University of

Shefﬁeld

| mpacdr awrhaotni ce mi Ssi on
se a | compati bi l i1ty
engili ne

ByChenxing Ling
Supervisors

Prof . W. Ni mmo

Dr B . Khandel wall

A thesis submitted in partial fulfil ment

Doctor of Philosophy

The University of Sheffield
Faculty of Engineering
Department of Mechanical Engineer

DecembS8er 20 2



Abstract

This thesis investigates the impact of different aromatic species on emissions using a
Tay engine combustor. Intermediate species were identified for soot prediction using
Chemkin models. A new experimental configuration was also established to investigate

seal compatibility in alternative jet fuels.

Since alternative jet fuels usually contain very little aromatics in their formulation, which
significantly reducing PM production but also causing fuel leakage. Therefore, it is
necessary to investigate the appropriate aromatic species to add into current alternative
jet fuels to solve the leakage problem without compromising the reduction of PM
emissions. A wide range of aromatics (15 species) were blended with normal paraffin
at two different aromatic concentrations (8% vol. and 18% vol.) to provide a complete
investigation of aromatics regarding PM emissions. Gaseous emissions were also
considered for better understanding of aromatics. Results indicate that the different
aromatics will affect PM production differently at both concentrations. It was found that
additional ring structure in aromatic will significantly promote PM production, density
was also found to be an indicator of PM production potential. Further investigation is
required since the fuel blends used in this experiment were relatively simpler than actual
commercial jet fuel, and density should be coupled with other fuel properties for

accurate PM prediction.

Chemkin models were established to investigate the production pathway of soot from
selected aromatics and identify intermediate species as potential soot tracer in a cost-



effective way. Both 0-D and 1-D models were created based on a model Tay combustor
for the first time. The experimental results guided the analysis of simulation results.
Simulation results suggest that compare with small molecules such as acetylene, larger
molecules containing benzene structure show better agreement with the experimental
findings and have potential as soot tracer. Due to the limitation of Chemkin models,

more complex 3-D simulations are recommended for further investigating.

Since the O-ring seal compatibility in alternative jet fuels is currently a hot topic, a new
configuration was established to provide a more realistic test environment for seal
ageing experiments. Alternative jet fuels are used as drop-in fuels in current aviation
combustors, and leakage problems usually occur after fuel changing. Therefore, a
complex fuel change strategy was designed to examine sealing performance which is
rarely investigated previously. O-ring samples were tested under various temperatures
and fuel environments while maintaining high compression. High-temperature ageing
processes within the fuel are achieve using newly designed pressured vessels. The
results show the replicability of this new test configuration and also present that FKM
maintains superior seal compatibility across various temperatures and fuels under
realistic conditions. This new test setup will benefit the future investigations of seals in

innovative alternative jet fuels.
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1. Introduction

The consumption of conventional aviation fuel has continued to increase for decades.
This demand for aviation transportation dropped significantly due to the COVID-19
pandemic. However, the market appears to be recovering, suggesting that the need for

jet fuel will continue to increase.

Particulate matter (PM) or soot ranks among the most significant pollutants emitted by
gas turbine engines. Other emissions, such as CO2 and NOx, substantially affect the
environment. The quantity of jet fuel used represents a smaller fraction than other
sectors such as internal combustion engines. Only 10.5% of each 44-gallon crude oil in
the US [1]. However, given projected aviation growth, environmental pollution is
anticipated to intensify due to large-scale jet fuel combustion. Therefore, introducing
low-emission alternative jet fuels is one of the most logical solutions to replace

conventional fossil fuels environmentally.

The ideal scenario would be direct usage of alternative jet fuels without modifying
existing gas turbine engines, though this presents significant challenges. Therefore,
additional experimentation and testing are required to investigate potential interactions
between alternative jet fuels and gas turbine engines, particularly regarding the

emissions characteristics and seal compatibility.

Research confirms that burning alternative jet fuels reduces PM and gaseous emissions
relative to conventional jet fuels. However, most researchers focus solely on the fuel as
a single entity, analysing results by the type of alternative jet fuels. Particularly for full-
scale engines, the prohibitive cost of customized fuel blends has limited most studies

from examining individual fuel components.



Almost all alternative jet fuels test results demonstrate a significant reduction in PM
emissions, and most researchers correlate this phenomenon with the absence of
aromatic content in alternative jet fuels. However, aromatics are the general name for
a large group of chemical substances, including various species, which could result in
different PM emissions. Few studies examine a wide range of aromatic species and
their impact on PM emissions. Moreover, whether aromatic species affect gaseous
emissions remains unclear. This study will aim to address this knowledge gap through

a well-developed test rig.

In addition, there is a significant problem when using alternative jet fuels in gas turbine
engines since their low aromatic content stems from production methods and
feedstocks. The sealing performance of elastomer seals will decline without aromatic
content, potentially causing leaks. Some literature has examined how different aromatic
species will affect seal compatibility. However, these tests often neglect the actual
operation environment in gas turbine engines, such as high pressure and extreme
temperature. Current methodologies require updating to better assess alternative fuel-
seal interactions. This study will develop an improved experimental approach to

evaluate alternative fuel effects on multiple elastomer types.

1.1 Developmentof air transport

The worl dbds first ¢ ommmb6tcPetarsburg Flaridlajiml®14Re r vi c «

Since then, the demand for the aviation market has continued to increase. Figure 1. 1
provided by the international civil aviation organization (ICAO), shows the history of
aviation market development. This figure shows that despite events like terrorist attacks
and financial crisis temporarily slowing growth the market consistently recovers and

expands within years.
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Air transportation capacity reached its historical peak between 2018 and 2019 before
declining dramatically due to COVID-19. ICAO data comparing 2020 and 2019 world-
scheduled passenger traffic shows, a 60% passenger reduction and nearly $372 billion
in losses [3]. The pandemic's impact was unprecedented, raising concerns about air
transportation's future. However, Figure 1. 1 within a few years after the end of the
pandemic shows a steep recovery trend post-pandemic. While capacity hasn't fully
recovered to pre-pandemic levels, industry and society remain optimistic about its

recovery.

| n Cdmeneréial Market Outlook 2022-2041[4]6, Bo e i n g owrithe hegtsvot h a't
decades, the industry will experience an annual 4.8% growth in global fleets and 5.3%
passenger traffic growth. An annual 4.1% air cargo growth is projected through 2024.
Meanwhile, Airbus forecasts an annual 3.6% growth in passenger traffic and 3.2%
growth in freight traffic in its fiGlobal Market Forecast 2022-2024 [5]0 . Al ttheio u g h
growth estimates vary slightly, both aviation leaders share the same opinion: the market

will continue to grow for the foreseeable future.



In general, the development of air transport continued by COVID-19, and the market
will continues expanding rapidly. However, this situation implies the corresponding
emissions problem from aviation growth will intensify. Therefore, the public and industry

must stay vigilant, and emission-reduction technologies require advancement.

1.2 Development of gas turbine@ngine

Many incarnations of gas turbines have appeared in the history of humankind, but these
prototypes were never mass-produced. The first operational modern gas turbine engine,
the Jumo 004B, was developed in 1942 during World War Il [6]. It was designed by
Anselm Franz and powered the Messerschmitt Me 262, the world's first operational jet
fighter [6]. Meanwhile, the first commercial airline equipped with a gas turbine engine
was the DH.106 Comet, introduced by de Havilland in 1949 [7]. The superior
performance of gas turbine engines led to their rapid replacement of piston engines in
both military and civilian applications. The dramatic development of gas turbine engines
resulted in numerous specialized designs and manufacturing branches. Although many

gas turbine engine variants exist worldwide, the core mechanism remains consistent.

A typical operating principle of a modern gas turbine engine is shown in Figure 1. 2.
Generally, all gas turbine engines operate on a Brayton cycle and include three main
parts: compressor, combustor, and turbine. Atmospheric air is first compressed by the
compressor to the designed pressure before entering the combustor. Jet fuel is sprayed
and vaporised inside the combustor into tiny droplets. Air and fuel are then mixed and
ignited within the combustor to generate high-temperature gas flow. Finally, these high-
temperature pressurized gases enter the turbine and rotate the turbine connected to

the compressor.
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Although most aircraft in service today use gas turbine engines, given concerns about
the emissions problem from aviation transport, some voices have urged abandoning the
current propulsion method and replacing it with a more environmentally friendly system

like hydrogen [9], [10]. However, replacing gas turbine engines remains challenging.

Decades and countless investments have been spent on developing gas turbine
engines, securing their technological advantage over other potential aviation propulsion
methods. Therefore, the complete switch from gas turbine systems in aircraft will first
require consist global policy support. Second, a breakthrough propulsion technology
capable of matching gas turbine performance is needed. However, either requirement

has been met to date.

Therefore, the attempt to replace the current aviation propulsion system in a short time
is unrealistic. Considering the difficulty of changing the current propulsion system, gas
turbine engines will remain operational for the foreseeable future. However, following

the natural law, there will eventually emerge an advanced propulsion system to replace



the gas turbine engine, and considering the current development rate of alternative
propulsion systems, a relatively long transition phase will be required between the

iteration of propulsion technology.

Certainly, the emissions problem caused by gas turbine engines has become a
significant issue. Until the transition to a new propulsion method, improving the existing
gas turbine system to achieve the emission reduction goal becomes extremely

necessary.

1.3 Overview of aviation emissions

A detailed characterization of analysis of aviation emissions should be prioritised before
developing mitigation strategies for a modern gas turbine engine. Generally, aviation
emissions can be divided into gaseous emissions and soot. For gaseous emissions, the
industry primarily focuses on four types: carbon monoxide, carbon dioxide, unburned
hydrocarbon (gaseous form) and nitrogen oxides. Soot is another significant emission,
consisting of particulate matter of varying sizes. These emissions are proven to harm
the environment and human health in multiple ways. For example, CO: is one of the
primary greenhouse gases that contributes to global warming. Meanwhile, inhaled soot
can cause permanent lung damage. A detailed discussion of these aviation emissions

will be presented later in this chapter.

The cause of jet fuel emissions varies, but in general, two factors significantly affect
emissions production: combustion conditions and fuel content. Figure 1. 3 provides an
overview of the emissions production pathway and its relative impact on the
environment or human health. According to the jet fuel combustion formula in Figure 1.
3, there is a difference in emissions species for ideal combustion and actual combustion.

It should be pointed out that ideal combustion usually refers to complete combustion,



and actual combustion stands for incomplete combustion. Moreover, different air-fuel

ratios significantly the combustion conditions. Higher AFRs promote complete

combustion,
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Under ideal jet fuel combustion produces only emit CO2, H20 and Nz. Only CO2 will

significantly impact the environment through this combustion pathway since CO:z is one

of the major greenhouse gases. However, the actual situation is worse. Due to the

nature of the combustor design and fuel formula, emissions such as SOz, CO, and soot

are also emitted, causing environmental harm. Moreover, although nitrogen content is

nearly negligible in jet fuel,

abundant N2 remains

in the air. High combustion

temperatures facilitate N and O combination, generating NOx - a known air pollutant.

This section will provide more details about jet fuel emissions.



1.3.1 PM/ Soot

Soot or PM, collectively termed particulate pollution, consisting of different sizes of solid
particles and liquid droplets. According to their formation principle, they are categorized
as primary and secondary emissions. Primary emissions are the particles generated
directly from the combustion process, and secondary particle form subsequently in the
atmosphere from combustor-emitted gaseous precursors. The black coloration of high
soot concentrations results from carbon content. Since soot is visibly polluting, its
environmental and health impact have been extensively studied [12], and fundamental

formation theories exist [13]. A general soot formation pathway is shown in Figure 1. 4.
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Figure 14: Sequence of soot formationReproduced fron{14]

Although the exact soot formation pathway remains under study, especially regarding
nucleation [15], combustion theory (Figure 1. 3) suggests the majority of PM or soot
results from incomplete combustion with hydrocarbons being the primary carbon source.
Furthermore, two key factors affecting combustion conditions in gas turbines are fuel

formula and combustor design.

Figure 1. 5 illustrates the general structure of a gas turbine combustor. The combustion
process can be divided into three zones: primary, secondary, and dilution. To establish
a necessary high-temperature region, 15- 20 percent air is introduced with fuel in the

primary zone to trigger the rapid combustion. About 30 percent of air passes through



the holes in the secondary zone completing combustion. The remaining air cools the

mixed combustion products to achieve the required inlet temperature of the turbine.
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In the combustor geometry aspect, soot is produced in the fuel-rich regions of the flames,
where burned gases move toward the fuel injector. Deficient oxygen gases envelop
local rich fuel pockets at high temperatures. Also, it can be produced anywhere in the
combustor where fuel-air mixing is insufficient. Generally, most soot is formed in the
primary zone and consumed downstream at high temperatures. In gereral, The primary
zone determines the soot production rate, while the dilution zone governs the

consumption rate.

Modern engines have put a lot of effort on combustor modification to achieve soot
reduction. As mentioned, insufficient air in the primary zone prevents complete
hydrocarbon combustion, creating small intermediate species that grow into PAHSs.
Therefore, there are several methods that could solve the soot problem through

combustor design.



First of all, upgrading the fuel injector creates a finer fuel-air mix, Modern aviation-grade
fuel injectors are typically air-blasted and feature complex internal geometries that guide
air and fuel to produce extremely fine fuel droplets. Second, introducing more oxygen
after the primary zone promotes the consumption of the unburned hydrocarbons. For
example, the Rich-burn Quick-quench Lean-burn Combustor (RQL) concept introduces
a high amount of quenching air after the primary zone. Although the primary purpose of
this quenching air is NOx reduction, it also effectively reduces soot. In fact, studies show
that RQL-like air injection methods can eliminate up to 99.6% of initial soot volume
fraction from jet fuels [17]. It should be noted that the timing of quench air injection

should be carefully controlled; early injection could actually increase PM production.

The specific content in the fuel composition could also cause incomplete combustion.
Hydrocarbon is the primary component in jet fuel, and paraffin, aromatic, and naphthene
are hydrocarbon classes, which will be discussed further in this chapter. Many previous
studies have proved that alternative fuels can reduce soot emissions due to their low
aromatic content. In addition, in theory, all hydrocarbons could cause soot generation if
the combustion is incomplete. Therefore, some research [18], [19], [20] comparing soot

production tendencies of jet fuel hydrocarbons shows the following order:

i napht haakydbenzenes> alkynes > alkenes > cyclopara ns O iso-paraffins >

n-para ns, which is independent of carbon number. This sequence provides a clear
framework of how different fuel components influence PM production. It indicates that
although other major fuel content, such as cycloparaffin, could promote PM production,

the effectiveness cannot compare with aromatic.

Since different fuel components could affect PM production differently, and aromatics
comprise numerous chemical species, and it is easy to speculate that different aromatic

species will exhibit distinct soot formation behaviours. Therefore, further study on soot
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formation focusing on different aromatic species forms a key objective of this

investigation.

1.3.2 Nitrogen Oxides (NQ

It used to be believed that aviation activity was not the major source for NOx emissions
since it was not the primary transportation method [21]. However, with the increasing
demand for aircraft travel in recent decades, a significant increase in NOx emissions
has been observed. NOx, including NO and NO2, contributes to the formation of smog
and acid rain [22]. Moreover, the most significant impact of NOx is altering the O3z
concentration in both the troposphere and stratospheric ozone layer [23], [24]. In detalil,
most gas turbine engines operating in the troposphere produce Os, while subsonic
aircraft reduce the ozone layer in the stratosphere. Both situations impact the ozone

concentration, climate and human health.

The sources of nitrogen oxides are nitrogen present in the air and jet fuel. Due to the
extremely high temperature during the combustion, this nitrogen will be oxidized into
NOx through oxidation. However, it is believed that the primary source is the nitrogen
in the air, since jet fuel contains only trace nitrogen [25]. The nitrogen content in jet fuel
is typically unregulated industrially, and the possible range is between 0 ppm and 20
ppm [26]. Therefore, fuel-bound nitrogen minimally affects NOx emissions under ideal

and full-power engine operation conditions.

Compared to fuel formula, the most effective approach focuses on combustion
conditions to achieve significant NOx reduction goal. The previous studies demonstrate
a strong correlation between NOx production and high flame temperature in gas turbine
combustors [27], [28]. Many combustor design innovations have been implemented.

For example, modifying the combustor geometry design [29] achieves a more rapid and
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uniform flame temperature reducing the duration and magnitude of peak temperature
while lowering NOx emissions. Excess air dilution in a combustor further decreases

NOx emissions by lowering the overall flow temperature [30].

1.3.3 CarbonMonoxide andCarbon Dioxide

Both carbon monoxide and carbon dioxide are emissions directly resulting from the fuel
composition. The amount of CO2 and CO in gas turbine exhaust is complementary.
These emissions are highly tied to the combustion conditions. In general, complete
combustion produces predominantly CO2 and incomplete combustion favours CO

production.

COg2 is one of the final products of combustion according to the jet fuel combustion
principle. It is not toxic but serves as a key indicator for monitoring the engine
combustion conditions. Moreover, CO: is considered the primary contributor to global
warming. In the atmosphere, CO2 can absorb longwave radiation from the Earth's
surface and prevent this radiation from escaping to space. This phenomenon is

commonly known as the greenhouse effect [31].

Unlike COz2, CO is a toxic chemical that impairs red blood cells' oxygen capacity [32].
Since the combustion process is not always ideal, incomplete combustion converts
some fuel carbon to CO. The causes of incomplete combustion are various:
Inappropriate air-fuel ratio, combustor design, and fuel injector performance all
influence the combustion condition. Elevated flame temperatures increase CO output

through significant CO:2 dissociation.

Approximately 2.1% of total global human carbon emissions come from aviation
transportation [33], [34]. Moreover, as demand grows, annual CO2 emissions are

projected to rise from 705 Mt in 2013 to 1000-3100 Mt by 2050 [35]. Significant efforts

12



have focused on reducing CO2 emissions from gas turbine engines. However, as
mentioned, reducing CO2 emissions often increases CO production. Therefore, rather
than modifying combustion conditions, alternative jet fuel is considered an effective

approach to reduce carbon emissions overall [36].

1.3.4 Unburned hydrocarbon (UHC)

Unburned hydrocarbon (UHC) primarily results from the incomplete decomposition of
jet fuel during the combustion process, and they serve as combustion condition
indicators. Elevated UHC levels often correlate with increased CO production. Exposure
to unburned hydrocarbons can lead to significant health risks, even in the gaseous form.
Different hydrocarbons vary in health impact severity due to their distinct toxicological
properties [37]. Therefore, monitoring and reducing UHC remains essential for gas

turbine combustion.

1.4 Alternative Jet Fuel

According to data provide by IEA [38], in the United States, conventional jet fuel
accounts for a significant portion of petroleum products, and approximately 65 million
gallons of jet fuel were consumed in 2002. The shortage of fossil-based fuels is
worsened due to the increasing demand for global aviation transportation. Moreover,
as aviation transportation expands worldwide, the consequence of environmental
damage due to conventional jet fuel usage becomes much more serious. Hence, urgent

adoption of alternative jet fuels from novel feedstocks is critical.

Alternative aviation propulsion systems are not a new concept. Aircraft powered by
hydrogen or nuclear were extensively studied throughout human history [39], [40].
Unlike today, which also focuses on environmental protection, these projects mainly
focused on energy security, and through these investigations, the feasibility of using
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alternative power sources has been examined. However, as discussed, gas turbine
engines using hydrocarbon jet fuel will continue to dominate the market until a huge
breakthrough appears in other power systems. Therefore, introducing low-emission
alternative jet fuels with various feedstocks that are directly compatible with the current
gas turbine engine system is essential. This type of alternative jet fuels is also called a
drop-in fuel. The drop-in alternative jet fuels refer to fuels that can replace conventional
fuel without compromising engine performance and maintenance [41], and are the focus
of this thesis. More information on feedstock and production pathways of alternative jet

fuels are available in Appendix A and Appendix B.

Generally, there are two primary advantages of using alternative jet fuels: environmental
security and supply security. While environmental security fuels reduce the emissions
problem, supply security types offer a continuous supply in the future. The industry and
the public more frequently hear the broad concept of alternative jet fuel. However, the
name alternative jet fuel is not always used. Different organizations and entities have
bestowed it with different names for various purposes. Sustainable aviation fuel (SAF),
bio-jet fuel, FT fuel, and synthetic jet fuel all belong to the category of alternative jet
fuels. The difference between them includes feedstock, production process, and
manufacturer, which will be discussed in detail later in this section. Governments
sometimes prefer sustainable aviation fuel (SAF) to emphasis the benefits of its fuel
security and feedstock sustainability. A drop-in fuel is commonly of interest in the
industry since it can be used directly in existing gas turbine engines. Other names, such
as environmentally friendly jet fuel or renewable jet fuel, have also been used. Again,
the general term alternative jet fuels will refer to all drop-in alternative jet fuels in this

thesis.

As discussed in the previous section, it is imperative to develop alternative aviation fuels
since they will produce less particulate matter (PM) and gaseous emissions due to their

14



cleaner fuel formula. In general, the large proportion of aromatics content in
conventional jet fuel results in high PM emissions, and most alternative jet fuels have
extremely low aromatic or are even aromatic-free due to their feedstock and production
pathway. However, aromatics in jet fuel also enhance the sealing performance of an
aircraft's fuel system. Therefore, removing all aromatic content from the fuel formula is

impractical for actual usage in a gas turbine engine.

The solution to the current sealing problem in the industry is to blend alternative jet fuels
with conventional jet fuel. New feedstocks and production pathways have proved the
possibility of mass production for aromatic-free alternative fuels. By blending alternative
fuels with conventional fuels, enough aromatics remain to provide the required sealing
capability, and the emissions could also be reduced. Jet fuel blends produced through
the alternative jet fuels pathway, or alternative jet fuels-SPK, must be approved by
ASTM D7566 as part of Annex A5 [42]. The exact blend formula varies depending on

the alternative jet fuel types, but it is generally a 50/50 ratio.

The feasibility of using these fuel blends has been tested in some actual flights. Figure

1. 6 shows some important practical flight tests using alternative jet fuels since 2006.

15



20006

USAFT.B-S2H
2007
USAFT.C .17
2008
England HRJ,B747.400 England FT.A380
USAFT.B-1B
USAHRJ,F-15 USAFT.F22
2009 New Zealand HRJ,B747-400
Japan HRJ,B747-300 - USAHRJ,B737-800
Japan HRJB747-300 USAHRJ,B737.800
Nethertands, HRJ,B747-400 Qatar,FT,A380
2010
USAATIA - 10C USAMRIF-18
Netherlands, HRJIAH-64D Europe, HRJ,Diamond D42
Lerete South Africa¥T
USAHRJMH 608 Brazil HRJ,A320 ' USAFT,RQ 4
2011
Mexico,HRJ,A320
USA HRJ,Gulfstream G450
Germany, HRJA321 Finland HRJA321 |
USAHRIMV 22 USAHRJ,T4S | Mexico,HRJ,A320-200 ) -
China,HRJ,B747.400
Netherlands HRJ,B737 USA HRJB737.800
Thalland HRJ,B777-200 5012
Chile, HRJA320 UAEHRJ | Netherlands, HRJ
[Japan,HRI,B787 < Australia, HRJ,A380 Canada,HRJ,Bombardier Q400
USAAITALH Canada,HRJ,Dassault Falcon 20
2013
, 3
France HRIA321 SRS A
Colombia,HRJ,A320
2014
Netherlands Biofuel,A330-200
USAATILFA-I8 USA,Green diesel,B787
AA 2015 een LB787
China, HRJB737.800

Figure 16: Hight tests using alternative jet fuelsReproduced fronj36]

These flight tests include various alternative jet fuels product types, aircraft types and
organizations. All these airline tests have been successfully finished which confirmed
some feasibility of using alternative jet fuels in actual flight and proved the ability to
promote the usage of alternative jet fuels in the commercial market further. While many
studies report the benefits on PM reduction using alternative jet fuels [43], it is still

important to further understand of emissions caused by these alternative jet fuels blends.
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1.4.1 Composition of Conventional Jet Fuel

Conventional jet fuel is designed for modern aviation gas turbine engines. It differs from
piston-powered engine fuel (avgas) as it has higher flash points, resulting in a safer
operation and transportation environment. Up to now, the major types of jet fuel used in
the world are Jet A and Jet A-1. The United States uses Jet A and Jet A-1 is used
worldwide. Most components in conventional jet fuel are paraffin; other trace
components and additives exist in conventional jet fuel to meet usage requirement. In
general, conventional jet fuel usually has an extremely complex fuel formula. A gas
chromatograph of jet fuel composition is presented in Figure 1. 7, which shows the

complexity of fuel components in typical conventional jet fuel.
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Figure 1.7: Gas chromatograph of the composition of jet fuel (JatJR5/JP-8). Reproduced
from [16]

Long-chain hydrocarbons are not the only components comprising current in-service

aviation jet fuels, but rather hundreds of different species that collectively meet aviation

fuel requirements. Typically, three main key components exist in conventional aviation

jet fuels: paraffin, naphthene, and aromatics.
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The general formula of paraffin is CnH2n+2. According to the molecular structure, paraffin
can be divided into three types: normal paraffin, isoparaffins, and cycloparaffins. The
simplest form of paraffin is methane, and approximately 60% of the total content in jet

fuel is paraffin.

Naphthene, or cycloparaffins, differs from normal paraffin in molecular structure, where
carbon atoms in naphthene form a ring structure rather than a long chain structure. For
naphthene, the general formula is written as CnH2n. Compared with normal paraffin, the
concentration of naphthene typically 25-35%, in conventional jet fuel but is still

considered one of the major components of jet fuel [26].

The chemical formula of olefin is CnH2n. Similar to other hydrocarbon compounds,
olefins are constituted by only hydrogen and carbon, while at least one pair of carbon
atoms are connected in the form of a double bond. Olefins are a unsaturated compound
with high chemical activity and react readily with other fuel components [16]. The
product of these reactions is a gum-like substance. As olefin is an undesirable

compound in fuel, the total amount is small.

The formula for aromatic compounds could be written as CnH2ns, and the simplest
aromatic is benzene. Aromatics generally contain at least one six-carbon benzene ring
with three double carbon bo n d $idwever, the double bond in aromatics is different
from the traditional concept. A double bond in aromatics is usually shorter than a single
bond due to the extra overlap of Pi orbitals, which shortens the distance between two
atoms. The bond length of a typical carbon-carbon double bond and single bond is
0.134nm and 0.154nm, respectively. However, in the case of aromatics, all bonds have
the same bond length, which is 0.142nm, because these bonds are neither a signal nor
a double bond but delocalized electrons over the ring. As mentioned, aromatics are

considered the primary cause of PM production [44], [45], [46], [47], [48], [49], [50].
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Since various types of aromatic compounds exist in jet fuel, and due to their different
structures, functional groups and physical properties, the PM production behaviour will
show significant differences. In addition, having aromatics in the fuel formula still has
some advantages in the aircraft fuel system. The most significant advantage of fuel
aromatics compounds is that they cause swelling behaviour on engine seals, improving

the sealing capability in the fuel system.

1.4.2 Composition oflternative jet fuels

Compared with conventional jet fuel, alternative jet fuels usually have a shorter list of
fuel composition species. Especially for the aromatic group, most alternative jet fuels
contain only extremely low aromatic species or even free of aromatic. It should be noted
that due to the production pathway, different alternative jet fuels or manufacturers will
have various fuel formulas. Some alternative jet fuels have been post-processed to
meet jet fuel requirement by altering their composition. However, in general, the majority
of alternative jet fuels are composed of paraffin. The relatively clean structure of the fuel

formula gives alternative jet fuels advantage of low emissions output, especially for soot.

1.5 Emissiongeduction methods

Achieving the purpose of emission reduction within the current aviation propulsion
framework is relatively straightforward. In theory, the modification will occur either in the
gas turbine engine or jet fuel aspect, representing two primary approaches to improve
incomplete combustion and combustion temperature. General emissions control

techniques in engine thrust conditions are shown in Table 1. 1.
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Table 1.1: Emissions control bagkon the engine operation conditior8], [16], [26]

Causes Effects Pollution Solution
Low Poor combustion| Carbon Increase residence
temperature, Stability Monoxide time.
Low | FAR
Thrust Poor fuel | Unburned Reduce flow
atomization and | Hydrocarbons | velocity.
distribution
Improve fuel
mixing.
Increase fuel
atomization  and
distribution.
High Excess residencg Oxides of| Reduce residence
temperature, time Nitrogen time.
FAR _ -
_ High flame | Smoke Introduce dilution
High temperature flow.
Thrust
poor local fuel Reduce equialent
distribution ratio to 0.5-0.7
Improve local fuel
distribution .

According to Table 1. 1, it is clear that although the emission problem varies in different
conditions for of a gas turbine engine, by changing some combustor parameters, it is
possible to reduce the emissions as desired. In addition, injector configurations could
also significantly affect emissions. The modern injector commonly used airblast injector
to provide much better fuel atomisation which promote the complete combustion and

hence reduce soot.

Figure 1. 8 also presents the correlation between combustion temperature and AFR. It
indicates that manipulating the primary zone temperature and AFR in the combustor
could achieve the goal of gaseous emission reduction. This manipulation of combustion
conditions requires redesigning the combustor components, such as the geometry and

fuel spray pattern.
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Figure 18: Emissions Production due to temperature and AFReproduced fronj16], [51]

In terms of combustor modification, several novel combustor designs have been
developed in the last few decades, such as Rich-burn Quick-quench Lean-burn
Combustor (RQL) [29], [51], [52], [53], Double Annular Combustor (DAC) [54], [55], [56],
and Variable Geometry Combustor (VGC) [57], [58], [59]. Among these relativity
innovative combustor designs, the RQL technique is worth mentioning in this section
since it is already in service in commercial aircraft, and many fuel tests were initially

based on it.

The concept of RQL was first introduced to reduce Nox emissions by Mosier et al. [60]
in 1980. Early development of RQL was based on the conventional combustor by
adjusting stoichiometry distribution [61]. However, without modification to the physical
geometry of the combustor, it is extremely difficult to constrain flow behaviour. This
leads to some aggressive change in combustor appearance in the later design such as
the RQL designed by GE [62] in 1998. Experimental-scale RQL systems have also been
developed for research purposes, such as the one developed by Makida et al. [63],

which is also used as a fundamental model for some more recent RQL design [64]. The
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design of Makida et al. [63] is based on a conventional can-type combustor with
modified air distribution to achieve RQL concept, which is challenging. It also reported
that some initial design arrangements failed to show RQL feature, which might be due

to unexpected flow changes.

In general, these novel combustor design technologies mainly focus on rearranging the
air-fuel ratio and maximum flame temperature during combustion to avoid high
emissions, as shown in Figure 1. 8. The attempt to implement emissions reduction
measures through engine design modification has been successful. Compared with the
original gas turbine engine, modern models have significantly reduced emissions

without affecting engine performance.

As mentioned, two factors affect emissions production: combustion conditions and fuel
formula. Therefore, changing the fuel formula could also reduce emissions, in addition
to redesigning the combustor. Using alternative jet fuels could achieve the goal of low
emissions since the composition of alternative jet fuels is relatively simple compared to
conventional jet fuel. Recently, alternative jet fuels have been widely developed, and
unlike conventional kerosene fuel, alternative jet fuels have various feedstocks ranging
from waste oil to energy crops [65]. Alternative jet fuels are mainly introduced due to
emission reduction and fuel security concerns in conventional jet fuel markets. Due to
the nature of alternative jet fuel compositions (lack of aromatic compounds and sulphur),
soot, PM and polycyclic aromatic hydrocarbon (PAH), could be diminished significantly

[66].

1.6 Research question

The main objective of the thesis is to advance understanding in the design of future fuel

formulations and fuel system for a gas turbine engine for emission reduction purposes.
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To meet this aim, the following objectives need to be achieved:

A

An understanding of fuel composition and corresponding impact on emissions. A
wide range of aromatic species and their respective impacts on PM and gaseous
emissions were tested using a realistic aviation combustor (a Rolls-Royce Tay

combustor in LCCC, Sheffield).

A comparison and discussion of PM and gaseous emissions from different aromatic
species was performed. Important properties of aromatic species, such as

molecular structure and density, were also be included in the discussion.

Kinetic models that can represent the Tay combustor were constructed for further
investigation of both soot formation and tracer selection. A further understanding of

soot formation pathways and suitable tracers were informed by experimental results.

An experimental platform to test various O-ring materials and jet fuels was
established. More practical testing conditions were adopted for this new test rig. A
fuel-switching test was conducted using this rig. A comparison of different O-ring
materials and their sealing performance under various operating conditions were

discussed to select suitable materials in the fuel system.

1.7 Thesis Structure

The thesis structure consists of seven chapters: an introduction, a literature review, a

methodology chapter, three results chapters and a conclusion chapter. The results

chapters contain two experimental studies and one simulation studies. The main topic

of each chapter is presented below.

Chapter 1 is an introduction which provides a brief background of the thesis.
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Chapter 2 is the literature review chapter, which provides an overview of previous
research on emissions and seal compatibility. Corresponding methodology,

contributions and drawbacks will also be discussed.

Chapter 3 is the methodology chapter. It discusses the experimental method,
instructions, and procedure. Strategies for constructing a 1-D kinetic model are also

discussed here.

Chapter 4 is the result chapter of the emissions champaign for various aromatic species.
The impact of different aromatic species on emissions, especially PM is examined. The
key properties such as molecular structure and density were analysed for their emission

impacts.

Chapter 5 is the modelling chapter using CHEMKIN-Pro. Both 0-D and 1-D models were
created based on a model Tay combustor. The Performance of each model is discussed,

and potential soot tracers are identified with the guidance from experimental results

Chapter 6 is the result chapter of sealing campaign where different types of O-rings
were evaluated at various temperatures with constant compression under a new
experimental configuration. Complex fuel switching process was also performed. The

performance of each O-ring was evaluated and discussed at the end.

Chapter 7 is the conclusion. It summarises all the works in this thesis. Achievements

and drawbacks will be briefly discussed with some recommendation of future work.
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2. Literature review

This chapter will present an overview background on the thesis topic. It will also highlight
previous theories, research and investigations. In general, the chapter will focus on the

following topics:

A Jet fuel emissions. With an examination of some essential previous studies

regarding emissions.
A Past investigations on combustor modelling

A The compatibility between alternative jet fuels and elastomers, including relevant

studies.

2.1 Previousresearch on emissions

With the awareness of potential environmental damage caused by burning jet fuels,
several experiments have been conducted in the past decades. Significant effort has
been spent identifying the key factors affecting emissions, such as aromatics. Many of
these emission studies have been done on laboratory test rigs or gas turbine engines.
Moreover, due to the concern about the shortage of feedstock of gasoline-based jet fuel
and its environmental impact, alternative jet fuels must be tested for their emissions
production before they can replace conventional jet fuel in the near future. Briefly,
emissions and engine capability tests of alternative jet fuels have been conducted by

various organisations, including a wide range of engine types [67].
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PM emissions for conventional fuel have been widely investigated on a lab scale and in
actual in-service engines [68]. Compared to lab-scale testing, the actual engine seems
more practical. In 2005, a Rolls-Royce Allison T56-A-15 turboprop engine in a C-130H
aircraft was used to investigate the impact of engine power on emissions [69]. This
experiment uses the emission index (El) to represent pollutant intensity, which is

typically expressed as the mass of pollutant generated per kilogram of fuel consumed.

The results show that El of soot is 40%-50% higher in idle conditions, which suggests
that soot production is inversely related to the engine power, and increased engine
power could burn fuel more effectively and reduce soot emissions. FT fuel also showed
a noticeable soot reduction in all engine conditions. For gaseous emissions, NOx
increases with increasing FAR, while CO decreases with higher FAR. Notably, CO
emissions decrease dramatically from low-speed idle to high-speed idle conditions. For

CO2 emissions, the trend is not linear with increasing engine power.

This work established an excellent framework for emission measurement. It also
provided a preliminary indication that, in addition to engine operation conditions, fuel
composition significantly affects emissions production. However, this experiment was
limited in scope. Only FT fuel was tested, and the impact of fuel composition on

emissions was not thoroughly investigated.

NASA performed a more complex study of emissions, including one of the most
noticeable tests in California in 2004 [70]. The test platform was a DC-8 aircraft with
CFM-56-2C1 engines. The CFM-56-2 is a high-bypass turbine engine with an overall
compression ratio of 23.5. The primary objective of this test is to examine the impact of

aromatic and sulphur content on PM emissions.
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According to test results, there is a significant difference in El measured at 1m and 30m
away from the exhaust. The El atin 30m is 5 to 30 times greater than at 1m. Additionally,
particle size distribution showed a peak at <12nm, indicating freshly nucleated aerosols.
Therefore, the project suggests that particles collected at 1m distance are non-volatile

PM (NVP).

It should be point out that fuel composition was also taken into consideration in this test.
Three jet fuel blends were selected: JP8, high sulphur fuel and high aromatic fuel.
Interestingly, results showed similar NVP production across all engine power settings
for all test fuels, implying that NVP might not be affected by fuel formula, which is
different to other research showing that fuel composition, especially aromatic content,

have a significant impact on NVP formation [16], [41], [71], [72], [73].

In 2009 [72], NASA conducted an experiment project named Alternative Aviation Fuel
Experiment (AAFEX). The experimental setup was similar to the previous APEX study
[70], using an in-service CFM-56 engine. Two alternative jet fuels (Fischer-Tropsch
products from natural gas and coal) were tested alongside JP-8. Exhaust sampling
occurred at 1 m and 30 m from the engine, with thrust varied from 4% to 100%. One
engine used JP-8 as baseline, while the other tested five fuel blends: 100% JP-8, 100%
FT-1 (GTL), 100% FT-2(CTL), 50/50 FT-1 with JP8 and 50/50 FT-2 with JP-8. Selected

AAFEX emission results are shown in Figure 2. 1 and Figure 2.2.
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Figure 21: Nonvolatile particle number (left) and black carbon mass (right) emission
indices as functions of pezent maximum thrust for the starboard engine as it burned each
of the indicated fuels Reproduced fronj72].
Figure 2. 1 indicates that burning alternative jet fuels have significantly reduced NVP
emissions, especially for Eln and Elsc of FT-1, which are lower than the baseline JP-8

by factors of 200 and 20, respectively, at low power conditions. In the case of FT-2, Eln

and Elsc show reduce factor of 35 and 20 compared with JP8.

Chemically, these results demonstrate that NVP emissions (both number and mass)
are proportional to aromatic content and vary inversely with hydrogen content.

Additionally, FT fuel produces smaller diameter PM emissions than conventional fuels.
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certification values for the CFM58C engineReproduced frorfv2].

This project specifically reported an approximately 10% reduction in NOx and CO at full

power and idle engine conditions, respectively, when using FT fuel [72].

Compared to the experiment discussed previously, this research tested more
alternative jet fuels with different feedstocks. Both PM and gaseous emissions were
significantly reduced when using alternative jet fuels. The result also indicated that
blending alternative jet fuels with conventional jet fuel can dramatically reduce PM
emissions without compromising engine performance. Moreover, emission of NOx, CO
and CO:2 show little dependence on fuels type. Furthermore, UHC and CO strongly
correlate with engine combustion conditions, especially the ambition temperature,

resulting in different inlet temperatures.

The main drawback of this study is that only FT-based fuels were tested, excluding
other alternative fuel types. Since different alternative jet fuels have varying fuel
compositions due to different production pathways, the emission results could vary
significantly. Additionally, the study treated fuels as homogeneous mixtures without

analysing individual components' effects on PM emissions.
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Soot production from FT fuel was also reported by Timko et al. [74]. The study examined
the emissions performance of FT fuel (GTL) using a PW308 aircraft engine at power
settings from 7% to 85%. Comparing JP-8 and FT fuel (which was nearly aromatic and
sulphur-free). Samples taken at 1m and 50m downstream showed significantly lower
soot production from pure FT fuel versus the 50/50 blend. Additionally, FT fuel produced

smaller, more spherical particles than JP-8.

The drawback of this test was similar to other projects presented above. First, only FT
fuels were tested. Second, detailed fuel composition (including aromatic species) was

not considered for soot emission analysis.

Using alternative jet fuels could significantly reduce PM emissions including non-volatile
(NVP) and volatile particulates (VP), as demonstrated in NASAS @lternative Aviation
Fuels Experiment Project (AAFEX Il) [73]. Beyond FT fuels, Hydrotreated Renewable
Jet (HRJ) showed significant PM reduction versus JP-8 baseline. In addition, the project
found that fuel with less sulphur could reduce aerosol formation in the exhaust plume.
AAFEX Il results also indicated a slight reduction in NOx emissions when using FT fuel
compared with JP8 [73]. Moreover, this project suggested that in ideal conditions, HC

and CO emissions are more sensitive to temperature rather than fuel type.

In the AAFEX Il study, more types of alternative jet fuels were investigated, and
aromatics were identified as the primary cause of soot emissions. However, aromatics
are a group of compounds with many different species, and different aromatic species
affect soot emissions differently. While the impact of different aromatic species on
gaseous emissions remains understudied, different fuel formulations affect combustion
conditions such as temperature and residence time, and these variations may influence
gaseous emissions differently. For example, NOx formation depends on combustion

temperature, which varies with fuel composition.
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Harper [64] conducted a series of emission tests on two RQL type combustor. The first
RQL design based on the RQL proposed by Makida et al. [63] discussed earlier, while
the second is a modified version with enhanced primary zone cooling. Several
alternative jet fuels were examined, showing that NVP correlates with fuel composition
and properties, ranked: Hydrogen content > Total aromatics content > Total Paraffins >
Cycloparaffin + Monoaromatics. While this experiment providing insights into of other

fuel components like cycloparaffin, individual species effects weren't analysed.

Another experiment worth mentioning in this section was conducted by Almohammadi
et al [75]. which included a series of emission tests in LCCC, Sheffield. Unlike the
experiments presented above, this study used a single-cylinder direct-injection IC
engine operating at a constant speed of 1500 rpm and under 5kW load. A wide range
of aromatics was selected to assess their impact of emissions, especially soot. Results

are shown in Figure 2. 3.
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Figure 2.3: PM results for IC engine. Agt from [75].

31



According to Figure 2. 3, diaromatic compounds produces significantly higher PM than

monoaromatic, matching founding from gas turbine engines.

This work is relevant because the selected aromatics match those used in this thesis.
Moreover, identical sampling and measurement systems were employed. The main
di fference between Bander 6s wor k liea mdthe
combustor design. This study uses a real gas turbine combustor (Rolls-Royce Tay
combustor). Therefore, it is interesting to investigate whether these aromatics affect PM

formation differently in gas turbine engines.

2.2 Previous researclon combustor modelling

Since increasingly stringent emission regulations for gas turbine engines, modification
of combustor design and formulation of alternative jet fuels are necessary. Meanwhile,
extensive tests must validate the requirements of engine performance, emission

reduction and operational safety.

There is no doubt that employing a more realistic experiment setup, such as full-scale
combustor testing will reduce the discrepancy between lab data and real-world
operation. However, such testing volume may be impractical due to prohibitive time and
resources costs. Therefore, developing analytical models to predict combustor
performance and emissions, combined with experimental validation, would improve

efficiency.

Significant challenges remain in modelling an entire combustor. The major problem is
capturing three-dimensional flows with recirculation, which is extremely difficult to
simulate in analytical model. One solution involves assuming extremely high turbulence
and negligible mixing times relative to chemical kinetics. Based on this hypothesis,

kinetic models employ idealized reactors to represent the combustion process. The
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complexity of these types of kinetic models ranges from simple 0-D model with only one
rector to complex connected reactor groups (CRN). Each model balances accuracy and

computational cost differently.

2.2.1Sirred reactor model/0-D model

In general, stirred reactor can be divided into two types, perfect stirred reactor (PSR)
and well-stirred reactor (WSR). In 1953, the concept of applying stirred reactors to
combustor modelling was first introduced by Longwell et al. [76]. As shown in Figure
2.4, PSR refer to an arbitrary region with unform combustion condition including
temperature, mixing and pressure within a fixed volume. Different from PSR, inside a
well-stirred reactor, recants are mixed fast but not instantaneously, which involves a

mixing delay time.

Control volums

‘;Il.'in_} ------ I----

M in

g.::l:'lI

’/

d

Comntrol
surface

[~ =% -~-—---=====7
-
_——— e = — — a3 aa =y

Figure 24: Perfectly stirred reactorReproduced fronj77]

The PSR approach presumes sufficiently high turbulence for negligible mixing times
relative to chemical kinetics. Summarizing the entire combustor as a single reactor
eliminates flow simulation complexities while focusing more on chemical mechanisms.

This constitutes the 0-D model. While computationally efficient, it neglects key aspects
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like incomplete mixing and residue flame. The reactor volume and residence time

parameter significantly influence simulation accuracy.

2.2.2Chemical reactor networK. -D model

The 0-D model has advantages in combustion simulation, like low computational cost,
which is particularly valuable for chemical mechanism development. However, to model
a combustor more accurately, especially a secondary zone multiple reactors are needed,
leading to a chemical reactor network (CRN). In CRNSs, reactors are interconnected,

passing flow parameters like velocity and composition between stages.

The recirculation model shown in Figure 2.5 represents an early CRN concept first

proposed by Hottel et al. [78].
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Burnedness = g, Burnedness: 3,

Fresh feed G mols/h

Figure 25 Recirculation model. Reproduced frgm8]

This model simulates the recirculation behaviour in the combustor, providing a more
detailed combustion environment than a single stirred reactor. However, post-flame
zones (secondary and dilution) are excluded, potentially omitting critical soot nucleation
processes. For complete post-flame modelling, a plug-flow reactor must be

incorporated, as shown in Figure 2.6.
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Flow

Figure 26 Schematic of a pludlow reactor. Reproduced froni77]

In combustor modelling, plug flow reactors (PFRs) are typically used to simulate
secondary and dilution zones when coupled with stirred reactors. Mellor et al. [79]
introduced a more complex model for combustor simulation which is an update version
on model by Hottel et al. This model considers both recirculation behaviour in the
primary zone and post-flame conditions. In this model, the primary zone uses two
parallel PSR while a series of PFRs represent the secondary zone and dilution zone.
The configuration of model by Mellor et al. is present in Figure 2.7. This layout of model
is widely used in other CRN models [80], [81] and it is also one of the reference models

in this thesis.
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Besides recirculation models, a notable primary zone modelling approach involves fuel
vaporization distribution [82]. In this solution, fuel vaporization distribution in the primary
zone assumes a normal distribution function. This assumption has remained a common
solution for modelling fuel distribution for quite a long time, and some recent combustor
modelling still employ this hypothesis. The drawback is its limitation to initial conditions,

ignoring injector-specific droplet patterns.

Allaire [81] proposed a physics-based emissions model using CRN principles. This
model incorporates the fuel vaporization distribution hypothesis. It divides the
combustor into three parts: primary zone, intermediate zone and dilution zone. The
primary zone used 16 parallel PSRs. The intermediate zone employs a PFR, while the
dilution zone uses two PFRs. Intermediate zone is model by a PFR, and dilution zone

is modelled by two PFRs. See Figure 2.8 for the layout.
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One of the problems in previous studies is the arbitrary selection of reactor residence
time. Although this work argues residence time should be determined using 3-D
modelling, some CRN models still use abstract values or adopt times from dissimilar
combustors[80]. This likely reflects the difficulty to performing full 3-D simulations or the
need for CRN flexibility. Still, to build a persuasive CRN model, suitable residence time
is necessary. Moreover, most CRN applications focus only on temperature or gaseous
emissions, and the investigation did not take further into soot production due to the

challenges in soot formation mechanisms and high computational requirements.

2.2.3 Turbulent combustionsimulation

With advances in turbulent combustion, whole-combustor simulations have become
feasible. These typically 3-D model that provide more detailed information than 1-D or
0-D models. Although 3-D combustion modelling benefits from improved computing
power, significant computational costs remain a key drawback versus simpler 1-D

approaches.
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Two 3-D simulation studies are presented in this section using a model Tay combustor.
The same model Tay combustor was select for the CRN model proposed in this thesis;
more detail will be provided in Chapter 3. The understanding of these 3-D models will
help the construction of 1-D model including resident time and reactor selection. More
information about how to use these 3-D simulation results will also be covered in

Chapter 3.

Mare et al. [83] applied large eddy simulation (LES) to simulate the combustion process
in a model Tay combustor. The heat losses through walls were negligible due to
constant pressure and low Mach number. The dimensions selected matched the model
Tay combustor. This was the first simulation of the entire combustion process in a model
Tay combustor, and the time required to finish the simulation was extremely high and
unacceptable for further emission investigation using different fuels. The most valuable
information obtained from this study was the detailed flow field simulation, proving
crucial for CRN model development. They also observed a small recirculation zone
where the flow encountered the dilution air, which might significantly affect soot

production.

Zhang[84] took the 3-D combustion simulation of this model Tay combustor further. The
primary achievement was significantly reducing computation time by combining stress
transport K-omega model (SSTKW) turbulence and the Zimont turbulent flame speed
closure (ZTFSC) combustion model. This approach required only 1/164 of the

computing time of conventional LES.

One limitaton of Zhangds mo dombustor simendivastwerée inagified to
better agree with experimental data. For example, the diameter of the air inlet hole was
reduced by 14%. Moreover, like other models, it struggles with cooling air simulation.

Since the Tay combustor uses porous Transply walls (with no existing physical flow
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model), fixed mass flow rates were assumed at chamber walls, this could affect
combustion temperature and emission formation, especially in the primary zone. More
details about Transply will be discussed later in the thesis. This work also focused only
on temperature/gaseous emissions (using reduced chemistry), omitting PM prediction.

In addition, it used only propane rather than realistic aviation fuels

2.3 Seal compatibilityof alternative jet fuel

With the development of alternative jet fuels, their use offers potential for soot reduction
through lower aromatic content. However, significant challenges remain, preventing full
replacement with conventional jet fuels. As mentioned, pure alternative jet fuels typically
contain low aromatic content, reducing elastomer sealing performance in fuel system
and potentially causing leaks. This has led to an 8% minimum aromatic requirement to
prevent operational leaks, and most commercialized alternative fuels require blending

with conventional fuel before use.

The sealing performance of an elastomer is determined by two factors: elasticity and
swelling ability. Swelling ability is primarily affected by the fuel composition. When
exposed to fuel, the elastomer's volume expands through swelling, enhancing sealing.
Swelling behaviour occurs in both natural and synthetic elastomers. When the
elastomer is immersed into the fuel, some fuel content will be absorbed into the
elastomer, increasing the elastomer volume. Simultaneously, fuel will extract content
from the elastomer and cause the elastomer to shrink. A general swelling phenomenon

is shown in Figure 2.9.
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Figure 29: Seal Swelling®Phenomenon

All fuel components could participate in the swelling process of elastomers, but
aromatics are believed to have the major impact on promoting swelling [85]. Other
factors affecting fuel and elastomer properties could also affect swelling, which include
the strength of interaction, molar volume, structure of fuel component, polarity, and the
ability to serve as a hydrogen bond donor. Usually, a large molar volume will inhibit the
swelling behaviour. Polarity and the ability to serve as hydrogen bond donors also
participate. Due to the lack of ability to form hydrogen bonds, the swelling problem for

alternative jet fuels is mainly molar volume and structure dependent.

2.3.1 Fuel leaking

As mentioned, aromatic content contributes to PM emissions and seal performance
simultaneously. In theory, lack of aromatic content in fuels means reduced emission but
declining sealing performance in fuel systems. The potential seal problem caused by
using pure alternative jet fuels was not widely recognized until recent years [86]. With
more extensive studies on alternative jet fuels tested in actual gas turbine engines,
some research has begun to report leakage problem when alternative jet fuels are used.
Figure 2.10 shows the fuel leakage problem reported when using neat Hydroprocessed

Renewable Jet (HRJ) and Fischer-Tropsch (FT) fuels in AAFEX Il project [73].
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Figure 210: Fuel leaking due to the sealing problerReproduced fronj73]

The frequency of these fuel leakage problems is expected to become more often since
more and more similar alternative fuels test will be conducted in the future. Thus, the
key question is whether the leakage problem can be stopped by changing seal materials

or introducing additional fuel components, which are a focus of this thesis investigation.

2.3.2 Past research on elastomer compatibility

Most research has investigated the impact of fuel content on elastomer swelling
behaviour [87], [88], [89]. Among these experiments, Graham et al. [90] conducted the
most complex experiment on seal swelling behaviour with a wide range of fuel contents.
An optical method was used to detect the volume change of samples during contact
with selected fuel blends and fuel contents. The standard experimental setup is shown

in Figure 2.11.
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Figure 211: Schematic of an optical dilatometeiReproduced fronj90].

This experiment provides a detailed understanding of the impact of swelling behaviour
caused by different fuel contents. It indicates that aromatics are indeed the primary
cause of swelling in elastomers. Moreover, different aromatics affect the swelling
differently. In addition, the impact of cycloparaffins on sealing performance was also
investigated; the results indicated that similar to aromatics, cycloparaffins also promote
sweal behaviour, which suggests that for future formulations of alternative jet fuels,
increasing cycloparaffins content might be an option to solve the leakage problem. This
study also shows that after switching fuels from JP-8 to FT, nitrile starts to show a strong
reaction, and the volume swelling decreased dramatically, which indicates poor sealing

performance.

One of the major drawbacks of this experiment is that O-ring samples are placed on the
optical stage freely, but in actual applications significant pressure will be applied to
samples. This could significantly affect the O-ring swelling behaviours. Moreover, the

entire experiment was conducted under constant temperature conditions, which did not
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reflect the actual environment in gas turbine fuel systems. In addition, the impact of
switching fuels from conventional jet fuel to alternative jet fuel was not investigated,

which is one of the major reasons for fuel leakage while using alternative jet fuel.

Liu [91] presents another experiment called stress-relaxation texting to investigate the
seal behaviour of different materials in various fuels. During the experiment, an O-ring
sample was placed on a platform that contained a groove. A piston connected by a load
cell and data acquisition unit was pressed to just contact the O-ring sample. Then, the
O-ring sample was immersed in selected fuels. Any change in O-ring volume was
directly measured and recorded by the load cell unit. Different environmental

temperatures were also investigated.

Results indicated that using alternative jet fuels such as SPK and HVOs did not
significantly affect seal performance for fluorosilicone and fluorocarbon O-rings.
However, nitrile is extremely sensitive to alternative jet fuels due to the lack of aromatic
content in the fuel. Moreover, different types of alternative jet fuels affect O-rings
differently, and fully synthetic jet fuel (FSJF) shows extraordinary capability for
maintaining seal performance for O-rings. Furthermore, it also states that temperature
significantly influences O-r i ngs 6 sealing perf or man ctge
O-rings, which are relatively sensitive to low temperatures due to their high glass

transition temperature.

The advantage of Liuébs work 1is that it

swelling behaviour compared to Grahamos

volume change. Moreover, temperature impact was also considered in this experiment.
However, this experiment also did not consider the actual service environment such as

high pressure. In addition, Liu further suggested that a fuel-switching experiment

43

esp

pro

WO |



between conventional fuel and alternative jet fuels could be conducted in the future to

investigate the interaction between fuels and O-rings in more detail.

2.4 Overallsummary

An overall review of past research related to the topic of this thesis is presented in this
chapter. In this section, a summary and corresponding unanswered question will be

presented below:

A A lot of work has been done on emissions from conventional fuels and alternative
jet fuels. The results indicate that alternative jet fuels are valuable in emissions
reduction, especially for PM. However, very few alternative jet fuels were tested,
which resulted in a lack of understanding of the relationship between fuel content
and emissions. Especially for aromatics, some investigations indicated that certain
aromatic groups would produce noticeably more soot compared to others. Still, a
wide range of aromatics should be tested regarding their emission impacts, which

will certainly benefit the design of future fuel formulations.

A Kinetic models have been used to simulate a combustor for decades. A general
review of these models was discussed, from simple 0-D models to more complex
1-D models. However, most models are only used to predict gaseous emissions,
and soot prediction seems rarely incorporated in these models. Moreover, the
model Tay combustor used to represent an actual one has not yet had a
corresponding CRN model in emission prediction. Some 3-D simulation studies on
this model Tay combustor have been discussed in this chapter, and the knowledge
gained through these complex and time-intensive models will be used to construct

a simple, cost-effective CRN model in this thesis.
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A Works on the compatibility of O-ring seals with different materials in various fuels
were also comprehensively presented and discussed in this chapter. Although
these investigations indicate that different fuel contents could have significantly
di fferent i mpacts on different seal mat er
was not completely taken into consideration. A test platform using more practical

test conditions seems necessary to be developed to fill these gaps.
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3. Methodology

This chapter will discuss the detailed experimental configuration used in the emissions
campaign. The experimental work presented in this thesis were carried out at the LCCC
(Low Carbon Combustion Centre) at the University of Sheffield. In general, two
experimental sections were included. The first section involved a series of emission
tests for selected aromatic fuel blends. One actual Tay engine combustor can was used
to perform this emissions campaign. The second experimental section was a stress

relaxation test for different fuels and seal materials used in gas turbine fuel systems.

The methodology for numerical simulation using Ansys Chemkin-Pro will be presented.
Key settings will also be discussed, including reactant selection, residence time, and
reaction temperature used in the model. Since the actual Tay combustor used in the
experiment was lost during the flood, the reference for the simulation work is a model
Tay combustor built in 1988[92]. More details about this Tay model combustor will be

described later in this section.

Finally, the consequences and remediation measures of the impact on both

experimental and simulation work caused by the flood will be elaborated.

3.1 Experimental configuration of emissions test

In this section, the fuel blend strategy will be explained in detail. Fuel blends consist of
base fuel and aromatic candidates. They will be divided into two groups according to
the aromatic concentration. Candidate aromatics were selected carefully based on
previous experiments and chemical composition in standard jet fuels. Moreover, details

of the experimental setup will also be illustrated, including instrument selection and
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operating principles. This section will also provide an overlook configuration of the entire

experiment.

3.1.1 Fuel blends

In total, 15 aromatic species shown in Table 3.1 are selected to investigate their impact
on emissions, including PM/soot and gaseous emissions. These aromatics are chosen
carefully according to their structure, cost, and presence in conventional jet fuel such
as jet A-1. The detailed critical properties of the aromatics are also presented. Pure
aromatics should be used in experiments to gain the best sensitivity results. However,
considering the cost-efficiency, all aromatics are blended with a solvent (NP1014) to

form two blend categories (8% vol. and 18% vol.).

Table 31: List of candidate aromatics

Chemical Molecular _
. . H/C Density(kg/m?)
Aromatic Name Structure Weight
CHs
Toluene @ 92.14 1.143 865
AN
Styrene 104.15 1 906
CHs
o-Xylene ©/0H3 106.16 1.25 879
Ethylbenzene @—\ 106.16 1.25 867
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Indene 116.16 0.889 996
X
Indare | 118.18 1.111 965
=
1-Methylstyrene ©/£CH2 118.18 1.111 909
Pseudocumene /@[ 120.19 1.333 876
Cumene O/LCHQ, 120.19 1.333 864
Tetralin @O 132.2 1.2 973
CHs
p-cymene @CHS 134.22 1.4 860
3C
CHs;
Tertbutylbenzem@ﬁi CHa 134.22 1.4 867
0.909 1001

Methylnaphthale
‘ 142.2
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CHz

Tert-Butylm- HsC CHs
162.27 15 867
Xylene
HaC CHs
HsC. _CHs
3-
162.27 15 856
Isopropylcument CHs
CH;

Banner NP1014 is the base fuel used to blend with aromatic candidates to form test
fuels in this testing campaign. It is a commercial solvent-type product manufactured by
Banner Chemicals Group UK. The official applications listed by the company is lamp ol
and fuel additives. According to the information provided by the manufacturer, NP1014
contains 99% straight long-chain hydrocarbon, including C9, C10, C11, C12 and C14
by volume, and the remaining 1% consists of hydrocarbons with molecule sizes larger
than C14. The impurities in NP1014, also according to the statement by the
manufacturer, are less than 1% by volume. This solvent is the ideal base fuel for this
testing campaign since the fuel formulation is close to existing aromatic-free alternative

jet fuels. Some basic properties of Banner NP1014 solvent are shown in Table 3.2.

Table 32: Properties of Banner NP1014

Density (15N ) 751 kg/m3

Aromatic content 0.15% wt.

Fuel properties, such as density and aromatic content, are one of the easiest methods

to judge jet fuel quality in combustion. Most existing commercial fuel standards, such
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as the UK DEF STAN 91 and the US ASTM D1655, require specific fuel properties for
desired engine performance and emissions. The correlation between fuel properties
and emissions has been widely investigated. For example, PM emissions are closely
related to combustion performance and hydrogen content. NOx emissions are
proportional to the combustion temperature in the engine. Hence, it is possible to predict
the emissions roughly by examining key fuel properties. This testing campaign will
examine critical fuel properties, including density, H/C ratio, and molecular weight, and

their impact on emissions.

3.1.2 Tay rig

All emission tests in this thesis were conducted in the Tay rig located in LCCC at the
University of Sheffield. This rig was upgraded and modified from an existing test
platform, and the reliability has been proven by previous test campaigns [41], [93].

Figure 3.1 shows the overall rig setup.

Artium LII
Butterfly 300
Valve
Air Compressor Combustor

Heated Sample Line

1
| MEL
3000HM THC
MSCU ~— Nisoxi e Analvser
|
|

r
____,X
r

| [ Computer 4000VM NOx
1 (Labview) Analyser

Pressurized 9000MGA
Fuel Tank \% T\unll Gas
Coriolis Flow Meter nalyser

MSCU | Motor Speed Control Unit NI SCXI Control and Data Acquisition Unit
Figure 31: Tay rig setup
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The main components of the Tay rig could be divided into three units: the combustion
unit, the emission sampling unit and the control unit. Air was sent to the combustor by
an atmosphere-pressure compressor and a computer controlled the speed of the
compressor motor, maintaining the uncertainty of the measured air flow rate within £2%.
The fuel feed system includes a pressure vessel, flow control valves and an air-assisted
fuel injector. The fuel vessel was pressurized by nitrogen to provide smooth fuel flow,
and a series of computer-controlled air-actuated valves controlled the fuel flow rate. The
exhaust was sampled by a non-reactive stainless-steel probe. The probe maintained
the sample temperature at no less than 150 € to avoid water vapo ur condensation. A
6-meter-long heated sample line was used to transport the exhaust sample to the
Mobile Emissions Laboratory. Inside the MEL a group of external emission

measurement instruments were deployed for emission analysis.

The operating parameters were fixed and presented in Table 3.3. Air-assistance
pressure for fuel injection was set at 1 bar to produce poor atomization and enhance

the PM emissions.

Table 33: Test conditions

- Air-assistance Air-mass Fuel flowCalculated
Condition Fuel Pressur¢
Pressure flow g/s rateg/s AFR
1 300 kPa 1 bar 130 0.5 260
2 300 kPa 1 bar 200 1.7 117.64
3 300 kPa 1 bar 60 0.5 120

It should be note that Condition 1 and Condition 3 were used for rig initiation and other
purposes such as equipment diagnostics. Only Condition 2 was successful in getting

sufficient PM readings and used in this thesis.
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3.1.3 TayCombustor

The combustor in the Tay rig was a can combustor isolated from a full-scale Tay engine.
The Tay engine was developed by Rolls-Royce, and the program was first launched in
March 1983 by Gulfstream Aircraft (GIV), but early work on this engine could be traced
to 1980. Modified engines from the Tay series were also equipped on Fokker 100 (Tay
620) and BAC 1-11 (Tay 650). In general, the Tay engine could be treated as the
successor of the Rolls-Royce Spey family, and according to N. J. Wilson, chief engineer
of Tay, the core of RB183 Mk 555 (Spey) was selected as the heart of the Tay engine
[94].

The combustor equipped in the Tay engine is a tubo-annular combustion system also
inherited from the Spey engine with some modifications, but many hardwire
components were directly taken from the Spey engine. An overview of the Tay engine

combustion system is presented in Figure 3. 2.

Split outer casing

Cooling air exhaust

Figure 32 The Ty combustion and turbine system (04 module). Reproduced fr{8#]
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Ten combustion chambers surrounding a turbine shaft constitute the main body of the
combustion system which is a typical arrangement of a tubo-annular combustor. One
important advantage of using this system is that a single combustion chamber could be
easily equipped on other ground-based test rigs, which benefits the engine
modifications in faster and more cost-effective manner, and the Tay rig built in LCCC is

based on this idea.

The general geometry of the combustion chamber is similar to other conventional can-
type combustors. As presented in Figure 3. 3 the chamber mainly consists of three
regions: the primary zone, the intermediate zone and the dilution zone. Fuel is injected
by an air-assisted fuel injector for fine droplet atomization. Air is mainly supplied by air
holes located at the body of the chamber. A swirler is also mounted at the head of the
chamber to provide combustion air and stabilized the flame within the primary zone due

to its aerodynamic curved vanes.

Combustor inside view Combustor outside view

>

R,

Igniter Atomiser Dilution holes  Exhaust duct

Combustor can sketch ] Do @ \l
R S 4 |
1N\ & f_J A

Figure 3.3 Single combustor can from Tay enginReproduced fronf95]

The major improvement of the Tay combustor, compared to other similar conventional

can-type combustors, is the material. Tay used a specially designed material called
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Transply, which is essentially made from two brazed metal sheets. Air passages were
made on the inner face by chemical etching, and air moved freely through holes in the
sheet and entered the combustor through air passages. Figure 3. 4 illustrates the

structure of Transply material.

According to Wilson [94], the original intention of using Transply in the Tay combustor
was the need for emission reduction. Since the Tay combustor uses turbo-annular
configurations, the ratio of surface area to volume is higher than other combustors,
which leads to a larger amount of cooling air. It is believed that more cooling air
introduced means the quenching effect is more intense, which will partially burn
hydrocarbons to form soot. Therefore, it is necessary to reduce the amount of cooling

air below average to meet the emission requirements of that era.

Figure 34 Airflow inside Transply material. Reproduced frda6]

Transply is specifically highlighted in this section, because compared to other
combustors existing in the same period, it alters the combustion environment and has
the potential to affect emission results when using fuel blends with different aromatic
species. Moreover, it modifies the overall air distribution, which is essential for
developing the simulation model. More information about the simulation model will be

described in the later subsequent sections.
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Compared with some modern engines, such as Rolls-Royce Trent, the Tay engine does
not have significant advantages in efficiency, bypass ratio, material, emissions or noise.
The Trent uses a more advanced single annular combustor with 18 fuel spray nozzles,
and RQL technology is also adopted. These technologies allow the Trent engine to have
more uniform outlet temperatures and lower emissions. While The Tay engine uses

tubo-annular arrangement.

However, compared to older combustor designs, they still share many similarities. They
all use airblast fuel injectors and multi-stage combustion (primary zone and dilution zone)
to provide more stable combustion, though modern engines enhance this with lean-burn
and premixed combustion for lower emissions. They both provide cooling on the
combustor liner: Transply in Tay and tiling in the Trent. In general, Trent and other
modern engines can be treated as updated versions based on Tay, just as the Tay
evolved from the Spey. Since the core technology of Tay and modern combustors is
similar, aromatic emissions experiments on Tay could also be considered valid for other

modern combustors, but in a more cost-effective and convenient way.
3.1.4 Laserinduced incandescence (LIIArtium LI 300

The smoke meter was commonly used in PM measurement, but LIl was select in this
thesis. Unlike the smoke meter, LIl offers a more accurate, non-intrusive, and real-time
measurements, including PM concentration and primary particle diameter. The LII
system used in this testing champaign is an Artium LII-300 unite, and he standard

configuration of this unit is present in Figure 3.5.
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Figure 35: Typicallaserinduced incandescencedreproduced fronj97]

It uses a pulsed Nd: YAG laser as the excitation source, emitting 1064-nm laser pulses
to heat PM samples. Heated particles emit thermal radiation (incandescence) and are

detected by two detectors via optical receivers.

3.1.5 Mobile EmissionsLaboratory

A series of devices are involved in this investigation for gaseous measurements to
provide reliable and continuous emission measurements. This suite of analytical
instruments is called the MEL (Mobile Emissions Laboratory). The MEL is constructed
on a trailer that can be easily connected to a car. This setting provides good mobility for
the emissions laboratory, enabling emissions testing at virtually any location. An
overview of the analytical hardware and the operational principles of each instrument
are summarised in Figure 3.6 and Table 3.4. MEL shares the same sampling system

with PM instruments, consisting primarily of heated sample lines and connection units.
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A prefilter was installed at the input of MEL to prevent liquid jet fuel from entering the

system, which could damage the instruments.

Mobile emissions laboratory

Calibration gases

Figure 36: Mobile Emissions LaboratoryReproduced fron{98]

MEL contains equipment capable of characterising an exhaust plume regarding
gaseous emissions concentrations (CO, COz2, NOx, Total Unburned Hydrocarbons, and
0O2). All instruments are calibrated by calibration gas cylinders located inside the trailer
before running the Tay rig. Calibration gases are mainly divided into two categories:
zero gas (nitrogen) and corresponding span gas, and the calibration procedure is
convenient. Before testing, all instruments in MEL are activated for routine diagnostic
and preheating. If all instruments are ready, the zero-gas valve will be opened, and
nitrogen will pass through the piping to all instruments. If all instruments successful
display a zero reading, the zero calibration is complete. Otherwise, manual calibration
is required. Subsequently, the zero-gas supply will be shut off and each device will be

calibrated using the corresponding span gas. Similar to zero calibration, if all
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instruments display readings matching those recorded on the span gas cylinders, the

calibration is successful. Otherwise, manual calibration would be necessary.

Readings from MEL are recorded by computer using LabVIEW, which is adequate to
accurately capture reading fluctuations within the measurement period. The testing
instrument's uncertainty was investigated and discussed in previous experiments that

us the MEL [99].

Table 34: Gaseous emissions measurement equipment

glémber in Figure instrument Method Uncertainty
Signal Prefilter -
1 -
Unit 333
2 3000HM THC| Flame lonisation| & 8 ppm
Analyser Detector (FID)
4000vm NOXx| Heated, vacuum a 15 ppm
3/4 o
Analyser Chemiluminescence
Duel GFC Non| o 6 ppm
5 Multi Gas Analyser| Dispersive Infrared
COCQ, G Analyser (NDIR) plus
paramagnetic
6 Signal 200sm| -
Series Cooler

3.1.6 3000HM TH@nalyser

3000HM THC Analyser is selected to detect total unburned hydrocarbon (THC) in the
exhaust. It uses a flame ionization detection (FID) in which a hydrogen flame ionizes
any hydrocarbon passing through the flame inside the device. This technique allows

THC detection at a ppm levels. A heated sample system is necessary to maintain
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sample exhaust in gaseous form since combustion exhaust usually contains unburned

liquid fuel. A typical THC working principle is shown in Figure 3.7.

l"\h;ui%_

«—4— Current measuring circuit
responds to ions created by

/ . .
“,, /cumbustlon in the flame
/),(/('/ . /
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() ——— ™ Flame
Air flow in

Fuel + oxidant input

Hoflow in Column input (end of column)

Figure 37: THC systemReproduced fronj100]

3.1.7 4000VMheated vacuumchemiluminescent NOanalyser

The operating principle of the 4000VM NOx analyser is based on the chemiluminescent
reaction between nitric oxide and ozone which are shown in Equation 3. 1 and Equation
3.2

00 OfFt O0UOF OF
Equation 3.1

00 OfFt OOF OF nN@ o¢ ¢
Equation 3.2

Figure 3.8 shows a typical analyser using the heated vacuum chemiluminescent method.

The majority of the output through this reaction is nitrogen monoxide and oxygen, and
only 10% of NOz is electrically excited. Excited NO2z will return to ground state and emit
a photon (wavelength bet ween 0 .m6lecatar @anargy.
A photomultiplier and associated electronics then detect photons. The production of
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photons is directly proportional to the mass flow rate of NO. The primary pathway for
NO2* to lose energy is molecular collision. Only a tiny fraction of NO2* will emit a photon.
Since the probability for this molecule collision is proportional to the pressure, it is

essential to maintain low pressure inside the analyser.

Reaction Vacuum
Chamber
Sample ¢ I | > Qzone
| ]
PMT
HYPS o~

Out

Figure 38: Working principles of kated vacuumchemiluminescent NOanalyser.
Reproduced fron{99]

The 4000VM operates at low pressure to maximize photon output and minimize

interference from other gases, such as COz2, which can deactivate NO2*.

3.1.8 9000OMGAmulti gasanalyser

The Signal 9000MGA Multi Gas Analyser detects the exhaust's Oz, CO, and CO2
concentration. The basic operating principle is that most gases absorb infrared energy
at wavelengths specific to each gas species. Each gas species has a preference to

absorb a particular wavelength. Therefore, measuring the absorbed energy could
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represent the amount of the specific gas species. A typical infrared photometer is shown

in Figure 3.9.

Typical Infrared Photometer

gas sample inlet

IR ) | - sample | {|  detector
(¥ ° £ )
T reference L
source

Figure 39: Infrared Photometer working principleReproduced fronj101]

In this analyser, CO and CO:2 have their dedicated infrared detection modules. Each
module contains two sealed cells: one filled with a non-absorbing reference gas and the
other with the target analyte gas. Radiation passes through each cell sequentially, and
absorption ratio is measured. This ratio changes when the sample gas enters the optical
path due to radiation absorption. By comparing the differential absorption between the

reference and sample cells, the gas concentration is determined.

3.2 Kineticmodelling

To understand the chemical reactions behind the experimental results, a simulation
model with a group of detailed chemical mechanism was built. This simulation work has
two primary objectives. First, the simulation results should match the experiment results
regarding how different aromatic species affect soot production. Second, to identify an

appropriate intermediate tracer for soot prediction.
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As a reminder, the common recognition of soot or black carbon is the aggregation of
numerous small carbon particles across a wide sizes distribution, typically referred to
as polycyclic aromatic hydrocarbons (PAHSs). The exact formation mechanism of PAHs
has various theories, but it is generally accepted that the nucleation centre originates
from small molecules such as acetylene [102]. The following reaction pathway

represents one proposed mechanism for the initial stage of PAH formation.

60 60P 60 O
50 60OP &0
¢ 60 6'0P 60 O

¢ 60 80P 80

Therefore, one method of soot prediction involves identifying intermediate tracers that

correlate with final soot production, which is one of the primary purposes of this research.

CHEMKIN-Pro 2019 R3 was used for all simulations. This software specializes in
solving complex chemical kinetics problems, supporting multiple chemical species,
reaction equations, concentration ranges, and temperatures. By solving reaction
equations, researchers can establish comprehensive understanding of chemical
processes. Its reliability and efficiency for combustion and emissions analysis have

been widely demonstrated [103].

Two major challenges were encountered during model development. First, simulating
full-scale combustor combustion processes remains extremely challenging due to
environmental complexity and computational demands. Detailed combustor
characterization would require prohibitive computational resources, necessitating trade-
offs between simulation complexity, accuracy, and computational costs. To address this,
both a simplified 0-D model and a detailed chemical reactor network (CRN) 1-D model
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were developed to balance accuracy and computational feasibility. These simulations

aim to study aromatic impacts on emissions rather than precise prediction.

The second challenge resulted from the Tay combustor's destruction during a flood.
With limited publicly available information, the detailed combustor can geometry
became irretrievable, making identification of an accurate representative model critically

important.

3.2.1Zero-D model

The primary objective of this simulation work is to identify intermediate tracers that could
represent final soot production. By cross-referencing with experimental results from

Chapter 3, this approach will evaluate how aromatic species influence PM formation.

To start the investigation, a 0-D model was used to investigate chemistry mechanism
performance varied residence times, air-fuel ratios, and temperatures. The model in
CHEMKIN-Pro consists of a stirred reactor with reactant inflow and product outflow,

shown in Figure 3. 10.

[
B AG—if

Figure 3.10: 0-D model
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A perfect stirred reactor is selected assuming perfect mixing and operating at a steady
state condition within a fixed control volume. Although 0-D models cannot fully replicate
detailed combustion environments, their simplicity and computational efficiency make
them ideal for investigating parameter sensitivity. This approach also informs the

development of more complex models.

3.2.1.1 Chemistry mechanism

To investigate soot production using kinetic model, using a complex kinetic mechanism
will not significantly affect simulation time. Moreover, keeping the mechanism
component as complex as possible will benefit the accuracy of the simulation results in
theory. The kinetic mechanism used in this research is a detailed mechanism provided
by CRECK Modelling Group [104], which includes 621 species and 27369 reactions

from C1 to C16.

Unlike simple or sim-detailed mechanism used in other Chemkin studies [80], [81], this
mechanism was chosen because it is one of the most detailed kinetic mechanisms
available. It incorporates the chemistry of relevant intermediates and aromatic
components that need to be investigated. Multiple studies have verified this chemistry
mechanism and proven its reliability [105], [106], [107]. Same mechanism is also used

in 1-D models in later section,

3.2.1.2 Reactanselection

Reactants used in this research are carefully selected. The main criterion of reactant
selection is accurately representing fuel properties while simplifying the calculation
process. Instead of reducing the chemistry mechanism, the number of reactants is

simplified as much as possible. Since available species in the mechanism were also
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considered, not all fuel blend compositions will be involved in the simulation. NCieHza
(n-hexadecane) was selected to represent the base fuel, with aromatic additives
comprising the remaining components. Four aromatics (methylnaphthalene, indene,
styrene, and ethylbenzene) were selected in the simulation as they represent three

different types of aromatic classes investigated previously.

3.2.1.3 Reactiottemperature

The maximum reaction temperature inside a typical gas turbine combustor could reach
2500F (2071€C) [108], making it nearly impossible to measure during experiments. It
is also difficult to predict the combustion temperature since the temperature inside the
combustor chamber is not uniform due to the complex flow pattern. Detailed combustor
chamber geometry is needed to simulate the entire combustor temperature profile.
Moreover, many factors affect the actual combustion temperature in a real experiment,
such as fuel spray and degree of mixing. In conclusion, not only is detecting actual
combustion temperature challenging, but simulating the accurate temperature profile is
also extremely difficult. In this thesis, a wide range of reaction temperature was selected
for simply 0-D model. For complex CRN model, reaction temperature was consult from

other experiment and simulation work in a model Tay combustor [84], [92].

3.2.1.4Residencetime, flow rate and volume

Residence time refers to the time that reactants spend in the reactor and it is related to
volume and mass flow rate. When constructing a CRN model with fixed mass flow,
either the residence time or volume must be defined initially. For a 0-D model, due to
their relative low simulation time cost, multiple residence time could be used to
investigate their impact on emissions. However, more complex models such as CRN

require more precise definition of residence time. The residence time of CRN models
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presented in this thesis are calculated by Chemkin according to the geometry
information (volume) and flow characteristics (mass flow rate) presented in literatures
[83], [84], [92]. For example, in a simple 1-D model, 10.091ms, 2.19ms and 0.957ms
may represent the residence times for the total primary zone, the secondary zone and

the nozzle respectively.

3.2.15Ar-FdzSf N} GGA2 o! Cwl Kk <

Air-fuel ratio is a fundamental parameter in combustion science, representing the mass
ratio of air to fuel. AFR directly a direct characterizes mixture stoichiometry. The air-fuel
equivalence ratio (8) represents AFR relative to the stoichiometric AFR for a specific
fuel blend. AFR and & c obe leasily transferred to each other using the following

Equation 3. 3.

Equation 3.3

Where AFRstwich is the stoichiometric air-fuel ratio for a particular fuel.

Three mixture ratios were selected in this simulation investigation, including lean
combustion (AFR=65), stoichiometric combustion (e=1), and fuel-rich combustion
(8=0.5). These fuel mixture ratios were determined based on actual combustor
operating conditions. For an actual combustor used in an aviation gas turbine engine,
the fuel-air mixture is non-uniform. Rather, due to the combustor geometry and fuel
injection method, different regions inside the combustor will have significant mixture
ratio variations. For instance, the region near the fuel injector will have an extremely
fuel-rich mixture condition. Moreover, different types of combustors will have different

characteristics, making it reasonable to investigate various AFR conditions.

66



3.2.1.6 Tracer selection

As mentioned, one of the objectives of this research is to identify appropriate soot
tracers. The election of optimal soot tracers remains debated in the field [109], [110] .
Species selection varies depending on the selected combustion model and chemical
mechanism. The prevailing view suggests small molecules such as acetylene (C2Hz)
are the most suitable intermediate tracers for PM production across chemical
mechanisms. This statement, based on established PAH formation pathways, is
supported by research since theoretically they initiate aromatic molecule formation.
Accordingly, small molecules such as acetylene, ethylene and ethane were monitored
during the reaction process. Larger molecules and early-stage PAHs were also

monitored as they directly represent PAH production.

3.2.2 CRN (Chemical reactor network)

Due to the concern that 0-D models might insufficiently represent combustion
environment in actual combustors, a 1-D chemical reactor network (CRN) was
developed for PM prediction purpose. The chemistry mechanism matches that used in

the 0-D model.

The CRN configuration is empirically determined minor structural modifications may
affect simulation results. Therefore, experimental or simulation references aid model
construction. The CRN model proposed in this thesis incorporates data from both 3-D
simulations and experiments using a model combustor burns propane. This model
combustor is developed by Bicen et al. [92] in a Rolls-Royce-founded project at the
Imperial College, which was used to represent an actual Tay combustor chamber at
that time. The geometry information of this model Tay combustor is shown in Figure 3.

11, same geometry was also used in other works [83], [84], [111].
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Figure 311 (a) Sketch of Tagombustor Model Reproduced fronj112]; (b) 3D geometry
of Tay combustor model

In general, this model Tay combustor preserves most features in an actual Tay
combustor, and some research states that it is a three-fourth-scales model of an actual
one [83]. It was built with a 75mm circular barrel that included six primary air holes and
six dilution holes. The diameter of the primary holes and dilution holes is 10mm and
80mm, respectively. A hemispherical head is attached at the start point of the barrel in
front of the primary holes, and a circular to rectangular nozzle was also assembled at
the end. A swirler is equipped at the beginning of the hemispherical for flow stabilization.
The swirler delivers 6.9% airflow, and the swirler number and discharge coefficient are

0.56 and 0.74, respectively; more detail on this swirler can be found at [113].

The material of the model combustor is Transply which is identical material used in an
actual Tay combustor. Transply delivers 26.2% total airflow into combustor (6.6% at
hemispherical head, 13.8% at barrel and 5.8% at nozzle). Other than that, primary holes
introduce 13.6% airflow, dilution holes 53.5%. The mass flow rate was also scaled down
based on the actual Tay engine using the parameter of mTinet’%/(AP). The operation

parameter of this model combustor is set as 57 for total AFR, 1.76 g/s for fuel mas flow

rate and air inlet temperature is set as 315 . All these air distribution and operation

parameters were used in the CRN model.
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Works of 3-D simulation on this model Tay combustor was also used in this thesis to
help the decision on the selection of reactor types, numbers and corresponding volume
(residence time) [83], [84]. Flow field of this model combustor was presented in Figure

3. 12.

(b)

Figure 312 Flow field in model Tay combustoReproduced fronj83] (a) Mid-horizontal
plan plane; (b)Mid-vertical plan
The flow field created by LES and other combustion models closely matches
experimental results. Figure 3. 12 shows significant recirculation occurs in the primary
zone, and the majority of combustion flow is restrict whining the zone by air flow from

primary air holes. For this type of flow, a prefect stirred reactor (PSR) is the best option
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since large eddies enhance the mixing process. Both the intermediate and dilution
zones can be modelled as plug flow reactors (PFRs) due to minimal vertical mixing, and
no large eddy is observed. Therefore, the simplest CRN structure to represent this
model Tay combustor is a PSR connected to two PFRs in series, as shown in Figure

3. 13.

> B [

ﬁiﬂ Fuel r‘@} fb @ avéb EJ}—FII[]]

Figure 3.13: Simplest CRN

In this model, each reactor represents different combustion zones, and the residence
time is determined by the volume of each zone. To calculate reactor volumes, zone
boundaries must be defined. Osgerby[82] suggested that the midpoint between two set
of air holes could be treated as the boundary such as midpoint between primary and
secondary jet holes. Swithenbank et al. [114], [115] proposed an experimental method
using a salt-tipped probe to identify primary zone since the combustion flow in this
region will be easily sodium coloured. However, the experiment method is impractical,
and Osger by 06 s o geeetalizedddiffereat cambustor designs. Therefore,
reactor volumes in this thesis were calculated by consult geometry information present

in Figure 3. 11 and simulated results present in Figure 3. 12.

3.2.1.1 Simple D model

The first 1-D model proposed in this thesis is shown in Figure 3. 14. It is a modified

version of the simplest CRN structure mentioned above. An extra PSR is deployed at
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the beginning to simulate mixing processes. The two rows of sources inlets at the top

of the model are air inlet for the swirler, air holes and Transply.

B RD RD—A

Figure 3.14: CRN model layout 1

This model layout balance both computational efficiency and fidelity to the model Tay

combustor.

3.2.2.11-D recirculationmodel

A more complex 1-D model is also created in tend to replicate the recirculation

behaviour in primary zone. The structure of this model is present in Figure 3. 15.

T 7 =—>8 D RD—H

*E:——\l‘

Figure 3.15: CRN model layou?
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One of the challenges to build a recirculation model is determining the percentage of
recirculation flow back to the primary zone. Since experimental measurement is

challenging, several methods for estimation will be discussed.

First, in a conventional can-type combustor, most fuel burns in the primary zone.
Osgerby [82] suggest that around 90% of the fuel combustion occurs in the primary
zone. This assumption enables rough calculation of recirculated air requirements and

its percentage.

A second method to calculate recirculation flow uses a simply jet entrainment model

introduced by Swithenbank et al. [114] given by:

a - @
d %2 ”
Equation 34

Where a refer to mass flow rate of air into the combustor chamber through air holes,
x is the distance penetrated by air into the combustor chamber, ” ¥ is the ratio of air
density which is assume equal to 4 by Swithenbank. 'Q could be calculated by the

diameter of air hole Q and correspond discharge coefficient 6 by

Equation 35

Bicen et al. [92] proposed a solution to calculate the percentage of recirculation jet by

using flow temperature by

™ O ELly 8

‘ ‘

Equation 3.6
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The value of —is suggested as p 9, and T is the temperature measure as 1850K/1500K.
According to this method, 45% of primary jet participates in the primary zone to create

recirculation behaviour.

Among these three methods to estimate the amount of recirculation flow, Osgerby
provides a simple and quick solution, but the solution is based more on the design
principle of the combustor; the practical combustion situation in a combustor might be
different. Method from Swithenbank et al. requires more detailed information, such as
the discharge coefficient of the air hole, which is not available for the model Tay
combustor. Method by Bicen et al. is the most appropriate to use in this thesis since the
temperature required to calculate the mass flow was taken directly from the experiment
in the Tay model combustor. This means that the calculated result might be more
accurate and closer to the actual condition. This estimation method was also used in
other works [116].Therefore, a 45% primary jet recirculation rate was used in this thesis
to build the recirculation model. The volume of each reactor in the primary zone is equal

to the ratio of corresponding mass flow suggested by Osgerby [82].

3.2.2.3 Detailed 2D model

Based on the flow field shown in Figure 3. 12, it is noticed that some combustion flow
in primary zone escaped to the secondary zone between the gap of primary air holes
and eventually stopped by the dilution air. This hot primary flow created a local high-
temperature area that may affect emission production. The same behaviour was
observed in other studies of this combustor [84]. This flow pattern represents a
signature feature of the Tay model combustor in this thesis, and it is worth to bring it

into the CRN model which is present in Figure 3. 16.
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Figure 3.16: CRN model Layol&

Model Layout 3 added two extra PFRs parallel to the main PFR representing the
secondary zone. A relatively high reaction temperature is selected for these two PFRs,
with the initial temperature for the middle PFR is assumed as 1200K and the two extra
PFRs as 1400K. The residence times of PFRs are calculated by Chemkin according to
the volume and inlet mass flow rate. The corresponding volume of the three PFRs is
assumed based on the distance of the gap between two air holes and the number of
gaps. The middle main PFR is assumed as 59.29270967 mm?3, while the upper and
bottom PFRs are 29.04737667 mm? and 35.5756256 mm? respectively. The reason for
using two PFRs (rather than one) is to replicate the asymmetry of the combustor due to
the nozzle, and a slightly larger volume was selected for the bottom PFR. The ratio of
mass flow rate between the three PFRs is assumed same as the ratio of their volumes

suggested by Osgerby[82].

74



3.3 Fuel, O-ring, andexperiment apparatus

This section describes experimental apparatus and specimens. The operating
principles of each instrument are explained in detail. Fuels were selected mainly based
on commercial jet fuel formulations and laboratory availability. Due to cost
considerations and a flood during testing, the fuels selection was less comprehensive

than initially planned.

However, the final selection of fuels remains representative, covering two commercial
jet fuel types (LanzaTech alternative jet fuels and Jet A-1). O-ring samples included
nearly all popular material options in the aviation industry. Note that O-rings from
different manufacturers exhibit different physical characteristics even though the
material is identical due to the different manufacturing pathways. Thus, the experiment
included identical material O-rings with different standards. The t e s t framewpoik s
was adapted from prior O-ring elastomer research [117], with many modifications for

the new test objectives.

3.3.1CGandidatefuels

One objective of this test is to develop testing technologies suitable for all existing jet
fuels. Jet fuels are divided into two categories: conventional and alternative jet fuels.
Some past research identified that lack of aromatics is the main course of fuel leakage
in alternative jet fuels [87]. However, aromatics are also the primary soot source, which
is the advantage of using alternative jet fuels since it has little aromatic content.
Therefore, precise aromatic concentration in alternative fuels is essential to balance
sealing and soot production, which is still in limbo. Thus, the strategy of fuel selection

in this experiment should meet two requirements. First, selections should cover both
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two categories, conventional and alternative jet fuels. Second, the impact of aromatic

concentration should also be represented in the fuel selections.

Three fuel types were selected in this investigation, and details are shown in Table 3.

5.
Table 3.5: Fuel Selection
Jet Al Alternative Jet Fuel Alternative Jet Fuel
#13 #4
Source LCCC LanzaTech LanzaTech
Description Neat Jet Al, >60% Paraffin, >60% Paraffin,
Hydrotreated isoparaffins and isoparaffins and
product cycloparaffins (C8 cycloparaffins (C8
C16) C16)
Aromatic content 16.8 10-20 (1,3,5 1-10 (1,3,5trimethy
(%) trimethy benzene) benzene)

Jet A-1 was selected since it is a standard commercial jet fuels, representing
conventional fossil-based jet fuels. Two other types of drop-in alternative jet fuels
produced by LanzaTech use industrial waste CO2 as the raw feedstock. According to
the information provided by the manufacturer, which is also shown in Table 3. 5, their
composition is primarily long-chain paraffin and cycloparaffins (C8-C16). The key
difference between these two fuels is the percentage of aromatic content. Alternative
Jet Fuel #13 contains 10-20% aromatic, and Alternative Jet Fuel #4 contains 1-10%
aromatic. It should be mentioned that the aromatic that exists in both alternative jet fuels
is 1,3,5-trimethyl benzene only. These two alternative jet fuels provide an ideal

opportunity to study the impact of aromatic concentration on sealing.

76



3.3.20-ring selection

Three O-ring types were involved in the test: fluorocarbon (FKM, also called Viton),
nitrile and fluorosilicone (FVMQ). Specifications of O-rings is shown in Table 3. 6. These

elastomers were selected as the most widely used aviation-grade materials.

Table 3.6: Orings

Material Source Colour Appearance
FKM 607C Fluorocarbon Escudier SAS Black
FKM AMS 287 Fluorocarbon Sheffield Black
FKM AMS276 Fluorocarbon Sheffield Black
NITRILE 2186 Nitrile Escudier SAS Black
FVYMQ 61D6 Fluorosilicone Escudier SAS Blue

The O-rings were randomly selected from the same batch for each type to ensure
consistent physical properties and manufacturing conditions. Note that, even within the
same batch, O-ring dimensions vary slightly due to manufacturing processes and
elastomer characteristics. However, these minor dimensional variations significantly
influence results under high pressure. Therefore, each O-ring was measured

individually to calculate the precompression, which will be presented later.

3.3.3C11 jig

A set of custom jigs applies and maintain most compressions on O-ring samples. These
jigs were previously used in the Wallace Compression Stress Relax Meter (WAC11), a
testing rig to measure cross-section diameter (CSD) via electrical contact method, also
known as the Shawbury-Wallace method [118]. Their proven stability and reliability
justified their use in this research. A section view of the C11 jig is shown in Figure 3. 17.
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Figure 3.17: Section view of C11 jig under pressuiiReproduced fron{119]

In this test campaign, these jigs maintain 20% CSD compression for O-rings samples
through testing, including temperature treatment. Figure 3. 17 shows the jig body
comprises six stainless steel annular plates with a groove in Part 2 for O-ring placement.

Three screws secure all plates together.

Figure 3. 18 shows the actual C11 jig components used, which were measured for
precompression calculations. The number of each part in Figure 3. 18 matches the

number present in Figure 3. 17 for better understanding.
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Figure 3.18: Critical parts of C11 jig
3.3.4 Hastoconkits

Elastocon systems serve as the primary test rigs used in this experiment. they contain
several instruments: stress relaxation units, an Elastocon environment control unit, a

chiller, a signal amplifier and a state monitoring computer.

Figure 3. 19 shows the Elastocon system configuration. Jigs containing O-ring samples
are placed in stress relaxation units inside the temperature-controlled Elastocon unit.
An environmental control hood atop the unit maintains uniform temperature across all

units. The Elastocon unit connects to a chiller for fuel temperature regulation.
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Figure 3.19: Overview of the Elastocon kits

The counterforce signal from each load cell is amplified and received by the computer

via a communication box. LabVIEW code in the computer process and record data.

The stress relaxation unit is a modified version (Figure 3. 20) consisting of four parts: a
supporting frame, a force adjustment screw, a load cell with the force sensor, and a set
of compression plates. Samples are placed between the compression plates, with force
applied via the adjustment screw. Compression is controlled and monitored using a dial
gauge. The load cell continuously records reaction force changes from O-ring

compression set deflection.
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Figure 320: Stress relaxétion unit. Reproduced frofhl7]

In this experiment, the unit's bottom section was replaced with modified C11 jigs to

maintain constant compression. The jig and shim provide 80% of the total compression,

with the remaining 20% applied by the force adjustment screw.

A closed view of the Elastocon unit with an environmental control hood is shown in

Figure 3. 21.
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Figure 321: Elastocon unit with environment control hood

A draft hood (environment control hood) is installed on the Elastocon unit. It is
manufactured from polycarbonate, which prevents any temperature fluctuation caused
by ambient temperature variations around the exposed upper section of the stress
relaxation unit. The temperature control unit of this raft hood is a Peltier cooling system

that can maintain the temperature within +0.25C .

The PRESTO A80 chiller provided high cooling capacity (theoretically to -80C ) with
dynamic temperature control, making this unit a perfect choice for low-temperature
treatment. It should be mentioned that, during the latter stages of the testing, the chiller
unit failed and was removed from service by the suppliers. A significant delay was
incurred in sourcing a replacement unit by the supplier as the unit was no longer in

production. After replacing the chiller with the latest unit, a few attempts at low-
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temperature treatment were performed, and the flood occurred, wiping the test plan

once and for all.

3.3.5 Heating vesseand oven

The heating vessel is manufactured in the workshop and designed to contain multiple
jigs during heating. An overview of the test vessel structure appears in Figure 3. 22.
The vessel's main body is stainless steel preventing chemical reactions between fuel
and vessel at high temperatures. The pressurized vessel prevents fuel vaporization

during high-temperature heating.
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Figure 322: Structure of heating vessel
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An air inlet is mounted on the cap connects to the labé ompressed air system,
delivering 10 bar compressed air. The 10-bar pressure used in this experiment is
selected for convenience reasons, and this pressure is enough to prevent fuel
vaporization at the selected temperature. Meanwhile, a pressure gauge is also

equipped for pressure monitoring purposes.

In this experiment, a cell-ageing oven contains all heating vessels simultaneously and
heats the fuel temperature as required. It is properly thermally insulated, with sufficient

capacity for all vessels.

3.3.6Compression strategy

A total of 25% compression in millimetres based on the CSD of test O-ring samples will
be applied. Totally, three units are involved (C11 jigs, shims and Elastocon). The
compression strategy shown in Figure 3. 23 has improved compared to past tests [117],
[120]. C11 jigs with shims maintain consistent compression. Applying compression by
using C11 jigs has many advantages. First, it substantially reduces the load of
Elastocon and increases measurement accuracy since the sensor is extremely
sensitive. Moreover, it provides mobility for the test sample across different facilities or

test instruments, for example, between Elastocon and the oven.

In this set of experiments, 80% of total compression (20% of sample cross-section
diameter) is provided by precompression. Generally, the precompression sources could
be divided into two parts: C11 jig and Elastocon. Compression caused by C11 jigs is
due to the groove carved on the jigs, the weight of the metal part and the shim applied
inside the jigs. The groove on the jigs is designed to hold the O-ring samples during the
test, and the depth of the groove will reduce the final compression after the jig is fully

assembled. Therefore, a precise measurement of the thickness for each part, including
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groove depth in the compression direction, is required to calculate the initial
compression applied by the C11 jig. The overall compression strategy is shown in
Figure 3. 23. Both C11 jig and internal shims proved constant compression (20% of
CSD) even throughout the high temperature ageing process. A 5% compression was

applied by Elastocon.

0 . . 0
® Campression i C11 g 2 Compression in C11 jig
1 W
% : :
5] Compression on shiiis >é Compression on shims
= a
a 20 2 90
< 25 i < 95 Compression on Elastocon
NN\ A\ N\ N\
N\ N X
Q N\
N\

Approx 20% compression on shims Approx 25% compression in Elastocon

Figure 323: Compression strategy in one jiReproduced fron{119]

A dial gauge with #).01 mm accuracy measured the O-ring's cross-section diameter
(CSD) before placing the seal in the test jig. All C11 parts were measured using a
micrometre (#.01 mm) and Vernier calliper. The formula to calculate the pre-

compression due to C11 jigs is shown in Equation 3. 7.

01 QOEani Qi i Q¢
0 OICNOQE BI'YOQ1 Q& W £ £W Q¢ Qi i
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Equation 3.7
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After determining the value of the pre-compression due to the C11 jigs, a series of shims
was added to achieve 20% of total compression. Once the jigs were placed into the
stress relaxation unit, an additional 5% compression was added by this unit, providing
a total compression of 25%. Thus, the O-ring seal is continuously cycled between 25%
compression in the rig and 20% in the high-temperature ageing treatment. The jig will

not be opened during the entire test campaign.

The detailed measurements and calculation of pre-compression are shown in Table 3.

7 and Table 3. 8 for the final test, Set 6 and Set 7, respectively.

Table 3.7: Precompression of Set 6

Jig Code A15(FS) | A27(FKM7282) | AA(NI) | R(FKM7276) | P(FKM)
Average CSIimm) 2.375 2.45 2.413 2.487 2.472
Pre-compression 0.075 0.13 0.083 0.177 0.142
(mm)

20%CSD(mm) 0.475 0.49 0.4826 | 0.4974 0.4944
Compression 0.4 0.36 0.3996 | 0.3204 0.3524
required to reach

25% CSIPmm)

Shim(mm) 0.4 0.35 0.4 0.325 0.35
5% CSOmm) 0.11875 | 0.1225 0.12065 | 0.12435 0.1236
Compression  from| 0.12 0.1325 0.12 0.12 0.125
Elastocon(mm)
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Table 3.8: Precompression of Set 7

Jig Code A25(FS) | G(FKM7287) | A23 N(FKM7276) | M(FKM)
(N1)
Average CSIImm) 2.375 2.453 2.412 | 2581 2.467
Pre-compression(mm) | 0.055 0.133 0.092 | 0.198 0.147
20%CSD(mm) 0.475 0.4906 0.4824 | 0.5036 0.4934
Compression required| 0.42 0.3576 0.3904 | 0.3056 0.3464
to reach 25% CSmm)
Shim(mm) 0.425 0.35 0.4 0.3 0.35
5% CSOmm) 0.11875 | 0.12265 0.1206 | 0.1259 0.12335
Compression from| 0.11375 | 0.11505 0.111 | 0.1315 0.11975
Elastocon(mm)

3.3.7Heating treatment and the ageing process

As mentioned, establishing a test configuration with the ability to investigate seal
performance across various fuels, O-ring types, and temperatures is the primary
objective of this experiment. Therefore, studying the sealing behaviour of O-rings under
high temperatures is essential. The heating treatment in this experiment is mainly
performed as an ageing process to shorten the experimental time. However, it could

still provide information on the high-temperature impact of different O-ring materials.

The temperature is set as close to the physical limit of each O-ring material to maximise
the ageing performance. However, considering the difference in O-ring material,
different temperatures are applied. For fluorocarbon (FKM) and fluorosilicate (FS), the
ageing temperature is 180N ; for nitrile, the ageing temperature is 110N . These ageing
temperatures are carefully selected based on material

properties, following

consultations and recommendations from researchers at Rolls-Royce who also
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provided some test O-ring samples. These temperatures enable maximum accelerated

ageing without damaging the samples themselves

3.3.8 Lowtemperature treatment

The low-temperature treatment is performed to assess the O-ring material's physical
limit and simulate the in-service condition as closely as possible. During the treatment,
the minimum temperature in this experiment is set as -40N . This temperature was
selected based on the chiller's cooling capacity and potential real-world operating
conditions. The general experimental setup for each sample is identical to that used in

the high-temperature treatment.

3.4 Unforeseen obstacles and real force majeure

It should be stated that the research was heavily affected by the flood that occurred at
Sheffield in 2019 and the following COVID-19 pandemic as well. Due to the flood, most
of the test equipment in LCCC was either damaged or completely destroyed. The
lockdown during the pandemic made recovery efforts more difficult and some testing
rigs were deemed unrecoverable. Details of the impact on each part of this research

will be presented below

First, the emission tests in the Tay rig were not fully completed according to the original
plan. Instead of 15 aromatic species, 9 were tested for an 8% vol. fuel blend, and 14
were tested for high concertation (18% vol.). Fortunately, the high aromatic groups are
the most important as they are close to the aromatic concentration in conventional jet
fuels. Thus, since most 18% fuel blends (covering the majority of aromatic species)
were tested, the flood's impact on the study's scientific value (investigating how different

aromatic species and fuel properties affect emissions) was minimal.
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Second, there are several methods to investigate the chemical reactions for soot
generation. One of the most common ways is analysing the chemical composition of
exhaust from different combusted fuel blends. The original plan was to collect soot from
all candidate fuel blends and investigate the soot composition. However, the plan was
changed due to the uncontrollable natural hazard - the flood mentioned previously.
Instead of analysing actual soot formation, using software to simulate the chemistry was
pursued. simulation model of the Tay combustor was developed using CHEMKIN-Pro.
The scope of the model could represent Tay combustor used in the experiment and
identify potential soot tracers for future emission predictions and enable soot production

forecasting.

It should be noted that due to missing dimensional information for the original Tay
combustor used in the experiment, a model Tay combustor is used instead for the
simulation work. The exact flow behaviour might be different between the actual
combustor and the model Tay combustor. The real Tay combustor has more dilution
holes which should lead to a lower exit temperature. Moreover, a relatively large igniter
is also required to be inserted into the combustor body, and the geometry of the igniter
could have some influence on flow behaviour. In addition, a more refined fuel pattern is
expected in the real Tay combustor as it uses an aviation-grade fuel injector. Despite
all these differences between the two combustors, the downscaled model Tay
combustor is still the most appropriate option available in the public domain to serve as

the basis for the simulation model.

Finally, the flood disrupted the progress of O-ring tests in Elastocon rig. The entire rig
was destroyed during this period, together with O-ring samples. This situation halted
further investigation into different aromatics, fuels and O-ring materials. However, the
general setup of the rig has been established before the flood, and enough data were

preserved to present this new, more realistic experimental configuration.
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4. Emissions characteristics of a gas turbine
combustor and alternative fuels

4.1 Introduction

Choosing suitable jet fuel formulations is always the major topic for gas turbine engines
to achieve better performance and lower emissions. As discussed in the literature
review, due to the rapid growth of aviation transport demands, the environmental impact
of jet emissions has increased substantially, promoting the trend of applying alternative

jet fuel.

Alternative jet fuels used here are synthetic fuels that require appropriate chemical
formulations to fit into the gas turbine combustion system without affecting its
performance. Compared with the chemical complexity of fossil fuel, the composition of
alternative jet fuels is simpler due to its unique manufacturing pathways. In the
alternative jet fuels formulation, aromatic concentration is usually extremely low and
even zero. It has been proven that the primary cause of emissions is the aromatic
compounds in jet fuel [46]. However, aromatics are essential in fuel formulations since

they promote the sealing performance of elastomers in fuel systems.

Therefore, to use alternative jet fuels in a gas turbine engine, aromatic species must be
added to its fuel formula, either by blending with conventional fuel or adding aromatic
compounds. However, many different aromatic species exist in jet fuel, and they have
widely molecular structures and properties in both chemical and physical properties.
Therefore, it is essential to investigate the combustion behaviour of different aromatics
regarding emission production ability.
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This investigation provides a good approach for evaluating a wide selection of aromatic
species with different concentrations in an actual gas turbine combustor regarding
emissions, which has never been done before. This test campaign blended selected
aromatics with a base fuel in two categories (8% vol. and 18% vol.). A fully established
and tested combustion rig was used to burn these blends. Emissions from the exhaust

are delivered to emission instruments for further analysis.

4.3 Resultand Discussion

The results of this experimental campaign are elaborated in this section. These results
present a complete investigation of the impact on PM and gaseous emissions from
introducing different aromatics. PM and gaseous emissions will be discussed separately

for better clarity.

All results indicated that the different aromatics behave differently regarding PM
production. Meanwhile, fuel properties might play a significant role in PM production,
especially fuel blend density, which showed a relatively high correlation toward PM
production. However, this observation should be treated with extra caution since it might
be different in other combustion environments. In addition to PM emissions, the impact
on gaseous emissions is also presented in this section. The common assumption is that
aromatics will not affect gaseous emissions, especially NOx, which is theoretically
determined to the combustion residence time, reaction rate and mixing rate [121].
However, adding different aromatics into the fuel blend should alter overall fuel
properties, and NOx emission production could also be affected accordingly. Therefore,

analysing gaseous emissions results still has its value in terms of aromatic species.
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Several statistical methods were selected in this section to help understand emission
results, including regression analysis, Pearson correlation coefficient (PCC), coefficient

of determination (COD) and 95% confidence.

Linear regression analysis was employed, assuming a linear relationship between
variables (best-fit line), calculated using the least squares method. Detailed calculations

are presented in the following equations.

Ww o w

Equation 4.1
, Bw ddw o

a =

Bw o
Equation 4.2

® O aof
Equation 4.3

Where x and y refer to the x-variable and y-variable respectively. afand wrefer to

sample means.

The Coefficient of Determination (R} method is using in this thesis. Similar method also
used in other literature [64]. It is statistical method typically associated with linear
regression to determine the correlation level between a dataset and its corresponding
best-fit line. Value of R2 ranges from 0 to 1, and a higher value means best-fit line better
represents the dataset statistically. The equation to calculate r? is presented below

i i ogdwa Qi QQ

YO
i i 0E0wa

Equation 44

Where ssresid refer to residual sum of squares, sstotal refer to the total sum of squares.
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PCC is another static method that measured linear coefficient between two datasets.
The value ranges from -1 to 1, and a higher value indicated a stronger correlation. It is

used in this chapter to assist the understanding of two variables.

It should be emphasized that these methods are ultimately statistical methods. They
might not accurately reflect the actual relationship between two variables. Since
emissions are affected by a lot of factors, variables with good correlation don't

necessarily represent emission production.

4.3.2 PM emissions

With findings from two combustion rigs in the previous section, the overall results
collected from the gas turbine combustor rig are presented individually with extra
information for better understanding. Figure 4. 1 shows the general view of PM data
collected from The Tay rig using LII. Both fuel blend groups (8% vol. and 18% vol.

aromatic) are presented with their respective aromatic species.

The result in Figure 4. 1 was normalized to reference fuel (Jet A-1) using Equation 4.
5, in order to give a rough comparison in emissions. Similar method was also used in
another emissions study[95].

YQi 6000 YQi 60ao0
YQi 6a0

0@ ¢ NQ zpmmb

Equation 45

A positive value indicates the emission production is worse than Jet A-1, and a negative

value represent the advantage in emission reduction compared to Jet A-1.
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Figure 4.1: Effect of aromatic species on PM mass concentration

Overall, 18% vol. aromatic blends produce more PM than 8% vol. aromatic blends,
confirming previous findings that high aromatic concentration promotes PM production
[122]. On average, by increasing 10% vol. aromatic concertation in blends formula, final
PM production will rise approximately 3.22 times higher. One exception,
Pseudocumene, is 9.31 times increase compared to low aromatic concentration blends.
This phenomenon may occur because pseudocumene’s molecular structure with more
methyl branches increase decomposition difficulty during combustion, potentially

promoting incomplete combustion and higher PM production.
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Moreover, from these data, it could be concluded that the relationship between PM
production and aromatic concentration is not a simple 1:1 linear relationship. The PM
will increase dramatically for some species by slightly changing the fuel formulation's
aromatic concentration. However, the accurate influence on PM production by simply
increasing the concentration of individual aromatic species needs much further

investigation.

In addition, the difference in PM intensity among aromatic species is shown in the 18%
vol. aromatic fuel blends group: methylnaphthalene has the highest PM production
(0.455 mg/m?3), followed by indene and indane. In contrast, cumene and p-cumene have
the lowest PM production (0.082 mg/m?). The results of 8% vol. aromatic fuel blends
are not complete. However, it is still apparent that, even in this low aromatic
concentration group, the PM production of indene and indane is noticeably higher than
others. Meanwhile, pseudocumene produces the lowest PM intensity in 8% vol.
aromatic fuel blends, and this phenomenon is not found in high aromatic concentration

fuel blends.

Compared with emissions from Jet A-1(18.66% vol. aromatic), Most fuel blends (18%
vol. aromatic) produce lower PM. However, indene, indane, tetralin, and
methylnaphthalene show significantly higher PM than Jet A-1. This phenomenon
indicates that at similar aromatic concentrations, some aromatics dramatically increase
PM production (even exceeding conventional jet fuel levels) suggesting these species
share some common properties. Previous research typically attributes these properties

to molecular weight or hydrogen content percentage.

Therefore, this thesis will examine how aromatic properties (molecular weight, H/C ratio,

and density) affect emissions.
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4.3.2.1 Moleculamnweight

Logically, molecular weight should affect PM production significantly or at least have
some connection because large molecules are usually difficult to decompose during
combustion. Figure 4. 2 presents the relationship between molecular weight and PM
production. The aromatic species with the highest molecular weight in this test
campaign are tert-butyl-m-xylene and 3-isopropylcumene. However, according to
Figure 4. 2, the highest PM production is methylnaphthalene, which has a molecular
weight of 142.2. In addition, in Figure 4. 2, the PM intensity starts to diverge along with
the molecular weight increase, indicating the correlation between molecular weight and

PM production may be weak.
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Figure 42: Molecular weight impact on PM
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This finding could be due to the low representativeness of molecular weight for
molecular structure. As previously suggested, PM production is highly correlated with
the aromatic structure. The more complex the molecular structure, the more difficult it
is to burn completely, increasing PM production. Meanwhile, molecular weight does not
entirely reflect structural differences among molecules. It simply represents the
combination of the number of carbon and hydrogen atoms. The molecular structure,
such as rings or branches is not captured by molecular weight yet significantly affects
PM production. For example, high molecular weight may indicate a long-chain paraffin,

which have negligible contributions on PM production.

4.3.2.2H/C ratio / H%

The correlation between the H/C ratio and PM production is shown in Figure 4. 3. Trend
lines are generated for both aromatic fuel blends. In some research, the H/C ratio is
used to predict PM production. A high H/C ratio usually indicates low PM production.
The effectiveness of using the H/C ratio on PM prediction is valid for comparing different
conventional jet fuels. Due to the complex composition of the fuel blends, a high H/C
ratio will mean fewer carbon atoms available for PM formation. However, when
considering the impact of different aromatic blends with the same base fuel, the H/C
ratio method becomes unreliable. Different aromatic species can have the same H/C

ratio but produce different PM outputs.
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Figure 4.3: H/C ratio impact on PM

The highest H/C ratio occurs in p-cymene and tert-butylbenzene fuel blends, and
generally PM production decreases as H/C ratio increases, shown in Figure 4. 3. This
occurs because aromatics with lower H/C ratios contain fewer carbon atoms (the
primary sources of PM), resulting in lower PM production. Nevertheless, the relation
between the H/C ratio and PM is not linear. A higher H/C ratio will have a minor effect
on decreasing PM production. Interestingly, although methylnaphthalene has a
recognizably higher H/C ratio than indene, its PM production is also higher, invalidating

the H/C ratio as a PM prediction factor.

R? factors for two aromatic concentration fuel blends are also present in the figure to
represent the correlation between the H/C ratio and PM sensitivity. In Figure 4. 3, R?

values are 0.565 and 0.569 for the 8% vol. and 18% vol. aromatic fuel blend. The R2
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value is low, which suggests a weak connection between the H/C ratio and PM

production and the accuracy of predicting PM production using the H/C ratio is also low.

These findings indicate the drawbacks of using the H/C ratio as the reference for PM
prediction. It could also be described from the perspective of molecular structure.
Methylnaphthalene has two complete benzene rings, which are difficult to break during
combustion, compared with indene, which only has one full benzene ring. Therefore, in
theory, the methylnaphthalene fuel blend could cause incomplete combustion, and the
partially decomposed molecule might contain more carbon ring structure, which are the
preliminary forms of PM. However, the H/C ratio cannot represent the molecular
structure completely. The ring structure difference between methylnaphthalene and

indene could not be distinguished solely by their H/C ratio.

But in general, as mentioned, in conventional jet fuel, the H/C ratio has its value because
conventional jet fuel contains many different components. Aromatics are only a tiny part.

In this situation, the H/C ratio usually represents the energy efficiency of the fuel.

4.3.2.3 Density

Fuel density is also an essential factor in terms of PM prediction. Figure 4. 4 compares
the blend density with PM production. The x-axis represents the global density
calculated from the concentration of aromatics and NP1014 used to form the fuel blend.
The highest blend density is 18% vol. methylnaphthalene fuel blend, which also has the

highest PM production.
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Figure 4 4: Blend density impact on PM production

In general, according to Figure 4. 4, there is a relatively strong relation between density
and PM production since data points are quite clustered around the best-fit line. The R?
and PCC values for the trend line are 0.854 and 0.925 respectively, indicating a strong
correlation from a statistical viewpoint. Unlike the H/C, the density has more
connections to the aromatic structure. All aromatics containing two closed carbon rings
show high PM production and blend density. In other words, fuel density might predict
PM production more accurately. Moreover, longer residence times are required to
completely combusted the fuel blends with high density, since they contain more fuel
contents within the same volume. Therefore, high density fuel blends can promote

incomplete combustion and increase PM production,
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It should be pointed out that some fuel blends have the same density but produce
different PM mass concentrations. This finding means density could not 100% represent
the difference between aromatics but might be a good reference for PM prediction since
the R? value is noticeably high. Moreover, different to the fuel blends used in this thesis,
commercial fuels usually have more complex fuel formulations, and their properties
cannot be described by density only. Multiple fuel properties are necessary to be

considered together to predict the soot emissions.

The correlation between the H/C ratio and density is present in Figure 4. 5.
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Figure 45: Correlation between H/C ratio and density
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Figure 4. 5 indicates the correlation between density and H/C ratio. In general, it shows
that density decreases with increasing H/C ratio. The R? value is 0.626, which is quite

weak, suggests the correlation might not be very strong.

4.3.2.4 Molecularstructure

It could be concluded that PM production is highly sensitive to diaromatic compounds
with two complete closed carbon rings. These produce significantly higher PM than
monoaromatic at equivalent concentrations. Therefore, depending on the PM
production, candidate aromatics could be categorized based on their carbon ring
structure. An alicyclic compound is a molecule that is either saturated or unsaturated
but has no aromatic character. Typically, an alicyclic compound attached to an aromatic
significantly promotes the formation of PM or soot. The PM production for indene is
noticeably higher than for indane and tetralin because indene is a benzene ring fused
with a cyclopentene ring. The presence of a double bond makes the cyclopentene ring
more resistant to decomposition and potentially provides a shortcut in the nucleation

process, significantly promoting soot production.

4.3.1 Gomparison of gas turbine combustor and IC engine

Public awareness [44] of aromatics is that they significantly increase PM emissions. Still,
some research indicates that particular aromatic species have a greater influence on
PM production more than others [41]. Therefore, it is reasonable to predict that some

aromatic species will always produce more PM than others.

Itis interesting that the trend of different PM production measured in the Tay rig is similar
to the trend measured in the IC rig as described in Chapter 2, Figure 2. 1. These two
rigs used the same aromatic additive but different base fuel and aromatic concentrations.
High aromatic concentration (18% vol.) fuel blends were used for the gas turbine
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combustor rig to enhance PM production for better presentation. The fuel blends used
in the Tay rig contain only aromatic and Banner NP1014, but the IC rig uses different

blend formulas that contain 15% aromatic by mass and low aromatic diesel as base fuel.

Although different base fuel was used in these two rigs, the aromatic species added to
the fuel blend are the same, meaning that the same aromatic species might have the
same overall behaviour in different combustors. PM from IC engines was significantly
higher than that from gas turbine combustors due to the nature of the combustion

process.

It should be pointed out that the length of the sample line is different for these two
experimental rigs, which will affect the final emissions intensity slightly in theory.
However, according t o t he sampl e coll ecti
experience, this difference is tiny. Moreover, PM emissions from IC rigs will always be
significantly higher than those from gas turbine combustor rigs. In conclusion, these

slight differences could be ignored, and the results will not be affected.

According to results from both rigs, PM production is higher for IC engine rigs than for
gas turbine combustor rigs, as predicted, due to the nature of IC engines. Moreover,
the IC engine used diesel as base fuel, significantly boosting PM production compared
with NP1014. However, it is noticeable that the overall PM trend of different aromatics
for the two test rigs is similar. For example, both rigs show that methylnaphthalene
produces the highest PM, followed by indene, indane and tetralin. Moreover, PM
production for these four aromatic species blends is higher than the rest. These
phenomena support the previous assumption that, besides the combustion environment,
aromatic species will significantly affect PM production. Therefore, it is essential to
distinguish the high PM production aromatic species for better alternative jet fuels

formulations and emissions reduction purposes.
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4.3.3Gaseousemission

This section will discuss the aromatic influence on gaseous emissions. Data for both
PM and gaseous emissions were taken simultaneously during the test campaign to
eliminate experimental errors. As mentioned, by adding different aromatics into the
blend, fuel properties change, affecting gaseous emissions. This is particularly true for
CO, which is highly tied to incomplete combustion. Moreover, PM intensity is also
correlated with incomplete combustion. Therefore, it is predicted that there should be
some correlations between gaseous emissions, PM and aromatic. These correlations

are lack of description in the past.

4.3.3.1Unburned hydrocarbonyHQ

As mentioned, similar to PM emissions, it is suspected that different aromatic species
could affect gaseous emissions differently. UHC refers to the hydrocarbons that are not
fully consumed during the combustion process. Hence, it could potentially indicate the
degree of incomplete combustion. Moreover, a correlation between PM and UHC is
expected since both are heavily affected by combustion conditions. The results of UHC
emissions and aromatic species are presented in Figure 4. 6. The x-axis represents

different aromatics listed according to their molecular weight (low to high).
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Figure 46: Aromatics impact on UHC

Figure 4. 6 indicates that UHC production is affected by different aromatic species.
Overall, it does not show a strong difference between aromatic species. In this figure,
styrene produces less UHC, and methylnaphthalene produces the most UHC. Tetralin
and indene also show relatively higher UHC intensities than other aromatics. Although
the difference is not as significant as expected, this result still shows some interesting

information.

Most polycyclic aromatics generally have higher UHC than alkylbenzene aromatics in
UHC emission, meaning UHC is also tied to aromatic structure. Since polycyclic
aromatics have more complex structures, which makes it difficult to decomposition, this
phenomenon has also been found in PM production, as discussed previously. The only
exception is indane, which appears to have relatively low UHC emissions compared to

alkylbenzenes.

Moreover, since UHC and PM are both strongly correlated with incomplete combustion,
it could be predicted that a correlation exists between them. Therefore, the relationship

between PM and UHC is investigated and presented in Figure 4. 7.
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Figure 4.7: Correlation between PM and UHC

According to Figure 4. 7, the overall correlation between PM and UHC is weak, with an
R? value of 0.448. Although the influence is not as strong as predicted, it still
demonstrates that aromatic species have some impact on UHC. Moreover, this finding
could be explained through the combustion pathway. In general, large hydrocarbons
will decompose into small molecules during combustion. The scale of these partially
decomposed hydrocarbons might be too small to be classified and detected as UHC
but still large enough to serve as effective nucleation sites for PM formation. Further

investigation is necessary to verify this hypothesis.

In addition, incomplete combustion could also be due to the difference in overall fuel
properties. Therefore, Figure 4. 8 illustrates the correlations between UHC and some

essential fuel properties.
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Figure 48: Corrlation between molecular weight and UHC, (b) Corrlation between Density

Generally speaking, according to Figure 4. 8, all three basic fuel properties have only
minimal effects on UHC emissions, especially for the H/C ratio. It could be concluded
that the influence on UHC is limited for these three fuel properties. However, further
investigation is required since the range of fuel properties discussed here is limited.
Other fuel properties, such as viscosity, have shown that they can significantly influence

spray patterns and fuel mixture conditions, thereby impacting combustion and PM

generation.

4.3.3.2 CO

CO emissions result from incomplete combustion or poor fuel-air mixing. The correlation

UHC, (c) Corrlation between H/C ratidHC.

between CO emissions and aromatic species is presented in Figure 4. 9.
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Figure 49: Aromatics impact on CO

According to Figure 4. 9, different aromatics affect CO emissions. Moreover, polycyclic
aromatics generally produce more CO emissions than alkylbenzenes. The same theory
could explain this phenomenon for PM emissions. Polycyclic aromatics have more ring
structures than alkylbenzenes, making them harder to combust and producing poor

spray droplets.

PM, as mentioned, also has a strong connection with incomplete combustion. Therefore,
a correlation might exist between PM and CO production. The correlation between CO

and PM emissions is shown in Figure 4. 10.
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Figure 4.10: Correlation between PM and CO

According to Figure 4. 10, the R? value is 0.723, indicating a strong correlation between
CO and PM emissions. This finding proves that the previous statement is correct. Both
PM and CO are primarily produced by incomplete combustion and partial decomposition

on the molecular scale.

Moreover, it should be noticed that methylnaphthalene has the highest CO emissions,
followed by tetralin, indene and indane, which follow the same sequence for PM

production as shown in Figure 4. 1.

Besides aromatics themselves, fuel properties could also affect CO production through
incomplete combustion. Figure 4. 11 shows CO emissions compared with fuel

properties.
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Figure 4.11: (a) Correlation between molecular weight and CO, (b) Correlation between
DensityCO, (c) Correlation between H/C rat@O.

Generally, CO emissions are not sensitive to molecular weight and H/C ratio. However,
the relatively strong correlation between CO and density is shown in Figure 4. 11
(b) which has an R?value of 0.5912. Density also shows relatively high correlation with
PM emissions discussed previously which suggest that the primary formation
mechanism of CO and PM might be similar (incomplete combustion). Moreover, fuel
density could be a good indicator for both PM and CO emissions. As discussed, higher
density fuel might mean that more compositions requiring decomposition in the same

volume or residence time which enhance the degree of incomplete combustion.

4.3.3.3NOx

In general, there are two pathways to form NOx in a combustor. First, NOx could be
generated from nitrogen inside the fuel. However, standard jet fuel has negligible

nitrogen. Second, NOx emission could be produced in a high-temperature zone in a
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combustor, which is the primary pathway for aviation NOx production. According to the
previous statements, different aromatics will affect incomplete combustion differently.
Therefore, in theory, the combustion temperature for different fuels should also be
different, and the trend should be similar. Figure 4. 12 shows the correlation between

aromatic species and NOx production.
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Figure 4.12: Aromatics impact on NOX,

According to Figure 4. 12, aromatic species have similar NOx emissions, with only
indene significantly higher. The reason could be multiple, either due to the test
equipment's limited sensitivity or incomplete flame structure data. The exhaust
temperature for all test fuel blends is very similar (between 435 and 452 N ). The
influence of NOx emissions due to the temperature difference may be too minor for test
equipment to detect. However, the value for indene is particularly higher than for other
aromatics, which might be due to the unique ring structure, potentially creating localized

high-temperature zones, or possible experimental errors affecting results.
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Figure 413: Correlation between PM and NOXx

According to Figure 4. 13, NOx emission has very little connection with PM production,

which also shows that the fuel composition mainly affects PM emissions and has little

impact on NOx emissions.

Figure 4. 14 shows the effects of key fuel properties (molecular weight, density, and

H/C ratio) on NOx emissions.
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Figure 4.14: (a)Correlationbetween molecular weight and NOx, (b) Corrlation between
DensityNOX, (c) Corrlation between H/C ratidOx.
In general, none of them significantly affect NOx emissions, as supported by theory that

only combustion temperature significantly affects NOx production.

4.4 Conclusion

The primary objective of this test campaign is to investigate the impact of various
aromatics and some essential fuel properties on PM and gaseous emissions. Through
the discussion, results obtained from this experimental campaign indicate that different
aromatics have a noticeable impact on the production of both PM and gaseous

emissions, which fulfils the primary objective.

Results of both 8% and 18% vol. aromatic blends were presented, and higher aromatic
concentration blends significantly promote PM production. Moreover, results show that
aromatic species noticeably impact emissions production in addition to aromatic

concentration. It is found that in general, the ability to form PM for different aromatic
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groups is followed by the trend: Diaromatic groups > Monoaromatic groups consistent
with other works [75], [123]. Further observation indicated that even within the same
aromatic groups, species with different structures could still behaviour differently in
terms of PM production. Generally, cyclic aliphatic or benzene attached to a single
aromatic compound will elevate PM production significantly. Moreover, the attached

benzene ring structure produces significantly more PM than cyclic aliphatic.

Three basic fuel properties were discussed regarding PM production. Only the H/C ratio
and density show a reasonable correlation with PM production, especially the density
of the fuel blend, which shows strong correlation to PM values. However, this
observation should be treated carefully since the high correlation is based on statistical
analysis which might not reflect actual relationship between two variables. Different
combustion environment might also affect results noticeably. Therefore, a further
understanding of how overall fuel properties affect PM production needs further
investigation. For example, in theory, changing the fuel formula could affect other fuel
properties, such as viscosity, which could significantly impact fuel spray patterns and

PM production from fuel mixtures.

In terms of gaseous emissions, results indicated that different aromatic species may
have the ability to affect UHC and CO emissions. On the other hand, NOx shows weak
correlation between emissions intensity and aromatic species since the formation of

NOx is normally connected to the local combustion temperature.
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5. Investigation of mtential intermediate
tracers for soot production from chemical
kinetic modelling

5.1 Introduction

As presented in Chapter 4, results collected from a gas turbine combustor have
potentially indicated that distinct aromatic species affect soot production differently. The
general trend of how aromatic species affect soot production follows the order:
(diaromatics > monoaromatics). Results obtained from other experiments also show
this trend in soot production [124], [125], [126]. Therefore, the conclusion might be that
the same aromatic behaves similarly in different combustion environments in terms of

PM production.

In the past, combustion properties were believed to dominate soot production. However,
this similar soot production trend observed in different combustion tests might suggest
that fuel chemistry also plays an essential role in soot generation regardless of the
combustion environment. Based on the fuel formulations used in these experiments,
aromatic species could affect the trend of soot production. It is possible that changing
fuel chemistry will also affect the combustion environment, such as the spray pattern,
which will significantly influence the fuel-air mixture and hence affect soot production.
Still, it is meaningful to investigate how aromatic species affect soot formation in terms

of fuel chemistry.
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Empirically, different fuel components will have different reaction pathways during the
combustion process, affecting the final soot production. For example, in theory, large
molecules require more steps to be fully consumed; in other words, fuel containing
these large molecules trends to combust incompletely. Therefore, large molecules
trends to combust incompletely and more likely to promote soot production. In addition,
as described in Chapter 4, molecular size and species could affect soot production.
More aromatic rings in the molecular structure are also difficult to break down because
the aromatic structure requires more energy to break the bonds than a straight C-C

bond.

Previous research suggests there is likely an intermediate species representing the final
soot production [127]. Therefore, monitoring the generation of these intermediate
species during the simulation makes it possible to predict the final soot concentration in

reality. In the end, simulation results should correlate with the experimental results.

In conclusion, this simulation work has two main objectives. First, to develop a simple,
cost-effective model to simulate soot production in a combustor. Second, to find an
intermediate tracer that can predict soot. Both 0-D and 1-D models are considered in

this thesis.

It should be noted that, the results calculated by Chemkin model should not be treated
as accurate prediction for a real combustor, but indictors to analysing the potential
impact of aromatics on emissions which will benefit the selection of soot tracers, future
fuel formulations and combustor design. This is because, as mentioned in Chapter 2,
the Chemkin model is typically 0-D or 1-D models, and fundamental assumption of
these models assumes that the chemical reaction time is extreme fast to neglect the
effects of turbulence flow. Moreover, reactors in Chemkin models are usually assumed
to be steady-state conditions. Therefore, although Chemkin models could significantly

reduce the simulation time, they also lack descriptions of complex 3-D flow
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characteristics in realistic environments leading to the difference between simulation
results and actual combustor behaviour. To improve the accuracy of Chemkin models
for real applications, complex 3-D turbulence models are necessary to couple with

Chemkin results.

5.2 Resultsand Discussion

Results obtained from CHEMKIN Pro simulations are plotted and presented in this
section. As mentioned, the main objective is to determine any intermediate species that
could predict an aviation fuel's final soot production. Conclusions drawn from
experimental results presented in Chapter 4 were involved as a reference of simulation
results. The fundamental methodology is to plot the mole fraction of selected
intermediate species from different fuel blends against other variables such as
residence time and position in a PFR. A sequence of candidate fuel blends will be
obtained by checking the peak value of each fuel blend. If the sequence obtained from
the simulation matches the sequence found in the experiment, this chemical species is

considered to potentially have the capability to predict soot production.

For the O0-D model, two critical variables, air-fuel ratio and temperature, which
theoretically significantly influence simulation results significantly, are also considered.
The impact of different air-fuel ratio will be presented first with a reaction temperature
of 1900K. This temperature selected first to ensure complete reaction within the given

residence time. Moreover, the results of temperature effects will be discussed last.

Simulation results using CRN models will also be presented and discussed, since the
variables in this model are set to the same value of the operation condition for the model
Tay combustor described in [92] and Chapter 3, these 1-D models will mainly focus on

investigating potential soot tracers and soot formation pathways.
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5.2.1 Stoichiometriccombustion =1)

Stoichiometric combustion is one of the most critical fuel mixture ratios that must be
investigated first. In theory, the stoichiometric condition means that fuel will be fully
oxidized with precisely the required oxygen. In a real combustion environment,
stoichiometric combustion is extremely difficult to achieve due to the complexity of the
fuel injection method and combustor geometry. However, this condition could be easily
simulated using a perfect stirred reactor in CHEMKIN, which is applied in this simulation
model. The performance of four candidate intermediate tracers, C2H2, C2Hs, CsHs, and

C14H10, will be discussed first under stoichiometric combustion conditions.

5.2.1.1 GH; (acetylene)

Figure 5. 1 shows the changing mole fraction of acetylene (C2H2) for different fuel blends
with increasing residence time. According to this figure, the mole fraction curve of
methylnaphthalene is significantly lower than the others, especially at its peak. Other
curves of fuel blends have almost the same trend, while ethylbenzene has a slightly
lower mole fraction value at its peak. Therefore, based on this finding, the four fuel
blends could be categorized into two groups. Group 1 includes ethylbenzene, styrene

and indene, while Group 2 consists solely of methylnaphthalene.
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Figure 5.1: Mole Fractionof GHzas a function of residence time

This finding is roughly based on the diversity of aromatic structures. Members in Group
1 all belong to monoaromatics, which have only one complete benzene ring, while in
Group 2, methylnaphthalene is a diaromatic with two benzene rings. In addition, the
whole curve of the methylnaphthalene fuel blend shifts slightly to the right compared
with other fuel blends. This phenomenon could be due to diaromatics having higher
molecular weight and structural complexity, which requires more reaction steps to be
fully broken into small molecules like acetylene. Therefore, methylnaphthalene requires
more time to achieve a peak mole fraction of acetylene within a given reactor volume.
In real combustion, this large molecule characteristic leads to difficult combustion, and
incompletely combusted molecules tend to form PAH, significantly increasing soot

production. A typical methylnaphthalene reaction pathway is shown below:

00O oOp X0 © ‘U Op TOpd O
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Moreover, all monoaromatic fuel blends have very close peak positions in residence
time, even if the peak value is slightly different. It should be noted although
ethylbenzene, styrene, and indene are categorized as monoaromatic, they have
different molecular structures. One of the significant differences is indene, which has
two complete ring structures, one benzene ring and one cyclopentene ring. While the
other two monoaromatics only have one full benzene ring, this implies that more
benzene ring structures in aromatics will significantly increase molecular decomposition

difficulty, or in other words, the challenge of achieving complete combustion.

In general, combining results from both simulation and experimental data, using
acetylene as a soot tracer can effectively differentiate soot production between
diaromatic and monoaromatic compounds. However, it cannot readily distinguish
among different monoaromatic species. Based on the experimental findings presented
in Chapter 4, monoaromatics with only one complete ring structure should produce
comparable quantities of soot. If acetylene were an ideal soot tracer, the simulation
result should show identical peak value for ethylbenzene and styrene. However, Figure
5. 1 reveals that the peak value of styrene is noticeably lower than that of ethylbenzene
and even lower than that of indene. Notably, indene generates significantly higher PM
in experiments, a characteristic accurately reflected by acetylene concentrations in

simulations.

52.1.2GH;(et henyl

C2Hs is another intermediate that has the potential to predict soot production since it is
one of the essential components in the pathway of PAH generation. The mole fraction
of C2Hs versus residence time is shown in Figure 5. 2. According to Figure 5. 2, the
entire profile of methylnaphthalene and indene is significantly lower than those of

ethylbenzene and styrene. Particularly at peak concentrations, methylnaphthalene and
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indene show substantially lower values compared to ethylbenzene and styrene.
Moreover, although ethylbenzene and styrene exhibit similar mole fraction trends,

styrene achieves a slightly higher peak value than ethylbenzene.

Figure 5. 2 reveals an interesting pattern not observed with other intermediates: three
fuel blends (ethylbenzene, styrene, and indene) show a secondary hump in their post-
peak profiles. This feature is particularly pronounced in ethylbenzene and styrene,
where their profiles and values are nearly identical. Additionally, the decay rate of the

ethenyl mole fraction is lower for methylnaphthalene.
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Figure 52: Mole FractionGHs as a function of residence time

In conclusion, using C2Hs as an intermediate tracer to predict final PM production
effectively distinguishes compounds based on their ring structures. Species with two
fused rings exhibit lower peak values in C2Hs mole fraction. However, one limitation is
its inability to differentiate between indene and methylnaphthalene. While

methylnaphthalene contains two fused complete benzene rings, indene has only one
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benzene ring. Experiment results show methylnaphthalene produces significantly

higher PM than indene, a difference not captured by C2Hs concentrations.

5.2.1.3GHs (benzeng

Figure 5. 3 presents the mole fraction of CsHs against residence time for four fuel blends.
From this figure, the peak value of methylnaphthalene is noticeably lower than those of

other three monoaromatic fuel blends, and the entire curve is shifted rightward, implying

reduced fuel reactivity.
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Figure 5.3: Mole FractionGHs as a function of residence time

The ethylbenzene, indene, and styrene fuel blends exhibit similar peak values and curve

trends, which contrast markedly with those of methylnaphthalene.

In conclusion, using benzene effectively differentiates diaromatics from monoaromatics.

The simulation results show an inverse trend compared to experimental findings.
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However, the difference in peak value between indene and other monoaromatics is less

pronounced than the dramatic PM intensity differences observed experimentally.

5.2.1.4G4Hi0 (phenanthrene + anthracene)

Figure 5. 4 presents the mole fraction of Ci4H10 against residence time for candidate
fuel blends. Based on their aromatic structures, C14H10 combines phenanthrene and
anthracene in the chemistry mechanism used in this research. The data reveal that
methylnaphthalene has an extremely high peak value relative to other species. The
mole fraction curve of indene is noticeably higher than those of ethylbenzene and
styrene. Moreover, the curves of styrene and ethylbenzene are close, with styrene
maintaining marginally higher concentrations of the residence time period. Consistent
with Chapter 3 experimental results, the PM production ranking aligns with the Ci4H10

mole fraction trends, particularly in peak value.
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Figure 54: Mole FractionC4Hio (phenanthrene + anthracenegs a function of residence
time
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Compared to other intermediate tracers, CisHi00 Key distinction lies in being the
smallest PAH species and the primary building block for larger PAH formation. This
structural characteristic may enhance its predictive capability for PM emissions, as it
represents a more direct precursor to final soot particles in the molecular evolution

pathway.

In conclusion, while Ci4Hi0 demonstrates promise as an intermediate tracer for soot
production, its sensitivity to indene remains limited. Nevertheless, it effectively

differentiates indene from other monoaromatic fuel blends.

5.2.2 Lean combustion (AFR=65)

Although stoichiometric conditions for different intermediates were analysed in the
previous section, the high air-fuel ratio is still worth analysing since most commercial
aviation combustors operate in lean combustion conditions. The reason for using lean
combustion is well-founded. One of the main purposes is that it could significantly
reduce fuel consumption while an aircraft is cruising. In addition, due to the complex
geometry of a modern combustor, some high air-fuel ratio zones inevitably form in the
combustor. Moreover, these high AFR zones depend on the combustor type and fuel
injection method. Therefore, whether a high air-fuel ratio will affect the phenomena
observed in previous sections and experimental results is worth investigating. In this
section, a high AFR (65) is selected to simulate an extreme environment to cover the
majority of lean combustion AFR ranges and to better present results. Only Ci4H1o will
be discussed in this section since it is the most eligible soot tracer in stoichiometric

conditions.
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Figure 55: Mole FractionCi4H10 (phenanthrene+ anthracene)as a function of residence
time

Figure 5. 5 presents the mole fraction of C14H10 against residence time under an air-fuel

ratio of 65. In this figure, the curve of methylnaphthalene is noticeably higher than the

other three aromatic blends, especially in the peak position.

The same phenomena were observed in the stoichiometric condition shown in Figure
5. 5. Moreover, the arrangement of all four aromatic blends is identical to the
stoichiometric case, which indicates that excess air does not have a visible effect on
soot generation from the fuel composition perspective. However, the peak value of
Ca4Ha1o0 is lower than under stoichiometric conditions, which will theoretically decrease
final PM production. Consistent with experimental studies that lean combustion reduces
PM production [128], [129]. In addition, the peak position of Figure 5. 5 was shifted left
compared with Figure 5. 4, which may indicate that higher air-fuel ratios will shorten fuel

consumption, promote combustion efficiency and reduce PM production ultimately.
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5.2.3 Fuelrich combustion & 8.5)

The investigation of the fuel-rich condition is equally important since commercial fuel
injectors and combustor design will unavoidably provide a fuel-rich mixture zone.

Therefore, this section examines an extreme air-fuel mixture condition with an

equivalence ratio of 0.5.

Figure 5. 6 illustrates the intermediate (C14H10) mole fraction curves for four candidate
fuel blends. The methylnaphthalene curve is significantly higher than the others, a
phenomenon consistent across all air-fuel ratio conditions. The relative ordering of the
four fuel blends remains unchanged from other mixture conditions, confirming that

Ci14H10 remains a reliable tracer in fuel-rich environments.
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Figure 56: Mole FractionCi4H10 (phenanthrene + anthracenegs a function of residence
time

A major difference in Figure 5. 6 compared with Figure 5. 4 and Figure 5. 5 is that all

four curves have secondary Ci4Hio peaks. This occurs due to incomplete reactions in
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fuel-rich conditions. Large fuel molecules cannot fully decompose in the available

residence time.

5.2.4 Temperature impact

The reaction temperature is a significant factor affecting simulation results. As
mentioned, several fixed reaction temperatures were used instead of variable
temperatures in the simulation setup. Therefore, any results affected by temperature

change were easily identifiable.

5.2.4.11700 K

Figure 5. 7 presents the mole fraction curve of four aromatic fuel blends under a slightly

higher temperature, 1700 K. The conclusions from the 1500 K condition remain valid.
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The highest curve is methylnaphthalene, indene, styrene, and ethylbenzene. The
sequence of fuel blends is the same compared with the 1500 K shown in Figure 5. 4,
which indicates that C14H1o can still predict soot at higher temperatures. However, some
unique features appear in the 1700 K condition compared with Figure 5. 4. First, the
peak value of all fuel blends has significantly increased. Second, the difference between
each fuel blend in peak value is relatively smaller, especially for methylnaphthalene,
whose peak value increased. Moreover, it also takes a shorter residence time for a fuel
blend to reach the peak position of the mole fraction of Ci4Hio0. The peak position of

methylnaphthalene is lower compared with 1500 K condition.

5.2.4.2 1300 K

Figure 5. 8 illustrates the mole fraction of C14H10 of candidate fuel blends with a reaction

temperature of 1300 K. Fuel blends show identical peak value rankings as at other

temperatures.
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However, the peak value of indene shows a significant decrease. Moreover, the
residence time required to reach the peak is noticeably increased. According to the
simulation results, indene fuel blends exhibit inhibited formation of large soot particles

in relatively low temperatures.

5.31-D model

Neither CRN Layout 2 nor Layout 3 provided valuable information in soot prediction
using intermediate products under the same conditions as the experiment setup. In
these two CRN layouts, no useful results were generated at the end of the primary zone.

The major reason for this situation seems to be the selection of a recirculation model to

represent the combustorods primary zone.

reduced the local residence time which is almost 10 times less than the model without
recirculation. The is due the principle of recirculation, more flow will recirculate back to
the first PSR, and residence time could be treated as the volume divided by flow rate
for easy understanding. Therefore, a significant increase of flow into the reactor will

dramatically reduce the residence time and preventing the reaction between reactants.

The experimental setup might not be suitable for simulation using these two layouts
since the percentage of recirculation was directly obtain from the experiment findings,
presented in Chapter 3. It might be possible to solve the problem by changing some
operational variables such as the percentage of recirculation flow and reaction
temperature. However, the principle of building the CRN model in the thesis aimed to
represent an actual model Tay combustor, by alternating the combustion parameters,
such as residence time, seems to reduce the value of the model. These two Layouts
might still have value in the prediction of temperature and gaseous emissions with some

modifications.
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CRN Layout 1, which did not adapt by a recirculation model still could provide valuable
information in terms of tracking the formation of soot by some pre-PAH content.
Therefore, simulation results from CRN Layout 1 will be mainly presented and

discussed in this section.

Among the results from all reactors, results in the first PFR, representing the
intermediate zone in a combustor, will be presented and discussed in this section. The
first two PSRs are essentially a 0-D model, and the 0-D model is already detailed and
discussed previously in a wider range of AFRs, residence times and temperatures.
Moreover, the last PFR is designed to represent the dilution process and the
corresponding effect of the nozzle. The majority of reactants were fully consumed
before entering the last PFR, which makes the results extremely difficult to investigate.
Therefore, the results in the first PFR are the best choice for analysis, as they contain
information from both the last PSR (primary zone) and the post-combustion process in
the intermediate zone. Three positions in this reactor are of primary interest: the start
position, middle position and end position. C2H2, C2Hs and CeHs are selected to

investigate whether they are suitable for soot prediction purposes.

The mole fraction of C2H: of different fuel blends in the PFR is presented in Figure 5. 9.
In general, the mole fraction of CzH2 continues to decrease, and is completely
consumed at the end of this reactor. The sudden decrease might primarily result from
the increase in temperature and residence time, which enables the complete
combustion of C2H2 and other components. For more accurate simulations,
investigating a more realistic temperature profile in post-flame region is required in the

future work.
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Figure 59: Mole fraction of C2H2 of fuel blends in PFR

The mole fraction of C2H: is relatively high at the beginning of the PFR, which might
indicate that the original fuel content was well-combusted in the primary zone. The
difference in mole fraction between each fuel blend is also very small, and the order of
mole fraction for different fuel blends is indene, styrene, ethylbenzene, and
methylnaphthalene. Similar to the 0-D model, this order did not reflect the results found
in the experiments. However, the order of the fuel blends changes in the middle of the
reactor to styrene, ethylbenzene, indene, and methylnaphthalene. The differences
between each fuel blend were also increased; the mole fraction of CzHz for
ethylbenzene and styrene is noticeably higher than for indene and methylnaphthalene.
In general, C2Hz is not suitable to be selected as a soot tracer since it is unstable in a
PFR and provides a different order of trend compared to experimental results. However,
it might be able to distinguish the difference in soot production for larger aromatic groups

such as diaromatics and monoaromatics.
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The mole fraction of C2Hs in three positions of the PFR is presented in Figure 5. 10.
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Figure 5.10: Mole fraction of C2H3 of fuel blends in PFR

In the beginning of the PFR, the mole fraction of C2Hs for four fuel blends are very
similar. Only small differences are detected with the order: ethylbenzene, styrene,
indene, methylnaphthalene. At the middle point of the PFR, the amount of C2Hs was
heavily consumed, and the trend of mole fraction changed to the order of indene,

methylnaphthalene, ethylbenzene, styrene.

Findings from the results of C2Hz and CzHs indicate that in a 1-D model, small molecules
are not suitable for predicting soot formation since they are very easy to be consumed
and regenerated simultaneously. Moreover, this also proves that the peak value method
used in 0-D models may be insufficient for soot prediction, as it doesn't consider post-

combustion behaviour affecting small molecule formation.

135



The more fraction of CeHe for four candidate fuel blends in the first PFR is shown in

Figure 5. 11.
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Figure 5.11: Mole fraction (C6H6) iPFR

According to Figure 5. 11, the amount of CsHs was slightly consumed in the first half of
the reactor. Moreover, the difference in mole fraction of CeHes between the four fuel
blends is clear and similar in both the start and middle positions following the order:
ethylbenzene, styrene, indene, and methylnaphthalene, which is much more stable
compared to small molecules. It was also noticed that the amount of CsHs was quickly
consumed in the remaining half of the PFR, possibly due to the increased reaction
temperature along with the distance that triggered certain chemical mechanisms.
However, the trend of CeHs for the four aromatic blends is found to be similar to the
trend in the 0-D model, which has good agreement with experimental results. It also

provides the possibility for soot prediction in the current setup of the 1-D model.
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In general, CeHs is the preferred choice for soot prediction under the current 1-D model
since other large molecules, such as Ci4H10, which is recommended in the 0-D model,
were quickly consumed in the primary zone. This happened because CeHs is difficult to
decompose compared to other smaller molecules since it is a ring-structured compound.
It is also relatively easier to generate compared to large molecules meanwhile. It seems
that larger molecules tend to convert to CeHs at high temperatures at first, but further

decomposition does not happen, and PAH formation begins with CsHe.

Simulation results also show that a higher amount of soot is predicted for
methylnaphthalene fuel blends. Only methylnaphthalene shows a strong ability to form
BIN-group PAHs, which are small PAH groups such as CzoHio and C2o0His. The mole
fraction of BIN-group PAHSs in the first PFR for methylnaphthalene fuel blends is shown

in Figure 5. 12.

Figure 5.12: Mole fraction of BIN groups foMethylnaphthalenefuel blends
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