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by 

JOHN WILLIAM MCAFEE JR 

(Under the Direction of Marcel Ilie) 

ABSTRACT 

Drastic improvement in cost effectiveness of high-power computing resources has generated a great interest 

numerical simulation to reduce the overhead cost of engine manufacturing, maintenance, and environmental 

concerns of engine testing. To accomplish this goal, this research presents the differences between military 

F24 fuel and commercial aviation fuel Jet-A from a thermochemical and engine performance perspective. 

This experimental data was used to create and validate a numerical model of the engine used in the 

experiments fueled with both Jet-A and F24 fuels. The experimental data was collected using a research 

based single stage turbojet engine outfitted with many sensors for collecting engine characteristic data. 

Emissions data was collected for high priority species and noise/vibration data was gathered. This 

information was used to develop a scale numerical model of the engine. This simulation was a transient 

model using the EDM combustion model and k-ɛ turbulence model for engine speed of 60,000RPM, 

65,000RPM, and 70,000RPM. The results show that F24 proves to be a more economical, better performing 

environmentally friendly fuel. F24 has lower internal engine temperatures by approximately 4.92% across 

all data collection points. F24 produced a minimum of 8% greater thrust with a 5.3% decrease in fuel flow 

as compared to Jet-A. F24 drastically reduced emissions in all species analyzed with a maximum reduction 

of 160% in THC. This greatly improved the thrust specific emission of F24. F24 also had greater SPL and 

acceleration at all engine speeds. The numerical model followed experimental trends very closely but 

resulted in some outlier percentage errors at very specific points to be as great as 31%. Furthermore, 

numerical analysis showcased the swirl effect produced by guide vanes and rotors. The increase in engine 

speed enhanced the swirl number of the air and resulted in more efficient combustion, as identified through 

the temperature, velocity, and fuel mass fraction contours. TKE contours identified areas of the engine that 



 
 
 
were susceptible to high energy eddies and therefore areas of flow path improvement in the turbine and 

exhaust stages.  
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CHAPTER 1 

INTRODUCTION 

1.1 History of Gas Turbine Engines 

 The development of the gas turbine engine has been fundamental for the progression of modern-

day aviation and power generation. The most basic of the principles used in jet engines, propulsion, was 

development and introduced to the world by the Chinese as early as the 13th century with rockets propelled 

via gunpowder. The study of this basic principle led to further development of what is known today as the 

modern gas turbine engine.  

 The modern-day gas turbine engine was developed through centuries of both purposeful and 

unknowingly brilliant investigations into the principles of physics known as fluid mechanics, 

thermodynamics, and combustion. This began in the 1500’s with an invention developed by Leonardo da 

Vinci (Hunecke 1997, 1). His invention used hot air to rotate a turbine which turned a barbeque spit. This 

rudimentary device used the fundamental principle still used in high RPM gas turbine engines today. 

Another major development of these basic principles was the work of Isaac Newton, specifically the third 

law. This law states that for every force acting on a body, there is an equal and opposite reaction exerted 

by the body against the force. For jet engines, this force (also known as the thrust) is exerted out the back 

of the engine, propelling the body forwards. Modern day gas turbine engines were developed from these 

simple principles. 

 Near the turn of the 19th century, John Barber received a patent for a steam powered turbine engine. 

This engine mixed air and gas into a combustible mixture. Once compressed, the mixture would flow into 

a combustion chamber. This hot gas would flow over a turbine, producing rotation that would, in theory, 

cycle the reciprocating compression stage as well as provide mechanical work that could be translated to 

drive an axle. Although a working model was never produced due to the insufficient materials at the time, 

this concept is considered the beginning of modern-day gas turbine engines (Hunecke 1997, 2). This patent 
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was further expanded on by John Bumbell in 1808, which used a similar design. Instead of a reciprocating 

piston compressor, this design compressed air with rotating turbine blades, much like what is used in 

modern compressor stages. However, this design lacked stators, losing the advantages seen in multistage 

compressors (Wild 2018, 301). The beginning of World War I instigated a more fervent investigation into 

the use of gas turbine engines. Sanford Moss, through General Electric (G.E.) developed an exhaust 

turbocharger for reciprocating aircraft engines in 1918. This development was the first use of a gas turbine 

in the aviation industry.  

 As further development of gas turbines was conducted, the advantage of these engines possessed 

was quickly seen for application in the aerospace and power generation industry. In 1930, the first gas 

turbine engine, fully equipped with an axial and centrifugal compressor, annular combustion chambers 

located radially around the engine, and a single turbine was developed for investigation into propulsion. 

This engine was developed by Frank Whittle of Great Britain and ran using liquid fuel. Following this 

development, in 1939, a German company (Heinkel) developed a gasoline burning gas turbine engine. This 

would be what is now known as a turbojet engine and is significant because it was the first gas turbine 

engine used in flight. This engine propelled a Heinkel He 178 jet aircraft and produced 5000N (1100 lb) of 

thrust with a weight of 360 N (795 lb.)(Wild 2018, 301, Hunecke 1997, 2-3). Over the course of the 20th 

century, this development was followed by an increase in design effectivity and efficiency. Different 

companies, including Rolls Royce in Great Britain, the Bell Aircraft Cooperation and General Electric in 

the United States, and Messerschmitt of Germany continued to produce and improve the jet engine market. 

Over time, these developments lead to the modern day high thrust jet engines being owned and operated 

across the globe.  

 

1.2 Purpose of Study 

 This study seeks to combine the most valuable components of numerical and experimental testing 

to develop models and enhance the understand of relationships between the fuels used in turbojet engines 
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and their properties. These fuel properties have been examined using in-house state of the art equipment in 

Georgia Southern Universities Combustion Research Lab. By combining these measured physical 

properties with thermochemical data collected from outside academic institutions, a surrogate F24 fuel can 

be developed and implemented in a computational fluid dynamic (CFD) model. Furthermore, by using an 

existing CFD model created for Jet-A and implementing the F24 surrogate fuel, a numerical model can be 

generated and then validated with the use of experimental testing via an instrumented small-scale turbojet 

engine. With the numerical F24 model validated against experimental data, the turbulent phenomenon 

inside the turbojet engine (namely the combustion chamber and exhaust sections) can be analyzed and 

understood. This provides an opportunity to better understand the turbulence behavior of the air and gas 

inside the engine, provides valuable knowledge on the flame front characteristics of F24 as compared to 

Jet-A, and allows for an in depth examination of the combustion phenomena inside the combustion 

chamber.  

 Furthermore, emission production of F24 and Jet-A can be compared using experimental data. The 

numerical model will allow for a better understanding of the formation process of harmful greenhouse 

emissions like CO₂, CO, NOₓ, H₂O, and other important gases produced from the combustion process. The 

turbulent behavior and combustion efficiency can then be correlated to the production of these emissions, 

providing further information that experimental data rarely provides. Finally, the noise and vibration of F24 

as compared to Jet-A can be examined through experimental means to evaluate the effect of physical, 

chemical, and molecular composition of each fuel on the vibration and sound produced from experimental 

testing.  

 The experimentation as described in this study is a focal point for many companies using gas 

turbines, organizations with a focus on reducing greenhouse emissions, and even the modern consumer. 

The increase of greenhouse gases, especially but not limited to the Industrial Revolution era, has led to 

measurable, negative effects on the environment. Therefore, to reduce individual and organizational carbon 

footprints, there has been a large trend towards the development of more fuel-efficient and less harmful 
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emissions produced by gas turbines. Not only is the environmental impact of jet engines important, but 

similarly important is the cost associated with the testing of engines. Despite the size of the engine, jet 

engines are costly to test. This cost can be seen not only in a financial strain but also through an 

environmental lens. The cost of natural, biological, and synthetic fuels can be costly for companies. The 

maintenance and development of existing and prototype engines also involves a very high financial cost. 

By generating a working numerical simulation, this study could potentially save companies from financial 

cost by reducing the maintenance required on current jet engines from the various operation of the engines. 

It could also benefit financial costs through the development of new engines. By using a numerical 

simulation to test the engine, companies can bypass the expensive process of manufacturing a jet engine. 

This has dramatic environmental and financial cost-saving benefits. 

 

 

 

1.3 Statement of Hypothesis 

 By implementing combustion and thermophysical property data for F24 fuel conducted both in-

house and through external laboratories, the model Jet-A fuel library properties can be adjusted to create a 

surrogate F24 fuel and implemented in numerical CFX combustion simulations to validate the numerical 

model through the use of engine performance data. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Types of Gas Turbine Engines 

 There are four main types of gas turbine engines that have been used predominately in aircraft 

travel. These types are turboprop, turboshaft, turbojet, and turbofan. Each type is used in a different 

application. These different applications dictate the transfer of power throughout the system and have 

offered unique improvements to aircraft travel since the development of the reciprocating aircraft engine. 

However differently, each engine utilizes the same components throughout the system. These components 

are the inlet, compressor, combustion chamber, and the turbine.  

2.1.1 Turbojet Engine 

 The turbojet engine was the original jet gas turbine used for aero propulsion. This jet engine utilizes 

the air coming from the intake. This air then proceeds through a compressor stage where it experiences a 

dramatic rise in pressure and temperature, preparing it for combustion. This conditioned air is then ignited 

in the combustion chamber.  

 

Figure 1: Basic Function of a turbojet engine.(Administrators 2023) 

 From the combustion chamber, the flow is axially forced into the turbines. These turbines convert 

the hot gas energy into mechanical energy in the form of rotation. This rotation is applied to a shaft that 
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rotates the preceding compressor rotors or impellors. It also powers any auxiliary components. Finally, the 

remainder of the energy of the hot gas is converted into kinetic energy in the form of velocity.  This high 

velocity flow exits the turbine through the exhaust nozzle, which uses either converging nozzles or 

converging-diverging nozzles to accelerate the flow. A schematic of a turbojet engine can be seen in Figure 

1, and shows the general layout of an axial flow multistage turbojet engine. 

 These engines have been used since the 1950’s and created major domination for the US Airforce 

and can even be found in some military today. However, since the development of the turbofan engine, 

these engines are currently generally limited to military application (Wild 2018, 302, Hunecke 1997, 2-3). 

This is the type of engine used in this research. Figure 2 shows a J85 GE 17A turbojet engine. 

 

 

Figure 2: J85 FE 17A turbojet engine (Acharya 2008). 

 

2.1.2 Turboprop engine 

 Simply put, a turboprop is a gas turbine engine used to turn a propeller at the front of the engine. 

This engine uses a two-spool rotary shaft to turn two separate turbines. One turbine(s) is used to rotate the 
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compressor stage while another turbine(s) is used to rotate the propeller. The rotation of this shaft, however, 

moves at an rpm that is not ideal for the most efficient rotation of the propeller. Therefore, a gear reduction 

is utilized between the two components to lower the rotations per minute down to an optimized level for 

the propeller. Due to the function of a turboprop engine, most of the energy of the hot gas exiting the 

combustion chamber is converted into rotational energy to power the propeller. Approximately 10% of the 

energy from the hot gas is utilized for the exhaust thrust. The remaining 90% is extracted by the turbine 

(Wild 2018, 303). A schematic a turboprop engine can be seen in Figure 3.  

 

Figure 3: Schematic of the components of a turboprop jet engine (Malar 2012). 

 One main difference between turboprop engines and the remainder of the turbo family is in the 

usage of the air. Turbojet engines take low air mass flow from the intake and convert it into high velocity 

exhaust. Turboprops, however, take high air mass flow and convert it to low velocity. This difference can 

be seen in the performance (Hunecke 1997, 4-6). Turbojets operate for the purpose of high thrust and 

reduced noise; however, fuel efficiency suffers under these conditions. 

 Turboprop engines have incredible fuel efficiency when compared to turbojet engine, but likewise 

suffer from a high noise pollution and operate at much lower speeds (Hunecke 1997, 6-8). Figure 4 shows 

a General Electric turboprop engine developed by G.E. Aviation Czech. 
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Figure 4:General Electric turboprop engine developed by G.E. Aviation Czech (Praga 2016) 

2.1.3 Turbofan Engine 

 The turbofan was produced as a cross between the turbojet and the turboprop. Whereas a turboprop 

uses gas generator (compressor, combustion, and turbine) to rotate a large front propeller to produce a 

majority of the thrust, the turbofan uses the large front propeller as a compressor stage to utilize thrust from 

both the bypassed cold air and that which is generated from the gas generator. The turbofan bypasses a 

certain percentage of the mass of the incoming air through a duct that moves around the inter core of the 

engine. This bypassed cold air attributes approximately 80-85% of the entire thrust produced by the engine 

(Wild 2018, 303). This percentage of bypassed cold air is also known as the bypass ratio. Depending on the 

bypass ratio, turbofan engines can be used for a wide variety of applications. Figure 5 shows an example 

of a turbofan engine used for commercial flights.  
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Figure 5: GE9X high bypass ratio turbofan engine (ArkSolo 2017). 

2.1.3.1 Low bypass ratio Turbofans 

 Low bypass ratio turbofans are turbofan engines that bypass between 20% and 100% of the air 

mass that passes through the core. This can also be viewed as 5% to 50% of the total air that passes through 

the entire engine (Hunecke 1997, 10-13). These types of engines consume less fuel with the same amount 

of thrust when compared to turbojet engines. A schematic of a low bypass ratio turbofan engine can be seen 

in Figure 6.  
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Figure 6: Schematic of a low bypass ratio turbofan engine (Academic 2023). 

 These engine types are not as fuel efficient and as a high or ultra-high bypass, nor do they offer 

acceptable ranges of noise levels as compared to today’s commercial airlines (Hunecke 1997, 10). However, 

these engines are still used in high subsonic, large range combat fighters. A low bypass turbofan engine can 

be seen in Figure 7. 
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Figure 7: GE Affinity SST turbofan for Aerion AS2 (Economics 2018). 

2.1.3.2 High bypass ratio Turbofans 

 High bypass ratio turbofan engines, contradictory to low bypass engines, operate at much lower 

speeds and have a much better fuel efficiency and reduced noise levels (Hunecke 1997, 15-16). These 

engine types have been adopted in many industries, predominately in commercial flight. However, some 

are also used for long-range military transport aircraft. This distinction is due to the bypass ratio. High 

bypass ratio engines typical operate in ratio’s up to 5:1 and 6:1 (Wild 2018, 303). A schematic of a high 

bypass turbofan can be seen in Figure 8.  
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Figure 8: Schematic of a high bypass ratio turbofan engine (Anna Snakowska 2008). 

 An extension of the high bypass turbofan, the ultra-high bypass engine have bypass ratios in the 

scale of 10:1. These engines utilize new technological advances in fan blade design to operate at higher fuel 

efficiencies and high speeds (Wild 2018, 303).  

 

2.1.4 Turboshaft engine 

 A turboshaft jet engine differs from the previous three in purpose but is most similar to the 

turboprop. Turboshaft engines utilize a gas generator to create shaft horsepower, which rotates a gear 

transmission system or is used for electricity generation.  
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Figure 9: Schematic of a turboshaft engine (Ohad Gur 2023). 

 Turboshaft engines are commonly used for helicopter rotors and auxiliary power units inside large 

aircraft (Wild 2018, 303). Special classes of turboshaft engines have specific uses separate from aviation. 

These engines can be used for power generation by different industries as well as tanks and ship 

engines(Hunecke 1997, 21-22). The exhaust for these engines exits through an exit nozzle and generates 

no useful thrust. A schematic of a turboshaft engine can be seen in Figure 9. 

2.2 Description of a Jet Engine Components 

2.2.1 Air Intake 

 There are several different components that comprise a functioning turbo gas turbine engine. The 

first of the multiple sections is the inlet. Although it is not considered as a part of the engine, inlet is a 

crucial section of the engine due to the requirements of air breathing internal combustion engines. The air 

that is pulled into the turbine must be properly conditioned to ensure the best possible performance of the 

engine. The purpose of the air intake is to produce a high-quality flow that is laminar and uniform to reduce 

the energy loss due to the ram effect as well as drag forces (Wild 2018, 304). There are other structural 
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requirements of the intake, such as housing the forward bearings for the compressor, however the 

orientation of the flow is of the utmost importance regarding thrust production and fuel efficiency. This can 

be accomplished with the use of guide vanes. 

 Since the air intake is a component of the nacelle and not a part of the engine, engine manufacturers 

create engines that require specific air flow rates. These requirements must be met by the aircraft company. 

Considering this fact, there are many arrangements of air intake cross sections depending on the 

functionality of the aircraft. For aircraft like cargo and civil passenger planes, the intakes may be circular, 

while for subsonic military jets, they may be half circular, elliptical, or irregular in the cross section 

depending on application. The air intake of all aircraft utilizes a round lip of the intake to reduce the flow 

separation and decrease drag forces experienced by the aircraft. Although most effectively implemented in 

subsonic vessels, high speed aircraft requires a thin lip, and must reduce the radius of the lip (Hunecke 

1997, 49). 

 One of the most important stages of life for an air intake for subsonic engine, as used in this 

experiment, is the take-off stage. This low velocity flow can be highly impacted by the surroundings, 

including the location of the engine, environmental concerns like crosswinds and ground vortexes, and 

location of the surrounding aircraft components. Crosswinds are especially dangerous at high speeds due 

to their capability to destroy fan blades. This is possible due to the flow separation caused between the lip 

and the blades of the fans. This flow separation causes an increase in the drag force, which when applied 

to the fans, may break the fans (Hunecke 1997, 50). 

 A big concern regarding the air intake is the icing of the intake. At high speeds, ice may form on 

the lip or the guiding vanes of the intake. These large pieces of ice negatively affect the engine, inhibiting 

the flow of air into the engine, decreasing the thrust, and increasing the exhaust gas temperature (EGT). 

This change in thrust is compensated for by the fuel system, injecting more fuel into the combustion 

chamber and increasing the inlet turbine temperature. Modern day engines counter these issues by using 

warm compressed air from the compressor and bleeding it into the ducts of the intake. This must be used 
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during the entirety of the flight if icing is expected and can lead to a 30% decrease in loss of thrust. 

Centrifugal compressors, as is used in the experiment, does not experience an icing effect (Wild 2018, 305). 

2.2.2 Compressor 

 The next section of the turbo engine is the compressor. The compressor’s main purpose is to 

increase the pressure of the air using the mechanical work supplied by the turbine section. This increase in 

pressure is accompanied by a corresponding decrease in velocity. Due to the direct relationship between 

pressure and temperature, this also causes an increase in the temperature of the air, as seen in Figure 10.  

 

Figure 10: Pressure and temperature as a function of position in the turbofan engine (Sturesson 2018) 

 Each component works to bring the air to an ideal state for the most efficient combustion. There 

are several important factors in considering a compressor. The efficiency of a compressor is described as 

the machine’s ability to convert the most mechanical work of the turbine into pressure energy. Most turbines 

can deliver efficiency levels of around 80%-90% depending on the style of compressor (Hunecke 1997, 

87). The compression ratio is another important factor of the compressor. The compression ratio is the 

attainable increase in pressure from the atmosphere level in the compressor intake to the resulting pressure 
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in the compressor exit. This ratio can be determined by use of the equation below, where the compression 

ratio is represented by Error! Reference source not found.. 

 
𝛱 =

𝑃𝐶2

𝑃𝑎𝑡𝑚
 

Eq. 1 

  

 This ratio is of incredible importance because higher pressure ratios affect the thrust, engine weight, 

fuel efficiency, and engine efficiency. This can be seen by examining the properties of the combustion 

process. Higher pressure ratios allow more air to be pushed into the combustion chamber at once, which 

improves the combustion, and produces greater thrust. Modern day engines typically use compression ratios 

around 16:1, where larger engine, like ultra-high bypass turbofans, can generate up to 30:1 pressure ratios 

(Hunecke 1997, 87). Another important use of the compressor is the air flow rate. The amount of air forced 

through the compressor is generally affected by the rpm of the turbine, the forward speed of the aircraft, 

and the density of the incoming air (Wild 2018, 305). These values of compressors typically denote the 

engine sizes, where larger engines like turbofans, intake a larger volume of air than turbojet engines. Many 

engines intake approximately 200 kg/s of air, which larger engines intaking as high a 900 kg/s (Hunecke 

1997, 87). 

 There are two main types of compressors used in the market for jet engines. These include 

centrifugal and axial compressors. 

2.2.2.1 Centrifugal Compressors 

 Centrifugal compressors were used up until the 1950’s in many jet engines. These compressors get 

their name from the method in which they convert mechanical energy of the turbine shaft into pressure 

energy. These compressors use centrifugal forces to convert the mechanical work of the turbine shaft to 

pressure energy. Centrifugal compressors are comprised of three main components: The impeller, diffusor, 

and manifold, all of which are picture in Figure 11. 
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Figure 11: Centrifugal compressor with impeller, diffuser, compressor manifold (Hunecke 1997). 

 Air enters the impeller at the smaller radius. As the air is drawn in, the pressure is increased, and 

the impeller pushes the air outward radially, increasing the velocity of the air. This increase in velocity 

results in a proportionate increase in kinetic energy. As the air moves through the diffuser, this kinetic 

energy is converted into pressure energy. The impeller and diffusor both do approximately one-half of the 

total pressure increase in the system (Hunecke 1997, 89). The diffuser also works to properly orient the 

flow as it exits the impeller. These compressors can be used in stages, using either two, oriented in one 

direction with one following the other, or can be a double entry compressor, which allows air entry from 

both the front and back. These can be compared by examining Figure 12. 
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Figure 12: Two stage centrifugal compressor(left) and a double entry centrifugal compressor (right) 

(Mind 2024) 

 The centrifugal compressor has several advantages, including the high-pressure ratio per stage 

which is approximately 5:1. This can be further taken advantage of by introducing two stages as seen in 

Figure 12. This, however, does introduce an added weight due to the ducts required to re-orient the flow, 

as well as the added complication of flow separation in the ducts (Hunecke 1997, 89). It also has the 

advantage of being more cost efficient, due to the simplicity in manufacturing. Depending on the 

implementation, these compressors can also have a good efficiency (80%), have a reduced weight (as 

compared to axial flow) and require less starting power. There are several disadvantages as well, including 

the lower efficiency at higher rpms, and a larger frontal area for a given air flow, leading to more drag 

(Hunecke 1997, 88-89, Wild 2018, 305)  

2.2.2.2 Axial Flow Compressor 

 Axial flow compressors were developed by the Germans during WWII and dominated aviation 

warfare. While centrifugal compressors use centrifugal forces to increase pressure, axial flow compressors 

take advantage of aerodynamic forces to increase pressure. Axial compressors main advantage is the 

amount of air that can be introduces through the compressor (Wild 2018, 306, Hunecke 1997, 93-94). These 

higher mass flow rates are directly equivalent to the increases in thrust that can be attained by axial flow 



30 
 

compressor engines. These compressors use a series of aerodynamic blade stages known as rotors and 

stators. Stators are generally attached to the outer casing of the compressor. The purpose of the stators is to 

orient the flow as it is pushed past the rotor. The rotors are rotated by the turbine shaft. This rotation forces 

air into the engine and increases the pressure of the air. This can be seen in Figure 13. 

 

Figure 13: The rotor and stator of an axial flow compressor (Baskharone 2006). 

 While individually, these rotors and stators produce much less compression ratio (1.2-1.3) than 

centrifugal compressors, they have the advantage of using as many stages as the developer determines is 

necessary. However, these increase in stages are accompanied by an increase in weight, which is the reason 

axial flow compressors are much heavier than centrifugal compressors (Wild 2018, 305). This weight 

addition is negligible in comparison to the excess thrust that is developed. This thrust comes from the 

increased mass flow rate of the compressor. Axial flow compressors have much smaller cross-sectional 

areas with the same mass flow rate as centrifugal compressors. This reduces the drag forces experienced. 

Another advantage of axial compressors is the singular orientation of the air. Where centrifugal compressors 

must change the direction of the flow, axial compressors send air in a single direction axially down the 

engine. This leads to less energy loss from changing direction of the flow and higher ram efficiency. Some 
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issues that persist axial compressors are the high manufacturing cost, high starting power requirements, and 

more narrow range of efficiency in terms of rpm (Wild 2018, 305). 

2.2.3 Combustion Chamber 

 The combustion chamber follows the diffuser in the core of the gas turbine engine. The combustion 

chamber is responsible for delivering energy into the system in the form of heat energy that is derived from 

a chemical reaction between a fuel and the air coming into the system. There are many variables that affect 

the combustion chambers performance, including fuel characteristics, combustion efficiency and flight 

conditions. The fuel used for combustion ideally optimizes density (and therefore weight) and the heating 

value or lower calorific value (LCV) to reduce the weight added by the fuel and increase the possible 

amount of energy that can be extracted. Another consideration of this is the combustion efficiency. All fuels 

have a total possible energy extraction value. This value is never practically reached. The practical amount 

of energy extracted from combustion of the fuel can be represented by the combustion efficiency which can 

be seen below. 

 
ηeff =  

𝑄

𝑄0
 

Eq. 2 

 

 In this equation, Q is the amount of energy released from combustion, and 𝑄0 is the theoretical 

energy available from combustion. Modern day engine are able to achieve a combustion efficiency in the 

range of 90% to 98% (Hunecke 1997, 128). The flight conditions are also very important in the case of the 

combustion chamber. The altitude of the flight corresponds to a decrease in pressure and temperature, 

neither of which are desirable for combustion. However, this increase in altitude also affects the density of 

the air, which is increased at colder temperature, and decreased at lower pressure. The velocity of the flow 

as it enters the chamber is another consideration. Air enters the compressor at around 150 m/s. It must be 

reduced to several meters per second to achieve the velocity for a combustible flow (Hunecke 1997, 125). 
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High compressor exit velocity will make combustion more difficult, requiring a richer mixture. This also 

contains the possibility of a flame out, where the flame is extinguished.  

 The airflow within the combustion chamber is another factor that must be taken into account when 

designing a combustion chamber. The air fuel ration (AFR) when analyzing the total amount of air in the 

system is anywhere between 45:1 and 130:1 (Hunecke 1997, 125). This is far greater than necessary for 

ideal combustion. Therefore, combustion chambers are properly designed to direct the flow of air properly 

in the primary zone. The schematic of the combustion chamber seen in Figure 14: Basic schematic of an 

combustion chamber clearly shows the location of air flowing into the combustion chamber. 

 

Figure 14: Basic schematic of an combustion chamber (Nemeth 2017). 

 Approximately 25% of the air in the system enters the primary zone for combustion (Wild 2018, 

311). This is done to maintain an optimal AFR. The remaining air is directed around the perforated section 

known as the flame liner. The holes present in the liner allow air to flow into the secondary and dilution 

zone to cool the flame temperature and direct the flame towards the transition duct. This excess is also 

useful for cooling the flame liner. Temperatures inside a combustion chamber can reach 2000 K (Hunecke 

1997, 125). This is far beyond the tolerable temperature for most metals used in combustion chamber 

manufacture. Therefore, air acts as cushion to keep the flame, and subsequent high temperatures, away from 
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the liner. For this same reason the flame is cooled in the secondary and dilution zone. The initial temperature 

of combustion is far above that which the turbine blades downstream can tolerate. This ensures tolerable 

stress on the blades under the high temperatures. Although the holes in the liner act to positively affect the 

engine, the swirl flow created also contributes to pressure loss in the system which results in a loss of 

energy.  

2.2.3.1 Can Combustion Chambers 

 Can combustion chambers be the original methods of producing combustion in gas turbine engines 

and can still be found today in gas turbines used for power generation. Can combustion chambers be 

cylindrical containers with all of the main components mentioned in the previous section? These containers 

are arranged circumferentially around the engine turbine shaft and a manifold from the compressor is used 

to direct the flow into the chambers. These chambers offered advantages in the maintenance of the system. 

Single cans could be replaced if malfunctions occurred, and the curvature of the cans reduced the warpage 

effects of the high temperatures. These cans were also interconnected to allow for flame propagation 

between the cans and also to equalize pressure and temperature across the cans. However, these combustion 

chambers are typically 25% heavier than more modern annular combustion chambers. They also are 

ineffective in their use of the space available, decreasing the overall thrust that is produced. Figure 14 shows 

the flow pattern of a combustion chamber (left) and the physical diagram (right). 
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Figure 15: Can style combustion chamber flow pattern (left) and diagram (right) (Notes 2021). 

2.2.3.2 Can-Annular Combustion Chambers 

 Can-annular combustion chambers were created as the transition model between the can and the 

annular style combustion chambers. Can-annular combustion chambers utilize the air flow style of an 

annular, while still allowing combustion to occur within the cans. Air flow is allowed to flow around the 

perforated cans, which is where combustion takes place. This process, as well as a diagram of a physical 

can-annular combustion chamber, can be seen in  

 

Figure 16: Flow pattern (left) and a diagram (right) of a can-annular combustion chamber(Notes 2021). 
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 These chambers have a major advantage in the ability to maintain high pressure (Wild 2018, 313). 

This is especially useful for efficient combustion at low power levels, as well as operation under low-

pressure, high-altitude circumstances.  

2.2.3.3 Annular Combustion Chambers 

 The final type of combustion chamber and the one used in this experiment is the annular chamber. 

This is the most modern form of combustion chamber and is used in many high fuel-efficient engines, such 

as the high bypass turbofan engines. These chambers have the advantage of a much lighter chamber due to 

the omission of the cans. They also better optimize the space in the engine, allowing for a smaller engine 

size. Pressure and temperature equalization is no longer an issue with the without the cans, however the 

maintenance for the annular chamber is more difficult, requiring the entire chamber be removed for repair 

or replacements. It also suffers from warpage issues from the high temperatures due to the straight edges. 

Figure 17 shows the flow pattern of the air and a physical diagram of the annular combustion chamber. 

 

Figure 17: Flow pattern (left) and diagram (right) of an annular combustion chamber (Notes 2021) 

2.2.4 Turbines 
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 The turbines that succeed the combustion chamber are very similar to the turbines seen in an axial 

flow compressor. The purpose of these turbines is to extract most, or ideally all the energy produced from 

the combustion chamber to rotate a shaft. This shaft may supply power to the compressor, the propellor, or 

the rotor for helicopters. For civil class transportation aircraft, it may also provide power to an auxiliary 

power unit to control cabin temperature, pressurization, etc. In turbojet engines, approximately 75% of the 

power extracted by turbine is used to drive the compressor. For turboprop and turboshaft engine, this 

number may be as high as 90% (Wild 2018, 313). This is because these engines do not use the thrust 

produced by the combustion process, and therefore it is most efficient to extract as much energy as possible 

to deliver it to other components. For many engines, a nozzle diaphragm precedes the turbine. The purpose 

of this component is to increase the speed of the flow, which also decreases pressure and temperature, and 

to properly direct the flow. Increasing the velocity also increases the kinetic energy, which will be used to 

produce work on the blades to create a moment on the shaft. The turbine section contains a series of stators, 

preceded by rotors. Like the compressor, each set of stator and rotor is called a stage. The number of stages 

used depends on the number of compressor spools (or the number of shafts needed), the magnitude of 

rotation required by the compressor (rpm), the amount of energy that is required to be extracted, and finally 

the maximum allowed diameter of the turbine section of the engine (Hunecke 1997, 137). Another 

important factor is a derivative of the compressor spools. With higher pressure ratios comes a high amount 

of energy needed to compress the air. This also impacts the type of turbine used. There are two types of 

turbines used today. This includes the impact turbine, and the reaction turbine.  

2.2.4.1 Impulse Turbines 

 The impulse turbine was the first turbine type invented. The original water wheel, which used to 

impact the water of a river or creek to turn the wheel, is an example of this. These turbine types use pressure 

forces to implement the rotation of the turbine blade. These turbines are often used in turbochargers for 

automobiles. The stator that precedes the turbine is airfoil shaped. This airfoil shapes of these blades, as 

well as the angle of attack, create a larger cross-sectional area between adjacent turbines at the leading edge, 
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and a smaller cross-sectional area at the trailing edge. This narrowing of the flow path increases the velocity 

and decreases the temperature and pressure. Along with this increase in velocity, the stator also works to 

direct the flow at an optimized angle and direction as it passes to the rotor. For impulse turbines, energy is 

transferred by changing the direction of a high velocity flow. This is also referred to as the change in 

momentum. This energy transfer creates a rotational force in the direction of the convex side of the turbine 

blade. As the flow moves through the rotor, there will be a decrease in the velocity of the flow due to the 

energy transfer to the turbine. Because of the flow path, the flow will maintain a constant pressure, however 

there will be a slight temperature increase due to friction (Hunecke 1997, 139, Wild 2018, 315).Figure 18: 

Reaction turbine (right) compared to an impulse turbine (left) show an example of a simplified impulse and 

reaction turbine.  

 

Figure 18: Reaction turbine (right) compared to an impulse turbine (left)(Administrators 2017) 

2.2.4.2 Reaction Turbines 

  A reaction turbine differs from an impulse turbine through the method the turbine rotates. As seen 

in Figure 18, reaction turbine blades use a stator that is very similar to impulse turbines, however the rotor 

blades are different. The rotor on a reaction turbine has an airfoil shape that can be used to take advantage 

of the lift forces. As the hot gas passes through the stator, the flow moves into the rotor. The shape of the 

airfoil allows for an increase in velocity. Accompanying this is a decrease in pressure. By altering the 

velocity of the gas, the rotor is able to extract this energy from the gas (Wild 2018, 315). This energy is 
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extracted and used to rotate that rotor. As previously described, the change in direction of the flow due to 

the profile of the airfoil allows for a change in momentum, which also increases the amount of energy 

extracted from the flow. Reaction turbines are most commonly used in aircraft engines due to their high 

efficiency, which can reach values up to 0.92 (Hunecke 1997, 141). 

2.2.5 Exhaust nozzle 

 The final component of the jet engine is the exhaust nozzle. The purpose of the exhaust nozzle is 

to extract the remaining potential energy from the hot gas and convert it into kinetic energy in the form of 

flow velocity (Hunecke 1997, 155).  This is accomplished solely through the specifically designed geometry 

of the exit nozzle. Each nozzle is designed to operate under specific conditions and flight speeds. The exit 

air velocity from the turbine stage is generally between 750 ft/s and 1200 ft/s (Wild 2018, 317), which will 

lead to friction loss. The air is therefore diffused to reduce the velocity, while also typically adding rear 

struts to properly orient the flow to decrease energy loss from the vorticities created by the swirl of the 

flow.  There are two main types of exhaust nozzles: convergent and convergent-divergent (or Laval 

nozzles). 

2.2.5.1 Convergent Nozzles 

 Convergent nozzles are primarily used for subsonic speeds. This is due to the geometry of the 

nozzle, which can be seen in Figure 19. Convergent nozzles allow for the velocity of the air to accelerate 

up to the speed of sound. This limit is due to the mass flow rate of the air as it passes through the exit of the 

nozzle. As the velocity of the air approaches the speed of sound, more air mass is forced through the nozzle 

until it reaches a limit to which it cannot force more air mass through. This is described as a “choked” 

nozzle (Hunecke 1997, 156). In this stage, the pressure at the exit of the nozzle is greater than the pressure 

in the atmosphere. This causes air to escape in a radial direction out of the exit nozzle, which creates energy 

loss in the flow. Because of this, converging nozzles are generally used in subsonic applications, such as 
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military and commercial transport. For supersonic speeds, aircraft will generally use converging-diverging 

nozzles, as discussed in the next section. 

 

Figure 19: Subsonic converging exhaust nozzle (flight-mechanic 2023). 

2.2.5.2 Laval Nozzles 

 Laval nozzles, also called converging-diverging nozzles, were developed in the 20th century for use 

in steam engines. Today, these nozzles are used to allow aircraft to travel at supersonic speeds. Laval 

nozzles, in its most basic form, is a diverging addition to the converging nozzle, and can be seen in Figure 

20.  
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Figure 20: A converging nozzle (left) and a Laval (converging-diverging) nozzle (right) (flight-mechanic 

2023) 

 This diverging section allows the gas at the throat (the smallest cross-sectional area) to experience 

a decrease in pressure, while still allowing the velocity to increase (Hunecke 1997, 159). This increase in 

velocity continues due to the pressure and temperature difference between the atmosphere and the hot gas. 

Practically speaking, Laval nozzles are not useful. This is due to the pressure and temperature engines 

operate at between at cruising altitude compared to that at ground level (Hunecke 1997, 160). While the air 

speed in the exit nozzle is below the speed of sound, there is a noticeable loss of thrust. This is compensated 

for by use of a variable exhaust nozzle. Variable exhaust nozzles may use mechanical or aerodynamic 

methods to achieve the appropriate exit cross section depending on the atmospheric and engine operation 

levels. 

2.3 Thermodynamic Principles and Efficiencies 

2.3.1 Thermodynamic Principles 

 Gas turbine engines are thermodynamically governed machines. Their operation mainly follows 

the first law of thermodynamics, which is a version of the law of conservation of energy. This law states 

that the total energy within a system remains constant. In respect to the thermodynamics of a gas turbine, 



41 
 

this can also be viewed as the difference between the heat energy inserted into the system and the amount 

of thermodynamic work that is done on the system. This can be seen through the equation below. 

 ∆U = Q − W Eq. 3 

  In this format, ΔU is the internal energy of the system, Q is the heat energy added to the 

system, and W is the work done on the system.  

 Properly understanding the function behind a gas turbine engine requires fundamental knowledge 

of several scientific fields of study. This section will briefly cover the necessary fundamental principles 

involved in the operation of a gas turbine engine.  

 

 The thrust produced by the engine is a key component in determining engine efficiency. Thrust is 

simply the force exerted by the engine opposite and parallel to the velocity of the engine. The production 

of this thrust is the focus of the next section. Thrust is produced by accelerating air that comes into the 

engine. This acceleration leads to a greater air exit velocity than the air that entered the inlet. This change 

in velocity leads to the foundation of thrust production which is a change in momentum flux. The general 

momentum flux equation can be seen below. 

 𝑝 = 𝑚𝑉 
Eq. 4 

 The change in momentum flux can then be calculated as it applies to the air in the engine. In this 

analysis, the momentum of the air coming into the engine is examined with the momentum of the air that 

exits the engine after the combustion cycle has increased the temperature and energy of the air. This can be 

represented by the equation below.  

 

𝜌𝑖𝑛 = 𝑚𝑎𝑖𝑟𝑉𝑎𝑖𝑟 

𝑝𝑒𝑥𝑖𝑡 = (𝑚𝑎𝑖𝑟 + 𝑚𝑓𝑢𝑒𝑙) ∗ 𝑉𝑡ℎ𝑟𝑢𝑠𝑡 

 

Eq. 5 
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 The difference between these two momentum fluxes represents the amount of thrust produced by 

the engine and can be seen below. 

 
𝐹𝑡ℎ𝑟𝑢𝑠𝑡 = (𝑚𝑎𝑖𝑟 + 𝑚𝑓𝑢𝑒𝑙)𝑉𝑡ℎ𝑟𝑢𝑠𝑡 − 𝑚𝑎𝑖𝑟𝑉𝑎𝑖𝑟 Eq. 6 

 In most cases, the mass flow rate of the fuel can be neglected due to its inconsequential effect on 

the overall thrust produced. This is therefore the thrust produced by the engine under flight conditions only. 

Examining the engine thrust produced while stationary (i.e. during initial take off scenario) is a thrust known 

as gross thrust. The equation itself does not take drag into account. This would result in a decrease in overall 

thrust produced, also known as the net thrust. The gross thrust and net thrust can be used in the calculation 

of the efficiency of the engine. This efficiency is composed of two components: thermal efficiency and 

propulsion efficiency. The propulsion efficiency is the efficiency of the production of thrust of the engine. 

Therefore, the propulsion efficiency is derived from the power supplied from the engine and the kinetic 

energy produced. The power supplied to the aircraft can be seen by examining the equation below. 

 

Power to aircraft=flight speed*net thrust 

𝑃𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 = 𝑉𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡𝐹𝑡ℎ𝑟𝑢𝑠𝑡 

 

Eq. 7 

 By substituting in the thrust, and the kinetic energy, the thrust efficiency can therefore be described 

by the equation below. 

 

𝜂𝑝= (Power to aircraft)/ (Power to jet) 

𝜂𝑝 =
[𝑉𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡(𝑚𝑎𝑖𝑟 + 𝑚𝑓𝑢𝑒𝑙)]

1/2[(𝑚𝑎𝑖𝑟 ∗ 𝑚𝑓𝑢𝑒𝑙)𝑉𝑡ℎ𝑟𝑢𝑠𝑡
2 − 𝑚𝑎𝑖𝑟𝑉𝑡ℎ𝑟𝑢𝑠𝑡

2 ]
 

 

 

Eq. 8 

 Due to the negligible effect the flow of the fuel offers on the production of thrust, this equation can 

be further simplified to be solely dependent on the velocity, as seen below. 

 
𝜂𝑝 = 2 ∗

𝑉𝑡ℎ𝑟𝑢𝑠𝑡

(𝑉𝑡ℎ𝑟𝑢𝑠𝑡 + 𝑉𝑖𝑛𝑙𝑒𝑡)
 Eq. 9 
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 The importance of this equation is in the relationship between efficiency and velocity. As the 

velocity of the thrust approaches the velocity of the aircraft, the aircraft approaches a better rate of 

efficiency. In an ideal situation, this thrust velocity would be the velocity of the aircraft, however due to 

drag forces, there is a decrease in the velocity of the aircraft. For this purpose, the turbines in the compressor 

stage pull in air to increase the velocity of the air moving into the engine. This is especially important during 

the takeoff stage when airflow into the engine is zero. It is also important when increasing speed. To 

increase speed, the engine must pull in a large mass of air that is being forced into the engine due to the 

velocity of the aircraft.  

  

 The other important type of efficiency is the thermal efficiency of the engine. The thermal 

efficiency is defined as the ratio of the work the engine does overall to the energy input from the ignition 

of the fuel (Nicholas Cumpsty 2015). The work the engine does to the surrounding air can be represented 

by the change in kinetic energy of the air as it flows through the system. Furthermore, the energy input from 

the ignition of the fuel can be described by the lower calorific value (LCV) and the mass flow rate of the 

fuel in the system. The LCV describes the amount of heat energy that is a result of the combustion of the 

fuel. The thermal efficiency is described by the equation below. 

 
𝜂𝑝 =

1

2
∗

𝑚𝑎𝑖𝑟(𝑉𝑡ℎ𝑟𝑢𝑠𝑡
2 − 𝑉𝑖𝑛𝑙𝑒𝑡

2 )

𝑚𝑓𝑢𝑒𝑙 ∗ 𝐿𝐶𝑉
 

Eq. 10 

 To determine the overall efficiency of the engine from both the thermal combustion and the 

propulsion of the engine, a summation of the two efficiencies is performed. Due to both efficiencies utilizing 

the kinetic energy (or the power supplied by the jet), these values can be cancelled out, resulting in a more 

simplistic relationship. This can be displayed below. 

 
𝜂𝑜 =

Useful work

Thermal energy from fuel
=  

Thrust ∗ Speed

ṁfuelLCV
 

Eq. 11 
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 Due to the relationship between thrust and mass flow rate of the fuel (i.e., thrust specific fuel 

consumption) this can be further simplified. 

 
𝜂𝑜 =

𝑉

(𝑠𝑓𝑐 ∗ 𝐿𝐶𝑉)
 Eq. 12 

 The relationship for the overall efficiency of the propulsion of the engine can therefore be seen in 

this equation. One noteworthy relationship in this equation is the directly proportionate relationship 

between the velocity of the aircraft and efficiency. This shows that by obtaining the real flight speed, it is 

possible to determine the efficiency of the propulsion of the engine by using fuel analysis and determining 

the sfc. 

 

2.3.2 Gas Characteristics and Engine cycle 

 A gas turbine is an internal combustion engine, similarly to the reciprocating engine found in 

automobile engines. Heat engine also describes these types of engines. Heat engines operate by increasing 

the temperature of the air in the system and converting the heat into mechanical work. For automobile and 

jet engines, this mechanical work is shaft rotation. Therefore, maximizing the heat created within the 

material constraints leads to more work that can be produced (Wild 2018, 331).  

 The air is heated by a chemical reaction between a fuel and the air pulled into the system. This 

chemical reaction is the combustion process. The air in the system, also the atmospheric air, is a mixture 

itself, comprised of approximately 20% oxygen and 80% nitrogen (Hunecke 1997, 26). There is a negligible 

percentage of molecules in this mixture that contain inert gases that do not produce any products or react 

in the combustion process. The combustion process is accomplished due to the oxygen present in the 

system. Oxygen reacts with fuel (hydrocarbon based) and produces carbon dioxide and water. The result of 

incomplete combustion (i.e., not enough fuel to react with the oxygen to create carbon dioxide and water) 

results in the production of carbon monoxide and soot (Hunecke 1997, 131). These pollutants are 

exacerbated by high temperatures, which are necessary in the combustion process. These high temperatures 
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produce large amounts of nitrogen (Wild 2018, 26). These are the main products created by the chemical 

reaction of the combustion process and many studies have been devoted to reducing these products. 

 

 This chemical reaction creates the heat that is added to the system. This increase in heat causes the 

gas to expand, which increases the kinetic energy of the gas. As the gas retreats from the combustion 

chamber, the turbine impedes the flow of the gas, which increases the pressure. The greater the expansions 

of the gas, the greater the pressure exerted onto the turbine (Nicholas Cumpsty 2015, 42). This can be seen 

by examining the formula for pressure, 

 
𝑃 =

𝐹

𝐴
 

Eq. 13 

where the force exerted on the turbine can be determined through the thrust force equation below. 

 
𝐹𝑇 = 𝑚𝑉𝑔𝑎𝑠 Eq. 14 

 This pressure is converted into mechanical energy through the rotation of the shaft. The pressure 

exerted on the turbine is one of the three main variables for air that must be considered when analyzing the 

operation of a gas turbine (Nicholas Cumpsty 2015, 42). Temperature must also be considered. Temperature 

can be described as a measure of kinetic energy of a body. This is very important for many aspects of gas 

turbines. The second law of thermodynamics is utilized with respect to temperature in the cooling of engine 

components. The last variable to consider is density. Density is a crucial element of the incoming air 

because the greater density a kilogram of air contains, the more mass of air that will be forced through the 

engine given the constant cross-sectional area of the inlet. More mass of air means a higher probability of 

a more complete combustion process, which will produce more thrust. More will be explained on densities 

effect on thrust and combustion at a later point. These variables and their relationship can be denoted by 

the ideal gas equation. 



46 
 

 

𝑃

𝜌
= 𝑅𝑇 Eq. 15 

 

2.3.3 The Engine Cycle 

 Internal combustion engines, like the reciprocating and gas turbine, are composed of the same 

fundamental processes that create power. These processes both use air and chemical reactions to generate 

power. This process is known as the engine cycle. Figure 21 shows the comparison between a gas turbine 

and reciprocating engine cycle.  

 

 The four components of the engine cycle are the intake, compression, combustion, and expansion. 

The intake and compression cycles are very comparable between the piston and gas turbine engine; 

however, the combustion and expansion cycles work in different methods. Combustion in a piston engine 

occurs once per 720º. However, the combustion for the gas turbine engine cycle occurs constantly while 

the engine is running. This constant combustion is sustained by conditioning the fuel and air to the 

appropriate pressure and temperature and mixing the two together. This, along with a constant fuel and air 

flow, keeps the turbine rotating.  
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Figure 21:Comparison between reciprocating and gas turbine engine cycle (mechanical-engg 2023). 

 The work done during the expansion phase is also slightly different as well (Wild 2018, 333). Piston 

engines use the rapid expansion of the hot gas in the combustion chamber to do work in the form of 

translation. The piston heads linear motion is connected to the crank shaft, which is rotated. The gas turbine 

engine uses the expansion of the gas to generate lift forces acting on the turbine located downstream of the 

combustion. These lift forces rotate the turbine, which powers the compressor and any other auxiliary power 

systems necessary. The lack of reciprocating components in a gas engine offers the most advantage, 

allowing more energy to be transferred. 

 With a fundamental understanding of the combustion and gas characteristics, the engine cycle can 

be further analyzed by investigating the pressure-specific volume diagram as well as the enthalpy-entropy 

diagram. These diagrams illustrate the different characteristics of the air flow as it passes through the engine 

with respect to the air’s location in the engine.  

  Using Figure 22 and Figure 23, it is possible to describe the air at any point inside the engine. The 

air enters the engine at point A at the atmospheric pressure. As the air approaches point B, the air is 
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travelling through the compressor, increasing the total pressure and the density of the air flow. This increase 

in pressure correlates to an increase in pressure energy, which increases the enthalpy of the air. Due to the 

relationship between temperature and entropy, there will be a constant increase in entropy throughout the 

entire cycle. Heat is added as the air moves between points B to point C. This introduction of heat 

(combustion) leads to a decrease in density. 

 

 

Figure 22: Brayton Cycle 

 

 

Figure 23: Enthalpy-Entropy 
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 Ideally, there is no pressure loss in this process, however due to friction and natural losses, there is 

a slight pressure decrease. Combustion in a constant pressure environment, such as that of a gas turbine, 

allows for a greater mass of air into the system, as well as using much lighter materials and the ability to 

use low-octane fuels (Hunecke 1997, 28). The addition of heat correlates to an increase in enthalpy and 

entropy. As the air moves from point C to point D, the gas expands and does work on the turbine, therefore 

decreasing the enthalpy in the system. The pressure also decreases, with the pressure energy converted into 

mechanical energy in the shaft, however the hot temperatures allow for a decrease in the density of the air.  

 Predictability is fundamental in the understanding of a gas turbine. There are several 

thermodynamic and physics principles that allow for accurate assumptions which aid in the research of gas 

turbine engines. One such principle is the conservation of matter. This principle states that the matter 

entering the system does randomly exit the system. In other words, matter is not created or destroyed. This 

understanding allows researchers to better predict the combustion efficiencies and thrust. This principle is 

mathematically represented by the following equation. 

 

𝑚1 = 𝑚2 

𝜌1𝑉1𝐴1 = 𝜌2𝑉2𝐴2 

Eq. 16 

 This understanding can be specifically utilized in the combustion process. The more air mass that 

can be pulled into the compressor will allow for a greater thrust. This is a result of the conservation of 

matter. The combustion process creates a reaction between the fuel and the oxygen in the air. This same 

amount of air mass must be present as the gas expands and exits the system. This constant mass property 

allows for the thrust produced. 

 Another important principle is the conservation of energy. This is based on the first law of 

thermodynamics which states energy is indestructible. Therefore, energy must be transferred throughout 

the system. This transfer of energy can be taken advantage of to optimize the transfer, allowing the greatest 

practical energy exertion to generate thrust.  
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 The energy of the gas is represented by three variables: the internal energy, pressure energy, and 

kinetic energy. The internal energy is a function of the temperature of the gas as it enters the system. 

Pressure energy is a function of the pressure state of the gas as it enters the system, and the density of the 

gas. Finally, kinetic energy is a function of the velocity of the flow. These can be represented 

mathematically below. 

 

𝑈 = 𝑐𝑣1𝑡𝑣1 

𝑃 =
𝑝1

𝜌1
 

𝐾 =
1

2
𝑣2 

Eq. 17 

 The purpose of the combustion process is to input heat into the system, therefore increasing the 

energy of the gas between when it enters the system and exits the system. The introduction of energy into 

a system is therefore equivalent to the energy that exits the system (or in other words is used to produce 

work). This can be represented as the first law of thermodynamics in the equation below. 

 

 
𝑐𝑣1𝑡𝑣1 +

𝑝1

𝜌1
+

1

2
𝑣1

2 +
𝑄

𝑚
− 𝑊 = 𝑐𝑣2𝑡𝑣2 +

𝑝2

𝜌2
+

1

2
𝑣2

2 Eq. 18 

 This vital concept introduces the importance of understanding the different static pressure and 

temperature throughout the flow specifically before and after the combustion. This understanding of the 

present state of the air at these locations experimentally can lead to a better understanding of the energy 

transfer in the system. It also gives important information on the emissions of the combustion process. The 

products released, specifically NOx, is a more prevalent product with higher combustion temperatures. 

Therefore, understanding the temperatures experienced in the combustion chamber can allow for better 

prediction of the NOx emissions and prove instrumental in creating methods of NOx reduction. 

 

2.4 Fuel Characteristic and Systems 
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 The fuel used in the combustion of a gas turbine engine is an immensely important factor in the 

propulsion and emissions of the engine, not to mention the proper operation through lubrication and 

necessary viscous properties. Therefore, fuel properties and characteristics must be properly matches to the 

engine purpose and function. Ambient temperature, distance of operation, altitude of the flight, and many 

other factors contribute to the fuel used. Not only is the fuel important in the proper operation of the turbine, 

but the fuel control system must also be working effectively to appropriately regulate the fuel input into the 

combustion chamber. The next section discusses the important characteristics involved in the selection of 

the fuel as well as the systems that control fuel flow. 

 

2.4.1 Ideal Fuel Properties and Characteristics 

 Gas turbines operate under different circumstances than reciprocating internal combustion engines. 

While the operation parameters for automobile and marine engines allow for the use a gasoline, gas turbine 

must typically consider a drastic change in operation temperature and pressure, as well as an increase in 

risk and therefore increase factor of safety, which affects optimal choice of the fuel. Because of the 

differences in operation conditions, gasoline is not typically used in powering gas turbine engines.  

 There are many factors when considering the fuel type to use for a gas turbine (Wild 2018, 343). 

The fuel must be appropriately viscous at all operation parameters. This includes the changes in temperature 

and pressure that accompany a higher altitude. It must also allow for the engine to start under conditions at 

the ground. Proper combustion is also a factor in the fuel type used. This includes efficient combustion at 

high altitudes as well as ground level, and all heights in between. Different factors like humidity, pressure, 

and temperatures affect the combustion differently and will change throughout the flight. Therefore, the 

fuel must have properties that allow for efficient combustion at each instance, and if this is not attainable, 

an augmentation must be made to the system to sustain proper thrust. A highly sought-after factor in fuel 

quality is the calorific value. High calorific values per unit of fuel allow for more energy to be converted to 

heat and creates more favorable results in several different areas (weight of the fuel, emissions, fuel rate, 
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etc.). It is also important that the fuel is not corrosive or damaging to the engine. Depending on the materials 

used in the engine, different fuels can have negative effects on the different components. For example, some 

fuel tanks are designed for specific fuel types and are made from elastic materials. The introduction of 

synthetic fuels that have aromatics (compounds that create harmful emissions) removed can shrink the fuel 

tanks, creating cranks and leaks in the tank (Hunecke 1997, 194). Finally, it is important to consider the 

safety of the fuel. Some fuels are more volatile than others. This difference in volatility changes how the 

technicians refuel the plane. Fuels like Jet A are less volatile, while aviation gasoline must take increased 

precautions to reduce electric static, high velocity refuels, and turbulent refueling to avoid fire and 

explosion. These factors should be considered when choosing a fuel type for engine combustion. 

2.4.2 Fuel Composition 

 Knowing the factors that qualify fuels for use in gas turbines is equally as important as knowing 

the properties that compose fuels and allow for energy extraction as well as the determinates of emissions. 

As previously discussed, the calorific value is the heat created from the chemical reaction of combustion of 

a certain fuel. This value is determined by the hydrocarbons present in the fuel. Heavier hydrocarbons (i.e., 

a denser fuel) lead to a larger calorific value. Sulfur is also a factor to consider. Sulfur is responsible for the 

corrosive nature of fuels, and therefore, more sulfur present in a fuel will lead to a more corrosive fuel, 

which will need to be accommodated for in the fuel system. Another very important property of the fuel is 

the freezing point. High altitude flight (30,000 to 36,000 ft in commercial airlines) imposes a decrease in 

temperature on the engine. This can lead to freezing temperatures (approximately -55°C) that have the 

potential to freeze the fuel. This is an issue because when fuel begins to freeze, ice crystals begin to form. 

This formation of ice crystals creates waxy particles that clog fuel filters. Many factors affect fuel 

temperature (ground level atmospheric temperature, aircraft speed, quantity of fuel etc.) and must be 

considered in fuel choice. Another property that must be considered is the volatility of the fuel. Certain 

fuels are not harmful in liquid state, but the vapors that settle above the fuel in the fuel tank have high level 

volatility, and therefore present a higher risk of fire and explosion. These fuels should be handled with more 
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caution. A final property of fuel that is considered for gas turbine is the emissions. In recent years, more 

focus has been placed on reducing harmful emissions created by the combustion process. Because of this, 

emissions are a very important factor to consider in fuel choice.  

 

2.4.3 Fuel Types and Additives 

 There are many different types of fuels used in gas turbine engines. Kerosene, also known as Jet 

A, is one of the most common inside the US, while wide-cut gasoline, also known as Jet B, is much more 

common in military applications and outside the US. Kerosene is the most commonly used in commercial 

aircraft industry because of the high calorific value, low freezing point (between -40℃ and -50℃), and low 

vapor pressures. Wide-cut gasoline is a mix of gas and kerosene. This makes the resulting fuel less dense 

and more volatile (vapor pressure around 2-3 psi) than kerosene. However, wide-cut fuel has an advantage 

in the freezing temperature (approximately -60℃). The calorific value, however, is either higher or lower, 

depending on how it is measured. When measured by unit volume, the calorific value for kerosene is higher 

than wide-cut fuel, however when measure per unit mass, the wide-cut has a higher value.  

 Other fuel types are currently being investigated as well to reduce emissions. These fuels are 

synthetic and bio-derived fuels. Synthetic fuels use the Fisher-Tropsch process to remove aromatics and 

other harmful material from the fuel. The remaining fuel is cleaner burning but causes issues in the reduced 

density and causes problems with some fuel system components. Bio-derived fuel is generally made up of 

a natural material combined with ethanoyl. This natural material can be from animals, like fat, or from 

vegetables, like vegetable, corn, rice, or sunflower oil (Badami et al. 2014). Most frequently, bio-derived 

fuel is mixed with kerosene or wide-cut fuel to combine the clean burning or the bio-derived fuel and the 

high calorific and density of kerosene fuels.  

 Additives present in fuel, either purposefully or unavoidably placed, have significant effect on the 

performance and resultants of the fuel. Water will naturally occur in fuel despite the efforts of engineers to 
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only inject pure fuel. The amount of water present in the fuel is affected by the atmospheric temperature. 

The saturation level (amount of water prevalent in the fuel) is measured in parts per million (ppm) and is 

approximately equivalent to the temperature in Fahrenheit. Therefore, 50℉ atmospheric temperatures 

correlated to approximately 50ppm of dissolved water in the fuel. At cool temperatures, water tends to settle 

at the bottom of the fuel tank due to the heavier nature of water. However, at freezing temperatures, the 

water will combine with the fuel, creating a gel or icing. This causes issues with the fuel filters in the fuel 

system. It also allows for the introduction of small amounts of increases in water. When warm temperature 

outside air enters the fuel tank, condensation takes place, which can increase the saturation level of the fuel. 

There are manufactured additives that can be combined with the fuel or the fuel tank to relieve these issues. 

These additives, like Prist, combine with water at lower temperature and further lower the freezing 

temperature of the water. This delays the icing effects of the fuel and water. The presence of water also 

introduces the growth of microorganisms in the fuel tank. This can typically be confirmed by noting an 

abnormal smell or a brownish/reddish discoloration of the fuel. These microorganisms can form chemical 

compounds that reduce the structural integrity of the fuel tank, causing cracks and leaks. This can be 

remedied by coating the fuel tank with a corrosive resistant mixture. These mixture limit or sometime even 

eliminate the presence and effect of microorganisms on the fuel tank.   
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CHAPTER 3 

LITERATURE REVIEW 

 

3.1 Experimental and numerical experimentation of Turbojet Engines 

 The usefulness and importance of smaller turbojet engines cannot be underrepresented. Jet engines 

in general are very expensive to design and manufacture, not to mention the maintenance that must be done 

and replacing any malfunctioning parts. Because of this, the cost to operate and test can be very high. The 

cost is not only represented in economic terms, but also environmental. Operation of jet engines, especially 

larger ones, comes with harmful emissions created from this process. Smaller jet engines, however, produce 

less emissions, and have a much smaller operation and manufacturing cost than large engines. This 

accompanied by the increasing accuracy of CFD analysis, provides an excellent opportunity to use smaller 

jet engines as a proxy for larger engines, while allowing for comparable results to that of a larger engine. 

 One study conducted by Badami et al (Badami, Nuccio, and Signoretto 2013) compares the 

experimental results from a SR-30 turbojet engine to the numerical results created using CFD. The 

experimental component records the pressure and temperature at various critical components on the engine, 

while also measuring the thrust produced, air flow rate, fuel flow rate, and an emission measurement to 

collect the output of carbon monoxide, nitrogen oxide, oxygen, and the unburned hydrocarbons. The 

purpose of this study was to compare and gain knowledge on the accuracy of numerical and experimental 

data from a mini turbojet engine. This study found that the operative fluid pressures and temperatures were 

comparable to that of a regular sized turbojet engine in idle, supporting the validity of the accuracy of the 

miniature compared to the regular sized engine. For the compressor, this study found that the CFD analysis 

was accurately comparable. With respect to the temperature through the system, this study found that the 

outlet temperature of the compressor showed cooler temperatures due to the warming effects the 

compressor exerts on the compressed air. It also found that an oscillation of temperature at the turbine outlet 

as the engine increases speed, which is not present in the numerical analysis. This can be explained due to 
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incomplete and inefficient combustion (especially at low speeds) and varying temperature hotspots created 

due to the spray of the fuel injector. This spray results in an anisotropic fuel to air mixing, which generates 

higher temperatures in some areas, and cooler areas in others at the combustion. A similar inconsistency in 

the temperature between the numerical and experimental was also seen at the turbine inlet. The data showed 

a temperature difference between the two experiments anywhere from 60-180°C. This can also be explained 

by similar principles as stated above.  

 Again, when examining the theoretical and experimental results of gas turbine engines, the research 

conducted by Sajesh et. al (Sajesh 2014) is another useful source. This study consisted of using a Minilab 

SR-30 test rig including a diffuser, axial flow compressor, reversible annular flow combustion chamber, 

and an axial flow turbine to gather experimental data. It also calculated theoretical values.  The purpose of 

this experiment was to use the accuracy of the data gathered when compared to the theoretical data to 

determine the accuracy and better understand the Braton thermodynamic cycle. This experiments a 

difference of 18.35% between the data for the compressor, 16% for the turbine, and a difference of 56N 

between the thrust. 

 Another study conducted by Dubovas and Brucas (Dubovas and Bručas 2021) was done to compare 

the numerical and experimental results between a combustion chamber for a small turbojet engine.  This 

experiment used propane gas for the fuel, and in computational methods used three different methods to 

model the combustion process: WD1, WD2, and WGS (Westbrooke Dryer combustion reactions). It also 

used 4 different meshing methods with increasingly more elements and nodes and used four different fuel-

air ratios. This study found that with greater fuel-air ratios, there was more variance in the accuracy of the 

resulting exhaust temperature between the computational and experimental results.  The most accurate 

results occur in fuel-air ratios between 1:30 and 1:150. It also found that richer mixtures led to 

computational deviance from the experimental in the form of a surplus, while lean mixtures resulted in 

lower temperatures as compared to the experimental.  
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 More research conducted by Gonzalez, Wong, and Armfield (Gonzalez, Wong, and Armfield 2007) 

was done to investigate the convergence of numerical CFD and experimental results. This investigation 

first used 6 different computational methods (3 types of RANS, 3 types of LES) to determine which had a 

convergence of temperature and velocity (experimentally measured at the outlet). These models simulated 

a 60° section of the combustion chamber, using tetrahedral elements for the inner section of the chamber, 

and hexahedral elements for the vaporizer and outer section. These simulations elements ranged between 

130,000 and 500,000 elements. The fuel used was a model of kerosene which had 80% n-decane and 20% 

toluene. The boundary conditions used were as follows: air flow of 0.22 kg/s, inlet pressure of 2.2 bar, 

global air fuel ratio of 65, air inlet temperature of 400K, and inlet temperature of fuel being 300K. This 

investigation found that the LES-WALE (wall adapted local eddy) model provided the most accurate results 

when compared to the experimental. When further examining the LES-WALE model, it showed 

stoichiometric mixing occurred at the same area of the high temperature. It also found high temperatures 

located before the outlet, and lower temperatures at the outlet. This was determined to be caused by the 

location of the holes of the diffusor. It is likely that an increase in air, creating a leaner mixture, will reduce 

the high temperatures seen in the results.  

 Another study conducted by Wessley and Chauhan (John Wessley and Chauhan 2019) used a 

modeling simulation software called Flownex to model a small turbojet engine capable of producing 4 kN 

of thrust. This software uses component matching to input the parameters for each component. The 

components were chosen from a library of components that are preloaded into the software. These main 

components of the engine were the inlet, compressor and impellor, combustion chamber, turbine, exit 

nozzle, pipes, and heating elements, and the analysis was performed in a one-dimensional space. This study 

found a direct relationship between the ambient pressure and the max temperature, mass source, exit Mach, 

thrust, and the power generated from the turbine. It was concluded that the maximum temperature, velocity 

in the compressor, and exit velocity was 561.29K, 23.363 m/s, and 433.157 m/s respectively, all of which 



58 
 

were inside the design constraints. Finally, it was concluded that at an ambient pressure of 1.01 bar and 

8.71 kg/s inlet air flow, the thrust produced was 3.79 kN, which was just under the engine’s thrust capability.  

  

3.2 Experimentation of Alternative Fuels and Effects on Gas Turbine Emissions 

 While the function and design of the turbojet engine is important, equally so are the emissions 

produced from the combustion process. With a large percentage of research focusing on climate change, 

the reduction of greenhouse gases is of the utmost importance. This has led to many studies being conducted 

to investigate the gases produced during emission and the best methods for reducing them. This has led to 

advancements in biofuels and synthetic fuel, which act to reduce emission due to their chemical 

composition, as well as the introduction of augmentations to the combustion process.  

 Ossello, Balepin, and Snyder (Vlademir Balepin 2002) conducted a study which examined the 

reduction of NOx emissions through water injection technology (WIT). This study used a Boeing 777-200 

aircraft equipped with 2 Pratt and Whitney 4084 turbofan engines with a low pressure compressor (LPC) 

and high pressure compressor (HPC) and implemented the water injection into 5 different locations in the 

engine; the inlets of the HPC, the inlet of the LPC, the combustion chamber, the inlet of the LPC with a 

reduced air bleed, and finally the inlet of the HPC with a reduced air bleed. This study found that the WIT 

located at the LPC with reduced air bleed led to the most reduction in NOx (up to 60%) with the less amount 

of water present in the air flow. It also found that through WIT, there could be a reduction in the HPC 

temperature up to 300K. It also found that by implementing the WIT during takeoff, the turbine temperature 

could be maintained at a constant temperature of 1482 K. The implementation of WIT could also have other 

benefits including the durability of the engine (due to a decrease in stress from high temperatures) and better 

efficiency of the engines (due to the ability to better optimize turbine clearance because of lower length of 

expansion of blades). 
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 In a study conducted by Gawron and Bialecki (Gawron and Białecki 2017), the authors presented 

an experiment to compare the performance and resulting emissions between two fuel types: Jet A-1 and a 

Jet-A-1/HEFA fuel blend. This study was conducted using a miniature turbojet (part of a test rig). The 

authors setup included testing several variables, including temperature, thrust, fuel efficiency, thrust-

specific fuel consumption (TSFC) and emissions as it relates to carbon monoxide, carbon dioxide, and 

nitrogen oxide. These variables were studied, and data collected at RPM values of 39,000, 70,000, 88,000, 

112,000. This study found Jet A-1 produced higher or marginally higher data in all experiments, with the 

largest difference being 10%. It is noted that the fuel consumption rate and TSFC were lower for the HEFA 

blend. This lower value can be explained by the higher heat of combustion and the lower density of the 

blend. It was seen that the most dramatic difference in values was seen at low RPM values. Another 

noteworthy conclusion was the lower emissions recorded by the HEFA blend.  

 Another study conducted by Gawron et al (Gawron, Białecki, and Kaźmierczak 2016) was 

performed to study the effects of using a Jet A-1/Butanol blend on performance and emissions. The fuel 

blend was comprised of 90% Jet A-1 fuel and 10% butanol. This experiment compared this fuel blends 

effect on exhaust gas temperature, thrust, specific fuel consumption, fuel consumption, and the carbon 

dioxide, carbon monoxide, and nitrogen oxide emissions with that of the Jet A-1 fuel. These tests were 

conducted at varying motor RPM’s, including 39,000, 70,000, 88,000, and 112,000. This study found that 

the two fuel types were accurately comparable for the thrust produce and the exhaust temperature. The Jet 

A-1/Butanol blend results showed a slightly higher fuel consumption and specific fuel consumption rate, 

which can be explained by the lower fuel calorific value. This fuel blend also showed lower emissions for 

carbon dioxide, carbon monoxide, and nitrogen oxide. 

 Once more, in analyzing fuel blends and the emissions and performance, another study was 

conducted by Solmaz et. al (Hamit Solmaza 2014). This study focused on examining the effects of using 

multiple fuel blends of jet A1 and diesel on the emissions and performance of the engine. This study used 

blends containing 100%, 95%, 90%, 75%, and 50% diesel. This study found that a straight diesel produced 
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the most torque per engine speed, with the 50% blend following behind. It attributed this loss of power for 

the Jet-A1 blends to the lower heating value, calorific value, density of the Jet-A1 fuel. This greatly reduced 

the power output seen. It also concluded the same factors negatively affected the fuel consumption of the 

Jet-A1 blends, finding diesel to produced lower fuel consumption values. When examining the emissions, 

this study found that lower heating values and higher latent heat of evaporation values led to a lower value 

of produced NOx for the Jet-A1 blend. In studying the smoke and CO2 contents, the study concluded Jet-

A1 blends had undesirably higher values of these variables than pure diesel. This was attributed to the 

higher carbon content present in Jet-A1 fuels. 

 Another study conducted by Altarazi, et. all (Altarazi et al. 2021) was conducted to determine the 

effect of using dual diesel biofuels compared to single diesel biofuel, and compared these values to a 

baseline of Jet-A1. The fuel blends in this experiment were B90, B70, B50, B30 and B10. The blends were 

constructed of Thespesia populnea oil methyl ester (THOME) and Palm oil methyl ester (POME). This 

experiment tested the performance in terms of specific fuel consumption vs brake power (BP) of the engine. 

It also tested the emissions of CO, CO2, and NOx of each fuel blend. This experiment found that the B10 

(5% THOME, 5% POME, and 90% Jet-A1) dual diesel biofuel had lower specific fuel consumption per the 

brake power of the engine, even lower than Jet-A1. This was determined to be a consequence of the low 

calorific value of the other blends. With respect to the emissions, the CO emissions seemed to decrease 

with an increase in BP, while the CO2 emissions increased with BP. This could be understood to occur due 

to a richer air/fuel ratio being required for higher BP. It was also found that the B10 diesel fuel blend created 

less emission than the baseline Jet-A1 for both the CO and CO2. These lower emissions could be concluded 

to occur because the biodiesels contained oxygen, which leads to easier combustion at high temperatures. 

Finally, the NOx was seen to increase with the BP. While Jet-A1 fuel had lower emissions than the B10 

blend, it was found that these values were very similar.  

 Another study conducted by Benini, Pandolfo, and Zoppellari (Benini, Pandolfo, and Zoppellari 

2009) studies the NOx and CO₂ emission by inserting steam and water into the combustion chamber. This 
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was done by using both experimental and computation methods. Steam and water were inserted downstream 

of the combustion just before it escaped into the turbine section. The computational results were obtained 

by using a 30° section (due to the symmetry). The results found that, for steam, there is an overall reduction 

in both CO₂ and NOx, the most at 100% and 200% respectively. This was most likely due to the increase 

turbulence, and the decrease in the temperature of the fluid. When inserting water into the system, the 

results found that there was no reduction for CO₂, but there was a reduction for NOx at 100% water. This 

was most likely due to the reduction in the temperature. This study found that the numerical and 

experimental results aligned well. 

 Other studies have been conducted as well, like those done by Gurbuz et all (Gürbüz et al. 2021). 

This study was conducted to determine the effects of using a euro diesel/hydrogen blend compared with the 

lean euro diesel fuel. The turbine used in this study is a small turbojet engine, and the experiment tests the 

fuel’s effect of performance and emission levels. This study found that there was a dramatic decrease in 

fuel consumption and specific energy consumption with an increase in rpm. It also found that there was an 

increase in engine efficiency up to 15% at all speeds. Finally, with the environmental variables, there was 

a slight decrease in CO and CO₂, and an increase in HC and NOx emissions. 

 Another study conducted by Badami, Nuccio, et. all (Badami et al. 2014) was conducted which 

used three different types of fuels and attempted to validate computation results with experimental results 

of a mini turbo jet engine. This research used an SR-30 turbojet engine with Jet-A (as the control), a 

synthetic Gas to Liquid blend, and a bio-diesel fuel blend comprised of 30% Jatropha Methyl Ester (JME) 

and 70% Jet-A. With respect to the CFD computations, this study used 1.4 million cells across 1/6th of the 

actual combustor (due to the 6 fuel injectors). This simulation used a two-step Eddy Dissapation model to 

model the combustion and used a Reynolds Stress Model. The NOx was predicted using a Probability 

Density Function (PDF) and a Eulerian-Lagrangian model was used to simulate the spray evolutions. 

Experimentally, this study showed that the GTL synthetic and Jet-A had similar results in terms of CO 

emissions, thrust produced and fuel flow rate. It also found that the GTL synthetic and JME blend showed 
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similar trends in respect to NOx and CO emissions, and the JME blend showed a more favorable UHC 

emissions. This study also found correlating results between the simulation and the experimental results for 

the NOx at high operating speeds only. This was not the case for lower operational speeds. This was 

determined to be due to larger than expected SMD of the fuel droplets. This caused flame envelopes, which 

produced higher levels of NOx that the CFD simulation was not set capable of predicting. Therefore, the 

CFD simulation predicted less NOx than was actually present. It also found that the CFD simulation predicts 

nearly two magnitudes less CO emissions than were experimentally gathered. 

 Chiariello, Allouis, Reale, and Massoli (Chiariello et al. 2014) investigated the results of using 4 

different bio-fuel blends on the emissions output, specifically analyzing the CO, NOx, and particulate 

matter(PM) with respect to the load of the engine. These loads were full load (25kW) and partial load 

(15kW). This experiment used a Capstone micro gas turbine (C30) and a portable flue gas analyzer (TESTO 

350 S) to measure to the O₂, NO, NO₂, CO, SO₂, and CO₂, and also measured the exhaust temperature and 

pressure. The different blends used in the experiment were sunflower oil, rapeseed oil, and Jet A1 was used 

as the constant. Each oil was mixed with Jet A1, comprising both 10% and 20% of the total volume, 

resulting in 4 different biofuels for the experimentation. This investigation found that the rapeseed and 

sunflower blend offers no substantial difference in emissions of NOx and CO with respect to Jet A1 fuel. 

However, there were very high increases in the partial size of the PM for the sunflower and rapeseed blends. 

The approximate size of the Jet A1 fuel was 20µg/m³, while the rapeseed and sunflower fuel blends resulted 

in PM size of approximately 60µg/m³ and 1000µg/m³, with the partial load creating slightly higher PM 

values. The sunflower blend also produced larger particle sizes than the rapeseed. In comparing the 10% 

and 20% of each oil blend, it was found that there were no significant changes between each blend for either 

sunflower or rapeseed. This study concluded that the explanation for the oils high PM is due to a greater 

soot induction time when compared to Jet A1. This delayed reaction leads to slower soot oxidation, which 

leads to the higher PM results.  
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 Hoxie and Anderson (Hoxie and Anderson 2017) conducted an experiment which tests fuel blends 

using soybean oil (SBO) and #2 ultra-low sulfur diesel. This experimented using blend comprised of 25%, 

50%, and 75% SBO mixed on a per volume basis with ULSD and compared the results to pure ULSD. This 

experiment was conducted using a SR-30 turbojet engine at 78,000 RPM and used a thermocouple and pitot 

probe to measure temperature, kinetic energy, thrust, and enthalpy flux. These measured values were used 

to calculate the engine efficiency due to the poor nozzle design and disruptive thermal efficiency of the SR-

30, and therefore, the efficiency represents the combustion efficiency. This study concluded that the SBO 

blends showed a greater variation in exhaust temperature than ULSD. This could have been caused by the 

exhaust nozzle design, which included several struts for structural support. It also found that efficiency was 

slightly higher than the ULSD, however, the higher values were insignificant due to the error margin. 

Finally, the 25% SBO blend was compared to the USLD at different RPM’s. This found that increases in 

the RPM showed increase in efficiency, exhaust gas temperature (EGT), and thrust, with the SBO blend 

having a slightly higher EGT than ULSD. 

 Qui et.all (Lei Qui 2018) also conducted research in a similar field examining the effects on fuel 

flow rate on a small micro turbojet engine. This study used Fluent software to investigate the best location 

to place an ignitor based on high temperature and mass fraction of the fuel in the system and based on the 

lower areas of velocity of the air. This study also applied changes to the combustion chamber, rounding off 

the back wall and centering and adding a conical exit nozzle for the vaporizers. Using this information, the 

experiment was conducted with the new location of the ignitor. This study tested 5 fuel flow rates of diesel 

and measured the rotational speed of the electric motor used to start the engine and compared it to the time 

taken to reach idling turbine speed. This found that 7000 rpm was the most ideal speed for the electric 

motor, providing the quickest startup time. It also used this ideal electric motor speed and 5 different fuel 

flow rates to determine the turbine power output. It found that the larger fuel flow rates lead to a higher 

power output. 

3.3 Noise and Vibration Analysis for High Aromatic Fuels 
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 Finally, noise and vibration analysis are critical to the research and development of engines. This 

can be addressed via the harmonics found based on geometrical foundations of the engine, however the fuel 

used in the engine also plays a significant role in the vibrations experienced. High volatility fuels, like Jet-

A, can lead to higher vibrations in certain parts of the engines. Most fuels, including Jet-A, F24, JP-8, and 

so on include a fairly higher aromatic content. This aromatic content is important for sealing purposes. 

However, fuels with high aromatic content are also generally higher in emissions. The following section 

investigates the effect of these aromatics in the fuels and how it relates to the noise and vibration 

development of the engines.  

 The work conducted by Bhupendra (Khandelwal et al. 2014) investigated the emission and 

vibration characteristics of a small-scale gas turbine engine when using 4 different types of fuel. These fuels 

include Jet-A from 2 different sources, CTL synthetic jet fuel, and GTL synthetic jet fuel. The results found 

that the GTL fuel produced better operational stability in each range of the engines load as compared to the 

other fuels.  

 Furthermore, Sharma (Sharma et al. 2020) conducted similar work on the aromatics contents in 

various diesel blends to determine their effect on the spray behavior and engine performance. The results 

found that with blends of 5%, 10%, and 15% aromatics added diesel fuel, there was no significant change 

in the spray behavior of the fuel. Furthermore, an improvement in the fuels was found when using 

Ethylbenzene and toluene. This was found to be due to the favorable calorific value, atomization, cetane 

number, and structure.  Moreover, the lower aromatic content of certain diesels like ULSD leads to high 

noise pollution as compared to those with higher percentages of aromatics.  

 Furthermore, Almohoammadi conducted similar research on the effect of four different aromatics 

blended with low (Almohammadi et al. 2021) aromatic fuel to determine engine performance. The results 

found that the reduction in calorific value and cetane number due to the introduction of aromatics reduced 

engine performance. The results found that introducing the higher density methylnaphthalene aromatic 
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resulted in higher levels of emissions. This was due to the higher boiling point and lower H/C ratio. Indane 

mixed at 5% found more promising results, with a higher brake thermal efficiency and lower BSFC.  

 The study done by Zheng (Zheng et al. 2021) was done to test 16 different aromatic blended fuels 

to determine the effect of molecular structure, density, and H/C ratio on the emissions and performance. 

The results found that indene and naphthalene additions greatly increase emissions. It also found high 

density and high H/C ratios properties for the aromatics have a direct correlation to high levels of soot and 

emissions. Moreover, the molecular structure of di-aromatics and cyclo-aromatics produce higher levels of 

soot and emissions, while the alkyl-benzene molecular structure showcased improved emissions.  

 Wijesinghe (Wijesinghe and Khandelwal 2021) investigated the impact of alternative fuels and 

aromatic species on the spray behavior and atomization properties of the fuels. The results found that as the 

aromatic species of ethylbenzene, cumene, and tert-butylbenzene correlated to an improvement in 

atomization, leading to the conclusion that the greater the size of these types of aliphatic groups attached to 

the benzene ring results in an improvement in the droplet size and subsequent combustion properties. These 

groups also have lower densities, which corresponds to the improved spray characteristics.  

 An investigation conducted by Matthaiou (Matthaiou, Khandelwal, and Antoniadou 2017, 

Matthaiou and Antoniadou 2016) was done to investigate the vibrational instabilities seen in a combustion 

chamber when using different fuels. These investigations also used different fuel blends and air-fuel ratios 

to determine their effect of combustion stability when using and training a one-class support vector machine 

(OCSVM) method. The algorithm found there was very little difference between the fuel blends and air-

fuel ratios with respect to the vibration. 

 Other studies conducted by Wijesinghe (Wijesinghe, Ling, and Khandelwal 2019) have been done 

to investigate the effect of using JEFA type alternative fuels. In this experiment, an auxiliary power unit 

was used to compare the vibrations between the low aromatic HEFA alternative fuel and traditional 

commercial Jet-A. This investigation found that the difference in a low aromatic HEFA fuel and traditional 
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Jet-A resulted in significant differences in vibration results. These results showed the pure low aromatic 

fuel had higher vibrational amplitudes. 

 Presently, the literature presented leads to the conclusion that many aromatics provide a degree of 

combustion stability to many kerosene-based fuels. This can be derived strictly from the vibration data, as 

well as the atomization enhancements that certain aromatics provide fuel droplets Furthermore, the 

introduction of lower density, lower viscosity aromatics also have proven to improve atomization and lead 

to better combustion stability. The negative impact of better combustion stability is the increase in PM, 

NOx, and other aromatic induced emissions. Therefore, a strategic fuel blend mix should be employed to 

reach the optimal combination of emissions and combustion stability.  
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CHAPTER 4 

METHODS 

4.1 Overview 

 Numerical and experimental procedures have been recorded to ensure repeatability of the 

experiments conducted. The numerical boundary conditions and meshing considerations were recorded in 

the following section, and the equipment used in the experimental testing can be found in the Appendix. 

4.2 Numerical Modelling and Simulation 

4.2.1 Turbulence Modelling 

 To properly model the phenomenon occurring the turbine, it is necessary to implement an 

appropriate turbulence model to capture the effects turbulence has on the many variables studied throughout 

this experiment. The turbulence, or the fluctuations in the flow field, occurs when the inertial forces of the 

flow overcome the viscous forces. The Navier-Stokes equation’s usefulness in modeling this turbulence is 

limited due to computational requirements. Therefore, turbulence models have been created to simplify the 

computational requirements. These models work by reducing the velocity component into an averaged 

component and a time dependent component (ANSYS 2011a). This can be seen below. 

 𝑈𝑖 =  𝑈�̅� + 𝑢𝑖 Eq 1 

 In this equation 𝑈𝑖 is the velocity component, and it is divided into the averaged velocity, 𝑈�̅�, and 

the time dependent component 𝑢𝑖. The average velocity component is derived from Eq 2, which determines 

the velocity fields across the element (ANSYS 2011a). 

 
𝑈�̅� =  

1

∆𝑡
 ∫ 𝑈𝑖  𝑑𝑡

𝑡+ ∆𝑡

∆𝑡

 
Eq 2 

 In determining the average velocity component, ∆t is the timescale. This must be large compared 

to the turbulent fluctuations, but small compared to the total timescale. 
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 The turbulence models use several foundational equations, along with assumptions, to predict the 

turbulence and its effect on the surrounding system. These equations are the continuity, momentum, and 

total enthalpy equations, seen below (ANSYS 2011a).  

 𝜕𝜌

𝜕𝑡
+  ∇ ∗ (𝜌𝑈) = 0 

Eq 3 

 ∂(ρU)

𝜕𝑡
+ ∇ ∗ (𝜌𝑈⨂𝑈) =  −∇𝜌 +  ∇ ∗ 𝜏 + 𝑆𝑀   

Eq 4 

 ∂(ρℎ𝑡𝑜𝑡)

𝜕𝑡
−  

∂ρ

𝜕𝑡
+ ∇ ∗ (𝜌𝑈ℎ𝑡𝑜𝑡) =  −∇ ∗ (λ ∇T) + (𝑈 ∗  𝜏) + 𝑈 ∗ 𝑆𝑀 + 𝑆𝐸 

Eq 5 

 These equations must then be modified to reduce computational requirements. This is done by 

using the averaged quantities of the different parameters in the equations (as determined in Eq 2). The result 

is the Reynolds Averaged Navier-Stokes (RANS) equations. These models are defined as statistical 

turbulence models. Despite this reduction in computation requirements, these equations still offer 

complexity in determining the accurate turbulent outcomes. Therefore, the introduction of turbulent models, 

like the k-ɛ turbulence model, can be used as support models and are useful in providing closure to the 

equations. 

 The k-ɛ turbulence model alters Eq 3, Eq 4, and Eq 5 to provide the necessary closure to solve the 

equations (ANSYS 2011a). The continuity, momentum, and total enthalpy equations can be reworked as 

seen below in Eq 6, Eq 7, and Eq 8. 

 𝜕𝜌

𝜕𝑡
+  

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗) = 0 

Eq 6 

 ∂(ρ𝑈𝑖)

𝜕𝑡
+

∂(ρ𝑈𝑖𝑈𝑗)

𝜕𝑥𝑗
=  −

∂(ρ)

𝜕𝑥𝑖
+  

∂

𝜕𝑥𝑗
(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) + 𝑆𝑀 

Eq 7 

 ∂(ρℎ𝑡𝑜𝑡)

𝜕𝑡
−  

∂ρ

𝜕𝑡
+

∂

𝜕𝑥𝑗
(𝜌𝑈𝑗ℎ𝑡𝑜𝑡) =  

∂

𝜕𝑥𝑗
(𝜆

∂T

𝜕𝑥𝑗
− 𝜌𝑢𝑗ℎ̅̅ ̅̅ ) +

∂

𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] + 𝑆𝐸 

Eq 8 

 The continuity and momentum equations are modified to contain the turbulent stress, designated 

by 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅. The total enthalpy equation is also modified to contain the temperature changes due to the 
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turbulent mixing. It is also altered to include the viscous work that is produced. These terms are represented 

by 𝜌𝑢𝑗ℎ̅̅ ̅̅  and 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅, respectively (ANSYS 2011a). Furthermore, the total enthalpy can be represented by Eq 

9 and Eq 10, where the turbulent kinetic energy (k) can be derived. 

 
ℎ𝑡𝑜𝑡 = ℎ +

1

2
𝑈𝑖𝑈𝑖 + 𝑘 

Eq 9 

 
𝑘 =

1

2
𝑢𝑖

2̅̅ ̅ 
Eq 10 

 The additional variable (Φ) can also be introduced into the momentum equation. The addition of 

this variable allows for the ability to solve for the Reynolds flux, which is denoted by 𝜌𝑢𝑗𝜑̅̅ ̅̅ ̅ in Eq 11. 

 ∂(ρΦ)

𝜕𝑡
+

∂(ρ𝑈𝑗Φ)

𝜕𝑥𝑗
=  −

∂

𝜕𝑥𝑖
(Γ

∂(Φ)

𝜕𝑥𝑗
− 𝜌𝑢𝑗𝜑̅̅ ̅̅ ̅) + 𝑆Φ 

Eq 11 

 With the Reynolds flux introduced, the use of a turbulence model can now be implemented to 

provide closure to the governing equations by solving for the Reynolds stress and Reynolds’s flux. This 

can be done with two types of models, Reynolds Stress models or Reynolds Viscous models. This 

simulation will focus on the latter.  

 The Eddy Viscosity Turbulence model assumes that turbulence is caused by vortexes that form and 

dissipate over time. These Reynolds stresses created by the vortex is then assumed to be proportional to the 

mean velocity gradients. These assumptions dictate the solving of the model. One of the Eddy Viscosity 

models is the k-epsilon turbulence model. This model uses the introduction of turbulent kinetic energy (k) 

and turbulent eddy dissipation (ɛ) to solve the momentum equations and provide the outputs. The turbulent 

kinetic energy is described as the variance of the fluctuations of the flow, while the turbulent eddy 

dissipation is described as the rate at which the velocity fluctuations dissipate (ANSYS 2011a).  

 In applying this model to the transport equations, the continuity equation remains similar to the 

original, while the momentum equation is slightly altered to include the modified pressure value (p’) and 

the effective viscosity (𝜇𝑒𝑓𝑓). This can be seen in Eq 12. 
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 ∂(ρ𝑈𝑖)

𝜕𝑡
+

∂(ρ𝑈𝑖𝑈𝑗)

𝜕𝑥𝑗
=  −

∂(𝑝′)

𝜕𝑥𝑖
+  

∂

𝜕𝑥𝑗
[𝜇𝑒𝑓𝑓 (

∂(𝑈𝑖)

𝜕𝑥𝑗
+

∂(𝑈𝑗)

𝜕𝑥𝑖
)] + 𝑆𝑀 

Eq 12 

 The effective viscosity and the modified pressure are the viscosity and pressure, respectively, 

resulting from the turbulence of the flow. This can be represented by Eq 13, Eq 14, and Eq 15. 

 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 Eq 13 

 
𝜇𝑡 = 𝐶𝜇𝜌

𝑘2

𝜀
 

Eq 14 

 
𝑝′ = 𝑝 +

2

3
𝜌𝑘 +

2

3
𝜇𝑒𝑓𝑓 +

∂(𝑈𝑘)

𝜕𝑥𝑘
 

Eq 15 

 In Eq 17, 𝐶𝜇 is a k-𝜀 turbulence model constant and 𝜇𝑡 is the turbulent viscosity of the fluid. Finally, 

the governing equations that define k and epsilon can be generated and can be seen below in Eq 16 and Eq 

17 respectively. 

 ∂(ρk)

𝜕𝑡
+

∂(ρ𝑈𝑖k)

𝜕𝑥𝑗
=   

∂

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

∂(k)

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝜌𝜀 + 𝑃𝑘𝑏 

Eq 16 

 ∂(ρε)

𝜕𝑡
+

∂(ρ𝑈𝑖ε)

𝜕𝑥𝑗
=   

∂

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎ε
)

∂(ε)

𝜕𝑥𝑗
] +

ε

k
(𝐶ε1𝑃𝑘 − 𝐶ε2𝜌𝜀 + 𝐶ε1𝑃𝜀𝑏 

Eq 17 

 In these equations, 𝐶ɛ1, 𝐶ɛ2, 𝜎𝑘 , 𝑎𝑛𝑑 𝜎ɛ are constant values determined by the CFX solver code. 

𝑃𝑘𝑏 𝑎𝑛𝑑 𝑃ɛ𝑏 represent the influence of buoyancy forces, and the 𝑃𝑘 is the turbulence production due to the 

viscous forces, and is represented by Eq 18 (ANSYS 2011a). 

 
𝑃𝑘 = 𝜇𝑡 (

∂(𝑈𝑖)

𝜕𝑥𝑗
+

∂(𝑈𝑗)

𝜕𝑥𝑖
)

∂(𝑈𝑖)

𝜕𝑥𝑗
−

2

3

∂(𝑈𝑘)

𝜕𝑥𝑘
(3𝜇𝑡

∂(𝑈𝑘)

𝜕𝑥𝑘
+ 𝜌𝑘) 

Eq 18 

 

4.2.2 Combustion Modelling  

 The combustion modelling used for this simulation is the Eddy Dissipation Model (EDM). This 

model was chosen over other model types because of the accuracy and simplicity of the model as compared 

to Finite Rate Chemistry or Flamlet models. The EDM assumes the rate of the reaction is directly 
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proportional to the time required to mix the reactant. While in reality, the reaction occurs as soon as the 

reactants are brought together at a molecular level, EDM is still useful where the reaction rate is fast as 

compared to the mixing rate. This method also assumes the turbulence is the dominant force in the mixing 

rate. Therefore, Eq 19 shows the relationship between the turbulent flow and the reaction rate (ANSYS 

2011a). 

 
rate ∝

k

ε
 

Eq 19 

 The rate of this reaction is necessary to determine. This rate is determined by the reaction limiter 

equation and the product limiter equation. Both can be seen below as equation Eq 20 and Eq 21 respectively. 

 
𝑅𝑘 = 𝐴

ε

k
𝑚𝑖𝑛 (

[𝐼]

𝑣′𝑘𝐼
) 

Eq 20 

 
𝑅𝑘 = 𝐴𝐵

ε

k
𝑚𝑖𝑛 (

∑ 𝐼𝑃  𝑊𝐼

∑ 𝑣′′𝑘𝐼𝑃 𝑊𝐼
) 

Eq 21 

 For the EDM model, the smallest value calculated from the two equations is used for the reaction 

rate. Many of these values are inputted as constants. I represents the species component for combustion, 𝑊𝐼 

represents the molar mass of I, [I] represents the molar concentration of I, 𝑣𝑘𝐼
′  𝑎𝑛𝑑 𝑣𝑘𝐼

′′  represents the 

stoichiometric coefficients for reactions and products respectively, and [A] and [B] are the EDM coefficients 

(ANSYS 2011a).  

 The Eddy Dissipation model used the Arrhenius equations to determine the rate of reaction within 

the simulation. The Arrhenius equation is used to describe the effect of temperature on the velocity of the 

reaction. The equation for this can be seen in Eq 22 below (ANSYS 2011a). 

 
R = k ∗ V ∗ ∏ (

𝑚𝛼

𝑉
)

𝑛𝛼

𝛼=𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 
Eq 22 

 The rate constant, designated by k, is determined by Eq 23 listed below.  
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k = A ∗ 𝑇𝑃

𝑚 ∗ exp (−
𝑇𝐴

𝑇𝑃
) 

Eq 23 

 To accurately employ the use of the EDM combustion model, reaction models were imported from 

the ANSYS CHEMKIN II reaction library supported by the ANSYS CFX software. The reactions were 

chosen based on their ability to accurately capture the energy and emissions output of the reaction while 

also maintaining computational efficiency. Because of this, three single step reactions were chosen to be 

implemented with two more multistep reactions that would combine the single step and improve the 

accuracy of the carbon monoxide production (ANSYS 2011b). The first reaction, seen as Equation 27, was 

used to indicate complete combustion of the fuel. This includes the combination of fuel and oxygen to 

produce carbon monoxide and water vapor.  Equation 28 takes into account the incomplete combustion that 

occurs in combustion. This is represented by carbon monoxide combining with oxygen and water vapor to 

form carbon monoxide. Finally, Equation 29 is the production of nitrogen oxides at high temperatures.  

Shows the nitrogen in the system naturally combining with the oxygen in the system naturally at high 

temperatures to produce the nitrogen oxides.  

 𝐶12𝐻23 + 11.75𝑂2 → 12𝐶𝑂2 + 11.5𝐻2𝑂 Eq 24 

 𝐶𝑂 + 0.5𝑂2 + 𝐻2𝑂 → 𝐶𝑂2 Eq 25 

 𝑁2 + 𝑂2 → 2𝑁𝑂 Eq 26 

 

4.2.3 Model and Mesh Development 

 The numerical model that was used for this experimentation was taken from previous work 

conducted in this field. The scaled SR-30 turbo jet engine CAD model was initially provided by Turbine 

Technologies as a SolidWorks file as seen Figure 24 in below. 
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Figure 24: SolidWorks model of the scaled Turbine Technologies turbojet engine. 

 Significant work was performed to create the negative of the turbojet engine, including the creation 

of the injector, which were not present in the original CAD model (Grall 2021). Moreover, the presence of 

the bell-mouth inlet and the compressor section proved to be insignificant to the analysis of the combustion 

of the model. The increase in elements added a significant increase in the numerical model’s calculation 

time, without improving the results in a significant way. Therefore, these portions were removed in favor 

of utilizing the combustion chamber, turbine, and exhaust section. The influence of the compressor section 

was set as a boundary condition to enhance the reality of the simulation. The final model that was created 

included the creation of a negative of the original CAD model with the addition of injector negative space 

with a spray cone angle of 60°. This can be seen below in Figure 25. 
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Figure 25: Final SolidWorks model of the turbojet engine. 

 The final solid model of the turbojet engine required an intentional effort to ensure the results 

gathered were based on the simulation boundary conditions and properties as opposed to being limited by 

the mathematical model mase possible though the mesh. The numerical mesh was developed using ANSYS 

Mechanical meshing and was composed using tetrahedral elements. These elements were used due to the 

complexity of the geometry in the turbine and compressor section. A local face mapping and face sizing 

were applied to the body and face of all six injectors. This was done due the relative small size of the 

injectors ,which had a diameter of 0.006” and a length of  0.032” (Grall 2021). The local face mapping and 

face sizing improved the transition of the small elements in the injector to the relatively larger elements 

located in the combustion chamber. The final mesh resulting from this mesh control generated a mesh with 

approximately 748,591 elements and 157,703 nodes. This mesh control, as well as the final mesh for a 

cross-sectional view of the engine can be seen in Figure 26. 
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Figure 26: Numerical mesh for the final engine (top left and top middle), injector (top right) and cross-

sectional view(bottom) 

4.2.4 Boundary Conditions 

 The numerical boundary conditions for this simulation were created to accurately represent the 

physical conditions found in the experimental study. The model was created as a transient model with 

20,000 timesteps. The timesteps were 0.05 μs in duration, resulting in a run time of 0.01 seconds. The 

RANS k-epsilon turbulence model was chosen for this simulation due to the flexibility of this model. This 

flexible and general-purpose model allows for time efficiency with accurate results that make it a general 

use turbulence model. This model was used with a medium (5%) turbulence option and uses an Eddy 

Dissipation Combustion model. There were four boundary conditions created for each simulation, including 

a no-slip wall, the compressor exit, fuel inlet, and turbine exit. The locations of each boundary condition 

can be seen in Figure 27 below. 
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           Inlet                                                                              No-Slip Walls

                          

                       Fuel Injector Inlet                                                                   Outlet 

Figure 27: Boundary Conditions for the numerical models 

 When modeling the engine using transient simulations, the initial conditions were set, with the 

initial time set to 0 seconds. The initial condition for the velocity component of the Fuel Injector Inlet was 

set to 0 m/s, with the initial temperature and pressure in the simulation set to 300 K and 1 atm respectively. 

Moreover, the component details for the species in air were set to prior to ignition were set to mimic realistic 

conditions as well. CO₂, H₂O, and O₂ were all set to a mass fraction of 0.01, 0.01, and 0.21 respectively. 

Although the carbon dioxide and water vapor initial condition may not necessarily be realist, the 

combustion model used requires the presence of the products in the system to begin the ignition (ANSYS 

2011b, 304). Furthermore, this defaulted the nitrogen mass fraction value to 0.77. The boundary conditions 

as described below in Table 1, reflect measured and calculated conditions from the experimental tests. 
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Table 1:Boudary Conditions for the Numerical Simulations 

Boundary Conditions 

Boundary Compressor Exit Fuel Inlet Turbine Exit 

Boundary Type Inlet Inlet Outlet 

Mass Flow Rate [kg/s] 0.32 - 0.44 ~ ~ 

Normal Speed [m/s] ~ 104.7 – 106.4 ~ 

Static Temperature [K] 328 - 477 300 ~ 

Static Pressure [Pa] ~ ~ 3,337 - 17,023 

Species Mass Fraction: O₂ 0.21 0 ~ 

Species Mass Fraction: Jet-A 0 1 ~ 

Species Mass Fraction: F-24 0 1  

 

 Furthermore, when setting the two different numerical models (one model for Jet-A, and the second 

for F24), the fuel was changed to match the corresponding fuel for the test. Since F24 was derived from 

Jet-A, it is collectively understood that Jet-A and F24 are practically the same fuel (Ryu et al. 2020, 

Amezcua et al. 2022, Guzman and Brezinsky 2021, FAA 2014). Furthermore, it is also well understood 

that JP-8 and Jet-A are also very similar in molecular structure (Marines 2014, Ryder et al. 2010). Therefore, 

F24 was modelled by altering the NASA Polynomials of  the default Jet-A fuel as is described by the 

ANSYS Model Fuel Library, and replaced with the NASA Polynomials that are experimentally derived for 

JP-8 by the research conducted by Xu et al (Rui Xu 2015). The lower, midpoint and upper temperatures 

values were all altered as well to the values described in the aforementioned research. The molecular weight 

for F24 was altered to match the molecular weight values that have been found in literature and 

experimental measurements (Ryu et al. 2021). The NASA Polynomials for the ANSYS Jet-A fuel and the 

F24 fuel that were used in the numerical modelling can be found below in Table 2. 
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Table 2: NASA Polynomial data of Jet-A and F24 

 Parameter Jet-A F24 

Molecular Weight 

(g/mol) 167.31462 167.6 

Lower Temp (K) 273.15 298 

Midpoint Temp (K) 1000 1000 

Upper Temp (K) 5000 3000 

Upper Coefficients     

a1 2.4880201E+01 2.5974230E+01 

a2 (K^-1) 7.8250048E-02 5.5462092E-02 

a3 (K^-2) -3.1550973E-05 -1.7337738E-05 

a4 (K^-3) 5.7878900E-09 1.7582452E-09 

a5 (K^-4) -3.9827968E-13 6.3971899E-14 

a6 (K) -4.3110684E+04 -4.6337805E+04 

a7 -9.3655255E+01 -1.1004780E+02 

Lower Coefficients     

a1 2.0869217E+00 4.7049127E+00 

a2 (K^-1) 1.3314965E-01 5.8911327E-02 

a3 (K^-2) -8.1157452E-05 1.0500014E-04 

a4 (K^-3) 2.9409286E-08 -1.8501088E-07 

a5 (K^-4) -6.5195213E-12 8.2238431E-11 

a6 (K) -3.5912841E+04 -3.7391863E+04 

a7 2.7355289E+01 1.3439449E+01 

 

 Data collection and analysis was conducted by running six different simulations. The independent 

variables for the series of tests were the fuel type (Jet-A and F24) and the engine speed (60,000, 65,000, 

and 70,000 RPM). The data was collected and processed using ANSYS CFX-Post, where a state file (.cst) 

was used to ensure the same ranges and graphs were produced from the data set. The parameter contour 

plots were collected across a plane that was oriented to intersect with the centroids of the two fuel injectors 

on opposite radial sides of the engine as seen in Figure 28. This data collection plan ensured the spray 

development of the vaporized fuel can be easily visualized. This also ensures an accurate representation of 

the temperature, pressure, and other engine characteristics across each simulation.  



79 
 

 

Figure 28: Plane of data collection for the numerical simulation. 

 The data to compare the experimental and numerical results were collected at similar locations 

around the engine as the physical locations of thermocouples. These locations were measured based on the 

physical engine and then correlated to the numerical model position to reduce variation in the results. The 

location of each point can be seen Figure 29 in below. 

 

Front View Side View Isometric View 

  
 

Figure 29: Data collection points for numerical and experimental comparison. 
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4.2.6 Solver Equipment and Procedures 

 To reduce computational time and improved efficiency of the initial simulation phases, the 

numerical model was solved using a High-Performance Talon Cluster provided by Georgia Southern 

University’s Computational Research Technical Support Center. The Cluster is comprised of 35 Dell 

PowerEdge servers, 92 physical CPU’s and 289 cores across all CPU’s (Valentin Soloiu 2024). The setup 

also utilizes Intel HyperThreading technology that presents 1184 virtual CPU’s and a total of 5 TB of RAM 

across all servers (Valentin Soloiu 2024). Each simulation was solved using 96 cores on a single CPU. This 

method of simulation rapidly reduced the computational time, resulting in solve time of approximately 10 

hours for each simulation. This allowed for the solving of multiple different simulation setups to determine 

the optimal settings that provided the most accurate results.  

 

4.3 Physical Experimental Setup and Procedure 

4.3.1 Fuel Characterization Methodology 

 The thermophysical properties of Jet A and F24 were evaluated using multiple ASTM standardized 

testing that was conducted in house. These tests were conducted to ensure the fuel properties were within 

the range that is expected for these fuels to obtain accurate experimental result. They were also performed 

to ensure the accuracy of the input material properties, which can have a measurable effect on the 

combustion and emissions results. The following properties were measured and extrapolated: dynamic and 

kinematic viscosity, density, freezing point, lower heating value, droplet size, thermogravimetric and 

differential thermal analysis, derived cetane number, ignition delay, and combustion delay.  

4.3.1.1 Brookfield Viscometer DV-II +Pro 

 The viscosity of a fuel has a great impact on the combustion and emissions properties of different 

fuels as they are burned. A high viscosity fuel represents a fuel that resists motion to a higher degree than 
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lower viscosity fuels. This can have a negative effect on the fuel injection system. First, a high viscosity 

fuel requires pumps to input a higher amount of work to move the fluid a nominal amount. Moreover, it 

affects the spray atomization of the fuel as well. High viscosity fuels tend to form in larger droplets than 

the droplets of low viscosity fuels. These larger fuel droplets results in poor combustion efficiency, as 

higher flame temperature and heat energy is required to ignite the larger droplets of fuel (Sallevelt et al. 

2014). When all the fuel is not burned in the combustion chamber, the results can be higher levels of soot 

and total hydrocarbons in the emissions. The dynamic viscosity measurement of Jet A and F24 in this work 

was measured using the Brookfield Viscometer DV-II +Pro.  

 

Figure 30: Brookfield DV-II +Pro Rotational Viscometer (Grall 2021) 

This measuring device determines the viscosity of a fluid based on the amount of torque required to rotate 

a fluid specific spindle while submerged in approximately 7 mL of the fuel. As the spindle rotates, the fuels 

is cycled through a heater which  gradually raised the temperature from 26°C to 90°C in increments of 2°C. 

Data is collected using the Rheocalc software, which collects the rotational velocity of the spindle and 

calculates the shear rate and shear stress at the surface of the spindle. Using the equations below, the 

dynamic viscosity (η) can be calculated in Pa*s. 

 �̇� =
2𝜔𝑅𝑐

2

𝑅𝑐
2 − 𝑅𝑠

2
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𝜏 =
𝑀

2𝜋𝑅𝑠
2𝐿

 

 

𝜂 =
𝜏

�̇�
 

Eq. 19 

 

In the equation above, �̇� is the shear rate in 𝑠−1, 𝜔 is the angular velocity in 
𝑟𝑎𝑑

𝑠
, 𝑅𝑐 and 𝑅𝑠 are the radii of 

the container and spindle respectively in meters, L is the length of the cylinder in meters, M is the motero 

torque in Nm, 𝜏 is the shear stress in 
𝑁

𝑚2, and 𝜂 is the dynamic viscosity in Pa*s (Roylance 2000) 

 

4.3.1.2 Phase Technology JFA-70Xi AS 

 When discussing fuel combustion efficiency, emissions, and applications of a fuel, the density, 

freeze point, and kinematic viscosity are important aspects of a fuel. The kinematic viscosity is a ratio 

between the dynamic viscosity and density, which represents the speed fluids move when a known force is 

applied to the fluid (2020). This is particularly important when discussing pump power of fuel systems. The 

freeze point is another important variable of fuel properties. An increase in altitude comes with a decrease 

in temperature, which can cause engine failure. Furthermore, the density is a vital part of fuel 

thermochemistry. The density of a fuel is inversely proportional to the viscosity, where low density fuels 

are typically less viscous. This improved viscosity improves fuel atomization, but often comes with the 

negative effect of having a lower specific energy content. This decrease energy content results in a lower 

thrust specific fuel consumption. To determine these thermochemical properties, the Phase Technology 

JFA=70Xi AS was used to measure the kinematic viscosity, density, and freezing point. 
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Figure 31: JFA-70XI AS 3-in-1 Jet Fuel Analyzer (Gordon Chiu 2018) 

 The JFA-70 Xi AS cools a 30 mL fuel sample in the standard described in ASTM D5773. A cloud 

point temperature is then obtained where the smallest observable cluster of hydrocarbons (wax) crystals 

form. At this point, the sample is cooled rapidly, observing the initial crystal formation that is detected 

based on the rise in signal feedback from the optical system. The JFA then rapidly heats the sample until 

the wax crystals disappear and cools the sample once more at a slower rate to detect the same optical signal 

again. At this temperature, the viscosity is determined. The freeze point is also determined using ASTM 

5972 test method. For this test, the fuel sample is quickly cooled until solid hydrocarbon crystals are formed. 

The device then warms the sample until the crystals disappear. This is then recorded as the freeze point 

(Co. 2017) 

4.3.1.3 Shimadzu DTG-60 

 A thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) are measurement 

tests performed to determine the fuel samples low temperature oxidation characteristics (TGA) and the 

exothermic and endothermic reactions that occurs over a temperature range (DTA). The TGA and DTA 

results are valuable for better understanding the volatility of fuel at low temperatures. Research shows high 

volatility fuels result in a more homogenous fuel-air mixture (Yousufuddin 2016, Kalvakala et al. 2022). 

The Shimadzu DTG-60 was used to perform the TGA-DTA analysis on Jet A and F24.  

30 mL Fuel Sample 
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Figure 32: Shimadzu DTG-60 ((Shimadzu 2023) 

 This instrument can be used to better understand the physical and chemical properties of sample 

fuel such as transition temperature, melting point, temperature of reaction, and the change in mass of a 

sample through a varied temperature range. The temperature range for this analysis was conducted from 

23°C to 600°C with a temperature increase at 20°C per minute. A constant nitrogen flow rate of 15 mL/min 

is used to purge the fumes generated by the fuel oxidation. An inert alumina powder was used as a reference 

to measure the change in mass of the fuel sample over the temperature range. As the temperature in the 

furnace is increased, the mass loss of the fuel can be measured using the accurate reference of the alumnia 

powder. This correlates to the vaporization of the fuel. The heat release is also measured throughout the 

temperature range to show the endothermic and exothermic reactions that occur.  

 

4.3.1.4 Malvern MIE Scattering He-Ne Laser  

 The combustion of fuel is highly dependent on the droplet size and frequency of the fuel injected. 

Measuring the droplet formation of different fuels is a valuable piece of information that can provide 

important insight into combustion efficiency and emissions. As previously discussed, the size of the fuel 
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droplet injected into the combustion chamber can have significant effects on the combustion efficiency and 

emissions, where larger droplets produce inefficient combustion and results in higher concentrations of soot 

and total hydrocarbons. The Malvern MIE Scattering He-Ne Laser was used to analyze the droplet 

distribution, mixture formation, and spray atomization of Jet A and F24. This laser uses the Fraunhofer 

diffraction theory and Mie scattering is used to analyze the data. Using these methods, the Sauter Mean 

Diameter of the fuel spray as diffracted by the laser can be interpreted(Engineering 2023). The equation 

used to determine the SMD can be seen below in Eq. 20. 

 𝐼(𝜃) =
𝐼𝑜

2𝑘2𝑎2
∗ ([𝑆1(𝜃)]2 + [𝑆2(𝜃)]2) 

 

Eq. 20 

 In this equation above, 𝐼(𝜃) represents the light intensity as a function of the angle the light hits 

the droplets. The parameters 𝑆1(𝜃) and 𝑆2(𝜃) represent the dimensionless complex function that represent 

the change in amplitude from the perpendicular and parallel polarized light. The distance between the light 

detector and emitter is represented by a. The wavenumber is represented by k can also be express as 
2𝜋

𝜆
. 

The Fraunhofer diffraction theory equation can be seen in the equation below. 

 𝐼(𝜃) =
𝐼𝑜

2𝑘2𝑎2
∗ 𝑎4 ∗

𝐽1𝛼 sin(𝜃)

𝛼 sin(𝜃)
 

 

Eq. 21 

 This diffraction theory was chosen due to its synonymous treatment of droplets of varying shapes 

and sizes without reference to the optical properties. The terminology as described for the Mie Scattering 

equation also applies to this equation, with the addition of α, which can be represented by πx/λ where x is 

the particle size. The experimental setup for the SprayTec can be seen in Figure 33 below. 
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Figure 33: Malvern Spraytec with Mie & Fraunhofer Scattering, He-Ne Laser Experimental Setup 

(Valentin Soloiu 2024) 

 This instrument uses light detectors that sample at 10 kHz, and a laser beam that has fuel sprayed 

through it with a Bosch pintle-type fuel injector. The fuel injector is positioned 100mm away from the laser 

beam and begins collecting data using a trigger set to collect data 0.1 ms before the injection, and up to 5 

ms after injection. The injection pressure is set at 180 bar and uses an electric actuator to ensure repeatable 

sprays. The light receiver is made up of 36 light detectors with a 300 mm diameter. This allows for the 

measurement of droplet sizes as small as 900 ums. As the spray breaks the laser beam, the diffraction of 

the light allows for the measurement of the pattern and magnitude of the light intensity as it impacts the 

receiver (Engineering 2023). This allows for the calculation of the SMD and droplet size distribution. The 

Spraytec software is used to setup and process the experiment and data.  
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4.3.1.5 Petroleum Analysis Company CID 510 

 Aside from the inferences that can be made from investigation the fuel properties like viscosity, 

density, and droplet size, the combustion properties of fuels can also be examined using the PAC DID 520 

Constant Volume Combustion Chamber. The PAC CVCC measures the ignition delay, combustion delay, 

and pressure inside the chamber after fuel injection to mathematically determine the Cetane number and 

the Average Heat Release Rate of the fuels. The values of these parameters can have a significant effect on 

the combustion efficiency of the fuels. Cetane number refers to the proclivity of a fuel to ignite, where the 

standard for diesel fuel is between 40-45 generally speaking (Dianne Luning Prak 2021). The range of 

Cetane numbers is between 0-100, where 0 is the least reactive, and 100 would be most reactive. Therefore, 

lower cetane fuels allow for a more controlled and efficient combustion, which improves the engine 

efficiency as well as reducing production of harmful emissions (EIP 2022).  

 The PAC CVCC uses a Petroleum Analysis Company CID 510 combustion chamber. A LAUDA 

Alpha RA chiller is used to heat and cool the system as needed. Ultra-High Purity compressed N2 and O2 

gases are used to fill the combustion chamber. Approximately 160 mL of fuel is used to conduct the testing 

and is injected into the combustion chamber at a pressure and temperature of approximately 1000 bar and 

600°C respectively. The pulse-width duration of the injection is 2.5 ms.  Figure 34 below shows the internal 

components of the measuring device. It is comprised of a common rail fuel injection system (1 on the right) 

which supplies fuel to the Bosch 6 high pressure fuel injector (2 on the right). The constant volume 

combustion chamber (2 on the left) is fully heated to a nominal temperature and the pressure inside the 

chamber is controlled and monitored. A pressure sensor (3 on the left) is used to measure the pressure 

before, after, and during the fuel testing, and the fuel line pressure is measured with a different pressure 

senso (4 on the left).  
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Figure 34: Constant Volume Combustion Chamber Schematic (Valentin Soloiu 2024) 

 The testing of the fuels is conducted by first conditioning the pressure and temperature inside the 

chamber to match the ASTM D7667-14A test standards seen in Table 3 below. The device performs 5 

cycles of injection, combustion, and exhaust to condition the chamber to a nominal level. Measurements 

are then taken for 15 combustion cycles. Pressure data is averaged across all tests.  

Table 3:ASTM D78668-14a Standard Testing Parameter in the Constant Volume Combustion Chamber 

ASTM Reference Parameters 

Combustion Chamber Wall Temperature 595.5℃ 

Chamber Pressure 20 Bar 

Injection Pulse Width 2500 µs 

Injection Pressure  1000 Bar 

Coolant Temperature 50℃ 

  

 The PAC CVCC uses the injection delay and combustion delay to determine the Derive Cetane 

Number of the fuel. The equation for determining these values can be found in the equation below.  
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 𝐷𝐶𝑁 = 13.028 + (
−5.3378

𝐼𝐷
) + (

300.18

𝐶𝐷
) + (

−12537.90

𝐶𝐷2
) + (

3415.32

𝐶𝐷3
) 

 

Eq. 22 

 

4.3.1.6 Parr 1341 Constant Volume Calorimeter 

 The energy density of fuel is an important component of fuel chemistry that greatly effects the fuel 

injection process and emissions produced from burning fuels. One method of describing energy density in 

fuels is the lower heating value of the fuel. This LHV describes the amount of calorific energy that exists 

in a fuel after removing the energy produced by vaporization of the water produced in the chemical reaction 

process of oxidation (BYJU 2023). This property of fuel must be taken into account when analyzing the 

fuel and engine performance. For example, the fuel flow rate of high calorific fuel will be dramatically less 

for engine to reach a specific engine speed (Energy 2020). It can also have significant effect on the specific 

fuel consumption, combustion efficiency, and NOx emissions produced (B. Tesfa 2013). 

 The LHV was determined in this experimentation through the use of the Parr 1341 Constant 

Volume Calorimeter, a high precision digital calorimeter that is rated by ANSI for the 0.3% precision class. 

The Parr 1341 includes a plain insulated jacket with the Parr 6772 calorimetric thermometer that is used to 

monitor and control the device. Figure 35 shows the calorimeter used in the experiment with a cross 

sectional view of the device.  
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Figure 35: Parr 1341 Calorimeter with cross-sectional schematic(Parr_Instrument_Company 2021, 

2014) 

 To conduct the test, the fuel sample of approximately 500 mg is placed inside the constant volume 

crucible. A Ni-alloy fuse wire with a commonly known energy density was placed between 2 electrodes 

and was used to ignite the fuel. The inner chamber was then sealed and pressured using 25atm of O2 and 

inserted into a chamber filled with 2kg of deionized water. A k-type thermocouple measures the temperature 

of the water, and a stirring shaft circulates the water to ensure an even temperature distribution throughout 

the DI water. The heat produced from the ignition of the fuel transfers through the wall of the constant 

volume chamber and increases the temperature of the water. Based on the gross heating value (Hc) and the 

hydrogen percentage of the sample (H), the net heating value (Hnet) can be calculated using the formula 

below.  

 𝐻𝑛𝑒𝑡 = 1.8𝐻𝐻𝑐 − 91.23𝐻 

 

Eq. 23 

4.3.2 Experimental Methods Overview of the Turbojet Engine Fueled with Jet-A and F24  

4.3.2.1 Gas Turbine Experimental Setup 
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 The experimental testing of the small-scale turbojet engine was conducted using the Minilab gas 

turbine power system developed by and purchased from Turbine Technologies. This small-scale turbojet 

engine is an ideal option for fuel and engine performance testing due to the low fuel consumption, noise 

pollution, and external requirements of the small-scale engine as compared to full scale models. The engine 

is comprised of a bell mouth inlet, a centrifugal compressor, reverse annular combustion chamber, a single 

turbine stage, and converging exhaust. The specifications of the engine can be found in Table 4 below. 

Table 4: SR-30 Small-scale Turbojet Engine Specification 

Maximum Engine Speed 87,000 rpm 

Maximum Thrust 40lbs 

Max Exhaust Gas Temperature 720°C 

Mass Flow 0.5 kg/s 

Pressure ratio 3.4:1 

Specific Fuel Consumption 1.22 lb/lb-hr 

 

 This fully integrated testing system comes outfitted with numerous sensors and a data acquisition 

system to measure and collect the required data. This data can be monitored in real time and stored by using 

the LabView software developed and provided by Turbine Technologies. The testing system uses 5 K-type 

thermocouples and 5 Setra Model 209 OEM pressure transducers distributed throughout the engine. Each 

section of the engine (inlet, compressor, combustion chamber, turbine, and exhaust) has a fully dedicated 

sensor to collect the data. A Futek model LLB400 button type load cell is mounted to the base of a frame 

that is used to collect thrust data, and the fuel flow rate is calculated using 2 Max Machinery P213 Piston 

type flow meters – one before fuel injection and the second after fuel injection. These two flow meters 

determine the flow differential, and the actual fuel flow rate is determined from these measurements. 

Finally, a pulse type tachometer is used to measure engine speed. All analog sensor signals are processed 

using a National Instruments USB-6218 Multifunction I/O DAQ, which feeds the digitized signals to the 
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MiniLab LabView program on the provided laptop and displays the data. The laptop is connected to the 

DAQ via a USB A-B cable and is placed a safe 6 feet away from the turbine perpendicular to the flow path. 

A schematic of the engine sensors and locations can be found in Figure 36 below. 

 

Figure 36: Location of each temperature and pressure sensor in the turbojet engine 

(Turbine_Technologies 2011) 

4.3.2.2 Emissions Experimental Setup 

 The emission data was collected using the MKS Multigas 2030 FTIR Gas Analyzer. This 

instrument can measure over 30 different species and can determine the prevalence of these species as a 

percentage per volume and part per million. This gas analyzer works by passing the exhaust gases through 

a high-optical-throughput gas cell and uses a long wavelength, thermoelectrically cooled IR wave to 

measure the absorption of the gas species (MKS_Instruments_Inc. 2020). Each species absorbs unique 
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amounts of spectral frequencies in the IR light. The gas analyzer can measure the amount of absorption 

spectrum of the gas and therefore measures the concentration of each species in the gas.  

 The Multigas MKS Gas Analyzer is purged with Ultra High Purity (UHP) nitrogen for a minimum 

of 8 hours prior to the test. After fully purging the system of all impurities in the gas cells, the MKS is 

moved to the test location to acclimate the gas cells to the ambient temperature and humidity levels. Per the 

Multigas MKS Gas Analyzer operator’s manual, the ideal temperature and humidity operating range is 

between 50°F-75°F and 20%-60% humidity levels. However, the manual also states it is safe and accurate 

operating in much wider temperature and humidity ranges (32°F-104°F and 10%-90% humidity levels). 

Since testing occurred on different days, the ideal temperature levels were achieved, however the natural 

humidity of Statesboro, GA made reaching the ideal levels difficult. Humidity levels on the day of testing 

were within the allowed ranges of the testing equipment. 

 After being moved to the testing zone, liquid nitrogen was poured into the analyzer chamber and 

the supporting system were powered on. The heated line was then heated to the stable temperature of 191°C 

to eliminate condensation of the exhaust gases in the gas cells. This heated line was then connected to the 

turbine heat exchanger. This heat exchanger was employed to lower the exhaust gas temperature down from 

the average high temperatures of 630°C to 191°C. The temperature of the gas inside the heat exchanger 

was constantly monitored using PID’s at each rung of the heat exchanger. This verified the gas temperature 

to be approximately 191°C. The heat exchanger was connected to the second fitting from the top of the heat 

exchanger. The full experimental setup for the emissions data collection can be seen in Figure 37 below. 
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Figure 37:Emissions Experimental Setup 

4.3.2.3 Noise and Vibration Experimental Setup 

 The noise and vibration data were collected using a collection of Hottinger Bruel & Kjaer products 

developed exclusively for NVH studies. The sound pressure data was measured using the HBK Type 4966 

Prepolarized Free field ½” microphone and the HBK Type 4961 Multi-field ¼” microphone. The 

specifications for each microphone can be found in Table 5 below. 

Table 5: Specifications for Microphones 

Microphone Type 4961 Multi-field 1/4” 4966 Free-field 1/2” 

Temperature (°C) 23 23 

Ambient Static Pressure (kPa) 101.3 101.3 

Relative Humidity (%) 50 50 

Frequency (Hz) 251.2 251.2 
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Polarization Voltage, external (V) 0 0 

Combined Sensitivity (dB re 1 V/Pa) -24.5 -27.2 

Uncertainty 95% Confidence Level (dB) 0.3 0.2 

  

 The microphones were positioned in methods ideal to their design. The multi-field microphone 

performs best in more chaotic sound environments, while the free field microphone performs best when 

there is a single sound source. Therefore, the free field microphone was positioned 1 meter perpendicular 

from the combustor section of the turbine, while the multifield microphone was positioned 1 meter away 

and at a 45° angle from the exhaust section of the turbine. The microphones were fixed on tripods at a 

height of approximately 1.2 meters to be near the geometric center of the turbine engine. The experimental 

tests were performed in an outdoor test environment to minimize the effects of the sound reflection. A 

diagram of the microphones for the experimental test can be found in Figure 38 below. 

 

Figure 38: Microphone layout in the experimental setup. 
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 The vibration of the turbine was measured in the X, Y, and Z axis using a HBK Type 4527 Triaxial 

Deltatron Accelerometer. The Triaxial Accelerometer was fixed to the turbine frame using a small 

supporting magnetic base. The accelerometer was mounted approximately 2 inches from the top of the 

turbine frame. The magnetic base was more thoroughly fixed with the assistance of a negligible amount of 

tape to secure the accelerometer to the frame. Finally, the accelerometer was positioned so that the X 

direction was parallel to the flow path of the engine. The accelerometers’ location on the engine frame can 

be seen in Figure 39 below. 

 

Figure 39: Location and orientation of the Triaxial Accelerometer 

 All noise and vibration equipment were connected to the HBK LAN-XI Data Acquisition System 

with a 6-channel input module. The accelerometer connected to the BNC connection on the DAS with a 3-

way split cable to capture each direction of vibration, and the microphones were connected via a SMB 

microphone to coaxial cable. The HBK LAN-XI DAS was connected to the BK supplied Dell Laptop with 

the BK Connect software installed. This software allowed for the monitoring and recording of the sound 

pressure and vibration data. A model of the full experimental setup can be seen in Figure 40 below and the 

actual experimental setup including the emissions apparatus can be found in Figure 72 in Appendix A 
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Figure 40: Noise and vibration data collection experimental setup. 

4.3.3 Experimental Methodology and Data Processing 

 For this testing, the sound pressure, vibration, emissions, temperature, pressure, engine speed, and 

other engine characteristics were measured and collected at 3 different engine speeds: 60,000 rpm, 65,000 

rpm, and 70,000 rpm for both Jet-A and F24. The experimental test setup as previously described and seen 

in Figure 72 was used to collect the data. Compressed air provided by Georgia Southern University was 

used to spool the compressor stage, thereby increasing pressure inside the combustion chamber. A rich fuel-

air mixture ratio and a spark plug was used to fuel injector to encourage ignition. Once ignited, the engine 

idles at approximately 8,000-10,000 rpm. The engine speed was slowly increased to test speeds (the first 

being 60,000 rpm). After a stabilization period, data was recorded for a time period of 90 seconds. This 

time frame was determined based on the required data collection period of the MKS 2030 Multigas 

emissions analyzer. After the data was recorded, the engine speed was increased up to 70,000 rpm by 

increment of 5,000 rpm and the data recording process repeated. Once data was recorded at 70,000 rpm, 

the process was repeated by decreasing engine speed down to 60,000 rpm by increments of 5,000 rpm. 

Once data was collected 2 independent times at each of the 3 engine speeds. The turbine engine speed was 

slowly decreased down to 10,000 rpm and the engine power turned off.  
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All data for the engine characteristics (temperature, pressure, engine speed, fuel flow rate, and thrust) were 

processed through the NI USB-6218 Multifunction I/O DAQ and communicated with the MiniLab 

LabView software using the USB A-B cable. The software allowed for live monitoring and recording of all 

engine characteristics and data was recorded continuously throughout the test. This data was recorded into 

a text file that was copied and pasted into a master excel spreadsheet to perform post-processing. The 

emission data was monitored and recorded using the MG2000 software within the Multigas FTIR 

Spectrometer. This data was recorded for time periods of 90 seconds at each engine test speed to efficiently 

utilize the storage space of the data. This data was exported as an excel file and required little post-

processing. Finally, the sound and vibration data were monitored and recorded using the BK Connect 

software. This data was also recorded in 90 second intervals at each engine test speed to reduce 

computational storage costs. Post processing of the data included the use of a constant percentage 

bandwidth filter for the sound pressure data, and a Fourier transform analysis to evaluate the vibration data, 

all of which was done in the BK Connect software. The frequency range used for the sound pressure and 

vibration data was 0-16 kHz and 0-25.6 kHz respectively. When post-processing the sound and vibration 

data, the harmonics were also examined and identified. The fundamental frequency for the turbine is 

represented by the shaft, which resonates at a frequency of approximate 1 kHz. The harmonics represented 

in this system include the 12 centrifugal compressor blades (oscillating at a frequency of approximately 12 

kHz) and the 24 turbine stage blades (oscillating at a frequency of approximately 24 kHz). The combustion 

of the fuels can be categorized at a frequency of approximately 200-500 Hz.  
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CHAPTER 5 

DATA AND RESULTS ANALYSIS 

5.1 Fuel Characterization  

5.1.1 Overview 

 The fuel characterization results can be found in the following sections. These results are used to 

provide transparency in the fuel and the properties used in the analysis of the engine performance. The fuel 

used in this experiment was Jet-A (POSF 10325) and F24 (POSF 13664). Each fuel was provided by the 

United States Air Force.  

5.1.2 Viscosity and Density 

 As previously discussed, the viscosity and density of different fuels can play a significant role in 

the performance of the fuel in the engine. Temperature of the fuel also plays a role in the viscosity and 

density of the fuel. Therefore, these parameters were evaluated at a varying temperature range to determine 

the expected impact of the fuel on the engine. The viscosity testing was conducted in three trials and an 

average viscosity value was derived from the curve. A curve was generated out of a temperature range 

between 25°C and 90°C and can be seen below as Figure 41.  
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Figure 41: Dynamic Viscosity vs Time for Jet-A and F24 

 The kinematic viscosity, freeze point, and density was also examined using the JFA -70Xi. This 

device uses a similar process to determine kinematic viscosity, though the performance of 3 trials of 

viscosity measurements ranging from -40°C to 90°C. The viscosity value is taken 2 different temperature 

points and averaged across each 3 trials. The same process occurs for the density and freezing point. The 

result of the test can be found in the Table 6 below. 

Table 6: Kinematic Viscosity and Density 

Parameter Jet-A F24 

Density@15˚C (g/mL) 0.8033 0.8113 

Freezing Point (˚C) -50.6 -46.8 

Temperature @KV=12cSt (˚C) -46.0 -38.2 

KV@-20˚C (cSt) 4.421 5.805 

KV@-40˚C (cSt) 9.124 13.11 
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 In comparing the fuel properties of Jet-A and F24, F24 clearly shows a higher density and viscosity. 

This difference in fuel characteristics should result in F24 having a larger SMD and droplet distribution, 

which will increase the amount of THC and CO emissions.  

5.1.3 Spray Distribution 

 The results of the spray development testing provide the information to confirm the diagnosis of 

the viscosity and density conclusions. The droplet and spray testing were conducted by using 5 independent 

sprays and averaging the results to obtain the final spray and droplet data. The results from the testing can 

be found below as Figure 42 and Figure 43.  

 

 

 

Figure 42: MIE Scattering Laser Droplet Volume Frequency for Jet-A and F24 
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Figure 43: MIE Scattering Laser Sauter Mean Diameter for Jet-A and F24 

 The above figures show that Jet A and F24 (in blue and orange respectively) both show to follow 

a very similar profile in comparing the droplet and spray development. In Figure 42, it can be inferred that 

F24 has a slightly greater mean average droplet size based on a slight shift of the F24 curve to the right of 

the Jet A curve. This shift indicates that it can be expected that Jet A will result in more complete 

combustion, therefore reducing the emission of CO, THC (i.e. soot), and resulting in cooler temperature 

combustion. This would also result in the reduction of NOx that would be produced. It would also be 

expected that Jet A would result in a higher performance of combustion efficiency as well. It can also be 

seen that F24 has a slightly narrower normal distribution, indicating a greater percentage of droplets from 

the spray are closer to the mean expected droplet size. However, the presence of such a slight difference 

may not result in a measurable difference in these parameters. The Sauter Mean Diameter curve in Figure 

43 further confirms what was inferred in Figure 42. The SMD for Jet-A was found to be between 15μm and 

22.5μm whereas the SMD for F24 can be found to be a much more consistent 22.5μm. The greater droplet 

size and frequency are most likely due to the greater viscosity of F24 as compared to Jet-A. 
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5.1.4 Low Temperature Heat Release via Thermogravimetric and Differential Temperature Analysis 

 As previously discussed, the low temperature heat release was investigated using 

thermogravimetric and differential temperature analysis (TGA and DTA respectively). This test was 

conducted to determine the volatility of the fuels. This directly translates the vaporization rate of the fuels 

and was measured by the mass percentage over the course of a 600°C test cycle. Jet-A and F24 testing was 

conducted 3 separate times, and the results were averaged to obtain the final data set seen below in Figure 

44 and Figure 45. 

 

Figure 44: Thermogravimetric Analysis of Jet-A and F24 

 By examining Figure 44 above, it can be shown that Jet-A vaporizes as a higher rate than F24, 

indicating that Jet-A is a more volatile fuel. Moreover, both fuels are completely vaporized by the 200°C 

temperature point. This indicates that Jet-A should mix better with the air and should form a homogenous 

mixture at higher rates than F24. It can be expected that the experimental testing with Jet-A will result in a 

more efficient combustion process. The average temperature and mass percentage of Jet-A and F24 can be 

seen below in Table 7. 
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Table 7: Average Temperature and Mass Percentage (TA%) of Jet-A and F24 

 Average Temperature (°C) 

TA (%) Jet-A F24 

TA (10) 88.585 103.22 

TA (50) 138.81 156.16 

TA (90) 172.24 186.32 

 

 The table above reveals the specific temperature and mass percentage over time for Jet-A and F24. 

Again, based on this table, it can be inferred that F24 vaporized slightly slower than Jet-A.  

 

Figure 45: Differential Temperature Analysis of Jet-A and F24 

 By examining Figure 45 above, Jet-A and F24 follows the expected endothermic and exothermic 
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172°C for F24. This indicates that most of the primary oxidation is occurring with the first 90% of the mass 

of the fuel, as revealed in Table 7. However, the remaining 10% of both fuels follow different subsequential 

pattern. Jet-A shows another endothermic reaction at 340°C followed by an exothermic reaction at 376°C. 

F24 on the other hand, shows an exothermic reaction at 340°C followed by an endothermic reaction at 

409°C. Both fuels stabilize at approximately 551°C. These results indicate that Jet-A should provide a 

greater combustion efficiency and reduction in emissions. 

 

5.1.5 Combustion Properties Analysis 

 The combustion analysis was conducted to better understand the ignition and combustion 

phenomenon present with Jet-A and F24. It also provides more information on the fuels reactivity and the  

energy corresponding to the combustion process. Figure 46 shows the average apparent heat release graphs 

for Jet-A and F24 over time. The apparent heat release rate results help to identify the amount of heat 

available to perform work. The beginning of the increase in AHRR shows the ignition delay, while the 

peaks in the AHRR graphs show the fuels with greater potential for work to be done based on thermal 

potential energy. This data was gathered from the CVCC using the data collection methods previously 

described. 

 

Figure 46: AHRR results for Jet-A and F24 
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 Figure 46 clearly presents many valuable pieces of information about the combustion phenomenon 

differences between Jet-A and F24. First, Jet-A has an ignition delay of 3.26 ms, while F24 has an ignition 

delay of 4.09 ms. Secondly, Jet-A clearly has a greater slope than F24 leading up to the high temperature 

heat release (HTHR). Finally, Jet-A peaks at an AHRR value of 0.28 MW greater than the peak of F24. 

These results furthermore validate the previous tests that have shown Jet-A is more volatile, atomizes more 

efficiently, and undergoes a more reactive combustion than F24.  

 The combustion duration for Jet-A and F24 is 5.01 ms and 5.79 ms respectively. This 0.78 ms 

shorter combustion duration leads to F24 combusting over a longer period than Jet-A. Therefore, F24 has 

a flame front that requires a longer combustion duration to burn the entirety of the fuel. However, this slight 

delay in combustion also produces a smoother flame front, better combustion stability, and a reduction in 

overall ringing events that occur after combustion. A reduction in this ringing has also shown to reduce 

overall vibration inside the combustion chamber (Valentin Soloiu 2022, Soloiu et al. 2022), which also lead 

to more stable combustion. This reduction in overall ringing can be confirmed through examining Figure 

47. 

 

Figure 47: Average Pressure release for Jet-A and F24 
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 Figure 47 provides more evidence for a slower combustion duration, but a reduction in the overall 

ringing in the system post-combustion. This, again, leads to an enhancement of combustion stability. 

Another notable data point is the nearly identical peak pressure in the CVCC during combustion of both 

fuels. This nearly identical peak pressure is a response to the nearly identical LHV value of Jet-A and F24, 

which can be seen below in Table 8 

Table 8: Combustion Properties of Jet-A and F24 

Fuel Property Jet-A F24 

LHV (MJ/kg) 41.51 41.85 

Ignition Delay (ms) 3.26 4.09 

Combustion Delay (ms) 5.01 5.79 

Derived Cetane Number 47.96 43.35 

 

 As seen above in Table 8, the Derived Cetane Number was calculated through the use of the ignition 

delay and combustion delay. These values were averaged from a series of 3 different trials. The DCN of 

Jet-A can be seen as 47.96, and the DCN of F24 can be seen as 43.35. Therefore, Jet-A is clearly a more 

reactive fuel and is unable to withstand higher pressure and temperature of a combustion chamber. F24 is 

therefore clearly more suited for higher performance engines, especially in the context of piston type or 

compression ignition engines.   

 

5.2 Numerical Simulation Results and Analysis 

5.2.1 Numerical Simulation Overview 

 The results discussed in this section include the numerical results from the simulation of Jet-A and 

F24. These results compare the results of different fuels at engine speeds of 60,000 RPM, 65,000 RPM, and 
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70,000 RPM. The simulation is not a perfect representation of the engine for a number of reasons that will 

be discussed, however, the percentage errors for each simulation is comparable enough to the experimental 

results to validate the models.  

 These results have been broken down into their own subcategories. These categories include 

numerically determined temperature, pressure, velocity, turbulent kinetic energy (TKE), a fuel spray 

analysis, and emissions contours.  

5.2.2 Numerical Engine Temperature 

 As mentioned in previous sections, the plane of data collection for the numerical contours was 

oriented so that the axial progression of the fluid can be examined as well as the spray development of the 

fuel. As shown below in Figure 48.  
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Figure 48: Temperature contours of Jet-A and F24 at each investigated engine speed. 

 The results first showcase the increase in temperature as the engine speed increases for both fuels. 

This increase in temperature is expected, and is also prevalent in the experimental results, indicating a 

correlation between the model and experimental results. Both fuels also experience a drop in the flame front 

as engine speed increases. This shrinking of the flame front can be explained by two phenomena. First is 

the enhancement of the mixing due to the guide vanes that are present. The higher compressor speed pulls 

in more air, resulting in more turbulence. This turbulence enhances mixing, resulting in a better fuel-air 

ratio and leading to more complete combustion. The second explanation is also a result of the higher engine 

speeds. Higher engines speeds will correlate to a greater swirl number experienced in the combustion 

chamber. This greater swirl number can be seen in the front view of Figure 49 below. Since the data was 

collected on a plane and the swirl number increases with engine speed, the larger flame front generated by 

greater mass flow rates of fuel is out of range of the data collection plane. This results in the appearance of 

a decrease in the flame front. However, the larger flame can be seen in the front and isometric view in 

Figure 49 below.  
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Fuel: F24 
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Figure 49: Isometric and Front view of the temperature contour for F24 at each engine speed. 

 Figure 49 also provides a clear picture of the flow path and demonstrates the enhancement of the 

swirl number as the engine speed increases. The front view clearly demonstrates the enhancement of the 

swirl flow in the engine as engine speed increases. Moreover, the front view also shows an increase in 

exhaust temperature from approximately 675K at 60,000 RPM to 1050K at 70,000 RPM. At this 

temperature, it is obvious there is not a flame in the exhaust section, since flame temperatures are generally 

in excess of 2000K. The isometric view shows the enhancement of the flame, clearly demonstrating a 

growth in flame thickness. This greater flame front and therefore higher temperatures is expected and 

correlates well with the experimental results.  
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  Despite the similarity in the fuels, F24 appears to burn cooler than Jet-A. This was expected based 

on the additives used in F24 and based on the fuel analysis. The AHRR graphs showed less amplitude of 

the heat release in the combustion properties analysis. This has translated both qualitatively and 

quantitatively based on the temperature contours and the gas temperatures found in Table 10 in the 

Appendix.  

5.2.3 Numerical Engine Pressure 

 The pressure contours for the numerical simulation of Jet-A and F24 can be found below in Figure 

50. Due to the model of the simulation, P1 is assumed based on the experimental results. As found in Table 

4 the pressure ratio for this engine as specified by the manufacturer is 3.4:1. 
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F24 

   

Figure 50: Pressure contours for the numerical simulation of Jet-A and F24 

 The pressure contours show similar results for both fuels. The high pressure from the ignition 

process generates areas of high pressure that are accelerating through the flow path of the engine and out 

the exhaust nozzle. As the flow passes through the turbine stage (also near the location of P4), the pressure 

drops dramatically. This is due to the expansion of the flow path, allowing the gas to expand and accelerate 

out of the exhaust section. Both fuels experience a localized high-pressure zone where the gas impacts with 

the turbine blades. Although a slight pressure increase would be expected due to impact with the turbine 

blades, this can also be explained due to the lack of rotation in the model. Furthermore, the is a slight 

increase in pressure at the tip of the exhaust nose cone. As engine speed increases, this zone of high-pressure 

increases. This can be explained by the impact of the flow against itself at the flow interaction zone.  

 By examining the two fuels together, Jet-A displays a slightly increased pressure at 60,000 RPM. 

As the engine speed increases, both fuels have approximately the same pressure magnitudes at P3. Table 

11 (located in the appendix) displays the experimental and numerical data for the pressure magnitude at 

each location. These results show a slight increase in pressure across P2 and P3. The maximum pressure 

for both fuels is located at P3, where at 70,000 RPM, both fuels are approximately 287 kPa. The trends for 

both fuels at P4 and P5 are very similar. Jet-A continues to output higher pressure magnitudes, and a 

pressure drop is present as the flow moves towards the exhaust section.  

 The drastically high pressure found in P2 and P3 is due to two major reasons. As previously 

discussed, the lack of rotation in the model allows for an increased local pressure near P3. The second 
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reason for the unexpectantly high pressure magnitudes is due to model assumptions. The model assumes a 

perfectly adiabatic and sealed model. Therefore, increases in temperature do not escape through the walls 

of the model, leading to increased pressure. Furthermore, the perfectly sealed model does not allow pressure 

loss through small gaps where the turbine is assembled. These factors contribute to the higher-than-expected 

pressure magnitudes in the model.  

 

5.2.4 Numerical Engine Velocity 

 The velocity contours are valuable for obtaining maximum gas velocity of the turbine as a result of 

the different fuels used. The result of the numerical simulation can be found in Figure 51 
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Figure 51: Velocity contours for the numerical simulation of Jet-A and F24 

 The velocity contours show overall trends that would be expected for a turbojet engine. The 

observation that can be made is the very small magnitude velocity located in the combustion chamber area 

(where P2 and P3 would be located). This low velocity flow is accelerated by the pressure wave generated 

from ignition through the turbine stage and out the exhaust sections. These velocity contours show good 

correlation with the pressure contours. The high-pressure zones are also the low velocity zones and vice 

versa. Furthermore, the contours also indicate that as the engine speed increases, the maximum velocity 

increases as well.  This is obviously due to the increase in potential energy in the form of fuel input into the 

system. Both fuels also show an increase in velocity mid-way through the exhaust section. This increase in 

velocity is due to the vertical exhaust strut. The swirl of the flow due to the guide vanes and turbine section 

impinges the flow upon the struts and straightens the flow, increasing the velocity out the exhaust as well 

as increasing the thrust. The high velocity points located directly after the turbine section are due to the 

design of the flow path. The inlet guide vanes are designed to decrease the cross-sectional area, allowing 

for an increase in velocity. 

 By examining the two fuels together, it can be observed that both fuels exhibit very similar 

magnitudes of velocity. However, Jet-A demonstrates a slightly increased velocity in the flow exhaust 

section as measured by the yellow data collection points seen in Figure 29. The maximum velocity for Jet 

and F24 at 70,000 RPM was found to be and respectively. This can be seen in. This indicates that the thrust 

of Jet-A will be expected to be slightly greater than that of F24.  
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 The rotation of the flow can be examined through Figure 52 below. Only the streamlines for F24 

were provided due to the similarity in the flow path of both models. These streamlines make the swirl flow 

of the system very clear, as indicated by the groups of streamlines in the compressor exit sections. This 

swirl is enhanced in the turbine exit stage, where a much sharper increase in swirl can be seen. The work 

of the exhaust struts can also clearly be seen. As the flow is travelling through the exhaust nozzle, the flow 

is highly rotational. As the flow exits the exhaust nozzle, the streamlines are clearly oriented much more 

perpendicular to the exhaust nozzle than is exhibited in the turbine exit stage. This demonstrates the effect 

of the exhaust struts.  

Fuel: 

F24 
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View 

   

Side 
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Figure 52: Velocity streamlines for the numerical simulation of F24. 
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5.2.6 Numerical Engine Turbulent Kinetic Energy (TKE) 

 The turbulence that occurs inside the combustion chamber can greatly affect the combustion 

efficiency and performance of an engine. High levels of turbulence inside an engine’s flow path will reveal 

inefficiencies in the flow path design and requires steps to mitigate these effects. Therefore, the turbulent 

kinetic energy contours, as seen below in Figure 53 were generated and examined to identify areas of high 

turbulence intensity and their effect on engine performance. 
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Figure 53: Turbulent kinetic energy for the numerical simulation of Jet-A and F24 

 First in examining the engine phenomenon that is consistent with both fuels, Figure 53 reveals an 

increase in the turbulent intensity as the engine speed increases. The areas of high localized turbulent 

Point 1 

Point 1 

Point 2 

Point 2 
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intensity include the turbine stage and the exhaust stage. As can be expected, the lack of rotation in the 

model from the turbine blades results in an unexpected flow disruption, which enhances turbulence in the 

system at this area. Furthermore, the increase in TKE with increases in engine speed is also examined at 

Point 1 on Figure 53. This increase in TKE is due to the exhaust strut flow impingement. As velocity 

increases, a greater amount of energy is transferred to the vortices, thereby increasing the TKE intensity. 

Another interesting phenomenon occurs at Point 2 on Figure 53 for both fuels. As shown, there is a high 

level of TKE following the path of the Exhaust cone. This high turbulence intensity can be expected to be 

due to the fluid/surface interaction. Due to factors like the surface roughness, a higher level of turbulence 

can be expected at these areas along the exhaust cone, especially in areas of high velocity flow. As 

demonstrated by the ANSYS simulation team, turbulent internal flow maintains a higher velocity near the 

walls of the enclosure (ANSYS 2020). These higher speeds allow for higher levels of turbulent intensity 

along the walls. The underside of the exhaust cone also exhibits a drastic decrease in TKE. This is expected 

to be due to the decrease in velocity, which occurs due to the low-pressure zone in the flow path as the flow 

impinges the exhaust struts. 

 When comparing the two fuels together, they both exhibit very similar behaviors. Both reveal an 

increase in turbulence intensity as engine speed increases. However, it can be seen that Jet-A does result in 

a higher level of turbulence intensity. Based on the TGA report, the higher volatility of Jet-A may result in 

higher levels of turbulence intensity throughout the engine. However, the difference between TKE of Jet-

A and F24 are very small and may be negligible in comparing engine performance. More information is 

provided in the experimental noise and vibration results that demonstrate a better understanding of the two 

fuels turbulence intensities.  

5.2.7 Numerical Engine Fuel Spray Analysis 

 The fuel spray analysis is an important feature of the engine analysis in order to examine changes 

in the spray as engine speed increases.  
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Figure 54: Fuel Spray Mass Fraction for the numerical simulation for Jet-A and F24 

 As shown above, the increase in engine speed appears to decrease the size of the fuel injection. 

This is due to the increase in the swirl number as the engine speed increases, taking a portion of the data 

for the mass fraction of the fuels from the plane of data collection. Between the two fuels, F24 appears to 

diffuse slightly better than Jet-A. This can be noticed at the 65,000 RPM engine speed, where there is more 

mass fraction of Jet-A than F24. This seems to indicate that F24 is more conducive to the flow path than 

Jet-A.  

5.2.8 Numerical Engine Emissions 

 The emissions data was collected for CO, CO₂, H₂O, and NOₓ, and planar contours were generated 

to display the creation of these emissions throughout the flow path of the gases. The purpose of this data is 

to better understand the creation of these emissions and how these affect the combustion efficiency of the 
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engine. As previously discussed, the impact of greenhouse gases like H₂O and CO₂ have a significant effect 

in global warming. H₂O is especially interesting case, due to its ability to trap soot and in the atmosphere 

and create the reflective crystals that contribute to the greenhouse effect. Therefore, H₂O is a vital emission 

to study when decreasing the aerospace footprint on harmful emissions. The H₂O mass fraction contours 

can be found in Figure 55 below. 
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Figure 55: Water Vapor emissions from the numerical simulation of Jet-A and F24 

  By examining the contours above, it can be seen that as engine speed increases, there is also an 

increase in the water vapor emissions produced. Water vapor (as well as CO₂) is a natural by-product of 

complete combustion. Therefore, it is expected to see increases in H₂O with increases in engine. This is due 

to both the enhancement of complete combustion at higher, more efficient engine speeds, and due to the 
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injection of more fuel to achieve greater engine speeds. It can also be noticed that most of the products form 

in the combustion chamber. As the flow progresses through the engine, these gaseous emissions fill the 

exhaust nozzle and exit the engine. Finally, both fuels display as similar contours in the combustion 

chamber, indicating the location of H₂O formation is consistent between the two fuels. 

 When examining the two fuels separately, it can be inferred that Jet-A is producing a greater amount 

of H₂O emissions at each engine speed. There are multiple reasons for this decrease in emissions for F24. 

First is due to the additive package that is used in the creation of F24. This addition to the fuels has had 

significant effects on the emissions produced in burning F24. More specifically, F24 has a greater amount 

of olefins and cyclohexane’s (Valentin Soloiu 2022). Greater amounts of olefins and cyclohexane’s has 

been linked to reducing ignition and increasing combustion delays, and lead to an increase in the NTC 

region (Rao 2023, Yitao et al. 2009). Finally, increasing the NTC region and extending the LTHR region 

allows for extension of cool flame formation, which is a period of energy exertion that increases engine 

performance and decreases hydrocarbon emissions  (Harsh and Sanghoon 2019, Soloiu et al. 2017, Yaopeng 

et al. 2016, Guzman and Brezinsky 2021, Bishop and Elvers 2021). Therefore, the reduction in water vapor 

formation for F24 is expected.  

 Since H₂O and CO₂ are both by-products of complete combustion, it would be expected to see a 

similar trend with H₂O and CO₂. Figure 56 below presents the CO₂ contour results for both fuels at 

increasing engine speeds. 
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Figure 56: Carbon Dioxide emissions from the numerical simulation of Jet-A and F24 

 These results indicate a similar contour as that which was seen for the H₂O emissions. As engine 

speed increases, the CO₂ mass fraction for both fuels also increase. Again, this is due to the increase of 

complete combustion and the increase of mass fraction of the fuel being injected into the system. For similar 

reasons, it can also be observed that the combustion of F24 results in less CO₂ emissions. The consistency 

between CO₂ and H₂O provides validation that the combustion model is performing as expected. These 

qualitative results will be compared to the quantitative results found in the experimental results section. 

 Another important emission generated in the combustion of hydrocarbon fuels is carbon monoxide 

(CO). Carbon monoxide is generated primarily during incomplete combustion. When the air-fuel ratio 

(AFR) for the engine is not at the stoichiometric level, the breakdown of hydrocarbons leaves some 

remaining carbon that combines with the oxygen and forms CO. This is a poisonous emission that has a 
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serous negative effect on the well-being of humans. By examining the CO contours in Figure 57 below, the 

CO production phenomenon can be determined. 
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Figure 57: Carbon Monoxide emissions from the numerical simulation of Jet-A and J24 

 For both fuels, the results indicate that as engine speed increases, there is a reduction in CO 

production. This demonstrates the decrease of incomplete combustion and further explains the increase of 

complete combustion as inferred from Figure 55 and Figure 56. Due to the similarity of the fuels, there is 

not a significant difference between the contours. 

 Finally, the nitrogen oxides were also examined in the numerical simulation. Nitrogen oxides (NOₓ) 

are the poisonous emission that form when oxygen and nitrogen experience environments of high 

temperature and high pressure. They typically form in environmental temperatures at or above 1700K, 
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making a combustion chamber an ideal location for the formation of NOx. The results for both fuels can be 

found in Figure 58 below.  
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Figure 58: Nitrogen Oxides emissions from the numerical simulation of Jet-A and F24 

 The results from the NOₓ emissions show an increase in NOₓ for both fuels as engine speed 

increases. This is an expected result, with the NOₓ contours following the linear trend of the temperature 

contours as engine speed increases. When comparing the two fuels. It is obvious that F24 shows a much 

greater mass fraction of NOₓ. This is in direct contrast with the temperature contours, which indicate that 

Jet-A results in higher temperatures inside the combustion chamber and throughout the exhaust section. 

The best rationalization for this is the additive package in F24. Even though F24 experiences a lower 

temperature profile than Jet-A, the maximum temperature inside the engine is still greater than the required 

1700K for NOₓ formation. As previously mentioned, F24 contains greater numbers of cyclohexane than 
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Jet-A. As discussed in the study conducted by Rao et al. a greater abundance of cyclohexane in a fuel can 

result in a greater production of OH radicals (Rao 2023). This extra exertion of oxygen into the system 

could result a greater formation rate of NOₓ in the system. Furthermore, when examining the O₂ contours, 

as shown below in Figure 59, there is more oxygen present the F24 simulation than is present in the Jet-A 

simulation. There is a particularly high presence of oxygen in the exhaust region, which is similarly where 

the most NOx are formed. Therefore, it can be concluded that this greater presence of oxygen in the system 

is allows for a greater formation rate of NOx in the F24 simulation as compared to Jet-A.  
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Figure 59: Oxygen mass fraction results from the numerical simulation of Jet-A and F24 
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5.3 Gas Turbine Experimentation Results 

5.3.1 Experimental Engine Overview 

 The results discussed in this section include the experimental results from the testing conducted for 

Jet-A and F24. These tests were conducted at 60,000 RPM, 65,000 RPM, and 70,000 RPM. Each test was 

conducted on days with reasonably similar atmospheric conditions, including humidity and temperature 

levels, to ensure accuracy in the results. The various transducers used to collect data were zeroed and within 

a reasonable calibration range based on previous results. The experimental methods mentioned previously 

were conducted during both testing instances to ensure accuracy in the results.  

 The data collected during the experimentation include engine characteristics, emissions data, and 

finally a noise and vibration analysis. Each parameter has been sectioned into appropriate sub-sections for 

readability. The engine characteristic sections include temperature, pressure, thrust, fuel flow rate, 

thermodynamic efficiency, air-fuel ratio (AFR), and thrust specific fuel consumption (TSFC). The 

emissions sections include average H₂O percentage, average CO₂ percentage, average CO, average NOₓ, 

and average THC. Finally, the noise and vibration analysis are sub sectioned into vibrations, multifield 

sound pressure, and free field sound pressure. 

5.3.2 Engine Temperature 

 The engine temperature data was collected for both the numerical simulation and experimental 

results and compared for both fuels at all 3 engine speeds. This data is shown below in Figure 60. 
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Figure 60: Turbine Temperature at each data collection point in the engine for both experimental and 

numerical simulation at each engine speed. 

 As shown above, the data is categorized by the data collection point within the engine, grouping 

both experimental and numerical results for both fuels in each engine speed range. As mentioned in the 

methods, the inlet temperature (T1) was not simulated, and therefore is the same as the experimental. 

 As seen above, the typical trends for the temperature inside the engine apply to the experiments 

conducted here. As the flow moves from the compressor to the turbine exit, there is a steady increase in 

temperature, with a maximum recorded temperature at 70,000 RPM of 935K for Jet-A and a maximum 

temperature of 928 for F24. After the turbine exit, the flow loses energy and begins to slightly cool as the 

gases move from the combustion chamber to the exhaust section, resulting in a maximum exhaust 

temperature at 70,000 RPM of 737K for Jet-A and 689K for F24. As engine speed increases, there is a 
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noticeable increase in the temperatures experienced inside the engine at all sensor locations. This is due to 

the obvious increase in potential energy in the form of more fuel being injected into the combustion 

chamber.  

 When comparing the two fuels, one main difference is the maximum temperature achieved by both 

fuels. F24 consistently burns cooler at all sensor locations for all engine speeds. This is most likely due to 

the addition of additives in the fuel. The change to a cooler burning fuel allows for the engine to have an 

overall increase in life expectancy and requires less maintenance between takeoffs. It also will affect the 

emissions produced, where it can be expected that F24 will see a reduction in NOx production.  

 Moreover, comparing the simulation provides a very compelling case for the accuracy of the model 

produced in this experimentation. The result in T2 provides good accuracy with a maximum percentage 

error occurring at 70,000 RPM of 9.04% for Jet-A and 12.75% for F24. This accuracy is due to the 

temperature change in this location being solely due to compression of the air. T3 results in a wider range 

of results. At the extremes of the engine speed, a greater difference is present, with the maximum percentage 

error being for Jet-A and 70,000 RPM of 31%. However, for the 65,000 RPM, the percentage differences 

were much smaller, in the range of less than 1%. This trend is continuous throughout all sensor locations, 

indicating that 65,000 RPM simulation is the most accurate. The simulation also has a counter-intuitive 

trend in some locations, where an increase in engine speed results in a decrease in temperature. This may 

be due to the swirl effect produced by the engine. Since the run time of the simulation was fairly small, the 

actual temperature in this zone does not have time to equalize throughout the chamber. However, the 

experimental results are an average of 90 seconds of data collected at 1S/s, allowing for a better average 

temperature to be obtained. Furthermore, most of the data collected indicates that increasing engine speed 

results in increases in temperature.  

 At T4, there is good agreement between simulation and experimental results for each engine speed, 

with 70,000RPM producing a greater difference of 12.5% for F24 and 7.61% for Jet-A. The same overall 

trend still exists in the simulation with a decreasing temperature due to the swirl effect and short time of 
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simulation run. Finally, T5 shows good results at low engine speeds with a maximum temperature 

difference being 7.35% for Jet-A. However, 70,000 RPM produces greater percentage differences up to 

28% for both Jet-A and F24. The trends of decreasing temperature with increasing engine speed changes in 

this sensor location, producing more accurate trends results. This is because at this point in the engine, the 

flow has straightened significantly, resulting in swirl flow not affecting the overall temperature in a 

significant way.  

 The greatest percentage differences appeared consistently at 70,000 RPM. This can be assumed to 

be due to the enhanced swirl number inside the engine at the greater engine speeds. The greatest difference 

in the setup between each engine speed was compressor mass flow rate and fuel flow rate. Because of the 

increase in swirl number and fuel and air flow rate into the engine, it is expected that when the swirl number 

is taken out of the equation, the temperature should be greater. This is the effect that can be seen with the 

higher temperatures in T4.  

 

5.3.3 Engine Pressure 

 The engine pressure data was collected for both the numerical simulation and experimental results 

and compared for both fuels at all 3 engine speeds. This data is shown below in Figure 61. 
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Figure 61: Turbine Pressure at each data collection point in the engine for both experimental and 

numerical simulation at each engine speed. 

 When examining the overall trends of the engine, both the simulation and experimental results 

show good correlation with change in pressure, although the magnitudes differ. Pressure increases from P1 

and P2 due to the work from the compressor. At P3, both experimental and simulated pressures remain 

constant. Finally, as the flow moves out of the engine, there is a significant drop in pressure from P3 to P4 

and P5 until the flow reaches near atmospheric levels. Moreover, each section experiences the expected 

trend of an increase in pressure as engine speed increases.  
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 One slight difference between the two fuels is that F24 experiences slightly higher pressures at all 

sensor locations despite burning cooler. This slight difference is expected to be a result of the additives that 

affect the combustion of the fuel. When examining the simulation results, both fuels result in very similar 

pressure results, very similar to the experimental results. However, the magnitudes of these values were 

quite different. The drastic increase in pressure is due primarily to a number of numerical simulation 

assumptions made for the model’s success that do not exist in physical experimentation. First, the numerical 

model is assumed to be perfectly sealed, and therefore, there are no pressure losses experienced in the 

simulation as a result. Furthermore, the lack of rotation in the model will result in a very drastic back 

pressure, especially around P3 and will result in higher pressures at other sensor locations. Another reason 

for the high pressures is the adiabatic assumption of the model. This assumption results in a pressure 

increase due to the higher temperatures experienced in the engine. The greatest pressure difference is found 

at 70,000RPM. Due to this large pressure value, other factors that rely on pressure calculations will see an 

increased percentage error at 70,000 RPM. 

5.3.4 Engine Thrust 

 The engine thrust data was collected for both the numerical simulation and experimental results 

and compared for both fuels at all 3 engine speeds. As previously mentioned, experimental thrust data was 

collected using the button type Futek load cell. Simulation thrust data was collected by analyzing pressure 

data at the exhaust section and gas density. This data is shown below in Figure 62.  



131 
 

 

Figure 62: Turbine Thrust for both experimental and numerical simulation at each engine speed. 

 When examining the thrust data, both experimental and numerical simulation results indicate the 

expected trend of an increase in thrust as engine speed increases. When comparing the 2 different fuels, 

F24 produces a larger thrust at each engine speed, with the maximum increase found at 65,000 RPM with 

a 14% thrust increase. This increase in thrust is most likely due to the larger density of F24 as compared to 

Jet-A, resulting in a greater thrust output since both fuels lower heating values are approximately the same.  

 The numerical simulation results show good correlation with the experimental results. Excluding 

the high pressure resulting in high thrust results at 70,000 RPM, the maximum percentage error for F24 and 

Jet-A was found to be 11.5% and 22.6% respectively. Jet-A and F24 also have very similar simulation 

results. This further validates the model’s accuracy. Better accuracy is attained at lower engine speeds. This 

is most likely due to the lower percentage differences of pressure at the lower engine speeds. This allows 

for a more accurate calculation of thrust. 

 

 

 

30

40

50

60

70

80

90

100

110

58000 60000 62000 64000 66000 68000 70000 72000

Th
ru

st
 (

N
)

Engine Speed (RPM)

Thrust vs RPM for Jet-A and F24

Jet-A Experimental

F24 Experimental

Jet-A Simulation

F24 Simulation



132 
 

5.3.5 Engine Fuel Flow 

 The fuel flow was measured using the inline piston type flowmeter and was calculated internally 

with a differential. The simulations fuel flow was determined based on the fuel velocity exiting the nozzle 

and the cross-sectional area of the fuel injectors. The results can be seen below in Figure 63. 

 

Figure 63: Turbine Fuel Flow rate for both experimental and numerical simulation at each engine speed. 

 The results of the fuel flow measurements reveal a very close similarity between F24 and Jet-A for 

both the numerical and experimental results. Since F24 is simply Jet-A with several additives, it is valid for 

both fuels to experience similar fuel flow rates. The primary reason for Jet-A to have a higher fuel flow rate 

is the viscosity levels. The higher viscosity of F24 results in a slower moving flow, despite the higher 

density. These similarities between the experimental results are also valid for the numerical simulation 

results. Despite the high magnitude difference between the numerical and experimental results, the general 

trends for both experiments are the same, where an increase in engine speed results in an increase in fuel 

consumption. The greatest percentage error came at engine speed of 65,000RPM, where Jet-A and F24 

experienced a percentage error of 23.3% and 27.5% respectively. 
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5.3.6 Engine Air-Fuel-Ratio and Equivalence Ratio 

 The air fuel ratio results for both fuels are shown below in Figure 64 at each engine speed for both 

the simulated and experimental results. This data was collected experimentally using the compressor speed 

and the geometric dimensions of the engine to determine the air intake. Fuel flow was determined in 

previous sections.  

 

Figure 64: Turbine AFR for both experimental and numerical simulation at each engine speed. 

 As shown above, there are several conclusions to be made from the AFR comparisons. First, when 

analyzing the experimental results, there is a general trend of AFR increasing with engine speed. This 

change is very minimal, which is an expectation for this engine. Increasing speed requires an increase in 

fuel flow which results in the compressor doing more work. It is also obvious that F24 runs at a leaner AFR 

than Jet-A. This is primarily due to the fuel flow rate, which is affected by fuel characteristics, however 

coupling the leaner mixture with enhanced thrust performance results in F24 being more economical. 

 The simulated results show similar trends up to engine speed of 65,000 RPM and drop significantly 

at 70,000 RPM. It can also be observed that the simulated results are leaner than experimental. This can 

most likely be due to the losses the experimental compressor experiences in practice. The simulation sets 
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the compressor inlet mass flow rate, resulting in no losses and therefore pushing more air into the engine 

than would be experimentally provided. Another significant point in the simulated results is the relationship 

between the two fuels is the same as the experiment, where F24 is running leaner than Jet-A. Similar trends 

of the simulation to the experimental provide further evidence for the model validation.  

 The equivalence ratio results were compiled and presented in Figure 65 below for all cases.  

 

Figure 65: Turbine Equivalence ratio for both experimental and numerical simulation at each engine 

speed. 

 The equivalence ratio shows similar trends to that of the AFR due to the similarity in calculating 

the data. However, equivalence ratio allows for interpretation of how the engine is performing in reference 

to the expected AFR of the fuel itself. This results in a clearer idea of how the fuel is performing depending 

on its application. These experimental results indicate that this engine with both fuels ran leaner than the 

expected AFR, with F24 again being leaner than Jet-A. This may result in poor NOx results, as there exists 

more oxygen and nitrogen to form NOx even though F24 generally runs cooler.  
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5.3.7 Engine Thrust Specific Fuel Consumption 

 The thrust specific fuel consumption for each fuel at each engine speed and for both experimental 

and simulated results can be found in Figure 66 below. These results were calculated based on the ratio 

between fuel flow and thrust output.  

 

Figure 66: Turbine Thrust specific fuel consumption for both experimental and numerical simulation at 

each engine speed. 

 The results of the TSFC show experimentally that Jet-A has less efficiency than F24. This is 

primarily due to both the greater fuel flow rate of Jet-A and the lower thrust that is produced by Jet-A. Both 

factors again contribute to the fact that F24 is a more economical choice for fuel. These results indicate that 

engine speed has little effect on the TSFC, which is in line with the thermodynamic efficiency results 

gathered in this work. The simulation results are similar to the experimental results especially at lower 

engines speeds. This is a consistent trend seen throughout this work. Again, the lack of pressure loss and 

rotation in the turbine stage of the simulation has resulted in larger pressure spikes at higher engine speeds, 

which is currently affecting the TSFC. The trends for the simulated and experimental results are fairly 

similar as well, both showing Jet-A having a greater TSFC. However, Jet-A has greater TSFC at an engine 
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speed of 70,000 RPM. This is due to the reduction in difference between fuel flow rate of the two fuels at 

higher engine speeds coupled with the drastically larger thrust of Jet-A at 70,000 RPM in the simulation.  

 

5.3.8 Engine Emissions Analysis 

 The emission analysis for these results were conducted as previously discussed in the methodology. 

The FTIR emissions gas analyzer was used to identify the 5 major species of interest when examining the 

harmful emissions produced from burning fossil fuels. These results were gathered for a sampling time of 

90 seconds at each engine speed for each fuel. The results for all emissions as a PPM or percentage of total 

species present can be examined in table format in Table 13 in the Appendix. The results are also graphically 

represented for H₂O % and CO₂ % in Figure 67 below. 

 

Figure 67: Average H2O and CO2 Percentage for Jet-A and F24 

 The results from the experimental emissions testing showcases the constant representation of H₂O 

and CO₂ in Jet-A combustion for each engine speeds. There is very little variation in these emissions results 

as compared to F24, which showcases a positive relationship between engine speed and emissions. 
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However, F24 has significantly lower levels of emissions as compared to Jet-A at all engine speeds. F24 

showcases a decrease of H₂O emissions as great as 40.53%. Furthermore, CO₂ emissions are also 

significantly less for F24 than Jet-A, with a maximum percentage difference of 26.26% improvement. These 

starkest differences come from the lower engine speeds. This is likely due to the greater fuel flow rate of 

Jet-A as opposed to F24, as the difference in fuel flow rate decreases at higher engine speeds.  

 

Figure 68: Average CO and THC PPM for Jet-A and F24 

 The emission results for the CO and THC can be viewed above in Figure 68. These results indicate 

that Jet-A has a greater production of CO and THC at all engine speeds as compared to F24. CO and THC 

are a product of incomplete combustion that occurs in the combustion chamber, indicating that Jet-A has a 

slightly greater amount of incomplete combustion despite the more favorable viscosity properties of Jet-A. 

It is possible that the slight difference in viscosity doesn’t have significant enough effects to drastically 

improve the combustion. This is evident by the nearly equivalent CO production at 70,000 RPM. It can also 

be shown that there is a much greater amount of THC produced by Jet-A than F24, where Jet-A produces 

a maximum of 160% more THC than F24. The likely reason for this difference is the increased fuel flow 

rate of Jet-A as compared to F24. This would explain the massive difference between the THC (which 

correlates to the soot that is produced in combustion). As expected, the increase in engine speed decreases 
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the overall emissions produced for both Jet-A and F24. Jet-A does experience a greater improvement in CO 

production than F24 does resulting in a 26.47% improvement between engine speeds 60,000 to 70,000 

RPM. This is likely due to the more favorable viscosity of Jet-A for combustion.  

 

Figure 69: Average NOx PPM for Jet-A and F24 

 The results for the NOx emissions can be found in Figure 69 above. Nitrogen oxides are a product 

of nitrogen combining with oxygen at high temperatures, generally around 1700 K, which is well within 

the combustion flame temperature. Therefore, the availability of nitrogen and oxygen as well as flame 

temperature and combustion chamber temperature will drastically affect the NOx results. Based on the 

experimental results gathered, F24 generates 19.96% less NOx at an engine speed of 60,000 RPM. At the 

maximum engine speed, there is practically no difference in the NOx produced. Based on the temperature 

profile gathered experimentally, these values are expected, since F24 burns cooler than Jet-A. This leads to 

cooler engine temperatures throughout the engine and reduces the prime environment to form NOx.  

 The thrust specific emission data was also collected and analyzed to provide a more contextualized 

understanding of the emissions production. The thrust specific emissions data for H₂O and CO₂ can be 

found below in Figure 70. 
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Figure 70: Thrust Specific H2O and CO2 percentage emissions for Jet-A and F24 

 Based on the results above and previous results, F24 has produced a greater amount of thrust least 

number of emissions across all parameters. These factors contribute to an increasing gap between the thrust 

specific emissions between Jet-A and F24. As shown above, Jet-A produces a greater percentage of H₂O 

and CO₂ at all engine speeds. As engine speed increases, Jet-A reduces the amount of H₂O produced due to 

the nearly constant H₂O output and the increase in thrust as engine speed increases. This change is much 

more drastic than F24 due to the slight increase of H₂O production by F24 with increasing engine speed. 

Jet-A also shows a positive relationship between thrust specific CO₂ and engine speed, while F24 shows a 

negative relationship. This is due again to the near constant output of CO₂ of Jet-A with increasing engine 

speeds. Overall, these results indicate that in most cases, increases in engine speed result in the production 

of less emissions. 
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Figure 71: Thrust Specific CO, THC, and NOx PPM emissions for Jet-A and F24 

 The thrust specific emissions for NOx, CO, and THC were also compiled and analyzed. For similar 

reasons as previously mentioned, F24 performs better than Jet-A in terms of emissions produced at different 

engine speeds. As shown in Figure 71 above, F24 produces significantly less CO, NOx, and THC as engine 

speed increases and subsequently thrust increases. Both fuels also exhibit a negative relationship between 

engine speed and emissions, resulting in a decrease in thrust specific emissions with increasing engine 

speeds.  

5.3.9 Engine Noise and Vibration Analysis 

 The noise and vibration analysis for Jet-A and F24 were performed at the 3 engine speeds of 60,000, 

65,000, and 70,000 RPM, with the data collection period occurring for a minimum of 90 seconds to collect 

average values in the range. Sound pressure levels (SPL) were taken for both fuels and was collected using 

both the free field and multifield microphone to obtain the most accurate results available. As previously 

mentioned in the experimental methods, the free field microphone provides more accurate information 

when there is a single sound source with very little impact, and the multifield microphone is valuable in 

more noise chaotic areas. The data was collected with a frequency range of 16 kHz and was post-processed 

using the constant pressure bandwidth filter (CPB). This allowed the separation of the sound pressure levels 
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to the basic frequencies and enhanced the analysis process. Special attention will be placed in the  frequency 

range of 200-500Hz, as this range defines combustion (Soloiu et al. 2021). The sound level results for each 

microphone and engine speed can be found between Figure 76 - Figure 81. 

 The first observation made by examining these figures is the increase in SPL as engine speed 

increases. As engine speed increases, both Jet-A and F24 experience and overall maximum increase in SPL 

of 7.4% and 3.5% respectively. As previously discussed, Jet-A was seen as a more volatile fuel. This more 

rapid increase in SPL seems to further validate the conclusions drawn from the fuel analysis. It was also 

observed that F24 generally has a larger magnitude of SPL over the full range from 0Hz – 16kHz. This 

result is understandable based on the work conducted by Strahle and Sharma, both approaching the reason 

for F24’s higher SPL from a different perspective. Strahle found that fuels with longer combustion delays 

generally have a greater SPL profile than those with shorter combustion delays (Strahle 1972). F24 has a 

longer combustion delay and ignition delay, therefore, for F24 to exhibit greater magnitudes of SPL is 

expected. Meanwhile, Sharma also investigated the SPL, but from the perspective of the molecular content 

of the fuel. Sharma found that fuels with lower aromatic content would generally results in greater levels 

of noise pollution (Sharma et al. 2020). The higher aromatic content provides a dampening to the SPL 

values of the fuel. Based on these findings, it would be expected to see F24 having greater SPL values. This 

can be clearly examined by investigating the combustion chamber magnitude and increase with respect to 

engine speed. F24 has consistently louder combustion chamber SPL levels and increases at a greater rate 

than Jet-A, where F24 increases by 12.1% and Jet-A increases by only 6.6%. It is also examined that the 

Freefield graphs have a more parabolic shape than the linearity of the Multifield graphs. This is most likely 

due to the placement of the microphones. There is more likely more interference with the multifield 

microphone being placed near the exhaust section of the turbine. The free field microphone is placed 

perpendicular to the flow of the gas, allowing for a more focused sound wave. This may also explain why 

the free field results exhibit a maximum SPL of 107 dB for Jet-A. Full sound pressure data can be found in 

Table 15. 
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 The vibration analysis was conducted under the same methods discussed for the SPL. A triaxial 

accelerometer was used to collect the raw acceleration data, and a Fast Fourier Transform (FFT) was used 

to convert the signal from the time domain to the frequency domain. Data was processed up to 25.6kHz, 

with special emphasis placed on the engine’s natural frequencies, including the shaft rotation, exhaust struts, 

compressor blades, and turbine blades. The FFT was unable to capture results based on the previously 

identified range of frequencies. Therefore, the turbine blades will not be analyzed at this time. The 

frequencies of interest can be found in Table 9 below and the results from the experiments can be found in 

Figure 73 - Figure 75. 

Table 9: Vibration properties of the engine with corresponding component frequency 

Parameters Average Noise and Vibration 

RPM 60,000 65,000 70,000 

Shaft Rotation (kHz) 1 1.083 1.167 

3 Exhaust Struts (kHz) 3 3.250 3.501 

12 Compressor Blades (kHz) 12 13 14 

24 Turbine Blades (kHz) 24 26 28 

 

 The primary observations when examining the FFT results for the two fuels are the general trends 

in the engine with increasing engine speed and the difference in vibrational amplitude between the two 

fuels. Starting with the compressor section, both fuels exhibit a general trend of increasing in vibrational 

amplitude over time. As engine speed increases, air mass flows into the engine increases. This results in 

greater potential for non-uniformity in the concentric air-dynamics impressed upon the compressor blades. 

Furthermore, increasing the engine rotation speed can have a significant effect on the wake dynamics that 

each blade has on the others (Tereshchenko et al. 2015). This increased wake effect coupled with the 

increased potential for non-uniformity air-dynamics that affect the compressor blades explains the general 
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increase in vibrational amplitude as engine speed increases for both fuels. When examining the differences 

between the two fuels, F24 clearly has a much larger vibrational amplitude than that of Jet-A, where F24 

and Jet-A exhibit a maximum of approximately 340 m²/s² and 140 m²/s² respectively. This larger difference 

in the vibration can be explained by a few different phenomena in the engine. When examining the 

equivalence ratio of the two fuels, F24 clearly runs leaner than Jet-A. This, coupled with the enhanced 

thrust of F24, indicates that the compressor may be working harder and bringing in more air than when Jet-

A is being used. Therefore, greater levels of dynamic non-uniformity and wake interactions can be 

expected, leading to higher magnitudes of vibration. Moreover, studies have shown to link the aromatic 

content of fuels to the combustion stability in an engine (Wijesinghe, Ling, and Khandelwal 2019). Since 

the aromatic content of Jet-A (including but not limited to Naphthalene, Xylene, Benzene, Toluene, etc.) is 

significantly greater than that of F24 (Guzman and Brezinsky 2021), this may very likely be one of the 

sources of the higher vibrational amplitude of F24.  

 A vibration analysis can also be conducted for the exhaust struts. Based on the FFT results, there 

is a general decreasing trend as engine speed increases. This trend for both fuels is most likely due to the 

increased velocity of the flow in this section. The increase in velocity results in a decrease in the size of the 

wake produced by the struts. Therefore, increasing the engine speed results in a reduced wake interference 

between the struts, and leading to less vibration in this subsection of the system. It can also be observed 

that F24 exhibits greater levels of vibration than Jet-A, with a maximum vibration of 122 m²/s² and 100 

m²/s² respectively. The difference between these two vibrational amplitudes is most likely due to the higher 

pressure in this section of the engine for F24. As previously reported by Mir et all, an increase in the pressure 

in a vessel will result in an increase in the vibrational amplitude inside the vessel (Mir, Shakouri, and 

Ashory 2019). Therefore, the higher vibrational amplitude seen in the exhaust struts of F24 is an expected 

phenomenon.  

 Finally, when examining the shaft, Jet-A and F24 exhibit a divergence in vibrational amplitude as 

engine speed increases. Jet-A increases in vibration acceleration while F24 decreases. This difference could 
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be due to the difference in the combustion phenomenon of both fuels. As discussed in Soloiu et al (Valentin 

Soloiu 2022), the elongation of the CD and ID of F24 combustion as compared to Jet-A results in less 

pressure ringing after combustion. This results in smooth combustion and less vibration, which could affect 

both the trends of these fuels and explains why F24 demonstrates a lower vibrational amplitude than Jet-A. 
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CHAPTER 6 

FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS 

6.1 Conclusions 

 This research comprehensively examined the differences between military F24 fuel and 

commercial jet fuel Jet-A through a multifaceted approach. First the thermochemical and physical 

properties of both fuels was analyzed to provide a detailed understanding of the fuel and was used to help 

predict the engine performance characteristics. This was done using a multitude of fuel analysis equipment, 

including a Brookfield viscometer, Phase One Jet Fuel Analyzer, Shimadzu DTG-60, Malvern MIE 

Scattering He-Ne laser, Constant Volume Calorimeter, and a Constant Volume Combustion Chamber. 

Engine performance was analyzed using a small-scale turbojet engine instrumented with K-type 

thermocouples, pressure transducers, tachometers, load cells (for thrust), and flow meters into high-speed 

data acquisition system. Noise data was collected using a free-field and multifield microphone, and 

vibration data collected using a triaxial accelerometer. This data was processed using the FFT function in 

the BK Connect software. Emissions data was collected using the FT-IR gas emissions analyzer and 

emphasized the investigation of CO2, H2O, CO, THC, and NOx. Finally, a numerical simulation was 

developed using CFX. The existing Jet-A fuel library data was modified to include various in-house 

validated properties (like viscosity and density) and researched F24 Nasa Polynomial information to 

generate an experimental F24 surrogate fuel in the software. By creating the F24 surrogate fuel in CFX the 

flow field patterns, the combustion flame front of and the emissions generated by combustion could all be 

examined for both fuels for the purpose of validating the CFX model. Experimentation was conducted at 3 

different engine speed (60,000, 65,000, 70,000) 

   In comparing the two fuels, it was found that F24 proves to be the more economical, provides 

greater performance, and is a more environmentally friendly fuel as compared to Jet-A. This conclusion is 

based on several critical data points, including the full lower engine temperature of using F24 than that of 
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using Jet-A. This lower temperature will improve engine life and result in less maintenance required on the 

engine over time.  Moreover, F24 produces greater thrust at a lower fuel flow rate, resulting in a greater 

thrust specific fuel consumption and resulting in a more cost-effective fuel despite the higher 

thermodynamic efficiency of Jet-A. This is further visualized in the AFR, where F24 runs leaner than Jet-

A. The emissions of the two fuels also demonstrate the efficiency of F24. F24 was shown to produce less 

emissions for every species investigated at every engine speed investigated. The use of F24 resulted in a 

maximum of 40.53% decrease in H₂O, a decrease of 26.26% in CO₂ emissions, a decrease of 11.56% in 

CO emissions, a decrease of 160% in THC emission, and a decrease of 19.96% in NOₓ emissions. The 

drastic decrease in emission produced coupled with the increased thrust per engine speed results in a much-

improved thrust specific emissions result as well for F24 as compared to Jet-A. For the engine noise and 

vibration of F24 as compared to Jet-A, F24 generally has a greater sound pressure levels and vibration 

amplitude levels than that of Jet-A.  The greater SPL for F24 would require ATC teams to be better equipped 

with PPE to reduce the harmful effect of the higher SPL. The greater vibration results would also result 

poorly for the maintenance of F24 run engines, where greater fatigue would be experienced in the same 

engine running F24 as compared to Jet-A. However, the longer injection delay and combustion delay of 

F24 results in smoother combustion and less vibration, specifically in the shaft frequency zones. Based on 

these results and maintenance decisions on different components of the engine, F24 may result in more 

positive factors that would encourage the use of the fuel.  

 The results from this numerical simulation found many encouraging results for the validation of 

the numerical model when using F24 fuel. Across all parameters, the Jet-A and F24 numerical models 

followed very similar trends as the experimental results. Increases in engine speed resulted in increases in 

thrust, fuel consumption, temperature and pressure profiles, and emissions. This indicates accuracy in the 

model to predict the trends of the engine. When examining the accuracy of the model, the temperature 

profiles for both fuels provided agreeable results for T2 and T4, with percentage errors lower than 12.75% 

for both fuels. T3 and T5 showed some inconsistency depending on the engine speed. For example, T3 and 
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T5 had high accuracy of less than 7.35% at 65,000RPM. However, a percentage error of 31% was recorded 

at the 2 outer extreme engine speeds. This trend was similar for the pressure profile, exhibiting large 

percentage errors due to the assumption that were required for the model. The pressure profile at 

70,000RPM resulted in some large percentage errors for other parameters at that engine speed, whereas 

lower engine exhibited accurate results. The numerical model provided valuable information on the internal 

and immeasurable parameters that could not be determined experimentally. Velocity profiles showcased 

the increased swirl flow at higher engine speeds and the turbulent kinetic energy contours providing location 

of high energy turbulent eddies inside the engine. This information on the flow path provides valuable data 

on how to improve these flow paths to reduce turbulence inside the exhaust and turbine sections and 

enhance the turbulence where air-fuel mixing is required. Furthermore, the emissions contours (specifically 

H₂O and CO₂) showcased the difference in molecular structure of F24 through the reduction of H₂O and 

CO₂ emissions.   

6.2 Future Work 

 The examination of engine performance is a necessary step in developing a more economical and 

environmentally friendly engine. Research in this area will help reduce the large dependence of fossil fuels 

in the aviation industry and move towards the goals of airline and aviation company achieving a net-zero 

carbon footprint on the environment. For this experimentation and setup, there are a several improvements 

that can be made to enhance the data collected. The incorporation of a hot-wire anemometer would be a 

valuable step in enhancing the data collected. This air velocity measurement would further validate and 

confirm the air intake of the engine and enhance the precision of data collected. This enhancement has been 

developed and instrumented into the engine; however, integration of the anemometer data signals into the 

high-speed data acquisition system would greatly improve the setup. The implementation of more 

differential pressure transducers in the form of pitot tubes into the circumference of the engine would allow 

for a real improvement in data collection capability, as this information would help characterize the swirl 

number inside the engine directly before the combustion chamber.  



148 
 

 In future research both experimentally and numerically, more investigation should be centered on 

the implementation of alternative and synthetic fuels. Experimentally, this would provide good information 

on how these different fuels perform under similar conditions. Numerically, the expansion of this work by 

using alternative and synthetic fuels would enhance the current scientific community’s database on the 

combustion of these fuels. Despite the importance of these fuels for reducing harmful emissions, there is 

very little public numerical simulation research published on the implementation of these alternative fuels 

like IPK and S8. This represents a significant opportunity to make real contributions not only to internal 

labs, but to the general scientific community. 

 Finally, more investigation should be undertaken to improve the pressure and differences between 

the experimental and numerical results. Improvement in this area represents a significant step towards 

further validating the model. This may be done through altering the fuel injection rate of the model to match 

more closely to that of the experimental results. It may also be done through implementing more boundary 

conditions to take into account pressure loses experiences through seals, and compressor work loss. By 

identifying leaks in the engine, the location of boundary conditions can be placed. The adiabatic settings 

on the model should also be altered to reduce both temperature and pressure increases that were seen when 

comparing experimental and numerical results. These enhancements would require an improvement in 

computing power and/or will require more time for computation and are dependent on resources. Finally, 

improvement in grid resolution would be a significant improvement, as the current grid is the best available 

option when considering computational resources.  
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APPENDIX A 

 

Figure 72: Experimental setup for the noise, vibration, emissions, and gas turbine testing. 

Table 10: Temperature for the experimental and numerical simulation of Jet-A and F24 

Experiment 

Type 

Fuel Engine Speed 

(RPM) 

T2 (K) T3 (K) T4 (K) T5 (K) 

Experimental 

Results 

Jet-A 

60,000 409.1293 830.2309 916.8492 720.1765 

65,000 426.8847 860.3455 929.6301 727.715 

70,000 438.0115 914.9836 935.9014 737.926 

F24 

60,000 390.6223 821.1307 880.0839 699.2159 

65,000 406.8063 843.2653 889.0463 699.2234 

70,000 422.9157 873.5551 928.4515 689.8766 

Numerical 

Results 

Jet-A 

60,000 394.65 1088.34 933.67 737.26 

65,000 411.1 865.85 871.31 781.18 

70,000 477.6 710.05 864.66 949.60 

F24 

60,000 394.246 1008.87 851.73 674.73 

65,000 410.78 847.18 791.9 713.69 

70,000 476.84 688.76 812.39 888.61 
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Table 11: Pressure for the experimental and numerical simulation of Jet-A and F24 

Experiment 

Type 

Fuel Engine Speed 

(RPM) 

P2 (kPa) P3(kPa) P4 (kPa) P5 (kPa) 

Experimental 

Results 

Jet-A 

60,000 97.02 96.52 7.60 3.06 

65,000 118.66 118.18 8.83 3.59 

70,000 144.75 144.38 10.73 4.66 

F24 

60,000 100.14 99.05 7.88 3.21 

65,000 123.30 122.26 9.21 4.65 

70,000 151.92 150.86 11.01 13.18 

Numerical 

Results 

Jet-A 

60,000 172.51 171.95 31.62 6.97 

65,000 200.27 200.31 36.71 9.40 

70,000 299.86 299.96 64.78 21.70 

F24 

60,000 167.00 166.54 30.80 6.86 

65,000 193.95 193.88 35.88 9.29 

70,000 288.87 289.10 62.46 15.94 

 

 

Table 12: Engine Characteristic for the experimental and numerical simulation of Jet-A and F24 

Experiment 

Type 

Fuel Engine 

Speed 

(RPM) 

Thrust 

(N) 

Fuel 

Flow 

Rate 

(L/Hr) 

AFR TSFC 

(kg/N*Hr) 

Experimental 

Jet-A 

60000 35.63 19.32 24.83 0.44 

65000 38.34 21.92 24.80 0.46 

70000 43.38 24.41 25.73 0.45 

F24 

60000 38.75 18.29 28.29 0.38 

65000 43.69 20.60 28.74 0.38 

70000 48.09 23.76 28.83 0.40 

Simulation 

Jet-A 

60000 34.83 12.92 33.01 0.37 

65000 47.01 13.49 32.56 0.29 

70000 108.48 16.40 28.74 0.15 

F24 

60000 34.29 11.52 36.66 0.34 

65000 46.43 12.02 36.21 0.26 

70000 79.72 15.35 30.29 0.19 
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Table 13: Experimental emission results for Jet-A and F24 

Fuel Engine 

Speed 

(RPM) 

Average 

H2O (%) 

Average 

CO2 (%) 

Average 

NOx (PPM) 

Average 

CO (PPM) 

Average 

THC (PPM) 

Jet-A 60000 4.06 2.97 21.67 1213.34 2039.20 

65000 4.03 2.93 23.73 1047.45 1737.35 

70000 4.07 3.02 27.63 959.36 1171.41 

F-24 60000 2.89 2.35 18.07 1087.82 952.42 

65000 3.01 2.50 21.69 989.52 667.76 

70000 3.33 2.87 27.61 952.62 480.69 

 

Table 14: Experimental TSFC emission results for Jet-A and F24 

Fuel Engine 

Speed 

(RPM) 

TSFC 

Average 

H2O (%) 

TSFC 

Average 

CO2 (%) 

TSFC 

Average 

NOx (PPM) 

TSFC 

Average 

CO (PPM) 

TSFC 

Jet-A 60000 10.31% 9.04% 0.66 36.94 62.08 

65000 9.05% 8.91% 0.72 31.89 52.89 

70000 7.19% 9.20% 0.84 29.21 35.66 

F-24 60000 6.87% 5.59% 0.43 25.87 22.65 

65000 6.53% 5.42% 0.47 21.45 14.47 

70000 5.93% 5.10% 0.49 16.96 8.56 

 

 

Table 15: SPL for Jet-A and F24 at each engine speed 

Fuel Engine 

Speed 

(RPM) 

Parameter SPL (dB) 

Jet-A 60000 Combustion Chamber Max 83.75 

Shaft Max 87 

Maximum 91.25 

65000 Combustion Chamber Max 86.25 

Shaft Max 86.25 

Maximum 95.75 

70000 Combustion Chamber Max 89.25 

Shaft Max 87.5 

Maximum 98 

F-24 60000 Combustion Chamber Max 82.5 

Shaft Max 87 

Maximum 92.5 
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65000 Combustion Chamber Max 87.5 

Shaft Max 86.25 

Maximum 96.75 

70000 Combustion Chamber Max 92.5 

Shaft Max 90 

Maximum 95.75 

 

 

 

Figure 73: Vibration results for Jet-A and F24 at 60,000RPM. 
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Figure 74: Vibration results for Jet-A and F24 at 65,000RPM. 

 

Figure 75: Vibration results for Jet-A and F24 at 70,000RPM. 
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Figure 76: Sound Pressure results from the Multifield microphone for Jet-A and F24 at 60,000RPM. 
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Figure 77: Sound Pressure results from the Multifield microphone for Jet-A and F24 at 65,000RPM. 

 

Figure 78: Sound Pressure results from the Multifield microphone for Jet-A and F24 at 70,000RPM. 
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Figure 79: Sound Pressure results from the Freefield microphone for Jet-A and F24 at 60,000RPM

 

Figure 80: Sound Pressure results from the Freefield microphone for Jet-A and F24 at 65,000RPM. 
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Figure 81: Sound Pressure results from the Freefield microphone for Jet-A and F24 at 70,000RPM. 
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