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Abstract

In this work, an overview of the use of hydrogen in aviation, the modifications
needed to adapt an existent gas turbine to use hydrogen, and a CFD simulation of
an existent gas turbine burning hydrogen are performed. The CFD simulation was
done in a CFM56-3 combustor burning hydrogen and Jet A. It was intended to
evaluate the viability of conversion of existent gas turbines to hydrogen, in a
combustion point of view, by analyzing the emissions while burning it through
ICAO’s LTO cycle. The pollutant emissions (only NOx, since hydrogen combustion
produce only water vapor and NOx) were evaluated through a detailed mechanism
and the Ansys Fluent NOx model to get a better agreement with the ICAO’s values.
For this assessment, several sensibility studies were made for hydrogen burn, for
example, the analysis of the air flow with/without swirl in the primary zone and
different inlet temperature and pressure for fuel. In the end, it was concluded that
theoretically the CFM56-3 combustor can be converted to operate with hydrogen
fuel with minor changes (related to injection system). The quantity of NOx pro-
duced for each power setting when burning hydrogen is expected to be almost twice
the values for Jet A.

Keywords: CFM56-3, combustion chamber, pollutant emissions, jet fuel, hydrogen
fuel

1. Introduction

The sustainable growth of aviation is important for the future of the economic
growth, development, commerce, cultural exchange, and many other factors.
According to some experts, by 2045, international air traffic is expected to increase by
3.3 times [1]. In 2015, international aviation consumed approximately 160 megatons
(Mt) of fuel. By 2045, compared with the anticipated increase of 3.3 times growth in
international air traffic, fuel consumption is projected to increase by 2.2–3.1 times
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compared with 2015, depending on the advances in technology and the Air Traffic
Management (ATM) scenario [1].

The emissions resulting from the combustion of fossil fuels are usually considered
as the main responsible for Greenhouse Gas (GHG) emissions, which are pointed as
the primary factor that leads to global warming. For climate change, the primary
concerns are emissions of CO, CO2, NOx, and nvPM [2]. Also of concern are persistent
contrails, which lead to cirrus clouds. Generally, it is the combination of a number of
factors that determine the overall impact of the emissions on global surface tempera-
ture over a given timescale. These factors consist of quantities emitted, residence time,
radiative forcing, and the temperature response profile of a particular pollutant [2].

The CO2 emissions are of particular concern because of its exceptionally long
residence time (thousands of years). Aviation today accounts for 2–3% of global CO2

emissions. While at the global level, CO2 emissions are increasing by around 3% per
year, aviation’s emissions covered by the EU ETS have increased on average by 5%
year-on-year between 2013 and 2018. By 2040, it is expected that international avia-
tion emissions could rise by up to 150% compared with 2020. These growth forecasts
take into account the incremental technology improvements that may reduce fuel
consumption and emissions by 1–1.5% annually [3].

About the NOx emissions, they are evaluated in two possible scenarios, which are
landing and take-off (LTO) NOx emissions, which primarily affect local air quality,
and full-flight NOx emissions, which have more effect on the global climate. In 2015,
LTO NOx emissions were approximately 0.18 Mt., and by 2045, they are projected to
range from 0.44 to 0.80 Mt. depending on the technology and ATM scenario [1].
While, in 2015, the full-flight NOx emissions of international aviation were 2.50 Mt.,
by 2045, the full-flight NOx emission projection ranges from 5.53 to 8.16 Mt., which
represents a 2.2–3.3 times growth compared with 2015 [1].

To mitigate this problem, there are several possible solutions. On the one hand, the
fuel burn reductions through the upgrade of the technology employed in the actual
aircrafts such as the airframes (aerodynamics and mass) and the engines, both with the
aim of achieve higher efficiency [2]; on the other hand, the use of alternative fuels and
power sources [4, 5]. According to the ICAO 2016 trends assessment, a 100% substitution
of aviation fuel with SAF could reduce 63% of the baseline CO2 emissions from interna-
tional flights in 2050 [4]. As referred by ATAG [5], it is possible that aviation meets net-
zero CO2 emissions by 2050; however, it would take an enormous effort to make it a
reality. This would mean a rapid and massive transformation on aviation’s energy supply
through the use of SAFs, and it would require acceleration in aircraft and engine technol-
ogy development, mainly: electric-, hybrid-, and hydrogen-powered aircraft.

Within this context, the conversion of the current gas turbine engines to new
sustainable fuels can also be a solution. So, in this study, be analyzed the feasibility of
the use of hydrogen fuel as substitute of the conventional jet fuel in a CFM56–3
combustor using a CFD approach. The NOx emissions produced while completing the
ICAO’s LTO cycle burning this fuel will be assessed for the standard operating condi-
tions of the engine, as well as the influence of several operating parameters (swirl
effect, temperature, and pressure of fuel) in these emissions.

1.1 Brief historical review

To date, the largest user of hydrogen in aeronautics is the space program where it is
used as fuel for the rocket engines of launch vehicles. The first successful launch of a
space vehicle propelled by a liquid hydrogen/liquid oxygen rocket engine took place at
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Cape Kennedy on November 27, 1963. Several other rocket engine manufacturers in
the United States were involved in the development of designs using LH2; for exam-
ple, the General Electric Company, the Rocketdyne Division of North American
Aviation (now Rockwell International, Inc.), and the Aerojet General Corporation
were among the leaders. Of the designs developed by these companies, the
Rocketdyne J2 engine is an example, which has been eminently successful. It was used
in both the second and third stages of the Saturn V launch vehicle, used in the Apollo
program, which landed U.S. astronauts on the moon. In all of the launches of the
Apollo program, there has never been a failure of one of the hydrogen-fueled rocket
engines.

However, the space applications are relatively recent, if we look at history, the first
reported use of hydrogen in aeronautics was a long time ago. According to Brewer [6],
hydrogen was first employed as lifting medium when, in France, a small silk balloon
was constructed by the Roberts brothers, under the direction of physicist J.A.C.
Charles, and it was flown in Paris on August 27, 1783. This balloon rose to a height of
3000 ft. (914.4 m) and traveled a distance of 15mi (24.14 km). In that year, on
December 1, a larger hydrogen-filled model, which carried two passengers, the phys-
icist Charles and one of the Roberts brothers, was launched. This flight traveled 25mi
(40 km) from Paris in less than 2 hours.

Later in history, airships came into being as a result of man’s desire to control the
direction and speed of flight. Numerous attempts were made to achieve such control
with balloons without measurable success until 1852, when a Frenchman, Henri
Giffard, constructed an airship on which he mounted a steam engine of his own
design. Giffard flew this hydrogen-filled airship from the Hippodrome in Paris on
September 24, 1852, attained an estimated speed of 6 mph, and demonstrated the first
appreciable control of a “lighter-than-air craft.” In 1872, Paul Haenlein developed and
flew an airship powered by an internal combustion engine, which was fueled by
gaseous hydrogen that was drawn from the lifting cells of the airship envelope [6]. A
significant step leading to the use of hydrogen in commercial air transportation
occurred in 1900 when the first rigid airship designed by Count Ferdinand von
Zeppelin, the LZ-1, made a successful flight. In 1911, commercial air operations were
started by a German transportation company (DELAG), using five Zeppelin airships.
In October 1924, the Zeppelin factory at Lake Constance, in Germany, completed the
construction of the LZ-126, inflated it with hydrogen, and delivered it to the United
States by a transatlantic flight.

In 1955, a report by Silverstein and Hall of the (then) NACA-Lewis Flight Propul-
sion Laboratory was published in which the potential of liquid hydrogen as a fuel for
use in both subsonic and supersonic aircraft was explored. According to it, theoreti-
cally, the use of hydrogen fuel could significantly improve the maximum range [6]. As
a result of this study, an experimental program with a U.S. Air Force B-57 twin-engine
medium bomber was initiated to demonstrate the feasibility of burning hydrogen in a
turbojet engine at high altitude. The modified aircraft was first flown in 1956.

From 1954 to 1955, Lockheed Aircraft Corporation made a series of conceptual
design studies of hydrogen-fueled aircraft in cooperation with Pratt &Whitney Air-
craft and the Rex Division of AiResearch Corporation. In 1956, the U.S. Air Force
awarded a contract to Lockheed’s Advanced Development Projects organization to
build two prototype aircrafts (known as CL-400), which would be capable of cruising
at Mach 2.5 at 100000 ft. (30,480 m) altitude. This aircraft was to carry a two-man
crew, and the main objective was related to long-range reconnaissance missions.
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Also in 1956, at the same time the U.S. Air Force contracted with Lockheed for the
development of the CL-400 airplane, and the Pratt &Whitney Aircraft Division of
United Aircraft Corporation was awarded a contract to investigate the feasibility of
using LH2 as a fuel in aircraft engines. The work at Pratt &Whitney covered a broad
spectrum ranging from applied research efforts such as heat transfer and materials
investigations, to development testing of a J57 engine modified to operate on LH2.
It also included the design, construction, and test of a new design of engine (the
Model 304). Conversion of the J57 to operate on LH2 was accomplished in just
5 months, and the first tests were performed in the fall of 1956 [6]. The work with the
J57 showed that conventional jet engines could be readily adapted to use LH2 fuel. In
this research, after examining many possible cycles, the Hydrogen Expander cycle
(this cycle is well explained by Brewer [6]) was selected for experimental evaluation
to create the Model 304 engine. This was a unique cycle developed specifically to take
advantage of the properties of hydrogen and to meet the performance requirements of
the CL-400 airplane. The first demonstration test of a complete 304 engine was
accomplished in September 1957.

In spite of the success in developing practical solutions to the problems encoun-
tered with handling the cryogenic liquid fuel, the CL-400 aircraft was never built due
to performance and logistics limitations. So, in 1957, the program was terminated by
mutual agreement between the Air Force, Lockheed, and Pratt &Whitney. However,
the CL-400 design and development program showed that it was entirely feasible to
build a hydrogen-fueled airplane.

In the 1970s, Lockheed performed studies on different liquid hydrogen-fueled
subsonic cargo and passenger transport jets for NASA Langley Research Center. The
results are presented in the NASA-reports NASA CR-132558, NASA CR-132559, and
NASA CR-144935. The main conclusions from these and furthers studies have been
summarized by Daniel G. Brewer in [6]. The studies showed that hydrogen propulsion
is especially beneficial in terms of energy use for long-range aircraft with internal
hydrogen tanks.

In the 1980s, Tupolev developed the Tu-155 that was based on the medium-range
transport aircraft TU-154B. Moreover, the TU-155 was built and successfully tested
without any serious incidents, and it first flew burning hydrogen in one of its three
engines in April 1988. The modified engine was also able to be run with natural gas.
The TU-155 was followed by the TU-156 that could be run with natural gas or kero-
sene [7].

At the beginning of the twenty-first century, the Cryoplane Project comprised of
36 European research partners from industry, universities, and research institutions.
They contributed to this project covering aircraft configuration, systems and compo-
nents, propulsion, safety, environmental compatibility, fuel sources and infrastruc-
ture, transition. The total project time was 26 months and started in April 2000.
During this project, several conventional and unconventional overall aircraft design
studies and detailed investigations of hydrogen fuel systems and components were
performed [7, 8].

More recently, in July 2010, Boeing unveiled its hydrogen-powered Phantom Eye
UAV that uses two converted Ford Motor Company piston engines. Nowadays, gov-
ernments and companies are investing again in hydrogen’s potential. For instance, the
ENABLEH2 (ENABLing cryogEnic hydrogen-based CO2 free air transport) consor-
tium was given such a hand, almost 20 years after the European Commission’s last
attempt to ramp up LH2 research and development under the Cryoplane project. The
project’s objective is to demonstrate that switching to hydrogen is feasible and must
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complement research and development into areas such as advanced airframes, pro-
pulsion systems, and air transport operations [9]. Another example is the project
named ZEROe, announced by Airbus in September 2020, which has the ambition to
develop the world’s first zero-emission commercial aircraft. This project consists of
the development of three concept planes (powered by hydrogen combustion through
modified gas turbine engines or hybrid systems), which Airbus says that could be
ready for deployment by 2035 [10].

2. Basic engine principles

2.1 CFM56-3 general specifications

The CFM56-3 is a high bypass, dual-rotor (or dual-shaft), axial flow turbofan engine,
and this particular variant of CFM56-3 has a bypass ratio of 5.1:1 and a dry weight of
1966 kg [11, 12]. Its dual-shaft design consists of a fan and booster (low-pressure
compressor), high-pressure compressor, annular combustion chamber, and a high- and
low-pressure turbine section. The two shafts respectively connect the low- and high-
pressure sections using a five-bearing system (three roller, and two ball bearings) [13].

2.2 Combustor

First of all, it is important to understand the difference between the combustor and
the combustion chamber [14]. The combustor includes all of the combustion systems,
that is, the diffuser, the combustion chamber, the inner and outer casing, the spark
plugs, and the fuel injectors, whereas the combustion chamber refers to the exact
place in which combustion takes place.

The main purpose of a gas turbine combustor is to introduce heat energy into the
mass of air previously compressed (in the compressor) [15], by burning fuel in it so
that the products of combustion can be expanded to get useful work output (absorbed
by the turbines) and then, on their discharge to atmosphere, provide a propulsive jet
[16]. Due to space limitations and requirements of energy and momentum, the vol-
ume flow rate as well as rate of heat release is very high in a gas turbine combustion
chamber and the residence time of fuel is very small, of the order of a few milliseconds
[15]. In gas turbines, the combustion is a continuous process that takes place at high
pressure in a smaller space and usually at a very high temperature [16]. Thus,
continuously high combustion temperatures, large continuous flow, and high heat
energy release make the design and development of a gas turbine combustor rather
difficult [15].

A gas turbine combustor must satisfy a wide range of requirements. However, for
the aircrafts, the priorities are the reliability, the low fuel consumption, low pollutant
emissions, engine size, and weight [17].

The choice of a particular combustor type and design is determined largely by the
overall engine design and by the need to use the available space as effectively as
possible [16]. Overall, the combustors may be subdivided into three main types:
tubular or can, tubo-annular, and annular [16]. The CFM56-3 has an annular com-
bustor, and Figure 1 shows it during the digitalization process to obtain the model of
geometry used in this work.

The annular configuration is used by most modern jet engines because of its lighter
design. This type of combustor represents the ideal configuration for combustors since
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its “clean” aerodynamic layout results in compact dimensions [16]. This configuration
consists of an annular liner that is mounted concentrically inside an annular casing.
Among the advantages, the annular combustion chambers have the least pressure
drop due to larger volume per unit surface area and are more efficient than can-type
chambers. It also requires about half of the diameter of can-type chambers for the
same mass flow [15].

Its main drawback stems from the heavy buckling load on the outer liner [17].
Moreover, any change in the flow velocity profile can result in significant change in
the temperature distribution of the outlet gases, and distortion of inner annular
chamber is critical because it disrupts the flow of cooling air and also changes the
outlet temperature distribution. This is because of lower degree of curvature of the
chamber surfaces [15]. Another drawback is related to experimental tests of this type
of combustion chamber. At full-load conditions, the tests of large annular combustion
chambers supplying air at the levels of pressure, temperature, and flow rate required
are extremely difficult, and the cost is very high [17]. Nowadays, there are very few
facilities worldwide that can supply air in those conditions [18].

3. Fuels in gas turbine engines

At the current time, almost all aviation fuel (jet fuel) is extracted from the middle
distillates of crude oil (kerosene fraction), which distils between the gasoline and the
diesel fractions [18]. The Jet A and Jet A-1 grades are the most used kerosene-type
fuels worldwide in civil aviation.

As referred before, to mitigate the problem of the pollutant emissions in the future,
there seem to be two viable solutions, the use of SAFs or the use of hydrogen fuel
(through hydrogen combustion engines or fuel cells). In this work, will only be
considered the hydrogen for the combustion gas turbine engines (GTEs).

3.1 Hydrogen

The hydrogen is the simplest and most abundant of the chemical elements in the
universe. On Earth, under standard conditions (H2), its concentration is negligible.
However, in chemically combined form, it is the third most abundant element on

Figure 1.
CFM56-3 combustor photograph [14].
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Earth. Consequently, hydrogen can be considered an energy carrier, similar to elec-
tricity, since it can be produced from other compounds, mostly from hydrocarbons
and water [19]. The main reasons why hydrogen can play an increasingly significant
role in meeting the worlds energy demands and addressing environmental concerns
are that hydrogen meets three important criteria: a promising low-carbon alternative
reducing emissions of GHG, providing energy security, and the possibility of reducing
local pollutants, that is, NOx and particulates [19].

On a commercial scale, despite the several production sources, most of the hydro-
gen is currently produced through the process of steam reforming of methane (SRM)
from natural gas [19]. As part of the energy future, the various hydrogen sources can
be grouped into three types, namely fossil fuels (coal, natural gas, petroleum, oil shale,
etc.), renewable sources (biofuels, water, photovoltaic, solar, algae, etc.), and nuclear
(e.g., using thermal energy from nuclear reactions for water splitting). For hydrogen
to be part of a sustainable energy future, renewable and nuclear sources need to play a
more significant role in hydrogen production, and cost-effective carbon capture and
storage technologies need to be developed and upgraded.

3.2 Utilization of hydrogen in gas turbine engines

For the use of the hydrogen fuel in the current GTEs, in theory, the minimum
modifications needed are the change of the injection system and the implementation
of facilities to evaporate the hydrogen, which is stored in the tanks in a liquid (or
cryogenic) state. This can be accomplished by an external heat source or a heat
exchanger (HE) [20]. However, to take full advantage of the hydrogen’s distinct
thermo-transport properties (high diffusivity, low ignition energy, wide flammability
limits, and the highest laminar flame speed) that make its combustion and emission
characteristics notably different from those of hydrocarbons fuels, beyond the injec-
tion system, the combustion chamber must be also changed [19]. In Table 1, is
provided a comparison between the main properties of hydrogen and Jet A [6, 9].

When changing to hydrogen, either the combustor outlet temperature (COT) or
the net thrust could be retained [20]. Because of the considerably higher heating value
of hydrogen, the fuel flow to achieve the same COT or net thrust is reduced by almost

Properties Units H2 Jet A

Liquid density g cm�3(at 283 k) 0.071 �0.811

Melting point K 14.01 �263

Boiling point K (at 1 atm) 20.27 440–539

Heat of vaporization J g�1 (at 1 atm) 446 360

Specific heat J g�1 9.69 1.98

Lower heating value MJ kg�1 119.96 43.15

Flammability limits in air vol% 4.0–75.0 0.6–4.7

Thermal energy radiated to surrounding % 17–25 30–42

Diffusion velocity in NTP air cm s�1
≤2.00 <0.17

Flame temperature in air K (stoichiometric) 2318 2200

Table 1.
Properties for hydrogen fuel and Jet A fuel.
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two-thirds. When the COT is preserved, the net thrust increases, resulting in a
corresponding increased specific thrust. When it is opted to retain the net thrust, this
results in a lower COT [20]. According to Boggia and Jackson [21], the performance
improvements could be explained by two fundamental changes when using hydrogen:
reduced mass flow and changed composition of the gases expanding through the
turbine(s). While the latter improves the performance, the former deteriorates the
performance. Reduced mass flow through the turbine lowers the thrust output for two
reasons. First, decreasing the fuel flow implies that the exhaust mass flow decreases
accordingly; hence, without any variation in gas composition, the thrust output
decreases. In second, a reduced mass flow through the turbine will result in a higher
total temperature drop and, thereby, also a higher total pressure drop across the
turbine in order to deliver the same amount of power to the compressor. Because of
the lower total temperature and pressure at the turbine exit, both the pressure thrust
(thrust due to different pressure at engine inlet and exit) and momentum thrust
decrease (the effect of decreased core nozzle velocity).

However, the loss in thrust due to reduced mass flow is offset by the increased
thrust owing to changed properties of the combustion products [21]. With the use of
hydrogen, the combustion products contain no CO2 and a larger portion of H2O,
which has a higher Cp value than CO2. Having investigated a simple turbojet engine,
Boggia and Jackson [21] concluded that the Cp value has increased by �4% in the hot
section of the engine when changing to hydrogen fuel. Increased Cp value through the
turbine will similarly, but in the opposite direction as reduced mass flow, affect the
performance. For a fixed power output, it will cause smaller total temperature and
pressure drops across the turbine. Provided that the core nozzle is not choked, a larger
nozzle expansion ratio will result in a larger exhaust velocity, which, in turn, will
increase the momentum thrust. In total, the positive effect of increased Cp value
outweighs the effect of reduced mass flow and, hence, results in an increased net
thrust when switching to hydrogen and retaining the COT [20].

It should be pointed out that the energy consumption to attain a certain COT is
highly dependent on the fuel-injection temperature and the location of the heat
exchanger (HE) used to evaporate the liquid hydrogen. By heating the fuel more, it is
possible to achieve performance benefits. The effects on engine performance are quite
small, but still there are some desired features that could be exploited [20].

If the COT is kept the same, the turbine entry temperature (TET) is also about the
same, thus requiring the same cooling technology [21]. On the other hand, the option
of lowering the COT to preserve the net thrust will lead to a decrease in TET. So, this
will require less advanced cooling technology as well as having a favorable effect on
turbine blade life. Moreover, designing for a lower maximum cycle temperature will
help to suppress the NOx emissions.

3.3 Mechanisms of pollutant formation

The concentration level of pollutants in gas turbine exhaust can be related directly
to several factors that control the emissions in conventional combustors. These factors
may be considered in terms of primary-zone temperature, equivalence ratio, degree of
homogeneity of the primary-zone combustion process, residence time in the primary
zone, liner-wall quenching characteristics, and fuel spray characteristics [17]. These
factors vary from one combustor to another and, for any given combustor, with
changes in operating conditions [17].
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For the conventional fuels, such as hydrocarbons (in this case Jet A) or even the
SAFs, the pollutant emissions of most concern are CO, CO2, UHC, NOx, and PM
(or smoke). From the environmental standpoint, hydrogen is nearly a clean fuel once
it produces only NOx (considering that water vapor is not a major pollutant) [19]. So,
in this work, only the NOx emissions will be presented.

About the NOx (NO plus NO2 emissions), in conventional gas turbine combustors,
there are four main mechanisms that are responsible for the NOx formation: thermal
NO, nitrous oxide (N2O) mechanism, prompt NO, and fuel NO. The last one is
usually of less importance for normal fuels (there is no fuel-bond nitrogen) [17]. In
the case of hydrogen burn, we must still consider the NO formation through
intermediate NO2 [19].

For hydrocarbon fuels, the two main mechanisms that are responsible for the
formation of NOx are thermal NO and prompt NO, while for hydrogen flames the two
main mechanisms associated with NOx formation are the thermal NO and NO for-
mation through intermediate NO2. So, in this subsection only these three mechanisms
will be referred. For more information about the others, there are a good review of
them in Lefebre et Ballal and Kenneth Kuo [17, 22].

The thermal NO is produced by the oxidation of atmospheric nitrogen (N2) in
high-temperature regions of the flame and in the post-flame gases [22]. This endo-
thermic process is controlled largely by flame temperature, and it proceeds at a
significant rate only at temperatures above around 1850 K (it requires the breaking of
the tight N2 bond) [17, 19, 22]. For the typical conditions encountered in conventional
gas turbine combustors (high temperatures for only a few milliseconds), NO increases
linearly with residence time, but does not attain its equilibrium value. The extended
Zeldovich mechanism is utilized by the most of the proposed reaction schemes for
thermal NO. The principal reactions of this mechanism are represented in Eqs. (1)–
(4) [17, 19]:

O2⇋2O (1)

N2 þ O⇋NOþN (2)

Nþ O2⇋NOþO (3)

NþOH⇋NOþH (4)

The prompt NO can be formed in a significant quantity in some combustion
environments such as in low-temperature, fuel-rich conditions and when residence
times are short. These conditions can be created in gas turbines [18].

In hydrocarbon flames, prompt NO occurs in the earliest stage of combustion and
its formation is associated with the reaction of molecular N2 with radicals, such as C,
CH, and CH2, which are fragments derived from fuel, through a complex series of
reactions and many possible intermediate species. Some of these reactions are
represented in Eqs. (5)–(9):

CHþN2⇌HCNþN (5)

Nþ O2⇌NOþO (6)

HCNþOH⇌CNþH2O (7)

CNþN2⇌NOþ CO (8)

CH2 þN2⇋HCNþNH (9)
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For hydrocarbon flames, the major contribution is from CH and CH2 species, as
shown in Eqs. (5) and (9). The products of these reactions could lead to formation of
amines and cyano compounds that subsequently can react with species such as N, O,
or OH to form NO by reactions like those occurring in oxidation of fuel nitrogen or
oxidation of other nitrogen species. At present, the prompt NO contribution to total
NOx from stationary combustors is small. However, as NOx emissions are reduced to
very low levels by employing new strategies that tend to reduce the flame temperature
(such as burner design or geometry modification), the relative importance of the
prompt NO can be expected to increase [18].

For hydrogen flames, the second mechanism that is relevant for the NOx emissions
corresponds to the NO formation through intermediate NO2. This mechanism may be
represented by the Eqs. (10) and (11) [19]:

NOþHO2 ! NO2 þ OH (10)

NO2 þH ! NOþ OH (11)

3.4 Influence of temperature/pressure in NOx formation with hydrogen fuel

Owing to its high adiabatic flame temperature, hydrogen combustion produces sig-
nificant NOx. Therefore, by increasing the strain rate (as), which is pressure-dependent,
the flame temperature can be lowered and NOx emissions are reduced. So, the pressure
can be also a controlling parameter for NOx formation with hydrogen flames.

This way, the thermal NO mechanism is dominant at low pressures, whereas NO
formation via intermediate NO2 becomes important at moderate pressures once in
that condition, the flame temperature decreases for a given strain rate, as, due to
enhanced recombination by the reaction [19]:

HþO2þM ! HO2þM (12)

Consequently, the maximum NO formation decreases for moderate pressures [22].
At higher pressures, the net effect of reactions (10) and (11) is to H + HO2! 2OH,

through which radicals H, OH, and O are produced [19]. This enhances the formation
of thermal NO. Some studies refer that under specific conditions, the formation of NO
can be dominant over NO2.

Still considering the influence of pressure, but now for hydrocarbon fuels, the N2O
and prompt mechanisms dominate at low temperature and are independent of pressure,
whereas the higher NOx levels associated with higher combustion temperature are
primarily due to thermal NO, which exhibits a square-root dependence on pressure [22].

3.5 Chemical kinetic mechanisms

Chemical kinetics is a capital point when modeling a combustion problem. In this
case, the fuel combustion kinetics is extremely important in order to develop a model
that allows a good emission prediction from the engine. Without proper kinetics all the
attempts will go in vain. The development of detailed chemical kinetic models is
extremely challenging once typical fuels (such as gasoline, diesel, and jet fuels) derived
from different sources can be composed of hundreds to thousands of compounds.
Therefore, detailed kinetic models for such fuels cannot contain all the compounds due
to the limitation of current computational resources [23]. For that reason, a simplified
mixture called surrogate mixture must be defined and used to develop a kinetic model.
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For the emission predictions, the kinetic model development can be even more diffi-
cult once the NOx chemistry must be developed together with fuel chemistry making
realistic chemistry getting even more complicated. In this section, will be introduced
the Jet A and hydrogen combustion kinetic models applied in this study.

3.5.1 Jet A kinetic mechanisms

Although kinetic models of jet fuel are still underdeveloped, significant progress
has been made in this area in the recent decades. Jet fuels are kerosene-type cut of
petroleum containing C-10–C-18 hydrocarbons, including alkanes, cycloalkanes, and
aromatic compounds. The literature reviews show that there are several kinetic
models available for jet fuel combustion and some of these models are listed (and
briefly descripted) by Mostafa [23].

However, only few of them are suitable to satisfy our current needs. Based on our
objective to predict aircraft engine emission (specifically NOx) using CFD simulation,
we need at first a jet fuel kinetic mechanism that allows to simulate the combustion
process and, then, one that fairly predicts NOx formation in this combustion chamber.
As CFD with kinetic models is computationally highly expensive, the number of
species in the kinetic scheme needs to be limited. For that reason, after evaluating the
kinetic models available, it was opted by the option presented by Kundu et al. [24].

Kundu et al. [24] proposed a simplified kinetic mechanism with NOx chemistry
based on 17 species and 26-step reaction for Jet A (17 steps for Jet A reaction and nine
steps for the sub-mechanism for NOx prediction). This mechanism has been devel-
oped specifically to predict NOx formation during combustion of aviation kerosene.
However, the mechanism does not cover the entire range of pollutant species, once to
limit the number of species, the mechanism does not include NO2. Despite the limita-
tion of this kinetic model, it was used in this work. This was not the best option, but
among the available ones was the least bad.

3.5.2 Hydrogen kinetic mechanisms

The hydrogen oxidation chemistry represents the most fundamental and impor-
tant building block in the hierarchy of hydrocarbon chemistry. Consequently, its
chemistry has been extensively investigated, and a large number of detailed mecha-
nisms (that can be found in the literature), including H2/O2 kinetics, have been
developed and validated using different combustion configurations [19, 25]. Some of
these mechanisms have been optimized for the combustion of pure hydrogen, but
most of them are dedicated to the combustion of hydrocarbons including sub-
mechanisms for H2/O2 chemistry. However, the accuracy of the H2/O2 subset is also
essential for the overall performance of a hydrocarbon mechanism [19].

To choose the kinetic model more adjusted for this case, some reviews available in
the literature [25, 26] were analyzed. For instance, Ströhl et al. [25] made an evalua-
tion of detailed reaction mechanisms for hydrogen combustion under gas turbine
conditions. That study shows that the mechanisms of Li et al. or Ó Conaire accurately
represent H2/O2 kinetics under gas turbine conditions. However, it suggests that the Li
et al. mechanism is best suited for the prediction of H2/O2 chemistry since it includes
more up-to-date data for the range of interest [25]. Also, the Li et al. mechanism has
been found to provide the best match with measurements over a wide range of
equivalence ratio and pressure, using various targets, including shock tube ignition
delay and laminar flame speed data [26].
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So, it was concluded that the Li et al. mechanism should perform better than the
others, and for that reason it will be used in this work. For the NOx prediction (of
hydrogen burn), was used the NOx sub-mechanism based on the study by the
Glarborg group that is available in the database of ANSYS Fluent 2020R2 together
with the mechanism of Li et al.

4. Materials and methods

4.1 Geometry

For this study, was used a CAD design of the CFM56–3 combustor made in the
study [14], based on the CFM56-3 combustor of Figure 1. Due to the existent sym-
metry in the CFM56-3 combustor and in order to decrease the simulation time and
effectively represent the four fuel injectors (in the 20) that supply a richer mixture, it
will be used only a quarter section of the combustor for simulation purposes; that is,
there will be one fuel injector for every five injectors present in each quarter section of
the model combustor that supplies an even richer mixture. In this study, the rich fuel
injector is the middle one (element 24 of the Figure 2b). All the details present in the
combustor geometry are represented in Figure 2, including the combustor walls,
dome, dilution holes, fuel injectors, and primary/secondary swirlers.

Figure 2.
Views of the CAD combustor model section used in the simulations: (a) outside view; (b) top view; (c) side view;
and (d) inner view.
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4.2 Modifications in the original geometry

As told by Oliveira [14], there were some parts of the combustor such as the
swirlers that the exact geometry was not achieved. Furthermore, after analyzing some
documentation of the CFM56-3 engine, photos of the combustor and doing the pre-
liminary simulations, there were found some problems related with the fuel injectors
position, the shape of the exit of the secondary swirlers, and the connection of this
exits with the cooling walls of the dome. All of these problems were affecting the
results. For that reason, some changes have been attempted to try to correct these
small problems. All the changes in the model were performed in CATIA V5 R20. In
Figure 3 are presented two cut-view images of the first swirler, in which the first
shows the original CAD model received and the second the final CAD model with the
modifications made during this work.

During the early phases of the work, it was concluded that even so, the simulation
time for the quarter section would be very large. So, to test new sets of modifications
needed in the geometry, mesh, or the used models, a geometry where only one
injector was represented was developed. Thereby, some sets of modifications could be
excluded without spending the total time of the simulation in the quarter section.

4.3 Mesh generation

In this work, several meshing software (HELYX-OS, SnappyHexMesh, Simscale
and Fluent Meshing) were tried in order to get the best mesh possible with the
computational resources available (mainly the quantity of RAM). Due to the com-
plexity of the geometry, the only software that provided a good quality mesh was the
Fluent Meshing after using the set of tips provided by ANSYS in [27] about the best
practices for gas turbine combustion meshing. This way, it was possible to create a
good enough mesh for the simulation, where all the features of the geometry were
correctly represented with the available computational resources.

After analyzing several meshes, the independency test was performed using three
meshes, with coarse, medium, and fine refinement, having 11,830.638 cells,
16.318.327 cells, and 22.602.875 cells, respectively. The data collected relative to
numerical/experimental data for Jet A fuel (no experimental data relative to H2 com-
bustion in this GTE was available) were presented by Ribeiro [28] and ICAO [12], and

Figure 3.
Cut view of the models: (a) original model and (b) modified model.
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these documents contain the exit temperature of the combustion chamber (only for
the operating condition of 100%) and the NOx emissions of the engine, respectively.
For that reason, the parameters used to analyze the independency of the mesh were:

• The average static temperature of the combustion chamber in the outlet;

• The average static temperature and velocity in a defined plane (cut-view of the
first swirler), once the NOx emissions depend mainly of the temperature and
residence time inside the combustion chamber.

All the independency tests were performed for the operating condition of 100%,
since it is the only operating condition where the outlet temperature of the chamber is
known. The maximum difference occurred for the average static temperature in the
plane of the cut view of the swirler, and it was in the order of 2.16% between the
values of the coarse and the intermediate meshes; however, between the values of the
intermediate and the fine meshes, the difference was only 0.1%. The difference
between the values of the average static temperatures for the outlet was nearly 0%
between the coarse and the intermediate meshes as well as between the intermediate
and the fine meshes. For the velocity magnitude, in the cut-view plane, the difference
between the values was approximately 0.71%, between the values of the coarse and
intermediate meshes, and 0.49%, between the values of the intermediate and the fine
meshes.

4.4 Numeric simulation

The software used to perform this study was ANSYS Fluent 2020R2 [29]. Double-
precision option was enabled, once a small error in this case can influence largely the
results of the models. For the setup, the energy model was enabled. This model must
be activated as this regards the energy related to the temperature change within the
combustion process or heat transfer. For the viscous model, as was utilized a step-by-
step solution, the first step was made with the realizable k-? and then was used the
RSM in the other steps. For the radiation model, the P1 radiation model was chosen to
simulate the heat transfer by radiation. This model was chosen for this study because
it is accurate enough and reduces the computational cost in relation to the other
models. Concerning the species, two models were used. At first to calculate an initial
guess, the non-premixed combustion and species transport with one equation were
used, for Jet A and hydrogen fuel simulations, respectively. And then, after obtaining
a first initial solution converged (or almost converged), the detailed mechanisms
referred before (Kundu et al. for Jet A and Li et al. for hydrogen) were imported, and
the simulations were resumed until obtaining completely converged solutions. In this
case, the used Turbulence-Chemistry Interaction was Eddy-Dissipation and the
Chemistry Solver was the Relax to Chemical Equilibrium.

To evaluate the NOx emissions, two approaches were followed. The first one was
to use the sub-mechanisms provided in the detailed mechanisms. These sub-
mechanisms presented before can cause some problems once; for instance, the sub-
mechanism for NOx produced by Jet A does not include the NO2 species, which
clearly will affect the results. The second approach was to use the NOx model pro-
vided in ANSYS Fluent. This model must be enabled to ANSYS Fluent display infor-
mation regarding NOx formation during the solution calculation, or it can be
calculated in post-processing (the approach chosen in this work). In the end, an
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assessment must be made to reveal which approach is in better agreement with the
ICAO’s database values (for the Jet A), to be used in the work.

The boundary conditions were defined through an iterative process that has three
phases. In the first one, through an iterative process (simulation and result analysis)
and the available data present by Ribeiro [28] regarding the conditions of each stage of
the GTE (mainly air mass flow, fuel flow, operating pressure, and oxidizer tempera-
ture) for 100% power, it was possible to determine the percentage of the air flow that
enters the combustion chamber through the swirlers and all the boundary conditions
for 100% power.

In phase 2, also through an iterative process (simulation and result analysis), the
available data presented by Ribeiro [28] regarding the operating conditions obtained
in the test-bed charts presented (mainly the operating pressure and oxidizer temper-
ature), the values of the ICAO’s database [12], and the percentage of the air flow that
enter the combustion chamber through the swirlers calculated in phase 1, it was
possible to define the boundary conditions for 7% power. Finally, after definition the
boundary conditions for the conditions of 7% and 100% power, the values of the
operating pressure, oxidizer (air) temperature, overall AFR, and primary zone AFR
for the other operating conditions were calculated through a linear regression. This
allowed the obtention of the boundary conditions for the 30 and 85% power condi-
tions.

Knowing the overall AFR and fuel flow for each condition, it was possible to
determine the total air mass flow and then through the primary zone AFR, it is
possible to calculate the air mass flow that enters the combustion chamber through the
swirlers and the air mass flow that enters through the other entries (mixers and
dilution holes). Once these steps were concluded, the boundary conditions for the air
mass flow inlets were defined for each power condition of the LTO cycle.

5. Results and discussion

In this section, the results of the simulations are presented. It should be noted that
all the results presented are only for one-fourth of the CFM56-3 combustor.

5.1 Combustor exit temperature

The first set of results was obtained during the process of estimation of the
boundary conditions where the outlet average static temperatures to the simulations
with Jet A fuel were calculated, as shown in Figure 4. Those are important values once
we need them, first to compare with the reference temperature of 1649.94 K obtained
by Ribeiro [28] to the condition of 100% power, and then to get reference values for
the outlet temperature to allow the calculation of the mass flow of hydrogen fuel for
each power condition.

The quantity of fuel for the simulations with hydrogen was calculated through the
mass of Jet A fuel for each power condition and the ratio between the lower heating
values, LHV, of the fuels, as shown in Eqs. (13) and (14).

_mHydrogen fuel ¼ _mJetA fuel �
LHVJet�A

LHVHydrogen
(13)

_mHydrogen fuel ¼ _mJetA fuel � 0, 3597 (14)
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Since the LHV changes from author to author, this ratio was calculated and then
adjusted for the condition of 7% power in order to get the same value for the outlet
average static temperature for the simulations with the Jet A and hydrogen fuel.

Figure 4 shows the most relevant outlet average static temperatures obtained in
this work. The values for the sensibility tests are not represented here.

Through Figure 4 it is possible to conclude that the values of outlet temperature
obtained through the simulations with the input data from ICAO and GasTurb values
(blue line and yellow x, respectively) are quite similar to the reference value for the
full power condition (to Jet A).

Through the same figure, but now considering the simulations with hydrogen, it is
possible to conclude that:

• The values of outlet temperature for 7% and 30% power are similar to Jet A,
which indicates that the ratios between the amount of hydrogen fuel and Jet A
must be correct;

• For the conditions of 85% and 100% power, the lower outlet temperature for
hydrogen fuel indicates that the quantity of hydrogen should be higher.

In this study, it was opted to fix only one value for the ratio, but as we can see, the
best approach seems to be to calculate the specific ratio between the fuels to get the
same exact outlet temperatures for each power condition.

5.2 NOx emissions

In the emission analysis, it is possible to study the emissions of all the pollutants,
mainly CO, CO2, UHC, and NOx. However, since in this work the only objective
related to the pollutants is to compare the pollutant emissions between the Jet A fuel
and hydrogen fuel, the only emissions analyzed were the NOx, once H2O is not
assumed as a pollutant.

Some of the results presented in this section were obtained through the emission
index, EI. This value can be obtained using Eq. (13):

EI g=kg½ � ¼
Emission flow rate kg=s½ � � 1000

Inlet _mfuel kg=s½ �
(15)

Figure 4.
Combustor outlet average static temperature throughout ICAO’s LTO cycle, while burning Jet A and Hydrogen
fuel; and the reference values for 100% throttle.
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In Eq. (13), the emission flow rate was obtained by reporting the Flow rate of the
desired pollutant in the outlet plane in Ansys Fluent, and this value is given in kg/s.
The values used for the _mfuel (obtained from ICAO [12]) at the inlets are given in kg/s.
The results are presented in the form g[Emissions]/kg[fuel], which allows the com-
parison with the ICAO’s reference data.

In the first analysis (reference standard), regarding Jet A fuel simulations, the
emission index is used since the quantity of fuel burned is the same for each operating
condition, and it can be easily interpreted by the reader. However, in the comparison
between the pollutant emissions of Jet A fuel and hydrogen fuel, as the quantities of
fuel are very different (the mass flow of hydrogen is almost a third of the mass flow of
Jet A), the use of the EI may give a wrong perception of the emissions difference to the
reader. So, to simplify the analysis, it was opted for the use of the flow rate of NOx, in
grams per second, for a fourth of the chamber.

5.2.1 Control simulation and emission comparison between Jet A and hydrogen fuel

The results for the control simulations are presented in Figure 5a, which shows the
EI(NOx) in the outlet of the quarter of the combustion chamber for the Jet A fuel.

As expected, and previously referred, for both approaches, the NOx emissions are
lower at low power settings and attain maximum values at the highest power condi-
tion, where the temperatures are higher.

Considering Figure 5a, it is possible to conclude that:

• The NOx sub-mechanism clearly overpredicts the NOx quantity, in relation to
the reference values (ICAO’s database);

• Regarding to the NOx model available in ANSYS Fluent, for the lower power
conditions (7 and 30% power), the model can predict values for the NOx

Figure 5.
Results for the NOx emissions for one-fourth of the combustion chamber throughout ICAO’s LTO cycle: (a) EI
results of NOx for the combustion of Jet A obtained through the use of two approaches, NOx sub-Mechanism and
Ansys NOx model; and (b) comparison of the flow rates of NOx for the combustion of Jet A and Hydrogen fuel
obtained through the use of two approaches, NOx sub-Mechanism and Ansys NOx model.
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quantity close to the ones of ICAO’s database; however, for the higher power
conditions (85% and 100% power), this model also overpredicts the NOx
emissions, in relation to the reference values (ICAO’s database), approximately
2.4 times more for 85% power and 2.9 times more for 100% power.

• The NOx model from ANSYS Fluent can predict the NOx emissions better than
the other approach, and these values will be used in the next step.

In a second phase, with the same boundary conditions (air mass flow rate, tem-
perature, and pressure) for each operating condition, the simulations were repeated,
but now for the hydrogen fuel. Figure 5b shows the comparison between the reference
values (from ICAO and from the better model of the previous phase for Jet A fuel) and
the NOx emission analysis made through two different approaches for hydrogen fuel,
the NOx sub-mechanism, and the NOx model from ANSYS Fluent. As referred before,
those analyses were made in terms flow rate, with the units of grams per second.

Looking at Figure 5b, considering the models used for NOx forecast, it is possible
to take two principal conclusions:

• The forecasts made by the ANSYS NOx model provide higher values than those
made with the NOx sub-mechanism for all the operating conditions; however,
the error between these values is relatively small (up to 10%).

• Comparing the quantity of NOx produced by the hydrogen fuel with Jet A, for
the lower power conditions, the quantities of NOx emitted are nearly the double
of the values of the Jet A (for both ICAO’s database and for the prediction with
the model) and for the higher operating conditions, the quantity of NOx emitted
continues to be nearly the double of the predicted NOx emissions for the Jet A
fuel simulations with the NOx model and the emissions are predicted to be nearly
four to five times higher than the reference data from ICAO.

5.2.2 Sensibility tests

In this work, several sensibility tests were carried out, namely the presence of the
swirl effect on the swirler’s inlets and the influence of the fuel injection pressure and
temperature. In this work, the initial value of fuel temperature (used in the study) for
the Jet A and the hydrogen fuel was 298.15 K, once this is the fuel temperature used by
the software Gasturb. The results of these tests are presented in Figure 6.

As the represented values are similar, they are also presented in Table 2.
About the influence of the swirl effect, whose results for the NOx emissions are

presented in Figure 6a, if one considers the same forecast approach (only the values
of ANSYS model or the values of the sub-mechanism), it is possible to conclude that
for this specific case the presence of this phenomenon helps to reduce slightly the
quantity of NOx emissions for the high power conditions, while for lower power
conditions the NOx values are closer.

To analyze the influence of the inlet fuel temperature, the sensibility tests were
made with the hydrogen fuel at 600 K, and the results for the NOx emissions are
presented in Figure 6b. From this figure, it is possible to conclude that:

• For the simulations with the hydrogen temperature of 600 K, the error between
the two approaches used to forecast the NOx is considerable for the higher power
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conditions (85 and 100% power); that is, if we look to the values obtained, the
predicted emissions for the NOx model of Ansys are almost twice the value
predicted with the NOx sub-mechanism.

• For both approaches, in the lower power conditions (7 and 30% power), the
quantity of NOx emitted is higher for the fuel temperature of 600 K than for the
reference temperature (298.15 K).

• For the higher power conditions (85 and 100% power), the approaches showed
different behavior. For the sub-mechanism, the NOx emissions are lower for the
fuel temperature of 600 K and for the NOx model of Ansys, the emissions keep
higher than for the reference temperature (298.15 K).

About the injection pressure tests, the modification of this value did not make any
changes to the results. For that reason, the results are not presented once they do not
allow to analyze the influence of this parameter.

Figure 6.
Flow rates of NOx emissions for the sensibility tests for one fourth of the combustion chamber throughout ICAO’s
LTO cycle burning hydrogen: (a) analysis of the influence of swirl effect through the use of two approaches, NOx
sub-mechanism and Ansys NOx model; and (b) analysis of the influence of the hydrogen fuel temperature through
the use of two approaches, NOx sub-mechanism and Ansys NOx model.

Op. Cond. Standard Reference Without swirl Fuel 600 K

Sub-

Mechanism

Ansys

model

Sub-

Mechanism

Ansys

model

Sub-

Mechanism

Ansys

model

100 17.70 19.58 18.30 20.91 16.97 32.70

85 11.97 12.75 12.98 13.40 11.51 19.49

30 1.44 1.30 1.61 1.22 2.26 2.38

7 0.22 0.17 0.24 0.16 0.51 0.32

Table 2.
NOx flow rates in [g/s] obtained for hydrogen fuel (as in Figure 6).
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6. Conclusion

In this work, an overview of the use of hydrogen in aviation, the modifications
needed to adapt an existent gas turbine to use hydrogen, and a CFD simulation of the
CFM56-3 combustor burning hydrogen is provided. During this work, it was demon-
strated theoretically that the CFM56-3 can work with hydrogen fuel with minor
changes (related only to the injection system).

Regarding the results, starting with the control simulation (reference standard),
there are several possible reasons that can be pointed out for the differences between
the simulations and the ICAO’s database values. For instance, the fact that the fuel was
considered in the gaseous state when injected into the combustion chamber simulates
“perfect” atomization, increasing the combustion efficiency and creating a higher
temperature inside the combustion chamber. Other reason can be the fact that the
chosen mechanism/sub-mechanism does not represent the combustion of the Jet A
fuel or the NOx production in the best way. The choice of the radiation model can also
influence this result, once the radiation representation is more important in the
hydrocarbon fuel burn than in the hydrogen fuel burn. Other possible reason could be
the chemical model used. However, due to the limited computational resources, it was
not possible to use more complex models.

Regarding the other results, comparing the NOx emissions obtained for the
simulations (for both Jet A and hydrogen), it was shown that for this geometry of
combustor and injector, the quantity of NOx produced when burning hydrogen is
almost twice of the NOx emissions for Jet A. Once we are using the same swirlers
and injector geometry (single hole) for both fuels, these results are in agreement with
the results of C. J. Marek et al. [30], who concluded in their job that using similar
injection geometries, the minimum NOx levels for hydrogen fuel were twice than for
Jet A fuel.

Finally, regarding the sensibility tests (changing the swirl effect, fuel injection
pressure, and temperature), only the changes in swirl effect and the fuel temperature
produced relevant changes in the results. The fact that the changes in fuel injection
pressure did not produce major changes in the NOx emission results could be
explained as the fact that for these tests, the geometry of the injectors was always
considered the same (the area of the inlets did not change), and the fuel mass flow
rate was the same for each power condition. For that reason, the pressure changes will
not affect the behavior of the fuel jet that much. In practice, in gas turbine engines,
the pressure is usually used to control the quantity of fuel injected.

Through the results obtained for the tests with the swirl effect, it was demon-
strated that without the swirl effect, the NOx emissions increased. After analyzing the
recirculation zone (position and form), it was concluded that without the swirl effect,
the quality of the recirculation zone was reduced and the temperature across the
combustion chamber was slightly increased (also increasing the emissions). So, the
presence of the swirl effect helps to stabilize the recirculation zone, reducing the
presence of hot spots in the flame.

About the influence of the fuel temperature, it was expected that an exponential
raise in this value could affect largely the temperature in the outlet of the chamber,
increasing the efficiency. However, that did not happen, and not only the outlet
temperature changed just a small percentage (1–2%) for the double of the initial fuel
temperature, but also cause malfunctions across the chamber, with greater evidence in
the higher power conditions, where the analysis of the flame shows a great deteriora-
tion of the recirculation zone and the presence of a phenomenon that seems to be the
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occurrence of autoignition or flashback inside the swirlers. These malfunctions were
associated with the velocity of hydrogen fuel flow, which has almost doubled when
the temperature was raised. The most credible reason for this phenomenon consists of
the density reduction of the hydrogen fuel due to that change in temperature.
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