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ABSTRACT OF THE THESIS
Performance and Emissions Study of N+3 and N+4 Engine Model with Several Fuel types Using
NPSS
by
Abel Solomon
Master of Science in Mechanical Engineering
Washington University in St. Louis, 2023

Professor Ramesh Agarwal, Chair

The aviation industry is known to be one of the major contributors to greenhouse gases
accounting for 4.9% of the global greenhouse emissions. With the ever-increasing threat of
climate change to the overall survival of the planet, the exploration of new technologies and
alternative energy sources that minimize greenhouse gas emissions are of paramount importance.
In this regard, the development of propulsion systems well suited for performance and emissions
requirements of future commercial aircrafts plays a crucial role. This thesis investigates N+3 and
N+4 technology level propulsion systems that are proposed by NASA as a possible propulsion
system for an advanced single-aisle commercial aircraft. Numerical simulation is utilized to
evaluate the performance and emissions associated with the engines. The simulation is
performed on the software called NPSS which is a component based object-oriented engine cycle
analysis and simulation tool. Liquid hydrogen (LH2), liquefied natural gas (LNG), ammonia
(NH3), and ammonia-borane (AB) are explored as alternative fuel sources alternative to the

conventional Jet-A fuel.

The engine size is fixed using published reference data from NASA and a fixed core

engine model is developed and validated against the results obtained from fundamental

viii



propulsion equations coded in MATLAB; good agreement is obtained (with in +8%) for
variation in Thrust Specific Fuel Consumption (TSFC) with Bypass Ratio (BPR). After
validation of the NPSS engine model, a BPR sensitivity study is performed and the result shows
that there is a significant improvement in TSFC with increasing BPR. To reduce the effect of the
undesirable consequence of increasing drag with BPR, it is crucial to find the optimal BPR level
and The BPR sensitivity study presented in this thesis can be used as a starting point in sizing an
engine during design process. Although the emissions study presented in this paper uses indexes,
having robust models that can accurately predict emissions associated with alternative fuels is
essential for the acceleration of technology development and implementation. In the absence of
experimental data, the results presented in this work can be used as a reference for future

attempts to enhance the accuracy of the emissions estimation.



Chapter 1: Motivation and Introduction

This chapter presents the motivation behind the research presented in this thesis. A brief
introduction to Numerical Propulsion System Simulation (NPSS) software is given. Basic
working principles of the N+3 and N+4 technology level turbofan engines are discussed. Lastly,

the scope of the thesis is presented as it appears in the consecutive chapters.

1.1 Motivation

The effect of global warming and its associated impact on climate change necessitate the
urgent need for multi-faceted solutions for the planet to be saved from disastrous consequences.
The main contributors to global warming are the release of greenhouse gases such as carbon
dioxide (CO.), methane (CHa), water vapor (H20) and other particulates into the atmosphere
through the burning of fossil fuels [1]. In comparison to other greenhouse gases, CO2 emission is
by far the largest contributor to the global warming accounting for 76% of the global greenhouse
gas emissions [2]. The global aviation industry alone contributes about 2.1% of the global CO>
emissions, and when included with other greenhouse gases, it accounts for 4.9% making it a
significant contributor to global warming [3]. Therefore, the need for a cleaner fuel energy

source for aviation to achieve a zero-emission future is apparent.

In recent years, the aviation industry therefore is increasingly focused on exploring
alternative energy sources (fuels) that can reduce the environmental impact of its current carbon
emissions due to combustion of Jet-A fuel [4]. One way to accomplish this goal is to explore
propulsion technologies that support alternative fuels which have reduced or zero-carbon

emissions such as hydrogen or ammonia among others. For regional travel distances of 1000
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nautical miles or less, the current advancement in battery and fuel cell technology have made it
possible to create propulsion systems with zero emissions assuming that the fuel used for fuel-
cell (namely the hydrogen) is obtained from sustainable sources such as solar, wind, or nuclear
energy [5]. However, the application of such technologies is limited to short-haul flights; the gas
turbine combustion remains the only viable option for long distance air transportation of greater
than 1000 nautical miles which covers about 70% of the world air traffic. In this regard,
sustainable aviation fuels (SAFs) and non-hydrocarbon fuels such as liquid hydrogen (LH2),
Ammonia (NHs), and Ammonia Borane (AB) are promising alternatives to the Jet-A fuel
currently in use. This study aims to evaluate the performance of these alternative fuels by
conducting numerical investigation of propulsion and associated emissions using NPSS. The
engine models explored in this numerical investigation are N+3 and N+4 technology level high

bypass geared turbofan engines.

1.2 Introduction

1.2.1 N+3 and N+4 Technology Level Turbofan Engines

To achieve the ambitious goals of the emission free next generation of aircrafts,
development of new propulsion systems is imperative. N+3 and N+4 technology level turbofan
engines are advanced propulsion systems that are being developed by the aerospace industry to
meet the growing demand for more efficient and environmentally friendly aircrafts while
advancing in operational capability [6, 7]. The terms N+3 and N+4 refer to the third and the
fourth generation of engine technologies, respectively. In addition to improving the overall
engine performance and reliability, this new generation of propulsion systems are expected to
reduce fuel consumption by about 30%, reduce carbon emission by about 70%, and reduce noise

by about 65% compared to current technology levels. The advancement of new technologies
2



such as N+3 and N+4 propulsion systems are of paramount importance in the development of

aircrafts that are environmentally friendly, efficient, and cost effective.

1.2.2 Numerical Propulsion System Simulation (NPSS)

Numerical Propulsion System Simulation (NPSS) is a component based object-oriented
engine cycle analysis and simulation tool. It was originally developed by NASA Glenn Research
Center to be used for the creation, study and sharing of complete aerothermal-mechanical
computer simulations of propulsion systems [8]. In NPSS, the model definitions are given
through input files. The software has a set of modules that correspond to the different
components of a gas turbine engine such as fan, compressor, burner, turbine, and nozzles. A
complete engine model can be created by combining the individual modules. The simulation
system also has a built-in NIST compliant gas property packages to perform different
thermochemistry simulations. NPSS has sophisticated solver with auto-setup, constraints, and
discontinuity handling. The object-oriented design of NPSS facilitates user-definable elements,
functions, and models. There are several published engine cycle data sets on NASA’s website,
including N+3 and N+4 engine cycle data [6, 7], which can be utilized to model an engine in

NPSS.

1.3 Scope of Thesis

The goal of this research is to explore alternative fuel sources that are capable of
supplying the required power level while minimizing emissions. The alternative fuels considered
are LH2, NH3z, AB, and LNG. Numerical simulation is utilized to quantify emissions and
propulsive efficiencies of both N+3 and N+4 technology level propulsion systems. The

simulation is executed using NPSS.



Chapter 2: Choice of Alternative Fuels: In this chapter, the alternative fuels investigated in

this thesis are presented. The reasoning behind the choice of alternative fuels is discussed.

Chapter 3: NPSS Code Development for N+3 and N+4 Engine Designs: This chapter
explains the development and validation procedures of the NPSS code for the N+3 and N+4
representative engine models. The engines design parameter as well as equations used for

performance evaluation are discussed in detail.

Chapter 4: Validation of NPSS: In this chapter, the validation of the NPSS code against results
from a MATLAB code is discussed. The main aim of this chapter is to investigate the capability
of NPSS to model and size a rubber engine and produce expected results from rudimentary

propulsive performance calculations.

Chapter 5: Performance Study of N+3 Turbofan Engine Model with Several Types of Fuels
Using NPSS: In this chapter, the performance of a fixed core propulsive system representative of
N+3 engine model is evaluated. A bypass ratio (BPR) sensitivity study on the engine, quantified
by the thrust specific fuel consumption (TSFC), is discussed and the significance of the results is

presented.

Chapter 6: Emission studies of N+3 and N+4 Technology Level Propulsion Systems with
Alternative Fuels: A detailed description of the emissions calculation method and performance
comparisons among Jet-A, liquefied natural gas (LNG), liquid hydrogen (LH2), ammonia (NH3),
and ammonia-borane (AB) are presented in this chapter. General cruise cycle data is presented to
aid in further research efforts of aircraft and propulsion system designs that take emissions into

account.



Chapter 7: Summary: This chapter summarizes the main findings of the research.

Recommendations based on the findings and future directions are discussed briefly.
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Chapter 2: Choice of Alternative Fuels

Conventional Jet-A fuel is the commonly used energy source for both commercial and
military aircrafts. It is a kerosene-based aviation fuel with enhanced qualities of low freezing
point and high flash point which makes it ideal for use in aviation [1]. Although Jet-A meets the
current safety, performance, and environmental regulations, it is not suitable for future
generations of aircrafts that would have to meet much more strict environmental regulations and
performance requirements. Since Jet-A is kerosene-based fuel it is in fact a fossil fuel and has a
negative impact on the environment including greenhouse gas emissions. At the moment, Jet-A
is the standard aviation fuel every airport supplies, thus the explorations of alternative fuel
sources to the conventional Jet-A fuel should be the first steep to reduce the environmental
impact of air transport. The alternative fuels explored in this research are liquid hydrogen (LH>),
liquid natural gas (LNG), ammonia (NHs), and ammonia borane (BH3NHz: or AB). The

advantages and disadvantages of each fuel are discussed below.

2.1 Liquid Hydrogen (LHy)

Liquid hydrogen is a promising candidate for aviation fuel due to its high energy content
per unit of mass. The lower heating value (LHV) of liquid hydrogen is about 51,590 BTU/lbm
which is significantly higher than the LHV value of conventional Jet-A fuel which is around
18,500 BTU/Ibm. However, there are downsides associated with the use of liquid hydrogen,
primarily in storage, transportation, and volume requirements. Due to the extremely low boiling
point of hydrogen (-252.9°C), it must be stored in a cryogenic tank at a very high pressure to
keep it in liquid form, and this requires significant amount of energy. Moreover, since liquid

hydrogen has very low density, the fuel tank volume requirement is considerably higher than that
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of conventional Jet-A fuel. Although the stoichiometric equation for LH2> combustion reaction
(with air) shown in Eqg.1 produces only N2 and H-O as byproducts [2], at elevated temperatures

the combustion can result in the production of NOx which is the primary contributor to acid rain
[3].
2H, + 7.546N, + 0, — 3.774N, + 2H,0 (1)

2.2 Ammonia (NH5s)

The use of ammonia as an aviation fuel has gained interest in recent years due to its low
greenhouse gas emission with only NOyx as the product of its combustion. In addition, the
production of ammonia can be carbon-neutral or even carbon-negative depending on how it is
sourced and the energy used to produce it. It can be produced easily from biomass using
renewable energy sources. The storage and transportation of ammonia is rudimentary and does
not require much energy as compared to liquid hydrogen. However, it has a very low LHV value
of 7,996 BTU/Ibm which implies a larger fuel tank, just as in the case of liquid hydrogen, and
more fuel mass is required. Despite these challenges, ammonia has the potential to be used as an
environmentally friendly aviation fuel. Equation 2 shows the stoichiometric combustion reaction

of ammonia with air [4]. The formation of NOx is seen at elevated temperature combustion.

2NH; + 5.64N, + 1.50, - 6.64N, + 3H,0 )

2.3 Ammonia Cracking (NHs)

Instead of using ammonia as an aviation fuel directly, it can be cracked catalytically or
via a plasma reactor to extract the hydrogen [5]. Essentially, ammonia is considered to be a
hydrogen carrier in this application. The high density (~0.6 kg/L) and high hydrogen content by

mass (~17.65 %) of ammonia makes possible to store more hydrogen per volume of fuel as
7



compared to pure liquid hydrogen [6]. The drawback of ammonia cracking is the needed for
complicated auxiliary units required for cracking ammonia on board and the associated extra
energy cost. For the purpose of this study, hydrogen is assumed to be cracked off of ammonia,
whether it is catalytically or via a plasma reactor, prior to being injected into the combustion
chamber. Thus, hydrogen is assumed as a fuel for combustion; however, the LHV value is

adjusted by considering the density of ammonia [7].

2.4 Ammonia Borane (BH3NH;3; or AB)

Ammonia borane is another alternative fuel for use as a hydrogen carrier to overcome the
problematic and expensive requirements of hydrogen storage and transportation. It has higher
hydrogen content by mass releasing about 19.6 wt.% of hydrogen as can be seen in Eq. 3 [8].
Ammonia Borane is solid at standard room temperature and pressure and although the
decomposition of hydrogen is possible at solid-state, it cannot be used as a fuel for aircraft
engines as they require liquid fuels. Also, combusting ammonia borane at the turbine inlet
temperature of a representative turbofan engine can lead to crystalline products creating issues
for turbine life and performance. Thus, just as in the case of ammonia cracking, the
dehydrogenation of ammonia borane can be induced via catalysts or through thermal
decomposition to produced injectable hydrogen. The thermal decomposition of Ammonia and
Ammonia Borane occurs at temperatures much cooler than in a typical turbine engine combustor
as shown in Table 1 which make this a potential option [4, 7].

BH;NH; — BN + 3H, ?)

Table 1: H» release temperature points during thermal decomposition of NHz and BH3NHs.

Thermal Ammonia Ammonia Borane
Decomposition NH3 [R] BH3NHs [R]
8




Temps
15t Hy 2471.7 689.7
ond H, NA 725.7
3rd H, NA 2651.7

2.5 Liquefied Natural Gas (LNG)

LNG is advertised as the “cleanest fossil fuel” because it is primarily made up of methane
(CH4). The combustion of LNG produces less soot and generates 30% less carbon dioxide than
oil fuel and a 50% decrease in NOx production [9]. In addition, LNG has LHV of around 21,000
BTU/Ibm [10] which is higher than that of Jet-A fuel. The stoichiometric reaction for the
combustion of LNG in air is given by Eq. (4) [11]. For the purpose of this study, since greater
than 90% of LNG is methane, methane is used as a fuel when modeling the propulsion in NPSS

with the LHV value of LNG.
CH, + 20, + 7.53N, —» CO, + H,0 + 7.53N, 4)

Table 2 summarizes the energy content of the fuels used in this research. Note that the
LHV values for NHz cracking and BH3NH3 thermal decomposition reflect the LHV value of

hydrogen adjusted with its wt.% in each fuel.



Table 2: Properties associated with Jet-A, liquefied natural gas (LNG), liquid hydrogen (LH>),
ammonia (NHs), ammonia cracking, and thermal decomposition of Ammonia borane (AB).

Molar iy LUV Density Volumetric Molar Flash Al_.lt.O
Mass [MJ/kg] [BTU/Ibm] [ko/L] LHV LHV Pt Ignition
[g/mol] g g [MIL] | [MImol] | [R] | Temp[R]
Jet A ~158.6 43.1 18,530 0.8 34.480 6.836 560.1 | 870
LNG ~18.1 50.2 20,894 0.45 22.59 0.9086 NA 1570
LH2 2.01588 120 51,591 0.0708 8.496 0.242 36 1455
NH3 17.0305 18.6 7,996 0.604 11.234 0.317 729.3 | 1663
NHs
. 17.0305 21.3* 9,157* 0.604 12.865* 0.363* 36* 1455*
Cracking
Thermal
Decomp. 30.86534 | 15.7* 6,739* 0.78 12.226* 0.484* 36* 1455*
of BHsNHs

*values derived from corresponding LH> values
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Chapter 3: NPSS Code Development for N+3
and N+4 Engines

3.1 NPSS Development

Turbofan engines can achieve higher thrust level with lower fuel consumption compared
to turbojet engines by utilizing some of the energy produced by the turbine to drive a fan. The
fan draws large amount of air into the engine and thus yields higher thrust per unit amount of
fuel used. One can increase the size of the fan to get lower Thrust Specific Fuel Consumption
(TSFC) value. However, increasing the size of fan creates aerodynamic issues since the drag
force would increase. Hence, modern turbofan engines are designed to achieve lower TSFC

values while keeping the aerodynamic drag created by a larger fan as low as possible.

The next generation of propulsion systems is designed to eliminate some of the
drawbacks of the current turbofan engines such as noise, fuel efficiency, and most importantly
emissions. N+3 and N+4 propulsion systems have been proposed to do just that. Table 3 shows
the performance parameters for N+3 and N+4 engines as published by NASA [1, 2]. The current
turbofan engines in use are not suited for use with the various alternative fuels discussed in
chapter 2. N+3 and N+4 propulsion systems are expected to introduce new engine architectures

that are capable of running on these new fuels.
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Table 3: Performance parameters for NASA N+3 and N+4 high bypass geared turbofan
engine models

NASA N+3 NASA N+4 Concept Vehicle
Propulsion System Technology Level Propulsion System: gFan++
Parameters Reference Advanced Turbofan
Propulsion System (JP+2045GT+DF)
Fan Diameter [in] 100 71.4
Propulsion System Wt. [Ilbm] | 9300 6379
SLS Thrust [Ibf] 28620.8 21943
SLS SFC [Ibm/Ibf/hr.] 0.1751 0.214
RTO Thrust [Ibf] 22800 16592
RTO SFC [Ibm/Ibf/hr.] 0.2891 0.286
TOC Thrust [Ibf] 6073.2 3931
TOC SFC [Ibm/Ibf/hr.] 0.4636 0.453
CRZ Thrust [Ibf] 5465.8 3145
CRZ SFC [Ibm/Ibf/hr.] 0.4644 0.442
Cruise Alt [ft.] 35000 38000
Cruise Mach Number [NA] 0.8 0.7

Figure 1 shows representative schematics of the N+3 and N+4 models proposed by
NASA. The major components of N+3 and N+4 turbofan engine models include a fan, a low-
pressure compressor (LPC), a high-pressure compressor (HPC), a high-pressure turbine (HPT),
and a low-pressure turbine (LPT). The addition of an extra compressor enhances the amount of
thrust that can be extracted by burning the same amount of fuel while the added turbine supplies

the necessary energy needed to turn the fan and compressor blades.
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Figure 1: Schematic of a double a double spool geared turbofan engine representative of the
NASA N+3 and N+4 engine models.

Numerical Propulsions Systems Simulation (NPSS) software is employed to study the
performance and associated emissions of N+3 and N+4 technology level turbofan engines. NPSS
is an advanced, object-oriented code written in C++ that is widely used in the industry for
modeling thermodynamic propulsion cycles [3]. The code acts as a flow network solver that can
simulate all environmental conditions and modes of flight to study the performance of an engine
model. In that regard, the N+3 generation high bypass geared turbofan engine cycle was modeled
in NPSS based on published NASA engine cycle data [4]. The publicly available published data
from NASA include the engine architecture, turbomachinery maps, and technology level
material temperatures which were retrieved from NASA's OpenMDAO GitHub repository [1, 5,
6]. As demonstrated by previous studies, NPSS has the capability to simulate propulsion system
developed using engine cycle models based on specific performance parameters and publicly
available data [4, 7]. The NASA N+3 high bypass technology reference includes several
improvements to the architecture based on assumed technology advancements and compressor

loading capability. These improvements include a lower fan pressure ratio (1.3), a higher overall
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pressure ratio (55), a higher burner outlet temperature (3400°R), and a larger bypass ratio (24)

compared to the standard reference CFM 56 [1].

The first step in this study was the development and validation against published
performance data of a representative N+3 engine model created using the publicly available
engine parameters. To study the performance and emissions of various alternative fuels for N+4
technology level engine, the same model was updated with NASA N+4 performance parameters
from Ref. [2]. The NASA N+4 engine report considers multiple advancement options for the
propulsion system including designs for Liquefied Natural Gas (LNG), an un-ducted fan (UDF)
propulsor, solid oxide fuel cell power plant with UDF, and aft-fuselage mounted ducted
turbofans for boundary layer ingestion and wake propulsion [2]. For the purpose of this study,
only the original ducted gFan++ Advanced Turbofan propulsion system level requirements were
modeled in NPSS. The reference report [2] details the thrust, the thrust specific fuel consumption
(TSFC), the compressor and turbine stage numbers, and the compressor pressure ratio values.
However, other parameters such as the high-pressure compressor exit pressure and temperature
and the high-pressure turbine inlet pressure and temperature are not given. Thus, when modeling
the N+4 technology level turbofan engine all the missing information was substituted with N+3

assumptions.

3.2 Propulsion System Equations

The performance of the representative N+3 and N+4 engine models at a single design
point can be calculated using basic propulsion equations. According to [8] the thrust force that

pushes an aircraft powered by a turbofan engine forward is a result of the flow of air through the
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fan and the core. As can be seen from Eq. (1), the net thrust is a combination of the thrust
produced by the fan and the thrust produced by the engine core.
Net Thrust = Thrust of Fan + Thrust of Core (1)
T = (mpvp — mpv,) + (MeV, — MeV,)
where T is thrust in [Ibf], m, m,, and m. are the mass flow rates at the fan exhaust (connected
to the bypass bleed), the core exhaust, and the core inlet, respectively in [lbm/s], vy, v,, ve, are

the velocities at the fan exhaust (going to the bypass bleed), the fan entrance (free stream
velocity), and the core exhaust, respectively in [ft./s]. The total mass flow of the air is the sum of
the mass flow going through the bypass bleed and the mass flow going through the core as can

be seen in Eq. (2) below:

my, = ms + me (2

where m,, represent the total mass flow of air entering the engine in [Ibm/s]. The thrust can be
adjusted by changing the size of the core and the bleed. Moreover, the ratio between the fan

exhaust mass flow rate to the compressor mass flow rate gives the bypass ratio as given in Eq.

(3).
BPR = 1 /1, (3)
Equation (1) can thus be written in terms of BPR and m,, as shown in Eq. (4):
T = (Mev, —MyV,) + BPR xm, * vf 4)

The net thrust (T,,.;) can also be expressed in terms of the change in velocity between the free

stream and the jet (AV) as:
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Ther = mAV (5)

where AV =Vjer =V,

The m in Eq. (5) represents the change in mass of the aircraft overtime. M, is the core nozzle

exit Mach number and « is the speed of sound calculated using Eq. (6) as:

a = /YRT (6)

where y is the adiabatic index (~1.4 for diatomic molecules such as air), R is the universal gas
constant (~53.4 ft-Ibf/Ib-°R for air), and T is the absolute temperature of the air in which the

aircraft is flying through. The change in the kinetic energy of the aircraft can be calculated by

Eq. (7):

AKE = ~mhV2, —~1hV;2 = ~1hAV (2, + AV) 7

For a fixed free stream velocityV,, propulsive efficiency and V., have an inverse relationship as

shown in Eq. (8):

TV, 2V, 8
Mprop = 3k = VotV jer) (8)

Moreover, the FPR, which is the ratio of the fan exit pressure to fan inlet pressure, can be
calculated using the nozzle exit Mach number as given in Eqg. (9). For the case of an ideal engine,

the nozzle exit pressure matches the ambient pressure (P, = P; = Py).

FPR=2=-1
1 (o]

=|1+ VT*M.;]# ©)
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By solving Eq. (9) for My, the nozzle exit Mach number can be expressed in terms of the FPR

and the fan inlet pressure ( P;) as given in Eq. (10).

My = |=——7— (10)

Thus, as FPR is increased to a point in an ideal engine, the nozzle exit Mach number M,,
and consecutively V;,, increases. This increase in Vj,, brings about a decrease in the propulsive

efficiency as the two are inversely related. The focus of this thesis is to study the performance of

the N+3 and N+4 turbofan engine model while altering the FPR.
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Chapter 4: Study of the Effect of Bypass
Ratio on Thrust Specific Fuel Consumption

4.1 Introduction
NPSS is utilized to study the effect of BPR on TSFC and the NPSS results are validated

against simulation results obtained using MATLAB. Thrust Specific Fuel Consumption (TSFC)
represents the amount of fuel used per unit thrust; lower value of TSFC indicates less fuel is
being used to achieve the required thrust level. Thus, modern turbofan engines are designed to
have lower TSFC values as it increases the overall efficiency of the engine and decreases fuel
consumption. It is a well-known fact that the TSFC is affected by how much air is let into the
turbofan engine. Fan Pressure Ratio (FPR) represents the ratio of the fan exit pressure to inlet
pressure, and the amount of air being sucked into the engine can be controlled by changing this
pressure ratio. As FPR is increased in an ideal engine, the nozzle exit Mach number and
consequently the jet velocity (Vj,) increases. This increase in Vj,, brings about a decrease in the
propulsive efficiency as the two are inversely related. The focus of the work presented in this

chapter is to study the performance of the N+3 turbofan engine model while altering the FPR.

4.2 Method

For validation of the NPSS model, a MATLAB code from [1] is utilized to study
performance of a representative N+3 engine. The flight conditions such as free stream velocity
and altitude are set at the start in the code. The necessary propulsive equations discussed in
chapter 3 are then used for calculating the performance of different components of the engine.

Two different methods are used in the performance calculations: a fixed core method with
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constant core mass flow rate and fuel flow rate and thrust convergence method with constant

thrust level. In both methods the BPR is varied to observe the change in thrust and fuel flow.

The NPSS model contains all the elements and connections that are representative of an
N+3 propulsion system. The results of the simulation are defined using viewers that extract data
from the system. Moreover, user defined functions, input files, and performance maps of the
different engine components are included in the simulation. Both conventional Jet-A fuel and
LH. fuel are used to evaluate the performance of the engine. It should be noted that there are
major design differences between the MATLAB simulation and the NPSS simulation. One of
these major design differences is the fact that the NPSS model has multistage compressors and
turbines that are defined by detailed maps of the representative N+3 technology. In the
MATLAB, the engine is composed of a single stage compressor and turbine that uses simple
temperature and pressure calculations with assumed constants. The NPSS model takes
predefined dependent variables such as Fnet, Tt4, and OPR and solves for the performance of the
engine through the independent variables such as fuel flow, LPC PR, and BPR. The complete list

of the solver dependent and independent variables is given in Fig. 2.
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** Solver Dependent Variables **
{"GearBox.integ shaftTheta”,
"ShH.integrate_Nmech"”,
"ShL.integrate_Nmech”,
"ShFan.integrate Nmech"”,

"dep Fnet",

“"dep F©40Tt",

“"dep Des OPR" }

* %

* Solver Independent Variables
{"HPT.S map.ind PRbase",
"LPT.S map.ind PRbase"”,
“"GearBox.ind theta",
"ShFan.ind Nmech",
"ind Wfuel"”,
"ind LPC_PR",
"ind_SpltBPR" }

Figure 2: Screenshot of the command prompt window showing NPSS Solver ’s dependent and
independent variables.

Similar flight conditions are used in both the NPSS and MATLAB models. But since the
MATLAB engine design is different from the NPSS engine design, the aim of this study is to
show the overall trend of the engine performance by varying BPR using NPSS and MATLAB
and not to dwell on the quantitative comparison. The NPSS simulation is first performed with the
Fnet, Tt4, and OPR set to 6126.7 Ibf, 3150.0°F, and 55, respectively. A total of seven simulations
with FPR values of 1.276, 1.3, 1.32, 1.34, 1.36, 1.38, and 1.4 are conducted and the performance
data of the engine is recorded at each FPR value. As the OPR s fixed in the NPSS engine model,
an increase in the FPR is mitigated by a decrease in the BPR. The performance data obtained
from NPSS is then used to replicate the same flight conditions in MATLAB. Thus, the FPR, the
core mass flow (ni.), and the BPR values of the MATLAB code are all changed to match the
values obtained using NPSS. TSFC values corresponding to the each BPR are obtained from
MATLAB. These values are later used to generate plots that show the relationship between

TSFC and FPR with BPR.
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4.3 Results

Figure 3 shows some examples of the viewOut file obtained from NPSS. The viewOut
file contains the performance data of the engine. Some important parameters are highlighted in

yellow.

Version NPSS_3.2 GasPackage:GasTbl iter/pass/Jacb/Broy

dTamb
0,00

COEmi
0.3179

InletStart.F1 O
InEng.F1 O
Fan.F1_0
SplitFan.Fl_01
itFan.F1l_|

Duct2.F1 O
LPC.F1 O
Duct25.F1_0
HPC.F1_0
Bld3.F1 O
BrnPri.Fl O
HPT.F1 0
Duct45.F1 0O
LPT.F1 O

) Duct5.F1_0
NozPri.F1 O
BypBld.F1_0
Duct17.F1_0
\ ec.F1 0

TURBOMACHINERY PERFORMANCE DATA
We PR NcPc s SMN

(a) viewOut file for FPR = 1.3 (Jet-A Fuel)
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Version: NPSS 3.2 GasPackage:GasTbl iter

dTamb
.00

2755.78 25
1 H20Emiss
1.5580

FLOW STATION DATA
Pt W S Aphy
Feee InletStart.Fl O 3 3¢
F@16 InEng.F1_0
Fo15
F@20 SplitFan.Fl 01
F12@ SplitFan.F1l_02
F@21 Duct2.Fl O
Fe23 LPC.F1_O
FO25 Duct25.F1 O
F@30 HPC.F1_0
F@36 Bld3.F1 O
F@4@ BrnPri.Fl O
FO48 HPT.F1_0O
Fo49 Duct45.F1 O
F@51 LPT.F1 O
F@7@ Duct5.F1_0
FO9@ NozPri.Fl O
F156 BypBld.F1l O
F170 Ductl7.F1 O
F196 NozSec.Fl O

TURBOMACHINERY PERFORMANCE DATA
SMW s_Re/S_WpRe

9.911

for FPR = 1.34 (Jet A Fuel)

b) viewOut file
Figure 3: Sample screenshots of the viewOurt file obtained from NPPS

As can be seen in Fig. 3, the OPR, Fnet, and HPC PR stay the same even though FPR is
changing. Moreover, LPC PR, HPT, and LPT changed with FPR while their efficiency stayed
the same. The other important thing to notice here is that both the core mass flow (represented by
SplitFan.F1_01) and the bypass bleed (represented by Splintfan.F1 02) change with FPR.
However, the two values change with FPR in opposite direction, core mass flow in the
increasing direction and bypass bleed in the decreasing direction. This leads to an overall

decrease in the BPR as BPR is the ratio of the bypass bleed to the core mass flow.

Figures 4 and 5 show how the TSFC and BPR were affected by the change in FPR for
Jet-A fuel and for LHy, respectively. As can be seen in the plots, TSFC increased with increasing
FPR while BPR decreased with increasing FPR for both fuel types. Higher TSFC value means

more fuel is being consumed to achieve the necessary thrust level. Moreover, the observed
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increasing trend of the TSFC value is a direct effect of the decrease in the BPR value. The BPR
showed a decreasing trend with an increase in FPR. This was because the OPR was kept constant

and thus, an increase in FPR was mitigated by a decrease in BPR to match up the OPR value of

55.
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Figure 4: TSFC vs. FPR (primary axis) and BPR vs. FPR (secondary axis) for Jet-A fuel. The
linear fit is placed to show the increasing or decreasing trend of the plot. The plots can be
fitted well using a polynomial fit of degree 3 (see Appendix A for detail).
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Figure 5: TSFC vs. FPR (primary axis) and BPR vs. FPR (secondary axis) for LH2 fuel. The
linear fit is placed to show the increasing or decreasing trend of the plot. The plots can be
fitted well using a polynomial fit of degree 3 (see Appendix A for detail).

Comparing plots in Fig. 4 and Fig. 5, one can see that the TSFC value when using LH>
fuel is much lower than the TSFC value when using conventional Jet-A fuel. This indicates less
amount of fuel (by mass) is needed to reach the required thrust level. This has a direct effect in
decreasing both emission and cost of flights as less fuel is being consumed. The above study has
been carried out to demonstrate how the engine is being sized in NPSS. The data points from
Fig. 4 were then used in the MATLAB code obtained from the appendix of Ref. [1]. (See

Appendix A for the modified version of the MATLAB code).

Figure 6 shows the decreasing trend of TSFC with increasing BPR of both NPSS and

MATLAB simulations run using Jet-A fuel. The plot shows a decrease in TSFC value with an
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increase in BPR. Even though the flight conditions in NPSS were replicated in MATLAB as
much as possible, the difference in the engine designs produces discrepancies. As can be seen in
this plot, the NPSS simulation result shows a steep decrease in TSFC with increase in BPR

compared to the MATLAB simulation results.

0.52

0.5

0.48

0.46

TSFC [Ib/Ibf/hr]

0.44

0.42

0.4
22 23 24 25 26 27 28

BPR

TSFC NPSS TSFC Matlab

Figure 6: Plot showing the effect of increasing BPR on TSFC using Jet-A as a fuel source.
The steep decrease in TSFC value for NPSS came from the core and bypass bleed design
used in the engine model. The NPSS model was set to have a rubber engine, with both the core
and the bypass being able to change size each time design iteration is run. An increase in FPR
brought about an increase in the core mass flow and a decrease in the bypass bleed, thus a
decrease in BPR. The NPSS model has a double edge sword effect as both the core and the

bypass are changing size. In the MATLAB code, however, the core mass flow is kept constant,
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thus an increase in BPR is achieved through an increase in the bypass bleed only. For this reason,
the change in TSFC value is much lower when using the MATLAB simulation compared to
when using the NPSS simulation. It is possible to replicate the constant core flow in NPSS and
allow only the bypass flow to change, but this would require a completely new set-up for NPSS

solver. The fixed core mass flow solver setup is explored in chapter 5.

4.4 Conclusion

Lower TSFC values are desirable in the aviation industry as lower TSFC value would
mean less fuel is being used to reach the required thrust. Thus, commercial airlines can cut their
fuel cost by mounting an engine with lower TSFC value. However, there is a tradeoff as lower
TSFC values are achieved by bigger engines. Hence, both aerodynamic and engine size need to

be considered to optimize the fuel consumption of an airplane.

The decrease in TSFC and thus the fuel consumption is beneficial not only financially,
but also environmentally as low fuel consumption leads to less greenhouse gas emissions. The
lower TSFC values obtained when running LH> as opposed to Jet-A give a clear indication that
LH> is a desirable fuel type both financially and environmentally. Both NPSS and MATLAB
simulations achieve the same decreasing trend in TSFC value with an increase in BPR. However,
the extra capability of NPSS to size a rubber engine and to perform detailed thermodynamics
calculations using performance maps gave it an extra edge. This was shown in the steep decrease

in the TSFC value compared to the shallower decrease obtained using MATLAB code.
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Chapter 5: Performance Study of N+3
Turbofan Engine Model with Several Types
of Fuels Using NPSS

5.1 Introduction

If we keep the FPR constant in Eq. 10 introduced in chapter 3, the exit Mach number also
becomes constant leading to a constant exit jet velocity. Thus, the propulsive efficiency depends
on only one factor that is the free stream velocity V,. At constant FPR, the propulsive efficiency
increases with increasingl,,. However, increasing V, indefinitely is counterproductive since it
would decrease the net thrust generated by the engine (see Eg. (8)). The Thrust Specific Fuel
Consumption (TSFC) is better suited to study the performance of a turbofan engine in such cases
since it incorporates the amount of fuel used for thrust generation. The equation for calculating

TSFC is given in Eq. (11):

TSFC = 2fuet (11)

net

where iz, [Ib/hr] is the fuel mass flow rate entering the combustor and T, [Ibf] is the net

thrust generated by the N+3 technology level turbofan engine.

The amount of fuel needed to generate some level of thrust differs based on the type of fuel
used. Different fuels have different heating values which are a measure of the amount of energy
that can be extracted during combustion. The Higher Heating Value (HHV) indicates the upper
limit of the thermal energy produced during combustion while the Lower Heating Value (LHV)

indicates the thermal energy produced minus the latent heat of vaporization of water since it
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assumes the water produced through combustion is in the vapor form [1]. The useful energy
content of fuels is therefore best estimated through LHV. The higher the LHV value, higher is

the thermal energy that can be extracted from the fuel.

The aim of this chapter is to study the performance of the N+3 turbofan engine model by
altering the BPR while keeping the core flow and the FPR constant. We also explore alternative
fuel sources to conventional Jet-A such as liquid hydrogen (LHz), liquid natural gas (LNG), and
ammonia (NHz). Their advantages and disadvantages to the performance of the engine and the

environment are quantified in this and the subsequent chapter.

5.2 Method

Here again, NPSS is employed to calculate the performance of NASA N+3 geared
turbofan engine using different fuels. In keeping with the motivation of this section, the engine
was modeled to have constant mass flow through the core and any change in BPR is obtained by
altering the bypass bleed without changing the core. The solver setup was constructed using
dependent and independent variables. The NPSS model utilizes the predefined dependent
variables to calculate for the independent variables which are used to analyze the performance of
the engine. Table 4 gives a list of the independent and dependent variables used in the solver

setup.

Table 4: Dependent and independent variables used for NPSS solver setup

Independent Variables Dependent Variables
Fuel Flow, Wy Desired Gross Thrust, Fy,.oss
Fan Pressure Ratio, FPR Desired Burner Temperature, Ty,
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Bypass Ratio, BPR Desired Overall Pressure Ratio, OPR

Initial estimations of important design parameters are made by scaling the bypass ratio
BPR with preliminary calculations while keeping the core flow and FPR fixed. The initial
estimates (see Appendix B) are used to obtain a desired BPR value needed to reach the specified
thrust level. The variables that change with BPR are included as an input file in NPSS (see
Appendix C). Fine tuning of the gross thrust from the initial estimates is necessary to reach at the
exact BPR level when running the simulation. The NPSS model is simulated with the Tt4, FPR,
and OPR set to 3150.0°F, 1.3, and 55, respectively. A total of thirteen simulations with BPR
values ranging from 1-12 and 20 are conducted and the TSFC of the engine is recorded at each
BPR value. Once the engine model is validated against the MATLAB code [2] for Jet-A fuel, the
same solver setup is employed to study the engine performance using liquid hydrogen (LH>),
liquid natural gas (LNG), and Ammonia (NHs) as alternative fuels. The results from these
simulations can be used to quantify the effect of the fuels’ energy content on the TSFC of the gas

turbine engine.

5.3 Results

Figure 7 shows the change in TSFC with BPR based on results obtained from both
MATLAB and NPSS codes. As can be seen from this figure, the results from the two simulations
agree within+8%. Both simulations show a similar decreasing trend for TSFC as BPR increases
consistent with the well-known relation between the two quantities. However, the TSFC obtained
from the NPSS is below that obtained from the MATLAB at lower BPR values; it becomes
approximately the same around BPR = 6 and becomes higher thereafter. NPSS employs an

advanced thermochemical calculation model together with detailed engine map data and
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turbomachinery configurations and provides more accurate results compared to the simplified

calculation model used in MATLAB.
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Figure 7: TSFC vs BPR plot comparing the results obtained from MATLAB and NPSS using
the fixed core method.

The above result in Fig. 7 demonstrates that the new NPSS solver setup can replicate the
fixed core method used in the MATLAB simulation of [2] with good accuracy. The validated
NPSS is then used to investigate the performance of alternative fuels (LH2, LNG, and NH3) and
the results are compared to those of conventional Jet-A fuel. Figure 8 shows a trend of
decreasing TSFC with increasing BPR for all fuel types. As can be seen from this figure, LH>
gives the lowest TSFC value while NH3z gives the highest; Jet-A fuel results are somewhere in

the middle with LNG sitting right below it. This trend is consistent with our expectation based on
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the heating values of the fuels. LH2 has the highest LHV (51,621 BTU/Ibm) and hence can
achieve the required thrust level by burning lower amount of fuel compared to Jet-A which has a
LHV of 18550 BTU/Ibm. NHs has the lowest LHV (7987 BTU/Ibm) and would require much
more fuel to get to the same thrust level compared to both LH> and Jet-A. Compared to the TSFC
value using Jet-A as a fuel , using LH> decreases TSFC by 62.5% while using NHz increases

TSFC by 130%.

25
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Thrust Specific Fuel Consumption (TSFC) [Ib/hr/Ibf]
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Figure 8: TSFC vs BPR plot comparing the performance of three types of fuels in NPSS:
conventional Jet-A, Ammonia (NH3), and Liquid Hydrogen (LH2).

5.4 Conclusion

The new NPSS solver setup for the fixed core method was validated against results

obtained from MATLAB. The additional capability of NPSS in performing detailed
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thermodynamics calculations using performance maps gives it an extra edge in sizing and
studying an engine model. It is concluded that NPSS can be employed with confidence as a
preferred engine performance study tool for research, development, and design of new

propulsion systems.

From the study of BPR sensitivity on TSFC, it was shown that there is a direct
relationship between TSFC and LHV of a fuel. The higher the LHV value of a fuel, the lower is
TSFC value. This implies that less fuel is required (by mass) if for example conventional Jet-A
fuel is replaced by LH>. The volume needed to store LH2, however would be much higher due to
its low density. In addition, having LH2 on board would require a lot more energy since it needs
to be kept in a cryogenic tank due to its extremely low boiling temperature [3]. Due to its high
volatility, care must be taken during handling. Nonetheless, the environmental benefits of using
LH2, with zero carbon and low NOx emissions, make it a great candidate as an alternative fuel
source for sustainable and environmentally friendly aviation. With future advancements in
technology and research findings, improved LH: delivery and storage infrastructures can be
developed to use it as a main source of fuel in aviation. Even though the low LHV of NH3 makes
it less desirable for usage as a fuel source by itself, its environmental benefit and abundance

make it a worthwhile alternative fuel source to study.
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Chapter 6: Emission studies of N+3 and N+4
Technoloqy Level Propulsion Systems with
Alternative Fuels

6.1 Introduction
This section outlines the development of a method for estimating emissions within the

NPSS framework by utilizing the performance parameters of the N+3 and N+4 geared turbofan
engine models published by NASA [1, 2]. Validation of this method is demonstrated by
comparing the emissions indexes of Jet-A and LH: fuels with published data. Furthermore, the
NPSS model is utilized to analyze the emissions and performance of LNG, NHs cracking and
thermal decomposition of Ammonia-Borane (AB). A detailed description of the emissions
calculation and performance comparison between Jet-A and other fuels (LNG, LH2, NH3, and
AB) is discussed. However, it should be noted that these results are intended to demonstrate
trends when comparing alternative fuels and require additional experimental data to conduct a

more accurate analyses.

6.2 Methods

NPSS allows for importing emissions indexes into the software's emissions element as a
post-processing function. However, accurately predicting the products of combustion for non-
metals is challenging due to their dependence on temperature, pressure, fuel-to-air ratio, ignition
timing, and thermal dilution, among others. Therefore, it is crucial to have experimental data
with conditions that match the modeled scenario to generate accurate indices for use in NPSS
models. Although NPSS can be connected to high fidelity computational fluid dynamics tools, it

does not perform specific gas dynamics modeling. To enhance NPSS's capability in providing

36



accurate data for engine performance, an emissions estimation function is developed and
validated against published emissions indices. Tables 5 and 6 display the emissions indices
obtained from prior investigations on Jet-A and LH> combustion in a turbofan engine utilizing
NPSS [3]. These indices serve as validation benchmarks until a more extensive experimental
data becomes accessible. Assuming the power setting at cruise to be 90% for N+3 and 80% for
N+4, the emissions indices of both engines can be determined through linear interpolation.

Table 5: Emissions Indexes for Jet-A.

Emission Indexes
Power NOx [g/kg UHC[g/kg CO [g/kg

JetA Setting fuel] fuel-1] fuel] CO2 [g/kg] H20 [g/kg]
Take-off 100 49.48 0.04 0.27 3.16 1.24
Climb 85 21.03 0.04 0.23 3.16 1.24
Approach 30 9.27 0.05 2.21 3.16 1.24
Idle 7 4.72 0.25 20.3 3.16 1.24

Table 6: Emissions Indexes for Liquid Hydrogen (LH2).

Emission Indexes
Power NOx [g/kg UHC[g/kg CO [g/kg

LH2 Setting fuel] fuel-1] fuel] CO2 [g/kg] H20 [g/kg]
Take-off 100 37.6048 0 0 0 8.94
Climb 85 15.9828 0 0 0 8.94
Approach 30 7.0452 0 0 0 8.94
ldle 7 3.5872 0 0 0 8.94

The stoichiometric combustion reactions in chapter 2 are inadequate to accurately
estimate emissions for lean mixtures. This is because combustion reactions involve a series of
single-step reactions with short-lived species and high reaction rates that cannot be represented
by a simple balanced stoichiometric chemical equation [4]. Therefore, this study considers the

dominant reaction equations based on the operating environmental conditions. The potential
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reactions that may occur during LHz2 and NHz combustion are presented in Tables 7 and 8,

respectively.

Table 7: Elementary reaction steps for combustion of Liquid Hydrogen (LH>) [5].

LH2 Combustion in Air Reaction Equations
H+ 0, © 0+ OH
0+H, © H+OH
OH + H, © H + H,0

0+ H,0 & OH + OH

H,+Me H+H+M

H, + Ar
04+0+M& H,0+Ar
0+ 0+ Ar © H,0 + Ar

0+H, ©O0H+H
0+0H+Me H,0+M

H+ OH + Ar © H,0 + Ar
H+0,+Me HO, + M
H+ 0, + Ar & HO, + Ar

H+ 0, & HO,

HO, + HO,  H,0, + 0,
HO, + H © H, 4+ 0,
HO, + 0 & 0,

HO, + OH © H,0 + 0,
HO, + HO, © H,0, + 0,
H,0,+M & OH + OH+ M
H,0, + Ar & OH + OH + Ar
H,0, & OH + OH
H,0, + H © H,0 + OH
H,0, + H © H, + HO,

H,0, + 0 < OH + HO,
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H,0, + OH & H,0 + HO,

Table 8: Elementary reaction steps for combustion of Ammonia (NHs) [4].

NHs Combustion in Air Reaction Equations

NH; + OH < H,0 + NH,

NH, + NO & H,0+ N,

NH, + OH < H,0 + NH

NNH + 0, & HO, + N,
H+0, © 0+ OH

H+NO+M < HNO + M
20H & H,0+ 0

The Chemical Equilibrium Applications (CEA) thermo-package was selected to conduct
the thermodynamic analysis. By using results from the LH> combustion, estimations for
hydrogen carrier options like catalytic NHs cracking and the thermal decomposition of AB can
be easily calculated. Under NPSS’s CEA thermo-package, the Gibbs free energy is calculated
from a balanced combustion reaction and information about the temperature, pressure, and
transferred energy is passed on to the next cycle [6]. The Gibbs free energy equation shown in
Eq. 12 gives the energy produced with each reaction step. The built-in CEA thermo-package in

NPSS calculates the energy extracted from a combustion reaction using this equation.
AG = AH —TAS (12)

Here, AG [kJ] represents the change in Gibbs free energy, AH [kJ] is the enthalpy extracted from
combustion of the fuel, AS [kJ/K] is the change in entropy of the system, and T [K] is the

absolute temperature.
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Preliminary research conducted in chapter 5 with Jet-A, LH2, LNG, and NH3 indicated
varying performance characteristics. Moreover, previous published studies have demonstrated
that having higher LHV fuels can assist in expanding the compressor surge margin [7]. Thus,
accurate performance evaluation has great importance in determining the right fuel type for a
specific flight condition. To accurately represent the progression of the combustion, a detailed
analysis on the rate of combustion reaction is needed. The addition of reaction rate in the
simulation would help to predict emissions with better accuracy. However, this can only be
achieved with detailed combustion modeling for which NPSS is not well suited. NPSS works
most efficiently with tabulated emissions indexes such as Table 5 and 6. For NH3 cracking and
thermal decomposition of AB, it is assumed that no Nitrogen or Boron will enter the combustion

chamber and thus, their emissions are estimated to be similar to liquid hydrogen emissions.

6.3 Results

Tables 9-11 show the performance and emissions of N+3 technology level engine when
operated using alternative fuels as compared to Jet-A. While Jet-A, LH>, and NHz are run using
the data in the CEA thermo-package, NH3 cracking and the thermal decomposition of AB are run
as the NHs and LH> fuels, respectively with updated LHVs. LNG is run using CEA thermo-
package by assuming that it is fully composed of CH4 but with an updated LHV that corresponds
to LNG. Although not accurate, this assumption is valid since LNG is mainly composed of CH4
(usually 85-95%) [8]. For catalytic cracking of NHs, the assumption is 3 mole of H> is produced
per 2 mole of NH3 [9]. The byproducts of NHs cracking, mainly Nitrogen and its derivatives, are
assumed to be expelled into the ambient air through the nozzle. For thermal decomposition of

AB, 2 moles of H, are produced per 1 mole of AB. Since the combustion of AB produces

40



crystalline products at the operating burner temperature (T4), the thermal decomposition of AB

must happen in a separate unit before fuel injection.

Table 9: Performance and emissions comparison using Jet-A, LH2, and NH3z for N+ 3 engine model

Altitude [ft.] 35000 35000 0.00% 35000 0.00%
Mach 0.8 0.8 0.00% 0.8 0.00%
dTamb 0 0 #DIV/0! 0 0.00%
Inlet W [Ibm/s] | 795-64 795.64 | 0.00% 795.64 0.00%
Thrust [Ibf] 5465.8 5465.8 0.00% 5465.8 0.00%
SFC 0.4694 0.1692 -63.95% 1.0253 118.43%
Fuel W [lom/hr] | 2565.48 [l 924.84 | -63.95% 5604.34 118.45%
OPR 51.462 51.462 0.00% 51.462 0.00%
Fan PR 1.276 1.276 0.00% 1.276 0.00%
BPR 24.794 27.141 | 9.47% 31.038 25.18%
T4 [R] 3035.1 3035.1 0.00% 3035.1 0.00%
T41[R] 2941.4 2941.4 0.00% 2941.4 0.00%
UHCs [kg/hr] 0.05 0.00 -100.00% 0.00 -100.00%
CO [kg/hr] 0.28 0.00 -100.00% 0.00 -100.00%
CO: [kg/hr.] 3.68 0.00 -100.00% 0.00 -100.00%
NOx [kg/hr.] 35.50 9.73 -72.60% Much Higher | + UNDET
H20 [kg/hr ] 1.44 3.75 159.90% Much Higher | + UNDET
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The simulation in NPSS does not account for the extra energy needed to thermally

decompose AB and thus the specific fuel consumption (SFC) value would be higher than what is

given in Table 10. Moreover, only about 13% by mass of AB is turned into hydrogen and thus,

the remaining 87% of AB must be stored or sustainably jettisoned.

Table 10: Performance and emissions comparison using Jet-A, NHs cracking, and thermal
decomposition of AB for N+3 engine model.

Altitude [ft.] 35000 35000 0.00% 35000 0.00%
Mach 0.8 0.8 0.00% 0.8 0.00%
dTamb 0 0 0.00% 0 0.00%
Inlet W [lbm./s] | 795.64 795.64 0.00% 795.64 0.00%
Thrust [Ibf.] 5465.8 5465.8 0.00% 5465.8 0.00%
SFC 0.4694 0.9714 106.95% 1.0253 118.43%
Fuel W
2565.48 5309.5 106.96% 5604.34 118.45%
[lbm./hr.]
OPR 51.462 51.462 0.00% 51.462 0.00%
Fan PR 1.276 1.276 0.00% 1.276 0.00%
BPR 24.794 27.695 11.70% 31.038 25.18%
T4 [R] 3035.1 3035.1 0.00% 3035.1 0.00%
T41 [R] 2941.4 2941.4 0.00% 2941.4 0.00%
UHCs [kg/hr.] 0.05 0.00 -100.00% 0.00 -100.00%
CO [kg/hr.] 0.28 0.00 -100.00% 0.00 -100.00%
COz2 [kg/hr.] 3.68 0.00 -100.00% 0.00 -100.00%
NOXx [kg/hr.] 35.50 55.85 57.29% 58.95 66.02%
H20 [kg/hr.] 1.44 21.53 1392.11% 8.94 519.56%
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Table 11: Performance and emissions comparison using Jet-A and LNG for N+3 engine

model
Cruise N+3 Model W/ Jet A Model w/ LNG 70 I3|ef:[f;rom
Altitude [ft] 35000 35000 0.00%
Mach 0.8 0.8 0.00%
dTambj 0 0 #DIV/0!
Inlet W [Ibm/s] 795.64 795.64 0.00%
Thrust [1bf] 5465.8 5465.8 0.00%
SFC 0.4694 0.4163 -11.31%
Fuel W [lbm/hr] 2565.48 2275.37 -11.31%
OPR 51.462 51.462 0.00%
Fan PR 1.276 1.276 0.00%
T4 [R] 3035.1 3035.1 0.00%
T41 [R] 2941.4 2941.4 0.00%
UHCs [kg/hr] 0.05 UNKWN UNDET
CO [kg/hr] 0.28 UNKWN UNDET
CO2 [kg/hr] 3.68 2.57 -30.00%
NOx [kg/hr] 35.50 7.10 -80.00%
H20 [kg/hr] 1.44 1.44 0.00%

Tables 12-14 present the NPSS simulation results for the N+4 technology level engine
model. As discussed in chapter 3, the N+4 engine has a smaller fan diameter, lower thrust, and
lower bypass ratio as compared to the N+3 engine (see Table 3). Thus, larger SFC values are
recorded for N+4 engines. Apart from this, no major difference was observed on the performance
of alternative fuels between the N+3 and N+4 engine models. One can see the difference in
emissions is merely due to the difference in the thrust level of the two engines and hence the fuel

burn rate.
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Table 12: Performance and emissions comparison using Jet-A, LH2, and NHs for N+4 engine

model

Altitude [ft.] 38000 38000 0.00% 38000 0.00%
Mach 0.7 0.7 0.00% 0.7 0.00%
dTamb 0 0 0.00% 0 0.00%
Inlet W [Ibm/s] | 427.68 427.68 0.00% 427.68 0.00%
Thrust [Ibf] 3145 3145 0.00% 3145 0.00%
SFC 0.5148 0.1853 -64.01% 1.1228 118.10%
Fuel W 1618.92 582.79 | -64.00% 3531.3 118.13%
[lbm/hr]

OPR 51.462 51.462 0.00% 51.462 0.00%
Fan PR 1.276 1.276 0.00% 1.276 0.00%
BPR 21.612 23.669 9.52% 27.088 25.34%
T4 [R] 3035.1 3035.1 0.00% 3035.1 0.00%
T41[R] 2941.4 2941.4 0.00% 2941.4 0.00%
UHCs [kg/hr.] |0.03 0.00 -100.00% 0.00 -100.00%
CO [kg/hr.] 0.18 0.00 -100.00% 0.00 -100.00%
COz2 [kg/hr.] 2.32 0.00 -100.00% 0.00 -100.00%
NOXx [kg/hr.] 22.40 4.01 -82.10% Much Higher | + UNDET
H20 [kg/hr.] 0.91 2.36 159.54% Much Higher | + UNDET
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Table 13: Performance and emissions comparison using Jet-A, NHs cracking, and thermal
decomposition of AB for N+4 engine model.

Altitude [ft] | 38000 38000 0.00% 38000 0.00%
Mach 0.7 0.7 0.00% 0.7 0.00%
dTamb 0 0 0.00% 0 0.00%
;Fgf;):\]’ 427.68 795.64 | 86.04% 795.64 86.04%
Thrust [Ibf.] | 3145 54658 | 73.79% 5465.8 73.79%
SFC 0.5148 01692  |-67.13% 1.0253 99.16%
Egi_\/’:r.] 1618.92 924.84 | -42.87% 5604.34 | 246.18%
OPR 51.462 51.462 | 0.00% 51.462 0.00%
Fan PR 1.276 1.276 0.00% 1.276 0.00%
BPR 21.612 27141 | 25.58% 31.038 43.61%
T4 [R] 3035.1 3035.1 | 0.00% 3035.1 0.00%
T41 [R] 2941.4 29414 | 0.00% 2941.4 0.00%
UHCs [kg/hr.] | 0.03 0.00 -100.00% [l 0.00 -100.00%
CO [kg/hr] | 0.30 0.00 -100.00% [l 0.00 -100.00%
COz [kg/hr] | 2.32 0.00 -100.00% [l 0.00 -100.00%
NOx [kg/hr.] | 14.66 6.36 -56.58% 38.57 163.10%
H.0 [kg/hr.] |0.91 3.75 311.87% 22.73 2395.83%
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Table 14: Performance and emissions comparison using Jet-A and LNG for N+4 engine
model

Cruise N+4  Model w/ JetA  Mocel WLNG 3':5%
Altituce [ff]] 38000 38000 0.00%
Mach 0.7 0.7 0.00%
dTamb 0 0 0.00%
Inlet W [Ibmys]|  427.68 427.68 0.00%
Thrust[io] 3145 3145 0.00%
src| 05148 0.4565 11.32%
Fuel W [Ibmvhr]|  1618.92 1435.71 -11.32%
opr| 51462 51.462 0.00%
FanPR| 1276 1.276 0.00%
TaR]| 30351 3035.1 0.00%
T [R]| 29414 2041.4 0.00%
UHCs [kg/hr] 0.03 UNKWN UNDET
CO [kg/hr] 0.18 UNKWN UNDET
CO2 [kg/hr] 232 162 130.01%
NOx [kg/hr]| 2240 4.48 -80.00%
H20 [Kg/hr] 0.91 0.91 0.00%

6.4 Conclusion

Here, NPSS was employed to study performance and emissions of N+3 and N+4 engines
running on Jet-A, LNG, LH2, NHs, and Ammonia — Borane (AB). General cruise cycle
performance and emissions data are presented to aid in further research efforts for aircraft and
propulsion system designs that take emissions into account. The study showed that LH: is by far
the cleanest fuel source with no carbon emission and minimal NOx emissions. The emissions
from the hydrogen carriers (NHs cracking and thermal decomposition of AB) are assumed to be

the same as LH, emissions, considering that only H> is used to generate the necessary thrust.
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Emissions from the unused byproducts of the hydrogen carriers would either add a weight
penalty if kept aboard the aircraft or would contribute to pollution if they are jettisoned to the
environment. Since the applicability of liquid hydrogen is limited by the difficulty in
transportation and storage, the best alternative fuel source that can be used currently is LNG. The
already existing infrastructure supports the transportation of LNG and only minimal modification
of propulsion systems would make it possible to use LNG. The main drawback of LNG is the

high ignition temperature needed to get the combustion started.

Lastly, it should be noted that although this study utilizes tabulated indexes to estimate
emissions, it is not an accurate representation of the actual emissions that involve complex
multiple single-step combustion reactions. For future studies, a more accurate emissions
calculation that uses burner air flow entry conditions and fuel to air ratio values should be used

to estimate the emissions directly from the stoichiometric combustion reaction.
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Chapter 7: Summary

This thesis explores future propulsion systems for commercial aircrafts that are currently

under development namely the N+3 and N+4 technology level engines. These engines are
suitable as propulsion system for an advanced single-aisle aircrafts. Their performance and
associated emissions are evaluated. In addition, possible alternative fuel sources are explored
with the goal of minimizing emissions while supplying the necessary thrust. The main tool used

for performance and emissions evaluation was NPSS.

The validation of the NPSS code was done by comparing its results with results obtained
from purely equation based MATLAB code. The usage of compressor maps and detailed
thermodynamic tables in NPSS, as opposed to the user supplied limited inputs in MATLAB,
brought about slight differences in the results between the two. However, the overall trend and

accuracy of the NPSS code was effectively validated.

The results from bypass ratio (BPR) sensitivity study showed that there is a significant
improvement in thrust specific fuel consumption (TSFC) with increasing BPR, giving a step
reduction in TSFC at low BPR levels which ultimately stabilizes to a smaller reduction of TSFC
at higher BPR levels. Since increasing the BPR ultimately increase the engine size introducing
the undesirable consequence of increasing drag, it is crucial to find the optimal BPR level for the
engine operation. The BPR sensitivity study presented in this thesis can be used as a starting

point in sizing an engine during design process.

The performance and emissions study of the N+3 and N+4 engines showed that using
liquid hydrogen (LH2) instead of Jet-A gives the lowers fuel consumption rate showing a
reduction of 64%. Liquefied natural gas (LNG) follows liquid hydrogen with a 11% fuel
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consumption reduction while using ammonia (NHs) and ammonia-borane (AB) increases the fuel
consumption rate by more than 100%. The rate of fuel consumption directly dictates the amount
of emissions, thus fuels that lower SFC are the right choice to reduce emissions. Looking at the
emissions associated with each fuel, LH> is by far the cleanest energy source with no associated
carbon emissions and a 72% reduction in NOx emissions as compared to Jet-A. LNG reduces
CO2 and NOx emissions by about 30% and 80% respectively. Although there is no carbon
emission associated with NH3z and AB, they have much higher NOx emissions compared to Jet-
A. Although the emissions study presented in this thesis uses indexes, having robust models that
can accurately predict emissions associated with alternative fuels are essential for the
acceleration of technology development and implementation. In the absence of experimental
data, the results presented in this work can be used as a reference for future attempts to enhance

the accuracy of emissions estimation model.
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Appendix A: MATLAB Code

The MATLAB code shown below is used to validate the NPSS simulation results.

%%6%%6060606%6%%%% MEMS 500 Independent Study
%6767676062626%6%676.7667667676606 96967676 76.76.6.766666 6966676

KoK %260606006%%%% Andrew Dankanich %%%%% Fall 2016 / Spring

2017 %%%%66%626%6%6%%%%%.%

%okt 26260600%%%%% Modified for use by Abel Solomon & Richard Carter %% Fall
2021

clear;

close all;

clc;

%%%%% Flight Conditions and Free Stream

Constant s%kkbess %k lslolololododods oo ot lododo

M0 = 0.8; % Free Stream Mach Number ©.88 for this code and ©.8 for NPSS
gc = 32.2 ; %constant 1bf to lbm

R = 287; %kJ/kg universal gas constant

g = 1.4; % Gamma for Air

alt = 35000; %Feet, This is not directly used, but coincides with T@
and Po

rec = 0.995; % Inlet Recovery

% 0.995 for NPSS and 0.96 for this code

TO = 219; % K Free stream temperature at 35k

% this code has 233: 219 for npss

PO = 24; % kPa Free stream pressure at 35k

% 24 for NPSS 15 for matlab

a0 = sqrt(g*R*TO); % m/s

Pteo = PO * (1+((g-1)/2)*M0~2)"(g/(g-1)); % lbf/ft"2

Tte = To * (1+((g-1)/2)*Me"~2); % R

mfte = sqrt(g)*Mo*(1+((g-1)/2)*Me~2)"-((g+1)/(2*(g-1)));

ue = Me*sqrt(g*R*T0); %Free Stream Velocity

den@ = PO/(R*TO); %Free Stream Density

567676762626 %6%6%6%6.76767667676 696 %6676 76.76.6676

bpr = [27, 27.5, 27.9744, 28.5, 29.0687, 29.5, 29.8607, 30.1987,
30.5,...

31, 31.5, 32]; %Various Bypass Ratios
% FOR EVERY ITTERATION CHANGE THIS TO MATCH UP TO THE BPR RANGE
% CORESPONDING TO THE FPR USED
sz = length(bpr);
n = 0;

7676767676 76.7676 76767696 76676 761676 961676 7676166 7616

for j = bpr
BPR = j;
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mdotc = 12.85; % UPDATE FOR EVERY ITTERATION USING NPSS DATA CHANGE
FROM

% 1bm/s to kg/s

% kg/s CORE AIRFLOW ONLY. This remains constant for all BPR

% and through "guess and check" yields around 30,0001bf for the
turbojet

% configuration (BPR = @) 162.5 kg/s for matlb 960.8 for NPSS
mdotfan = BPR*mdotc; % Calculate Fan mass flow

mdot@ = mdotfan + mdotc; % Total Engine Inlet Airflow

Kktotelololoke Station 2 and 3 Compressor Inlet and Exit
967676762626 96%6 7676766766676 626 %66 %676

tau_a = 8; % Thermal Limit Parameter, See definition in Burner Section
%pic = 40;

%Compressor Pressure Ratio: From Farohki, equation 4.74 page 161

pic = ((sqrt(tau_a)/(1+((g-1)/2)*Me"2)))"(g/(g-1)); %

etac = 0.9; % Compressibility Efficiency factor of the Compressor

rec = .995; %Inlet Recovery

Pt2 = PtO*rec ;

Tt2 = TtO;

Pt3 = Pt2*pic;

Tt3 = Tt2*(1+((1/etac)*((pic”((g-1)/g8))-1)));

Kktdololoke Station 13 and 19 Fan Properties
67676767626 26%6 %676 76.76.76.767676676696%6 %696 %6966 6.6 767676

pifan = 1.3; % CHANGE THIS VALUE EVERY ITTERATION

% Using a Typical Fan value between 1.276-1.4

Pt13 = Pt2*pifan; %

Pt19 = Pt13*.95; %Account for a Small pressure loss across the Fan
tau_r = TtO/T0;

tau_fan = pifan~((g-1)/g);

Tt13 = Tt2*tau_fan; %

V19 a@ fan = sqrt((2/(g-1))*((tau_r*tau _fan)-1));

P19 = Pt19/((1+(g-1)/2)"(g/(8-1)));

M19 = (((Pt19/P19)"((g-1)/8))-1)/((g-1)/2);
T19 = Tt13/((Pt19/P19)"((g-1)/g));

al9 = sqrt(g*R*T19);

V19 = al9*M19;

%kkkkk Station 4 Burner Exit/Turbine Inlet
%676767676262626 7676 76.76.76.767676676 6666767616766

g t = 1.33; %Ratio of specific heats for the Turbine

g c = g; %Ratio of specific heats for the compressor is the same as air
cpt = (g_t/(g_t-1))*R; % Metric Unit value should be ~1156
cpc = (g/(g-1))*R; % Metric Unit value should be ~1004
eta_ b = .999; %Burner efficiency

% 0.95 for matlab ©0.999 for NPSS

pib = 0.96; % Pressure Ratio Across the burner

% 0.95 for matlab 0.96 for NPSS

hpr = 120070.45; % [kJ/kg] FOR LH2 120070.45 KJ/kg
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% for JET A 18550 BTU/1b=43147 KJ/Kg

Pt4 = Pt3*pib; %

%Now we need to set the "Thermal Limit Parameter” IE Turbine Temp Limit
% tau_a = htd / he % This is the definition of the Thermal Limit
Parameter

tau_a = 8; %This can be adjusted and is a driving factor in Engine

% Performance

% tau_a of 8 means Tt4 is ~1600 K if TO is 233k

Tt4 = (cpc*TO*tau_a)/cpt; % This becomes a constant Temp Limit for all
% BPR's

f = (cpt*Ttd - cpc*Tt3)/(hpr*10~3*eta_b - cpt*Tt4); %Need to convert
hpr

% from kJ to J with 1073. Realize that fuel to air ratio becomes
constant

% as well.

mdot4 = mdotc*(1+f); % This is the core air flow and fuel flow
mdotfuel = f*mdotc;

hkkkkkit Station 5 Turbine Exit

67676762696 96%6%6%6. 7676667676676 9696696766 76.6.67667606 4696 %6676 67676676

eta_m = .99; % Mechanical efficiency of the Turbine

eta_t = .936; % Flow efficiency of the turbine

%Energy Balance across the Turbine for Tt5.

Tt5 = Tt4 - ((cpc*(Tt3-Tt2) + BPR*cpc*(Tt13-Tt2))/((1+f)*cpt*eta_m));
Pt5 = Pt4*((Tt5/Tt4)~(g_t/(eta_t*(g_t-1))));

hkktototeteds Station 9 Core Exit
%6767676062696%6%676.76676676767626 %6766 7676766666606 6567676 76.76.6.6.6606 169696

% Assuming an Ideal expansion through the Nozzle

Pt9 = Pt5; %Assume Ideal Nozzle

Tt9 = Tt5; %Station 9 we assume same as turbine exit

P9 = PO; % Assume ideally expanded

%%Assume the Core is Choked for Cruise Condition IE M =1

M9 = sqrt((((Pt9/P9)"((g-1)/g))-1)*(2/(g-1)));

T9 = Tt9/(1+(g-1)/2*M9"2);

mdot9 = mdot4;

V9 = M9*sqgrt(g*R*T9);

V9 _al _core = V9/a@;

% Thrust contribution from the Core ONLY

cfg = 1; % Nozzle coefficient

Fgcore = mdot9*gc*Vo*cfg;

Kdodototeteteke Overall Engine Thrust
%6762626062696%6%%6.76767667676696 %6766 76.76.76.66676 0606 %6 5676767676666 76767676

%Specific Thrust

Fn_mdot = (a@/(1+BPR))*(V9_a@_core - MO+BPR*(V19_a@ fan - MO)); % N/m/s
%Net Thrust

Fn = (Fn_mdot * mdot®@)*.224809; %1bf (converting from Newton to 1bf)
Fn_Metric = (Fn_mdot * mdot®@); %Newtons or kg(m/s”"2)

% Thrust Specific Fuel Consumption

tsfc = mdotfuel / Fn_Metric; % kg/N/s
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tsfc_english = ((mdotfuel*2.20462) / Fn)*3600 ; % 1b/1lbf/hr (converting

kg
% to 1lbm and seconds to hour)
end

3" order Polynomial Fit Sample Code and Data

close all; fclose all; clear; clc;
Xvars = [1.276 1.3 1.32 1.34]"';
Yvars = [30.1987 29.8607 29.0687 27.9744]"';

P = poly'Fit(Xvar‘S,Yvar‘S, 3)
% saveas polyfit.fig

Table 15: Coefficients of the 3rd order polynomial fit

Poly fit coefficent for Jet A fuel
Exponent 3 2 il 0
BPR poly | 2787.214 -11346| 15342.22| -6866.47
TSFC poly | -37.8664| 155.7774| -212.636| 96.77847
Poly fit coefficent for LH2 fuel
Exponent 3 2 1 0
BPR poly | 3157.019| -12879.7| 17451.54| -7826.47
TSFC poly | -8.75947| 37.0625| -51.8065| 24.11017
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Appendix B: Initial Estimates

The table below gives the initial estimates of the important design parameters.

Bypass Fet
Core Fnet
NozPri.Vactual
NozPriFg

Gross Thrust

7725085236 776546438
401478826 231604447

1376.2 7938
14763 715
259936

2225697124 254649134
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Variable Name Description Changeor Constant  Scaler  Current Setting  Actual Check
InletStartW_in  [Mass flow intothe engine _ Change. 80921 820921 612633 379249 350076 320903 20173 262557 233384 175038 145865 116692 87519 58.346
InkngF| O.Aphy _|Physical Area {change 1.00553617 7744 71744]  74744) 5356377751) 3319.20684] 306456048 2805.91811] 2555.2675| 2300.62135] 2045.97502| 1791.32866| 1536,68229) 128203593 1027.38957) 772743203 _ 51809684
InEng Afs Free Stream Area [Change 089794952 62095 6406.78  6406.78| 4783.275792] 296407058 273666993 2509.26928] | 1599.66668) 137226603 114486538 917.464726)
ratio_Aphy_Afs
FanFI_OAphy  [Physical Area [change 1,00385429 71604 71624 71624] 5347.418601] 3313.65509| 305943465 2805.21421] 255099377] 2296.77334] 2042.5529) 1788.33246] 153411202 127989158 102567114 771.450703] 517230264
ratio
SplitFan BPRdes  [Design BPR lchange Buy na3) 27134 20 12 n 10 9 3 7 i [ [l 3| 2 1
Spltfan.F1_02 Aphy [Bypass Physical Area change 687290 68729 6872.9] 5064.887212] 3038.93233] 278568797 2532.44361] 2279.19925) 2025.95488] 1772.71052] 1519.46616] 1266.2218] 101297744 759.733082] 506488721 253244361
SpiitFan.F_OLAphy [is the same as Duct2 Aphy foY) 262 27 2 26 %2 267 i) 26 %)) 2 %) 3] )] 26 i3]
Total Internsl Area 76534 71349 71349| 5326.887212) 3300.93233) 304768797 2794.44361] 254119925 2287.95488] 2034.70052] 1780.46616] 1526.2218( 127497744 1021.73308] 768488721 515244361
Duct17.Fl | MNdes |Mach Constant 045 045) 045) 0.45] 045 0.45) 0ss] o048 045 043 045 045 045) oss|_ oa
Duct1?.F| OAphy _[Physical Area Cha 100513611 69082 6308.2| 5090.901052] 3054.54063] 279999558 2545.45053] 2290.90547, 2036.36042] 1781.81537| 1527.27032] 1272.72526] 101818021 763.635158] 509.090105  254.545053)
PTOISE(T&T;_F ] Noleeﬁr?éibscharge(oeﬂ'Constan( — J B | 4 gy 1 1 EN . L
NorSec.Clg in___|Nozle Exit Gross Thrust Coeff_Constant 09975 0.99750388] 09975 08975\ 09975 09973 09975 09975 09975
NozSec.Ath Nozsle Throat Area [chan, 067507883 463975 3419.198656{ 2051.51919] 188055926 1709.59933| 1538.6394. 1367.67946] 1196.71953)
NozSec.Vactual __ [Nozzle Exit Velocity 9808 o808 o808 9808 os08] 9808 9808] 9808 980
Nozsec.Fg (Gross Thrust [change 24367 25256.1] 1820252032 10933.5122] 10022.3862 911126016( 8200.13415| 728900813] 6377,88211] 5466.7561] 4555,63008] 3644,50406 2733,37803
NosSec.Fyideal _[ideal Gross Thrust ’Chu_ng 25319.3985| 18268.11973{ 10960.8718] 10047.4659 9134.05987) 8220,65388) 7307.24789) 6393.84191 548043592 4567.02993] 3653.62395 274021796
NotSec.Fl ThMN _ [Throat Mach Constant 1 1 1 1 1 1 1 1 1 1 1 1 1 1
NosSec.Fl OMN_ [MN atexit [Constant 1 [ 1 1 1 1| 1] 1] 1] 1 1 1 1 1] 1
NotSec.PR Pressure Ratio Constant 200 tou tom]  rewe rom]  not) rom]  nom[  row]  tom[  row rom 10w 1o
pertmyfg [Total Gross Thrust Ichange 259936 | 18960.02032] 11671.0122] 10759.8862 9848.76016] 8937,63415] 8026.50813] 7115.38211]  6204.2561] 5293.13008] 4382,00406 3470,67805] 2559.75203] 1648.62602
ok 5
Splitfan.fl OLW 2173
7l 3150

18960,02032 11671,0122 10759.8862 9848.76016 893763415 802650813 711538211 62042561 529313008 4382,00406 3470.87805 255975203 164862602



Appendix C: Example NPSS Input File

Example input file used in NPSS are given here. The input file consists of the changing variables
from the initial estimate Table. Shown here is .inp file for BPR 10. Notice the commented out
(//Fgross ) value is the one obtained from the initial estimate (see Table above). The actual gross
thrust value that was able to give us the desired BPR level of 10 was 12030.42 Ibf and it was
achieved through fine tuning.

InletStart.W_in = 320.903;
InEng.FI_O.Aphy = 2809.914113;
InEng.Afs = 2509.269283;
Fan.Fl_O.Aphy = 2805.214213;
SplitFan.BPRdes = 10;
SplitFan.FI_O2.Aphy = 2532.443606;
Ductl7.FI_O.Aphy = 2545.450526;
NozSec.Ath = 1709.599328;
NozSec.Fg = 9111.260162;
NozSec.Fgldeal = 9134.059867;
/[Fgross = 9848.760162;

Fgross = 12030.42;
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