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Abstract

This thesis describes the early-stage design and development of a combustor
for a turbogenerator with a radial configuration as a future range extender
for electric vehicles. A novel curved-shape combustor is proposed, and a
computational fluid dynamics (CFD) model was constructed to study the

combustor performance.

The modelling strategy in this work was developed by studying iso-thermal
flow followed by reacting flow simulations. To confirm the applicability of

the strategy to modelling the proposed micro gas turbine combustor, it was
applied to a swirling spray flame in a lab-scaled kerosene burner for which

experimental data was available.

Flamelet generation manifold (FGM) with a prescribed joint probability
density function (PDF) was employed for modelling the spray flame in
designing and developing a micro gas turbine combustion chamber. The two-
way coupling between droplets and the gaseous field was modelled by a
Eulerian—Lagrangian approach. The enthalpy loss due to spray evaporation

was considered in the FGM flamelet tabulation.

The work then continued by using design of experiment (DoE) to investigate
the effect of the geometric and operational effects on the major chemical

species and key operational parameters.
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The optimisation of the combustor using the results of DoE and CFD models
was presented and showed that the optimised combustor can potentially
reduce the CO emissions by 88%, NOx by 31%, and soot by 83%. In addition,
the optimised combustor showed that the combustor average outlet
temperature met the requirements, and the pattern factor decreased by
41%, while the total pressure drop across the combustor increased by only

0.1%.

In summary, this thesis demonstrates the capability of the present
modelling strategy to simulate a novel combustor with complex geometry as
a design tool and DoE to identify the significant parameters and to
determine the optimal parameter settings that give minimum pollutant

emissions and maximum thermal performance.
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Chapter 1 Introduction

1.1. Introduction

This thesis describes the early-stage design and development of a micro gas
turbine combustor by basic design calculations and three-dimensional
computational fluid dynamics (CFD) of a reacting flow modelling approach
for simulating a lab-scaled burner and novel combustor for micro gas
turbine application. The modelling strategy was developed and validated by
investigation of the swirling flow dynamics and spray combustion in a lab-
scaled swirl-stabilised burner. Following that, the basic design calculation of
a novel design of a micro gas turbine combustor is presented, and the
reacting CFD modelling results are discussed to understand the combustor
performance and emissions prediction. The parametric study of the novel
combustor is numerically simulated and compared with the baseline design
to understand the effect of geometric and operational changes on combustor
performance and emissions. An experimental investigation was conducted to

prove the operability of the baseline combustor design concept.

In this chapter, Section 1.2 presents the background of micro gas turbine
engine market, which supports the need for combustor design. Section 1.3
lists the aims and objectives of the research. Section 1.4 gives a brief

introduction to each chapter in this thesis.



1.2. Background

Micro gas turbines, also known as microturbines, are gaining interest in
power generation market due to the current demand for cleaner and more
efficient power generation resources. Microturbines have the advantages of
proven low emissions, high power-to-weight ratio, fuel flexibility, and
reliability that make research interested in developing the technology [1].
Various types of micro gas turbine (MGT) engines have been developed in
many energy generation systems, such as distributed energy systems, range

extenders, telecommunication, and solar power generation [2].

MGTs are a type of gas turbine with a power range of up to 500 kW [3]. The
configuration is similar to large-scale gas turbines consisting of a
compressor, a combustor, and a turbine. MGTs use the Brayton cycle and
therefore have great potential for using various properties of fuels. In [4],
[5], the development of combustion technology demonstrates that the
emission of MGTs can reach a low value.

Gas
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Figure 1.1 Brayton cycle of the MTGs



In recent years, some commercial MGTs have received great interest in the

market. A table below shows the different MGT designed from different

companies and the power range with the associated combustor technology.

Table 1.1 MTGs available in the market

Company Power [kW] Combustor type
Capstone [6] 30 Compact annular
combustor
Bladon [7] 12 Can combustor
AlliedSignal [8] 70 Single cylinder
combustor
ET group [9] 45 Can combustor
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Figure 1.2 Combustor developed by Capstone Company [6]

Figure 1.2 shows the combustor developed by Capstone Company. The
engine arranges the heat recovery system in a ring on the periphery of the
compressor, turbine, and other components. The combustor is one example
of an annual type combustor, and the combusted gas needs to turn 90
degrees from left to right to reach the exhaust outlet. The thermal efficiency

of the engine can reach up to 26% with the recuperator.



Fuel
Ignitor injector
Exhaust

outlet o
Airinlet

Discharge

/ nozzle

Recuperator

Microcombustor photo

Figure 1.3 Combustor developed by Bladon [7]

Figure 1.3 shows the micro gas turbine generator and the combustor
developed by Bladon. The combustor is a can combustor type. The inlet air
flows tangentially through the air swirlers into the combustor. After the
combustion process, the hot combusted gases flow through the discharge
nozzle towards the exhaust outlet. The thermal efficiency can reach up to

25% with the use of a recuperator.
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EXHAUST

Figure 1.4 shows the product from AlliedSignal; the engine uses a single

cylinder can combustor layout with the use of recuperator to increase the

thermal efficiency. The engine can reach thermal efficiency up to 28.5% with

a recuperator.
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Figure 1.5 Micro gas turbine developed by the ET group [9]

Figure 1.5 shows the micro gas turbine developed by ET group, which has a
single cylinder combustor and an independent recuperator. The thermal

efficiency peaks at 28% with the recuperator.

From Table 1.1 above, the combustor used in these MGT's relies on the can
combustor type due to its simple design and compactness. In addition, the

use of a recuperator can increase the thermal efficiency to improve the low
thermal efficiency characteristics of the micro gas turbines. Therefore, this

motivates the design and the development work of a combustor for MGTs. A



CFD approach can be considered an effective design tool to design and

develop the combustor in line with the fast transition of the market.

1.2.1 Ground-based gas turbine regulation

Table 1.2 is a summary of the European countries and Japan standard in
gas turbine emissions in CO and NOx. The emission requirements in the
United Kingdom are below 87 PPM for CO and 74 PPM for NOx,
respectively. The emission standards in United Kingdom have been chosen

to follow in the combustor design in this thesis.

Table 1.2 Gas turbine air pollution emission standard in different countries

[10]
Country Size range CO [PPM] NOx [PPM]
Austria <50MWth 87 106
Belgium <100MWth 87 186
Germany <100MWth 87 106
Italy <8MWth 87
Spain All size 594 328
Sweden <500MWth 87
United <50MWth 87 74
Kingdom
Japan - - 42




1.2.2. Combustor design considerations

Combustor is one of the key components in gas turbine engines, especially in
micro turbines. Combustors are used to convert the chemical energy stored
in fuels into mechanical energy. The higher the combustion efficiency, the
lower the emission level as well as the specific fuel consumption of MGTs. A
more uniform temperature distribution denoted by the pattern factor at the
combustor outlet contributes to longer turbine material life. Combustor
development remains by trial-and-error testing and empirical correlations
in experimental rigs and in prototype and in-service engines and power
plants [11]; therefore, numerical modelling plays an important role in
reducing the necessity for experimental investigations and faster design

cycles.

Some design parameters were set out to meet the design of a micro gas
turbine engine developed in the Birmingham High Performance
Turbomachinery. The micro gas turbine focuses on the application of a

range extender used in electric vehicles [12].



The design specification is listed in Table 1.3 below.

Table 1.3 UoB Combustor design parameters

Design parameters Importance
Air mass flow rate of 150 g/s Medium
Pressure ratio of 3.7 Medium
Fuel capability of diesel High
Inlet temperature of 442K Medium
Expected outlet temperature of High
1273K
Combustor diameter of the bend is High
about 0.5m
Pressure drop less than 5% of inlet High
Pattern factor as low as possible High

The turbine inlet temperature is set to 1273K in order to maintain the
turbine material life. A thermal barrier coating and the use of ceramic
materials have been considered to allow further increases in the turbine

inlet temperature to increase the overall system efficiency.

10
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Figure 1.6 The layout of UoB combustor [12]

From Figure 1.6, the combustor geometric constraint is set to a can
combustor design with a little bend around 0.5 m in diameter to fit the

compressor and the turbine design [12].

11



(a) (b)

Figure 1.7 Two possible shape of the UoB combustor

The diameter and the length of the combustor are secondary constraints and
can be adjusted for performance consideration. Two possible shapes have
been illustrated in Figure 1.7. Figure 1.7 (b) is shorter than Figure 1.7 (a) in
length; therefore, the residence time is shorter. The design in Figure 1.7(b)
1s more suitable in annular combustor design. Hence, the shape in Figure
1.7 (a) is chosen for the can combustor design and the length of the UoB
combustor is 376 mm, as shown in Figure 1.6. The capability of burning

diesel liquid is highly prioritised.

12



1.3. Aims of the thesis

The combustion process in a combustor is extremely complex; it has a strong
coupling effect of turbulent mixing, liquid fuel atomisation and evaporation,
chemaical reaction, mass transfer and heat transfer between solids and
gases. The design of a micro gas turbine relies on experience and empirical
correlations of large-scale aeroengine combustors, and the literature lacks
basic design guidelines, simulation, and experimental data that cover the
micro gas turbine combustor design. As a result, this research aims to
generate preliminary design considerations and turbulent combustion
modelling strategies via computational investigations using the commercial
software Ansys Fluent. The numerical results give insight into the
optimisation of the combustor in terms of aerodynamics, turbulent mixing,

combustion efficiency, and emissions prediction.
The research objectives are structured as follows:

1. Simulate and analyse the popular turbulence models’ performance
and limitations in swirling flow dynamics in a swirl-stabilised burner.

2. Simulate and analyse the performance and limitations of the state-of-
the-art turbulent combustion model in spray combustion in a swirl-
stabilised burner.

3. Investigate the state-of-the-art low emissions combustor design
configurations and the design calculation to design a novel combustor

In a micro gas turbine application.

13



4. Develop a modelling strategy for spray combustion in a swirl-
stabilised combustor and assess the trade-off between combustor

performance and emissions through different design parameters.

1.4. Thesis structure

This thesis has a total of seven chapters. In Chapter 1, an introduction
chapter presents the research problem and the design requirements and

needed of combustor for micro gas turbine engines.

Chapter 2 presents a state-of-the-art low emissions combustor design and
the fundamental combustion physics that discuss the underlying physics to
construct the CFD turbulent combustion modelling methodology.
Multiphase flow physics is also discussed, as liquid fuels are the main fuel

used in this novel combustor design.

Chapter 3 discusses the underlying theory of turbulent combustion
modelling. The theory of turbulence modelling, as well as combustion

modelling, is discussed.

Chapter 4 presents and discusses the performance of popular turbulence
models on swirling flow dynamics and validates against the experimental
results of a swirl-stabilised burner. The model is used in subsequent

chapters to simulate and assess the combustor aerothermal performance.

14



Chapter 5 presents and discusses the spray combustion model on top of the
turbulence model from Chapter 4 to simulate a spray flame in a swirl-
stabilised burner and validate with experimental results. The modelling
strategy of spray combustion is developed and used in Chapter 6 to assess

the novel combustor aerothermal performance.

Chapter 6 applies the modelling strategy developed in previous chapters
and assesses the aerothermal performance based on CFD results. In
addition, an optimisation of the combustor is proposed based on the

simulation results.

Chapter 7 provides the conclusion and contribution of this thesis, and some

future research suggestions are proposed.

1.5. Contribution to knowledge
The novelty of the present thesis is outlined as follows:

e This thesis demonstrates the potential combustor design for micro
gas turbine engines using the RQL configuration for low emissions

and high combustion efficiency.

e This thesis examines the steady and unsteady CFD simulations

performance on complex turbulent swirling flow fields to develop a

15



computationally efficient methodology for designing a micro gas

turbine combustor in the early design stage.

This thesis provides detailed simulation strategies of the turbulent
swirling spray flames in a lab-scaled burner to develop a design tool

for micro gas turbine engine combustor design in the early stage.

This thesis introduced a swirl number calculation for a radial blade
swirler, which can be used to aid the aerodynamics of the swirler

design to achieve flame stabilisation.

This thesis investigates the operational and geometric effect on novel
combustor emissions and performance using a parametric study of

reacting CFD simulations.

Unlike most other studies [13]-[17], the CFD methodology in the
present thesis was conducted using the state-of-the-art turbulent
combustion model flamelet-generated manifold (FGM) with a multi-
step chemistry mechanism rather than a chemical equilibrium model

using one-step chemistry calculations.
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Chapter 2 Physics of Micro Gas Turbine

Combustor

2.1. Introduction

This chapter reviews the existing knowledge related to the physics inside
the combustor and the state-of-the-art low emission combustor
configurations. Section 2.2 provides an overview of the typical combustion
mode and combustor configurations in a gas turbine combustor. Section 2.3
reviews two design concepts on low emission combustion technology in
modern aeroengines. Section 2.4 discusses the importance of the flame
stabilisation mechanism inside a combustor and reviews the typical flow
structures in swirling flows used as a flame holder. Section 2.5 details the
different combustion classifications in laminar and turbulent combustion
that contain the fundamental theory of turbulent combustion modelling.
Section 2.6 reviews the physics of multiphase flows, liquid atomisation, and

spray combustion. Finally, Section 2.7 gives a summary of this chapter.

17



2.2. Combustion fundamentals in combustors

Combustion in traditional gas turbines is divided into three modes: non-
premixed combustion, premixed combustion, and partially premixed
combustion. Non-premixed combustion happens when fuel and oxidiser are
injected into the combustor separately before mixing with each other,
whereas premixed combustion, fuel and oxidiser are mixed before injecting
into the combustor. These are two extreme cases in combustion mode:
partially premixed combustion is between non-premixed combustion and

premixed combustion, which always occurs in practical combustion systems.

Figure 2.1 shows a typical can combustor configuration that is widely used
in aeroengines [18]. This type of combustor can operate in non-premixed or
partially premixed combustion due to its stable characteristics and good
ignition performance. In addition, a wide range of air fuel ratios contribute
to excellent operability where stable combustion can occur inside the
combustor. However, due to the non-premixed flame with high adiabatic
flame temperature characteristics, the NOx emission is generally higher

than premixed combustion.

18
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Figure 2.1 Conventional can combustor layout [18]

A diffuser is used to slow down the velocity of the flow entering the
combustor. A flame tube (liner) is placed inside the combustor casing, and
the combustion and hot burnt gases are kept inside the flame tube.
Therefore, some cooling holes are introduced to allow the air to penetrate
into the annulus to quench the combustion quickly as well as adjust the exit
temperature distribution. Other types of combustors are used in
aeroengines, such as annular combustors and can-annular combustors,
which are multiple can combustors connected by a common ring [19]. Due to
the design complexity of annular and can-annular combustors, this thesis

focuses on a can combustor type.
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2.3. Low emission combustion technology

The design of combustors for low emission micro gas turbines is not highly
developed, and this is a new field compared to well-developed large
industrial engines and aeroengines. Some of the low emission combustion
technology from aeroengines can be used in micro gas turbine combustor
design. In the following section, two promising low emission combustion

technologies for liquid fuels are reviewed.

2.3.1. Rich-burn, quick-quench, lean-burn (RQL) combustor

The rich-burn, quick-quench, lean-burn (RQL) combustor represents state-
of-the-art low emission design in aeroengines. Figure 2.2 shows the working
principle of the RQL combustor. Applying this concept to the combustor
shown in Figure 2.1, a primary zone is designed to be a rich-burn region to
ensure flame stability. The typical equivalent ratio is between 1.2 and 1.8.

A rapid mixing region in the secondary and dilution zones is used to create a
quick quenching effect to dissipate smoke with large amounts of diluting air.
The NOx emission level is also controlled by rapid mixing. The careful
selection of equivalence ratios of different zones is a critical design
consideration to compromise CO, UHC, and soot levels. A promising benefit
of RQL combustion is the combustion stability due to the nature of non-

premixed flames, which allows for easier re-ignition in aviation engines.

20



This feature also benefits micro gas turbine engines if the engine needs to be

turned on and off frequently.

A .y
_ 1,000
£
g
a.
2
= 100
2
=
g
pa
S \
<
o 10f .
o P Rich
burn
burn
1 I I I
0 0.5 1.0 1.5

Equivalence ratio

Figure 2.2 RQL combustor working principle [20]

2.3.2. Lean premixed pre-vaporised (LPP) combustor

Lean premixed pre-vaporised combustor is an alternative ultra-low NOx
technology developed for liquid fuels. Figure 2.3 shows the concept of the
LPP combustor. The fuel is first vaporised and then mixed with the oxidiser
to create a local homogenous mixture in the fuel preparation duct to control
the equivalence ratio in the combustion zone. Low NOx emissions can be

achieved because the mixture burns at a low equivalence ratio that is near

21



the lean blowout (LBO) limit. The degree of premixing can be achieved by
introducing a swirler to prompt the turbulent mixing between fuel and
oxidiser. The special concern of this design is the time required for fuel to
completely evaporate, and the possibility of flashback in the fuel

preparation duct at higher inlet air temperatures and pressures.

Air\\[ ] -

Fuel — | :\ Preparation Low ¢
Duct

Air /N

Figure 2.3 LPP combustor [20]
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2.4. Flame stabilisation mechanism

Most hydrocarbons have laminar flame speed values in air around 30-45
cm/s [21]. Turbulence can enhance flame propagation, thereby increasing
the flame speed to at most a few 100 cm/s [21]. However, in a practical
combustion system, the air velocity is greater than the turbulent flame
speed; therefore, a stabilisation mechanism is necessary. The stabilisation of
flames that relies on the wake of a bluff body or swirl-induced recirculation
is widely used and studied for non-premixed and premixed flames in

combustion research.
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Figure 2.4 Flame stabilisation mechanism behind a bluff body [21]

Figure 2.4 shows a recirculation created by the wake of the bluff body or

swirl-induced mechanism. The low velocity region, which is lower than the

23




laminar flame speed, is required in order not to blow off the flame. Bluff
bodies are typically used in high-speed ramjet engines, and the discussion
focuses on swirl-stabilised mechanisms, as this is widely used in industrial

gas turbines.

The swirl-stabilised mechanism is shown in Figure 2.5, which can also
represent a typical flow feature in a lab-scale swirl-stabilised burner. The
vortex breakdown region is in the inner recirculation region, whereas two
outer recirculation regions are near the burner wall. In such cases, flames
often stabilise in the shear layer of an asymmetric bluff body. The reverse
flow of burnt gases inside the inner recirculation zone can also help to

continuously ignite fresh ready-to-burn mixtures.

Figure 2.5 Swirl-stabilised mechanism [22]
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2.5. Combustion classification

2.5.1. Non-premixed combustion

A diffusion flame (non-premixed flame) occurs when the fuel and oxidiser
(usually air) enter the combustion chamber separately [23]. The Burke—
Schumann flame was first in 1928 defined by Burke and Schumann [24] and
used infinitely fast chemistry assumptions to predict the flame height and
flame shape in diffusion flames. The one-dimensional structure of the
diffusion flame is outlined in Figure 2.6. The reaction zone is located
between the fuel and the oxidiser, the state of fuel and oxidiser must be
gaseous, and the mixing must be sufficiently rapid to mix at the molecular
level and penetrate towards the reaction zone to ensure a flame can be
ignited/sustained. The fuel and oxidiser are transported towards the
reaction zone through diffusion as well as convection. The diffusion process
of the species is the dominating mechanism that affects the burning rate
and influences the rate of heat release out of the reaction zone. The
combustion products and heat of combustion are then transported away
from the reaction zone. Furthermore, there is no flame propagating effect;
hence, the thickness of the reaction zone and the mixing zones are

controlled by the mixing of chemical species only [25].
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Figure 2.6 Structure of non-premixed flame [25]

Therefore, a conserved scalar called the mixture fraction (Z), which

represents the mixedness between the fuel and oxidiser, was introduced by
Bilger [23]. The flame shape can be represented by the value of the mixture
fraction at the stoichiometric value (Z,,), since the flame remains located in
the position of the stoichiometric surface between the fuel and the oxidiser.

The mixture fraction is expressed in terms of the atomic mass as follows

[26]:

Zi _Zi,ox (2.1)

f =
Zi,fuel - Zi,ox

where Z; is the elemental mass fraction for element i, the subscript ox
denotes the value at the oxidiser stream, and subscript fuel denotes the
value at the fuel stream. The mixture fraction for all elements is identical if
the diffusion coefficients for all species are equal, which is valid for
turbulent flows where turbulent convection dominates. The mixture fraction

is one of the key parameters in turbulent combustion modelling.
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2.5.2. Premixed combustion

The premixed flames refer to the reactants mixed at the molecular level to
achieve a compositionally homogenous mixture at a low temperature prior
to ignition [27]. Once ignition is achieved in a premixed flame, the resulting
flame tends to propagate upstream and consume the unburnt mixture. A
complete mixing is defined by a characteristic mixing timescale that is
smaller than the rate of chemical reaction time. The convection and
molecular diffusion in premixed flames are the same as in diffusion flames.
The structure of a premixed flame in one-dimensional space is shown in
Figure 2.7. The flame consists of three regions: the preheat zone, reaction
zone (flame sheet region), and equilibrium zone [25]. The preheat zone is a
region left by the flame sheet where the unburn reactant mixture is heated
up through conduction. At the preheat zone, since the temperature is
generally below the autoignition temperature, no chemical reaction takes
place, which results in the convection and diffusion processes being the
dominant mechanism. When the unburnt reactant mixture is heated to the
ignition temperature, the energy is above activation energy, allowing the
chemical reactions to initiate. The unburnt reactant mixture turns into
burnt products. The flame sheet contains all the processes above and has a
very thin thickness compared to the preheat zone. The region containing all
the burnt mixtures is called the equilibrium zone, and the zone is chemically

inert.
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Flame sheet

Figure 2.7 Structure of premixed flame [25]

The main difference between diffusion flame and premixed flame is the
propagation effect of the flame. The laminar flame speed (s?) can be
introduced to describe the rate of propagating of a flame through the
combustible mixture under laminar conditions. Flame speed is the property
that dictates the flame shape and important flame stability characteristics,
for example blowoff and flashback phenomena in numerical turbulent
combustion modelling [28]. It is also a fundamental concept in numerical
turbulent combustion modelling for non-premixed combustion, premixed

combustion, and partially premixed combustion.
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2.5.3. Partially premixed combustion

Theoretical and numerical combustion has been reviewed in [29]. A partially
premixed combustion is defined as some partial premixing of the reactants
that may exist before the reaction zone region develops [29]. Diffusion flame
and premixed flame theory are useful for academic purposes because they
can provide a fundamental understanding of how flames evolve under
aerodynamic flows and flame structures. In practical combustion systems
such as internal combustion engines and gas turbine engines, turbulence is
present to enhance the degree of mixedness between the fuel and the
oxidiser before ignition. Perfectly mixed flame is restricted in practical

combustion systems because of the use of liquid fuels.

A partially premixed flame refers to a flame that is compositionally
inhomogeneous [30]. Lifted flames are an example of partially premixed
flames and are widely used in modern gas turbine engines with the use of
swirling flows to extend the flammability limits [31]. In a lifted flame, the
flames detach from the nozzle and can be characterised by lift-off length
(LOL), the flame front stabilised on a position further downstream of the
nozzle exit, and the degree of premixing increased before the reaction zone
[32]. The premixing process takes place directly in the combustion chamber,
mitigating the risk of flashback as well as the fuel coking effect. The
numerical prediction of lifted flames is a very challenging task for turbulent
combustion CFD modelling because of the coupling between finite rate

chemistry and turbulent mixing.
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The theory of turbulence presented in Chapter 3 can be used to understand
the problem when turbulence and combustion can interact. The next section
presents the turbulent combustion regime that describes the turbulent
eddies and flame interactions, and spray combustion typically applied in
modern combustion systems, such as internal combustion engines (ICEs)

and gas turbines in both aviation and industry.

2.5.4. Turbulent combustion regimes

The relevant turbulent length scales ranging from the largest eddies to the
smallest eddies (Kolmogorov scale) are important for studying and
modelling turbulent flames. The interactions between turbulent eddy length
scales and laminar flame properties, such as laminar flame speed, can be
related to understanding how a flame behaves in turbulent flow. The non-
dimensional parameter is defined as the ratio between the integral
timescale (z;) and chemical time scale (z.) called the Damkéhler number

(Da).

T
Da = - (2.2)

where the chemical timescale is defined as the time taken for the flame to

propagate over a distance of its flame thickness, as shown in Figure 2.7
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above. Another non-dimensional parameter used to describe the transition
is the Karlovitz number (Ka), which can be related to the reciprocal of the

Damkohler number as follows:

Ka < (2.3)

where 7, denotes the smallest scales of turbulent eddy timescale.

The diffusion flame combustion regime is different from the premixed
flames combustion regime, and the Damkoéhler number is a non-dimensional
parameter that is widely used to show the flame operability condition and

limit.
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Figure 2.8 Turbulent premixed flame regime diagram [27]

For premixed combustion, if the turbulent eddy length scale is larger than
the thickness of the flame sheet, the eddies cannot penetrate the inner layer
zone; therefore, this can change the flame structure and distort the flame
front, causing the flame to wrinkle and increasing the surface area [25]. The
turbulent flame speed is related to the laminar flame speed with the area
ratio of the turbulent flame and laminar flame and its wrinkling factor.
Turbulence does not affect the inner layer zone structure of the flame in the
Damkdéhler number of Da « 1. In such cases, the chemistry can be assumed

to be infinitely fast, and the eddies can therefore wrinkle the flame.
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Figure 2.8 illustrates the combustion regime for premixed flames in the
flamelet regime, where the flame thickness is smaller than any turbulent
scale (Ka < 1) and the chemistry is infinitely fast (Da > 1). Within the
corrugated flamelet regime, the smallest eddies can penetrate, thereby
altering the flame structure by entering the preheat zone, whereas the
turbulence intensity is not strong enough to alter the flame structure within

the wrinkled flamelet regime.
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Figure 2.9 The turbulent diffusion combustion regime diagram [25]
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The turbulent diffusion combustion regime is very different from the
turbulent premixed combustion regime, as laminar diffusion is
fundamentally different from laminar premixed flame. The diffusion flame
does not have a characteristic velocity; hence, a relevant characteristic
timescale 1s difficult to define. As shown in Figure 2.6, the preheat zone is
determined by the balance between convection and diffusion transport of the
mixture fraction [25]. The eddy size decreases with an increase in the
Reynolds number in turbulent flow, and turbulent diffusion dominates
molecular diffusion. As a result, the fast chemistry assumption cannot
apply; a diffusion length scale can be expressed in terms of the mixing

length thickness,

(2.4)

where Dg; is stoichiometric mass diffusion coefficient and y,; is

stoichiometric scalar dissipation ys = 2D|Vf| Stz. The characteristic diffusion

timescale is therefore defined as

21 (2.5)

TL —_ _—
Dgt  Xst

In this case, the flame Damkéhler number is written as [25]:
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T T
Da=-+~-"tt= JRe:Da; (2.6)
T TyTe

In Equation 2.6, for Da; ~ 1, this implies that the flame is not able to
sustain and extinguish, and the flamelet assumption is invalid, as the
residence time within the reaction zone is not long enough for a flame to
sustain [33]. For Da, < 1, the Kolmogorov scale turbulent eddies are
affected by a large scalar dissipation rate, in which case the extinction of
some reaction zones may occur. For Da < 1, the eddies at all scales induced

enough scalar dissipation to cause flame quenching [25].

There is no turbulent combustion regime for partially premixed flames since
the flames may be either non-premixed or premixed before ignition, and the
fuel and oxidiser mixture is inhomogeneous. The partially premixed flames
have diffusion characteristics, and propagating flame fronts coexist. The
turbulent diffusion and premixed combustion regime can still be used to

approximate the flame which is operating in gas turbines environment.
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2.6. Multiphase flows

Multiphase flow has become one of the core disciplines in fluid dynamics
and combustion research. Multiphase flows can be defined as any fluid flow
system consisting of two or more phases flowing simultaneously in a
mixture [34]. Many industrial applications, such as inkjet printing,
spraying, and processes within liquid-fuelled combustors, include internal
combustion engines, gas turbine engines, and rocket engines [25], [35]. Gas-
liquid flows are typical configurations that can be found in gas turbines. The
gas (usually air) is considered the continuous phase, and the droplets are
considered the dispersed phase. The understanding and modelling of
multiphase flows is complex, and therefore the physics of droplet
combustion, single-component liquid fuels and atomisation processes under
turbulent flow fields that are typical in the application of gas turbine

combustor are discussed.

2.6.1. Liquid atomisation

In many aeroengine and ground-based combustion engines, the fuel is
originally present as a liquid form. Consequently, these combustion devices
operate in a two-phase medium, consisting of dispersed fuel droplets in a
continuous oxidising gas. Figure 2.10 shows the various flow regimes and
atomisation processes involved in spray formation. Three different regimes
were observed after the jet came out of the fuel injector: dense regime, dilute

regime, and very dilute regime. In a dense regime, where primary
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atomisation and secondary atomisation take place. Primary atomisation
refers to disintegration of ligaments into relatively large droplets due to the
jet instabilities effect (when Kelvin—Helmholtz instability develops at the
gas-liquid interface, then Rayleigh—Taylor instability takes place).
Secondary atomisation is caused by aerodynamic forces due to the relative
inter-phase velocity causing instabilities. This results in the further
disintegration of liquid ligaments and droplets into smaller fragments and
droplets. Dilute regime and very dilute regime refer to the case of a spray
consisting of very small droplets. A dispersed phase volume fraction can be
used to categorise three different regimes. The dense regime has a dispersed
phase volume fraction above 103 where droplet collision and coalescence
dominate the dispersed phase dynamics. In the dilute regime, droplet
collisions can be neglected. The dispersed phase volume fraction is in a
range between 107 and 1073; a very dilute regime means the dispersed
phase volume fraction is less than 107°. The influence of the dispersed
phase on the continuous phase turbulence can be assumed to be
insignificant, and this assumption is used in this thesis to facilitate

computational cost reduction.
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Figure 2.10 Liquid atomisation processes and spray formation [36]

2.6.2. Spray combustion

In gas turbine engines, liquid fuel is often injected into the combustor in the
form of a spray. Combustion efficiency is therefore related to fuel
evaporation rate, turbulent mixing rate, and the chemical reaction rate. The
liquid droplets are usually very large (in an order of mm) and are
disintegrated into a spray of smaller droplets (in an order of microns) to

increase the rates of heat and mass transfer [37], [38].

Combustion of fossil fuels, primary coal, oil, and natural gas has been the
dominant energy source for over a century. Fossil fuels account for over 80%
of the world’s energy consumption [39]. The use of combustion of liquid fuel
1s converting chemical energy into useful mechanical energy remains critical

due to the high energy density content and lower costs [39].
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Figure 2.11 Spray combustion interactions [36]

A review of the literature presents the understanding of the structure of
turbulent spray flames and categorises it into dense and dilute regimes [40].
In a dense regime, the details of the primary and secondary atomisation
patterns are taken into consideration; therefore, modelling of this regime is
more challenging, whereas in a dilute regime, the atomisation processes are

neglected.

As discussed, in section 2.6.1, the physics of atomisation is extremely
complex and poses a great challenge in modelling and experimental
investigation. Therefore, the work in this thesis lies in the modelling of
spray in dilute spray combustion where droplet collisions and breakup are

insignificant.
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2.17.

Micro gas turbine combustor design and

modelling approaches

In this section, the micro gas turbine combustor design and the modelling

approaches from the literature [13—17] have been reviewed and summarised

in Table 2.1 below.

Table 2.1 Micro gas turbine combustor design by other researchers [13-17]

Researchers| Thermal Combustor Combustor Fuel type Air inlet Air inlet Overall
power [kW] shape technology pressure [bar]| temperature [K] | air-to-fuel
ratio
[13] 337 Single Slio | Lean premixed | Gaseous 3.8 903 6.6
methane
[14] Not stated Can Not stated Liquid 1.0 304 90.0
[15] Not stated Annular Not stated Liquid Not stated Not stated Not
stated
[16] Not stated Can Not stated Liquid JP-4 4.6 787 35.0
[17] 110 Can Lean-premixed | Natural gas 4.0 905 7.0
UoB 30 Can RQL Diesel 3.7 442 38.0
combustor

Table 2.1 shows that the combustor design analysed by the researchers is

mainly from industrial partners such as Ansaldo and General Electric (GE);

therefore, the detailed combustor parameters are not provided in the

literature. Lean premixed combustion technology was used in [13] and [17]
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for methane and natural gas, respectively. The pressure ratio is similar to

the UoB combustor, but the air inlet temperature and thermal power are

higher. The combustor in [14]-[16] is designed for liquid fuel; however, the

details of the fuel type are not given in [14] and [15].

The UoB combustor is designed for burning liquid diesel to give a thermal

power of 30 kW. The air inlet temperature is generally lower than most of

the combustor designs in Table 2.1.

The CFD modelling approaches from [13—17] are summarised in Table 2.2.

Table 2.2 CFD approaches by other researchers

model

kinetics model

Researchers Turbulence model Combustion model Chemical kinetic Software
selection selection mechanism
[13] Standard k-epsilon and | Eddy-dissipation model | Methane-air-2-step Fluent
Reynolds Stress Model
(RSM)
[14] RNG k-epsilon model Chemical equilibrium Not stated Fluent
model
[15] Standard k-epsilon Chemical equilibrium Not stated Fluent
model
[16] Standard k-epsilon Chemical equilibrium One-step reaction CFD-ACE

[17]

Standard k-epsilon and

Reynolds Stress Model

Eddy-dissipation model

Methane-air-2-step

Fluent and KIVA3V

41




Table 2.2 shows that the researchers mainly use the standard k-epsilon and
Reynolds stress model provided in Fluent to solve the complex swirling
flows. Chemical equilibrium and eddy dissipation models are used for
combustion models in the literature to simulate micro gas turbine
combustors. They are both under the assumption of fast chemistry closures
where the eddy dissipation model can be employed from premixed
combustion to non-premixed combustion, and the chemical equilibrium
model can be used in non-premixed combustion [29]. The 1-step or 2-step are
used in the literature to account for chemistry in [13], [16], and [17]. These
mechanisms generally cannot model slow chemistry effects, such as the
oxidation of CO and NO [29]. In addition, the chemical equilibrium model
tends to overpredict the temperature because there are no chemical non-

equilibrium effects due to local turbulent strain [29].

2.8. Knowledge gap

In this chapter, the combustor design review has highlighted that although
substantial research has been conducted on various low emission
combustion technologies, there remains a clear knowledge gap regarding the
potential of RQL combustors to further improve combustion efficiency and
emissions. These studies provide demonstrations of the high technology
readiness level combustor designs that are experimentally tested in a full-

scale system. So far, studies have focused on lean premixed technology, as
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this produces naturally low emissions, in particular NOx. Nevertheless,
given that RQL is used in aeroengines due to its stability and is less prone
to flashback, it becomes relevant to explore the RQL technology in micro gas
turbine combustors. In addition, the information of the combustors has not
been given in sufficient detail to be useful in designing a micro gas turbine

combustor from scratch.

From the modelling perspective, chemical equilibrium and eddy dissipation
rate models have been used to model the combustion process, and single-
step or 2-step kinetic mechanisms have been used to describe the
combustion chemistry. These methodologies are not sufficient to describe
the slow chemistry process, such as the oxidation of CO and NO and over-

prediction of flame temperature.

In this regard, the modelling approach in this thesis investigates the state-
of-the-art flamelet-generated manifold for modelling combustion and the use
of n-dodecane as a diesel fuel surrogate with a skeletal mechanism reduced

from detailed chemistry to study the combustor performance.
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2.9. Summary

In this chapter, the low emissions technology for gas turbine combustors
and the fundamentals of combustion theory are discussed. Section 2.2
provides the general combustion fundamentals of a combustor. Two low
emission combustion technologies are reviewed in Section 2.3, and one of the
configurations is used to design a novel combustor for micro gas turbine
engine application. Section 2.4 discusses the flame stabilisation mechanism
in swirling flows. Section 2.5 discusses the combustion mode classification
on non-premixed, premixed, and partially premixed combustion and reviews
the turbulent combustion regimes, which is important for selecting the
appropriate model for designing a combustor in this thesis. Section 2.6
discusses the challenges in multiphase flows coupled with turbulent
combustion, which further complicates the problem by modelling liquid
atomisation and spray combustion. Section 2.7 summarises the combustor
design and modelling approaches by other researchers. Section 2.8 discusses

the knowledge gap addressed in this thesis.

As demonstrated in this chapter, the RQL configuration is a promising
solution for designing a novel and compact combustor for micro gas turbine
engines. In addition, the existing turbulent combustion models, with
particular attention to the spray combustion model, can be used to provide

design guidelines and suggestions for this application.
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Chapter 3 Turbulence Combustion Modelling

3.1 Introduction

This chapter introduces turbulence combustion modelling methodology and
the governing equations of non-reacting and reacting flows. The model
focuses on numerical analysis of turbulent spray flames and the application

of simulating the practical combustor.

Section 3.2 discusses turbulence cascade theory and its wide application in
engineering. Section 3.3 reviews the Navier—Stokes (N-S) equations, and the
finite volume (FV) method is used to solve the N-S equations in CFD
software used in this thesis. Section 3.4 reviews the Reynolds averaging
method in Reynolds-averaged Navier—Stokes (RANS) modelling. Section 3.5
reviews eight different turbulent modelling methodologies that are used to
simulate the turbulent swirling spray flame in a lab-scaled burner. Section
3.6 reviews the turbulent model described in Section 3.5 in simulating
turbulent swirling flow. Section 3.7 discusses the treatment in variable
density flows. Section 3.8 reviews governing equations in reacting flows.
Section 3.9 reviews the methodology in turbulent combustion models and
focuses on the reduced-order method — flamelet model. Section 3.10
discusses the turbulence—chemistry interaction (TCI), and the probability

density function (PDF) is used as the TCI closure. Finally, Section 3.11
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discusses the liquid atomisation phenomena and spray combustion

modelling techniques.

3.2 Turbulence

Turbulence is an unsolved problem in fluid dynamics and is extremely
complex but plays a critical role in various engineering applications.
Turbulence can be described as chaotic and irregular fluid motions and can
be characterised by the swirling motion of vortices. Majority flows in
engineering practice are turbulent [41] and therefore require different

techniques to solve compared to laminar flows.

Turbulent flows contain eddies of various sizes, from large-scale motions to
small-scale structures; therefore, these eddies exist across a wide spectrum
of length scales. Kolmogorov was the first to view the energy cascade,
describing turbulence as the energy dissipation from large-scale turbulent
eddies to small-scale turbulent eddies by viscosity [41], [42]. Figure 3.1
1llustrates the typical energy cascade theory. The turbulence cascade theory
describes the process by which the energy in the large-scale eddies is
extracted from mean flow motion and the energy is transferred to small-
scale eddies by viscosity. The energy finally dissipates into heat at the
dissipation range until it reaches the smallest scale — the Kolmogorov

microscale.
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Figure 3.1 Turbulence cascade [41]

3.3 The Navier—Stokes equations

The Navier—Stokes equations are partial differential equations that describe
the motion of fluids, first proposed by Navier and Stokes [41]. The Navier—
Stokes equations can be written as follows, in a three-dimensional Cartesian
coordinate system neglecting gravitational forces, as there are no external

forces:

(au ou Ou (')u) _ 0p 0%u N 0%u N 0%u LA (6u>
p - Mloxz T ay2 " 822 T 3\ox

(3.1a)
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(3.1b)

(3.1¢)

The momentum equations in Equation 3.1a, 3.1b and 3.1c outline the rate of

change in momentum with respect to space and time.

The continuity equation is necessary to consider conserving mass, and the

equation can be written as:

dp 0 0 0

E*‘a(ﬁ@"‘@(ﬁ”)‘*‘&(ﬂw) =0 (3.1d)
There is no known general analytical solution to the Navier-Stokes
equations due to their great complexity. Often, making assumptions about
the flow to simplify the equations is necessary to obtain analytical solutions.
Usually, simplifications assume that the flow is laminar, steady, two-
dimensional, incompressible with constant properties, and that the flow is
between parallel plates. Therefore, solving the equation using the numerical
method is a best practice for obtaining the numerical solution for industrial
applications. Computational fluid dynamics (CFD) is a numerical method
used in the fluid dynamics and engineering field to simulate and analyse the

flow behaviour of fluids. There have been attempts to solve the Navier—

Stokes equations through discretisation and iterative numerical methods to
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describe the motion of fluids. The Navier—Stokes equations have been
numerically approximated in isothermal non-reacting flow, reacting flow
conditions using the well-developed commercial CFD software Ansys Fluent

[43].

Ansys Fluent adopts a finite volume method (FVM) to solve the Navier—
Stokes equations. The computational domain is first simplified by removing
unnecessary features that cause an increase in cell counts. This 1s followed
by discretising the computational domain into a series of finite volumes or
cells called grid/ mesh to represent the geometry to be solved. The Navier—
Stokes equations are then integrated over these grid/mesh using the Green—
Gauss divergence theorem, which results in a set of discrete equations that
can be solved iteratively to obtain the approximated numerical solution to
the Navier-Stokes equations. The pressure-based solver was used
throughout this work as the Mach number of the flow is less than 0.3, which

can be considered low-speed flows.

3.4 Reynolds averaging

Due to the complexity of directly solving the Navier—Stokes equations in
Equation (3.1), direct numerical simulation (DNS) is often required to fully
resolve the entire turbulent spectrum. However, DNS is a computationally
expensive method in engineering applications because it scales with the flow

Reynolds number. The Reynolds numbers in most industrial applications
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tend to be very high, and the computational cost required would exceed the

capacity of the most powerful supercomputers nowadays.

Reynolds averaging is a technique to decompose the turbulent flow
variables, for example pressure and velocity, into the sum of their mean

value and a fluctuating component.

u=u+u (3.2)

All variables in Equation (3.1) of Reynolds averaging lead to the following:

du u N ou +_aa
Plac ™o TPy TV
0%u 9%u 9%

o +——+
0x?  dy? 0z2

+
0x'u

ou
+3<6x> pax(uu) (3.32)
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3.5 Turbulence modelling

After the Reynolds averaging decomposition, Equation (3.3) has additional
terms that appear on the right-hand side of the equation. These terms are
known as Reynolds stresses. The general form of Reynolds stresses can be

written as follows:

_'D(') ) (3.4)

The Reynolds stresses raise challenges in modelling turbulence. Direct
numerical simulation (DNS) can be used without modelling the Reynolds
stresses. DNS has not been popular in solving practical problems, since the
computational cost is high and usually in studying low Reynolds number
lab-scale flows. In any other numerical approaches such as large eddy
simulation (LES) and Reynolds-averaged Navier—Stokes Simulation
(RANS), the Reynolds stresses need to be modelled — this is the closure

problem of the Navier—Stokes equations.
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In the RANS context, two popular models of turbulence modelling are the
family of two-equation models and second-moment closures. Turbulence
modelling in RANS was used throughout this thesis; a detailed comparison
between the performance of different turbulence models was performed and
validated against the experimental results. The popular turbulence models,
including two-equation models and more advanced unsteady scale resolving
models, which are widely used in solving engineering problems, will be
discussed in next section. For the two-equation models family [44], these are
the renormalised group (RNG) k-epsilon turbulence model, the realizable k-
epsilon turbulence model, the shear stress transport (SST) k-omega
turbulence model [45], and the Reynolds stress model with epsilon and

omega.

3.5.1. k-epsilon turbulence models

As discussed in Section 3.4, the Reynolds stresses in Equation (3.4) need to
be appropriately modelled in two-equation models. The Boussinesq
hypothesis [44] was used to relate the Reynolds stresses to the mean

velocity gradients in Equation (3.5):

—PUU = e <a—xj + a—xl> - —(Pk + He a) )

where
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k=5 0" +uw” +u?)

C,k? (3.6)

(3.7)

€= Zvei’je.’ (3.8)

ij

8i; 1s the Kronecker delta function and e’ is the fluctuating component of the

rate of deformation of a fluid element. The development of k-epsilon

turbulence models consists of many forms of transport equations that have

been proposed for turbulent kinetic energy k and turbulent dissipating rate

€.

The standard k-epsilon turbulence model was first introduced by Launder

and Spalding [44]. The transport equations are written below for

completeness.

O (k) + - (pkuy) = = (+
at P T ax, PR T g |

Xj

9] 9] 0
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e\ 0k (3.9a)
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where Gy, is the generation of turbulent kinetic energy due to the mean
velocity gradients. With the Boussinesq hypothesis, the G, can be defined as

follows:

Gr = 1 S? (3.10)

where the mean strain rate S can be defined as follows:

s= [2ss, (3.11)
where
5. = 1 au] aui
b 2 axi Ox]

Several assumptions have been made during this thesis to simplify the
problem. First, the gravitational effects, the buoyancy term G, and the
dilatation dissipation term Y,, were not considered because the Mach

number is less than about 0.3.

The modelling constant in Equation (3.9) are C;, = 1.44 and C,, = 1.92, g}, =

1.0 and o, = 1.3 are turbulent Prandt]l numbers for k and € respectively. C,

1s assumed to be a constant of 0.09 in the standard turbulence model.
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3.5.2. Realizable k-epsilon turbulent model

The realizable k-epsilon model [46] has modified the standard turbulence
model parameters to improve performance in predicting turbulent flows.
The model used an alternative formulation for turbulent viscosity. The set of

transport equations is written as follows:

) d d U\ 0k (3.11a)
— (pk) + — (pku; =—( —)— Gy —pe—Yy+S
at(p)+ax]_(p u;) 6le'u+ak ale+ k — PE — Yy + Sk

(pe) e (peu]) (3.11b)
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where modelling constant C; = max [0.43,#], n= SS, C, =1.9, o, = 1.0 and

oc = 1.2. C, 1s not a constant value in the model,

1 (3.12)

A+ 4k L

where

and
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[ij = Tij — 260w

I
=

Wij ij — €ijkWk

where [}; is the mean rate of the rotation tensor viewed in a moving

reference frame with the angular velocity wy.

The modelling constants A, = 4.04 and A, = V6cose

where

1
Q=3 cos~1(V6W)

W = SuSiSki
53
.§ = SUSU
1 au]' 6ui

”_2 axl a_x]

Realizable k-epsilon turbulence model performs better than the standard
model nevertheless, in this work, it was shown that the realizable k-epsilon
model is not able to capture the swirling flow accurately compared to k-

epsilon RNG turbulence model.
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3.5.3. Renormalization group theory (RNG) turbulence model

The RNG-based k-epsilon turbulence model is derived from instantaneous
Navier—Stokes equations using a mathematical technique renormalization
group theory (RNG) method [47]. It is claimed that the effect of swirl on
turbulence is included in the RNG model, improving the performance of
capturing swirling turbulent flow. The RNG k-epsilon turbulence model
transport equations are similar to the standard k-epsilon turbulence model,

with an additional term in the transport of € equation.
The transport equations for k and epsilon are written as follows:

] ] ] ok (3.13a)
a—t(Pk) + a_xj(pkuj) = ax ak.ueffa_xj + G — pe — Yy + S

9 d (3.13b)
3 (pe) + E)_x] (pew;)

0 Oe € €?
= E ae.ueff% + Cie E Gy — Caep ? —Re + 5S¢
] ]

The additional terms arising from Equation (2.13) are R,, ay, a. and pqg.
The effective viscosity pefr 1s computed using the high-Reynolds number

form in Equation (2.6), and the results of C, = 0.0845. The inverse effective

Prandtl numbers g, and o, are derived by the RNG theory:

a—1.3929 *°*  a +2.3929 (%7 (3.14)
a, — 1.3929 ay + 2.3929  Uefr
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The final addition term R, is:

Cupn3(1 — ;77—0) o2 (3.15)
R, = —
€ 1+pn® k

where n = Sk /e, no = 4.38, B = 0.012, C;, = 1.42, C,. = 1.68 and a;, = a. =

1.393 given that @y = 1.0 in the high-Reynolds number limit.

3.5.4. Shear stress transport (SST) k-omega turbulence model

One of the drawbacks of k-omega family turbulence models is that they are
found to be less sensitive to the assumed free stream values, and the near-
wall performance is unsatisfactory for boundary layers with adverse
pressure gradient [48]. The SST k-omega turbulence model was developed
by Menter to a hybrid model that uses the standard k-epsilon model in the
fully turbulent region far from the wall and transforms the epsilon into

omega in the near-wall region [49].
The shear stress transport (SST) k-omega turbulence model is as follows:

] 9 9 ok - (3.16a)
a(ﬂk) + a_xl-(pkui) = —<Vk a) + Gy — Y, + Sk

ax]'

]
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a( )+a( )_a 0\ ¢ v 4D 45 (3.16b)
ot pw axi pwu;) = an Yo an W ) w w
where the term a”* is a low Reynolds number damping coefficient. It is

unity when in the high-Reynolds number form.

The turbulent viscosity in k-omega family is computed from the following

equation:

_pk 1 (3.17)
T ENA
max a*’aiw

where S is the strain rate magnitude, a* = 1, and 5% 1s calculated from
1

Equation (2.6). Gy, is the generation of turbulent kinetic energy due to mean

velocity gradients, and is given by:

Gy = min (G, 10pB* kw) (3.18)

where G, is defined as Equation (2.10). G, represents the production of the

eddy dissipation rate calculated as:

6.=%, (3.19)
Vi

The effective diffusivity of k and w respectively, which are defined as:

I=pu+ 2 (3.20)
Ok
o=+ (3.21)
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where 0, and ¢, are the turbulent Prandtl numbers, respectively:

1 (3.22)
F
oo L+@1- F)/o>

k,1

Op =

1 (3.23)
F

o L+ (1-F)/04,
w,1

O, =

The blending functions F; and F, are used to switch on the k — w into k — €

and vice versa, and are given by:

F, = tanh(®7) (3.24)
O — mi vk 500u 4pk (3.25)
1= MIMAX 6 090wy’ py2aw "0 2D y?
1 10k dw 3.26
D} = max|2p———=—,1071° (5.26)
O,z W 0X; 0X;
F, = tanh(®3) (3.27)
©. — , vk 500u (3.28)
2 = max 0.09wy’ py2w

where y is the distance to the next surface, D}, is the positive portion of the

cross-diffusion term.
In the SST k-omega model, a,, is given by:

Ao = Flaoo’l + (1 - Fl)aoo‘z (329)
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where

_ Bia K’ (3.30)

o1 =50 — 7
* B;o O'wjl\/ﬁé‘o

Bi2 K? (3.31)

() —_—
* B;o O'wjz\/ﬁgo

where k = 0.41.

The Y, and Y, are the dissipation of turbulent kinetic energy and the

dissipation of w, which is defined as:

Y, = pBrkw (3.32)
Y, = pBw? (3.33)

where £ is defined as:
f=Fpi+Q—=F)pBi,; (3.34)

The cross-diffusion term D, appears when the standard k-epsilon is
transformed into a k-omega form, which is given by the following

expression:

1 9k dw (3.35)
D, =2(1—Fy)poy,, 3% 9x
] ]
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The other modelling constants are o, ; = 1.176, 0,,; = 2.0, 03, , = 1.0, 7, , =

1.168, a; = 0.31, B;; = 0.075 and B;, = 0.0828.

3.5.5. Second-moment closure models (Reynolds stress models)

Second-moment closure models aim to solve the Reynolds stresses in
Equation (3.4) directly without the Boussinesq hypothesis [50—52]. The
available models in Ansys Fluent include the linear pressure strain model
with epsilon-based and omega-based models. The models can produce more
accurate results in the case of flows involving strong streamline curvature,
swirl, or rapid changes in the strain rate. The anisotropic behaviour of

turbulence occurs in the flows mentioned above.

The transport equation of Reynolds stresses without the effects of body

forces and rotation is given by:

9]

= — g [P + p(6us + Suas) (330

n d [ d (,—,)] ,—,6uj+,—,aui
axk 'u(')xk uiuj ,D uiuj axk ujuk axk

N ou] N o , ou; 0
p ax] axl- K ax] 6xi
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where Equation (3.36) can be described as a local time derivative term and
convection term on the left-hand side, and turbulent diffusion term,
molecular diffusion term, stress production term, pressure strain term and

dissipation term on the right-hand side.

For the epsilon-based and omega-based models, the turbulent diffusion term

1s modelled by:

P b oulu (3.37)

axk O'k axk

[pu’u’u,’c + (S} + Siu )J

where the epsilon-based model effective viscosity is modelled in the same
way as the standard k-epsilon turbulence model with the same modelling
constant. o, is a model constant of 0.82. The w-based uses Equation (3.17)
for effective viscosity and o, = 2.0. A similar blending function F; is used to
blend the value between the inner region (o; ; = 2.0) and the outer region

(o, = 1.0), and is written as:

O = Flo'k,l + (1 — Fl)o-k,Z (338)

The pressure strain term is modelled by the following decomposition:

(3.39)

du] Oy
p a_xj_i'axl §0111+901]2+(pl]w
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where ¢;; 1 1s the return-to-isotropy term (slow pressure strain term), ¢; j2 18

the rapid pressure strain term and ¢;;,, is the wall reflection term.

The return-to-isotropy term is modelled as:

€[— 2 (3.40)
Pija = _ClpE[uiuj ~ §6ijk]

where C; 1s 1.8. The rapid pressure strain term is modelled as:

5 2 5 (3.41)
Pij2 = —Co || Pij +@— Cij | =30j(P+ == 0)

where Cz 1S 060, P = %Pkk’ G = %Gkk and C = Ckk'

The wall reflection term is used to redistribute normal stress near the wall
to damp the normal stress perpendicular to the wall while enhancing the

stresses parallel to the wall, and is given by:
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€ (T 3—— 3—— C k32
®ijw = C] % (ukumnknmSij - Euiuknjnk - Eujuknink) —
(3.42)
, € 3
+ G % (‘Pkm,znknm5ij — 5 P2k

3 C,k3/?
—3 <ij,znink) “ed

where C; = 0.5, C; = 0.3, n; is the x; component of the unit normal to the

3
wall, d is the normal distance to the wall, C; = C:/K, C, =0.09,and k =

0.4187.

For the omega-based model, Equation (3.39) can be re-written to exclude the

wall reflection term:

ou, oul (3.43)
p a + a_xl = @ij1t Pij2

where leads to:

ou} N ou;
p (')x] (')xl-

- 2 1

L7 3

N 1 1
— Bo [Dij - §Pkk5ij] — k¥o [Sij - §5kk5ij
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where

—du, —0u, (8.45)

The mean strain rate S;; is defined in Equation (3.11) and Bjg)y, is written as:

Brsu = B*fz (3.46)

where f* and f; are defined as:

1, =<0 (8.47)
far ={1+640x;
— >0
1+4002"
where
_ 1 0k 0w (3.48)
Xie = w3 0x; 0x;
p* =B [1+F(Mp)] (3.49)
4 . (Re,\*
N (E>
Bi =B | ———+ (3.50)
1 _|_ (&)
Rpg

where {* = 1.5, Rs = 8, B = 0.09 and Re, = Z—Z
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8+C, 5 _ 8C;—2 . _ 60C;—4 _
T , Bo = 1 Vo= T ,C; =18

The other modelling constants are @, =

and C, = 0.52.

3.5.6. Scale resolving simulation models

RANS remains widely used in industrial applications for modelling
turbulence due to low computational requirements. However, the
limitations of RANS models have become very clear in terms of accuracy in
certain flows. For instance, in free shear flows, the largest turbulent scales
are of the order of the shear layer thickness. For wall-bounded flows, RANS
models have their strength in calibration according to the law-of-the-wall for

further refinement.

Scale resolving simulation (SRS) offers the advantage of the ability to
resolve a part of the turbulence spectrum in at least a portion of the
computational domain. Another motivation for using SRS models is
accuracy. For simple self-similar flows such as jets, mixing layers, and flows
with strong swirl, the performance of RANS models is much less uniform,
and even the most advanced Reynolds stress models (RSM) will not be able

to provide a reliable foundation for all such flows [53].

Unsteady Reynolds-averaged Navier—Stokes (URANS) and the second-
generation URANS are called scale-adaptive simulation (SAS). The latter is
an improved URANS formulation modified by Menter and Egorov [54].

URANSs produce only large-scale unsteadiness by including the additional
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unsteady term and are successfully applied to flows for vortex shedding

behind bluff bodies [55] and around cars [56].

3.5.7. The SST-SAS model

The SAS is based on introducing the von Karman length scale into the
turbulence scale equation to dynamically adjust to resolve the turbulent
spectrum in unstable flow conditions that URANS cannot resolve. The
model is large eddy simulation (LES)-like behaviour in unsteady regions of
the flow field and RANS-like behaviour in stable flow regions, which allows
the model to preserve efficiency and accuracy with a faster computational

time compared to LES.

The transport equations for the SST-SAS are defined as follows:

dpk @ ~ 9 ,ut) ok (3.51)
W-i_a_xi(puik) = G —Pcukw+a_le(”+a_k E
dpw 0
W-I-a_i(puiw)
_ w 2 0 Mt Jw
—aEGk—Pﬁw +QSAS+a_xj (”"'_(U)E (3.52)
2p 1 0k dw
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where Qg4 1s modelled by:

2

L
Qsas = max lpnzKSz (_) —C
LVK

(3.53)

2pk <1 dwodw 1 0k 6k> ]

where L is the length scale of the modelled turbulence and L., is the von

Karman length scale:

1
L=vk/(c} w)

Ly =kK

!
UII‘

where

o _10u oy
b 2 (')x] axi

The model constants are n, = 3.51, o, = g, C=2,k=0.41.
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3.5.8. Detached eddy simulation (DES)

The DES approach is called hybrid LES/RANS models that the unsteady
RANS models are employed in resolving the boundary layer, while LES
treatment is applied to the core regions [57], [58], [59]. The DES model is
promising because the cost of a near-wall resolving LES would be
prohibitive. Many varieties of DES models have been developed, such as the
realizable k — e-DES model and the BSL k — w-DES model. The SST-DES
was used in this thesis to compare with the SST-SAS to assess the

performance of the two models.

The transport equation of SST-DES is written as follows:

—_ 3
apk , 9pUk k2 9 <( yt) 6k> (3.54)
= u

at 0x; k pmin(Lt, CpesBmax)  0X; o/ 0x;

where

=

&
I
=
S

The model constant is Cpgg called a calibration value of 0.61, A, 1s the

maximum grid spacing.
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3.6 Review of turbulence model in modelling of

turbulent swirling flows

In Section 3.5, the equations and related modelling parameters of Reynolds-
average Navier—Stokes (RANS), including two-equations family and
Reynolds stress models, were presented. In addition, the more advanced
scale-resolved simulations (SRS) and detached eddy simulation (DES) were
presented. Although RANS is not as accurate as scale-resolved simulations,
it 1s widely used to model turbulent flows as it is computationally

inexpensive and can be used for modelling highly complex flow geometries

[60].

Turbulent swirling flows are useful in combustion systems; in particular,
swirl is added to the flow to enhance the fuel-air mixing rate and to reduce
the emission of nitrogen oxides by means of a recirculation zone [61]. There
have been many studies related to RANS, SRS, and DES models in
simulating turbulent swirling flows, both in steady and unsteady cases [62],
[63], [64], [65], and [66]. Standard k-epsilon was used by Guo et al. [61] to
simulate the turbulent swirling flows in axisymmetric sudden expansions,
and the results showed that the calculated mean flow field was in close
agreement with the reported data. Another study showed that the k-epsilon
and SSG Reynolds stress models were applied to simulate a realistic gas
turbine combustor by Jochmann et al [62]. The results showed that both

models were capable of reproducing the spatial and temporal dynamics of
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the flow by comparing the results with particle image velocimetry and laser
Doppler anemometry. Sarq et al. [63] used a realizable k-epsilon model to
investigate the effect of swirl level on non-isothermal turbulent pipe flow in
terms of heat transfer and entropy generation. Reasonable agreement with
the experimental data was found. The studies by Brown et al. [64] and [65]
showed that scale resolving simulation performs better in predicting

dynamic phenomena compared to URANS.

Despite the fact that RANS and SRS can predict turbulent swirling flows,
there is no unified model that can be used in predicting swirling flow
dynamics. Unsteady RANS, SRS, and DES are significantly higher in
computational effort compared to steady RANS:; therefore, in the early
design phase of combustors, many design parameters usually need to be
considered and changed for the optimal design and operational conditions,

and the computational time might be too expensive.

3.7 Variable density treatment — Favre averaging

In the turbulent flows where temperature variation is large, for instance, in
those flows involving chemical reaction, combustion, or heat transfer

problems, it is necessary to account for the fluid density variation.
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Especially in gases, the density change is large compared to liquids and
cannot be neglected in modelling. The conventional Reynolds decomposition
is used for the turbulent density, the fluctuating components involving p’
appear in the decomposition equation, and these terms are difficult to model
[66]. Therefore, Favre [67] introduced density-weighted averaging called
Favre averaging to provide equations with a simpler physical interpretation,

and these are widely used in turbulent reacting flow problems.

Favre averaging is used for variable density flows to provide a simpler set of
equations to solve. Farve decomposition and averaging are defined as

follows:

pT" = (3.55)

T"#0
. Py
U = —

P

where T 1s temperature, and subscript tildes represent Favre averaging.

Equation 3.55 expresses the motion for variable density flows, which is

given as follows:

For the steady-state continuity equation:
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d ,__ (3.56)
a—xj(Puj) =0

For the steady-state momentum equation:

a0 dp 0 _ = (3.57)
a_xj(pujui) = —a—xi'i'a—xj(aij = py'w")

—

where g;; 1s the mean viscous stress tensor and a new term pu;'u;" appears
to lead to a closure problem that exists as with conventional Reynolds

averaging.

3.8 Reacting flows governing equations

Turbulent combustion is a complex multi-phenomenon (for example,
chemistry, heat transfer, fluid mechanics) due to the interaction between
the presence of turbulence in combustion. Large temperature and density
gradients and high heat release rates are the result of the two-way

interactions between turbulence and combustion. The set of governing
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equations in chemically reacting flows is very different from constant
density non-reacting flows [68]. Additional transport data and detailed
thermodynamic data must be included to describe the chemistry. The
production and consumption of the species requires modelling using the

mixing law of multi-component gas mixtures.
The reacting governing equations can be written as [21], [69], and [70]:
Continuity equation:

dp (3.58)

E+V-(pv)=0

where p and ¥ are the mixture density and the velocity vector, respectively.

Momentum equation:

0
&(pﬁ) +V-(pBD) =-Vp+V-1 (3.59)

where p is the pressure and viscous stress tensor 7 is described in expanded

form in Equations 3.3a, 3.3b, and 3.3c.
Species transport equation:

d N , (3.60)
E(pya) + V- (pvYy) = &g + V- (0D VYy)
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where Y, is the mass fraction for a chemical species, a, D, is the species
mass diffusivity, and @, is the mass-based species production or

consumption rate.
Energy equation in terms of total enthalpy:

0 k 3.61
—(pH)+v-(pﬁH)=v-<ﬂVH)+Sh (5.61)
ot Cp

where H is the total enthalpy that can be defined as the sum of the sensible

enthalpy and chemical enthalpies, and this is expressed as:

T/ N T
H= f (Z Y, c,,,a> AT+ ) VoAb, = f ¢, dT + AR
To \g=1 a=1 To

(3.62)

where Ah}’ is the formation of the enthalpy of the gaseous mixture. S, is the
energy source term due to chemical reaction; this term is neglected in this
thesis because the computational work was done using a reduced-order
combustion model in which the heat of formation is included in the

definition of enthalpy.

As mentioned in [21], three dimensionless parameters were introduced to
characterise molecular transport phenomena. The Prandtl (Pr), Schmidt

(Scy), and Lewis numbers (Le,) are defined as:
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Uc, v
P = —_—= —
r A a
K v (3.63)
S = — =
=D, D,
A Scq
Le. = —_¢
Ca pc,Dg  Pr

where c, is the specific heat capacity at constant pressure, 1 is the thermal
conductivity, a is the thermal diffusivity, and v is the kinematic viscosity of
the gaseous mixture. The mass diffusivity is simplified using Fick’s law [69],
and therefore Sc = Sc, and Le = Le, for all species. In addition, the unity
Lewis number assumption is commonly applied in turbulent combustion

modelling [70], and this results in Sc = Pr in all species.
Equation of state:

Ny (3.64)
= oRT e
b=p EMa

a=1

where R is the universal gas constant of 8.3145 kJ/kg K and M, is the

molecular mass for a chemical species.

The governing equations illustrated below are commonly adopted to provide
a numerical solution for a chemically reacting flow system. Turbulence
always occurs in practical systems; hence, a solid fundamental
understanding of laminar flame theory is required to modify these equations

for turbulent combustion modelling. The general assumption is the mixing

77



of the reactants by turbulence prior to ignition can be described as the
properties of the laminar flame. The flames are separated into three
categories: diffusion flame (non-premixed flame), premixed flame, and
partially premixed flame. Laminar diffusion flame is presented in the next

section.

3.9 Flamelet models

3.9.1. Steady diffusion flamelet model

The steady diffusion flamelet model (SDFM) is an approach to simulate
chemical non-equilibrium due to diffusion flame stretching by turbulence
[71], [72]. The model used in diffusion flame modelling involves the solution
of transport equations for a conserved scalars-mixture fraction (f).
Equations for individual species are not solved; instead, species
concentrations are derived from the calculated mixture fraction field. The
mixture fraction is assumed to follow the B-function probability density
function (PDF), and scalar dissipation fluctuations are neglected. The
concept of PDF is discussed in Section 3.9 below. The Favre-averaged
species mass fractions and temperature in the turbulent flame can be
determined from the PDF of mixture fraction and stoichiometric scalar

dissipation:

 Cuef? (3.70)

XSt k

—~
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where Cy 1s a model constant with a value of 2.

3.9.2. Flamelet-generated manifold model

Since the steady diffusion flamelet model relied heavily on modelling of
scalar dissipation rate in turbulent flow, this methodology is limited to
moderate non-equilibrium due to the aerodynamic strain effect [72].
Efficient and reliable numerical methods have become important tools in
the design and optimisation process of combustor systems. Hence, in this
thesis, all the reacting flow simulation used an advanced flamelet model,
the flamelet-generated manifold (FGM) [73], which is a chemical reduction
method that lowers the computational cost rather than resolving the
detailed chemistry model but retains most of the accuracy of the flame

structure. The partially premixed model solves a transport equation for the

mean reaction progress variable (€) as well as the mean mixture fraction (f)

and the mixture fraction variance (f'*) described in Section 2.5.3. The FGM
models have been applied successfully in many combustion studies, such as
Bao et al. [74], who used FGM to model n-dodecane spray flames, Kong et al.
[75], who studied a gas turbine combustor using FGM combined with LES,
Li et al. [76], who proposed a machine learning method in a simulation of a

diffusion flame, and Fiizesi et al. [77], who conducted FGM in modelling
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ammonia-methane flames in a swirl burner and validated this against

experimental data.

3.10 Turbulence—chemistry interaction

The probability density function (PDF) is a statistical approach to
calculating mean quantities in the theory of turbulent combustion [78]. This
approach solves the evolution of the one-point, one-time PDF for a set of
scalar variables that can be used to determine local thermochemical

properties [79].

Turbulence—chemistry interactions are modelled through the mixture
fraction fluctuations using the presumed probability density function
(presumed-PDF). The B-function is the most popular choice for the
presumed-PDF for the single-mixture fraction, which depends on two
parameters: the mean mixture fraction and its variance. The PDF of -

function is written as:

fet@— bt (3.71)
et = fHb-tdf

P(f) =

where a and b are defined by the Favre mean mixture fraction f, and the

Favre mixture fraction variance f'“ is written as:
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fa-p 1] (3.72)

and

12

F(1—f (3.73)
bz(l_f)[]u_ll

Since the reacting systems in this thesis involve heat and mass transfer
through droplet particles generated from breaking up the liquid fuels, the
local thermochemical state is related to the Favre mean mixture fraction (f)
as well as the Favre mean enthalpy (H). The Favre mean scalars are

calculated by:

B ! B (3.74)
7= [ . mPHAF
0

where an additional transport equation for mean enthalpy is required,

9, - _ k. |
a(pH) +V-(ppH) =V- <C_tVH> +S, (3.75)
p

where S, 1s the source term due to heat exchange between dispersed and

continuous phases.
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The distribution of the thermochemical variables can be determined by
Equations 3.71, 3.72, and 3.73 for the Favre mean mixture fraction, the

Favre mixture fraction variance, and the Favre mean enthalpy.

3.11 Turbulent spray flame modelling

3.11.1. Spray combustion modelling

Turbulent spray flames are difficult to accurately simulate due to their
complicated configurations, including various combustion modes. The
flamelet models are promising in simulating turbulent spray flames with
affordable computational costs [80]. Studies in flamelet modelling for spray
combustion based on the gaseous flamelet tabulation library have been
computed in [81-83]. Serval spray flame has been studied using the FGM
model; for instance, Wehrfritz et al. [84] used flamelet-generated manifold
(FGM) with LES to simulate the spray flames under engine Combustion
network (ECN) spray A conditions and with n-dodecane used as a diesel fuel
surrogate. The LES-CMC of two-phase flames and n-heptane spray flames
with swirl-stabilised burners has been successfully computed by Tyliszczak

et al. [85].

82



3.11.2. Modelling techniques

Accurate prediction for turbulent spray flame is extremely difficult; hence,
serval assumptions are applied in this thesis to simplify the model.
Assuming the dispersed phase occupies a low-volume fraction that is less
than 107°, particle-particle interactions such as droplet collision and
coalescence can be neglected. The Euler—Lagrangian approach is used in
this thesis to model the turbulent spray flame. The continuous phase, which
is the fluid phase, is treated as solving the Navier—Stokes equations in an
Eulerian frame of reference, while the dispersed phase is solved by tracking
a large number of droplets in a Lagrangian frame of reference through the
computed flow field. The momentum, mass, and energy can be exchanged

between the fluid phase and the dispersed phase.

The trajectory of a discrete phase droplet can be predicted by integrating the

force balance equation and written as:

diy, U — 1, (3.76)
Mg T

where m,, is the droplet mass, 4 is the fluid phase velocity, i, is the droplet

= —

velocity, m,, u;ﬁ 1s the droplet drag force, and 7, is the droplet relaxation

time [43] defined by:

. :ppd,% 24
" 18u C4Req4

83



where u is the molecular viscosity of the fluid phase, d,, is the droplet

diameter and Re is the relative Reynolds number, which is calculated by,

A stochastic approach called the discrete random walk (DRW) model is used
to account for the turbulent dispersion effect due to the droplets interacting
with fluid turbulent structures and affecting the droplet trajectory [86]. The
fluctuation of velocity in three directions is assumed to obey a Gaussian
probability distribution and correlate with the turbulent kinetic energy,

which gives:

— (8.77)

where ¢ is a normally distributed random number and k is the turbulent
kinetic energy calculated in the flow field. The characteristic eddy lifetime is

defined as a constant value:

7, = 2T} (3.78)

where T} is the droplet timescale, which can be approximated in two-

equation turbulent models by
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k
T, ~ 0.15—
€

The droplet is assumed to interact with the fluid phase when the droplet
relaxation time is smaller than the eddy lifetime and the eddy crossing time.

The droplet eddy crossing time is calculated as:

Leross = =T In Il — <L>] (379)

T|u—up|

where L, is the eddy length scale and |u - up| 1s the magnitude of the

relative velocity.

The drag coefficient (Cp) for spray droplets can be calculated by assuming

that the shape of droplets is smooth and spherical [86]:

a; as (3.80)
Ch = —_—
b ! + Red + Red 2

where a,, a, and a3 are the model constants related to the droplet Reynolds

number (Re,).

A simple heat balance equation is used to calculate the droplet temperature

(T,):

T _ Ry (T —T,) (3.81)

14
mp Cp _dt
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where m,, is the droplet mass, c, is the specific heat capacity of the droplet,
A, is the surface area of the droplet, T, is the local temperature of the fluid

phase, and h 1s the convective heat transfer coefficient, which is evaluated

using the Ranz and Marshall correlation [87],[88]:

hd 1
Nu = k—” = 2.0 + 0.6Re$°Pr3

where k, is the thermal conductivity of the fluid phase and Pr is the

Prandtl number of the fluid phase (c,u/ko ).

For droplets exposed to high-temperature environments, the vaporisation
rate 1s considered to be high, and the effect of convective flow of the
evaporating species from the droplet surface to the bulk gas phase, which is
known as the Stefan flow, becomes important. The mass transfer of the

droplet is described as follows:

dm
d—t” = kc.AppIn(1 + By,) (3.82)

where k. is the mass transfer coefficient calculated using the Sherwood

number correlation [89],

k.d
Shyp = # = 2.0 + 0.6Re95Sc1/3

im
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where D; ,,, is the diffusion coefficient of vapour in the bulk, Sc is the

Schmidt number (u/pD; ), and By, is the Spalding mass number defined as

_ Yi,S - Yi,oo
B e 7

where Y] 5 is the vapour mass fraction at the droplet surface and Y; , is the

vapour mass fraction in the bulk gas.

When unity Lewis number assumption and ¢, = ¢,4 are used, the Spalding
mass number (B,,) is equivalent to the Spalding heat number (B;):

 Cpp(Teo = Tp) 1 Sh v (3.83)

T — N o
heg = Gp /My

where c,, is the specific heat of droplet vapour, hs, is the latent heat, g, is

the heat transfer to droplet, and m, is the droplet evaporation rate.

The Nusselt number has a modified form as follows [81]:

hd, In(1+ Br) (3.84)

1
. B (2.0 + 0.6Re2>Pr3)

Nu =

where k is the thermal conductivity of the fluid phase.
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The final form of calculating the droplet temperature correlated with
convective and latent heat transfer between the droplet and the fluid phase

1s written as:

dm

p (3.85)
dt hfg

dT,
mpcpd_tp = hAp(Too - Tp) -

The heat transfer between two phases is added through the source/sink

term (S,) in Equation (3.85).

3.11.3 Modelling assumptions

The mathematical model presented in this thesis for modelling the

combustor is based on the following assumptions [70]:

e Radiative heat transfer is neglected.

e Mach number is small and subsonic.

e Pressure inside the combustion chamber is assumed to be constant.

e The Lewis number is assumed to be unity.

e Kffect of buoyancy is neglected.

e The gases are assumed to be ideal gas.

e The thermodynamic properties of species, density, and kinematic
viscosity of fluid are functions of temperature.

e The flamelet concept is assumed to be valid.
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3.12 Summary

In this chapter, the detailed description of turbulence models was reviewed
in Sections 3.2 to 3.5. The chemical closure term was proposed to be
modelled by the tabulated chemistry method — flamelet models, and the
detailed methodology is reviewed in Sections 3.6 to 3.9. As the combustor
utilises liquid fuels, the modelling techniques and the modelling

assumptions for studying the combustor were discussed in Section 3.10.

In the previous and current chapters, the modelling methodology has the
potential to be used in this optimisation work. In the following chapters, the
methodology will be used to simulate a lab-scale burner under non-reacting

as well as reacting conditions for the validation process.
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Chapter 4 Computational Investigation of
Swirling Flow Dynamics in a Swirl-stabilised

Burner

4.1 Introduction

The previous chapter discussed the various turbulence models and
numerical approaches that can be used to model turbulent swirling flows.
Swirling flows are widely used in gas turbine engines to stabilise the flame;
hence, the prediction of a swirling flow field is of great importance for the
design of efficient and low emission combustion devices. Scale resolving
simulation (SRS) is more promising than unsteady Renyolds-averaged
Navier—Stokes (URANS) and RANS to describe the corresponding velocity

field and the turbulent mixing accurately.

This chapter discusses the different steady-state turbulence models as well
as unsteady simulations to investigate a non-reacting annular swirling jet
flow. The configuration was studied experimentally by Sheen [90]. The flow
is characterised by highly swirling, serval recirculation zones and coherent
structures, for example precessing vortex core (PVC) [91], which make the
modelling very challenging. The work in this chapter provides a detailed
investigation of the capability of different turbulence models to model non-
reacting turbulent annular jets and a thorough comparison against the

experimental data. The model that gives the most satisfactory prediction of
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the flow is used to investigate the reacting turbulent annular jet in the next

chapter.

This chapter is structured as follows. Section 4.2 summarises the
experimental and numerical investigations of annular swirling flows.
Section 4.3 illustrates the experimental setup of the lab-scale burner. This
configuration is also studied for the reacting case in Chapter 6. Sections 4.4,
4.5 and 4.6 discuss the computational parameters and approaches, such as
grid generation and boundary conditions. Section 4.7 presents a thorough
comparison of the steady-state RANS, URANS, and SRS models against the
experimental measurements of mean velocity profiles at axial, radial, and
tangential directions. Finally, the conclusions are summarised in Section

4.8.

4.2 Background

Swirl flows are important and can be found in nature as well as in a wide
range of engineering applications. Swirling flow applications in non-reacting
cases can be found in cyclone separators, tornadoes, and agricultural
spraying machines. For practical combustion systems, swirl is extensively
used in flame stabilisation and prompts better fuel and air mixing to
mitigate pollutants in internal combustion engines as well as gas turbine

engines.
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A confined annular jet is one of the free jet configurations of interest when
studying the combustor flow field. An annular flow in a sudden-expansion
circular channel was studied experimentally [92]. Laser Doppler
anemometry (LDA) was used to carry out the velocity measurements, with a
Reynolds number ranging from 150 to 5800. Four different flow regimes
were observed and reported: (I) open channel flow, (IT) closed annular flow,
(ITI) vortex shredding, and (IV) stable central flow. The increasing Renyolds
number results in the flow pattern transition from (I) to (IV), and in reverse
from (IV) to (I), with a decreasing Reynolds number. The flow pattern of four

different regimes is illustrated in Figure 4.1.

Flow pattern: (I (1) (11T) (I'V)

% ¥ _I@

J) \Q| [ W
(Y

|

Figure 4.1 Flow pattern with different Reynolds number [92]

The presence of swirl in the flow changes the unsteady character. The ratio
of angular velocity to axial velocity is a key parameter for differentiating
different types of flow behaviour. A swirl number (S,)) is defined as the ratio

of axial flux of angular momentum to axial flux of axial momentum [93]:
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17 o
Sp = -

Ro
(RO - Rl) fRi pujzcrdr

where R; and R, are the inner and outer radius of annular channel
respectively, u, and ug are velocity of axial and tangential component.
Different swirling numbers result in different modes of recirculation zones
and alter the mixing layers. Syred [94] conducted a review of the role of the
precessing vortex core (PVC) in swirl combustion systems. In the presence of
a high swirl, the flow structure in an annular combustor leads to serval
recirculation zones. The inner recirculation zone (IRZ) and outer
recirculation zone (ORZ) present an inner shear layer and outer shear layer
that prompt the mixing between fuel and oxidiser. Vortex breakdown
phenomena occur when the degree of swirl in the flow exceeds a critical
value (swirl number greater than 0.6) and coherent structure PVCs are

formed [94].

A numerical study of the simulation of turbulent swirling flow in an annular
bluff body combustor was carried out using unsteady Reynolds-averaged
Navier—Stokes (URANS), and URANS can capture the corresponding PVC
in a swirling jet [95]. The swirl intensity was considered to be mild, as the
swirl number presented in the study was 0.39. Both experimental and
numerical studies on bluff body swirl-stabilised flames in a confined
combustor were reported [95]. Particle image velocimetry (PIV) was used to

measure the instantaneous flow fields, and large eddy simulation (LES) was
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performed to validate the experimental results. The structure of PVCs is
captured by LES and obtained good agreement between numerical and

experimental results [96].

4.3 Experimental configuration

The experimental measurements were obtained using laser Doppler
anemometry (LDA) by Sheen [92]. The burner used in the experiment is
outlined in Figure 4.2. The burner is a long cylindrical tube with a diameter
of 200 mm and length of 500 mm. The swirl generation device is a swirler
that has 20 equally spaced guide vanes with a discharge angle of 30° to the
axis, and it is placed 50 mm upstream of the front plate of the burner to
obtain a circumferential uniform flow [90]. The experimental data reported
the measurements of three velocity components — axial, radial, and
tangential — at selected axial locations downstream from the burner exit.
The flow upstream of the burner of the jet exit and swirler dimensions were
not provided in the experimental investigation; therefore, the computational
investigation simplified the swirler geometry into axial velocity component
and tangential velocity component to represent the swirling intensity

provided by the swirler geometry.
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50mm 500mm

Figure 4.2 Experimental burner configuration.

4.4 Computational parameters

The computational parameters used in the RANS studies of turbulent
swirling annular jet are summarised in this section. The annular channel
outer radius is 21 mm and is defined as the hydraulic diameter. The axial
velocity computed from the experimental air mass flow rate and the inlet is
defined as the surface of the annulus. A flow-through time (FTT) is defined
as the ratio of the length of the computational domain and axial velocity.
One FFT is calculated as 25.3 ms. The tangential velocity was determined
by a trial-and-error approach in the URANS simulation to match the
experimental velocity profiles since the swirler geometry was not provided
in the experimental report and the swirler number of the swirler is not

clear. The uniform top-hat profile was imposed at the annular channel inlet
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and a uniform static pressure outlet of the burner. The boundary condition

of all walls was imposed as a smooth, non-slip, and adiabatic wall.

In the steady-state context, a coupled algorithm was used with second-order
upwind schemes for momentum and turbulent quantities. In the URANS
context, a time step of 1 X 10™>s was used to properly control the Courant
number that satisfied Courant—Friedrichs—Lewy (CFL) number condition
CFL < 1. The PISO algorithm with second-order upwind schemes for
momentum and turbulent quantities and a second-order implicit transient
formulation was used for time discretisation. For the SAS/DES context, the
PISO algorithm was used with bounded central differencing schemes for
momentum discretisation, second-order upwind for other spatial
discretisation and second-order implicit for time discretisation. A time step
size was reduced to 8 X 10~°s to satisfy CFL < 1. The detailed numeric

settings are shown in Table 4.1.

Table 4.1 Numerical settings for SRS

Convection terms Bounded central differencing
Pressure discretisation Second order
Velocity gradients Least square cell based
Iterative method PISO
Time discretisation Second-order implicit
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To reach statistical convergence, three flow-through times were used to
initialise and allow the unsteady flow features to evolve. After that, another
three flow-through times were used to collect the statistical representative

solution.

4.5 Computational grid

Figure 4.3 shows the computational grid used in Chapters 4 and 6. ICEM
CFD meshing software was used to generate the grid. Block-structure grids
with O-grids were used to generate high-quality hexahedral grids to provide
accuracy in the prediction of the important recirculation region of high-
velocity fluctuation. Two different grid densities — coarse and fine — were
used for the grid independent study. In the axial direction, 430 grid points
and 512 grid points were used in the coarse grid and the fine grid,
respectively. In the radial direction, 110 grid points and 144 grid points
were used in the coarse and fine grids. In the azimuthal direction, 68 grid
points and 132 grid points were used in the coarse and fine grids. The grid
expansion ratio of both grids was less than 5% in all three directions. The
minimum grid size is 500um at the exit of the jet for the coarse grid, and
250um for the fine grid. The total number of grid elements is 2.6 million for

the coarse grid, and 8 million for the fine grid.

The grid sensitivity study performed in steady-state RANS simulation

showed that the results are grid insensitive. After that, the optimal grid was
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used to lower the computational cost of simulating URANS and SRS due to
the smaller time step size and large amount of time steps required to resolve
the flow structure and achieve a statistically converged state. Figure 4.3

shows the different views of the computational grids used.

(b)

(a)

(c)

Figure 4.3 Computational grid (a) Axial plane. (b) Side plane. (c) Top plane.

4.6 Boundary conditions

At the beginning of the study, the flow was assumed to be steady-state and
isothermal. The incompressible flow assumption was used, as the bulk

velocity is 0.0783 Mach. A mass flow inlet with a tangential velocity
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component was specified at the annular channel surface to mimic the
swirling flow entering the combustor. The turbulent intensity was computed
as 5% using Equation (4.2) of the correlation for a fully developed pipe flow

at the core as:

I=016(Rep,) " (4.2)

where Rep, 1s the Reynolds number based on the hydraulic diameter Dy. A
pressure outlet with a reverse flow prevention option was specified at the
burner outlet to avoid backward pressure flow. The boundary conditions for

different turbulence models are summarised in Table 1.

All the simulations were computed on the Birmingham Environment for
Academic Research (BEAR) High Performance Cluster at the University of
Birmingham, running Ansys Fluent in parallel on up to 40 cores CPU on the
Linux operating system. Each core is an Intel Xeon Platinum 8360Y

processor with 2.4 GHz.

Table 4.2 Boundary conditions for URANS

Axial Tangential Flow Reynolds Air Air density
velocity velocity number (at the | viscosity (kg/m?)
(m/s) (m/s) annular (kg/(m -
channel) s)
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21.73 40.0 58559 1.846x 1.176

1073

Table 4.2 shows the boundary conditions used for all turbulence modelling
in a URANS context. In a URANS context, a time step size of 1 X 10™%s was
used and 8 x 107 %s was used in URANS Reynolds stress models and SAS to
keep the CFL number below 1. Convergence criteria at each time step were
assessed by a reduction of three orders of magnitude for residuals for

continuity and each momentum equation.

4.7 Results

The results of steady-state RANS, unsteady RANS, and SRS simulation are
presented in this section. All the computational results are compared with
the experimental results in terms of axial, radial, and tangential velocity

profiles at serval axial locations across the burner.

4.7.1 Steady-State RANS

A steady-state RANS of standard k-epsilon. The results of steady-state
RANS are not able to capture the inner recirculation zone (IRZ) due to the

dissipative nature of the turbulence models. The grid sensitivity study was
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first computed using coarse grids and fine grids of the SST k-omega
turbulence model. The results are shown in Figures 4.4 — 4.13 and the main
findings are that there i1s grid insensitivity, and neither grid can resolve the
inner recirculation zone (IRZ) that contributes to flame stabilisation; hence,
all the calculations done in this thesis use coarse grids to effectively save

computational cost.

In the RANS context, the Reynolds stress model (RSM) has been considered
the most elaborate model to account for anisotropic turbulence; however, the
computational cost is the highest due to the RSM needs to solve other
transport equations for the Reynolds stresses as well as the transport
equation of the dissipation equation. The difference between SST k-omega
and RSM-omega was studied by comparing the velocity component profiles
and the Reynolds stress matrix. Figure 4.11 shows that the RSM model
performs better than SST k-omega in capturing the axial velocity profiles,
especially at X = 30mm and X = 60mm. Nevertheless, the two models failed
to capture the IRZ shown in X = 10 mm. Overall, both SST k-omega and
RSM-omega are not able to reproduce the velocity profiles in a steady-state
context. In Table 4.3, the value of the six Reynolds stress matrices is
tabulated, where UU, VV and WW are the isotropic components and UV,
VW and UW are anisotropic components. The results highlighted that
turbulence anisotropy was negligible; therefore, the RSM-type model has no
advantages in resolving this flow, although the RSM model can attempt to

account for anisotropy.
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The next section introduces the two-equation models and RSM models in
URANS context and compares them with experimental results to determine

the modelling strategy.

contour-1
Velocity Magnitude [ m/s ]

0 6 12 18 24 30 36 42 48 54 60

Figure 4.4 Velocity magnitude of SST-k-omega (coarse grid)
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contour-1
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Figure 4.5 Velocity magnitude of SST-k-omega (fine grid)
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Figure 4.6 Axial velocity of SST-k-omega (coarse grid)
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Figure 4.7 Axial velocity of SST-k-omega (fine grid)
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Figure 4.8 Grid sensitivity study — axial velocity profiles
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Figure 4.9 Grid sensitivity study — radial velocity profiles
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Figure 4.10 Grid sensitivity study — tangential velocity profiles
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Figure 4.12 Turbulence models comparison — radial velocity profiles
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Figure 4.13 Turbulence models comparison — tangential velocity profiles
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Table 4.3 Mass-weighted average Reynolds stresses

Reynolds stress Mass-weighted average [m?/s?]
uu 2.62
\'AY% 2.19
Ww 2.18
uv -0.015
VW 0.050
Uuw -0.040

4.7.2 Unsteady RANS

Unsteady RANS is mathematically similar to RANS governing equations,
except that unsteady RANS has an additional time derivative term to
account for unsteadiness. Unsteady RANS simulations were performed
using five different turbulence models, and the performance of these models
was assessed by comparison with the experimental results. Zhang and
Vanierschot reported that URANS can capture the precessing vortex core
(PVC) consisting of a single and double helical structure in a swirling jet
[95]. From Figure 4.14 to Figure 4.17, the results of SST k-omega turbulence
models are presented. The results show that the 2-equation turbulence
model cannot capture the flow unsteadiness as the instantaneous velocity
magnitude and axial velocity contour are similar to the time-averaged
velocity magnitude and axial velocity contour. In addition, the structure of

PVC cannot be captured due to the isotropic turbulence assumption. Figures
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4.18 to 4.21 illustrate the results of using the RSM-omega model. The RSM-
omega result in Figure 4.21 captures three different recirculation zones—
two outer recirculation zones at the top and bottom and one inner
recirculation zone after the exit of the jet. The inner recirculation zone is
favourable for burnt gas recirculation, flame stabilisation, and increased air
and fuel mixing, which are especially important for combustion system
design. Another recirculation that occurs is the precessing vortex
breakdown, which is shown in Figure 4.22. An 1so-contour of static pressure
of -150 Pa was used to capture the helix structure. The helix structure was
formed along the central axis of the geometry, starting from the exit of the
jet. The other three turbulence models showed very similar results, and all

the results are presented in Appendix A.

Figures 4.23 to 4.25 show the velocity profiles for axial, radial, and
tangential of all five turbulence models. In the axial velocity profiles, SST k-
omega overpredicted the peak value at an axial direction of 30 mm and
predicted the inner recirculation profiles better than the other four models.
All turbulence models failed to capture the velocity profiles at the 60 mm
axial direction downstream. In the radial velocity profiles, all five
turbulence models performed similarly in reproducing the flow field.
However, the SST k-omega again performs better performance as the radial
velocity at axial directions of 60 mm and 100 mm downstream are closer to
the experimental results. Finally, in tangential velocity profiles, all

turbulence models showed discrepancies at axial directions of 10 mm and 30
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mm due to the flow complexity. It can also be observed that SST k-omega

predictions were closer to the experimental results.

The velocity contour and profiles showed that SST k-omega has the best
agreement with the experimental results, but flow unsteadiness cannot be
captured due to the isotropy turbulence assumption. The Reynolds stress
model abandoned the isotropy turbulence assumption and therefore 1s
superior in resolving the flow field in detail, such as flow unsteadiness and
precessing vortex core (PVC); however, the RSM model prediction of mean

value is performed like any two-equation model.
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Figure 4.14 Instantaneous velocity magnitude at t = 0.2s (SST k-omega)
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Figure 4.15 Time-averaged velocity magnitude (SST k-omega)
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Figure 4.16 Instantaneous axial velocity at t = 0.2s (SST k-omega)
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Figure 4.17 Time-averaged axial velocity (SST k-omega)
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Figure 4.18 Instantaneous velocity magnitude at t = 0.2s (RSM-omega)
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Figure 4.19 Time-averaged velocity magnitude (RSM-omega)
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Axial Velocity [ m/s ]

Figure 4.20 Instantaneous axial velocity at t = 0.2s (RSM-omega)
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Figure 4.21 Time-averaged axial velocity (RSM-omega)
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Figure 4.22 PVC visualisation (RSM-omega)
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Figure 4.23 Axial velocity profiles in URANS
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4.7.3 Scale resolving simulation

Although all RANS models can be solved in an unsteady model (URANS),

the first-generation URANS models do not provide any spectral content,

even if the grid and time step size were sufficient for resolving the spectrum.
This leads to the conclusion that this behaviour is a natural outcome of the
RANS averaging procedure, typically time averaging, which eliminates all

turbulence content from the velocity field. Therefore, a second-generation

URANS model called scale-adaptive simulation and detached eddy

simulation was used to perform the simulation and resolve the swirling flow

fields in more detail.

Table 4.4 Boundary conditions for SRS

Axial Tangential Flow Air viscosity Air density
velocity velocity Reynolds [kg/(m - s)] [kg/m?3]
[m/s] [m/s] number (at
the annular
channel)
21.73 40.0 58559 1.846x 1075 1.176

The results of SRS of SAS and DES family are presented in Figures 4.26 to

4.40. The instantaneous and time-averaged velocity magnitude and axial

velocity are shown for all turbulence models. Three recirculation zones are
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observed, namely the inner recirculation zone (IRZ) and two outer
recirculation zones (ORZ), which are located at the top and bottom of the
corners near the jet exit. Another typical flow feature in high swirl
turbulent flows is vortex breakdown and precessing vortex core (PVC). The
visualisation of a three-dimensional vortex can be obtained by setting a local
minimum of the pressure [97]. An iso-surface of static pressure equal to -150
Pa was used for the visualisation of the PVC structure for all computed
turbulence models. Figures 4.41, 4.42, and 4.43 show the comparison with
the experimental results of axial, radial, and tangential velocity profiles,
respectively. All three turbulence models outperformed RANS and URANS
in capturing three velocity component profiles due to the capability of these
three models to resolve at least part of the turbulent spectrum. In an axial
direction of 100 mm downstream, SAS overpredicted the velocity profiles,
whereas DES family models obtained good agreement against the
experimental results. In radial direction, all three turbulence models
underpredicted the profiles at 30 mm downstream. In the near field, none of
the three models were able to reproduce the velocity decreases due to
recirculation, and DDES-SST underpredicted the peak value. In tangential
direction, at the near field, all three models failed to capture the velocity
rises. At 30 mm downstream, the DDES-SST gave the closest peak value to
the experimental results, and the other two models underpredicted the peak

value.
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Figure 4.26 Instantaneous velocity magnitude at t = 0.2s (SAS-SST)
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Figure 4.27 Instantaneous velocity magnitude at t = 0.2s (DDES-SST)
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Figure 4.29 Time-averaged velocity magnitude (SAS-SST)
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Figure 4.31 Time-averaged velocity magnitude (DDES-realizable k-epsilon)
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Figure 4.32 Instantaneous axial velocity at t = 0.2s (SAS-SST)
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Figure 4.33 Instantaneous axial velocity at t = 0.2s (DDES-SST)
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Figure 4.34 Instantaneous axial velocity at t = 0.25s (DDES-realizable k-
epsilon)
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Figure 4.35 Time-averaged axial velocity (SAS-SST)
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Figure 4.36 Time-averaged axial velocity (DDES-SST)
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Figure 4.37 Time-averaged axial velocity (DDES-realizable k-epsilon)
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Figure 4.38 PVC visualisation coloured by vorticity magnitude (SAS-SST)
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Figure 4.39 PVC visualisation coloured by vorticity magnitude (DDES-SST)
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Figure 4.40 PVC visualisation coloured by vorticity magnitude (DDES-
realizable k-epsilon)
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Figure 4.42 Radial velocity profiles (SRS)
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Figure 4.43 Tangential velocity profiles (SRS)
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4.8 Summary

Five different turbulence models for simulating isothermal flow studies
were simulated. In this chapter, the CFD results for each turbulence model
were compared with time-averaged experimental measurements in terms of
three components’ velocity profiles and temperature profiles. The
experimental configuration is relatively simple, but swirling flow physics is
complicated. Comparing the experimental results in Figure 4.11, from the
plot in the axial distance of 10 mm, the axial velocity profiles flattened out
from radius 0 to 20 mm and failed to capture the profiles with a curvature in
axial velocity. The steady-state RANS models were not able to capture the
inherently unsteady features of the complex swirling flows that are typically
used in gas turbine combustors for flame stabilisation mechanisms. Hence,
unsteady RANS and scale resolving simulations were used to investigate
the performance in capturing swirling flow dynamics. URANS and SRS
showed better accuracy in capturing the flow physics, but the computational
cost increased significantly. Both the URANS and SRS models showed
reasonable agreement in mean velocity profiles in axial, radial, and
tangential directions. The precessing vortex core (PVC) structure can only
be observed by employing unsteady simulations. Chapter 5 will show the
reacting flow results for the same burner configuration. Chapter 6 will
present the combustor design and reacting flow simulation results to aid the

design using the modelling approaches in both Chapters 4 and 5.
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Chapter 5 Computational Investigation of
Turbulent Spray Flame in a Swirl-stabilised

Burner

5.1 Introduction

In this chapter, the three-dimensional (3D) reacting turbulent two-phase
flow field of a scaled swirl-stabilised burner is investigated. The isothermal
case with the same burner for the code validation study was done in
Chapter 4. Reynolds-averaged Navier—Stokes (RANS) was used to perform
the simulation as it is a reasonable trade-off between accuracy of results
and computational cost, especially when applied to the initial design phase
when many design iterations are required to obtain a reasonable flow field
and temperature field. Two different single-component fuel surrogates were
used for diesel fuel (n-dodecane) and jet-A1 (POSF1035). In addition, local
chemical non-equilibrium effects were modelled by turbulent strain to cause

flame stretching.
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5.2 Background

Turbulent spray flames are widely used in devices that convert energy and
combustion systems. Liquid fuel is first injected from a fuel injection
process; atomisation occurs to form a fine spray directly into a turbulent
environment where fuel liquid evaporates into fuel vapour. Swirling flows
with strong recirculation zones are used to anchor the flame as well as to
1mprove the evaporation rate and mixing effects between fuel and oxidiser.
The flame thickness is a scale of millimetres and is often larger than the
droplet diameter, which is a scale of microns. The description of the complex
interactions of the gas phase turbulence, the atomisation, the spray
interactions, and the chemical reaction has motivated the investigation of

numerical studies of turbulent combustion.

The computational study of turbulent spray flames using a flamelet-
generated manifold (FGM) with the Eulerian—Lagrangian (E-L) approach
has been widely used in the literature to simulate lab-scale burners as well

as realistic gas turbine combustors [98—100].

The ECN Spray A flame was simulated using LES and the n-dodecane
skeletal mechanism developed by Yao et al. [101] as a diesel surrogate by
Ong et al. [102]. The Largrangian particle tracking method was applied with
the primary atomisation approximated by the Rosin—Rammler size
distribution. The Ranz—Marshall correlation was employed to account for

the droplet evaporation and heat transfer between the droplet phase and

137



the surrounding gas phase. The grid sensitivity suggests that the minimum
grid size is a 0.1875 mm uniform grid as the coarse grid in simulating ECN
spray A. Two Jet A turbulent spray flames at equivalence ratios of 0.55 and
0.47 were investigated experimentally, and a V-shape hollow cone spray was
found in the lower air flow rate case [103]. A steady flamelet model and a
flamelet-progress variable approach for spray combustion were investigated
by a 2-D DNS [104]. The diffusion flame was dominant in the gaseous jet
flame, whereas diffusion and premixed flames coexisted in the spray jet
flame; therefore, a partially premixed combustion model was necessary for

simulating the spray flame.

An accurate simulation of chemically reacting spray flames under
reasonable computational time and resources is necessary for combustor
designers. The present chapter discusses the steady-state RANS simulation
of kerosene spray combustion in a swirl-stabilised combustor, which was
validated by the experimental results. The experiment used kerosene and
Jet A fuel, which is commonly used in aviation practical applications. As
diesel fuel is very similar to kerosene fuel in the form of a molecular
structure and lower heating value, the hychem (hybrid chemistry) scheme,
which is designed for modelling kerosene, and the n-dodecane scheme,
which is widely used in modelling diesel fuel, were tested to assess the
capability of n-dodecane scheme as a unified scheme in using CFD to assist

the design of the combustor, which has a fuel flexibility feature.
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5.3 Computational methodology

The computational methodology applied in this section can reproduce the
reasonable velocity components and temperature distribution across five
different axial directions of the burner. Flame A from the experiment was

studied. The operation conditions of the burner are listed in Table 1 below.

Table 5.1 Flame A operation conditions

Operating pressure [bar] 1
Inlet temperature [K] 300
Air mass flow rate [g/s] 26.51

Fuel flow rate [g/s] 0.951
Air-to-fuel ratio (AFR) 217.88

The fuel injector placed in the middle of the front plate with an orifice
diameter of 0.25mm injected liquid kerosene into the central recirculation
zone. The air and liquid were not preheated, and the temperature was set to
300 K. The injector spray pattern has been reported in the literature to
produce a fine hollow cone spray shape and injection velocity of 30 m/s [90].
The discrete phase was modelled as discrete parcels, and the motion of the
parcels was described using the Lagrangian particle tracking method. Each
parcel was considered representative of a group of spherical droplets with

similar position, size, and physical properties. The primary breakup was
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modelled by injecting the parcels using the Rosin—Rammler size distribution
function of size ranging from 1 micron to 100 microns. This wide injection
angle enhances the rates of heat and mass transfer, as most of the droplets
are injected in a hollow cone shape with 80°. The spray is assumed to be
dilute (the volume fraction is less than 107°), spherical shape droplets and
single-component droplets. The droplet interactions, such as breakup and
coalescence, are not taken into consideration to reduce the computational

time.

The flamelet-generated manifold approach was used to model the
turbulence—chemistry interaction. A non-adiabatic version of the diffusion
flamelet was generated in CHEMKIN software. A five-dimensional table of
parameters — mean mixture fraction (f), mixture fraction variance (f7),
mean progress variable (¢), progress variable variance (c”), and mean
enthalpy (h) — considered the effect of the heat loss caused by the latent heat
of spray vaporisation. The unity Lewis number assumption was used in
solving the flamelet equations in the mixture fraction space. The ignition
procedure is simplified to patch the progress variable of 1 in the flame

region. The progress variable is defined as follows [105]:

. _ Yoo + Yoo, (5.1)
~ yeq eq
Yco + Yco2
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Figure 5.1 Temperature distribution in mixture fraction space

The level of scalar dissipation rate at which the flame extinguished due to
the aerodynamic strain was computed as 61 1/s. The initial scalar
dissipation rate was set at 1E-4 1/s, then the scalar dissipation rate was
increased progressively until the extinction scalar dissipation rate. A total of

64 flamelets were calculated to capture the ignition-extinction S-curve limit.
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5.4 Chemical kinetics

A 54-species skeletal mechanism with 269 reactions was developed to
predict pyrolysis and oxidation of n-dodecane as a diesel fuel surrogate
involving both high and low temperature conditions [101]. The mechanism
was validated against Spray A from the engine combustion network (ECN)
in simulating a three-dimensional turbulent spray flame at compression
ignition engine conditions [101]. An LES investigation of turbulent swirling
spray flames using n-dodecane showed that the results with low-
temperature chemistry (LTC) were more representative where spray flame
interactions were most significant, and heat release was shown to be

significant in the spray flame [106].

A 48-species skeletal mechanism with negative temperature chemistry
(NTC) behaviour called the HyChem approach [107] was developed to model
real Jet A fuel. The approach assumes that the mono-component fuel
surrogate first decomposes into small molecules via a reduced set of
pyrolysis reactions, and then the products undergo an oxidation process.
Both n-dodecane and HyChem applied the skeletal reduction technique to
remove unimportant species, thereby eliminating stiffness. The comparison
between detailed chemistry and the skeletal mechanism are shown in
Figures 5.2 and 5.3. The results show that the skeletal scheme provides
reasonable unstrained laminar flame speed over a wide range of mixture

fractions.
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The n-dodecane skeletal mechanism and the HyChem skeletal scheme for
kerosene were developed covering a pressure of 1-80 bar, equivalence ratio

of 0.5-2.0, and initial temperature of 800-1600K [101], [107].
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Figure 5.2 nC12H26 unstrained laminar flame speed comparison
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5.5 Boundary conditions and meshes

The boundary conditions used were the same as the isothermal case
discussed in Chapter 4, except the boundary conditions of spray and

partially premixed combustion model parameters.
The spray boundary conditions are tabulated in Table 5.2.

Table 5.2 Spray boundary conditions

Injection type Hollow cone

Injection velocity [m/s] 30

Cone angle [degree] 40

Fuel mass flow rate [g/s] 0.951

Primary atomisation model Rosin—Rammler distribution
Minimum diameter [mm] 0.001

SMD [mm] 0.05

Maximum diameter [mm] 0.1

Spread parameter 3.5

Drag model Spherical droplet

The liquid fuel properties of Jet A-1 kerosene used are reported in [108]. The
physical properties are valid at 298.15 K and 1 bar. The properties of

density and specific heat capacity are given in a range from 220 K to 684 K.
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The meshes and results from Chapter 4 were used in this chapter. The
converged steady-state cold flow solution was used as the initial condition in

this chapter.

5.6 Results

Figures 5.4 to 5.15 show velocity magnitude, axial velocity, temperature,
and mass fraction of the important species contour computed by steady-
state RANS with a poly-dispersed spray and using the same grid from
Chapter 4. The characteristics of the flow features showed a similarity with
the isothermal case, and the inner and outer recirculation zones are
presented in the results. The reaction zone embedded in the inner
recirculation zone followed the spray injection pattern and showed a conical
shape where a low velocity region was used to stabilise the flame. Two outer
recirculation zones were strongly affected by the high velocity of the cold air
stream, and the size of the recirculation zones was larger than the
isothermal case. The mass fraction of n-dodecane shows that the liquid fuel
evaporated into a gas vapour that was ready to burn in the computational
domain. The mass fraction of OH radicals is a metric to show the important
combustion characteristics, such as ignition delay and flame lift-off length.
The mass fraction of CH,0 radicals is an essential intermediate species used

to define the first combustion stage at relatively low temperatures. Both
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skeletal n-dodecane and HyChem kinetic mechanisms were able to
reproduce the same temperature field as well as the mass fraction of the
important species. Figures 5.16 to 5.19 compare both kinetic schemes with
the experimental data in terms of three velocity component profiles and

temperature.

As shown in these figures, the prediction of the maximum and minimum
axial and radial velocity magnitudes was reasonably matched, and the
profile of the curve was reasonably well predicted. However, in Figure 5.16,
when X = 60mm, the maximum value of the axial velocity was
underpredicted. These discrepancies show that although the geometry is
simple, the flow features of swirling flow are complicated. In addition, the
swirl velocity components at X = 10mm and X = 30mm were overpredicted,
but the shape of the curve was reasonably well predicted. In general, the
prediction of three velocity components can be reproduced in the context of
steady-state RANS using the SST k-omega model, and it is useful to guide

the combustor designer about the aerothermal and critical swirler design.

The temperature field depicted in Figure 5.19 showed good agreement with
the experimental data. The only discrepancy was that the temperature
downstream of the burner was overpredicted. The assumption of an
adiabatic wall boundary condition and no radiative heat transfer

assumption may contribute to the discrepancy.
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Figures 5.7 to 5.8 and 5.13 and 5.15 show the species concentrations of n-
dodecane, OH, and CH2O radical contours for Yao-54 and HyChem,
respectively. Since the measurement of species concatenation is not reported
in the experimental work, there is no direct comparison between modelling
and experimental work. However, the mass fraction of OH and CH20 can be
used as a flame indicator, and it showed good agreement with the
temperature contour. The high concentration region of OH and CH20
followed the shear layers of the flow and a cone-shaped flame that sits
between the shear layers. In addition, the concentration of n-dodecane
followed the shear layers, which implies that the liquid fuel first evaporated
and then the droplets followed the shear layers of the flow. There was
minimal concentration of n-dodecane at the combustor outlet, which
suggests that all the fuel was burnt completely inside the computational

domain, implying that combustion efficiency was high.
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Figure 5.5 Axial velocity contour of Yao-54 scheme
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Figure 5.6 Temperature contour of Yao-54 scheme
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Figure 5.7 Mass fraction OH radical of Yao-54 scheme
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Figure 5.9 Mass fraction of CH,0 radical of Yao-54 scheme
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Figure 5.10 Velocity magnitude contour of HyChem scheme
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Figure 5.11 Axial velocity contour of HyChem scheme
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Figure 5.12 Temperature contour of HyChem scheme
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Figure 5.13 Mass fraction of OH radical of HyChem scheme
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Figure 5.15 Mass fraction of CH,0 radical of HyChem scheme
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Figure 5.16 Axial velocity profiles of the Yao-54 and HyChem schemes
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Figure 5.17 Radial velocity profiles of the Yao-54 and HyChem schemes
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5.7 Comparison between steady-state and transient

simulation in turbulent spray flames

As discussed in Chapter 4, transient simulation reproduces velocity profiles
closer to experimental results than steady-state simulation. Transient
simulation was studied to investigate the modelling performance in
turbulent spray flames in a lab-scaled burner. The steady-state solutions
computed in Section 5.6 were used as the initial conditions of the transient
simulation. A time step size to 5 X 10~®s was chosen to satisfy CFL < 1.
Three flow-through times of 36 ms were computed to give the transient
solutions. The comparison between steady-state and transient simulation in

turbulent spray flames is discussed below.
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Figures 5.22-5.24 show the comparison between steady-state and transient

simulation in axial, radial, and tangential velocity. The results of transient

and steady-state simulation generally have good agreement.
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Figure 5.23 Comparison of temperature profiles
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Figure 5.23 shows the temperature profiles. Transient simulation
underpredicted the temperature profiles at axial directions of 10 mm and 30
mm, where steady-state simulation overpredicted the temperature profiles.
Both steady-state simulation and transient RANS simulations overpredicted
the temperature profiles at axial directions of 60 mm, 100 mm, and 200 mm.
Based on the results shown in Figures 5.20 to 5.23, the modelling approach
in this thesis relies on steady-state simulation because of its less expensive

computational resources combined with reasonable accuracy.

5.8 Summary

This chapter presents an investigation of turbulent spray flame in a lab-
scale burner under an equivalence ratio of 0.53. Two different mechanisms
were computed in simulating this configuration, and the results showed
good agreement in terms of temperature fields and velocity fields. The lab-
scaled burner included all the physics inside a realistic combustor. The axial
swirler generated swirling flow fields for the flame stabilisation mechanism.
The liquid fuel first underwent atomisation, followed by evaporation and
finally combustion. Hence, the modelling techniques in the spray
combustion and droplet injection method have also been validated in this
chapter and can be further applied to model a realistic micro gas turbine

combustor with reasonable accuracy.
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The state-of-the-art turbulent combustion model — flamelet-generated
manifold with Yao n-dodecane mechanism — has been developed as the
modelling strategy for turbulent spray flame in a lab-scaled burner. The
only difference between the realistic combustor and the lab-scaled burner
was the ambient pressure; however, the n-dodecane mechanism was valid in
the pressure range from 1-80 bar. The mixture properties were calculated

from the thermodynamics data using the Yao mechanism.

Moreover, Section 5.7 compared steady-state and transient CFD modelling.
The results suggest that the steady state can be used in modelling reacting
flow conditions in designing and developing the novel combustor discussed
in the following chapter. The following chapter will focus on the basic

calculation and optimisation process of the combustor, using the modelling

techniques developed in this chapter.
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Chapter 6 Optimisation of 30kW Micro Gas

Turbine Combustor

6.1 Introduction

A combustion chamber or combustor is one of the crucial components in
modern gas turbine engines. It converts the chemical energy from fuel by
combustion to burnt gases, then turns into mechanical energy. The
combustion process in the combustion chamber is very complex, including
gas flow and fuel-air mixing, liquid atomisation and evaporation, chemical
reactions, radiation and convection of hot gases, and various phenomena
such as heat and mass transfer. Due to the advancement of fundamental
studies in combustion, such as laminar flame speed measurement, chemical
kinetic mechanism development, and model development for turbulent
combustion, the design cycle of a combustor is shorter, and computational
fluid dynamics (CFD) is widely used as a design tool in combination with
experimental measurements. Section 6.2 presents a basic calculation for the
important aerodynamic components, such as swirler and air-to-fuel ratio
(AFR), to design the baseline combustor. Section 6.3 presents the modelling
methodology developed in the previous chapter and applied to the novel
combustor. Sections 6.4 and 6.5 present the CFD simulation results of the
baseline design and the optimised design. Section 6.6 discusses the
experimental investigation of the combustor to prove the baseline design

concept.

166



Fuel
. injector :
diffuser liner

Combustor

Inlet

Figure 6.1 Novel combustor CAD model

6.2 Baseline design calculation

6.2.1 Overall effective area
The overall effective area is calculated to meet the total pressure drop

constraint, and the equation to calculate the effective area is written as:

Mg (6.1)
Palj

CqAp =

where C; is the discharge coefficient, A is the area of the flametube, m, is

the air mass flow rate, p, is the air density, and u; is the jet velocity. The
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target is set to the total pressure drop, less than 2%, and the value of C,;4,

for one can of the flametube is calculated using Equation (6.1).

6.2.2 Reference velocity approach

The reference velocity approach is used to calculate the passage velocity (1},)
and the dome velocity (V;) at the swirler region to meet the design
constraints. For small-scale engines, the size of the combustor is relatively
small compared to large-scale engine combustors; hence, the reference

velocity for the passage and dome are smaller.

Combustor lenglh*
o ) —

v 1. Passage velocity
P. i

Inlet :
velocity Cross-section
head (ga) :
L Reference area (Aer)

Figure 6.2 Reference area approach [109]

The reference velocity for passage and dome are calculated as 10.5 m/s and
2.36 m/s respectively to ensure the flame stabilisation and primary as well

as dilution jet penetration performance.
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6.2.3 Combustor air fuel distribution

Rich-burn quick-quench lean-burn (RQL) combustor architecture is one of
the high technology readiness levels (TRL) combustor designs targeting low
emissions in aeroengines [110]. The air mass flow distribution of the swirler
was designed to ensure lean blowout performance; therefore, the swirler had
an equivalence ratio of 1 at engine idle condition for stability. The flame
tube/liner was separated into three different zones: primary zone (PZ),
intermediate zone (IZ), and dilution zone (DZ). The primary zone air
distribution was designed at an equivalence ratio near 1 to achieve high
combustion efficiency. The combustion zone had an equivalence ratio
between 0.6 and 0.8 to ensure combustion efficiency and hot spot generation
downstream. The baseline design air mass flow distribution is listed in

Table 6.1 below.

Table 6.1 Combustor air mass flow distribution

Component Air mass flow (%)
Swirler 15.2
Primary holes 23.8
Dilution holes 22.3
Combustor dome 4.8
Liner effusion holes 33.9
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The fuel flow rate is determined from the engine cycle calculation and diesel
fuel lower heating value. The required fuel flow rate at the full load

condition is calculated as 13.93 kg/hr.

6.2.4 Swirler design calculation

In the baseline design, flame stabilisation is achieved by a swirling flow in
the primary zone. Swirling motion is generated by a radial swirler, air
passes through the swirler blades, then it is imparted with tangential
velocity, causing the air to rotate around the central axis of the swirler. In
the baseline design, a radial swirler is used to generate swirl. A swirl
number (Sy) is used to characterise the swirl intensity; in practice, the swirl
number of a swirler needs to be greater than 0.6 to achieve a favourable

swirl for flame stabilisation [20].
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Figure 6.3 Radial swirler design

The swirl is defined as the ratio of axial flux of angular momentum to the
axial flux of axial momentum [91]. The swirl number of the baseline swirler
is derived from the tangential momentum flux (G,) at the swirler exit,

which i1s written as:

Reo (6.2)
Gpo = f 2nr (wr)pudr

Rei
where w is the tangential velocity, and R,, and R,; are the outer radius and

inner radius, respectively.

The axial momentum flux (G,,) at the swirler exit is written as:
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Reo (6.3)
Gyo = f 2nrpuldr

Re;

where u is the axial velocity.
The conservation of momentum applied is written as:

Wi Rg;sinff = wr (6.4)

The velocity between two swirler blades equals the exit velocity due to the

conservation of mass, as follows:

L (6.5)
,DT[(Rgo - Rgi) * pnhgbs

Therefore, the swirl number of the radial swirler is defined as:

_ m(R%, — RZ)Rysinp (6.6)
N nthSReO

In the baseline design, a double radial swirler with a counter-rotating
design was used to promote the evaporation effect and turbulent mixing
effect [111]. The pressure swirl atomiser coupled with two swirlers is
illustrated in Figure 6.3. The swirl cup design concept is widely used in
modern gas turbine combustors due to its excellent fuel atomisation

performance and uniform air fuel mixing, which prompt emission reduction

[112].
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An experimental investigation of the structure parameters of the venturi on
the atomisation effect was conducted by Im et al. [113]. The length of the
venturi tube correlates with the spray cone angle and droplet SMD. The
longer venturi tube provides a greater spray cone angle and corresponds to
smaller droplet SMD. The swirl numbers calculated using Equation 6.6 for

primary and secondary swirlers are 0.24 and 0.70, respectively.

) Venturi
Pressure swirl
atomiser \

Primary Secondary
swirler  swirler

Figure 6.4 Swirl cup design concept

6.2.5 Injector and ignitor design calculation

The injector type is a pressure swirl-type injector [114], which is commonly
used in aeroengine injectors to atomise the fuel and provide a hollow cone

spray pattern. Figure 6.5 shows a schematic diagram of a pressure swirl
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atomiser. The liquid is fed tangentially into an atomiser chamber, and air
penetrates from the middle of the atomiser. The liquid undergoes a swirling
motion, spreading out in the form of a conical sheet as it leaves the orifice,
and a wider spray angle can be achieved to improve the atomisation

performance.

>
5

uwnjod Iy

R L o | S

y )

e © @ © e @ o
Figure 6.5 Pressure swirl atomiser [112]

The design nozzle parameters in operating condition are tabulated in the

table below:

Table 6.2 Pressure swirl atomiser design parameters

Fuel pressure drop [MPal 2.0
Fuel flow rate [kg/hr] 13.93
Flow number [kg/hrMPa®®] 11
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Spray cone angle [degree] 80

Droplet SMD [um] 30

The SUNTEC E7NC fuel pump was selected to pump the fuel from the fuel
tank. The ignitor is a high energy device composed of 6 J energy with a 24V
DC supply. The best ignition location is determined from the CFD results
based on liquid fuel evaporation. The area of higher concentration of fuel

vapour is chosen as the optimal location of the ignitor [115].

6.2.6. Liner design concept

Liner cooling is important for combustor life span and reliability. Combustor
liners are one of the components in gas turbine engines that suffer from the
high temperatures of hot burnt gases. In the baseline design, a multi-hole
cooling design was used to protect the liner wall temperature. Nine rows of
straight holes of 1 mm inclined 30 degrees along the wall were used to
provide an air film near the liner wall of the convective heat transfer

mechanism.

175



6.3 CFD Methodology

6.3.1 Geometry simplification

The combustor geometry was complicated, especially in the swirler area.
There was also a large number of small holes for cooling purposes.
Therefore, the computational domain was simplified before the grid
generation process to reduce the computational grid size and the difficulties

in modelling the combustor. The simplification is as follows:

e The ignitor was removed from the computational domain, and the
ignition process was simplified to patch the computational domain as
a progress variable of 1.

e The atomiser was simplified and modelled as a point injection of a
hollow cone shape.

e The connection rod between the atomiser and the flange was
simplified and assumed to have no effect aerodynamically.

e The computational domain was combined as one fluid body.

6.3.2 Computational grid generation

A grid independent study was first carried out to determine the most
efficient and effective meshing for cold flow and reactive simulation. A low
cell counts but accurate mesh is desirable, as the reacting flow simulation
involves spray and chemistry reactions that add extra computational

resources to the completion of the simulation. Table 6.3 shows the grid
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parameters used to generate the mesh. The local refinement is targeted at
the primary zone of the combustor, as there are steeper temperatures and

density gradients of the flow field.

Table 6.3 Grid generation parameters

Min size (mm) 0.2
Max size (mm) 1.2
No. of inflation layers 4

Figure 6.6 Mesh 1 (coarse)
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Figure 6.7 Mesh 2 (medium)

Figure 6.8 Mesh 3 (fine)
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Mesh 1 used a local refinement size of 0.5 mm at the spray nozzle and
possible flame location. Mesh 2 used a local refinement size of 0.5 mm,
including the swirler area as well as the spray nozzle, and a size of 1 mm at
the primary zone. Mesh 3 used a local refinement size of 0.5 mm at both
swirler, spray nozzle, and primary zone regions. The computational domain
was complicated by the swirler geometry and effusion holes at the liner wall
and combustor dome; therefore, a hybrid meshing technique was used to
balance the computational time and accuracy. In 3D CFD simulations with
complex geometry, unstructured grids often use tetrahedron, pyramid,
polyhedron, hexahedron, and wedge elements to represent a computational
domain. Grid 1 was generated using poly-hexcore meshing in combination
with prism layer mesh. Three layers of prism layer mesh were used near the
wall to capture the steep gradient of boundary layer. Polyhedral elements
were used to transit from prism layer mesh into hexahedral elements. The
hexahedral element has the advantage of low numerical diffusion as well as
reducing the total number of grid sizes. Local refinement areas of 0.5 mm
cell size and 1 mm cell size were applied to the swirler region and primary
zone region, respectively, to capture large temperatures and density
gradients. Mesh 1 had 4 million cells, Mesh 2 had 7 million cells, and Mesh

3 had 14 million cells.
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6.3.3 Turbulence model and boundary conditions

The cold flow condition was modelled prior to reactive flow conditions using
the SST k-omega turbulence model, as suggested from the previous
investigation on swirling spray flame in Chapter 5. The inlet condition uses
a mass flow rate of 150g/s, temperature of 442 K. The turbulence condition
of inlet is set as the hydraulic diameter of the inlet nozzle of 40 mm and
assumed 5% of turbulence intensity. The outlet was selected as a static

pressure of 374902.5 Pa.

6.3.4 Modelling assumptions and numerical schemes

The modelling assumptions are followed by the discussion in Section 3.11.3.
The computational investigation of the combustor was simulated using
steady-state RANS with the pressure-based code Ansys Fluent. A second-
order upwind scheme was used for spatial discretisation. SIMPLE was used

for pressure-velocity coupling.

6.3.5 Combustion modelling

Turbulent combustion was simulated using a tabulated chemistry model
based on a set of 1D diffusion laminar flamelet configurations. Mixture
fraction f and progress variable ¢ were used to describe the mixing of
reactants and the global reaction progress. The progress variable was

defined as Y, = Y + Y, as suggested by [116]. The unstrained laminar
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flame speed was calculated using a CHEMKIN solver using the 54-species
skeletal n-dodecane mechanism, which was used in Chapter 5 to investigate
swirling spray flames and successfully applied to 3D CFD simulation of
diesel spray under diesel engine conditions [101]. The initial scalar
dissipation was specified as 1E-4 to capture the lower branch of the
extinction S-curve, and the extinction scalar dissipation was calculated by
the solver as 211 s™1. The unstrained laminar flame speed is shown in

Figure 6.9, and a 3D visualisation of the look-up table is shown in Figure

6.10.
Table 6.4 scalar dissipation rate of initial and extinction value
Initial scalar dissipation [s!] 1E-4
Extinction scalar dissipation [s™1] 211
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Figure 6.10 3D visualisation of PDF look-up table
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The PDF look-up table is a non-adiabatic type with a 5-dimensional table,

and the parameters used to compute the table are shown in Table 6.5.

Table 6.5 PDF look-up table control variables

Number of fmean grid points 100
Number of cmean grid points 100
Number of enthalpy grid points 23
Number of fvar grid points 50
Number of cvar grid points 50
Number of species 54

6.3.6 Spray modelling

The atomisation modelling was simplified to avoid the simulation of the
inner structure of the atomiser, as it is extremely difficult and
computationally expensive. This simplification has been successfully
examined in the literature [117]. The pressure swirl atomiser was modelled
using the Euler—-Lagrange (E-L) approach described in Chapter 3. The

Euler frame of reference applies to the continuous phase, which is air, and
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the Lagrangian frame applies to liquid droplets. The E-L approach requires

a set of boundary conditions for point injection, such as droplet velocity and

droplet SMD. Therefore, analytical calculations were first computed using

the linearised instability sheet atomisation (LISA) model [118]. The total

velocity U was then calculated using the equation:

(6.7)
2A
k, =22

P

where Ap is the fuel pressure p; is the liquid density, and k,, is the discharge

coefficient, which is equal to 0.7 suggested by [119].

The set of boundary conditions are listed in Table 6.6.

Table 6.6 Spray boundary conditions

Injection velocity [m/s] 40

Cone angle [deg] 40
Outer radius [mm] 0.4

Fuel flowrate [g/s] 3.896444
SMD [microns] 30

Min d [microns] 1

Max d [microns] 100
Spread diameter 3.5
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No. of diameters 100

6.3.7 NOx modelling

The three principal pollutants that are produced from fossil fuel combustion
are nitric oxide (NO), nitrogen dioxide (NOg), and nitrous oxide (N20) [120].
Nitric oxide and nitrogen dioxide are collectively referred to as NOx
emissions. Numerous modelling techniques accounting for NOx and soot
have been developed; for example, numerical modelling of practical
combustion systems and predicting NOx emissons with an integrated CFD-
based approach is reported in [120]. A detailed review of NOx and soot
modelling in diesel engines is discussed in [121]. Modelling NOx and soot

formation by the eddy dissipation concept is reported and discussed in [122].

Since most liquid fuels produced from petroleum have practically no
nitrogen content [19], NOx formation can be assumed to be thermal NOx
dominant. Thermal NOx formation is known as the extended Zeldovich

mechanism, which is described as follows:

O0+N, & N+NO (6.8)
N+ 0, & 0+NO (6.9)
N+OH < H+NO (6.10)
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The NO species transport equation is used to predict the concentration of
NO, taking into account convention, diffusion, production, and consumption

of NO and related species. The governing equation is written as follows:

9 R (6.11)
a(PYNO) + V- (pvYyo) = V- (pDV¥y0) + Sno

where Yy, is the mass fraction of NO in the gas phase, D is the effective
diffusion coefficient, and the Sy, is the source term to be determined from
the mechanisms (6.8) to (6.10). The reaction rate of mechanisms (6.8) to

(6.10) has been measured and reported in [123].

6.4 Results

6.4.1 Grid independent study

Figure 6.11 shows the five different cross-section planes used for comparison
in a grid independent study. Plane 1 defines the mixing field inside the
combustor, whereas Plane 2 shows the fields after the primary holes. Planes
3 and 4 show the fields between the dilution holes, and finally Plane 5

shows the 5 mm before the outlet plane.

Figures 6.12 to 6.14 show the grid independent study results in terms of

velocity, temperature, total pressure drop, and pattern factor at the
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combustor outlet. The pattern factor is defined as the temperature
uniformity at the outlet plane. In Figure 6.12, Mesh 1 shows the
discrepancies in cross-section Plane 2, and the reason for that would be
msufficient mesh refinement in Mesh 1 to capture the flow appropriately.
Good agreements were achieved with Meshes 2 and 3. In Figure 6.13, Mesh
1 shows the temperature has reached over 2000 K in Plane 2, whereas the
results of Mesh 2 and Mesh 3 were in good agreement, in a range between
1300 K and 1700 K. This further shows that Mesh 1 has insufficient mesh
density to capture the flow field and temperature field inside the combustor.
Figure 6.13 also shows that Mesh 1 overpredicted in pattern factor, and
underpredicted the velocity magnitude and static temperature at the outlet
plane. Therefore, Mesh 2 was considered the most efficient mesh density for
this study, and the rest of the work was carried out using the local

refinement size and global cell size of Mesh 2.
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Figure 6.11 Mesh cross-section plane
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6.4.2 Baseline reacting results

Figures 6.15 to 6.23 show the reacting CFD results of the baseline design.
Figure 6.15 shows the velocity contour of the reacting flow; the flow
accelerates due to the combination of heat release leading to the gas
expansion effect. The primary jet penetration effect is stronger, and the
velocity at the outlet is also higher than non-reacting conditions. Figure 6.16
shows the temperature contour; it can be seen that the flame is anchored in
the primary zone and high-temperature spots exist after the primary jet.
Figure 6.17 shows the mass fraction of n-dodecane, and it is observed that it
follows the shear layer and that a high concentration of n-dodecane appears
to have a V-shape. Figure 6.18 shows the mass fraction of the hydroxy (OH)
radical, which is a flame indicator. It can also explain the possibility of high-
temperature spots from Figure 6.19. A mass fraction of CO can be used as
an indicator of combustion incompetence, which is shown in Figure 6.20,
with a high concentration of CO located after the primary zone observed,
which is an intermediate in combustion of carbon-containing fuels. CO is
also a toxic product that is treated as a pollutant; therefore, further
optimisation is needed to reduce the CO after the primary zone. Finally,
Figure 6.21 illustrates the acetylene (C,H,), which can be considered a
precursor to soot formation. This shows the high concentration of acetylene
located inside the primary zone. Table 6.7 shows the mass-weighted average
results at the outlet plane. The mass-weighted average temperature at the

outlet is 1223.42 K, which lies in an acceptable range of the design
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parameter. Pattern factor is used to quantitatively measure the non-
uniformity of the outlet temperature distribution, which uses the expression

in [124]:

Toutlet,max — loutlet,avg (6.8)

Pattern factor (PF) =
Toutlet,avg - Tinlet

where Tiner, Touttet;max @Nd Toytier,avg are temperature at the combustor inlet,

local maximum temperature, and local average temperature at the

combustor outlet, respectively.

Table 6.7 Baseline combustor results at the outlet plane

Mass-weighted average Value
Mass fraction of CO 3.84 x 1073
Mass fraction of OH 1.66 x 10™*

Mass fraction of C,H, 1.08 x 10™*

Mass fraction of nC;,H,, 1.83 x 1073

Mass fraction of NO 1.63 x 1075
Temperature [K] 1223
Pattern factor [-] 0.85

Total pressure drop [%] 1.45
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Figure 6.15 Velocity contour of the mid-section plane (z = 0)
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Figure 6.16 Axial velocity contour of mid-section plane (z = 0);

the white iso-contour line shows the axial velocity of 0 m/s
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Figure 6.17 Temperature contour of mid-section plane (z = 0)
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Figure 6.18 Mass fraction of n-dodecane of mid-section plane (z = 0)
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Figure 6.19 Mass fraction of OH radical of the mid-section plane (z = 0)
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Figure 6.20 Mass fraction of CO of the mid-section plane (z = 0)
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Figure 6.21 Mass fraction of C,H, of the mid-section plane (z = 0)
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Figure 6.22 Mass fraction of NO of the mid-section plane (z = 0)
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Figure 6.23 Contour of mixture fraction of the mid-section plane (z = 0);

the white iso-contour shows the stoichiometric mass fraction value (Yy, =

0.06246)

6.4.3 Effect of boundary conditions

As shown in Table 1.3, the combustor is designed to operate at a pressure
ratio of 3.7, and the air mass flow rate from the compressor is 150g/s. Two
boundary conditions in CFD can be used to solve this problem. The velocity
inlet is intended for incompressible flows with an assumption that the
velocity profile is uniform and can be computed from the mass flow rate and
the area of the domain. Therefore, the static pressure adjusts to
accommodate the prescribed velocity distribution, and the total pressure
also varies. Another type of boundary condition for inlet is pressure inlet;
the total pressure is prescribed at the inlet, so the mass flow rate varies

accordingly. Table 6.8 shows the two boundary conditions.

198



Table 6.8 Two types of boundary conditions used in CFD

Inlet Outlet
BC1 Mass flow rate of 150 Static pressure of
gls 374902.5 Pa
BC2 Total pressure of Static pressure of
374902.5 Pa 374902.5 Pa

BC1
ANSYS
2021 R
BC2
0 10 20 30 40 50 60 70 80 90 100 é..'.y

Figure 6.24 Velocity magnitude for BC1 and BC2
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Figure 6.25 Axial velocity for BC1 and BC2
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Figure 6.26 Temperature for BC1 and BC2
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Figure 6.27 Mass fraction of n-dodecane for BC1 and BC2
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Figure 6.28 Mass fraction of OH for BC1 and BC2
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Figure 6.29 Mass fraction of CO for BC1 and BC2
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Figure 6.30 Mass fraction of C2H2 for BC1 and BC2
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Figure 6.31 Mass fraction of NO for BC1 and BC2
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BC1

Table 6.9 Results comparison for BC1 and BC2 at combustor outlet

Mass outlet [g/s]

150

BC2

% difference

Mass fraction of

147

—2.3

OH at outlet [-]

Mass fraction of

1.66 x 1074

2.7 x 1073

—-8.7

n-dodecane at
outlet [-]

Mass fraction of

1.83x 1073

3.84 x 1073

1.42 x 1073

—22.6

CO at outlet [-]

Mass fraction of

2.70 x 1073

—29.6

C2H2 at outlet [-]

Mass fraction of

1.08 x 10~

1.63 x 1075

3.48 x 1075

—67.8

NO at outlet [-]

Temperature at

1.73 x 1075

5.9

outlet [K]

Pattern factor [-]

1223

1232

0.7

Total pressure

0.85

1.45

1.10

29.9

drop [%]

1.29

-0.2

Figures 6.24 to 6.31 shows the velocity and mass fraction of important

species and the temperature fields of two boundary conditions. Table 6.9
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compares the values at the combustor outlet. The 2.3% difference in terms of
the mass flow resulted in large discrepancies in the species mass fraction at
the outlet. However, the percentage error of the total pressure drop was
0.2% and the percentage error of the average temperature at the outlet was
0.7%. As the mass flow rate from the air compressor is also an important
parameter to consider, BC1 will be used in the following section for the

design parametric study.

6.5 Design parametric analysis

The combustor was simulated and the baseline results of the reacting CFD
were discussed in Section 6.4. In the design of an RQL combustor for low
emissions, the structural parameters and operating conditions have a
significant impact [125]; hence, it was important to investigate the influence
of structural parameters and operating conditions by using the combustion
models developed in the previous chapters. The objectives were to lower the
value of n-dodecane, species of carbon monoxide (CO), hydroxyl (OH),
acetylene (C,H,), nitric oxide (NO), and pattern factor at the outlet to

improve combustion efficiency and pollutant reduction.

In this section, the focus is on investigating the influence of the diameter of
primary holes, the number of primary holes, and the locations of the
primary holes on combustion species, pattern factor, and NO concentration.

[126] and [127] highlighted that primary holes are important in controlling
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NOx emissions because primary holes introduce air into the combustor that
interacts with swirling flows, which has a beneficial effect on NOx emissions
and a flame stabilisation mechanism. The experimental and numerical
analysis of a confined combustor has been investigated, and the local
equivalent ratio has an impact on the outlet temperature and recirculation
zone, as reported in [128]. Wang et al. [129] have shown numerically that
dilution holes have a major impact on outlet temperature distribution

control and pattern factor.

Hence, the parametric analysis focused on the effect of primary hole size,
the number of primary holes, and the locations of primary holes to
understand the combustor performance as well as emissions prediction of

this novel shape burner regarding the aerodynamic effect.

Agrawal [130] listed the diesel fuel operating fuel temperature range from
ambient up to 380 K in stationary generator turbines, automotive diesel
engines, and marine diesel engines. It is suggested in [131] and [132] that
preheated liquid fuel shows significant improvement in fuel atomisation due

to its density: surface tension and viscosity decrease as temperature rises.

From the engine cycle efficiency point of view, a heat exchanger is a
promising approach to increase the overall cycle efficiency because of the
low-pressure ratio in micro gas turbine engines [133]. The hot burnt gas
mixtures pass through the heat exchanger and re-enter into the combustor

at the inlet. Serval studies have investigated increased inlet temperature to

206



combustion performance and emission prediction [134], [135]. Therefore, an
air temperature of 700 K was chosen to understand the combustor
performance and emission prediction of this novel combustor. The reduction
in fuel flow rate was calculated using Equation 6.9 and Equation 6.10,

assuming the diesel lower heating value (LHV) of 43MJ/kg:

Qin = e, AT (6.9)
Qin = My X LHV (6.10)
where Q;, is the heat addition due to combustion, m is air mass flow from
the compressor, c, is the specific heat capacity, AT is the temperature
difference between compressor outlet and turbine inlet, and niy is the fuel

flow rate.

Hence, fuel temperature and air temperature were the two operational
factors chosen to understand the operational effects on combustor
performance and emission prediction. The parameters and operating
conditions parameters were studied using the experimental methodology

design described in the following section.
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6.5.1 Design of experiment (DoE)

From the literature, key parameters of the structural and operational
change affecting combustor performance and emissions were identified.
Design of experiment is a systematic approach to investigate the impact of
multiple different factors on a response. Seok applied CFD and two DoE,
which are fractional factorial design and response surface method (RSM), to
minimise the resistance of the bow shape of a tanker hull [136]. The
factorial design was successfully utilised to reduce the number of geometry
configurations from more than 1000 to 84 in a study of the NASA Crew
Exploration Vehicle (CEV) [137]. A full factorial design with CFD spray
modelling has been used to identify the effects of vapour and liquid
penetration by four different factors [138]. A type of DoE, which is a four-
factor Latin hypercube space-filling design with CFD, has been used to
study forces and moments acting on a missile through various speeds and
angles of attack [139]. DoE with CFD was shown to be efficient and
beneficial for studying a large number of factors. It is important to carefully

select useful factors and to consider the range of levels.

In this thesis, 2-level fractional factorial design together with the CFD
modelling presented in the previous section was used to investigate the
effect of five factors on the major species concentration, temperature,

pattern factor, and total pressure drop across the combustor.

In general, reacting CFD simulation requires considerable computational

resources, as the solver needs to solve N-S equations plus the transport
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equation for mixture fraction and progress variable. Therefore, due to a

limited budget and resources, fractional factorial design with resolution V

was used to study five factors for the purpose of reducing the number of

experimental runs by 50%, and there were no main effects or 2-factor

interactions aliased with any other main effect or 2-factor interactions. The

design parameters and the DokE layout are presented in Tables 6.10 and

6.11.
Table 6.10 The design parameters and level of the combustor
Parameter Unit Level (-1) Level (+1)
Primary holes mm 7.8 (baseline) 9
diameter (A)
Number of primary 6 (baseline) 10
holes (B)
The streamwise mm 0 (baseline) 15
distance of primary
holes (C)
Fuel temperature K 341 (baseline) 380
(D)
Air temperature K 442 (baseline) 700

(E)
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Table 6.11 Design of Experiment of five different factors

Run A B C D E

1 7.8 10 0 380 700
2 7.8 6 15 341 442
3 7.8 10 15 380 442
4 9 6 15 380 442
5 7.8 10 0 341 442
6 7.8 6 0 380 442
7 9 10 0 341 700
8 9 10 15 341 442
9 9 10 0 380 442
10 7.8 6 0 341 700
11 7.8 6 15 380 700
12 7.8 10 15 341 700
13 9 10 15 380 700
14 9 6 0 341 442
15 9 6 0 380 700
16 9 6 15 341 700
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Table 6.12 Results of DoE; Y denotes species mass fraction, T is
temperature, PF is pattern factor and dP is the total pressure drop

Run YCO ['] YCZHZ ['] YOH ['] Yl‘lC12H26 YNO [-] T [K] ?? dP [%]
[-] y

1 3.52 x 1074 1.42 5.10 2.17 1.22 1.24 x 103 | 0.42 1.82
x 1075 x 107° x 1074 x 1075

2 1.03 x 1073 2.00 1.22 1.23 1.19 1.26 X 103 | 0.94 0.76
x 1075 x 107 x 1073 x 1073

3 243 x 1073 3.13 1.86 1.14 1.15 1.24 x 103 | 0.96 0.98
x 107° x 107 x 1073 x 1073

4 1.81 x 1073 2.74 1.54 1.45 1.07 1.24 x 103 | 0.83 0.79
x 1075 x 1074 x 1073 x 1073

5 1.41 x 1073 2.19 1.20 1.12 1.40 1.26 x 103 | 0.77 0.39
x 1075 x 1074 x 1073 x 1073

6 1.03 x 1073 1.88 1.09 1.10 1.56 1.26 x 103 | 0.55 0.38
x 1075 x 107 x 1073 x 1075

7 8.09 x 1073 3.50 3.40 2.11 1.05 1.28 x 103 | 0.70 1.04
x 107° x 1076 x 1074 x 1075

8 3.60 x 1073 5.56 1.88 1.54 1.00 1.20 x 103 | 1.08 0.6
x 1075 x 1074 x 1073 x 1073

9 2.04 x 1073 3.42 1.30 1.33 1.40 1.24 x 103 | 0.89 0.66
x 107° x 107 x 1073 x 1075

10 2.10 x 1074 9.10 4.60 3.58 1.27 1.28 x 103 | 0.48 1.88
x 1076 x 1076 x 1074 x 1075

11 424 x107* 1.77 8.10 3.43 1.17 1.28 x 10% | 0.61 1.96
x 107° x 107° x 107* x 1075

12 485 x%x 1074 1.84 1.30 3.58 9.00 1.28 x 103 | 0.93 1.54
x 1075 x 1075 x 1074 x 107°

13 463 x 1074 1.91 8.80 3.57 1.12 1.28 x 103 | 0.42 1.43
x 107° x 107° x 107* x 1075

14 1.73x 1073 2.26 1.44 1.49 1.41 1.23x10% | 0.86 0.55
x 1075 x 1074 x 1073 x 1073

15 3.45 x 1074 1.47 6.00 3.93 1.43 1.28 x 103 | 0.49 1.81
x 107> x 107° x 107* x 1075

16 5.98 x 1074 2.50 1.00 3.40 1.04 1.27 x 103 | 0.65 1.72
x 107° x 107° x 1074 x 1075
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Table 6.12 presents the recorded CFD results at the combustor outlet.
Minitab software was used to identify the factors that influence the mean
major species concentration, temperature, pattern factor. and total pressure
drop across the combustor. The following sections use a main effect plot and

interaction plot to determine which factor has the most significant impact.

6.5.2 Effect of mass fraction of CO on factors

In this section, the main effects and interaction effects of five factors on the
mass-weighted averaged mass fraction of carbon monoxide (CO) at the
combustor outlet are investigated. Carbon monoxide is a by-product during
incomplete combustion of fuels due to the insufficient presence of oxygen.
The first step in the analysis involved checking the data for normality
assumptions, followed by a Pareto plot of effects to identify the most
important main and interaction effects. Moreover, a main effect and an

interaction plot were used to analyse the interaction between the factors.
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99
Effect Type
® Not Significant
W Significant

L ]
95 Factor Name

A
90 ® B
C
D
E

moNwmE

80

70 [ ]
[

60 °

50 )

40 *

30 ®

20

Percent

-0.0015 -0.0010 -0.0005 0.0000 0.0005 0.0010
Effect

Figure 6.32 Normal plot of the effects for the mass fraction of CO

Figure 6.32 suggests that the data followed a normal distribution. The
Pareto plot shows the effects in decreasing order of the absolute value of the
standardised effects and draws a reference line on the chart. Any effect that
extends the reference lines appears to be statistically significant. Figure
6.33 shows that the main effect of factor E is statistically significant at the
5% significance level. None of the interactions appear to be statistically

significant.
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Pareto Chart of the Effects
(response is Yco, a = 0.05)
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Figure 6.33 Pareto chart of the effects for the mass fraction of CO

Figure 6.34 shows that Factor E, which is the air temperature, had the most
significant effect, as the gradient of the curve is the largest compared to the
other factors. In addition, the mass fraction of CO decreased as the air
temperature increased. Factors A (diameter of primary holes), B (number of
primary holes) and C (streamwise distance of primary holes) showed
secondary effects. The mass fraction of CO increased as the geometric
parameters increased. Factor D, which is the fuel temperature, showed little

effect on the mass fraction of CO at the combustor outlet.
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Figure 6.34 Main effects plot for the mass fraction of CO

Figure 6.35 shows the interaction plot for the mass fraction of CO on the
five factors. The more parallel the line for each factor, the more they
interact with each other. There are minimal interactions between Factors
AB, AC, BD, CE, DC, and DE. On the other hand, there is an interaction,
such that for Factors D and A, when the larger diameter of the primary hole
produces less CO than when the fuel temperature is 341 K. However, at a
fuel temperature of 380 K, the mass fraction CO is almost the smallest,
regardless of the diameter of primary holes. There is no noticeable
interaction between Factor E and other factors. The combination of Factor E
with the other factors can drive the mass fraction of CO to decrease, and the
higher fuel temperature (D) and large diameter of primary holes (A) can

reduce the mass fraction of CO.
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Figure 6.35 Interaction plot for the mass fraction of CO
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6.5.3 Effect of mass fraction of C2H2 on factors

In order to 1dentify the significant main effects and interaction effects, the

normal plot and Pareto chart were used. In a normal plot, those effects that

fall off the straight line are deemed to be statistically significant and those

that fall along the straight line are deemed to be statistically insignificant.

Figures 6.36 and 6.37 show that the main effect of Factor E is statistically

significant at the 5% significance level.
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Figure 6.36 Normal plot of the effects for mass fraction of C2H2
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Pareto Chart of the Effects
(response is Yc2h2, o = 0.05)
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Figure 6.37 Pareto chart of the effects for mass fraction of C2H2

In Figure 6.38, the main effect of factors for the mass fraction of acetylene
(C2H2) at the combustor outlet can be illustrated. The acetylene (C2H2) can
be considered a soot precursor in hydrocarbon flames [140]. The figures
show aa similar trend as Figure 6.32. The mass fraction of C2H2 at the
combustor outlet decreased with the increase in air inlet temperature (factor
E). The mass fraction of C2H2 increases with the increases in factors A, B,
and C. Factor D, which is fuel temperature, has little influence on the mass

fraction of C2H2.
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Figure 6.38 Main effects plot for mass fraction of C2H2

Figure 6.39 shows the interaction plot for the mass fraction of C2H2. There
are few interactions between Factors AB, BD, and CE. Although the main
effect plot shows that the factor had very little effect on the mass fraction of
C2H2, the most significant interaction that could be observed was in Factors
AD and CD. The lines crossed over each other, which means the fuel
temperature of 341 K produces more mass fraction of C2H2 at the
combustor outlet with the increased level of Factors A (diameter of primary

holes) and C (streamwise distance of primary holes).
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6.5.4 Effect of mass fraction of OH on factors

It can be seen in Figure 6.40 that all the points on the normal plot come
close to forming a straight line, which implies that the data are normal.
Figures 6.40 and 6.41 show that the main effects of Factor E are statistically

significant at the 5% significance level.
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Figure 6.40 Normal plot of the effects of mass fraction of OH
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Figure 6.41 Pareto chart of the effects of mass fraction of OH

In Figure 6.42 we can see the main effects plot for mass fraction of hydroxyl
radical (OH) at the combustor outlet. The mass fraction of OH product
imaging can characterise local heat release rate (HRR) in [141]. The OH
radical characterisation has been widely used to characterise the flame
HRR; hence, the mass fraction of OH was chosen to become one of the
factors to monitor and optimise the combustor. Factor E (air inlet
temperature) had the most significant effects on the mass fraction of OH at
the combustor outlet. The mass fraction of OH decreased with increasing air
temperature. For Factors A (primary hole diameter), B (number of primary

holes), and C (streamwise direction of primary holes), the geometric feature
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of the combustor had little effect on the mass fraction of OH. Factor D (fuel

temperature) showed no effect on the mass fraction of OH.
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Figure 6.42 Main effects plot for mass fraction of OH

Figure 6.43 shows the interaction plot for mass fraction of OH. There were
few interactions between each factor, as the lines are almost parallel to each
other. There was a cross-over in Factor AD; nevertheless, the effect on the
mass fraction of OH was small. In conclusion, Factor E, which is the air
temperature, had the most significant effect in decreasing the mass fraction
of OH at the combustor outlet, which contributed to a more even pattern

factor.

223



Mean of Yoh

Interaction Plot for Yoh

Fitted Means

6 10 41 380
0.00016| BT A A DA E*A
n
.
0.00008| .- P | S S
0.00000-|
A*B c*B D*B E*B
n - 0.00016
. ~n 2
- " -1 N - 0.00008
N
- 0.00000
ATC BT C D cC EeC
0.00016 L8
~
. N
0.00008 :’;:__—j — ’. ':__(_: o
>
NS
0.00000-|
A"D B*D c'D £ D
I 0.00016
'E__,__f:j a——9 .r‘_____zl \ - 0.00008
t 0.00000
ATE BE CrE D E
L R
- —=
0.00008-
000000 B ———-B L= B ——-8 e ————N . ;
78 90 0 15 442 700
A B c D E

Figure 6.43 Interaction plot for mass fraction of OH
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6.5.5 Effect of mass fraction of n-dodecane on factors

The data normality assumptions and the most important effects were
confirmed and identified in Figures 6.44 and 6.45, where the main effect of
Factors A and E and the interaction AE are deemed to be statistically

significant at the 5% significance level.
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Figure 6.44 Normal plot of the effects of mass fraction of n-dodecane
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Pareto Chart of the Effects
(response is Ync12h26, o = 0.05)
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Figure 6.45 Pareto chart of the effects of mass fraction of n-dodecane

In Figure 6.46, the main effects plot for mass fraction of n-dodecane
illustrates that Factor E (air inlet temperature) also had the most
significant effect on the mass fraction of n-dodecane at the combustor outlet.
N-dodecane can be considered as the quantity of unburnt hydrocarbons
(UHC) at the combustor outlet. The mass fraction of n-dodecane increased
with the geometric features, which are Factor A (primary hole diameter)
and Factor C (streamwise location of the primary holes), but the effect was
small compared to Factor E. On the other hand, the mass fraction of n-
dodecane decreased with Factors B (number of primary holes) and D (fuel

temperature). The effect was insignificant compared to Factor E.
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Main Effects Plot for Ync12h26
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Figure 6.46 Main effects plot for mass fraction of n-dodecane

Figure 6.47 shows the interaction plot for mass fraction of n-dodecane. The
interaction plot shows that the interaction between each factor was not
significant, as the gradient of the lines is almost parallel to each other.
Factor E (air temperature) had the most significant effect on the reduction

of mass fraction of n-dodecane at the combustor outlet.
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Figure 6.47 Interaction plot for mass fraction of OH
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6.5.6 Effect of mass fraction of NO on factors

Similarly, the normal plot and Pareto chart were used to check whether the
data normality assumptions were valid, and to identify the most significant
main and interaction effects that influenced the mass fraction of NO at the
combustor outlet. In Figures 6.48 and 6.49, the main effect of Factor C was

statistically significant at the 5% significance level.
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Figure 6.48 Normal plot of the effects of mass fraction of NO
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Pareto Chart of the Effects
(response is Yno, o = 0.05)

Term 1.6636E-06

Factor

mgNw>

0.0000000 0.0000005 0.0000010 0.0000015 0.0000020 0.0000025
Effect

Figure 6.49 Pareto chart of the effects of mass fraction of NO

Nitric oxide (NO) emission is known as an indirect greenhouse gas, which is
a growing concern for greenhouse gas emissions and pollutants [142].
Therefore, the mass fraction of NO at the combustor outlet had to be
minimised to comply with the regulations in Table 1.2 in Chapter 1. Figure
6.50 1llustrates the main effects plot for mass fraction of NO. The mass
fraction of NO decreased with increasing Factors A (primary hole diameter),
B (number of primary holes), C (streamwise location of primary holes), and
E (air temperature). In contrast, the mass fraction of NO increased with the

higher fuel temperature shown in Factor D. Factor C showed the most
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significant effect in the reduction of the mass fraction of NO at the

combustor outlet, as the gradient of the line was the largest.
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Figure 6.50 Main effects plot for mass fraction of NO

Figure 6.51 shows the interaction plot for mass fraction of NO. There were
no significant interaction effects from Factor A to Factor E. Therefore,
Factors C and E can be considered the most significant effect contribution to

the reduction of mass fraction of NO.
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Interaction Plot for Yno
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Figure 6.51 Interaction plot for mass fraction of NO
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6.5.7 Effect of combustor outlet temperature on factors

In Figure 6.52, the normal plot shows that the data were fairly normal, as
the insignificant data followed along the straight line. In Figures 6.52 and
6.53, the main effect of Factor E was statically significant at the 5%

significance level.
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Figure 6.52 normal plot of the effects of outlet temperature.
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Pareto Chart of the Effects
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Figure 6.53 Pareto chart of the effects of outlet temperature

The temperature profile at the combustor outlet is critical to the operating
reliability and lifetime of the turbine [143]. In this study, the impact of
increasing air temperature at the combustor inlet resulted in a reduction in
the fuel flow rate. The mean temperature of the factor was 1273 K, which is
the same as the requirement for temperature in Table 1.3. In Figure 6.54,
the change in geometric features of the combustor (Factors A—C) and fuel
temperature (Factor D) led to a reduction in combustor outlet temperature.
Factor E (air temperature) had the most significant effect for combustor

outlet temperature, as shown by the line, which is the steepest.
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Figure 6.54 Main effects plot for mass fraction of outlet temperature

In Figure 6.55, the interaction plot for combustor outlet temperature is
presented. There were few interactions between each factor except Factors
AD, BD, and CD. Two lines were crossed over, which implies that there are
strong interactions between Factors A and D, Factors B and D, and Factors
C and D. However, there were no significant interactions between Factor E
and other factors. Hence, Factor E can be considered to have the most

significant effect on temperature at the combustor outlet.
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Figure 6.55 Interaction plot for combustor outlet temperature
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6.5.8 Effect of pattern factor on factors

To 1dentify the significant main effects and interaction effects, the normal
plot in Figure 6.56 was used to illustrate that all the points on the normal
plot came close to forming a fairly straight line. In Figure 6.57, the Pareto
chart was used to identify the main effects of Factors C, D, E, and one
interaction effect AC was deemed to be statistically significant at the 5%

significance level.
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Figure 6.56 Normal plot of the effects of pattern factors
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Pareto Chart of the Effects
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Figure 6.57 Pareto chart of the effects of pattern factor

As discussed in Section 6.5.7, the temperature profile is an important factor
in determining turbine life. Pattern factor is a parameter used to describe
the uniformity of turbine inlet temperature. A higher pattern factor
indicates less non-uniformity of turbine inlet temperature, which may lead
to very irregular hot spots at the combustor outlet [144]. In Figure 6.44, the
increase in geometric features (Factors A, B and C) of the combustor
increased the pattern factor. The increase in operational conditions (Factors
D and E) reduced the pattern factor. The most significant effect of the

pattern factor is Factor E (air temperature).
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Figure 6.58 Main effects plot for mass fraction of pattern factor

Figure 6.45 shows the interaction plot for the pattern factor. There was a
significant interaction between Factors A and C. In addition, there was little
interaction between Factors E and A. Considering Figures 6.44 and 6.45, the
operational conditions, which are Factor E (air temperature) and Factor D

(fuel temperature), contributed to a significant reduction in pattern factor.
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Figure 6.59 Interaction plot for pattern factor
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6.5.9 Effect of total pressure drop on factors

In Figures 6.60 and 6.61, the normal plot shows the data were fairly normal,
as all the points came close to forming a straight line. Moreover, the main

effect of Factor E was statistically significant at the 5% significance level.
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Figure 6.60 Normal plot of the effects of total pressure drop
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Pareto Chart of the Effects
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Figure 6.61 Pareto chart of the effects of total pressure drop

Total pressure is measured by the difference between the combustor inlet
total pressure and outlet total pressure, reflecting the fluid dynamic
characteristics and the energy-conversion intensity. The increase in air
temperature (Factor E) increased with total pressure drop, because higher

temperature leads to higher air velocity, causing greater flow resistance.
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Factor E showed the most significant effect for the total pressure drop in

Figure 6.62.
Main Effects Plot for dP
Fitted Means
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Figure 6.62 Main effects plot for mass fraction of total pressure drop

Figure 6.63 shows the interaction plot for total pressure drop across the
combustor. The majority of the interactions between each factor were
insignificant, as shown by the lines, which are almost parallel to each other.
In short, Factor E had the most significant effect on total pressure drop
across the combustor as the higher air velocity, which resulted in higher

flow resistance, dominated.
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Figure 6.63 Interaction plot for total pressure drop
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6.5.10 Combustor optimisation

Figures 6.32 and 6.63 show the five factors related to the different emission
parameters and operational parameters at the combustor outlet. An
optimisation of the baseline combustor was studied using the response
optimisation with the goal function targeting the response of mass fractions
of CO, C2H2, OH, n-dodecane, and NO as well as outlet temperature,
pattern factor, and total pressure drop across the combustor. The response
optimiser was used to search for optimal responses based on the
requirements defined for each response, which was computed using
statistical software Minitab. The optimisation requirements were set to
minimise the mass fraction of CO, C2H2, OH, nC12H26, NO, PF, and dP,
and the temperature target to 1273 K. The optimal combustor design
parameters and the predicted emissions and temperature are shown in

Table 6.13 and Table 6.14, respectively.

Table 6.13 Response optimiser results

Factor A [mm] B[] C [] D [K] E [K]

Parameter | 8.43 10 0 348 700
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Table 6.14 Response optimiser prediction

Yeo [-] | Yoo, [] | You -] | Yn -] | Ynols] | T PF | dP

K] | [T | [%]

C12H,4

2.57 4.80 0 2.25 1.09 1273 1 0.62 | 1.31

x 1075 | x107° x10™* | x107°
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6.5.11 Comparison between baseline and optimised combustor
design

In this section, the results CFD simulation is presented using the geometric
and operational parameters in Table 6.13 and the strategies developed in

Section 6.3.

Baseline
Optimised
0 10 20 30 40 50 60 70 80 90 100 é.'.‘

Figure 6.64 Velocity magnitude of baseline and optimised combustor

Figure 6.64 compares the velocity magnitude of the baseline and optimised
combustor. The flow velocity of the optimised combustor is higher than the
baseline as the air temperature is 700K at the combustor inlet. Hence, the
shear layers are deflected outward, and the primary jets penetrate more

deeply into the liner, resulting in better fuel and air mixing.
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Figure 6.65 Temperature of baseline and optimised combustor

In Figure 6.65, the temperature contour revealed that the higher
possibilities of the completed combustion happened within the primary zone
at the optimised combustor. The high-temperature regions after the primary
zone were reduced in the optimised combustor. In addition, the mass-
averaged temperature at the combustor outlet was 1276 K when the

combustor was optimised for higher thermal efficiency.
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Figure 6.66 Mass fraction of OH of baseline and optimised combustor

In Figure 6.66, the optimised design showed a lower concentration of
hydroxyl radical (OH) after the primary zone compared to the baseline
design, which implies that the flame cannot reach towards the combustor

outlet and the thermal field uniformity (pattern factor) is reduced.
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Figure 6.67 Mass fraction of C2H2 of baseline and optimised combustor

Figure 6.67 compares the mass fraction of acetylene (C2H2) between
baseline and the optimised combustor. It can be seen that the concentration
of acetylene decreased significantly in the primary zone at the optimised
combustor. On the other hand, there is a very low concentration of acetylene
after the primary zone at the optimised combustor; therefore, the soot

caused by incomplete combustion can be reduced with the optimised design.
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Figure 6.68 Mass fraction of CO of baseline and optimised combustor

Figure 6.68 shows the mass fraction of the carbon monoxide (CO) contour.
The optimised combustor showed lower concentrations of carbon monoxide
in the primary zone and very low concentrations of carbon monoxide after
the primary zone. The optimised design also showed that carbon monoxide
had been converted into carbon dioxide (COs2) after the primary zone and the

combustion incompleteness was reduced.
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Figure 6.69 Mass fraction of n-dodecane of baseline and optimised
combustor

Figure 6.69 shows that the air temperature increased to 700 K in the
optimised design, implying that the atomisation performance of the liquid
fuel was enhanced. The concentration of fuel vapour (n-dodecane was used
as the diesel fuel surrogate) increased, especially in the region of venturi in
the swirl cup. The fuel vapour followed the shear layers after exiting the

venturi in the swirl cup, and combustion happened in the primary zone.
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Figure 6.70 Mass fraction of NO of baseline and optimised combustor

Figure 6.70 shows a comparison between the baseline and the optimised
combustor of mass fraction of nitric oxide (NO). The higher concentration of
NO accumulated primarily in the primary zone, and the concentration of

NO after the primary zone was reduced in the optimised design.

Figures 6.64 to 6.70 show the significant improvement in the aerodynamic
effect and pollutants of the optimised design over the baseline design. The
comparison between the DoE prediction and the CFD calculation at the

combustor outlet parameters is shown in Table 6.15.
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Table 6.15 Comparison between DoE prediction and CFD calculation at the
combustor outlet

Yeo [l | Yo, | You ] | Yucy,y, [] | Yaoll | T [PF | dP
[-] Kl | [[] | [%]
DoE 2.57 4.80 0 2.25 1.09 |[1273(0.62|1.31
x 107> | x 107° x 107% x 107>
CFD 4.49 1.80 8.29 291 1.13 | 1276 |0.50 | 1.56

x107* | x 1075 | x 107¢ | x 107* x 1075

Difference | 94.28 | 73.33 - 22.68 3.54 | 0.24 | -24 [ 0.25

[%]

In Table 6.15, the mass fractions of major species, temperature-related
parameters, and total pressure drop are compared between the DoE
prediction and the CFD calculation. The results suggest that DoE prediction
1s acceptable in predicting the value of mass fractions of NO, temperature,
and total pressure drop across the combustor. The percentage error for mass
fraction of NO is 3.54%, temperature 0.24%, and total pressure drop 0.25%.
The DoE overpredicted the species concentration of CO, C2H2, nC12H26,
and pattern factor because the chemical reaction follows the Arrhenius
equation, which has non-linearity in its nature; therefore, it is difficult to
predict by DoE. However, it is useful to apply DoE to predict the
temperature, the concentration of NO, and total pressure drop across the
combustor, which are the important design parameters that need to be

determined in the early design phase.
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Table 6.16 Comparison between baseline and optimised design

Baseline Optimised Difference

[%]

Mass fraction of CO 3.84x 1073 449 x 107* -88
[-]

Mass fraction of OH 1.66 x 107* 8.29 x 107 -95
[-]

Mass fraction of C,H, 1.08 x 10™* 1.80 x 107> -83
[]

Mass fraction of 1.83 x 1073 291 x107* -84

nCy,Hye [-]

Mass fraction of NO 1.63 x 107° 1.13x 107 -31

[]
Temperature [K] 1223 1276 4

Pattern factor [-] 0.85 0.50 -41

Total pressure drop 1.45 1.56 0.1
[%]

Finally, Table 6.16 shows the value at the combustor outlet between
baseline and optimised design. The DoE with CFD methodology showed that
the thermal and pollutant performance of the optimised combustor was
vastly enhanced. The mass fractions of major species all reduced

significantly at the combustor outlet to minimise the pollutants, reducing
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the chance of hot spots burning the turbine blades. The temperature at the
outlet also increased to around 1276 K to maximise the thermal
performance. The pattern factor also decreased to increase the temperature
uniformity at the combustor outlet. The total pressure drop increased by
only 0.1%, prompting better air fuel mixing, but not increasing the specific
fuel consumption rate significantly. The CFD calculation of NO at the
combustor outlet is around 11 parts per million (ppm), which shows

potential compliance with the UK regulation shown in Table 1.2.

6.6 Experimental investigation

The engine firing test was conducted with one combustor each time to
ensure the combustor could successfully fire before the development work,
such as emissions and outlet temperature measurement, began. The test rig
was set up with the help of Dr Guang Pu from Birmingham High
Performance Turbomachinery Limited and Dr Jianchen Wang from Beihang

University.

The test rig consisted of compressor, turbine, combustor, and discharge
nozzle, as shown in Figures 6.71 and 6.72. The fuel delivery system included
a fuel tank, fuel pump, battery and ignition system, as shown in Figure
6.73. Market diesel fuel was used in this experiment. The firing test
procedure was to first switch on the fuel pump and the fuel through

atomiser flow into the combustor. After that, the pressure valve was
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adjusted to increase the pressure, while the operating pressure and the
value was monitored by a pressure gauge. Finally, the fuel ignition switch
was turned on to ignite. The pressure and fuel flow rate used in this test
were based on the results in previous testing. After the fuel shut-down
process, the air kept being delivered to purge the combustor and avoid the

fuel coking effect.
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Figure 6.71 Compressor and turbine assembly — cross section
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Figure 6.72 Combustor assembly and discharge nozzle
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Figure 6.73 Fuel delivery system and ignition system
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Figure 6.74 shows the combustor’s weak extinction limit graph. The
successful ignition region was determined based on the recorded pressure
and fuel flow rate. After the successful combustor ignition process, the fuel
flow rate decreased until the failure of combustion ignition occurred. The
experimental investigation successfully demonstrated that the novel
combustor was able to ignite and operate in the engine configuration. The
baseline CFD condition is shown by the red square in Figure 6.74, which lies
inside the successful ignition region. The optimised design is shown in
purple, which is outside the successful ignition region. Since the air inlet
temperature was increased from 442 K to 700 K, the weak extinction limit of
the optimised design needed to be determined in another experimental run.
Following the curve of the experimental results, the higher total pressure
drop gave a lower value of FAR, which resulted in a better weak extinction

performance.
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Figure 6.74 Combustor weak extinction limit
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6.7 Summary

This chapter presented the process of developing the micro gas turbine
combustor for a 30 kW engine. The design concept of some important
components was calculated using empirical formulae. The reacting CFD
simulation of the baseline design was carried out to assess the combustor
performance and emissions at the combustor outlet. The numerical
investigation of combustor design parameters was carried out by analysing
the CFD results of different design variations and comparing them with the
baseline design. The influence of primary holes in terms of the diameter of
holes, the number of holes used, and the location of these holes on the
outlet, the temperature distribution, and the combustion major species were

explored.

In addition, an experimental investigation was conducted to show the
feasibility of the baseline design concept and ignition performance. Due to
the difficulty of utilising detailed measurement techniques of flame
structure and internal combustor flow fields, detailed measurements were

not taken in this project.

The design concept and the results of the reacting CFD simulation
demonstrated that the proposed combustor design concept has the potential
to achieve excellent performance and is sufficiently compact for a small-

scale engine power range up to 30 kW.
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Chapter 7 Conclusions and Further Research
Suggestions

7.1 Overview

Chapter 1 presented background research into micro gas turbines and
combustor technologies of the leading micro gas turbines market. The
associated regulations in ground-based gas turbines and combustor design
considerations were also summarised and discussed. The research goals
were set in relation to how DoE with CFD can help in designing and

developing a combustor.

In Chapter 2, the physics of micro gas turbine combustors was presented.
Low emission combustion technologies were reviewed. The fundamental
knowledge in combustion and multiphase phase flow physics inside the

combustor were discussed.

Chapter 3 presented the modelling methodology of turbulent combustion.
The state-of-the-art turbulence modelling in the RANS context as well as
the reduced-order method of the flamelet model were discussed. The special
treatment accounting for turbulent spray flames was also discussed. The
modelling assumptions were discussed for developing the reacting CFD

modelling in the following chapters.
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Chapter 4 investigated the isothermal CFD modelling strategies developed
in Chapter 3 in modelling the non-reacting swirling flows in a lab-scaled
burner to mimic the swirling flow physics inside a real micro gas turbine
combustor. The results from the isothermal CFD model were then compared
to experimental data, which showed agreement across the key parameters.
The validated isothermal CFD model was then used to model the reacting

conditions.

Chapter 5 focused on reacting CFD modelling in a swirling spray flame of
kerosene in a lab-scale burner. The results from the reacting CFD model
were then compared to experimental data, which showed agreement in
velocity and temperature profiles. The validated reacting CFD model was

then used to design and optimise the proposed novel combustor.

Chapter 6 presented the design calculations covering the swirler, injector,
and liner size, which helped in the early design phase of the combustor. The
baseline design was analysed and modelled using the reacting CFD
methodology developed in previous chapters. Optimisation was achieved
with the use of DoE and a reacting CFD model. The results showed that the
optimised combustor reduced pollutant emissions significantly and the

thermal performance was maximised.
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7.2 Review of research objectives

The aims of this research were to design and improve the performance of
combustors and to develop a modelling strategy of turbulent swirling spray
flames when designing a micro gas turbine combustor. These were achieved,
filling a gap in related research. The modelling strategy can be applied to
early-stage combustor design work and can reduce the cost and resources of
conducting experimental verification. The key conclusions of this research

are presented below, relating the key results to each objective:

1. Simulate and analyse the performance and limitations of popular
turbulence models in swirling flow dynamics in a swirl-stabilised
burner.

e For the investigation into the turbulent swirling flow dynamics, five
different turbulent models were used to simulate and compare with
the experimental data from a lab-scale burner under isothermal
conditions in Chapter 4. The k-omega SST turbulence model showed
that the velocity profiles were reproduced, and transient phenomena

of precessing vortex core (PVC) were captured.
2. Simulate and analyse the performance and limitations of the state-of-

the-art turbulent combustion model in spray combustion in a swirl-

stabilised burner.
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The state-of-the-art flamelet model — flamelet-generated manifold
(FGM) — was used to model the swirling spray flame of kerosene in a
lab-scaled burner in Chapter 5. The reacting CFD model reproduced
the velocity and temperature profiles in good agreement with the
experimental data. The limitations in spray combustion in a swirl-
stabilised burner were computationally demanding, as the droplets
inside the combustor are massive and the radiative properties of the

mixtures are unknown.

. Investigate the state-of-the-art low emissions combustor design
configurations and the design calculation to design a novel combustor
In a micro gas turbine application.

Through background research in Chapters 1 and 2, it was established
that low emissions combustor design used RQL and LPP combustion
technologies.

The design calculations for radial swirler, combustor effective area,
and injector were proposed in Chapter 6.

The reacting CFD modelling and experimental investigation showed
that the baseline combustor was applicable in low emission micro gas

turbines.
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. Develop a modelling strategy for spray combustion in a swirl-
stabilised combustor and assess the trade-off between combustor
performance and emissions through different design parameters.
Reacting CFD modelling strategies developed in Chapters 4 and 5
were used to model the baseline novel combustor and assess the
combustor performance and emissions prediction.

DoE and reacting CFD modelling were used to investigate the
geometric and operational effects on combustor performance and
emissions prediction.

The baseline combustor was optimised using the results of DoE, and
the optimised combustor showed that the emissions were reduced by

more than 30%, with only a 0.1% increase in total pressure drop.

7.3 Further research suggestions

The following topics are suggested for future research:

1. Experimental measurements in a more representative testing

environment

Due to the absence of equipment and techniques for detailed measurement,

the CFD simulation is an alternative tool to analyse and provide design

feasibility and optimisation ideas. Future work should focus on validating

the CFD using the data from detailed measurements of the designed

combustor, such that it can be more reliably used as a design tool.

268



2. High-fidelity simulation tools, such as large eddy simulation (LES)

Due to the complicated nature of combustors and the related combustion
instability problem inside a combustor, which is transient in nature, a time-
resolving simulation such as LES would be useful to resolve the transient
characteristics and provide insight into flashback and combustion
instability problems. In addition, with the use of unsteady CFD simulation,
the modelling results can match the weak extinction graph shown in Figure

6.74, which is a huge saving for early-stage combustor design work.

3. More representative chemical kinetics schemes for diesel fuel are

needed and account for NOx production as well as the soot effect

A practical diesel fuel composition is extremely complicated, and so far in
the literature single or up to three-component surrogate fuels have been
used to represent a practical diesel fuel. Since the fuel surrogate physical
properties significantly affect the spray evaporation and atomisation effect,
a more representative fuel and mechanism development work would be
most advantageous in CFD modelling. A mechanism with soot modelling
capability is important to understand the complex soot formation processes
inside a combustor. A more compact kinetic mechanism that can accurately
predict some major combustion species and pollutants would be beneficial in

simulating the complex geometry of 3D CFD.
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Appendix A
The results of URANS of different turbulence models in Chapter 4 are

presented as following:

ANSYS
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Figure A.1 Instantaneous velocity magnitude at t=0.2s (realizable k-epsilon)
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Figure A.2 Time-averaged velocity magnitude (realizable k-epsilon)
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Figure A.3 Instantaneous axial velocity (realizable k-epsilon)
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Figure A.4 Time-averaged axial velocity (realizable k-epsilon)
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Figure A.5 Instantaneous velocity magnitude at t=0.2s (RNG k-epsilon)
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Figure A.6 Time-averaged velocity magnitude (RNG k-epsilon)
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Figure A.7 Instantaneous axial velocity at t=0.2s (RNG k-epsilon)
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Figure A.8 Time-averaged axial velocity (RNG k-epsilon)
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Figure A.9 Instantaneous velocity magnitude at t=0.2s (RSM-epsilon-LRR)
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Figure A.10 Time-averaged velocity magnitude (RSM-epsilon-LRR)
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Figure A.11 Instantaneous axial velocity at t=0.2s (RSM-epsilon-LRR)
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Figure A.12 Time-averaged axial velocity (RSM-epsilon-LRR)
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Figure A.13 PVC visualisation (RSM-epsilon-LRR)
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