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CFD Modelling of Generic Gas Turbine Combustor

Master’'s Thesis in Solid and Fluid Mechanics

AMIR KHODABANDEH
Department of Applied Mechanics
Division of Fluid Dynamics
Chalmers University of Technology

ABSTRACT

New computational methods are continuously develop@rder to solve problems in
different engineering fields. One of these fielslgas turbines, where the challenge is
to make gas turbines more efficient and to reduoéssons that are bad for the
environment. One of the main parts of a gas turlthad can be improved is the
combustion chamber. In order to optimize the cortibns chamber, both
experimental and numerical methods are calledNomerical optimization implies
the necessity to model the most important phenonmerambustion chambers such
as turbulent swirling flow, chemical reactions, heansfer, and so on. In this project
we try to design a simple yet accurate model, fgeaeric combustor of industrial
interest, that may be tested in a relatively stior¢ and that yields reliable results. An
important topic is here to perform grid sensitivstyidies to make sure that the model
yields mesh independent results. Another topictdrest is the choice of turbulence
model and how this choice affects the grid sengjtiHeat transfer models are also
important to evaluate. Different turbulence modaid heat transfer models done with
this generic geometry and results will be discusgdter this project we made a
model that is numerically reliable, mesh independeal fast.

Key words:

Computational Fluid Dynamics, CFD, Gas turbine, ®astion chamber, Grid study,
Convection, Conduction.
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Notations and abbreviations

Roman upper case letters
First constant in equation
Second constant inequation
CFD Computational Fluid Dynamics
D Diffusion coefficient
Fi Force vector @? component)
NOx generic term for the mono-nitrogen oxides N@ BID2

Strain rate tensor

Roman lower case letters

¢ Concentration

h Convective heat transfer coefficient
Turbulence kinetic energy

t time

u Velocity vector

Greek upper case letters
Blend factor

Greek lower case letters
Constant in k- model

Dissipation of turbulent kinetic energy
i Cauchy stress tensor

Density

Kinematic eddy viscosity

Specific dissipation
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1 Introduction
1.1 Gas turbine

Energy is needed in order to make machines work. @rhe best forms of energy is
electrical energy. It can be carried over distanagad can be produced almost
anywhere with proper tools. There are several @svibat produce electrical energy
such as solar panels, wind turbines and gas twbinehis project we will focus on
gas turbines. Gas turbines produce electrical gné@mn burning a combustible
mixture of fuel (e.g. natural gas or evaporatedrbgdrbons) and air. When the gas
mixture burns, the volume of the gas will increashis expansion in gas volume
makes a rotor of a turbine rotate and this rotatray then be converted to electrical
energy.

There are two important families of gas turbines:

1-Stationary gas turbines: this type of turbinaged to produce power in large
scales, for example in power plants.

Figure 1.Stationary gas turbine [p1]

2-Turbofan and turbojet gas turbines: these tugbare used usually as aero engines,
and are sometimes referred to as jet engines. #tyanf turbofan and turbojet gas
turbines are used in military and commercial aftcra

T T T T T
Alr Inlet Compression Combustion Chambers  Turbine  Exhauwst

T T
Cold Section Hot Section

Figure 2. Turbojet engine [p2]

CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



1.2 Gas turbine components

Stationary and turbofan gas turbines are baseti@msame thermodynamic cycle; the
Brayton cycle. Therefore they have many similasitia terms of structure. The
schematic picture below shows common parts:

Compressor
Compressor turbine Exhaust

Combustion Free (power) Power
chamber turbime shaft

Figure 3.Schematic of gas turbine [p3]

These parts are:

Inlet: A gas turbine can have one or several inleésed on their design and usage.
Inlets are used to send fuel and air into the gdsrte. The main inlet in front of the
gas turbine is used to suck air in; while there seeeral other small inlets existing
further downstream in order to inject fuel.

Compressor: Compressors are used to increasedbgsupe of the inlet air, in order to
increase the efficiency of the turbine. The eff@fctompressor, as well as other parts,
can be described by using Brayton cycle, as showtihe Figure A2. The area that
enclosed between the points 1,2,3,4,1 in the Pyrdm, shows the net work output
of the cycle. In the Figure A2, the process thaktplace between point 1 and point 2
iIs the compressor effect; it will raise pressurenfrpoint 1 to point 2. From the
diagram one can expect that output work will riséhwhe raise of pressure in the
point 2. On the other hand pressure at point Brigdd by several parameters such as
material constraints, temperature raise and etc.

Combustor: Here, fuel is mixed with the air andnthirns. This reaction results in
increasing temperature and volume. Volumetric egmemncan drive the rotor blades
of a turbine or a turbojet to produce work or thrdEhis is an isobaric process. In
Figure A2, this process is between points 2 and 3.

Turbine: Its job is to drive the compressor shait,an the case of a stationary gas
turbine, to provide useful mechanical work to drif@ example an electrical
generator. In ideal cycle, this process is isemttop

Outlet: This section is designed based on gasrtarbsage; for stationary gas turbine
the outlet is a low speed exhaust, which will gumembustion products out of
system, either to the environment or to other cyck®r the turbofan gas turbine the
outlet is a jet nozzle, which will increase velgdid produce thrust.

CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



1.3 Combustion Chamber

The combustion chamber is the place where two n&jents take place; at the inlet
fuel will mix completely, or to a sufficient degreeith air. In some combustors fuel
mixes with air before combustors, however, in oitdeachieve a smooth burning, air
and fuel should be mixed before burning. Dependwioen fuel will mixes with air,
combustors divided in to two groups that will besalissed later in this chapter.
Second event is burning. In the combustion chanthes,to the high temperature, the
gaseous mixture which consists of fuel and air witlite and raise the temperature.
Rise in temperature will increase the volume whighdrive the fluid forward.

There are number of facts that make this part sftgebine important.

In order to make this clear, we will address proiden a poorly designed combustion
chamber. There are several problems that can occur:

1- Poor mixing: When fuel is not mixed enough with &ican burn
incompletely which results in increased levels @f,Goot, NOx and unburned
hydrocarbons (UHC).

2- Uneven combustion: This happens when temperatusesettion goes high
but the neighbouring sections are colder, thusdaisresult in extra thermal
stresses. Thermal stresses may in time lead terialdfiatigue and failure.

3- Environment: incompletely burned gases or unbumettocarbons (UHC)
can poison the environment. UHC, NOx and sootraportant factors for
each burning device. The design should lower themmach as possible.

4- Economy: With increasing price of oil, it is impant that gas turbines have
high efficiency and therefore low fuel consumpti@me of the most important
parts, in order to achieve high efficiency, is toenbustion chamber.

Above factors shows the importance of combustiamdbers in gas turbines.

There are two types of combustors, diffusion flas@mbustors and premixed
combustors. In diffusion flame combustors, fuel airdmixing and combustion takes
place simultaneously. Speed of flame is limiteditoy rate of diffusion. These kinds
of combustors are simple to build and operatetley are not environmentally clean.
The major drawback of these combustors is that ftame exists mainly at

stochiometric conditions.. This can result in higkes of NOx production.

The other type of combustor is premixed flame costins. These combustors are
newer than the diffusion flame combustors. They mhi& fuel with air to a high
degree thus the flame exists where the fuel existiscan be stabilized. Contrary to
the previous combustor type these combustors are aoonplex and harder to design,
but they produce less NOx. Every day new challeagesg for gas turbines. Different
factors like increase in oil price, new type oflfukke bio fuels, different design like
premix combustors and many other factors will dvadle engineers to develop new
combustors or improve the existing combustors. s€tahallenges require new tools.
One of the important tools that can help engineersimerical modelling or in other
words CFD.
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CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



2 Thesis description

2.1  Aim of project

The main focus of this project is to do a grid stddr a characteristic gas
turbine combustion chamber.

Using different turbulence models on a characiergas turbine combustion
chamber.

Modelling the convective and conductive heat transf the casing with the
ambient.

2.2 Software

In this project three software packages were used.

1- ICEMCFD: This software is used to draw the surfgeemetry. Then it used
again in order to mesh the computational domairckvis bounded by the surface
geometry.

2- CFX: This is the solver software. This softwar@ised to simulate the flow in the
computational domain. Also some part of the posicessing is carried with
CFXpost

3- Matlab: It is used together with CFXpost to postgass the results, plot charts
etc.

2.3 Limitation

The time frame of this project was 1 year, so thesen geometry could not be too
complex (further detail on this part will be dissad on geometry section).
Calculations took place on the local Linux clusBE#DA, with 8 processors. Each
simulation needed about 9 days of wall clock time.

The design of geometry was done on a desktop ca@npdte to the limited project
time the grid generation work had to be minimized aherefore the combustor
geometry had to be simplified.

CHALMERS, Applied MechanicsMaster’s Thesis 2011:47
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3 Calculation methodology
3.1 Geometry Simplifications

The simplifications that were done are the follogvin

The most common combustors have no symmetry indihmain usually
coming from the locations of the burner inlets.eTinst simplification was to
omit these inlets so the geometry becomes symmadthnis implied that only

45° () of the full geometry were modelled, shown in Fgd.

(9
AP

Figure 4. This is one section that has been modelle

We assume one inlet for the fuel and the air. Tlistnsommon combustors
have separate inlets for fuel and air. Both thé &nel the air are assumed to be
perfectly mixed at the inlet.

NOx formation was neglected and assumed that tlee Will be burn
completely.

Inlet

Guide vane

Periodic
BC

Ignition inlet

Outlet
[
X.l/' ‘

Figure 5. Modelled geometry
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The simplified geometry consists of an inlet, adguvane ana@n outlet. Top anc
bottom faces are set twalls, while the side faces are axial symmi ones. This is
shown in Figure 5.

There is a secondary inlgt the CFD-domain, namagdnition inlet. Thisinlet is used
in the beginning of thd@eration procesto ignite the fuel When the flow has ignite
the mass flow rate et to zer.

The full geometry ishown inFigure 6, which consists of 8 sectors.

Figure 6.Full modelled geometry

3.2 Grid generation

Four different mesh sizes were investigated in ghesent work. The: consist of
400,000 or 400K, 50000 or 500K, ,000,000 or 1M and 2,00@00 or 2M cells Each
section consistsf a vane, which is shown Figure 7.

Free slip wall (ramp)

Figure 7. Three section of geometry.

In Figure7, three sections are shown.Figure 7, some part of wall is in differe
colour with the name of “Free slip wall” or “rampThis sectionnameseparately
from otherwalls, because of strange interaction - madel, this section should t
free slip wallcontrary to other wall

CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



Figure 8 shows the grid and parts that were diltfimumesh.
Vane was the hardest part to mesh. On the froettfae vane cut top wall and thus, as
it is shown in Figure 8, it is not on one plane.
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Figure 8. Fron

The trailing edge of the vane is shown in Figuré\@ just flat the V shape trailing
edge in order to raise the mesh quality. If V shegge were used, as it is in reality,

mesh quality in this case drops significantly.
/ 4

QI-B\\\»‘// |

T/

Figure 9. Flat tip of vane
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The wall in front of the vane was raised in ordeobtain higher quality of the grid.

This wall is illustrated in Figure 10. This mod#iton is so small that their effect on
the flow field can be neglected.

Wallrisenhere

S
e
i
Qi
Wi
i
G
R

e
e
e MR

T

Figure 10. Vane interaction with wall

3.3 Boundary conditions

Boundaries locations’ have been shown in the FigurBoundary conditions are as
follow unless otherwise stated:

Inlet:CH,; mass fraction: 0.039494 ,@ass fraction 0.22570, Mass flow rate:
0.00625 Kg/s, Turbulence: Low Intensity and Eddgddsity Ratio.

Outlet: Opening, Pressure: 1 atm, Temperature: 300K

Walls: Adiabatic and free slip

Reference pressure: 0 atm

Combustion Extinction Temperature: 750 K
Domain is rotational periodic

3.4 Governing equations

It exists six equations that should be solved taehohe flow field. These equations

are continuity, momentum, energy, species transgarbulence and combustion
equations. The following sections will describesthequations. [2]

3.4.1 Continuity equation

This equation describes that what goes in shouldugoMass cannot be destroyed or
created without sources or sinks. [2]

10 CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



This equation reads:

3.4.2 Momentum equation

Momentum is a vector quantity that is product osmhy velocity vector. In a closed
system, momentum cannot be created nor destroyeshould be conserved. The
equation reads: [2]

3.4.3 Energy equation

Energy equation describes that in a closed systsmargy cannot be created nor
destroyed. This equation is solved during the satiah to compute temperature field.
We chose total energy for this equation which baldiscussed in solver section. [2]

3.4.4 Species equation

Species equation, like the previous equations, ribesc that species in a closed
systems, cannot be created or destroyed.

This equation reads as follows:

$
— % & % '

3.5 Turbulence models

3.5.1 k- Turbulence model

In the following section, turbulence and combustionodels are discussed more in
details, due to their importance.

The k- model is one of the most common turbulence modeis. a two equation
model which means that two extra transport equatisnincluded to represent the
turbulent properties of the flow. This allows thveotequation model to account for
history effects like convection and diffusion oftiulent energy.

The equation for turbulent kinetic energy is

0 4. 401 222 34 280 89 2% 0 345508 0 % Eq.4
| I M \ \Y Vi \Yil
The different terms stands for:

) Rate of change of Turbulence kinetic Energy k
1)) Transport of k by convection

1)) Transport of k by pressure

IV)  Transport of k by viscous stress

V) Transport of k by Reynolds stress

VI)  Rate of dissipation of k

VII)  Rate of production of k

CHALMERS, Applied MechanicsMaster’s Thesis 2011:47 11



This formula cannot be implemented in this formttyus it has been change
accordingly so it can be implemented.

k equation can be rewritten as:

+- +- §@AB+ C 34DD 0 E Eq.5

* ’ ’

| Il [l v \%

and equation as

* L]

I Il [l v \%

G
e =@AB+EC 34D D 0 - Eq.6
F

The different terms stands for:

) Rate of change of k or

1)) Transport of k or by convection
1)) Transport of k or by diffusion
IV)  Rate of production of k or

V) Rate of destruction of k or

These two equations are solved together in ordesotee for turbulence. The k-
model gives good prediction in the free streamiarmsdless sensitive to values chosen
for free stream turbulence properties, it meansttiia model can model free stream
flow to a sufficient degree. On the other hand thisdel lacks accuracy near wall
regions as well as inlets. In Those regions othadets should be used like k-[2]

3.5.1.1 Variations of k- model

There are variations for k-model. k- EARSM is one of the variations which is
developed specially for low Reynolds number, thusain model buoyancy effects
very well.

Another variation for k- model is k- RNG. This model developed in 1992 to
renormalize the Navier-Stokes equations in ordesajature smaller scale motions in
the fluid. In this method effects of small scalebtilence represented by means of
random forcing function in Navier-Stokes equati@j.

3.5.2 k- SST Turbulence model

In two dimensional thin shear layers, flow changeslirections slowly so turbulence
can adapt itself to new local conditions, but ie fltows where difference between
production and destruction of turbulence is greadfjected by diffusive and
convective terms, a compact algebraic prescriptiwrmixing length is no longer a
good method. An example of these flows is recirtotaflows.

The k- model ,contrary to the k-model, has better prediction near the walls but i
is dependent on the free stream values for turlselen

The k- SST formulation is more complex due the fact ihaieeds a switching or
blending function to switch to kin free stream or k- in boundary layers.

12 CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



The kinematic eddy viscosity,, is defined accordingly:
B

HBI B JKD" LMN
and the k equation reads:
J
—OI—P)O J I—Q!) I_R LM S
and equation reads:
J J J \Y J
—OI—TD 0J I—Q!U I—R3V0" !UJ_I_I_ LM W
The following expressions are used switch betweenrakd k- :
3 8
" BXYZQN ~ T] PﬁaRb L
K
de [fg/\ hij]—KV | a LM
i
3 8 P!y
BXY mno, X Q\| T PﬁaK&—‘Rqr LM #
U
\Y J ‘U .
&)U oBIs3! U J_l_l_KV \Y LM
vVo" LM w

And constants are:
1:59, 2= 0.44, 1:340, 2= 0.0828, *20.09, k1:O.85, k2:1
1=0.5, ,=0.856[2, 3]

3.6 Combustion models

Modelling the combustion is one of the most challeg problems in the field of
computational fluid dynamics (CFD). In general, @ete kinematics of combustion
is still unknown. The reason for this fact is thehaviour of combustion itself.
Considering that a normal fuel can gives varietypadducts due the fuel air ratio,
pressure, temperature and many other factorsywtisesults in complex kinematics
of combustion. Westbrook and Dryer proposed a mfmetombustion of fuels based
on the facts that:
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1- General detailed mechanism cannot be currentlyded in the most
multidimensional problems because of computer sigeed and cost
requirements.

2- Detailed mechanisms have been developed and \adidiat simplest fuel and
are not available for most practical fuels.

3- There are many occasions where the great amowhienfical information is
unnecessary and a simple two step model would ffieisnt.

Westbrook and Dryer have developed two global reaagnechanisms, one-step and
two-step. [4,5]

3.6.1 Westbrook-Dryer one—step model

Due the simpler model, this model is faster commato two step models. This model
can be used where the combustion effects are smdlfast results are needed. This
model also gives a good estimation of indicatotha expected temperature levels.
However, this model got several disadvantages. Toslel will overestimate i
adiabatic temperature of flame. This overestimatol grow with increasing the
equivalence ratio, which is directly related toreased amount of CO andg kh the
reaction products. Single step model also neglexfact that hydro carbons are burn
in a somewhat sequential manner. This means thata@DH are not consumed
unless all the hydro carbon fuel is used.

The general formulation of this global reaction hnaadsm is: [6]
Fuel+Q CO,+H,O Eqg.15
3.6.2 Westbrook-Dryer two-step model

This model is based on two reactions. This resaltme big advantage, the ability to
treat arbitrary fuels. This is valuable propertyiehhmakes this model important;

however this model has disadvantages too. Two-stegel is developed for shock

tube ignition delays which make this model not ahi# to model flame speed or
reaction rate in plug flow or stirred reactors. S’model also lacks accuracy to model
radical species, thus it does not have enoughgoecio model NOx formation.

Westbrook-Dryer model two-step model has been e¢haesegce in this project NOx
formation is neglected and also the flow is nateti flow.

The formulation for Methane in this model is asdwis:
Reaction I: GHO, CO+ HO Eq.16
Reaction Il CO+0.50C0O; Eq.17

As one sees, this is a general formulation which osdel almost all kind of
hydrocarbon fuels. Westbrook and Dryer said thet ttnodel will also work for non-
hydrocarbon fuels but they didn’t test it.

3.7 Combustion-Turbulence interaction models

Two models are used in this project: Eddy Dissgatlodel (EDM), Finite Rate and
Eddy Dissipation (FRED). These models are usedoteesthe interaction between
turbulence and combustion.

14 CHALMERS, Applied MechanicsMaster’s Thesis 2011:47



3.7.1 Eddy Dissipation Model

The eddy dissipation combustion model (EDM) whiclrives from the eddy
dissipation concept is extended to simulate conmrustithin large eddy simulations
(LES).The reaction chemistry is a simple in niteigst one step global irreversible
reaction. The model for the reaction rate is dgwedbfrom a combination of local
kinetics modelling using an Arrhenius law and a riesn of the EDC model adapted
for LES. The modelling can in principle be applieal both premixed and non-
premixed flame and can easily be extended for roongplex chemistry. [8]

3.7.2 Finite Rate and Eddy Dissipation

Reaction rates are assumed to be controlled byuthalence, so expensive Arrhenius
chemical kinetic calculations can be avoided. Tloelehis computationally cheap but
for realistic results, only one or two step comtmrstmodel should be used. [6]

3.8 Flow solution

ANSYS CFX v12.1 was used as solver. The numeriettings for the solver are
described below.

3.8.1 Time stepping

The problem is solved as a steady state flow propleonsistent with the RANS
turbulence modelling used, which means that redgtilarge time steps are used in
order to achieve a converged solution as quicklyassible. In spite of the turbulence
model the flame itself is slightly unsteady, biug tscillations are negligible.

3.8.2 Heat transfer

“Total energy including viscous work terms” modsl used, which means that the
total energy models the transport of enthalpy idiclg the kinetic energy effects. This
model should be used where there is change intgemsthe Mach number exceeds
0.2; in both of these cases kinetic energy effaces significant. In ANSYS CFX,
when one chooses total energy the fluid is modelkedompressible, regardless of the
original fluid condition, i.e. gases with Mach nuenbless than 0.2. One should know
that incompressible fluid does not exists in rgdt for the gases with Mach number
less than 0.2 the compressible effects are in génegligible. [6]

3.8.3 Turbulence

For the turbulence both the kSST and the k-turbulence models are used. The k-
model is one of the most common turbulence modkeis.a two equation model that
includes two extra transport equations to representurbulent properties of the flow.
This allows the model to account for history effeltke convection and diffusion of
turbulent energy.

The k- model has a good prediction in the free stream, naar the walls, the

prediction is poor since adverse pressure gra@gmiesented. This is not the case for

the k- which has a good accuracy close to the walls. @asethis idea Menter

(1992a) invent a model that called SST kvhich uses a transformation of kn to k-
near walls and k-model in the fully turbulent regions far from wall

For wall treatment scalable wall function is us8tandard wall functions are based
on the assumption that the first grid point off thall (or the first integration point) is
located in the universal law-of-the-wall or loghntic region. This helps to have
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higher aspect ratios which means reduce densitgesh near the walls. This results
in lower computational costs but it will also redube accuracy because high aspect
ratio results in high round off errors. On the ottand, standard wall function
formulations are difficult to handle, because ibsll have high resolution near walls
means higher computational costs. Also if the tgsmh becomes too fine, the first
grid spacing can be too small to bridge the visceub layer. In this case, the
logarithmic profile assumptions are no longer $atis The user should make sure
that both upper and lower limit for the grid size aot crossed. Recently, alternative
formulations (scalable wall functions) have becomwailable, Menter and Esch,
which allow for a systematic grid refinement whesmg wall functions. [7]

3.8.4 Combustion model

Westbrook-Dryer two-step model was used for combnstThis model is mainly
focused on the modelling of the combustion at temipees above 1000K. At these
temperatures experimental data are usually haghtioer due the small time scales,
usually in the order of micro seconds, but on thieeo hand reactions simpler
formulations. This method is mainly used for hya@ndon fuels at high temperatures,
however Westbrook and Dryer state that using timesmethod, one can develop
relations for other non-hydrocarbon fuels. [4]

3.9 Convergence criteria

In order to determine if convergence is obtainedjduals are constantly monitored
and when they are reasonable flatted out, aft€dOD0jterations, the run is stopped
and the results are post-processed.
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4 Results and post processing

The grid sensitivity study was performed on fouffedent mesh sizes, 400,000
(400K), 500,000(500K), 1,000,000 (1M) and 2,000,@2M) cells. The aim of this
study is to obtain a mesh size were the resultgr@aendependent. Furthermore, two
different turbulence models were used in the sttidyk- and the k- SST model.

The comparisons were done considering the temperatbhe pressure, the axial
velocity and the major species, GO, and CO.

These properties are calculated on seven locatmitsplane, YZ, YZ1, YZ2, YZ3,
YZ4 and YZ.

Mid plane is the bisector of the burner chambee dther planes are located in the
burner. To address the planes we use a dimenssomlesber as percent. it means how
far they are from the combustion chamber entry,afb 100% locations are shown in
the Figure Al,in the appendix section. The locatiohthe plane are as follows:

1- YZ @ 0.000%

2- YZ1 @ 3.846%
3- YZ2 @ 9.587%
4- YZ3 @ 18.197%
5- YZ4 @ 26.808%
6- YZ5@ 41.159%

4.1 Case one
In this section we discussed the obtained resoittdifferent cases

The following cases are for the grid study, whichams that all the settings are the,
but the number of cells is different. The followisettings were used:

Turbulence: k-, wall function: scalable, heat transfer: total rgiyewith viscous work
terms, combustion model: two-step model. Combusdiiobulence interaction model:
Eddy dissipation.
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4.1.1 Temperature
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Figure 12. Temperature contours;

The left column showthetemperature contours at YZ planes amal rightside shows
temperature at mid plane. From up to down: 400KQK501M and 2N cells. This
implies that the temperature results are indepdanafarumber of cel..

4.1.2 Recirculation zones

Figure 13. Recirculation zones;

Figure12 shows the recirculation zone inside the domaimich means that the axi
velocity is in opposite direction to the flow fielTop row: 400K (left) and 500K
(right); Bottom row: 1M (left) and 2M (righ. These regions look similar with ea
other. It implies that the recirculation zones argependent of number of cells.
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each picture two major recirculation recs areillustrated, one is around the vane
other one is in the chamb
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Figure 14. Reverse velocity

The left side showghe reverse velocity contours at YZ planes while the ricside
shows the reversagelocity at mid plane. From up to down: 400K, 500K) and 2M.

4.1.3 CH,4Mass fraction
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Figure 15. CH Mass fraction

Figure 15 shows CHmass fraction contours at YZ pla at the left sid. The right
side shows Chkimass fraction at mid plane. From up to down: 408B0K, 1M anc
2M.

CH, mass fraction is a good parameter to see exactgravtihe burning occurs or
case of unburned gases, how much leakage existaitlet

CHALMERS, AppliedMechanic, Master’s Thesis 2011:47 19



4.1.4 CO Massfraction
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Figure 16. CO Mass fraction

Left sideshows CO mass fraction contours at YZ planes whierightside shows
CO mass fraction at mid plane. From up to downkK4@DOK, 1M and 2N\. CO mass
fraction can shows us the shape of flesince,in ideal case, CO only exists witF
flame. Also in thes&igures one can trace leakage of CO to environment which
safety parameter.

4.1.5 Profile study

In this section we will study area aage values of properties on YZ1, YZ2, YZ3 ¢
YZ 5. Note that span is 0 icentreline and 1 at walls and it varies linearly, it
dimensional less coordinss.
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N Pressure(Pa)@YZ 3 x10° Pressure(Pa)@YZ 5 x10°

Figure 17. Pressure profile at different YZ pla

Figure 17 shows rpssuredistributions along the YZ planes. In the converg
solution fluctuations exist and small variation in pregsprofile is due this fac
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Figure 18. Temperature profile at different YZ @an

Temperature profiles are also possessing fluctastialue the convergence as
mentioned before, but these fluctuations are highear tip of flame area (YZ 2 and
YZ 3). While near outlet (YZ 5) and inside the flararea (YZ 1) these fluctuations

are less.
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Figure 19. CH Mole fraction profile at different YZ planes

As the flow approaches to the farther planes, canggon of CH will decrease, as
they used up in the reactions.

1 1
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Figure 20. CQ Mole fraction profile at different YZ planes

CO, will increase as flow moves toward the exhaustabse CQis the product of
combustion.
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Figure 21. CO mole fraction profile at different Ylanes
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Figure 22. Axial velocity profile at different Yatanes

Despite the fact that those profiles are not exaatch but they have good manner,
one can decide and use 500,000 meshes case f@sthaf solution without concerns
of grid study or inaccurate answer.
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4.1.6 Tables

CH4 02 co €02 T(ave) T(max)
Mid plane | 8.545e-03 1.026e-01 7.208e-04 8.37%e-02 1.803e+03 [K] 2.127e403 [K]
YZ 3.893e-02 2.237e-01 5.932e-04 6.128e-04 6.660e+02 [K] 1.016e+03 [K]
YZ1 3.021€-02 1.917e-01 5.499e-03 | 1.684e-02 9.645¢+02 [K] | 2.127e+03 [K]
YZ2 5.243e-03 9.680e-02 1.362e-02 | 7.258e-02  1.84de+03 [K]|2.127e403 [K]
YZ3 3.294e-04 7.076e-02 2.326e-03 1.038e-01 2.099e+03 [K] | 2.127e+03 [K]
YZ4 3.563e-05 6.847e-02 3.744e-04 | 1,077e-01 2.123e+03 [K] | 2.127e+03 [K]
YZ5 1.043e-06 6.812e-02 1.587e-05 1.083e-01 2.127e+03 [K] 2.127e+03 [K]

CH4 02 co co2 T(ave) T(max)
Mid plane 8.476e-03 1.023e-01 7.240e-04 8.397e-02 1.805e+03 [K] 2.127e+03 [K]
YZ 3.893e-02 2.238e-01 6.466e-04 5.203e-04 6.656e+02 [K] 9.590e+02 [K]
YZ1 2.950e-02  1.895e-01 6.468e-03 1.726e-02 9.850e+02 [K] 2.127e+03 [K]
YZ2 3.650e-03 | 8.967e-02 | 1.225e-02 7.911e-02 1.911e+03 [K] 2.127e+03 [K]
YZ3 2.156€-04 | 6.994e-02 | 1.701€-03 1.051e-01 2.107e+03 [K] 2.127e+03 [K]
YZ4 2.108e-05 6.833e-02 2.409e-04 1.079e-01 2.124e+03 [K] 2.127e+03 [K]
YZ5 6.147e-07 6.812e-02 8.919e-06 1.084e-01 2.127e+03 [K] 2.127e+03 [K]

CH4 02 co C02 T(ave) T(max)
Mid plane | 8.709e-03 1.033e-01 7.759e-04 8.325e-02 1.796e+03 [K] 2.127e+03 [K]
YZ 3.926e-02 2.24%e-01 2.758e-04 2.040e-04 6.554e+02 [K] 8.292e+02 [K]

(K]

(K]
YZ1 3.183e-02 1.976e-01 4.437e-03 1.405e-02 9.102e+02 [K] 2.127e+03 [K]
YZ2 6.774e-03 1.040e-01 1.558e-02 6.529e-02 1.775e403 [K] 2.127e+03 [K]
YZ3 4.798e-04 7.181e-02 3.124e-03 1.021e-01 2.088e+03 [K] 2.127e+03 [K]
YZ4 5.386e-05 6.863e-02 5.328e-04 1.074e-01 2.121e+03 [K] 2.127e+03 [K]
YZ5 1.686e-06 6.813e-02 2.528e-05 1.083e-01 2.127e+03 [K] 2.127e+03 [K]

CH4 02 co €02 T(ave) T(max)
Mid plane 8.871e-03 1.03%e-01 7.200e-04 8.290e-02 1.791e+03 [K] 2.127e+03 [K]
YZ 3.945e-02 2.255e-01 5.032e-05 3.701e-05 6.496e+02 [K] 6.952e+02 [K]

YZ1 3.249e-02 2.001e-01 4.262¢-03 1.253e-02 8.868e+02 [K] 2.127e+03 [K]
YZ2 9.711e-03 | 1.166e-01 | 1.716e-02 5.475e-02 1.657e+03 [K] 2.127e+03 [K]
Y23 5.976e-04 7.259e-02 3.658e-03 1.010e-01 2.080e+03 [K] 2.127e+03 [K]
YZ4 6.511e-05 | 6.873e-02 6.207e-04 1.072e-01 2.120e403 [K] 2.127e+03 [K]
YZ5 2.043e-06 6.814e-02 3.013e-05 1.083e-01 2.127e+03 [K] 2.127e+03 [K]

Figure 23 .Data table for case Irom top to bottom: 400K500K, 1 M and 2 |

These are numerical values for parameter averagleeo¥iZ planes. These values (
use to compare resultisore accurate.

4.1.7 Result discussio

Aim of these set of tests is to do grid study. 28lls case showa strange behawr
in some testswhich cannot be avoideby re doing the tests, but the other three ce
results are similawith each othe. This means that the grid study is so far good
all the cases can be used. We choose further df €ase, which is cost efficient a
also not the lowest mesh density. There existsaleition zone in front of ignitio
inlet; this region is one of the most importantioag in order to mix flow and bett
flame.

The combustion tdrbulence interactiomodel that used wasddy dissipatio, this
can results in unrealistic combustion model. Iriifar test two other methods will
used, finite rate and eddy dissipation (FRI
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4.2 Case two

This case is also a grid study which means we areggto study four differer
meshes, but all have same solution se

Settings are:

Turbulence model: k- SST, Wall function: Automatic, Heat transfer: Tiogmergy
with viscous work term, combustion modFinite Rate and EddyiBsipation

Boundary conditions are same except for the rampgbahe wall, which is < to free
slip in order to avoid strange numerical error flashbacks.

4.2.1 Temperature
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Figure 24. Temperature contours

Left column shows temperatucontours at YZplanes while the right column sho
temperature at mid plane. From up to down: 400KK5AM and 2\

Despite the fact that these graphs are differethh wievious case, but theall still
have thesame pattern. As one can see flame tip is moe¢cht than the previou
case.
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4.2.2 Recirculation zone:

"
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Figure 25.Recirculatior zones; Topow: 400K (left) and 500K (right);Bottom rov
1M (left) and 2M (right)
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Figure 26. Reverse velocity

Left column showgevers: velocity contours at YZ planes while the right colu
shows reverseelocity at mid plane. From up to down: 400K, 500Ky and 2M\.

These two Figure show the separation zonThere are circulations red areas in
the Figure26 which will mix fuel with air more
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4.2.3 CH,Mass fraction
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Figure 27. CH, mass fraction contours;

Left column shows t ClHmass fraction contours at YZ planes while the righitmn
shows CH mass fraction contours at mid plane. From up tordcél@0K, 500K, 1V
and 2M This case, compared to case 1, has early flaims.reans that there is le
CH4 Mass fraction exists downstream in combustion cleanmet same as previo
case there is no ta if CH,far downstream, meaning that this burner has a
burning for environment.

4.2.4 CO Mass fraction
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Figure 28. CO mass fraction contours;

Left column shows CO mass fraction contours at Yah@s while the right colum
shows CO mass fractiamontours at mid planerom up to down:400K, 500K,1I12M
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Flame shape can be predicted by looking at CO rmasgon. One can see that the
pattern for 2M case is bit different with other easThat can be due the numerical

fluctuation in answer or numerical error.

4.2.5 Profile study
In this section we will study area average valugsroperties on YZ1, YZ2, YZ3 and

YZ5.
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Figure 29. Pressure profile at different YZ planes

These profiles shows that all cases have same upeesBstribution, however at
profile of YZ2 one can observe a jump, which présemumerical error in solution
for that point rather than a important physicat.fac
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Figure 30. Temperature profile at different YZ @an

Temperature profile plotted in these pictures.tAd cases follow the same behaviour
except for the 2M case, it seems that we have blgroin setting up this case but
since all the other three cases agrees with edwdr;chgain it seems that this odd
behaviour is due to the numerical error rather thahysical fact.
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Figure 31. CH Mole fraction profile at different YZ planes

ﬁ

Span

o

o o
Span

o

wn

0 0.02 0.04 0.06 0.08 C'0 0.02 0.04 0.06 0.08
CO2 mole fraction (mole/mole)@YZ 1 CO2 mole fraction (mole/mole)@YZ 2
1 1
g g
a0s 805 ~ oMecels
— 1M cells
500K cells
——400Kcells
C?OS 0.055 0.06 0.065 0.07 0.075 0.8687 0.0687 0.0688 0.0688 0.0689 0.0689
CO2 mole fraction (mole/mole)@YZ 3 CO2 mole fraction (mole/mole)@YZ 5

Figure 32. CQ Mole fraction profile at different YZ planes
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Figure 33. CO Mole fraction profile at different Yoafanes
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Figure 34. Axial velocity profile at different YZ plai

From Figures29 to 34, one may observe strange behaviour o2Mecas. The
pattern of 2M case does not follows the other ¢, howevererror is small and can |
neglected.flone interested in acquiri better results he or sineeds to either re me
or re run it. Due the limitation in time, this canrafford in this project. Yet we me
our goal, other three cases have thee behaviour and thus500,000 can be acce

4.2.6 Tables

CH4 02 co coz2 T(ave) T(max)
Mid plane | 8.787e-03 1.037e-01 8.644e-04 8.290e-02 | 1.748e+03 [K] 2.087e+03 [K]
YZ 3.871e-02 2.230e-01 |8.702e-04 7.903e-04 | 6.188e+02 [K] 9.803e+02 [K]
YZ1 2.616e-02 1.779e-01 9.453e-03 2.174e-02  1.040e+03 [K] 2.086e+03 [K]
YZ2 6.348e-03 1.018e-01 1.468e-02 6.788e-02 1.751e+03 [K] 2.086e+03 [K]
YZ3 3.625e-04 7.103e-02 2.576e-03 1.033e-01 2.052e+03 [K] 2.086e+03 [K]
YZ 4 3.992e-05 6.851e-02 4.183e-04 1.076e-01 2.080e+03 [K] 2.086e+03 [K]
YZ5 1.475e-06 6.813e-02 |2.236e-05 1.083e-01 | 2.085e+03 [K] 2.086e+03 [K]
CH4 02 co coz2 T(ave) T(max)
Mid plane 8.836e-03 1.038e-01 8.550e-04 8.278e-02 1.747e+03 [K] 2.087e+03 [K]
YZ 3.891e-02 2.237e-01 6.720e-04 5.474e-04 6.122e+02 [K] 9.052e+02 [K]
YZ 1 2.764e-02 1.831e-01 8.292e-03 1.951e-02 5.917e+02 [K] 2.086e+03 [K]
YZ 2 6.335e-03 | 1.021e-01 1.532e-02 6.691e-02 1.747e+03 [K] 2.086e+03 [K]
YZ3 3.857e-04 7.121e-02 2.727e-03 1.030e-01 2.051e+03 [K] 2.086e+03 [K]
YZ 4 4.439e-05 6.855e-02 4.608e-04 1.075e-01 2.079e+03 [K] 2.086e+03 [K]
YZ5 1.644e-06 | 6.813e-02 2.486e-05|1.083e-01 2.085e+03 [K] 2.086e+03 [K]
CH4 02 co coz2 T(ave) T(max)
Mid plane | 8.670e-03 1.031e-01 7.917e-04 8.334e-02 | 1.753e+03 [K] 2.087e+03 [K]
YZ 3.704e-02 2.172e-01|2.436e-03 2.911e-03 |6.723e+02 [K] 1.630e+03 [K]
YZ1 2.581e-02 1.761e-01 8.866e-03 2.362e-02 1.056e+03 [K] 2.086e+03 [K]
YZ2 5.992e-03 1.004e-01 | 1.475e-02 6.874e-02 | 1.763e+03 [K] 2.086e+03 [K]
YZ3 3.682e-04 7.106e-02 2.591e-03 1.033e-01 2.051e+03 [K] 2.086e+03 [K]
YZ 4 4.108e-05 6.852e-02 4.24%e-04 1.076e-01 2.079e+03 [K] 2.086e+03 [K]
YZ5 1.307e-06 6.813e-02|1.975e-05 1.083e-01 | 2.085e+03 [K] 2.086e+03 [K]
CH4 02 co coz2 T(ave) T{max)
Mid plane | 8.95%e-03 1.043e-01 8.775e-04 8.241e-02 1.742e+03 2.087e+03 [K]

jii74 3.783e-02 2.201e-01 1.842e-03 1.676e-03 6.457e+02
YZ 1 2.933e-02 1.890e-01 6.915e-03 1.703e-02 9.363e+02
YZ 2 8.465e-03 1.118e-01 1.732e-02 5.792e-02 1.655e+03
YZ3 6.780e-04 7.320e-02 4.168e-03 9.995e-02 2.030e+03
YZ 4 9.002e-05 6.894e-02 8.276e-04 1.068e-01 2.075e+03
YZ5 3.384¢-06 6.815e-02 4.791e-05 1.083e-01 2.085e+03

K]

K] 1.582e+03 [K]
K] 2.086e+03 [K]
K] 2.086e+03 [K]
K] 2.086e+03 [K]
K] 2.086e+03 [K]
K] 2.086e+03 [K]

Figure 35 .Data table for case;From top to bottom: 400K, 500K, 1 M and 2

Each value is area averaged for that quantity errépresented plane. i.e. T(ave)
YZ 1 is average temperature fthat plane this is one the best tools to compae:
results of different cases.

4.2.6.1 Results anddiscussiors

In the case 2M, exist differences with the othesesa It can be due different reas
i.e. bad quality of meshing or numerical errorssaiver. Hovever this error is nc
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critical since it is a case study and it seems ttatb00K case agrees with the results
we excepted.
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5 Turbulence and heat transfer model study

In the previous two major cases, we have done gitidy on a generic gas turbine
combustor. From the results, we choose 500,00¢ @ate, which presents both
accuracy and numerical speed.

In the following case we will use other variatiomsthe turbulence models. Heat
transfer is also including for some of the casef@nstudy.

General boundary conditions and working conditioe raentioned in section 3.3, but
for each of following cases, just one of settingswhanged. New cases are:

Case a: Turbulence model EARSM
Case b: Turbulence model RNG
Case c: Including conduction and convection withbemt using thin wall
interface , free stream temperature of 600K
Case d: Turbulence model: k-SST, combustion model: finite rate and eddy
dissipation

X

Case e: Top wall has heat transfer coefficient40459ﬁ

Used heat transfer coefficient was calculated. @afions are shown in the appendix,
section 7.2.

5.1 Software limitation for thin wall interface

In order to model conduction and convection, we tiee wall interface, a new

feature in ANSYS CFX 12.1. The limitation of softweaimplies that this interface

should be within the computational domain but r®taaboundary. Thus we have to
add an additional domain to previously meshed domaaich is illustrated in Figure

36. All the boundaries of this additional domaire aspening with atmospheric
pressure.

Added region

Figure 36. Additional domain

5.2 Case three

In this case different features of different modeld be discussed. As mentioned in
section 5, different models will be used. Aim oistbase is to compare results based
on different turbulence models or heat transfer emd
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5.2.1 Temperature
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Figure 37 Temperature Contours;

Temperature contours are illustrated for differem$es. As one can see the patterns
are not same especially for Case c; where heasfelarenabled via interface.
Temperature distribution for Cases ¢ and e is &dteby cooling from fresh air above.
In the Figure 37 from top to bottom: Case a, Cagedse c, Case d and Case e.

5.2.2 Recirculation zones
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Figure 38 Recirculation zones

Recirculation zones are illustrated in the FiguBe Bhese zones are affected by both
turbulence model and heat transfer model.
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Figure 39 Reverse velocity

Reverse velocity contours are illustrated in thguFeé 39. Together with Figure 38,
these Figures show the recirculation zones. Citicularegions around the vane
should be minimized in the design because theyesgmt losses in those regions. In
Figure 39 from top to bottom: Case a, Case b, Ca€ase d and Case e.

5.2.3 CH, Mass fraction

CH4Mass Fraction i} // CHé Mass Fraction
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Figure 40 CH mass fraction contours

CH; mass fraction contours are shown in the FigureClxe ¢, Case d and Case e
show different patterns. Flames are extended isetlvases. In Case ¢ and e, where
heat transfer exists, due to the reduction of teatpee, some portion of injected fuel
cannot be burned at the start of combustion chanthgras the unburned fuels goes
down in the combustion chamber, it will warm up dmarns. Case d here shows
strange behaviour. This can be errors in calcudafliow field in the chamber. Also
ANSYS will calculate and adapt mesh automaticaéigmthe walls, thus this error can
be made because of bad mesh adaption. In the H@ufi®m top to bottom: Case a,
Case b, Case c, Case d and Case e.
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5.2.4 CO Mass fraction
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Figure 41 CO mass fraction contours

Figure 41 shows the contour plot of CO mass fractiodifferent plates. This can be a
good measure to plot the flame. We assume thahallfuel will be burned, thus

where the CO exists, as written in Eq.17, themgiisone step of reaction remains. In
the other word reactions exist in the areas witttdrof CO. These Figures are
instantaneous pictures of the events happen insidecombustion chamber. The
shape of flame in these plots will change dependvben the iterations has been
stopped, that is the reason average values and pitit be used to compare the
results.

5.2.5 Profile study

In this section, data presented as a curve versas. Span range is from 0 to 1. 0
means the point is in the centre line while 1 repngs points on the outer walls. Data
presented in the chart are annular average. Itldhmmumentioned that for the case c,
span includes additional domain.
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Figure 42 Pressure profile
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As it is shown in the Figure 42, it seems that Gas@d case b agrees with each other
while case c, d and e agree with each other. Tagorebehind this fact is due the
turbulence models. Two first cases use variatidrks owhile the three later cases use
k- model. Based on the theory section, section 3.5, rkodel should present a
better estimation of boundary layer, thus more eatewcalculations of pressure.
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Temperature(K)@YZ 3 Temperature(K)Y@YZ 5

Figure 43. Temperature profile

One can expect that case ¢ and case e would hew temperature due the heat
transfer, and this illustrated in the Figure 43tHa cases ¢ and e, at the beginning of
the chamer, YZ 1 in Figure 43, flow temperaturéighly affected by the ambient
temperature, as one can see only 40% of span ie#uhdénal temperature of 2000K.
As the flow moves forwad it will be heated. In YZrbthe Figure 43, approximately
90% span reaches the final temperature, or aft@r fhoves 41% of its path. On the
other hand, for the cases without heat transfegr #bw moves to YZ 2 or 10% of its
path, the flow reaches its final temperature.
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Figure 44. CH mole fraction profile
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In Figure 44, fuel consumption can be traced. As can see, on early stages, YZ 1,
there is fuel. Fuel will be burned as the flow m&wown its path. By comparing
Figure 44 with Figure 43, one can see that whent pags of span reaches the final
temperature, there is no fuel left. For the casdbowt heat transfer, fuel will be
consumed when it reaches 10% of combustor lengtle whthe case c, fuel will still
be presented even in the middle parts of combushkorkigure 44, case d shows a
strange behaviour, as mentioned in section 5.2¢cani be due the numerical errors.
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Figure 45, CO mole fraction profile

CO mole fraction profiles are illustrated in thgiie 45. As mentioned in section 3.6,
CO exists on the zones with flame, since it is @di@ production and will be
consumed on the later reactions. As Figure 45 siggas the flow goes down the
stream, fuel will be consumed thus there is ho@tw produce CO. But one should
notice that based on Figure 41 and section 5.24pidfiles are sensitive to iterations
because in the reality shape of flame will change.
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Figure 46. CQmole fraction profile

CO; is the one of the final products. One expects #saflows move down stream,
mole fraction of CQincreases, and that can be seen from Figure 4@etsr in the
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case c and case e, production rate of SQess than other cases. As mentioned before
the reason behind this fact is due the coolingcedfef environment, reaction rate of
combustion will drop, thus less GQwill be produced compared with the cases
without heat transfer.
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Figure 47 Velocity profile

Figure 47 shows the velocity profiles. General dimn of the flow is in the negative
direction thus at the span ranges that velocityilpres positive, re circulation zones
exist or in the other words, those are the regiaitts the reversed flow velocity.
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5.2.6 Table

CH4 o2 [ele] coz T(ave) T{max)
Mid plane 9.680e-03  1.071e-01 7.2602-04|8.068e-02 | 1.715e+03 [K] | 2.088e+03 [K]
Y 3.679e-02 2.165e-01 2.791e-03 | 3.020e-03 | 6.793e+02 [K]| 1.590e4+03 [K]
YZ1 2.494e-02 1.725e-01 8.7086e-03 | 2.627e-02 | 1.08%e+03 [K]| 2.0852+03 [K]
Y2z 2.134e-03 B.162e-02 B.755e-03 | 8.875e-02 | 1.944e+03 [K] | 2.087e4+03 [K]
YZ 3 9.042e-05 6.893e-02 8.231e-04 | 1.068e-01 | 2.073e+03 [K]| 2.086+03 [K]
YZ 4 6.608e-06 &.616e-02 B.663e-05 | 1.082e-01 | 2.082e+03 [K] | 2.087e+03 [K]
YZ 5 2.974e-07 &.807e-02 2.721e-06 | 1.084e-01  2.085e+03 [K]| 2.0882+03 [K]
CH4 a2 co coz T(ave) T(max)
Mid plane | 8.932e-03 | 1.041e-01 | 6 .732e-04 §.261e-02 1.744e+03 [K] 2.087e+03 [K]
Yz 3.671e-02  2.16Z2e-01 | 2.868e-03 3.08%e-03 5.817e+02 [K] 1.556e+03 [K]
YZ1 2.168e-02  1.604e-01 | 1,.010e-02 3.300e-02 1.202e+03 [K] 2.087e+03 [K]
YZ 2 9.322e-04 | 7.473e-02 | 5.074e-03  9.783e-02 2.012e+03 [K] 2.087e+03 [K]
YZ3 2.029e-05  6.832e-02 | 2,320e-04 1.079e-01 Z.07%e+03 [K] 2.087e+03 [K]
Yz 4 8.395e-07  6.812e-02 | 1.235e-05 1.083e-01 2.082e+03 [K] 2.086e+03 [K]
YZ5 1.341e-07 | 6.810e-02 | 5.728e-07 1.084e-01 2.085¢+03 [K] 2.087¢+03 [K]
CH4 Qz co coz T{ave) T{max)
Mid plane | 1.007e-02 | 1.103e-01  6.058e-04 7.266e-02 1.601e4+03 [K] 2.054e+03 [K]
YZ 3.941e-02 | 2.253e-01 | 3.493e-08 2.192e-04 £.018e+02 [K] 9.705e+02 [K]
YZ 1 3.740e-02 | 2.174e-01 | 8.423e-04 2.98%e-03 6£.558e+02 [K] 2.008e+03 [K]
YZ 2 2.,195e-02 | 1.594e-01 | 3.337e-03 3.5810e-02 1.181e+03 [K] 2.012e4+03 [K]
YZ3 2.268e-02 | 1.614e-01 | 4,997e-03 3.016e-02 1.090e+03 [K] 2.016e403 [K]
YZ 4 2.291e-03 | 7.698e-02 | 4.522e-03  §.452e-02 1.807e+03 [K] 2.038e+03 [K]
YZ5 3.339e-04 £.728e-02 | 5.000e-04 9.342e-02 1.865e+03 [K] 2.043e403 [K]
CH4 oz co coz Tlave) T{rnax)
Mid plane | 1.248e-02 | 1.184e-01  1.048e-03 7.241e-02 1.610e403 [K] 2.088e+03 [K]
Y 2.945e-02 | 2.255e-01 | 2,402¢-06  1,252e-04 5.958+02 [K] 7.649:402 [K]
YZ 1 3.861e-02  2.224e-01 | 4.577e-04 1.712e-03 £.207e+02 [K] 2.088e+03 [K]
Y2 3.588e-02  2,120e-01 | 1,325¢-03  7.844e-03 7.321e+02 [K] 2.08824+03 [K]
YZ3 3.085e-02 | 1.928e-01 | 2.799e-03 1.932e-02 9.196e+02 [K] 2.088e+03 [K]
YZ 4 2.546e-02  1,719e-01 | 3,979¢-03  3.226¢-02 1,118+03 [K] 2.0882+03 [K]
YZ5 1.669e-02 | 1.377e-01 5.268e-03 5.42%e-02 1.43Be4+03 [K] 2.088e+03 [K]
CH4 Q2 co coz Tlave) Timax)
Mid plane | 1.164e-02 | 1.151e-01 | 1.053e-03  7.477e-02 1.637e4+03 [K] 2.086e+03 [K]
YZ 3.945e-02 | 2.255e-01 | 2.495e-08  1.280e-04 5.957e+02 [K] 7.704e4+02 [K]
¥z 1 3.844e-02  2.217e-01 | 5.163e-04 2.080e-03 5.345e+02 [K] 2.085e+03 [K]
YZ 2 3.454e-02 | 2.070e-01 | 2.039e-03  1.040e-02 7.793e+02 [K] 2.085e+03 [K]
YZ3 2.725e-02 | 1.793e-01 | 4.316e-03  2.6682e-02 1.048e+03 [K] 2.085e+03 [K]
YZ 4 2.033e-02 | 1.523e-01 | 5.341e-03 4.418e-02 1.302e+03 [K] 2.085e+03 [K]
YZ5 9.526e-03 | 1.096e-01 | 6.075e-03  7.268e-02 1.694e+03 [K] 2.085e+03 [K]

Figure 48. Data table; from top to bottom: CaseCase b, Case c, and Case d

In this Figure, average values for different partarseeare calculated. As one can see
highest average amount of ¢id these cases belongs to case c, where heateransf
exists. Thaxis almost same among the mid plane, YZ 3, YZ 44Acd. In YZ 1 and

YZ 2, Tnaxdiffer for each case due the different patterrfliEone shape.

5.3 Results and Discussion

In the section 4.1 and 4.2 different turbulence et®dested. Each model was tested
on four different grids, and it was shown that tlesults for each model are grid
independent, however these models simulate theffdd/in a different manner. One
can expect that 500,000 cells case would be seiffiaaumber of cells to work for the
next case. In the section 5.2 the grid structuressame for all the cases and it was
500,000 cells, but different settings were usedtaedesults are compared with each
other. As expected, different models offer différfow field models. By enabling the
heat transfer pattern of flame will change. Heamngfer plays an important role in the
functionality of the burner. As it is illustrated the cases c, d and e, if the flame
reaches the outlet of device, it could result imdging the turbines blade and also
unburned carbohydrates. Best model can be chosén aiter validation with
experiment.
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§) Conclusion

It should be mentioned in the pressure plots amdgure profile of cases, pressure
distribution may vary with number of iteration atitht is the reason the plots and
charts may vary. The variation of the pressure ifétb acceptable error range for
numerical error, thus the results were accepted.

The conclusion from the grid-study is that the meigle that is used for the 500K case
is enough, or in other words the results are gradependent. These conclusions are
based on steady-state simulations and were nettest transient simulations due to
limitations of time in the project. This is alsoportant to check in the future work.
The 500k mesh size would imply that the numberetidor a full 366 model would

be approximately 16M cells.

By consider all the three cases; the recommendaitmuse the k- SST model with
heat transfer for the steady-state simulations.aBge this model showed stable
convergence and also it predicts flow field betitem the other cases.

6.1 Future works

The suggestion for future work is to test more n@dalso, the simulations done in
this work uses Cldas fuel, while there are varieties of fuels avddato use.
Suggestion for future work:

Test the open source software OpenFOAM

Test different fuels

Modelling the generic gas turbine combustor witlfedent inlets for fuel and
air and use pre heated air.

Grid study for transient simulations
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8 Appendix
8.1 Pictures
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Figure Al, YZ planes
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Figure A2, Ideal Brayton cycle

8.2 Heat transfer coefficient calculatior

In order to calculate heat transfer coefficientestcase has been carried ( As it
shown in the Figure A3est case consists of a steel plane of thickae&sm in the
middle,and two entrances for air. Cold air enters at 6@@Ke the hot cold enters
1800K. Heat transfer coefficient calcted using the build in calculator in the C-
Post.Both cool air and hot air enter with velocity of 20s
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Figure A3, Test case for calculating h
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