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Abstract

A growing concern over the irreversible effects of global warming has led to the creation of international
carbon neutrality goals by 2050. The mounting demand placed on the aviation sector creates growing
pressure on new and innovative solutions to offset the growth in predicted aircraft emissions. Among
many, hydrogen combustion offers a uniquely auspicious yet challenging approach to carbon neutrality
in aviation. This project aims to study the effect of low temperature hydrogen and air injection on fuel
mixing quality, the emission of secondary combustion pollutants, and the reaction zone interactions
with the flow field. Large Eddy Simulations using detailed combustion models and a skeletal chemical
kinetic mechanism are implemented to simulate the combustion of a hydrogen enriched jet A-1 spray
flame. Using a scale model of the Auxiliary Propulsion and Power Unit (APPU) combustor, two similar
simulations are set up, the first with an air/hydrogen inlet static temperature of 250 K and the second
with an air/hydrogen inlet static temperature of 400 K. The final results are post processed and analysed.
The results show a clear increase in mixing quality between hydrogen and jet A-1 when the tempera-
ture is decreased for this combustor geometry, strongly corroborating the initial hypothesis. Additional
results suggest that the combined effect of lower injection velocity and lower temperature injection of
air/hydrogen may lead to an increase in the flame stretch for the reaction zones closest to the injector
and an increase in flame structure length. Analysis of species distributions reveals significant spatial
variations across the combustor. Still, only a significant and conclusive reduction in CO emissions with
a decrease in inlet temperature could be established. The limited computational resources associated
with this research consequently limit the quantification of the observed phenomena, however, the anal-
ysed trends provide sufficient evidence to support the use of lower temperature hydrogen as a potential
solution to the issues associated with the mixing of both fuels and towards lower emissions combustion.

Keywords Hydrogen-assisted combustion; Aircraft combustors; Aircraft emissions; Fuel mixing qual-
ity; Large Eddy Simulation (LES); Skeletal chemical kinetics; Detailed combustion chemistry; Flame
stretch;
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Introduction

1.1. Review of aircraft emissions and clean energy goals

As concerns about global warming lurk around almost every service and manufacturing based sec-
tor of the economy, topics surrounding the reduction of aircraft emissions have taken centre stage in
Aerospace research. Currently, the aviation sector accounts for 2% of the total CO, emissions and 4%
of the global greenhouse emissions accounted for in a 2024 study by United Nations Environment Pro-
gramme (UNEP) [1]. Predicting how these emissions will evolve over the coming decades has recently
proven to be challenging, as the COVID-19 pandemic halted most air travel for nearly one year, high-
lighting uncertainties in past emission projections that did not account for this effect. ICAO emission
reports from 2019 [2], and from 2025 [3] show that the pandemic will likely result in a reduction of the
predicted total aviation emissions over the following decades compared to the previous estimates. As
of the writing of this report, the pandemic is still a recent event, and the latest emission reports are still
marked by uncertainties over how the market will recover over the next few years. However, newer data
from European Commission, Climate Action [4] shows that aircraft emissions levels in 2023 equalled
80% of the emission levels reported before the pandemic, and while emissions have still not matched
the previous estimates, these results suggest that the original trend might hold accurate over the long
run as the demand for commercial flights returns to the estimated values[5] and emission levels are
expected to reach a new record by 2025[6]. Attending to these emission reports, it can be estimated
that fuel consumption, and consequently aircraft CO, emissions, is expected to triple or quadruple over
the next 30 years if no other pre-emptive measures are taken to address this issue. Additionally, the
reports also predicts a rise in NO,, emissions at altitudes below 915m by 2 to 3 times the current value
over the same period, which directly translates into worse ground level air quality.

Aircraft emissions can be broken down into the unavoidable, direct products of a theoretically perfect
combustion of fossil fuels, that is, CO, and H;O, and the indirect by-products from the incomplete
combustion of fuel and from several secondary reactions that lead to the formation and emission of
Soot, NO,, CO, Unburned Hydrocarbons (UHC), SO,, among others. One study from Teoh et al.
[7] modelled the emissions of a significant portion of all regional and international flights in 2019 and
estimated that the aviation sector was responsible for the emission of 892 Tons of CO, and 348 Tons
of H50, which would be expected from the reported 283 Tons of fuel burn. These emissions constitute
an overwhelming majority of aircraft emissions and directly contribute to the greenhouse effect. The
emission rates of both pollutants are relatively constant across different engine technologies. On the
other hand, the same model also estimated that, in total, as many as 4.49 Tons of NO,, 0.4 Tons of
CO, 0.34 Tons of SO4, and 0.02 Tons of soot were emitted from all the recorded flights in this database.
Despite these indirect pollutants making up a fractional portion of the total emissions count, the impact
on the atmosphere is still significant and unique.

The specific impact of aviation emissions on global warming has been previously studied with the use
of a Radiative Forcing (RF) factor, which measures the change in the balance between incoming and
outgoing infra-red radiation from the earth’s atmosphere immediately after the pollutant is introduced
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into the atmosphere, and the Effective Radiative Forcing (ERF) which measures the same change but
taking into account fast changing atmospheric phenomena that may or may not result in a suppression
of the impact that pollutant has on the net infra-red radiative flux. Lee et al. [8] studied and estimated the
impact of each of the common aircraft emissions using this metric, and the data collected in Figure 1.1
highlights how each pollutant contributes to the greenhouse effect. Using this analysis, it can be seen
that CO, has a consistent and significant long term impact on the radiation flux balance, making its
impact on the greenhouse effect fairly predictable. The other direct pollutant, H,O, has a much less
significant direct impact on the RF, however, it can lead to the formation of contrails, which do signif-
icantly change this balance, even when accounting for the short term dissipation of these formations,
as observed from the ERF metric in Figure 1.1.

Global Aviation Effective Radiative Forcing (ERF) Terms
ERF RF ERF onf.
(1940 to 2018) mwm? | mwm? | RE |eeels

LN L L L L L B B LB B B
Contrail cirrus |
57.4 111.4

in high-humidity regions %‘, (17, 98) (33,189) | 0.42 | Low
1
]
I_{ l
I

Carbon dioxide (COy)
emissions

Nitrogen oxide (NOy) emissions |
; [

Short-term ozone increase X
Long-term ozone decrease I

1

Methane decrease 1

1

Stratospheric water vapor decrease |

[

Net for NO, emissions

Il
I
! 34.3 (28,40) | 34.3 (31, 38) 1.0 | High
I

49.3 (32,76) | 36.0(23,56) | 1.37 | Med.
-10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1.18 | Low

-21.2 (-40,-15) | -17.9 (-34,-13) | 1.18 | Med.

-3.2 (-6.0,-2.2) | -2.7 (-5.0,-1.9) | 1.18 | Low

17.5(0.6,29) | 8.2(-4.8,16) | — | Low

Water vapor emissions in
the stratosphere

Aerosol-radiation interactions r

2.0(0.8,3.2) | 2.0(08,3.2) [1] | Med.

1
! 0.94 (0.1,4.0) | 0.94 (0.1,4.0) | [1] Low
.l Best estimates

-from soot emissions

Net aviation (Non-CO; terms) 66.6 (21, 111) | 114.8 (35, 194) | —- | ——

|
|
I
-from sulfur emissions : |~ 5 - 95% confidence -7.4 (-19,-2.6) | -7.4 (19, 2.6) | [1] | Low
| 1
Aerosol-cloud interactions : :
-from sulfur emissions | | — No best No best - | Very
-from soot emissions : : S estimates estimates —- | low
I
|
1
|

Net aviation (All terms) 100.9 (55, 145) | 149.1 (70, 229) | — | —

Pl 01
-50 0 50 100 150
Effective Radiative Forcing (mW m2)

Figure 1.1: Best estimates for climate forcing terms from global aviation from 1940 to 2018. The bars and whiskers show
ERF’s best estimates and the 5-95% confidence intervals, respectively. Red bars indicate warming terms and blue bars
indicate cooling terms. Numerical ERF and RF values are given in the columns with 5-95% confidence intervals along with
ERF/RF ratios and confidence levels. Courtesy of [8].

Not only is NO, a greenhouse gas, with the increase of this species immediately leading to the increase
of overall RF, but it has also been studied to be the dominant contributor to changes in atmospheric
ozone and aerosol concentration, dominating changes in surface air quality [9]. NO,. emission traceable
to aircraft operations has been found to significantly worsen annual human exposure to particulate
matter, which is typically not seen with CO, or H,O emissions [10][11]. Lee et al. [8] quantified some
of these effects in their ERF calculations (Figure 1.1) which further allows for an interpretation of the
impact of NO, emissions on the greenhouse effect compared to CO,, and while the combined effect
of all the long term phenomena will result in an ERF < 1, the short term increase of ozone due to this
pollutant will have a significantly higher impact on global warming than CO,. Additionally, beyond the
greenhouse effect, NO, alongside SO,, are both responsible for the formation of acid rain that disrupts
crop formation [12].

Soot emissions represent a small direct contribution to global warming compared to almost all other
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emissions as account for by [8], however it has been suggested that the impact of soot might be higher
at cruise phases, where soot might interact with contrails to increase their ERF further [8], [13], [14].
The lack of research on this topic results in low confidence estimates for the real impact of soot, however
it's reusable to say that this pollutant should be reduced as it leads to the decrease in air quality around
airports [9].

Although UHC and CO are typically not directly responsible for significant changes in ERF values and
are not considered significantly impactful greenhouse gases, their impacts on air quality and atmo-
spheric phenomena have been well documented. Most concerningly, when injected into the atmo-
sphere, CO can react with NO,, to form ozone, CO,, and other greenhouse gases, which do play a
significant role in increasing the RF [8]. Both UHC and CO emissions are considered hazardous air
pollutants and have been linked to adverse health effects [15].

The concern placed on aircraft emissions reflects the knowledge that has been obtained about the
impact of each pollutant on the greenhouse effect, air quality, and, by extension, human and animal
health. If predicted trends accounting for the lack of action towards the carbon neutrality targets are
realized, then the impact of aircraft on the atmosphere could become far more dominant. Alternative
trends that reflect the existing effort towards the reduction of some or most of these pollutants have
been made and show a more optimistic outcome for the next 30 years, depending on the success of
upcoming technologies [2].

1.2. Alternative jet fuel for the reduction of aviation emissions

The 2025 ICAO emission trend report [3] underlines a series of strategies for the reduction of the esti-
mated emissions over the next decades and shows that aircraft technology improvements account for
the most significant reductions in emissions directly emitted by aircraft. Furthermore, the best scenario
for the adoption of alternative aircraft fuels as a replacement for traditional jet fuel blends can yield
an additional 53% reduction in total CO, emissions (including lifecycle emissions), in addition to the
aforementioned CO,, reductions. Current action focuses on the development of fuel efficient engines
such as high bypass ratio engines, alternative fuel powered propulsion systems such as hybrid or fully
electric propulsion systems, lightweight materials and fuselage drag reduction strategies and on the
implementation of alternative jet fuels (SAF/ATJ).

The use of SAF has been strongly encouraged as a readily applicable emission reduction strategy
and Drop — in'. SAF blends are currently at a Technology Readiness Level category of 8-9 and al-
ready represent close to 0.5% of all jet fuel consumption as of 2024 [3], [16]. Current commercially
viable Drop — in SAF blends are similar in chemical composition and thermodynamic characteristics
to typical aircraft fuels and are typically only used in blends of up to 50% with typical aircraft jet fuel
[17]. Consequently, the impact on aircraft emissions from the use of SAF is negligible when consid-
ering only direct aircraft emissions. However, depending on fuel sources and production pathways,
CORSIA certified sustainable aviation fuels are reported to have significantly lower lifecycle emissions
compared to the lifecycle emissions of typical aircraft fuels [18], [19]. Independent studies have also
found that the implementation of SAF can lead to measurable improvements in air quality near airports
[15]. Furthermore, a recent climate modelling study has found that not only significant equivalent CO,
emissions reductions can be achieved for certain SAF, depending on the production pathways, but
also that this positive effect scales with flight range [20]. Future directives by the ReFuelEU aviation
initiative have set goals for 70% of all aircraft fuel to be sourced from sustainable pathways by 2050
[16], [21], reflecting an optimistic push for SAF in efforts of reaching carbon neutrality within the next
30 years.

However, the current limitations of SAF pose significant obstacles to the goals defined by the ReFuelEU
initiative. A report from the U.S. department of Energy [17] highlights the high costs of SAF production
and certification relative to traditional jet fuel, the limitations in the feedstock availability that tighten
the production rate of SAF, the lack of sufficiently similar fuel properties for some of the production
pathways that limit operability limits and typically restrain the use of SAF to a certain blend and lack of
policy incentives for the use of SAF as reasons for the slow adoption of SAF into the market. Despite the
current availability of SAF, market research suggests that a significant amount of technology research

" Drop — in SAF fuel blends refer to fuel blends that can be used in traditional aircraft engines
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and investment is needed in both aviation and all the sectors of feedstock production, which presents a
considerable challenge in itself. Furthermore, if a combination of policy, funding and research align to
overcome the challenges of SAF until 2050, the estimated reduction in overall CO5 emissions [3] might
be offset by the environmental impacts of increasing the feedstock production rate and any sudden rise
in total passengers per year, leading to an ambiguity of whether the investment will lead to the goals
defined for CO, emissions in and out of the aviation industry [22], [23]. For this reason, research on
fuel reduction strategies is currently diversified beyond the use of already existing SAF.

An alternative strategy with the potential to curb CO, emissions at their source is the use of non-
Drop—in SAF. These fuels are held back by either limitations in current engine and facilities technology
or by constraints associated with the fuel itself. Non carbon based alternatives such as hydrogen and
ammonia, and the research associated with these alternatives, are underlined as highly promising
strategies for deeper carbon emission cuts by governmental aviation agencies [3], [16]. The face value
of this alternative is the reduction of carbon emissions roughly proportionally to the blend ratio of jet fuel
with hydrogen based SAF, where an aircraft running on 100% hydrogen based SAF will not emit any car-
bon emissions. However, the lack of infrastructure and regulations to deal with the storage, transport,
and consumption of hydrogen, either in its liquid or gaseous form, and the issues related to the energy
extraction from hydrogen, either by direct combustion or by the spontaneous redox reaction associated
with hydrogen fuel cells, presents serious challenges for the use of hydrogen in aviation [24]. Current
trends by the Air Transport Action Group [25] suggest that, if focus is directed towards the successful
development of electrification of the propulsion based systems and towards the hybridization and elec-
trification of large and small aircraft propulsion systems, then hydrogen could represent up to 20 — 25%
of total aviation fuel consumption by 2025. This scenario is overly optimistic and arguably unrealistic
as it assumes a significant shift in the technological state of the art and in policies over a short period
of time. However, it reveals a potential end goal of the development of hydrogen based propulsion
systems. The feasibility of these trends depends on the effort invested in researching solutions to the
many challenges faced by these Drop — in SAF.

1.3. Hydrogen as an alternative fuel

As an alternative fuel, liquid and gaseous hydrogen requires extensive research and investment to
become economically and regulatory viable. Liquid hydrogen has a mass energy density close to three
times that of traditional jet fuel [26] and is about 100 times more energy dense than typical market
batteries, representing a much lighter option compared to other fuels and propulsion systems. The
issue, however, is that long term liquid hydrogen storage is impractical and requires systems capable of
handling the extreme storage conditions [27]. The storage issue can be alleviated by keeping hydrogen
in its gaseous state, however, the volumetric density of gaseous hydrogen is several hundred times less
than that of typical carbon based fuels [26], requiring unreasonably large storage volumes typically not
achievable for aircraft. Even so, studies suggest that long haul aircraft specifically optimized for pure
hydrogen combustion can significantly benefit from a reduction in total energy consumption [26], [28],
[29].

The use of hydrogen in fuel blends has the trivial impact of lowering the carbon based emissions com-
pared to the same amount of traditional jet fuel burned since it lacks any carbon in its chemical de-
scription. Additionally, it has been reported that hydrogen is able to diffuse and mix with air far more
efficiently when compared to typical jet fuel, which, when paired with the smaller lean flammability limit
of a hydrogen/air combustion, can allow for combustor designs with a reduction of up to 90% in nitrogen
oxide emissions [30], [31], [32]. Hydrogen is not entirely emission free, as one of the primary products
formed from this combustion process is water. For the same energy released, hydrogen combustion
can produce up to 2.6 times more H,O than typical jet fuel combustion, which although concerning
since the impact of H,O on the upper troposphere is still not fully understood, current climate models
have shown that the reduction of carbon based emissions off-sets the impact due to increase in H,O
emissions on global warming [30], [33].

Concerns over hydrogen combustion in aircraft are often centred on the differences between a hydro-
gen flame and a kerosene flame in the same combustor, which make hydrogen a Non Drop — in fuel
and require a significant overhaul of current engine technology. Hydrogen diffuses and mixes in the
combustor far faster, and the resulting flame speed is ten times as fast as the flame speed of typical
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kerosene or methane mixtures in aircraft combustors [34], [35]. This behaviour increases the risk of
flashback in combustors where hydrogen is injected upstream with the oxidizer, as hydrogen mixtures
can be observed to be within flammability limits much closer to the injection point and can lead to a
premixed flame that quickly travels upstream for a combustor design that is not engineered for the new
flame speeds. New combustor designs account for this risk of flashback by either keeping the hydrogen
to jet fuel blend ratio low, increasing the injected flow velocity to avoid flashbacks or by using novel Mi-
cro Mixing combustor technologies [32], [35]. Furthermore, depending on the combustor configuration,
the production of NO, emissions might be amplified by the formation of high-temperature hydrogen
flames, which enhance NO,, production through thermally activated pathways that would otherwise not
be as active in typical jet fuel flames [34], [35].

Hydrogen can also achieve the same net-zero goals established by the ReFuelEu initiative through
the reduction of lifecycle emissions. Some of the production pathways, such as "black hydrogen” pro-
duction using coal, "grey hydrogen” production using gas, "blue hydrogen” production using gas but
with CO, sequestration and "magenta hydrogen” production with methane dissociation, also lead to
the production carbon based emissions that are either emitted into the atmosphere or retained in con-
tainers. Other alternative production pathways such as "green hydrogen” production, do not produce
any carbon based pollutants, yielding zero lifecycle carbon emissions. Depending on how pollutants
are accounted for, "green hydrogen”, "magenta hydrogen” and "blue hydrogen” might allow for the pro-
duction of hydrogen with net zero emissions of carbon based pollutants. Depending on the market
evolution and future investments, a framework can be built for the increase of production of hydrogen
through "green hydrogen” production pathways, paving the way for a strictly net zero fuel alternative
[35].

Hydrogen stands as one of the most promising SAF that could help achieve the 2050 aviation emission
goals. However, significant challenges have hindered its use in the current industry. A review of the cur-
rent state of liquid hydrogen use in aviation [32] highlights projects such as FlyZero from the Aerospace
Technology Institute [36], HySIITE from Pratt & Whitney [37] and CRYOPLANE from Airbus Deutsch-
land GmbH [38] and their successes in in assessing the viability of hydrogen as a alternative fuel for
net-zero carbon emissions, either by the direct combustion of hydrogen or by the use of hydrogen fuel
cells. Common challenges of these approaches include the lack of sufficiently advanced technology
state of the art to address the issues with storage, combustion and transport of hydrogen in its critical
conditions and consequently the high cost necessary for the development of these technologies.



1.4. Synthesis of relevant fields of work 6

1.4. Synthesis of relevant fields of work

Facing the challenges posed by a growing global warming problem with limited time for impactful action,
the growing demand from the aviation industry is mounting pressure on research into emission reduc-
tion strategies. The impact of the reduction or increase of each pollutant species on global warming is
often evaluated separately to assess the net change in global radiative forcing relative to reference lev-
els. The result of this analysis allows for the classification of each strategy according to its net climate
impact.

One of the most promising strategies is the use of SAF as an alternative to traditional jet fuel. The
reduction of lifecycle CO, emissions from Drop —in SAF currently account for the majority of total CO,
emission reductions estimated by the scenarios proposed by ICAO, EASA [3], [16]. Current challenges
with the introduction of SAF into the market postulate serious doubts over the optimistic scenarios for
2050 and suggest that research could continue and extend into non Drop—in SAF with greater potential
for reduction in aviation emissions. This review covers the choice of hydrogen as a potential SAF and
the significant benefits associated with its implementation, potentially in conjunction with Drop—in SAF.
The current scientific panorama points to several issues with the feasibility of hydrogen as a SAF and
highlights a growing interest in addressing issues with hydrogen combustion stability, hydrogen storage
and transport costs and lack of advanced technology to allow for the operation of hydrogen powered
aircraft with a measurable positive climate impact.

Past hydrogen aircraft projects further incentivize additional studies on each of these issues. In this
particular study, there is an interest in studying the dynamics of hydrogen combustion and exploring
possible methods of reducing high temperature regions and improving emissions from the combustion
of jet fuel and hydrogen blends in a typical model combustor.



[Literature Review

A plethora of studies have been conducted on numerical and experimental combustion, including the
combustion of hydrogen, hydrogen/jet fuel blends and numerical combustion in LES, which encompass
the relevant topics necessary to conduct this research. The literature collection presented in this chapter
draws relevant conclusions and suggestions regarding the typical behaviour of hydrogen/jet fuel flame
structures, including findings on emission reductions, changes in emitted species distributions, changes
in flame structure and flammability limits, and relevant modelling approaches used in similar problems.

Although the change in primary combustion emissions is trivial with the change in mass ratio of hydro-
gen to jet fuel in a fuel blend, the change in secondary emissions is far more dependent on the specific
combustor conditions. However, several studies [39], [40], [41], [42] have shown consistent and con-
clusive evidence that the CO emissions are drastically reduced with just a small mass percentage of
H, injected. This effect has been associated not only with the replacement of a carbon based fuel with
hydrogen but also with the increased concentration of free oxygen radicals, which speed up the CO
oxidation.

Concerns over the increase of NO, emissions have been brought up over the existence of higher
temperature hydrogen flame structures influencing the thermal NO, formation mechanism [34], [35].
While some experimental studies [39], [40] have shown a significant increase in NO,, emissions with the
injection of Hy, other studies [41], [42] suggest that this increase is not significant and some studies [43]
suggest that the effects are significant but only after a certain mass flow of hydrogen (in relation to the
jet fuel mass flow) is achieved. This disagreement in results has also been noted by other authors [44].
Burguburu et al. [39] suggested that the NO,, formation mechanism was highly influenced by mixing
quality’, which could partially explain this discrepancy between results. The study looked at the effects
of hydrogen injection on fully premixed and partially premixed flames and found that partially premixed
hydrogen/jet fuel flames had a tendency to form local hydrogen/air pilot flames near the injection ports,
which was found to lead to areas of high NO, production and overall lead to the formation of more
NO, compared to fully premixed flames. Most of the aforementioned studies attribute the cause of
higher NO,. emissions to the increase in flame temperature, associated with the thermal NO,, formation
mechanism, however it is important to note that this is not the isolated cause and that other mechanisms
such as the prompt NO,, mechanism seem to be responsible to higher NO,, production even when the
flame temperature is kept constant [39]. Dave et al. [44] studied the changes in flame structure and
noted that the formation of soot was affected by hydrogen injection, and a visible reduction of soot
emissions was recorded. This observation is also consistent with other experimental results [43].

Numerical investigations mostly agree with the experimental results. By simulating a n-decane combus-
tor with hydrogen enrichment, Hui et al. [45] observed that NO,, production rate was heavily dependent
on equivalence ratio after the hydrogen injection, and not necessarily on just the hydrogen concentra-
tion. Palanti et al. [46] studied the NO emissions of a kerosene/hydrogen flame and not only confirmed
that NO,. production increased significantly in the combustion of 2 poorly mixed fuels but also showed

"In this work, mixing quality is used to assess how homogenous the mixture between fuels is.
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that poor mixing of hydrogen/kerosene can lead to higher NO, emissions compared to just hydrogen
flames or just kerosene flames. However, the authors admitted that NO,, production in the simulation
is exaggerated and potentially affected by the RANS model used and further simplifications.

Hydrogen is theoretically expected to react much faster, and the resulting flame speeds are typically
several times higher than the reaction speed and flame speed of typical jet fuels in a traditional jet engine
combustor. The exact behaviour of a mixture of hydrogen and kerosene, however, is still a subject of
research as the perfect premixing between both fuels is often not consistently attained across different
combustion case setups. Richards et al. [47] used an experimental test combustor to enrich a partially
premixed, spray injected kerosene mixture with hydrogen and concluded that the injection of hydrogen
leads to an increase in the flame propagation speed, which, for this test combustor model, most likely
further indicates an increase of overall flame reactivity with hydrogen addition. Other numerical and
experimental studies have also backed up the general increase in flame speed when hydrogen is used
to enrich hydrocarbon flames [48], [49]

Zeng et al. [50] numerically resolved spherically expanding premixed flames and found that the Mark-
stein number decreased with hydrogen content in a spherically expanding RP-3 kerosene flame, which
points to the decrease in flame stability with hydrogen addition. Furthermore, using an experimental
setup, the same study found that the surface of a spherically expanding premixed flame became in-
creasingly rugged with hydrogen addition, further indicating the growth in flame instability under these
conditions. On the other hand, additional experimental studies [41], [43] have found that hydrogen en-
richment can significantly extend the flame extinction limits towards lean conditions, which gives way for
the reduction of NO, emissions at lower combustion temperatures through the use of dry-low-NO_[51]
combustors and MicroMix combustors [35]. Burguburu et al. [40] showed that for a partially premixed
flames there is the chance for the formation of local hydrogen pilot flames that help further stabilise the
flame and extend the flammability limits. Richards et al. [47] noted that the hydrogen pilot flames oper-
ate in lean conditions considerably past the Lean Blowout Limit, but are maintained through the energy
output of the kerosene flames. The author concluded that the kerosene flames are, in turn, maintained
and stabilised by the hydrogen flames and vice versa. Numerical studies also confirm the stabilising
effect of hydrogen addition to the overall hydrogen/jet fuel flame, underlining the role of hydrogen in
reducing the auto-ignition delay of a kerosene flame, especially at higher temperatures [45], [52].

The combustion efficiency of a gas turbine has been linked to the mixing and evaporation quality of the
fuel in a previous experimental study by Lefebvre [53]. A number of research papers [44], [47] have
pointed out that the addition of hydrogen to a kerosene flame significantly improves the evaporation
rate of kerosene droplets, leading to the better mixing of kerosene/hydrogen, reducing the incomplete
combustion of kerosene and increasing combustion efficiency. Hiroyaso et al. [43] showed that with an
increase in hydrogen concentration, the combustion efficiency increases up until a certain hydrogen
injection rate. Annushkin and Maslov [54] showed that in a straight duct, the enrichment of hydrogen
initially leads to an increase in combustion efficiency as the additional hydrogen concentration leads
to an increase in the reaction rate of the combined flame, this efficiency starts decreasing with the
improper mixing of fuels. This review is to suggest not only that hydrogen enrichment can lead to the
overall increase in combustion efficiency but also that some of the reduction of CO emissions, can be
attributed to this increase in efficiency and not just to the decrease in carbon content of the fuel mixture.

Some research has focused on improving the kerosene and hydrogen mixing quality in order to avoid
high temperature, pure hydrogen pilot flames upstream of the main kerosene flame. Palanti et al. [46]
studied the effect of different injector configurations in the Auxiliary Propulsion and Power unit (APPU)
combustor and found that NO,, emissions were reduced when better mixing was achieved due to a de-
crease in high temperature regions. In the same combustor, Dave et al. [44] experimentally observed
that mixing is improved with an increase in hydrogen mass blend ratio, leading to changes in flame
topology. However, on a different test combustion chamber, Annushkin and Maslov [54] found that an
increase in injected hydrogen past a certain threshold led to a decrease in combustion efficiency, likely
associated with poorer fuel mixing. This means that the imperfect fuel mixing is not due to an insufficient
amount of hydrogen, even though hydrogen should diffuse and mix much faster than kerosene in the
domain, but rather due to other factors such as the hydrogen flame’s higher consumption speed and
the hydrogen’s lower ignition delay. Some studies [55], [56] have looked into the behaviour of hydrocar-
bon and hydrogen fuel blends at cryogenic temperatures and have consistently found an exponential
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relation between unburned mixture temperature and laminar burning velocity. These studies suggest
that by controlling the temperature of the unburned mixture, the laminar (and possibly turbulent) flame
speed can be controlled and attenuated, possibly addressing the issue of hydrogen pilot flames being
formed upstream of the flame front. Unfortunately, as of the knowledge of the author of this project,
there are no studies that specifically look into this possibility.

2.1. Past work in numerical fluid modelling

2.1.1. Fluid flow field modelling

In order to simulate hydrogen injection, 3 of the most common approaches can be taken: Direct Nu-
merical simulations (DNS); Large Eddy Simulations (LES); Reynolds Averaged Navier Stokes (RANS)
simulations. DNS simulations are often prohibitively expensive and are only performed with small scale
geometry, which makes this approach not suitable for the size of the combustor to be tested. RANS
and LES simulations are both valid options, but have significant drawbacks. RANS is often used in
research [57], [58] as a low computational cost solution alternative, which allows for simulations using
coarser grids and larger geometries, such as a gas turbine, while keeping the computational resources
low, allowing for a broader study of combustion characteristics. RANS has been shown to compute
fluid flow solutions with acceptable results given the use of appropriate models [59]. However, since
none of the scales are resolved, RANS can not correctly capture scalar fluctuations, often leading to
incorrect pollutant emission values. Additionally, since all scales are Favre averaged, RANS computed
solutions are often characterised by an over prediction of model attributed diffusiveness of turbulent
kinetic energy and overall scalar gradient smoothing, which can lead to inaccuracies when solving for
thin flame front characterised by sharp gradients.

LES, on the other hand, is considerably more computationally expensive than RANS, requiring a much
finer grid because it models only smaller turbulent structures below a filter size corresponding to the
scales at which turbulent kinetic energy dissipation is more relevant. The main advantage of exactly
solving large scale turbulent eddies for combustion modelling boils down to the lack of any averaging
of scalar fields, leading to a solution that better captures sharp gradients and sensitive interactions
between flow turbulence and the flame front. Furthermore, the better accuracy in scalar diffusion com-
putations leads to a better description of scalar mixing, which is relevant for studying the detailed be-
haviour of the flame structures in complex flows. As a result, although research is often limited in the
allocated computational budget, academia has shown a recent and consistent shift towards the use of
LES in order to better model more detailed chemistry with faster reactants such as hydrogen [60].

In his work, Pope [61][62] outlined that for turbulent combustion, the relevant molecular mixing and
chemical reaction phenomena are most predominant at the smaller scales. In this sense, since both
LES and RANS models model these scales, the choice between the two models is ambiguous, and the
return from the investment in a more expensive simulation might not be worth the additional resources.
However, in simulations where the flow is not properly premixed, correctly modelling the momentum
transfer over larger scales can theoretically yield far better results compared to RANS. Furthermore, for
sufficiently low filter sizes, the LES model can approximate the ideal pure physical LES, which yields
results equiparable to DNS and would not be feasibly achieved with RANS models.

The turbulence model used in combustion modelling is important to the correct calculation of turbulent
combustion interaction. Yilmaz et al. [59] explored different turbulence models for RANS in order to
model hydrogen combustion and found that the realizable k£ — ¢ was capable of correctly predicting
pressure, temperature and species concentration profiles. Furthermore, the study outlined that some
models, such as the standard k£ —e and RSM, might be inadequate for this type of modelling. Alabas and
Ceper [63] modelled the combustion process using realizable, standard and RNG k-¢ on a colourless
distributed combustion combustor with good validation results for the standard and realizable eddy
viscosity closure models. Smirnov and Nikitin [64] also modelled a hydrogen combustion chamber
using a modified k& — e model to better account for temperature deviations and found the model to give
reasonably accurate results when compared to experimental data. Palanti et al. [46] chose to use the
k-w SST model in order to correctly capture wall interactions while still having the k£ — e model compute
the free stream flow field. It was also found that at least 1 study[58] used the Reynolds Stress Model
(RSM), however, no further explanation is given, and the same model has been shown to be unstable
in other studies and reviews [59], [65].
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2.1.2. Combustion modelling

In LES, closure models are required to model the sub-grid scales (SGS) scalar fluxes and the unre-
solved SGS transport terms [66]. One of the simpler models, the (laminar steady) flamelet model, that
assumes that a multi-dimensional flame can be reduced to a one dimensional flame, has been used in
previous studies with hydrogen flame combustion [67]. It is a viable model for when the reaction rate is
so great that the reaction zone is deemed too thin to be significantly affected by turbulence, however,
it over simplifies the flame front by assuming that the internal flame structure is never affected by even
the smallest turbulence scales. Alternative models exist, such as the Flamelet Generated Manifold
(FGM) by Oijen and Goey [68]. FGM adapts the simplistic one dimensional modelling of the progress
variable from the original flamelet model in order to model additional progress variables, which allow
it to correctly capture premixed flames and increase overall prediction accuracy. Lemmi et al. [69]
studied 2 different approaches of capturing the flame front, the Flamelet Generated Manifold (FGM)
and the Artificially Thickened Flame (ATF), and found that both models could accurately resolve the
velocity and pressure fields of hydrogen enriched methane flames. The study, however, outlined that
both models might struggle with flames that undergo high stretch. Pérez-Sanchez et al. [70] simulated
hydrogen/air flames and found that the FGM model is capable of correctly simulating flame structure
and propagation.

FGM might not correctly account for kerosene combustion compared to other models, as these flames
have higher Karlovitz numbers than hydrogen flames, making them subject to the effects of the smallest
turbulent scales [71], contradicting the one dimensional flame assumption. Additionally, as a conse-
quence of being a flamelet model, FGM assumes that there is a homogeneous diffusion of species
through the flame front, which is a very aggressive assumption for a hydrogen/kerosene flame. How-
ever, this issue can be resolved by combining information between premixed and non premixed flames
into a single manifold, which has led to the significant improvement in accuracy of diesel/hydrogen
flames [72]. Itis also worth noting that some studies have looked into increasing accuracy by incorporat-
ing FGM with Artificially Thickened Flame model(ATF), which aims to artificially increase the timescales
such that the flame can be properly resolved, theoretically allowing for the the chemical source terms
to be computed without the use of combustion models, albeit at the expense of being a expensive
computational model. Kuenne et al. [73] used the ATF model, with a dynamic scaling method, cou-
pled with the FGM model. This coupling allowed the researchers to correctly resolve the timescales of
the relevant species while accounting for the effect of the remaining chemical reactions on the flame
propagation speed and temperature with the FGM tabulation. The results for a methane flame showed
good agreement with the experimental data. Wan et al. [74] simulated a kerosene flame using ATF
coupled with FGM in order to correctly capture the flame structure and found fairly good agreements
between experimental and simulation datasets. Although at the time of this research, no studies are
openly available on the use of this coupling in hydrogen/kerosene flames, one predictable problem with
this approach is the markedly different timescales of the primary reactions between hydrogen/air and
kerosene/air, which will significantly increase the computational time. Additionally, ifimproper mixing is
observed, several flame fronts can form, leading to strong interactions between flames that the model
would not accurately capture.

Alternatively, the Eulerian Dissipation Model (EDM) by Magnussen and Hjertager [75] and derivatives
such as the Eddy Dissipation Concept (EDC) can be used for the closure of the filter scale chemical
reaction rates. This model assumes that the reaction rate is far lower than the mixing rate, making it so
that reaction timescales are limited by turbulent mixing and dissipation timescales. The reaction rates
are thus determined from either the mixing and dissipation rate of oxygen, fuel or products, whichever
is the minimum rate. In practise, this implies that combustion only happens in well mixed zones[60].
Although this model has been used in the past for kerosene/hydrogen combustion simulations [46], the
limitations associated with the strong assumptions made with this model often do not justify its use in
more complex cases, leading to limited applicable cases [60].

Most of the aforementioned models rely on aggressive simplifications of the combustion process, which
greatly improve model performance at the cost of limited applicability and the inability to accurately cap-
ture certain phenomena (e.g., flame extinction in FGM). The detailed transient chemistry solver (SAGE)
model by Senecal et al. [76] differentiates itself from these models by solving detailed chemistry steps
from a set of pre-defined chemical reactions. This model uses a previously tuned and validated chemi-
cal kinetics model to directly solve for the chemical species concentrations and production rates ahead
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of the transport equations for each time step, coupling the chemistry computations to the remaining
LES simulation. This model is expected to be computationally expensive, however, CONVERGE of-
fers the use of techniques such as Adaptive Mesh Refinement (AMR) and Adaptive Zoning (AZ) to
improve accuracy by further refining the flame front and to group cells in order to reduce the number of
chemical kinetic calculations performed, respectively.

Most of the mentioned combustion closure models require a chemical kinetics model to close the model,
which depends heavily on the type of fuels used in combustion. Because there needs to be a balance
between the accuracy of modelling a large number of species and the computational cost of mod-
elling only the important species, a multitude of models exist depending on the intended reactions to
analyse. Some studies use previously researched models such as the San Diego mechanism for hy-
drogen combustion [46], [77], the Z77 mechanism for kerosene and, implicitly, hydrogen combustion
[78], sustainable Aircraft Fuel(SAF) based mechanisms [45], [79], among several other publicly avail-
able mechanisms. These chemical kinetic mechanisms are often used with software such as Cantera
[80] or Chem1D [81] to either interact directly with the combustion model, develop a lookup table for
models such as FGM or generate laminar flame results for use in the overall analys