod mills and becomes durry. The water fraction in the durry depends upon the
water content of the coa, which generally ranges from 50% to 70% by weight. About
80% of the durry and dl the oxygen are fed to the first stage of the gedifier. Thefirst
dageislocated a the bottom part of the gasifier, ahorizonta cylinder with one burner at
each end. Oneisused for fresh cod durry and the other isfor recycled unburned
charcoa. Gadgfication and oxidation take place rapidly increasing the temperature to
about 1316-1427°C (2400-2600°F). The cod ash melts and forms molten dag, which
flows down and out of the vessel through atap hole. The molten ash is quenched in
water and removed.

The hot syngas from the first stage flows up to the second stage consisting of a
vertical cylinder perpendicular to the first Stage cylinder. The remaining 20% of the coa

durry isinjected into the second stage. The endothermic gasification and devolatilization
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Figure 1.4 Schematic of a Shell entrained-flow gasfier (From Shell commercid
brochure).
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Figure 1.5 Schematic of E-Gas entrained-flow gasifier (US Department of Energy,
2000(c)).
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occur in this stage and reduce the temperature to 1035°C (1900°F). The amount of char
produced in the second Stage is relatively small because only 20% of the cod durry isfed
to the second stage. The char isrecycled down to the first stage and gasified. The syngas
leaves the vessd from the top.

Chenet d. [Chen et d., 1999] developed a comprehensive three-dimensiond
amulaion modd for entrained cod gadifiers. Chen et d. gpplied an extend cod gas
mixture fraction model with the Multi Solids Progress Variables (MSPV) method to
amulate the gasification reaction and reactant mixing process. Four mixture fractions
were employed to separately track the variable cod off-gas from the cod devolatilization,
char-02, char-CO2, and char-H20 reactions. Chen et d. performed a series of numerica
amulations for a 200 tpd two-stage ar blown entrained flow gasifier developed for an
IGCC process under various operation conditions (heterogenous reaction rate, coa type,
particle size, and air/coa partitioning to the two stages). The predicted gas temperature
profile and the exit gas compostion werein general agreement with the measured data.

The modd predicts acombustion zone, a gasification zone and a devolatilization
zonein the two-stage gadifier. The results show that cod devoldtilization and char
oxidation were responsible for most of the carbon conversion (up to 80%) in the two-
dtage air blown entrained flow gasifier. The predicted carbon converson was
independent of devolatilization rate, sendtive to the chemicd kinetics of heterogenous
reactions on the char surface, and less sengtive to a change in cod particle sze. Chen et
a. found that the increasing air ratio leads to increased CO2 and decreased CO and H2
concentrations and there exists abest air ratio for each cod type depending on the

volatile matter contend and the eement composition/heeting vaue of the cod. The



carbon conversion and the heeting vaue of the product gas were found to be nearly
independent of air/cod partitioning between the combustor and the reductor, and also the
feed rate of recycle char.

Bockdieet d. [Bockelie et ., 2002(b)] of Reaction Engineering Internetiona
developed a CFD modding capability for entrained flow gadfiers that focus on two
gadfier configurations angle-stage down fired system and two- sage with multiple feed
inlets. The modd was congtructed using GLACIER, an REI in-house comprehensive
cod combustion and gadification tool. The basic combustion flow field was established
by employing full equilibrium chemidry. Gas properties were determined through locdl
mixing caculations and are assumed to fluctuate randomly according to a Satistica
probability density function (PDF) which is characteritic of the turbulence. Gas-phase
reactions were assumed to be limited by mixing rates for mgjor species as opposed to
chemical kinetic rates. Gaseous reactions were cdculated assuming locd instantaneous
equilibrium. The particle reaction processes include cod devolatization, char oxidation,
particle energy, particle liquid vaporization and gas-particle interchange. The modd aso
includes aflowing dag modd.

Chen et d. predicted that increasing the average cod particle sSize decreases the
carbon conversion, which resultsin an increase in the exit gas temperature and lower
heeting value. They dso predicted that dry feed yields more CO mole fraction than wet
feed does due to injecting less moisture into the sysem. Chen et d.’s study of the effect
of system pressure shows that an increase in the system pressure increases the average
residence time due to the reduced average gas velocity which further resultsin increased

particle resdence time and increased carbon conversion.



1.3 Research and Development (R& D) in Gasification Industry

To achieve wider acceptance of gasification technology, religbility has been

identified as the most important technicd limitation. . The following are technologies

that need R& D and improvement (US Department of Energy 2000(b)).

a Feed Injectors - Gagfier users clam that short injector lifeisamgjor problemin

C.

the rdiability of the gasification sysem. A typicd injector nozzle generdly lasts
from two to sx monthsonly.  Improvement of the injectorswould involve (1) a
comprehensive study to determine the cause of the failure of gasifier feed
injectors, (2) development of new injector materid that can increase the injector
life while reducing the manufacturing and refurbishing cogts, (3) development of
reliable and cogt effective orifice injectors and multiple-fuel injectorsthat can
adjust to load and feedstock changes, and (4) use CFD to study the combustion
and thermd flow behavior surrounding the injectors.

Refractory Liners - Gasifiers users want new refractory liner materials that have
an expected useful life of at least three yearswith 50 %t reduction costs. The
current refractory liners deteriorate in only 6-18 months of operation. Additiona
R&D on water-cooled refractories needs to be conducted. CFD calculations of
flow patterns and temperature are important for providing accurate boundary
conditions for refractory andysis.

AdvVSag Removd — A comprehensive study needs to be conducted to achieve a
better understanding of the properties and characteristics of the molten dag and

better knowledge of flux (compound used to lower ash fusion temperatures)

17



18

effectiveness for did feedstock units, and new fluxing agents that reduce the ash
fusion temperature to 1200°C (2000°F) or less need to be devel oped.

d. Gasfication Modding — More accurate modding of the gasification processin 3-
D isrequired by developing gasfier comprehensive CFD technology in

conjunction with improved reection rates.

1.4 Objectives
Coa gadfication isavery complicated process. There are many parameters that
affect the efficiency of syngas production in cod gasfiers, such asfud type (cod powder
or coa-durry), oxidant type (pure oxygen or air), and the digtribution of fuel. To help
industry resolving concerns and improve gasifiers efficiency and reliability, this research
will sudy gasification/therma flow interactions and investigete the effects these different
input parameters have on the performance of entrained-bed cod gasifiers by modeling
the gagification process and employing the Computationad Huid Dynamics (CFD)
technology. The specific godsare:
1. Incorporate the gasification moddsinto acommercia CFD code
2. Simulate atwo-stage entrained-bed cod gasifier
3. Invedtigate the effects of the following parameters.
a  Surry vs dry cod feed
b. Different arrangement of cod feeding ratio between the first and the
second stages
c. Effectsof wal cooling

d. Different fud injection angles
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CHAPTER TWO

COMPUTATIONAL MODEL

This research sudies atwo-gage entrained gasifiers.  The geometry of the
gadfier used inthesmulation isshown in Fig 2.1. The geometry and the operating
conditions are based on papers by Bockelie et d. [Bockdlie et d., 2002] and by Chen et
d.[Chenetd., 1999]. Thegadfier isdivided into two regions. acombustion region
(combustor) in the first or the lower stage and a reduction region (reductor) in the second
or the upper stage. The gadfier hasthree levels of injectors that are positioned
symmetricdly with two levesin the firs sage, and the other isin the second stage of the
gasfier. To create swirling ingde the gadifier, the lower injectors are placed smilar to a
tangentia firing system. . The upper injectors are amed directly at the center of the
reductor. All oxidant and afraction of the cod-durry mixture are injected through the
lower injectors, and the remaining cod-durry mixture is injected through the upper
injectors. Neither paper by Bockelie et d. [Bockdie et d., 2002] nor Chen et d. [Chen et
d., 1999 gives gasfier dimenson detalls, therefore, some engineering judgments were

made to determine the part Sizes.
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Raw Syngas
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Fgure 2.1 Schematic of atwo-gage entrained flow gasifier configuration.
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2.1 Physical Characterigtics of the Problem and Assumptions Made

The physical characterigtics of the problem are asfollow:

1. Three-dimensond

2. Bouyancy force consdered

3. Vaying fluid properties

4. Impermesblewdls
The following are the genera assumptions made in this study:

1. Theflow issteady.

2. No-dip condition (zero velocity) isimposed on wall surfaces.

3. Chemicd reaction is faster than the time scae of the turbulence eddies.

2.2 Governing Equations
The equations for conservation of mass, conservation of momentum, and energy

equation are given as.

Nxrv)=s, (2.1)
N»(rvv):-l§lp+|§|>§’79+rg+lE (2.2)
e g
RA{o(rE+ p) N§? -8 nd, & °‘:’ @3
j e

wherel « isthe effective conductivity (I +l , wherel ; is the turbulence conductivity) and

Jj isthe diffusion of species;j.
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The stress tensor t: Isgiven by
f:ngwNvT)- 2R Y, (2.4)
3 H
where misthe molecular dynamic viscosty, | isthe unit tensor, and the second term on
the right-hand sde is the effect of volume dilatation. The firgt three terms on the right-
hand sde of equation (2.3) represent heat transfer due to conduction, species diffusion,
and viscous disspation. S, isasource term including the enthdpy formation from the
chemicd reaction of the species. The energy E isdefined as

2
E:h_£+"7 (2.5)
r

where h isthe sensble enthapy and for incompressible flow and is given as

h=8Yh +2. (2.6)

Y; isthe mass fraction of speciesj and
.

h=¢,,dT @2.7)

Tr ef

where Ty« 15 298.15 K.

2.3 Turbulence Model

The velodity fidd in turbulert flows aways fluctuates. Asaresult, the
transported quantities such as momentum, energy, and pecies concentration fluctuate as
well. Thefluctuations can be smdl scale and high frequency, which is computetionaly

expengve to be directly smulated. To overcome this, a modified set of equations that are



computationaly less expengive to solve can be obtained by replacing the ingtantaneous
governing equations with their time-averaged, ensemble-averaged, or otherwise
manipulated to remove the small time scaes.  However, the modifications of the
ingantaneous governing equations introduce new unknown variables. Many turbulence
models have been developed to determine these new unknown varigbles in terms of
known variables. Genera turbulence moddswidely avallable are:
a. Spdart-Allmaras
b. k-e modds:
- Standard k-e mode!
- RNG k-e modd
- Redizable k-e model
c. k-w modd
- Standard k-w model
- Shear-dress trangport (SST) k-w model
d. Reynolds Stress
e. LageEddy Smulation
The standard k-e turbulence modd, which is the Smplest two-equation turbulence modd,
isused in thissmulaion due to its suitability for awide range of wall-bound and free-
shear flows. The standard k-e turbulence is based on the mode transport equations for
the turbulence kinetic energy, k, and its disspation rate, e. The mode trangport equation
for k is derived from the exact equation; however, the mode transport equetion for e is
obtained using physica reasoning and bears little resemblance to its mathematicaly exact

counterpart.
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The standard k-e turbulence modé is robust, economic for computation, and
accurate for awide range of turbulent flows. The turbulence kinetic energy, k, and its

rate of disspations, e, are caculated from the following equations

T (rky)=T e MK 6 16, -re-v, +5, 2.8)
% 2 skg‘ﬂxjg
and
q T mofel e?
L )= ——u+C._ -G C..G,)-C —+S, . 2.9
ﬂxi (ra'll) ﬂ gm-}_ eﬂﬂxj E+ 1e k( k+ 3e b) Zer k e ( )

In equations (2.8) and (2.9), G represents the generation of turbulence kinetic energy due

to the mean velocity gradients and is defined as
G =- ruu;—-. (2.10)
X
Gy represents the generation of turbulence kinetic energy due to buoyancy and is

cdculated as

G, = bg, LI (2.11)

Pr, 1%
Pr; isthe turbulent Prandtl number and g; is the component of the gravitationa vector in
thei-th direction. For standard k-e modd the vauefor Pr; isset 0.85inthisstudy. The

coefficient of therma expansion, b, isgiven as

1dr o
= - . 2.12
r gﬂT 3, (212

Ym represents the contribution of the fluctuating dilatation in compressible turbulence to

the overdl dissipation rate, and is defined as

Yy =2reM? (2.13)
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where M is the turbulent Mach number which is defined as

a

wherea (0 1/gRT) is the speed of sound.

The turbulent viscosity, m, is calculated from equation
k 2
m=rC.,—. (2.15)
The values of congtants C1e, Coe, Ciiy Sk, ad S Used are
Ci1e=1.44, Cr=192, C,,=0.09,sk=10,5.=1.3.

The turbulence modds are vdid for the turbulent core flows, i.e. the flow in the
regions somewhat far fromwalls. The flow very near the wdls is affected by the
presence of thewadls. Viscous damping reduces the tangentid velocity fluctuations and
the kinematic blocking reduces the normd fluctuations. The solution in the near-wall
region can be very important because the solution variables have large gradients in this
region.

However, the solution in the boundary layer is not important in this study.
Therefore, the viscous sublayer, where the solution variables change most rapidly, does
not need to be solved. Instead, wall functions, which are a collection of semi-empiricd
formulas and functions, are employed to connect the viscosity-affected region between
the wall and the fully-turbulent region. Thewal functions conss of:

= |aws of-the-wadl for mean velocity and temperature (or other scaars)

= formulasfor near-wdl turbulent quantities
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There are two types of wall function: (a) standard wal function and (b) nor+
equilibrium wall function. The former isemployed in thissudy. The wall function for

the momentum is expressed as

u* =kiln(Ey+) (2.16)
where
Yy ¥
U+ o JeCrke® (2.17)
t, /r
Yt
. o TCR'kEYe (2.18)
m
and

k = von Karman congtant (= 0.42)

E = empirical congtant (= 9.793)

Up = mean velocity of fluid & point P
kp = turbulence kinetic energy a point P
yp = digtance from point P to the wall
m= dynamic viscogity of the fluid.

Thewal function for the temperature is given as

|Pry Yy ayr
T+o (TW ) TP)r Cpcm%k% : ( ) i (2.19)
' In Ey' )+ P,y fiy;
where P isgivenas
4
P= 9.24%81‘:;/ H1+ 0.28¢" 7P | (2.20)
e T8 0
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and

r = densty of thefluid

Cp = gpecific heat of fluid

g =wadl hesat flux

Tp = temperature at cell adjacent to the wall

Tw= temperature a the wall

Pr = molecular Prandtl number

Pr; = turbulent Prandtl number (0.85 at the wall)

A =26 (Van Driest constant)

k = 0.4187 (von Karman constant)

E =9.793 (wall function constant)

U. = mean velodity megnitude at y* = y'r

y*1 = non-dimensiond thermal sublayer thickness
The species trangport is assumed to behave andogoudy to the heet transfer. The

equation is expressed as

(Y - Y)rc C%k% .i.SCy+1y+ <y:
Y+0 iw i p~m "™p | ; . (221)
J Tisc e_lln(E +)+Pu syt '
iw % ta( y (:H!y yc

where'Y; isthe locd mass fraction of speciesi, Sc and Sc; are the Schmidt numbers, and

Ji wisthediffuson flux of speciesi a thewdl. The turbulent Schmidt number, &, is

given as% , where mis the visoosity and D isthe diffusivity. The P and y*c are
r

caculated in asmilar way as P and y* 1, with the difference being that the Prandtl

numbers are replaced by the corresponding Schmidt numbers.
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In the k-e model, the k equation is solved in the whole domain, including the wall-

adjacent cells. The boundary condition for k imposed at thewal is

Tk _ 0 (2.22)
n

where nisthe loca coordinate normd to thewall. The production of kinetic energy, Gy,
and its dissipation rate, e, a the wall-adjacent cdlls, which are the source termsin k
equation, are computed on the basis of equilibrium hypothesis with the assumption that
the production of k and its dissipation rate assumed to be equa in the wall-adjacent

control volume. The production of k and e is computed as

MU t
Gy »t, —— =t - 2.23
T gy Wer?{fki{“yp (223)
and
Cr:?,]/4k3/2
e, =t ,——FP (2.24)
P w kyp

2.4 Radiation M odel

The P-1 radiation modd is used to caculate the flux of the radiation at the ingde
walls of the gadfier. The P-1 radiation modd is the smplest case of the more generd P-
N radiation modd that is based on the expansion of the radiation intengity I. The P-1
mode requires only alittle CPU demand and can easily be gpplied to various
complicated geometries. It is suitable for applications where the optica thicknessal is
large where a is the absorption coefficient and L isthe length scale of the domain.

The heat sources or sinks due to radiation is calculated using the equation
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- Ng, =aG - 4aGsT* (2.25)
where

1 -
= NG (2.26)
% 3(a+s,)- Cs,

and g, istheradiation heet flux, a isthe absorption coefficient, s s isthe scattering
coefficient, G istheincident radiation, C isthe linear-anisotropic phase function
coefficient, and s is the Stefan- Boltzmann constant.

Theflux of theradiaion, g w, at walls caused by incident radiation G isgiven as

sT?
4pew pW - (1_ rW)GW
qr,w - 2(1+ r W) (227)
where e, isthe emissvity and is defined as
e,=1-r, (2.28)

andr  isthewal reflectivity.

2.5 Combustion M odel
The globa reaction mechanism is modeed to involve the following chemical
species: C, Oz, N2, CO, CO2, H20 and H; (seereactions R1.1 through R1.5 in Chapter 1).
All of the species are assumed to mix in the molecular level. The chemical resctions
ingde the gasifier are modeled by caculating the trangport and mixing of the chemica
gpecies by solving the conservation equations describing convection, diffuson, and
reaction of each component species. The generd form of the transport equation for each

peciesis defined as



() +R{rvY)=- 13 +R

R isthe net rate of production of speciesi by chemical reaction. J ; isthediffuson flux
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(2.29)

of speciesi, which arises due to concentration gradients. Mass diffuson for laminar flows

isgiven as
ji =-T Di,mNYi
For turbulent flows, mass diffuson flux is given as

= &

J—-grD +m.:'ONY
i i,m SCIQ i

where & is the turbulent Schmidt number.

So, the trangport equations for each chemica species are

Yo )+ R ve) =- fdc + Re
ﬂ—‘ll(rYOZ)+N><(r\7YOZ)=- R, +Ro,
1t(rYN2)+N>(r\7YN2):- Rixdy, +Ry,

lt(r YCO) + N )(r VYCO) =- N ijO + RCO

%(r YCOZ )+ N ><(I’ VYCOZ): -N Xjcoz + FeCOz
‘H_Tl(r YH20)+ N ><(”7YHzo) =- R0 +Ruo

e, )eArov, )=- R0, 4R,

(2.30)

(2.30

(2.32a)

(2.32b)

(2.32¢)

(2.32d)

(2.32¢)

(2.32f)

(2.329)



The reaction equations thet need to be solved are given below.
C(s) +%0,® CO
C(s) + CO, ® 2CO
C(s) + H:O(g) ® CO + H;
CO+% 0, ® CO:
CO + H;O(g) ® CO, + Hy
There are three approaches to solving these reactions.

(a) Eddy-disspation modd: Theassumption inthismodd isthat the chemica
resction is faster than the time scale of the turbulence eddies. Thus, the reaction
rate is determined by the turbulence mixing of the species. Thereactionis
assumed to occur ingtantaneoudly when the reactants meet.

(b) Equilibrium modd: The rate of chemicd reaction is governed by the rate of
mixing of gaseous oxidant and reactant. The reactions are fast compare to the
time scale of turbulence. The gaseous properties become functions of the
turbulent mixing rate and can be caculated using equilibrium consderations
[Fletcher, 1983].

(c) Reactionratemodd: Therate of chemicd reaction is computed using an
expression that takes into account temperature and pressure and ignores the
effects of the turbuent eddies.

In this study, the eddy- dissipation model isused. The sourcesterm R in equation
(2.29) is calculated using the eddy-dissipation modd based on the work of Magnussen

and Hjertager [Magnusses et d., 1976]. The net rate of production or destruction of
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(2.33)
(2.34)
(2.38)
(2.36)

(2.37)
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speciesi asthe result of reaction r, R 1, isgiven by the smdler of the two expressions

below.
e . &Y, 0
R.=n¢tM. Ar —=min¢——R ___~+
1,r I,r I,r k R §n&YrMWYR5 (238)
and
e 8 Y 9
R, =n¢M, Br E‘?—o 9; —— (2.39)
ga j nJ,r'\/lw,j ﬂ
where,

Yp isthe mass fraction of any product species, P

Yr isthe massfraction of a particular reactant, R

A isan empirical congtant equa to 4.0

B isan empirica congtant equa to 0.5

V'i, isthe stoichiometric coefficient of reactant i inreection r

vV’ isstoichiometric coefficient of product j inreactionr.

In equations (2.12) and (2.13), the chemica reection rate is governed by large-
eddy mixing time scde, k/e. The smdler of the two expressons (2.12) and (2.13) isused
because it isthe limiting vaue that determines the reaction rate.

The procedure to solve the reactionsis as follows.

1. Thenet locd production or destruction of speciesi in each reaction is caculated

by solving equations (2.12) and (2.13).

2. Thesmaler of these valuesis subgtituted into the corresponding species transport

equation (2.10) to caculate the loca species mass fraction, ;.
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3. Y isthenused in equation (2.11) to caculate the net enthapy production of each
reaction equation.

4. The net enthapy production becomes the source term in energy equation (2.3)
that affects the temperature distribution. In an endothermic process, the net
enthalpy production is negative, which becomes asnk term in the energy

equation.

2.6 Boundary Conditions
Figure 2.3 shows the boundary conditions for the basdline case of the generic two-
stage entrained-flow gasifier. Boundary conditions for dl the cases smulated in this

study are summarized in Table 2.1.



Stage 2
Mass flow rate: 10.4
kg/s
Temperature: 425K
Mass fraction:
C :053
H,O: 0.47
02 ;0
N> : 0
Stage 1
Mass flow rate: 49.6
kg/s
Temperature: 425K
Mass fraction:
C :033
H,O: 0.29
O, :0.35
N, :0.02

T P =24 am

Operating pressure 24 atm.

No slip condition at the wall.
u=0,v=0,w=0

Adiabatic walls

Inlet turbulence intensity: 10%

Figure 2.2 Boundary conditions for the basdline case of the generic two- stage entrained-

flow gasfier.



Table 2.1 Parameters and operating conditions for smulated cases
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Parameters Cases1,6and & 7* Case 2 Case 3

Fuel Coal durry Cod powder Coa powder

Oxidant Oxygen Oxygen Oxygen

Stage 1 2 Total 1 2 Total 1 2 Total

Fuel distribution 75% 25% 75% 25% ™% 25%

Oxidant distribution 100% 0% 100% 0% 100% 0%

Total mass flow rate, kg/s 496 104 60| 514 8.6 60| 514 86 60

Coal mass flow rate, kg/s 16.4 55 219 231 7.7 30.8) 231 7.7 30.8

Massfraction at inlet (kmole/s) (kmole/s) (kmole/s)
C 033 053 1.82] 045 0.89 257 045 0.89 2.57
H,O 029 047 1.071 0.06 0.11 0.22] 0.06 0.11 0.22
o, 0.35 0 0.54] 0.47 0 0.75| 0.47 0 0.75
N, 0.02 0 0.04] 0.02 0 0.04f 0.02 0 0.04

Wall temperature, K Adia.  Adia Adia Adia 1800 1600

Parameters Case4 Case 5 Case 8

Fuel Coal durry Coal durry Coal dlurry

Oxidant Oxygen Air Oxygen

Stage 1 2 Total 1 2 Total 1 2 Total

Fuel distribution 50% 50% 5% 25% 100% 0%

Oxidant distribution 100% % 100% 0% 100% 0%

Total mass flow rate, kg/s 393 20.7 60 55 5 60 60 0 60

Coal mass flow rate, kg/s 110 110 22.0 7.7 2.7 104 222 00 22.2

Mass fraction at inlet (kmole/s) (kmole/s) (kmole/s)
C 028 053 183 014 053 0.86 0.37 0 1.85
H,O 025 047 1.09| 013 047 0.53[ 0.32 0 1.07
o, 0.45 0 0.55[ 0.15 0 0.26[ 0.29 0 054
N, 0.02 0 0.03| 0.58 0 114 0.02 0 0.04

Wall temperature, K Adia. Adia Adia. Adia Adia.  Adia

* In Cases 6 & 7, theinjectorsin Stage 1 are modified to tilt 30 degrees downward (Case 6) and 30 degrees

upward (Case 7).
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CHAPTER THREE

COMPUTATIONAL PROCESS

3.1 Solution Methodology
The mgor steps taken in performing the computationa smulation are given as

follows

1. Preprocessing:
The preprocessing phase starts with the geometry generation. This phase includes
geometry generation, mesh generation, fluid properties specifications, physica mode
selection, and boundary condition specifications.

2. Processng:
In the processing phase, the equations and models set up in the preprocessing phase
are solved using the CFD code. The progress of the calculation to achieve a
converged result is observed.  Sometimes adjustments on under-rel axation factors
need to be made to help reach the convergence.

3. Postprocessing:
The postprocessing phase includes the analysis and interpretation of the results. The
results can be presented in the form of x-y plots, contour plots, velocity vector plots,

greamline plots, and animations.
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The preprocessing tool used in this sudy is GAMBIT, which provides one
interface to build and mesh the geometry. The CFD solver isthe commercial CFD code
FLUENT Verson 6.1.22. FLUENT isafinite-volume-based CFD solver writtenin C
language, and has the ability to solve fluid flow, heet trandfer and chemicd reactionsin
complex geometries and supports both structured and unstructured mesh. Figure 3.1
illugtrates the basic program structure that can be used to support CFD smulation in

FLUENT.

3.2 Computational Grid
The geometry is generated and meshed in GAMBIT. Three-dimensond
hexahedra mesh is used for meshing the gasifier (Figure 3.2). A tota of 95,185 grids are

employed. After the mode has been meshed, it is exported to FLUENT.

3.3 Numerical Procedure
The procedure for performing the smulation in FLUENT is outlined below.
1. Create and mesh the geometry modd usng GAMBIT
2. Import geometry into FLUENT
3. Define the solver model
4. Déefine the turbulence mode
5. Define the species modd
6. Define the materias and the chemical reactions
7. Define the boundary conditions

8. Initidizethe cdculaions



0.

Iterate/cal cuae until convergence is achieved.

10. Postprocess the results

FLUENT offers two solution methods: (a) segregated solution and (b) coupled

solution.  Segregated solution solves the governing equations of continuity, momentum,

energy, and species transport sequentialy (segregated from one another). On the other

hand, coupled solution solves the governing equations of continuity, momentum, energy,

and species trangport smultaneoudy. The equations for scalars such as turbulence and

radiation are solved using the previoudy updated va ues from the momentum equations.

Segregated solution is chosen for this study. The detailed steps of segregated solution are

given below.

()

(i1)

(iii)

(iv)

V)

Fluid properties are updated based on the current solution or the initidized
solution

The momentum equations are solved using the current values of pressure and
face mass fluxes to get the updated velocity field.

Equation for the pressure correction is caculated from the continuity egquation
and the linearized momentum equations since the velocity field obtained in step
(if) may not satiy the continuity equation.

The pressure correction equations obtained from step (iii) are solved to correct
the pressure and velocity fields, and face mass such that the continuity equation
is satified.

The equations for scalars such as turbulence, energy, radiation, and species are

solved using the updated va ues of the other variables.
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(vi) Theequation is checked for convergence.

These steps are repeated until the convergence criteriaare met. Figure 3.3 showsthe

flow chart of the above steps.
Geometry
- geometry setup Packages
* 2D/3D mesh
2D/3D Mesh Boundary Boundary and/or
prePDF Mesh Volume Mesh
v
- calculations of
FLUENT
PDF look-up ‘
* mesh import and .
P TGrid
adaption
PDF files :Mesh + 2D triangular mesh

» ' physical models
- 3D tetrahedral mesh

- 2D or 3D hybrid

- boundary conditions

- material properties

- calculation

Mesh“

Figure 3.1 Basic program structure of FLUENT code.



Figure 3.2 Meshed geometry for the generic gasfier.



Update Properties

A 4

A 4
Solve momentum equations.

A 4

Solve pressure-correction (continuity) equation.
Update pressure, face mass flow rate.

l

Solve energy, species, turbulence and
other scalar equations.

A
No Yes

Converged? 3| Stop

Figure 3.3 Overview of the Segregated Solution Method.

The non-linear governing equations can be linearized implicitly or explicitly with
respect to the dependent variables. If linearized implicitly, the unknown vaue in each
cdl is computed using areation that includes both exigting and unknown values from
neighboring cdls. If linearized explicitly, the unknown vaue in each cdl is computed
using ardaion that includes only existing vaues. In the segregated solution, the
linearization isimplicit. Therefore, each unknown will gppear in more than one equation
in the linear system, and these equations must be solved smultaneoudy to give the
unknown quantities.

FLUENT uses a control-volume-based technique to convert the governing
equations to agebraic equations, which are then solved mathematicdly. The

discretization of the governing equations yieds discrete equations that conserve each
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quantity on a control-volume bass. There are severd discretization schemes availablein
FLUENT: (a) First Order, (b) Second Order, (c) Power Law, and (d) QUICK.

The first order discretization scheme is gpplied for the momentum, the turbulence kinetic
energy, the turbulence kinetic disspation, the energy, and dl the species.

FLUENT provides three agorithms for pressure-velocity coupling in the
segregated solver: (8) SIMPLE, (b) SIMPLEC, and (c) PISO. The SIMPLE agorithm
[Patankar et. a, 1980] is used in this study.

The built-in standard k-e turbulence mode is used, and the model constants are as

FLUENT offers severd species modd!:

Species trangport: laminar finite-rate, eddy-dissipation, or eddy-dissipation

concept (EDC)

Nortpremixed combustion

Premixed combustion

Partidly premixed combustion

Composition PDF combustion

The species mode and transport modd with volumetric reaction are chosen to
amulate the diffuson and production/destruction of the chemica species. The eddy-
disspation modd is utilized to calculate the net production and destruction of the species.
Eddy-disspation modd assumes that chemica kinetics are fast compared to the mixing

rate of the reactants by the turbulent fluctuations.
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A mixture materid that conssts of saven chemica species (C, Oz, N2, CO, COy,
H,O and H,) isdefined. All the species, including C, are defined asfluid species and are
assumed to mix at the molecular level. The specific heeat of the Speciesis temperature
dependant and is defined as a piecewise-polynomid function of temperature. The
chemicd reactions (R1.1) through (R1.5) in Chapter 1 are then defined in the reaction
window.

The types of boundary conditions on the surface geometry have been assigned in
GAMBIT. There arethree types of boundary conditions for the mode!.

a Massflow raeinlet --- All theinlet surfaces are defined as mass flow rate
inlets. The massflow rate, temperature of the mixture, and the mass fractions of
al species in the mixture are specified according to the vaues given in the Table
2.1 in Chapter Two.

b. Pressureoutlet --- The outlet surface isassgned as a pressure outlet boundary.
The pressure, temperature, and species mass fractions of the gas mixture outside
the computationd domain are pecified. Thisinformation does not affect the
cdculaionsingde the computational domain but will be used if backflow occurs
at the outlet.

c. Wadls--- The outsde surfaces are defined aswal boundary. Thewdls are
dationary with no-dip condition imposed (zero velocity) on the surface. For
adiabatic case, the heat flux on thewall isset to O (zero). For constant wall
temperature, the wal temperature is set to a certain congtant value as specified in

Table2.1.



The complete inlet and boundary conditions for dl the cases conducted in this study are
lisged in Table 2.1.

Before FLUENT can begin solving governing equations, flow field guessed initid
vaues, used astheinitid vaues of the solution, have to be provided. Once theinitid
vaues have been provided, the iteration is performed until a converged result is obtained.
An example of the step-by-step procedure for performing the basdline caseisgivenin

Appendix A.

3.4 Grid Independence Study

A grid independence study was conducted using three different grids. coarse grid
(35,168 grids), medium grid (95,182 grids), and fine grid (160,170 grids). Parameters
and operating conditions for Case 1 givenin Table 2.1 were used in this grid
independence study. The caculations were performed by a personal computer with
Pentium 4, 2.8 GHz CPU. Table 3.1 shows the mass-weighted average temperature and
gpecies mole fractions of the exit gasfor dl grids. 1t can be seen that the exit gas
temperature for the coarse grid is the highest at 763 K followed by fine grid & 723 K and
medium grid 717 K. The temperatures for the medium and fine grids only differ by 8K,
which islessthan 1.5%. The differencesin the species mole fractions for the medium
and fine grids are less than 2 percentage points, which are smal and acceptable to this
study. Therefore, to ensure obtaining good results with reasonable computationd time,

the medium grid is used for this study.



CHAPTER FOUR

RESULTSAND DISCUSSIONS

The objective of this study isto investigate the effects of different parameterson

the performance of atwo-gage entrained cod gasfier. The following different operating

conditions and parameters are Smulated:

1.

2.

Cod mixture: cod durry or coa powder
Oxidant: oxygen-blown or ar-blown

Various firg and second stage mass flow rates
Various feedstock injection angles

The operating conditions and the mode parameters used in the smulations for

various cases are summarized in Table 4.1 and isa duplicate of Table2.1. The

amulation results on the gas temperature, carbon fuel conversion, and mole fractions of

species a the gadfier outlet arelisted in Table 4.2. The valuesin Table 4.2 are the mass-

weighted average values at the gadifier exit.

The oxygen or ar provided for dl smulationsis based on the theoretical energy

needed to produce all gasification processes for a complete carbon converson. The

theoretical energy needed to complete reactions is caculated from the endothermic

reaction (R1.2 and R1.3). Thisresultsin an overdl oxygen over carbon mole ratio (O,:C)

of gpproximately 0.3. Similar to the smulation conducted by Bockelie et d., [Bockelie et

d., 2002(b)], Illinois#6 cod with acomposition of 79% char, 11% H,0O, and 10% ash is
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used. However, for the smplicity of this study, the cod is assumed to contain no ash,
resulting in 89% char and 11% H,O. The oxidant of the oxygen-blown cases conssts of
95% O, and 5% N, by weight. For the ar-blown cases, the air conssts of 21% O, and

79% N> by weight. The smulated cod-durry mixture contains 60% cod and 40% H,O

by weight.

4.1 Baseline Case

The basdline case (Case 1) is oxygenblown with 2 stages, cod durry input (75%-
25% split) and adiabatic wall. The distributions of gas temperature and gas composition
in the gasifier for Case 1 areilludrated in Figures 4.1 and 4.2. The planesin Figure 4.1
are the vertica midplanes, if the gasfier is diced verticdly through the upper inlets. The
lower inlets are not shown on the plane because they are positioned tangentia to the
gadfier cylinder. Figure 4.3 shows the gas temperature and composition on a horizontal
plane a the lower level injector in the combustor region.

In FHgure 4.1, the temperature distribution in stage 1 (or the combustor &t the
bottom of the gadifier) isamosgt uniform at about 1600 K. The char immediately burnsto
produce CO, according to reaction C + 0.50, ® CO (R1.1), asit entersthe gasifier in
stage 1 as shown in Figure 4.3 in a cross-sectiona view. The strong temperature gradient
fiedd near eech injector in Figure 4.3 clearly indicates the flame propagation directionisa
cydlic flow induced by the 45-degree tangentia injections and skewed in a clockwise
direction. . Dueto afast char reaction with oxygen, the mole fraction of CO immediately
increases as the gas enters the vessdl. The CO mole fraction quickly increases from 0 to

0.42. Thisreaction releases energy and raises the gas temperature to around 1600 K.

47



Table 4.1 Parameters and operating conditions for smulated cases

48

Parameters Casesl,6and & 7* Case 2 Case 3

Fuel Coal durry Cod powder Coa powder

Oxidant Oxygen Oxygen Oxygen

Stage 1 2 Total 1 2 Total 1 2 Total

Fuel distribution 5% 25% 75% 25% 5% 25%

Oxidant distribution 100% 0% 100% 0% 100% 0%

Total mass flow rate, kg/s 496 104 60] 514 8.6 60| 514 8.6 60

Coal mass flow rate, kg/s 16.4 55 219 231 7.7 30.8] 231 7.7 30.8

Massfraction at inlet (kmole/s) (kmole/s) (kmole/s)
C 0.33 053 1.82] 0.45 0.89 257 045 0.89 257
H,O 029 047 1.071 0.06 0.11 0.22] 0.06 0.11 0.22
O, 0.35 0 0.54] 047 0 0.75 0.47 0 0.75
N, 0.02 0 0.04] 0.02 0 0.04] 0.02 0 0.04

Wall temperature, K Adia.  Adia Adia Adia 1800 1600

Parameters Case4 Case 5 Case8

Fuel Coal durry Coal slurry Coal dlurry

Oxidant Oxygen Air Oxygen

Stage 1 2 Total 1 2 Total 1 2 Total

Fuel distribution 50%  50% 5%  25% 100% 0%

Oxidant distribution 100% 0% 100% (% 100% 0%

Total massflow rate, kg/s 393 207 60 55 5 60 60 0 60

Coa massflow rate, kg/s 11.0 110 22.0 7.7 2.7 104] 22.2 0.0 222

Mass fraction at inlet (kmole/s) (kmole/s) (kmole/s)
C 0.28 053 183 014 053 0.86] 0.37 0 1.85
H,0 0.25 047 1.09] 013 047 053] 0.32 0 1.07
O, 0.45 0 0.55| 0.15 0 0.26] 0.29 0 054
N, 0.02 0 0.03] 0.58 0 1.14| 0.02 0 0.04

Wall temperature, K Adia  Adia Adia Adia Adia Adia

* In Cases 6 & 7, theinjectorsin Stage 1 are modified to tilt 30 degrees downward (Case 6) and 30 degrees

upward (Case 7).



Table 4.2 Summary of smulation results
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Parameters Casel Case?2 Case 3 Case 4
Exit temperature, K 717 2077 1853 1045
Carbon fuel conversion 86% 74% 74% 65%
efficiency, %
Fuel conversion efficiency, % 79% 91% 91% 61%
Components at exit:
Mole Moleno] Mole Moleno.| Mole Moleno.] Mole Mole no.
fraction (kmole) | fraction (kmole) | fraction (kmole) | fraction (kmole)
CO| 53.0% 157 73.1% 191 72.6% 1.90| 40.7% 1.20
H2| 36.0% 1071 89% 0.23] 8.6% 0.22| 39.7% 117
CO2| 9.8% 0.29] 0.0% 0.00, 0.0% 0.00|] 18.6% 0.55
H20| 0.0% 0.008 0.0% 0.00, 0.0% 0.00] 0.0% 0.00
N2| 1.2% 0.04 1.4% 0.04 1.4% 0.04| 0.0% 0.00
C| 00% 0.00] 16.5% 0.43 17.4% 0.45| 0.0% 0.00
HHV of syngas (MJKg) 125 10.1 10.0 11.3
Parameters Case 5 Case6 Case7 Case 8
Exit temperature, K 813 740 728 734
Carbon fuel conversion 48% 69% 79% 82%
efficiency, %
Fuel conversion efficiency, % 46% 65% 73% 76%
Components at exit:
Mole Moleno.| Mole Moleno.] Mole Moleno.] Mole Moleno.
fraction (kmole) | fraction (kmole)| fraction (kmole)| fraction (kmole)
CO| 16.0% 0.42| 42.0% 126| 47.0% 1.45( 50.1% 151
H2| 27.1% 0.70] 41.0% 1.23| 36.7% 1.13[ 37.6% 113
CO2| 13.4% 0.35| 16.0% 048] 11.9% 0.37] 10.8% 0.33
H20] 0.0% 0.00] 0.0% 0.00] 0.0% 0.00] 0.0% 0.00
N2| 43.5% 1.13] 12% 0.03] 1.2% 0.04] 1.4% 0.04
Cl| 0.0% 0.00] 0.0% 0.00] 0.0% 0.00] 0.0% 0.00
HHV of syngas (MJKkg) 5.3 11.9 12.3 125

A large fraction of CO, produced from reaction (R1.1), reacts with some O to yield CO,

as described in reaction CO + 0.50, ® CO3 (R1.4) in Chapter 1. These two oxidation

reactions release al the energy needed for dl other endothermic reactions under a

controlled condition with limited oxidations. The H,O distribution shows that water

vapor reacts with char as soon asit enters the gasifier and produces CO and H, as

described by the gasification reaction C + H,O ® CO + H; (R1.3) in Chapter 1.



The conversion of cod to syngasis further boosted in the second stage by
injection the remaining 25% of the feedstock. The gasification reactions C + CO, ®
2CO (R1.2) and C + H,O ® CO + H; (R1.3) are dominant in the second stage. The CO,
produced in the combustor flows up to the second stage and reacts with the fresh coa
injected into the second stage to yield CO. Thisisindicated by an increase in CO mole
fraction and adecrease in CO, malefractionin Figure4.1. Gadfication of char with CO;
(R1.2) isan efficient process to consume CO, to obtain CO. Unfortunately, not al CO,
from the first stage reacts with the char in the second stage. A fraction of the char reacts
with the water vapor to form more CO and H, viagasfication reaction R1.3. The
watershift reaction plays aminor rolein the second stage because the mole fraction
increase of H, is negligible in the second stage. Asaresult of these endothermic
reactions (R1.2) and (R1.3), the gas temperature decreasesto 717 K.

To make analysis easier, a mass-flow-weighted average of each gas component is
caculated across the cross-section area dong the height of the gasifiers as shownin
Figure 4.5. The CO concentration is clearly seen to quickly increase from 41.5% to 53%
near the second injection location. The dipsin Figure 4.5 occur a the injector levels, at
the heights of 0.5 m and 1.0 m for the first stage injectors and height of 3.75 m for the
second stage injectors, and are caused by the incluson of the new fuels. The component,
exit gas, and mole fractions are shown in Table 4.2 as 53% CO, 36% H,, 9.8% CO, and

1.2% N,. The high H, production is due to the moisture in the durry.
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Figure 4.3 Didribution of gastemperature and gas mole fraction at lower inlet leve for
oxygertblown gasifier with cod-durry fud (Case 1).
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Figure 4.4 Didribution of gas temperature and gas mole fraction a upper inlet leve for
oxygertblown gasfier with cod-durry fud (Case 1).
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Figure 4.5 Mass-weighted average of gas temperature and mole fraction dong the
gadfier height for oxygen-blown gasifier with cod-durry fud (Case 1).

Asliged in Table 4.2, 100% of the carbon hasreacted once the gas exits the
gasfier. Thisisdue to the eddy-dissipation model used in thisstudy. In the eddy-
disspation modd, the chemica reactions are assumed to be faster than the turbulence
time scde S0 for the Size of this gadifier, the resdence time is sufficient for dl the
reactions to be completed when the flow exits the gasifier. Bockelie et d. [Bockelie et
a., 2002] amulated a gadifier that operates under smilar conditionsasin Case 1. The
CO and H, concentrations predicted by Bockedie et d. islower than the values predicted
in this study because they used a devoldtilization mode and the kinetics of char

gasification which imposes dower reaction rates to control the reaction process.
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The efficiency of the gadifier is congdered by three indicators in this sudy:
= The carbon conversion efficiency
= The carbon fuel converson efficiency
= Thefud converson efficiency
The carbon conversion efficiency is defined as

Carbon conversion efficiency © 1- carbon at the exit 4.2

raw carbon + recycled carbon

Although the carbon conversion efficiency is 100% in Case 1, not dl carbon is
converted to ussful fudl. In this study, the term carbon fuel conversion efficiency is
defined as the percentage of carbon converted into useful fuel and CO and written as,

(8)

Carbon fuel conversion efficiency © ——————.
[r aw car bon]

(4.2)

S0, the useful carbon conversion of Case 1 is not 100% even though 100% of carbon
reacts but rather 86% because some of the C reacts to produce CO,, which isnot a useful
fud, in thefind product.

Another term, fuel conver sion efficiency, is defined as the ratio of the total mass
of the useful syngas produced (H, and CO) to the total mass of the raw carbon, water, and
oxygen injected in the process. The fuel conversion efficiency iswritten as,

H, +CO

Fuel conversion efficiency © .
raw carbon+ H, 0+ 0O,

(4.3

The fuel converson efficiency in Case 1, asgivenin Table4.2,is 79%. The heating

vaue of the syngasis 12.55 MJKg.



4.2 Effectsof Coal Mixture(Surry vs. Powder)

Simulation for Case 2 was conducted to study the effects of using cod powder as
fud. Theoverdl moleratio of O,:C (0.3) and thetotd inlet mass flow rate (60 kg/s)
remain the same asin Case 1. However, the ratio C:H,O changes and resultsin the
change of the mass flow rates and the mass fractions of each species at each inlet aslisted
in Table4.1. Pictured in Figures 4.6 and 4.7 are the predicted mass-weighted average of
gas temperature and compositions obtained from the smulation of using coa powder.

The maximum temperature predicted, which occurs in the combustor, is around
3000 K. Itismuch higher compared to the maximum temperature 1600 K predicted for
the gadfier usng durry (Case 1). The gasifier usng cod durry has a higher water mass
fraction, which absorbs some of the hest released for the char combusgtion in its reaction
with some of the remaining char through the gasification reaction (R1.3). The latent heet
absorbed to vaporize the water lowers the gas temperature.

From Figures 4.6 and 4.7, the mole fraction of CO, in the combustor isamost a
third of the case usng coa-durry (Case 1). This suggeststhat only asmadl fraction of
CO produced from the incomplete combustion (R1.1) reacts with O, to form CO, (R1.4).
Unlike the caculation in the cod durry smulation, dl CO, from combustor reacts with
the fresh cod injected in the second stage to form CO. Asareault, the coa power
smulation yields a much higher CO compared with the cod-durry feed in Case 1 (1.91
kmolevs. 1.57 kmole aslisted in Table 4.2). Thisis expected because Case 2 has more
carbon input than Case 1. On the other hand, the H, production of Case 2 using cod
powder is approximately a quarter of the H, production with cod durry (0.23 kmole vs.

1.01 kmole) due to the lesser amount of water
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height for oxygen-blown gasifier with cod powder fud (Case 2).

reacting with C and CO to produce H, in the gasfication (R1.3) and watershift (R1.5)
reactions.

Figure 4.7 indicates that there is some unburned C in the exit gas. As mentioned
earlier, the raw carbon in the fresh cod injected in the second stage reacts with the CO,
produced in the first stage and the H,O contained in the cod. The amount of C available
is more than needed to consume dl the available CO, and H,O through the gasfication
reactions (R1.2) and (R1.3). Asaresult, 0.43 kmoles of unburned C exitsthevessdl. A
amilar stuation where the C reacts with CO, and H,O in the second stage aso occursin
the durry-fed smulation. However, due to the higher moisture injected and the higher
CO, from gage 1 in Case 1, dl of the carbon injected in the stage 2 reacts with both CO;

and H,O. The carbon fue conversion of the cod-powder-fed case (74%) is lower than

59

Gas Temperature, K



that of the cod-durry-fed case (86%). The other 26% of the carbon in the coal-powder-
fed case remains as C; however, the other 14% of the carbon in the cod-durry-fed case
reacts and produces CO, asthe end product. Case 2 shows that dry fed produces more
CO but less H, and less carbon fud converson. The heating vaue of the syngasin Case
2is10.1 MJkg.

Table 4.2 shows that the fud conversion efficiency in Case 2 is 91%, whichis 12
percentage points higher than in Case 1.  The fud conversion efficiency is defined asthe
ratio of the tota mass of the useful syngas produced (H, and CO) to the tota mass of raw
carbon, water, and oxygen injected in the process. Of the total mass of raw carbon,
water and oxygen injected in the process, only asmall fraction is not converted into H, or
CO. Inthiscase, some of the raw carbon remains unburned and exitsin the gasifier. On
the other hand, a the end of the process, a bigger fraction of the tota mass of raw carbon,
water and oxygen in Case 2 is converted into H, or CO instead of CO,. Therefore, the
fud converson efficiency of Case 2 is higher than Case 1 even though the carbon fuel

converson efficiency in Case 2 islower than in Case 1.

Dueto no CO; forming in Case 2, dl the CO, produced in reaction CO + 0.50, ®

CO; (R1.4) is consumed by carbon via gasification processC + CO, ® 2CO (R1.2). In
real application when the finite reaction rate occurs, reaction (R1.2) may not be quick
enough to consume dl the CO,. The unreacted carbon &t the exit suggests that less coa
be fed into the gadfier in cod powder gpplication, and recycling of charcod isimportant
for coa-powder-fed operation. Moreover, in the durry-fed operation (Case 1), the
conversion of HO to Hz is 100% efficient (1.07 kmoles of H,O to 1.07 kmoles of Hy).

The oxygen in HO becomes CO,, and this reduces the fud converson efficiency.
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4.3 Effectsof Wall Cooling (Case 3)

Wal temperature control by employing wal cooling is very important for any
gadfier that operates with adagging mode. Although this study does not Smulate
dagging, wall cooling is smulated as Case 3 to provide quditative information of wall
cooling's effect on the gasification process. Case 3 is an oxygen-blown, dry feed gasfier
with the wall temperature of the combustor and the reductor set to 1800 K and 1600 K,
repectively, and assuming thewall is cooled by water-cooled tubes or any other cooling
means. The mass-weighted average gas temperature and gas compositions at different
heights are plotted in Figure 4.8.

As expected, the overall gas temperature islower than Case 2 due to thewadll
cooling. The exit gas temperature drops from 2077 K to 1853 K when compared to Case
2, which has atemperature drop of gpproximately 220 K. The constant wall temperature
did not have a big effect on the gas flow and the reection. The overdl species
digtribution isvery smilar to theresult in Case 2. The cool wal temperature only affects
the region very near thewal. The gas far from the wall does not experience any effect
from the cooled wall.

The carbon fuel conversion efficiency and the fuel conversion efficiency for Case
3arethesameasin Case 2, i.e. 74% and 91%, respectively. The heating valuein Case 3
isroughly thesame asin Case 1, i.e. 10.0 MJkg. Table 4.2 shows very small decreases
of CO and H, mole numbers a the exit for Case 3 compared to Case 2. The effect of

wadl cooling indgnificantly affects the gas compostion in this study.
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Figure 4.8 Mass-weighted average gas temperature and mole fraction aong the gasifier
height for oxygenblown gasifier with cod powder fue and wall cooling (Case 3).

4.4 Effectsof Coal Distribution (Cases 4 and 8)

The cod in the basdline case was digtributed such that 75% was injected in the
first stage, and 25% was injected in the second stage. A smulation under conditions
specified as Case 4 in Table 4.1 was performed to investigate the effects of coa
digtribution. In Case 4, 50% of the cod durry wasinjected into the first stage; the other
50% was injected into the second stage. Figure 4.9 illugtrates a very high percentage of
CO, and alow percentage of CO in the combustor region. Asthe gas flows up into the
second stage and the remaining cod durry isinjected, some of the CO, reacts with the
carbon to produce CO. Thisisindicated by a significant decrease in the CO, fraction and

an increase in the CO fraction. The Hy fraction aso increases dightly in the reductor.
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The CO, mole number in the exit gas is much higher than in the basdine case, i.e.
0.55 kmoles compared to 0.29 kmoles, which is not agood sign. Even though the CO,
mole number significantly reduces after the cod injection a the second stage, the find
CO, content is about twice as much as the 75%-25% cod didribution case. Using less
cod in stage 1 seems to deprive the opportunity for CO- to find cod and undertake the
gasfication process (R1.2) a high temperatures, as can be seen by the dow increase of
COin Figure 4.9. The subsequent gasification in stage 2 with 50% more fresh coa does
not provide effective gadfication asin stage 1. The overdl production of CO isless
efficient than in the basdine smulation; however, the H, production is dightly higher.
Thefina product of the CO + Hy is0.27 kmoles less (or 11% reduction) than Case 1 with
0.37 kmoles reduction of CO and adight increase of H, from 1.07 kmolesto 1.17
kmoles. The carbon fuel conversion efficiency in Case 4 is 65%, and the fudl converson
efficiency is 67%.

Since comparison of Case 1 and Case 2 indicates that injecting plenty of cod into
stage 1 can provide better opportunity for the gasification process, a one-stage
gasfication was smulated in Case 8 by setting 100% of the cod durry and oxygen
injected into the firs stage. The mass-weighted gas temperature and composition
averages are shown in Figure 4.10. In Figure 4.10, the gas temperature and composition
are pretty much uniform insgde the vessd. Thislow gas temperature at about 750 K and
the uniform composition suggest that al the reactions R1.1 to R1.5 occur as soon asthe

cod durry and the oxygen are injected into the gasifier.
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As Table 4.2 indicates, the temperature and compostion of the exit gasin the one-
stage case are quite Smilar to the two-stage basdline case, dthough the carbon fuel
conversion efficiency reduces to 82% or 4 percentage points lower than in the two-stage
case. Thefud conversion efficiency is 76% or 3 percentage points lower then the two-
dage case. Thisindicates that the two-tage design alows more flexibility for adjusting
the operating parameters to achieve better carbon fuel conversion efficiency than the one-
stage design. However, the one-stage gasifier requires less capitd cost and offersa

smpler control and operation.

4.5 Effectsof Oxidant (Air-blown, Case 5)

Gadifiers can be operated as oxygen-blown or air-blown. An air-blown gasifier
has the advantage of not needing an Air Separation Unit (ASU) to supply the oxygen.
ASU isan intensive energy consumption device that reduces overdl plant efficiency.

Case 5 amulates agadfier operating as an air-blown gadfier. The oxidant isar with
composition of 21% O, and 79% N by weight. Similar to previous cases, the overal
mole ratio of O,:C is 0.3 with the total mass flow rate a the inlets of 60 kg/s. Figure 4.11
illustrates the mass-wel ghted- average gas temperature and gas composition for Case 5.
As expected, the temperature in the combustor is lower than thet of the oxygen-blown

(Case 1) due to the abundance of N to absorb and the energy released by the reactions.
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Figure4.11 Mass-weighted average gas temperature and mole fraction dong the gasifier
height for air-blown gagfier (Case 5).

The overdl CO concentration distribution is quditatively smilar to the oxygen
blown -- afairly high concentration at the combustor stage followed by adight increase
in the reductor zone. The exit gas of the air-blown gasfier has a higher mole number of
CO, and alower mole number of CO than the oxygen-blown gagfier. Asshownin
Table 4.2, the carbon fuel converson efficiency of the oxygen-blown gasifier (Case 1) is
86%, which is 38 percentage points higher than the air-blown 48% (Case 5). The fud
converson efficiency of the air-blown gasifier is 46% compared to 79% of the oxygen
blown case. Speculation leads to the lower temperature in Case 5 favoring the watershift
process (R1.5) and detering the endothermic gasification reaction (R1.3), so CO is further

converted to CO, and H,. This speculation is derived from examining the two CO,



producing process (R1.4 and R1.5). The concluson isR1.4 isrestricted by the limited O,
supply and only R1.5 can produces more CO, without more O,.

The syngas heeting vdue in the ar-blown gasifier is 5.3 MJkg and isthe lowest
among the cases discussed so far. Of course, thisis expected due to the less carbon input,
dilution by N, and the poor fud converson efficiency in ar-blown gesifier compared to

the oxygen+blown.

4.6 Effectsof Injector Angle (Cases6 and 7)

Flow dructure is an important factor that affects carbon conversion efficiency.
To invedtigate the effect of the injection direction on the gasification process, the injector
angles of the firgt stage have been modified as shown in Figure 4.12. Figure 4.12(a)
pictures the first stage portion of the gasifier where dl eight injectors have been tilted 30°
downward; Figure 4.12(b) shows the first stage portion of the gasifier with dl eight
injectorstilted 30° upward. Cases6 and 7 ran usng the inlet configurationsiillustrated in
Figures 4.12 (a) and (b), respectively, with the sameinlet conditions as in the horizontally
positioned injectors case (Case 1).

Figure 4.13 shows the velocity vectors on the midplane in the combustor and
diffuser regions and on the horizontal planes on the injector levelsin Case 1. The
veocity vectors on the horizonta planes show that the velocity in the center region of the
combustor isvery dow compared to the velocity in the region near thewall. Thisisdue
to theinjectors location being dmost tangentia. The plot on the verticad midplane
shows that the verticd gas velocity in the combustor isvery smdl. This may cause some

of the gas to be trapped in the combustor and will never flow to the second stage and exit
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(@) tilted 30° downward (b) tilted 30° upward

Figure4.12 Lower injector configurations of (a) Case 6 and (b) Case 7.

the vessdl. A strong upward flow near the wall and a dow downward flow in the center
region are observed in the diffuser.

Figure 4.14 illugtrates the velocity vectors on the gasifier midplane and on the
horizonta planes on the injector levelsin Case 6, where h the first sage injectors are
tilted 30 degrees downward. The downward flow from thefirst level downward injectors
is observed in the lower bottom corners of the combustor on the vertical plane plot. The
gas then turns upward when it hits the bottom wall. The gas from the second level
downward injectors has turned upward before the gas reaches the vertical midplane
because it is pushed upward by the flow from thefirst level injectors. A core of dow
downward flow is observed in the center region of the combustor. The gas on the outside

of the core flows up to the second stage.
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The gas speeds up as it passes through the throat before entering the diffuser. Inthe
diffuser, the gas with higher velocity exists near the wal and the gas with very low
veocity in the center.

The velocity vectors for the gasifier with the first stage injectors are tilted 30
degrees upward (Case 7) are shown in Figure 4.15. A strong downward flow is observed
in the center region of the diffuser. Flow with avery dow verticd velocity is seen a the
bottom region of the combustor.

Figures 4.16 through 4.18 show the path line plotsfor Cases 1, 6, and 7. In Figure
4.16 the gas injected into the combustor through horizontal injectors does not flow
quickly through the combustor and the reductor but flow around the combustor. The long
circulation in the combustor increases the gas residence time, and some of the gas may be
trgpped in the combustor. On the other hand, the gasinjected in the first stage through
the 30-degree-upward injectors flows into the combustor quickly then flows from the
combustor into the reductor as seen in Figure 4.18.

[llustrated in Figure 4.19 are the mass-weight gas temperature and compaosition
averagesfor Case 6. A sudden jump of CO fraction right after the second stage injectors
isobserved. Similar to the previous cases, the jump is aresult of the CO; reaction with
the char injected in the second stage to produce CO. Thisis suggested by the decrease of
CO, and theincrease of CO. The carbon fuel conversion for Case 6 is 17 percentage
points lower than in Case 1 (69% vs. 80%). It isinteresting to observe that Case 6
produces more H2 than Case 1 (1.23 kmoles vs. 1.07 kmoles). The H,/CO for Case 6 is

higher thanin Case 1, i.e. 0.98 compared to 0.68.
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73



2.00e+00
1. A0e-+00
1.80e+00
1. T0e+i0
| &0e+00
1.50&+00
1.40e+00
1.30e+00
1.20&+00
1. 10e+00
1.00e+00
S00=-01
200011
T00s-01
B.00=-01
500601
4 000
Z.00&-01
2.00e-01
1.00e-01
- Q.00+
time (s)

Figure4.17 Flow path linesfor gasifier with the first stage injectorstilted 30° downward
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Figure 4.19 Mass-weighted average gas temperature and mole fraction dong the gasifier
height for gasifier with the first stage injectors tilted 30° downward (Case 6).

The gas temperature and composition for Case 7 isshown in Figure 4.20. The
overd| trend of the gas compositionsis smilar to Case 6. However, Case 7 produces
more CO compared to Case 6. The carbon fuel conversion percentage for Case 7 is 79%,
which is ten percentage points higher than in Case 6, and seven percentage points lower
thanin Case 1. Inaddition, at the later stage of stage 2, the CO, and H, increase while
the CO, H,0, and temperature decrease. This might suggest the occurrence of the
watershift reaction. Comparison of Cases 1, 6, and 7 indicates that horizontal injections

provide the best peformance.
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Figure 4.20 Mass-weighted average gas temperature and mole fraction along the gasifier
height for gasifier with the firgt sage injectorstilted 30° upward (Case 7).



Table 3.1 Gas temperature and species fractions for three different grids.

Coarse Grid | Medium Grid Fine Grid
Exit gas temperature (K) 763 nr 723
Mole fraction of CO 49.2% 53.0% 54.6%
Molefraction of Hy 33.5% 36.0% 34.9%
Mole fraction of CO; 16.1% 9.8% 9.3%
Mole fraction of H,O 0.0% 0.0% 0.0%
Molefraction of N2 1.2% 1.2% 1.2%
Molefraction of C 0.0% 0.0% 0.0%
Grid number 35,168 95,182 160,170
Convergencetime 4 hours 12 hours 17 hours

(physical time)

45



CHAPTER FIVE

CONCLUSIONS

In this study, the computational Smulation of cod gadification and the therma
flow ingde a two-stage entrained-flow gasifier has been conducted. The results show
that the highest temperature, approximatey1600 K, for a two-stage gasifier with cod
durry feed occursin stage 1 where the cod durry isinjected and reacts with O, through
an incomplete combustion reaction leading to production of CO and with H,O through a
gasfication reaction to produce H,. A fraction of the CO reacts with O, and produces
CO,. The converson of cod to syngasis further boosted when the remaining cod is
injected into the second stage.  The mole fractions of CO and H, increase through the
reactionsC + CO,® 2CO and C + H,O ® CO + Hy, respectively. The carbon fud
converson efficiency, which is defined as the percentage of total injected carbon that
reacts to produce CO asthefina product, is 86%. Theterm fuel conversion efficiency is
defined as the ratio of the total mass of the useful syngas produced (H2 and CO) to the
total mass of the raw carbon, water, and oxygen injected into the process. The fue

converson efficiency is 79%. The hegting vaue of the syngasis 12.5 MJKg.

Effects of Coal Mixture (Slurry vs. Powder)
A coal powder feed produces more CO than cod durry feed. However, the H,

production of the gasifier with coal powder feed is only a quarter of the cod durry feed
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case (0.23 kmoles/s vs. 1.01 kmoles/s), due to the less amount of moisture in the coa
powder feed. The carbon fuel conversion efficiency of the cod- power-fed gasifier (74%)
is lower the durry-fed cases (86%), but the fue converson efficiency ishigher in the
powder-fed gasifier (91% vs. 79%). The syngas hegting vaue is 10.1 MJKkg, which is

20% less than the durry-fed case.

Effects of Wall Cooling

A gadfier with wal cooling isaso sudied. The results show thet the overdl gas
temperature is lower than in the gasifier without wal cooling. However, the exit gas
compogtionisonly dightly different, suggesting thet the wal cooling effect on the gas

composition isinggnificant.

Effects of Coal Distribution

The study of cod didtribution suggests that using less cod in stage 1 deprives the
opportunity for CO; to find the coa and undertake the gasification process (C(s) + CO»
® 2CO) a high temperatures. The subsequent gasification in stage 2, which uses more
cod, does not provide as effective gasification asin sage 1. Using less cod in sage 1
gives alessefficient overdl production of CO, but a dightly higher H, production. This
indicates that the two- stage design dlows more flexibility for adjusting the operating

parameters and achieving better carbon converson efficiency.
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Effects of Oxidant

As expected, due to the abundance of nitrogen, the overal temperaure in the air-
blown gadfier islower than in the oxygen-blown. The syngas of the ar-blown gasfier
has a higher mole number of CO, and alower mole number of CO than in the oxygen
blown gadfier. Thefud converson of the air-blown gasifier (48%) is 38 percentage
points lower than the oxygenblown gasfier (86%). Thefud converson efficiency of the
ar-blown gadfier is 46% compared to 79% of the oxygen-blown case. The syngas
heating vdue in the air-blown operation is 5.3 MJkg, whichislow dueto less carbon
input, dilution by N2, and poor fuel conversion efficiency. In ared gpplicaion, the air-
blown gasifer is easer to operate and requires approximately 30% less of capital and

O&M cogs by not using an ar separation unit.

Effects of Injector Angle

The injectorsin the first stage have been modified to tilt 30 degrees downward
and 30 degrees upward. The smulation results show that the carbon fudl conversion for
the operation with 30 degrees upward injectorsis 17 percentage points (79%) lower than
the operation with horizonta injectors. The operation with the 30 degrees upward
injections produces more H, than the operation with horizontal injectors (1.23 kmolesvs.
1.07 kmoles). The gas composition for the gasifier with injectors tilted 30 degrees
upward does not vary much from the 30 degrees downward case. The carbon fue
conversion is 79%, which is 10 percentage points (14.5%) higher than the case with 30
degrees downward injection. The horizonta injection provides the best performance

when comparison among the three different injection angle cases was made.



Recommended Future Studies

Thefollowing are the plan of future Sudies
a. Implement finite reaction rate for the reactions to obtained more accurate results.
b. Add devolatilization modd to smulate reaction of cod particles.

c. Modify theinjection angle of the second stage inlets to study its effects.
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APPENDIX A

Application of FLUENT Code

Step 1: Grid

1. Readthegridfile
File® Read ® Case...
After reading the grid file, FLUENT will report the number of fluid cdlls that
have been read, aong with numbers of boundary faces with different zone
identifiers.

2. Check the grid
Grid® Check
The grid check ligts the minimum and maximum x and y values from the grid, and
reports on anumber of other grid features that are checked. Any errorsin the grid
would be reported at thistime,

3. Display the grid.

Display ® Grid...



Step 2: Model

1. Define the domain space as 3D, and choose segregated solver.

Define ® Models® Solver ...

Solver

i* Segreqgated
" Coupled

Space

(i

I:H fny ’

{""' :.-.\__:_.. 3

“ 3D
Velocity Formulation
* Absolute

" Relative
Gradient Option

* Cell-Based
" Mode-Based

Formulation

* Implicit
G e

Time

N Steady
T Unsteady

Porous Formulation

* Superficial Yelocity
| O Physical Velocity

0K | Can[:f:l| Ht:lp|
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2. Enablethe ?-e turbulence modd.

Define ® Models® Viscous...

Viscous Model

86

Model

T Inviscid

" Laminar

" Spalart-Allmaras [1 eqn]
* k-epsilon [2 eqn)

" k-omega [? eqn)

" Reynolds Stress [7 eqn]
~

Large Eddy Simulation
k-epsilon Model

+ Standard

" BNG

" Realizable
MNear-Wall Treatment

* Standard Wall Functions

" Non-Equilibrium Yall Functions

" Enhanced Wall Treatment
DOptions

I Viscous Heating
I Full Buoyancy Effects

Model Constants

Cmu
|n.ng

Cl1-Epsilon
11 .4y

C2-Epsilon
‘1 .92

TKE Prandtl Number
|1

User-Defined Functions

Turbulent ¥iscosity

noneg

Prandtl Numbers

TKE Prandtl Number

none

TDR Prandtl Number

none

Energy Prandtl Number

none

oK | Canct:l| Ht:lp|




3. Enable hest transfer by activating the energy equation.

Define ® Models® Energy...

Energy

¥ Energy Equation

oK | Cancel]

Help |

4. Enable Radiation

Define ® Models ® Radiation...

Radiation Model

Model

o Off

" Rosseland
“ P
~
~
'

0K | Cancel|

%

Discrete Transter [DTRM]
Surface to Surface [S25]
Discrete Ordinates

Help | |

a) Sdlect P1 mode as radiation model
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5. Enable chemical species trangport and reaction.

Define ® Models ® Species...

Species Model g|
Model Mixture Properties
o Off Mixture Material
* Species Transport mixture-temol ic
plate -
" Non-Premixed Combustion | J 4]
o Prormiked Combistion Number Of Yolumetric Species |7
" Partially Premixed Combustion
" Composition PDF Transport
Reactions Turbulence-Chemistry Interaction
™ Yolumetric " Laminar Finite-Rate
[ " Finite-Rate { Eddy-Dissipation
i * Eddy-Dissipation
3  EDC
Options
¥ Diffusion Energy Source

r

Full Multicomponent Diffusion

[ Thermal Diffusion

oK | Cancel] HE||]|

(a) Select Species Transport under M odel.

(b) Select Volumetric under Reactions.

(c) Sdect Eddy-Dissipation under Turbulence-Chemistry Interaction.

The eddy-dissipation model computes the rate of reaction under the

assumption that chemical kinetics are fast compared to the rate & which

reactants are mixed by turbulent fluctuations (eddies).

(d) Click OK.
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Step 3: Materials

Define ® Materials...

ET R §|
Name Material Type Order Materials By
Imixture—template |mix1urﬂ &% Name

~ :
Chemical Formula Mixture Materials Chemical Formula

| |mixture-template j .Datahase...

Properties

F

names ;I Edit... i

Mixture Species |

Reaction [eddy-dissipation ~| Edit.
|

Mechanism |reamiun—mechs j Edit... B
|

Density (kg/m3) lincompressible-ideal-gas ~|_Edit
|

Change/Create ‘ Delete Close ‘ Help ‘

1. Themixture mixture-template aready conssts of species oxygen (O>), water
(H20), and nitrogen (N2). The other species needed for the smulation but are not
included in the mixture yet need to be added to the mixture. Copy the fluid

materias from the database to the mixture.

(@ Click the Database... button and the M aterial Database pand will open.



Database Materials

Mixture Materials

| acetylene-air
anthracite-volatiles-air
benzene-air
carbon-monoxide-air
coal-hw—-olatiles-air
coal-lv-olatiles-air

e

- ‘mixturt: j

Material Type

Order Materials By

* Mame
" Chemical Formula

Properties

Mixture Species Inamt:s

T v | [

|

Reaction Ifinitt:—ratt:

Cupy| Clusel HE||]| %

(b) Inthe Material Type drop-down li, select fluid.

(c) Select carbon-dioxide (CO-) under Fluid Materials and click Copy.

(d) Repeat step (c) to copy car bon-monoxide (CO), carbon-solid (C<s>), and

hydrogen (H>).
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Database Materials

Fluid Materials Material Type

calcium-oxide [cao) ‘ﬂuid l]
calcium-sulfate [casod]
calcium-sulfide [cas | Order Materials By
& Name
carbon-disulfide-vapor [c52]
carbon-monoxide [co] bt

>

" Chemical Formula

Properties

Density [kg/m3) 1cunstant j .

I1.?8?8

Cp (itkg-k] 1 constant

]suu.a?

Thermal Conductivity [wfm-k] ]cunstant LI

]a.n1u5

Viscosity [kg/m-s] { constant

]1.3?9—95

Cupy] Clnsei Ht:lp]

Materials E|
I Material Type Order Materials By

|f|uid LJ * Name

~ :
Formula Fluid Materials Chemical Formula

|:: 0 carbon-monoxide [co] *| Database...
Mixture
|mixlure—template j

Properties

Cp lika k) Ipiecewise—pnlynumial j Edit... = L};
|

Molecular Weight (kgfkgmol) |cunstant l_l Edit.

]28.31 855

Standard State Enthalpy (jfkgmol) Icunstant L] =

|—1 .105396¢e+08

Standard State Entropy [ifkgmol-k] |cnnstant l] Edit

|19?531 .6

Change/Create ‘ Delete ‘ Close I Help I




Materials

3

Material Type Order Materials By

lﬂuid l] * Name

~ :
Fluid Materials Chemical Formula

carhun—sulid [c<s2>] *| Database...

Mixture
lmix‘lure—template ;|
Properties
Cp lifkg K ]piecewise—polynomial j Edit.. | |
Molecular Weight [kgfkgmol] ]cunstant _'J
]12.&1115 [}"
Standard State Enthalpy [ifkgmol) Iconstant j
[-101.268
Standard State Entropy [j/kgmol-k] |cunstant LJ =it ]
|5?31.?u? .
Change/Create 1 I Close ] Help J

Material Type Order Materials By

lﬂuid LJ # Name

- :
Fluid Materials Chemical Formula

hydrogen [h2] ~| Database...

Mixture
lmixiun:—template ;|
Properties %
Cp likkaK ]piecewise—pulynumial _'J Edit.. | |
Molecular Weight [kg/kgmol) ]constant _'J
2. 01504
Standard State Enthalpy [jfkgmol] ]cunstant j
o
Standard State Entropy [j/kgmol-k] |constant LJ e ]
1305791 .
Change/Create 1 I Close ] Help J
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Materials

3

Material Type Order Materials By
lﬂuid l] * Name
: " i
Chemical F Eluid Materials _ Chemical Formula
| nitrogen [n2] ~| Database...
Mixture
lmix‘lure—template ;| %
Properties
Cp lifkg K ]piecewise—polynomial j Edit.. | |
Molecular Weight [kgfkgmol] ]cunstant _'J
|28.l]13h
Standard State Enthalpy [ifkgmol) Iconstant j
o
Standard State Entropy [j/kgmol-k] |cunstant LJ =it ]
|191494.s .
Change/Create 1 I Close ] Help J
Materials E|
Material Type Order Materials By
lﬂuid l] * Name
~ :
Fluid Materials _ Chemical Formula
UXY!JE" [02] | Database...
Mixture
lmix‘lure—template ;|
Properties %
Cp lifkg K ]piecewise—polynomial j Edit.. | |
Molecular Weight [kgfkgmol] ]cunstant _'J
]31 .9988
Standard State Enthalpy [ifkgmol) Iconstant j
o
Standard State Entropy [j/kgmol-k] |cunstant LJ ]
|2l]5l]26.9 .
Change/Create 1 I Close ] Help J
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Materials

Mate ria&fype

3

Order Materials By

]ﬂuid
Fluid Materials

Mixture

water-vapor [h2o)] v| Database...

LJ' * Name
" Chemical Formula

l mixture-template

Properties

E

Cp likkaK ]piecewise—pulynumial

o] e | |

|

Molecular Weight (kgfkgmol] lconstant

]18.3153u

Standard State Enthalpy [jfkgmol] ]cunstant

|—2.4183?99+as

Standard State Entropy [i/kgmol-k] |cunstant

|188696.u

Change.-'Createj I Close

J

Help J

2. Enable temperature dependence of the specific heat for each species.
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Materials E|

Material Type Order Materials By

|-:..5--'-‘.:: n-dioxide jiluid j * Name
~ :
Fluid Materials Chemical Formula

|:: carbon-dioxide [co2) ~| Database...
Mixture
|mixture—temp|ate j

Properties

Density [kg/m3) |cunstant "J Edit.., =

|1.?s?s

Cp [ifkg-k] Ipiecewisg-pnlynumial lJ Edit... %
|

Molecular YWeight [kg/kgmol] Icunstant Ll T

|uu.ﬂngq5

Standard State Enthalpy [ifkgmol] |cunstant LJ Edit

|—3.93532ue+us

Change."Create‘ I Close I Help I

(@ Inthe M aterial Type drop-down ligt, sdlect fluid.

Thefluid materid type gives you access to each speciesin the mixture,
(b) Select carbon-dioxide (CO;) under Fluid M aterials.
(©) Inthe drop-down ligt for Cp, select piecewise-polynomial.

Thiswill open the Piecewise Polynomial Profile pand.
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Piecewise Polynomial Profile g|
Define In Terms Of Ranges

1[:p |Tt:mpf:raturt: ;I 12 ii

Range Minimum Maximum Coefficients

[1—ii ‘3un ]ﬂmn IE—EI

Coefficients

1 ]1;29.9289 2 |1 874473 3 I—ﬂ.ﬂ[ﬁ'}'ﬁﬁhBS 4 ]1 .297251e-06

5 |—3.9999569—1B b | i | 8 |

0K ‘ Can[:el| Help‘

(d)
» Click on OK to accept the coefficients describing the polynomia

temperature variation of C, for carbon dioxide.
» Click on Change/Create intheMaterials panel to accept the changein
the properties for carbon dioxide, CO..
. Repeat steps (b), (c) and (d) above for the remaining species and click on
Change/Create to accept change for each species.
. IntheMaterial Type drop-down ligt, sdlect fluid.

. Choose incompressible-ideal-gas in the Density drop-down ligt.



Materials

Name Material Type

&

Order Materials By

]mixture—template lmixture

Chemical Formula Mixture Materials

l] * MName

7" Chemical Formula

| |mixture-temp|ate

j .Datahase...

Properties

J

Reaction |gddy—dissipati°"

j Edit... ~

1

Mechanism Ireactiun-mechs

| et |

|

Density {kg/m3) ]incumpressihle-ideal—gas

Cp [itkgK) |mixing-law

Change/Create ‘ Delete ‘ Close

]

] Help ‘

6. Enable composition dependence of the specific hesat.

Define® Materials...

Materials

Name Material Type

B

Order Materials By

]mixture—template |mixture

Chemical Formula Mixture Materials

LJ * Name
" Chemical Formula

| |mixturc—template

j .Datahase...

Properties

j

Reaction |cddy‘-dissipation

j Edit... 4

l

Mechanism ‘reactinn—mechs

|

HEnziy it ]incumpressihle-ideal-gas

Cp kg k) i mixing-law

Change/Create ‘ Delete Close
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(@ Inthedrop-down ligt next to Cp, select mixing-law as the specific heat method.
(b) Click onthe Change/Cr eate button to render the mixture specific heat based on
aloca mass-fraction-welghted average of al the species.
7. Add the speciesto the mixture.

(@ Click the Edit... button next to the right of the Mixture Species. The Species
panel will open.

Species g|

Mixture 1mixture—template

Available Materials Selected Species

air nz ~
hZo

co?

h2

Co hd

0K | Can-::f:l| Ht:lp‘

(b) Add the speciesfrom the Available M aterials to the Selected M aterials.
(c) Click OK.
8. Set the reaction equations.
(@ IntheMaterial Panel, click the Edit... button next to the right of the Reaction.

The Reactions window will open.



Reactions

Mixture imixture—template

Total Number of Reactions i5 i]

99

Reaction Name

Reaction Type

ID
=

ireactiun—1

* Yolumetric

 Wall Surface

 Particle Surface

MNumber of Reactants Iz_ ﬂ

Number of Products 11_ ﬁ

Stoich. Rate

Species Coefficient Exponent
|[:<s) Ll i1 I1
|uz Ll 0.5 8.5

Arrhenius Rate

Stoich. Rate
Coefficient Exponent

FLE |0

Species

I[:l]

Mixing Rate

Pre-exponential Factor l 1p+15

E

Bla.c ‘

Activation Energy [ifkgmol] I 1p+08

Temperature Exponent 1;;
I" Third Body Efficiencies S?;;:[:i;'};__'l

I© Pressure Dependent Beaction Specify...

[T Include Backward Reaction

oK ] Canceli HeIpI




Reactions

X

Mixture Imixture—template

| Reaction Name  ID Reaction Type
 Volumetric " Sall Surface  © Particle Surface

reaction-2 2

-

Number of Reactants ’2— é‘

Total Number of Reactions 15 il

Mumber of Products l1— i.l

= =

Stoich. Rate Stoich. Rate
Species Coefficient Exponent Species Coefficient Exponent
Jc(s) j ]1 I1 |cu _vJ ]2 ]B
[1

|cu2 j ]1

= =l
Mixing Rate
A ]u Blo.s

OK J Cancel] Help‘

Reactions

Mixture |mixture—template

Total Number of Reactions 15 él

Reaction Name 1D Reaction Type

“ Volumetric £ Wall Surface. ¢ Particle 51

| Mumber of Reactants [2— il

-

lreactiun—S 3

Number of Products ,E_ i}

Stoich. Rate —J Stoich. Rate J
Species Coefficient Exponent Species Coefficient Exponent
|c<s> j ]1 ]1 ‘cu L] |1 IB

|h2u j [1

]1

_J ‘hz j I [0 =
_ Mixing Rate
A]u B]a.5

0K | Cancelj Helpl
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Reactions

Mixture |mixture—template

. Reaction Name D

Mumber of Reactants ’2_ é‘

Total Number of Reactions 15 é.l

Reaction Type

reaction-4 i!' i| % Volumetric € Wall Surface: © Particle Surface

Number of Products l1_ i.i

Rate —J

Stoich. Stoich. Rate
Species Coefficient Exponent Species Coefficient Exponent
Icu .:J ]1 J1 |c02 l.l I1 Iﬁ

|n2 LJ 0.5

Ja.5

Mixing Rate

Aa ol

B|B.5

0K ‘ Cancel] Help‘

X

=

Reactions

Mixture |mixture—template

Reaction Name ID

| Number of Reactants [2— i.l

Total Number of Reactions 15 il

Reaction Type

lreactinn—S 15 ;31 & Volumetric A3l Surface  f Particle Surface

Number of Products ,E_ __:J

Stoich.
Species

Rate
Coefficient Exponent

[=

Species

Stoich. Rate
Coefficient Exponent

|cu j ]1 ]1

‘[:02 L] |1 IB

|hzu

Bl I

:;:_-;I_,_..-:-j -_Alq

_J ‘hz L] |1 ]a

Bz dle

0K | Cancelj Helpl

[~

=
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9.

102

(c) Setthe Total Number of Reactions to 5.

(d) For thereaction ID 1, set the Number of Reactants to 2 and Number of
Productsto 1.

(e) Define the first reaction equation by picking the species from the Species pull-
down window and typing the corresponding stoichiometric coefficient of each
speciesinto the Stoich. Coefficient window box.

(f) Retainthe default Mixing Rate constants.

(g) Click the D scroll-up button to go to the next equation.

(h) Repeat Steps (d) and (e) for the other four reaction equations.

(i) Click OK to accept all the reaction equations.

Turn on the reaction mechanism.

(@ IntheMaterial Pandl, click Edit... button next to theright of M echanism.

(b) Click dl the 5 reactions listed in the Reaction window.

Reaction Mechanisms
Mumber of Mechanisms |1 ::__.| Mechanism ID |1 ﬂ Name |mechanism—1

Reaction Type

* Volumetric

Reactions i

reaction-1
reaction-2 L\})

reaction-3
reaction-4
reaction-b

oK | Cancel‘ Help|

(©) Click OK.
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Step 4: Boundary Conditions

Define ® Boundary Conditions...

Boundary Conditions

Zone Type
interface.39 4| | axis »
interface.b exhaustfan
interface.¥ inlet-vent
interface.8 intake-fan
interface.9 interface
lower-iniet |
outlet : outflow
upper-inlet outletvent
wall-44 pressure-far-field
wall-45 pressure-inlet
wall-48 pressure-outlet
wall-49 || | symmetry it
1D
]33
Set... ‘ Cupy...] Cluse‘ Help ‘

1. Select lower-inlet (the firgt stage injectors) under the Zone window and mass-flow-

inlet under the Type window. Click Set... to set its boundary condition.



Mass-Flow Inlet E

Zone Name
1luwer—inlet

Mass Flow Specification Method lMass Flow Rate

Mass Flow-Rate [kg/s] ]49 6

Total Temperature [k] 11;25

L |

]cunstant

Supersonic/initial Gauge Pressure [pascal] ]a ]cunstant

Direction Specification Method lNurmaI to Boundary

Reference Frame |Ahgu|ute

Lelle|leflelle

Turbulence Specification Method Ilntensily and Hydraulic Diameter

Turbulence Intensity [%g) |5
Hydraulic Diameter [m] | _2

Species Mass Fractions

n2[e. 62 ]cunstant LJ j
h2o 5.2 [constant ~|
c02 g [constant -

h2 [ [constant -

OK ‘ Cancel] Help‘

2. Select upper-inlet (the second stage injectors) under the Zone window and mass-
flow-inlet under the Type window. Click Set... to set its boundary condition.

Mass-F low Inlet El

A
|upper—1nlet

Mass Flow Specitication Method \g-c e Flow Rate

Lo

Mass Flow-Rate [kg/s) |-| By

Total Temperature [k |ﬁg |mnsmm

Supersonicfinitial Gauge Pressure |pascal] |a' |mngun‘[

ERIER

Direclion Specification Method | gommal 1o Boundany

Reference Frame ' apcoluie

Sl

Turbulence Specification Method |iniensine and Hydraulic Diameler

Ll

Turhulence Intensity (%) [5
Hydraulic Mameter jm] |'_z'

Species Mass Fractions

| nZ g constant - =
hZo fg_ur constant -
= E constant =1
W2l |constam -

OF. Cancel Help




3. Sdect outlet under the Zone window and pressure-outlet under the Type window.

Click Set... to st its boundary condition.

Pressure Outlet

Zone Name
outlet
Gauge Pressure [pascal Ig |cunstant LJ
™ Radial Equilibrium Pressure Distribution
Backflow Total Temperature (k] |h25 |cunstant

Backflow Direction Specification Mcthud1Norma| to Boundary

Turbulence Specification Mem"”lntensity and Hydraulic Diameter

Backflow Turbulence Intensity 4] |
Backflow Hydraulic Diameter [m] | _g

Species Mass Fractions

Lefle]Lel

n2[g.79 ]cunstant
h2o (g ]cunstant
co2 g ]cunstant
h2 g ]constant

OK I Canceli HeIpJ

Ledlafleflel
=l

L«

4. Sdect wal.1 under the Zone window and wall under the Type window. Click

Set... to st its boundary condition

Wall

i M
|ua11.1

Adjacent Cell Zone
|F1uid

Thermal |DPM | Momentum | Specles | Aadiation| UDS |

Thermal Conditions

aluminum j Edit...

(11,4 Cancel | Help

i+ Heat Flus Heat Flux t'mzl :B éa]n;lgn[ -
" Temperature int | Emiazhdne | -
- Convection ntemaltmizsiley. » |EﬂnB’l!nl -
" Radiation Wall Thickness [m] g
™ Mized
Heat Generalion Hate pwim3d] ~|
Material Name |_B ||:nnslanl

" Shell Conduction
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Step 5: Solution I nitialization

1. Initidizethe fidd varidbles)\

Solve ® Initialize ® Initialize...

Solution Initialization lg]

Compute From Reference Frame

"U“'l‘-f‘i"'ﬂt LI * Relative to Cell Zone
" Absolute

Initial Yalues

Gauge Pressure [pascal] ]ﬂ j

X Velocity [mfs] 15 .188137e-07

Y Yelocity [m{s] Iu

Z ¥elocity [mfs] ]—3 .423048e-07

=

Init | Hesel] Apply| CluseJ%Help|

(@) Sdect all-zones inthe Compute From drop-down list.

(b) Adjust the Initial Valuesfor Temperature to 2000

(¢) Click Init toinitidize the varidbles, and then close the pand.

2. Set the under-relaxation factors.

Solve ® Controls® Solution...
(8 Set the under-relaxation for the dengity, momentum, and energy to 0.5
(b) Set the under-relaxation for al speciesto 0.6.
(c) Keep the default under-relaxation factors for the ret.

(d) Click OK.



Solution Controls

Under-Relaxation Factors

Pressure 13_3

Density (g_5

Body Forces ]‘1;
Momentum IF ,_“_I

Discretization

107

=

Pressure]smndard

Pressure-Velocity Cnupling%gmpLE

Mﬂmﬂ“tumisecund Order Upwind

Turbulence Kinetic Energyisewnd Order Upwind

0] 4 | Default| Cancel| Help‘

3. Turnonresdud plotting during calculation

Solve ® Monitors ® Residual...

Residual Monitors

Options _ Storage Plotting fi
. ¥ Print Iterations 11 aam = Window |g e
W Plot _ El 3:1
i 'I_‘Mlurmaliza!liun _ HeEHiutE 1000 “_4:1

[” Normalize ¥ Scale AXES... I Curves...]

Check Convergence *
Residual Monitor Convergence Criterion
continuity [ v a.apd
x-velocity v v a.661 -
y-velocity Iv a.661
z-velocity ¥ v a.0601
energy I v 1e-06 __J
oK J Plot ] Flenurm1 Cancel] Help J

4. Sart the cdculation by requesting 1500 iterations

Solve ® lterate...
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lterate E|

I_tf:ratiun

Number of lterations |15l]l1 il
Reporting Interval |4 il
UDF Profile Update Interval |4 il

Itt:ratt:| Apply| Cluse| Ht:lp| |

Step 6: Post-processing

Review the solution by examining graphical displays of the results and performing

surface integrations.



APPENDIX B

Geometry Generation and Meshing

The geometry generation and meshing in this study was donein GAMBIT. The picture
below shows the main parts of the gasfier. The gadfier is basicaly made up of two

cylinders and three frustums.
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1. Create each cylinder and frustum one by one and move it on top of one another,
and then UNITE dl the parts together.

2. Cregte ahorizontd circle with Sze bigger than the diameter of the gasfier.

3. Usethiscirdeto SPLIT the united volume at the location where the parts mest.
Be sure to salect Connected and Bidirectional in the Split Volume window.
This dlows separate meshing of each volume.

4. Cregte asmdl cylinder for the tangentia first Sage injectors a the origin.

5. Movethe cylinder to the location of the injector.

6. Copy the cylinder 90 degrees around the Y-axis.
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7. Repeat Step 4 but increase the rotation by 90 degrees each time until we have 4

cylinders.

8. Copy dl four cylinders upwards to get the injectors at the next levd.

9. UNITE dl thesmdl cylinderswith the big vertica cylinders.



e

"

3
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12. Unite the cylinders with the frusum.

13. We now need to divide the combustion chamber cylinder into four volumes with
oneinlet eech. Create avertical rectangular face and use it to split the combustion
cylinder. Be sureto sdect Connected and Bidirectional in the Split Volume
window. This process is necessary because each inlet must be connected to only

one surface 0 it can be meshed. Two or more inlets can not be connected to the

same one surface because meshing can not be performed.

I | I
|

VA
__?.:___.:_'Fné".:—':‘_ T_____'_;__'-'_"_"-r_\_h\_\
" |,\ T A

14. Rotate the rectangular face 90 degrees and use it to split the combustion cylinder

once again.



15. Create a horizontd circular plane and useit to split the combustion cylinder.

O
s,

17. Mesh the top surface of the top frustum using the Quad Pave scheme.

18. Mesh the frustum using the Hex/W edge Cooper scheme with the meshed top

surface as the source face.
19. Next mesh the reductor cylinder using the Hex/W edge Cooper scheme.

20. Repeat step 19 for the throat, the combustion cylinder, and the base bottom

frusum.
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21. Mesh dl theinlet cylinders aso usng Hex/Wedge Cooper scheme.

22. Define the boundary types. Specify the faces where the inlet cylinders meet with
the gadfier wall asinterfaces.

23. Specify theinlet surface asmass flow_inlet and the exit surface as
pressure_outlet.

24. Export the mesh.
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