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ABSTRACT

Although Large Eddy Simulation (LES) has demonstrated its potential for
modelling the reaction in simple academic combustors, it is more
computationally expensive than Reynolds Averaged Navier-Stokes (RANS)
which has been used widely for industrial cases. The aim of this research is to
employ LES at minimal grid resolution and computational resource
requirements to capture the main characteristics of the reacting flows in a

helicopter combustor and exhaust plume with the focus on NO, emissions.

Test cases have been carried out to validate the current LES code for non-
reacting jet, non-premixed combustion and unstructured grids. Despite the
moderate grid refinement and simple chemistry models employed, the findings
from these test cases have demonstrated good capabilities of the current LES
to capture the mixing, flame and flow characteristics. In a farther test case, a
key gas-phase chemical reaction selected for the helicopter exhaust plume
modelling has also been tested.

The validated LES code is then employed in the numerical study of the reaction
in the helicopter combustor. The LES predictions in terms of the temperature
and EINOy agree generally well with the combustor design, analytical solutions,
previous LES and test measurements. Subsequently, the potential application
of LES for the calibration of simpler models has been assessed for the generic
and helicopter combustors. The results obtained from LES are compared with
those from a one-dimensional combustor performance and emissions code,
HEPHAESTUS, developed within the Cranfield University Power and
Propulsion Department. The discrepancies between the results are found to be
primarily due to specific simplification and assumptions established in the
HEPHAESTUS model which can be addressed.



Finally, LES has been employed to model the transformation of NO to NO; in
the helicopter exhaust plume. The findings from this research have
demonstrated that, even without the implementation of highly dense mesh or
advanced reaction model, LES is able to provide results with an acceptable
level of fidelity at relatively low computational costs. These advantages make it
a powerful predictive tool for future design and emissions optimisation

investigations, and calibration of other simpler modelling approaches.
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Chapter 1 Introduction

1 INTRODUCTION

This chapter provides an introduction to the current research. It includes the

research motivations, problem statement, aim, objectives, and thesis structure.
1.1 Motivations and Problem Statement

Due to the continuous growth of air travel over the past few decades, there
have been increasing environmental concerns over the impacts of aviation
emissions on the climate and air quality. These have led to the development of
more stringent policies and significant world-wide efforts to reduce aviation
emissions, and given rise to the European Clean Sky programme, in which
Cranfield University has been actively taking part. The Clean Sky Joint
Technology Initiative (JTI) began in 2008 and represents a partnership between
the European Commission and the aeronautical industry. It has the mission to
develop breakthrough technologies to design more environmental-friendly,
highly efficient aircraft which will meet the goals set by Advisory Council for
Aeronautics Research in Europe (ACARE) in 2020. These targets are to reduce
50% of carbon dioxide (CO,) emissions through the reduction of fuel
consumption, reduce 80% of nitrogen oxides (NOy) emissions, reduce 50% of

external noise, and design a green product life cycle.

Meeting the Clean Sky JTI goals by reducing aircraft harmful emissions will be
beneficial to the human health and environment, and reduce the airline
operational costs. To achieve these targets, improving combustion technologies
seems to be the most promising approach since the combustion process
controls the amount of aircraft emissions generated. Predominant pollutants
emitted from modern aircraft engines are NOy (Bahr, 1992). NO4 enhance the
formation of ozone (O3) in the troposphere which results in the climate warming
(Penner et al., 1999; Sausen et al., 2005). Furthermore, at ground level, they

contribute to the production of photochemical smog and acid rain.
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The NO, production, which is directly influenced by the quality of the
combustion process, can be reduced by lowering the reaction temperature,
decreasing the residence time, and eliminating the hot spots from the reaction
zone. However, the decrease in NOy production is normally achieved at the
expense of the combustor performance, and carbon monoxide (CO) reduction.
Therefore, one of the main challenges in designing gas turbine combustors is
the optimisation of harmful emissions, performance, and stability of the

combustion process.

Combustion involves many complex processes, such as turbulence, mixing,
thermodynamics, chemistry, heat and mass transfer, which often interact and
are interdependent. The chemical reaction takes place in a highly turbulent
environment where the unsteady fluid motions of a wide range of length and
time scales are present. The mixing process is crucial for the engine
performance and pollutant emissions. For the combustion process, the rate of
reaction depends on the mixing and entrainment rates. The mixing between the
aircraft jet exhaust and ambient air is also important because it controls the

reaction and dispersion of pollutants in the environment.

Since the aircraft emissions are dictated by the combustion process, the
combustion flow characteristics, as well as the parameters affecting the
pollutant formation, have to be well understood. Successful improvement of the
combustion process with high efficiency and reduced pollutant emissions
requires accurate predictions of important flow-field quantities. Although
experimental studies have been undertaken to understand the characteristics of
reacting turbulent flows, they may not be able to provide adequate information
for the combustor design process. This is due to the limitations in the
measurement technology, and high setup costs associated with comprehensive

parametric studies.
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Advances in the numerical simulation, combustion modelling and parallel
computing made over the years have significantly enhanced the application of
computational fluid dynamics (CFD) in the design and optimisation processes
for the development of more environmental-friendly, energy efficient and reliable
combustors. It increases the understanding of the complex flow phenomena,

and reduces the amount of the experimental trial and error.

The combustion process in CFD is described by the governing transport
equations for fluid flow and heat transfer, along with models for combustion
chemistry. Reynolds Averaged Navier-Stokes (RANS) CFD, a classical
turbulence modelling approach used widely in the industry, models all scales of
motions and describes flows in a statistical sense. Another turbulence model
which has recently been the focal point of combustion modelling is Large Eddy
Simulation (LES). In this approach, the larger-scale eddies are resolved directly
while the smaller eddies and their interactions with the large-scale motions are

represented by the mathematical models.

In LES, the combustion process has to be modelled since the chemical reaction
and heat release occur primarily at the smallest scales. However, by solving for
the large, energy-containing scales of motions which dictate the behaviours of
turbulent flows and the mixing rate, the LES approach is expected to be
superior to RANS in capturing turbulent combustion characteristics. LES has
also been demonstrated to provide excellent evaluations of reacting flow fields

for simple academic combustors.

Despite its promising performance, LES of turbulent combustion is nonetheless
a challenge. The difficulty of applying the LES approach in reacting flows
involves treating the unclosed terms related to combustion processes and
incorporating chemistry into LES. Therefore, its application as an analytical
production tool to real aeronautical gas turbine combustors still requires further

development and validation.
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Of particular interest is the study of helicopter combustor and emissions, which
has only been considered by a limited number of researchers. This is partly due
to the fact that there are no emission certification requirements imposed by
International Civil Aviation Organization (ICAO) for helicopter engines at present
(ICAO, 1993). In addition, the helicopter emissions are very difficult to evaluate
because their engine emission data are not usually publicly accessible and
there is limited information available for conducting emissions inventories. While
there are currently not any helicopter NO, emission standards, the pollutants
emitted from the helicopter engines should not be disregarded. This is because
their adverse impacts on the environment and human beings can be significant
due to the large number of helicopters in service, the high-performance and

relatively low-altitude nature of the helicopter operations.

Notable amount of research carried out on aircraft exhaust has been primarily
concerned with the jet development, spreading, mixing and entrainment.
Although the knowledge of these processes is crucial for the study of aircraft jet
noise, exhaust plume dilution and pollutant dispersion, the investigation of
atmospheric effects of aviation requires further information on the chemical
processes which occur while the hot exhaust gases cool and mix with the

ambient air.

However, important exhaust species are presently inaccessible to quantitative
measurements. Furthermore, there are only few studies focused especially on
the aviation plume chemistry. Therefore, it is important to reproduce the reactive
jet flow in order to provide a better understanding of the interaction between the
exhaust and environment, and aid the design and development of aircraft
engine with reduced emissions. This has triggered the interest to investigate the

reaction in helicopter exhaust plume in the context of NO, emissions.
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Despite the level of detail and fidelity it provides, LES is computationally
expensive. Therefore, it is generally more practical to employ simpler
performance and emissions modelling codes for the design optimisation
processes which only require the predictions of bulk flow properties. However,
since these basic codes have been significantly simplified, they need to be
validated and calibrated in order to become powerful modelling tools for
practitioners. In cases where the experimental data are unavailable to be used
for validation, a higher-fidelity approach, such as LES, has the potential to be
applied in the calibration of these performance and emissions models.

Therefore, to apply LES to gain more insights into areas which lack
understanding and available data such as the helicopter NOx emissions and
reaction in the helicopter jet exhaust will be greatly beneficial to the
development of more environmentally-friendly helicopter engines. The validated
LES at minimal grid can be employed in the design optimisation processes with
high fidelity at reasonably low computational cost. Furthermore, it can also be
used to calibrate or enhance other simpler combustion performance and

emissions models. Hence, the reliance on the experimental studies diminishes.

1.2 Aim and Objectives

This research aims to employ LES at minimal grid resolution and computational
resource requirements, in terms of the number of processors utilised and
execution time, to capture the main characteristics of the reacting flows in a
helicopter combustor and reactive exhaust plume with the focus on NOy
emissions. This will be significantly beneficial to the future design optimisation
processes and calibration of other simpler performance and emissions
modelling codes which will lead to the development of more environmentally-

friendly, highly-efficient helicopter engines.
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The objectives of this research are as follows:

>

To develop a framework for LES of helicopter combustor by selecting,
from the literature survey, appropriate combustion and chemistry models
with the consideration of the level of fidelity, computational cost, and its
potential application in the future design optimisation studies.

To test and validate the LES code against the measurements from well-
established experiments for a non-reacting jet and non-premixed
combustion to assess the performance of the code in capturing mixing
and flame characteristics, and predicting important flow quantities.

To carry out the sensitivity analysis for the LES code to investigate the
effects of chemistry models, grid types and resolution on the simulation

results.

To select a reference helicopter combustor, create the geometry, perform
LES to provide an insight into the flow phenomena in a helicopter

combustor, predict temperature and NOy emissions.

To assess the potential application of the validated LES code as a
calibration tool, and investigate the limitation of a one-dimensional (1-D)
in-house emissions modelling code, HEPHAESTUS, by comparing the
temperature and NOy predictions obtained from the LES code with those
from HEPHAESTUS.

To select, from the literature review, a key chemical reaction and kinetic
parameters in the context of the reaction between NOy emissions in the

exhaust plume and the atmosphere.

To test and validate the selected chemical reaction mechanism against
the classic experimental data prior to its application for the helicopter

exhaust plume study.
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» To employ LES to investigate the chemical reaction of NOy in the
helicopter exhaust plume with the ambient air, and the effects of exhaust

temperature on the reaction.

1.3 Thesis Structure

This thesis consists of eight chapters:

Chapter 1 provides a general introduction to this thesis. It includes the research

motivations, problem statement, aim, objectives and thesis structure.

Chapter 2 discusses the introduction and background to the current research. A
review of literature on non-reacting and reacting jet flows, combustion,
environmental emissions with the focus on NOy and exhaust modelling has
been conducted. The information on jet flows, combustion characteristics, NOy
formation and aircraft exhaust obtained from the literature survey provides the

preliminary grounds for the current research.

Chapter 3 provides a summary of the numerical methods employed in this
study. This starts with the governing equations for LES, followed by the reaction

and NO, models.

Chapter 4 presents the results of four test cases. The first test case is LES of a
non-reacting round jet with a co-flow carried out to evaluate the performance of
the LES code in capturing passive scalar mixing. The significance of this test
case is that this jet configuration resembles that of a simplified combustor and
engine exhaust. An understanding of the mixing characteristics is important
since the mixing rate controls the rate of reaction. The second test case is LES
of a coaxial jet combustor. This test case is conducted to validate the LES code
for non-premixed combustion studies and investigate the sensitivity of the LES
results to the grid resolution and chemistry models employed. Moreover, a
comparison between the performances of LES and RANS in modelling

combustion is made. The third test case is carried out to compare the results of
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combustion LES on structured and unstructured grids. Finally, the last case,
which is a reacting jet, is performed to test the NO, chemical reaction and
kinetic parameters which will be employed in the modelling of the helicopter

exhaust plume reaction in Chapter 7.

Chapter 5 details the results from LES of a helicopter combustor. It includes the
description of the helicopter combustor configuration, operating conditions and
computational setup employed in this research. Thenceforth, the LES results in
terms of temperature and NOy emission index (EINOy) are compared with those
obtained from the combustor design, analytical solutions, previous LES and test

measurements.

Chapter 6 serves to assess the potential of the current LES code to be used as
a calibration tool for other simpler performance and emissions modelling codes.
The modelling assumptions made in LES and HEPHAESTUS are first
discussed. The temperature and EINOy predictions obtained from both methods

are then compared for the reaction in the generic and helicopter combustors.

Chapter 7 presents the LES results of the reaction between NO in the helicopter
exhaust plume and ambient air. The flow conditions, computational domain and
setup are described. In addition, the effects of exhaust temperature on the NO

chemical process are investigated in this chapter.

Chapter 8 concludes the findings from the current research. Furthermore, the
recommendations for the future research are discussed in this chapter.
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2 BACKGROUND TO THE CURRENT RESEARCH

This chapter consists of four main sections which are non-reacting jets, reacting
flows and combustion, NOx emissions, and engine exhaust modelling. The
information obtained from this literature survey provides the preliminary grounds

for the current research.

2.1 Non-Reacting Jets

The study of jet flow is vital for the current research since the jet configuration
manifests flow phenomena which resemble those in jet engine combustors and
exhaust. Understanding the characteristics of these flow features will help shed
light on their influences on the rate of mixing and reaction. Therefore, studies
have been conducted to investigate the jet flow structures and characteristics.
The physical nature of the large-scale structures in the mixing layer of a round
jet was experimentally investigated by Yule (1978). He found that the large
eddies were three-dimensional and contained irregular small-scale turbulent
structures. These small-scale eddies contributed significantly to the local
velocity fluctuations and the statistical correlations (Yule, 1978).

Gazzah et al. (2010) numerically investigated the effects of a co-flowing jet on
the spreading and entrainment rates of a turbulent round jet employing the
RANS k- epsilon (k-€) and Reynolds Stress Model (RSM). When compared with
the free jet case, the results showed that the main effect of the co-flowing jet
was the reduction of the jet decay rate. Therefore, the co-flowing jet tended to
mix more slowly with the ambient air than the jet without a co-flow. The results
suggested that the co-flowing jet introduced a considerable restriction on the
spreading rate and the turbulent mixing.
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Doolan and Mi (2007) employed the Unsteady RANS (URANS) Spalart-
Allmaras turbulence model to numerically study the passive scalar mixing in the
wake of a slightly heated cylinder. The URANS approach was able to capture
the key features of the flow fields, the unsteady flow structures in the separation
shear layers and the passive scalar fluctuations in the near-wake regions.
However, excessive dissipation produced by the turbulence model affected the
near-wake flow. The URANS method under-predicted the size of the
recirculation bubble behind the cylinder and over-predicted the drag. These
limitations had to be taken into account when employing the URANS model in

solving for the scalar mixing behind bluff bodies.

The RANS approach is employed to compute the flow fields of most turbulent
jet flows (Wilcox, 1993). However, it is not accurate for jet applications because
it only provides a statistical representation of the turbulent flow (Georgiadis et
al., 2006). This leads to a growing interest in employing the LES approach to
reproduce such flows, owing to the higher degree of flow detail which can be

obtained.

2.1.1 LES for Non-Reacting Jets

Recently, the LES approach has been employed extensively for turbulent round
jets due to its superior accuracy over the RANS approach and the detailed
physical insights it provides. As shown in the study of a round jet by Zhang and
Stanescu (2010), the LES approach was able to capture instantaneous and
statistical turbulent structures very well. The instantaneous, less-organized
coherent structures in the study were resulted from Kelvin-Helmholtz
instabilities. The axial velocity component decelerated downstream due to the
conical vortex breakdown of the laminar high-speed fluid sheet into small-scale
turbulent structures. In addition, the total turbulent fluctuation energy also
decreased with increasing downstream distance. Zhang and Stanescu (2010)
also found that the fine grid was able to capture more turbulent fluctuation

energy than the coarse grid.

10
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Suto (2004) employed the LES model with a higher-order differencing scheme
in a developing round jet. The flow domain consisted of initial, transitional and
established stages of the jet. In this study, two subgrid-scale (SGS) models
tested were the Smagorinsky model (SM) and dynamic Smagorinsky model
(DSM) (Smagorinsky, 1963). The simulation results from LES with both SGS
models agreed well with the experimental data except at the transitional stage

of the flow fields, where DSM provided more accurate predictions than SM.

Since LES directly solves for the large-scale turbulent structures which are
responsible for the mixing process, it is able to provide high-fidelity predictions
of the mixing characteristics. This leads to a growing interest in applying LES of
non-reacting jet flows particularly in the study of the environmental emissions
and noise. Poll et al. (2009) employed LES of a turbulent co-flowing jet to study
the flow fields and passive scalar mixing in the initial jet development region to
provide an insight into the effects of the interaction between the engine exhaust
and aircraft trailing vortices on the air quality. The simulation results from the
study showed that the LES approach was able to accurately capture the key
flow features, mixing and jet development, especially in the near-field region.

Ranga-Dinesh et al. (2010a) carried out LES of a turbulent jet, with and without
a bluff body, at a high Reynolds number. The study aimed to analyse the
turbulence intermittency of the velocity, the scalar fields and their variation
corresponding to different inlet conditions. In addition, Ranga-Dinesh et al.
(2010b) carried out a numerical study employing LES to investigate the mixing
and intermittency of a turbulent high-velocity coaxial jet with a core jet. The
simulation was able to capture the inner potential core, outer potential core and

intense fluctuations in the mixing regions.

11



Chapter 2 Background to the Current Research

Due to the stringent requirements to reduce aircraft engine noise, the design
and development of noise reduction devices for the jet exhaust systems have
been a vital research area. Some of the noise reduction concepts aim at
increasing the exhaust streams mixing and modifying the jet turbulent
characteristics (Janardan et al., 2000). Accurate CFD simulations are, thus,
required to enhance the analysis of these noise reduction concepts by providing

an insight into the jet aerodynamics and complex turbulent flows characteristics.

The major issue of the RANS calculation is its time-averaging approach which
removes all the spectral information necessary for noise prediction. The LES
approach, on the other hand, solves for the spectral information of the large-
scale motions. As most downstream noise in a turbulent jet is produced by the
large-scale structures at the potential core tip, LES is a promising method which
is able to provide the detailed descriptions of the turbulent structures and

capture major noise sources.

De Bonis and Scott (2002) carried out LES of a turbulent compressible round jet
using a computational grid which included the entire nozzle geometry. The
simulation results showed that LES was able to accurately capture the turbulent
flow physics. The influence of the nozzle modelling in LES of turbulent free jets
for a low-speed condition and a high-speed condition was investigated by Wu et
al. (2005). Despite the superior performance of the LES approach demonstrated
in these studies, the inclusion of the nozzle geometry in the computational
domain does not always produce more accurate flow predictions due to the high
near-wall grid requirements of LES. This was demonstrated by Eastwood et al.
(2010), who carried out Numerical LES (NLES) of a co-flowing jet on a
computational grid which included the short-cowl nozzle geometry. In this study,
the NLES approach over-predicted the mean axial velocity at the jet centreline
because the near-wall mesh resolution at the nozzle rear was inadequate for
LES to accurately capture the flow behaviours in this region. This caused rapid

mixing behind the nozzle and non-physical flow separation from the nozzle wall.

12
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2.2 Reacting Flows and Combustion

When assessing the impact of aircraft emissions on the climate and air quality,
it is necessary to consider reacting flows since the combustion process inside
gas turbine engines determines the amount of emissions being discharged into
the environment. In addition, after being emitted from the engines, some of the
exhaust species continue to react with the ambient air, and are transformed into
other chemical species. In this section, the survey on different types of flames is
first carried out to provide the information on the flame characteristics. The
flame types presented are the non-premixed, premixed and partially-premixed

flames.

Subsequently, a review on the experimental and numerical studies of other
researchers on reacting jet flows and gas turbine combustors is carried out to
provide the information on expected flow features. For the numerical studies,
the review focuses on LES which is the main turbulence modelling approach
employed in this research. Furthermore, requirements, advantages and
limitations of various numerical techniques for reacting flows employed by these
researchers are discussed so that appropriate models for the current research

can be selected.

2.2.1 Non-Premixed Flame

In non-premixed combustion, the fuel and oxidiser are introduced through
different inlets, and mixed at the molecular level by turbulence. The product
formation and heat release from the chemical reaction occur in the regions
along the interface. The streamwise fluid shear initiated by the difference
between the inlet velocities of the fuel and the oxidiser enhances the turbulence

in the mixing layer.

13
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Experimental studies on non-premixed jet flames have been conducted to
provide a better understanding of the structures of such flows. Seitzman et al.
(1990) carried out an experiment of a highly turbulent non-premixed hydrogen
(H2) jet flame burning in the air and observed that the large-scale motions
carried the thin conical region generated near the nozzle exit into the jet
downstream. This finding agreed with the finding of Schefer et al. (1994) who

showed the locations of the flame sheets in a lifted methane flame.

The Roquemore group at Wright Laboratory carried out experiments and
illustrated that the large-scale motions were present within several fuel flames
(Chen et al., 1991). Similar conclusions about the structures of reacting jet flows
were made by Kim and Shin (1994) who carried out an experimental study of a
slow co-flowing jet of propane (CsHs), methane (CHg), and N,-CH; mixture

burning in the air.

Besides the experiments, numerical studies have been carried out to reproduce
non-premixed combustion. Colucci et al. (1998) developed and implemented a
Filtered Density Function (FDF) method for LES of a developing mixing layer
and planar jet. Broadwell and Lutz (1998) showed in their studies that
downstream of the jet exit, the large-scale motions carried the flame sheet into
the central regions. This agreed with the findings in the experiments described

previously.

Kurose (2001) carried out an LES of non-premixed reacting mixing layer to
study the effects of heat release on the reaction process. Tkatchenko et al.
(2007) carried out a numerical study to compare the performances of the LES
and RANS approaches in modelling the reaction in a coaxial jet mixer. The
comparison revealed that LES was able to capture oscillating movements of the
recirculation vortex while the URANS approach failed to predict the unsteady

flow characteristics.
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2.2.2 Premixed and Partially-Premixed Flame

In premixed combustion, the flame is generally stabilised by a recirculation zone
formed behind the stabiliser and spreads obliquely across, consuming the
reactants in the unburned stream. The reaction zone is highly convoluted and
consists of many isolated hot and cold gas pockets (Spalding, 1971). According
to Bray et al. (1985) the turbulent combustion zone in a premixed flame
comprises either a single thin wrinkled flame or pockets of reactants and
products separated by thin flames.

Calculation procedures and numerical models have been developed by
researchers to describe the premixed flame. One of the earlier numerical
methods was proposed by Spalding (1971) to solve the partial parabolic
differential equation of turbulent premixed flame. Bray et al. (1985) developed a
general formula for premixed turbulent flames. The model was subsequently
revised for the mean product creation rate based on an extension of the Bray-
Moss thermochemistry description to include the influence of the strain rate
(Bray et al., 1989). Bray et al. (2005) later used a mixture fraction and a

progress variable to describe the partially-premixed combustion.

Derksen et al. (2003) proposed a combustion model based on the transport of
reaction progress variables, mixture fraction, and enthalpy. The proposed model
was able to describe premixed, non-premixed, adiabatic and non-adiabatic
combustion with heat loss through radiation. Weller et al. (1998) proposed a
new flame-wrinkling combustion model for LES, derived using conditional
filtering, in which flame-wrinkle density function was used to represent flame
distribution. The model was employed in the simulations of non-reacting and
reacting flows over a backward-facing step with a lean propane-air mixture.
Hawkes and Cant (2000) employed the flame surface density concept for the

LES modelling of premixed turbulent combustion.
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Research has been carried out to assess the fidelity of LES for premixed
combustion. Moller et al. (1996) employed LES to study the premixed
combustion of flow passing a triangular-shaped flame stabiliser with propane as
the fuel. The simulation results showed that the LES approach was able to
capture the flame front movement and predict flow properties well.

Chakravarthy and Menon (2000) performed LES of a jet impinging on an
adiabatic wall to simulate premixed flames in turbulent stagnation zones. The
simulation results revealed that LES with the subgrid flamelet method was able
to accurately capture the characteristics of the flame propagation and their
effects on the fluid dynamics. Duchamp de Lageneste and Pitsch (2001)
performed LES of a premixed methane-air Bunsen flame. Duwig and Fureby
(2007) employed the LES approach in the simulations of perfectly premixed and
stratified premixed reacting flows.

2.2.3 LES of Gas Turbine Combustors

Some of the main numerical approaches developed for modelling turbulent
combustion are the flamelet model (Peters, 1984), probability density function
(Pope, 1985), linear eddy modelling (Kerstein, 1992), and conditional moment
closure (Klimenko and Bilger, 1999). Although these concepts were first
proposed in the context of RANS, they have been extended for LES. A
significant amount of research has been carried out to demonstrate the potential
of LES for modelling the reaction in simple academic combustors. For such
configurations, LES provides accurate predictions of mean and root mean
square (RMS) of velocity, scalar mixing, temperature and species

concentrations (Pitsch, 2006).
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LES with the steady flamelet model was successfully implemented in non-
premixed combustion by Cook et al. (1997). The unsteady flamelet model
employed in LES of a piloted jet diffusion flame performed by Pitsch and Steiner
(2000) was able to predict CO quantities which matched the experimental data
very well. In LES of a turbulent jet diffusion flame carried out by Forkel and
Janicka (2000), a mixture of H, and N, (nitrogen) was discharged from a round
jet into co-flowing air in a cylindrical computational domain. Mahesh et al. (2001,
2004) studied the reacting flow in a simple coaxial jet combustor with swirling
annular air employing LES.

Pierce and Moin (1998) employed a dynamic procedure to model the sub-grid
scale variance and the dissipation rate of a conserved scalar in LES of turbulent
reacting flows. They then developed a progress variable approach for LES of
non-premixed combustion (Pierce and Moin, 2004). The model was tested in a
methane-fuelled coaxial jet combustor with non-swirl air co-flow. The LES
approach employed in the study was able to capture realistic flame behaviours
such as the unsteady, lifted flame dynamics which agreed well with the
experimental data. However, this approach was unable to provide the details of

combustion process such as pollution formation.

Pitsch and Ihme (2005) proposed an unsteady flamelet progress variable model
for LES, which was an extension of the LES model developed by Pierce and
Moin (2004), and implemented in the numerical study of a confined swirl coaxial
jet combustor. Mehesh et al. (2006) applied the LES model developed by Pierce
and Moin (2004) to gain an insight into the combustion process in a complex
gas turbine combustor. Wang et al. (2007) successfully incorporated the
relaxation method into LES of non-premixed combustion for a coaxial jet

combustor.
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Albouze et al. (2009) coupled chemical kinetics modelling with turbulent
combustion models for LES of a lean premixed swirled combustor. They found
that the prediction of CO mass fractions within the flame depended on the
model employed. Duchamp de Lageneste and Pitsch (2001) carried out an LES
investigation of a partially-premixed dump combustor with two channel flows
carrying a propane-air mixture of different equivalence ratios. The comparison
between the results of non-reacting and reacting cases revealed that the
recirculation zones behind the steps were shorter in the reacting case due to
the strong acceleration behind the flame.

Di Mare et al. (2004) employed LES with the non-premixed combustion model
to predict temperature and species concentrations in a can-type gas turbine
combustor. LES was able to capture, in great detail, complex flow patterns
developed from the strong interaction between the swirling flow in the primary

zone and the impinging jets.

Selle et al. (2004) performed LES of a square combustor with an industrial gas
turbine burner using unstructured grid. The simulation results demonstrated the
potential of LES for predicting reacting and non-reacting mean flow fields as
well as the main combustion instability modes. Roux et al. (2005) studied
reacting and non-reacting flows in the combustor with the configuration similar
to that in the study of Selle et al. (2004). The LES results of the mean flow fields
closely matched the experimental data. This combustor configuration was also
considered in the LES instability analysis of an industrial swirled burner carried
out by Selle et al. (2006).

2.2.4 LES of Helicopter Combustors

Although a notable amount of work on LES of simple academic flames has
been carried out and communicated to the open public, hitherto LES of a
helicopter combustor has only been considered by a limited number of

researchers.
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Boudier et al. (2007) compared LES and RANS of a helicopter combustor
designed by Turbomeca (Safran group). The simulation results revealed that
LES out-performed the RANS approach. Compared to RANS, LES predicted
higher temperature values in the reaction region and less pronounced jet
penetrations. For LES, the peak temperature was essentially encompassed in
the combustor primary zone while RANS predicted longer flame front which
spread beyond the primary zone. The discrepancies between the results were

mainly due to the smearing effects of the RANS model.

Boudier et al. (2008) later studied the influences of grid resolution on LES of the
helicopter combustor employing their specialised higher order scheme LES

code on meshes consisting of 1.2 to 44 million tetrahedral elements.

Other work on the same helicopter combustor geometry included the LES study
of combustion instabilities carried out on meshes composing of 38 to 336 million
tetrahedral elements (Staffelbach et al., 2009; Wolf et al., 2009, 2012) and the
incorporation of the detailed chemistry in the LES code to study the effects of
the fuel stream equivalence ratio on high temperature regions (Auzillon et al.,
2013). Boileau et al. (2008) employed 700 processors to compute LES of an
ignition sequence in the helicopter combustor. All of these studies either
employed very dense meshes, high-order numerical schemes or both.
Massively parallel computing was, therefore, necessary to perform such

calculations.

High computational resource requirements for performing these LES
calculations have provided the motivation for the current research to employ
LES at minimal grid resolution to capture the core flow and flame front
development in a helicopter combustor in lieu of detailed unsteadiness and fine-
scale near-wall motions since important aspects of the combustion process,
such as the main reactions and pollution formation, usually take place far away

from the wall.
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2.3 NO, Emissions

This section details a review of environmental emissions with the focus on NO.
To appreciate the need to reduce aviation emissions, the impacts of these
emissions on the climate and air quality have to be first understood. Moreover,
a review on NOy formation characteristics is vital for the current research as it
provides insights into different NOy mechanisms and important parameters
controlling the NOy generation which are necessary for the NOyx emission
studies. Since aviation NOy are produced mainly from the combustion process,
previous experimental and numerical investigations on gas turbine combustor
NOy emissions are surveyed. Furthermore, the information on how different
numerical techniques are employed in the NOyx emission predictions provides

NOy modelling guidelines for the current research.

2.3.1 Aviation Emissions

As the air traffic worldwide is expected to grow by 3%-5% per year (Penner et
al., 1999), it is crucial to understand the characteristics of harmful aviation
emissions, their impacts on the human health and environment in order to
appreciate the urgency to develop suitable measures to reduce these
emissions. Aircraft engine exhaust consists mainly of N,, O, (oxygen), NOy,
CO;, H,O (water vapour), CO, UHC (unburnt hydrocarbons), soot, and SOy
(oxides of sulphur). NOy are combustion by-products while CO, and H,O are the
final products of the combustion process. CO, UHC, soot, and SOy result from
incomplete combustion. SOy are of little concern, since aviation fuels have very

low sulphur contents (Wulff and Hourmouziadis, 1997).

Aviation emissions are increasingly recognised as the main contributors to
global warming (Penner et al., 1999). CO, is a greenhouse gas which causes
global warming. It absorbs infrared radiation emitted by the atmosphere and
earth surface, preventing it from being radiated into the outer space (IPCC,

2007). CO and NOy are toxic. NOy contribute to the formation of acid rain and
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chemical smog in the atmosphere. These are harmful to human, plants, agquatic
animals and structural infrastructure (Brasseur et al., 1998). NOy from aviation
emissions also enhance the O3 concentration in the troposphere (Janic, 1999).
An increase in the tropospheric Os influences radiative forcing (IPCC, 1990),
and affects human health, vegetation and materials (Tilton, 1989). Prolonged
exposure to high Oz concentration of about 100 ppb leads to respiratory
illnesses, allergies, headaches and impaired vision. In the stratosphere where
supersonic aircraft typically fly, emitted NOy deplete the O3 layer, allowing more

harmful ultraviolet rays to reach the earth surface (Penner et al., 1999).

Pison and Menut (2004) analysed the impacts of air traffic emissions on the O3
concentration in the troposphere and found that the effects of commercial
aircraft emissions in large urban areas were significant. The results also
showed that the NOy emissions affected the Oz concentration more than the

volatile organic compounds (VOCs), especially during the night.

Gardner et al. (1997) presented a global inventory of NOx emissions from civil
and military aviation. The vertical distribution of the NO, emissions showed that
for civil aircraft, 60% of NOx were emitted at cruise altitudes of 10-12 km while

the bulk of the military emissions were associated with low level activities.

Pham et al. (2010) presented an aviation emission inventory for Australian
Airspace. The emission data indicated that by weight, CO, was the largest
contributor to aviation emissions followed by CO, UHC, NOyx and SOy
accordingly. The findings also suggested that NOy emissions from aviation
might have a considerable impact on the O3 layer in the upper troposphere but

not within the stratosphere.
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2.3.2 NO, Formation Characteristics

Nitric oxide (NO) formed in combustion processes is subsequently oxidised to
nitrogen dioxide (NO,). Therefore, it is customary to combine NO and NO; in
terms of NOy. There are four mechanisms responsible for the NO formation: the
thermal NO (Zeldovich), prompt NO (Fenimore), nitrous oxide (N2O)
intermediate, and fuel NO (Lee et al.,, 2004). In non-premixed hydrocarbon
combustion, the first two mechanisms contribute to most of NO formed
(Bowman, 1992). In non-hydrocarbon flames, only the thermal mechanism is
responsible for the NO formation. The N,O intermediate mechanism becomes
important as the pressure increases (Bowman, 1992). The fuel NO mechanism

only occurs in fuel with bound nitrogen.

The production of NO depends on parameters such as the local temperature, O
atom concentration, local mixing rates, flame residence time, radiative heat
loss, NO formation mechanisms, flame strain, and, for hydrocarbon flames, the
fuel-rich chemistry (Frank et al.,, 2000, Drake and Blint, 1989; Chen and
Kollmann, 1992; Buriko and Kuznetzov, 1978; Turns and Lovett, 1989; Turns
and Myhr, 1991). A decrease in the residence time and temperature increases
the strain at the flame front which, in turn, reduces the NO formation (Drake and
Blint, 1989, 1991).

Experimental and numerical studies have been carried out to investigate the
effects of various parameters on the NO emission characteristics. Broadwell
and Lutz (1998) computed NOy emissions from CH,4, CO-H,, and H; flames at
various conditions. Their model included the assumption that the scalar mixing
fluctuations had an insignificant effect on the average concentration of the
products leaving the flame. This assumption was based on the experimental
studies of Brown and Roshko (1974), and Dimotakis et al. (1983), which
suggested that the entrainment of fluid into the turbulent jets and the
subsequent mixing were dictated by the unsteady large-scale motions. The
computations of Broadwell and Lutz (1998) revealed that buoyant forces

increased the entrainment rates, shortened the flame length, increased the gas
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velocity, and thus reduced the gas residence time in the flame while the
radiation lowered the flame temperature. For the CH,4 flame, the NO, formation
occurred primarily in the regions near the flame tip, where the high temperature,
O and CH radical concentrations promoted the thermal and prompt

mechanisms respectively.

Ouimette and Seers (2009) measured the EINOy of partially-premixed laminar
flames for five different synthetic gas mixtures over a range of equivalence
ratios. They found that the thermal mechanism was a dominant mechanism
responsible for the NOy formation in the H,-CO-CO, flames and the NOy
emissions were mostly a function of the flame temperature. Compared to
hydrocarbon combustion, synthetic fuels produce less NOy due to their lower
flame temperatures and the absence of the prompt NOx mechanism associated
with hydrocarbon combustion chemistry (Turns, 2000).

Turns (1995) studied the influences of nozzle exit diameter, initial jet velocity
and fuel type on the EINOy in non-premixed jet flames. For all the fuels studied,
the characteristic temperatures fell with increasing global residence time. The
results also showed that the N, dilution reduced the flame lengths, global
residence times, adiabatic flame temperatures and radiant fractions. For the
C,H, and C3Hg flames, the EINOy increased with the N, dilution as a result of

the higher characteristic non-adiabatic flame temperatures.

2.3.3 Gas Turbine Combustor NO, Emissions

The NOy emission characteristics of gas turbine combustors were investigated
by Saito and Sato (1994). In their experiment, the combined effects of the inlet
air temperature, combustor pressure, and combustion air-fuel ratio on the NOy
emissions were investigated for a premixed gas fuel with methane as the main
composition. The experiment results revealed that the NOy emissions increased
with the inlet air temperature and combustor pressure. A larger increasing rate

of the NOx emissions with an increasing inlet air temperature was resulted when
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the air-fuel ratio in the combustion zone was decreased. The findings suggested

that the air-fuel ratio had a significant influence on the NO, emission rates.

The need to lower the NO4 emission level has led to an increasing use of CFD
to provide an insight into emission processes. Benim and Syed (1998)
employed the standard RANS k-¢ turbulence model in conjunction with the
Laminar Flamelet Method (LFM) to predict the NO production in a lean
premixed recirculating flame. The simulation was carried out on a two-
dimensional (2-D) grid. The results revealed that the LFM constantly under-
predicted the NO level since it only considered the thermal NO mechanism,
while in the highly lean premixed combustion, the N;O intermediate
mechanisms dominated the total NO formation. Benim and Syed (1998) also
suggested that the k-¢ turbulence model, which performed poorly in highly

swirling flows, contributed to the inaccuracy of the simulation results.

Hamer and Roby (1997) performed a 2-D RANS k-¢ analysis of an
axisymmetric, swirl-stabilised stationary gas turbine combustor. The results
demonstrated that the trend in NO emissions was well predicted. However, the
limitation of the k-€ model was that it under-predicted the mixing associated with

the swirling flows due to its isentropic turbulence assumption.

For the industrial gas turbines, the use of lean premixed combustion has
effectively led to the reduction of NOyx emissions through lowered flame
temperature (Saito and Sato, 1994; Benim and Syed, 1998). This is because, at
a stoichiometric condition, the regions of high fuel-air ratio burn at high
temperatures, thus promoting the NOy formation. An example of the lean
premixed combustion application is the vortex-breakdown stabilized, lean-
premixed, double cone burner (DCB) developed at ABB (Sattelmayer et al.,
1992) which has successfully reduced the NOy emissions and achieved high
efficiency. However, the benefits of reducing the NOy emissions by employing
the lean premixed flame concept may be offset by rising combustion
instabilities. Therefore, this concept does not apply to aircraft engines due to the

stability requirement for a wide range of operating conditions.
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The formation of NOy in a staged diffusion flame combustor was investigated
numerically by Barths et al. (1998) employing the RANS k-¢ model. The results
were validated against the experimental data of the kerosene-fuelled combustor
at BR715 engine take-off conditions. The analysis of the reaction paths
revealed that the thermal NO was the major contributor to the total NO
production in the combustor. Furthermore, the RANS k-¢ approach was
employed by Shakariyants (2006) to cross-check the NOy emission solutions
obtained from the multi-reactor combustor models for an aero-engine

combustor at the design operating point.

2.4 Exhaust Modelling

This section presents the literature review on exhaust modelling. Firstly, the
studies of reactive vehicle exhaust have been surveyed to provide an insight
into the important atmospheric reaction and numerical techniques which can be
employed to model this reaction. This information is significant for the current
research because helicopters typically operate at low-altitude close to the
ground. Therefore, the chemical reactions between the pollutants in the vehicle
exhaust and ambient air should be similar to those in the helicopter exhaust

plume.

In addition, a review on aircraft exhaust modelling is carried out to provide the
information on chemical species concentrations, flow conditions, reaction
mechanisms, computational setup, and flow characteristics. Finally, helicopter
exhaust studies are surveyed in order to gain an understanding of the exhaust
flow characteristics, and identify the research gap which can be filled by the

current research.
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2.4.1 Reactive Vehicle Exhaust

Chan et al. (2001) employed the 2-D RANS k-&¢ model to evaluate the effects of
exhaust velocity, wind speed and chemistry on the initial dispersion of NO and
NO, from a vehicle exhaust. Baik et al. (2007) modelled reactive pollutant
dispersion in an urban street canyon employing RANS in conjunction with a
photochemistry. The pollutants considered, which were emitted from the
vehicles into the background O3 in the street canyon, were NO and NO,. Similar
reaction was considered in LES of reactive pollutant dispersion in and above
street canyons carried out by Baker et al. (2004).

Furthermore, Kikumoto and Ooka (2012) employed LES to study reactive
pollutant dispersion in urban street canyons. In this study, they only considered
the conversion of NO to NO,, NO + O3 - NO; + O,, which was an important

photochemical reaction in the atmosphere (Wayne, 1991).

2.4.2 Reactive Aircraft Exhaust

Prior to the popularity of CFD, 1-D and 2-D computational models have been
developed to study the chemical evolution of aircraft exhaust species. Karcher
et al. (1996) carried out 2-D simulations to investigate the chemical
transformation of exhaust species in a plume within the first few kilometres
behind a B747 airliner engine. The results, however, were representative for
other aircraft types and flight levels. The potential effects of the turbulent mixing
and chemical processes in a near-field high speed aircraft plume on the lower
stratosphere ambient air have been studied employing several numerical
models (Miake-Lye et al., 1993; Wang and Chen, 1997; Menon and Wu, 1998).
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CFD modelling of aircraft exhaust was carried out by Garmory et al. (2008) who
employed RANS to investigate the chemistry in the early part of hot exhaust
plume. One of the key chemical processes studied was the transformation of
NO to NO,. The flow conditions considered represented those of a turbofan at
idle thrust setting. The results revealed that much of the reaction took place
inside the jet core before mixing occurred and NO, was produced within the
plume in the first few meters. However, the corresponding reduction in NO was
much less pronounced because of the considerably higher concentration of this
species in the plume. Compared to the mixing time scale, the reaction of NO
with the ambient O3 was slow. Garmory et al. (2010) later performed another
chemical transformation analysis of a turbofan engine exhaust plume in the first
1000 m at take-off and idle conditions employing the RANS k-¢ model with the
incorporation of the turbulence effects on the reaction rate.

2.4.3 Helicopter Exhaust

A significant amount of research has been carried out to study the aerodynamic
interaction between the main rotor and helicopter fuselage. Nam et al. (2006)
employed an unstructured adaptive mesh to study unsteady rotor-fuselage
interaction. Steijl and Barakos (2008) introduced the concept of sliding meshes
to account for the relative motion between the main rotor and the fuselage, and
further employed this methodology to study the rotor-fuselage interactional
aerodynamics. CFD simulations of the flow around a complete helicopter
configuration excluding the engine were also carried out by Steijl and Barakos
(2012), and Biava et al. (2012) employing the URANS model to capture the

complex flow phenomena around the helicopter.
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Although a substantial amount of work has been communicated to the open
public in terms of helicopter flow investigations, hitherto the effects of the engine
on the flow fields have only been considered by a limited number of
researchers. This stems from the fact that capturing the rotor-fuselage
interaction alone is already a challenging problem without an additional level of
complication. Furthermore, wind tunnel experimental data for helicopter flows
which are available for CFD simulation validations are limited in number, and
commonly exclude the engine. However, modelling the engine exhaust is
necessary for the study of helicopter emissions. In addition, accurate
predictions of the helicopter exhaust quantities are required for the evaluation of
the overall engine performance, determining the potential impacts of hot flow

impingement on the airframe, and the design of infra-red signature suppressor.

The flow fields and mixing characteristics of a helicopter exhaust plume, as well
as its interaction with downwash, were numerically investigated by Gatland et
al. (2002) employing the RANS k-¢ approach. The validation of simulation
results against the experimental measurements revealed that the fine grid was
able to capture exhaust flow features such as the jet core and flow recirculation
better than the coarse grid. Furthermore, free-stream flow was important as it
influenced the effects of the downwash on the exhaust flow, especially in the

regions near the nozzle exit.

In another research carried out by Xie (2011), the aerodynamic interaction
between the helicopter fuselage, rotor and engine, and their impacts on the
turboshaft engine performance were studied. The flight modes considered in
this particular study were the hover, near-ground hover and vertical climb
modes. The RANS approach was employed to simulate the flow fields around a
helicopter model with intake and exhaust systems. In addition, Xie (email, 10
February, 2011) performed RANS on the same helicopter configuration during
the forward flight mode. The results revealed that the helicopter exhaust plume
was almost straight in the free-stream direction. This suggested that it was
reasonable to assume that the flow characteristics of helicopter exhaust in

forward flight were similar to those of the fixed wing aircraft exhaust.
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O’Brien et al. (2008) investigated the engine exhaust effects on helicopter
aeromechanics using the RANS approach. The helicopter geometry used in the
study was the ROBIN model developed within NASA (Freeman and Mineck,
1987; Mineck and Gorton, 2000). Two exhaust configurations considered in this
study were the baseline engine with a square aft exhaust face, and an upward
exhaust configuration. Simulations were carried out at three flight conditions
representing the low, intermediate and high flight speed cases. The results
revealed that at the low forward flight speed, the exhaust plume was strongly
influenced by the rotor wake. However, at the high flight speed, the effects of
rotor wake on the exhaust flow diminished, especially for the baseline engine
which produced a nearly straight plume. These findings agreed with the study of
Xie (2011). The study of O’Brien et al. (2008) also demonstrated that the
exhaust configuration might affect the flow characteristics, helicopter loads, lift
and drag forces. By modifying the angle of the exhaust face, the interaction
between the exhaust jet and local flow changed accordingly and became that of

a jet in crossflow.

Gursoy (2009) performed RANS flow analysis of a medium-lift utility helicopter
exhaust during a forward flight mode at four advance ratios. The flow
streamlines obtained from the all computations exhibited an almost straight
exhaust path except for the low speed case with the advance ratio of 0.07
where the path of the exhaust plume was deflected slightly due to the rotor

downwash.

The mixing characteristics of an isolated helicopter exhaust system were
investigated by Ozel and Edis (2006). In this study, the flow physics associated
with a multi-stream turboshaft engine were simulated using RANS. Among the
various RANS-based turbulence models, the Shear Stress Transport (SST)

model was identified as the most suitable model for high temperature jet flows.
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Although the findings from these studies provide a better understanding of
helicopter exhaust flow characteristics, they neither consider the application of
LES nor the chemical interaction between the species in the hot exhaust plume
and ambient air. This has triggered the interest to investigate the NOy reaction

in the helicopter exhaust plume employing LES.
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3 NUMERICAL METHODS

The present CFD computations have been performed on the high performance
computing facility within Cranfield University employing 16, 32 and 48
processors. The CFD solver employed is the commercial code, FLUENT, which
offers good parallel computing efficiency. It is thus possible to take advantage of
a linear speed-up scaling in moving from 16 to 32 processors, such that the
execution time is halved. Utilising 48 processors results in a further reduction of
34% in execution time. The user-defined functions (UDFs) for the inlet profiles
and data averaging have been written in C™* and loaded into FLUENT. The
results are post-processed in Tecplot. This chapter summarises the LES
concept, governing equations, and closure modelling approaches. Furthermore,

the reaction and NOx models employed in the current research are described.

3.1 Large Eddy Simulation

In LES, the motion of the large energy-containing eddies, which influence the
main flow characteristics, are computed directly while the smaller-scale eddies
and their interaction with the large-scale turbulent structures are represented by
mathematical models. Figure 3-1 summarises the concept of LES in
Kolmogorov energy spectrum. The x-axis represents the eddy size from large to
small, and is plotted against the y-axis which indicates the energy level
contained in these eddies. In the current research, the ratio of resolved kinetic
energy to subgrid kinetic energy of LES computations ranges from 7.4 x 10° to
8.2 x 10%,
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Figure 3-1 LES in the Kolmogorov energy spectrum, energy, E, plotted

against wave number, K.

3.1.1 Governing Equations

LES involves a filtering operation which separates the resolved components of

the flow-field variables from the SGS components (Leonard, 1974). Applying the

filtering operation to the flow transport equations with chemical reaction yields

the LES equations (Branley and Jones, 2001),

9p 4 o(pu;) _
ot axi

0,

sgs

opu;  d(pmty;)  9p 95, 0ty
+ ==

apY, d(pu;Y,) ajf  oMf
+ = — - + wa,
Jt d0x; dx; 0x;
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where u; and u; are the velocity vectors, p, Y, and w, represent the pressure,

species mass fractions and chemical reaction terms for species a (« = 1, 2,...,

n) respectively.
The filtered stress tensor due to molecular viscosity, g;;, is given by,

Gij = 2uSi;. (3-4)

The filtered strain rate tensor, S;;,

_ 10w 0w\ 1. . 3
o _lfom ow) 1. 5)
SU 2 <0xj + axl-) 3 6USkk.

can be expressed as,

The filtered species mass flux, J#*, is defined by,

Jo = i(”“) (3-6)

LT Sc\ax

where u is the dynamic viscosity, and Sc denotes the Schmidt number. The

unclosed terms in the transport equations which require closure modelling are

sgs

the subgrid stress,7;;", subgrid species mass flux, M, and filtered chemical

reaction term, w,.

3.1.2 Subgrid Scale Modelling

The unresolved subgrid stress,t;/” = (W — %;;), which results from the

filtering operation can be modelled applying the Boussinesq turbulent viscosity
assumption (Pope, 2000),

_ 1
lesj‘-gs = —ZﬂtSU + §6ikak' (3_7)
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The turbulent viscosity, u;, is defined by the standard Smagorinsky model as
(Smagorinsky, 1963),

e = p(Csb)?|S|. (3-8)

The Smagorinsky coefficient, Cg, which is an empirical constant is set to be 0.1
in the current research. The filter width, A, can be approximated by the cube

root of the cell volume. The characteristic filtered strain rate is defined by,

151 = (25,5,)". (3-9)

As similar to the species mass flux, the subgrid species mass flux, M =

p(u,Y, —u;Y,), is expressed as (Eidson, 1985),

ye = — o (Wa) (3-10)
‘ Sc, \ 0x;

3.2 Reaction Models

In FLUENT, the chemical reactions are modelled as source terms in the species
transport equations. The reaction rates, which appear as source terms, can be
computed by three approaches: the laminar finite-rate, eddy-dissipation and
eddy-dissipation-concept (EDC) models. For the current research, turbulent
flames in the combustor are modelled employing the non-premixed combustion
model which is based on the mixture fraction approach.
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3.2.1 Laminar Finite-Rate Model

The laminar finite-rate model neglects the effect of turbulent fluctuations.
Instead, the reaction rates are calculated by Arrhenius expressions. The net
source of chemical species a is defined as the sum of sources over the Ny

reactions which the species a participates in,

N
S (3-11)
w, = Wy z Wy r)
r=1

where W, is the molecular weight of species a« and &, , denotes the Arrhenius
molar rate of creation/destruction of this species in reaction r, which can be

expressed as,

Ny Ny
~ " ’ y r ”r (3-12)
Wy r = F(Va,r - Va,r) kf,r H[Cy,r]ny‘ - kb,r | |[C)/.T]ny, ’

=1 y=1

where I' represents the effect of third bodies, v,, is the stoichiometric
coefficient for a reactant, v, is the stoichiometric coefficient for a product, N,
denotes the number of species, C,, is the molar concentration, n, , represents
the forward rate exponent and 7", .. represents the backward rate exponent for
each reactant and product in reaction r. The forward rate constant is calculated

by the Arrhenius expression,
— —Eq/RT
kf,r = AT‘Be , (3_13)

where A is the pre-exponential factor, f denotes the temperature exponent, E,
represents the activation energy and R is the universal gas constant. If
applicable, the backward rate constant can be computed from the relationship,

kyr = k¢, /K, Wwhere K, represents the equilibrium constant.
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3.2.2 Eddy-Dissipation Model

The eddy-dissipation model is based on the work of Magnussen and Hjertager
(1977). Chemical reactions in this model are assumed to take place much faster
than turbulence mixes the reactants. Hence, the reaction rates are mixing
limited and the calculations of Arrhenius chemical kinetics can be excluded. The
net production rate of chemical species a as a result of reaction r is computed

by the smaller of the two following equations:

Y,
Wor = VorWy Apkm1n< };/V ) (3-14)
Rr R
e XpYp
Wyr = Vi W,ABp— (3-15)
a,r — a,r Z]]y ,),/’T.W

where k is the turbulent kinetic energy, ¢ is the turbulent dissipation rate, Yy
represents the mass fraction of a particular reactant, Y, denotes the mass
fraction of any product species, A and B are Magnussen constants for reactants
and products respectively. For LES, the turbulent mixing rate, k/¢, is replaced

sgs—1

by SGS mixing rate, T

3.2.3 Eddy-Dissipation-Concept Model

The EDC model, which is an extension of the eddy-dissipation model,
incorporates detailed Arrhenius chemical kinetics in turbulent flows
(Magnussen, 1981). It assumes that the reaction takes place in small turbulent
structures called the fine scales. The reaction source term for the species «a is

modelled as,

Wg = %(y{; —Yo), (3-16)
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where Y, represents the fine-scale species mass fraction, the time scale, t*, is

modelled as,
1/2
=, (_i) , (3-17)
pe
and the length fraction of the fine scales is expressed as,

e (HENY (3-18)
E_Cf(ﬁkz) ’

where C; is the time scale constant set at 0.4082 and C; is the volume fraction

constant which is equal to 2.1377.

3.2.4 Non-Premixed Combustion Model

In the non-premixed combustion modelling approach, the chemical reaction rate
is assumed to be faster than the mixing rate of the fuel and oxidiser. Therefore,
combustion occurs once the fluids mix. Species concentrations are not obtained
by solving the transport equations individually. Instead, they are derived from a
scalar quantity used to describe the local mass fraction of the burnt and unburnt

fuel called the mixture fraction (Pitsch, 2006).

Hence, the non-premixed combustion model is simplified to a mixing problem.
This involves solving the mixture fraction transport equation which can be
written as (Peters, 2000),

0pZ  0(pW2) _ Ol My (3-19)
ot dx; ox;  0x;’

where J,; denotes the filtered mixture fraction mass flux and M,; is the subgrid

mixture fraction mass flux which requires closure modelling as similar to M{.
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For a system with one fuel stream, the filtered mixture fraction, Z, is defined as
(Sivathanu and Faeth, 1990),

7= JtaYao (3-20)

where Y, and Y, , denote the filtered mass fraction of the species at the fuel
and oxidiser inlets respectively. The value of Z is 1 for pure fuel, O for pure
oxidiser and ranges between the two values depending on the extent of mixing.
The Z transport equation does not contain a source term because Z is a

conserved scalar and independent of the chemistry.

Probability density function (PDF), which links the instantaneous values of the
species mass fractions to the filtered values, is used to describe the interaction
between turbulence and chemistry in the non-premixed combustion model. For
the equilibrium chemistry, the reactions are assumed to be infinitely fast and
reversible so that the species are in equilibrium at each value of mixture

fraction.

Therefore, the instantaneous species mass fractions, as well as the
temperature and density, are only a function of the mixture fraction (Bilger,
1976, 1980). The filtered species mass fractions, temperature and density can
then be obtained from the following relationships (Libby and Williams, 1980;
O’Brien, 1980; Pope, 1985; Pitsch, 2006):

Y, = J le(Z) f(2)dz, (3-21)
0
1

T = f T¢(2)f(2)dZ, (3-22)
0

1 1 _

o = _ (3-23)

p fo p(Z)f(Z)dZ
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The filtered density function, f(Z), which requires closure modelling, represents
the statistical properties of the mixing of the fuel and oxidiser by quantifying the
probability of finding ¥,. The shape of f(Z) is assumed to be that of the beta-
function (B-function) which can be mathematically expressed as a function of Z
and its variance, Z'2 (Rhodes et al., 1974; Kolbe and Kollmann, 1980; Cook and
Riley, 1994),

Za_l(l _ Z)b—l

fz) = , (3-24)

[, ze-1(1 - Z)b-1dz
ez lw _ 1]) (3-25)

72
b=(1- )[Z(l‘Z) 1]. (3-26)
72
For LES, Z'2 is modelled as,

7'2 = C,I2|VZ|?, (3-27)

where Lg denotes the subgrid length scale. The value of the constant, C,, is 0.5
for the current research. In FLUENT, the chemistry calculations and PDF
integrations are pre-processed and stored in the look-up tables which are then
used to obtain the mixture faction and other scalar quantities, making this

approach highly computational efficient.

3.2.5 Flamelet Models

The flamelet models assume that the chemical reactions are so fast that they
take place in a thin layer near the stoichiometric mixture on a scale smaller than
the Kolmogorov scale. As a result, the reaction zone structure remains laminar
and the diffusive transport occurs in the normal direction to the stoichiometric

mixture surface.
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Therefore, the scalar transport equations can be expressed such that the

mixture fraction is an independent coordinate (Peters, 1983, 1984),

9t 2Pz TP

For the steady laminar flamelet model, the flame structure is assumed to be in
the steady state. Hence, the time derivative term on the left-hand side of
Equation 3-28 can be neglected. The scalar dissipation rate, y, is expressed as
x = 2D|VZ|?, where D is the scalar diffusivity which represents the rate of local

mixing. The relationship between Z and y is assumed to be (Peters, 1984),

Yo =Y (Z, o), (3-29)

where fl represents flamelet, st denotes stoichiometry. The filtered species

mass fractions can be obtained from the integral,

1
Y, = f Y (Z, ) F(Z, xse)dZd . (3-30)
0

Since, it is assumed that Z and y,; are statistically independent, the joint PDF,
f(Z, xst), can be simplified to f(Z2)f(xs) (Peters, 1984). The integration in
Equation 3-30, as similar to the equilibrium chemistry, is pre-calculated and
stored in a look-up table. The shape of f(2) is assumed to be B-function, and a
function of Z and Z'2. The PDF of y, is described by a delta-function and

modelled as,

_ (ue + 1) _ -
Tt = Cy———VZ|?, (3-31)
POt

where C, and o, are constants with the values of 2 and 0.85 accordingly.
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3.3 NO, Model

The assumption of equilibrium chemistry is not appropriate for NOy modelling
because the NOy reaction rates are slow. Instead, the concentration of NOy is
calculated from the computed combustion flow fields using the FLUENT NOy
post-processor. Since the NOyx emissions consist mainly of NO and much less
NO,, the NOy model only takes into account the chemical kinetic processes
responsible for the NO formation. In non-premixed hydrocarbon combustion, the
thermal and prompt NO mechanisms contribute to most of the NO formed
(Bowman, 1992). Therefore, only these two NO formation mechanisms are
considered for the current research. The NOy emissions from the two
mechanisms are predicted by solving the species transport equation in Equation

3-3 for the NO mass fraction.

The formation of thermal NOy is highly temperature-dependant and dictated by
the following chemical reactions which are known as the extended Zeldovich

mechanism:

N, +0=NO +N,

(3-32)
N +0,=NO0+0, (3-33)
N + OH = NO + H. (3-34)

With sufficient oxygen, a quasi-steady state can be assumed since the free
nitrogen consumption rate becomes equal to its formation rate. Therefore, the

net NO formation rate is obtained from

<1 _ kr,Ekr,]Z [NO[]Z ]> (3-35)
dINO ke1[Nylks,[O
—[dt L ok, 101m,) L krj[,vfg] =,

(1 T k10,0 + kf,g[OH])
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where k is the reaction rate constant, the square brackets represent the
concentration of a species, f and r denote forward and reverse reactions
respectively. The subscript number 1, 2 and 3 of k denote the reactions in
Equations 3-32 — 3-34 respectively. The k values selected for the NO, model

are obtained from the evaluation of Hanson and Salimian (1984):

kpi = 1.8 x 108e~38370/T, Ky, =3.8x107e425/T,
ke, = 1.8 X 10*Te™*680/T, kyo = 3.81 x 103T~20820/T,
ks =7.1% 107450/, kys = 1.7 X 10824560/

To solve Equation 3-35, the [O] and [OH] are required in addition to the [O,] and
[N2] which can be obtained from the combustion simulation results. Since the O
atoms are more abundant than their equilibrium levels, their concentration is
determined by employing the partial equilibrium approach in which third-body
reactions are responsible for the O, dissociation-recombination process,

O, +M=0+0+M. (3-36)

Hence, the following expression is substituted into Equation 3-35 (Warnatz,
2001),

[0] = 36.64T1/2[0,]'/2e=27123/T (3-37)

When k,[0,], » k3[0H],, the reaction in Equation 3-34 is assumed negligible
and the calculation of OH concentration can be excluded. The source term due
to the thermal NO, mechanism in the NO transport equation is then computed
from the rate of NO formation as,

d[NO]

Sthermal,NO = Wyo dt )

(3-38)
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where Wy, represents the molecular weight of NO. The interaction between
turbulence and the NOy formation is taken into account by employing the PDF

approach in terms of the mixture fraction.

The prompt NO mechanism is responsible for the rapid NO production in the
flame front. For most hydrocarbon fuels, the prompt NO formation rate can be
expressed as (De Soete, 1975; Backmier et al., 1973),

d[NO]
dt

= fkpr[02]1°[N,][FUEL]e5a/RT, (3-39)

where f denotes the correction factor which incorporates the effect of fuel type,
a represents the oxygen reaction order, pr denotes the prompt NO mechanism
and E, has the value of 303474.125 J/gmol. The formation rate is then used to
compute the source term due to the prompt NO mechanism in the same

manner as the thermal NO source term expressed in Equation 3-38.
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4 TEST CASES

4.1 Introduction

Simulation results of four test cases are presented in this chapter. The first and
second test cases, which are LES of a non-reacting jet and a coaxial jet
combustor respectively, are carried out with the focal aim of studying the mixing
characteristics jet flows. This is important because for the combustion process,
the reaction rate depends on the mixing and entrainment rates. Furthermore,
the scalar mixing of the jet exhaust is important particularly when considering
aircraft emissions since it influences the pollutants dispersion and interaction
between the exhaust and ambient air. Therefore, accurate predictions of the
flow-field and mixing characteristics are necessary in order to provide a better
understanding of such flows, and enhance the design and development of more
environmentally-friendly aircraft engines with reduced emissions. Hitherto, only
structured grids have been employed in the simulations. Therefore, the third test
case which is LES on an unstructured grid is carried out to assess the validity of
using the unstructured grid for combustion LES prior to its actual application in
the next chapter. Finally, the last test case is carried out to test the key chemical
reaction and its kinetic parameters selected for the modelling of a helicopter

exhaust in Chapter 7.

4.2 LES of a Non-Reacting Jet

Non-reacting LES is carried out to study the performance of the current LES in
capturing the complex jet development and mixing characteristics of scalar
properties. The computational setup will be described and the simulation results

presented will be for the velocity and passive scalar fields.
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4.2.1 Computational Domain and Setup

The computational domain consists of a round jet with co-flowing air, which is a
representative of the jet engine exhaust configuration. The jet diameter, D, is
0.00635 m which is the same as that in the experiment (Garry and Holt, 2008;
Poll et al., 2009). The outer domain extends 40D radially and 110D axially.
Three structured grids comprising approximately 1.0, 2.0 and 4.4 million
elements are created for the grid sensitivity analysis. They will, henceforth, be
referred to as the coarse, medium and fine grids respectively. All grids are
refined near the jet exit and interface between the two fluid streams to ensure
that the mesh is sufficiently fine for LES to capture the flow with rapid changes

in the flow properties in the regions.

For the upstream boundary, the jet and co-flow inlets are specified as velocity
inlets while the downstream boundary is an outflow. The surrounding cylindrical
boundary is specified as the symmetry to avoid the flow from reflecting back into
the domain and interfering with the jet flow. The computational grid and
specified boundary conditions are illustrated in Figure 4-1. The flow conditions
employed in the simulations are similar to those in the experiment. The velocity

profile of the jet at the inlet is specified by the 1/7™ power law defined as,

[y

r\’? (4-1)
Ujet = UpuiC <1 - r_> .
jet
The constant, C, is 1.28 for a fully developed turbulent pipe flow condition. The
bulk velocity of the jet, Upuk, is 23 m/s and the velocity of the co-flowing air is 5

m/s.
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Outflow

Co-flow of
lower velocity

Figure 4-1 Computational mesh and boundary conditions of the round jet.

The simulations have been performed employing LES with the standard
Smagorinsky-Lilly SGS treatment. The jet inlet velocity profile has been written
as a UDF. The time step size selected for this study is 1.0 x 10 seconds. After
the simulations have been performed initially for 5 flow-through times, samples
are collected for 20 flow-through times to ensure mean statistics are sufficiently
converged. The flow-through time is calculated based on the mean velocity and
geometry length. Another UDF has been written to collect the statistics of the
passive scalar fields, and time-average them. The radius, r, and axial distance,
X, are normalised by D. The current simulation results in terms of the time-
averaged axial velocity and passive scalar profiles are validated against the
measurements from the low-speed wind tunnel experiment carried out at
Cranfield University (Garry and Holt, 2008; Poll et al., 2009), and compared with
the LES results on a computational grid consisting of approximately 2.3 million
elements from the previous LES code, PUFFIN, which has been developed by
Kirkpatrick et al. (2003a, 2003b) and extended by Ranga-Dinesh (2007, 2010a,
2010Db).
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4.2.2 Results and Discussion

Figure 4-2 and 4-3 compare, respectively, the time-averaged axial velocity and
passive scalar profiles obtained from LES on the three grids at the stations x/D
= 15 and 30. The comparison reveals that the LES predictions are highly
sensitive to the grid density especially in the near-field regions. As depicted in
Figure 4-2 and 4-3, at x/D = 15, the results of the time-averaged axial velocity
and passive scalar are over-predicted in the jet core region while the spreading
rates are slightly under-predicted. However, these deviations from the
experimental data reduce as the grid resolution increases because the finer
grids are able to resolve more small-scale structures present in the jet core and
shear layers.

In addition, the comparison of the axial velocity and passive scalar profiles at
x/D = 30 suggests that the LES results become less sensitive to the grid
resolution downstream of the jet. This is because of the higher grid
requirements near jet nozzle where the velocity is higher, and the mixing is
more intense.

28 28
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Figure 4-2 Time-averaged axial velocity profiles from the coarse, medium
and fine grids at x/D = 15 and 30.
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Figure 4-3 Time-averaged passive scalar profiles from the coarse, medium
and fine grids at x/D = 15 and 30.
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Figure 4-4 Instantaneous passive scalar iso-surfaces of LES on the (a)

coarse and (b) fine grids at 3.13 s.
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0.10.20.30.40.50.60.70.80.9
Passive scalar

Figure 4-5 Instantaneous passive scalar contours on the centre-plane of
LES on the coarse and fine grids at 3.13 s.

Figure 4-4 and 4-5 compare the instantaneous passive scalar iso-surfaces and
contours on the centre-plane respectively from LES on the coarse and fine
grids. The comparison in Figure 4-4 demonstrates the superiority of the fine grid
over the coarse grid in capturing small-scale structures. As further exhibited in
Figure 4-5, the fine grid is able to capture more detailed mixing, jet core tip

breakup, vortex shedding and entrainment of the co-flowing fluid into the jet.
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Figure 4-6 Comparison of time-averaged axial velocity profiles from

FLUENT and PUFFIN LES at x/D = 15, 30, 45 and 60.

The results of LES on the fine grid are subsequently validated against the

experimental data and compared with the solutions of the PUFFIN LES code.

The comparison of time-averaged axial velocity profiles at stations x/D = 15, 30,

45 and 60 is illustrated in Figure 4-6. The simulation results exhibit the jet

development along the streamwise direction. At the station x/D = 15, the current

FLUENT LES over-predicts the velocity values in the jet centre slightly.

However, at other downstream locations, the current LES predictions agree well

with the experimental data.
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Figure 4-7 Comparison of time-averaged passive scalar profiles from
FLUENT and PUFFIN LES at x/D = 15 and 30.

Figure 4-7 compares the time-averaged passive scalar profiles from the current
FLUENT LES, PUFFIN LES and experiment at x/D = 15 and 30. As similar to
the velocity comparison displayed in Figure 4-6, the current LES over-predicts
the passive scalar values slightly in the core region at x/D = 15. Compared to
the PUFFIN LES which employs a higher-order discretisation scheme and more
advanced SGS model, the current LES is able to capture the jet peak and width
better overall. This is because the current LES has been carried out on the finer
mesh which allows more small-scale structures in the jet core and shear layers
to be resolved. The capabilities of LES to predict flow fields, and capture the
mixing and spreading behaviours of a round jet with a co-flow are demonstrated
in this test case. Since the fidelity of LES solutions relies on the grid resolution,
the simulation results in the core region can be further improved by the local

grid refinement.
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4.3 LES of a Coaxial Jet Combustor

The coaxial jet combustor employed in this test case is similar to the one in the
experiment carried out by Owen et al. (1976). This configuration is selected
because it has relatively simple geometry and boundary conditions yet
manifests complex flow patterns which resemble those in a real gas turbine

combustor.

The objectives of this study are to evaluate the capability of the current FLUENT
LES code to model non-premixed turbulent combustion, and test the sensitivity
of the simulation results to the grid resolution and chemistry model. The
performances of LES and RANS are compared to demonstrate the superiority
of LES over RANS in capturing realistic flame behaviours. This is followed by
the description of LES flame structure and the sensitivity analysis. The results of
this test case have been published in a scientific journal (Dumrongsak and
Savill, 2012b).

4.3.1 Computational Domain and Setup

The LES simulations have been carried out for a coaxial jet combustor with the
operating conditions similar to those in the experiment of Owen et al. (1976).
The central inflow is a pure methane stream with the velocity of 0.93 m/s. The
annular inflow is a non-swirling air stream with the bulk velocity, U, of 20.63 m/s.
The operating pressure of the combustor is 3.8 atm. The fuel and air
temperatures are 300 K and 750 K respectively. The two inflow streams are
separated by a thin splitter plate with the thickness of 0.018 cm. The splitter
plate creates the vortex shedding and instabilities which initiate turbulence in
the jet mixing layer. The centre radius, annular outer radius, R, and combustor
radius are 3.157 cm, 4.685 cm and 6.115 cm accordingly. The domain extends

0.2R upstream and 8.1R downstream.
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Two O-type grids of 2.3 and 6.2 million hexahedral elements are created for the
grid sensitivity analysis. These will, hereinafter, be referred to as the coarse and
fine grids respectively. The grid is clustered axially near the jet exit and radially
near the splitter plate wall to capture the mixing in these regions. The upstream
boundary is specified as multiple velocity inlets. The fuel inlet is a fully
developed pipe flow with the velocity described by the 1/7™ power law as shown
in Equation 4-1. The downstream boundary is specified as a pressure outlet. All
solid boundaries, including the splitter plate, are specified as walls and
assumed to be adiabatic and impermeable. The schematic of the computational

grid and boundary conditions is shown in Figure 4-8.

Turbulence modelling approaches employed in this study are LES and RANS k-
€. For LES, the unresolved subgrid scales are treated with the standard
Smagorinsky-Lilly model. The chemistry models being compared in the
sensitivity analysis are the equilibrium chemistry and steady flamelet models.
For the LES grid sensitivity study, only the equilibrium chemistry is employed.
The filtered transport equations are spatially discretised using the finite volume
method. The momentum equations are solved applying the bounded central
differencing scheme. The second order upwind scheme is used to solve the
filtered mixture fraction transport equation. The time step size employed in LES
is 1.0 x 10™ seconds. To allow for the initial flow development, the simulations
are performed for 220R/U seconds before samples are collected for another

1760R/U seconds to ensure adequately converged statistics are obtained.

The current LES results from this test case are validated against the data from
the experiment carried out at the United Technologies Research Center (Owen
et al.,, 1976), and compared with the solutions from the modified LES which
employs a more advanced chemistry modelling approach, the steady
flamelet/progress variable chemistry model, on a computational grid consisting
of approximately 2.5 million elements (Pierce and Moin, 2004). The profiles of
mixture fraction, chemical species mass fractions, temperature and axial
velocity are compared at various stations inside the combustor. The length and

velocity presented are normalised by R and U respectively.
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Splitter
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Figure 4-8 Coaxial jet combustor mesh and boundary conditions.

4.3.2 Results and Discussion
LES and RANS Comparison

The simulations have been carried out employing the current LES and RANS
with the equilibrium chemistry model on the coarse grid to compare the
capabilities of the transient and steady turbulence modelling approaches to
capture the flame structure. Figure 4-9 compares the mixture fraction contours
on the midplane. At this instance, the LES approach predicts asymmetric mixing
behaviours with more mixing on the upper side than the lower side of the fuel
port. However, the mixture fraction contours obtained from RANS are smooth
and symmetric. This is because RANS is able to provide only the mean flow
fields.
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Figure 4-9 Instantaneous mixture fraction contours from (a) LES at 2.54 s
and (b) RANS.

Figure 4-10 compares the corresponding contours of product mass fraction
which is calculated from the sum of CO, and H,O mass fractions. The regions
with higher product concentrations mark the flame location. As indicated by
irregular, wavy contours, the LES approach is able to capture a wider range of
unsteady flame behaviours which agree with the observation made in the
experiment (Owen et al., 1976). At the instance shown, more products are
formed in the upper region near the fuel port than the lower region which is
consistent with the mixture fraction predictions of LES. It is also demonstrated
that some unburnt reactants are able to penetrate into the flame. The RANS
approach, on the other hand, predicts a symmetric flame which does not exhibit
the unsteady nature of combustion. Both LES and RANS predict flame attached
to the splitter plate. However, as suggested by the thicker and longer attached
contours, the attached flame predicted by RANS is more intense than that
predicted by LES. For this case, the highest product mass fraction attainable in
theory is approximately 0.275 which occurs at the stoichiometric mixture fraction
(Pierce and Moin, 2004). The RANS approach, as illustrated in Figure 4-10

under-predicts the maximum product mass fraction significantly.
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Figure 4-10 Instantaneous product mass fraction contours from (a) LES at
2.54 s and (b) RANS.

To support the qualitative comparison in Figure 4-9, the mixture fraction profiles
predicted by LES and RANS are compared in Figure 4-11. The predictions from
LES are time-averaged. At the station x/R = 0.21, the LES approach offers
improvements over the RANS approach which under-predicts the mixing rates
significantly. At the downstream station, x/R = 3.84, RANS still under-predicts
the mixing rates. However, the near-wall mixture fraction predictions from the
RANS approach agree with the experimental data better than the LES approach
which is known to experience difficulties predicting the near-wall flows
accurately (Pope, 2000; Langford and Moser, 1999; Sagaut, 2001; Wegner et
al., 2004). This is because LES requires very high grid resolution to sufficiently
resolve the flow in viscous near-wall regions. At x/R = 3.84, LES over-predicts
the mixing rates, and produces the mixture fraction profile which is almost level,
suggesting that the mixing is essentially complete. The mixture fraction profile
from the modified LES (Pierce and Moin, 2004), on the other hand, agrees very

well with the experimental data at this station.
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Figure 4-11 Profiles of time-averaged mixture fraction from LES and
RANS.

Figure 4-12 compares the temperature profiles predicted by LES and RANS. At
the upstream station, x/R = 0.89, the temperature profile obtained from LES
agrees better with the experimental data than RANS in the inner and mixing
regions. However, the LES predictions deviate from the experimental data more
than the RANS predictions in the near-wall region. The sharp peak in the mixing
layer predicted by RANS corresponds to the flame attached to the splitter plate
exhibited in Figure 4-10(b) and the lower mixing rates illustrated in Figure 4-11.
The flame reproduced by RANS remains attached to the splitter plate at the
downstream station, x/R = 1.57, as indicated by a spike in the temperature
profile. The temperature profile computed by the current LES, on the other
hand, agrees generally well with the experimental data in the inner flame region.
However, as similar to the upstream predictions, the current LES results in the

near-wall region deviate from the experimental measurements considerably.
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Figure 4-12 Profiles of time-averaged temperature from LES and RANS.

LES Flame Structure

The instantaneous temperature iso-surfaces and radial cross sectional contours
predicted by the current LES with the fine grid and the equilibrium chemistry
model are illustrated in Figure 4-13. The regions with the higher temperature
indicate the flame location. As depicted in Figure 4-13(a), the flame is contained
in the central region behind the fuel port, and extends in the axial direction
along the combustor. The recirculation of combustion products caused by the
high air-to-fuel velocity ratio provides a continuous ignition source and stabilises
the flame. This is consistent with the flame configuration observed in the
experiment of Owen et al. (1976). However, in this study, the flame is predicted
to be attached to the splitter plate whereas the flame in the experiment lifted off
from the nozzle lip and reattached intermittently in an extremely unsteady
manner. This is due to the incapability of the equilibrium chemistry and steady
flamelet models to cope with the non-equilibrium effects such as extinction,
ignition and flame lift-off.
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Figure 4-13 Instantaneous temperature (a) iso-surfaces and (b) radial
cross sectional contours from LES with the fine grid at 3.59 s.
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Figure 4-13(b) exhibits the radial cross-sectional contours of the temperature.
The contours at the upstream locations display distinct temperature zones. The
cold annular air stream is forced outward towards the wall by the reaction, and
forms a lower temperature layer which enfolds the inner higher temperature
region. The thickness of this outer cold air layer reduces as the axial distance
increases. The flame is made up of separate high temperature zones within the
fuel-air shear layer. Near the fuel port, there are many small, isolated high
temperature pockets. However, the segregated high temperature pockets

become larger and more amalgamated along the combustor length.
LES Sensitivity Analysis

The sensitivity analysis has been carried out to assess the effects of the grid
resolution and chemistry model on the combustion LES solutions. For the grid
sensitivity analysis, LES is performed on the coarse and fine grids employing
only the equilibrium chemistry model. The sensitivity of the LES results to the
chemistry model is evaluated by employing the equilibrium chemistry and
steady flamelet models on the coarse grid. The instantaneous iso-surfaces of
the mixture fraction predicted by the current LES on the coarse and fine grids
are exhibited in Figure 4-14. The qualitative comparison reveals that the fine
grid is able to capture more smaller-scale mixing in the inner flame than the

coarse grid, especially in the upstream region behind the fuel port.

For the non-premixed combustion model, it is crucial to predict the mixture
fraction accurately since it is used to derive other quantities such as the
temperature, density and species mass fractions. The time-averaged mixture
fraction profiles obtained from the current LES are depicted in Figure 4-15. At
the station x/R = 0.21, the simulation results from different grids and chemistry
models are similar and agree generally well with the experimental data.
However, at the station x/R = 3.16, LES with both chemistry models on the
coarse grid significantly under-predicts the mixture fraction values in the inner
flame. This suggests that the grid resolution is inadequate for capturing the

mixing in this region.
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Figure 4-14 Instantaneous mixture fraction iso-surfaces (a) from the

coarse and (b) fine grids at 3.59 s.

As illustrated in Figure 4-15, at the station x/R = 3.16, the current LES
predictions improve, especially in the central and near-wall regions, when the
grid is refined. The predictions from the modified LES with the more advanced
chemistry modelling approach (Pierce and Moin, 2004), on the other hand, are

in excellent agreement with the experimental data at this station.
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Figure 4-15 Comparison of time-averaged mixture fraction profiles.
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Figure 4-16 Comparison of time-averaged product mass fraction profiles.

The comparison of time-averaged product mass fraction profiles is illustrated in
Figure 4-16. The equilibrium chemistry and steady flamelet models predict a
spike in the thin mixing layer at the station x/R = 0.21. High product formation
predicted in this region by both chemistry models corresponds to the attached

flame exhibited in Figure 4-10(a).
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Figure 4-17 Comparison of time-averaged temperature profiles.

The products found in the inner region at x/R = 0.21 are the result of the product
recirculation from the reaction downstream. In this region, the steady flamelet
model predicts higher product mass fraction than the equilibrium chemistry
model. Furthermore, both chemistry models predict higher product mass
fraction near the wall. These discrepancies are reduced significantly when the
fine grid is employed. At the station x/R = 3.16, the simulation results from both
chemistry models are in excellent agreement with the experimental data. An
improvement in the near-wall predictions, again, can be observed when the

finer grid is employed.

Figure 4-17 compares the time-averaged temperature profiles obtained from the
simulations. The predicted temperature profiles from the current LES with both
chemistry models and the experimental measurements are in good agreement.
Discrepancies between the predicted near-wall temperature and the
experimental data at all stations are due to the adiabatic wall assumption
applied in the study. In the experiment, the combustor wall was isothermal, and
cooled to the temperature of approximately 500 K. Therefore, the near-wall
temperature in the simulations can be affected by the thermal boundary layers.
However, as exhibited in Figure 4-17, the temperature predictions near the wall

can still be improved when a higher grid resolution is employed.
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Figure 4-18 Comparison of time-averaged CO mass fraction profiles.
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Figure 4-19 Comparison of time-averaged axial velocity profiles.

The time-averaged profiles of CO mass fraction are compared in Figure 4-18. At
the station x/R = 0.21, the equilibrium chemistry model predicts a spike in CO
mass fraction in the mixing layer as similar to the product mass fraction
predictions. However, there is no such peak in the CO mass fraction profile
predicted by the steady flamelet model. At the station x/R = 3.84, there are
discrepancies between the simulation results from both chemistry models and
the experimental data. Especially in the inner region, these deviations reduce

when the fine grid is employed.
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Figure 4-20 Comparison of time-averaged RMS axial velocity profiles.

Figure 4-19 and 4-20 depict the profiles of time-averaged axial velocity and
RMS velocity respectively. Although the mixture fraction is sensitive to the rate
of chemical heat release, the predictions of axial velocity and its RMS are found
to be rather insensitive to the chemistry model. This is because the effects of
the heat release on the velocity field are likely to be accumulative. At the station
x/R = 0.14, the axial velocity profiles from the equilibrium and steady flamelet
models are almost identical with a slight improvement in the near-wall
predictions when the fine grid is employed. At the station x/R = 1.27, there are
discrepancies between the predicted axial velocity profiles from both chemistry
models and the experimental data, particularly in the inner region. The
recirculation in this region is not well captured by the current LES. However, the
modified LES with the advanced chemistry model is able to predict the axial

velocity profile which is closer to the experimental data at this station.
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4.4 LES on an Unstructured Grid

Another test case has been carried out to validate the application of LES with
unstructured grids for non-premixed combustion simulations. The combustor
configuration, operating and boundary conditions employed in this test case are
the same as those of the coaxial jet combustor in the previous section. Due to
the complexity of fitting the tetrahedral elements around the thin splitter plate
and the difficulty in achieving numerical stability, the splitter plate is simplified to
a solid surface with negligible thickness. The computational grid consists of 3.8
million tetrahedral elements. The LES computations are compared with the
experimental data (Owen et al., 1976), modified LES calculations (Pierce and
Moin, 2004) and results from the current LES code on the structured grid

consisting of 2.3 million elements.

4.4.1 Results and Discussion

Figure 4-21 compares the instantaneous mixture fraction contours on the
combustor midplane captured by the structured and unstructured grids. As
expected, there is a delay in the upstream mixing on the unstructured grid as
illustrated in Figure 4-21(b) whereas for the structured grid, as exhibited in
Figure 4-21(a), the mixing process takes place immediately behind the fuel port.
This is mainly due to the simplification of the combustor configuration on the
unstructured grid which changes the flow physics in the combustor. Since the
splitter plate plays a key role in initiating the flow instability at the interface
between the two fluid streams, altering the thickness of the splitter plate will
affect the mixing and recirculation processes of the flow inside the combustor.
Nevertheless, compared to the structured grid, the fluid displayed on the
unstructured grid appears to mix more vigorously downstream as indicated by

the highly irregular and wavy shape of the mixture fraction contours.
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(b)
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Figure 4-21 Instantaneous mixture friction contours at 2.54 s from (a)
structured grid with a thin splitter plate and (b) unstructured grid with

negligible splitter plate thickness.

The profiles of mixture fraction and product mass fraction at various stations
along the combustor are compared in Figure 4-22. At x/R = 0.21, the mixing
rate is significantly under-predicted by LES on the unstructured grid. Since the
splitter plate has a great influence on the flow behaviours upstream, eliminating
its thickness causes the flow to be smoother, more stable and thus difficult to
mix. Nevertheless, since the combustor operating and boundary conditions are
the same in both cases, the profiles are expected to be uniform towards the exit
of the combustor where the mixing completes. As illustrated in Figure 4-22, the
mixture fraction profiles exhibited on the unstructured grid agree better with the

experimental data downstream.
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Figure 4-22 Profiles of time-averaged mixture fraction (left) and product
mass fraction (right) from structured grid with a thin splitter plate and
unstructured grid with negligible splitter plate thickness.
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At xR = 7.41, the LES predictions on the unstructured grid and the
experimental data agree reasonably well. Contrarily, the LES predictions on the
structured grid deviate from the experimental data more in the downstream
region. This may be due to two reasons. Firstly, the unstructured grid consists
of more elements than the structured grid. Secondly, the structured mesh is
refined near the inlets but much coarser downstream while for the unstructured
mesh, the elements are more uniformly distributed throughout the whole
combustor. As a result, the unstructured mesh has finer grid elements near the
combustor exit, less abrupt change in the cell size, and thus is able to capture

more mixing in this region.

The comparison of product mass fraction profiles on the right-hand side of
Figure 4-22 reveals that at the station x/R = 0.21, LES on the unstructured grid
is able to predict products formed only at the interface between the two fluids,
whereas in the experiment, as well as the current LES on the structured grid,
there are also products present in the core region. However, the predictions of
LES with the unstructured grid match the experimental data better towards the

combustor exit as demonstrated at the locations x/R = 3.84 and 7.41.

Figure 4-23 compares the time-averaged temperature profiles obtained from
LES on both grids. For the unstructured grid, at the upstream location, x/R =
0.89, the LES approach predicts generally constant temperature in the central
and annular streams, suggesting that the mixing and thus reaction have not
reached these regions. The peak in the predicted temperature indicates that the
reaction takes place only in the shear layer. As similar to the predictions of
mixture fraction and product mass fraction, the temperature profiles from LES
on the unstructured mesh agree better with the experimental data downstream.
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Figure 4-23 Profiles of time-averaged temperature from structured grid
with a thin splitter plate and unstructured grid with negligible splitter plate

thickness.

The simulation results from this test case reveal that an acceptable level of
fidelity can be achieved from LES with the unstructured grid. The purpose of
this comparison is for validation and not to suggest that the unstructured grid is
superior or inferior to the structured grid. For the coaxial jet combustor which is
a simple configuration, the application of the structured grid is more efficient.
However, an unstructured grid provides more flexibility and can be easily

applied to more complex geometries such as the simplified helicopter
combustor in the next chapter.
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4.5 Chemical Reaction in a Jet

The chemical transformation of the hot aircraft exhaust species during the
cooling and mixing with the ambient air involves numerous complex chemical
processes. Of particular importance is the transformation of NO to NO,, This is
because, although NO is predominantly emitted in the engine exhaust, it is the
levels of NO, that are controlled by the regulations. Excessive NO, causes
serious harms to plants and human health. NO, prevents plant growth and
causes defoliation. For humans, breathing NO, at a concentration of 3 ppm
causes bronchial constriction. Furthermore, NO, exposures at 150 ppm and
above cause changes in the lungs which can be fatal (Moore et al., 2008).

Therefore, the key gas-phase reaction selected for the current research is,

NO + 05 > NO, + 0,. 4-2)

The simulations have been carried out for a simple round jet with the geometry
and flow conditions similar to those in the experiment of Shea (1976, 1977). The
aim of this test case is to perform CFD simulations of the selected chemical
process and test its kinetic parameters. In addition, the effects of different
reaction models on the numerical results are also investigated. The results from
this test case are necessary in order to lay the ground for the modelling of the

reactive helicopter exhaust in Chapter 7.
4.5.1 Computational Domain and Setup

The computational domain consists of a round jet which has the diameter, d, of
0.5 cm. The jet nozzle is located at the centre of a large circular cylindrical tank
with the diameter of 50.0 cm and the height of 200.0 cm. The flow Reynolds
number based on the nozzle diameter is 4000 and the co-flow velocity is 0.1
cm/s. The jet enters the domain vertically from the top of the tank. The central
jet carries O3 diluted in O, while the surrounding co-flow contains NO mixed
with inert N,. The concentration ratio of NO to O3 is 20. Wherever the gasses
mix, Oz and NO react as in Equation 4-2. The operating temperature and

pressure are 295 K and 4.06 atm respectively.
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An O-type grid consisting of approximately 350,000 hexahedral elements has
been created for this test case. Since it was observed in the experiment that the
reaction length was only slightly over 5d (Shea, 1976, 1977), the grid is
clustered near the nozzle exit to capture the reaction in this region. The jet
nozzle and its surrounding co-flow inlet are specified as the velocity inlets. The
jet is a fully developed pipe flow with the velocity profile described by Equation
4-1. The downstream boundary is a pressure outlet. The tank surface is
specified as wall and assumed to be adiabatic. The computational mesh and
boundary conditions are summarised in Figure 4-24.

Considering the experimental measurements were taken at the steady-state
operation, the turbulence modelling approach employed in this test case is the
steady RANS k-¢ model. The jet was observed by Shea (1976, 1977) to be
highly reactive. For the sensitivity study, two reaction models are compared.
These are the laminar finite-rate and eddy dissipation models. The chemical
kinetic parameters employed in this test case are presented in Table 4-1. The
numerical results are validated against the experimental measurements of Shea
(1976, 1977) in terms of the profiles of Oz concentration normalised by its initial

value.

Table 4-1 Chemical kinetic parameters for the NO + O3 reaction.

A (cm®mol’s™) B E. (mol™)

NO+039N02+02

-12
(Mallard et al., 1994) 2.14x10 0.0 11707
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Figure 4-24 Computational mesh of the circular cylindrical tank.

4.5.2 Results and Discussion

Figure 4-25 illustrates the normalised O3 concentration profiles obtained from
RANS with the two reaction models along the centreline. The RANS predictions
are validated against the experimental measurements recorded at the same
operating conditions. In addition, the simulation results are compared to the
mean experimental data which have been averaged from different experimental
runs at five Reynolds numbers ranging from 4000 to 32000, and the pressures
of 1.34 and 4.06 atm.
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As demonstrated in Figure 4-25, the normalised O3 concentrations along the
centreline predicted by both chemistry models remain at the maximum value
until the distance of approximately 2d which agree very well with the
experimental data. After this point, the mixing reaches the jet core, and the
reaction begins to consume O3, leading to the drop in its concentration. The
RANS predictions, as well as the experimental data, exhibit a drop in the O3
concentration but at different rates. The results from the eddy dissipation model
match the experimental measurements well. The results from the laminar finite-
rate model, on the other hand, start to deviate from the experimental data after
2d. The model predicts a slower reaction rate, and the drop in the Os
concentration becomes evident only after 3d. This is due to the fact that the
laminar finite-rate model does not take into account the effects of turbulence on
the reaction rate. In the case where the chemistry is fast and the reaction is

controlled by the turbulence, this assumption does not hold.

Figure 4-26 compares the normalised O3 concentration profiles obtained from
RANS with the two reaction models across the tank at x/d = 1. At this location,
there is a distinct separation between the jet and co-flow. Both reaction models
predict highest Oz concentration in the jet core and zero O3 concentration in the
annular stream, which agree with the experimental data. However, at the
interface where the two fluid streams meet, the eddy dissipation model predicts
lower O3 concentrations than the experiment. This is owing to its fast reaction
assumption, and thus O3z is consumed more by the reaction. The laminar finite-
rate model, on the other hand, over-predicts the Oz concentrations in this
region. As demonstrated in both Figures 4-25 and 4-26, the model tends to
under-predict the reaction rate because it neglects the turbulence-chemistry

interaction.

75



Chapter 4 Test Cases

[ Experiment
a Mean experiment
— — — = Laminar finite-rate
Eddy dissipation

o -
® - o
L |

Normalised O3 Concentration
(o] (<2 ]
o o

o
(S

LA B N B N [ N B N L B Y N S

PSRN TN YT SN T T N YT TS (NN TS N S [N O SO Y N |

1 2 3 4 5
Axial Distance x/d

(=]
o

Figure 4-25 Normalised O3 concentration profiles obtained from RANS

with different reaction models along the centreline.
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Figure 4-26 Normalised O3 concentration profiles obtained from RANS
with different reaction models across x/d = 1.
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4.6 Conclusions

The findings from the first test case of this chapter have demonstrated the
potential of LES for capturing detailed mixing characteristics of a round jet.
Despite the simple chemistry models employed, the results from the second
and third test cases reveal the good capabilities of the current LES, with both
structured and unstructured grids, to reproduce the flame and flow
characteristics of non-premixed turbulent combustion. This is owing to the fact
that LES directly resolves the large-scale motions which control the rate of
mixing and reaction. As demonstrated by the results, the current LES
calculations are found to be sensitive to the grid resolution, especially in the
inner and near-wall regions. Nevertheless, important aspects of the combustion
process, such as the main reactions and pollution formation, usually take place
far away from the wall. Therefore, an acceptable fidelity level of LES predictions
for future engineering design applications such as optimisation investigations
can be achieved with moderate grid refinement. In the last test case of this
chapter, the NO reaction and its chemical kinetic parameters selected for the

helicopter exhaust modelling in Chapter 7 have been successfully validated.
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5 LES OF AHELICOPTER COMBUSTOR

5.1 Introduction

Although a notable amount of work on LES of simple academic flames has
been carried out and communicated to the open public, hitherto LES of a
helicopter combustor has only been considered by a limited number of
researchers. Boudier et al. (2007, 2008) studied the effects of grid resolution on
LES of reacting flows in a helicopter combustor employing their specialised
higher order scheme LES code on meshes consisting of 1.2 to 44 million
elements. Other work includes the study of combustion instabilities carried out
on meshes composing of 38 to 336 million elements (Staffelbach et al., 2009;
Wolf et al., 2012), and the incorporation of detailed chemistry in the LES code
(Auzillon et al., 2013). All of these studies employed very dense mesh, higher

order numerical methods or both.

The purpose of this work is to numerically study the Jet A/air reaction in a
helicopter combustor, and predict NOy emissions employing the current LES
code. To investigate the sensitivity of the LES results to the grid resolution, the
simulations have been carried out on three computational meshes with different
sizes. The LES results in terms of the flame structure, temperature distributions,
maximum flame temperature, exit temperature and EINOy are compared with
those from the combustor design, analytical solutions, previous LES and test

measurements.
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5.2 Combustor Configuration

The combustor configuration employed in this study, as illustrated in Figure 5-1,
is a 30° section of an annular combustor simplified from a reference combustor
designed within the Curtiss-Wright Corporation (1974). The combustor size and
performance resemble those of the high-performance combustor for small gas
turbine engine developed and tested within the United States Army Aviation
Material Laboratories (1970). The relative shaft length of the combustor is 145
mm, and the housing diameter is 370 mm. The combustor consists of primary

and dilution zones.

The operating conditions considered for the current research are those of the
reference combustor at 100% rated power, and an in-house gas turbine engine
performance code, TURBOMATCH (Pachidis et al., 2007; Li et al., 2009), at
32% power. These combustor operating conditions are presented in Table 5-1.
The helicopter combustor operating at the maximum power will be employed as
the baseline case for the current research.

The fuel and primary air inlets are located on the combustor dome. The central
inflow is a pure Jet A stream at the temperature of 300 K while the annular co-
flow is non-swirling air, making up 29% of the primary zone airflow. The cup-
shaped flame stabiliser serves to reduce the velocity of the Jet A/air mixture and
reverse the flow direction. Furthermore, it creates a recirculation zone in its
wake which entraps the hot combustion products and stabilises the flame. To
ensure complete combustion and reinforce the flow recirculation, the remaining
primary zone airflow is introduced into the combustor through two primary air
slots located on the combustor dome. The total primary zone airflow makes up
35.4% of the total combustor airflow. At the exit of the primary zone, the hot
combustion products are cooled by the dilution air which makes up 35.4% of the
combustor airflow and is introduced into the combustor through two inner liner
holes and two outer liner holes. The film cooling bands have not been explicitly
modelled in this study but the required film cooling airflow is accounted for by

distributed it through the primary air slots and dilution holes.
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Fuel and Dilution
air inlets holes

Primary
air slots

Figure 5-1 Schematic of the combustor configuration.

Table 5-1 Helicopter combustor operating conditions.

. Inlet

Power Inlet pressure (atm) Fuel flow Airflow rate temperature
rate (kg/s) (kg/s) (K)
100% 10.0 0.0588 2.270 625
32% 5.8 0.0244 1.439 525

5.3 Computational Setup

The numerical study has been carried out for the simplified helicopter
combustor employing the current LES code which has been successfully
validated against the classical experimental data (Owen et al., 1976) for a
coaxial jet combustor in Chapter 4. Furthermore, it has been successfully
applied in a sensitivity analysis (Dumrongsak and Savill, 2012a, 2012b), and
predicts combustion quantities as well as the specifically calibrated LES code
(Pierce and Moin, 2004). By post-processing the combustion results, the NOy
model calculates NOx formation through the thermal and prompt NO

mechanisms.
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For LES grid sensitivity analysis, the simulations have been performed on three
unstructured meshes consisting of approximately 0.2, 1.8 and 5.0 million
tetrahedral elements which will, hereinafter, be referred to as the coarse,
medium and fine grids respectively. The grid is refined near the flame stabiliser,
and primary air and fuel inlets where rapid changes in the fluid properties are
expected to take place. The comparison of the grid resolution on the midplane
is displayed in Figure 5-2. The coaxial jet inlets, primary air slots and dilution
holes are specified as the mass flow inlets. The downstream boundary is a
pressure outlet. The side boundaries are periodic while all solid boundaries,
including the flame stabiliser, are assumed to be no-slip, adiabatic and
impermeable walls. The time step size employed is 1.0 x 10™ seconds for the
coarse grid, and 1.0 x 10 seconds for the medium and fine grids. To allow for
the initial flow development, the simulations have been performed on all grids
for 40 flow-through times based on the mean velocity of the coaxial jets and the
combustor length. Subsequently, temporal averaging has been performed over
another 40 flow-through times to ensure adequately converged statistics with
regards to the main flow direction are obtained.
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(a)

(b)

(c)

Figure 5-2 Resolution on the axial midplane of the (a) coarse, (b) medium

and (c) fine grids.
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5.4 Results and Discussion

5.4.1 Instantaneous Temperature and Flame Structure

Figure 5-3 illustrates the mixture fraction iso-surfaces in the helicopter
combustor operating at 100% power obtained from LES on the coarse and fine
grids. The comparison reveals that the fine grid is able to retrieve more detailed
mixing and small turbulent structures than the coarse grid. The corresponding
instantaneous iso-surfaces of the temperatures at 800 K, 1600 K and 2400 K
obtained from LES on the two grids are illustrated in Figure 5-4. The
comparison reveals that the fine grid depicts more irregular and spread-out
flame which is a result of better mixing resolved. As demonstrated by the lower-
temperature iso-surfaces, the coarse grid displays strong and almost straight
penetration of the cooling air through the slots whereas the fine grid exhibits the
cooling air penetrating up to the downstream of the primary zone where it
becomes perturbed, starts to shed and mix with the hot combustion products.
This agrees with the results of previous LES on finer meshes (Boudier et al.,
2008).

Figure 5-5 depicts the instantaneous temperature distributions on the midplane
of the three grids. The comparison in Figure 5-5 reveals that the key flow
features captured by the three grids are similar overall. The flow path of fresh
gases entering the combustion chamber is obstructed by the flame stabiliser,
resulting in a reduction of the flow velocity, and increased mixing. The flame, as
indicated by the contours of highest temperature, is attached behind the flame
stabiliser, and encompasses mostly in the primary zone where the flow
recirculation has been designed to take place. In addition, the three grids are
able to capture the wavy flame structure which indicates that the combustion is
a highly unsteady process. Despite similar combustion characteristics captured,
the instantaneous temperature distributions from all grids are different locally.
As the grid resolution increases, the temperature contours become more

pronounced, and more flame front wrinkling is resolved.
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Figure 5-3 Instantaneous mixture fraction iso-surfaces from the (a) coarse
and (b) fine grids at 5.12 s.
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Figure 5-4 Instantaneous temperature iso-surfaces from the (a) coarse and
(b) fine grids at 5.12 s.
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Figure 5-5 Instantaneous temperature contours on the axial midplane from

the (a) coarse, (b) medium and (c) fine grids at 5.12 s.

5.4.2 Time-Averaged Temperature

Although instantaneous flow fields in the combustor are different, the LES
solutions are expected to converge towards the same temporal statistics which
should be independent of the grid resolution. Therefore, the comparison of the
time-averaged flow fields is a good indicator of the effects of the mesh
resolution on the LES results. The time-averaged temperature distributions from
LES on different grids are illustrated in Figure 5-6. All grids exhibit similar mean
flame location which matches that of the initial combustor design (Curtiss-
Wright Corporation, 1974). This highlights the proper performance of the
combustion model employed which appears to be independent of the grid
resolution. Despite the agreement in the flame position, the main discrepancy
between the simulation results seems to be the area of highest flame
temperature which is larger on the fine grid than the other two grids. As the rate

of reaction in non-premixed combustion is controlled by the mixing rate, more

86



Chapter 5 LES of a Helicopter Combustor

(b)
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Figure 5-6 Time-averaged temperature contours on the axial midplane

from the (a) coarse, (b) medium and (c) fine grids.

detailed mixing captured by the fine grid leads to more intense reaction between
the gases and thus higher temperature. Similar mean combustion behaviours
overall suggest that grid independence is achieved for the medium and fine
meshes. The results demonstrate that, even without employing very high grid
resolution or advanced numerical approaches such as those applied in the
previous helicopter combustor studies of Boudier et al. (2007, 2008),
Staffelbach et al. (2009), Wolf et al. (2012) and Auzillon et al. (2013) the current
LES code, in conjunction with moderate grid refinement, simple combustion and
chemistry models, is able to provide results with an acceptable level of fidelity.
This economic advantage makes it a promising tool for the design and
emissions optimisation investigations of helicopter combustors. These findings
are consistent with the conclusions of the previous studies carried by
Dumrongsak and Savill (2012a, 2012b).
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5.4.3 NO, Emissions

The contours of time-averaged NO mass fraction are compared in Figure 5-7.
The NO mass fraction is normalised by its maximum value. The LES results
obtained from the three grids depict the highest NO mass fraction location in the
primary zone where the flame is restrained, and the temperature peaks. Since
the thermal NO formation proceeds at a significant rate at the temperatures
approximately above 1850 K (Lefebvre and Ballal, 2010), this consistency of
NO predictions highlights the appropriateness of the NO, model employed.
Furthermore, there is overall agreement between the solutions on the medium
and fine grids in terms of the NO levels, contour shape and position of the
highest NO mass fraction which corresponds to the predicted time-averaged
peak temperature illustrated in Figure 5-6.

0 0.10.20.30.405060.70.80.9 1
Normalised NO mass fraction

Figure 5-7 Time-averaged NO mass fraction contours on the axial
midplane from the (a) coarse, (b) medium and (c) fine grids.
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Table 5-2 Comparison of flame temperature, exit temperature and EINOx.

Flame Exit Exit EINO

temperature (K) temperature (K) (a/kg)
Coarse grid 2435 1503 10.69
Medium grid 2465 1490 10.90
Fine grid 2487 1478 13.31
EQLBRM code 2485 - -
Curtiss-Wright Corp. - 1477 -
FOCA - - 11.66
lc\l:zél\r/]z;\rleAir Propulsion i i 11.60

For quantitative comparison, Table 5-2 presents the flame temperature, exit
temperature and EINOy obtained from LES on the three grids at 100% engine
power. The values of the flame temperature computed from the current LES are
compared with the flame temperature for Jet A/air reaction calculated by the
EQLBRM code at the similar operating pressure and inlet temperature (Heiser
and Pratt, 1994; Oates, 1997). As shown in Table 5-2, the grid refinement
increases the flame temperature, which agrees with the comparison made in
Figure 5-6. This is due to the fact that LES on the fine grid is able to capture
better mixing which leads to the higher reaction rate and thus flame temperature
in the primary zone. Contrarily, in the dilution zone where the reaction has
completed, an increase in mesh resolution leads to lowered exit temperature.
This is because the finer grids are able to capture more interaction between the
hot combustion products and cooling air, which results in the increased heat
transfer and lowered gas temperature. The values of predicted exit temperature
are compared to the combustor design value from the Curtiss-Wright
Corporation (1974).
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For the evaluation of aviation NO,, the parameter commonly used is its
emission index, EINOy, which is defined as (USEPA, 1977),

Mass of emitted NO,

EINO, = .
*  Mass of fuel burnt

Since aircraft engines use a relatively large amount of fuel compared to the
amount of NO generated, the unit of EINOy is more conveniently expressed as
g/kg. The EINOy values obtained from LES are compared with those from the
emissions approximation approach developed within the Federal Office of Civil
Aviation (FOCA, 2009) for turboshaft engines at the take-off condition, and the
emissions measurements carried out within the Naval Air Propulsion Centre for
the General Electric T58-GE-16 engine at the maximum power (AESO, 1987).
The predicted value of EINOy from LES increases as the grid resolution
increases. This is associated with the prediction of the maximum flame
temperature since the thermal NO formation is influenced considerably by the
flame temperature (Snyder et al., 1994).

It should be noted that the EINOy values used for this comparison are not
endorsed by ICAO. There are uncertainties associated with the estimation
which are the consequences of the fuel flow approximation, selection of time in
mode and power settings. Furthermore, the measurements are normally
obtained during the tests carried out under the standard ground conditions
which may not be the same as the flight conditions. Since there are not any
EINOx data of a helicopter combustor with the size, power and operating
conditions which exactly match those of the reference helicopter combustor
employed in the current research, these EINOy values from the approximation
approach and test measurements provide a reasonable range of the helicopter
EINOy values which can be used for LES result validation.
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Figure 5-8 compares the time-averaged temperature contours on various
transverse planes in the helicopter combustor at 100% and 32% powers on the
medium grid. As expected, the overall mean temperature at 100% power is
considerably higher than that at 32% power. However, the temperature
distributions at both power settings exhibit a similar trend. The first plane from
the left displays relatively high mean temperature compared to other regions,
indicating that some reaction has already taken place at this location. However,
among the four planes, the mean temperature on the second plane is the
highest. This is because this plane is located in the recirculation zone behind
the flame stabiliser where the flame is contained, and the temperature peaks.
The third plane, which is located in the upstream of the dilution zone, depicts
the penetration of the dilution air as indicated by the contours of lower
temperatures. As the gases proceed towards the exit, they are mixed with the
cooling air, and the mean temperature decreases as demonstrated on the last

plane.

The EINOy predictions from the current LES at these two operating points are
compared with the values from the FOCA’s emissions approximation approach
in Figure 5-9. It is shown that both approaches predict a similar trend in the NOy
production which increases as the engine operates at a higher power setting.
This is a result of the increase in fuel flow which raises the flame temperature
and thus the amount of NOy generated. At the maximum engine power, LES
predicts EINOx which is slightly higher than that obtained from the FOCA’s
approximation. On the other hand, at 32% power, LES predicts relatively low
EINOx compared to the FOCA’s approximation. The airflow rate for this case is
almost half of that for the maximum power setting. Since the primary air inlet
area is the same for these two cases, the significant reduction in the airflow rate
leads to a considerably lower flow velocity which contributes to inadequate
mixing and thus limited reaction. Hence, the flame temperature is lower, and

less NOy is generated.
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Figure 5-8 Time-averaged temperature contours at (a) 100% and (b) 32%
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Figure 5-9 Comparison of EINOy predictions from LES and FOCA.
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5.5 Conclusions

The simulation results from this chapter demonstrate the capability of the
current LES code to capture the flame characteristics which match those of the
reference helicopter combustor design as well as previous LES requiring ten to
one hundred times larger meshes. Furthermore, the flame temperature, exit
temperature and EINOy, computed from LES agree generally well with the
analytical solutions and test measurements. The current LES predicts a similar
NOy production trend as the FOCA’s emissions approximation approach. The
EINOy increases as the engine operates at a higher power setting. This is a
result of the increase in the fuel flow which raises the flame temperature and
thus the amount of NOx generated. The results from this chapter highlight the
possibility of employing the current LES code with a minimal grid resolution of
only a few million elements for the design and emissions optimisation studies as

well as its use to calibrate simpler performance and emissions models.
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6 LES FOR CALIBRATION

6.1 Introduction

The aim of this chapter is to assess the potential of LES and its application for
the calibration of other simpler performance and emissions models for future
optimisation investigations. The model being studied is HEPHAESTUS, a 1-D
in-house code developed within Cranfield University Department of Power and
Propulsion, which calculates the combustor performance and emissions based

on the stirred reactor concept (Celis, 2010).

This chapter consists of two main parts. The first part compares the simulation
results of kerosene/air reaction in a generic combustor obtained from LES with
those from HEPHAESTUS (Mazlan, 2012). In the latter part of this chapter, the
LES predictions of the helicopter combustor at the maximum power setting
presented in Chapter 5 are compared with the computations obtained from
HEPHAESTUS.

6.2 Generic Combustor

Simulations have been carried out to study the kerosene/air reaction in a
generic aircraft engine combustor employing LES. The predicted temperature
and EINOy values are compared with those obtained from HEPHAESTUS
(Mazlan, 2012).

6.2.1 HEPHAESTUS Combustor Model

The flow assumptions employed in the HEPHAESTUS generic combustor
model are represented in Figure 6-1. The combustor model is divided into the
flame front, primary, intermediate and dilution zones. Except for the dilution

zone, all zones are further separated into the core and near-wall regions.
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The fuel and air mixture first enters the combustor into the core and near-wall
regions of the flame front zone which is assumed to be a partially-stirred
reactor. The gases subsequently leave the flame front zone and enter the
primary zone where the cooling air is injected to provide more oxygen for
complete combustion, and cool the hot combustion products. Similarly, the
gases enter and leave the intermediate zone. Finally, all gasses, including the
additional cooling air, enter the dilution zone and leave the combustor. The

primary, intermediate and dilution zones are represented by perfectly-stirred

reactors.
Cooling air Cooling air
Fuel ‘ ‘
N I Near-wall Near-wall
ear-wa . . i N
f front —>  primary —> intermediate Cooling air
mmp | flame fron zone zone ‘
Primary air Dilution
Fuel zone
Core Core
Core flame . . .
' front || Primary —— intermediate
Zzone zone
Primary air t '
Cooling air Cooling air

Figure 6-1 Schematic of the generic combustor model in HEPHAESTUS.

6.2.2 Computational Domain and Setup

The generic combustor configuration employed for LES is a 36° section of an
annular combustor as illustrated in Figure 6-2. To allow for the comparison of
results, the LES generic combustor is modelled in such a way that it represents
the combustor model in HEPHAESTUS. The dimensions of the generic
combustor are presented in the work of Mazlan (2012). The combustor is
separated into the flame front, primary, intermediate and dilution zones. The
length of each zone corresponds to the zone length assumed in
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HEPHAESTUS. The flame front zone starts at the fuel and primary air inlets. In
this zone, there is no separation of the near-wall and core regions as in
HEPHAESTUS. The fuel and primary air are introduced into the combustor
through the injector orifices and swirler respectively. In the primary and
intermediate zones, the cooling air is injected into the core and near-wall
regions through the plunged dilution holes and film cooling bands accordingly.
For the dilution zone, the cooling air enters the combustor through eight film

cooling bands.

The simulations are carried out on an unstructured mesh consisting of
approximately 540,000 tetrahedral elements. All fuel and air inlets are specified
as mass flow inlets. The amount of fuel and air entering each combustor zone
are similar to those in the HEPHAESTUS model. The fuel is kerosene with the
temperature of 288 K and the mass flow rate of 0.417 kg/s. The air has the
temperature of 737 K and the total mass flow rate of 19.535 kg/s. The
combustor exit is a pressure outlet and the two side boundaries are periodic.
The wall is assumed to be no-slip and adiabatic. The simulations have been
performed employing the current LES code. The time step size employed in the
simulations is 1.0 x 10 seconds. The simulations have been carried out for 10
flow-through times to allow for the initial flow development and another 15 flow-

through times for temporal averaging.

Figure 6-2 Schematic of a 36° section of the generic annular combustor.
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6.2.3 Results and Discussion

Figure 6-3 displays the instantaneous temperature iso-surfaces obtained from
LES of the generic combustor. The time-averaged temperature contours on the
middle axial and various transverse planes are depicted in Figure 6-4. As
exhibited in both figures, the flame is restrained primarily in the intermediate
zone, and extends to the upstream of the dilution zone. Figure 6-5 compares
the zone temperatures obtained from LES with those from HEPHAESTUS. For
LES, the flame front, primary and intermediate zone temperatures are the
average temperatures of the cross-sectional planes located in the middle of
these zones. The last point is the average temperature at the combustor outlet.
While the peak in temperature predicted by LES is located in the intermediate
zone, HEPHAESTUS reports the maximum flame temperature to be in the
primary zone (Mazlan, 2012). The difference in the locations of the maximum
flame temperature is mainly due to the specific assumptions made in
HEPHAESTUS.

The flame front zone in HEPHAESTUS is assumed to be a partially-stirred
reactor to take into account the heterogeneities of the initial mixing between the
fuel and air. As the reaction is limited by the inadequate mixing, the flame
temperature does not reach its maximum value in this zone. However, as the
gases enter the primary zone where they are assumed to be perfectly mixed,
the reaction takes place spontaneously, consuming most of the reactants. As a
result, most heat is produced, and thus the maximum flame temperature is
reached in this zone. As the hot combustion products progress towards the
dilution zone, their temperatures drop. The perfectly-stirred reactor assumption
established in HEPHAESTUS implies that the cooling air introduced into each
combustion zone is able to efficiently mix with the hot combustion products, and

hence the gas temperature is lowered rapidly.
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For LES of the generic combustor, the mixing between the fuel and air is
enhanced through the swirling primary air, turbulence, flow recirculation and
difference in fluid velocities. Since the flame front zone has relatively short
residence time, the mixing between the fuel and air is minimal. As the gases
enter the primary and subsequently intermediate zones, they have more time to
mix. Furthermore, they are perturbed by the injection of cooling air though the
plunged dilution holes. The strong penetration of the cooling jet, along with the
extended rims of the dilution holes, obstructs the flow path, changes the flow
direction and creates recirculation regions. This is demonstrated in Figure 6-6
which depicts the flow streamlines near the plunged dilution hole in the upper
liner of the intermediate zone. Due to the vigorous mixing and recirculation, the
flame is stabilised in this zone, leading to the highest temperature predicted. As
the hot gases proceed towards the dilution zone, they are cooled by the dilution
air. Despite the difference in the locations of the maximum temperature, and the
significant discrepancy in the intermediate zone temperature predictions, the
outlet temperatures obtained from LES and HEPHAESTUS are fairly close to
each other.

Figure 6-7 exhibits the instantaneous NO mass fraction iso-surfaces in the
generic combustor. It is shown that a significant amount of NO is produced in
the intermediate zone and upstream of the dilution zone where the temperature
is relatively high. The exit EINO values obtained from LES and HEPHAESTUS
are 10.0 and 3.7 g/kg respectively. Since the NO generation is associated with
the flame temperature, the lower EINOy value computed from HEPHAESTUS

corresponds to the lower flame temperature predicted.
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Figure 6-3 Instantaneous temperature iso-surfaces of the generic

combustor at 6.71 s.
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Figure 6-4 Contours of time-averaged temperature on combustor middle

axial and various transverse planes.
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Figure 6-5 LES cross-sectional plane-averaged temperatures compared
with HEPHAESTUS combustor zone temperatures.
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Figure 6-6 Streamlines of flow near the outer dilution hole in the

intermediate zone displayed on the time-averaged temperature contours.
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Figure 6-7 Instantaneous NO mass fraction iso-surfaces at 6.71 s.

6.3 Helicopter Combustor

A study has been carried out to compare the performance of LES and
HEPHAESTUS in modelling the reaction in a small helicopter combustor. The

values of EINO, computed from both approaches are compared.
6.3.1 HEPHAESTUS Combustor Model

The helicopter combustor model in HEPHAESTUS is illustrated in Figure 6-8.
As similar to the HEPHAESTUS generic combustor model, the helicopter
combustor is divided into the flame front, primary, intermediate and dilution
zones. However, unlike the generic combustor, all helicopter combustor zones
are represented by perfectly-stirred reactors, and there is no separation
between the core and near-wall regions. The equivalent ratio is fixed at 0.9 for
all operating conditions. It is assumed in the model that 90% of the fuel is
introduced into the flame front zone where it reacts with the primary air. The
gases then leave the flame front zone and enter the primary zone where
another 10% of the fuel is added. The remaining air is distributed into the
primary, intermediate and dilution zones to cool the hot gases. The combustor
operating pressure, fuel and air flow rates, and inlet temperatures are the same

as those employed in LES of the helicopter combustor in Chapter 5.
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Figure 6-8 Schematic of the helicopter combustor model in HEPHAESTUS.

Since the LES helicopter combustor only has the primary and dilution zones,
the HEPHAESTUS flame front, primary and intermediate zones combined are
assumed to be equivalent to the primary zone of the LES combustor. For the
baseline HEPHAESTUS model, the flame front zone volume is assumed to be
20% of the total LES combustor volume. The airflow distributions of LES and
baseline HEPHAESTUS combustors are compared in Table 6-1.

Table 6-1 Comparison of airflow distributions in the helicopter combustor.

Airflow distributions

Zone

LES HEPHAESTUS (baseline)
Flame front - 20%
Primary 52% 22%
Intermediate - 10%
Dilution 48% 48%

6.3.2 Computational Domain and Setup

The LES combustor configuration, computational mesh, boundary conditions,
operating conditions, and numerical methods employed in this study correspond
to those of the helicopter combustor operating at the maximum engine power,
which are presented in Chapter 5.
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6.3.3 Results and Discussion

The EINOy predictions from LES on the fine grid and HEPHAESTUS are
compared in Table 6-2. The EINOy value obtained from HEPHAESTUS with the
baseline combustor model is considerable lower than that computed from LES.
The NOy calculation in HEPHAESTUS is based on the input parameters such
as the equivalence ratio, flame front zone area, length and airflow. However, for
LES of the helicopter combustor, as well as the actual combustion inside
helicopter combustors, it is difficult to determine the flame front volume. Since
the values of flame front zone area, length and airflow employed in the baseline
HEPHAESTUS combustor model are assumed, they may not provide the

comparable representative of the combustion inside the helicopter combustor.

Another factor which may contribute to the discrepancy between the results is
the assumption that the fuel and air mix instantly and completely once they
enter the HEPHAESTUS combustor model. For LES, the fuel and air enter the
helicopter combustor domain through separate inlets in the upstream of the
primary zone where limited reaction takes place due to the inadequate mixing
between the reactants. However, most of the reaction occurs downstream of the
primary zone behind the flame stabiliser where the flow recirculation is present
as demonstrated by the streamlines on the combustor midplane in Figure 6-9.
Hence, the perfectly-stirred reactor assumption established at the flame front
zone of the helicopter combustor model in HEPHAESTUS is unrealistic
because it does not take into account the heterogeneities of the initial mixing

between the fuel and air.

Table 6-2 Comparison of EINOy predictions from LES and HEPHAESTUS.

Approach Exit EINOy (g/kg) Deviation
LES (fine grid) 13.31 -
HEPHAESTUS (baseline) 1.74 86.9%
HEPHAESTUS (modified) 10.14 23.8%
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Figure 6-9 Streamlines on time-averaged contours of velocity normalised
by the inlet air velocity demonstrating flow recirculation behind the flame

stabiliser inside the LES helicopter combustor.

Moreover, it is assumed in HEPHAESTUS that the equivalence ratio at all
operating points is fixed at 0.9. For LES, the equivalence ratio is calculated
based on the actual amount of fuel and air ratio in the primary zone which is
approximately 1.07 at 100% power. A decrease in the equivalence ratio leads to
a drop in the flame temperature and thus the NOyx produced. Therefore,
HEPHAESTUS predicts lower EINOy than LES at this operating point.

An improvement on the HEPHAESTUS helicopter combustor model has been
attempted by adjusting the inputs for the flame front zone area and length.
Increasing these values has the effect of increasing the NOy generation. As
demonstrated in the EINO, comparison presented in Table 6-2, the discrepancy
between the LES and HEPHAESTUS predictions reduces significantly when the
modified HEPHAESTUS is employed. Despite the result improvement, the
important question now is whether the increased flame front zone volume is

actually a real representative of the flame in the helicopter combustor.
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6.4 Conclusions

The discrepancies between the results obtained from LES and HEPHAESTUS
are found to be primarily due to specific simplification and assumptions
established in the HEPHAESTUS models. While LES computes the
temperature and NO based on the fluid mixing and flow fields captured,
HEPHAESTUS assumes that the mixing in the primary, intermediate and
dilution zones is spontaneous and perfect, which is a condition difficult to
achieve in the real gas turbine combustor. Especially for the helicopter
combustor model, the perfectly-stirred reactor assumption established at the
flame front zone is unrealistic because it neglects the heterogeneities of the
initial mixing between the fuel and air. Since the reaction and heat transfer rates
depend on the rate of mixing, this perfect mixing assumption influences the

EINOy predictions.

Although the assumption of four combustor zones can be applied to the generic
combustor, it may not be appropriate for the helicopter combustor since most of
the actual helicopter combustors are relatively small and short compared to the
aircraft engine combustors. Therefore, the helicopter combustors typically have
less number of zones. Furthermore, fixing the equivalence ratio at one value for
all operating conditions may not provide the realistic representation of the
reaction in helicopter combustors. As the power setting changes, the fuel flow
rate and thus the equivalence ratio change. These shortcomings affect the
fidelity level of HEPHAESTUS results.

As demonstrated in this chapter, LES can be employed to explore the
limitations of simpler performance and emissions modelling approaches such as
HEPHAESTUS. Being a higher-fidelity modelling approach, LES has proven its
potential to be employed in the calibration of HEPHAESTUS. By using the LES
results as the standard, the input parameters such as the flame front zone area,
length and airflow which control the NOy calculation in HEPHAESTUS can be

adjusted to improve its predictive capabilities.
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7 LES OF REACTIVE HELICOPTER EXHAUST

7.1 Introduction

Reliable assessments of the impacts of aviation emissions on the climate and
air quality primarily require detailed knowledge about the chemical evolution
and dilution processes which take place at the first stage of the exhaust plume
dispersion. In addition, modelling the chemical reaction in the jet exhaust is of
great significance because the exhaust species are currently inaccessible to
measurements. The purpose of this study is to gain an insight into a NO
chemical process in a helicopter jet exhaust employing LES. The plume
reaction considered is the transformation of NO to NO,. For the grid sensitivity
analysis, the simulations have been performed on three computational meshes.
The effects of helicopter exhaust temperature on the chemical reaction have
also been investigated. Since much of the chemistry takes place very early in
the jet (Karcher et al., 1996), this study focuses on the early plume regime up to

20 m downstream of the exhaust exit.
7.2 Computational Domain and Setup

The simulations have been performed on a cone-shaped computational domain
illustrated in Figure 7.1. The central inlet which represents the helicopter
exhaust exit has the diameter of 0.5 m. This dimension is comparable to that of
the turboshaft engine which has similar rated power as the reference helicopter
combustor employed in this research (Daly, 2010). The jet is surrounded by an
annular ambient air inlet with the outer diameter of 5.0 m. The domain extends
35.0 m downstream. The exit diameter increases to 30.0 m. Three O-type grids
which consist of approximately 175,000, 777,000 and 1,654,000 hexahedral
elements have been created for the grid sensitivity analysis. They will,
henceforth, be referred to as the coarse, medium and find grids respectively. As
exhibited in Figure 7.2, the grid is clustered near the centre of the exhaust plane
radially and the exhaust exit axially to capture the reaction in the region of

interest.
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The current LES code has been employed in conjunction with the EDC model.
The plume reaction considered is the transformation of NO to NO,, which has
previously been validated in Chapter 4. The time step sizes employed for the
coarse, medium and fine grids are 8.0 x 10, 1.0 x 10® and 5.0 x 10 seconds
respectively. The simulations have been carried out for 5 flow-through times to
allow for the initial flow development and another 10 flow-through times for

temporal averaging.

The jet inlet is specified as the mass flow inlet. By assuming the fuel mass flow
is negligible, the mass flow rate at the exhaust exit is taken to be equal to that of
the air at the helicopter engine inlet. For the sensitivity study, the exhaust total
temperatures considered are 422 K and 600 K. The annular inlet is set as the
pressure inlet with the total pressure of 10 Pa above the ambient pressure, and
total temperature of 290 K. The conical side boundary is specified as the
pressure inlet with the total pressure equals to the ambient pressure, and the
total temperature of 290 K. The outlet of the domain is the pressure outlet. This
setup corresponds to that of the exhaust plumes modelling of Garmory et al.
(2008) and Gursoy (2009).

For the initial background composition, the Oz, NO and NO, concentrations are
representative of the values at sea level in the United Kingdom (Garmory et al.,
2008). The value of the background O is obtained from the study of Karcher et
al. (1996). These values are presented in Table 7.1. The remaining air is
assumed to be composed of only N, which does not take part in the reaction.
The helicopter exhaust chemical composition is assumed to consist of only NO,
O, and N, The concentrations of NO and O, in the jet exhaust are obtained
from the LES results of the helicopter combustor in Chapter 5. The computed
values of NO concentration are normalised by the initial NO concentration at the

exhaust exit.
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Figure 7-1 Dimensions of the jet exhaust domain.

Jet exhaust
exit

Figure 7-2 Computational mesh of the domain behind the exhaust exit.
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Table 7-1 Initial chemical compositions.

Species Exhaust (ppmv) Background air (ppmv)
0, 1.71x 10° 2.10 x 10°
Os - 3.86 x 10
NO 5.39x10" 1.86 %102
NO, - 3.14 x 10

7.3 Results and Discussion

7.3.1 Grid Sensitivity Analysis

Figure 7-3 compares the contours of NO mass fraction, normalised by its initial
value at the exhaust exit given in Table 7-1, on the midplane of the three grids.
The comparison reveals that as the grid resolution increases, more reaction at
the interface between the exhaust plume and ambient air is captured. This can
be observed by the green colour contours which suggest that some NO has
already been mixed and consumed by the reaction. Particularly from 3 m to 8
m, compared to the coarser meshes, the fine grid exhibits thicker shear layers
where small-scale structures and strong mixing are present. In addition, as
suggested by the shorter red contours, the reaction in the jet core depicted on
the finer grids takes place earlier than the coarse grid. Further downstream, the
coarse grid appears to be rather dissipative. Its resolution is inadequate to
resolve the vertex shedding and entrainment of the ambient air into the exhaust
plume as well as the fine grid which exhibits separate pockets of higher NO

mass fractions after the distance of approximately 10 m.
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Figure 7-3 Instantaneous contours of NO mass fraction, normalised by the
initial value of the exhaust, on the (a) coarse, (b) medium and (c) fine grids
at 30.62 s.
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Figure 7-4 Comparison of instantaneous contours of NO mass fraction,
normalised by the initial value of the exhaust, on the cross-sectional

planes at x =7 m and 10 m from all grids at 30.62 s.
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Figure 7-5 Profiles of time-averaged NO (left) and NO- (right) mass
fractions along the jet centreline on different grids.

Figure 7-4 compares the normalised NO mass fraction contours on the cross-
sectional planes of the three grids. At x = 7 m, the three grids exhibit a region of
maximum NO mass fraction in the jet core. However, the coarse grid depicts the
largest area of the maximum NO region. There are distinct NO layers with the
jet core concentrated at the centre and enclosed by thin shear layers. This is
because the mixing between the jet exhaust and ambient air at this location has
not been well captured by the coarse grid. The medium and fine grids, on the
other hand, display the entrainment of the ambient air into the exhaust plume
which leads to the consumption of NO by the reaction and thus smaller
maximum NO region. At x = 10 m, all grids no longer exhibit the maximum NO
zone. This is consistent with the NO contours in Figure 7-3 which depicts the
length of jet core to be less than 10 m for all grids. The coarse grid still displays
concentrated jet enfolded by the ambient air whereas the medium and fine grids

exhibit more mixing between the jet exhaust and surrounding air.
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Profiles of time-averaged normalised NO and NO, mass fractions along the jet
centreline obtained from different grids are compared in Figure 7-5. Behind the
exhaust exit, LES on the three grids initially predict maximum NO mass fraction
until the distance of about 5 m, after which the surrounding air begins to be
entrained into the exhaust plume, and the reaction starts to take place, leading
to the drop in the NO mass fraction. However, different grids exhibit different
NO decreasing rates. As the grid resolution increases, the drop in the NO level
becomes more rapid. This is due to the fact that the finer grids are able to
capture smaller-scale mixing better. As a result, the entrainment of the ambient
air and, hence, the reaction reach the jet core quicker. Furthermore, it can also
be observed that in the reaction zone between 5 m to 15 m, the increase in NO
consumption rate from the coarse grid to the medium grid is higher than that
from the medium grid to the fine grid. Since similar initial chemical compositions
are employed in the three cases, the NO levels are expected to reach the same
value after the reaction completes. This is illustrated on the left of Figure 7-5
where the NO mass profiles approach the same level in the downstream region
after the distance of approximately 22 m.

On the right of Figure 7-5, the corresponding rise in NO, mass fraction from the
reaction is demonstrated. The increase in the grid resolution from the medium
mesh to the fine mesh raises the NO, generation rate slightly in the reaction
zone. This is consistent with the increase in the NO consumption rate exhibited
on the left. The NO, profiles from the two grids reach the same level after the
distance around 15 m. The coarse grid, on the other hand, is too dissipative and
displays a non-physical drop in NO, mass fraction after the distance of 15 m.
This suggests that the resolution of the coarse grid is inadequate in this region.
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7.3.2 Effects of the Exhaust Temperature

To compare the effects of temperature on the chemical transformation of NO to
NO,, LES has been performed on the medium grid for the helicopter exhaust
temperature of 422 K and 600 K. The NO mass fraction contours obtained from
the simulations are compared in Figure 7-6. The comparison reveals that the
increase in the exhaust temperature increases the chemical reaction rate. As
illustrated in Figure 7-6 (a) for the exhaust temperature of 422 K, the length of
the jet core is significantly longer compared to that in the higher exhaust
temperature case. While the exhaust plume of lower temperature is narrower
and has higher NO concentration, the simulation results of the higher exhaust
temperature depict more dispersed helicopter exhaust plume with lower NO
level downstream. This is owing to the fact that the rise in the temperature
increases the energy of NO particles, which in turn allows them to react more

readily when colliding with the O3 patrticles.

Figure 7-7 compares the profiles of time-averaged normalised NO and NO;
mass fractions along the jet centreline obtained from LES for the two exhaust
temperatures. The NO level remains constant at the beginning until the distance
of approximately 5 m and 6 m for the exhaust temperature of 600 K and 422 K
respectively, after which the NO mass fraction starts to drop. However, the rate
of NO consumption by the reaction is higher for the 600 K exhaust temperature
than the 422 K counterpart. This is consistent with the NO contours in Figure 7-
6 which displays a shorter jet core in the case of the higher exhaust
temperature. In the downstream region where the profiles start to level, it can be
observed that the final NO level of the 600 K exhaust temperature case is
slightly lower than that of the 422 K exhaust temperature. The profiles of NO,
mass fraction correspond to the NO predictions. The higher NO consumption
rate for the 600 K exhaust temperature illustrated in the left figure leads to a
higher NO, generation rate on the right figure. Furthermore, the final NO, level

is slightly higher for the case of the higher helicopter exhaust temperature.
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Figure 7-6 Instantaneous contours of NO mass fraction, normalised by the
initial value of the exhaust, for the exhaust temperature of (a) 422 K and
(b) 600 K at 30.62 s.
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Figure 7-7 Profiles of time-averaged NO (left) and NO- (right) mass
fractions along the jet centreline from different helicopter exhaust

temperatures.

7.4 Conclusions

The performance of LES in modelling the chemical transformation of NO to NO
in the helicopter exhaust plume has been demonstrated in this chapter. The
medium and fine grids exhibit more mixing and thus reaction in the shear layers.
In addition, the entrainment of the surrounding air into the exhaust plume
downstream is well captured on these grids. The coarse mesh, on the other
hand, is found to be too dissipative, and provides non-physical NO, formation
trend downstream. Comparing the two exhaust temperatures, the increase in
the exhaust temperature raises the reaction rate and the amount of products
generated. This is because the NO patrticles gain more energy from the rise in

temperature, and thus are able to react with the O3 particles more readily.
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8 CONCLUSIONS AND FUTURE WORK

8.1 Conclusion

The increasing environmental concerns over the impacts of aviation emissions
on the climate and air quality have led to the development of more stringent
policies and significant world-wide efforts to reduce aviation emissions,
particularly the harmful NO, emissions. However, the lack of publicly accessible
helicopter engine emission data and information on the chemical evolution of
important species in the helicopter exhaust plume impedes the design and
development of more environmentally-friendly helicopter engines with reduced

emissions.

The findings from the current research highlight the good capabilities of the
current commercial LES at minimal grid resolution and computational resource
requirements in terms of the number of processors utilised and execution time,
with simple combustion and chemistry models, to capture main combustion
characteristics in a helicopter combustor, predict helicopter NOx emissions, and
evaluate an important chemical reaction in a helicopter exhaust plume. This
economic advantage makes it a promising tool for the design and emissions
optimisation investigations of helicopter combustors and exhaust systems,
which will diminish the reliance on the expensive parametric experimental
studies. Another fundamental element of the current research has been the
assessment of the potential application of LES for the calibration of other lower-

fidelity combustion performance and emissions models.

The research begins with the validation of the current commercial LES code for
a non-reacting round jet. Compared with a previous research LES code which
tends to over-predict the jet spreading rate, the results from the current LES
agree better with the experimental data. However, LES results are found to be
very sensitive to the grid resolution in the upstream of the jet core. This is
because of the higher grid requirements near jet nozzle where the velocity is
higher, and the mixing is more intense. The capabilities of LES to predict flow
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fields, capture mixing and spreading characteristics of a round jet with a co-flow

have been demonstrated in this test case.

The second test case is LES of a coaxial jet combustor. The comparison of
simulation results demonstrates the superiority of LES over RANS in capturing
realistic flame characteristics. The current LES is able to predict the highest
product mass fraction which agrees with the highest product mass fraction
attainable in theory. The RANS approach, on the other hand, under-predicts the
product mass fraction significantly because it is not able to capture the mixing
well, and thus under-predicts the reaction rate. However, RANS performs better
than LES near the wall due to the higher grid requirements of LES to resolve

flow in viscous near-wall regions.

The LES results are then validated against the classical experimental data and
compared with the computations obtained from a modified LES with a more
advanced chemistry modelling approach. The current LES is able to capture
highly unsteady flame behaviours which agree with the observation made in the
experiment. The fine grid is able to capture more smaller-scale mixing in the
inner flame than the coarse grid, especially in the upstream region behind the
fuel port. In addition, improvements in the near-wall predictions have been
observed when the finer grid is employed. Although the LES predictions are
especially sensitive to the grid resolution near the wall, the current LES code is
able to provide valuable results for future design and emissions optimisation
investigations of combustors since important aspects of the combustion
process, such as the main reactions and pollution formation, usually take place

far away from the wall.

120



Chapter 8 Conclusions and Future Work

For the comparison of chemistry models, there are slight discrepancies between
the upstream predictions behind the fuel port. However, these discrepancies
diminish along the combustor length. Since the combustor operating and
boundary conditions are the same in both cases, the profiles are expected to be
uniform towards the exit of the combustor where the reaction completes. As
demonstrated by the results, the downstream predictions from the two models

are similar and agree generally well with the experimental measurements.

Another test case has been carried out to validate the application of the current
LES with an unstructured grid for modelling non-premixed combustion. The
results reveal that there is a delay in the upstream mixing and thus reaction on
the unstructured grid which is mainly due to the simplification of the
configuration. Since the splitter plate plays a key role in initiating the flow
instability at the interface between the two fluid streams, altering the thickness
of the splitter plate on the unstructured grid affects the mixing and recirculation

process of the flow inside the combustor.

Compared to the structured grid, the mixture fraction, product mass fraction and
temperature predictions of LES on the unstructured grid agree better with the
experimental data downstream. This is because the unstructured mesh has
finer grid elements near the combustor exit, and thus is able to capture more
detailed mixing in this region. The purpose of the comparison in this test case is
for validation and not to suggest that the unstructured grid is superior or inferior
to the structured grid. For the coaxial jet combustor which is a simple
configuration, the application of the structured grid is more efficient. However,
an unstructured grid provides more flexibility and can be easily applied to more
complex geometries such as the helicopter combustor employed in the current

research.
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For the last test case, the transformation of NO to NO,, which is the key gas-
phase chemical reaction selected for the reactive helicopter exhaust plume
modelling, and its kinetic parameters have been validated for a round jet
configuration. The two reaction models being compared are the laminar finite-
rate and eddy dissipation models. The simulation results predicted by the eddy
dissipation model agree generally well with the experimental data except at the
fluid interface where the model over-predicts the reaction rate slightly. The
laminar finite-rate model, on the other hand, tends to under-predict the reaction
rate in the regions where the effects of turbulence become important. This is
owing to the fact that the model does not take into account the turbulence-

chemistry interaction.

The validated LES code is then employed to model the Jet A/air reaction in the
helicopter combustor. The current LES is able to capture the flame
characteristics which match those of the reference helicopter combustor design
as well as previous LES requiring ten to one hundred times larger meshes. In
addition, the flame temperature, outlet temperature and EINOx computed by the
current LES agree generally well with the analytical solutions and test
measurements. The grid sensitivity analysis reveals similar mean flame location
on all grids, which matches that of the initial combustor design. This highlights
the proper performance of the combustion model employed which appears to
be independent of the grid resolution. Furthermore, the three grids depict the
highest NO mass fraction location in the primary zone where the flame is
restrained, and the temperature peaks. Since the thermal NO formation
proceeds at a significant rate at high temperatures, this consistency of NO
predictions highlights the appropriateness of the NOx model employed.

Despite similar combustion results predicted, the instantaneous temperature
distributions from all grids are different locally. As the grid resolution increases,
the temperature contours become more pronounced, and more flame front
wrinkling is resolved. As demonstrated by the comparison, the fine grid displays
more perturbation, shedding and mixing of the gas stream. This agrees with the

previous LES results.
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For the quantitative comparison, the flame temperature is found to increase with
the grid refinement. This is due to the fact that LES on the fine grid is able to
capture better mixing which leads to the higher reaction rate and thus flame
temperature in the primary zone. However, the increase in mesh resolution
decreases the exit temperature. This is because the finer grids are able to
capture more interaction between the hot combustion products and cooling air,
which results in the increased heat transfer and lowered gas temperature. For
the comparison between the maximum and low engine powers, the predicted
EINOy increases with the power settings. This is a result of the increase in fuel

flow which raises the flame temperature and thus the amount of NO, generated.

Subsequently, the potential application of LES for the calibration of simpler
performance and emissions models has been assessed for the generic and
helicopter combustors. The temperature and EINOy predictions obtained from
LES are compared with those from an in-house performance and emissions
modelling code, HEPHAESTUS. The discrepancies between the results are
primarily due to specific simplification and assumptions established in the
HEPHAESTUS model. While LES computes the reaction based on the mixing
and flow fields captured, HEPHAESTUS assumes that the mixing in the
primary, intermediate and dilution zones is spontaneous and perfect, which is a
condition difficult to achieve in the real gas turbine combustor. Especially for the
helicopter combustor model, the perfectly-stirred reactor assumption
established at the flame front zone is unrealistic because it neglects the
heterogeneities of the initial mixing between the fuel and air. Since the reaction
and heat transfer rates depend on the rate of mixing, this perfect mixing
assumption affects the temperature and EINOy predictions.
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As demonstrated in the current research, LES can be employed to explore the
limitations of simpler performance and emissions modelling approaches such as
HEPHAESTUS. Being a higher-fidelity modelling approach, LES has proven its
potential to be employed in the calibration of HEPHAESTUS. By using the LES
results as the standard, the input parameters such as the flame front zone
volume, airflow distributions and equivalence ratio which control the NOy
calculation in HEPHAESTUS can be adjusted to improve its predictive

capabilities.

Finally, LES has been employed to model the transformation of NO to NO; in
the helicopter exhaust plume. The current LES is able to capture the vortex
shedding, entrainment of the ambient air in to the jet core and chemical reaction
well. The grid sensitivity analysis reveals that as the mesh resolution increases,
LES is able to capture more mixing and reaction, especially in the shear layers,
leading to lower NO concentrations predicted. The comparison of the two
exhaust temperatures reveals that the increase in the exhaust temperature
raises the reaction rate and the amount of products generated. This is because
the NO particles gain more energy from the rise in temperature, and thus are

able to react with the O3 particles more readily.

The results from the current research highlight the possibility of employing the
LES code with a minimal grid resolution of only a few million elements for the
design optimisation studies as well as its use to calibrate simpler performance

and emissions models.
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8.2 Future Work

The current research focuses on the modelling of NOx emissions from the
helicopter combustor and the chemical transformation of NO to NO, in the
exhaust plume. It provides an insight into the NOy formation characteristics,
influences of important flow parameters on the NOy generation, and reaction of
NO in the hot exhaust with the ambient Os;. Another environmental concern
associated with the helicopter operations is soot which is the second largest
contributor to global warming. Exposure to soot leads to serious health
problems, such as aggravation of respiratory, cardiovascular diseases, and
premature mortality (USEPA, 1999). Soot contains polycyclic aromatic
hydrocarbons (PAHSs) which are hazardous chemical compounds and identified
as carcinogenic. As the measurements of Chen et al. (2006) demonstrated, the
PAHs emissions from the UH-1H turboshaft engine was the highest compared

to those from the motor vehicle, heavy duty diesel and F101 aircraft engines.

This suggests that soot emissions from helicopter engines are not negligible,
and thus appropriate measures should be taken to reduce these emissions.
Therefore, in the future, it is necessary to carry out a high-fidelity numerical
study of soot emissions from helicopter engines, soot dispersion characteristics
in the environment and soot formation in the atmosphere by the transformation

of NOy, VOCs, SOy in order to provide a better understanding of soot emissions.

To properly account for the interaction between the film cooling air and hot
combustion products, the explicit modelling of helicopter combustor film cooling
bands could also be included in the future work. However, since the film cooling
thickness is generally too small for standard LES grids, the mesh generation

issue involved will have to be taken into consideration.
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The comparison between the results obtained from the current LES and
HEPHAESTUS model for the helicopter combustor has demonstrated that by
adjusting the input values of flame front zone area and length, the deviation of
the HEPHAESTUS NOy output from the predicted LES NOy reduces
significantly. Therefore, on the part of the HEPHAESTUS users, the LES results
from the current research can be used as the standard for further calibrating the
parameters controlling the NOy calculation in HEPHAESTUS. The flame front
zone area and length obtained after the calibration could be used as the
baseline values for other helicopter combustor studies. On the other hand, the
code developers could incorporate the heterogeneities of the initial mixing
between the fuel and air in the flame front zone into the HEPHAESTUS model.
Furthermore, the developers may modify the HEPHAESTUS code so that the
actual equivalence ratio is calculated instead of using a constant equivalence
ratio for different fuel and air mixtures. This will provide a more realistic
representation of the reaction and thus the NOy generation inside helicopter

combustors.

For the exhaust study, this research only considers a circular aft exhaust face
configuration which produces a straight plume during a forward flight mode. As
suggested by the literature (O’Brien et al., 2008), the exhaust configuration
affects the flow characteristics. This, in turn, influences the mixing and thus the
reaction between the chemical species in the exhaust plume and ambient air.
Therefore, LES could be carried out to investigate how different exhaust face
shapes and angles affect the chemical reaction in the exhaust. The simulation
results will be beneficial for the future design and optimisation processes of

more environmentally-friendly exhaust systems.
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In addition, the current research only focuses on one key chemical reaction in
the helicopter exhaust plume. However, the actual chemical transformation of
species in the jet exhaust involves numerous complex chemical processes.
Although modelling these chemical processes employing LES is a challenge
owing to the numerical complexity and high computational costs involved, it will
provide insights into the dominant chemical reactions and the overall effects of

these reactions on a particular exhaust species.

The NOy measurements of the reference helicopter engine are not available in
the public domain at present for the current research. However, there may be a
future possibility to quantitatively compare helicopter exhaust NOy predictions
obtained from LES with the test data from new research programmes such as
the Fibre-Laser Imaging of Gas Turbine Exhaust Species (FLITES) consortium
which has been launched to build upon the expertise in chemical species
tomography, fibre-lasers, and gas-detection opto-electronics for aero engine

emission measurements (Johnson, 2013; Armstrong, 2013).

Due to the rising fuel price and environmental concerns associated with the
petroleum combustion, the aviation industry has been exploring alternatives to
conventional jet fuel. To achieve the emissions reduction goals, one of the most
promising solutions is the use of biojet fuels, which will reduce the amount of
greenhouse gases emitted. Experimental studies have been carried out to
evaluate the engine performance and emissions from biofuel combustion. In
addition, over 1500 flights have already been successfully and safely operated
using biofuel-kerosene blends (IATA, 2013). Following the success of the
biofuel application for civil aircraft, LES of biofuel-kerosene/air reaction in a
helicopter combustor could be carried out to evaluate the engine performance
and emissions in order to explore the possibility of extending the application of

biofuels to power helicopters.
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APPENDICES

Appendix A Journal Abstracts

A.1 Numerical analysis and sensitivity study of non-premixed

combustion using LES

Abstract—Non-premixed turbulent combustion Computational Fluid Dynamics
(CFD) has been carried out in a simplified methane-fuelled coaxial jet
combustor employing Large Eddy Simulation (LES). The objective of this study
Is to evaluate the performance of LES in modelling non-premixed combustion
using a commercial software, FLUENT, and investigate the effects of the grid
density and chemistry models employed on the accuracy of the simulation
results. A comparison has also been made between LES and Reynolds
Averaged Navier-Stokes (RANS) predictions. For LES grid sensitivity test, 2.3
and 6.2 million cell grids are employed with the equilibrium model. The
chemistry model sensitivity analysis is achieved by comparing the simulation
results from the equilibrium chemistry and steady flamelet models. The
predictions of the mixture fraction, axial velocity, species mass fraction and
temperature by LES are in good agreement with the experimental data. The
LES results are similar for the two chemistry models but influenced considerably

by the grid resolution in the inner flame and near-wall regions.
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A.2 Prediction of NO, Emissions from a Helicopter Combustor Using

Large Eddy Simulation

Abstract—This paper presents a numerical study of Jet A/air reaction in a
simplified helicopter combustor employing Large Eddy Simulation (LES) and the
non-premixed combustion model. The study aims to assess the performance of
LES, at minimal resolution and computational resource requirements, in
modelling combustion and predicting NOy emissions to allow the possibility of
future optimisation investigations. The simulations have been carried out on
three computational grids consisting of approximately 0.2, 1.8 and 5.0 million
tetrahedral elements. The LES predictions in terms of the temperature
distributions, maximum flame temperature, mean exit temperature and EINOy
agree generally well with the combustor design, analytical solutions and test
measurements. Consequently, the LES code has been employed to model the
reaction in a generic combustor. The comparison of results from LES and a
one-dimensional emission model highlights the potential of current LES for the

calibration of simpler helicopter performance and emission models.
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Appendix B Posters

B.1 Combustion large eddy simulation of Jet-A fuel in a helicopter

combustor

Combustion Large Eddy Simulation of Jet-A Fuel in a Helicopter Combustor

Cranﬁeld

UNIVERSITY

Janthanee Dumrongsak

Supervisor : Professor Mark Savill

Introduction

Due to increasing envir concerns reg. 9
aviation emissions and stringent regulations, engineers are
faced with the challenge of designing more environmental
friendly whilst, highly efficient and reliable gas turbine
combustors. Computational Fluid Dynamics (CFD) has
greatly contributed to the understanding of complex
phenomena of combustion systems in recent years. This
study employs Large Eddy Simulation (LES), a CFD
advanced turbulence modelling approach, to numerically
investigate the combustion of Jet-A fuel and air in a
simplified helicopter combustor with the aim of assessing
the potential of LES as a numerical tool employed to
validate other simpler modelling approaches.

2

TR

Figure 1: An annular combustor with a vaporiser and
its location in Bell AH-1Z helicopter.
(Source: Bell Helicapter Textran Inc. and Rolis-Royce Ple.)

Approach To Problem

A general annular combustor configuration and its location in
a real helicopter is illustrated in Figure 1. The flow geometry
employed in this study, as shown in Figure 2, is a 30° section
of the simplified annular combustor with the shape and
dimensions resembling those of the helicopter combustor in
the design analysis of Curtiss-Wright Corporation (Ref. 1).
The computational grid consists of 1.2 million tetrahedral
elements. Simulations have been performed in FLUENT
employing LES with a standard Smagorinsky-Lilly subgrid
scale treatment. The reaction between vaporised let-A fuel
and air is using the P xed

approach with equilibrium chemistry. This LES code has
already been successfully implemented and validated for a
methane-fuelled coaxial jet combustor by Dumrongsak and
Savill (Ref. 2).

Flame
stabiliser

Figure 2: A section of the simplified helicopter
combustor and its general flow pattern.

I
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Figure 3: Instantaneous temperature iso-surfaces.

Summary of Results

Instantaneous temperature iso-surfaces in Figure 3
demonstrate the capability of LES in capturing the
realistic unsteady behaviours and temperature
distributions of the gases inside the combustor. The
flame, as indicated by the high temperature contours
on the mid planes exhibited in Figure 4, is restrained in
the primary zone, the region where flow recirculation
takes place. This is consistent with the combustor
qualitative design analysis. The LES predictions of the
mean temperature and EINOx at the combustor outlet
also agree with the analytical solutions reasonably well.

e —

400 600 B00 1000 1200 1400 1600 1800 2000
Temperature (K)

Figure 4: Mean temperature contours on the mid
horizontal (top) and axi m) plan

Conclusions

With a simple chemistry model and moderate level of grid
refinement, LES is able to predict Jet-A fuel combustion
flow properties with a level of fidelity which is sufficient for
environmental and energy optimisation purposes, as well
as the use to calibrate simpler performance and emissions
maodels for Techno-economic Environmental Risk
Assessment (TERA).
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Appendices

B.2 Large eddy simulation of helicopter combustor and exhaust

emissions

Large Eddy Simulation of Helicopter Combustor and Exhaust Emissions

Cranﬁ

UNIVERSITY

Janthanee Dumrongsak

Supervisor : Professor Mark Savill

Introduction

The aim of this project is to numerlcally |nvestlgate the
reaction and complex flow

Approach To Problem

The reference helicopter combustor employed in this
project is obtained from the design analysis of Curtiss-
Wright Corporation (Ref. 1). A section of the simplified
helicopter combustor is modelled and its general flow
pattern is il in Figure 1. Sii i have been
performed in FLUENT employing LES with the standard
Smagorinsky-Lilly subgrid scale treatment. The reaction
between vaporlsed Jet-A fuel and air is modelled using the

combustor and exhaust with the focus on NOx emissions
employing Large Eddy Simulation (LES) which is an

advance pproach in Ce
Fluid Dynamn:s (CFD) The outcomes wnl be slgnmcantly
design r the

callbratlon of slmpler performance and emission models
for Techno-economic Environmental Risk Assessment
(TERA), leading to the development of more
environmental friendly, highly efficient helicopter engines
in the future.

Figure 1: A simplified helicopter combustor section and
its location in Bell AH-1Z helicopter.
(Helicopter picture from Bell Helicopter Textron Inc.)

approach with the equilibrium
chemlstry Thls LES code has already been successfully
for d coaxial

or a
jet by by Dumrongsak and Savill (Ref. 2).

400 600 800 1000 1200 1400 1600 1800 2000 2200
Temperature (K)
Figure 2: i rf:

of the
helicopter combustor.
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Figure 3: rfi (left) and mean
temperature contours (right) of the g-n.rlc gas turbine combustor.

Summary of Results

The capability of LES in capturing realistic unsteady flow
behaviours has been demonstrated. The flame structure
and temperature distributions shown in Figure 2 are
consistent with the combustor qualitative design
analysis. The predicted mean temperature and EINOx of
2.88 g/kg at the combustor outlet also agree with the
designed values (<5 g/kg for EINOx). The same LES has
been applied to a generic gas turbine combustor, as
illustrated in Figure 3, in order to calibrate and refine
simpler The mean
exit temperature and EINOx obzalned with an in-house
1D code, HEPHAESTUS, are in reasonable agreement
with LES (1476 K and 3.7 g/kg compared to 1512 K and
10 g/kg) especially when a partially stirred reactor model
is adopted. A non-combusting chemical reacting jet test
case has also been simulated and the results are
compared with Ref. 3 and Ref. 4 in Figure 4.

x/D = 0.6

010203040506070809
Mixture Fraction

Figure 4: Mixture fraction distributions of the
non-combusting chemical reacting jet.

Conclusions or Future Work

With a simple chemistry model and moderate level of grid
refinement, LES is able to predict flow properties with a
level of fidelity which is sufficient for environmental and
energy optimisation purposes, as well as the use to
calibrate simpler performance and emissions models. The
next stage of the research will be the modelling of the
reaction between the engine jet exhaust and ambient air.
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