4
=

) UNIVERSITEIT YAN PRETORIA
<) UNIVERSITY OF PRETORIA
\ 4

YUNIBESITHI YA PRETORIA

OPTIMISATION TECHNIQUES FOR
COMBUSTOR DESIGN

Oboetswe Seraga Motsamai

Submitted in partial fulfilment of the requirements for the degree
PHILOSOPHIAE DOCTOR in Mechanical Engineering
in the
Faculty of Engineering, Built Environment and Information Technology
University of Pretoria

Pretoria

Supervisor: Prof J. P. Meyer

Co-Supervisor: Prof J. A. Snyman

September 2008

© University of Pretoria



_‘!,_
b
W UNIVERSITEIT YAN PRETORIA
" UNIVERSITY OF PRETORIA

W YUNIBESITHI YA PRETORIA
ABSTRACT
TITLE: OPTIMISATION TECHNIQUES FOR COMBUSTOR DESIGN
AUTHOR: O. S. Motsamai

SUPERVISOR: ProfJ. P. Meyer

CO-SUPERVISOR: ProfJ. A. Snyman

DEPARTMENT: Mechanical and Aeronautical Engineering

UNIVERSITY: University of Pretoria

DEGREE: Philosophiae Doctor (Mechanical Engineering)

For gas turbines, the demand for high-performance, more efficient and longer-life turbine
blades is increasing. This is especially so, now that there is a need for high-power and
low-weight aircraft gas turbines. Thus, the search for improved design methodologies for
the optimisation of combustor exit temperature profiles enjoys high priority. Traditional
experimental methods are found to be too time-consuming and costly, and they do not
always achieve near-optimal designs. In addition to the above deficiencies, methods
based on semi-empirical correlations are found to be lacking in performing three-
dimensional analyses and these methods cannot be used for parametric design
optimisation. Computational fluid dynamics has established itself as a viable alternative
to reduce the amount of experimentation needed, resulting in a reduction in the time
scales and costs of the design process. Furthermore, computational fluid dynamics
provides more insight into the flow process, which is not available through
experimentation only. However, the fact remains that, because of the trial-and-error

nature of adjusting the parameters of the traditional optimisation techniques used in this
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field, the designs reached cannot be called “optimum”. The trial-and-error process
depends a great deal on the skill and experience of the designer. Also, the above
technologies inhibit the improvement of the gas turbine power output by limiting the
highest exit temperature possible, putting more pressure on turbine blade cooling
technologies. This limitation to technology can be overcome by implementing a search
algorithm capable of finding optimal design parameters. Such an algorithm will perform
an optimum search prior to computational fluid dynamics analysis and rig testing. In this
thesis, an efficient methodology is proposed for the design optimisation of a gas turbine
combustor exit temperature profile. The methodology involves the combination of
computational fluid dynamics with a gradient-based mathematical optimiser, using
successive objective and constraint function approximations (Dynamic-Q) to obtain the

optimum design. The methodology is tested on three cases, namely:

(a) The first case involves the optimisation of the combustor exit temperature profile
with two design variables related to the dilution holes, which is a common
procedure. The combustor exit temperature profile was optimised, and the pattern

factor improved, but pressure drop was very high.

(b) The second case involves the optimisation of the combustor exit temperature
profile with four design variables, one equality constraint and one inequality
constraint based on pressure loss. The combustor exit temperature profile was also
optimised within the constraints of pressure. Both the combustor exit temperature

profile and pattern factor were improved.

(©) The third case involves the optimisation of the combustor exit temperature profile
with five design variables. The swirler angle and primary hole parameters were
included in order to allow for the effect of the central toroidal recirculation zone on
the combustor exit temperature profile. Pressure loss was also constrained to a

certain maximum.

The three cases show that a relatively recent mathematical optimiser (Dynamic-Q),

combined with computational fluid dynamics, can be considered a strong alternative to the
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design optimisation of a gas turbine combustor exit temperature profile. This is due to the
fact that the proposed methodology provides designs that can be called near-optimal, when

compared with that yielded by traditional methods and computational fluid dynamics alone.
Keywords: combustor exit temperature profile, computational fluid dynamics,

mathematical  optimisation, gradient-based optimisation algorithm, successive

approximation algorithm, temperature profile, design methodology
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NOMENCLATURE

Symbols:

Variable Description Unit
a Approximated curvature of the objective subproblem -

A Approximated Hessian matrix of the objective function -

A Combustor casing area m’
A, Annulus area m?
Ay Area of the dilution hole m’
AFR,y, Average air-fuel ratio -

b Impact parameter -
ber Critical impact parameter -
Bp Transfer number -

b Approximated curvature of gj(x) subproblem -

B; Approximated Hessian matrix of gj(x) subproblem -

C empirical constant -

C. Empirical constant for k-¢ turbulence model -
Cei Empirical constant for £-¢ turbulence model -
Co Empirical constant for k-¢ turbulence model -
Cp Particle drag coefficient -

Ck Approximated curvature of hy(x) subproblem -

Ck Approximated Hessian matrix of hx(x) subproblem -

Cp Specific heat at a constant pressure J/kg K
Cpg Specific heat capacity of gas J/kg K
Cox Specific heat at a constant temperature for species k& Jkg K

¢ Problem-dependent

X1V
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Dcr
d

Dy

f.f
fif
fx)
Jr
Jrj

gi(x)
G

hk(x)
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Description

Diffusion coefficient

Drop diameter

Critical drop diameter

Dilution hole diameter

Diameter of the jet

Diffusion coefficient of species k

Empirical constant for the log-law mean velocity
Energy

Any quantity

Fluctuating component of quantity f

Mean component of quantity f

Objective function

Volume force acting on species k
Volume force acting on species k in the direction j
Gravitational acceleration

Jj-th inequality constraint function
Production of kinetic energy
Hessian matrix

k-th equality constraint function
Enthalpy

Enthalpy of species k&

Identity matrix

Momentum flux ratio
Lower bound

Turbulent kinetic energy

Species

¢ Problem-dependent

Unit

' B B B B

—

J/kg
Jkg
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nopt

Nu
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Description

Upper bound

Gas thermal conductivity

Optimum ratio of flame tube area to casing area
Turbulent kinetic energy at point p

Length scale of ¢

Reference Length

Latent heat of vaporization

Fuel mass flow rate

Jet mass flow rate

Mass flow at the base plate
Mass flow at the port

Mass flow of cooling air

Mass of mixture
Number of inequality constraints

Recirculating mass flow
Air mass flow rate
Air mass flow rate

Mass fraction of species k

Local coordinate normal to the wall
Number of design variables
Number of holes

Number of species

Optimum number of holes

Nusselt number

¢ Problem-dependent

Unit

kg/s

kg/s

kg/s
kg/s
kg/s

XVi



Variable

NuD

p
P
P
P;
Py
Py
Prp
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Description

Nusselt number of the droplet

Pressure

Penalty function

pdf of mixture fraction variance z

Air pressure at the combustor inlet
Exhaust gas pressure at the combustor exit
Source term

Prandtl number of the droplet
External heat source term

Heat flux

External heat source term

Rate of heat conduction to the droplet surface per unit area
Radius

Radius of the droplet

Initial radius of the droplet

Final radius of the droplet

Droplet Reynolds number of the droplet
n-dimensional real space

Droplet Schmidt number

Schmidt number of species k

Droplet Sherwood number

Mass source

Droplet transit time
State temperature of fuel

State temperature of oxidiser

¢ Problem-dependent

Unit

Pa

2 8B B B £ -« = = '

Xvil
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Ty
T3
Ttavg
T tmax

T. 4dpeak
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Description

Temperature

Time

Reference temperature

Temperature of air at the combustor inlet
Average temperature at the combustor exit
Maximum individual temperature at the combustor exit
Maximum temperature in average radial profile
Droplet temperature

Viscous damping time

Gas temperature

Wall shear stress

Velocity in the x-direction

Dimensionless mean velocity

Velocity of air

Velocity of droplet

Instantaneous velocity in the i-th direction
Three-dimensional velocity field

Fluctuating part of velocity in the i-th direction

Velocity of the jet

Correlation velocity V' in direction i

Component of diffusion velocity of species k&
Diffusion velocity of species £ in the direction j

Reaction rate of species k
Reaction rate

Velocity difference between product and parent droplet

¢ Problem-dependent

Unit

~

A A A A AR RAD

wn
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Variable Description
Wi Reaction rate of species k
x Design vector
x" Optimum design variable
v Droplet distortion
Coordinate from the wall
Yy State mass fraction of fuel
Yy State mass fraction of oxidiser
y Wall unit for law-of-the-wall
Yp Fuel vapour mass fraction
Yps Fuel vapour mass fraction at the droplet’s surface
Yr Mass fraction of fuel
Y Mass fraction of species k&
Yax Maximum jet penetration
Yo Mass fraction of oxidiser
Vp Distance from point P to the wall
z Mixture fraction variance
Greek symbols
a Penalty function parameter for inequality constraint
Penalty function parameter for equality constraint
B, Penalty parameter
0, Specified move limit for i-th design variable
Af norm Normalised step size
0; Move limit on i-th design variable

¢ Problem-dependent

Unit

X1X



Variable

APoverall
Axi

Axnorm

H;

H,

ps3
PD
Pg
Pi

Pk

oD

Oy

B
p

TE
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Description

Change in overall pressure drop
Step size for i-th design variable
Normalised step size

Rate of dissipation of turbulence
Angle

Penalty parameter
Turbulent viscosity
Kinematic viscosity
Liquid viscosity

Gas kinematic viscosity

Kinematic viscosity

Density

Penalty parameter

Density of air at the combustor inlet
Droplet density

Average gas density

Density of the mixture

Density for each species k

Surface tension

Droplet surface tension coefficient
Effective turbulent Prandtl number
Stress

Characteristic breakup time
Droplet relaxation time

Eddy life time

¢ Problem-dependent

Unit

degrees

Pas
m'/s
Pas
m'/s
m*/s

kg/m’

kg/m’
kg/m’
kg/m’
kg/m’
kg/m’

N/m

XX



Variable

Tij

TTR

Subscripts

N oWy W oA B W

~.

INT

max
norm

)
opt
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Description

Weber number

Stresses in the i-th and j-th direction
Transit time scale

Turbulent vorticity

Oscillatory frequency

Combustor inlet
Combustor exit
Air

Breakup
Droplet

Fuel

Gas

Index

Index
Interaction
Index

Species

Source

Mass source
Maximum
Normalised
Oxidiser

Optimum

¢ Problem-dependent

Unit

XX1
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Subscripts

P Point

S Surface

t Turbulent

TR Transit

Abbreviations

CFD Computational fluid dynamics
RANS Reynolds-averaged Navier-Stokes equation
RSM Reynolds stress method

LES Large eddy simulation

DNS Direct numerical simulation
SMD Sauter mean diameter

¢ Problem-dependant
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Gas turbines play an important role in many modern industries. The two prominent
industries that come to mind are the aircraft industry and the power generation
industry [1,2]. In addition to these well-established industries, gas turbines are used
today for varying industrial heating applications [3]. The aircraft industry is the
biggest user of gas turbines, and this is due to their advantages of range, speed and
comfort [4]. It is also possible to increase the efficiency of gas turbines by using
combined heat and power or the cogeneration concept [5,6]. This concept is regarded

as one way of saving the already depleted fossil fuel energy.

Although gas turbines offer important advantages, they have to fulfil performance
requirements, some of which are conflicting and non-linearly related [4]. These
performance requirements are related to the exit temperature profile, exhaust
emissions, pressure loss, thermo-acoustic waves and noise, stability and structural
integrity [2]. Unfortunately, almost all of the above performance requirements are
related to the effective operation of the combustor [2]. Since the performance
requirements are sometimes conflicting, the design of a gas turbine combustor is a
challenging task. In the aircraft industry, the difficulty in designing the combustor is

exacerbated by the constraints of space and weight [7].

One of the bigger challenges in gas turbine design is to achieve a desired exit
temperature profile at the combustor exit. Exit temperature profile is one of the most
critical parameters that affect the temperature distribution over the turbine blades [2].
The fact that the exit temperature profile has drastic effects on the life of turbine

blades, and hence affects the maintenance costs, makes it a critical design requirement
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[8]. The need to increase the power output and efficiency of the gas turbine also
necessitates an increase in the combustor exit temperature, which puts more pressure
on the design requirements [§].
In the early days of gas turbine combustor design, a number of empirical relations in
conjunction with semi-empirical techniques supported by experiments were the main
design approaches [9,10]. Design optimisation was based on a trial-and-error method
where the approach was to repetitively test different variants of the combustor until a
suitable arrangement was found. This approach was costly and time-consuming
because of multiple rig testing performed in order to reach a correct design [11]. With
advances in computer power, the role played by simulation codes (computational fluid
dynamics software) in combustor development changed the design process
remarkably, and these codes have now become a valuable part of an overall integrated
design system [12]. But a lot had to be done on the validation of the codes with

experimental data.

In terms of design optimisation, computational fluid dynamics still has some
disadvantages similar to that of the previous experimental method. It is still costly to
run repetitive trial-and-error computational simulations in trying to get satisfactory
performance requirements [7]. These trial-and-error parametric variations are also
influenced by the skill and past experience of the designer. The use of computational
fluid dynamics tools, even though these are not perfect and still have serious
deficiencies [12], resulted in a giant leap in terms of design capability, costs and lead

time [13,14].

Having recognised that computational fluid dynamics has drastically reduced
experimental costs and lead time [13,14], what remains is to find a solution for its
inherent trial-and-error parametric approach in design optimisation. This requires that
while the advantages of both experimental and computational fluid dynamics in
design optimisation approaches are being exploited, these approaches should be
complemented by a mechanism that would search for the optimum design. A tool that
can achieve this is a suitable mathematical optimisation algorithm [15,16].
Mathematical optimisation has been applied to numerous design problems, many of
which are in the area of computational structural mechanics [17-19]. In this regard,

however, combustion has not been a popular candidate due to a lack of viable
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analytical equations for and complexity in modelling the process [20]. Nevertheless,
the practice of coupling computational fluid dynamics to mathematical optimisation
has recently been shown to be capable of producing designs, which can be called

optimum within reasonable computational time [21].

In engineering, mathematical optimisation or so-called “automated or numerical”
optimisation usually implies the application of an optimisation algorithm integrated
into a numerical simulation software package for the automated optimal modification
of design variables. As already stated, for complex problems such as the design of a
combustion system, optimisation tools have not been widely used to date. But now,
with the availability of powerful high-speed computers, the repetitive simulation of
the combustion process has become feasible, which makes the design of a combustion

system a suitable candidate for mathematical optimisation [22].

Mathematical optimisation tools can be grouped into two classes, being single-
objective and multi-objective methods [23]. The decision on which method to use
depends on the number of criteria involved, but for determining the global minimum
of a specific performance parameter, such as the combustor exit temperature profile
considered in this study, a single-objective algorithm is preferable [20]. Although
Paschereit et al. [20] used a multi-objective method, it is suggested in the same work
that for determining a global minimum of a specific performance, a single-objective

algorithm is preferable.

Technical product design optimisation involves at least two aspects: first, the product
design has to be described in terms of a set of design variables and secondly,
evaluation tools (computational fluid dynamics software) are required for the
evaluation of the design properties or objective function. The optimisation algorithm
points to new possibly improved designs, which are automatically evaluated with the
analysis tools such as computational fluid dynamics. Depending on the resulting

objective values, the process continues until a certain termination criterion is fulfilled.

It is useful to automate the tuning of the design variables using optimisation

techniques in order to support the designer in his/her task. The multidisciplinary
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design optimisation approach, particularly its application to optimisation of the

combustor exit temperature profile, remains a topic to be researched.

The aim in this study, therefore, is to combine computational fluid dynamics and
mathematical optimisation in order to optimise the combustor exit temperature
profile, with respect to design variables which will be chosen to be combustor
parameters that directly affect the combustor exit temperature profile. The
mathematical optimisation process will be constrained such that certain performance
parameters are not violated. In the past, deficiencies in performing optimisation
without the use of numerical optimisation techniques hindered the progress in
combustor design and hindered the achievement of the maximum performance point
for a given technology and increased the time and cost to achieve a desired set of the

performance target [12].

The principal aim of this work is to investigate the feasibility of using a gradient-
based approximation method for the computationally efficient optimisation of a
combustor exit temperature profile. The particular methodology used here entails the
use of computational fluid dynamics and the successive approximation method
[24,25] to produce an optimum combustor exit temperature profile. This suggested
method originates from the fact that the trial-and-error methods commonly used for
optimising the combustor exit temperature profile do not guarantee near-optimal

solutions [2], and are also extremely time-consuming and costly.
3.1 REVIEW OF RELATED LITERATURE

Until the 1970s, combustor design was considered more an art than a science. It was
mostly based on trial-and-error methods where the approach was to repetitively test
different variants of the combustor until a suitable arrangement could be reached [12].
It made use of a few empirically based design rules [26,27] and relied on repeated
testing to achieve a suitable design. Anand and Priddin [12] highlighted that some

75% of all hardware costs were spent on the trial-and-error design cycle.

Combustor exit temperature design optimisation is a critical area in the design of a gas

turbine combustor. The maximum combustor exit temperature is governed by the
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working temperature of the highly stressed turbine blades [8]. The temperature must
not be allowed to exceed a certain critical limit. This value depends on the creep
strength of the materials used in the construction of the turbine blade and the required
working life of the turbine blade. It is also very important that the temperature
distribution of the combustor exit temperature conforms to a target profile that is also

governed by the turbine blades [4].

Few studies, however, have focused on how the combustor exit environment affects
the performance of the turbine. Shang et al. [28] conducted some tests on the
influence of the inlet temperature distortion on rotor blades. It is reported that the
radial temperature distortion results in significant augmentation of local blade heat
transfer. Nusselt numbers 10% higher than those measured with uniform conditions
within the tip region and 50% higher within the hub region were reported and similar
trends are reported in references [29] to [31]. The investigation of Krishnamoorty et
al. [32] also revealed that the cooling effectiveness can be reduced by as much as 10%
as a result of temperature distortions. Higher combustor exit temperatures require
complex turbine blade cooling systems causing additional component losses. With
better design optimisation methods of the combustor exit temperature, it would be
possible to increase the power output and efficiency of gas turbines by increasing the
pressure ratio and exit temperature. This has the advantages of decreasing the specific
fuel consumption and, consequently, the reduction of the size and weight of the

engine can be very considerable, particularly in the aircraft industry [4].

Design optimisation of the combustor exit temperature profile was attempted first by
applying dilution hole design procedures [2,26]. Methods that use a similar procedure
based on empirically derived expressions are reported by Lefebvre [2]. These methods
that follow later in the manuscript are the Cranfield approach in equation (1.3) and the
NASA approach in equation (1.4). From these equations, it is evident that
optimisation of the combustor exit temperature profile is a function of the momentum

flux ratio, and this controls jet penetration and mixing efficiency.

It is known that the injection holes in the combustor are varied to achieve the desired
zone air-fuel ratio to limit the emissions level, to achieve proper mixing of the

injection flows with the combustion zone, as well as the desired combustor exit
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temperature profile [2]. All the principles that contribute to the ease of controlling and
optimising the combustor exit temperature profile depend on the principles of swirling
flows and jet mixing. These kinds of flows promote the mixing of fuel and air and the
mixing of combustion products with fresh air. Failure to achieve zone objectives
during combustion leads to the difficulty in controlling or optimising the combustor

exit temperature profile.

The mixing associated with jets in cross-flow plays a critical role in optimising the
combustor exit temperature profile. It should be noted that in practical combustors,
the amount of air available for dilution is usually what remains after the requirements
of combustion and wall cooling have been met [5]. Under these conditions, where
variation in dilution airflow rate is not an option available to the designer, any change
in momentum-flux ratio (/) will necessitate a change in orifice diameter if optimum
penetration and mixing are to be met. Though there are many factors governing jet
mixing, the key factors are the momentum-flux ratio, length of the mixing path, and
the number, size and initial angle of the jets. A procedure for the design of dilution
holes that can achieve optimum combustor exit temperature profile is given by [2] as
shown below:

For a single round jet, Lefebvre [2] found that the maximum penetration is given by

0.5
Yo =1.15d,J% sin @ (1.1)

max

Here, Yya, d;, J and 6 are maximum jet penetration, diameter of the jet, momentum-

flux ratio and initial jet angle, respectively.

Due to blockage penetration of multiple jets in producing a local increase in
mainstream velocity, Lefebvre [2] recommended the following equation for maximum

penetration of round jets into a tubular liner:

Y, =1.15d "%, [ (1, +1in,) (1.2)

n, and m; are air mass flow rate and jet mass flow rate, respectively.
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Two methods for dilution hole design have been discussed in [2]. The first one is the

Cranfield design method that utilises the equation below.
m; =(z/4)nd:p,U, (1.3)

Here, n, p; and U, are number of holes, density at the combustor inlet plane, and
velocity of the jet, respectively. This method utilises equation (1.2) to determine the
jet diameter, d; and substitutes it in equation (1.3) to find the optimum number of
holes, n.

The second method is the NASA design method, which utilises the following

equation:

n = 7r(2J)O'5

opt

/C (1.4)

Where, n,,, is the optimum number of holes and C is an empirical constant.

These two methods differ in the sense that one stresses the importance of the hole size
and the other stresses the importance of hole spacing. Unfortunately, the two methods
do not always produce the same results [2]. If J is increased by increasing Uj, then the
two methods make the same recommendations with regard to how the number, size
and spacing of the holes should be changed for optimum penetration. However, if J is

increased by reducing U,, then the two approaches give different results.

Lefebvre and Norster [33] derived another method of obtaining the optimum number
and size of dilution holes, for the attainment of the most uniform distribution of the
exhaust gas temperature. The method is purely empirical and relevant data has to be
obtained from charts. The dilution hole diameter is obtained from the following

equation [33]:

(1.5)

m A

a

Jo k) %)
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dp, kopr, A, Ag, and A, are dilution hole diameter, optimum ratio of flame tube area to
casing area, combustor casing area, area of dilution hole and annulus area,
respectively.
The above methods do not guarantee the optimum solution, but have proved very
successful in preliminary design. The reason why the above methods do not guarantee
an optimum solution is that they do not employ any searching criteria for the
optimum. Failure of the above methods to achieve the optimum makes the

optimisation process depend so much on trial-and-error rig testing, which is very

costly and time-consuming.

Anand and Priddin [12] highlighted that some 75% of all hardware costs were spent
on these trial-and-error design cycles. The design methods stated above appear to
contain an inherent defect in that the calculated value of number of holes is not
necessarily a whole number. Lack of efficient design tools made the issues of design

optimisation even more complicated, costly and time-consuming [12].

Advances in experimental and theoretical research on gas turbine combustors resulted
in better understanding of the physical processes taking place inside the combustor
[34,35]. This better understanding in conjunction with the powerful computational
hardware made possible the development of numerical techniques capable of
simulating, with relatively high accuracy, most of the phenomena encountered inside
a combustor. Based on these techniques, design optimisation techniques have been

made more systematic and efficient [36,37].

Computational fluid dynamics has become an alternative tool with which to assess
different combustor designs [38-40]. The use of simulation tools, even though these
are not perfect and still have serious deficiencies, resulted in a giant leap in terms of
design capability, costs and lead time [12,13]. These codes have been utilised for
design analysis studies after validating them with reliable experimental data [41-43].
The complexity of turbulence causes serious problems in the modelling of turbulence
[44,45]. Though there are some models that can compute turbulence better, their
practical application is sometimes limited by the immense and totally impractical
number of nodes required allowing accurate description of turbulence. Mathematical

modelling of turbulent combustion is faced with problems of modelling turbulent flow
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and chemical kinetics as well as the interaction between the flow and the chemical

reactions [46].

Due to the use of simulation tools, the design of the Adour 915 (Hawk retrofit
program) was performed in a short time with only five tests required as compared
with 40 to 50 for previous programs [12]. Jones et al. [14] also reported more than a
60% reduction of direct operating costs, 70% increase in thrust-weight ratio, 90%
reduction in soot, 90% reduction in smoke, 90% reduction in UHC, 90% reduction in
CO and 40% reduction of NOx emissions due to advances in simulation tools. The
incorporation of computational fluid dynamics into design cycles had the result of

making it possible to assess designs before rig testing.

Attempts were made to use computational fluid dynamics to optimise the combustor
exit temperature profile by modelling jets in cross-flow and the results are reported in
references [47] and [48]. The studies concluded that mixing is a strong function of
momentum-flux ratio, mainstream swirl strength, and various ratios of geometric
spacing, hole diameter and duct height. Other researchers [36,37,49] also performed
parametric computational fluid dynamics studies to try and optimise the combustor

exit temperature profile, with particular interest in dilution hole pattern.

The parametric nature of the computational fluid dynamics optimisation approach
could also be viewed as lacking the ability to achieve the optimal design. This is due
to the fact that parameter variation depends so much on the skill and experience of the
designer. The most promising results on combustor exit temperature profile
optimisation are from the work of Catalano et al. [50,51]. In these papers, progressive
optimisation was used with computational fluid dynamics to optimise a duct after-
burner. The combination of the two tools exploited the analysis speed of
computational fluid dynamics, while an optimisation algorithm searched for design
variables that produce optimum results. While the method was found to be more
efficient, the theory of cross-flow jet mixing as applied to the combustor exit
temperature optimisation could not be applied, because the work was performed on

the afterburner without wall injections.
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The availability of reliable experimental data has made possible statistical methods to
be used for assessing performance. Becz and Cohen [52] have used proper orthogonal
decomposition to quantitatively assess mixing performance of non-reacting jets in
cross-flow. This method has similarities with other methods [47] and [48] which
determine mixing efficiency from momentum-flux ratio. The proper orthogonal
decomposition statistically predicts mixing performance from experimental data. The
prediction made by Becz and Cohen [52] were consistent with the results of
Holdemann ef al. [47]. This method required experimental data in order to perform

statistical analysis, therefore, it can be costly due to a number variants required to

generate experimental data.

Most of the studies cited above [36,37,47,48] confirm that the most important flow
variable influencing the extent of jet mixing in cross-flow is the momentum-flux ratio.
This momentum-flux ratio is a function of the diameter of the injection holes and
number of the injection holes, such that any change in these parameters creates a
corresponding change to the momentum-flux ratio. While most of the literature
confirms the importance of the momentum-flux ratio for mixing, the problem is a way
of obtaining the optimum momentum-flux ratio for a certain desired combustor exit
temperature profile. It has been pointed out that the empirically derived expressions
when used in conjunction with experiments are both costly, time-consuming and do

not achieve what can be called optimum designs.

It is also recognised that while computational fluid dynamics contributed a lot by
reducing costs and lead times through its ability to perform the flow analysis, the
decision on which the parametric variation is based also relies heavily on the skill and
experience of the designer. The deficiencies in the above methods show that it is
necessary to investigate mathematical optimisation as a tool that makes parameter
variations easier by employing an optimum searching mechanism. A combination of
computational fluid dynamics and mathematical optimisation is viewed as a possible

revolutionary technique that can take the optimisation process further [21].

Research into the application of optimisation algorithms to the design and
optimisation of combustors is gaining momentum. The concept of using an

optimisation algorithm to design a combustor was first proposed by Despierre et al.

10
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[53] and most recently references [6] and [7] reported some success. Their approaches
focused on the use of genetic algorithms in conjunction with a one-dimensional semi-
empirical code at the preliminary design stages. The one-dimensional simulation
codes have limitations in that they use a non-parametric description of the combustor
geometry, which is cumbersome and cannot be modified easily. In addition, one-
dimensional codes cannot describe such processes as mixing in a more refined and
physical way, so they need to be complemented by computational fluid dynamics
tools [7].
Though combustor exit temperature is one of the design objectives, only its quality in
terms of pattern factor was used as a design objective. This does not say anything
about the proximity of the combustor exit temperature profile to the target profile.
Another drawback is that genetic algorithms in their nature cannot produce results that
can be called “optimum”, because the results they reach are a compromise between
many conflicting objectives subject to many constraints [54]. Since the results
produce a set of possible solutions, the user can find an entire set of Pareto
optimisation solutions, and the decision about which is the best is taken by the
decision maker. In this way, they are only good when used during the preliminary
design phase. The preferred candidate for fine-tuning a specific performance objective
such as combustor exit temperature profile would be a single-objective optimisation
algorithm [22]. However, this single-objective optimisation can be a function of many
different objectives. This has been commonly used through different techniques such

as the simple weighted sum [55], and goal-attained or target vector optimisation [56].
1.3 NEED FOR THE STUDY

With particular emphasis on cross-flow jet mixing for combustion application, there is
a need for further research in the methods that can improve the optimisation of a
combustor exit temperature profile. In order to develop higher-performance, more
efficient, longer-life stages, combustor design must take into account combustor exit
temperature non-uniformities. From the literature study, it can be concluded that
optimisation of the combustor exit temperature profile still remains a difficult task.
The optimisation is made more important due to the fact that the hot path components
such as turbine blades are affected by the non-uniform combustor exit temperature

profile. This non-uniform combustor exit temperature profile shortens the life of the

11
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turbine blades, puts pressure on blade cooling technologies and results in high

maintenance costs.

The currently applied optimisation methods are extremely time-consuming, costly and
do not achieve a near-optimal solution. They also inhibit the improvement of the
engine power output and thermal efficiencies, by limiting the highest exit temperature
possible. Technological advancement has brought gradual improvements, with
computational fluid dynamics contributing a great deal to the design optimisation.
With the advent of computational fluid dynamics, it has been possible to perform
analysis on parametric design variants until a satisfactory design is reached before rig
testing has to be done. This helped by reducing costs and decreasing lead times.
However, the fact still remains that the optimisation methodologies applied to date
cannot be called “optimum”, because the existing methods for parameter variation
depends too arbitrarily on the skill and experience of the designer. This represents a
limitation to the technology that needs to be overcome. A possible way is to
implement a tool that can do the search for the optimum design prior to computational
fluid dynamics analysis and rig testing. Thus, the techniques of mathematical
optimisation come into play to make up for this deficiency. A combination of
computational fluid dynamics and mathematical optimisation can produce unexpected
improvements in design if implemented in the design optimisation loop. The un-
expected improvements can be such things as reducing design lead time and achieving

design targets that are not achievable with the current design methods.
1.4  AIM OF THE PRESENT WORK

The use of optimisation techniques for combustors may ease the pressure on the
combustor designer by automating the optimisation of some performance parameters
of the combustor, giving more time to the designer to concentrate on the technical
tasks rather than the tuning of the design. More importantly, these techniques can also
reduce cost and lead time and can lead to optimum designs, as shown in the literature

study.

The aim of this thesis is to propose, develop and implement a design optimisation

methodology, based on a mathematical gradient-based technique, that will allow for

12
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the optimisation of the combustor exit temperature profile. This study also represents
the first step towards optimisation of critical non-analytical performance objectives
such as the combustor exit temperature profile, by the use of numerically
approximated objective functions in an iterative mathematical optimisation process.
This will be achieved by combining computational fluid dynamics and mathematical
optimisation tools to perform the optimisation of mixing in order to optimise the
combustor exit temperature profile. This means that the design parameters become
design variables and that the performance trends with respect to these variables are

automatically taken into account by the optimisation algorithm.

In the current study, none of the equations stated in the literature study are used
directly in the optimisation application. The approximated combustor exit temperature
profile obtained from computational fluid dynamics simulations is used in the

computation of the objective function.
1.2  ORGANISATION OF THE THESIS
The thesis consists of the following chapters:

3 Chapter 2 gives the appropriate literature pertaining to the main features of a
gas turbine combustor and discusses how these features can be used to
improve the performance of the combustor. This allows for determining the
possible roles these features may play in deciding on the optimisation
variables. The constraints that would be necessary for design optimisation are

also discussed.

4 Chapter 3 presents the appropriate literature on the conservation equations of
reacting flows. The derivation of these equations from mass, species or energy
balances is not discussed. Conservation and transport are dealt with in
connection with the non-premixed combustion. The multiphase equations

between gas and spray droplets are also discussed.

5 Chapter 4 briefly reviews the main types of optimisation techniques that can

be considered for optimising the combustor. The only algorithm that is

13
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discussed in detail is the Dynamic-Q algorithm since it is the method of choice

for this study.

Chapter 5 validates the analysis part (computational fluid dynamics) of the
proposed methodology, by comparing the simulation results with experimental
results of an experimental combustor. The proposed design optimisation

methodology is then discussed.
Chapter 6 applies the methodology developed to three different optimisation
case studies in order to show that the optimisation methodology is a viable

alternative in the design of gas turbine combustors.

Chapter 7 provides the conclusion drawn from this study and also makes

recommendations and discusses the possibility of future research in this field.
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CHAPTER 2

BACKGROUND TO GAS TURBINE COMBUSTION

2.1 PREAMBLE

The literature on gas turbine combustion and design is well-known [2,4,57]. Therefore,
this section reviews only the main features (parameters) of a gas turbine combustor, and
how these features can be used to improve the performance of the combustor in terms of
improving the combustor exit temperature profile. This will determine the role these
features can play as possible optimisation variables. The constraints that would be

necessary when optimising the combustor exit temperature profile will also be discussed.

2.2  THE BASIC FEATURES OF A GAS TURBINE COMBUSTOR

Primary hole Cooling slot Dilution hole

Igniter
\ \ \
E
\ \ \Outer annulus
P—— — I L ] r
I
] : I o Nozzle
Diffuser I Intermediate zone | Dilution
A | zone
|
| ] /_
Fuel Y F L | » .
nozzle
Inner annulus
Swirler \
Primary zone Liner Intermediate hole

Figure 2.1. The basic features of a gas turbine combustor

Figure 2.1 is a schematic section of an annular combustor, which will be located

circumferentially around the body of the gas turbine. Though an annular combustor is
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shown in the figure, it is representative of the main features of all types of combustors

and their processes [2].
2.2.1 Diffuser

The purpose of the diffuser is to reduce the high compressor outlet velocity to a level
suitable for introduction to the combustor while (1) avoiding a high pressure drop, (2)
allowing a stable flame, and (3) providing for a recovery of dynamic pressure [57]. The
compressor outlet velocities may reach 150 m/s [2] or higher and it will be difficult to
burn fuel at these high velocities without the diffuser and apart from combustion
problems, the pressure loss will be excessive. The drop in velocity because of the

diffusion process is converted to a rise in static pressure.
2.2.2 Liquid fuel injection

The liquid fuels employed in gas turbines must first be atomised before being injected
into the combustion zone. Fortunately, atomisation is easy to accomplish; for most
liquids, all that is needed is a high relative velocity between the liquid to be atomised and
the surrounding air or gas [58,59]. Pressure atomisers accomplish this by discharging the
liquid at high velocity into a relatively slow-moving stream of air. An alternative
approach is to expose a slow-moving liquid in a high-velocity air stream, and this is
known as air blast atomisation. The spray will consist of droplets with a wide range of
diameters, and the degree of atomisation is usually expressed in terms of a mean droplet
diameter. If the droplets are too small, they will not penetrate far enough into the air
stream and if they are too large, the evaporation time may be too long [35]. The effective
minimum supply pressure is that which will provide the required degree of atomisation.
This shows that the spray parametric effects can have some effect on gas turbine
combustion. A more uniform fuel distribution in the dome has been found to lead to
uniform temperatures in the dome, which subsequently leads to low NOx and uniform
exit temperature [60]. A study by Su and Zhou [61] has also shown that as the Sauter

mean diameter of the spray increases, the exit temperature distribution deteriorates, and
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injection angles are required to have sprays located within the swirling recirculation. The
temperature distribution was also found to improve as the injection velocity of fuel sprays

Increases.
2.2.3 Swirler

The swirler imparts a high swirl into the flow to induce a strong recirculation region in
the primary zone [35,62,63]. The swirler works in conjunction with the primary wall jets
in providing recirculation. Recirculation is created when sufficient tangential momentum
is provided by the vanes to cause vortex breakdown. The swirl enables the residence time
in the primary zone to be lengthened without making this region excessively long. It also
promotes good mixing of air and fuel through turbulence. The swirler creates
recirculation in the core region by imparting high rotation to the flow and provides better
mixing because of strong shear regions, high turbulence and rapid mixing rates. The
amount of the recirculating flow in the primary zone defines the quality of the mixing in
the primary zone and influences re-light. The amount of recirculating flow can be

estimated using the following rule of thumb [7]:

. . 1 . 1 .
mr :Zmbp-’_zzmpo_'—gzmcool (21)

Even though this representation is oversimplistic and not representative of the modern
combustor with a strong swirl, it is often used in the preliminary design stage [7]. Large
swirl numbers are known to lead to recirculation and longer residence times for the fuel,
with shorter flames and higher temperatures close to the base of the combustor, enabling
flame stabilisation over a wider range of equivalence ratios than with small numbers
[63,64]. This subsequently enhances fuel-air mixing and rate of heat generation. Swirl
has been found to play a major role in the particle dispersion process [35,65]. Sankaran
and Menon [35] reported that increase in swirl creates a significant lateral dispersion of
particles. Analysis by Squires and Eaton [65] has also shown that the droplets tend to

accumulate in regions of low vorticity and this accumulation increases with the increase
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in the swirl number. This type of preferential accumulation has serious implications for
higher combustion efficiency and lower pollutant emissions. Since most of the droplets
evaporate before reaching the flame in high swirl, the fuel vapour from the droplets forms
a cloud and burns like a gaseous diffusion flame [66]. For practical application, this issue
is important since combustion and subsequent heat release can be either vaporising
controlled or mixing controlled in a spray combustion system (depending on local
conditions). Therefore, the design of spray combustors needs to incorporate the two

issues since these mechanisms can significantly impact the overall performance.
2.2.4 Cooling air

Combustors use cooling air for durability of the liner and participation of cooling air in
the reaction is considered to be negligible [57]. The cooling air is introduced through a
variety of cooling slots such as convection, film and transpiration [7,65]. The detrimental
effects of the air film cooling techniques on combustor performance are well-known [57].
The injection of large amounts of cool air at the surface of the combustor walls,
combined with a corresponding reduction in the amount of air available for mixing in the
dilution zone, produces an uneven radial temperature distribution in the outlet of the
combustor. Another undesirable effect of film cooling air in the primary zone is to chill
the combustion process and thereby reduce combustion efficiency. Due to lower heat
release and lower inlet temperature at the atmospheric pressure, it is normally considered
unnecessary to use cooling air for the wall of the laboratory combustor [57]. The absence
of cooling air allows better-defined boundary conditions that are easily modelled, as well

as simplifying the design.

2.2.5 Primary zone

The function of the primary zone is to sustain the flame and to provide optimum
temperature, turbulence and time necessary to achieve efficient combustion of fuel [2,64].

The primary zone has air admission holes around the line to provide jet mixing as shown

in Fig. 2.1. In the primary zone, good mixing promotes efficient combustion and
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minimum pollution formation. The primary zone has different behaviours depending on
the jet design. As described by Rudoff [57], either large-scale recirculation with a small
number of jets, or small-scale recirculation, with a large number of jets may be utilised.
The average zone air-fuel ratio (AFR) corresponds to the ratio of total air mass flow to
fuel mass flow in the given zone as given by equation 2.2 [7]. It is one of the crucial
parameters controlling combustion. The combustion temperature and hence the pollutant
emissions are strongly dependent on the AFR, therefore it should be controlled precisely
throughout the whole combustion zone [58,7]. However, this zone-averaged AFR does
not constrain the local AFR values and depends largely on the mixing. Therefore,

constraining the mixing will put a constraint on the local AFR distribution.

Mgy (2.2)
mfuel

The design optimisation of the primary zone is very important for the performance of a
gas turbine combustor. Most of the important combustor boundary conditions that control
emissions and the rate of heat release are in the primary zone. These parameters relate to
the swirler strength, spray distribution, inlet air pressure and temperature and primary
hole injections [2,63]. All these flow and burner parameters have varying effects on the
performance of the burner [62,63,65,66,67]. Some effects relate to the degree of swirl and
fuel injection in the performance of the combustor and are given in sections 2.2.2 and
2.2.3. Inlet pressure has been reported to have some effects on combustion efficiency,

NOx concentration and exit temperature [67].

2.2.6 Intermediate (secondary) zone

In the intermediate zone, the gas is diluted with air bled through the intermediate holes
[2,4]. This air induces further turbulence and supplies more oxygen to complete the
burning of soot formed during primary combustion. The air will also lower gas
temperature to reduce the amount of NOx formed at high temperatures during primary

combustion. The penetration of the jets should be less so that quenching does not occur
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too rapidly [57]. At higher altitudes, or at the lower pressure of the laboratory scale
combustor, reactions are slower and the secondary zone can also provide additional

residence time for combustion.
2.2.7 Dilution zone

In the dilution zone, the gas is further diluted by air admission through the dilution holes
to reduce the temperatures to those acceptable to the gas turbine blades [48]. The design
of the dilution zone is such that the combustor exit temperature profile will match the
turbine blade thermal stresses. The quality of the exit temperature in terms of pattern
factor and profile factor has to be controlled in the dilution zone. Different variations of
size, number and location of the dilution holes are used to control the combustor exit
temperature [48,68]. The investigations in references 48 to 68 have confirmed that
mixing efficiency strongly depends on the momentum-flux ratio of the streams, and an
optimum momentum-flux ratio can be determined by investigating different

configurations.

2.3 OPTIMISATION PARAMETERS FOR COMBUSTOR EXIT
TEMPERATURE PROFILE

The temperature attained by gases at the outlet of the combustor is dependent on its
history from the time it emerges from the compressor. During its passage through the
combustor, its temperature and composition changes rapidly under the influence of
combustion, heat transfer and mixing processes, none of which are perfectly understood
[2]. Therefore, the temperature distribution of the gases entering the dilution section is
controlled by processes in the primary and secondary zones. Because of the proximity of
secondary and tertiary air jets to the combustor exit and the turbulent mixing of jets with
combustion products of the primary zone, large fluctuations in temperature and mixture
fraction values are expected to be present at the combustor exit [68]. Such fluctuations in
temperature and scalar flow field are believed to be responsible, in part, for the so-called

“hot streaks™ at the combustor exit, and these are represented by the maximum individual
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temperature at the combustor exit (74m.). These hot streaks represent a drop in
combustion efficiency and can also potentially cause damage to turbine vanes and blades.

Figure 2.2 is used to provide some explanation of terms in the combustor exit

temperature profile.

T4max

Tiavg —» f4——— Actual exit
1

Radial direction

Temperature

Figure 2.2. Explanation of terms in exit temperature profile parameters

The most important temperature parameters are those that affect the power output of the
engine and the life and durability of the hot sections [68]. As far as the overall engine
performance is concerned, the most important temperature is the turbine inlet temperature
T'4ave, Which is the mass-flow-weighted mean of all the exit temperature recorded for one
standard combustor. The quality of combustor exit temperatures distribution is generally

expressed in terms of two non-dimensional parameters, viz., profile factor and pattern

factor, which can be defined as [48]:

Pattern factor = M (2.3)
(T = T)
(Tzlpeak - 714avg )
and  Profile factor= ——= (2.4)
(T =)
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where Tymer 18 the maximum individual temperature at combustor exit, Ty, is the
average temperature at combustor exit, 7. is the maximum temperature in average

radial profile at combustor exit and 73 is the average temperature at combustor inlet.

A combustor exit temperature with a good profile is necessary for the acceptable
performance of turbine blades. The turbine blades are normally highly stressed because
of associated stresses due to centrifugal forces, aerodynamic forces, and thermal stresses.
Blade failure can occur due to (a) creep, (b) thermal fatigue and (c) surface oxidation and
corrosion [8]. Creep life tends to be a function of “bulk” metal temperature. Thermal
fatigue is principally controlled by the peak temperature and temperature gradients in the
blade. Surface oxidation tends to be a function of the peak metal temperatures that occur
at thin sections, usually at the leading and trailing edges of the blade. The three processes
mentioned above can adversely affect the service life of the blades, and therefore, in
order to prolong the service life of turbine blades, it is necessary to optimise the

combustor exit temperature profile.

Optimisation of the combustor exit temperature profile is normally achieved by having
dilution holes to reduce the exit temperature to the turbine blades’ operating temperature,
and also to shape the temperature profile as shown in Fig. 2.2. Since the temperature
attained by gases at the combustor exit is dependent on its history from the time it
emerges from the compressor, it has been discussed in sections 2.2.3 to 2.2.7 that all the
combustor geometric parameters (swirler and injections holes) can be used as
optimisation variables for the combustor exit temperature profile. The optimisation of the
combustor exit temperature profile is performed after the preliminary design, and during
that stage most of the combustor performance requirements are satisfied. Therefore,
optimisation of the combustor exit temperature profile can only create small changes or
no changes at all to other performance requirements, and any probable change would be

controlled by design constraints [69].

A common procedure for optimising the combustor exit temperature profile is the use of
combustor parameters related to the dilution holes [32,37]. But this does not rule out the

possibility of using some other parameters such as the primary holes, secondary holes and
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swirler, because the flow field in the dilution zone is dependent on what happens
upstream was discussed in sections 2.2.1 to 2.2.7. As the geometries of injection holes
and swirler are varied, the flow field in the combustor also changes requiring the use of
appropriate design constraints on the affected performance parameters. This practice
mostly affects the combustor pressure loss due to its close coupling to injection velocities

and the injection hole diameter [2].

Pressure loss can be regarded as the sum of the loss due to combustion (hot loss) and the
flow resistance through the liner (friction loss). Any pressure drop between inlet and
outlet of the combustor leads to both an increase in specific fuel consumption and
reduction in specific power output and, therefore, it is essential to keep pressure loss to a
minimum [4]. However, higher liner pressure loss is beneficial to the combustion and
dilution processes, because it gives high injection air velocities and step penetration and
high levels of turbulence, which promotes good mixing and can result in a shorter liner
[2]. Also an increase in air velocities can reduce the aerodynamic performance of the
combustor. During the design of a combustor, three different ratios of pressure drop are
taken into consideration [7]. These are the overall pressure drop, diffuser pressure drop
and the flame tube pressure drop. The flame tube pressure drop can be subdivided into
the outer-wall and inner-wall pressure drops. For the purpose of this work, where the

inner-flame tube is considered, the inner-wall pressure drop [7] is given by [7].

_b-P (2.5)

2.4 CONCLUSION

Some background on gas turbine combustor design features has been given, including
description parameters necessary for the optimisation of the combustor exit temperature
profile and the associated constraints. The key geometric parameters for the performance
of the combustor have been identified and some of these parameters will be used as

design variables for the optimisation process described in Chapter 5. This chapter has
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also shown how each of these geometric parameters affects the performance of the

combustor, especially the combustor exit temperature.
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CHAPTER 3

NUMERICAL COMBUSTION

3.1 PREAMBLE

This chapter presents the conservation equations for reacting flows. The derivation of
these equations from mass, species or energy balances will not be treated. Conservation
and transport equations will be dealt with in connection with the non-premixed
combustion only. The multi-phase equations between gas and spray droplets will also be

discussed in this chapter.

3.1.1 Conservation of momentum

In combustion, multiple species react through multiple chemical reactions. The
mathematical model of combustion processes is based on the Navier-Stokes equations
[70]. The chemical reactions are considered as source terms in the continuity equation for

each species.

Consider the gas mixture including N species. Let p; be the density for each species & (k

= 1,...,N); p=2p;:is the density of the mixture; ¥, — P "™ i the mass fraction; and u; is
p m

the three-dimensional velocity field.
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The momentum equation is the same in non-reacting (equation 3.1) and reacting flows

(equation 3.2).

0 op 6rl.j
—pu, +—puu, =— + — 3.1
or P T, P T T T s, G-1)
iu+i u.u __6p+5fij+ ZNYf
ot £ ox, pUis; 0x ox, Pl el (3.2)

i J

where f;, is the volume force acting on species & in direction j. Even though equation 3.2
does not include explicit reaction terms, the flow is modified by combustion.
Temperature variation causes changes in dynamic viscosity (1) and density (p). As a

consequence, the local Reynolds number varies much more than in non-reacting flow.

Going from non-reacting flow to combustion requires solving for N more variables. The
N increases the number of conservation equations to solve, because of the addition of the
number of species. The behaviour of reacting flows is different from non-reacting flows,

because combustion modifies density and the respective velocities of flow.

3.1.2 Mass conservation

The total mass conservation is given in equation 3.3.

op Opu,
L 4 L= O
or | ox, (3:3)

Equation 3.3 is unchanged when comparing non-reacting and reacting flows, because

combustion does not generate mass.

The mass conservation for a species k& with diffusion velocities is written as follows:

opY 0 .
%4‘ a(p (ui+VkJ-)Yk):Wk (34)
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where V;; is the i component of the diffusion velocity V; of species k& and wy is the

reaction rate of species k.

N N
where YV, =0,and D v, =0
k=1

k=1

The task for solving equation 3.4 is difficult, because solving for diffusion velocities is
complex [70] so most codes use a simplified approach based on Fick’s law as shown in

equation 3.5.

opY 0 . 0 oY )
%4_5( (ui+Vi )Yk)ZE[PDk—kj"'Wk 3.3)
N oY,

and V*© :Zk:le ™

1

where Dy is the diffusion coefficient of species k into the mixture.

Fick’s law is a convenient approximation for diffusion velocities because the Lewis
numbers of individual species usually vary by small amounts in flame fronts. Since Lewis
numbers change slightly through the flame front, using diffusion velocities based on
Fick’s law and constant Lewis numbers provide a reasonable approximation of the

reacting species.
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3.1.3 Conservation of energy (sum of sensible and Kkinetic energies)

The energy equation is shown in equation 3.6.

OpE 0 . 0q, 0 :
+ — E )= -—Y+ —(o.u. )+ 0 +
ot ox, (puE) =iy ox, Ox, (O-”u’) o
3.6
pZZ,kak,i[”i"'Vk,ij (0

where O is the external heat source term and ¢ is the heat flux.

Equation 3.6 is necessary for solving heat addition and heat transfer effects. Additions
can be made to the energy equation in the form of a source term that includes heat
addition and losses by means of conduction and radiation, as well as volumetric heat

addition from an exothermic reaction.

Energy conservation equations have multiple forms, but not all the forms are
implementable in classical computational fluid dynamics, and the most preferred forms
are the forms with sensible energies or enthalpies. The simplified forms which are
commonly used in combustion codes are: constant pressure flames, equal heat capacities

for all species and constant heat capacity for a mixture.
3.2 TURBULENT NON-PREMIXED COMBUSTION

In non-premixed combustion, fuel and oxidiser enter the combustor in distinct streams, so
that there is no reactant mixing before reactants enter the combustion zone. For this
reason, they are simpler to design and safer to operate when compared with premixed
combustion, because they do not exhibit propagation speeds and do not flash back, and
they are located where the fuel and oxidiser meet. Without propagation speed, a non-
premixed flame is unable to impose its own dynamics on the flow field and is more

sensitive to turbulence. Diffusion flames are also more sensitive to stretch than turbulent
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premixed flames and are more likely to quench by turbulent fluctuations, and flamelet

assumptions are not justified as often.

In combustion modelling, non-premixed combustion is more challenging and difficult to
understand. The main reason is that reacting species have to reach the flame front by
molecular diffusion and while that is happening, their diffusion speeds may be strongly
modified by turbulence motions. However, in many combustion codes, chemical reaction
is assumed to be fast, or infinitely fast, when compared with transport processes. Most
mechanisms described for turbulent premixed flames are also found in non-premixed

flames [71].

Turbulence may be characterised by fluctuations of all local properties and occurs for
sufficiently large Reynolds numbers, depending on the system geometry. The main effect
of turbulence on combustion is to increase the combustion rate. Elementary concepts of

turbulence can be found in Hinze [70].

3.3 TURBULENT COMBUSTION MODELLING APPROACHES

The three main numerical approaches used in turbulence combustion modelling are:
Reynolds-averaged Navier-Stokes (RANS) equations, direct numerical simulation (DNS)
and large eddy simulation (LES). In RANS, equations describe mean flow fields and this
approach is limited to practical industrial simulations. In DNS, all characteristic length
and times scales are resolved, but the approach is limited to academic applications. In
LES, larger scales are explicitly computed whereas the effects of smaller ones are

modelled. For the purpose of this research, only RANS will be dealt with in more detail.

3.3.1 RANS in turbulence modelling

The balance equations for the mean quantities in RANS simulations are obtained by

averaging the instantaneous balance equations. This averaging procedure introduces
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unclosed quantities that have to be modelled with turbulent combustion models. Classical

assumptions used to average the conservation equations are as follows [71,72]:

- the thermodynamic pressure is constant and Mach numbers are small

- species heat capacities are equal and constant (Cr = C,)

- molecular diffusion follows Fick’s law and molecular diffusivities Dy are
equal (Dy=D)

- Lewis numbers are equal

- fuel and oxidising streams are separately introduced into the combustion

chamber with reference state (7;,Y;}) for fuel and (7),Y;) for oxidiser.

Under these assumptions, for a single one-step chemical reaction in adiabatic flows, fuel
(Yg) and oxidiser (Yp) mass fractions, and temperature (7) are linked [71] through the

mixture fraction z given in equation 3.7:

A A /i (T -T))+Y, :%(T—Tg)wo—yg 47
SYP+Yy ST -TH+Y, G (T -T)-Y,

In flames where the second and the fourth assumptions (stated above) are not satisfied
(multi-step chemistry, heat losses), mixture fraction variables are based on atomic

elements and are linked to species mass fractions.

In Reynods averaging, any quantity f may be split into mean (/) and fluctuating
component (f) such that (f=f+ f) and the same equation for Favre averaging

becomes ( f = f + ). Since Reynolds averaging for variable density flows introduces

many other unclosed correlations between any quantity f and density fluctuations ( ou, ) ,

to avoid this difficulty, mass-weighted averages (called Favre averages) are usually

preferred [71,72].
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The Favre-averaged balance equations [71] become:

Mass
P =0 ¥
Momentum

Chemical species

PV L O (5id )= ¥ 4 U )+ fork =1, .. N, (3.10)
Ot ox, ox.

1

Enthalpy

: ox;

oph. 0 ..~ - Dp 0,0 —= ou o &
b (Pl h )= WAt —| A= pu'h |+ T, L —— V. Yh 3.11
/ (pul s) w Dt [ ax puz s] le ax { ; kit k s,k} ( )

@ @+ua—p:@+ﬁ,@ "ap
dt 'ox dt 'ox. ' ox

1 1 l

Equations 3.8 to 3.11 are formerly identical to the classical Reynolds-averaged equations

for constant density flows. Comparisons have shown that simulation differences between
Reynolds-averaged equations ( f) and Favre-averaged equations ( f ) are negligible,

however, most experimental techniques (thermocouple readings) give Reynolds averages.
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3.3.2 Unclosed terms in Favre-averaged balance equations

The resulting problem of finding additional equations or conditions to make up for these
unknown equations has come to be called the closure problem. The objective of turbulent
combustion modelling is to propose closures for the unknown quantities in equation 3.8

to 3.11.

Reynolds stresses (uluj)

These equations [71] are closed by turbulence models and the closure may also be done
directly or by deriving balance equations for the Reynolds stresses. Since most
combustion works are based on the classical turbulence models developed for non-
reacting flows, such as the k-¢ model, the equations are simply rewritten in terms of
Favre averaging. Heat release rates are normally assumed to have no effect on Reynolds

stresses.

"

Species (ulYk) and enthalpy (ulh

"
N

) turbulent fluxes

These fluxes are generally closed using a classical gradient assumption [70,71]:

ﬁN M, 8)7,{

uyY =-— — 3.12
‘ Sckt a‘xi ( )

where g, 1s turbulent viscosity, estimated from turbulent model, and Sc, a turbulent

Schmidt number for species k.
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3.3.3 Classical turbulence models for the Reynolds stresses

These turbulence models have been developed for non-reacting flows and are written in
terms of classical unweighted Reynolds averages [70]. Their extension to reacting flows
remains an open question, but is generally conducted by simply replacing Reynolds

averages by Favre averages in the model expressions as done here.

Following the turbulence viscosity assumption proposed by Boussinesq [70], the

turbulent Reynolds stresses are generally described [70] using the viscous tensor (7;)

expression retained for Newtonian fluids:

T "o o, Ou, 2 o0 2
uu. =puY, =—pu| ——+—=L-=6.—% |+=pk 3.13
p iy IO ik ﬂt[axj 8xi 3 ij ax]{] 3p ( )

where g, is a turbulent dynamic viscosity (, = pv, and v, is the kinematic viscosity).

The right side has been added to recover the correct expression for the turbulent kinetic

energy k [1] as:
IS
k== uu, (3.14)
25

In order to account for the transport of turbulence, models have been developed which
employ transport equations for quantities characterising turbulence. It has thus become
customary to classify turbulence by the number of transport equations used for turbulence
quantities. The resulting nomenclature is explained in Table 3.1. These approaches

evaluate the turbulent viscosity, y, , and are: algebraic expressions that do not require any

additional terms (zero-equation model), one-equation models, two-equation models and

Reynolds stress models.
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Name Number of turbulent Turbulence quantities
transport equations transported
Zero-equation models 0 None
One-equation models 1 k, turbulent kinetic energy
Two-equation models 2 kand &
Stress/flux models 6 E components
Algebraic stress models 2 k and cused to calculate ﬁ

Table 3.1. Classes of turbulence models

The zero-equation models include such models as the Prandtl mixing length model [73].
These models are based on algebraic expression and are generally computationally
inexpensive, but their accuracy is insufficient. One-equation models incorporate a closure
of the balance equation for turbulent kinetic energy (k). The turbulent length scales in
these models are correlated with algebraic equations. The results produced are normally
satisfactory but not better than the zero-equation models. In two-equation turbulence
models, a second equation is coupled with the turbulent kinetic energy equation used in
the one-equation models. The second equation models, for example, the rate of change of
either dissipation (¢), turbulent length scale (L), or vorticity (@). The most popular is the
k-& model [70,71], which has many derivatives in an attempt to improve its deficiencies
[74]. Since the k-& model has been used in this work, it will be discussed in more detail

and its strengths and weaknesses will be pointed out.

3.3.4 Standard k-¢ turbulence model

In the standard the k-& model, the effects of turbulence are represented by an isotropic
“eddy” or “turbulent” viscosity which is evaluated using two quantities: turbulent kinetic

energy (k) and its rate of dissipation (¢). k and ¢ are obtained from the solutions of

“modelled” transport equations [75].
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In this approach, due to the work of Jones and Launder [75], the turbulent viscosity is

estimated as:

k2
#=pC,— (3.15)

where the turbulent kinetic energy & and its dissipation rate € are described by closure

balance equations:

0, _ 0 ,_. 0 U | ok _
—(pk)+—(pi.k)=— +—L |—|+P —-ps
Gt(p) axi(pl) aij” akjaxj} e
(3.16)
O,_\ 0 ,_._ 0 u, | oc & _&
—(pe)+—I(pie)=— +—L|—1|+C,—P -C, p—
o0 P) 5 () =5 | # ajax_,] AT ey
The source term, Py, is given by
_—— Ou,
})k :—pl/lil/ljaT (317)

and the Reynolds stresses pu;u; are determined using Boussinesq expression in equation

3.13: The standard k-& model is usually employed with five constants as recommended by
Launder and Spalding [76]. Simple flow situations were analysed to obtain the values

from measured data under controlled laboratory conditions. The constants are usually:

&

C,=009 ; 0,=10 ; o0,=13 ; C,=144 ; C,=192

3.3.5 Strengths and weaknesses of the standard k-& turbulence model

The strengths of the model are that the model is robust and cost-efficient to use.
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The weaknesses are that the constants are taken from simple, steady, high Reynolds
number flows; the model is hard to be extended to low Reynolds number (Re< 5*10%);
and since isotropic eddy viscosity (g is a scalar), the model assumes that one length scale

(and one velocity scale) is appropriate for all directions.

In general, it is known that the two equation closures are based on the linear constitute
law (the Boussinescq assumption). In the Boussinescq assumption, gradient diffusion
approximation is typically employed to close the Reynolds stresses. For this reason, poor
predictions are expected when the non-linearity of the flow field is remarkable, such as in
the presence of chemical reactions and swirling flows (combustors). This linear relation
should be replaced with a non-linear relation between the Reynolds stresses and the local
mean velocity field. The assumptions made in the closure schemes for turbulence also
affect turbulence-chemistry interactions, and further assumptions are made in the reaction
model used [71]. The isotropic assumption in the k-& model does not apply to practical
flows very often, but strong anisotropic features are prevalent. Such phenomena can be
incorporated through models such as the Algebraic stress model (ASM) or the Reynolds
stress model (RSM) which is a second-order modelling [73].

34 TURBULENCE CHEMICAL REACTION INTERACTIONS

Before deriving any models, challenges in the reaction rate term vva modelling should be

emphasised. First, from the mathematical point of view, the strong non-linearity of the
Arrhenius law with temperature makes averaging a difficult issue, because the average of
the strong non-linearity function cannot be estimated using the value of the function for
the mean values. Modelling the reaction rate term W, is the key difficulty in turbulent
non-premixed combustion simulations. Most of the theoretical arguments derived for

laminar diffusion flames can be repeated to the structure of the turbulent diffusion flame

and in such a flame the two problems to solve are [71]:
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- A mixing problem providing the average mixture fraction field Z(x,,7) and

some of its higher moments (for example z*)
- A flame structure problem where species mass fractions, Y;, temperature, 7,

and reaction rate, W, , are expressed as functions of z.

The complexity added by turbulence, compared with laminar diffusion flames, comes
from the averaging procedures. To determine average values, the mean value of z is not
sufficient: higher z moments are needed and, if possible, a full probability density

function (pdf) of z. When the pdf of z, p(z) is known, averaged species mass fraction

(Yk ), averaged temperature (T') or averaged reaction rates (W, ) are given by:

ﬁ&=i(Pn‘Z*)p(z*)dz* T :I(”T = ptesas (3.18)

W=

(@)p(z*)dz* (3.19)

o t——

where (Q‘z*) denotes the conditional average of quantity O for a given value of the

mixture fraction z=z , depending on z and various quantities such as the scalar
dissipation rate. p(z") is the z-probability density function. According to equations 3.18

and 3.19, two different levels are available to model turbulent non-premixed flames, and

they are the primitive variable approach and the reaction rate approach.
3.4.1 Primitive variable method

In the primitive variable method, assumptions are made on the flame structure (from

flamelet libraries) or through balance equations (such as conditional moment closures) to

provide conditional quantities such as ka‘z* and pT ‘z* [71]. In simple terms, the
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primitive variables solve for Z and deduce 7 and Y, from the information stored. The

species mass fractions and temperature balance equations are no longer required and

mean reaction rates (1,) are not modelled. The RANS codes solve only for flow

variables (p,i,,...) and mixture fraction variables (Z,z°,...) to estimate, directly or

indirectly, the probability density function ( p(z")). The primitive variable method is less

time-consuming than the reaction rate approach, because species mass fractions are no
longer required. The method can be applied to both infinitely fast chemical reactions and

finite chemical reaction assumptions.
3.4.2 Reaction rate method

In the reaction rate method, balance equations for species mass fractions and, eventually,

for temperature, are solved. The reaction rates, vT/k, have to be modelled or have to use

laminar flame stored data for 1w|z" . In simple terms, reaction rates solve for 1w, taking

Wz from the stored data and advance T and Y, from balance equations. Under

infinitely fast chemical reactions, two approaches have been proposed to model reaction
rates in a turbulent non premixed flame and they are the eddy-dissipation-concept [77]
and the flame structure analysis [71]. This concept directly extends the eddy-break-up
concept to non-premixed combustion. Since assuming infinitely fast chemical reactions is
not always adequate, a way of incorporating more chemical reactions into turbulent
combustion models is needed. This is done by assuming a finite rate chemical reaction,
whereby the link between flow variables and mixture fraction is no longer unique but

depends on the Damkohler number [72,78]

3.5 NEAR-WALL TURBULENCE MODELLING

The turbulence models described above cannot be applied without modifications in the
near-wall region. The wall function approach and the near-wall model approach are the

two existing options for modelling the near wall. The wall function approach [74,79]
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contains the standard wall functions and the non-equilibrium wall functions. The non-

equilibrium wall functions are not used in this work and, therefore, are not discussed.
3.5.1 Wall functions

For the wall functions approach, the viscosity-affected region is not resolved and, instead
it is bridged by the wall functions. The wall functions consist of an empirical description

of the mean velocity and temperature profiles in the wall boundary layer and formulas for

the near-wall turbulence quantities (k-¢, etc).

The log-law for the mean velocity is given by equation 3.20;

* 1 *
U =;1n(Ey ) (3.20)
. UC 1/4k1/2 . C 1/4k1/2
T,/ p U

and E is an empirical constant (= 9.81).

The log-law for temperature; is given by

T"=0,(U" +P) (3.21)

(7-T,)pc,C," k"

where 7" = o
q

In the k-¢ models implemented in FLUENT [74], the k equation is solved in the whole
domain including the wall-adjacent cells. The boundary condition for & imposed at the

wall is:

ok

—=0 3.22
P (3.22)

where n is the local coordinate normal to the wall.
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The production of kinetic energy, Gy, and its dissipation rate, &, at the wall-adjacent cells,
which are the source terms in the k-equation, are computed on the basis of a local
equilibrium hypothesis. Under this assumption, G, and ¢ are assumed to be equal in the

wall-adjacent control volume.

Thus, G is computed [74] from:

R (3.23)
oy koC, "k'"y,

and ¢ is computed [5] from:

C1/4k3/2
g=—t P (3.24)
ky,

The equation is not solved at the wall-adjacent cells, but instead is computed using

equation 3.24.

The wall functions are valid for y" > 30-60 (up to about 400, even though a value close to

the lower bounds is most desirable) where y " is defined as:

yi=uylv (3.25)
And i is defined as:  p, =(z,,/ ,0)1/2

Wall functions are economical, robust and reasonably accurate. However, there are

certain situations [74] in which the wall function approach becomes inadequate:
e when low Reynolds numbers or near-wall effects are pervasive (e.g. flow

through a small gap, flows with low Reynolds numbers, and flows near

transition);
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e when there is transpiration (blowing/suction) through the wall;
e when strong body forces are present (e.g. flow near rotating disks, and flow
under strong buoyancy effects);

e when the flow is highly three-dimensional in the near-wall region (e.g. Ekman

layers, strongly skewed three-dimensional boundary layers).

In such situations, the two-layer zonal model provides an alternative to the wall function
approach. In this approach, the near-wall region is resolved all the way down the wall.
The turbulence models ought to be valid throughout the near-wall region. The flow is
divided into two regions; i.e. the viscosity-affected near-wall region and the fully
turbulent core region. The high Reynolds number k-& models are used in the turbulent

core region. In the viscosity-affected region, only the k-equation is solved.
3.6 FLAME AND WALL INTERACTION

Flame and wall interactions are found in most practical industrial systems where they
induce various effects on the overall efficiency and pollutant formation of the flame but
also on the lifetime of combustion chambers. The interactions influence combustion and
wall heat fluxes in a significant manner and constitute a difficult challenge for
combustion studies. These phenomena are applicable to both premixed and non-premixed
combustion in the same manner. Studying the interaction between flames and walls is
extremely difficult from an experimental point of view, because all interesting
phenomena occur in a very thin zone near the wall [79,80]. In most cases, the only
measurable quantity is the unsteady heat flux through the wall, which is an indirect
measurement of the phenomena taking place in the gas phase. Figure 3.1 shows how the

interactions between flames and walls take place.
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Whall modifies turhulence
length scales aud creates
turbulence

Wall quenches flames Tuthulence changes friction

atud heat transfer to the wall

Flame heats wrall

Flame modifies turhulence

Tuthulence wrinkles the
flame atud flamelets

Figure 3.1. Interactions between walls, flame and turbulence [71]

The following are the effects of flame wall interactions [71]:

1. Walls quench the flamelets which come too close to them, and this is directly
associated with an enthalpy loss from the flow to the wall so that adiabatic
assumption used in many models fails. Due to the quenching of the flame,
unburned hydrocarbons form on the walls, and this is a source of pollutants

and reduced performance.

2. Flame elements induce very large heat fluxes to the wall, before quenching,
and this controls the maximum levels of heat fluxes to be considered for

cooling.

3. The walls modify turbulence scales and therefore, near-wall effects must be
included in turbulence models. For non-reacting flow, law-of-the-wall
extensions are used. The law-of-the-wall extensions derived for non-reacting

flows poses danger when used with reacting flow. The most obvious
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limitation of combustion models near walls is that turbulent length scales
decrease near walls, and these scales can become smaller than the flame

thickness so that the flamelet models should not be used anymore.

3.7 SPRAY MODELLING

A significant portion of the current total energy demand has been met by the combustion
of liquid fuels. For efficient combustion to occur, intimate mixing of fuel and air is a
necessity. Therefore, the study of the mixing process in an evaporating spray is
important. In some cases, mixing can be separated from combustion, but most often
combustion of the spray proceeds concurrently with mixing, which makes the

physiochemical process more closely coupled.

Theoretical modelling and numerical evaluation of sprays require information on the
distribution of droplet sizes and velocities produced by the injector. The spray formation
process, however, complicates this specification, since it involves complicated processes
such as breakup of primary jets, secondary droplet breakup, and collisions between drops.
Different models have been developed for spray combustion processes [72,81], i.e.
empirical correlations, droplet ballistic models, stirred reactor models, locally

homogeneous models and separated flow (two-phase flow) models.

Among all of the above models, the two-phase flow model is the most logical approach,
since the effects of exchange of mass, momentum and energy between the liquid and gas
phases are included in the analysis. Moreover, it is not limited to extremely small
droplets. However, due to limitation of computer storage and cost of computations,
researchers developing separated flow models have made no attempt to accurately model
the details of the flow field around individual drops. Therefore, the exchange processes
between phases must be modelled independently. Usually, a set of empirical correlations

for droplet drag, heat and mass transfer is employed.
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In general, there are three different approaches to separated flow analyses for evaporating

and combusting sprays [72].

1.

Particle-source-in cell model, or discrete-droplet model. In this model, a
finite numbers of groups of particles are used to represent the entire spray.
The motion and transport of representative samples of discrete drops are
tracked through the flow field using a Lagrangian formulation, while the
Eulerian formulation is used to solve the governing equations for the gas
phase. The effect of droplets on the gas phase is taken into account by

introducing appropriate source terms in the gas-phase conservation equations.

Continuous droplet model. In this model, a distribution function is used to
evaluate the statistical distributions of drop temperature, concentration, etc.
The transport equation for the distribution function is solved along with the

gas conservation equations to provide all the properties of the spray.

Continuum-formulation model. In this model, the motion of both drops and
gas is treated as though they were interpenetrating continua. A continuum
formulation of the conservation equations for both phases is used to model
spray combustion and evaporating problems. In this approach, the governing
equations for the two phases are similar; however, there are many difficulties
in describing the droplet heat-up process, the turbulent stresses, and the

turbulent dispersion of droplets.

For the purposes of this research, only the Particle-source-in-cell model will be discussed,

for the reason that it is the most logical approach and used mostly in computational fluid

dynamics applications.
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3.7.1 Particle-source-in-cell model, or discrete droplet model

In this approach, the entire spray is divided into many representative samples of discrete
drops whose motion and transport through the flow field are found using a Lagrangian
formulation in determining the drop life history, while a Eulerian formulation is used to
solve the governing equations for the gas phase [82]. Depending on the consideration of
the effect of turbulent fluctuations on particle motion and the method of the velocity
differences (slip) between the phases, discrete droplet models are further subdivided into

deterministic separated flow models and stochastic separated flow models.

In deterministic separated flow models, the slip and finite interphase transport rates are
considered, but effects of turbulence on interphase transport rates are ignored. Droplets
are assumed to interact only with the mean gas motion. In the deterministic separated
flow formulation, particles following deterministic trajectories are found by solving their
Lagrangian equation of motion. Spray models of this type usually employ the standard
drag coefficient for spheres and ignore virtual mass and Basset forces. These
approximations are appropriate for high void fractions and high liquid-gas density ratios

[80].

It is generally assumed that the spray is diluted in these models. This implies that
although particles interact with the gas phase, they do not interact with each other.
Therefore, droplet collisions are ignored, and empirical correlations determined for single

drops in an infinite medium are used to estimate interphase transport rates.

Although the deterministic separated flow model described above considers the
interphase slip between particles and the continuous phase, the effects of turbulent
fluctuations on particle motion are ignored. Several stochastic separated flow models

have been developed to treat both slip and the effects of turbulent fluctuations [72].

Computational fluid dynamics analysis of the fuel film dynamics and atomisation process

has not reached a sufficiently matured state for the design purposes. Therefore,
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experiments have to be performed on combusting spray in order to characterise the spray
for computational fluid dynamics modelling. Due to experimental limitations, most
measurements of drop size and velocity distributions have generally been made at some
distance from the injector [82]. This so-called initial station is usually in the dilute
portion of the spray. Both experimental and theoretical studies of the dense spray region
are needed in future to understand the jet breakup process as well as to accurately specify

the flow conditions at the selected station near the injector exit.

Despite the fact that a commercial code has been used for combustion simulations in the
study, the equations on the application of physical submodels have been considered on a
more general basis. The physical submodels are not discussed in terms of the FLUENT
code [74], but instead a more general approach, which can be followed by any code, has
been used. This is due to the fact that the processes that take place in spray phenomena
are similar, but the only difference is the kinds of equations used or assumptions made
during the development of a certain code. This considers the spray phenomena as
undergoing the following processes: turbulent dispersion, breakup, drop coalescence and

collision, mass transfer, heat transfer and turbulence modification.
3.7.2 Liquid phase equations

The liquid fuels employed in combustors must first be atomised before being injected
into the combustion zone. Fortunately, atomisation is easy to accomplish; by quantifying
the relative velocities between the liquids to be atomised and the surrounding air or gas.
The Lagrangian method is used in the liquid-phase modelling and fuel is assumed to be
injected into the combustor as a fully atomised spray which consists of spherical droplets.
Liquid sprays are represented by a discrete particle technique, in which each
computational particle represents a number of droplets of identical size, velocity and
temperature. In the absence of any fundamental mechanism or model to build a theory of
drop size distribution, a number of functions have been proposed based on either
probability or purely empirical considerations. Those in general use include log-normal,

Nukiyama-Tanasawa, Rossin-Rammler and the upper limit distribution [58].
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The path of a particle introduced in the computational domain is usually computed in a
Lagrangian reference frame, using momentum balance. The momentum equation for a
spherical particle can be expressed with only Stokes drag forces and body forces. Other

forces (virtual mass and other) can be neglected if the ratio of p4 to pp is in the order

0.001 [83]. The equation takes the following form.

= - —DD‘uA—uDKuA—uD)ng (3.26)

with for the drag coefficient Cp:

24(1+0.15Re ;"7 )/Re,  Rep<10°
Cp =04 Re,,>10° (3.27)

The droplet trajectory is now computed in time, using a predefined step size, by
integrating the velocity vector. The two phases (air and droplets) do not necessarily
interact, and a very dilute spray can be thought of as having no effect at all on the carrier
phase. If the spray cannot be considered dilute, it affects the properties of the carrier
fluid. In this case, the spray is dense enough to affect the carrier flow field via momentum
exchange between the droplets and the carrier fluid. Considering that a spray consists of a
huge number of drops, it is common practice to gather similar droplets (same diameter,
initial velocity and liquid properties) in a parcel and calculate the trajectory of the parcel
to represent that category of drops. This approach known as the discrete droplet model

[84] is widely used in computational fluid dynamics software.
3.7.2.1  Turbulent dispersion

Turbulent dispersion is the spreading of drops over the flow field due to droplet-eddy
interaction. When using a RANS turbulence model, the turbulence kinetic energy, £, is

assumed to be isotropic and the fluctuating velocity to have a Gaussian distribution with
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standard deviation (2k/3)"%. As turbulence is a chaotic process, an ‘’eddy” passing
through a certain point can be thought of as being a realisation of the probability density
function of the velocity fluctuation at that point. The droplet thus passes through a certain
point in space where the instantaneous carrier fluid velocity, uy, is determined by the

average bulk velocity U, and a randomly sampled fluctuation u’4 or us= U+ u'’4.

A droplet will interact with an eddy for a certain time, vz, or, in other words, the same
sampled velocity fluctuation will be used for a certain number of computational time
steps. When this interaction time is passed, a new sample will be taken from the
probability density function of the velocity fluctuation. The interaction time is the

minimum of the time scales of two possible events:

- The droplet travels with the eddy until the eddy dies andzz is the eddy life-
time.
- The droplet traverses the eddy because it has enough momentum relative to

the main airflow. This event has the transit time scale z7x.

These time scales are respectively defined by the following equations [84];

_ Ly
"l
Ty =—TpIn| 1- Le (3.29)
Tp |uA _uD|

Tinr = min(TE > TrR )

where the drop relaxation time 7 is

D
S S (3.30)
3 pACD|uA _”D|
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3.7.2.2 Drop breakup

Drop breakup is the reduction of drop size due to the interaction with the high-speed
airflow. This feature is not available in every commercial computational fluid mechanics
code, but will be discussed in this work. The model by Gosman and Ioannides [85] is
considered here. Several breakup regimes are distinguished. The Weber number and the
Ohnesorge number relate these regimes to the initial drop conditions. The latter
dimensionless number represents the effect of drop viscosity on breakup. Other useful
relations are the droplet Reynolds number and the critical drop diameter. These are based
on the critical value of the Weber number, which is defined when breakup no longer

occurs. The breakup rate of a drop is then defined as [85]:

D-D
d_D =__ "CR (3.31)
dt Ty
With the characteristic breakup time defined as:
5 1/2
Pp
Ty = — We >12 (3.32)
T 1=(0R/TYug,| (pA ]

3.7.2.3 Turbulence modification

Turbulence modification is the phenomenon that the airflow turbulence level changes
under the influence of discrete phases. It either increases or reduces the turbulence level.
The production of turbulence is attributed to vortex shedding behind large droplets and
the dissipation of turbulence happens when drops extract energy from the mean flow
turbulence to settle to bulk air velocity. Most commercial computational fluid dynamics

codes do not include turbulence modification.
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3.7.2.4 Drop collisions and coalescence

Droplet collisions and coalescence, as well as aerodynamic breakup, can also be included
in spray modelling. The current treatment is as given by Su and Zhou [61]. If the collision
impact parameter, b, that is, the distance between droplet centres, is less than a critical
value, b.,, the droplets coalescence; and if it exceeds the critical value, the droplets
maintain their sizes and temperatures but undergo velocity changes. The sizes, velocities
and temperatures of droplets after collisions are obtained in terms of the conservation of
mass, momentum and energy. The critical impact parameter, b, for a collision between

two droplets with subscript 1 and 2 is given by

b2 =(rp, +1,) min(1.0,2.41 (v)/We) (3.33)
where f(v)=v’ —2.4v> +2.7v, op is the droplet surface tension coefficient, and

v =max(ry,, 1,,)/ min(ry, 7,,)

When the droplet’s distortion exceeds unity, it breaks up into a distribution of smaller

droplets. The droplet’s distortion y is given by

V(O =We/12+e [(ym)_ We /12)cos we +l(y(o> g2 el12
w

D

jsin wwt} (3.34)

Where, We, 1s the Weber number, the viscous damping time ¢, =2,0Dr2 /54, and the

square of the oscillation frequency @’ =8a/ p,r’ —1/t; . After breaking of the droplet,

the following distribution is assumed for the radii:

g(r) = %e"” (3.35)
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where the mean radius 1:=r/(7+3,0Dr3 y*/80). The magnitude of product droplet

velocities differ from that of the parent droplet by a velocity magnitude, w, and with
direction randomly distributed in a plane normal to the relative velocity vector between

the parent droplet and gas. The quantity, w, is given by:

1 dy
W=—pr— 3.36
2 dt (3-36)

The number of mass droplets associated with the computational particle is adjusted from

the conservation of mass.
3.7.2.5 Heat and mass transfer
Heat and mass transfer occur with evaporating sprays. To calculate droplet mass and heat

transfer with the surrounding gas, a uniform temperature model of a single droplet is

used. The evaporation rate is given by the Frossling correlation [86].

D -
dr, _(PD)y Yo=Yy g (3.37)
dt  2ppr, 1-Y,

where (pD), is fuel vapour diffusivity in gas. Y, is the fuel vapour mass fraction at the

droplet’s surface and Y, = p,, / p, . Shp is the Sherwood number given by

In(1+ B,)
B

D

Shy, =(2.0+0.6Re};’ Scp’) (3.38)

and Sc, = u, /(pD), and B, =(Y,, -Y,)/(1-Yy).

The rate of droplet temperature change is determined by the conservation energy equation

at the droplet surface.
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4 dT, dr,
25 gﬁr;Cp dtD —ppdrriL, d—f =4xr,Q, (3.39)

where C, is the droplet-specific heat, Lp is the latent heat of vaporisation, and Qp is the
rate of heat conduction to the droplet surface per unit area, which is given by the Ranz-

Marshall correlation.

_K(T,-T,

0, " Nu,, (3.40)

2r,

where the Nusselt number is given by

)ln(1+BD)

Nuy, =(2.0+0.6Re};’ Pry’ (3.41)

D

and the Prandtl number Pr, = 1, C, /K, K, is the gas thermal conductivity.

The changes of mass, momentum and energy of droplets from the above calculations are
then added into the source terms of the governing equations. The momentum exchange is
treated by implicit coupling procedures to avoid the prohibitively small time steps that
would otherwise be necessary. The accurate calculation of mass and energy exchange is

ensured by automatic reduction in the time step when the exchange rates become large.
3.8 CONCLUSION

This chapter presented the conservation equations for turbulent reacting flows in non-
premixed combustion. Different turbulent modelling techniques have been discussed,
particularly the k-& model since it will be used in this study. The interaction of chemical
reactions and turbulence has also been discussed. Since combustion is a two-phase flow
involving mixing of air and fuel, spray modelling has also been discussed. Different ways
of spray modelling have been discussed in this chapter, but only the discrete droplet

model has been discussed in detail due to its suitability to this study.
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CHAPTER 4

THE DYNAMIC-Q OPTIMISATION METHOD

4.1 PREAMBLE

This section discusses in detail the Dynamic-Q method of Snyman and Hay [24],

since it has been the method of choice used in this study.
4.2 MATHEMATICAL OPTIMISATION

Mathematical optimisation is the process of finding either a minimum or a maximum
of a specified function by adjusting the variables of that function with a mathematical
algorithm. The function can be linear or non-linear, and subject to certain constraints.
Sometimes the function does not even have a known analytical form, increasing the
complexity of the problem. In mathematical optimisation, first the product design has
to be described in terms of a set of variables and secondly, evaluation tools are

required for evaluation of the design properties.
4.2.1 Constrained optimisation

Consider the constrained optimisation problem of the general mathematical form:

. T
min f(X); X =[x, %,,...,%,....X,] ,XER"

gj(x)SO; j=L2,..,m

4.1
h(x)=0; k=1,2,..,p<n (+J)

subject to constraints:

where f(x), gj(x) and h(x) are scalar functions of the n-dimensional vector x.

The function f(x) is the objective function that is being minimised. The gj(x) denote

the inequality constraint functions and /(x) the equality constraint functions. The
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components x;, i = 2,...,n of x are called the design variables. The optimum vector x

that solves problem 4.1 is denoted by the vector

X :[xl*,x;,...,x:}T (4.2)

with corresponding lowest function value f{x') subject to the given inequality and

equality constraints.

The optimisation problem formulated in (4.1) may be solved using many different
gradient-based methods, such as the successive approximation sequential quadratic
programming (SQP) method, or stochastic methods such as genetic algorithms.
Genetic algorithms are often found to be too expensive in terms of the number of
function evaluations (simulations) when compared with SQP [87-88]. The method of
choice for the work done here is the relatively new gradient-based and successive
approximation Dynamic-Q method [24]. The Dynamic-Q method has been
extensively tested by Snyman and Hay [24] and was found to offer equal
competitiveness to that of SQP. Dynamic-Q was also found to be superior to SQP at
handling problems with severe noise by Els and Uys [89]. Dynamic-Q was
successively applied to a mixed integer problem by Visser and De Kock [90], and this
is of particular interest since the problem considered in this study is also of mixed

integer nature.

In this study, the Dynamic-Q method [24] is used and will, therefore, be discussed in
detail. The Dynamic-Q method is capable of handling general constrained
optimisation problems. The method consists of applying the dynamic trajectory
optimisation algorithm [91] to successive spherically quadratic approximations of the

actual optimisation problem.
4.2.2 Dynamic-Q method
The Dynamic-Q algorithm uses the LFOP algorithm outlined by Snyman [91] to
handle constrained problems by means of a penalty function approach. For any

general optimisation problem of the form (4.1), the associated penalty function
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formulation, which transforms the constrained problem to an unconstrained problem,

is: min Q(x) with respect to x, where

0 = f()+ X" P, e (M +2L Al (x) (4.3)
0 if gj(x)<0
where £ =g if gj(x)50

For simplicity, the penalty parameters o ;and f, usually take on the same large
positive value «, =, =u. It can be shown that as x tends to infinity, the

unconstrained minimum of Q(x) yields the solution to the constrained optimisation
problem. The LFOP dynamic trajectory method applied to the penalty function
formulation of the constrained problem in three phases is called the LFOPC algorithm
[92,93].

PHASE 0: Given some starting point x°, apply LFOP with some overall penalty

parameter u = 1,(=10%) to Q(x, x,) to give X (4,).

PHASE 1: With x":=x"(4,), apply LFOP with increased overall penalty parameter
u= (= 10*)>> 4, to Q(x,u) to give x*(ul). Identify the set of n, active constraints

corresponding to the set of subscripts [, =(ulu2,..,un,) for which

gu_i(x*(,ul)) >0, j=L2,..,n,

PHASE 2: With x":=x"(g,), apply LFOP to

1y P
minQ, (X, ) = D gy (X)+ D 1 (x) (4.4
. Jj=1 k=1

. *
to give x .
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4.2.3 Constructing the successive approximate spherical quadratic

subproblems

The spherically quadratic approximation of a function is used in this study to
approximate the functions that are not analytically known and/or computationally
expensive to evaluate. The approximated functions are used to construct a subproblem
P(i) at design iteration i. The approximated functions can be the objective function
and/or the constraint functions depending on the optimisation problem being
investigated. The computational time for optimisation is, therefore, reduced by
replacing computationally expensive functions by simpler approximate functions
obtained from a few expensive function evaluations (simulations). The way these

successive subproblems are constructed will now be discussed in detail [25,94].

The Taylor expansion of a function f{x) in the region of the current design point x7is

given by:

Fx) = fxN)+V Fx)(x—x")+
1 - i l_ (4.5)
E(X_X()) Hx"Yx-x")+H.OT

where H(x") is the Hessian matrix at point x and H.0.T is the higher-order terms in

the expansion. The vector x” is the current design point. The Hessian matrix is

defined as
(2 f &f f |
oxt  oxox,  OxoOx,
of of o' f
H(x)=|ondy oy andx, (0=V'f(x) (4.6)
of of of
| Ox,0x, Ox,0x, ox? |
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If the higher-order terms are ignored, the value of f'at a point x in the region of x? is

given approximately by:

f®)= &)+ VD) (x-x)+

'%@—x“ffax“Xx—#”) 47

The gradient vector V/(x")) in equation (4.7), may be approximated using a first-

order forward differencing scheme. This first-order gradient approximation needs

some special consideration and will be discussed in the following sub-section.

Since the function f, or its derivatives, may not be analytically known, the second-
order derivatives need also to be calculated using a finite difference approximation,
e.g. a forward differencing scheme. Furthermore, if the calculation of the function is
computationally expensive to evaluate (as is the case with computational fluid
dynamics), the calculation of the Hessian matrix becomes extremely expensive
computationally. The way the Hessian matrix is approximated in the Dynamic-Q

method now follows.

Taking A” as the approximation of the Hessian matrix, the spherically quadratic

approximation f (x) to the function, f(x) is given by:

f) =) +V f(x)(x—x?)+

, oo , (4.8)
%(X _ X(t))T A® (X(’))(X _ X(1))
where the approximation of the Hessian matrix (A(l)) is given by
A" =diag(a”,a"”,...,a")=a"1 (4.9)

and 7 is the identity matrix.
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@ used in the construction of the approximate Hessian

()

The appropriate curvature a
matrix is calculated by using function and gradient information at the design point x
and the previous design point, point x”. The value of ¢’ defines the amount of
curvature of the spherical quadratic approximation. During an optimisation run, the

(i-1)

point X" is the previous design point where the gradient and the function are already

known. The initial value, a”, depends on the specific optimisation problem being
considered. In this study, a value of zero was chosen for the construction of the first

subproblem. This implies that the first approximation has no curvature.

The same procedure is used to get spherical quadratic approximations g,(x) and

ilk(X) to g;(x) and %, (x) which then becomes:

g,(0=g,(x")+ Vg, (x)x-x")+

%(x—x(i))TBj(x(i))(x— x7), j=1,..,m

B, _ _ _ (4.10)
hie(x) = b, (x)+ VT, (x7)(x—x?) +
1 . . .
E(x—x(’))TCk xNx-x"), k=1,...p
with the Hessian matrices Bjand Cy taking on simple forms
B.=b1
s (4.11)
C,=¢cl

It is specified that f (x) interpolates f{x) at x”’ and x™" and that the gradient of f (x)

matches that of f{x) at x” then equation (4.9) can be rewritten to give a® as follows:

o2 {f(X(H)) — £ = VT F(x?)(xD —x® )}
a =

o] (4.1

This may be called the backward interpolation spherical approximation to f{x) at x?.
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Another way to calculate a’” is to specify that f (x) interpolates f{x) at x/ and x™”

and that the gradient of f (x) matches that of f{x) at x*” and not at x™ as above. This

gives the following expression:

) 2 {f(x(i)) — FE) =V A(xDY(xD - X(i))}
a’ =

. . 2
me _ X(z—w)H

(4.13)

By averaging the curvature of the backward interpolation quadratic function as in
equation (4.12), and forward interpolation quadratic approximation as in equation
(4.13), an averaged expression for a” can be obtained [95,96]. In this study use was

made of equations (4.12), and it gives more stable values for the curvature.
4.2.4 Gradient approximation of objective and constraint functions

The Dynamic-Q method of Snyman needs the gradients of the objective and
constraint functions. Different methods can be used for calculating these gradients,
and these methods have certain advantages and disadvantages when using
computational fluid dynamics to construct the gradient. One such method is the

forward differencing scheme.

A forward differencing scheme is used to approximate the gradient vector of the
objective function (Vf(x")) which is used in the spherical quadratic approximation

discussed in sub-section 4.2.3. The components of the gradients are calculated as

follows:

Y _ Sx+AX) -~ f(X)
ox, Ax, ’

1

i=12,...n (4.14)

where

Ax, =[0,0,..., Ax,,...,0] (4.15)
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The components of the gradients of the inequality and equality constraint functions
used in the spherical quadratic approximation are approximated in a similar manner

and are given in equation (4.16).

0g,(x) _&(x+Ax)-g(®) . _,

,m
ox, Ax,
(4.16)
ahi(x) _h[(X+AX[)_hi(X) i=1
ox Ax s D
again with
Ax, =[0,0,...,Ax,,...,0]" (4.17)

A new computational fluid dynamics simulation is required to approximate each of
the components. Thus n+/ computational fluid dynamics simulations are to be
performed at each optimisation iteration. The restart feature of the computational fluid
dynamics package can be used to reduce the computation time required to obtain the
computational fluid dynamics solutions. In some cases, the amount of iterations
required to obtaining a converged computational fluid dynamics solution for a
perturbed set of design variables (x+Ax;), can be reduced by a factor of 10, when

using the restart feature of the computational fluid dynamics package [49].

In many optimisation problems, additional simple side constraints of the form

k <x < k. occur. Constants l%. and k;, respectively, are lower and upper bounds for

variables x;. Since these constraints are of a simple form (having zero curvature), they
need not be approximated in the Dynamic-Q method and are instead explicitly treated

as special linear inequality constraints in the application of LFOP.

As a further aid in controlling convergence, intermediate move limits are imposed on
the design variables during the minimisation of the subproblem. For each approximate
subproblem P(i), these move limits take the form of additional inequality constraints

[97]. These inequality constraints are described by
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X; —xﬁ’;l) -0, <0,
‘ J=L2,....n (4.18)

G- _ . _
X; x;—6,<0,

where >0 are user-specified move limits.

The Dynamic-Q algorithm can now be stated as follows [24]:

1. Choose a starting point x' and move limits 0, j:=1,2,...,nand seti:=1.

2. Evaluate f{x), gj(x’) and hj(xi) as well as V fix'), l7gj(x’) and sz(xi). If
termination criteria are satisfied then set x == x’ and stop.

3. Construct a local approximate subproblem P/i/ with corresponding penalty
function O(x) at x' (as in (4.3)), using approximations for the objective and
constraint functions given by (4.8) - (4.13).

4. Solve the approximated subproblem P/i] to give x” by using LFOPC [92].

5. Setir=i+ 1, x'r =x"" and return to Step 2.
4.2.5 Particular strengths of Dynamic-Q

The particular choice of spherically quadratic approximations in the Dynamic-Q
algorithm has implications for the computational and storage requirements of the
method. Since the second derivative of the objective function and constraints is
approximated using function and gradient data, the O(n®) calculations and storage
locations, which would usually be required for the second order derivatives, are not
needed. The computational and storage resources for the Dynamic-Q method are thus
reduced to O(n). At most, 4+m+p-+r+s n-vectors need to be stored (where m, p, r, s
are the number of inequality and equality constraints and the number of lower and
upper limits of the variables, respectively) [24]. The savings become significant when
the number of variables becomes large. Therefore, Dynamic-Q is ideally suited for

optimisation of engineering problems with a large number of design variables.

The LFOPC algorithm [92] implemented in Dynamic-Q to solve the sequence of
subproblems P(i) requires only gradient information and no explicit line searches or
function evaluations are performed, and these together with the fundamental physical
principles as shown by Snyman [91,92], ensure that the algorithm is very robust. A

further desirable feature is that, if there is no feasible solution to the problem, the
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LFOPC algorithm in Dynamic-Q will still find the best possible compromised
solution without breaking down. Therefore, Dynamic-Q usually converges to a
solution from an infeasible remote point without the need to use searches between the

subproblems as is the case with SQP.

The Dynamic-Q method requires very few settings by the user. The only settings
needed are: convergence criteria, specification of maximum number of iterations,
number of constraints (inequality and equality) and limits (lower and lower) and

specification of step limit and perturbation size.
4.2.6 Approximation of derivatives for noisy functions

Noise may appear in both the experimentally and numerically derived functions. In
experimental functions, noise may be caused by errors due to environmental
influences and in computational fluid dynamics functions, noise may be caused by
grid changes, incomplete convergence and numerical accuracy of the computer. These
noisy functions may pose problems when approximating the derivatives using the
forward differencing schemes as discussed by De Kock [96,98]. Due to the noise in
the function, gradient approximations with too small Ax may be highly inaccurate.
Therefore, choosing a larger Ax will ensure that the noise is effectively smashed out
and does not detrimentally influence the global gradient of the function to the same
extent. However, choosing a very large Ax will also result in an inaccurate gradient
approximation. De Kock [96,98] has pointed out that a larger Ax may cause the
optimisation problem not to converge and cause the design variables to rock back and
forth near the optimum. The perturbation sizes were taken as 10% of the range of

variables used.

43  CONCLUSION

This chapter focused on mathematical optimisation. Mathematical optimisation was
formerly defined and Dynamic-Q, the method of choice for this study, was discussed

in detail. The effect of numerical noise on gradient-based algorithms was also

considered.
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CHAPTER §

DESIGN OPTIMISATION METHODOLOGY

5.1 PREAMBLE

In this chapter, a preliminary work was performed in which computational fluid
dynamics simulations were validated against accurate and reliable experimental
results. After the preliminary work was performed, the design optimisation
methodology proposed for the study was developed. All the tools that have been used
for the development of the methodology are discussed here. The other important
aspect is the discussion of the coupling between all the tools that made it possible to

achieve the design optimisation methodology.

5.2 MODEL VALIDATION

The model validation is performed by comparing computational fluid dynamics
predictions with measurements for a suitable test case. The results for this test will
pave the way for a design optimisation study on a more realistic model of a
combustor. A commercial code FLUENT [74] has been used to validate the

simulation results against experimental results.

To ensure that computational fluid dynamics modelling is correct, it is necessary to
validate the simulation results against accurate and reliable experimental results. This
validation process assures the user that the code can be used with confidence for
simulations and the user can use the code in the correct manner to solve the problem.
The ability to reproduce the experimental results gives the designer a margin of

confidence in the simulation code.
In this validation study, simulation results are compared with experimental results of a

Berl combustor model [41]. Different turbulence models will be used to assess their

accuracy when calculating reacting flows in a combustor.
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5.2.1 Validation error control

In any simulation case, it is extremely important to make sure that the errors of the
obtained solutions are sufficiently small. The errors can be caused by human factors
(mistakes), setting of wrong boundary conditions, discretisation (truncation errors),
iterative errors (algebraic errors) and model errors. The first two must be avoided as
far as possible by careful work. The last two errors will always be present in
numerical calculations, but they should be minimised, so that they are small compared
with the model error. The model error is the difference between the correct value
(analytical solution or exact measurements) and the exact solution of the turbulence
model. As this error is case-dependent and model-specific it is interesting to quantify

it for different classes of problems.

A rule of thumb [41] is that the iterative and the discretisation errors should not be
larger than 10% of the model error. That is, if the model error is 10% of a mean
quantity, the iterative and discretisation errors should not be larger than 1% each. The
method used to determine if the errors are small enough is listed below and further

explanations follow below the list:

1. Obtain converged solution on a relatively coarse initial grid.
Refine the grid globally and perform new calculations.

Compare the converged solutions of the two grids.

S

If the difference is too large, refine the grid again globally and perform
new calculations. Compare the solutions of the previous grids.
5. Continue like this until the difference between the two finest grids are

small enough, maximum 10% of the model error.

The comparison of the converged solutions of different grids was done to check the
discretisation errors. If the solution of grid one is compared with the solution of grid
two (grid one refined once globally), the error is somewhere between 1/3 to 1 times
the difference of the solutions (Ae), i.e. the correct solution for the specific turbulence

model is 1/3*Ae to 1*Ae away from the solution of the finest grid. 1/3*Ae
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corresponds to an error proportional to h? (O(h%) (h is the mesh size) and 1*Ae

corresponds to an O(h) discretisation.
5.2.2 Test case

The test case study was performed following “Best Practice Advice for Combustion
and Heat Transfer” [99]. However, critical model configurations have been made
where necessary. The above reference observes the fact that stringent environmental
legislation requires very low NOx and CO, a more efficient methodology to design a
cleaner system is needed, and computational fluid dynamics reduces experimental
costs. In this reference, there are some references to documented underlying flow
regimes in a knowledgeable base, one of which is “Bluff Body Burner for CH4H,

turbulent combustion”.

The validation was performed on the unstaged natural gas flame in a 300 kW
industrial burner shown in Fig. 5.1. The experimental results of this work were
collected from a FLUENT validation case [41]. The burner features 24 radial fuel
ports and a bluff centre-body. Air is introduced through an annular inlet and movable
swirl blocks are used to impart swirl. Figure 5.2 shows the computational grid of the

combustor.

In this test case, it is important to estimate how well different turbulence models in the
program predicts the swirling flow and heat transfer in the combustor. Calculations
were carried out for the following turbulence models, using a second-order

discretisation scheme:

o Standard k- model (k-¢)

0 RNG k-¢ model (RNQG)

o Realizable k-¢ (RLZ)

o Reynolds stress method (RSM)
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Figure 5.1. Two-dimensional view of a Burner

Figure 5.2. Meshed volume of the Burner

The simulations code solves the equations for conservation of momentum,
conservation of mass, energy and species concentrations. The reaction was modelled
with a mixture fraction/pdf model and radiation was modelled with a P-1 model. The

standard wall functions were used with all the models.
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Since it was the model error that was important to determine, the calculations were
performed to minimise the iterative errors and discretisation errors, i.e. make sure the

solutions were converged and independent of the grid.
5.2.3 Case set-up

A commercial computational fluid dynamics code [74] for turbulent reacting flows
was used to carry out all flow analyses discussed in this case. There are three-
dimensional features (radial fuel ports), hence a three-dimensional model (1/24 sector

of the combustor) was considered in all numerical computations.

The flow also includes strong streamline curvatures, as well as vortices and boundary
layer separation. All RANS-based models available in FLUENT were used for the
case study. The mixture fraction/pdf was used to model chemical reactions. In this
approach, the transport equations for mixture fraction and its variance are solved,
instead of the species equations. The density and the component concentrations are
derived from the predicted mixture fraction and the variance distributions. This

approach applies specifically to the simulation of turbulent diffusion flames.

To reduce the computational efforts, further simplifications have been considered: the
effects of the buoyancy forces have been neglected, so that only the symmetric
portion of the domain was analysed; the pressure variations are so small that the flow
has been considered as incompressible and wall functions have been used to model

the near-wall region.

As a requirement of the mixture fraction/pdf model, a pdf file was set-up with a
PrePDF processor. Then the pdf file was imported into FLUENT to set-up the
FLUENT case file. The pdf file contains a look-up table needed by the mixture
fraction/pdf model in Fluent. The equilibrium mixture for calculation with pdf model
was assumed to consist of 13 different species and radicals: CHa, C,Hg, CsHs, C4Hjo,

COz, Nz, 02, H20, CO, H2, O, OH and H.
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5.2.4 Boundary conditions

The boundary conditions for the simulations are given in Table 5.1 to 5.3.

Boundary T (K) Emissivity
Walls near the inlet duct 312 0.6
Bluff body front wall 1173 0.6
Inlet duct insert (oblique) 1173 0.6
Quarl wall (oblique) 1273 0.6
Furnace bottom wall 1100 0.5
Furnace cylinder wall 1280 0.5
Furnace top wall (hood) 1305 0.5
Chimney wall 1370 0.5

Table 5.1. Wall thermal conditions

Air Gas
Mean axial velocity (m/s) 31.35 0
Radial velocity (m/s) 0 157.25
Mean tangential velocity (m/s) 20.97 0
Temperature (K) 312 308
Turbulence intensity (%) 17 5
Turbulence length scale (m) 0.0076 0.0009

Table 5.2. Inlet flow boundary conditions

Oxidiser Fuel
Mole fraction of CHy 0 0.965
Mole fraction of C,Hg 0 0.017
Mole fraction of C;Hg 0 0.001
Mole fraction of C4Hg 0 0.001
Mole fraction of CO, 0 0.003
Mole fraction of N, 0.79 0.013
Mole fraction of O, 0.21 0.013

Table 5.3. Mole fractions in the inlet
5.2.5 Results and discussions

Velocity profiles

The comparisons of velocity profiles were made along three lines across the
combustor at axial distances of 27 mm, 109 mm and 343 mm from the quarl body.
The quantities on which comparisons are made are velocity profiles and temperature

profiles for numerical predictions and measurements results.
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In Figures 5.3, 5.4 and 5.5, the axial velocity is plotted against the crosswise direction.
The figures include results for the four turbulence models tested in this test case: i.e.
standard k-¢ model, realizable k-¢ model, RNG model and RSM model. The results in
Fig. 5.3 show that the curves for k~¢, RNG and RLZ have good agreement with the
measurements in shape. RNG predicted the axial velocity close to the measurements
in the recirculation zone, but RLZ and k-¢ deviated a little from RNG. However, RNG
has a higher peak than RLZ and k-¢. RSM has not predicted any recirculation at this
location, where all other models have shown some recirculation. At a greater radius,
the models gave the results close to the measurements, except RSM. All the models

under-predicted the strength of the reverse flow velocity near the centreline. The peak

velocities are also over-predicted.

60 1
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RSM model
—¥— Measurements [41]
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Figure 5.3. Axial velocity at 27 mm from the quarl exit

In Fig. 5.4 all the models have predicted recirculation and they predicted curves with
the same shape as the measurements. The k-¢ model has performed better than other
models. It has predicted velocities close to measurements near the centreline. For all
the models, as the results move away from the centreline, the predictions deteriorate.
All the models, except the RNG model under-predicted the strength of the swirl near
the centreline. The peak velocity has been over-predicted by all the models, with
peaks appearing at a smaller radius. In Fig. 5.5, all the models have performed
unsatisfactorily. The curves have larger differences in shape, magnitude and location

of peaks.
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Figure 5.4. Axial velocity at 109 mm from the quarl exit
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Figure 5.5. Axial velocity at 343 mm from the quarl exit

In all three figures (Fig. 5.3, 5.4 and 5.5) discussed above, it was expected that the
RSM and RLZ models would perform better than other models as they are strongly
recommended by FLUENT [74] for the kind of flows in the combustor. As expected,
RSM took more time to converge, the reason being that the model has many equations
to solve. The RNG and k-¢ were expected to perform not as well as RSM and RLZ,
but the opposite happened. The reason might be that the flow is not highly swirled
(S = 0.56), because RSM and RLZ are highly recommended for highly swirled flows
(S>0.6).
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Temperature profiles

Temperature calculations are very important in combustion. For a swirling flow, the
calculations are more difficult. In order to calculate correct temperature distributions
in reacting flows, the model used should be able to calculate “correct” velocities in
non-reacting flows and this gives some problems for most of the models. Figure 5.6
shows the temperature contours in the combustor from which the plots of temperature

at different locations were derived.
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Figure 5.6. Flow field showing temperature (K) contours

Figures 5.7, 5.8 and 5.9 show curves of temperature plotted against radius for the
three axial locations (27 mm, 109 mm and 343 mm). In Fig. 5.7, the models have
predicted the temperature satisfactorily near the centreline. RSM and RNG performed
better than other models. All the models have over-predicted the peak temperatures.
However, all the curves have the same shape as the curve for measurements. The pdf
model used shows the presence of sharp spikes, and the cause can be an inherent
limitation of the model [41]. The limitation results from peak temperature predictions
in a narrow region where the stoichiometry is achieved according to the mixture field

[41].
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In Fig. 5.8, the three models also performed even better near the centreline, with RSM
and RNG performing better than other models. But the same spiky behaviour of the
pdf model is evident. Peak temperatures have been over-predicted by all the models.
However, the predicted curves resemble the experimental curve fairly. In Fig. 5.9 all
the models performed unsatisfactorily, and this is consistent with the velocity

predictions with all the models for Fig. 5.9.
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Figure 5.7. Temperature at 27 mm from the quarl exit
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Figure 5.8. Temperature at 109 mm from the quarl exit
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Figure 5.9. Temperature at 343 mm from the quarl exit

The difference between the measurements and predictions on the location x-axis = 0
(in the vicinity of the wall) is minimal for all the locations (i.e. 27 mm, 109 mm and
343 mm) and falls within 200 K, which is a 10% difference. When looking at the
temperature profiles there are differences in both minimum and maximum
temperature shown by measurements and predictions. Nonetheless, the profiles
represent each other favourably. A similar relationship has been shown by reference
[41], when using the same combustor to model flow and heat transfer. The predictions
show a longer and thinner flame than as observed in measurements. The minimum
temperature recorded has been significantly over-predicted by 290 K at location 27

mm, and this exists at the sharp spike.

5.2.6 Conclusions

The agreement between the measurements and computational fluid dynamics results
is satisfactory, when considering limitations of computational fluid dynamics models
used as explained later in section 5.2.7. Similar differences between predictions and
measurements were reported by other researchers [34,40,47]. Therefore, the models
are of sufficient accuracy to be used for the design optimisation study. The turbulence

models investigated have varying strengths as indicated in the discussions. A guide as
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to which model to use and where to use the model can be based on the amount of
accuracy required and how fast the results are required. Globally, it is possible to
conclude that the models are of adequate accuracy and robust enough in the

simulation of diffusion flames.
5.2.7 Results discrepancies

The results for both velocities and temperature profiles can be looked at in a
qualitative rather than quantitative manner. The main reason is that the curves for
numerical simulations and measurements do follow each other, but the deviations are
in some cases large. The same results were found by FLUENT News [41], in which a
similar case was used then for that study. The reasons for deviations are many and
range from descritisation to the models used, but in this case, the reasons basically
originating from the models will be looked at, as they affect the results more. In
general, it is known that the two equation closures are based on linear constitute law

(the Boussinescq assumption).

In the Boussinescq assumption, gradient diffusion approximation is typically
employed to close the Reynolds stresses. For these reasons, poor predictions are
expected when the non-linearity of the flow field is high, such as in the presence of
chemical reactions and swirling flows. This linear relation should be replaced with a
non-linear relation between the Reynolds stresses and the local mean velocity field.
The assumptions made in the closure schemes for turbulence also affect turbulence-
chemical reaction interactions, and further assumption made are also in the reaction
model used. It is well-known that predictions of temperature are mostly based on
good predictions of velocities, and in the above results, simulations of temperature
deviate even more than velocity simulations and the same findings were reported by

Mongia [9] and Gulati et al. [48].

The temperature curves have spikes which create high peaks, however, there is no
clear explanation of what causes them, but FLUENT News [41], where the same case
has been used for modelling turbulent combustion, assumed that the spikes appeared
because of inherent pdf model problems, as they did not appear in the finite-rate

reaction model of the same case.
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5.3 IMPLEMENTATION OF DESIGN OPTIMISATION
METHODOLOGY

In order to successfully achieve a set of targets, a designer has to define the shape of
the combustor, select its features and optimise all the parameters controlling the
performance of the combustor. The optimisation phase is relatively time-consuming
and it currently involves trial-and-error approaches to define the combustor
configuration that offers the best performance parameters and satisfies the design
constraints. The trial-and-error approaches have been found to be costly and time-
consuming and hardly achieve the design targets. A combination of computational
fluid dynamics and mathematical optimisation is expected to solve the problems
related to the trail-and error approaches. In this, way a parametric model is run
several times with computational fluid dynamics guided by an optimisation algorithm,

such that an optimal solution in terms of performance can be found.

Though discussions have been done on possible optimisation objectives related to the
performance of the combustor in section 2.3, the current study focused on optimising
the combustor exit temperature profile only. The developed design optimisation
methodology will be used to optimise the combustor exit temperature profile. The
design optimisation methodology applies geometric parameters such as injection holes
and swirler as optimisation design variables. The process involves varying these
features with a mathematical optimiser and simulating the performance with

computational fluid dynamics until convergence is achieved.

In order to perform the design optimisation, one must first be confident that the
modelling techniques used can accurately predict the physical processes being
modelled, ascertain its limitations and cultivate one’s ability to perform the modelling.
This is due to the fact that the optimisation results can be as good as the accuracy of
the modelling. For this reason, a validation study was performed on a well-researched
Berl combustor [41], and the results are reported in section 5.2. Generally, it is
concluded from the results that the standard k-¢ model is of adequate accuracy to be
used for simulation of combustor reacting flows. The model is also robust enough,

and therefore, well-suited to the present design optimisation study.
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This chapter focused on explaining the design optimisation methodology and how it
has been used to achieve the design optimisation of a combustor exit temperature
profile. The benefits of a good combustor exit temperature profile have been

discussed in sections 2.3.4, 2.4 and 2.5.4.
54 NUMERICAL TOOL FOR FLOW ANALYSIS

The commercial software code developed by FLUENT Inc [74] was used to perform
the numerical analyses in this study. The FLUENT selected pre-processor, GAMBIT,

acts both as a geometry modeller and mesh generator.

The computational fluid dynamics code solves the gas equations in Eulerian form
whereas the droplets are treated in a Lagrangian formulation with discrete trajectories.
The spherical droplets evaporate according to the uniform temperature model [86] and
interchange enthalpy, mass, and momentum with the gas phase and vice versa, as
explained in section 3.7. The main local temperature is calculated along the lines of
the assumed probability density function (pdf) approach (f-g model) [100] by
weighting the mixture fraction-dependent thermodynamic equilibrium temperature
with an assumed pdf. This two-parameter solely depends on the local average of the
mixture fraction whose variance is assumed to be a 3-function. This approach applies

specifically to the simulation of turbulent diffusion flames.

Turbulence was modelled using the standard 4-& model along with wall functions for
treatment of near-wall regions. The limitations of the standard k-& model to capture
regions which include strong stream-wise curvatures, as well as vortices and boundary
layer separation are well-known, but for the purposes of this design optimisation
study, the model proved to be appropriate due to its robustness and speed as shown in

section 5.2 and by other researchers [35,36].

The use of this model was also necessitated by the fact that the work involves many
computational fluid dynamics simulations that take long to converge. To reduce the
computational effort, further simplifications have been considered, namely: the effects

of buoyancy forces have been neglected, so that only a periodic portion of the domain
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is analysed. Furthermore, the pressure variations are so small that the flow has been
considered incompressible. Due to the fact that this is an atmospheric combustor,

whereby soot particles will be small in diameter, radiation has also been neglected [2].

As a requirement of the mixture fraction/pdf model, a pdf file was set up with the
PrePDF processor. The pdf file was then imported into Fluent to set up the Fluent case
file. The pdf file contains a look-up table needed by the mixture fraction/pdf model.
The equilibrium mixture for calculation with pdf model was assumed to consist of

nine different species and radicals: Cj3Hy4, CO,, N3, O,, H,O, CO, H;, O and OH.

Since FLUENT was a commercial computational fluid dynamics code applicable to a
wide range of engineering problems, it was necessary to customise the physical
submodels and numerical methods and to streamline the boundary condition

specification for the current application.

For continuous-phase calculations, the segregated, implicit, pressure-based semi-
implicit method for pressure-linked equations (SIMPLE), and an algebraic multi-grid
solver are used [74]. In this application, numerical accuracy provided by first-order
approximation was insufficient, so second-order accurate approximations were used.
In numerical mathematics terms, this was performed by introducing differences that
provide additional terms otherwise appearing in the truncation error. The second-order

upwind scheme for all scalar equation was used for discretisation.
5.5 GEOMETRIC MODEL

The configuration considered in this study was a can-type atmospheric combustor
(Fig. 5.10) developed by Morris [101], for combustion research. The combustor has
10 curved swirler (45°) passages, six primary holes, 12 secondary holes and 10
dilution holes. The combustor has a length of 174.8 mm and a diameter of 82.4 mm.

The fuel nozzle has been modelled with a discrete droplet model.
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Figure 5.10. Three-dimensional model of the combustor

Since the configuration was symmetrical, only half of the geometry was modelled.
Due to the complexity of the geometry and automation required by the optimisation
method, the physical domain has been discretised by an unstructured tetrahedral mesh
(Fig. 5.11). It was found from a sensitivity study that 500 000 computational cells
provided an adequate compromise between accuracy and speed. Further refinement of
the mesh beyond 500 000 computational cells did not give any realisable difference,
the computational time was acceptable. Particular care was taken on refining the
mesh where the central toroidal recirculation zone and the core of the flame were

expected.
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Figure 5.11. Computational grid of the combustor
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Since geometric modelling and grid generation are the most time-consuming and
labour-intensive processes in computational fluid dynamics-based design systems,
GAMBIT journalling toolkit has been intensively used to replay model building for
different computational fluid dynamics sessions. The procedures were written in
parametric form in Appendix A, such that when a variation of the particular analysis

case is generated, one only needs to change the value in the parameter file, and then

re-run the procedures.

Starting design

x!, =1

Next iteraEipln Pre-processing
i=i+1=x"D .
e GAMBIT journal file
A
| Yes | No |
Converged
? CFD

Optimisation
e Set-up and solve approximate

optimisation subproblem P(i)
(i)

to give x

Numerical integration Post-processing

e Evaluate objective and € e Process and extract data
constraint functions

Figure 5.12. Flow diagram of FLUENT coupled to optimiser

The flow diagram of the above procedure is shown in Fig. 5.12. For every iteration
or given starting design x', i=1,2,3..., the mathematical optimiser generates a set of
variables that needs to be evaluated. A journal file is then generated with the current
variables and passed to GAMBIT to generate the mesh used in FLUENT. After
computational fluid dynamics simulations converged, a file is written to a hard disk ,
which is then processed to derive the data that will be processed with the numerical
integrating code to yield the objective function. The mathematical optimiser obtains
all the data, sets up a new approximate optimisation subproblem P(i), and predicts a

new optimum design x . For the next iteration i-=i+1, the process is repeated until
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convergence. With this implementation, the time required to generate a variation of a

particular geometry has been reduced from the order of days to minutes.

5.6 BOUNDARY CONDITIONS

Boundary conditions that need to be specified are the mass flow inlets through the
swirler, primary holes, secondary holes and dilution holes. The combustor outlet plane
is modelled as a pressure outlet boundary. The symmetry boundary planes are
modelled as rotational periodic boundary conditions. The air flow distribution

boundary conditions were obtained from measurements [101] and are shown in Table

5.4.

Inlet Radial Tangential Axial I L. T p
component | component | component | [%] [m] [K] | [kg.m ]
Swirler 0 0.5 0.5 10 1.250™ 300 1.001
Primary -0.864812 0 -0.502095 | 10 1.97x10™* | 300 1.001
Secondary | -0.837064 0 -0.547106 | 10 1.53x10* | 300 1.001
Dilution -0.913757 0 -0.406262 | 10 3.39x10* | 300 1.001

Table 5.4. Boundary conditions at the various inlets

The total mass flow rate of air into the combustor is 0.1 kg/s. The mass flow splits are
as follows: 8.4% through the swirler, 12.5% through the primary holes, 15.3%
through the secondary holes and 60.5% through the dilution holes.

5.7 FUEL SPRAY INJECTION MODEL

Considering that a spray consists of a huge number of drops, it is common practice to
gather similar droplets (same diameter, velocity and liquid properties) in a parcel and
calculate the trajectory of the parcel to represent that category of drops. According to
Tap et al. [83], this approach (known as the discrete droplet model) is widely used in
computational fluid dynamics codes and was used in the current study. The discrete

droplet model was explained in section 3.7.
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A spray from the atomiser had to be characterised experimentally for the discrete-
phase modelling. The drop breakup and atomisation processes are not modelled and
the liquid spray is assumed to be dilute [102], and other thick spray effects are not
present [103]. If the spray cannot be considered dilute it might affect the properties of
the carrier fluid. In this case, the spray is dense enough to affect the carrier flow field
via momentum exchange between the droplets and the carrier fluid. The liquid is
assumed to enter the combustor as a fully atomised spray comprised of spherical

droplets. The spray modelling was explained in section 3.7.

In order to characterise the spray for computational fluid dynamics modelling, a
Malvern Phase Doppler Particle Analyzer (model 2600) was used to obtain the droplet
size and distribution of the spray. The spray measurement was taken at a pressure
setting of 825 kPa, which produced a flow rate of 0.77g/s. The nozzle used was a
Monarch 1.0 USGPH, 80° R. This nozzle produced a solid cone spray. A 300 mm
focal length lens that made the instrument sensitive to droplets of between 5.8 and 564
pm in diameter was used to take the measurements. The data was taken at room
temperature and pressure, and the fluid used was kerosene. The density, surface
tension, and viscosity of this fluid at standard pressure and temperature are 780 kg/m’,

0.0263 N/m and 0.0024 kg/ms.

Size |Mean droplet size| Volume Mass flow
group | in group [um] fraction [mg/s]
1 7.21 0.014 0.01078
2 8.34 0.003 0.00231
3 10.4 0.003 0.00231
4 12.9 0.007 0.00539
5 16 0.024 0.01848
6 19.9 0.077 0.05929
7 24.8 0.149 0.11473
8 30.8 0.187 0.14399
9 38.4 0.179 0.13783
10 47.7 0.158 0.12166
11 59.3 0.107 0.08239
12 73.8 0.053 0.04081
13 91.7 0.021 0.01617
14 114 0.01 0.0077
15 142 0.004 0.00308
16 176 0.002 0.00154

Table 5.5. Discretised fuel spray data
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Before measurements were taken, the instrument was aligned, and the base point
measurement for the prevailing conditions (air) was taken. Then a search was made of
the spray obscuration to find the ideal distance in which to position the atomiser away
from the laser beam. The distance was found to be 0.06 m, with an obscuration of
0.3234. At a distance less than 0.06 m, the sauter mean diameter (SMD) increased,
which showed that the atomisation was not fully complete. This can have an adverse
effect on combustion if the data is used for combustion modelling. Beyond that
location (0.06 m), there was an indication of drop coalescence and fine droplet
evaporation. In short, obscuration decreased up to 0.06 m and increased as the
atomiser was moved further than 0.06 m. Therefore, 0.06 m gave a lower obscuration
value, and measurements were performed when the atomiser was placed in this

position.

The experimental results of a fuel spray nozzle produced a Rossin-Rammler drop size
distribution function [104,105], as shown in Fig. 5.13. This is characterised by a
minimum diameter of 5.8 um, the SMD of 27.37 um, a maximum drop size of 204
pm, X = 38 pum and drop size spread parameter of 1.78. The droplets were divided
into 16 different size ranges and were introduced into the combustor at 36 discrete
circumferential injection points equally spaced at the centre of the combustor. Table
5.5 shows the discretised fuel spray data used in the computational fluid dynamics

spray model.

10

In(x)/In(X)

0-1 T T T
0.001 0.01 0.1 1 10

In(1-Q)*-1

Figure 5.13. The modified Rossin-Rammler plot of spray
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Cone | Injection velocity | Half angle | Fuel flow rate | Drop size range

magnitude [m/s] [°] [g/s] [microns]
1 32.522 5 0.1283 7.21-176
2 32.522 12 0.1283 7.21-176
3 32.522 19 0.1283 7.21-176
4 32.522 26 0.1283 7.21-176
5 32.522 33 0.1283 7.21-176
6 32.522 40 0.1283 7.21-176

Table 5.6. Prescribed cone fuel nozzle pattern

The non-atomiser model used, involved building a cone. A cone was constructed for
5,12, 19, 26, 32 and 40 degree cone angles with spray boundary conditions as shown
in Table 5.6.

5.7.1 Experimental errors and equipment limitations

There are generally some differences in spray, even when using the same atomiser at
nominally the same flow conditions [58]. The errors are due to varying reasons: i.e.
the instrumentation used to measure pressure (flow rate) caused some unsteady flow
due to the pump unsteadiness, failure to properly align the instrumentation and errors
due to obscuration. Some errors caused by alignment and obscuration can be avoided
by careful work. Other errors such as detector sensitivity, multiple scattering and
vignetting are inherent to the Malvern instrument, and are the major causes of

inconsistency in measurement [58].

Multiple scattering is caused by spray with high densities, when light that is scattered
by a drop may be scattered by a second drop before reaching the detector. Since the
theory of laser diffraction-based instruments assumes scattering from a single droplet,
this multiple scattering introduces errors in the computed size distribution. This
problem causes the indicated sizes to be broader in distribution and smaller in average
size than the actual distribution. These errors can be minimised by keeping the
obscuration as low as possible. Chin ef al. [106] suggest an obscuration of not more
that 0.4 (40%). It is suggested that below this obscuration value, SMD does not vary
much, but above 0.6 (60%), the SMD varies much and there is need for a correction.
In this experiment, the obscuration fell below 0.4 (0.3234) and, therefore, the results

are only affected minimally by multiple scattering.
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5.8  CONSISTENCY AND CONVERGENCE

It was not possible to perform strict consistency tests, because of the heavy
computations that were required. However, a compromise was found between the
number of cells that give satisfactory accuracy within a reasonable time ideal for the
design optimisation study. In a consistency test, it is expected that as the grid is
shrunk indefinitely, the accuracy of the original partial differential equation is

recovered. This drives the process to an unconditionally consistent numerical scheme.

Convergence is a familiar mathematical concept in the case of sequences of numbers
that here, however, refers to whether and how sequences of the solution approach the
true solution of a continuum differential equation. Convergence and accuracy are
closely linked to stability, while it is totally incorrect to believe that numerical
instability problems can be removed and accuracy increased simply by using a finer
grid. The relation between flow parameters and grid scales is essentially what matters,
for stability and its associated accuracy. The convergence matrix used for the analyses
was based on flow field parameters as opposed to solver residuals. Convergence of
the combusting flow field was demonstrated when the areca-weighted temperature at

the combustor exit plane remained unchanged to within 1 000 iterations.

5.9 COMBUSTOR NUMERICAL FLOW FIELDS

rarent CRZ CTRZ Secondary hole injections
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- 3.38e+01
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Figure 5.14. Combustor velocity (m/s) vectors
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Figure 5.15. Combustor temperature [K] contours

The computational results of the velocity vectors and temperature contours on a
longitudinal planar section under the base case design are shown in Fig. 5.14 and Fig.
5.15. The velocity profiles display the swirling flow, as well as the primary, secondary
and dilution penetration. The recirculation zone in the combustor primary zone is
caused by the joint effect of the primary jet impingement and shearing, upstream of
the jet. The mixing and recirculation in this zone provide an ideal aerodynamic
condition for evaporation of the fuel spray and ignition of the mixture. It is shown in
Fig. 5.15 that the combustion process is basically not completed in the primary zone.
This normally happens with atmospheric experimental combustors because of low
heat release rates [2]. But in order to increase the combustion efficiency and improve
the uniformity of the exit temperature distribution, flow fields in the primary,

secondary and dilution zones should be carefully controlled.

Satisfactory combustion is achieved when the spray is enclosed in the swirling
recirculation zone, as explained in sections 2.1.2 and 2.1.4. Actually, the swirling
recirculation is designed to induce combustion products to flow upstream to meet and
merge with the incoming fuel and air. This action also assists in stabilising the flame.
When sprays are trapped in recirculation zones, droplets are sufficiently mixed with
the high temperature gas, heated by the surrounding area and vaporised, and finally

react with the air. Otherwise, the combustion is incomplete due to the poor
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distribution and mixing. When the spray is within the recirculation zone, the

evaporation of droplets and the combustion of mixtures are complete.

For the current study, the central toroidal recirculation zone is shifted slightly off-axis
near the location of the primary jet injection. According to Durbin et al. [34], this is a
sign of low swirl and is caused by the absence of vortex breakdown due to low swirl.
Experimental results showed that the central toroidal recirculation zone is a quasi-
axisymmetric bubble developed by vortex breakdown, which is associated with
swirling flow exceeding a certain swirling strength [2,107]. Multiple factors,
including inlet conditions and geometries, tangential and axial velocities have been

found to affect the process of vortex evolution and breakdown [107].

The presence of a corner recirculation zone is also a sign of low swirl and when swirl
is high, corner recirculation zones are reduced. The corner recirculation zone is
caused by the fact that the tangential velocity distribution at the swirl exit is such that
the peak velocity occurs radially outwards away from the centreline. This peak in
tangential velocity profile towards the corner, results in a strong corner recirculation

zone in conjunction with a weak central toroidal recirculation zone.

Original temperature profile
- - =« Target temperature profile

0 10 20 30 40 50
Radial position [mm]

Figure 5.16. Target and actual combustor exit temperature profile
In the high-swirl case, the flow expands rapidly soon after entering the combustor,

unlike the low-swirl case. This divergence of streamlines in the high-swirl case leads

to the reduction in size of the corner recirculation zone as compared with low swirl. A
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carefully controlled primary flow field creates an on-axis central toroidal recirculation
zone. Due to the lack of optimised flow fields, a non-uniform combustor exit
temperature profile (Fig. 5.16) has resulted, and in order to get a uniform combustor

exit temperature profile, the combustor flow fields must be optimised.
5.10 OPTIMISATION PROBLEM DEFINITION AND FORMULATION

The formulation of an appropriate and consistent optimisation problem (or model) is
the most important part of mathematical optimisation. The correct formulation of both

the objective function and constraints ensure that the solution is feasible.
5.10.1 Numerical integration

In this work, the mathematical optimiser gathers all the data and predicts a new
optimum design, and the process is repeated until convergence is reached. The
objective function of this case is not known analytically, therefore, an approximation

has to be performed from the simulation results.

After the solution had been obtained with computational fluid dynamics simulations,
data was extracted from the results of the exit plane of the combustor, and a file was
written to a hard disk that was then processed in order to obtain the objective function
for a specific design configuration. A rake with 43 data points was created at the exit
of the combustor in order to extract temperature data. The number of data points can
affect the accuracy of the numerical integration result. As the number of data points
increases the accuracy also increases. However, there is a cut-off point where the
accuracy just changes negligibly with increase in the of data points and for this
research 43 was the optimal number of data points. The purpose of the proposed
design optimisation is to obtain dimensions for the combustor in Fig. 5.10 that would
give a flatter (uniform) combustor exit temperature profile which closely matches an

imposed target temperature profile.

Optimisation with these variables is the same as using momentum-flux ratio as an
optimisation design variable, since the variables used have a direct effect on

momentum-flux ratio. The mass flow rate of the air to the liner holes is kept constant
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by the use of a mass flow inlet boundary condition. This boundary condition ensures
that the liner holes always share the same mass flow rate of the air equally. It is
possible that during the optimisation process the pressure drop increases, and this is

avoided by applying a constraint for pressure drop.

Figure 5.16 shows the numerical integration technique that is used to derive the
objective function (function value) for mathematical optimisation. The trapezoidal
rule [108] was implemented in a computer code (Appendix B) for numerical
integration of the combustor exit temperature profile curve (Fig. 5.16). This code was
also extended to calculate the area between the non-optimised (original) combustor

exit temperature profile and the target temperature.

The target temperature, Tsay,, is 667 K, and it is represented by the target temperature
profile in Fig. 5.16. This is equivalent to the mass-weighted temperature at the outlet
of the combustor. T4 1s also related to the final temperature of the products of
combustion. This temperature can also be determined from the following simple

thermodynamic relationship:

(mCV) ., = (e, (T, ~T)) (5.1)

products

where m is mass flow rate, C.V. is the calorific value of fuel, ¢, is the specific heat
capacity of air and 7, and 7> are initial and final temperatures. Since the flow rate of
fuel is negligible when compared with the flow rate of air, it has been assumed that

heat is transferred to air from 77 to T>.

The final temperature of products as calculated from the analytical equation 5.1 is 652
K, and this value compares very well with 667 K, which is obtained from simulation
results and the difference is 15 K. A possible reason for the difference could be the
effect of the standard k-e¢ turbulence model and some minor effects related to
discretisation procedures. The standard k-¢ turbulence model has certain deficiencies
when applied to highly swirling flows particularly in the prediction of mixing levels.

Also, the combustion model used in this code assumes a fast chemical reaction and
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does not account for possible finite-rate chemical reaction effects that may contribute

to the difference. The above discrepancies are explained in Chapter 3.

The other curve in Fig. 5.16, is the temperature distribution across the radius at the
exit of the combustor. In order to flatten the original temperature profile so that it
follows the target temperature profile closely, one can reduce the area between the
two curves (shaded area). Although it is recognised that a uniform temperature
distribution may not always be desired, optimum is generally used herein [47] to
identify flow and geometric conditions, which lead to a uniform combustor exit
temperature profile. The procedure of optimising for a uniform combustor exit
temperature profile also has a direct impact on the pattern factor and profile factor.
This is due to the fact that they all depend on jet penetration and mixing efficiency.
However, it is more appropriate to optimise for combustor exit temperature profile
because the pattern factor and profile factor just provide a measure of the quality of

the combustor exit temperature profile.
5.10.2 Mathematical optimisation

The most important thing in optimisation is the ability to properly formulate the
optimisation problem: i.e. determination of design variables, a way of judging the
design (objective function), and provision of constraints that satisfy a feasible design

space.
Objective function

The objective of this study is to obtain a flatter (uniform) combustor exit
temperature profile that closely matches the target profile. The combustor exit
temperature profile is not the only performance parameter that is important for
the design of gas turbine combustors, but, it is a key parameter of an optimised
combustor that is related to the power output and durability of the turbine. The
combustor exit temperature profile is a function of jet penetration and mixing
efficiency, which are all functions of momentum-flux ratio. This momentum
flux ratio is a function of combustor geometric parameters. Having derived the

objective function (f(x)), the next task is to optimise the objective function.
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The method that is employed here is geometric optimisation, where geometric

parameters are used as design variables to optimise the objective function.
Design variables

The design variables for this study can include process variables and
geometric variables. The process variables can include parameters such as
flow rate and inlet temperature. The process variables are usually not a
preferred choice for optimisation as they are dictated by the operation of the
combustor, such as air-fuel ratio. The design variables that directly affect the
combustor exit temperature profile are used: i.e. the number and the radius of
primary, secondary and dilution holes and swirler angle. These design
variables control the combustor exit temperature profile due to their direct
impact on momentum-flux ratio, which subsequently controls jet penetration

and mixing efficiency.

Design constraints

The most important constraint for design optimisation studies is the pressure
drop. Though other constraints related to emissions could be considered,
injection velocities have drastic effects on combustor pressure drop. As
geometric parameters (design variables) are varied by the optimiser, it is
possible for the combustor pressure drop to increase. This would, therefore,
make it necessary for pressure drop to be limited to a certain value. The design
variables are also confined to certain limits to ensure that the realistic and
practical considerations are accounted for. An equality constraint that would
maintain the total surface area of the specific holes would be necessary. This
equality constraint would ensure that the surface area through which the
quantity of mass of air passes does not vary, hence keeping the pressure drop

constant.

90



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

.
&

“ UNIVERSITEIT YAN PRETORIA

\ 4

Handling integer variables

In this research, it is required that some of the design variables (number of
holes) be integers. In other words, the requirement that those design variables
should be integers at every design iteration must be added to the optimisation
formulation. This problem, therefore, becomes a mixed integer optimisation
problem, because there is a mixture of continuous and integer variables. Any
particular variable can be represented in two parts: the greatest integral part
and the corresponding fractional part. The variables can be represented as

follows:

x, =gr,+ fr.. where 0< frr <l,andi=1,2,3,....... ] (5.2)

gr = greatest integral part and fr = fractional part.

In order to satisfy the condition that x; should always be integer variables,

necessary steps have to be performed, as shown below:

o The problem can be solved by rounding off the integers constrained
either up or down [108,109]. This procedure as suggested by Kuffman
and Henry-Labordere [109] has the potential of producing a solution
that violates the constraints. The optimal solution without integer
solution can be very different from solutions of the same when integer

solutions are mandatory.

o There are special algorithms and heuristics, such as the Gomory
algorithm cited in [109-111] that have been accepted as best fitted to
solve a class of combinatorial problems comprising integer and mixed
variables. More often than not, these algorithms are very
computationally expensive and sometimes fail to converge to the

solution, especially when the number of design variables is large.
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Since Dynamic-Q does not have a specific feature for handling integer constraints, an
appropriate method of handling constraints has been devised. In this work, it has been
decided that a rounding-off procedure would be used to produce integer design
variables from optimisation solutions [109,110]. The rounding-off procedure will be

performed in this way:

If fr>0.5 then round up and if f#; <0.5 then round down (5.3)

The method of rounding off can cause the integer design variable to rock up and down
between two values of design variables, especially when the variables have reached

their optimum, because the optimum will be between the two integer values.
5.11 CONCLUSION

This chapter focused on development of the design optimisation methodology that is
used for this study. Computational fluid dynamics simulation results were compared
with experimental results for documented experimental burner. The submodels used
for computational fluid dynamics were also discussed. Finally, the design
optimisation methodology which entails coupling computational fluid dynamics to

mathematical optimisation was presented.
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CHAPTER 6

RESULTS

6.1 PREAMBLE

This chapter presents the results of the design optimisation for the different case
studies introduced in the previous chapter. In particular the mathematical optimisation

formulations for all the case studies are also presented.

6.2  OPTIMISATION CASE STUDIES

The computational time required for one computational fluid dynamics simulation on
a Pentium IV (with 1 GB RAM and 2.6 Hertz) was four days. Thus for the gradient-
based design optimisation methodology implemented here, n+1 computational fluid
dynamics simulations or function evaluations are required at each design point x to
determine all the components of the objective and constraints gradient vectors.
Therefore, the total optimisation time required for each case appears to be
prohibitively high, hence making automatic linking of the Dynamic-Q optimisation
and computational fluid dynamics infeasible. For this reason, computational fluid
dynamics simulations were performed on a few computers simultaneously for
different perturbed design variable settings, from which the approximations of the
objective and constraint functions and the gradient vectors were obtained. The
approximations of the subproblem (P(i)), were then solved with Dynamic-Q which is
implemented in the Toolkit for Design Optimisation (TDO) software [112]. This
manual process greatly reduces the total computational time required since the use of
many computers in parallel resulted in greater overall economy in performing the

computational fluid dynamics simulations.

The Toolkit for Design Optimisation (TDO) [112] has been used with Dynamic-Q to
perform design optimisation for the approximated objective function. The Dynamic-Q
method needs first-order gradients of the objective and constraint functions with

respect to each of the design variables. The complete theory of the Dynamic-Q
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method is given in Chapter 4. Due to the computational expense of the problem to be
optimised, gradient sensitivity investigations could not be performed in order to
determine the perturbation size (Ax) for each design variable. The perturbations sizes
for the design variables were used as suggested by Snyman et al. [112]. The size of
the admissible range was determined from performing some computational fluid
dynamics simulations and by using engineering judgement. The results of the
simulations beyond the determined range were unrealistic. Move limits were
determined according to reference [21], where it is suggested that the move limits

should be approximately 20% of the range, and perturbation size be 10% of the range.

The complete mathematical formulation of the optimisation problem will be given for
each case. Constraints will be written in the standard form g;(x)<0 (inequality) and

hi(x)=0 (equality), where x denotes the vector of the design variables (x;, ....x,)".

The objective is to minimize the shaded area, f(x), in Fig. 5.16, so that the original
combustor temperature profile and target combustor temperature profile follow each
other closely. By so doing the temperature difference will be reduced and the

combustor exit temperature profile can be made more uniform.
6.3 TWO DESIGN VARIABLES (Case 1)

This case considers the widely used approach of optimising combustor exit
temperature profile by selecting dilution hole parameters as design variables [2],
specifically the number of dilution holes and the diameter of dilution holes. The
number of dilution holes was allowed to vary between two and seven and the diameter
between four and eight. Therefore, the limits are set as 2 < x; < 7 and 4 < x; < 8§,
where x; = number of dilution holes and x, = diameter of dilution holes. The explicit

optimisation problem is therefore:

Minimise f{x) = Shaded Area in Fig. 5.16
such that: x; an integer, X, € R

where x; = number of dilution holes and x, = diameter of dilution holes.
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The original temperature profile (non-optimised) in Fig. 6.1, was generated with
initial (starting) values of x; =5 and x, = 6. The move limits for x; and x; are 2 and 1,
respectively and the perturbation sizes for calculating the gradients are 1 and 0.4,
respectively. No explicit inequality or equality constraints have been used, so that the
minimum found is essentially for an unconstrained problem, although limits have
been set on design variables to ensure that the problem remains realistic. This is
intended to show where the best possible optimum lies, so that later when constraints
are used, the optima can be compared. The integer solutions were selected by the

rounding off of the continuous approximate solutions obtained.

Target exit temperature profile
— = Optimised exit temperature profile

Non-optimised exit temperature profile
900
800 -\ P
700 - .

600 - -

50 -~

400 -
300

Temperature [K]

0 10 20 30 40 50
Radial position [mm]

Figure 6.1. Target, non-optimised and optimised combustor exit temperature profile

for Case 1

6.3.1 Results for Case 1

The results of the optimised combustor exit temperature profile are shown in Fig. 6.1
for Case 1, where two design variables are used. In this figure, the corresponding

target, optimised and non-optimised combustor exit temperature profiles are shown.

A comparison of the non-optimised and the optimised combustor exit temperature
profiles shows an improvement, because the severe sinusoidal nature of the non-
optimised (original) combustor exit temperature profile has been lessened. Though the

optimised temperature profile in Fig. 6.1 is still not very close to the target
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temperature profile, the exit temperature profile is more uniform than before design
optimisation. The area-weighted average amount of C;,H3 or unburnt hydrocarbons
(UHC) at the exit of the combustor was zero before and zero after design
optimisation. For CO, the area-weighted average was 0.00035 before optimisation and
0.00034 (2.9% difference) after optimisation, and this shows that the CO is almost
constant. The presence of CO is due to dissociation in the high-temperature
combustion zone, as confirmed by the non-existence of Ci,H,3, which can be

interpreted as complete combustion. The pattern factor was 0.50 before design

optimisation and 0.36 after design optimisation, showing some improvement.

Figure 6.2 shows the optimisation history of the objective function. The objective
function essentially levels out after seven design iterations, showing that the objective
function has converged. The objective function has converged to a local optimum,
with the global optimum for this case probably corresponding to the lower value
(F=4.8) of the objective function reached at iteration 6 (see Fig. 6.2). The objective
function has decreased from 5.3 to 4.8 at iteration 6, which represents a decrease of
9.5% and corresponds to a feasible design. At this minimum objective function, the
design variables are given as x; = 4 for the number of dilution holes, and x, = 4 for the
diameter of dilution holes. It can be observed in Fig. 6.3 that both design variables are
still changing after the eighth iteration, although the objective function in Fig. 6.2 has
levelled off. This indicates that the last three designs in the optimisation run are
effectively equivalent having the same objective function value, although the design

variables differ slightly.

7
6 1
5 4
= 4
L 3
2 Lower value, F=4.8
14
0 . . . . . . . .
0 1 2 3 4 5 6 7 8 9
Design iteration

Figure 6.2. Optimisation history of the objective function for Case 1
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Figure 6.3. Optimisation history of design variables for Case 1, where x; = number of

dilution holes and x, = diameter of dilution holes
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Figure 6.4. Temperature (K) contours on the centre plane (left side) and exit plane

(right side) of the combustor for the non-optimised case (a) and optimised Case 1 (b)
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Figure 6.4 shows temperature contours at the centre plane (left side) and exit plane of
the combustor (right side) for both non-optimised and optimised cases. The combustor
exit temperature contours in Fig. 6.4b (right side) are better than in Fig. 6.4a (right
side). In Fig 6.4a, there is a hot section in the centre and a cold section midway
section and a variation of cold and hot sections close to the wall of the combustor.
This is caused by poor mixing due to an unoptimised flow field, which is improved in
Fig. 6.4b. Figure 6.4a and Fig. 6.4b on the left side show how the jet penetrates the
combustor. It can be noticed that the jet in Fig. 6.4a under-penetrates, whereas the one
in Fig. 6.4b penetrates deeper into the combustor, causing an improvement in mixing.

This has caused an improvement in the non-optimised pattern factor for Case 1 from

0.50 to 0.36.

In Case 1, the pressure drop has increased by 37%, which is an undesirable feature,
though it is beneficial to combustion and dilution processes. This is because a high
pressure drop results in high injection air velocities, steep penetration angles and a
high level of turbulence, which promotes good mixing [2]. These results show that the
optimum design creates high pressure drop in the combustor. Due to the fact that high
pressure drop was experienced in Case 1, a pressure loss constraint was imposed in

Case 2.
6.4 FOUR DESIGN VARIABLES (Case 2)

As already explained, a common procedure for optimising the combustor exit
temperature profile involves the use of design variables related to the dilution holes as
in the previous Case 1. This is the case when most of the combustor performance
requirements were achieved during the preliminary design phase. However, in the
current study, combustion proceeded into the secondary zone, which is an undesirable
feature that would undermine the primary purpose of the secondary holes. This means
the secondary holes would have some influence on the flame structure and hence the
quality of the combustor exit temperature profile. Based on the above reason, it has
been decided that the parameters related to the secondary holes be included as
optimisation design variables. The other reason is that the optimum lies in the region
where pressure drop is high, as explained in the Case 1 results. Therefore, including

secondary holes may provide a better optimum with improved pressure drop.
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In Case 2, four design variables are considered for design optimisation and they
include: the radius of the secondary holes (x;), number of secondary holes (x»),
number of dilution holes (x3) and radius of dilution holes. An inequality constraint is
imposed so that the pressure drop does not exceed the initial pressure drop by 8%
(Ap < 160 Pa). The equality constraint has also been imposed so that the mass flow
through the secondary holes should not change during the design optimisation runs,
therefore, the total surface area must be the same. The optimisation parameters for
Case 2 are given in Table 6.1. The formulation of the optimisation problem is now as

follows:

Minimise f(x) = Shaded Area in Fig. 5.16
such that:
g, =Ap—160<0 (inequality constraint)
h, = x,x, —37.5 =0 (equality constraint)
g, :—xj+x;.nin <0, j=12,.,4
g =—X,—x;" <0, j=12,.,4
where x;.“i“ and x™ denote the upper and lower limits on the variation of variables.

In addition move limits (Table 6.1) are also imposed.

Here x,, X3 are integers, and x;, x4, € R

X1 X2 X3 X4
Initial values 2.5 6 5 6
Move limits 0.4 2 2 1
Perturbations sizes 0.2 1 1 0.4
Lower limit 1.9 3 2 4
Upper limit 3.9 10 7 8

Table 6.1. Optimisation parameters for Case 2

6.4.1 Results for Case 2

The results of the optimised combustor exit temperature profile are shown in Fig. 6.5

for Case 2. In this figure the corresponding target, optimised and non-optimised
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combustor exit temperature profiles are shown. The results show an improvement in
the non-optimised (original) combustor exit temperature profile when compared with
the non-optimised exit temperature profile. Though the optimised exit temperature
profile is still not close to the target temperature profile, the exit temperature profile is
more uniform than before optimisation. The area-weighted average of Ci,Hy; or
unburnt hydrocarbons (UHC) at the exit of the combustor was zero before
optimisation and zero after optimisation. For CO, the area-weighted-average was
0.00035 before optimisation and 0.00036 (2.9% difference) after optimisation, and
this shows that the CO is almost constant. As in Case 1, the presence of CO is due to
dissociation in the high-temperature combustion zone, as confirmed by the non-

existence of Ci,H,3, which can be interpreted as complete combustion.

— — Optimised exit temperature profile
Target exit temperature profile
Non-optimised exit temperature profile

900

800

700 -

600 -

500 -

Temperature (K)

400 ~

300 T T T T
0 10 20 30 40 50

Radial position (mm)

Figure 6.5. Target, non-optimised and optimised combustor exit temperature profile

for Case 2

Figure 6.6 shows the optimisation history of the objective function. The objective
function essentially levels out after 14 design iterations, showing that the objective
function has converged to a local minimum. The lower value of the objective function
(F=4.2) is at iteration 8, however, the design is not feasible because the inequality
constraint function which is related to pressure drop has been violated. The objective

function appears to reach a value closer to the global minimum at iteration 13, which
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corresponds to a feasible design. This value of 4.6 represents a decrease of 13%
relative to the value for the initial design of 5.3. At this minimum objective function
value, the design variables are given as the diameter of secondary holes (x;) = 2.1,
number of secondary holes (x;) = 8, number of dilution holes (x;) = 6, and diameter of
dilution holes (x,) = 5.5. In Fig. 6.7, it can be observed that the design variables are
still changing (though with small magnitudes) after the fourteenth iteration, although

the objective function has almost levelled off. This indicates that the last three designs

in the optimisation run are effectively equivalent.

Figure 6.8 shows that during the optimisation run, both the inequality and equality
constraints were violated at certain design points. The inequality constraint (g(x)<0)
in Fig 6.8 is violated when it exceeded zero, and the equality constraint was violated
as long as the curve representing /4(x) is not a horizontal straight line coinciding with
the x-axis. It is acceptable for constraints to be violated by the optimiser, but the
extent of violation should be limited to a reasonable value. The design at iteration 13
is acceptable. The validity of the design at the point where the results are violated can
be considered in terms of the designer’s engineering judgement. For example, if
designers accept the design at iteration 4, then the inequality constraint has been
violated by 5% and equality constraint by 1.7% and both these values may be
acceptable. If the results were not acceptable, considering the fact that it is a
requirement that engineering judgement should be used when looking at the results,

the next best design point would be looked at.

2 | Feasible value, F=4.6
1 4 Lower infeasible value, F=4.2
0 T T T
0 5 10 15 20

Design iteration

Figure 6.6. Optimisation history of the objective function for Case 2
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—&— x1:Diameter of primary holes
—&— x2:Number of primary holes
—&— x3:Number of secondary holes
—@— x4:Diameter of primary holes
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Figure 6.7. Optimisation history of the design variables for Case 2, where
x; = diameter of secondary holes, x, = number of secondary holes, x; = number of

dilution holes, x, = diameter of dilution holes

Infeasible

Feasible

Design iteration

Figure 6.8. Optimisation history of constraints for Case 2

Figure 6.9 shows temperature contours of the combustor exit plane for both non-
optimised and optimised cases. The combustor exit temperature contours in Fig. 6.9b
are better than in Fig. 6.9a. In Fig 6.9a, there is a hot section in the centre and a cold
section midway and a variation of cold and hot sections close to the wall of the
combustor. This is caused by poor mixing due to an unoptimised flow field, which is

improved. Improved mixing has caused an improvement in the pattern factor for

Case 2 from 0.50 to 0.42.
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Figure 6.9. Temperature (K) contours (exit plane) for non-optimised

and optimised for Case 2
6.5 FIVE DESIGN VARIABLES (Case 3)

In Case 3, five design variables are considered for design optimisation and they
include: the radius of the primary holes (x;), number of primary holes (x;), number of
dilution holes (x3), radius of dilution holes (x,) and swirler angle (xs5). The primary
hole parameters and swirler angle have been considered because the recirculation
zone has tremendous effects on various combustion processes as explained in sections
2.2.3 and 2.2.5, of which combustor exit temperature profile is a result. An inequality
constraint is imposed so that the pressure drop does not exceed the initial pressure
drop by 8% (Ap < 160 Pa). The formulation of the optimisation problem is now as

follows:

Minimise f(x) = Shaded Area in Fig. 5.16
such that:
g, =Ap—160<0 (inequality constraint)
gjz—xj+x;“i“S0, j=L2,..,5

€0 =~ X" S0, =128
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where xj'."i" and x;™ denote the upper and lower limits on the variation of variables.

In addition, move limits (Table 6.2) are imposed.

Here x», x3 are integers, and x;, x4, € R

where x; is the diameter of primary holes, x; is the number of primary holes, x; is the
number of dilution holes, x, is the diameter of dilution holes and x;s is the swirler

angle. The optimisation parameters for Case 3 are given in Table 6.2.

X1 X, X3 X4 Xs

Initial values 33 3 5 6 45

Move limits 0.4 2 2 1 0.5
Perturbation sizes 0.2 1 1 0.4 1

Lower limit 23 2 2 4 45

Upper limit 2.9 6 7 8 65

Table 6.2. Optimisation parameters for Case 3

The design variable x5 is of different dimensions and expressed in a different unit
from the other four design variables. It is, therefore, necessary to scale x5 so that
difficulties in calculating numerical gradients and distortion of the objective function
can be avoided. The design variable x5 (swirler angle) is scaled through the use of

range equalisation factors (6 as:

Xs; = Xspp
0, = R R =Xy — X5, (5.4)
i=123,....n.
where R represents the range width, HH represents higher limit and LL represents

lower limit. Due to the scaling process, the new limits of variable x5 are; 0 < x5 <5.

6.5.1 Results for Case 3

The results of the optimised combustor exit temperature profile are shown in
Fig. 6.10. In this figure, the corresponding target, optimised and non-optimised

combustor exit temperature profiles are shown. A comparison of the non-optimised
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and the optimised combustor exit temperature profiles shows an improvement,
because the severe sinusoidal nature of the non-optimised (original) combustor exit
temperature profile has been lessened. Although the combustor exit temperature
profile is improved by optimisation, the pattern factor has increased from 0.50 to 0.55.
Pattern factor has increased because the maximum temperature of the optimised
combustor exit temperature profile in Fig. 6.10 is more than for the non-optimised
combustor exit temperature profile. However, a more uniform combustor exit
temperature profile shows an improvement in mixing due to the inclusion of swirler
angle and primary holes as optimisation design variables. The area-weighted average
of CiyHj; or unburnt hydrocarbons (UHC) at the exit of the combustor was zero
before optimisation and zero after optimisation. For CO, the area-weighted average
was 0.00035 before optimisation and 0.00034 (2.9% difference) after optimisation,
and this shows that CO is almost constant. As in Case 1 and Case 2, the presence of
CO is due to dissociation in the high-temperature combustion zone, as confirmed by

the non-existence of Ci,H,3, which can be interpreted as complete combustion.

— — Optimised exit temperature profile
Target exit temperature profile
Non-optimised temperature profile
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Figure 6.10. Target, non-optimised and optimised combustor exit temperature profile

for Case 3

Figure 6.11 shows the optimisation history of the objective function. It can be noticed
that the objective function essentially levels out after nine design iterations, showing
that the objective function has converged to a local minimum. Again the objective

function has probably reached the neighbourhood of the global minimum at iteration 8
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where it attains the value of 3.9, representing a decrease of 26% relative to its initial
value of 5.3. At this minimum objective function value, the design is feasible with
variables given as diameter of primary holes (x;) = 3.9, number of primary holes (x,)
= 2, number of dilution holes (x3) = 3, diameter of dilution holes (x,) = 4.3 and swirler
angle (xs) = 47.3°. In Fig. 6.12, it can be observed that some design variables are still
changing (though with small magnitudes) after the ninth iteration, although the
objective function has almost levelled off. This indicates that the last three designs in
the optimisation run are effectively equivalent having almost the same objective
function values (shaded area between the curves), although their geometries differ
slightly. Figure 6.13 shows that during the optimisation process, the pressure drop

(inequality constraint) mostly remained within the limits.

Figure 6.14 shows the temperature contours of the combustor exit plane for both the
non-optimised and optimised cases. The combustor exit temperature contours in Fig.
6.14b are better than in Fig. 6.14a. In Fig 6.14a, there is a hot section in the centre and
a cold section midway and a variation of cold and hot sections close to the wall of the
combustor. This is caused by poor mixing due to an unoptimised flow field, which is

improved in Fig. 6.14b.
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Figure 6.11. Optimisation history of the objective function for Case 3

The swirler angle and the number and diameter of primary holes were used because

the primary zone flow field has some effects on the combustor exit temperature
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profile. Figure 6.15 shows the non-optimised and optimised tangential velocities. The
tangential velocity for the optimised case is increased, hence, modifying the size of
the central toroidal recirculation zone. The central toroidal recirculation zone is also a
function of the interaction of swirling flow and the number and diameter of primary
holes [1,113]. Decreasing the number of holes and increasing the diameter of holes,
increase the size of the central toroidal recirculation zone. In this case, the optimiser
increased the tangential velocity by an increased swirl angle and provided bigger and
fewer primary holes. This has the effect of increasing the size of the central toroidal

recirculation zone.

—=— x1: Diameter of primary holes
—4— x2: Number of primary holes
—t+— x3: Number of dilution holes
—X¥— x4: Diameter of dilution holes
—o— x5: Swirler angle
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Figure 6.12. Optimisation history of design variables for Case 3, where x; = diameter
of primary holes, x> = number of primary holes, x; = number of dilution holes,

x4 = diameter of dilution holes and x5 = swirler angle
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Figure 6.13. Optimisation history of inequality constraint for Case 3
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Figure 6.17. Temperature (K) contours of optimised Case 3 on the symmetrical plane

The formation of the central toroidal recirculation zone is shown in Fig. 6.16. The
optimised Case 3 has high peaks of positive and negative axial velocities. Due to the
fact that the size of the central toroidal recirculation zone is increased, the flame in
Fig. 6.17 also became shorter than in Fig. 5.15. This is consistent with the
observations of Lefebvre [2] and Vanoverberche ef al. [113] that strong recirculation
zones provide shorter flames. Very high values of swirl are, however, not appreciated
because the flame can be located very close to the nozzle and dome causing damage
to them and it can also affect flame stability [113]. This interaction subsequently
influences emissions. Therefore, tight design variable limits have to be placed on the
swirler angle and on the number and diameter of primary holes. These observations
could also discourage the inclusion of these parameters in the optimisation problem
for combustor exit temperature profile. Therefore, care must be taken when selecting
the limits of design variables related to the geometry of the swirler and the primary

holes, particularly when dealing with reacting flows.
6.6 CONCLUSION
The design optimisation methodology was used to get a more uniform combustor exit

temperature profile by optimising the combustor with design variables related to the

combustor geometry. In Case 1, a common procedure of optimising the combustor
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exit temperature profile with dilution holes was used. Though the combustor exit
temperature profile was improved, it was at the expense of high pressure drop. This
case revealed that it might not be possible to get the optimum combustor exit

temperature profile, especially when pressure loss is one of the constraints.

In Case 2, optimisation returns improved results at a considerably reduced pressure
drop with four design variables that are related to the dilution holes and secondary
holes. Increasing the design variables resulted in getting a better optimum within
design constraints. A better combustor exit temperature profile was achieved and the

pattern factor also improved.

In Case 3, a better optimum at lower pressure drop was achieved with design variables
that are related to swirler, primary holes and dilution holes. Though the combustor

exit temperature profile was improved the pattern factor increased.

In all three cases, optimisation returns a significant modification in the combustor exit
temperature profile. The optimiser started with an extremely non-uniform combustor
exit temperature profile, but a more uniform combustor exit temperature profile was

achieved in each case.

A better pattern factor has been obtained in Case 1 where only the dilution hole
parameters were used. This is a common procedure used in trying to shape the
combustor exit temperature profile, by mixing cold air with hot combustion products.
Another improved pattern factor is provided by Case 2, where the secondary hole and
dilution hole parameters are used for design optimisation. This case has provided
results which are within pressure drop limits. The pattern factor in Case 3 has
increased, though the combustor exit temperature profile is more uniform. This might
be due to the fact that a lot of combustor flow non-linearities are taking place in the
primary zone, where vaporisation processes and heat generation take place. Alteration
of the flow field in the primary zone has affected this non-linearly related and coupled

flow processes.

111



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
ﬂ UNIVERSITEIT VAN PRETORIA
Qo

CHAPTER 7

CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

71  CONCLUSIONS

From the literature survey, presented in Chapter 1, it can be concluded that it is necessary
to search for better alternatives for the optimisation of gas turbine combustors. Any
design optimisation methodology that is based exclusively on experimental methods is
considered too time-consuming and expensive to be a viable method for producing an
optimum result. Although the use of computational fluid dynamics provides some
improvements in cutting cost and time, it is unable on its own to give an optimum design.
Both the above methods are based on trial and error and depend heavily on the skills and
experience of the designer. Other methods which have recently been employed utilise
genetic algorithms in which one-dimensional semi-empirical equations are used. These
methods do not provide three-dimensional solutions and cannot perform parametric

variations.

The following paragraphs summarise the optimisation methodology which is based on
gradient-based successive approximation mathematical optimisation developed in this

study and also highlights the main conclusions drawn from the study:

(a) A methodology is developed to optimise a combustor exit temperature profile by
using combustor geometric parameters as design variables. The methodology makes
use of mathematical optimisation and computational fluid dynamics to give near-
optimal combustor exit temperature profiles subject to certain constraints as specified
by the designer. Relevant literature that describes computational fluid dynamics
modelling of combustion and the mathematical optimisation techniques used in this

work is presented in Chapter 3 and Chapter 4.
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(b) The first step towards implementing the methodology was to validate the
computational fluid dynamics results. This part was achieved by comparing the
numerical results with experimental results obtained from a representative model of a
combustor. This also gives the designer confidence in the use of the numerical tool.
The second and most important step was the formulation of the optimisation
problem. This step involved deciding on the design variables and the objective and

constraint functions. The third step involved creating journal files and data extraction

techniques.

(c) The methodology developed in this thesis was tested on three cases as described in
Chapter 6. The first case (Case 1) optimised the combustor exit temperature profile
with two design variables and without explicit constraints. The second case (Case 2)
optimised the combustor exit temperature profile with four design variables, one
equality constraint and one pressure drop inequality constraint. In the third case
(Case 3), five design variables were used to optimise the combustor exit temperature
profile. The swirler and the primary hole parameters were included to allow for the
effect of the central toroidal recirculation zone on the combustor exit temperature

profile.

(d) The methodology worked well in all three cases, obtaining near-optimal designs in
relatively few optimisation iterations. The results show improvements in the
combustor exit temperature profile and the pattern factor. From these results, it can
be concluded that the proposed optimisation methodology can be considered as a
strong alternative in designing for optimal combustor exit temperature profiles. This
methodology can be extended to other combustor performance parameters as long as

a feasible optimisation problem can be formulated.
(e) For the methodology to be successful, the correct formulation of the optimisation

problem is important. This, however, is heavily dependent on the skill, understanding

and experience of the designer.
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(f) The proposed methodology has two drawbacks. First, the methodology is
computationally expensive, especially with regard to combustion modelling. This is
compounded by the fact that n+/ computational fluid dynamics simulations are
performed for one optimisation iteration. However, the effective computational time
can be greatly reduced by using multiple computers to run the simulations in parallel.
Increasing computational power will also allow less simulation time and more
refined computational fluid dynamics simulations to be performed. In terms of design
optimisation, the computational drawback is offset to a larger extent by the fact that a
near-optimal design may be reached in relatively few (~10-15) optimisation
iterations. This would most probably not be possible when using traditional

experimental or trial-and-error numerical modelling.

(g) It is noteworthy, that the study shows that the Dynamic-Q algorithm may readily and

successfully be adapted to handle integer variables.

(h) The methodology can be applied generally to the design optimisation of gas turbine

combustors, provided a realistic optimisation problem can be formulated.
7.2 RECOMMENDATIONS

Although the design optimisation methodology presented in this work is fully functional,

it is possible to identify the following three main directions for further work:
» Improvement of the simulation capabilities.
» Further development of the optimisation capability.

» Extension of the design optimisation process.

The following sections will present these three possible ways of improving and extending

the usefulness of the design optimisation methodology.
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7.2.1 Improvement of simulations capabilities

As mentioned in the previous chapters, the k-& turbulence model was used to model
turbulence in this work, because it is more stable and quicker to converge. This is despite
the fact that it has inherent problems when it comes to calculating flows with non-
linearities. For these reasons, poor predictions are expected when the non-linearity of the
flow field is high, such as in the presence of chemical reactions and high swirling flows.
Using better turbulence models such as the Reynolds stress method may improve the
simulation results because of more accurate calculation of the flame zone. As the

computer power increases, it is expected that this will be achievable.
7.1.2 Further development of optimisation capability

In addition to simulation capabilities, the optimisation performance has the potential for
improvement in the way it handles the integer design variables. In particular, Dynamic-Q
is not tailored to explicitly handle mixed integer problems, and currently has to be
adapted in an ad hoc manner to treat such cases. Special algorithms that can handle the
mixed integer nature of the problem more effectively should be developed and
incorporated into the Dynamic-Q algorithm. Such a feature should have the potential of
improving the convergence of the integer design variables. The current ad hoc approach
has the unsatisfactory tendency to rock up and down when the rounding-off technique is

applied to the integer variables.

7.2.3 Extension of the design optimisation process

This work was performed on an atmospheric research combustor that is representative of
a real combustor. Further complicating issues may, however, arise when dealing with a

real combustor. This would necessitate the inclusion of more constraints in the

optimisation formulation, such as the following:
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» CO, UHC and soot emissions. For high-pressure real combustors, the
emissions of pollutant become critical parameters of design.

» NOx model. The NOx model can benefit from the mixing information and

more detailed chemistry.

116



o

-4
b

“ UNIVERSITEIT VAN PRETORIA
’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

REFERENCES

1. http://ect.jmcatalysts.com/applications-ssec-na-gas turbine.htm. Accessed on 22
March 2003.

2. Lefebvre, A. H., Gas Turbine Combustion. Second Edition, Taylor & Fancis,
Philadelphia, 1998.

3. http://www.rolls-royce.com/energy/overview/powergen/default.jsp.  Accessed
on 25 May 2003.

4, Saravanamuttoo, H. I. H., Rogers, G. F. C., and Cohen, H., Gas Turbine
Theory. Fifth edition, Prentice Hall, 2001.

5. Walsh, P. P., and Fletcher. P., Gas Turbine Performance. ASME PRESS, 1998.

6. Zomorodian, R., Khaledi, H., and Ghofrani, M. A., New Approach to
Optimisation of Cogeneration Systems Using Genetic Algorithm. ASME Paper
GT2006-90952, 2006.

7.  Rogero, J. M., A Genetic Algorithm Based Optimisation Tool For the
Preliminary Design of Gas Turbine Combustors. PhD Thesis, School of
Mechanical Engineering, Cranfield University, 2002.

8.  Lippert, A. M., Numerical Prediction of Internal Coolant Flow in Gas Turbine
Blades. MEng Dissertation, University of Pretoria, 1994.

9.  Mongia, H. C., A Synopsis of Gas Turbine Combustor Design Methodology
Evolution of last 25 Years. ISABE-2001-1086, 2001.

10. Mongia, H. C., Aero-Thermal Design and Analysis of Gas Turbine Combustion
Systems: Current Status and Future Direction. AIAA Paper 98-3982, 1998.

11. Nightingale, P., The Product-Process-Organization Relationship in Complex
Development Projects. Research Policy, Elsevier, vol. 29, pp. 913-930, 2000.

12.  Anand, M. S., and Priddin, C. H., Combustion CFD - A Key Driver to
Reducing Development Cost and Time. Fifteenth International Symposium on
Air Breathing Engines. Bangalore, India, ISABE-2001-1087, 2001.

13.  Jones, M., Curnock, P., Bradbrook, S. J., and Brich, N., Evolutions in Aircraft

Engine Design and Vision for the Future. Fifteenth International Symposium on

Air Breathing Engines. Bangalore, India, 2001.

117



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

o

-4
b

“ UNIVERSITEIT VAN PRETORIA
’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Lai, M. K., Reynolds, R. S., and Armstrong, J., CFD-based, Parametric, Design
Tool for Gas Turbine Combustors from Compressor Deswirl Exit to Turbine
Inlet. ASME Paper GT-2002-30090, 2002.

Haase, D., Optimisation in Industry — From Parametrization to Results.
Symposium on Design Optimisation, Munchen, Germany, 1999.

Carlos, A., and Coello, C., An Updated Survey of Evolutionary Optimisation
Techniques: State of the Art and Future Trends. IEEE, 1999.

Periaux, J., and Winter, G., Genetic Algorithms in Engineering and Computer
Science, John Wiley and Sons, 1995.

Pardalos, P. M., Recent Developments and Trends in global optimisation,
Journal of Computational and Applied Mathematics, vol. 124, pp. 209-228,
2001.

Crossley, W. A., Genetic Algorithm Approaches for Multiobjective Design of
Rotor Systems. AIAA-96-4025-CP, 1996.

Paschereit, C. O., Schuermans, B., and Buche, D., Combustion Process
Optimisation Using Evolutionary Algorithm. ASME Paper GT2003-38393,
2003.

De Kock, D. J., Optimal Tundish Methodology in a Continuous Casting
Process. PhD Thesis, Department of Mechanical and Aeronautical Engineering,
University of Pretoria, 2005.

Buche, D., Stoll, P., Dornberger, R., and Koumoutsakos, P., Multiobjective
Algorithm for the Optimisation of Noisy Combustion Processes. IEEE
Transactions on systems. Man, and Cybernetices - Part C: Applications and
Reviews, vol. 32, No. 4, 2002.

Yurij, G., Evtushenko, G. H., Numerical Optimization Techniques.
Optimization Software, Inc, Publication Division, 1985.

Snyman, J. A., and Hay, A. M., The Dynamic-Q Optimization Method: An
alternative to SQP? Computers & Mathematics with Application, vol. 44, No.
14, pp. 1589-1598, 2002.

118



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

.
&
N UNIVERSITEIT YAN PRETORIA

’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Snyman, J. A., Stander, N., and Roux, W. J., A Dynamic Penalty Function
Method for Solution of Structural Optimization Problems. Applied
Mathematical Modelling, vol. 18, pp. 453-460, 1994.

Grobman, J. S., Dittrich, R. T., and Graves, C. C., Pressure Drop and Air-Flow
Distribution in Gas-Turbine Combustors. ASME Paper No. 56-A-208, 1956.
Knight, H. A., and Walker, R. B., The Component Pressure Losses in
Combustion Chambers. NGTE, Reports and Memoranda No. 2987, November,
1953.

Shang, T., Guenette, G., Epstein, A., and Saxer, A., The Influence of Inlet
Temperature Distortion on Rotor Heat Transfer in a Transonic Turbine. ATAA
95-3042, 1995.

Barringer, M. D, Thole, K. A., and Polanka, M. D., Effects of Combustor Exit
Profiles on High Pressure Turbine Vane Aerodynamics and Heat Transfer.
ASME, GT2006-90277, 2006.

Chana, K., Hirrion, J., and Jones, T., The Design development and Testing of a
Non-Uniform Inlet Temperature Generator for the QinetiQ Transient Turbine
Research Facility. ASME Paper 2003-GT-38469, 2003.

Povey, T., Chana, K., Jones, T., and Hurrion, J., The Effect of Hot-Streaks on
HP Vane Surface and Endwall Heat Transfer: An Experimental and Numerical
Study. ASME Paper GT2005-69066, 2005.

Krishnamoorty, V., Pai, B., and Sukhatme, S., Influence of Upstream Flow
Conditions on the Heat Transfer to Nozzle Guide Vanes. Journal of
Turbomachinery, Vol.110, pp.412-416, 1988.

Lefebvre, A. H., and Norster, E. R., The Design of Tubular Gas Turbine
Combustion Chambers for Optimum Mixing Performance, Proceedings of
Institution of Mechanical Engineers, vol. 183, pp. 150-155, 1969.

Durbin, M. D., Vangness, M. D., Ballal, D. R., Katta, V. R., Study of Flame
Stability in a Step Swirl Combustor. ASME Paper 95-GT-111, 1995.

Sankaran, V., and Menon, S., Turbulence-Chemistry Interactions in Spray

Combustion. ASME Paper GT-2002-30091, 2002.

119



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

o

-4
b

“ UNIVERSITEIT VAN PRETORIA
’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Malecki, R. E., Colket, M. B., Madabhushi, R. K., McKinney, R. G., Ouyang,
H., and Syed, S., Application of an Advanced CFD-Based Analysis System to
the PW6000 Combustor to Optimize Exit Temperature Distribution - Part I:
Description and Validation of the Analysis Tool. ASME Journal of Engineering
for Gas Turbines and Power, 2001.

Snyder, T. S., Stewart, J. F., Stoner, M. D., and McKinney, R. G., Application
of an Advanced CFD-Based Analysis System to the PW6000 Combustor to
Optimize Exit Temperature Distribution - Part II: Comparison of Predictions to
Full Annular Rig Test data. ASME Journal of Engineering for Gas Turbines
and Power, 2001.

McGuik, J. J., and Spencer, A., Coupled and Uncoupled CFD Prediction of the
Characteristics of Jets from Combustor Air Admission Ports. ASME Paper
2000-GT-0125, 2000.

Samareh, A. J., Status and Future of Geometry Modelling and Grid Generation
for Design and Optimization. Journal of Aircraft, vol. 36, No. 1. 1999.

Lai, M. K., Reynolds, R. S., and Armstrong, J., CFD-Based, Parametric,
Design Tool for Gas Turbine Combustors from Compressor Deswirl Exit to
Turbine Inlet. ASME Turbo Expo 2002, Amsterdam, The Netherlands.
FLUENT News, “The Berl Combustor Revisited”, Vpl1. xii, ISSUE1, 2003.
http://www.tu-darmstadt.de/fb/mb/ekt/tecflam/ebi.html. Accessed on 10 August
2003.

Widmann, J. F., Charagundla, S. R., and Presser, C., Benchmark Database for

Input and Validation of Multiphase Combustion Models. Chemical and
Physical Processes in Combustion. Combustion Institute, Proceedings, 1999,
Raleigh, NC 1999.

Launder, B. E., and Spalding, D. B., The Numerical Computation of Turbulent
Flows. Computer Methods in Applied Mechanics and Engineering (3), 269-
289, 1974.

Trinh, C. M., Turbulence Modelling of Confined Swirling Flows. PhD Thesis,
Riso National Laboratory, Roskilde, Denmark, 1993.

120



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

o

-4
b

“ UNIVERSITEIT VAN PRETORIA
’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Magnussen, B. F., and Hjerthager, B. H., On Mathematical Modeling of
Turbulent Combustion with Special Emphasis on Soot Formation and
Combustion. The Combustion Institute, Sixteenth Symposium on Combustion,
Pittsburgh, Pennsylvania, 1976.

Holdeman, J. D., Liscinsky, D. S., Oechsle, V. L., Samuelsen, G. S., and Smith,
C. E., Mixing of Multiple Jets with a Confined Subsonic Cross Flow: Part 1-
Cylindrical Duct, ASME, Journal of Engineering for Gas Turbine and Power,
vol. 119, pp. 852-862, 1997.

Gulati, T., Tolpadi, A., and Vanduesen, G., Effect of Dillution Air on Scalar
Flow Field at the Combustor Exit, AIAA, 94-0221, 1994.

Tangarila, V., Tolpadi, A., Danis, A., and Mongia, H., Parametric Modeling
Approach to Gas Turbine Combustor Design, ASME Paper, IGTI Conference,
2000-GT-0129, 2000.

Catalano, L. A., Dadone, A., and Manodoro, D., Saponaro, A., Design
Optimization and Validation of Improved Duct-Burners for Combined-Cycle
Plants. International Joint Power Generation Conference, New Orleans, 2001-
PWR-19026, LOUISIANA, 2001.

Catalano, L. A., Dadone, A., and Manodoro, D., Design of High Performance
Duct-Burners for Combined-Cycle Plants Using Progressive Optimization.
ASME Turbo Expo 2002, GT-20002-30087, Amsterdam, The Netherlands,
2002.

Becz, S., and Cohen, J. M., Charanterization Of Mixing For A Jet In Cross-flow
Using Proper Orthogonal Decomposition. AIAA paper 2005-0307, 2005.
Despierre, A., Stuttaford P. J., and Rubini, P. A., Preliminary gas turbine
combustor design using a genetic algorithm. ASME paper 97-GT-72, 1997.
Fuligno, L., Micheli, D. and Poloni, C., An Integrated Design Approach for
Micro Gas Turbine Combustors: Preliminary 0-D and Simplified CFD Based
Optimisation. ASME Paper, GT2006-90542, 2006.

Back, T., and Schwefel, H., An Overview of Evolutionary Algorithms for
Parameter Optimisation. Evolutionary Computations vol. 1, No. 1, pp. 1-23,

1993.

121



56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

.
&
N UNIVERSITEIT YAN PRETORIA

’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Jakob, W., Gorges-Schleuter, M., and Blume, C., Application of Genetic
Algorithms to Task Planning and Learning. Parallel Problem Solving from
Nature PPSN2, pp. 291-310, 1992.

Rudoff, R. C., Design, Evaluation, and Characterization of a Gas Turbine
Model Laboratory Combustor with Discrete Wall Injections. MSc. Dissertation,
University of California, Irvine, 1986.

Lefebvre, A. H., Atomization and Spray. Hemisphere Publishing Corporation,
Washington, DC, 1987.

Lefebvre, A. H., The Role of Fuel Preparation in Low-Emissions Combustion.
Jounrnal of Engineering and Power, vol.117, pp. 617-652, 1996.

Micklow, G. J., Roychoudhury, S., Nguyen, H. L., and Cline, M. C., Emissions
Reduction by Varying the Swirler Airflow Split in Advanced Gas Turbine
Combustors. IGTI Paper 92-GT-110, 1992.

Su, K., and Zhou, C. Q., Numerical Study of Spray Parametric Effects on Gas
Turbine Combustion Performance. ASME Paper GT2001-44365, 2001.
Claypole, T. C., Pollutant Formation in Swirling Jets. PhD Thesis, Department
of Mechanical Engineering and Energy Studies, University College, Cardiff,
1980.

Gupta, A. K., Lewis, M. J., and Qi, S., Effect of Swirl on Combustion
Characteristics in Premixed Flames. ASME Paper 97-GT-276, 1997.

Hafez, A. H., El-Mahallawy, F. M., and Shehata, A. M., Effect of Burner and
Operating Conditions on Mixing and Heat Transfer Along a Combustion
Chamber. ASME COGEN-TURBO, IGTI, vol. 9, 1994.

Squires, K. D., and Eaton, J. K., Particle response and turbulence modification
in isotropic turbulence. Physics of Fluids, vol. 2, No. 7, pp. 1191-1203, 1990.
Datta, A., and Som, S. K., Combustion and emission characteristics in a gas
turbine combustor at different pressure and swirl. Applied Thermal
Engineering, vol. 19, No. 199, pp. 949-967, 1999.

Richards, C. D., and Samuelsen, S., The Role of Primary Jets in the Dome
Region Aerodynamics of Model Can Combustor. IGTI, No. 90-GT-142, 1990.

122



68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

o

-4
b

“ UNIVERSITEIT VAN PRETORIA
’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Vilayanur, S. R., Davis, N. T., and Samuelsen, S., Effect of Inlet Conditions on
Lean Premixed Gas Turbine Combustor Performance. International Gas
Turbine & Aeroengine Congress & Exhibition, Stockholm, Sweden, 1998.
Sivaramakrishna, G., Muthuveerappan, N., Shankar, V., and Sampathkumaran,
T. K., CFD Modeling of Aero Gas Turbine Combustor. ASME Paper, 2001-
GT-0063, 2001.

Hinze, J. O., Turbulence. McGraw-Hill, Inc, 1975.

Poinsot, T., and Veynante, D., Theoretical and Numerical Combustion. R T
Edwards, Inc, Philadelphia, 2001.

Kuo, K. K., Principles of Combustion. John Wiley & Sons, Inc, 1986.

Abbott, M. B., and Basco, D. R., Computational Fluid Dynamics, An
Introduction for Engineers. Longman Scientific & Technical, UK, 1989.
“FLUENT 6 User’s Guide”, Lebanon, NH, USA, FLUENT Inc, 2003.

Jones, W. P., and Launder, B. E., “The Prediction of Laminarisation with a
Two-Equation Turbulence Model”, International Journal Heat Mass Transfer,
vol. 3, p. 239, 1974.

Launder, B. E., and Spalding, D. B., Lectures in Mathematical Models of
Turbulence. Academic Press, New York, 1974.

Magnussen, B. F., and Hjertager, B. H., On Mathematical Modeling of
Turbulent Combustion with Special Emphasis on Soot Formation and
Combustion. Sixteenth Symposium (International) on Combustion, The
Combustion Institute, pp.719-729, 1976.

Buckmaster, J. D., and Ludford, G. S.S., Lectures on Mathematical Combustion.
The Universities Press Ltd, Belfast, 1983.

Chen, H. C., and Patel, V. C., Near-Wall Turbulence Models for Complex
Flows Including Separation. AIAA Journal, vol. 26, No. 6, pp. 641-648, 1988.
Williams, F. A., Combustion Theory. Second Edition, Benjamin/Cunning
Publishing Company, Inc, 1934.

Samarskii, A., and Pokhilko, V., On Problem of Toxic Species Formation in

natural Gas Combustion. Experimentation, Modelling and Computation in

123



82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

o

-4
b

“ UNIVERSITEIT VAN PRETORIA
’- UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Flow, Turbulence and Combustion, John Wiley & Sons, Inc, vol. 2, pp. 113-
128, 1997.

Crowe, C. T., Sharma, M. P., and Stock, D. E., The Particle-Source-In-Cell
(PSI-CELL) Model for Gas-Droplet Flows. Journal of Fluids Engineering, vol.
99, pp. 325-332, 1997.

Tap, F. A., Dean, A. J., and Van Buijttenen, J. P., Experimental and Numerical
Spray Characterization of a Gas Turbine Fuel Atomizer in Cross Flow. ASME
paper GT-2002-30100, 2002.

Hetsroni, G., Particles-turbulence interaction. International Journal Multiphase
Flow, vol. 15. pp. 735-748, 1992.

Gosman, A. D., and loannides, E., Aspect of computer simulations of liquid-
fueled combustors. Journal of Energy, vol. 7, pp. 482-490, 1983.

Faith, G. M., Evaporation and Combustion of Sprays. Progress in Energy and
Combustion Science, vol. 9, pp. 1-76, 1983.

Baumal, A. E., McPhee, J. and Calamai, P. H., Application of genetic
algorithms of an active vehicle suspension design, Computer Methods in
Applied Mechanics and Engineering,” vol. 163, pp. 87-94, 1998.

Eberhard, P., Schiehlen, W., and Bestle, D., “Some advantages of stochastic
methods in multi-criteria optimization of multibody systems,” Archive of
Applied Mechanics, vol. 69, pp. 543-554, 1998.

Els, P. S, and Uys, P. E., “Investigation of the applicability of the Dynamic-Q
Optimisation Algorithm to Vehicle Suspension Design,” Mathematical and
Computer Modelling, vol. 37, Nos. 9-10, pp. 1029-1046, 2003.

Visser, J. A., and De Kock, D. J., “Optimization of Heat Sink Mass Using the
Dynamic-Q Numerical Optimization Method,” Communications in Numerical
Methods in Engineering, vol. 18, No. 10, pp. 721-727, 2002.

Snyman, J. A., A New Dynamic Method for Unconstrained Minimization.
Applied Mathematical Modelling, vol. 6, pp. 449-462, 1982.

Snyman, J. A., The LFOPC Leap-Frog Algorithm for Constrained
Optimization, Computers and Mathematics with Applications, vol. 40, pp.
1085-1096, 2000.

124



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

o

.
&

“ UNIVERSITEIT YAN PRETORIA

\ 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Hay, A. M., Optimal Dimensional Systhesis of Planar Parallel Manipulators
with Respect to Workspaces. PhD Thesis, Department of Mechanical and
Aeronautical Engineering, University of Pretoria, South Africa, 2003.

Snyman, J. A., and Stander. N., A New Successive Approximation Method for
Optimum Structural Design. AIAA Journal, vol. 32, pp. 1310-1315, 1994.
Snyman, J. A., Private Communication. Department of Mechanical and
Aeronautical Engineering, University of Pretoria, South Africa, 1998.

De Kock, D. J., Industrial Applications of Computational Flow Optimisation.
MSc Dissertation, Department of Mechanical and Aeronautical Engineering,
University of Pretoria, 1999.

Morris, R. M., Snyman, J. A., and Meyer, J. P., “Jets in Crossflow Mixing
Analysis Using Computational Fluid Dynamics and Mathematical
Optimization,” Journal of Propulsion and Power, vol. 23, No. 3, pp. 618-628,
2007.

De Kock, D. J., Optimal Tundish Methodology in a Continuous Casting
Process. PhD Thesis, Department of Mechanical and Aeronautical Engineering.
University of Pretoria, 2005.

QNET CFD “Best Practice Advice for Combustion and Heat Transfer”. vol. 1
No. 4, 2002.

Libby, P. A., and Williams, F. A., Turbulent Reacting Flows. Academic Press,
1994.

Morris, R. M., An Experimental and Numerical Investigation of gas Turbine
Research Combustor. MSc. Dissertation, University of Pretoria, Pretoria, 2000.
Dukowicz, J. K. A., Particle Fluid Numerical Model for Liquid Sprays. Journal
of Computational Physics, vol. 35, pp. 229-253, 1980.

O’Rouke, P. J., Collective Drop Effects in Vaporizing Liquid Sprays. Ph.D.
Thesis, Princeton University, and Los Alamos National Laboratory Report, LA-
9069-T, 1981.

Rossin, P., and Rammler, B., The Laws Governing the Fineness of Powdered

Coal. Inst. Of Fuel, pp. 29-36, 1933.

125



105.

106.

107.

108.

109.

110.

I11.

112.

113.

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

.
&

“ UNIVERSITEIT YAN PRETORIA

\ 4

Rizk, N. K., and Lefebvre, A. H., Drop-Size Distribution Characteristics of
Spill-Return Atomizers. Journal of Propulsion, vol. 1, No. 1, 1984.

Chin, J. S., Li, W. M., and Zhang, Y., Experimental Study of the Effect of
Dense Spray on drop Size Measurement by Light Scattering Technology.
Transactions of ASME IGTI, Paper No. 90-GT-1, 1990.

Guogqiang, L., and Gutmark, E. J., Geometry Effects on the Flow Field and the
Spectral Characteristics of a Tripple Annular Swirler. ASME Paper,
Procceedings of ASME TURBO EXPO, GT-2003-38799, 2003.

Mathews, J. H., and Fink, K. D., Numerical Methods Using MATLAB. Prentice
Hall, London, 1999.

Kuffmann, A., and Henry-Labordere, G., Integer and Mixed Programming:
Theory and Applications. Mathematics in Science and Engineering, vol. 137,
Academic Press, 1977.

Salkin, H. M., Integer Programming. Addison-Wisley publishing Company,
1975.

Steuer, R. E., MultiCruteria Optimisation: Theory, Computation, and
Application. John Wiley & Sons, 1986.

Snyman, J. A., De Kock, D. J., Craig, K. J., and Venter, P. J., Toolkit for
Design Optimization (TDO): An educational aid to mathematical modelling and
optimization. Quaestiones Mathematicae, Suppl. 1, pp. 227-236, 2001.
Vanoverberche, K. P., Van Den Bulck, E. V., and Tummers, M. J., “Confined
Annular Swirling Jet Combustion,” Combustion Science and Technology, vol.

175, pp. 545-578, 2003.

126



.
&
“ UNIVERSITEIT YAN PRETORIA

UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

APPENDIX A

GAMBIT JOURNAL FILE FOR GEOMETRY MODELLING AND GRID GENERATION

Since geometric modelling and grid generation are the most time consuming and labour intensive
processes in computational fluid dynamics based design systems, the GAMBIT journaling toolkit
has been intensively used to replay model building for different computational fluid dynamics
sessions. This appendix outlines the GAMBIT journal file procedures that are necessary to replay
the geometry modelling, mesh generation and boundary condition for consecutive computational
fluid dynamics simulations. This procedure is performed for every design suggested by the

mathematical optimiser.

/ Journal File for GAMBIT 2.2.30, Database 2.2.14, ntx86 BH04110220
/ Identifier "default id1772"
/ File opened for write Thu Jan 27 10:04:58 2005.

vertex create coordinates 0 0 0

vertex create coordinates 0 27.75 0
vertex create coordinates 0 34.8 -5
vertex create coordinates 0 37.35 -16
vertex create coordinates 0 37.35 -33
vertex create coordinates 0 38.15 -33
vertex create coordinates 0 38.15 -28.15
vertex create coordinates 0 40.4 -28.5
vertex create coordinates 0 40.4 -99
vertex create coordinates 0 41.2 -99
vertex create coordinates 0 41.2 -94.5
vertex create coordinates 0 43.1 -94.5
vertex create coordinates 0 43.1 -164
vertex create coordinates 0 0 -164

edge create straight "vertex.1" "vertex.2" "vertex.3" "vertex.4" "vertex.5"\
"vertex.6" "vertex.7" "vertex.8" "vertex.9" "vertex.10" "vertex.11" "vertex.12"\
"vertex.13" "vertex.14"

face create revolve "edge.1" "edge.2" "edge.3" "edge.4" "edge.5" "edge.6"\
"edge.7" "edge.8" "edge.9" "edge.10" "edge.11" "edge.12" "edge.13" dangle \
180 vector 0 0 1 origin 0 0 0

vertex create coordinates 0 0 0

vertex create coordinates -0.75 7.864318 0
vertex create coordinates -4.015767 6.803206 0
vertex create coordinates -7.551550 11.669794 0
vertex create coordinates -0.75 13.879751 0

edge create center2points "vertex.29" "vertex.31" "vertex.30" minarc arc
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edge create center2points "vertex.29" "vertex.32" "vertex.33" minarc arc
edge create straight "vertex.30" "vertex.33"
edge create straight "vertex.31" "vertex.32"

face create wireframe "edge.39" "edge.40" "edge.41" "edge.42"
face cmove "face.14" multiple 4 dangle 36 vector 0 0 1 origin 0 0 0

face split "face.1" connected face "face.14"
face split "face.1" connected face "face.15"
face split "face.1" connected face "face.16"
face split "face.1" connected face "face.17"
face split "face.1" connected face "face.18"

edge create straight "vertex.9" "vertex.23"
edge create straight "vertex.18" "vertex.5"

vertex create coordinates 0 0 -164

edge create straight "vertex.29" "vertex.70"

edge split "edge.79" tolerance 1e-06 edge "edge.81" keeptool connected
edge split "edge.13" tolerance 1e-06 edge "edge.81" keeptool connected
edge split "edge.80" tolerance 1e-06 edge "edge.81" keeptool connected
edge delete "edge.81" lowertopology

vertex create coordinates 0 0 0

edge create straight "vertex.80" "vertex.79" "vertex.73" "vertex.76"

face create wireframe "edge.38" "edge.30" "edge.33" "edge.35" "edge.83" \
"edge.90" "edge.85" real

face create wireframe "edge.9" "edge.10" "edge.11" "edge.79" "edge.90" \
"edge.13" "edge.12" real

face create wireframe "edge.21" "edge.24" "edge.27" "edge.29" "edge.83" \
"edge.89" "edge.80" real

face create wireframe "edge.5" "edge.6" "edge.7" "edge.87" "edge.89" \
"edge.79" "edge.8" real

edge split "edge.1" vertex "vertex.80" connected

face create wireframe "edge.16" "edge.18" "edge.20" "edge.80" "edge.88" \
"edge.1" real

face create wireframe "edge.88" "edge.87" "edge.4" "edge.3" "edge.2" \
"edge.91" real

face create wireframe "edge.83" "edge.28" "edge.79" real
face create wireframe "edge.80" "edge.19" "edge.87" real

$x5=-48.5
edge create revolve "vertex.53" "vertex.57" "vertex.61" "vertex.64" \

"vertex.67" height 10 angle $x5 vector 0 0 1 origin 00 0
volume create rotate "face.14" onedge "edge.92" twist $x5
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volume create rotate "face.15" onedge "edge.93" twist $x5
volume create rotate "face.16" onedge "edge.94" twist $x5
volume create rotate "face.17" onedge "edge.95" twist $x5
volume create rotate "face.18" onedge "edge.96" twist $x5

edge delete "edge.92" "edge.93" "edge.94" "edge.95" "edge.96" lowertopology

undo begingroup

edge picklink "edge.75" "edge.78" "edge.72" "edge.73" "edge.68" "edge.69" \
"edge.65" "edge.64" "edge.62" "edge.59"

edge mesh "edge.59" "edge.62" "edge.64" "edge.65" "edge.69" "edge.68" \
"edge.73" "edge.72" "edge.78" "edge.75" successive ratiol 1 intervals 7

undo endgroup

undo begingroup

edge picklink "edge.76" "edge.77" "edge.71" "edge.74" "edge.70" "edge.67" \
"edge.66" "edge.63" "edge.61" "edge.60"

edge mesh "edge.60" "edge.61" "edge.63" "edge.66" "edge.67" "edge.70" \
"edge.74" "edge.71" "edge.77" "edge.76" successive ratiol 1 intervals 8

undo endgroup

undo begingroup

edge picklink "edge.133" "edge.136" "edge.125" "edge.128" "edge.117" \
"edge.120" "edge.109" "edge.112" "edge.101" "edge.104"

edge mesh "edge.104" "edge.101" "edge.112" "edge.109" "edge.120" "edge.117" \
"edge.128" "edge.125" "edge.136" "edge.133" successive ratiol 1 intervals 7

undo endgroup

undo begingroup

edge picklink "edge.134" "edge.135" "edge.126" "edge.127" "edge.118" \
"edge.119" "edge.110" "edge.111" "edge.102" "edge.103"

edge mesh "edge.103" "edge.102" "edge.111" "edge.110" "edge.119" "edge.118" \
"edge.127" "edge.126" "edge.135" "edge.134" successive ratiol 1 intervals 8

undo endgroup

undo begingroup

edge picklink "edge.130" "edge.129" "edge.132" "edge.131" "edge.124" \
"edge.122" "edge.123" "edge.116" "edge.121" "edge.115" "edge.114" \
"edge.108" "edge.107" "edge.113" "edge.105" "edge.106" "edge.98" "edge.97" \
"edge.100" "edge.99"

edge mesh "edge.99" "edge.100" "edge.97" "edge.98" "edge.106" "edge.105" \
"edge.113" "edge.107" "edge.108" "edge.114" "edge.115" "edge.121" \
"edge.116" "edge.123" "edge.122" "edge.124" "edge.131" "edge.132" \
"edge.129" "edge.130" successive ratiol 1 intervals 10

undo endgroup

undo begingroup

volume mesh "volume.5" "volume.4" "volume.3" "volume.2" "volume.1" map \
intervals 10

volume create stitch "face.31" "face.28" "face.29" "face.4" "face.3" "face.2" \
"face.1" "face.14" "face.15" "face.16" "face.17" "face.18" real

volume create stitch "face.30" "face.26" "face.27" "face.8" "face.5" "face.6" \
"face.7" "face.31" real
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volume create stitch "face.9" "face.10" "face.11" "face.12" "face.13" \
"face.24" "face.25" "face.30" real

$x11=6
$x21=2.5
$d1=$x11-1
$z1=$x11

volume create height 60 radiusl $x21 radius3 $x21 offset 0 0 30 zaxis frustum
volume move "volume.9" dangle 90 vector -1 0 0 origin 0 0 0

volume move "volume.9" offset 0 0 -68.8

volume move "volume.9" dangle (-180/($z1%*2)) vector 0 0 -1 origin 0 0 0

face split "face.8" connected face "face.58"
volume delete "volume.9" lowertopology

do para "$z1" init 1 incr (1)
face cmove "face.60" multiple $d1 dangle (180/$z1) vector 0 0 1 origin 0 0 0
enddo

face split "face.8" connected face "face.61"
face split "face.8" connected face "face.62"
face split "face.8" connected face "face.63"
face split "face.8" connected face "face.64"
face split "face.8" connected face "face.65"

$x1=4
$x2=3.3
$d=9$x1-1
$z=%x1

volume create height 60 radius1 $x2 radius3 $x2 offset 0 0 30 zaxis frustum
volume move "volume.9" dangle 90 vector -1 0 0 origin 0 0 0

volume move "volume.9" offset 0 0 -44.1

volume move "volume.9" dangle (-180/($z*2)) vector 0 0 -1 origin 0 0 0

face split "face.8" connected face "face.72"
volume delete "volume.9" lowertopology

do para "$z" init 1 incr (1)
face cmove "face.74" multiple $d dangle (180/$z) vector 0 0 1 origin 0 0 0
enddo

face split "face.8" connected face "face.75"
face split "face.8" connected face "face.76"

$x3=5
$x4=6
$dd=%$x3-1
$zd=$x3
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volume create height 60 radiusl $x4 radius3 $x4 offset 0 0 30 zaxis frustum
volume move "volume.9" dangle 90 vector -1 0 0 origin 0 0 0

volume move "volume.9" offset 0 0 -123.5

volume move "volume.9" dangle (-180/($zd*2)) vector 0 0 -1 origin 0 0 0

face split "face.12" connected face "face.80"
volume delete "volume.9" lowertopology

do para "$z" init 1 incr (1)
face cmove "face.82" multiple $dd dangle (180/$zd) vector 0 0 1 origin 0 0 0
enddo

face split "face.12" connected face "face.83"
face split "face.12" connected face "face.84"
face split "face.12" connected face "face.85"
face split "face.12" connected face "face.86"

face link "face.24" "face.25" edges "edge.90" "edge.13" vertices "vertex.76" \
"vertex.76" reverse periodic

face link "face.26" "face.27" edges "edge.89" "edge.79" vertices "vertex.73" \
"vertex.73" reverse periodic

face link "face.28" "face.29" edges "edge.88" "edge.87" vertices "vertex.79" \
"vertex.79" reverse periodic

undo begingroup

edge picklink "edge.4"

edge mesh "edge.4" successive ratiol 1 intervals 20

undo endgroup

undo begingroup

edge picklink "edge.3"

edge mesh "edge.3" successive ratiol 1 intervals 10

undo endgroup

undo begingroup

edge picklink "edge.2"

edge mesh "edge.2" successive ratiol 1 intervals 8

undo endgroup

undo begingroup

edge picklink "edge.91"

edge mesh "edge.91" firstlength ratiol 1.387 intervals 35

undo endgroup

undo begingroup

edge picklink "edge.17" "edge.15" "edge.14"

edge mesh "edge.14" "edge.15" "edge.17" successive ratiol 1 intervals 70

undo endgroup

undo begingroup

edge picklink "edge.25" "edge.26" "edge.19" "edge.22"

edge mesh "edge.22" "edge.19" "edge.26" "edge.25" successive ratiol 1\
intervals 70

undo endgroup
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undo begingroup

edge picklink "edge.27"

edge mesh "edge.27" successive ratiol 1 intervals 2
undo endgroup

undo begingroup

edge picklink "edge.21"

edge mesh "edge.21" successive ratiol 1 intervals 1
undo endgroup

undo begingroup

edge picklink "edge.88"

edge mesh "edge.88" lastlength ratiol 1.189 intervals 45
undo endgroup

undo begingroup

edge picklink "edge.80"

edge mesh "edge.80" lastlength ratiol 1.684 intervals 25
undo endgroup

undo begingroup

edge picklink "edge.24"

edge mesh "edge.24" successive ratiol 1 intervals 5
undo endgroup

face mesh "face.2" map size |

face mesh "face.3" map size |

undo begingroup

face mesh "face.2" map size 1

face mesh "face.3" map size 1

face mesh "face.4" map size 1

face mesh "face.7" triangle size 1

face mesh "face.6" pave size 1

face mesh "face.31" triangle size 1

face mesh "face.1" triangle size 1

face mesh "face.28" triangle size 1

volume mesh "volume.6" tetrahedral intervals 10

edge picklink "edge.8"

edge mesh "edge.8" successive ratiol 1.008 ratio2 1.008 intervals 50
undo endgroup

undo begingroup

edge picklink "edge.30"

edge mesh "edge.30" successive ratiol 1 intervals 1
undo endgroup

undo begingroup

edge picklink "edge.33"

edge mesh "edge.33" successive ratiol 1 intervals 5
undo endgroup

undo begingroup

edge picklink "edge.35"

edge mesh "edge.35" successive ratiol 1 intervals 2
undo endgroup

undo begingroup

edge picklink "edge.89"
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edge mesh "edge.89" successive ratiol 1.012 intervals 35
undo endgroup

undo begingroup

edge picklink "edge.83"

edge mesh "edge.83" firstlength ratiol 2.08 intervals 30
undo endgroup

undo begingroup

edge picklink "edge.34" "edge.36"

edge mesh "edge.36" "edge.34" successive ratiol 1.01 ratio2 1.01 intervals 70
undo endgroup

undo begingroup

edge picklink "edge.28" "edge.31"

edge mesh "edge.31" "edge.28" successive ratiol 1 intervals 70
undo endgroup

undo begingroup

edge picklink "edge.38"

edge mesh "edge.38" firstlength ratiol 2.278 intervals 40
undo endgroup

undo begingroup

edge picklink "edge.90"

edge mesh "edge.90" lastlength ratiol 2.08 intervals 35
undo endgroup

undo begingroup

edge picklink "edge.85"

edge mesh "edge.85" successive ratiol 1 intervals 30
undo endgroup

undo begingroup

edge picklink "edge.37"

edge mesh "edge.37" successive ratiol 1 intervals 60
undo endgroup
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APPENDIX B
C++ PROGRAM FOR NUMERICAL INTEGRATION

This Appendix shows a numerical integration technique that is used to derive the objective function
for mathematical optimisation. The Trapezoidal Rule was implemented into a computer code using

a C++ compiler for numerical integration of the curve generated by the combustor exit temperature

profile.

#include <stdio.h> // Functions for performing input and output
#include <math.h> // Mathematical functions (such as abs())
double *Tvalues; // Vector of T values read from file

double *xvalues; /I Vector of x values read from file

int count = 0; // Number of readings to read from input file
char inputfname[80]; // Name of the input file

char outputfname[80]; // Name of the output file

double interval = 0.0; // Interval over which to integrate

double Ti = 0.0; // 1deal temperature

double Xn = 0.0; // Domain of ideal temperature

/*

* This function calculates the integral of the

* curve defined by the x and T values read from the file.

* The integral is calculated using the traditional trapezoidal

* method.

*/

double integral(int n, double h) {
double result = 0.0; // The variable in which the integral is saved
int 1; // The current index in the Tvalues vector

result = result + Tvalues[0]; // f(a)
result = result + Tvalues[n - 1]; /1 f(b)

// sum_of(2 * f(a + kh))
for (i=1;1<n;it++)
result = result + 2.0 * Tvalues][i];

return result * (h /2.0);

}

/*
* This function reads x and T values from a CFD-format file. The header
* and footer information should be removed from the file before running
* the program.
*/
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void getValuesFromFile(void) {
FILE *f=0;
double T = 0.0;
double x = 0.0;
int index = 1;
inti=0;
char s[256];

f = fopen(inputfname, "r");

if (1) {
printf("Couldn't open file %s!", inputfname);
exit(0);

}

// Skip first 4 lines of input file

for 1=0;1<3;it+t+)
fscanf(f, "%[\n]\n", s);

// Read count - 1 lines (x, y values) from input file.
// We use count - 1 because count was incremented in
// getSettingsFromFile to accommodate extra f(a) value
for (1= 0;1<(count - 1); i++) {

fscanf(f, "%le\t%le", &x, &T);

Tvalues[index] =T;

xvalues[index] = x;

index++;
}
fclose(?);

// Insert extra f(a) value, where f(a) = f(h)
Tvalues[0] = Tvalues[1];
xvalues[0] = 0.0;

h

/*
* This function reads six configuration settings from a file
* called settings.txt. These six configurations settings are
* the name of the input file, the name of the file to which
* output should be directed, a count of how many readings
* should/can be read from the input file, the size of the
* interval over which to integrate (h), the ideal temperature
* (T1), and the domain over which this ideal temperature should
* occur (Xn). The settings.txt file must list these settings
* in the given order, preferably separated by new lines.
*/
void getSettingsFromFile(void) {
FILE *f = fopen("settings.txt", "r");
if (1) {

printf("Couldn't open file settings.txt!");
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exit(0);

fscanf(f, "%s", inputfname);
fscanf(f, "%s", outputfname);
fscanf(f, "%d", &count);
count++;

fscanf(f, "%le", &interval);

fscanf(f, "%le", &Ti);
fscanf(f, "%le", &Xn);
fclose(f);

}

/*
* This methods sorts (in numerical order) the two n-dimensional double
* arrays that are passed to it as parameters. The a-array is sorted
* in numerical order, while the b-array is adjusted to remain in sync
* with the a-array. In other words, assume that before running this
* method, a value x was at index i in array a, and some value y was
* also at index i, but in array b. After running the method, assume
* value x was moved to index j in array a. Therefore, value y will
* now be at index j in array b.
*/
void selectionSort(double *a, double *b, int n) {
double temp;
int chosen;
int leftmost;
int j;

for (Ieftmost = 0; leftmost <n - 1; leftmost++) {
chosen = leftmost;
for (j = leftmost + 1; j <n; j++)
if (a[j] < a[chosen])
chosen = j;
temp = a[chosen];
a[chosen] = a[leftmost];
a[leftmost] = temp;

temp = b[chosen];
b[chosen] = b[leftmost];
b[leftmost] = temp;

}

void main(void) {
double integ = 0.0;
double idealArea = 0.0;
FILE *f=0;

B3



UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

// Read the configuration settings
getSettingsFromFile();

// Allocate memory space for the arrays containing the T
// and x values

Tvalues = (double *) malloc(sizeof(double) * count);
xvalues = (double *) malloc(sizeof(double) * count);

// Read the T and x values from the input file
getValuesFromFile();

// Sort the T and x values, according to x
selectionSort(xvalues, Tvalues, count);

// Find the area under the curve defined by the T values
// read from the input file
integ = integral(count, interval);

// Calculate the ideal area
idealArea = Ti * Xn;

// Open the output file and write the absolute value of the
// difference between the ideal area and the curve area to
/it

f = fopen(outputfname, "w");

fprintf(f, "%f", (fabs(idealArea - integ)));

fclose(f);

// Deallocate the memory we allocated above for the T and x
// values

free(Tvalues);

free(xvalues);
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