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Resumo

A forte dependéncia de combustiveis fosseis no sector da aviacao contribui significativa-
mente para as emissoes poluentes, agravando o aquecimento global e degradando a qual-
idade do ar, o que torna urgente a necessidade de alternativas sustentaveis. Uma solucao
promissora é a utilizacdo de combustiveis de aviacdo sustentaveis (SAF), que oferecem
uma alternativa viavel ao combustivel para aviacdo convencional. Entre eles, o Alcohol-
to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK), um combustivel de origem bioldgica,
demonstrou potencial para reduzir o impacto ambiental da aviacao. Este estudo apre-
senta uma analise de Dinamica de Fluidos Computacional (CFD) da combustao do ATJ-
SPK num combustor CFM56-3, utilizando o ANSYS Fluent, aplicando o modelo de ten-
soes de Reynolds (RSM) como modelo viscoso. A investigacdo foca-se na comparacao
das emissdes do ATJ-SPK com as do combustivel Jet A convencional, a0 mesmo tempo
que avalia a viabilidade do ATJ-SPK como um substituto imediato. A anélise foi reali-
zada para os diferentes regimes de poténcia do ciclo de aterragem e descolagem (LTO)
da ICAO, avaliando as principais carateristicas de combustao, tais como a distribuicao da
temperatura, as emissoes e a eficiéncia.

Osresultados indicam que o ATJ-SPK apresenta um comportamento na combustao seme-
lhante ao do Jet A, demonstrando o seu potencial como combustivel alternativo susten-
tavel. Nomeadamente, as emissoes de NOx registam uma reducao em todos os regimes
de poténcia, particularmente na poténcia maxima, o que sugere beneficios para o ambi-
ente. As emissoes de CO, no entanto, requerem validacao adicional devido a tendéncias
inconclusivas. Importa salientar que os resultados da simulacao apresentam uma boa
concordancia com os dados experimentais, especialmente em parametros importantes
como a temperatura de saida, reforcando a fiabilidade da abordagem CFD. Estes resul-
tados sustentam a viabilidade do ATJ-SPK como substituto do combustivel para aviacao
convencional, contribuindo para a transicao do setor da aviacao para a sustentabilidade.

Palavras-chave

Combustiveis de aviacao sustentaveis, Alcohol-to-Jet, Analise CFD, CFM56-3, Emissoes,
ANSYS Fluent, Combustor
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Abstract

The aviation industry’s heavy reliance on fossil fuels significantly contributes to polluting
emissions, exacerbating global warming and degrading air quality, prompting the urgent
need for sustainable alternatives. One promising solution is the use of Sustainable Avia-
tion Fuels (SAFs), which offer a viable alternative to conventional jet fuel. Among them,
Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK), a bio-derived fuel, has shown
potential to reduce aviation’s environmental impact. This study presents a Computational
Fluid Dynamics (CFD) analysis of ATJ-SPK combustion in a CFM56-3 combustor using
ANSYS Fluent, employing the Reynolds Stress Model (RSM) as the viscous model. The
research focuses on comparing the emissions of ATJ-SPK with those of conventional Jet
A fuel while assessing ATJ-SPK’s viability as a drop-in replacement. The analysis was
conducted across the power settings of the ICAO Landing and Take-Off (LTO) cycle, eval-
uating key combustion characteristics such as temperature distribution, emissions, and
efficiency.

Results indicate that ATJ-SPK exhibits similar combustion behaviour to Jet A, demon-
strating its potential as a sustainable alternative fuel. Notably, NOx emissions show a
reduction across all power settings, particularly at full power, suggesting environmental
benefits. CO emissions, however, require further validation due to inconclusive trends.
Importantly, the simulation results align well with experimental data, particularly in key
parameters like outlet temperature, reinforcing the reliability of the CFD approach. These
findings support the feasibility of ATJ-SPK as a viable replacement for conventional jet
fuel, contributing to aviation’s transition toward sustainability.

Keywords

Sustainable aviation fuels, Alcohol-to-Jet, CFD analysis, CFM56-3, Emissions, ANSYS
Fluent, Combustor
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Chapter 1

Introduction

1.1 Motivation

The aviation industry has contributed to climate change more than it would be desirable,
especially concerning global warming. The drastic increase of this industry over the last
decades, from 310 million in 1970 to 4.3 billion passenger journeys in 2018, is the root
of this problem [1]. This trend is expected to continue with a near-doubling of activity
between now and 2035, as the International Air Transport Association (IATA) anticipates
[2]. The aviation contribution is projected to reach a total of 0.1°C of warming by 2050,
half of it already attained, and the other half over the next three decades, if a 3% annual
growth in this sector continues [i].

The emissions resulting from the Gas Turbine Engine (GTE) present in the aircraft are
the source of this problem. These emissions can be categorized into the CO, and the non-
CO., type, where in the latter, nitrogen oxides (NO,), water vapour (H,O), sulphur dioxide
(SO,) and soot are included. To put it into perspective, between 2016 and 2019, aircraft
engines were burning more than 1 billion litres of fuel per day, which emit, per kg of fuel,
3.16 kg of CO,, 1.23 kg of H, 0, 15.14 g of NOy, 1.2 g of SO, and 0.03 g of soot [1]. Regarding
all of the worldwide anthropogenic carbon emissions, i.e., CO, emissions, aviation alone
is responsible for approximately 2% or 12% if only the transportation carbon emissions
are considered [3]. However, a more accurate analysis of the impact on surface warming
can be made if the Effective Radiative Forcing (ERF) is calculated, because in this case the
total impact is taken into account and not only the effect of the Greenhouse Gas (GHG)
emissions. With this said, global aviation is estimated to be responsible for 3.5% of global
warming [4].

Despite what most might think, in this industry sector, CO, is not the main responsible for
this warming effect. In fact, non-CO, effects account for 66% of the warming [4/]. In these
non-CO, effects, the NO,-driven changes in the chemical composition of the atmosphere
and the contrail formations can be highlighted as the main responsible [5]. The mentioned
chemical changes are due to NO, altering the radiative balance of other gases like methane
(CH,), ozone (O3) and stratospheric water (H,O) [1]. In turn, the water vapour and soot
emissions, that can result in contrail formation [5], are also a source of warming because
they can lead to cirrus clouds that reflect and absorb radiation [i].

Taking into account all of the above and in alignment with the Paris Agreement goal for
global warming not to exceed 1.5°C, the IATA 77" Annual General Meeting approved a
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resolution for the global air transport industry to achieve net-zero carbon emissions by
2050 [6]. This will be a big challenge for the aviation industry because it must reconcile
emissions reduction with the constant growth in flying demand [6]. For this to be accom-
plished, in 2050, with 10 billion people expected to fly that year, at least 1.8 gigatons of
carbon must be abated, however, the net-zero commitment also implies that a cumulative
total of 21.2 gigatons of carbon will be abated between now and 2050 [6]. An important
and immediate measure is the International Civil Aviation Organization (ICAO) Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA) which limits net
CO, aviation emissions at 2020 levels until 2035 [3, 6].

ICAO has been taking measures to address aviation’s environmental impacts, e.g., a global
CO, standard to regulate fuel efficiency for new aircraft since 2020 and an ambitious goal
of a 2% annual fuel efficiency improvement [2]. However, these improvements in fuel
efficiency, from 4.4 L/100 passenger-km in 2005 to 3.4 in 2017 in Europe (-24%), are not
enough to cover the sector’s rapid growth, so some alternative options have emerged [2].
These can be new propulsion options, e.g., electric and hybrid systems, or new types of
jet fuels, e.g., liquid natural gas and hydrogen. Still, they present several unsolved techni-
cal problems and have been only tested at a small-scale [2]. When it comes to electric-
powered aircraft, a breakthrough in battery chemistry is needed to overcome the one
order of magnitude lower volumetric and mass energy densities compared to the fossil
kerosene’s energy density. This means that only small full-electric aircraft will likely be
commercialized soon since the requirements for medium and long-haul flights (weight,
seat capacity, speed and range) cannot be satisfied [7]. On the other hand, despite being a
very appealing fuel due to its renewable and clean energy sources with carbon capture and
storage, hydrogen probably presents the bigger challenges to defeat. The low volumetric
energy density of hydrogen requires highly insulated tanks capable of storing it in liquid
form. Its use in medium and long-haul flights demands a deep redesign of not only the
aircraft engines and airframes but also the fuel supply chain (on-the-ground storage and
refuelling), forcing it to be a long-term solution [7].

While other technologies evolve, the answer to decarbonisation in aviation as an imme-
diate measure seems to be drop-in Sustainable Aviation Fuel (SAF) [2]. This solution
presents several advantages: aircraft airframe, engine and refuelling infrastructure com-
patibility [3, [7]; compared with the conventional Jet A, 100% SAF has the potential to
reduce GHG emissions by up to 94% [3], due to the CO, uptake of biomass feedstocks
during photosynthesis [2]; and more flexibility of feedstocks and production technologies
[3]. Despite still being produced in low volumes for use in commercial flights [7], as of
January 2022, seven production pathways for this kind of fuel had already been approved
by American Society for Testing and Materials (ASTM) [8]. Investing in the production
of SAF will increase supply and reduce costs, making the net zero an achievable reality by
2050 [6].



1.2 Main Goals

The main focus of this work is to compare the combustion of SAFs and Jet A fuel in a
CFM56-3 combustor during ICAO’s Landing and Take-off (LTO) cycle. This will be done
through a numerical analysis in a Computational Fluid Dynamics (CFD) software, in this
case, ANSYS Fluent. The geometry of the CFM56-3 combustor that will be used was devel-
oped by de Oliveira [g] during his master’s thesis. The selection of the SAFs to be analysed
will be discussed later in this thesis considering several aspects. As comparison elements,
the pollutants emitted and the performance of the combustion will be analysed. This way,
the present work will allow to conclude on the possibility and viability of using unmixed
SAF as the main fuel for commercial aviation.

1.3 Thesis Structure

The thesis is divided into five chapters. The present chapter includes the motivation that
moved the author to choose this theme and the objectives for this work. It also presents
a historical and bibliographical review to give context. In such a manner, the work and
experiments done so far are introduced. This chapter was written with the intention of
briefly explaining the topic of the thesis to anyone with the minimum scientific knowledge.

The second chapter will give some basic considerations regarding turbofan engines, espe-
cially the CFM56-3 engine. There will also be a special focus on the combustor operation
and the chemical reactions occurring inside it.

The third chapter will address the properties of the several SAFs and the aspects taken
into account to select the ones to be analysed while comparing with the Jet A fuel charac-
teristics.

In the fourth chapter, the whole CFD process will be explained, i.e., the problem set-up,
the mesh generation, the boundary conditions applied, the numerical set-up and the com-
bustion model used will be thoroughly detailed.

The fifth chapter will comprise all the results obtained and its consequent discussion

Finally, the sixth chapter will present the conclusions that can be drawn and proposals for
future studies.

1.4 Historical Review

Despite only accounting for less than 0.1% of jet kerosene consumption [10], SAF is not
a recent technology since studies for developing alternatives to petroleum-based jet fuel
started long back. Back then, economic and supply concerns were the main motivators
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for the research. Still, efforts were only significant when the climate change crisis started
to be the biggest concern of the century [10]. This started in 2006 when several aircraft
manufacturers, U.S. commercial airlines and the U.S. government established the Com-
mercial Aviation Alternative Fuels Initiative (CAAFI) [11]. Later, other initiatives started,
like the Sustainable Aviation Fuel Users Group (SAFUG) in 2008 that gathers commercial
airlines and aircraft manufacturers to accelerate the development and commercialization
of SAF [11]. In that same year, the first-ever flight test using a blend of conventional jet
fuel and biofuel was performed by Virgin Atlantic. This flight connected London to Am-
sterdam, it was done on a Boeing 747 and the mix of fuel consisted of 80% petro-jet and
20% biofuel made from tropic oils [11].

These concerns with the environmental issues and the initiatives for research led to the
first ASTM approved conversion process for SAF production in 2009. It is listed as Annex
A10f D7566' and it’s called Fischer—Tropsch Synthetic Paraffinic Kerosene (FT-SPK). The
blending limit is 50% and the sustainable feedstock options include municipal solid waste,
agricultural and forestry residues, algal biomass, and woody energy crops. The Fischer-
Tropsch synthesis was developed by Franz Fischer and Hans Tropsch in the 1920s to pro-
duce liquid hydrocarbon from coal and is a proven and well-established pathway [10].
This approval allowed, in that year, the first flight carrying passengers. KLM did it on a
50% traditional kerosene and 50% biofuel blend of camelina (oilseed from the mustard
family) in one engine. [11, 12]. In the next year, the U.S. Navy did a flight demonstration
with the strike fighter F/A-18, named "Green Hornet”, on a 50/50 blend of conventional
kerosene and camelina-based biofuel. This demonstration was an important milestone in
the certification and use of camelina fuels in military aircraft since the aircraft performed
as expected in its whole flight envelope, including supersonic speeds [11, 13].

Hydroprocessed Esters and Fatty Acids Synthetic Paraffinic Kerosene (HEFA-SPK) was
approved as the second pathway for SAF production by ASTM two years later, in 2011, in
a 50% maximum blending ratio. Feedstock options of this process are more limited than
the FT-SPK ones because they need to be a triglyceride, usually a solid fat or oil. In this
category animal fats (tallow), used cooking oil and oil from algae or plants like camelina
and jatropha are included. However, despite this limitation, HEFA-SPK powered over
95% of the SAF flights due to its ease of integration into an oil refinery, since it includes a
single additional step [10]. This certification allowed, in that year more than 1,000 flights
between Hamburg and Frankfurt made by Lufthansa in a blend that included fuel made
of camelina, jatropha and tallow. Alaska Airlines also benefited from this certification by
making 75 flights between Seattle and Portland on an 80/20 blend of petroleum-based
fuel and biofuel from cooking oil [11].

After this, new pathways for the production of SAFs started to be approved at a faster

'ASTM D7566 is the Standard Specification for Aviation Turbine Fuel Containing Synthesized Hydrocar-
bons and it dictates fuel quality standards for non-petroleum-based jet fuel and outlines approved SAF-based
fuels and the percent allowable in a blend with Jet A [3].
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pace. In 2014, Hydroprocessed Fermented Sugars to Synthetic Isoparaffins (HFS-SIP)
was approved and listed as Annex A3 of D7566. This process does not produce synthesized
paraffinic kerosene, differently to FT-SPK and HEFA-SPK, and so blending mixtures are
limited to a 10% ratio, although some test flights done with a 20% ratio were successful.
The main feedstock of this process is sugar cane, however, other cellulose-based sugars are
preferred to avoid food-feed-fuel conflicts [10]. One year later, a variation of the FT-SPK
was approved by the name Fischer—Tropsch Synthetic Paraffinic Kerosene with Aromat-
ics (FT-SPK/A). The difference is that in this process the end product hydrocarbon has
an aromatic content, making it even more compatible with current engines when it comes
to fuel leakage avoidance. Despite having a 50% maximum blend ratio, fuels resulting
from this process have the most potential of being certified as 100% conventional fuel
replacement [10]. The fifth process to be approved was Alcohol-to-Jet Synthetic Paraf-
finic Kerosene (ATJ-SPK), in 2016, once again, with a maximum blending ratio of 50%.
As the name suggests, the fuel is derived from an alcohol. As of now, only isobutanol
and ethanol are accepted as feedstocks, though all five carbon alcohols are expected to
be certified in the future. These alcohols can be obtained from the typical sugar/starch
options, like sugar cane and sugar beet, or, from other more sustainable options, like lig-
nocellulosic biomass and wastes [10]. The most recent pathways approved by ASTM are
Catalytic-Hydrothermolysis-Synthesized Kerosene (CH-SK) and Hydroprocessed Hydro-
carbons Esters and Fatty Acids Synthetic Paraffinic Kerosene (HHC-SPK), both in 2020.
The former is accepted in a maximum blending ratio of 50% and its feedstocks are similar
to the HEFA-SPK ones [10]. The latter has two notable features: it was the first process
to be approved through the standard specification fast track”, which means it’s only ac-
cepted with a 10% blending ratio, and the oil found in specific algae is the sole feedstock
source accepted for this process[i10].

After all these certifications, two important test flights can be highlighted because they
demonstrate the viability of 100% SAF in commercial flight. The first one occurred in
December 2021 and was performed by United Airlines. This was the first-ever flight to
be done with 100% SAF in one of the aircraft’s engines. It was proved that there are no
operational differences in powering an engine with biofuels compared with conventional
jet fuel since this aircraft carried the same amount of both fuels on each side. The Boeing
737 MAX 8 flew from Chicago to Washington DC and had more than 100 passengers in-
cluding several partners of this project, like Boeing, CFM International, Virent and World
Energy [14]. The other, more recent, demonstration flight, happened in November 2023
and was held by Virgin Atlantic, as mentioned before, one of the pioneer airlines in the de-
carbonization of the industry. This flight went further than the one performed by United
Airlines because it used 100% SAF in both engines. It was the first commercial airline to
fly across the Atlantic, from London to New York, in these conditions. The aircraft was
a Boeing 787 equipped with Rolls-Royce Trent 1000 engines fueled with a blend of 88%
HEFA-SPK supplied by AirBP and 12% Synthetic Aromatic Kerosene (SAK) supplied by
Virent. Since the flight used 100% SAF, there was the need for SAK in this blend, because,



as mentioned above, current engines require a percentage of aromatics in the fuel to avoid
leakages. This project had the objective of proving that SAF is a safe drop-in fuel replace-
ment, that it is the only mid-term viable solution for decarbonising long-haul aviation and
there should be a scale-up in production by investing more in this technology [15].

1.5 Bibliographical Review

Over time, several authors have published their studies regarding either experiments or
simulations of the combustion of SAF compared to conventional jet fuel. These studies
aimed at analysing emissions, performance and energy conversion of the combustion of
some alternative fuels. With this in mind, this section will review the most important
literature on this topic.

One of the first to analyse alternative fuels on jet engines was French [16] who conducted
an experimental analysis of the SR-30 gas turbine performance run on biodiesel fuels.
The two biodiesel fuels were made of new canola oil and used cooking oil. The ignition
in the engine was not affected by either of the biofuels and the exhaust jet color and size
were visually not different from the Jet A. The results also showed that thrust and angular
acceleration with the biodiesel fuels was proportionally less than the Jet A.

Corporan et al. [17] investigated the emissions characteristics of two combustion sys-
tems, a T63 turboshaft engine and an atmospheric pressure swirl-stabilized combustor,
fueled with conventional military kerosene (JP-8), a Fischer-Tropsch synthetic jet fuel
and blends of the two. The goal was to evaluate the impact of the aromatic and sulfur-free
FT fuel in the combustion by analysing nonvolatile Particulate Matter (PM) and gaseous
emissions. The tests demonstrated that neither neat FT fuel nor its blends had significant
impacts on the engine performance, furthermore, no fuel leaks were observed during op-
eration. The FT fuel and the blends proved beneficial since a greater than 90% reduction
in PM mass and number and an over 80% reduction in engine smoke number were ob-
served when using it relative to the JP-8. This reduction can be, this way, related to the
reduced aromatic content of the alternative fuels studied. Despite the reduction in sulfur
oxide and a slight increase in water vapour, a negligible impact on gaseous emissions was
detected.

The performance and emission characteristics of a small-scale gas turbine engine running
on biofuels were studied by Habib et al. [18]. The biofuels used were soy methyl ester,
canola methyl ester, recycled rapeseed methyl ester, hog-fat biofuel aswell as 50% blends
with Jet A and they were compared with neat Jet A fuel. Biofuels produced a slightly
reduced static thrust and thrust-specific fuel consumption compared to Jet A, however,
the numbers are still comparable. On the other hand, pure biofuels significantly increased
thermal efficiency compared to Jet A and the blends. Another benefit of using biofuels was
a decrease in the CO and NO emission concentrations. These study results suggest that
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an optimum mix can be achieved to reduce emissions while producing the desired thrust.

Timko et al. [19] conducted an experimental analysis where the NO,, CO and nonvolatile
PM size distribution, number and mass emissions were measured in a CFM56-7 gas tur-
bine engine running on alternatives to petroleum-based fuel. The fuels chosen were a nat-
ural gas-derived Fischer-Tropsch synthetic fuel, a 50/50 blend of this synthetic fuel with
Jet A and a 20/80 and a 40/60 blend of Fatty Acid Methyl Ester (FAME) with jet fuel due
to their low aromatic content and high oxygen content (for FAME blends). Generally, the
results were positive since the emissions performance improved or stayed the same when
the alternative fuels were used. The neat FT fuel and the two FAME blends combustion
allowed a CO reduction. The NO, emissions were also reduced, 10% with the neat FT fuel
and 5% with its blend compared to Jet A. The FAME blends got even better results in this
regard, a 29% reduction with the 40/60 blend and 23% with the 20/80 blend. A PM re-
duction was also achieved with the alternative fuels, however, this reduction declined as
the power was increased.

The previous experiment on the CFM56-7B also allowed a more precise PM characteriza-
tion by Lobo et al. [20]. The engine operated in several power settings, including the ones
specified in the ICAO’s LTO cycle. This cycle allows an understanding of the effects on
the local air quality once it simulates the aircraft engine operations at idle/taxi, approach,
climb-out, and take-off. Except for the 20% FAME blend, all the other fuels got smaller
or equal PM geometric mean diameter, emphasizing the bigger reduction accomplished
by the neat FT fuel and its blend. The alternative fuels reduced both the number and the
mass-based emission indices compared to conventional jet fuel. These PM emission re-
ductions were greater the greater the percentage of alternative fuel used and they were also
found to decrease with decreasing aromatic content. These measured reductions peaked
at idle and reduced with increased engine power.

Lobo et al. [21] evaluated the gaseous and PM emissions of an Auxiliary Power Unit (APU),
a small gas turbine engine, burning alternative fuels compared to conventional Jet A-1.
The alternative fuels were obtained through the FT process, one from coal (coal-to-liquid
(CTL)) and the other from gas (gas-to-liquid (GTL)). While the CTL fuel was only used in
its neat form, the GTL was also tested in a 50% blend with Jet A-1. The results showed that
for both the GTL fuels no difference was found in the NO, emission, but the CTL combus-
tion achieved a 5% reduction of this pollutant compared to the Jet A-1 at full power. For
the CO emissions, on the other hand, all the alternative fuels got a reduction ranging from
5% to 10%. The best results, however, were observed for nonvolatile PM emissions. The
neat GTL fuel got a 99% reduction in the number-based emission index at the idle condi-
tion, while the blend got a 60% reduction and the CTL fuel a 42% reduction. At full power,
these numbers decreased but followed the same trend, 85% reduction for GTL, 20% for
the blend and no difference for the CTL compared to Jet A-1. Following the same order,
the reductions in mass-based emission index ranged from 90% to 65% and the smoke
number ranged from 95% to 70%.



Talib et al. [22] analyzed, through experiments and simulations, the performance of an
Armfield CM4 turbojet engine running on palm oil methyl ester biodiesel and its blends
with conventional Jet A-1 fuel. The experimental analysis included the Jet A-1 and the
20% blend, while the 50%, 70% and 100% fuels were simulated using GasTurb 11 software.
The experimental part of this study revealed that the 20% biodiesel blend performed com-
parably with the conventional Jet A-1 since the biggest difference in thrust was 4%, which
decreased with power increasing. The oxygen presence in the biodiesel allowed a com-
pleteness of the combustion process leading to a combustor’s efficiency rise of 2%. The
usage of this blend led to a higher fuel-air ratio and specific fuel consumption, however,
these value increases were minimal, ranging from 0% to 5%. The simulation part of the
study showed that increasing biodiesel volumes in the blends led to decreased thrust pro-
duction. Only the 20% and 50% biodiesel blends were considered viable for conventional
jet fuel replacement.

The particle emissions of an unblended ATJ-SPK fuel and an unblended CH-SK fuel were
studied by Schripp et al. [23] in a CFM56-5C4 engine. The results showed that the par-
ticle number and mass increased when using the CH-SK fuel compared to the reference
kerosene contrarily to the ATJ-SPK fuel that achieved a reduction in these particle char-
acteristics. Due to the correlation of the hydrogen and aromatic content with particle
emissions, this was expected by the authors. Compared to conventional kerosene, the
lower hydrogen and higher aromatic content in the CH-SK fuel increases particle mass
and number. This way, the study proved that alternative jet fuels are not always associ-
ated with decreasing non-CO2 emissions.

The effect of fuel aromatics and hydrogen content on nonvolatile particle number and
mass emissions was investigated, in an A320 equipped with V2527-A5 engines, by Schripp
et al. [24]. The engines burned two reference kerosene and three blends with HEFA-SPK.
The experiment showed that an increase in the hydrogen content leads to a decrease in
particle emissions, not only comparing the fuel blends but also the fossil fuels between
them. This study proves the importance of choosing the fossil fuel to use in an alternative
fuel blend, since its properties, namely the hydrogen content, affect the particle emissions.
The low aromatic content of a fuel also helps reduce soot formation. However, it is only
noticeable at low power conditions, since at high power the parameters of the engine are
more important than the chemical composition of the fuel.

Kroyan et al. [25] introduced a state-of-the-art mathematical model that allows, for the
first time, a prediction of the fuel consumption in jet engines considering the most signif-
icant fuel properties. The developed model contains the effects of viscosity, density and
calorific content in fuel consumption prediction. It presented a very high accuracy, which
in validation presented errors below 0.68%. The fuels simulated were FT-SPK, HEFA-
SPK, FT-SPK/A, HFS-SIP and ATJ-SPK, all of them certified in ASTM D7566. Compared
to standard fuel kerosene, the results showed oscillations of fuel consumption between
-0.85% and +3.72% and reductions in CO, emissions ranging from -3.22% and +0.42%.



HEFA-SPK and ATJ-SPK presented the best results in CO, emissions reduction compared
to the other SAF, but due to their low density, the volume-based fuel consumption in-
creased. On the other hand, these two fuels had the lowest mass-based fuel consumption.
HFS-SIP had the highest mass-based fuel and energy consumption. This was due to its
exceptionally high viscosity which is a sign of inefficient energy conversion and resulted
in a blending wall limit of 10% with Jet A-1. This study concluded that SAFs have the
potential to outperform conventional kerosene fuel not only from the environmental per-
spective but also in fuel and energy consumption.
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Chapter 2

Turbofan Basic Principles

2.1 Gas Turbine Engine

The GTE is basically a heat engine that uses the surrounding air as a working fluid to
provide thrust. The working principle of this type of engine is based on Newton’s third
law of motion which states that "for every force acting on a body there is an opposite and
equal reaction”. This thrust is achieved thanks to the acceleration of the air through the
engine since the force needed for this acceleration has an equal effect with the opposite
direction acting on the engine [26]. The GTE has three main components, as shown in
Figure p.1, that lead to the air’s acceleration - a compressor and a turbine, the only two
rotating parts, and a combustor. First, the air is sucked into the front of the engine by a fan.
After, the compressor raises the air pressure. The compressor consists of a set of blades
spinning at high speed, which squeezes the air. The compressed fluid is then sprayed with
fuel into the combustor and a spark plug lights up the mixture. The temperature rise will
cause an expansion of the burning gases through the turbine. This will result in a work
output since the turbine also consists of a group of blades, that when spinning, will drive
the compressor, attached to the same shaft. Finally, the heated air is expelled through the
nozzle at the back of the engine. As the jets of gas shoot backwards, the engine is thrust
forward [27, 28].

Compressor Combustion chamber
Intake \ \ Turbine
4 \

Exhaust nozzle

Figure 2.1: Components of a GTE [29].

2.1.1 Thermodynamic Cycle

All GTE’s, where the turbofan engine is included, work using the same thermodynamic
cycle. It is called the Brayton Cycle and is similar to that of the four-stroke internal com-
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bustion engine (ICE). Both engine cycles can be summarized in four main steps: induc-
tion, compression, combustion and exhaust. There are, however, two main differences
between these two: in the GTE combustion occurs at constant pressure, while in the ICE
it occurs at constant volume; and in the ICE the four strokes of the process take place in the
concerned cylinders, making the engine cycle intermittent, whereas in the GTE different
components have different steps of the process associated, making its cycle a continuous
one [26, 29]. These differences and the fact that the GTE combustion chamber is not an
enclosed space allow the air’s pressure to be kept low during combustion when compared
to ICE. This means that there are no peak or fluctuating pressures to be withstood allowing
for a more light fabrication of the GTE’s combustion chamber and the use of low-octane
fuels [26].

Heat addition

. P B 1 *Combustor pressure loss

|

_ Expansion

Pressure p
- Compression
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Specific volume v = 1/p (rho)

Figure 2.2: Brayton Cycle in pressure-volume diagram [29g].

The Brayton Cycle, in its simplest form, can be graphically displayed in a pressure-volume
diagram, as shown in Figure p.2. This graphical representation allows a better under-
standing of the fluctuation of the state variables to which the gas is subjected when passing
through the engine. The area enclosed by the four curves represents the heat added to the
gas that will be used for work, either for shaft power to drive the compressors or for propul-
sive thrust [29]. The whole cycle can be described in the following steps [26, 29, 30]:

« Point A in the diagram represents the air being admitted into the engine at atmo-
spheric pressure. From there, along line AB, the air is compressed and decelerated
by the inlet and the compressor. Part of the flow’s kinetic energy is converted into
an increase in static pressure and temperature of the air. Point B represents the air
being discharged from the compressor.

« From B to C the combustion process takes place. There, heat is added to the air by
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introducing and burning fuel at, ideally, constant pressure. In reality, however, fluid
dynamic friction and turbulence will lead to a small pressure drop, represented by
the inclined BC line in the diagram. The sudden increase in the air’s temperature
will considerably increase the gas’s volume.

« The expansion of the hot gases back to the atmosphere’s pressure through the tur-
bine and the exhaust nozzle is represented by the CD line in the diagram. In this
step, the turbines use part of the energy present in the gas expansion to create me-
chanical power to drive the compressor, while the rest of the energy provides the
propulsive jet necessary for thrust.

As mentioned before, the turbofan is a heat engine which means that the higher the tem-
perature attained in the combustion, the greater the expansion of the gases and conse-
quently the efficiency. There is, although, a limitation for the maximum temperature of
the combustion because the gases’ temperature entering the turbine should be suitable
with the design and materials of the turbine [26].

2.2 Gas Turbine Engine Components

This section will succinctly describe the main components of a GTE. Following the flow’s
path, this description will start in the engine intake or inlet, then the compressors, fol-
lowed by the turbines and it will finish in the nozzle or exhaust system. Since this work
will analyse the combustion in the engine, the combustor description and its principles
will have a dedicated section further in this chapter.

2.2.1 Engine Intake (or inlet)

The engine intake is basically a fluid flow duct whose main requirement is, under all op-
erating conditions, to deliver airflow to the engine achieving the minimum loss of energy.
The intake sits upstream of the compressors so, it must be able to provide the appropriate
amount of airflow and additionally, this flow should be uniform, stable and of high qual-
ity. Although the inlet does no work on the flow, its performance is of high importance for
the engine’s net thrust and the overall aircraft performance, and for this reason, the in-
take design responsibility sits on the aircraft manufacturer, not the engine manufacturer
[26, 29, 31].

Depending on the aircraft speed, engine intakes come in various shapes and sizes, so that
the intake operates efficiently in the intended aircraft mission. This work, however, fo-
cuses on the CFM56-3 turbofan which flies under sonic speed, and therefore only sub-
sonic air intakes will be mentioned. For aircraft with this type of engine, that fly at sub-
sonic speeds or at low supersonic speeds, the ideal intake is a pitot-type circular intake as
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shown in Figure 2.3. These intakes are flow ducts whose cross-sectional area increases in
the flow direction (divergent ducts) and, because they can reduce the flow speed and con-
vert its kinetic energy into pressure, they are called diffusers. The diffuser’s action in the
flow helps to pressurize the air, considerably reducing the mechanical energy necessary
from the compressor [26, 29].

The surface of this type of intake is characterized by a continuous smooth curve from
outside to inside with some thickness from inside to outside. The uppermost portion of
the inlet is called the inlet lip and, in this kind of intake, it is relatively thick to help reduce
the risk of flow separation. The smoothed interior surface, with no steps or kinks, also
prevents the sensitive boundary layer from separating. The flow’s separation along the
walls would lead to an unwanted conversion of the kinetic energy into heat, i.e., friction

[26, 29, 31].

Figure 2.3: Pitot-type intake [26].

2.2,.2 Compressors

Despite the variety of GTE, all have some parts in common. One of those is the compres-
sor, which is responsible for increasing the pressure of the air coming to the combustor.
It is one of the most important components of this type of engine since its performance
greatly influences the overall performance [32].

There are two basic types of compressors: centrifugal and axial. In the centrifugal com-
pressors, the flow is turned perpendicular to the axis of rotation, while in the axial com-
pressors, the flow always travels parallel to the axis of rotation. The first GTE ever made
only used centrifugal compressors, due to their simplicity and ruggedness, however, nowa-
days they are only used in smaller turbojet and turboshaft engines since axial compressors
have far more advantages. For instance, axial compressors can deliver higher mass flow
rates together with larger pressure ratios while using the same frontal area as a centrifugal
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compressor. These two advantages allowed modern engines to go from medium to high-
thrust engines since these features have an important role in determining the amount of
thrust the engine can provide. Besides, the fact that, in this type of compressor, the air
flows in a single direction eliminates the need to turn the flow. So the cross-sectional area
will be smaller than the corresponding centrifugal compressor and the aerodynamic drag
of the engine nacelle can be reduced [29, 39]. For these reasons, and taking into account
that the CFM56-3 employs an axial compressor, this section will have a special focus on
this type of compressor.

An axial compressor, as shown in Figure .4, consists of alternate rows of moving and
fixed blades with an airfoil section. The moving blades are called rotors and are fixed to
a central shaft that rotates at high speed. On the other hand, the fixed ones are called
stators and are fixed on the outer casing. A set of a rotor followed by a stator is called a
stage and it increases the pressure of the air by a factor between 1.1 and 1.2. This is a small
increase in the pressure hence the use of a multistage unit, because the increase in the
pressure is multiplied from row to row, e.g., a 10-stage compressor at 1.2 per stage gives a
total pressure ratio of 6.2. The use of these multistage axial compressors minimizes losses
and results in higher efficiencies and lower fuel consumptions [26, 27, 32].
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Figure 2.4: Typical twin-spool axial compressor [26].

When entering the compressor, the air is accelerated by the rotor and then decelerated
by the stator converting the kinetic energy into static pressure. The stator is also respon-
sible for guiding the air into the next stage with the correct angle and preventing it from
spiralling around the axis, bringing it back parallel to the axis. The last stator straightens
the air by removing possible air swirls before entering the combustion chamber. Both the
stator and the rotor contribute to the pressure rise along the compressor. As the pressure
of the air increases from the front to the rear of the compressor, the volume of air must
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decrease to keep the velocity constant from stage to stage. So the annulus area between
the rotor shaft and the stator casing, as well as the blade height, suffer a gradual decrease
along the axis of the compressor [26, 27, 32]. To have a better visualization, in Figure p.q
a graphic represents the pressure and velocity variation along the compressor.
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Figure 2.5: Pressure and velocity variation through an axial compressor [26].

Although the first turbojet engines only had a single spool, i.e., a single rotor assembly,
with as many stages necessary, connected to the turbine through a single drive shaft,
modern turbofan engines, like the CFM56-3, require multi-spool arrangements. In these
multi-spool arrangements, more than one drive shaft connects the compressor to the tur-
bine, e.g., in a twin-spool engine the low pressure compressor (LPC) is connected to the
low pressure turbine (LPT) and the high pressure compressor (HPC) to the high pressure
turbine (HPT). This way, each rotor assembly is driven by its turbine at an optimum speed
to achieve higher pressure ratios and to give greater operating flexibility [26].

Besides the typical stages in the compressor, turbofans have a fan as the first compression
stage right after the inlet. This fan compresses the air at a high-pressure ratio at the tip
and normal pressure ratio values at the inner radius. Then, in high bypass ratio turbofans,
like the CFM56-3, most of the flow is expanded through its own coaxial nozzle, and the
remainder, the smaller part, goes to the engine’s core. This way, a single rotating blade
row achieves high flow per unit of frontal area, high efficiency and high pressure ratio.
Turbofans get a big part of their thrust just from the fan and the rest from the core, this way
for nearly the same amount of fuel, this engine generates far more thrust than a turbojet,
meaning they are more fuel efficient [26].
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2.2.3 Turbine

The turbine’s main task in a GTE is to provide the necessary power to drive the compres-
sors and possible accessories. In the case of turboprops and turboshafts, its main task is
to give power to the propeller and the rotor blades, respectively. Contrary to what hap-
pens in the compressor, the turbine absorbs the required energy from the combustor’s
hot gases, expanding them to lower pressure and temperature conditions. This way the
energy is converted into mechanical shaft power or torque. As in compressors, there are
also two basic types of turbines, radial flow and axial flow, however, in this case, except
for a few, almost all engines employ the axial flow type of turbine since the radial option
is not as practical [26, 29].

SINGLE STAGE
HIGH PRESSURE TURBINE

EXHAUST UNIT

HIGH PRESSURE MOUNTING FLANGE

NOZZLE GUIDE VANE

HIGH
PRESSURE
TURBINE
BEARING

2 £ ",
HIGH 1
PRESSURE

LOW PRESSURE
TURBINE SHAFT

COMBUSTION SYSTEM THREE-STAGE
MOUNTING FLANGE LOW PRESSURE TURBINE

Figure 2.6: Typical twin turbine [26].

Again, similarly to the compressors, an axial flow turbine consists of a single or a set of
stages. Each stage comprises a row of stationary nozzle guide vanes followed by a row of
rotating blades (rotor), thus the order is inversed when compared with a compressor stage.
Modern engines, with high compression ratios, require turbines to be multistage, but the
number of stages in the turbine is much lower than the ones in the compressor. This
happens because the flow’s pressure is decreasing across the turbine, and so, the pressure
gradient helps the boundary layer to stay attached to the surface of the turbine blades.
Since the boundary layer is less likely to detach, the pressure drop in one turbine stage
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can be much greater than in a corresponding compressor stage. Hence one turbine stage
can drive multiple compressor stages [29, 33]. Typically in turbofans (like the CFM56-3),
similarly to compressors, the turbines are divided into two sections, the high-pressure and
the low-pressure, like the one in Figure p.d. As said in p.2.9, two shafts connect separately
the LPC to the LPT and the HPC to the HPT. The HPT appears upstream of the LPT.

The nozzle guide vanes and the rotor blades are designed predominantly on aerodynamic
considerations, and so its sections have basic airfoil shapes. The amount of energy con-
verted in the stator and rotor defines the type of turbine stage, which can be an impulse
turbine, a reaction turbine or a mix of both (impulse/reaction turbine). Pure impulse
or pure reaction turbines are not usually used, so only the working principle of the im-
pulse/reaction turbine will be explained here [26, 29].

The nozzle guide vanes, responsible for the impulse part, have two main tasks. First, due
to the convergent cross-sectional area between adjacent blades, potential energy (heat and
pressure) is converted into kinetic energy. This way, the flow is accelerated to almost sonic
speeds and its impact on the rotor blades will create an impulse force. Second, the nozzle
guide vanes also give the flow a spin in the direction of the turbine’s rotation, maximising
the shaft power produced. The rotor section, responsible for the reaction part, allows for
the expansion of the hot gases to be continued because between adjacent blades the flow
path cross-sectional area is also narrowed. Due to the airfoil shape of the rotor blades, an
aerodynamic force is generated on the blades which, allied with the impulse force, helps
the turbine to rotate faster [26, 29]. Figure p.7helps to illustrate the design of impulse/re-
action turbines.

I | NOZZLE TURBINE

Turbine driven by the impulse
of the gas flow and its
subsequent reaction as it
accelerates through the
converging blade passage

Figure 2.7: Impulse/reaction turbine [26].

It is noteworthy that turbine blades are exposed to much more hostile conditions than
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compressor blades. Because the turbine is placed exactly downstream of the combustor,
turbine blades experience temperatures between 850 and 1700°C. To help prevent the
blades from melting heat resistant materials like nickel alloys with ceramic coatings are
used, however, this is not enough, and so blades must be actively cooled. To accomplish
this, the blades must be hollow and part of the compressor delivery air must be passed
through them [26, 33].

2.2.4 Exhaust Nozzle

All GTE have an exhaust system usually called a nozzle, that passes the discharged gases
from the turbine back into the free stream at the desired velocity and direction so that
thrust is produced. That is to say, the main task of the nozzle is to convert the gas po-
tential energy into kinetic energy, i.e. gas velocity, to provide the necessary thrust. This
is achieved simply with the geometrical shape of the nozzle, which is a pipe with varying
cross-sectional area. Depending on the type of mission assigned to the aircraft, there can
be several types of nozzles with different shapes and sizes. Typically, turbojet and tur-
bofan engines employ convergent nozzles. Usually, high-bypass turbofan engines have
separate nozzles for the hot and the cold streams. The two nozzles are generally co-axial
and the area of each is designed to obtain maximum efficiency [26], 29].

The gas coming from the turbine and entering the exhaust system still comes at a high
velocity, which can result in high friction losses. Thus, there is a need to reduce the flow
speed by diffusion. This is done with the use of an exhaust cone that promotes the in-
creases in the passage area between it and the outer wall. To reduce the losses due to
possible whirls coming from the turbine, the turbine’s rear support struts are designed in
such a way that the flow is straightened before reaching the jet pipe. After this, the gas
is then accelerated thanks to the reduction of the cross-sectional area in the streamwise
direction, i.e., the convergent duct. In almost all conditions, the flow reaches the sonic
speed, a condition at which the propelling nozzle is said to be choked. This means that
it is not possible to increase the jet velocity further. However, if the upstream total pres-
sure is increased above the value at which the nozzle is choked, the gas static pressure at
exit will be higher than the atmosphere pressure. This pressure difference results in an
additional fraction of thrust called pressure thrust [26].

2.3 Combustor

The combustor, or burner, is located between the compressor and the turbine. Its goal
is to introduce heat energy to the extensive volumes of air coming from the compressor
by burning large quantities of fuel so that the gases resulting from the combustion can be
expanded to get work output that drives the turbines [26, 27]. In other words, it can be
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said that the combustor’s task is to convert the chemical energy of the fuel into thermal
energy. To achieve this task the combustor must [34]:

« Mix the air and fuel entering the combustor;

Ignite the mixture of fuel and air;

« Accommodate the mixture during the combustion reaction;

Tailor the temperature distribution of the hot gases exiting.

The design of a GTE combustor is a rather difficult task due to the high continuous com-
bustion temperature, large continuous flow and high heat energy release that it must en-
dure. So, most of the combustors are empirical, i.e., based on experience and previous
systems, resulting from years of development work. Despite various types of combustor
designs, generally, all combustors incorporate the same key parts like the air casing, dif-
fuser, liner, fuel injector, and spark plug [27, 29, 35].

The combustor is one of the most critical components of the GTE because it must operate
reliably at extreme temperatures and provide a suitable temperature distribution for the
turbine while creating the least amount of pollutants possible so that the effects of the
rapid increase in commercial aviation are mitigated [26, 36].

2.3.1 Combustor Performance Characteristics and Requirements

The GTE combustor must satisfy a set of requirements to achieve optimum combustion at
the aircraft operation conditions. Although their importance varies from engine to engine,
the key requirements and characteristics of the combustor can be listed as follows [27, 29,
35, 361:

1. High combustion efficiency, i.e., all the fuel injected into the combustion chamber
should be burnt to convert all its chemical energy into heat. This is not fully achiev-
able because it is difficult to apportion the exact amount of air for complete com-
bustion for all the aircraft operating conditions;

2. Stable and smooth combustion range to prevent the flame from going extinct in the
combustion chamber from idle to max thrust and from sea-level pressure to high
altitude pressure. This means the flame should be alight over a wide range of air/-
fuel ratios and pressures. The flame is also sensitive to high entry velocities in the
combustor since the flame can become extinct;

3. Reliable and smooth ignition over a wide range of operating conditions, especially
at very low ambient temperatures on the ground and at high altitudes in the event
of a flameout;
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4. Minimum pressure losses, as this can reduce the work output of the engine;

5. Uniform exit temperature distribution (pattern factor) so that no hot spots exist and
the turbine blades and nozzle guide vanes’ lives are maximized. This uniform dis-
tribution of the temperature can be achieved through a more intense mixing of the
fuel and the airflow;

6. Low emissions of smoke, gaseous pollutant species and carbon deposits. Rich fu-
el/air ratios, i.e., insufficient oxygen for the complete combustion lead to the for-
mation of carbon deposits that may erode and damage the turbine blades or block
cooling air passages;

7. Minimum size and weight;
8. Design for minimum cost and ease of maintenance;

9. Easy to dismantle and service, i.e., maintainability.

The requirements given above are sometimes incompatible or contradictory. For exam-
ple, as mentioned in point 5, a high degree of turbulence leads to a more uniform tem-
perature distribution as well as a more efficient combustion, however, this also leads to
higher pressure losses in the combustor, making these factors mutually incompatible.
This means that the combustor design requires careful assessment of contradictory fac-
tors and it is an exercise of compromise. Usually, low fuel consumption, low pollutant
emissions, and size and weight are the main considerations for aircraft GTE combustor
designers.

2.3.2 Combustor Basic Design Characteristics

Before getting into the full details of the combustor working principles, it is interesting to
briefly analyse the aspects that determine the basic geometry design characteristics of a
typical GTE combustor. These aspects will be presented as modifications in the simplest
possible combustor to meet its basic performance requirements.

The simplest possible combustor is represented in Figure .8 (a) and it is basically formed
by a straight long duct connecting the compressor to the turbine. This configuration, how-
ever, presents a big problem, the pressure loss during combustion would be excessive, up
to 25% of the compressor pressure [27]. This is induced by the high inlet velocity of the
flow since the pressure drop is proportional to the square of the air velocity [35]. To solve
this, the velocity should be reduced by using a diffuser, as shown in Figure 2.§ (b). This
solution will reduce the incoming air velocity to about one-fifth, reducing the pressure loss
during combustion [27, 35]. Despite the pressure loss problem being solved, the contin-
uous airflow still causes another problem, it is too high for the flame to be anchored and
combustion to be stabilized. So, a flow reversal should be created to lower the velocity to
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almost stagnant. One way of doing this is by using a plain baffle, as shown in Figure 2.§

(c).

There is only one shortcoming in this last combustor disposition. To get the desired tem-
perature rise in the combustor, the air/fuel ratio should be around 30-40 and these values
are way outside the flammability ratios. So a local air/fuel ratio of about 13-15 should be
created in the primary combustion region of the chamber. This can be done using an in-
ner chamber, as shown in Figure p.§ (d), with various holes that will apportion the air
along the combustor. The first set of holes will deliver only the necessary air for a near
stoichiometric air/fuel ratio, while the others will deliver the rest of the air downstream
so that the temperature is decreased to an acceptable level for the turbine. The secondary
air entering the chamber is thoroughly mixed so that the temperature is uniform at the

exit [27, 35].

This way Figure b.§ represents the development of a conventional combustor with all its
basic components: air casing, diffuser, liner and fuel injector [35].
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Figure 2.8: Development of a GTE combustor: (a) straight duct, (b) added diffuser, (c)
added plain baffle, (d) final combustor geometric iteration with inner chamber [35].

2.3.3 Types of Combustor

The aircraft’s requirements, the overall engine design and available space in the engine
determine the combustor type and layout choice. The combustor types can be classified
according to their geometrical characteristics. Although there is a wide number of config-
urations, all combustors can be classified into three basic types:

« Can or tubular combustor;

« Annular combustor;

e Can-annular or tubo-annular combustor.
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2.3.3.1 Can or tubular combustor

This type of combustor consists of a set of tubular liners each mounted concentrically
inside its cylindrical casing, ranging from 6 to 16, arranged in parallel around the en-
gine’s axis. Each burner has a supply of airflow coming from the compressor by separate
air ducts [27, 29, 35]. However, all burners are interconnected enabling the flame to be
spread to all of them. It also ensures that combustion occurs simultaneously and that pres-
sure is equalized between burners, thus reducing asymmetric turbine loading [29]. This
type of combustor, like the one shown in Figure p.d, was featured in early engines but it’s
not used in modern aircraft. It is no longer an option for modern aircraft engines because
it uses inefficiently the available space, making them too large in frontal area, volume and
weight. The main advantages of this type of combustor, which made it the primary choice
of the earlier GTE, were: the little time and money involved in the development since tests
could be made in only one of the burners, and the mechanical robustness and resistance

to warping [27, 35].

MAIN FUEL MANIFOLD
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Figure 2.9: Can type combustor [26].

2.3.3.2 Annular combustor

An annular combustor consists of a single concentric flame tube mounted around the
spools of the engine, as shown in Figure p.1d. The combustion chamber is contained be-
tween the inner and outer casing forming a completely annular form [26, 29]. This type
of combustor has, in many ways, an ideal form of chamber due to its clean aerodynamic
layout which results in lower pressure losses when compared to other configurations [35].
It is also the ideal configuration in terms of space usage making it 25% lighter compared
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to a similar tubular combustor [24]. There is also a circumferential pressure equalizing
enhancement, compared to a can combustor, because this combustor configuration con-
sists of a single combustion chamber. All these advantages make this type of combustor
the chosen one for modern GTE, like the CFM56-3, the engine studied in this thesis.

There are, however, some disadvantages associated with this configuration. High cost of
developing, because unlike can combustors it’s not possible to test only a part of the com-
bustor, and serious buckling problems in the outer chamber are some of the disadvantages
that led to the development of can combustors before the annular ones [27, 35, 36]. The
evolution of computational analysis, like CFD, and the evolution in materials science and
structural analysis, made these problems surpassable through the years. Some disadvan-
tages remain, e.g., it is more difficult to obtain an even fuel/air distribution and an even
outlet temperature distribution and is more sensitive to flow velocity variations [27, 36].
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Figure 2.10: Annular type combustor [35].

2.3.3.3 Can-annular or tubo-annular combustor

The can-annular combustor makes the evolutionary connection between the can combus-
tor and the annular combustor, i.e., it was the intermediate solution towards the annular
combustor that is the best suited for modern jet engines [26, 29]. It consists of a set of
tubular liners, usually from 6 to 10, inside a singular and common annular air casing.
The primary air is supplied through individual air intakes, like the can combustor, but the
secondary air is provided to the flame tubes by the common air casing [29, B5].

This type of arrangement combines the benefits of both the previous types of combustors.
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Like the can combustor, this configuration benefits from the ease of overhaul, robustness
and mechanical strength hence resistance to warping. On the other hand, it shares the
compactness and efficient use of space as well as the low-pressure loss with the annular
system [26, 27, 35]. It still has some drawbacks, however, e.g., the need for interconnec-
tions persists and has difficulties in achieving consistent and satisfactory airflow patterns
[35].

2.3.4 Combustion Chamber Design Description

This subsection will focus on the combustion chamber because it is responsible for re-
stricting the flame zone inside it hence one of the most important combustor components.
The combustion chamber’s basic design features in charge of creating the best combustion
environment will be described here. These features include not only the several zones to
which the combustion chamber is divided, i.e., the primary zone, the secondary zone and
the dilution zone but also some components like the swirler and the various wall jets. To
better understand the combustion chamber zone separation, Figure presents where
each zone is located.

PRIMARY DILUTION
WALL JETS,
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Figure 2.11: Combustion chamber basic features and zones subdivision [34].

2.3.4.1 Primary zone

The primary zone is the upstream section of the combustion chamber. Its function is to
anchor the flame, i.e., prevent it from being put out, and give enough time, temperature
and turbulence to achieve an almost complete combustion of the incoming air and fuel
mixture. This section of the combustor is usually characterized by a fuel rich mixture to
promote reaction stability and prevent blow-out [34]. Despite the many different flow
pattern types that a combustion chamber can have in the primary zone, all of them create
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a toroidal flow reversal. This flow feature helps a portion of the hot gases to be entrained
and recirculated with the incoming air and fuel thus providing a continuous ignition [35].

The air coming from the compressor enters the combustor through four main points and
each point injects approximately 25% of the total airflow. Two of these points, swirler
and primary air wall jets, control and sustain the structure and mixing within the primary
zone. Both swirling air and primary air jets are capable of creating a flow reversal, so
earlier combustors had no swirlers and relied only on wall jets, however, the use of the
two is beneficial since the two separate modes of air injection complement and strengthen
each other [34, 35].

2.3.4.2 Swirlers

The swirlers are the first entry points of the combustion chamber for the incoming com-
pressed air. They are positioned at the beginning of the combustor and usually surround
the fuel injection port, represented by the “X” in Figure p.11. Their function is to generate
a circumferential velocity component in the air and as a result, the air moves radially out-
wards as it enters the combustion chamber. This creates a pressure void at the centerline
which in turn incites a backflow to fill the pressure deficit. The turbulence created by the
air passing through the swirler vanes also enhances the fuel and air mixing. This mixture
is then mixed with the hot gases from combustion pulled downstream into the recircula-
tion zone which provides an ignition source for the fresh mixture. Effectively, this zone
acts as a "blender” and “spark plug” at the same time. The recirculation flow created ex-
tends approximately one duct diameter downstream and defines the primary zone section

[34].

2.3.4.3 Primary air jets

Usually, combustors have two air wall jets, one at the end of the primary zone (primary
jets) and one at the end of the secondary zone (dilution jets). They affect the mixing, sto-
ichiometry and structure of the flows. The primary wall jets serve two main functions.
Firstly, because they are positioned at the end of the primary zone, they prevent the re-
circulation flow from getting out of its section by providing a strong force against which
the flow can’t penetrate. Without them, aerodynamic fluctuations would occur, resulting
in pressure losses, undesirable noise and higher pollutant emissions. Secondly, the pri-
mary air jet bifurcates with a substantial percentage directed upstream hence helping the
swirler air attain the overall primary zone stoichiometry. The remainder will mix down-
stream in the secondary zone [34].

The chemical energy transformation present in the fuel into heat occurs in a two-step
process. The first step of this process is held within the primary zone. The chemical bonds
between the hydrogen and the carbon are converted through a series of reactions, at a
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relatively fast pace, into CO and H,O. In this first phase, approximately two-thirds of the
fuel chemical energy is converted into heat energy. The remaining one-third is present in
the CO and it can’t be converted in the primary zone due to the relatively slow kinetic rate
of CO oxidation into CO.,, the short residence time in the recirculation zone, and the rich
stochiometry of the primary zone [34].

2.3.4.4 Secondary zone

The secondary zone’s main objective is to promote the CO oxidation into CO,, i.e., fin-
ish the fuel chemical energy conversion into heat referred to in 2.3.4.9. To achieve this
as fast as possible and expedite the slow reaction, an overall lean mixture ratio should
be established using the bifurcated primary air jet; the temperature must be kept high;
and enough residence time for the oxidation should be provided [34]]. This way incom-
plete combustion and the presence of CO and unburned hydrocarbons (UHC) in the GTE
emissions are prevented.

2.3.4.5 Dilution zone

The dilution zone is the last section inside the combustion chamber. Its main objective is
to admit the remaining air after combustion and mix it with the resultant hot products so
that the outlet flow temperature is suitable for the turbine. This is done using the dilution
air jets, the second major set of air jets referred to in £.3.4.3. As mentioned, it accounts
for approximately one-quarter of the total airflow from the compressor. This amount of
air added will bring the air-fuel mixture into a very lean condition, i.e., very high air con-
centrations compared with the stoichiometric ratio [34].

To prevent damaging the turbine, it is not enough to reduce the mean temperature of the
outlet airflow, since the radial and circumferential variation of temperature can create
hot spots and damage the various turbine components. So, the temperature profile at
the exit plane must meet design criteria. This temperature profile is usually described
and characterized by various indices like the Pattern Factor, the Profile Factor and the
Turbine Profile Factor [34]. Theoretically, achieving any temperature traverse quality is
possible using a long dilution zone. In practice, however, it is proven that the mixedness
initially improves quickly with the increase in length, but progressively slows after. This
is the reason why the length/diameter ratios of dilution zones typically range between 1.5
and 1.8 [35].

Combustor designers will work together with turbine designers to define the outlet tem-
perature design profile, like the one shown in Figure p.19. As presented in Figure .14, the
temperature design profile is typically characterized by a reduced temperature at the root
to protect the blade attachment to the shaft, where stresses are higher, and a reduced tem-
perature at the tip to manage clearance at the wall and to protect seal materials [34, 35]. A
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large part of the combustor development is taken by attaining the desired pattern factor,
due to its importance and severity [35]. The actual temperature profile, however, may
slightly change compared to the design one.
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Figure 2.12: Exit plane temperature profiles [34].

The index with the most importance for the nozzle guide vanes is the pattern factor that
characterizes the extent to which the maximum temperature, 7,,., deviates from the av-
erage temperature rise (or mean exit temperature), 73, across the combustor, defined by

Equation .1 [34, B5].

Tma:c - TS (2 1)

Pattern factor =
T3 — T

where T3 is the inlet air temperature in the combustor.

On the other hand, the temperatures with the most significance for the turbine blades are
the ones that constitute the mean radial or circumferential profile. So, in this case, the
profile factor is used and it characterizes the extent to which the maximum circumferential
mean temperature, 7},,., deviates from the average temperature rise across the combustor,

presented by Equation k.9 [34), B5].

Tmr - TS

Profile factor = T

(2.2)

The two previous indices don’t take into account the design profile, so the turbine profile
factor is used, and it addresses the maximum temperature difference by comparing the
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average temperature at any given radius around the circumference, 75,, and the design
temperature for that same radius, 7345, as shown in Equation (B4, 351.

(T37‘ - TSdes)ma:v
T — Ty

Turbine profile factor = (2.3)

The goal is to achieve an actual temperature profile that matches the design profile and
the dilution jet penetration is the major force that determines if the goal is achieved [34].

2.3.5 Wall Cooling

As the permissible inlet turbine temperature has been increasing over the last few years,
the problem of the combustor walls’ cooling has increased in importance. So, the liner
wall must have sufficient thermal resistance to endure the continuous and cyclic high-
temperature operation. Producing this component from high-temperature and oxidant-
resistant materials is not enough, since it can deteriorate and melt, so cooling air must
be used to help reduce the walls’ temperature. In modern combustors, around 20% of
the incoming compressor airflow is used for this purpose. One would think that more air
used for wall cooling would be beneficial, however, this is not acceptable because it would
reduce the available air for combustion and dilution. Furthermore, it would worsen the
radial temperature profile at the combustor exit plane, hence reducing the turbine blades’
life. So, the solution relies solely upon using efficient cooling methods, and if possible,
even reducing the amount of air used for this. The liner wall’s temperature is determined
by the balance between the heat received from hot gases through radiation and convection
and the heat transferred through convection to the cooling air and through radiation to
the air casing [35].

There are several film cooling methods to reduce the heat in the liner wall, however, the
term film cooling defines systems where several annular slots provide air injected axially
along the inner wall of the liner to give a protective film of cooling air between the liner wall
and the hot gases from combustion. The hot gases’ turbulent mixing gradually destroys
the film of cooling air so the annular slots are usually placed in a sequence along the length
of the liner. This problem fades downstream of the liner since the flow acceleration at
the nozzle reduces the turbulence and the cooling film can endure for a longer distance.
One of the disadvantages of these methods is that a uniform wall temperature can’t be
achieved. The temperature is lower near the slot and increases downstream the wall until
the next slot [35]. Several film-cooling devices like wigglestrips, stacked rings, splash-
cooling rings and machined rings exist, but only the latter will be here explained since it
is the one employed in the CFM56-3 engine [37, 38, 39].

A machined ring liner consists of either a single piece of metal that was machined or sev-
eral rings welded together. Several rows of holes are then drilled in the liner walls to allow
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annulus air to enter the cooling slot by either total pressure feed, static pressure differen-
tial, or a combination of both, as shown in Figure p.13.

Static-pressure air feed

Total-pressure air feed
Figure 2.13: Machined ring film-cooling device [35].

This wall-cooling solution presents some advantages since it can more accurately control
the cooling air quantity needed and it has improved mechanical strength, which, as men-

tioned in section p.3.3.d, is important in annular combustors [35].
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Figure 2.14: (a) CFM56-3 combustion chamber overview [37], (b) cutview of the CFM56-
3 combustion chamber [38].

The total airflow of the drilled holes is carefully calculated to match the exact amount
of cooling air required. The end of each liner panel is designed to provide a plenum to
dissipate turbulence and to allow the jets to merge and form a single annular air film.
At the downstream end, the gap width is designed to get the desired cooling air velocity,
hence an optimum value can be fixed for maximum cooling efficiency despite the pressure
drop across the liner [35]. In Figure (a) the position of one of the sets of cooling
holes is represented in the CFM56-3 combustion chamber overview. Knowing that at the
beginning of each panel, there is a set of cooling holes, from Figure (b), the position
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of all the cooling holes can be deduced.

Besides the film cooling device explained above, the CFM56-3 also uses a technology
called Thermal barrier coating (TBC) [38]. It consists of a protective coating sprayed on
the liner walls, which in this combustion chamber’s engine is applied to both the inner
and outer walls, as can be seen in Figure (b), and it increases the efficiency of cooling
by decreasing the liner wall temperatures by up to 150K [35].

2.4 Ignition

Gas turbine combustion, as mentioned before, is continuous and self-sustaining, however,
there is the need for an ignition system. This system is important for the light up during
ground starting, while the engine speed increases to a self-sustaining one, and should also
be able to rapidly relight the chamber if a flameout occurs mid-flight. The flameout might
happen under severe climatic conditions or on takeoff from a wet runway, where there is
the risk of ingestion of large amounts of water and ice [35]. The first step in starting a
GTE is to accelerate the compressor to a minimum speed capable of delivering an airflow
that sustains combustion. During this acceleration, the ignition system is switched on
and fuel is fed when the rotational speed reaches about 15 to 20% of the normal. When
self-sustaining operation is achieved the ignition system is switched off. There are several
ways of igniting a combustible mixture, but an electric spark is generally the mean chosen
for the ignition in the GTE’s combustor [35].

2.4.1 Ignition Process

The ignition process in a GTE combustor consists of three distinctive phases. A failure
in any of these three phases will lead to a failed attempt to ignite the combustor, so the
recognition of this phased process helps understand various apparent anomalies [35].

Phase 1 concerns the formation of a kernel of flame with enough size and temperature
for propagation. This phase is affected by the effective air/fuel ratio adjacent to the plug
(which should be close to stoichiometric), the energy and duration of the spark, the local
conditions of velocity and turbulence, and the igniter plug position and extent to which it
protrudes through the liner wall [35].

Phase 2 consists of the following propagation of the flame from the kernel to all parts of
the primary zone. The igniter location and whether the kernel is well entrained into the
primary zone reversal or is swept away downstream influence this stage. Some factors
like the increase in pressure and temperature, the reduction of the primary zone velocity,
or any change in the air/fuel ratio toward the stoichiometry value improve phase 2 [35].

Finally, phase 3, which only applies to can and can-annular combustors, regards the spread
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of the flame from a lighted liner into an unlighted liner. The main factors affecting this
phase are the location and characteristics of the interconnections. The tube entrance
should be in the highest gas temperature region and the exit should direct the flow towards
the recirculation zone of the adjacent liner. It’s also beneficial if the interconnections are
made with a large flow area and a short length [35].

To understand why the ignition performance is unsatisfactory, it is necessary to determine
which phase is causing the problem. This is done by examining the position of the ignition
loop with the stability one. Figure presents the two main types of ignition failure.

P,, T, constant

St:tbih'ty

Failure in
phase 1.

Fuel/air ratio

Ignition

/ requirement

Failure in
phase 2.

Fuel/air ratio

Air mass flow rate

Figure 2.15: Graphic representation of the two main types of ignition failure [35].

If the ignition loop lies well inside the stability limits, like the first diagram in Figure .15,
then the problem occurs in phase 1. This problem can be corrected with a change in the
spark energy. If, on the other hand, the ignition loop is close to the stability loop, as in the
second diagram of Figure p.15, the performance limitation is certainly in phase 2. Failure
occurs in phase 3 if the maximum relighting altitude is significantly less than the value
predicted from rig tests on a single liner.

2.5 Fuel Injection

Liquid fuels need to be atomized into many droplets since they are not usually volatile
enough to produce vapour in the amounts required for ignition and combustion. The fuel
droplets size plays a vital role in the ignition performance and the spray qualities also in-
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fluence the stability limits, combustion efficiency and pollutant emission levels [35]. If
the fuel droplets are smaller than about 10 microns, they will evaporate quickly and are
unable to sustain stable combustion. If, on the other hand, they are greater than approx-
imately 200 to 250 microns, fuel will remain partially unburned and pass to exhaust in
the form of smoke. Thus the chosen fuel injection method is of great importance [27].

Liquid fuels need to be well mixed with air before combustion and so, there are two main
methods of doing this and delivering it to the combustor: fuel spray nozzles and vaporizers
[35]. Both methods will be briefly described in this section.

2.5.1 Fuel Spray Nozzles

In this method, liquid fuels are atomized and well mixed with air before combustion. At-
omization can be described as a process where bulk fuel is converted into small drops. For
this to happen, a liquid jet or sheet of fuel needs to be disintegrated by the kinetic energy
of the liquid itself or by exposure to high-velocity air or gas [9, 35]. Three main types of
fuel spray nozzles will be described: pressure atomizers, air-assist atomizers and airblast
atomizers.

2.5.1.1 Pressure atomizers

One of the most common methods of fuel atomization is forcing the fuel under pressure
to pass through a specially designed orifice. Pressure atomizers rely on the conversion of
pressure into kinetic energy so that the fuel achieves a relatively high velocity compared
to the surrounding air. The simplest way of doing this is passing the fuel through a plain
circular orifice. If the liquid pressure is low, it will emerge as a thin distorted pencil,
but if the fuel pressure exceeds the ambient pressure by about 150kPa, a high-velocity
jet is formed and fuel quickly disintegrates and a well-atomized spray is formed. Despite
its simplicity, this configuration is disadvantageous for most applications since the cone
spray angle obtained with it is too narrow [35].

Pressure-swirl atomizers were created to solve the problem mentioned above. In its sim-
plest form, it is called a simplex atomizer. Basically, fuel is fed into a swirl chamber
through tangential holes that will give the fuel a high angular velocity. Once the fuel exits
the orifice under axial and radial forces, it will emerge as a hollow conical sheet. Even
though the cone spray angle is now fixed there is still a major drawback to this atomizer
configuration. It is difficult to obtain a good atomization over a wide range of fuel flow. If
the atomizer orifice is made small to ensure good atomization at low fuel flow rates, then
at high fuel flow rates the fuel pressure required will be excessive. If the orifice is made
large then at low fuel flow rates and low fuel pressures, atomization will be unsatisfactory

[35].
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The solution to this problem comes with the dual-orifice atomizer or duplex nozzle. This
type of atomizer has been widely used on many types of engine aircraft, like the CFM56-3
as shown in Figure p.16. It consists of two simplex nozzles that are fitted concentrically,
i.e., the dual-orifice atomizer contains two swirl chambers, one of which, the primary (or
pilot), is placed concentrically inside the other, the secondary (or main). At low fuel rates,
the fuel is supplied solely to the primary orifice, which is made small to deal with low-
pressure fuel. As the fuel pressure and fuel flow rate increase, a valve opens and fuel is
also passed to the secondary orifice, which is much larger and can handle higher-pressure
fuels. This way, a high-quality optimization is obtained over a wide range of fuel flow rates
[35].

CARTRIDGE VALVE
ASSEMBLY

~——— INCOMING FUEL
~— — - PRIMARY FLOW
=-——= SECONDARY FLOW

SECONDARY FLOW
PRIMARY BODY

(METERING SET!{ /PR|MARY FLOW

\ N
SECONDARY BODY
WEAR SLEEVE
(METERING SET) (6840023 SERIES)

FUEL NOZZLE

Figure 2.16: CFM56-3 dual-orifice fuel nozzle [37].

2.5.1.2 Air-assist atomizers

There is another way of solving the simplex atomizer disadvantage regarding poor quality
optimization over a wide range of fuel flow rates. This solution is obtained by sizing the
fuel orifices for the highest fuel flow rates and then using high-velocity air jets to enhance
the atomization process at low fuel flows. There are many different configurations but the
internal-mixing and the external-mixing can be highlighted. This type of configuration
has been used in many industrial gas turbine engines [35].
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2.5.1.3 Airblast atomizers

The airblast atomizer uses the same principles as the air-assist atomizer, since both use
the kinetic energy of a flowing airstream to break a fuel jet or sheet into small drops. The
main difference between the two lies in the amount of air used for the processes and their
atomization velocities. In the air-assist atomizer, the air supplied comes from a compres-
sor or a high-pressure cylinder, so it is essential to keep the airflow rate to a minimum,
and, since there are no restrictions, the air velocity can be made very high. On the other
hand, airblast atomizers have a limited air velocity, corresponding to the pressure differ-
ential across the combustor liner. This way, larger amounts of air are required to atomize
the fuel well. These large amounts of air, however, are not wasted since after atomizing
they will mix with the additional air used in combustion. The quality of this configuration
has led to its use in a wide range of aircraft, marine, and industrial gas turbines [35].

2.5.2 Vaporizers

An alternative to all the atomization methods mentioned above is vaporization. This
method of preparation of the liquid fuel for combustion consists of heating it above the
boiling point of the heaviest hydrocarbon present so that it is fully converted into vapour
before combustion. One way of doing this is injecting the fuel with some air along tubes
immersed in the flame. The tube walls will heat the mixture and it will emerge as a vapor-
ized mixture of fuel and air [35].

Despite being a low-cost system and having fairly low soot formation it still has various
drawbacks. There is the risk of thermal damage to the vaporizing elements and sensitivity
to variations in fuel type, during the starting cycle the tubes are too cold to vaporize the
mixture and, if a rapid engine acceleration occurs, the sudden addition of more fuel will
overcool the tubes reducing vaporization effectiveness and combustion efficiency [35].

2.6 Combustion Chamber Performance

Combustion chambers must burn the fuel efficiently and stably over a wide range of oper-
ating conditions without suffering large pressure losses and with combustion efficiencies
close to 100%. Moreover, it must relight easily and quickly if a flameout occurs. In per-
forming these tasks, the combustor components must be mechanically reliable. The main
parameters of prime importance in assessing combustion chamber performance are pres-
sure loss, combustion efficiency, combustion intensity and combustion stability [26, 35].
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2.6.1 Pressure Loss

It should be noted that any flow process is associated with pressure loss. Still, this pressure
loss in a Brayton cycle means there will be a reduction in work output and cycle efficiency,
so this pressure loss must be kept to a minimum. The pressure loss across the combustor
consists of two different parts. One of them, the cold loss, exists simply by pushing the air
through the combustor. The other one, the hot loss or fundamental loss, arises from the
heat addition to a high-velocity stream. [26, 27].

The cold losses contain the losses present in the diffuser and the liner, which from an
overall engine performance stance, their distinction is immaterial. But, if the combustion
is being considered, it is important to distinguish them because the pressure losses in the
diffuser are wasted whereas the losses in the liner are displayed as turbulence, which is
beneficial for combustion and mixing. As mentioned in section P.3.1, this leads to in-
compatible combustor performance requirements because low-pressure losses won'’t al-
low uniform temperature distribution at the combustor outlet due to lack of turbulence.
Therefore an ideal combustor would have all the cold losses in the liner with zero pressure
drop across the diffuser. Typically modern combustors have cold pressure drops ranging
from 2.5 to 5% of the inlet combustor pressure [27, 35].

The hot loss or fundamental pressure loss occurs when heat is added to a flowing gas and
is given by Equation 2.4, where T3 is the inlet temperature and 73 is the outlet temperature
[35]:

APyt = 0.5pU%[T3/ Ty — 1] (2.4)

Looking at the equation it can be concluded that a reduction in the inlet temperature of
the combustor will lead to a lower hot pressure drop. For this to be accomplished a dif-
fuser is used, which will not only reduce the velocity of the air but also recover as much
of the dynamic pressure as possible and present a smooth and stable flow [35]. Providing
adequate turbulence and mixing, a total pressure drop across the combustor between 3 to
8% of the inlet pressure is induced [26].

2.6.2 Combustion Efficiency

Combustion must always achieve high levels of efficiency. If this is not accomplished, it is
generally regarded as unacceptable because in a way this means that the fuel is not being
fully burned and there is waste, but mainly because, consequently, this will be displayed
in the form of pollutant emissions, such as UHC and carbon monoxide. This is the reason
why emissions regulations call for combustion efficiencies over 99%. This happens effec-
tively with modern aircraft engines since combustion efficiencies are practically 100% at
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take-off conditions. To avoid the presence of "white” smoke efficiency must exceed 96%
and at no point in the operating conditions is it lower than 90% [35].

One way of evaluating combustion efficiency is through a chemical analysis of the com-
bustion products. If the air/fuel ratio used and the proportion of unburned elements are
known, it is possible to calculate the ratio of the real energy released to the theoretical
quantity available. This chemical analysis approach, however, is not easy to implement,
on the one hand, because it is difficult to obtain truly representative samples from the
high-velocity stream and on the other hand, the high air/fuel ratios employed make the
unburnt constituents to be measured are a very small part of the whole sample. More
elaborate techniques have to be developed for this approach to be applied [36].

Another way of defining combustion efficiency is the ratio of actual heat release to the
theoretical heat release in a combustion chamber, as shown in Equation p.q [27]:

_ Actual total head temperature rise in combustion chamber
e = Theoretical total head temperature rise

(2.5)

The heat released in the combustion system depends mainly upon the inlet pressure and
inlet temperature. Any increase in these factors at the combustor inlet will help reduce
the ignition lag, and taking into account that the residence time of the fuel-air mixture is
very short (of the order of a few milliseconds), this effect becomes very important. The
higher the inlet temperature, the lesser the ignition lag. The inlet pressure affects the inlet
velocity which in turn will affect the turbulence, enhancing the combustion efficiency [27].

From a design standpoint, it is important to relate the combustion efficiency to operating
variables such as air pressure, temperature, and mass flow rate, and to the combustion di-
mensions. However, the complex processes taking place in the combustion zone make this
impossible now. Until possible, suitable parameters to relate combustion performance to
combustion dimensions and operating variables can be derived from very simplified mod-
els to represent the combustion process. One of those models uses the well-established
notion that the total time necessary to burn a liquid fuel consists of the sum of the times
required for fuel evaporation, mixing of the vapour with air and combustion products, and
chemical reactions. So, combustion efficiency can be obtained through Equation .6 [35]:

. - 1 1 1 -
n. = f (airflow rate) ! . + —— + : (2.6)
evaporation rate  mixing rate reaction rate

In combustion systems, the maximum rate of heat release under any given operating con-
ditions may be governed by either evaporation, mixing, or chemical reaction, but rarely
by all three at the same time. When the combustion process is in transition, however,
from one regime to another, two of the three rates will determine the overall combustion
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efficiency [35].

2.6.3 Combustion Intensity

Combustion intensity is an indication of the heat release rate in a given space and with a
certain pressure. So the size of the combustion chamber will be decided by the required
heat release rate. A high combustion intensity means a smaller space [27]. So, to obtain
a high power output a comparatively small and compact combustion chamber, require-
ments for aircraft engines, must release heat at exceptionally high rates [26].

According to Cohen et al. [36], combustion intensity can be calculated by Equation .7:

Combustion intesity = % (2.7)

Where Q is the heat release rate, V is the combustion chamber volume and P is the pres-
sure. The combustion intensity units come as kW /m3atm. The pressure has an exponent
of unity, which is realistic for design operation conditions. But, if extreme conditions are
being considered, e.g., high altitude, P is appropriate to use in the Equation .7, and in
that case, units would be kW /m3atm!8. It is correct to say that the lower the combustion
intensity is, the easier it is to design a combustor that meets the requirements needed. For
aircraft engines, combustion intensity ranges between 2 — 5 x 10* kW /m3atm [36]].

2.6.4 Combustion Stability

A gas turbine combustor needs to operate in a wide range of operating conditions. This
means the combustor must operate at low temperatures and pressures, as well as air/fuel
ratios that lie outside the normal limits of flammability for hydrocarbon and air mixtures
[35]. For this reason, it is important to understand the stability limits of the combustor
regarding air/fuel ratio, air mass flow, pressure and temperature.

There are rich and weak air/fuel ratio limits over which the flame is unstable in a combus-
tion chamber. These limits are defined for the air/fuel ratios at which the flame blows out,
although instability occurs before the limit is attained. The stable region for the air/fuel
ratio between the rich and weak limits is reduced with the increase in air velocity, and if
the air mass flow is increased beyond a certain value, it is impossible to have a flame at all
[36]. A typical stability loop is presented in Figure where the limiting air/fuel ratio is
plotted against air mass flow.

It is important to note that the stable region and rich and weak air/fuel ratio limits pre-
sented in Figure .17, are so for a given pressure and temperature. This happens because
the stability loop is a function of pressure and temperature. If the pressure decreases, the
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Figure 2.17: Stability loop [37].

rate at which the chemical reactions occur will decrease and hence the stability limits will
narrow [36]. The same happens with air temperature, if it is increased, the stable region
is extended [27]. For aircraft engines, it is important to inspect if the stability limits are
wide enough at the condition of the lowest pressure, i.e., at the highest altitude [36].

2.7 Combustion Fundamentals

Combustion embraces a wide variety of processes and phenomena but it can be maybe de-
scribed simply as an exothermic reaction of fuel and an oxidant. Concerning gas turbine
combustors, the fuel may be liquid or gaseous but the oxidant is always air. Combustion
can occur in many forms, but contrary to what one might think, not all forms are accompa-
nied by flame or luminescence [35]. Combustion can also be described as a transformation
of energy present in chemical bonds to heat, which can be used in a variety of ways [40].
The present section will focus on important aspects of combustion that are relevant to the
GTE.

2.7.1 Combustion Mode and Flame Types

Two important combustion regimes can be discerned, deflagration and detonation. The
regime of deflagration is characterized by the presence of a flame that propagates through
the unburned mixture and it takes less than 1 ms for 80% completion. From a macro-
scopic viewpoint, the flame can be seen as an interface between the burned gases and the
unburned mixture. All the flame processes that occur within a gas turbine combustor fall
within this category. Detonation regimes cannot happen with the conventional fuel-air
mixtures used in gas turbine combustors. They are characterized by a shock wave sup-
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ported by a chemical reaction zone [35].

For their turn, flames can also be categorised. Although flames can propagate through a
static gas mixture, it is usual to fix the flame at one point and continuously supply it with
a combustible mixture. With this said, flames can either be of the premixed or the diffu-
sion type. This classification is based on whether the fuel and air are mixed prior to the
combustion or mixed by diffusion in the flame zone, respectively [35]. In other words, in
a premixed flame, the fuel and oxidizer are mixed at the molecular level before any sig-
nificant chemical reaction, while in a diffusion flame, the reactants are initially separated,
and the reaction occurs at the interface between the fuel and the oxidant where mixing and
reaction happen at the same type. In practical devices, like gas turbine combustors, both
types of flame are present in various degrees [40]. Both flame types mentioned previously
can further be classified depending on their prevailing flow velocities as either laminar or
turbulent [35].

2.7.2 Flammability Limits

For a liquid fuel to be ignited by a discrete ignition source, the fuel must be volatilized to
produce a mixture of vapour and oxidant whose composition falls within certain limits,
i.e., the flame will only propagate if the composition of the mixture is inside those limits
[35, 41].

If small amounts of fuel are gradually added to the oxidant (usually air), there will be a
point at which the mixture becomes flammable. The percentage of fuel vapour at this
point is called lean limit or weak limit. Below this point, the mixture is too lean to support
a combustion reaction. If fuel continues to be added to the mixture, there will be a point
at which it will no longer burn. This point in the percentage of fuel is called the rich limit.
Above this point, combustion is too rich to support a combustion reaction [35, 41].

It is important to note that many variables influence flammability limits. For example, in-
creased pressure will widen the range, especially hydrocarbon-air mixtures. This widen-
ing, however, occurs mainly at the rich limit of the range, while the weak limit is not
strongly influenced by pressure. Temperature can also widen the flammability range since
high initial temperatures of the mixture can enhance the flame propagation hence widen-
ing the flammability range [35, 42].

2.7.3 Mixture Ratios

The mixture ratio is an important parameter in combustion system analysis because it
represents the ratio of fuel to air present in the combustion system. The mixture ratio can
be expressed through several parameters depending on the type of combustion system
and analysis goal. The most important ones are fuel/air ratio (or air/fuel ratio if inverted),
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equivalence ratio and mixture fraction. These parameters are going to be presented and
explained below.

The fuel-to-air ratio, usually represented as F/A or FAR, is commonly used in the gas
turbine industry and refers to the ratio between the mass of fuel, m, and the mass of air,
ma, as presented in Equation p.§ [43]. It can also be calculated as the ratio between the
fuel mass flow rate, 7 s, and the air mass flow rate, 7i,. The air-to-fuel ratio, represented
as A/F or AFR, is obtained if inverted.

me mf 1
F/A= 4 =" = .
A= =, T AT (2.8)

The equivalence ratio (¢) is a fuel-type-independent measure of the mixture ratio. It is
commonly used to quantitatively indicate if a fuel-air mixture is stoichiometric (combus-
tion stoichiometry will be explained below), rich (have more fuel) or lean (have more air)
[41, 40]. It is the ratio between the actual fuel-to-air ratio and stoichiometric fuel-to-air
ratio and is represented by Equation p.g:

- (F/ A)actual _ (A/ F)stoic
"= (F/A)stoic a (A/F)actual (2.9)

From the expression, it can be seen that if ¢ > 1 the mixture is fuel-rich, if ¢ < 1 the
mixture is fuel-lean and if ¢ = 1 the mixture is stoichiometric [40].

The mixture fraction (£) is a useful measure of mixture ratio in combustion, especially
for diffusion flames. In a combustion system where the fuel stream with mass flux 7
is mixed with an air stream with mass flux 7i,, the mixture fraction represents the mass
fraction of the fuel stream in the mixture [44]. The mixture fraction is represented by

Equation p.1d:

m s 1
f my

— _ = — 2.10
¢ my + Mg %4_% 1+A/F ( )

From Equation it is possible to verify that in the air stream, with A/F — o0, £ = 0
and in the fuel stream, with A/F =0, £ = 1.
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2.7.4 Stoichiometry

Physically, a stoichiometric reaction can be defined as a unique reaction in which the ox-
idizer present is just the amount required to burn the quantity of fuel in the combustion
system completely. In other words, it can be regarded as the most economic reaction. As
it was said in previous sections of this chapter if more than a stoichiometric value of oxi-
dizer is supplied, the mixture is said to be lean and if less than the stoichiometric oxidizer
is supplied the mixture is said to be rich. It is usual to write the theoretical stoichiometric
reaction without formation of NO,, in terms of 1 mole of hydrocarbon fuel in reaction with
air, as shown in Equation [40d, 4g].

C.H, + <x n Z) (Os + 3.762N,) —— 2CO, + %HzO +3.762 (x + Z) N,  (2.11)

The constant 3.762 present in the Equation comes from the ratio of approximately
79% N, to 21% O, by volume (or 77% N, to 23% O, by mass) in the air [35, 43]. This
means that for every mole of oxygen necessary for combustion, 3.762 moles of nitrogen
are also introduced. The nitrogen present in the air participates in combustion to produce
nitrogen oxides and although it does not significantly affect the oxygen balance it has a ma-
jor impact on the thermodynamics, chemical kinetics and formation of pollutants in the
combustion system [45]. If combustion occurs at an air/fuel ratio lower than the stoichio-
metric value, oxygen will be deficient and so combustion will be incomplete. This means
that unburned fuel in the form of carbon monoxide and UHC will be released from the
combustion zone [35]. The stoichiometric air/fuel ratio can be determined with Equation
2.12, where M, and M represent the molecular weights of the air and fuel, respectively

[40, 43]:

Mg

M,
(A/F)stoic = <m> = 4.762 (x + Z) . (2.12)
! stoic !

2.7.5 Enthalpyof Formation, Absolute Enthalpy and Enthalpy of Com-
bustion

The enthalpy of formation of a substance also called the heat of formation, represented
as Ah%i, is defined as the heat evolved when 1 mole of a substance is formed from its
elements in their standard state. It can also be defined as the energy associated with the
chemical bonds or the lack thereof. Generally, the standard temperature is taken to be
Tref = 295.15K and the standard pressure is taken to be P,of = latm = 101325Pa. So the
standard state of an element is the stable form of that element at that temperature and
pressure. By convention, it is adopted that the enthalpy of formation of elements in their
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standard state is zero [40, 43, 45].

The sensible enthalpy change, represented as Ah ;, is associated with the heat necessary
to change the temperature of the substance from the reference (or standard) temperature
to the desired temperature [45].

With the two definitions above, the absolute enthalpy of a substance can now be defined.
It is the sum of the enthalpy of formation and the sensible enthalpy change. Thus, the
definition of the absolute enthalpy for a substance i at a temperature 7' comes in the form

of the Equation [40]:

hi(T) = B%i(ﬂ*ef) + Ahyi(T) (2.13)

Where Aﬁs,i(T) = f;ref Gpi(T*) dT™ [45]. The subscript ref refers to the standard state,
the f refers to the formation of the substance from the elements, the index ° refers to all
substances in their standard state and the subscript s indicates the term of the sensible
enthalpy change.

With the absolute enthalpies of all the substances present in the combustion reaction,
reactants and products, the enthalpy of reactants, A4, and of products, h,,.4, can be cal-
culated by simply adding all of the absolute enthalpies of all the reactants and products,
respectively. From here, the enthalpy of combustion, or enthalpy of reaction, can be de-
fined as the heat released in the combustion reaction. It can be determined by relating
the enthalpy of reactants and products and is defined by Equation p.14, or in terms of
extensive properties by Equation [40]:

AhR = hprod - hreac (2-14)

AHR = Hprod — Hyeac (2-15)

2.7.6 Heat of Combustion

The heat of combustion, represented as Ah,., also known as the heating value, is numer-
ically equal to the enthalpy of combustion but with opposite sign. There are two heating
values, the higher heating value (HHV) and the lower heating value (LHV). The HHV is
the heat of combustion calculated when all the water in the products is assumed to con-
dense to liquid, and this is the scenario where the most energy is released. If the water is
assumed to not condense, then the LHV is determined [40].
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2.7.7 Adiabatic Flame Temperature

The adiabatic flame temperature is the temperature that the flame would obtain if the net
energy released by the combustion reaction were completely used for heating the prod-
ucts of combustion [35]. In other words, if the combustion is considered to take place
adiabatically in a closed system without changes in kinetic and potential energies, the
temperature attained by the products of the reaction is called the adiabatic flame tem-
perature. It is the maximum temperature that can be achieved because any heat transfer
from the acting components and incomplete combustion leads to a lower temperature of
the products [43]. In practice, this happens, since there are no adiabatic close systems,
and heat is lost from the flame by convection and radiation, so the adiabatic flame tem-
perature is rarely achieved [35]. The adiabatic flame temperature can be controlled with
an excess amount of air or diluent and the maximum adiabatic flame temperature for a
given fuel and oxidizer is achieved with stoichiometric conditions [43]. It is worth noting
that if dissociation of the products occurs, the maximum adiabatic flame temperature will
not be attained because the energy absorbed in this process is considerable [35].

Depending on the combustion process conditions, there are two types of adiabatic flame
temperatures: one for a constant-pressure combustion and one for a constant-volume
combustion. Since GTE work under constant-pressure conditions, only the first one will
be explained here. If a fuel-air mixture burns adiabatically, i.e. from Equation Ahp =
0, at a constant pressure than the absolute enthalpy of the reactants at the initial state (7,
P,) equals the absolute enthalpy of the products at the final state (7,4, P;). Thus, as shown
in Equation p.16, the adiabatic flame temperature can be calculated [40]:

hreac(ﬂa Pz) = hprod(Tada Pz) (2-16)

2.8 Emissions

2.8.1 Regulation of Engine Emissions

ICAO s a specialized agency of the United Nations responsible for regulating international
civil aviation, so one of its tasks is to regulate emissions from aircraft engines with sub-
sonic and supersonic speeds. For this reason, it was decided that the present study should
consider the ICAO’s regulation for emissions control under the LTO cycle. All regulations
and standards regarding this matter are presented in [46].

The engine used for this study, the CFM56-3, falls into the section of "turbojet and turbo-
fan engines intended for propulsion only at subsonic speeds” whose manufacture date is
after 1 January 1986 and whose rated thrust is greater than 26.7kN. So according to [46],
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the gaseous emissions (i.e. hydrocarbons, carbon monoxide and oxides of nitrogen) from
the engine used for this study shall not exceed the regulatory levels determined from the
following equations:

« For hydrocarbons:

?O’; =19.6 (2.17)

 For carbon monoxide:
I%Z =118 (2.18)

« For oxides of nitrogen
?01; =40 + 27mgo (2.19)

In Equations p.17, p.18 and .19 D, is the mass of any gaseous pollutant emitted during

the reference emissions landing and take-off cycle, Fy is the rated thrust and m is the
reference pressure ratio [46].

Furthermore, since the CFM56-3 has a manufacturing date after 1 January 1983, it must
also comply with regulations regarding the smoke. The Smoke Number (dimensionless
term quantifying smoke emission, further defined in [46]) at any of the four LTO operating
mode thrust settings shall not exceed the level determined from Equation .20

Regulatory Smoke Number = 83.6(Fyo) 2" (2.20)

Or a value of 50, whichever is lower [4€].

2.8.2 ICAO’s LTO Cycle

The reference emissions LTO cycle defines the thrust settings and time to be used for each
mode when making smoke and gaseous emission measurements. The thrust settings and
times are listed in [46]. The LTO cycle only assesses emissions below 915m (3000ft) and
consists of four operating modes defined as follows and illustrated in Figure [46]:

 Approach phase: The operating phase is defined by the time during which the engine
is operated in the approach operating mode (Thrust setting: 30% of Fyo; Time in
mode: 4.0min).
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+ Climb phase: The operating phase is defined by the time during which the engine is
operated in the climb operating mode (Thrust setting: 85% of F; Time in mode:
2.2min).

» Take-off phase: The operating phase is defined by the time during which the engine
is operated at the rated thrust (Thrust setting: 100% of Fio; Time in mode: 0.7min).

» Taxi/ground idle: The operating phases involving taxi and idle between the initial
starting of the propulsion engine(s) and the initiation of the take-off roll and be-
tween the time of runway turn-off and final shutdown of all propulsion engine(s)
(Thrust setting: 7% of Fyp; Time in mode: 26.0min).

Time-in-mode 4 minutes 26 minutes 0.7 minutes 2.2 minutes
Thrust setting 30% 7% 100% 85%

914 meters . /Lf/
w
S

Approach Idle Take-off Climb

Figure 2.18: ICAO reference LTO cycle [47].

2.8.3 CFMj56-3 Exhaust Emissions

Table b.1 presents the exhaust emission data for the CFM6-3 engine under the LTO cycle,
obtained from the ICAO Aircraft Engine Emissions Databank [48]. The emissions are
presented as emission indexes (EIs) expressed as the mass of pollutant per mass of fuel
burned.

Table 2.1: LTO cycle measurements for the CFM56-3 [48].

LTO operating mode Fuel Flow | Emission Index [g/kg] Smoke Number
[kg/s] HC | CO | NO
Take-off 0.946 0.04 | 0.9 17.7 4
Climb 0.792 0.05 | 0.95 15.5 2.5
Approach 0.290 0.08 | 3.8 8.3 2.5
Taxi/ground idle 0.114 2.28 | 34.4 3.9 2.2
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2.9 Turbofan Engine Performance

This section will define some important parameters and their corresponding equations
regarding the design performance of a turbofan engine. The first essential parameter to be
defined is the engine net thrust, F. It can be calculated by simply adding the momentum
thrust (i.e., the thrust obtained by the acceleration of air) to the pressure thrust (i.e., the
thrust obtained when the exhaust gases are not fully expanded). In Equation this
definition for the net thrust is presented. The thrust generated’s cold stream and hot
stream parts are separated into different terms in the equation [36].

F = mc(vjc — Ua) + Ajc(ch — Pa) + mh('ujh — Ua) + Ajh(leh — Pa) (2.21)

Where 7. represents the mass flow rate through the cold path, i), represents the mass
flow rate through the hot path, v;. is the velocity of the cold stream, v;, is the velocity of
the hot stream, v, is the velocity of the air at the engine’s inlet, A;. is the exit area of the
“cold nozzle”, Ajj, is the exit area of the "hot nozzle”, P;. is the pressure of the flow at the
exit of the "cold nozzle”, P}, is the pressure of the flow at the exit of the "hot nozzle” and
P, is the ambient pressure.

With the net thrust defined, an important parameter for indicating the relative size of en-
gines producing the same thrust can be determined. This parameter is the specific thrust
F, and it gives this indication because the size of the engine is primarily defined by the
airflow. It is defined by the ratio of thrust with mass flow rate, as presented by Equation

[36]:

Fs: .

F (2.22)
m

Where m is the total mass flow rate passing through the engine, i.e. . = . + mhy,.

Another important performance parameter is the thrust specific fuel consumption, 7SFC.
It is an efficiency factor that represents the fuel consumption of an engine for the thrust
produced. It is the ratio between the fuel mass flow rate, /iy and the engine thrust, as

shown in Equation [27]:

TSFC = % (2.23)

There are several ways of analysing the engine’s performance through different efficient
parameters. If the efficiency of the Brayton cycle, presented in section .1.1, is to be stud-
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ied, then Equation should be used [36]:

1 (v=1)/~
n=1- () (2.24)
Tp

Where r), is the pressure ratio and ~ is the ratio of specific heats.

The propulsion efficiency, 7, relates the useful propulsive energy or thrust power to the
sum of that energy and the unused kinetic energy of the jet. It is given by Equation
[36]:

_ e (vj — vg) B 9
p = m [Ua(vj - ’Ua) + (Uj — Ua)2/2] - 1+ (Uj/va) (2.25)

The energy conversion efficiency, 7., relates the potentially useful kinetic energy with the
rate of energy supplied in the fuel and is given by Equation [36]:

m(vj2 —v2)/2
e =—2 /7 26
e = T LHV (2.26)

Lastly, with the use of the last two definitions, the overall efficiency, 7,, can be calculated
using Equation b.27, and it relates the useful work done in overcoming drag with the en-
ergy in the fuel supplied [36]:

Fu, Vq

= ToTle = — - 2.2
o = lle = S LHV ~ TSFC - LHV (2.27)
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Chapter 3

Fuels

3.1 Conventional Jet Fuel

Petroleum-derived fuels have always been preferred as transportation fuels due to their
energy content, performance, availability, ease of handling and price [49]. The aviation
industry is no exception to this rule since the vast majority of civil and military aircraft
fly using a distillate of crude oil. Commercial and military aircraft with turbojet engines
use what is commonly known as jet fuel, a specifically designed aviation fuel [50]. Itis a
blend of various kerosene hydrocarbons and the length of these is between that of gaso-
line and diesel. Jet fuel is preferred over gasoline because it is less volatile and denser
and it is preferred over diesel since it is lighter and less likely to wax at low temperatures
[51]. The chemical components of the jet fuel are alkanes, iso-alkanes, naphthenic or
naphthenic derivatives and aromatic compounds. Each of these components influences
the characteristics desired in the jet fuel. The high hydrogen-carbon ratio of alkanes en-
sures the energy density of the fuel; the naphthenes reduce the freezing point essential
in high-altitude flying; and the aromatics contribute to lubricity and prevent leaks in the
seals. This last one, however, should be more carefully controlled because if excessive it
compromises the cleanliness of the fuel [50].

Two major kerosene-based conventional jet fuels are used in the commercial aviation in-
dustry: Jet A and Jet A-1. The former is mainly used in the USA while the latter is used in
the rest of the world. These two are generally very similar except for the maximum freeze
point. Jet A-1 has a lower maximum freeze point (-47°C) than Jet A (-40°C). This makes
the Jet A-1 more suitable for long international flights, especially the ones on polar routes
during winter [51, 52]. For military aviation, the requirements are slightly different, so
different versions of jet fuel are used, namely JP-8 and JP-5. JP-8 can be defined as the
military version of Jet A-1 but with more additives to improve the fuel properties. JP-5 is
used in aircraft loaded on aircraft carriers and differs from the JP-8 due to its higher flash
point, thus reducing the risk of fire [52, 53, 54].

This long dependency on petroleum products, however, needs to change due to several
factors. On one side, the oil price has been increasing lately together with a growing con-
cern regarding the continued availability of petroleum and the “peak 0il” debate. If noth-
ing is done otherwise, energy security may be compromised [49]. On the other hand, and
as mentioned in Chapter [l, the use of petroleum-derived fuels in the aviation industry has
a major impact on climate change, specifically global warming. These concerns led the
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industry to seek alternative fuels or energy sources for aircraft. Since this work focuses on
the analysis of the feasibility of using drop-in SAF in turbofan engines, only these will be
introduced and explained. So, the present chapter will explain what SAF are, why they are
the best immediate solution and present the chosen fuel to analyse and why it was chosen.

3.2 Sustainable Aviation Fuels

3.2.1 Definitions and Overview

Since hydrogen- and battery-powered aircraft are still far from becoming an immedi-
ate real solution for the large commercial aviation industry and are sustained in future
breakthroughs that might overcome the present technological barriers, SAF present them-
selves as the best short and medium-term solution to mitigate environmental impacts of
petroleum-derived fuels [10]. Although multiple definitions can be found for SAF, in a
simplified way, and from the SAF Grand Challenge, they can be defined as "drop-in lig-
uid hydrocarbon jet fuels produced from renewable or waste resources that are compat-
ible with existing aircraft and engines”. Most definitions from other organizations, like
CAAFI or ICAO, are similar but include different nuances. Some of the nuances that can
be highlighted are the need for these alternative fuels to reduce net life cycle CO, emis-
sions; they should also enhance the sustainability of aviation by being superior economi-
cally, socially and environmentally; and they must enable drop-in jet fuel production from
multiple feedstocks and production processes so that no changes in aircraft, engine fuel
systems, distribution infrastructure or storage facilities are needed [55]. SAF is consid-
ered the best option because its main resource, biomass, in its multiple forms, is the only
renewable energy source that contains carbon that can directly absorb CO, from air to
produce organic matter. Furthermore, it is widely distributed and produced and the tech-
nology capable of converting this resource to produce liquid fuel for transportation has
advanced substantially over the last few years, as seen in section .4 with the listed pro-
duction pathways available. This way the use of biomass for SAF production can reduce
the dependency on fossil fuels and decrease emissions over their life cycle due to the car-
bon neutrality of biomass. Finally, commercial jet fuels have high standard requirements
for the physical and chemical properties, and SAF using biomass as a resource have low
sulfur content, low tailpipe emissions, high thermal stability, and good cold flow proper-
ties [50].

3.2.2 Feedstock Generations

SAF can be categorised or classified according to their feedstocks into four generations.
Although different authors define these generations with some variations, the following
description of the generations used Wei et al. [50] and Doliente et al. [51] as references:
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« The first-generation biofuels have edible food crops like oil palm, corn, sugarcane,

sugar beets and wheat as their feedstock. The sugar, starch, fat and oil contents ex-
tracted from these crops are converted into jet fuel through various processes. Fats
and oils are processed through the HEFA-SPK and starch and sugars use the HFS-
SIP conversion method. This generation of biofuels, however, is not recommended
and popular due to its drawbacks. The majority of these edible crops typically have
high water and nutrient demands. Moreover, first-generation feedstock production
competes with food production for land, water, and energy. The expansion to forest-
land for land resources is a false solution since it will create deforestation and bio-
diversity loss;

» The second-generation biofuels for aviation can avoid the food vs. fuel competi-

tion since they are made from non-edible biomass. These can be classified into two
main groups: energy crops and waste biomass. The waste biomass can be further
subdivided into agricultural and forestry residues and food and municipal waste.
Typical examples of feedstocks from this generation are camelina, jatropha, used
cooking oils and waste animal fats. Despite the different classifications, the second-
generation feedstocks are either oil- or sugar-rich resources. Compared to the first-
generation, the main difference is that the second-generation feedstock’s sugar is
trapped in the tough and recalcitrant lignocellulosic matrix of plant cell walls. This
makes the conversion process into jet fuel a bit more complex, however, the rela-
tively high abundance and low-use competition of lignocellulosic second-generation
feedstocks makes them an appropriate long-term alternative. Using waste biomass
is also beneficial because it promotes circular economies, waste management and
environmental protection;

« The third-generation biofuels use algal feedstock, which is highly interesting. It

contains a relatively high oil content, requires less land than many other biomass
sources, has high yields, relatively low-cost requirements, and offers a solution for
CO, sequestration. Besides, algae can grow in polluted water or water unsuitable
for agriculture which simultaneously lowers operating costs and enables a solution
for wastewater treatment. Furthermore, the demand for water (independent of its
quality) is substantially lower than most first-generation feedstocks;

« While some authors may not yet recognize it, fourth-generation feedstocks include

non-biological resources and genetically modified organisms. Genetically modified
organisms, that include microalgae, cyanobacteria, fungi, and yeast, have artificially
enhanced oil and/or sugar yields and negative carbon capabilities. This technology,
however, is still in the early stages of research and many more studies are needed
to assess the health and environmental risks that these organisms can pose. Non-
biological feedstocks, e.g., CO,, water, renewable electricity and sunlight, can be-
come a more environmentally benign option, especially when industrial flue gases
are used.
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3.2.3 Advantages, Disadvantages and Challenges

To analyse the viability of using SAF to substitute petroleum-derived fuels, it is necessary
to balance their advantages and disadvantages. Hence a brief enumeration of them will be
presented. On the advantageous side, SAF has theoretically unlimited feedstock supply,
less risk in the long term in the case of fuel spillage, and the capability of reducing net
CO, emissions depending on the production pathway. Furthermore, it can be used as a
drop-in alternative both in existing engines and distribution infrastructure and it is gen-
erally lower in contaminants like sulfur. On the other hand, there are problems associated
with monocultures, like lack of biodiversity and vulnerability to pests, competition with
food production if energy crops become more profitable for farmers than the food crops,
harmful land-use change, and spatial and temporal boundaries (feedstocks may depend
on seasons and specific conditions to grow) [51]

There are still several challenges that SAF faces regarding the scale-up and expansion into
the fuel market: the lack of maturity of practically all of the conversion pathways because
despite the increasing number of flights using SAF, no pathway has yet achieved the high-
est technological readiness level; unavailability of feedstock quantities and in the case of
biofuels sustainability problems associated with the increase in its production; and insuf-
ficient support from local governments and international organizations to ease the tran-
sition to alternative fuels. If these concerns are not addressed, the economic viability of
SAF will remain questioned. Decarbonization efforts will decelerate, preventing the avia-
tion sector from achieving the set objectives [10]. One way of solving these problems is by
assuming policies that act as catalysts and encourage companies to shift from fossil fuels
to SAF. Financial support can decide a project’s financial viability, e.g., tax exemptions or
direct funding of those projects. Legislations that set specific targets for SAF integration
in airports throughout the years, also promote the SAF use [10].

3.3 Gevo’s ATJ

3.3.1 Background and Fuel Properties

This final section of the chapter will briefly present the chosen SAF to be compared with
Jet A in the CFD analysis. Although the author could not control it, the main factor that
conditioned the selection of the alternative fuel was the available information online. Even
though there is plenty of information regarding SAF, it is difficult to find data regarding
the detailed chemical composition of these fuels. This is needed to obtain the thermody-
namic properties of the fuel to input in the species model in ANSYS Fluent (that will be ex-
plained ahead) since this software’s thermodynamic database does not have any SAF. The
only solution found was in the Xu et al. [56] report which presented the thermochemical
properties of an ATJ-SPK produced by Gevo, Inc.. The report also presented these prop-
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erties in the National Aeronautics and Space Administration (NASA) 7-term polynomial
form and CHEMKIN format [57] which is the required format to introduce new species in
the ANSYS Fluent thermodynamic database. The thermochemical properties of the Gevo
ATJ fuel in the CHEMKIN format are presented in Appendix [Al.

Due to the need for alternative fuels to be drop-in, SAF properties tend to be very similar to
the Jet A fuel ones. So, in TableR.1, where the Jet A and Gevo ATJ main fuel properties are
compared, it can be seen that there aren’t big disparities between the two fuel properties
[10, 56, 58, K9]

Table 3.1: Jet A and Gevo’s ATJ fuel properties [10, 56, 58, 59].

Fuel properties Jet A Gevo ATJ
Approximate chemical formula CioHag Cy3Has
Molecular weight [g/mol] 167.4 184.4
Density [kg/m?] 775-840 760
Flash point [°C] 38 50
LHV [MJ/kg] 42.8 43.9
Freezing point [°C] -40 -78

The main property that stands out because of the difference between the two fuels is the
freezing point. The Gevo ATJ has a lower freezing point which is actually beneficial since,
this way, it is even less probable for the fuel to freeze at the low temperatures felt at high
altitude flights.

3.3.2 ATJ-SPK Conversion Process Description

As the conversion pathway name suggests, the starting substance of this fuel production
method is alcohol. Currently, only isobutanol and ethanol are considered favourable feed-
stocks. Still, it is expected that other alcohols like methanol, iso-propanol and long-chain
fatty alcohols are approved as feedstocks for ATJ-SPK production [3]. Gevo can produce
its alternative fuel from both ethanol and isobutanol, which are mainly obtained from corn
[60]. Depending on the type of biomass raw material, the alcohols can be obtained from
a wide range of processes. Sugar can be converted to alcohol by fermentation with yeasts
or microbes; starches, for their part, should first be acidic or enzymatically hydrolysed to
release sugars; and, finally, for the lignocellulosic biomass, the conversion is more com-
plex, which can be hydrolysis followed by fermentation or thermochemical conversion, or
gasification followed by fermentation [50].

The ATJ-SPK conversion method typically follows a four-step upgrading process, as can
be seen in Figure B.1. All the steps of this process have been extensively researched due
to the maturity of the technology associated with alcohols. The first step is dehydration,
where the removal of water yields olefins, or alkene molecules, simultaneously removing
impurities from the alcohol. Next, in the oligomerization step, the alkene monomers will
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react to synthesize longer-chain molecules. The oligomerized product consists mainly of
Cs, Cys, Cy6 and C,, oligomers and the required carbon lengths for jet fuel are between
Ci4 and Cso. So, to produce a greater yield of jet fuel per feedstock unit, the Cg olefins can
be separated and then recycled or sent to a secondary dimerization facility. The third step
will hydrogenate the oligomers to obtain a product containing the synthetic paraffinic
kerosene. Finally, the last step of the process is distillation, where the jet blendstock is
separated from the diesel and gasoline product streams [51].

H,0

Alcohol
(Ethanol or Isobutanol)

»

Olefins

Oligomerization

Dehydration

Gasoline blendstock

Jet blendstock

v

Diesel blendstock

Figure 3.1: ATJ-SPK process, adapted from [50, 51].

3.3.3 Benefits and Limitations

One of the major benefits of the ATJ-SPK compared to other SAF production processes,
is the fuel produced. This method, depending on the catalytic process used, can produce
jet fuel with permissible aromatics content, which can be directly used in existing engines
without fuel seal concerns. This way, it can be expected that certification for this type of
fuel to be used without Jet A blending is to be approved in the future [7, 51]. Another ad-
vantage of this conversion process is that ethanol production is a long-established process
that is at commercial production levels. Hence, the aviation industry can take advantage
of the established infrastructure and construct the necessary facilities for the ATJ-SPK
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process close to the ethanol factories reducing transportation costs [51].

There are, however, some limitations. Currently, bioethanol is widely used as a compo-
nent of automobile fuel, so the commercialization of ATJ-SPK may create competition
between road and air transportation sectors in terms of feedstock availability [7, 51]. Fur-
thermore, there are still issues with the low yields associated with bioethanol production,
this way reducing profitability. So, there is still a need for more research and development
of the production process to ensure a reduction in production costs and maximization of
its future benefits [51].
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Chapter 4

Methodology and CFD Simulation

The main objective of this work is to solve a combustion problem in which the combus-
tion of alternative jet fuels is compared with that of conventional jet fuel. The possible
approaches to solving combustion problems are theoretical methods, numerical methods,
experimental methods, or any combination of these. Ideally, combustion problems should
be solved theoretically and experimentally and to be economical and efficient, it is essen-
tial to apply correctly the basic principles involved in combustion phenomena [43]. In this
study, the numerical and computational approaches will be used to model the combustion
problem and, when possible, the results will be compared and verified with experimental
data obtained from previous works.

The CFD software used for this purpose was ANSYS, a multiphysics simulation software
widely used for engineering simulation across many fields. More specifically, the mod-
ule Fluent was used due to its fluid flow, heat and mass transfer and chemical reactions
modelling capabilities, which are adequate for solving combustion problems [61, 62].

The main tasks that need to be completed to perform a simulation in ANSYS Fluent and
that are going to be described throughout this chapter are:
1. Design the geometry that represents the combustion system. As mentioned before,
for this work, the geometry used was developed by de Oliveira [9].

2. Generate an appropriate mesh.

3. Define the models that will solve the combustion problem. Here, equations for fluid
motion, enthalpy and chemical reactions are defined.

4. Define boundary conditions that specify, e.g., fluid behaviour and physical fluid
boundaries.

5. Compare and analyse the results obtained.

4.1 Objectives, Importance and Application of Combustion
Modelling

First, it is important to make some regards about combustion modelling, especially its
objectives, why it became an important and powerful tool and its applicability. The main
objectives of combustion modelling, according to Kuo [43] are:
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 To simulate combustion processes;

« To develop predictive capability for combustion systems under various operating
conditions;

« To help in interpreting and understanding observed combustion phenomena;
« To substitute for difficult or expensive experiments;
 To guide the design of combustion experiments;

» To determine the effect of individual parameters in combustion processes by con-
ducting parametric studies.

It is important, however, to validate theoretical models by comparison with experimental
results before applying them to the prediction and evaluation of the influence of certain
parameters [43].

Taking these objectives into account, it becomes clear that combustion modelling through
CFD simulation is a powerful and profitable tool for understanding the mechanisms and
phenomena that combustion processes and determining the operating conditions and ge-
ometric parameters at the design and operating stages that allow a safe engineering prac-
tice. Contrary to simple empirical or lumped-parameter models, CFD models take into
account the interaction between flow field, chemical reaction, transport phenomena and
geometry occurring in combustion systems [42].

The readiness of CFD to be used for solving combustion-related problems can be assessed
by its prediction capability of certain critical performance characteristics, e.g., emissions,
exit temperature profiles, wall temperatures and lean blowout fuel-air ratio. To make sure
that CFD is reliable in gas turbine combustion calculations, the following four steps must
be taken [63]:

1. Systematic assessment of the available turbulence models against standard bench-
mark cases, so that the prediction availability of the solver is determined and the
turbulence model is selected adequately.

2. Accurate prediction of the cold flow field in and around the combustor, i.e., the air-
flow through the inlet ports, the pressure, velocity and turbulence distribution, the
diffusion system and the combustion system details.

3. State-of-the-art modelling of the fuel atomization system to accurately estimate the
spray quality.

4. Lastly, an appropriate selection of the chemistry model and turbulence chemistry
interaction model to predict the critical characteristics of chemically reacting flow
within the combustor.
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All these steps were followed during this work except for the fuel atomization model, which
would highly increase the complexity of this already complex study. This would require a
thorough study of the first and second phases of the fuel atomization system.

4.2 Turbulent Flow Analysis

Although turbulent flow combustion modelling is a vast subject area, and there is plenty to
discuss, this study does not intend to conduct a rigorous review of it. So, it was decided to
only summarize the available turbulence models and their most important aspects. This
section will also present the selected turbulence model and why it was chosen.

4.2.1 Turbulence Models

Turbulence is characterized by irregularity or randomness, diffusion, vortices and viscous
dissipation and involves a wide range of time and length scales. This makes it one of the
major unsolved problems of physics and its modelling represents one of the main issues
affecting the precision of numerical simulations in engineering, especially for reacting
flows [64].

In theory, it is possible to resolve the whole spectrum of turbulent scales, without the need
for modelling, using what is called Direct Numerical Simulation (DNS), where the Navier-
Stokes equations are numerically solved in time and space. DNS, however, is not possible
for practical engineering problems involving high Reynolds number flows. This method
requires high computational power, so it becomes prohibitive for these types of flows and
it is only applicable for low Reynolds number flows [64, 65, 66]. For this reason, it was
necessary to filter out all, or at least, parts of the turbulent spectrum, by averaging the
Navier-Stokes equations. One of the most used averaging procedures is time-averaging,
or Reynolds-averaging, of the equations, resulting in a set of equations computationally
less expensive to solve. This resulted in the appearance of two of the most used numeri-
cal simulation methods, the Reynolds Average Navier-Stokes (RANS) simulation and the
Large Eddy Simulation (LES) [66]. As represented in Figure l4.1, RANS models practically
all the turbulent structures while LES resolves large turbulent structures and only models
the small eddies. In Figure [4.1, it can also be seen that DNS resolves the whole turbulent
spectrum.

59



e Injection

- ™ gf energy o~ Dissiparion of
[ \I — eﬂew

i e | O
, S . .J__E,./ ‘”‘” Dissipating
uTiZ,éE;; e ux of energy — eddies
_ 3/4
I Resolved " __I_I,ReL
=
Direct numerical simulation (DNS) Apys
Resolved oy Modeled
Large eddy simulation (LES) A,
Resolved |- Modeled

Agavs Reynolds averaged Navier-Stokes equations (RANS)

Figure 4.1: Turbulent flow simulation methods [67].

The most economic approach for computing complex turbulent industrial flows is offered
by RANS models. Two different types of RANS models can be distinguished, the Eddy
Viscosity Models (EVM) and the Reynolds Stress Models (RSM). The first type simpli-
fies the problem to the solution of two additional transport equations and introduces an
Eddy-Viscosity to compute the Reynolds Stresses. These models are simpler and typical
examples include the k- and the k-w models in their different forms. The RSM, on the
other hand, are more complex and they solve an individual equation for each of the six
independent Reynolds Stresses directly plus a scale equation (e-equation or w-equation).
RANS models are suitable for the majority of engineering applications and typically pro-
vide the level of accuracy required, so there is no need for more complex models [66]

The LES is one of the most well-known Scale-Resolving Simulation (SRS) models. This
alternative to RANS models resolves at least a portion of the turbulent spectrum in at least
a part of the flow domain. LES, however, has to be run for a sufficiently long flow time
to obtain stable statistics of the flow being modelled. This results in computational cost
orders of magnitude higher than that for RANS calculations in terms of memory and CPU
time [65, 66].

Taking into account all of the above, RSM was chosen over LES, because it delivers the re-
quired level of accuracy while being more economical in terms of time and computational
power, which are important for this study. It was also preferred over other simpler RANS
models, like k-« models because it accounts for effects of streamline curvature, swirl, ro-
tation, and rapid changes in strain rate (effects present in the combustor in study) more
rigorously and so has the potential to give more accurate predictions [65].

Since it is not the goal of this work to thoroughly analyse the equations that govern the
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chosen turbulence model, it was decided not to present them here. However, they can be
checked in [65].

4.3 Combustor Model

4.3.1 Geometry

As mentioned previously, the geometry used for the CFD simulations was not developed
by the author of this work. Instead, the original geometry consists of a Computer-Aided
Design (CAD) model of the CFM56-3 combustor developed by de Oliveira [9] during his
master’s thesis. For that, de Oliveira [g] had to use reverse engineering since combustor
blueprints are very difficult to find, due to the confidentiality that GTE companies and
manufacturers practice with their products. This means that a 3D scan of the combustor
that was provided by TAP followed by a CAD design was necessary to obtain the final
model.

To take advantage of the symmetry of the combustor and as it was done in previous works
where this CAD model was used, only a quarter section of the combustor was used for sim-
ulation purposes. This way, simulation time can be greatly decreased while still correctly
representing the four rich mixture fuel injectors present in the combustor, since for every
five fuel injectors there is one that injects a richer mixture in each quarter section.

Although the original CAD model was developed by de Oliveira [g], that wasn’t the CAD
model used as the geometry for this work, since as it was pointed out by Domingues [39]
that model had some misrepresentations of the CFM56-3 combustor that can lead to poor
results. These problems were related to the position of the fuel injectors, the area of the
inlets of the swirlers, the shape of the outlets of the secondary air swirlers, and the con-
nection of these outlets to the cooling walls of the dome. With the help of technical data
found on the internet, Domingues [39] could solve these issues by changing minor geom-
etry details and so, more accurately represent the original combustor in his CAD model.
So, to avoid problems in achieving good quality results, it was decided to use Domingues
[39] final CAD model that more faithfully represents the CFM56-3 combustor.

The final CAD model developed by Domingues [39] is represented in Figures l4.9, 4.3 and
l4.4 with all its important components such as the combustor walls, the primary and sec-
ondary swirlers, the fuel injectors and the dilution and cooling holes. The geometry pre-
sented consists only on a quarter of a section of the total combustor, as was explained
before, and all the components are numbered.
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Figure 4.2: Detailed view of the CAD combustor model around the swirler.

Figure 4.3: Views of the CAD combustor model: (a) outside view, (b) inner view.
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Figure 4.4: Views of the CAD combustor model: (a) top view, (b) side view.
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The description of these components is presented in Table 4.1 as well as the boundary type
used in the simulation associated with each component. It is worth noting that the sym-
metry and outlet planes are not represented in the images because they are not physical
boundaries. However, these planes were created to be used in Fluent and to limit the fluid
zone.

Table 4.1: CAD combustor model numbered components and their associated boundary

type.

Numbered component Component description Boundary type

1 Exterior wall Wall

2 Inner wall Wall

3 Dome wall Wall

4 Swirler’s top Wall

5 Swirler’s middle Wall

6 Swirler’s bottom Wall

7 Swirler’s cooling wall Wall

8 Primary zone big dilution holes at the exterior wall Mass-flow inlet (air)
9 Primary zone small dilution holes at the exterior wall | Mass-flow inlet (air)
10 Secondary zone dilution holes at the exterior wall Mass-flow inlet (air)
11 First cooling holes line at the exterior wall Mass-flow inlet (air)
12 Second cooling holes line at the exterior wall Mass-flow inlet (air)
13 Third cooling holes line at the exterior wall Mass-flow inlet (air)
14 Fourth cooling holes line at the exterior wall Mass-flow inlet (air)
15 Fifth cooling holes line at the exterior wall Mass-flow inlet (air)
16 Primary zone big dilution holes at the inner wall Mass-flow inlet (air)
17 Primary zone small dilution holes at the inner wall Mass-flow inlet (air)
18 Secondary zone dilution holes at the inner wall Mass-flow inlet (air)
19 First cooling holes line at the inner wall Mass-flow inlet (air)
20 Second cooling holes line at the inner wall Mass-flow inlet (air)
21 Third cooling holes line at the inner wall Mass-flow inlet (air)
22 Fourth cooling holes line at the inner wall Mass-flow inlet (air)
23 Exterior cooling holes line at the dome wall Mass-flow inlet (air)
24 Interior cooling holes line at the dome wall Mass-flow inlet (air)
25 Cooling holes around the swirlers Mass-flow inlet (air)
26 Swirler’s primary inlet Mass-flow inlet (air)
27 Swirler’s secondary inlet Mass-flow inlet (air)
28 Rich mixture injector Mass-flow inlet (fuel)
29 Poor mixture injector Mass-flow inlet (fuel)
30 Symmetry plane Symmetry

31 Outlet plane Pressure outlet
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4.3.2 Mesh Generation

A CFD mesh consists of multiple cells representing the portion of the fluid wanted to be
simulated. This way, the mesh can provide a grid of points where the solution will be
calculated. This means that the mesh generation presents itself as one of the most critical
phases of a CFD simulation. A poor mesh quality can lead to poor results or even to the
CFD simulation failure. It is important to note that the finer the mesh, the better the
results will be, but this will also lead to a higher computational and time cost. So, it is
important to find a balance.

For the mesh generation, it was decided to use the Fluent Meshing present in the ANSYS
software. It was chosen because it is a user-friendly software, its generated mesh can be
more easily integrated into Fluent in the following steps (solution) and with the help of
the tips provided by ANSYS in [68] the mesh generated is good enough for simulation and
correctly represents all the geometrical features.

4.3.2.1 Process followed for mesh size definition

One of the most faced issues in CFD simulations is what mesh resolution to consider ap-
propriate for the case study, since, as mentioned above, this can influence the quality of
the results obtained afterwards during the solution. The mesh refinement level is a com-
plex function that depends on the flow conditions, type of analysis, geometry, and many
other variables [69].

One way of finding the best grid resolution that requires the least computational cost while
delivering the best possible results is to start the mesh analysis with a grid resolution and
then perform a series of mesh refinements and assess the effect of this refinement in the
results. This is known as a grid refinement study [69]. It is wise to start this process
with the coarser possible mesh that still correctly defines all the geometrical features of
the model, and then reduce grid spacing to obtain finer meshes. It is expected that as the
mesh is refined and the resolution improves the obtained solution stops changing and an
asymptotic value is reached, i.e., the true numerical solution is obtained. This, however,
doesn’t mean that the true physical solution of the equations is the same as the computed
one since there may still be an error between the two [69].

This process was followed to obtain the final mesh that was used in the CFD simulations
developed for this work. Every time a grid refinement was done and a mesh obtained,
the quality of the said mesh was analysed and the results were compared with the pre-
vious coarser mesh. Once a good quality mesh was achieved and the results attained an
asymptotic value, the final mesh was found. In the following sections, the process and the
parameters used in Fluent Meshing to obtain the final mesh as well as the mesh indepen-
dence test and quality mesh parameters analysed will be more thoroughly explained.
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4.3.2.2 Process and parameters used in Fluent Meshing

Taking into account what was mentioned above, it was decided to create a coarse mesh
firstly that captured all the features of the complex geometry of the combustor model.
After this, a refinement of the mesh was performed until the results of two consecutive
meshes were similar. Fortunately, it was only necessary to do one refinement, since the
results of the first (coarser) and the second (finer) mesh were very close. This means that
the coarser mesh could be used in the simulations. The coarser mesh has 16,180,926 cells
and 47,845,867 nodes while the finer one has 21,608,962 cells and 63,370,314 nodes. The
independence test and the results obtained to draw this conclusion will be presented in
the next section. First, the process and the parameters used to generate the coarser mesh
in Fluent Meshing will be presented.

Since the geometry model was provided to the author with all the boundaries/surfaces
already separated in different parts in the .stl format, there was no need to convert them
to a different one because Fluent Meshing can easily import them. So the generation of
the mesh in this software could start.

Once the software starts, the first step is to select the Workflow type necessary to create
the mesh. As in this case, the geometry is in the .stl format, the best-suited option is the
Fault-tolerant Meshing since it doesn’t require any previous treatment for the geometry,
it can import problematic CAD geometries and facilitates the mesh generation for complex
geometries. With the workflow chosen, a series of tasks have to be completed.

The first one concerns the import of the geometry into the software. So, the files just need
to be uploaded, then click the Load button and if done correctly, it is just missing to click
Create Meshing Objects. In the advanced options of this task, it is important to ensure
that one zone is created per object.

In the second task, the Flow type chosen was Internal flow through the object and all
the available standard and advanced options were selected as No except for the Identify
regions? one. This was selected as Yes as it allows to define the fluid region to be meshed.
Following the previous task, the third task allows the definition of the fluid region to mesh.
To do that a material point inside the combustion chamber, i.e. in the fluid volume, must
be selected. The easiest way to do it is to select the option Centroid of Objects as a method
of location definition and then choose the two objects concerning the rich mixture injector
and the outlet plane from the list of objects. This way the material point will be placed in
the centroid of these two objects, inside the closed boundaries of the combustor model.

In the Update Region Settings task, for the fluid region previously created, the options
fluid, wrap and ploy-hexcore were chosen for the Type, Extraction Method and Volume
Fill settings, respectively. This is advised by ANSYS in [68] for complex combustor ge-
ometries.

The following task, Choose Mesh Control Options, allows to define local refinement levels
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in certain boundaries/surfaces uploaded. This way, specific parts of the geometry, like
walls or inlets, can have finer or coarser cells in the mesh, as required for the solution. For
that, through the Add Local Sizing option, the refinement methods in Size Functions were
chosen and the refinements done. The two refinement methods used were Curvature and
Proximity and in the Tables [4.2 and [4.3 all the objects refined and the parameters used
for the final mesh are presented. It is important to note that the author had to go through
a trial-and-error approach to get the final parameters presented in the tables. One of the
main problems faced in getting the final parameters in this task was that some of the inlets,
specifically the smaller ones, i.e., the cooling holes, were being incorrectly meshed.

Table 4.2: Refinement parameters used for the final mesh through the Curvature refine-
ment method in the Choose Mesh Control Options task?.

Objects refined Minimum Size [mm] | Maximum Size [mm]

8,9,10,16,17,18 1.6 5

11, 12, 13, 14, 15, 19, 20, 21 0.08 0.15

22 0.4 0.6

23,24 0.1 0.2

25 0.05 0.1

26, 27 0.7 3.5

1,2 0.4 1.2

3 0.7 1.5
28, 29 1.6 5

4,5 1.1 2.2

6 1.1 2.2

7 0.9 1.5

30,31 1.3 2.8

Table 4.3: Refinement parameters used for the final mesh through the Proximity refine-
ment method in the Choose Mesh Control Options task®.

Objects refined Minimum Size [mm] | Maximum Size [mm]
8, 9,10, 16,17, 18 0.8 5
11, 12, 13, 14, 15, 19, 20, 21 0.08 0.15
22 0.4 0.6
23,24 0.1 0.2
25 0.05 0.1
26, 27 0.7 3.5
1,2 0.33 0.58
3 0.7 1.3
28, 29 0.8 5
4,5 0.15 0.19
6 0.15 0.18
7 0.9 1.4
30, 31 1.3 2.8

2The numbering of the “Objects refined” is the same as in Table [4.1.
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For all the objects refined through the Curvature refinement method, the Grow Rate was
set at 1.2, the Curvature Normal Angle was set at 18°and the Scope to setting defined as
faces-and-edges. In the Proximity method, the Grow Rate was set at 1.2, the Cells Per
Gap was set at 3 and the Scope to setting defined as faces-and-edges as well.

The next task is the Generate the Surface Mesh where the target skewness was set to 0.7
and all the other options were left as default. As the name of the task suggests, here only
the surface mesh will be generated. Next, in the Add Boundary Layers task, and as sug-
gested by ANSYS in [68], the number of inflation layers was set to 3 because it is proven
to yield accurate results. Also on this task, the options aspect-ratio and only-walls were
chosen for the Offset Method Type and Grow on settings, respectively and the First Aspect
Ratio was defined as 10 and the Grow Rate as 1.2.

The concluding task is Generate the Volume Mesh, where the volume mesh will be gen-
erated. Here, the option Enable Region Settings was enabled so that the max cell length
could be varied. This was the method used to change the base cell spacing so that the two
meshes (coarser and finer) could be obtained. As mentioned previously, the coarser mesh
was the one used for this work and the Max Cell Length defined for it was 5 mm. With
all the parameters and options defined the final volume mesh was generated and it can
be seen in Figure [4.5. In Figure [4.5 the volume mesh is presented with a clipping plane
through the rich mixture injector so that the interior can be seen.

Figure 4.5: Final volume mesh generated with a clipping plane.

Figure 4.6 presents the internal structure of the final mesh generated in the cut-view plane
of the rich mixture injector. In Figure .6 (b) a zoom in the swirler zone allows a more
detailed view of the mesh and its inflation layers on the walls.
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Figure 4.6: Final generated mesh internal structure: (a) in the cut-view plane of the rich
mixture injector, (b) with a zoom in the swirler zone.

4.3.2.3 Mesh Independence Test

As mentioned previously, two meshes were generated (coarser and finer) to perform the
mesh independence test. The available information regarding numerical and experimen-
tal data for Jet A fuel burning in the CFM56-3 combustor was found in [70] and [48],
where the outlet temperature of the combustion chamber (at 100% power) and the NO,
emissions (for all the LTO cycle) are presented, respectively. Taking these into account,
it was decided that the mesh independence test should be conducted at the 100%-power
operating condition, where most of the boundary conditions were known, comparing and
analysing the following parameters:

 Average static temperature at the outlet of the combustion chamber;

« Average static temperature and average velocity magnitude of the fluid volume, be-
cause NO, emissions mainly depend on the temperature and residence time inside
the combustion chamber [39].

In Table j4.4 the results obtained with the two meshes comparing the chosen parameters
during the mesh independence test are presented. As a comparing tool, it was decided
to calculate the relative error between two consecutive meshes. This means that for each
chosen parameter the absolute error was divided by the result obtained with the finer
mesh, as presented in Equation [4.1.

|Coarser mesh value — Finer mesh value| "

Finer mesh value 100 4.1

Relative error[%| =
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Table 4.4: Compared results obtained from the two meshes used for the mesh indepen-
dence test.

Comparing Average static Average static temperature | Average velocity magnitude
parameter temperature at the outlet [K] of the fluid volume [K] of the fluid volume [m/s]
Coarse mesh 1650.09 1627.84 62.203
Fine mesh 1644.88 1600.87 61.347
Relative
error [%] 0.317 1.68 1.40

In Table j4.4 it can be seen that the relative error did not surpass a value of 2% at any of
the parameters and the maximum one obtained was for the average static temperature
of the fluid volume, at 1.68%. On the other hand, for the average static temperature at
the outlet, the relative error was very low and their values were very similar to the one
reported by Ribeiro [[70] in his master’s thesis (1649.94 K). With these obtained values,
i.e., the low relative errors, it was concluded that the refinement level of the coarse mesh
did not influence the results negatively, which means the results are mesh-independent.
Obviously, a higher level of refinement, i.e., continuing the grid refinement study, would
lead to even lower errors between consecutive meshes, but this would inevitably lead to
more computationally demanding simulations that would not yield substantially higher-
quality results. This way, using the coarser mesh, some time was saved.

It is important to note that all the values in Table [4.4 were obtained using the mass flow
rate reported by Ribeiro [70], to make comparisons with his reported combustion cham-
ber outlet static temperature and so, these are not the final results for the 100%-power
operating condition. However, this does not affect the independence test as only the er-
ror between consecutive meshes is important and not the obtained results.

4.3.2.4 Mesh Quality

The quality of the mesh has a very important role in the accuracy and stability of the nu-
merical computation as a bad-quality mesh can cause convergence difficulties, bad physic
description and diffuse solution. Then, it is important to check quality criteria and im-
prove the grid if needed [68, [71].

One of the most used quality metrics is the cell orthogonal quality, which is computed
using cell skewness, the vector from the cell centroid to each of its faces, the correspond-
ing face area vector and the vector from the cell centroid to the centroids of each of the
adjacent cells. This metric can range from o to 1, where 1 is perfect and 0 is unacceptable
and is recommended to be at least higher than 0.1 [68, 71]. For the mesh generated, the
minimum orthogonal quality attained was 0.062, however, this does not mean the mesh
is of bad quality since this value only regards the cell with the lowest value. The average
value, which is a better indicator, is 0.928 sitting itself very close to an excellent value. In
Figure 4.7, a histogram presents the orthogonal quality of all the cells along the range (0
to 1).
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Figure 4.7: Histogram plotting the percentage of cells distributed along the orthogonal
quality range.

Another important quality metric is the aspect ratio, which is a measure of the stretching
of a cell. It is computed as the ratio of the maximum value to the minimum value of any
of the following distances: normal distances between the cell centroid and face centroids,
and the distances between the cell centroid and nodes. When meshing combustors using
ANSYS, it is recommended that the aspect ratio does not surpass the value of 100 [71].
For the generated mesh in this work, the maximum value obtained for the cell with the
highest one was 187, however, as it happened for the orthogonal quality, this number is
not representative of the whole mesh. The average value of the aspect ratio is 6.24, which
is well below 100.

A Mesh Check was also performed in Fluent Meshing at the end of the meshing process to
ensure there were no errors. Since no errors were found, the mesh is ready to be used in
the following steps of the CFD simulation.

4.4 Boundary Conditions Determination

One of the most important steps in CFD simulation is the correct boundary conditions
definition since this greatly influences the convergence and especially the obtained re-
sults. As mentioned previously, GTE manufacturers and producers tend to keep technical
information confidential, so parameters as simple as the air mass flow inlet are not dis-
closed. This way, it becomes quite difficult to obtain these parameters and how the air is
distributed along the numerous inlets of the combustor.

After reviewing the different approaches to determining the boundary conditions followed
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by de Oliveira [g], Morao [72] and Domingues [39], it was concluded that the latter opted
for the best strategy and that the first two were sometimes erroneous. So, to avoid repeat-
ing work that has already been done and to save some time during this master’s thesis
development, it was decided to use the same boundary conditions values and the same
method to calculate them used by Domingues [39]. However, this does not mean that
the parameters used were not checked and compared with the available information re-
garding numerical and experimental data for Jet A fuel burning in the CFM56-3 combus-
tor, whenever possible, as it will be demonstrated. In this section, this approach for the
boundary conditions determination will be explained.

In his master’s thesis, Ribeiro [70] analysed the thermodynamic cycle of the CFM56-3
engine using GasTurb. So, all over his work, it is possible to obtain several important
parameters in different stages of the GTE for the power condition of 100%. These include
the air and fuel mass flow rates as well as some operating conditions like temperature
and pressure, presented in Table l4.5. From his work, it is also possible to extract values of
temperature and pressure at the inlet of the combustion chamber for other power settings.
These are presented in charts and were obtained through testbed analysis.

Table 4.5: Important parameters for the 100%-power condition obtained through Ribeiro
[70].

Stage mha [kg/s] | my [kg/s] | Temperature [K] | Pressure [kPa]
Combustor entry 41.451 1.1271 743.91 2343.346
Combustor exit 42.578 - 1649.94 2226.179

It was with this set of values and through an iterative process that Domingues [39] was
able to determine the boundary conditions to use in this work. First, once only one-quarter
section of the combustor is being modelled, it is necessary to divide by four the total mass
flow rates presented in Table j4.5 and from there calculate the overall A/F, using Equation
b.8. Thus, the reference values, at the combustor’s entry, used for the calculation of the
boundary conditions are: 1, 1 /4 = 10.3628 kg/s, 15,4 = 0.2818 kg/s and A/F = 36.777.
This value of overall A/F lies within the interval of typical values of the air-to-fuel ratio
(between 33 and 44) for the power setting of 100%, so it can be considered a correct value
[9, 39]. Theoretically speaking, the A/F in the primary zone should be at stoichiometric
conditions for all power settings and the overall A/F should increase from 33-40, at 100%
power, to 100, at 7% power [9, 39]. However, Domingues [39] concluded that ensuring
this would lead to different air mass flow rate distributions in the inlets in percentage, for
each power setting, and malfunctions for lower power settings of the combustor. So, it
was decided to fix the values of the air mass flow rate percentages at each inlet through
all the power conditions. To determine these percentages, Domingues [39] considered
that the air mass flow rates only depended on the areas of the inlets since temperature
and pressure conditions outside the combustion chamber walls were constant. All of the
dilution and cooling hole areas could be determined from the CAD model, but the swirler’s
inlet areas were unknown, so through an iterative process and using the reference values
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mentioned above, the percentage of air mass flow rate through the swirlers and the walls
were changed until the outlet combustion temperature was the same as the one reported
by Ribeiro [70]. In this process, the fuel mass flow rate was divided equally by the five
fuel injectors, except for the rich fuel injector which injected 10% more fuel [9].

After concluding this iterative process, Domingues [39] deduced that the air mass flow
rate that passed through the swirlers was approximately 21% which checks with the work
done by Smith and et al. [73] with similar engines. As mentioned in section l4.3.2.4, dur-
ing the mesh independence test, the author decided to use the mass flow rates reported
by Ribeiro [70] and the distributions of air mass flow rates calculated by Domingues [39]
in his iterative process. This way, it was possible to verify that these percentages were
correctly determined since the outlet combustor temperature obtained in the mesh inde-
pendence test was very similar to the one reported in [70].

Since ICAO [48] reports the fuel mass flow rates for the four studied power conditions,
and because the one for 100% power is different from Ribeiro [70], it was decided to redo
the simulation for the full power condition but keeping the air mass flow rates percentage
distribution calculated previously. This way, all the boundary conditions are defined for
the 100% power condition. It is now only missing the boundary conditions definition for
the lower power conditions.

As mentioned previously, Ribeiro [[70] presents charts with the temperature and pressure
at the combustor entry collected in testbed analysis for all power conditions. So, assum-
ing that in his work idle corresponds to 7% power, it is possible to make good guesses for
temperature and pressure for that condition. The values collected are: 7' = 450 K and
P = 354637.5 Pa. Furthermore, from Smith and et al. [[73] it is possible to verify that
this type of engine, at idle, usually works with the primary zone at a stoichiometric condi-
tion. So, assuming this, using the values for temperature and pressure mentioned, the fuel
mass flow rate reported by ICAO [48] and the air mass flow rate percentage distribution,
Domingues [39] could determine the overall A/F and define all the boundary conditions
for the condition of 7% power.

With all the information gathered until this point, it is possible to interpolate through
linear regression the operating parameters, i.e., pressure, oxidizer temperature and over-
all A/F for the power conditions of 30% and 85%. Then, with the overall A/F and the
fuel flow, it was possible to determine the total air mass flow that enters the combustion
chamber for each of these power conditions. This way, all the operating parameters and
boundary conditions are calculated for all the power settings to be studied. This parame-
ters are presented in Tables 4.6 and j4.7.

In Table 4.6, the fuel temperature was considered to be 298.15 K and the same for all
power conditions as this is the value assumed by the GasTurb software. This way, it is
following the work done by Ribeiro [70]. Regarding the fuel pressure, it was considered
to be twice the operating pressure value inside the chamber [39].
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Table 4.6: Operating parameters for the LTO power settings obtained by Domingues [39].

Power setting [%]

Operating parameter
100 85 30 7

Air inlet pressure [Pa] 2343346 | 2022587 | 846468.6 | 354637.5
Air outlet pressure [Pa] 2226179 | 1921457 | 804145.2 | 336905.6
Air pressure variation [Pa] | 117167.3 | 101129.3 | 42323.43 | 17731.88

Air temperature [K] 743.91 696.51 522.69 450
Fuel pressure [Pa] 4452357 | 3842914 | 1608290 | 673811.3
Fuel temperature [K] 208.15 208.15 208.15 208.15
Overall A/F 36.7772 | 39.8258 57.2166 70.0000
Primary zone A/F 7.7230 8.3636 12.0156 14.7000

Table 4.7: Mass flow rates for each inlet for the LTO power settings obtained by
Domingues [39].

Mass flow rate [%]
Inlet number GasTurb ICAO’s database Air flow [%]
100% 100% 85% 30% 7%
0.5334 0.4477 0.4059 0.2135 0.1027 5.147
0.3382 0.2839 0.2574 0.1354 0.0651 3.264
10 0.8862 0.7438 0.6744 0.3548 0.1706 8.552
11 0.5310 0.4456 0.4040 0.2125 0.1022 5.124
12 0.3753 0.3150 0.2856 0.1502 0.0722 3.621
13 0.4806 0.4034 0.3657 0.1924 0.0925 4.638
14 0.4147 0.3480 0.3155 0.1660 0.0798 4.002
15 0.4581 0.3845 0.3486 0.1834 0.0882 4.421
16 0.5155 0.4326 0.3922 0.2063 0.0992 4.974
17 0.3404 0.2857 0.2590 0.1363 0.0655 3.285
18 1.0415 0.8742 0.7925 0.4169 0.2005 10.051
19 0.1274 0.1070 0.0970 0.0510 0.0245 1.230
20 0.1659 0.1392 0.1262 0.0664 0.0319 1.601
21 0.1560 0.1309 0.1187 0.0624 0.0300 1.505
22 0.8417 0.7064 0.6405 0.3369 0.1620 8.122
23 0.3302 0.2772 0.2513 0.1322 0.0636 3.187
24 0.2472 0.2075 0.1881 0.0990 0.0476 2.386
25 0.4034 0.3386 0.3069 0.1615 0.0777 3.892
Total cooling flow 8.1866 6.8712 6.2295 3.2771 1.5760 79.000
26 0.9994 0.8388 0.7605 0.4001 0.1924 9.644
27 1.1768 0.9877 0.8955 0.4711 0.2266 11.356
Total swirler flow 2.1762 1.8265 1.6560 0.8711 0.4190 21.000
Total air mass flow 10.3628 8.6977 7.8855 4.1482 1.9950 100.000
28 (rich injector) 0.06078 | 0.05101 | 0.04271 | 0.01564 | 0.00615 -
29 (4 poor injectors) | 0.22100 | 0.18549 | 0.15529 | 0.05686 | 0.02235 -
Total fuel mass flow | 0.28178 | 0.23650 | 0.19800 | 0.07250 | 0.02850 -
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4.5 Problem Setup

Now that the mesh is generated and the boundary conditions defined, the problem setup
in ANSYS Fluent can begin. This section will explain the whole process and all the param-
eters used in the software. Two workstations were used to run all the cases, so two cases
could be run at a time and this way some time could be saved. The first one has a 10-core
processor (20 logical processors) with 9g6GB of random access memory (RAM) and the
second is a four-computer cluster with 4 cores (8 logical processors) and 32GB of RAM
each. The first one was running ANSYS Fluent 2023 R1 and the second ANSYS Fluent
2024 R2.

When initiating the software, a window named Fluent Launcher is displayed, and there,
it is necessary to ensure that the options 3D and double precision are checked. The latter
guarantees that more accurate results are obtained but at the cost of a slower solution. In
the displayed window, it was also chosen to run the simulations in parallel processes as
this greatly reduces the computational time. Usually to run the simulations as efficiently
as possible the number of parallel processes should equal the number of logical processors
in the workstation. However, after some tests, it was decided to launch Fluent in the
computer with 18 parallel processes and 24 in the cluster. In the former, this was the
number of processes that allowed the fastest iteration time and in the latter, if all available
logical processors were used, the workstation would become unstable.

As soon as ANSYS Fluent launches, and before starting the simulation setup, it is good
practice to check the mesh quality [66]. When performing the Mesh Check and Report
Quality some of the most important quality metrics will be displayed in the console. As
expected, no problems were encountered and no warnings were displayed. Figure [4.§
presents the reports displayed in the console, with the same mesh quality values obtained
previously in Fluent Meshing.

Domain Extents:

x-coordinate: min (m) = -3.000656e-01, max (m) = 9.212527e-02
y-coordinate! min (m) = -1.121124e-01, max (m) = 1.81619%1e-01
z—coordinate: min (m) = -2.035072e-01, max (m) = 1.531464e-01
Volume statistics:
minimom volume (m3): 3.964721e-15
maximum volume (m3): 8.109655e-08
total volume (m3): 5.374812e-03
Face area statistics:
minimum face area (m2): 9.220657e=-12
maximum face area (m2): 1.820444e-05
BnEEFTET 2o ccococococoooooocococoooCoooooCcoCoCo e
Done.
Mesh Quality:
Minimam Orthogonal Quality = 6.20104e-02 cell 84556 on zone 1070921 (ID: 3162857 on partition: 18)

at location (-2.15065e-01, -7.430192-02, 9.226792-02)

Maximum Aspect Ratio = 1.87680e+02 cell 41728 on zone 1070821 (ID: 8389512 on partition: 3) at
location (-4.24500e-02, 1.58512e-01, -5.45280e-03)

Figure 4.8: Reports of Mesh Check and Report Quality displayed in the ANSYS Fluent
console.
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4.5.1 Models Setup

Depending on the case study and the respective intended simulation, ANSYS Fluent pro-
vides an extensive selection of models to choose from. In this work, five different models
were selected to solve the combustion problem. Below, a brief description of the inputs
and parameters used in these models will be presented.

1. Energy model - This model must be enabled because it allows the setting of param-
eters related to energy and heat transfer processes inside the combustor [65, 66].
These kinds of processes are present in this case study, such as the temperature
variations due to the chemical reactions.

2. Radiation model - To simulate heat transfers due to radiation, this model must be
enabled. The P1 model was selected because it works reasonably well for combus-
tion applications and it can be easily applied to complicated geometries while while
requiring little computational cost [65].

3. Viscous model - As mentioned in section 4.2.1, RSM was the chosen model. When
setting up the model, in the Viscous Model window, the submodel Linear Pressure-
Strain was selected, the selected wall treatment was Standard Wall Functions and
the options Wall BC from k Equation and Wall Reflection Effects were also enabled.
All model constants were kept as default.

4. Species model - This model is related to the calculation of species transport and com-
bustion [66]. The complexity and importance of this model require a more careful
and thorough explanation of the parameters defined.

Firstly, the selected model was Non-Premixed Combustion, as this represents the
type of combustion in this study. Then, Inlet Diffusion was enabled as this allows
to include the diffusive transport of mixture fraction through the inlets [66]. In the
Chemistry tab, Chemical Equilibrium was selected as the State Relation and Non-
Adiabatic as the Energy Treatment so that heat transfers due to chemical reactions
are considered. Next, in Model Settings, the correct operating pressure should be
introduced, according to Table 4.6 and varied with the power setting. Here it was
decided to input the outlet pressure and then include the pressure variation in the
inlets, as it will be later explained. For the Fuel Stream Rich Flammability Limit it
was decided to input the value 1, as this way, ANSYS Fluent will perform calculations
over the full range of mixture fraction [66]. In the same tab, it is important to choose
the Thermodynamic Database where the thermodynamic properties of the ATJ fuel
(Appendix [A]) were introduced.

Then, in the Boundary tab, the fuel and oxidizer species and their specifications will
be defined. The oxidizer, which in this case is air, was considered to be composed
of nitrogen and oxygen, with mole fractions of 0.7899 and 0.2101, respectively. The
fuel will be either Jet A or ATJ, depending on the case being modelled, but with a
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mole fraction of 1in both cases, as these are injected alone. For the fuel and oxidizer
temperatures, their values were defined according to Table |4.6 and varied with the
power setting of the case being modelled.

Finally, in the Table tab, the Automated Grid Refinement was enabled and the Prob-
ability Density Function (PDF) table could be calculated. After that, the species cre-
ated could be checked in Materials.

. NO, model - This model was enabled so that NO, emissions could be predicted. It
was decided to use this model in postprocessing since it is the most efficient way to
use it, i.e., after the main calculations are done and the results have converged, all
the other equations will be turned off [66].

The selected pathways were Thermal NO, and Prompt NO, as these are the most
important ones [39]. Then the fuel species should be selected from the list (either
Jet A or ATJ, depending on the case). In the Thermal tab, equilibrium and partial-
equilibrium were chosen for the [O] and [OH] models, respectively. In the Prompt
tab, the Fuel Carbon Number and the Equivalence Ratio should be defined accord-
ing to Table [4.8 depending on the type of fuel and power setting.

Finally in the Turbulence Interaction Mode tab, the options temperature, beta,
30, transported and global-tmax were selected as the PDF Mode, PDF Type, PDF
Points, Temperature Variance and Tmax Option, respectively. This way, turbu-
lence fluctuations are taken into account [66].

Table 4.8: Important parameters to input in the NO, model3.

Parameter Power setting [%]
100 85 30 7
< Stoichiometric A/F 14.6 14.6 14.6 14.6
g Fuel carbon number 12 12 12 12
Overall equivalence ratio | 0.3970 | 0.3666 | 0.2552 | 0.2086
_ Stoichiometric A/F 14.9 14.9 14.9 14.9
> Fuel carbon number 13 13 13 13
Overall equivalence ratio | 0.4051 | 0.3741 | 0.2604 | 0.2129

4.5.2 Boundary Conditions Definition

Once the models are defined, the next step should be setting the boundary conditions.

Following Table l4.1, four types of boundaries are to be defined.

Starting with the Mass-Flow Inlets, in the Momentum tab, the Mass Flow Rate should
be introduced according to Table l4.7 and the Direction Specification Method was set as

3The stoichiometric A/F was calculated using Equation and the overall equivalence ratio using Equa-
tion b.d. All values were calculated using ICAO’s database [4§].
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Normal to Boundary for all inlets. A more realistic approach would require the air mass
flow to enter through the swirlers using a different Direction Specification Method, how-
ever, after trying several methods, including the ones reported by de Oliveira [g] and
Domingues [39], the result was always non-converging solutions, probably due to bad
definitions of the inlet angle. So it was decided to keep the air entering as normal to the
boundary, even though this might slightly influence the results. All the turbulence pa-
rameters can be changed, but it was decided to keep them as default. Since previously in
the species model, the operating pressure was defined as the outlet pressure, now in the
inlets, the Supersonic/Initial Gauge Pressure should be defined as the pressure variation
of the chamber (Table l4.6) for the air inlets and with the same value of the outlet pressure
for the fuel inlets (this way the inlet fuel pressure is double the operating pressure, i.e.,
operating pressure plus gauge pressure). Using this method, a more realistic approach
is taken regarding the pressure drop that combustors deal with. In the Thermal tab of
the Mass-Flow Inlets, the Total Temperature should be introduced according to Table
4.6 and according to the type of inlet (air or fuel). Finally, in the Species tab, the Mean
Mixture Fraction should be set to 1 for fuel inlets and o for air inlets (as explained in the

section p.7.3).

Regarding the other types of boundaries, Wall, Symmetry and Pressure-Outlet, all the
parameters were kept as default. This means that in the latter, the Gauge Pressure as-
sumed a value of zero which means that the pressure in the boundary will be the same as
the operating one (defined as the outlet pressure in the species model).

4.5.3 Solution Methods, Solution Controls and Monitors

Now that the modelling of the problem and the boundary conditions are defined, it is only
left to specify and define parameters regarding the solution of the problem. Here, are
included the solution methods (solver and spatial discretization schemes), the solution
controls and the monitors.

For this work, it was decided to use the Pressure-Based Solver. It is worth noting that all
simulations performed used the same parameters here mentioned. The Pressure-Velocity
Coupling scheme used was Coupled since it obtains more robust and efficient single phase
implementation for steady-state flows and, although it requires 1.5 to 2 times more mem-
ory, it has a higher rate of solution convergence [65, 66]. The chosen gradient method was
the Least Squares Cell Based because it has a comparable accuracy level to that of node-
based (and both superior to the cell-based gradient) but it is less expensive to compute
[65]. For the Pressure Interpolation Scheme it was decided to use the PRESTO! scheme
since it is the recommended one for flows with high swirl numbers, high-Rayleigh-number
natural convection, high-speed rotating flows and flows in strongly curved domains [66].
For all other equations, the Second Order Upwind scheme was used because it yields more
accurate results [66].
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Next, it is necessary to define the solution parameters that control the convergence of
the problem in the Solution Controls task page. It is usually recommended to leave this
set of parameters as default since for most cases they work generally well. However, be-
cause this case study is quite complex, the default parameters are too aggressive and lead
to divergence errors, e.g., divergence detected in AMG solver: enthalpy (a common er-
ror that appeared in this work). So these values had to be lowered so that convergence
was achieved and the solution was stabilized. The final parameters defined, used for all
simulations, are presented in Table 4.g. It is important to note that to reach this set of
numbers it was necessary to go through a trial-and-error approach until no divergence
was detected.

Table 4.9: Solution control values for Flow Courant Number, explicit relaxation factors
and under-relaxation factors4.

Parameter Value

Flow courant number 2

Explicit relaxation factors

Momentum 0.25

Pressure 0.25

Under-relaxation factors

Density 0.2

Body forces 0.5
Turbulent kinetic energy 0.2
Turbulent dissipation rate 0.3
Turbulent viscosity 0.3
Reynolds Stresses 0.2
Pollutant no 0.95
Temperature variance 0.9
Energy 0.4
Temperature 0.4

P1 0.65

Mean mixture fraction 0.3

Mixture fraction variance 0.3

During the solution calculation, it is a common error in CFD simulations to monitor the
convergence by only checking residuals. It is also important to monitor important values
and parameters for the specific case (pressure, velocity, temperature, etc.), since residu-
als may reach the intended values and the solution may not have converged. So, for the
residuals, it was used the absolute convergence criterion with the default values, i.e., all
equations should decrease to 10~ except for the P1 and energy equations which should
decrease to 1075, Besides this, the convergence of several important values was also mon-
itored, like: average absolute pressure, average total temperature and average velocity
magnitude in the fluid volume, average static temperature and average mass fraction of
NO, in the outlet of the combustion chamber and mass imbalance. So, the solution was

4The under-relaxation factors for the Pollutant no and Temperature variance equations were only used
in postprocessing.
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only considered converged when the above criteria were attained.

4.5.4 Solution Initialization and Calculation

The initial guess of values at the beginning of the simulation influences the convergence
velocity and stability. So, this initial set of values must be good and appropriate. For this
work, the option used was Hybrid Initialization because it allowed to obtain a smooth
and relatively quick convergence of the solution.

To ensure no errors exist within the case, i.e., in the mesh, models, boundaries or solver,
it is advised to Check Case before running the solution. After doing this and guaranteeing
no errors existed, the solution calculation is good to start.
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Chapter 5

Results

In this chapter, the results obtained from the simulations of the combustion of Jet A and
Gevo ATJ in the CFM56-3 combustor, for the LTO cycle, will be presented and analysed.
It was performed a total of 8 simulations and their respective postprocessing (to run the
NO, model independently), with the independent mesh, of which half of them were for
Jet A and the other half for the ATJ. Besides these, 2 other simulations were performed
for the mesh independence test, as explained in the section [4.3.2.4.

Firstly, an example of how the convergence evaluation was done for the simulations per-
formed, to ensure quality results, will be presented. After that, the influence of the two
different fuels on some parameters inside the combustion chamber will be analysed. Then
a more thorough analysis of the temperature distribution across the combustion chamber
for the two fuels throughout the LTO cycle will be presented. To ensure the obtained re-
sults follow the numerical and experimental data presented by Ribeiro [70], an analysis
will be done on the combustor’s outlet temperature. Finally, to carry out the main objec-
tive of this master’s thesis, an analysis of the emissions will be made. It will start with a
comparison of the results obtained for the Jet A simulations with data published by ICAO
[48]. Then the results regarding the emissions of the two different fuels will be compared.

It is worth noting that all results presented were obtained for a quarter section of the
CFM56-3 combustor. Furthermore, the plots were done in Microsoft Excel and the con-
tours were obtained using ANSYS Fluent.

5.1 Convergence Evaluation

The criteria used to analyse and ensure the convergence of the results obtained were pre-
sented in the section [4.5.4. So, taking these into account, an example of how the conver-
gence analysis was done for all simulations, will be demonstrated in the present section.
For this example, it was decided to use the ATJ simulation for the 30%-power condition.

It was previously mentioned that if the residuals decreased to a sufficient degree, one
of the criteria was met. So, starting with the residuals analysis, it was noticed that for
some of the simulations, the stipulated target for each of the equations’ residuals was
not always met. In these cases, especially for the continuity and the P1 equations, the
residuals stagnated at a certain value and would not decrease any further. However, the
values at which they stopped were not very far from the values they were supposed to
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attain. Considering this, and that the other convergence criteria were met (which will
be analysed below), it was decided not to find this as problematic. In Figure .1 a plot
of the residuals decreasing throughout the simulation is presented. This was one of the
simulations in which the continuity and P1 equations’ residuals did not reach the set values
of 1073 and 1076,

Scaled Residuals
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Figure 5.1: Plot of the residuals throughout the ATJ combustion simulation for the 30%-
power condition.

It is important to note that in Figure F.1, the residuals for the whole range of iterations,
specifically from 1 to 1500, are not plotted because ANSYS Fluent is not able to save all
the data regarding the residuals, so the older ones are gradually erased.

The second criterion to judge the solution convergence is checking if the monitored pa-
rameters defined in section converge to a value. Still for the same example, i.e., for
the ATJ combustion for the 30% power setting, in Figures 5.9 and |4 the average absolute
pressure and the average velocity magnitude in the fluid volume are plotted, respectively.
The other plotted parameters are presented in Appendix [B in Figures B.1, B.2, B.3 and
B.4. It is possible to conclude, looking at the plots, that all the chosen parameters to mon-
itor smoothly converged to a constant value. This way, another validation of the solution
convergence is given.

As a third and final criterion, the value of the mass imbalance should be ascertained to
be less than 0.5% of the total mass flow through the system [9, 39]. In this case, the
net imbalance was 1.57 x 1075, way below the defined threshold which also confirms the

solution convergence.

Although not presented in this work, the convergence analysis performed for the other 7
simulations yielded similar plots and values.
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Figure 5.2: Plot of the average absolute pressure in the fluid volume for the ATJ combus-
tion simulation at the 30% power setting.
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Figure 5.3: Plot of the average velocity magnitude in the fluid volume for the ATJ com-
bustion simulation at the 30% power setting.
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5.2 Fuel Change Influence in the Combustion Chamber

This section will compare some important factors inside the combustion chamber (mainly
temperature and velocity magnitude) between the two different fuel combustions. The in-
fluence of the fuel change on the combustion will be analysed, with a focus on the primary
zone characteristics that have a major impact on efficiency and emissions. This way, an
assessment of whether the chosen SAF can be a good replacement for the conventional jet
fuel can be made.

The comparison will begin with an evaluation of the static temperature distribution across
the combustion chamber. For that, the contours for both fuel combustions at a power
setting of 100% for this variable are presented in Figure f.4|.
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Figure 5.4: Static temperature contours at the cut-view plane of the rich fuel injector at
the 100% power setting: (a) for the Jet A fuel combustion, (b) for the ATJ fuel combustion.

It becomes clear looking at Figure k.4 that the static temperature distribution across the
cut-view plane of the combustion chamber is very similar, almost identical, for both fuels.
This is especially true for the primary zone where the temperature values are exactly the
same and the distribution follows the same pattern for both fuels. The only noticeable
difference between the two contours is located at the end of the combustion chamber, i.e.,
in the dilution zone. It is possible to see that for the ATJ fuel combustion, the temperature
is slightly higher and it has a marginally more consistent temperature distribution across
this zone. This difference, however, is so subtle that it can be disregarded. So, regarding
the static temperature distribution across the combustion chamber, it can be assumed
that the chosen ATJ fuel is a perfect replacement. It is important to note that in Figure
E.4 (b), the white dots dispersed in the contour are due to an error in the display done by
ANSYS Fluent.
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Another important parameter that should be analysed is the velocity magnitude. So, in
Figure f.5, the velocity magnitude vectors for both fuels at a power setting of 100% are

presented.
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Figure 5.5: Velocity magnitude vectors at the cut-view plane of the rich fuel injector at the
100% power setting: (a) for the Jet A fuel combustion, (b) for the ATJ fuel combustion.

Once again, looking at Figure [.5, the velocity magnitude vectors distribution across the
combustion chamber for both fuels proves and sustains the affirmation previously done.
No differences can be noticed comparing the two velocity magnitude fields, and so, once
more, the ATJ fuel can be considered a good replacement for the Jet A fuel. It is worth
noting that the velocity magnitude vector fields obtained can be a validation of the model
setups done to represent the combustion of the fuels inside the chamber since it is possible
to identify the recirculation zones in the primary zone. As mentioned in section p.3.4.1a
toroidal flow reversal that recirculates the hot gases should be expected in any combustion

chamber.

5.3 Temperature in the Combustion Chamber Throughout
the LTO Cycle

Itis also important to analyse the variation of the temperature distribution across the com-
bustion chamber throughout the LTO cycle, i.e., the variation of the temperature along
the four studied power settings. For that, Figures f.6, 5.7 and [.§ present the contours
of the static temperature in the cut-view plane of the rich injector for the 85%, 30% and
7% power conditions, respectively. The contour for the 100% power setting was already
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presented in Figure .4. Although the temperature distribution is practically similar for
the two studied fuels, it was decided to present both fuel combustion contours to compare
them and emphasize how akin their behaviours are. All the presented contours have the
same temperature scales so that comparison is possible between different power settings.
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Figure 5.6: Static temperature contours at the cut-view plane of the rich fuel injector at
the 85% power setting: (a) for the Jet A fuel combustion, (b) for the ATJ fuel combustion.

Looking at the presented contours of the static temperature it is possible to notice that
the temperature decreases alongside the decrease of the throttle position. Although this
is expected and almost obvious, since for lower throttle positions less fuel will be injected
and burned, this comes as a validation of all the cases modeled and simulated. It is also
possible to observe that the hottest area in the combustion chamber is always placed in
the primary zone, which is also expected since this is the main zone where the combustion
occurs and where the fuel is directly injected. For the cases of 100% and 85% power set-
tings, this hot area extends a bit further, until the secondary zone, which is normal since
as more fuel is being burned, harder it becomes to cool down the gases before reaching
the combustor exit. Finally, it is possible to examine that the dilution and cooling of the
gases are correctly modelled since the temperature decreases the closer the gases come to
the combustor exit, albeit to a lesser degree for the 100% and 85% power conditions. As
previously mentioned, the behaviour of the ATJ fuel combustion regarding this parameter
is the same as the one of the Jet A, which makes this alternative fuel a perfect substitution,
since this way no modifications are needed for the combustor. The black dots present in
the contours of Figures 5.6 (b) and .7 (b) are also due to errors in the display done by
ANSYS Fluent.
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Figure 5.7: Static temperature contours at the cut-view plane of the rich fuel injector at
the 30% power setting: (a) for the Jet A fuel combustion, (b) for the ATJ fuel combustion.
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Figure 5.8: Static temperature contours at the cut-view plane of the rich fuel injector at
the 7% power setting: (a) for the Jet A fuel combustion, (b) for the ATJ fuel combustion.
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5.4 Combustor’s Outlet Temperature

The combustor’s outlet temperature is one of the most important parameters regarding
the efficiency and the life expectancy of some of the GTE parts. So, this should be anal-
ysed and compared between the two fuel combustions to first assess if the models were
correctly set and then if the alternative fuel behaves similarly and can replace the Jet A
fuel in this regard. In this section, the exit combustor temperature obtained for the 100%
power setting burning Jet A fuel will also be compared with the value reported by Ribeiro
[70] and this way, serve as a validation for the results obtained in the simulations done in
this work.

All the data regarding the average static outlet temperature for both fuel combustions
is presented in Figure .9 and also in Table .1 since the values are very close for both
combustions and are better interpreted if presented in these two distinctive matters.
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Figure 5.9: Plot of the average static outlet temperature for each power setting burning
Jet A fuel and ATJ fuel as well as the reference value reported by Ribeiro [[70].

Table 5.1: Average static outlet temperature for each power setting burning Jet A fuel and
ATJ fuel.

Power setting [%]

100 85 30 7

Average static outlet temperature
burning Jet A fuel [K]
Average static outlet temperature
burning ATJ fuel [K]

1649.08 | 1552.88 | 1178.10 | 1007.21

1660.57 | 1569.45 | 1189.52 | 1017.60

Looking at the data presented in Figure .9 and Table k.1, specifically at the value obtained
burning Jet A at full power and considering that Ribeiro [70] reported a value of 1649.94
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K, the achievement of the reference outlet temperature can be considered a success and
the results can be considered validated in this regard. To be more specific, for this power
condition, the error was only 0.05%, which is practically null.

It is also possible to observe that for all power conditions, the outlet temperature achieved
by burning the ATJ fuel is slightly higher. This is probably due to the higher LHV of the
GEVO’s ATJ when compared with the Jet A fuel, however, this slight temperature differ-
ence should not be problematic, since for full power (the most critical case) this parameter
doesn’t exceed an 11 K of difference. Although in similar works ([¢] and [39]) it was de-
cided to adjust the fuel mass flow rate of the alternative fuel, for this work it was decided
to keep it the same for both fuels since they are chemically very similar. If, however, the
outlet combustor’s temperature is desired to be exactly the same when burning the ATJ
fuel, it is only necessary to marginally reduce the quantity of fuel injected. This way, the
same conditions are achieved and at the same time a fuel reduction is accomplished. This
slight reduction can become significant when a broader perspective is taken into account,
i.e., considering the whole quantity of fuel that an aircraft carries.
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Figure 5.10: Static temperature contours at the outlet surface at the 100% power setting:
(a) for the Jet A fuel combustion, (b) for the ATJ fuel combustion.
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Still concerning the outlet temperature, it is pertinent to analyse the temperature pro-
file. So, Figure presents the contours of the static outlet temperature for both fuel
combustions at full power.

It is possible to conclude looking at Figure that for both cases the temperature is not
constant and uniform along the outlet section. This is undesirable and can become prob-
lematic since the existence of these hot spots can lead to faster degradation of the turbine
nozzle guide vanes and the turbine blade. The hot spots are naturally more pronounced
in the rich mixture injector zone (the middle of the surface) where the combustor attains
higher temperatures. This problem can be due to the non-modelling of the swirl effect
which probably hinders the mixing and the complete combustion in the primary zone.

5.5 Emissions Analysis

To conclude the presentation and discussion of the results, in this section an emissions
analysis will be demonstrated. Several pollutants can be studied but in this work, it was
decided to analyse the emissions of NO, and CO as ICAO presents experimental data re-
garding these pollutants in its database [48]. Besides these, the emissions of CO, will also
be investigated as this is one of the main GHG, even considering that CO, is a natural
byproduct of a complete combustion. To be able to compare the results obtained in the
simulations with the ICAO data, all emissions will be presented as EIs. So, Equation f.1
will be used to calculate them.

Pollutant flow rate [kg/s] x 1000

1y [kg/s]
_ Pollutant mass fraction x (1, + 1y) [kg/s] x 1000
B iy [kg/s]

EI [g/kg of fuel] =

(5.1)

The pollutant mass fractions were obtained by reporting the area-weighted average mass
fraction of each pollutant on the outlet surface in ANSYS Fluent. It is important to note
that although the simulations were performed for a quarter section of the combustor, since
all flow rates in Equation [.] are for that same quarter section, there is no need to multiply
them by four because they would cancel each other. This means the results obtained from
the equation can be directly compared with the ICAO data. Furthermore, it is also worth
noting that the units of the EI are grams of the pollutant per kilogram of fuel burned.

5.5.1 NO, Emissions

The main pollutant emission to be analysed is the NO, emission, since as mentioned in
section [.1 these are one of the prime responsible for contrail formations and therefore
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warming effect. In Figure the results for the NO, Els obtained for both fuel combus-
tions are compared with the ICAO values.
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Figure 5.11: Results of NO, EI for both fuel combustions compared to the NO, emissions
reported by ICAO, for each of the four studied power settings.

First, it is possible to check that, as expected, the results obtained for both fuel combus-
tions follow the correct NO, emissions trend along the LTO cycle, i.e., with the increase in
power, the emissions also increase. This tendency for NO,, emissions to increase with the
throttle position happens because this pollutant formation is enhanced at higher tempera-
tures. So in this regard, the results obtained are in agreement with the experimental data.
On the other hand, comparing the values for the Jet A combustion (control simulation)
with the experimental data, it can be observed that for the two lower power settings the
ANSYS Fluent NO, model underestimated the pollutant emissions and contrary, for the
higher power settings, the emissions were overpredicted. The biggest discrepancy for the
higher power settings was for the full power condition where the EI obtained through the
simulation was approximately 1.9 times higher, while for the underestimated values, the
biggest difference was for the 7% power condition where the obtained EI was almost one-
third of the experimental value. However, even taking this into account, the results can
be considered validated in this regard, since numerically simulated emission results are
difficult to match with experimental data, the trend was nevertheless correctly predicted
and the results were not very far off from the experimental ones.

With what was mentioned above in mind, a comparison between the NO, emissions of
the two fuel combustions should and must be done. At first look, it is possible to conclude
that the alternative studied fuel emits slightly less nitrogen oxides than the conventional
one. It can also be observed that the emission indices follow the same pattern for both
fuels and although it seems that the difference between the two fuel emissions increases
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with power, the ratio between the two EI is proportional throughout the whole LTO cycle.
Moreover, although one might think, looking at the chart, that the difference in emissions
is negligible, it is important to remember that this difference should be scaled up to the
effective quantity of fuel that an aircraft carries and burns during a flight since the pre-
sented results are for a kilogram of fuel. So it can be concluded that GEVO’s ATJ fuel can
be a potential alternative fuel for reducing NO, emissions.

To have a better understanding of where the NO, is formed inside the chamber, Figure
presents a contour of the mass fraction of NO, in the cut-view plane of the rich mix-
ture injector for the ATJ fuel combustion at full power condition.
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Figure 5.12: Contour of the mass fraction of NO, at the cut-view plane of the rich fuel
injector at the 100% power setting for the ATJ fuel combustion.

It is clear, looking at Figure .13, that the majority of NO, formation occurs in the sec-
ondary and dilution zone, probably because these zones are more prone to oxidation.
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5.5.2 CO Emissions
Contrary to what happened with the NO,. emission predictions obtained with the simula-

tions, for the CO emissions the results were not satisfactory. In Figure the results for
this pollutant EIs obtained for both fuel combustions are compared with the ICAO values.
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Figure 5.13: Results of CO EI for both fuel combustions compared to the CO emissions
reported by ICAO, for each of the four studied power settings.

In this case, it can be observed that the emissions of CO were not correctly predicted. Be-
yond the fact that the values of the control simulation (Jet A fuel combustion) are very far
from the experimental data, especially for the high-power conditions, the tendency of the
carbon monoxide along the LTO cycle is wrongly predicted. With the increase in power,
the emissions of this pollutant should decrease since the combustion gets more efficient
and complete and for both fuel simulations, the inverse is happening. So, the results re-
garding the CO emission can’t be validated and are not reliable. This erroneous predic-
tion is most likely due to the non-modelling of the swirl effect in the air swirlers, as well
as the non-modelling of the fuel atomization in the fuel inlets. These promote the mixing
of the fuel and enhance combustion efficiency, which would increase CO, formation and
decrease CO emissions, mainly for high-power conditions. Regarding the comparison be-
tween the two fuel combustions, it can be seen that the ATJ fuel produces slightly more
carbon monoxide for all power conditions, however, this prediction isn’t well-founded and
cannot be trusted.

In Figure a contour of the mass fraction of CO in the cut-view plane of the rich mixture
injector for the ATJ fuel combustion at full power condition is presented. Here, it can be
seen that the main concentrations of this pollutant occur in the primary zone and that they
decrease in the secondary and dilution zones. This was expected, since, as mentioned in

93



section P.3.4.4 the carbon monoxide is formed in the primary zone and is oxidized in the
secondary zone and transformed into CO..
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Figure 5.14: Contour of the mass fraction of CO at the cut-view plane of the rich fuel
injector at the 100% power setting for the ATJ fuel combustion.

5.5.3 CO, Emissions

Finally, CO, emission will have a brief analysis. Although no validation of the results can
be made since no experimental data was found for the carbon dioxide emissions for the
studied engine combustor, it was still decided to present a comparison between the two
fuel combustions. It is important to remember that CO, is a natural byproduct of complete
fuel combustion and so, compared with the previous pollutant emissions analysed, the EIs
are much higher in value. Figure presents the results obtained for CO, Els for both
fuel combustions.

Looking at the chart it can be deduced that the burning of the ATJ fuel has the potential
to greatly reduce the amount of CO, emitted during combustion. This, paired with the
capacity of SAF to reduce CO, emissions during their life cycle, can be a game changer in
mitigating the negative impact of aviation on climate change. It is, however, important to
emphasize that this prediction wasn’t validated with experimental data.
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Figure 5.15: Results of CO, EI for both fuel combustions for each of the four studied power
settings.
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Chapter 6

Conclusions and Future Research

6.1 Conclusions

In this master’s thesis, a numerical analysis comparing Jet A and ATJ combustion in a
CFM56-3 combustor was performed for the four power settings of the ICAO’s LTO cy-
cle using the CFD software ANSYS Fluent. This work’s main objectives were to correctly
model the Jet A fuel combustion inside the combustion chamber and validate the results
with available numerical and experimental data. Then, to analyse the pollutant emissions,
NOy, CO and CO,, produced by the alternative SAF fuel and compare them with the ones
resulting from the conventional fuel combustion. Finally, to assess the ATJ fuel’s capacity
to replace the Jet A fuel in terms of performance parameters, i.e., key parameters inside
the chamber, and thus evaluate its drop-in suitability.

In Chapter [i, a brief historical review highlights key efforts made to test and approve the
SAF in the aviation industry, while a bibliographical review presents some of the most
significant studies regarding the analysis of the emissions, performance and energy con-
version of the combustion of alternatives to petroleum-based fuels. After that, Chapter
presents fundamental aspects of turbofan engine operation, with a focus on the combus-
tor and its combustion reactions. This way, by providing a clearer understanding of its
operating method, the modelling of the combustor was made easier. Chapter f discusses
the fuels’ characteristics and properties and introduces the selected SAF, Gevo’s ATJ fuel,
used in the simulations for comparison purposes. It was also explained, in this chapter,
how difficult it was to find available information regarding the thermodynamic properties
of SAF and how this influenced the choice of the alternative fuel.

Chapter |4 presented the most challenging tasks of this study. Here, the methodology
followed to obtain the final mesh, boundary conditions, combustion model, turbulence
model and the whole problem setup is presented. The importance of all these variables
in obtaining satisfactory results was what made it all so demanding. Beyond the inherent
difficulty of this type of analysis, the author was initially unfamiliar with the subject, re-
quiring significant time investment to grasp key concepts, especially in combustion ther-
modynamics, mesh generation, and turbulence and chemistry models. To learn how to
handle ANSYS Fluent and Fluent Meshing software was also necessary. Despite these
challenges, the experience significantly enhanced the author’s knowledge and will be valu-
able for future endeavours.

Finally, Chapter § presents all the results obtained and their consequent discussion. Over-
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all, the outcomes were highly satisfactory. The results obtained for the control simulation,
i.e., the Jet A fuel combustion, showed minimal error when analysing the general perfor-
mance inside the chamber. More specifically, the outlet surface temperature for the full-
power condition, compared with the experimental/numerical data from [70], matched
perfectly, with an almost negligible error. Additionally, as power varied, the temperature
followed the expected trend, and the velocity magnitude vector field was well modelled,
accurately capturing the recirculation zone. Regarding the obtained emissions values,
which were compared with the experimental data published by ICAO in [48], the results
of the NO, emissions were generally good, however, the same cannot be said from the CO
emissions. For the former, the correct variation with power was obtained, i.e., the emis-
sions of NO, increased with power, as they should. In contrast, CO emissions exhibited
an incorrect trend, increasing with power instead of decreasing. This discrepancy could
stem from multiple factors, as the study involves numerous variables. However, the au-
thor believes the primary causes were the lack of swirl effect modelling in the air swirlers
and the absence of fuel atomization modelling at the inlets. Thus, while the results were
validated overall, the CO emissions remain an exception, though the model can still be
considered satisfactory.

When comparing the two fuels, several observations can be made. First of all, Gevo’s ATJ
fuel combustion behaviour inside the combustion chamber was very similar to that of con-
ventional fuel. This suggests that for the main studied performance parameters, temper-
ature and velocity, the alternative fuel presented itself as a strong replacement candidate,
since for these parameters the values and distributions obtained showed minimal differ-
ences. It was even predicted that a possible fuel consumption reduction, obtaining the
same performance parameters, can be attained when compared with the Jet A fuel.

In terms of emissions, NO, results indicated a possible reduction across all power con-
ditions. At full power, a small decrease of 3 grams per kilogram of fuel was predicted,
which, when scaled to total fuel consumption over a flight, can make a large difference and
help reduce this pollutant emission in the aviation industry. Regarding the CO emissions,
and according to simulations, the ATJ fuel combustion may be more polluting. However,
since CO predictions for the control case were inaccurate and deemed invalid, this result
remains inconclusive. Lastly, CO, emissions were also compared between the two fuels,
although without experimental data for validation. The findings demonstrated that a po-
tential reduction in this GHG can be attained when using ATJ fuel.

6.2 Future Research

As mentioned several times in the course of this work, combustion is a highly complex
process influenced by numerous variables. For that reason, this study could not cover all
of these distinct parameters that could improve results. Ergo, future research can build

98



upon this work by focusing on the following aspects:

« Incorporate the modelling of the swirl effect in the air swirlers and fuel atomization
in the inlets as it can enhance the mixing inside the chamber and possibly improve
emissions results;

« Investigate performance and emissions when using ATJ/Jet A fuel blends (e.g., 25/75,
50/50, and 75/25);

» Conduct a more comprehensive search for the thermodynamic properties of other
SAFs and include them in this study;

» Repeat the study with more computationally demanding turbulence models, such
as LES or DNS, or adopt a transient approach in an attempt to get better results;

« Combine this study with a complete life cycle assessment of the ATJ fuel to deter-
mine its overall advantages over conventional fuels.
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Appendix A

Thermodynamic Properties of Gevo ATJ in
CHEMKIN Format
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Appendix B

Results

Average total temperature vs Iterations
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Figure B.1: Plot of the average total temperature in the fluid volume for the ATJ combus-
tion simulation at the 30% power setting.
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Figure B.2: Plot of the average static temperature in the outlet of the combustion chamber
for the ATJ combustion simulation at the 30% power setting.
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o8 Mass imbalance vs Iterations
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Figure B.3: Plot of the mass imbalance for the ATJ combustion simulation at the 30%
power setting.
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Figure B.4: Plot of the average mass fraction of NO, in the outlet of the combustion cham-
ber for the ATJ combustion simulation at the 30% power setting.
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