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Abstract

The HECTOR is a two-spool, mixed flow, low bypass ratio turbofan engine designed as a
candidate for a supersonic business jet. The HECTOR is capable of achieving both subsonic
cruise at Mach 0.98, transonic cruise at 1.15 and supersonic cruise at Mach 2.1 up to Mach 3.
Since lighter weight, lower take-off noise, reduced emissions at high altitudes and affordable fares
are demanded, the HECTOR is designed in such a way that it satisfies general improvements
given by Request of Proposal. Besides, for the highest operating performance, reducing the
rate of total fuel consumption is considered throughout the design point and off-design engine
missions.

Table 1
Engine Component Improvement and Technology
Inlet System 2 Ramp External Compression Supersonic Inlet
Transonic Fan Carbon Fiber Rain-Forced Polymer with
Ti-6A1-4V Leading Edges
High-Pressure Compressor Ti-45A1-8Nb Compressor Blades
Combustion System Hybrid Diffuser

Lean Direct Injection (LDI) Combustor
Convective Film Cooling via SiC/CMC with Pedestal Liner

High-Pressure Turbine T-238 5" Generation Single Crystal Super Alloy
Low-Pressure Turbine Ti-45A1-8Nb PST Single Crystal
Mixer Force Flow Lobed Mixer with Chevrons

Exhaust System Fully Variable Convergent-Divergent Nozzle
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1. Introduction

ATA A Undergraduate Team Engine Design Competition 2019/20 Project “Candidate Engines for
a Supersonic Business Jet” is about preliminary design of the mixed flow, two spool, low-bypass
ratio turbofan engine. As per the Request of Proposal (RFP), the HECTOR is designated as a
candidate engine for the supersonic business jet capable of replacing the baseline engine given
in the RFP.
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Figure 1.1: Supersonic Business Jet Layout with the Baseline Engine

Table 1.1: General Characteristics of the Baseline Engine
General Characteristics
Crew 2

Capacity 8-12 passengers
Length 135.6 ft (41.33 m)
Wing Span 64.2 ft (19.57 m)
Height 21.2 ft (6.46 m)
Wing Area 1,200 ft* (111.5 m?)

Maximum Take-off Weight
Power Plant

146,000 Ibm (40,823 kg)
2 x low bypass ratio turbofans; 21,700 Ibf (96.53 kN) each

In the RFP, the base engine has a plan form which is similar in wing and tail shape and
arrangement to the F-104 Starfighter. In performance calculations, this information is taken
into account. Also, the supersonic business jet layout with the baseline engine are given in the
Figure 1.1. The general characteristics and performance specifications of the supersonic business
jet is given in the Table 1.1 and 1.2, respectively. Besides, design features of the baseline engine
given in the RFP are stated in the Table 1.3. Although these features are tabulated based on
the RFP, they will be changed and improved with respect to the mission requirements at the
upcoming chapters.

Table 1.2: Performance Specifications of the Baseline Engine
Performance Specifications
Maximum Speed Mach 3.0

Cruise Speed

Mach 2.1 at 40,000 ft

Range

At Mach 0.95 ; 4600 nm

Service Ceiling

51,000 ft




Subsequent chapters demonstrate the cycle analysis and optimization of the HECTOR engine
at design and off-design conditions. The new aircraft engine’s supersonic cruise performance re-
sults are compared with the baseline engine and requirements stated in the RFP. Furthermore,
a detailed engine component design is also presented, which demonstrates and provides justifi-
cation for the use of advanced technologies in the design of the HECTOR engine. Afterwards,
the installed performance of the engine is checked using GasTurb and AxSTREAM tools. More-
over, the exhaust system design is carried out using Method of Characteristics. In addition, a
detailed structural analysis, such as material choice, shaft design and detailed CAD models of
the components are presented. Finally, investigation of the technologies to reduce noise, and the
subsystems to be used, anti-icing, secondary power, engine control system, fuel and lubrication
system including shaft lubrication analysis are illustrated.

Table 1.3: Design Features of the Baseline Engine
Design Features of the Baseline Engine

Engine Type Axial, turbofan
Number of Fan/Booster/Compressor Stage 2,6, 7
Number of HP/LP Turbine Stages 1,3
Combustor Type Annular
Maximum Net Thrust at Sea Level 21,700 1bf

Specific Fuel Consumption at Max. Power

0.519 Ibm,/hir/Tbf

Overall Pressure Ratio at Max. Power

21.0

Max. Envelope Diameter

49.2 inches

Max. Envelope Length

154.1 inches

Dry Weight Less Tail-Pipe

4.515 1bm

2. State of Art

A comprehensive review of the literature was carried out to set a baseline by investigating
similar aircraft that have a low bypass ratio turbofan engine installed and can produce the

thrust required to achieve supersonic cruise.

Table 2.1: Similar Engine Specifications

Max. SFC

Engine cli'uélsc))ili Thrust (w/oab) BPR OPR E[I;?T H\{ﬁlght Eﬁ?gth E;?meter
(b  [Ib/Ibfh]

Kuznetsov NK-144 Dual 28,660 1.81 0.60 142 - - 204.72  59.05

%ﬁfﬁnﬁzy F135-600 Dual 27,000 0.886 0.56 28 2260 - 369 46

Soloviev D-30KP-2  Dual 26,460  1.57 2.24 20 1427 5820 214.5 57

General Electric

YF120 Dual 23,500 - 032 - - 4100 166.8 42




Table 2.2: Similar Supersonic Transportation Aircraft and Specifications
Supersonic Cruise Range MTOW Total Thrust

Transport Mach  (nmi) (1b) (1bf) T/W
Aerion AS2 14 4,200 133,000 54,000 0.406
Boom Overture 2.2 4,500 170,000 45,000-60,000  0.26-0.35
Spike S512 1.6 6,200 115,000 40,000 0.34
Aerion SBJ 1.6 4,800 90,000 39,200 0.44
Concorde 2.04 40,000 408,000 152,000 0,373

The design characteristics such as OPR, BPR, thrust and engine weight of such engines are
shown in Table 2.1. The HECTOR engine will be designed in the light of these information
while considering the promising technological developments.

3. Cycle Analysis

This chapter describes the basic structure of the HECTOR engine and documents the cycle
analysis program that was used to aid in the design of the low bypass ratio turbofan. The optimal
cycle design is presented in this chapter.

3.1 Advanced Engine Cycle Concepts for HECTOR

This section includes the first step in the development of the optimal cycle design for the
HECTOR engine by considering several different, but promising, cycle concepts and determines
which cycle concept will provide the optimal combination of performance, complexity, technology
readiness level (TRL), and cost.

3.1.1 Variable Bypass Technology

Bypass ratio (BPR) is defined as the ratio of the mass flow rate passing through the bypass
channel to the mass flow rate in the core stream of the turbofan engine. In turbofan engines,
mass flow is separated into two, "Primary Flow/Hot Stream" which passes through the engine
core, and the airflow which splits through the bypass channels without entering the core is called
as "Secondary Flow/Cold Stream".

It is possible to classify a turbofan engine as a low, medium, high, or ultra-high bypass depending
on its bypass ratio. This classification process is as follows.

e Low-Bypass Turbofan Engine BPR < 2

Medium-Bypass Turbofan Engine 2<BPR <5

High-Bypass Turbofan Engine 5<BPR <9

Ultra-High-Bypass Turbofan Engine BPR>9



To fulfill both subsonic and supersonic flight conditions, a variable cycle engine is used since
it combines the high specific thrust of the turbojet with the low specific fuel consumption and
noise of the turbofan. By reviewing the literature, variable cycle engine configurations, such as
F120 as indicated at the State of Art section of the report, has successfully achieved the flight
in YF22 and YF23 aircraft prototypes [23].

During supersonic cruise, it is possible to produce different ranges of thrust without varying
the mass flow rate in the variable bypass cycle engines. This situation provides optimum flow
condition at the intake while the engine operates with an appropriate pressure recovery for
supersonic flight without creating spillage drag [23].

Mode Select Value(MSV)  Forward Variable Area Bypass Injector(FVABI) Rear Variable Area Bypass Injector(RVABI)

3 4 5 6 7 8
Figure 3.1: Variable Bypass Engine Schematic [52]

3.1.2 Afterburner Investigation

In the first step of developing the HECTOR, different but promising design concepts are con-
sidered by taking into account optimal combination of performance, complexity and existing
technology with maintenance cost. Besides, since the main goals of this project are minimiz-
ing fuel consumption, reducing engine total weight and size, several designs in the literature
are also considered such as Concorde. The Concorde is a passenger transport aircraft utilizing
afterburner technology specifically for the take-off. Since the engine of the Concorde and the
HECTOR have similar mission requirements and both are used for transportation, augmentation
of afterburner technology is investigated.

By implementing an afterburner, one of the goals of this project, which is creating required
thrust while reducing the fan and the engine size, can be achieved. However, as it is well
known, using and afterburner will increase the specific fuel consumption. This increase carries
fuel consumption to unacceptable levels, and makes the HECTOR engine inherently inefficient.
Also, not using an afterburner in the HECTOR engine implies that there will be less noise
generation.

3.1.3 Nozzle Investigation

The main purpose of the exhaust nozzle is to increase the velocity of the exhaust gas. The
rise in the kinetic energy of the gas, results in higher thrust values. When the exit and ambient
pressure are equal, the maximum uninstalled thrust can be obtained. Also, the expansion process
is controlled by the pressure ratio over the nozzle. The list below states the possible operating
functions and design criteria of the nozzle for the modern jet engines [32].

e The flow accelerate to higher velocities with minimum pressure loss
e Nozzle exit and atmospheric pressure are kept close as possible

e Permit mixing of core and bypass streams of turbofan when desired



Thrust reversing when desired

Cooling of walls allowed

e Suppressing noise formation

Achieve all listed items with minimal cost and weight [32, 48]

In preliminary design of the HECTOR engine, it is important to size the nozzle appropriately
to meet the requirements stated in the RFP while obtaining a high efficiency in supersonic
cruise condition along with a noise attenuation. Besides, considering all on-design and off-design
performance requirements, which must be achieved with low noise levels, the best choice for the
HECTOR engine is to deploy a fully-variable converging-diverging (Con-Di) nozzle with noise
attenuation for optimum performance in both subsonic and supersonic flight.

As divergent flaps move, area ratio is altered to ideally expand the flow. Furthermore, this
nozzle concept provides an ideal performance in producing the required thrust without the
implementation of an afterburner. Hence, selection of Con-Di nozzle has been done. Comparison
and drawbacks of the performance resulted in selection of Con-Di nozzle is explained deeply in
the exhaust system design part.

3.2 Engine Components and Diagrams

The HECTOR engine is designed as a low bypass, 2-spool mixed flow axial turbofan engine.
For the main components, the HECTOR engine consists of air intake system, 2 stage fan, 7
stage high pressure compressor (HPC), combustion chamber and fuel atomizing system, 1 stage
high pressure turbine (HPT), 3 stage low pressure turbine (LPT), mixer and exhaust system.
In addition to these main systems and components, engine auxiliary systems such as lubrication
system, anti-icing system, auxiliary power unit (APU) and starting system are fully developed.
The HECTOR engine is designed to be installed in a supersonic business jet. Besides, the HEC-
TOR engine has superior performance characteristics over the existing low bypass ratio turbofan
engines. The reason behind this superiority can be explained by having better cruise capabilities,
and flying without an afterburner installation, which remarkably reduces fuel consumption, and
the reduced weight of the engine.
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3.3 Baseline Engine Cycle Analysis and Validation

This section of the preliminary design briefly describes the on-design and off-design performance
analysis and validation of the baseline engine given in the RFP reproduced with GasTurb 13.

3.3.1 On-Design Analysis of Baseline Engine: Simulation Validation

W T P WRstd
R psia 1b/s FN = 21699,31 1b
518,67 14,696 TSFC = 0,4745 1b/ (1b*h)
518,67 14,696 479,000 WF = 2,8601 1b/s
650,06 168,819 s NOX = 0,5982
623,79 108,087
623,79 108,087 0,4370
853,05 45,142 0,0000
853,05 46,063 BER = 1,7000
3 172,086 1312,60 13,041 P2/P1 = 1,0000
31 152,571 1312,60 P3/P2 = 20,99
4 155,431 2492,00 17,084 P5/B2 = 2,1953
41 164,301 2432,72 17,843 P16/P13 = 0,9750
43 164,301 1997, 56 P16/P6 = 0,89722
44 174,946 1958,22 P16/P2 = 1,95000
45 179,677 1937,77 44,682 P6/P5 = 0,99000
49 179,677 1453, 88 P63/P6 = 1,00000
5 180,268 1453,02 137,438 P163/P1l6 = 1,00000
6 180,268 1453,02 XM63 = 0,56095
16 301,594 650,086 XM163 = 0,37698
64 481,862 962,79 XM64 = 0,46030
8 481,862 962,79 323,998 Ab4 = 1352,51 in
Bleed 0,000 1312,60 WBld/W2 = 0,00000
———————————————————————————————————————————— AB = 987,26 in?
Efficiencies: isentr polytr RNI P/P cD8 = 0,96000
Outer LEC 0,8622 0,8749 1,000 2,000 XM8 = 1,00000
Inner LPC 0,9%000 0,979 1,000 1,800 PWX = 100,0 hp
IP Compressor 0,9197 0,9303 1,445 2,800 WBLD/W22 = 0,00000
HP Compressor 00,9010 0,9180 2,730 4,250 Wreci/W25=
Burner 0,9995 0,950 Loading =
0,9219 10,9136 3,271 2,490 ed444 th =
0,9268 0,9151 1,654 3,540 WBLD/W25 =
0,6000 WCHN/W25 =
———————————————————————————————————————————— WCHR/W25 =
0,9800 1 2 WCLN/W25 =
0,9900 WCLR/W25 =

J000 P25/P24=0

WLkBy/W25=

0,0 0,00000 18552,
Figure 3.3: Baseline Engine Performance at Sea Level
As per the RFP, the design point for the baseline engine includes a required takeoff thrust of
21,700 1bf at standard sea-level conditions at 27 °F. Figure 3.3 represents the baseline engine
performance characteristics at the sea-level condition. Validation of the exact cycle parameters
provided by the RFP for the takeoff condition is done by using the gas turbine engine simulation
software GasTurb 13.

3.3.2 Off-Design Analysis of Baseline Engine: Simulation Validation

As stated in the RFP, the aircraft should takeoff at 27°F and standard sea level conditions.
Since the desired cruise altitude is given as 40,000 feet, and it is required to achieve flight with
various Mach numbers which are 0.98, 1.15, 2.1 and 2.4, the engine should satisfy both subsonic
and supersonic cruise at this specified altitude. By using GasTurb 13, off-design analysis is done
from the "Mission" tool for the baseline engine. To generate required thrust at the takeoff design
point and specified Mach numbers, the altitude is kept constant to observe the effects of flight
Mach number in the key parameters such as specific fuel consumption (TSFC), overall pressure
ratio (OPR) and turbine inlet temperature (TET).

Table 3.1: Baseline Engine Performance at Off-Design Conditions
Altitude : 40,000 ft

Mach 0.98 1.15 2.1 2.4

F, (Ibf) 5040.35 5253.23 3568.33 1360.59
TSFC (Ibm/hr/Ibf) 0.7820 0.8218  1.7135  5.0820

T (R) 2542.84  2528.32 2505.82 2506.63
OPR 22.48 2047 8,19 6,22




3.4 HECTOR Cycle Analysis : New Engine Optimization

Having established the parametric cycle analysis of the baseline engine by using the GasTurb
13, the following procedure is used in the preliminary design of the HECTOR engine. For
an engine which has supersonic flight capabilities, rather than takeoff, design point should be
considered as top-of-climb, in essence, beginning of the cruise. Since the design point for the
takeoff is given in the RFP, "In-Flight Thrust Requirements" graph is extended, using drag
estimation and is given in the Figure 3.4, to find the required thrust to carry out both subsonic
and supersonic cruise missions. Besides, as demanded in the RFP, the HECTOR engine will
successfully achieve supersonic cruise with 2.1 Mach at 40,000 feet altitude where the design
point criteria is authenticated.
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Figure 3.4: In-Flight Thrust Requirements

The design point optimization of the HECTOR engine targets to reduce specific fuel con-
sumption throughout the flight envelope. Furthermore, for the sake of reducing the weight of
the power plant, the HECTOR engine is designed using advanced materials and manufacturing
techniques considering the promising technological developments. Another important design
limitation is the maximum turbine inlet temperature, which is given as 2840°R in the RFP. In
order to not exceed NOx emission standards, the upper limit for the TET is kept as 2840°R since
it is known that the NOx emission increases exponentially with increasing TET. In addition, if
technological constraints are considered, ceramic-matrix-composite (CMC) materials, which can
withstand temperatures up to 3330 °R without the use of any cooling methods, has been tested
by GE Aviation to overcome the TET restriction and might be considered as a breakthrough in



jet propulsion industry [2]. By implementing this technology into the HECTOR engine, maxi-
mum turbine inlet temperature might be extended to a certain limit to operate safely at higher
thrust values, if demanded. Although extending the limits of TET has many advantages, some
drawbacks exist such as increasing TSFC, and the cost.

The next section underlines how to minimize the specific fuel consumption of the HECTOR
engine by deploying the "Optimization" tool in the GasTurb 13 to determine the best com-
bination of the 4 main design parameters, which are bypass ratio, fan pressure ratio, turbine
entry temperature, and overall pressure ratio, to meet the desired constraints and satisfying the
required thrust.

3.4.1 On-Design Analysis of HECTOR: Simulation Validation

The on-design condition for a supersonic jet is defined as “top-of-climb”, which is at Mach
2.1 and 40,000 feet. As a rule, engines with supersonic capacities are regularly designed for
"top-of-climb" conditions, instead of at take-off, and the HECTOR engine follows this training.
To begin the analyses, a few constraints and assumptions were made. First, the fan diameter of
the new engine is limited to 49” by the existing engine envelope. This limits the cross-sectional
area at the engine face (station 2), thus, limiting the corrected mass flow rate at the engine face
with a reasonable axial Mach number, i.e., 0.5-0.6. For this reason, the corrected mass flow
rate at all flight conditions (on-design and off-design points) was held below 487 lbm/s to ensure
that the fan diameter did not exceed the 49” limit.

A pre-analysis will guide to determine the preferred scope of the main design parameters before

making a more in depth one. Firstly, the turbine entry temperature of the baseline engine is
2492°R and the limit given RFP is 2840°R. So, it may be chosen between this range. The core
thermal efficiency of the baseline engine is too low and it cannot perform the limit of performance
requirement at cruise. For this reason, the turbine entry temperature was chosen as the limit
(2840°R). With a basic determination of TET, the most efficient OPR for the lowest TSFC can
be found.

According to the RFP, the required thrust for a supersonic cruise is around 28,560 lb, which
may require a lower BPR with mixed exhaust to get a higher exhaust velocity. The BPR may
be chosen to be below 0.7 since the HECTOR engine is expected to be able to operate at Mach
3.0. However, as BPR decreases, TSFC increases, which is not desired. So, the optimum point
for OPR can be found for the lowest TSFC. The OPR of the baseline engine at sea level is 21. In
our case, it may be increased to be between 30-35. Taking into account that OPR decreases at
higher elevations, the OPR at on-design may be selected to be between 20-25. Furthermore,to
ensure that the number of fan stages is not greater than 2 to get a low engine weight, and the
single-stage fan pressure ratio is not more than 1.7 to provide a high fan efficiency, the FPR is
limited to less than 2.89.

From here, the optimization program featured in GasTurb 13 is used to address the impact of
the bypass ratio, fan pressure ratio, HPC pressure ratio, and burner exit temperature on TSFC.
Some of the most critical trade studies to determine the optimal parameters for the on-design
condition of the HECTOR engine are shown in Figure 3.5. The black square shown in the carpet
plots of Figure 3.5 represents the result of the overall optimization.
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Figure 3.5: Parametric Studies of Cruise TET, BPR, FPR, OPR, and TSFC for the HECTOR

The optimum point of the TSFC for design point was selected as 1.0964 1b/lbf-hr, as well as a
bypass ratio of 0.286 and a turbine entry temperature of 2840 R. According to the results from
parametric studies, the selected design parameters provide a high performance and efficiency.
Optimized performance of the HECTOR engine at supersonic cruise are described in Figure 3.6.
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Figure 3.6: The HECTOR Engine Performance at Supersonic Cruise




3.4.2 Off-Design Analysis of HECTOR: Simulation Validation

With the cycle parameters at the on-design point of supersonic cruise determined, it is important
to evaluate the performance of the HECTOR engine at major off-design conditions too. The RFP
states that the supersonic business jet must takeoff at 27°F over the standard sea-level static day
(i.e., hot day), fly supersonic at Mach 2.1, at Mach 2.4 over water and 40,000 feet, and Mach 3.0
should be achievable. The aircraft in question can also fly subsonic at Mach 0.98. Besides, it will
cruise at Mach 1.15 overland without producing a sonic boom on the ground. To conduct the
off-design analysis, a series of mission points were defined in GasTurb 13, corresponding to the
five above-listed flight conditions. For the HECTOR at off-design conditions, the objective was

to acquire the necessary thrust while accomplishing improved fuel efficiency from the baseline
engine model.

As per the RFP, it is stated that the new aircraft must cruise at Mach 1.15 over land, without

producing a sonic boom on the ground. Breaking the sound barrier produces a lot of noise.
It is possible to reduce the noise by using boomless cruise technology, technically called as
Mach Cutoff. This method is based on Whitham theory and See Bass and George sonic-boom
minimization theory, and it relates to the nacelle integration of the engine [30]. Engine nacelles
conventionally located under the trailing edge of the wing. According to [28], engine nacelles
could be mounted on the aft fuselage behind the wing trailing edge so that the interference lift
disturbances are closer to the desired expansion region on the conceptual aircraft’s F-function.
This nacelle-mounting option was used in the design of the Langley SBJ concept, which is a
supersonic business jet concept designed for low sonic boom [29]. The keys to achieving a
low-boom design would include the successful integration of engine nacelles.

Figure 3.7: Off-Design Cycle Parameters Trade Studies for the HECTOR - Cruise BPR vs SFC

Bypass Ratio = 0,1 .. 1,7

1

96
1% \u

o
i3

Sp. Fuel Consumption [Io/(Io*h)]
o o
IS

0 02 04 06 14 16 18

28 1
Bypass Ratio

Having the variable bypass technology and fully-variable nozzle in the HECTOR engine, com-
bining higher thrust with lower TSFC was achieved at off-design conditions. Figure 3.7 presents
the relationship between cruise bypass ratio and SFC at subsonic cruise conditions to offer sim-
ilar or less cost-per-mile to subsonic private jets. From the iterative cycle examination relating
on-design parameters to off-design performances, it was conceivable to create the last cycle at-

tributes for each off-design conditions. The key parameters of the HECTOR engine off-design
missions are summarized in Table 3.2.
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Table 3.2: Key Parameters of the HECTOR Off-Design Missions
Mach Number 0 0.98 24 3.0
Altitude (ft) 0 40,000 40,000 50,000
Thrust (Ibf) 24,764.84 6,922.49 32,448.33 38,439.32
TSFC (Ib/Ibfhr) 0.5020 0.7491 1.1918 1.2547

TET (°R) 2723.15  2756.09 2895 3203.4
OPR 31.878 29.652 18.534 17.954
FPR 2.728 2.788 2,347 2.3
BPR 1.7 1.7 0,3152 0.3139

Table 3.3: Key Parameters of the HECTOR Engine All Design Missions
Mach Number 0 0.98 1.15 2.1 2.4
Altitude (ft) 0 40,000 40,000 40,000 50,000
Thrust (Ibf) 24,764 6,922 7,194 28,567 32,439
TSFC (Ib/Ibfhr)  0.502  0.749  0.791 1.096  1.192

TET (°R) 2723 2756 2776 2840 2895
OPR 31.878 29.652 27.127 21.105 18.534
FPR 2.73 2.79 2.7 2.5 2.35
BPR 1.7 1.7 1.6 0.7 0.3

3.5 Performance Comparison with the Baseline Engine Model

Since the cycle parameters of the baseline engine given in the RFP are at the take-off conditions,

to make a meaningful comparison, cycle parameters for supersonic cruise are obtained and stated
at the Table 3.4 by using "Off-Design" tool of the GasTurb. By analyzing the Figure 3.4, the
required thrust for the supersonic cruise is not satisfied by the baseline engine. Hence, it would
not be suitable to compare the baseline engine with the HECTOR engine by also considering
the immense difference between the required thrust values.

Table 3.4: Comparison the Engine Performance the HECTOR and the Baseline Engine
Flight Condition Cycle Parameter Baseline Engine HECTOR Percent Difference

Takeoff Thrust (Ibf) 21,698 24,764 +14.13%

TSFC (b, IbEhr) 0.475 0.502 5.79%

Subsonic Cruise Thrust (Ibf) 5,040 6,922 +37.34%
(M = 0.98) TSFC (b, IbEhr) 0.782 0.749 1.2%
Supersonic Cruise Thrust (Ibf) 3,568 28,567 +700%

(M = 2.1) TSFC (Ib,/IbEhr) 1714 1.096 736.01%

By depending on the literature and the improvements in the supersonic jet engines, producing
28,567 Ibf thrust with a thrust specific fuel consumption of 1.096 is a significant achievement.

This should be considered as a phenomenal performance gain and establish a major selection
criteria for the HECTOR engine.

Yet, after checking the required thrust for the subsonic cruise, both the baseline engine and
the HECTOR satisfy this requirement. If these engines in subsonic cruise were to be compared,
by having 37.34% more thrust produced, a shorter flight time is achievable with the HECTOR
engine than the stated interval in the RFP. Also, having less fuel consumption than the baseline
engine has improved the TSFC by 4.2%. Both gaining more thrust and decreasing the thrust
specific fuel consumption at the same time, the HECTOR completely dominates the subsonic
cruise mission over the baseline engine.
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3.6 Engine Weight Analysis

To investigate the engine weight, a wide scope of research is made about the techniques and
ways. Comparative analysis of mathematical models, such as Torenbeek E. (Delft University
of Technology), Clavier J. (Cranfield University), Kuz’michev (Samara National Research Uni-
versity) and WATE—++ program (NASA) of turbofan engine weight estimation were analyzed
[24]. Among the various applications and trials that have been worked upon, one noteworthy
technique appears to give the most precise outcomes, which is WATE-+-+ program that has been
created by NASA in a joint effort with Boeing [16]. Since this whole program isn’t openly acces-
sible, an essential variant has been found from the referenced MIT report. In this less complex
form, the factors that impact straightforwardly the engine weight are OPR, BPR and core mass
flow. The engine weight can be estimated by using Equation 3.1,

Meorey . OPR
( ) % (

e 1
00 ) < g ) (3.1)

Weng’ine =aX

For the engines with current technology (late 1990s through 2000s):

(—6.590 x 10~1)BPR? + (2.928 x 10?)BPR + 1915

L)

e b= (6.784 x 10-°)BPR? — (6.488 x 10~3)BPR + 1.061
o ¢=(—1.969 x 10~3) BPR + 0.0711

For the engines with advanced materials (including carbon composites, CMC, MMC, and TiAl):

e a=(—6.204 x 1071)BPR? + (2.373 x 10?) BPR + 1702
e b= (5.845 x 107°)BPR? — (5.866 x 1073)BPR + 1.045
e c=(—1.918 x 10~3)BPR + 0.0677
This variant of the estimation is utilized for turbofan engines. Since the ideology of this equation

and strategy is comparable, a comparison between the weight of the baseline engine model with
the HECTOR is done by adding the estimation error according to the take off condition.

Table 3.5: Weight Estimation of the HECTOR engine and the baseline engine
Parameter Baseline HECTOR

Tcore (Ib/s) 177.41 180.11
OPR 21 32
BPR 1.7 1.7
Westimation (lbm) 4214 3812
Wiear (Ibm) 4515 4084

New engine design weight is calculated in Table 3.5 with 6.67% error margin. Also, almost 11%
reduction in weight is obtained, that is approximately 430 lbm, compared to the baseline engine.
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4. Mission Specification and Profile

As mentioned before, the weight of the HECTOR engine is significantly less than the baseline
engine. Thus, the mission segment analysis has been done based on the new weight of the aircraft
by subtracting the weight difference from the maximum take-off weight given in the RFP.

Table 4.1: Mission Segment Analysis of the Supersonic Business Jet Operating with the HECTOR,

Segment Starting Height (ft) End Height (ft) Duration (hr) Range (km)
Warm-up and Taxi 0 0 0.15 /
Take-off 0 25,000 0.05 /
Subsonic Climb 25,000 30,000 0.015 /
Transonic Climb 30,000 40,000 0.015 /
Supersonic Cruise
O = 2.1) 40,000 40,000 / 6000
Supersonic Cruise
(M — 2.4) 40,000 40,000 / 2500
Descend and Landing 40,000 0 0.15 /

For the estimation of the fuel weight, Equations 4.1 and 4.2 are used [44].

FuelWeight = F,, x TSFC x Duration (4.1)
FuelWeight = W;(1 — Wy /W;) (4.2)

W3 TSFC
Wy erp <Range X V><(L/D)> (4.3)

Table 4.2: Mission Segment Fuel Weight Analysis of the Supersonic Business Jet Operating with the HECTOR
Estimated Weight Estimated Fuel

Fuel Percent

Segment After Segment Usage Usage TSFC F,
(Ibm) (Ibm) &

Warm-up and Taxi 140,785.8 4,354.2 4.57% / /
Take-off 139,542.6 1,243.2 1.31% 0.5020 24,764.84
Subsonic Climb 139,387.2 155.4 0.16% 0.7491  6,922.49
Transonic Climb 139,218.0 169.2 0.17% 0.7820  7,211.32
S“pfﬁoilz %”mse 66,156.38 75,355.8 79.22% 1.0964  28,567.02
Sup‘gizoi“; %mge 52,567.87 13,588.3 14.28% 1.1918  32,448.3

Descend and Landing 52,314.87 253 0.29% / /

Total 95,119.1

Considering the range given in the RFP, duration between the specified segments in the Tables
4.1 and 4.2 are estimated. Also, in this estimation, the criterion set in [42] were taken into
consideration.
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Figure 4.1: Aircraft Estimated Weight and Fuel Usage

In the RFP, it states that if 2.4 Mach is achievable, the total fuel weight usage should not exceed
97,400 lbm. By taking this information into account, supersonic cruise at Mach 2.4 is included
as a mission segment.

After obtaining the total fuel weight needed to accomplish the required missions, the HECTOR
engine, as shown in the Table 4.2, it has been observed that the fuel usage limitation set in the
RFP is met. Furthermore, the fuel usage was even less than this set limit.

5. Engine Inlet Design

A supersonic inlet is expected to deliver the necessary mass flow rate to the fan while reducing

the mach number to the inlet conditions of the fan. Since the flow will go through shock waves,
it is important to keep the total pressure loss at minimum. Furthermore, it plays an essential
role in reducing the fan noise. The design of the inlet starts by first selecting the type of the
inlet [13].

5.1 Inlet Type

The three supersonic inlet types are given as [32],

1. Internal Compression,

2. Mixed Compression,

3. External Compression.
The internal compression is not considered to be of any use by most experts due to its poor
performance at nonzero angle of attack values and its requirement of a large throat area for

large Mach number [32]. Since the HECTOR engine is required to fly at mach numbers as large
as 3, such a design is out of the question.
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The mixed compression inlet on the other hand, yields a higher performance at high mach
numbers. However, it is mostly used when the flight Mach number is larger than 2.5 [32].
Considering that the HECTOR engine is expected to fly mostly at Mach 2.1, such a design
would minimally increase the efficiency while adding extra weight, cost and complexity to the
system.

The external compression offers a good in between to the two types mentioned above. It can
operate at large Mach numbers while being lighter, cheaper and simpler than mixed compression
[32]. Thus, an external compression supersonic inlet is deemed to be the best for the HECTOR
engine.

The number of ramps to be used highly depends on the flight Mach number. As the flight Mach
number increases, to obtain reasonable pressure recovery factors, the number of ramps should
also be increased. The design procedure is started using 2 ramps. After the performance of
the inlet is assessed, it has been observed that increasing the number of ramps would yield only
small performance increases while affecting the weight and the cost of the system significantly.

Hence, the inlet of the HECTOR is decided to be, 2 ramp external compression supersonic
inlet.

5.2 Inlet Design Methodology

The design of the inlet of the HECTOR engine focuses on obtaining an optimum pressure
recovery factor (PRF) while ensuring it is light, cheap, and simple. In order to set a starting
point, first the literature is searched for already existing supersonic inlets and their respective
PRF values as shown in Figure 5.1.
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Figure 5.1: PRF of various supersonic aircraft [32].

As shown in Figure 5.1, the PRF at Mach number 2.1 is around 0.96 for state-of-the-art and
is around 0.94 for aircraft capable of flying at such large Mach numbers. Similarly, using the
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MIL-E-5008B standards the PRF can be calculated as shown in Equation 5.1 [13].
PRF =1—0.075(M,, — 1)*3° (5.1)
Using equation 5.1, the PRF is calculated to be 0.915. After the design of the supersonic inlet

is complete, a comparison with these values is necessary to ensure that the design procedure is
carried out successfully.

The design of the supersonic inlet is done using the inviscid supersonic relations for the oblique
and the normal shock respectively. For the oblique shocks that occur at the start of each ramp,
following equations are used [19].

M2 sin?B, — 1

=2 2
tan®, cotf3, MZ (7 cos2,) 7 2 (5.2)
Mnoo = ooSinﬁa (53)
1+ (L) M2
2 o 1 O5 )Mo (5.4)
PVM?%OO - (’YT)
M’n,a
M,=——— .
sin(f —0) (5:5)

The equations are then altered to calculate the aerodynamic properties after the second oblique
shock as well. Then, the aerodynamic properties after the normal shock are calculated by simply
using Equation 5.4.

3D plots are then created to better understand the effect of the ramp angles on the PRF.
Finally, the same analysis is carried out at off-design conditions to evaluate the performance of
the inlet.

In order to find the geometrical relations between the ramps and the cowl-lip, Figure 5.2 is
taken as a reference.

Oblique shocks

a) On-design operation

Figure 5.2: Sketch of the design at cruise conditions [32].

After the shock wave angles are calculated for both of the ramps and the length of the first
ramp is defined, the point where the shock waves coincide will indicate the starting point of the
cowl lip.
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5.3 Inlet Sizing and Performance

As mentioned in Section 5.2, firstly 3D plots for the design condition are obtained to find the
optimum ramp angles using a MATLAB code written by the HECTOR team(see Appendix A).
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Figure 5.3: PRF values for different ramp angles at M., = 2.1. The point shown indicates the optimum first
and second ramp angles and the respective PRF.

As illustrated in Figure 5.3, there is an optimum angle for both ramps that results in the highest
PRF. This point is taken as the design point of the inlet and the performance was reevaluated
for flight Mach number of 3.
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(a) Design point. (b) Optimum PRF

Figure 5.4: PRF values for different ramp angles at M, = 3.
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As shown in Figure 5.4, the PRF is significantly, 9%, less than the optimum PRF at Mach
3. Thus, a variable inlet design is essential to obtain a high PRF at off-design conditions. The
performance of the inlet along with its aerodynamic parameters are given in the Table 5.1.

Table 5.1: HECTOR inlet aerodynamic and performance parameters.
Poco @a Poa 6b Pob Poc PRF
M ) M, . M . M. .
(pst) (deg) (pst) (deg) b (psi) (pst) (%)
2.1 273 11 1.695 2.67 12 1.262 2.61 0.806 2.58 94.31
3 2.73 16 2.204  2.39 18 1.500 2.18 0.701 2.03 74.25

When checked, the PRF calculated at the design condition is highly similar to the values
obtained by using the three method mentioned in Section 5.2. The sizing of the inlet was
carefully done to ensure that the fan inlet conditions are matched using the Area-Mach relation,
Equation 10.3 [19]. Following figures show the inlet design sizing.

2346

f o g

(a) Geometrical parameters of the inlet. Dimensions are in (b) 3D view of the inlet.
mm.

Figure 5.5: Sizing of the inlet.

6. Compression System Design

In this chapter, detailed turbomachinery design has been done by using the GasTurb and
AxXxSTREAM Turbomachinery tools. After obtaining the thermodynamics properties and geo-
metrical constraints from GasTurb, as shown in the Tables 6.2 and 6.4, they are used as boundary
conditions for AxXSTREAM Turbomachinery analysis. By defining total temperature, pressure
and mass flow rate obtained from GasTurb 1-D analysis, 1-D and 2-D analyses are achieved in
AxSTREAM software.

The compression system of the HECTOR engine is based on a two-spool concept with a tran-
sonic fan and low-pressure compressor which is run by the low-speed spool and a high-pressure
compressor operating on the high-speed spool. At the first stage of the design of the transonic
fan and high pressure compressor, the tip relative Mach number should be decided since it is
affected by shaft rotational speed [13].
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Table 6.1: Range and Typical Values of Each Design Parameters for Compression System [13]

Parameter

Range of Values

Typical Values

Flow Coefficient, ¢ 0.3<¢<09 0.6
Axial Mach Number, M, 03< M, <0.6 0.55
Degree of Reaction 0.1 <°R <0.90 0.5 (for M <1)
D-Factor, D D <0.6 0.45
Tip Tangential Mach Number, M; 1.0-1.5 1.3
Reynolds Number Based on Chord 300,000 < Re. >500,000
Stage Average Aspect Ratio, AR 1.0 < AR <40 <2.0
Stage Average Solidiy, o 1.0<0<20 14
Loading Coefficient, 1) 0.2 <1 <05 0.35
Polytropic Efficiency, e, 0.85 < e, <0.92 0.9
Tip Relative Mach Number (1% Rotor), (M, )ty (Miy)eip < 1.7 1.3-1.5
Hub Rotational Speed, wry, wrp, < 380 m/s 300 m/s
Tip Rotational Speed, wr; 450 < wry < 500 m/s 500 m/s
De Haller Criterion, Wy /W, Wy /Wy < 0.72 0.75
Compressor Pressure Ratio per Spool m. <20 up to 20
Aspect Ratio, Fan ~ 2-5 <15
Aspect Ratio, Compressor ~ 14 ~ 2
DCA Blade (Range) 08<M<1.2 Same
Axial Gap Between Blade Rows 0.23¢c, to 0.25¢, 0.25 ¢,
NACA-65 Series (Range) M<0.8 Same
Taper Ratio ~ 0.8- 1.0 0.8

To achieve an outstanding compression system design, some key parameters which play an im-
portant role in the design process should be considered. In compression system design, averaged
flow and stage loading coefficients, De-Haller number, blade solidity and diffusion factor estab-
lish a design criteria for compressor. To meet the best compressor design, these parameters are
iterated until they have a compromise with the specified ranges in the Table 6.1. Also, by us-
ing 1-D and 2-D analyses, 3-D blade design including temperature, pressure, and mach number
distribution for each stage can be achieved.

The HECTOR engine consists of 2-stage fan and 7-stage high pressure compressor. Although
the number of compressor stages is stated in the RFP as 6 for booster and 7 for high pressure
compressor, 13 in total, the total compressor stage for the HECTOR engine is decided to be
7. Analyzing the modern turbofan engines, such as Pratt& Whitney F119, and since decreasing
both weight and length are currently the most important struggles in aeroengine design, having
7 stages for the high compressor of the HECTOR engine is considered to be the best choice.

6.1 Fan (LPC) Design

In the Table 6.2, thermodynamic properties and geometrical constraints are obtained from
GasTurb to be used in AXSTREAM Turbomachinery calculations are shown.
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Table 6.2: Properties of Low Pressure Compressor
Thermodynamic Properties and Geometrical Dimensions of LPC

Total Pressure, P, ,., (psia) 24.89  Polytropic Efficiency e, 0.9
Total Temperature, Ty, .., ("R)  733.49  Adiabatic Efficiency 7. 0.89
Total Pressure, P, ,,., (psia) 61.87  Total Pressure Ratio 2.485
Total Temperature, T;,,,,., ("R) 973.43 Number of Stages 2
Mass Flow Rate m 692.72 1% Stage Blade Height (in) 16.53
Shaft Rotational Speed (rpm) 8000  Tip Diameter (in) 48.1

By considering the polytropic efficiency to be a function of work and flow coefficients, AXSTREAM
generates possible design options. The design with the highest efficiency value among these is
then selected. This option is based on meeting the key design parameters, such as De-Haller
number and diffusion coefficient. Since the LPC Inlet Tip Diameter is decided to be 48.1 inches
from GasTurb, it is given as the maximum fan diameter input while designing the LPC in the
AxXxSTREAM and the result of the design is shown in the Figure 6.1.

AFiguré 6.1: 2D “Deswign of Q—Stégeé Fan

Detailed design parameters obtained from AxSTREAM for each stage in low-pressure compres-
sor are given in the Table 6.3. When each parameter is compared with the typical values, it is
seen that the results are consistent with the values stated in the Table 6.1.
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Table 6.3: Detail Design Parameters of Low Pressure Compressor

. Stage 1 Stage 2
Variables Rotor Stator Rotor Stator
Flow Coefficient 0.58 0.55
Stage Loading 0.51 0.48
De Haller Number 0.71 0.72 0.70 0.72
Degree of Reaction 0.69 0.34 0.71 0.29
Aspect Ratio 2.72 2.18 2.32 1.94
Solidity 3.34 2.17 2.70 2.73
Number of Blades 30 34 36 41
Stagger Angle 30.82 24.09 37.13 22.05
Inlet Metal Angle 50.91 37.86 44.37 41.52
Outlet Metal Angle 66.45 93.93 61.36 94.35
Blade Chord (in) 6.17 6.00 5.25 5.13

Leading Edge Radius (in) 16.81 12.21  9.96 9.47
Trailing Edge Radius (in) 13.07  13.07 12.21  9.96

Mach Number 0.71 0.49 0.62 0.43

Mean Radius 17.21 1721 1721 17.21

Hub to Tip Ratio 0.45 0.44 0.47 0.55
Stage Pressure Ratio 1.64 1.32

Calc section_1 Inlet Station Rator axial_2-1

- Calc section_1 Inlet Station Stator axial_3-1
€= 719567308 55

=708 569788 fifs
E=35.683176 tan. teg
A= 35.683176 tan. deg
K1 =137.866319 tan. deg

W = 946 632418 s

U = 614.736379 U5

B = 49.503995 tan. teg
A =80.000000 tan. deg
K1 = 51.907469 tan. deg

= an. deg
100000 tan. deg = 108466070 tan. deg
10000 tan. deg U =745 265442 Ttés
10000 tan. deg W = 742 245624 ftis
167808 /s C = 1206.969188 /s C=688.18

Figure 6.2: Velocity Triangles of Fan from Mean Radius

K2=93.93
A=190.0000
B =90.0001

(a) 2-Stage Fan Side View
Figure 6.3: 3D Design of Fan

(b) 2-Stage Fan

The velocity triangles of the first stage of the low-pressure compressor is shown in the Figure

6.2. For each stages, velocity triangles and pressure, temperature and mach distributions are
added to the Appendix D.
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6.2 HP Compressor Design

The following results, which are tabulated in the Table 6.4, are obtained as performance analysis

and optimization for the HECTOR engine that will be used to determine the lower and upper
limits of these parameters required for a detailed design in AXxXSTREAM. After specifying the
upper and lower limits for these parameters, some optimizations for the HECTOR engine are
created for preliminary design in AxXSTREAM.

Table 6.4: Properties of High Pressure Compressor
Thermodynamic Properties and Geometrical Dimensions of HPC

Total Pressure, P;, ,., (psia) 61.25  Polytropic Efficiency e, 0.90
Total Temperature, Tyinier (‘R) 973.42  Adiabatic Efficiency 7. 0.89
Total Pressure, P, ,,., (psia) 525.39  Total Pressure Ratio 7, 8.578
Total Temperature, Ty, ,,., ("R) 1829.49 Number of Stages 7
Mass Flow Rate m 538.62 15! Stage Blade Height (in) 7.19
Shaft Rotational Speed (rpm) 12000  Tip Diameter (in) 35.97

The preliminary design of the rotor and stator are completed by using the values given in Table
6.4 and is shown in Figure 6.4.

BE E]_LEL R
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FriglireA 6.4: 2D D‘ésién of %—Sﬁﬂtag”es uCoinp;resyso;

After the analysis in the AxXSTREAM is completed, detailed design parameters are obtained
for each stage. When comparison has been done between the typical values stated in the Table
6.3 and detailed design parameters in the Table 6.5, they are quite consistent.
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Table 6.5: Detail Design Parameters of High Pressure Compressor

. Stage 1 Stage 2 Stage 3 Stage 4
Variables Rotor gStator Rotor gS‘cator Rotor gStator Rotor gStator
De Haller Number 0.7632 0.8642 0.7665 0.7665 0.7665 0.7665 0.7665 0.7665
Flow Coefficient 0.569 0.6 0.6 0.6
Aspect Ratio 2 1.743 1.964 1.860 1.818 1.705 1.657 1.534
Solidity 1.5 1.8 2.419 1.950 1.327 1.335 1.082 0.807
Averaged
Loading Coefficient 0.331 0.331 0.331 0.331
Number of Blades 15 28 27 29 33 35 39 40
Stagger Angle 54.99 15.10 38.55 38.55 38.55 38.55 38.55 38.55
Inlet Metal Angle 49.876  29.961 45.405 31.838 42.696 33.463 43.434 34.849
Outlet Metal Angle 55.767 68.843 58.857 67.869 65.798 68.207 70.971  69.034
Degree of Reaction
Blade Chord (in) 6.27 3.28 3.51 3.19 2.83 2.64 2.41 2.31
Leading Edge Radius (in)  0.07 0.061 0.054 0.048 0.042 0.034 0.032 0.029
Trailing Edge Radius (in) 0.035 0.031 0.027 0.023 0.021 0.019 0.016 0.015
Relative Mach Number 1.214 0.659 0.899 0.873 0.849 0.827 0.806 0.788
Mean Radius (in) 12.47 12.47 12.47 12.47 12.47 12.47 12.47 12.47
Hub to Tip Ratio 0.508 0.611 0.676 0.738 0.782 0.819 0.846 0.867
Stage Pressure Ratio 1.492 1.449 1.395 1.315

The velocity triangles of the first stage of the high-pressure compressor is shown in the Figure
6.5. For each stage, velocity triangles and pressure, temperature and mach distributions are

added to the Appendix D.

880676795 ft/s
45 980560 tan_ deq
A =47 883114 tan. deg
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Figure 6.5: Velocity Triangles of First Stage Compressor from Mean Radius
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Figure 6.6: Main Design Parameters of the High-Pressure Compressor

The Figure 6.6 shows the changes of four important design parameters, which are pressure ratio
calculated through high-pressure compressor, calculated reaction, flow coefficient and loading
among the stages of HPC. Besides, in the Figure 6.7, the colormap showing the variation of the
flow coefficient with stage loading represents the regions where De-Haller number and D-factor
are affected. The HECTOR engine is in the region which De-Haller number is 0.75, D-Factor
is 0.45. If the ranges stated in the Table 6.1 are checked, the HECTOR engine operates in a
desired region considering these two important parameters for the compression system design.
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Figure 6.7: Operating Point of the HPC
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Figure 6.8: 3D Design of Compressor

7. Combustion System Design

This chapter presents combustion chamber of the engine where air and fuel mixture is burned.
To obtain a high combustion efficiency, good mixing has vital importance. It needs to be con-
sidered that having highly efficient combustion chamber is possible by fast atomization of liquid
fuel into quite small droplets [27]. To have adequate droplets, the appropriate type of swirler

should be selected by considering the requirements.

-«
v
) 5
Compressor Combustor X 2
]
E_‘
-«

Tuboannular Annular

Figure 7.1: Types of combustion chambers [27]

As seen in Figure 7.1, there are three types of combustion chambers which are can, tuboannular

and annular combustors. Annular combustion type is mostly used one due to its clean aerody-
namic design with the other advantages like having the lowest pressure loss (approximately 5%
of the combustor inlet total pressure) [27], providing more uniform combustion, less surface
area and shorter size compared to other types. By considering the advantages listed above, an
annular type combustion chamber is selected for the HECTOR engine.
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7.1

7.2

Design Point Specifications

Table 7.1: Combustion Chamber Design Parameter Assumptions [13, 27, 32, 33]

Design Parameters Range
Reference velocity (ft/s) 16.40 - 50
Pattern factor (PF) 02-0.3
Stoichiometric FAR (fuel-to-air ratio) 0.0685
Snout discharge coefficient 1
Equivalence ratio in the primary zone 1.2-1.6
Equivalence ratio in the secondary zone 0.4-0.8
The ratio of primary zone length to flame tube height 1
The ratio of secondary zone length to flame tube height 1.2
Atomizer ALR (Air liquid ratio) >8
Total pressure loss in diffuser %1
Required area ratio of pre-diffuser (AR) 1.5 -4
Length to inlet height ratio (L/H1) 4-20
Reference velocity (ft/s) 15-60

Pre-diffuser Configuration

Since compressor axial flow velocity is as high as 204.59 ft/s (M = 0.1), before combustion takes
place, this velocity should be reduced ideally through a short distance which is done by using
a pre-diffuser between the compressor exit and the burner entrance. The table 7.2 shows the
different types of pre-diffusers.

Table 7.2: Relative Merits of Various Diffuser Types [27]

Diffuser Type

Merits

Drawbacks

Aerodynamic or faired

Low pressure loss

e Relatively long

e Performance susceptible to
thermal distortion and
manufacturing tolerances

e Performance and stability
sensitive to variations in
inlet velocity profile

Dump
higher than for faired type

e Relatively short
e Insensitive to variations
in inlet flow conditions

Pressure loss about 50%

Vortex-controlled

e High performance
Short length
Low pressure loss

e Requires minimum of 4%
air bleed

e Design procedures not
fully established

Hybrid
too low for turbine established

High performance

Short length

Low pressure loss

Low bleed air requirement

Bleed air pressure

Hybrid with pre-diffuser

High performance

Low pressure loss

Low bleed air requirement
High bleed air pressure

Needs extra length
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After reviewing the Table 7.2, it is decided to select a hybrid configuration for the HECTOR en-

gine. Since it provides combination of a vortex-controlled diffuser and conventional wide-angled
post-diffuser located at the exit, compared with the conventional diffusers of the same length,
the hybrid diffuser can achieve a static pressure recovery of at least 25% [27]. Thus, by using a
hybrid diffuser, superior combustion performance can be achieved.

Bleed air

Turbulent
{ shear layer
@lwk
/
.

Supply ir —

T

—
NN

Vortex controlled Wide angled
diffuser conventional

Figure 7.2: Hybrid Diffuser[27]

7.3 Fuel Atomizing Flow

Since liquid atomization and evaporation play an important role in the performance of a gas
turbine, fuel should be atomized into small droplets to increase evaporation rate. By using
Pre-filmed Airblast Atomizer in the design of the HECTOR engine, minimum drop sizes are
obtained to provide maximum physical contact between air and the liquid. Besides, it is also
important to subject high-velocity air at the both atomizing lips, as seen in the Figure 7.2, since
this situation yields the optimum atomization condition. In addition to the advantages of the
airblast atomizer, combustion occurs in the absence of soot formation which results in cool liner
walls and minimum exhaust smoke. Thus, component parts are protected from overheating since
airblast atomizers have ability to create Central Recirculation Vortex (CRV).

Air 777777777777
Fuel »—___ _—

Air ——

Fuel —
Air -5
Prefilming surface

Figure 7.3: Pre-filming airblast atomizer[27]

The main disadvantage of this configuration is having poor atomization at the low air velocity

passing through the atomizer. This problem is solved by combining pressure-swirl atomizer at
low fuel flows with airblast atomization at relatively high flow rates [27]. Hence, this technology
is selected to be used in the design of the HECTOR engine by considering the requirements,
which are to operate efficiently both in subsonic and supersonic cruise conditions.

In the pre-filming type air blast atomizer design considerations of the HECTOR engine, Table
7.3 is prepared by following the methods derived from [32].
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Table 7.3: Pre-filming type air blast atomizer design parameters

Injection System Supersonic Cruise
Number of Fuel Injectors 18
Swirler Hub to Tip Ratio 0.7-0.9
Total Swirler Area (in?) 487.38
Swirler Blade Angle 45
Swirl Number 0.86

7.4 Pre-diffuser Calculation

According to [32], to obtain high flat-wall diffuser efficiency, 260 = 9° should be satisfied. Fur-
thermore, length to inlet height ratio and the area ratio should be between 4 and 20, and 1.5 and
4, respectively. By combining pre-diffuser calculation methods stated in [32] and AxSTREAM
results, L/H, ratio has determined as 12.3. If it is checked with the Figure 7.4a the region in
which the HECTOR engine operates is safe in terms of stall condition.
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(a) Operating regimes of a flat-wall diffuser (b) Diffuser effectiveness on performance map of flat-wall diffuser

Figure 7.4: Historical trends for deciding pre-diffuser performance

After ensuring that the operation is not in the stall region, it is necessary to find pre-diffuser
efficiency to calculate pressure drop across the diffuser part of the combustion chamber. By
considering L/H; and Ay/A; ratios, from the Figure7.4b it is noted that the HECTOR engine
operates with pre-diffuser efficiency of 91.5% at the no stall region with 26 = 9°.

_ 11—
77[,:1—(1 AR2)(; "D):o.gggl% (7.1)

1+7M12

After calculating pressure drop across the pre-diffuser, 1% loss is obtained. Hence, the assump-
tion which is made at the Table 7.1 is valid.
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7.5 Combustor Air Partitioning and Equivalence Ratios

Equivalence ratio, air flow rate and flow fraction values of each zone and many other on-design
parameters are found by following the methods stated in [32], and they are tabulated in the
Table 7.4.

Table 7.4: Combustion chamber on-design conditions

Design Parameter Value
Total air mass flow rate (Ib/s) 514.5
Total fuel mass flow rate (Ib/s) 13.19

Mach number at combustor inlet 0.1
Heating value of fuel (BTU/Ib) 18553

Total temperature at combustor inlet (R)  1829.49
Total temperature at combustor outlet (R) 2840

Total pressure at combustor inlet (psia) 525.39
Total pressure at combustor outlet (psia) 499.12
Compressor blade pitch radius (in) 17.25
Swirler hole number 18
Primary zone equivalence ratio 0.724
Primary zone air flow rate (Ib/s) 265.95
Primary zone flow fraction 0.516
Secondary zone equivalence ratio 0.507
Secondary zone air flow rate 379.79
Secondary zone flow fraction 0.221
Dilution zone flow fraction 0.123
Pattern Factor 0.257
Stoichiometric FAR ratio 0.06850
Reference velocity (ft/s) 50
Diffuser pressure loss 1%
Atomizer ALR (Air liquid ratio) 10
Required area ratio of pre-diffuser (AR) 3.02
Length to inlet height ratio (L/H1) 12.3

Fuel-to-air ratio, 0.025, with 308.625 lb/s mass flow of the air excluding bleed air is separated
as 25% (38.57 Ib/s) for primary zone, 36.67% (56.58 lb/s) for secondary zone and 38.33% (59.15
Ib/s) for the dilution zone by considering dome flow partitions stated in [32].

7.6 NOx Emission

NOx emission is another key aspect in the design of the combustion chamber. To design a low
emission combustion chamber, it is necessary to provide sufficient time and temperatures while
reactions occur. The four key factors to be considered while designing a combustion chamber
are, reducing equivalence ratio of the primary zone to achieve lean-burn combustion, improving
injectors due to fuel atomization efficiency, reducing the high temperature residence time of the
combustion chamber gas and improving the uniformity of the fuel- air mixture [47, 17].

RQL (Rich burn, quick Quench, Lean burn), LPP (Lean, Pre-mixed, Pre-vaporized) and LDI
(Lean Direct Injection) are the commonly used combustion chambers in aeroengines. The tech-
nical comparison of these types are given in Table 7.5.
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Table 7.5: Comparison of Combustion Chambers[43]

Low emission method LPP RQL LDI
NOX emission Extremely low Very low Very low
Combustion efficiency Extremely high High High

Flash back, combustion unstable,
spontaneous combustion
Smoke Extremely low High Low
Short length, Short length,
complex dome complex dome
Development prospect Common Good Best

Combustion stability No flash back Low

Configuration Long length

By considering both the Table 7.5 and the requirements given in the RFP, it is decided to
choose LDI configuration due to its low NOx emission and soot formation together with having
high efficiency and short length. Compared to other two combustion chambers, LDI can reduce
NOx emission more than the RQL combustor and LDI has less tendency to suffer from unstable
combustion and flashbacks than LPP combustor.

7.7 Liner Material Selection and Advanced Cooling Technique

Due to its common usage in aeroengine industry, nickel-based super alloys have been standard-
ized for combustion chamber liner material selection. Since higher overall engine performance is
desired for decades, the HECTOR engine will utilize Hastelloy X nickel-chromium-iron-molyb-
denum alloy, which has superior high-temperature strength up to 2610 R° with an exceptional
oxidation resistance and excellent fabricability characteristic. Hence, having these advantages
makes this material a step further than others in the aerospace industry [49].
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Figure 7.6: Liner Cooling Techniques [32]

Since the highest turbine inlet temperature given in the RFP is 2840 R°, protection for the
liner part of the burner is required to compensate 200 R° temperature difference between the
highest turbine inlet temperature and Hastelloy X’s maximum service temperature to reduce
the effects of hot streaking by an insulation of ultra-lightweight ceramic matrix composites such
as CMC (SiC/SiC) tiles.

While CMC tiles provide movement of air flow among the holes in the combustor walls together
with the convective film cooling liner behaves as an insulator by enhancing the convective heat

30



transfer characteristics between the pedestal tiles. These tiles not only augment the convective
heat transfer, but also reduce cost since they are designed as removable pieces for maintenance.
Although using ceramic materials as a cooling technique is considered as a developing technology,

the HECTOR engine will use this promising technique for an efficient cooling.

7.8 Combustor Geometry

The methods used for the combustion chamber geometry of the HECTOR are determined by

following the techniques stated in [32].
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Figure 7.7: Combustion Efficiency & CLP Correlation[13]

(7.2)

For gas turbine engines, Lefebvre introduced the combustion loading parameter (CLP). This
parameter has good correlation with the combustor efficiency and is given by Equation 7.3. ’b’

is the reaction parameter which depends on the primary zone equivalence ratio, ¢,..

T3
orp— g — P Ares HeE
ms3
b= 382[\/§iln1¢6;], (+) for ép. <1.03, (=) for é,. >1.03
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Table 7.6: Combustion Efficiency and CLP Correlation [13]

Design Parameter Supersonic Cruise
Primary zone equivalence ratio 0.724
CLP 175.64 x 10°
b 404
Combustion Efficiency 99.5%

7.10 Combustor Ignition Source

A surface discharge type igniter is selected for the HECTOR engine due to its common usage
and high reliability for gas turbines. Ignitor should be located in the primary zone where air-fuel
mixture passes over the electrodes. Yet, it is needed to locate the ignitor far enough from the
hottest part of the primary zone, due to high temperatures caused by the recirculation bubble,
electrodes might wear away. Also, ignitor should be close enough to stoichiometric region so that
the ignition takes place, properly. Besides, considering flame propagation to neighboring primary
zones, each primary zone does not have to have their own ignitor. Thus, and appropriate number
and location should be decided by trial and error method [32]. By reviewing the literature, it
has been decided for the HECTOR engine to have 2 spark ignitors.

7.11 Combustion Chamber Performance Parameters

The performance parameters of the combustion chamber are given in Table 7.7.

Table 7.7: Combustion Chamber Performance Parameters

Design Parameter Value Parameter Value
Residence time (ms) 4 Air-liquid Ratio 10
Loading Factor (kg/bar!¥m?s) 0.07 Air-fuel Ratio 40.3

Combustion Intensity (MW/m3bar) 55.76  Global equivalence ratio  0.365

7.12 Combustion Chamber Drawing of the HECTOR Engine

Figure 7.8: Cross-Section of the Combustion Chamber of the HECTOR
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Figure 7.9: Combustion Chamber 3-D Drawing

8. Turbine Design

This chapter includes detailed information regarding the design of the turbine system of the
HECTOR engine. Preliminary design parameters, typical ranges for design criteria, the per-
formance characteristics and analysis results are stated in this chapter. The HECTOR engine
operates with a high-pressure turbine (HPT) and low-pressure turbine (LPT). In a 2-spool de-
sign, power is transferred to the HPT by the high-pressure compressor, and the fan transmits
power to the LPT. Thus, while designing the turbine where the energy required to rotate the
compressor is taken from the core flow, component efficiencies and transmitted power by the
shaft should be taken into account.

Table 8.1: Turbine Performance Parameters

Parameters for HPT Value
Maximum AN? 4 x 1010 - 5 x 1010 in?. rpm?
Axial Mach Number, M, 1.4-2.0
Exit Mach Number 0.4-0.5
Exit Swirl Angle 0-40 deg
Parameters for LPT Value
Inlet Total Temperature <2070°R
Hub/tip ratio at inlet 0.35-0.5
Maximum stage loading at hub 2.4
Exit Mach Number 0.4-0.5
Exit Swirl Angle 0-40 deg

In the development of turbine technology, increasing HPT inlet temperature, cooling airflow
and stage loading coefficient of LPT should be taken into account. At the design stage of the
turbine, these parameters highly affect overall pressure and by-pass ratios. Also, by considering
these parameters together with the efficiency, to obtain a reduction in TSFC is possible. In the
HECTOR engine, design methodology applied for the compressor design in AxXSTREAM is also
applied for the turbine design. In this process, range for the parameters, which are stated in
the Table 8.1, required for the detailed preliminary design in AxXSTREAM are determined using
GasTurb. Among potential design points created in AxSTREAM after indicating desired range
for each parameter, the point which meets the design criteria and has maximum efficiency for
the turbine is selected for detailed design. After that, by using selected optimum design point,
3D design of rotor, stator and blade for each stage are created.

33



Zweifel Coefficient, aspect ratios as blade height to chord, solidity, pitch and chord values for
each stage of turbomachinery are the most important design criteria of the turbine design.

The HECTOR engine consists of 1-stage high-pressure and 3-stage low-pressure turbines. The
design parameters are stated in the upcoming sections by considering each stages.

8.1 High-Pressure Turbine Design

In the Table 8.2, thermodynamic properties and geometrical constraints that are obtained from
GasTurb to be used in AXxXSTREAM Turbomachinery calculations are shown. By examining
total efficiency values as a function of flow and work coefficients, AxXSTREAM generates possible
design options. The design that has the best efficiency value among these specified designs is
selected. This option is based on meeting the key design parameters such as Zweifel Coefficient,
aspect ratios as blade height to chord, solidity, pitch and chord values.

Table 8.2: Properties of High Pressure Turbine
Thermodynamic Properties and Geometrical Dimensions of HPT

Total Pressure, P;, .., (psia) 499.12  Polytropic Efficiency e, 0.90

Total Temperature, Tyinier (“R) 2840 Adiabatic Efficiency 7, 0.89

Total Pressure, P, ,,., (psia) 110.92  Total Pressure Ratio 7, 4.50
Total Temperature, Ty_ ,,., ("R) 2060.24 Number of Stages 1

Mass Flow Rate m 523.07  1%¢ Stage Blade Height (in) 4.01

Shaft Rotational Speed (rpm) 12000  Tip Diameter (in) 40.1

Table 8.3: Detailed Design Parameters of High Pressure Turbine

. Stage 1
Variables Stator Rotor
Flow Coefficient 0.52
Stage Loading 1.93
Degree of Reaction 0.52
Zweifel Coeflicient 0.75 0.63
Aspect Ratio 1.24 2.18
Solidity 1.50 1.82
Number of Blades 40 85
Stagger Angle 50.63 34.12
Inlet Metal Angle 90 51.27
Outlet Metal Angle 20.19 .15.87
Mean Radius 15.56 15.56
Mean Diameter to Blade Height 7.75 0.44
Rotor Inlet Temperature / 2840
AN? 3.73x 107 7.66 x 107
Exit Mach Number 1.04 0.64
Stage Pressure Ratio 4.50

Detailed design parameters obtained from AXxSTREAM are given in the Table 8.2. When each
parameter is compared with the typical values, it is seen that the results are consistent with the
values stated in the Table 8.1. For each stage, velocity triangles and pressure, temperature and
Mach distributions are added to the Appendix D)
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Figure 8.1: 2D Design of 1-Stage High Pressure Turbine
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Figure 8.2: Velocity Triangles for High Pressure Turbine from Mean Radius
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(a) 1-Stage HPT Side View

(b) 1-Stage HPT
Figure 8.3: 3D Design of High Pressure Turbine
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8.2 Low-Pressure Turbine Design

Following results, which are tabulated in the Table 8.4, are obtained as performance analysis
and optimization for the HECTOR engine that will be used to determine the lower and upper
limits of these parameters required for detailed design in AxXSTREAM. After specifying upper
and lower limits for these parameters, some optimizations for the HECTOR are created for
preliminary design in AXSTREAM.

Table 8.4: Properties of Low Pressure Turbine
Thermodynamic Properties and Geometrical Dimensions of LPT

Total Pressure, P, ., (psia) 109.81  Polytropic Efficiency e, 0.90

Total Temperature, Tynier (‘R)  2043.6  Adiabatic Efficiency 7. 0.89

Total Pressure, P, ,,., (psia) 55.15  Total Pressure Ratio . 1.99
Total Temperature, T;_,,., ("R) 1755.35 Number of Stages 3

Mass Flow Rate m 542.83 15" Stage Blade Height (in) 8.83

Shaft Rotational Speed (rpm) 8000  Tip Diameter (in) 42.2

The preliminary design of the rotor and stator created by using the values given in Table 8.4
as shown in Figure 8.5. After the analysis in the AxXSTREAM, detailed design parameters are
obtained for each stage. When comparison has been done between the typical values stated in
the Table 8.1 and detailed design parameters in the Table 8.5, they are quite consistent. The
velocity triangles of the first stage of the low-pressure turbine is shown in the Figure 8.5. For
each stages, velocity triangles and pressure,temperature and mach distributions are added to
the Appendix D)

Table 8.5: Detail Design of Low Pressure Turbine

. Stage 1 Stage 2 Stage 3
Variables Stator Rotor Stator Rotor Stator Rotor
Flow Coefficient 0.85 0.97 1.07
Stage Loading 0.83 1.17 1.09
Degree of Reaction 0.85 0.74 0.76
Zweifel Coeflicient 0.54 0.63 1.88 0.67 1.52 0.65
Aspect Ratio 2.72 6.73 3.70 9.15 4.86 11.80
Solidity 2.06 2.76 2.37 3.67 3.26 8.79
Number of Blades 37 72 37 71 36 66
Stagger Angle 0 66.49 0 61.95 0 62.61
Inlet Metal Angle 70.0 139.44 40.85 130.98 43.75 133.07
Outlet Metal Angle 90.0 23.29 80.99 25.78 90 25.84
Mean Radius 13.68 13.27 12.75 12.38 11.88 11.51
Mean Diameter to
Blade Height 3.09 2.23 2.34 1.67 1.72 1.20
Rotor Inlet Temperature / 2060.46 / 1946.68 / 1837.86
AN? 3.13 x 107 4.09 x 107 3.60 x 107 4.75 x 107 4.25 x 107 5.72 x 107
Exit Mach Number 0.33 0.51 0.37 0.55 0.39 0.59
Stage Pressure Ratio 1.21 1.29 1.26
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Figure 8.4: 2D Design of 3-Stage Low Pressure Turbine

(a) 3-Stage LPT Side View (b) 3-Stage LPT
Figure 8.5: 3D Design of Low Pressure Turbine

8.3 Smith Chart

In the Smith Chart, efficiency of HPT and LPT are calculated as a function of flow coefficient
and stage loading factor. By looking at this chart, it is possible to compare the efficiency value
calculated in AxSTREAM with the efficiency value determined from the Smith Chart, as a result
of turbine performance analysis. In AxXSTREAM, average flow coefficient is approximately 0.52
and average loading factor is 1.93 for HPT, while these values are approximately 0.97 and 1.1
for LPT, respectively. As indicated by blue signs in the Figure 8.6, average efficiency values are
between the efficiency curves of 0.90 and 0.91 for both HPT and LPT. If the Tables 8.4 and 8.2
are checked, results obtained from AxSTREAM and the Smith Chart have strong correlation in
terms of efficiency values.
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Figure 8.6: Smith Chart for Turbine of the HECTOR at supersonic cruise

8.4 Turbine Blade Cooling

Modern trends of gas turbine engines focus on increasing turbine inlet temperatures to reduce
specific fuel consumption and improve the overall performance of the engine. However, operating
at very high temperatures reduces the life of the turbine blades and blades, while the permissible
temperature level of the cycle is limited by the melting point of the materials. Therefore, turbine
blade cooling is required to reduce blade metal temperature to acceptable levels for materials
that increase the engine’s thermal capacity. The turbine inlet temperature (TET) has more than
doubled in the past 60 years because of the contribution and development of turbine cooling

systems.
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Blade cooling is nothing but cooling air which is taken from high pressure compressor (HPC)
outlet passes through the turbine blades. In order to avoid malfunction, this cooling process
also requires the turbine blade life to be designed by avoiding local hot spots and to predict the
metal temperature. There are different turbine cooling techniques can be classified as convective,
impingement, film, full-coverage film and transpiration film cooling.

Convective cooling works mainly with air flow through the internal channels. In convective
cooling, heat is transferred by conduction through the blade and then by convection into the air
flowing through the blade. In addition, impingement cooling works with high flow rate air flow
strokes and this type of cooling is used for heavy heat loads.Film cooling is main component of
the overall cooling of turbine airfoils. As it can be observed in Figure 8.8, there are holes in the
body of the airfoil for allowing the coolant to pass from the inner cavity to the outer surface
throwing the refrigerant.

>

Figure 8.8: Film-Cooling

9. Mixer Design

Initially, flow streams are divided by the splitter and they join each other at the end of the
splitter. In other words, using a forced flow lobed mixer, the core flow is mixed with the fan flow
from the bypass duct for creating vortex flow to increase exchange of momentum and energy
between the stream. Applying such a device to supersonic ejectors is useful for reducing take-off
noise and increasing the thrust and heat exchangers. The parameters of the mixer design and
sketch of the mixer of the Hector engine are shown in Figure 9.1b.

(a) Mixer Flow [50] (b) Mixer 3-D Drawing
Figure 9.1: Mixer Design
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10. Exhaust System Design

An efficient exhaust system is essential in a low-noise engine design. Furthermore, the nozzle
is expected to ideally expand the exhaust gas while producing low drag [13]. Thus, a special
attention is payed to the design and optimization of the nozzle.

10.1 Nozzle Inlet Conditions

The inlet conditions for the nozzle are determined by the analysis done in GasTurb and are
given in Table 10.1.

Table 10.1: Nozzle inlet conditions.
M Tin pm Din m

" (°R) (psi) (in) (ib/s)
0.46 1548 48.7 41.7 699

10.2 Nozzle Design Methodology

Before designing the nozzle, it is important to decide if it is necessary to use a converging
diverging nozzle or a converging nozzle is enough. As suggested by [13], if the converging
diverging nozzle yields at least 5% more thrust than a converging nozzle, a converging diverging
nozzle should be designed. The ratio of the thrust produced by the converging diverging nozzle
to the thrust produced by the converging nozzle can be written as shown in Equation 10.1 [13].

,
v+ (1 _ (@Uﬁ.NPR—l)

10.1
quConv. ( )

Using Equation 10.1 with NPR = 20.78, for ideal expansion, shows that using a converging
diverging nozzle yields 13.09% more thrust. Thus, a converging diverging nozzle is deemed to
be suitable for the HECTOR engine.

Since the engine is required to operate in various altitude and Mach number values, to ensure
that the flow is ideally expanded for all conditions, a fully variable design is essential.

The design of the nozzle was carried out using Method of Characteristics. The algorithm was
implemented in MATLAB by the HECTOR team and a Graphical User Interface (GUI) was
built afterwards to aid the design procedure (see Appendix B).

Since Method of Characteristics provides a good way to design the nozzle to have isentropic,
or as close to it as possible, behavior, it will help to reduce the noise [13].
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Although nozzle is designed using Method of Characteristics, the created algorithm includes
some empirical equations to estimate the boundary layer development. Since the losses in the
nozzle are predominantly caused by the accelerated turbulent flow and its effect on the develop-
ment of the boundary layer, such an addition is essential in estimating the nozzle performance
correctly [5].

In order to put a starting point to the exit mach number of the nozzle, knowing that the mass
flow rate is m = 6991b/s, assuming that ideal expansion is achieved, and the mass flow rate of
the fuel is negligible, the difference between the velocity of the exit and free stream air can be

estimated using Equation 10.2.
F =1mAV (10.2)

Then, knowing the required thrust in cruise, F' = 28,670 lbf, the exit air can be estimated to
be 1318 ft/s faster than the freestream. This value will be used as a sanity check after the
calculations are completed.

Furthermore, by using the Area-Mach relation given in Equation 10.3 [19], the exit area is
calculated to be compared with the output of the method of characteristics to ensure that the
calculations are carried out correctly.

(&) =5

Finally, in order to find the adiabatic efficiency of the nozzle, Figure 10.1 is used.
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Figure 10.1: Nozzle adiabatic efficiency [13].
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10.3 Nozzle Performance

Using the GUI created by the HECTOR team, the exit mach number of the nozzle is increased
slowly to ideally expand the flow. After the ideal expansion is achieved, the mesh density is

increased to increase the accuracy of the results. For illustration purposes, mesh density of 25
will be shown.
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Figure 10.2: The input tab of the GUI showing the inlet conditions and the characteristic mesh.

As shown in Figure 10.2, the characteristic mesh is successfully created. The exit Mach number
is set to 2.6 while the expansion section radius is set to the lowest possible value. These ensure
that the flow is ideally expanded.
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Figure 10.3: Nozzle performance obtained using Method of Characteristics.
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As mentioned before, various parameters are estimated to check the accuracy of the design.
First, from Figure 10.3b it can be observed that the exit velocity is rough 400m /s higher than the
free stream velocity. The exit pressure is equal to the atmospheric pressure, within two percent
accuracy. The required thrust at cruise is also provided.

While designing the nozzle it has been noted that if the expansion section radius is too low,

some of the characteristics lines will leave the nozzle without reflecting from the wall. This
implies that there exists a maximum for the deflection angle. For the cruise conditions, this
parameter, 0,,,,, is about 10 degrees. Due to this restriction on the maximum deflection angle,
the nozzle is rather lengthy.

Comparing the exit diameter of the nozzle calculated using method of characteristics with
the value calculated using Equation 10.3, it is noted that the values are within 2% accuracy.
This implies that to ideally expand the nozzle, the exit diameter of the nozzle should be
Acrit = 3984 ~ 4046 in?. Considering the maximum envelope diameter of the baseline engine,
if ideal expansion is desired, then it is not possible to keep the same diameter for the HECTOR.
To further check the accuracy of the results, following figure that shows how the gross thrust
coefficient changes for different throat-to-exit area ratios and NPR values is used.
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Figure 10.4: Gross thrust coefficient for different NPR and area ratios [13].

For the NPR of 20, it is noted that the highest gross thrust coefficient occurs when the throat—

to-exit area ratio is roughly 4. Checking the performance parameters of the nozzle, a similar
value is observed. Thus, it is concluded that the ideal expansion is not possible for the given
envelope diameter. Due to the importance of ideally expanding the flow, this constraint is lifted
to be D, = 71.2 in.

Then, to reduce the resulting length of the engine, the deflection angle restriction is lifted. It is
expected that the characteristic lines not reflecting from the wall does not occur in a real nozzle,
hence, the nozzle characteristics can be preserved while the angle is increased.

The performance parameters of the nozzle are given below.

Table 10.2: Performance of the HECTOR nozzle at cruise conditions.
Condition Ch Tn NPR 1, Ctq
My =21 09555 0.9297 20.78 0.98 0.9463
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The sizing of the nozzle, including suppression channels, is shown below. The importance and
effect of the suppression channels will be discussed later on.

1819
1058
897

370 1090

(a) 3D model. (b) Geometric parameters.
Figure 10.5: Nozzle sizing. Dimensions in mm.

10.4 Nozzle Area Scheduling

As a fully variable nozzle is proposed, it is important to define the area ratio of the exit and
the throat for various operating points. As in subsonic regime, the nozzle becomes a converging
nozzle, only the supersonic regime is investigated. Following figure shows the variation of the
area ratio with the flight Mach number.
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(a) Variation with the flight Mach number. (b) Variation with the exit Mach number.

Figure 10.6: Variation of the throat-to-exit area ratio of the nozzle.
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11. Overall Structural Design
11.1 Material Selection

Material selection is one of the most vital procedures required to increase the engine perfor-
mance. Determination of materials is also important for the engine life-cycle. Hence, for every
component of the engine, estimated lifetime should be known. To design the engine success-
fully, thermodynamic, aerodynamic and structural requirements are provided. The performance
improvement of an engine is limited with development of material science.

Material technology is developing year by year. In the development of material technology,
performance and cost are major players. The essential process is to design an engine that is
more efficient, have a higher performance and strength, and is safe.
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For each component of the HECTOR engine, the selection of materials depend on the literature

review, historical trends and experiences. Although used materials in the past and present are
sourced, the material to be used in the future are investigated for each component of the engine.
As shown in Figure [?], the Titanium, Aluminum, Carbon, Ceramic-Matrix and Metal-Matrix
Composites are becoming much lighter than before [53].
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Figure 11.2: Common Materials used in engines [53].

As shown Figure 11.3, Ceramics, CMC, Carbon-Carbon Composites are the most reliable
materials to resist high temperatures. Additionally, Inter-Metallic Compounds, Metal-Matrix
Composites and Polymer Matrix Composites are also in development.
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Figure 11.3: Common Materials in development of high temperature Turbine [53].

11.2 Common Material Properties

11.2.1 Polyimide Composites

Heat resistance and mechanical properties of the polyimide composites are beneficial for aero-
engines as they have high temperature resistance. In between theseveral variants of polyimide

composites, especially the organic hybrid polyimide composite resin resists up to 1300°R for
extended periods of time.

Table 11.1: Material Properties of SiCf/Ti Composites

Material Property Value
Max Service Temperature(R) 1256
Density(1b.in-3) 0.04805
Tensile Strength(ksi) 287
Young’s Modulus(msi) 20

11.2.2 Metal-Matrix Composites

Metal-matrices have high temperature resistance, strength and ductility increasing its tough-
ness. Although they are heavier than polymers and very complex to process, they can be used
in areas such as the skin of supersonic aircraft and their engines.

11.2.3 Ceramic-Matrix Composites

Ceramics-Matrix Composites (CMCs) consist of alumina, silica, zirconia, and other elements
refined from fine earth and sand or of synthetic materials, such as silicon nitride or silicon
carbide. They have desirable properties such as superior heat resistance, low abrasive and
corrosive properties. The Table 11.2 shows the CMC Properties [14].

46



Table 11.2: Material Properties of SiC Ceramic Matrix Composite [14]

Material Property Value
Max Service Temperature(R) 3160
Density(1b.in-3) 0.0903
Tensile Strength (ksi) 46.56
Young’s Modulus(msi) 41.3

11.2.4 TiAl Intermetallic Compounds

In the material selection, the aim is to find a material with a low density and that is able to
withstand high stresses and temperatures. Upon literature review regarding TiAl intermetallic
alloys, it has been noted that they have good mechanical properties and oxidation resistance
at high temperatures, also high strength and resistance to crack propagation. Also, they have
high resistance against fatigue due to their higher fracture toughness, good creep resistance at
high temperatures, 2100°R. Therefore, TiAl intermetallic alloys are especially used in turbine
blades thanks to their mechanical behavior at high temperatures, oxidation resistance, fracture
toughness, and creep life [51].

Because Titanium Aluminide (TiAl) based alloys offer a good balance of properties due to their

low density,~ 243 — 262lb/ft3, good high temperature creep strength and oxidation resistance,
and high melting temperature and particularly in the temperature range of 600-800 °C, TiAl
systems provide a unique weight saving opportunity in the hot sections of jet engines, specifically
when replacing the Ni-base alloy Low Pressure Turbine (LPT) blades with TiAl-based alloys [4].
Therefore, it can be considered for the turbine blades of the HECTOR engine. In Table 11.3,
material properties of Ti-45A1-8Nb PST Single Crystals are given.

Table 11.3: Material properties of Ti-45A1-8Nb PST single crystals [8].

Material Property Value
Max Service Temperature(R) 2100
Density(Ib.in3) 0.1409
Tensile Strength(ksi) 92.39
Young’s Modulus(msi) 20.305

11.2.5 Nickel-Based Superalloys

The nickel-based superalloys can be used for long intervals under middle or high tempera-
tures in turbine components or bearings thanks to its high performance under these conditions.
Moreover, nickel based alloys are used most extensively in the combustor, where elevated tem-
peratures are maintained during the operation. Also, they have high creep-growth resistance,
strength, and toughness under high temperatures [40].

11.3 Component Material Selection

11.3.1 Inlet Materials

In the aeroengines, inlet is the first module. Mass flow rate through the engines, which affects
the produced thrust and the fuel consumption, depends on the efficiency of the inlet. Such
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efficiency is achieved with proper geometry design and accurate production. Inlet must provide
the exact amount of air necessary for different flight conditions. Thus, the material selection for
the inlet is highly important. The inlet materials need to withstand high temperatures during
supersonic cruise. The inlet must transfer the flow to the succeeding engine modules with little
distortion for smooth running of the engine and efficient propulsion with a minimum disturbance
to the external flow around the aircraft not to produce excess drag. Noise levels are an extremely
important design consideration for the inlets. Therefore, using the right material is essential for
noise absorption and suppression and to meet the international acoustics limitations [1].

Since fiber—reinforced plastic (FRP) has high strength and low density compared to steel, FRP
materials are used in structures that experience high speeds, temperatures, and humidity levels
[37].

Carbon fiber reinforced polymer (CFRP) is a strong material that contains carbon fibers. CFRP
materials has many great advantages in aircraft and aeroengine design, such as reduced weight,
fuel consumption, increased payload and range of flight. Moreover, CFRP materials have benefits
increase toughness and durability and to decrease the maintenance cost and provide an increase
in passengers comfort and safety, all of which have vital importance in aircraft and aeroengine
design [1].

As a result, CFRP is chosen as the inlet material for the HECTOR engine and its mechanical
properties are given in Table 11.4.

Table 11.4: Selected Material for inlet (CFPR) Metalic Properties

Selected Material Properties CFRP
Maximum Service Temperature (R) 747
Density (Ib/in®) 0.058
Cost ($/1b) 27.2
Tensile Strength (psi) 0.17 x 10°
Young Modulus (psi) 10.15 x 10°
Elastic Modulus (psi) 19.14 x 10°

11.3.2 Fan (LPC) Materials

Research on the candidate materials for the fan blades, their manufacturing process and struc-
tural analysis along with the ways to improve them began in the mid 70’s and continues today.
The goal in choosing the fan materials is to reduce weight, increase efficiency and decrease cost.
This has driven the engine designers to choose materials that are based on carbon and Kevlar.
Usually, composite materials, such as carbon-fiber, are used to achieve these goals due to their
availability, manufacturability, stiffness, high strength and low weight. The reduced weight can
reach up to 350lbs when used in fan casings and can be observed in modern engines like GEnx.
This reduction results in a gain of 2 extra passengers.
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Figure 11.4: Materiel comparison [41].

Figure 11.4 shows that the cast magnesium alloys, carbon steel, nickel based super alloys,
titanium alloys are suitable for frontal fan blades. However, due to their low safety of margin,
Carbon steel, and nickel based super alloys can not be considered. Hence, titanium alloys are
the most suitable for the frontal fan blades [41].
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Figure 11.5: Meterial comparison [41].

The Figure 11.5 shows that, CFRP (Carbon Fiber Reinforced Polymer) materials are the most
ideal materials for frontal fan blade. .

A comparison between Ti-6Al-4V and CFRP is given in the Table 11.5 [41]. From this table
it is noted that the CFRP is much more enhanced when compared to the Ti-6Al1-4V. Thus, the
CFRP has been selected to be used in frontal fan blades.
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Table 11.5: Comparison between Ti-6A1-4V with CFRP[41]

Material Properties TI-6Al1-4V CFRP
Yield Strength(Pa) 1.09 x 108 5.5 x 108
Tensile Strength(Pa) 1.16 x 105  15.2 x 10%
Compressive Strength (Pa) 1.74 x 108 6.3 x 103
Fatigue Strength at 107 cycles (Pa) 8.54 x 108  21.4 x 10%
Melting Point (Celsius) 1.25 x 103 3.82 x 10°
Density (kg/m?) 1.476 x 10> 9.36 x 10°

By characterizing the materials according to their damage tolerance, ductility, high cycle fatigue
(HCF) strength, and yield strength, suitable materials can be found for the fan blade. Reduced
weight in a fan blade inherently means that lighter supporting structures become feasible includ-
ing disks, bearings, and bearing supports, which in turn can affect aircraft structures such as
pylons, wings, and the fuselage. GE, PW and RR typically use titanium-based materials in the
fan blades. Recently, GE has started using composite materials and PW uses hybrid-metallic
construction [41].

Titanium, composites and metal-matrix composites, hybrid-metallic materials are used in fan
blades. When the composites are used as the fan blade material, it can reduce the overall
engine weight up to 1000 lbs. Since reducing weight has a significant effect on the aircraft,
GE-GEnx engine is uses composite materials for the fan blades. Also, metal matrix composites
are too expensive for wider applications in fan blades. However, titanium is better in resisting
damage, and withstanding lightness when compared to others and has improved strength. On the
other hand, hybrid-metallic structures became popular in the fabrication of fan blades and are
developed by PW to provide both weight and structural benefits. Unlike composite materials,
hybrid-metallic materials are easier to fabricate into fan blades of any size or dimensions and
reduce the cost [41].

Furthermore, titanium is versatile in the fabrication of the fan blades thanks to its metallic
properties, availability, ease in fabrication, and low life cycle cost. Fan blades which are made of
titanium materials show have shown high performances. Titanium has perfect yield and tensile
strength and also has low density. These all result in highest strength to weight ratio in today’s
technology. Even though steel is as strong as titanium, the fact that titanium has 56% lower
density than steel, makes it much more desirable [41].

Finally, the temperatures at the fan inlet, and the outlet, and pressure across the fan are
considered along with the cost. When the weight is of concern, Nickel-based alloys are heavier
than CMC materials. When the cost is focused, CMCs and SiC are much more expensive [6, 34].
The material selection for the fan blades is decided to be Titanium, specifically Ti-6A1-4V, for the
HECTOR engine due to its low density, excellent yield and tensile strength and good protection
against FOD (foreign object damage).Table 11.6 shows the properties of the chosen material.

Table 11.6: (Ti-6AL-4V) Chosen Material Properties [6, 34]

Material Properties TI-6Al-4V
Maximum Service Temperature (R) 1170
Density (Ib/in3) 0.16
Young Modulus (psi) 16.53 x 10°
Yield Stress (psi) 0.16 x 10°
Cost ($/1b) 9.1-11.3
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11.3.3 HP Compressor Materials

Compressor is the part of the engine where the taken air is compressed, hence temperature
increases in the compressor. In the HECTOR engine, according to output of the GasTurb, the
total temperature for the inlet is 973 °R, and for the outlet it is 1829 °R. Total pressure at the
inlet is 61 psi and 525 psi at the outlet. As the compressor experiences higher temperature values,
the selected material for the compressor must be able to withstand these higher temperatures
and should have resistance against crack propagation, fatigue and oxidation.

Titanium alloys can be used in the HP compressor disc and blades since it has high strength
at high temperatures and has resistance against fatigue, crack propagation and oxidation. The
chosen material for the compressor discs might not be suitable for the compressor blades, hence,
they can be selected to be of different materials. Ceramic matrix materials and silicon carbide
materials can be used thanks to their high strength. However they are more expensive than
other high strength materials.

In Figures 11.6, 11.7 and 11.8 evolution of high-temperature capability of titanium alloys from

conventional titanium alloys, comparison of mechanical properties of high-temperature titanium
alloys and range of yield strength and fracture toughness in conventional titanium alloys, inter-
metallics, and composites at room temperature and at 1572 R are shown [12].
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As stated in [9], Ti-834 alloy is used for the compressor disc at high level of compression in Rolls

Royce engines. Since the maximum service temperature of Ti-834 is 1550 °R, it can be suitable
for compressor disc although it can not be used for the compressor blades. Compressor blades
need to have a higher maximum service temperature. Ti-45A1-8Nb is chosen as the material of
the blades due to its maximum service temperature of 2340°R [12, 11].

In Figures 11.9a and 11.9b, Ti-834 and Ti-45A1-8Nb microstructures are compared.

12 Davies et al. / Acta Materigha 117 (2016) 51-67

(b) Ti-45A1-8Nb Microstructure [11]

(a) Ti-834 Microstructure [9]

As a result, as shown in Tables 11.7 and 11.8, titanium is decided to be a suitable material
for the HP compressor. Namely, Ti-834 is chosen as the material of the compressor disc and
Ti-45A1-8Nb is chosen as the material for the compressor blades of the HECTOR engine.

Table 11.7: HP Compressor Disc Material Properties [11]

HP Compressor Disc Material Properties Ti-834

Maximum Service Temperature (R) 1550
Density (Ib/in?) 0.164
Young Modulus (psi) 14.5 x 10°

Table 11.8: HP Compressor Blade Material Properties [12]

HP Compressor Blade Material Properties Ti-45A1-8Nb

Maximum Service Temperature (R) 2340
Density (Ib/in3) 0.151
Yield Strength (psi) 0.017 x 10°

11.3.4 Combustion Chamber Materials

Combustion chamber temperature reaches to high levels in the engine. For the HECTOR engine,
temperatures at the inlet and the outlet are 1829 °R and 2840 °R respectively. Furthermore,
pressures reach 525 psi at the inlet and 499 psi at the outlet. Therefore, material selection has
vital importance in combustion chamber walls as they need to resist this high temperatures.
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For many years, Inconel (nickel-chromium-iron), nickel based and cobalt-based superalloys are
used in combustion chambers by Pratt & Whitney engines. Thanks to its higher temperature
and oxidation resistance along with low density, CMC (Ceramic Matrix composites) has started
to be widely used in combustion chambers as well. Ceramic Matrix Composites are commonly
used in some engines like Trent and LEAP due to its increased engine durability in credible tests
[46].

Due to its high temperature resistance, creep and oxidation resistances, SiC Matrix materials
are used by NASA for ultra-high temperature applications, such as combustion chamber, and
also C/SiC is used because of its higher temperature resistance, lower weight and cost [10].

Silicon Carbide coated with Yttrium-stabilized Zirconium (YSZ) is suitable for the combustion
chamber as YSZ can resist high temperatures, up to 2060-2070°R. On the other hand, it is much
more expensive than SiC materials. However, it can still be suitable for the combustion chamber
as it can reduce the maintenance cost [21].

Consequently, as shown below in Table 11.9, the selected material is C/SiC CMC (hafnium
layered) for the combustion chamber of the HECTOR engine. SiC materials have a long lifespan
as SiC materials have the highest service temperatures. Therefore, although the initial cost is
higher for SiC materials, maintenance cost is less. In addition, Hastelloy X is also deemed to be
suitable for the combustion chamber of the HECTOR engine.

Table 11.9: (C/SiC CMC) Chosen Material Properties|39, 31]

Selected Material Properties C/SiC CMC
Maximum Service Temperature (R) 4451.2
Density (Ib/in?) 0.0722
Tensile Strength (psi) 0.79 x 10°
Cost ($/1b) 104.3

11.3.5 Turbine Materials

The turbine is responsible from generating the power for the other components which are the
fan and compressor to provide rotation. Combustion air produced turbine blade rotation and
transmit the power to the shaft rotation which goes through four section introduced so far.
Therefore, it rotates in a wide operating temperature range. Turbine section is presented to the
harshest condition in terms of temperature and pressure, as shown in the Figure D.9. This is
why, selection of turbine section materials have to satisfy certain requirements such as high creep
strength, high temperature fatigue strength, and high temperature corrosion resistance. Because
of their high creep strength, the materials presented at the high pressure and temperature of the
turbine are selected as Ni-based superalloys, while the materials in low pressure and temperature
sections are chosen as stainless steels, Co-based and Ni-based superalloys.
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Figure 11.10: Temperature and pressure at which each part of the engine is exposed

Powder metallurgy is an extensive method in manufacturing super alloys, it is especially used
for Nickel-based super alloys to produce high strength alloys to be used in turbine discs [36].
As a result, Nickel-based super alloy was decided to be used in turbine disc of the HECTOR
engine. In addition, the turbine blade temperature exceeds 2650°R and can reach up to 3200°R
in the latest engines. Thus, Zirconia, (Zr0?), can be used as a thermal barrier coating over
Ni-Co-Cr-Al-Y Alloys with high temperature and corrosion resistance to improve the HECTOR
engine turbine blade performance. Figure 11.11 shows the design for the turbine blade cooling
passages and rough design of thermal barrier coating with Zirconia (Zr0?), Ni-Co-Cr-Al-Y Alloys
and Ni-based super alloy.

Zro,
Ni-Co-Cr-Al-Y alloy

Ni-based superalloy

Cooling passage

Figure 11.11: Design for turbine blade cooling passages (Left) and Rough design of thermal barrier coating
(Right)

For the GEnx-1B, TiAl alloys are chosen for the low pressure turbine stages to reduce weight,
and for the high pressure turbine stages are made of Ni-based superalloys such as Rene’ N5
manufactured by GE. Although the 4'* and 5'* generation of superalloys have good properties
on temperature and creep strengths, oxidation resistances are low. However, 6! generation
superalloys have creep strength at high temperatures and better oxidation resistance. Therefore,
for the comparison to select suitable material for the HECTOR, some of different generation
materials such as CMSX-10, TMS-138, TMS-196 and TMS 238 are selected. In this comparison,
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selection is focused on oxidation, creep resistance, thermal and mechanical strength at high
temperatures and pressures. In the following figures, for the CMSX-10, TMS-138, TMS-196
and TMS 238, stress vs LPM graph, cyclic oxidation tests on mass change according to one-hour
cycles, metal loss in hot corrosion test, creep rapture life with oxidation resistance are shown
[22].
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To conclude, after examining the temperature variations, HPT reaches to temperature from
2840°R to 2060°R and LPT reaches from 2060°R to 2043°R, and the pressure across the turbine,
HPT reaches from 499 psia to 110 psi, due to its mechanical and environmental properties,
better oxidation resistance and hot-corrosion resistance T-238, which is a 5th generation single
crystal super alloy, was chosen as the high pressure turbine material for the HECTOR engine.

11.3.6 Mixer Materials

Mixer section is important to increase the thrust produced by engine and to decrease the
component noise which is known as the jet noise. Therefore, to reduce the overall engine noise
level, absorbent materials are used for the mixer. Absorbent materials are selected to dissipate

o6



the higher frequency noise associated with the flowing fan air.[3]. Moreover, the materials are
choosing for the nozzle materials which are Inconel, stainless steel alloys, titanium, Hastelloy X,
N155 and CFRPs are also suitable for the mixer materials. For the HECTOR engine, N155 is
selected as a mixer material.

11.3.7 Nozzle Materials

One of the most commonly used material is Inconel which is nickel-chromium alloy while design-

ing the nozzle component. This material has resistance to the extreme temperatures, whether
exhaust gases are hot or cold. Also, it has excellent capabilities on oxidation and corrosion re-
sistance. Another one is stainless steel alloys which are made of carbon, nickel , chromium, and
others. It is highly resistant to the extreme temperatures. Also, it is possible to be improved
by adding more nickel and chromium to increase its corrosion resistance. Besides, titanium has
high tensile strength to density ratio, companies such as AirBus and Boeing commonly use this
material in their newer designs. In addition to these, CFRP (carbon fiber reinforced polymer)
and Hastelloy X can be used for the nozzle [36].

As shown below in Table 11.10, GE engines use FSX 414, a GE-patented cobalt base alloy
for nozzle designs. When cobalt base alloys are compared to the nickel based alloys, they have
superior strength at very high temperatures. Also, cobalt base alloys are compared to X40 and
X45, they have a two-three fold oxidation resistance. For the other material selections of nozzle,
GTD222 which is the development of GE a nickel based superalloy is higher creep strength
compared to FSX414. When resources are done, N155 which is used for later stage nozzles of
GE engines is an iron-based superalloy and has good weld ability [36].

Table 11.10: Nozzle Materials[36]

Grade Chemical composition Remarks

X40 Co-25Cr10Ni8W1Fe0.5C0.01B Cobalt-base superalloy
X45 Co-25Cr10Ni8W1Fe0.25C0.01B Cobalt-base superalloy
FSX414 Co-28Cr10Ni7W1Fe0.25C0.01B Cobalt-base superalloy
N155 Cr20Ni20C02.5W3Mo00.20C Iron-base superalloy

GTD-222 Ni-22.5Cr19C02.0W2.3Mo01.2Ti0.8A10.10V 0.008C1.0B  Nickel-base superalloy

This is why, the HECTOR team decided to use N155(Iron-base superalloy) as a nozzle material.

11.3.8 Shaft Materials

Shaft is a rotating member which provides transmission power. Many shafts are made from
low-carbon, cold-drawn or hot rolled steel. The selected shaft material has an important effect on
the critical speed of the shaft, so its effect on the overall system should not be ignored. Therefore,
shaft materials should be chosen before starting the shaft calculations. The shaft should resist
high temperatures and be as light as possible so that the rotation is not restricted by the excessive
weight is prevented. Also, using high strength materials can dominate over deflection. In Rolls
Royce engines, carbon fiber composites are chosen as the material for the shaft due to their high
sustainability to stress caused by high speeds [38]. Therefore, heat-treated steel materials such
as CMV (Chrome-Molybdenum-Vanadium) is decided for the HECTOR engine.
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11.3.9 Bearing Materials

Bearing materials used in the HECTOR engine need to withstand high temperatures. Under
high temperature conditions and considering certain mechanical properties such as creep-growth
resistance, strength and toughness [40], as explained in the part of Nickel-based super alloys,
bearing material is decided as is for the HECTOR engine.

11.4 Engine Vibration Calculation

Due to the weight of the bare machine, internal and external housings will form a complex
vibration system with the three rotors and will be included in the range of vibration character-
istics. The method used for sub-structuring transfer matrix is therefore to assess and divide the
HECTOR into four substructures: low and high pressure compressor, a core machine cabinet,
and a bypass case. The sub-structure transfer matrix method is thus applied. The transfer ma-
trix method is divided into ten axial sections for each individual sub-structure (left to right in
the airflow direction). Each part of the section is characterized by the four state parameters X,
O (positive anti-clockwise direction), M (positive rotation axis is positive) and Q (shaft recovery
torque is positive), they are characterized on the cross-section displacements, corners, moments
and shears 11.1

P=[x 6 M Q" (11.1)

By passing on the status parameters of the left section through the shaft section, the parameters

of the right section of the shaft shall be calculated. This process of calculation is carried out in
a matrix. The geometric and mass characteristics can be used to divide each axis segment into
four types. The mass station is integrated with the roulette station, the elastic support station,
and the elastic hinge station. In practice, their matrix is combined with the massless sections of
the shaft, which are grouped as shown in equation 11.2

3 1 12 1 3
Tnw Ti» Tz Tis L+ [gpr)(mQ® — k) 11+ [557)(J9?) 571 T o eer(l V)
I Toy Toz Toa| _ ngI (mQ? — k) 1+ 2 (JQ? 4+ Cy) 7 + cih AT \
T31 T3z T3z T34 1+ BUoNGa02 by NI+ (14 BNY(J02 4 Cy) Ny LN [ L0uN
Ty Tao Tuz Ty mO2 0 0 1
(11.2)

Parameter for 11.2 [ - shaft length, v - shear effect coefficient, m concentrated weight, (-
precession angle frequency, k -elastic support lateral stiffness, E - elastic modulus, /- section
moment of inertia, J equivalent moment of inertia, C}; angle stiffness of elastic support, h -
bending stiffness coefficient of hinge, N - axis force. When the wheel rotates, the gyro moment
is generated shown in below 11.3.

T = (= 1)) (11.3)
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The important thing for above equation that when disk thickness H is significantly less than
the diameter D (H/D < 1/4), our 11.3 simply become;

J= (%‘” 1)) (11.4)

Since the elastic support has no angular stiffness, the shear effect and axial force are not taken
in comprehensive transfer matrix. In addition to this, we can take v =0, N =0, C, =0, 1/Cho
— 0 due to no elastic hinge in the structure. Therefore, the comprehensive shaft transfer matrix
become: 11.5

1""[&](7”92 k) l(l"'_[zE[KJQQ) 2[1«;1 [m}

T = ZT(mQZ 1+E§(JZQ2W w (11.5)
m92 0 0 1

Doing some mathematical manipulations and assumptions like mass-less free end of length—=0,
critical speeds and natural frequencies of complex systems can be obtained.

During the selection process of the materials, the moment of inertia I, the length 1, elastic
modulus E, the mass m, and the polar moment of inertia J of each shaft part and their value of
stiffness k are considered. While dealing with the HECTOR engine, these parameters are taken
into account where they are supported.

12. Shaft Design

It is important to determine and evaluate the critical locations on the shaft structurally. If the
torque along the shaft is assumed to be constant, then the shear stress due to torsion reaches
maximum at the outer surfaces [7].

The power transmitted by the Shaft and the rotational speed of the high power and the low
power shaft are determined by the analysis done in AxSTREAM and are given below.

Table 12.1: Shaft operating conditions.
Rotational Speed Power Transmission

Shaft

(RPM) (MW)
LP 8,000 RPM 42,684
HP 12,000 RPM 75.828

First, the basic layout of the components to be driven by the HP and LP shafts is created as
shown below.
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Figure 12.1: The layout of the components.

The factor of safety for the shaft is taken to be, n = 2. Then, the torsion on the shaft can be
calculated using the information given in the Table 12.1. The bending moment caused by the
components is deemed negligible compared to the torsion. The bending moment is in the range
of a few newton meters whereas the torsion is in the range of tens of kilo-newton meters. Then,
the von Mises stresses are calculated using the following simplified equations [7].

0'(; = \/g(Kfs,torsionTa,torsion) (121)

U;n = \/g(Kfs,torsionTm,torsion) (122)

Then for torsion, the polar moment of inertia for the LP and HP shaft can be written as follows.

nD#%
Jrp = ——_LP 12.3
LP 32 ( )
T 4 4
Jup = 55 (Dyp — dpp) (12.4)
Then the mid range and alternating shear stresses can be written as shown below.
T,
Ta = Kp =2 (12.5)
J
T,
T = KfSTC (12.6)

For a rotating shaft, the alternating torque is assumed to be insignificant. Thus, only the mid
range shear stress plays a role in the calculation of the von Mises stresses. Then, the stress for
the LP and HP shaft can be written.

16

' = V3K Ty —a— 12.7
(0)rp = V3K D3, (12.7)

’ 16DHP
o )ip = V3K Ty —g— 12.8
(m) d m(Dp — djp) ( )
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ASME Elliptic Line equation can be written in the simplified form, for no alternating stresses.

ngm max
— =1 12.9
5 (129)

Using the properties of AISI 1050, the maximum allowed midrange stress is calculated to be
290 MPa. Then, assuming a stress-correction factor of 1.6, the diameter of the LP shaft can
be calculated using equation 12.7. Afterwards, assuming that the inner diameter of the HP
shaft is almost equal to the outer diameter of the LP shaft, the diameter of the HP shaft is also
calculated. The fitting between the HP and the LP shaft is left to be discussed along with the
lubrication system.

Table 12.2: Shaft geometry.

Shaft Inner Diameter Outer Diameter

(m) (m)
LP - 0.14
HP ~0.14 0.17

13. Engine Noise Attenuation

In a low bypass engine, the exhaust jet is the main source of the noise. As the exhaust jet mixes

with the free stream air, created shear between the jet and the atmosphere causes high frequency
noise near the exit and low frequency noise downstream. As the high frequency noise is quickly
absorbed by the atmosphere, the low frequency noise can be transferred to high frequencies
reducing the engine noise [45].

13.1 Nozzle Noise Suppression

By including suppression channels, the mixing rate of the exhaust air to the atmosphere is
increased [15]. Hence, the effective velocity difference between the free stream and the exhaust
jet is less. As shown in Figure 10.5a, these channels are included in the design. The shape
and the size of these channels are arbitrary as it requires extensive CFD analysis to design such
channels and quantify their effects.

Furthermore, the internal mixer design as shown in Figure 9.1b increases the mixing rate
between the core and the bypass air to allow further reduction the noise.

13.2 Noise Absorption

To reduce the noise of the overall engine, noise absorbing materials can be used. By lining
the engine with honeycomb structured materials, the noise is reduced significantly. However,
this method increases the weight and skin friction [15]. Since reducing noise is deemed more
important then a slight increase in the fuel consumption, it is concluded that the engine design
will include such lining materials.
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14. Identification and Selection of Engine Subsystems

14.1 Anti-Icing System

The anti-icing system prevents ice formation in the engine and the leading edge of the inlet.
These ices can lead to great damage to the engine and parts of the engine. It could be reducing
the intake airflow when the inlet parts of the engine freeze, because the ice layer will reduce the
intake area of the engine. Because of this happens engine performance reduces. Also, if the ice
layer broken due to vibration of the engine, the broken pieces may be sucked into the interior
engine that cause the interior parts of the engine such as blades, compressor or all parts to be
damaged. Therefore, to prevent the ice formation and built up, Hector will use superhydrophobic
coating, electrical system and hot air bleed system. The superhydrophobic coating able to reduce
surface free energy and the work of adhesion of substrates by using non-expensive method. The
electrical system would help to prevent ice buildup on the outer skin of the cowls on the inlet
with heating pads. The hot air bleed system is pumped the hot bleed air which is taken from
HPC stages and it distributes the hot air through the parts of the engine that prevents the
formation of ice. Then, air exits through small holes in the wing edge. The implementation of
the anti-icing system is shown in the Figure 14.1.

™ -~

Figure 14.1: Anti-Icing

14.2 Secondary Power System

A secondary power system for an aircraft improve the power quality in the fixed frequency
system by utilizing a variable frequency electrical distribution system that provides power to
one or more loads that can tolerate distortion components. The secondary power system con-
sists of Auxiliary Power System and Emergency Power System that works together and the
controller as an integrated system. The Auxiliary/Emergency Power System is still using from
Korean Aerospace Industries with T-50 and T-X. The Auxiliary Power System (APS) provides
that the main engine has a self-start capability, power to drive the main aircraft accessories.
Emergency Power System provides necessary emergency electric and hydraulic power for air-
craft in case of losing the main aircraft accessories by emergency electric power to the EPS
using shaft driven electric generator(BSG) and compressed air for the environmental control
system(ECS).Schematic diagram of the Auxiliary Power System/Emergency Power System dia-
gram in Figure 14.2
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Figure 14.2: Secondary Power System

14.2.1 Auxiliary Power System

The Hector engine is started using an auxiliary power system (APS) which consist of auxiliary

power system (APS), an electronic starter controller (ESC), an air turbine starter (ATS), an
airframe mounted accessory drive (AMAD), an electronic control unit (ECU), a brushless gen-
erator (BSG), flow control valve and airframe mounted accessory drive as you can see in the
Figure 14.2.The Auxiliary Power Unit (APU) is a small gas turbine engine which provides both
pneumatic and shaft power. By supplying the compressed air from the APU to the ATS via
airframe ducting, the APS converts the APU’s pneumatic power to the shaft power and delivers
the shaft air to the AMAD. Then, to start the main engine and AMAD-mounted accessories,
AMAD transfers the shaft power to the power take-off shaft. Thus, main engine starts. In
addition, by delivering engine shaft power to the AMAD using PTO shaft to provide primary
flight control power for the aircraft. Moreover, Auxiliary Power System helps to decrease the
fuel consumption and noise.

14.2.2 Emergency Power System

The Emergency Power System of Hector engine provides hydraulic and electrical emergency
power simultaneously in case of shutdown. It works the shaft power of the APU is connected to
the EPS when it is needed the DC electric power output of the batteries could be transferred
into aircraft for providing hydraulic power.

14.3 Engine Control System

The Engine Control System of Hector engine is FADEC. FADEC control all aspects of aircraft
engine performance and it consists of a digital computer, called an electronic engine controller
(EEC) or engine control unit (ECU) which is brain of the system. Full Authority Digital Engine
Control (FADECQC) is the name of the system that manages the aircraft engine. From the first
start manages the entire engine independently from start to shut down. Like many technological
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developments, the FADEC system is first used in military aviation and then started to be used
in civil aviation. It was used in PW4000 engine, firstly. When multiple input variables of the
current flight condition are received, FADEC works. Some of the engine operating parameters
such as fuel flow, stator vane position, bleed valve position is computed from EEC which analyzed
receiving inputs up to 70 times per second. Moreover, FADEC control the engine starting and
restarting. The main purpose of the FADEC is achieving optimum engine efficiency for a given
flight condition.
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Figure 14.3: FADEC

14.4 Fuel System

The Hector engine use an electronically controlled fuel system with signals from FADEC. The
fuel is pumped from the aircraft fuel tanks to a low-pressure system, then, it is transferred to a
high-pressure system in order to pressurize the fuel and inject it into the combustor. Both low
pressure and high-pressure systems have a filter to ensure high quality fuel. Also, to increase
the life of the system and running engine efficiently, these filters play an important role.In case
of an emergency, the fuel flow can be run manually and it can work without FADEC.

14.5 Lubrication Systems

Lubrication is critical in any application where moving parts are involved in the engine. The
purpose of lubrication are primarily to improve energy efficiency by reducing friction and to
improve component lifetime by reducing wear of the moving parts. An additional benefit of an
efficient lubrication system is a reduction in engine operating temperature due to heat dissi-
pation from the lubrication system. Commercial jet aircraft lubricants are primarily subjected
to the standard SAE-5780.There are different type of specifications such as MIL-PRF-23699
specification which used by U.S. Air Force aircraft for pumpability at lower temperatures and
MIL-PRF-23699 which used by Naval aviation for better high temperature properties. Many
currently available products use both MIL-PRF-23699 and SAE-5780 specification because they
are quite similar. In addition, although similar chemistries are used, changing in basestock com-
position MIL-PRF-23699 is available in three types, these types and their specifications are given
in Table 14.1 Moreover, Additives are very important for all lubrication systems because they
can give properties to the general lubricant that the base material does not have. In addition,
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they can allow longer lubrication life by eliminating basestock separation modes. Some of the
additives are boundary lubrication additives, antioxidants, anti-corrosion additives, anti-foaming
additives, metal-deactivators, etc. [20]. Therefore, the HECTOR engine will be use these both
specification and additives to increase energy efficiency and component life.

Table 14.1: Common Lubricant Specifications

. . Viscosity
Specification Grade or Type (cS at 100°C) Common Use
MIL-PRF-7808L  Grade 3 3 Best low temperature properties
MIL-PRF-7808L, Grade 4 4 Imprqved high temperature properties
but higher pour point
MIL-PRF-23699 - 5 Good viscosity '1ndex, not suitable
for very cold climates
MIL-PRF-23699 CI 5 Includes CI for use in maritime environments
MIL-PRF-23699 HTS 5 Best high temperature stability

14.5.1 Shaft Lubrication

The design and the notations of the shaft lubrication system are given below.
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(a) Partial journal bearing. (b) Petroff’s lightly loaded journal bearing.

Figure 14.4: Nomenclature of the journal bearing [7].

Ensuring that thick-film lubrication is achieved is essential for stability. If thick film lubrication
is achieved, an increase in temperature results in decrease in viscosity. As the viscosity decreases,
the coefficient of friction also decreases in thick film lubrication. Hence, the temperature drops
back down until the system is stable again.

On the other hand, if thick film lubrication is not achieved, the decrease in the viscosity results
in an increase in the coefficient of friction, further increasing the temperature. This behavior is
illustrated below [7].
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Figure 14.5: Variation of coefficient of friction with bearing characteristics [7].

The design parameters for the lubrication system are,

e The viscosity, u
e The load per unit of projected bearing area, P
e The speed, N

e The bearing dimensions r, ¢, 3, andl.

As all the design parameters except radial clearance are already determined, the lubrication
system can be designed by optimizing the clearance value to obtain thick film lubrication. As
both the journal and the bearing, or HP and LP shaft respectively, is rotating, effective rotational
speed of the bearing should be calculated using the, journal angular speed, bearing angular speed,
and the load vector angular speed respectively.

N = |N; + Ny — 2Ny| (14.1)
The load vector angular speed can be neglected for simplicity. To include the load vector angular

speed, one needs to divide the components into sections each containing a single blade. The effec-
tive angular speed is then calculated using the values given in Table 12.1 to be N = 3333.33rev/s.

The load on the bearing and the journal is determined using the AxSTREAM outputs and then
divided by the projected area of the journal to obtain the bearing pressure P = 28.028kPa.

Then, the only unknown in the Sommerfeld number is the radial clearance. In order to proceed,
a fit type should be selected. The different types of fits in the basic hole system are given below

[7]-
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Type of Fit

Clearance

Transition

Interference

Description

Loose running fit: for wide commercial tolerances or
allowances on external members

Free running fit: not for use where accuracy is
essential, but good for large temperature variations,
high running speeds, or heavy journal pressures

Close running fit: for running on accurate machines
and for accurate location at moderate speeds and
journal pressures

Sliding fit: where parts are not intended to run freely,
but must move and turn freely and locate accurately
Locational clearance fit: provides snug fit for location
of stationary parts, but can be freely assembled and
disassembled

Locational transition fir: for accurate location, a
compromise between clearance and interference

Locational transition fit: for more accurate location
where greater interference is permissible

Locational interference fit: for parts requiring rigidity
and alignment with prime accuracy of location but
without special bore pressure requirements

Medium drive fit: for ordinary steel parts or shrink fits on
light sections, the tightest fit usable with cast iron

Force fit: suitable for parts that can be highly stressed

or for shrink fits where the heavy pressing forces required
are impractical

Symbol
H11/cl1

H9/d9

H8 /7

H7/g6

H7/h6

H7/k6
H7/n6

H7/p6

H7/s6

H7 /ub

Figure 14.6: Fits using the basic hole system [7].

For the HECTOR, considering the temperature variation along the shaft, the journal pressures,
and the rotational speeds, either free running fit or close running fit is considered suitable. To
select one of the two, the performance of the lubrication must be analyzed and compared. The
tolerance and the fit, using basic hole system, can be calculated using the following equations

[7].

Doz = D+ AD

dmaz =d+ 5F

dypin = d+ 67 — Ad

The tolerance grade is found from the tables provided in [7] to be,

e 0.040 mm for IT7,
e 0.063 mm for ITS,
e 0.100 mm for IT9.
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Then similarly for the fundamental deviations for the shafts are found to be,

e -0.145 mm for d,
e -0.043 mm for f.

Since the basic hole system is used, fundamental deviation for the hole is set to be 0 by definition.
Then for free running fit, for the shaft and the hole, the sizes are given.

o D =135.4103%
o d=13547011
Similarly, for the close running fit, the tolerances are given below.
e D=135.410008
o d=135.4"50%3

Then, the clearance for both of the fit types are calculated along with the radius of the shaft
for the worst case scenario.

e ¢ =0.145mm, r = 135.255mm for free running fit,

e ¢ =0.043mm, r = 135.357mm for close running fit.

First, we check the design constraint given in [7] as,

N
5> 170107

Then, from Equation 14.5.1 it is noted that the absolute viscosity of the oil should be,

> 14.32ureyn

By checking the viscosity measurements provided by [25] it is noted that the required viscosity
is achievable if the average lubrication temperature is 7,,, < 273.15K.

To further analyze the lubrication medium, the Sommerfeld number is calculated for the free
running fit as follows.
™\ 2 uN
$= (%) 55 =034
c/ P
Similarly, for the close running fit the Sommerfeld number is calculated to be, S = 3.930.

The performance parameters of the lubrication system is then read from the figures provided
in [7] and are summarized below.
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Table 14.2: Shaft lubrication performance parameters.

. . Position .
Ml{l' Film Eccentricity of Min. Film Coefﬁ‘c1e'nct Max. Film
Fit T Thickness Rati Thick of Friction Pressure Ratio
1t Iype  variable, atlo, ICKNess,  yrariable, i
ho € ¢ rf Pras
c (deg) c
Free
Running Fit 0.91 0.08 68 5.8 0.84
Close 1 0 70 78 0.85

Running Fit

By checking performance parameters provided in Table 14.2, it is noted that free running fit
results in much lower coefficient of friction variable. After this parameter is divided by the
radial clearance parameter, free running fit still results in less friction. Although free running
fit has nonzero eccentricity, it is still negligible. Other performance parameters are observed to
be similar for both. Thus, free running fit is deemed more suitable for the HECTOR. Extended
list of performance parameters of the lubrication system is summarized below.

Table 14.3: Extended shaft lubrication performance parameters for free running fit.

Min. Film Position of Max. Film Terminating Position of
Thickness Eccentricity Min. Film Coefficienct Pre.ssure Position Max. Film
Variable, Ratio, Thickness, of Friction, p of Film Pressure
ho € ¢ f (kTil)(Z) Op, 0P, 0n
(mm) (deg) (deg) (deg)
0.132 0.08 68 6.21821073 33.37 100 0

15. Performance Constraint Analysis

Performance constraint analysis shows that the combination of a minimum Ts; /W7o as a func-
tion of Wro/S needed for each segment to find the solution space for aircraft. Determination of
the characteristics of an aircraft in all operations is critical. The constraining equations are de-
veloped from the following performance constraints: takeoff distance constraint, landing distance
constraint, climb constraint and cruise constraint.

15.1 Drag Polar Estimation

For nearly all of the performance constraints, the drag polar for every flight configuration must

be known to proceed. There are five main flight configurations which are the clean configuration
(cruise), takeoff with landing gear up or down, and landing with landing gear up or down in
total for the supersonic business jet. Using the previously calculated takeoff weight, the drag
polar for each of the five main flight configurations of the supersonic business jet operating with
the HECTOR can be determined using the techniques outlined in “Airplane Design, Part I:
Preliminary Sizing of Airplanes” [44]. The drag polar coefficient for every flight configuration
can be seen in the Table 15.1:
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Table 15.1: Drag Polar Estimation for Supersonic Business Jet
Flight Configuration Drag Polar
Low Speed, Clean Cp =0.0219 + 0.1783C7%
Takeoff, Gear Down Cp = 0.0669 + 0.18956‘%
Landing, Gear Down  Cp = 0.1219 + 0.2021C7%
Takeoff, Gear Up Cp = 0.0419 + 0.1895C%
Landing, Gear Up Cp = 0.0969 + 0.2021C7

15.2 Takeoff Distance Constraint

One of the other most important performance constraints to need considering is the take-off
distance. The takeoff field length used for the supersonic business jet was selected as 7,500
ft [35]. Thus, the following Equation 15.1 can be utilized to describe the takeoff performance
constraint of the supersonic business jet [44]:

(), =363

In this equation, A represents the bypass ratio of the engine at takeoff, Cr,qz, 70 (the range of
CLmaz To for the supersonic business jet given in the [44] are taken into account) is the maximum
lift coefficient at takeoff, s, is the ground friction coefficient (the value of asphalt as 0.03 taken
from [44]) sro¢ is the ground run takeoff distance (takeoff field length of 7,500 ft), p is the density
at sea level on a 27°F standard day, and Cp, is the parasite drag coefficient for the takeoff, gears
down flight configuration [44].

00UTW/S) 0 | 790,
STOGP
n 15.1
CL,maz,TO " | |

15.3 Landing Distance Constraint

One of the other most important performance constraints to need considering is landing distance.
The takeoff field length used for the supersonic business jet was selected as 7,500 ft [35]. The
performance constraint of landing distance is a single value that the wing loading cannot exceed.
Thus, the following Equation 15.2 can be utilized to describe the takeoff performance constraint
of the supersonic business jet [44]:

[ _ %pVSQLCLmaw,L (152)

S LD
Wro

In this equation, p is the density at sea level on a 27°F standard day, Vs, is the stall speed
during landing, Crmes 1 is the maximum lift coefficient during landing (the range of Cp 40,70 for
the supersonic business jet given in the [44] are taken into account), and Wi /Wro is the ratio
of landing weight to takeoff weight (selected as 0.80 which is the average of the business jet and
supersonic transport airplanes) [44].

15.4 Climb Constraint

One of the other most important performance constraints to need considering is climb constraint.
Specifically, the supersonic business jet is sized for climb by FAR 25.121 (OEI), which is a balked
landing climb with one engine inoperative [44]. For FAR 25.121 (OEI), the climb gradient (CGR)
is constrained as 0.021 (configuration of gear down, approach flaps, take-off thrust on remaining
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engines) [44]. With this information, the supersonic business jet climb constraint from FAR
25.121 (OEI) can be described using the Equation 15.3 as follows [44]:

T N 1

where N is the number of engines on the aircraft (N = 2), L/D is the lift-to-drag ratio in the
approach position (L/D = 9.2, according to F-104 Starfighter’s geometrical characteristics given
in the RFP), and CGR is the climb gradient [44].

15.5 Supersonic Cruise Constraint

One of the other most important performance constraints to need considering is supersonic
cruise. The supersonic cruise condition is at Mach 2.1 and 40,000 feet, where «, the thrust ratio
is found as 1.15 and 3, the weight ratio is calculated as 0.959 [32]. Also, for clean configuration
K has calculated as 0.1783, and K> is taken as 0 to obtain highest performance [32]. Thus, this
supersonic cruise constraint can be formulated from a form of Equation 15.4, and is as follows:

Ts, B {K B (WTO Cpo +Cbpr }

Y 8/qa(Wro/S)

S

15.4
Wro ~ o (15.4)

>+K2+

where « is the thrust ratio, § is the weight ratio, ¢ is the dynamic pressure, K; is the viscous
drag coefficient and Cp( is the parasite drag coefficient for the clean configuration according to
the drag polar in the Table 15.1.

Supersonic Business Jet Constraint Diagram
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Figure 15.1: Aircraft Constraint Diagram for the Supersonic Business Jet

The green bullet point states that the operating design point in the solution space for the
HECTOR engine.

71



16. Fuel Cost Analysis

Through the use of publicly available data from the Federal Aviation Administration’s (FAA)
Aerospace Forecasts [18], in the Figure 16.1a is generated to observe the trend in jet fuel prices
from 2006 to 2034. The price of jet fuel from 2016 to 2034 are projections that account for
economic such as inflation and GDP.

Earned Income From Fuel
400 1200000
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»* 1000000

800000
250 ./.’

600000
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400000

200000

2005 2010 2015 2020 2025 2030 2035 2040
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0 2000 4000 6000 800D 10000 12000 14000 16000
Number of Mission

(a) Forecasted Trend of Jet Fuel Prices [18] (b) Earned Income from Fuel
Figure 16.1: Fuel Cost Analysis

We note from the Figure 16.1a that jet fuel prices are going to cost approximately $3.42 per
gallon in the entry- into-service year of 2025 for the supersonic business jet. Through a simple
conversion from gallons to pounds (i.e. the density of jet fuel is 6.71 lb/gal), jet fuel is projected
to cost $0.51 per pound in 2025. For each mission the HECTOR engine fulfilled, 11,391 gallon
fuel is consumed which corresponds to 3,137 $ due to cost analysis. As per the RFP, the fuel
consumption of the HECTOR engine is 2.34% less than the expected fuel usage. As seen in the
Figure 16.1b, earned income from fuel is increasing persistently during the missions.
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Appendix A: Inlet Design Code (first page only)
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clc

clear all
close all

This program is written by the METU - HECTOR team

ATIAA Foundation Student Engine Design Competition 2019-2020
Undergraduate Team - Engine

Candidate Engines for a Supersonic Business Jet

%% Design Parameters

=

| inf
r0
gamma

p_inf

N

theta_1¢(:,1,1)
theta_2(1,:,1)
M_fan_inlet

A_fan

%% Freestream to
1:N $theta_1
beta_1(i,1,1)

for 1

M _ninf(i,1,1)
M nl(i,1,1)

M_1(i,1,1)
p_1(i,1,1)

p_01(i,1,1)

end

o

H

or i

for J

2.1; %SFreestream Mach Number

= 18822.6873744; %Absolute air pressure at 40,000 ft (Pa)

1.4;

pO* ((1 + (gamma — 1) /2% (M_inf"2))"

(—gamma/ (gamma - 1))); %Freestream pressure (Pa)
13;

linspace(1,N,N)/180*pi; %$Deflection angle of Ramp 1 (rad)
linspace(1,N,N)/180+pi; %Deflection angle of Ramp 2 (rad)
0.619;

1.06786238; Sm”2

Region 1 - Oblique Shock

= fzero (@ (beta) 2*cot (beta)* ((M_inf"2) *
(sin(beta)”2)-1)/ ((M_inf"2) » (gamma+cos (2+xbeta) ) +2)
-tan(theta_1(i,1,1)), [theta_1(i,1,1),11);

= M_infxsin(beta_1(i,1,1));

= sqgrt ((1 + (gamma - 1)/2x(M_ninf(i,1,1)"2))

/ (gamma* (M_ninf (i,1,1)"2) - (gamma - 1)/2));
= M nl(i,1,1)/sin(beta_1(i,1,1) - theta_1(i,1,1));
= p_infx (1 + (2xgamma)/ (gamma + 1)*

((M_ninf(i,1,1)"2) - 1));
=p_1(i,1,1)*((1 + (gamma - 1)/2%(M_1(i,1,1)"2))"
(gamma/ (gamma — 1)));

% Region 1 to Region 2 - Oblique Shock

1:N %theta_1

1:N S$theta_2

beta_2(i, j,1) = fzero (@ (beta) 2xcot (beta)*((M_1(i,1,1)"2)

* (sin(beta)”2)-1)/((M_1(i,1,1)"2)~
(gamma+cos (2xbeta) ) +2) -
tan(theta_2(1,3,1)), [theta_2(1,3,1),11);

M_nl(i,J,1) = M_1(i,1,1)«sin(beta_2(i,73,1));
M n2(i,j,1) = sqgrt ((1 + (gamma - 1)/2*(M_nl(i,3j,1)"2))/
(gammax (M_nl (i, 3,1)"2) - (gamma - 1)/2));
M_2(i,3,1) = M_n2(i,Jj,1)/sin(beta_2(i,3j,1) - theta_2(1,3,1));
p_2(i,3,1) =p_1(i,1,1)*(1 + (2xgamma)/ (gamma + 1)
*((M_nl(i,3,1)"2) - 1));
p_02(i,3,1) = p_2(i,3,1)*((1 + (gamma - 1)/2*(M_2(i,3,1)"2))
~ (gamma/ (gamma - 1)));

to Region 3 - Normal Shock

i,3,1) = sqgrt ((1 + (gamma - 1)/2x(M_2(i,]J,1)"2))
/ (gamma* (M_2(i,3,1)"2) - (gamma - 1)/2));
p_3(i,3,1) = p_2(i,3,1)*(1 + (2xgamma)/ (gamma + 1) *
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Appendix B: Nozzle Design GUI (first page only)

1 %% This program is written by the METU - HECTOR team

2 %% AIAA Foundation Student Engine Design Competition 2019-2020

3 %% Undergraduate Team - Engine

4 %% Candidate Engines for a Supersonic Business Jet

5

6 classdef Nozzle_Design < matlab.apps.AppBase

7

8 % Properties that correspond to app components

9 properties (Access = public)

10 UIFigure matlab.ui.Figure

11 TabGroup matlab.ui.container.TabGroup

12 Tab matlab.ui.container.Tab

13 LabelNumericEditField matlab.ui.control.Label

14 M_inlet matlab.ui.control.NumericEditField
15 LabelNumericEditField2 matlab.ui.control.Label

16 T_inlet matlab.ui.control.NumericEditField
17 Label matlab.ui.control.Label

18 p_inlet matlab.ui.control.NumericEditField
19 Label2 matlab.ui.control.Label

20 D_inlet matlab.ui.control.NumericEditField
21 LabelNumericEditField5 matlab.ui.control.Label

22 N_dens matlab.ui.control.NumericEditField
23 LabelNumericEditField6 matlab.ui.control.Label

24 R_exp matlab.ui.control.NumericEditField
25 LabelNumericEditField?7 matlab.ui.control.Label

26 M_exit matlab.ui.control.NumericEditField
27 LabelNumericEditField8 matlab.ui.control.Label

28 I_inlet matlab.ui.control.NumericEditField
29 LabelNumericEditField9 matlab.ui.control.Label

30 Gamma matlab.ui.control.NumericEditField
31 Mesh matlab.ui.control.UIAxes

32 RunButton matlab.ui.control.Button

33 StatusTextArealabel matlab.ui.control.Label

34 StatusTextArea matlab.ui.control.TextArea

35 OperatingConditionLabel matlab.ui.control.Label

36 Altitude matlab.ui.control.DropDown

37 Tab2 matlab.ui.container.Tab

38 M_cont matlab.ui.control.UIAxes

39 T_cont matlab.ui.control.UIAxes

40 p_cont matlab.ui.control.UIAxes

41 d_cont matlab.ui.control.UIAxes

42 PerformanceParametersTab matlab.ui.container.Tab

43 ThroatDiametermEditFieldLabel matlab.ui.control.Label

44 ThroatDiameter matlab.ui.control.NumericEditField
45 ExitDiametermLabel matlab.ui.control.Label

16 ExitDiameter matlab.ui.control.NumericEditField
a7 ExitPressureatmLabel matlab.ui.control.Label

48 ExitPressure matlab.ui.control.NumericEditField
49 TotalExitPressureatmLabel matlab.ui.control.Label

50 TotalPressure_Exit matlab.ui.control.NumericEditField
51 ExitVelocitymsLabel matlab.ui.control.Label

52 ExitVelocity matlab.ui.control.NumericEditField
53 MassFlowRatekgsLabel matlab.ui.control.Label

54 m_dot matlab.ui.control.NumericEditField
55 GrossThrustkNLabel matlab.ui.control.Label

56 SteadyThrust matlab.ui.control.NumericEditField
57 AtmosphericPressureatmEditFieldLabel matlab.ui.control.Label

58 AtmosphericPressure matlab.ui.control.NumericEditField
59 NTPRLabel matlab.ui.control.Label

60 NTPR matlab.ui.control.NumericEditField
61 NPRLabel matlab.ui.control.Label
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Appendix C: GasTurb Simulations
Appendix C1: Baseline Engine Validation

W T P Whatd
Ztation 1b/fs ] psia 1bfs FH = 21699,31 1b
amb 518,67 14,696 TSFC = 0,4745 1b/(1lb*h)
2 479,001 518,67 14,898 479,000 WE - 2,8601 lb/s
13 301,594 650,06 29,392 168, 8113 5 NOX = 0,5982
21 177,408 623,79 26,453 108,087
22 177,408 §23,79 26,453 108, 087 Core Eff = 0,4370
24 177,408 853,05 74,068 45,142 Brop EEff = 0,0000
25 177,408 453,05 72,586 48,063 BER - 1,7000
3 172,086 1312,60 308,493 13,041 P2/FL = 1,0000
31 152,571 1312, 60 308,493 B3/P2 = 20,99
4 155,431 24592,00 283, 068 17,084 PR/ B2 - 2,14853
41 164,301 2432,72 293, 068 17,843 P16/P13 = 0,9750
43 164,301 1957, 56 117,720 Fle/Ft = 0,89722
a4 174,948 1958, 22 117,720 Ple/p2 = 1,95000
45 179,677 1937, 77 114,225 44, 682 P&/ PS5 = 0,99000
49 179,677 1453, 88 32,263 Pel/pe - 1,00000
3 180,268 1453,02 32,263 137,438 F163/Fl6 = 1,00000
[ 180,268 1453,02 31, 540 HME3 - 0, 56095
18 301,594 €50,06 28,6857 XM1G3 = 0,37€98
64 481, 862 962,79 29,778 XME4 = 0,46030
;] 481, 862 962,749 29,778 323,998 hed = 1352,51 int
Bleed 0,000 1312, 60 308,493 WBld/Wz = 0,00000
............................................ AB - 587,26 in?
Efficiencies: igentr polycr BNI BiE [sds]:] = 0, 98000
Outer LPC 0,8622 0,874% 1,000 2,000 XM = 1,00000
Inner LPC 0,9000 0,%079% 1,000 1,800 PHX - 100,0 hp
IF Compressor 0,9197 0,9303 1,445 2,800 WBLD/W22 = 0,00000
HF Compressor 0,9010 00,5180 2,730 4,250 Wreci /W25= 0,00000
Burner 0,989% 0,950 Loading = 100,00 %
HE Turbine 00,9219 0,9136 3,271 2,490 ed44 th = 0, 89002
LP Turbine 0,9268 0,5%15%1 1,654 3,540 WELD/W25 = 0, 00000
Mixer 0,6000 WCHMN/W2ZS = 0,05000
............................................ WOHR/HW2E = 0, 06000
HP Spool mech Eff 0,9800 Nem Spd 14372 rpm WCLN/W25 = 0,02667
LPF Spool mech EEff 0,5300 Nom Spd 6482 rpm WCLR/W25 = 0,00333
P22/P21=1,0000 P25/P24=0,9800 P45/P44=0,9%7T03 WLkBy/W25= 0, 00000
hum [%) warl FHV Fual
0,0 0, 00000 18552, 4 Generic
Figure C.1: Baseline Engine Validation
Mixed Flow Turbofan
Point 1 Point 2 Foint 3 Point 4
Description Case 1 Case 2 Case 13 Case 4
Humber of Iteration Loops 1.1 16.1 a5.1 53.1
Altitude ft 40000 40000 40000 40000
Delta T from ISA R 27 27 27 27
Relative Humidity (4] a o a []
Mach Number a,98 1,15 2,1 2,4
Overbocard Eleed lb/s ]
Power Offtake hp 100 100 100 100
Net Thrust 1b 5040,35 5253,23 3568,33 1360,59
Gross Thrust 1b 10247,7 12344,7 34517 50513,3
1l Consumption 1b/ {1b*h} Q,781932 0,821879 1, 71351 5,08201
ft/s 949,822 853,027 242,448 €6,5223
Handling Bleed W8 hdl /w22 a ] ] a
Total Rel. Overb. Bld W bld a o ] a
Fuel Flow 1lb/s 1,09478 1,19931 1, 69844 1,9207
Overall Pressure Ratio P3/P 22,4771 20,4749 8, 18636 €,22249
HPT Fressure Ratio 2,47707 2,47806 2,4341¢ 2,38497
LPT Fressure Ratio 3,61054 3,51852 2, 60359 2,34403
Isentr. Inner LPC Efficienc Q,878715 0,910918 0, 936268 Q,%00021
Polytr. Inner LPC Efficienc Q,88883 0,917886 0,938215 Q,902006
Isentr. fficie a,841818 0,872669 0, 896954 Q,862229
Polytr. ici Q,857148 0,884283 0, %0081 Q,865537
Isentr. a,882627 0,918012 0, 98885 0,975947
Polytr. Q,898224 0,928638 0, 989784 0,977694
Isentr. H a,839037 0,90239 0, 905768 a, %0061
Polytr. H Q,916627 0,919129 0,919826 a,914088
Overall Q,858717 0,885475 0, 923894 Q,91341
Isentropic Q,920484 0,920971 0, 922302 Q,922689
Polytropic Q,91209; 0,912615 0, 914208 Q,91481
Thermcdyn. H Q,889541 0,889387 0, BB6558 Q,B84596
Isentropic 167 0,918295 0, 916444 Q,914051
Polytropic icien Q,903283 0,905382 0, 906652 0,905269
Overall Expansi Efficienc 0,915718 0,916984 0,918873 Q,918618
Ambient Pressure Pamb psia 2,72002 2,72002 2, 72002 2,72002
Ram Fressure Pl psia 5,0324 6,18655 24,8999 39,8658
Inlet Temperature T2 R 497,226 527,485 783, 426 854,278
Inlet Pressure F2 psia 5,0324 €,10655 24,0900 39,8658
Inlet static Pressure Ps2 psia 4,10299 5,12487 22,9006 37,1512

Figure C.2: Baseline Engine Off Design Missions
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Appendix C2: HECTOR Engine GasTurb Results

W T P WRstd
Station 1b/s R psia 1b/s FN = 28567,02 1b
amb 389,97 2,720
1 692,717 733,50 24,894 TSFC = 1,0964 1b/(1b*h)
2 692,717 733,50 24,894 486,300 WF Burner=  8,70016 1b/s
13 154,104  1029,56 74,270 42,962 s NOX = 3,2428
21 538,613 973,43 61,869 175,271 BPR = 0,2861
25 538,613 973,43 61,250 177,041 Core Eff = 0,6504
3 527,841 1829,49 525,390 27,729 Prop Eff = 0,7581
31 514,375 1829,49 525,390 P3/P2 = 21,105
4 523,076  2840,00 499,120 36,039
41 528,462  2830,27 499,120 36,347 P16/P6 = 1,33987
43 528,462 2062,50 110,916 AB3 = 1229,58 in?
44 533,848 2060,24 110,916 Al63 = 134,27 in2
45 542,825 2043,66 109,807 144,207 Ab4 = 1363,86 in?
49 542,825 1757,78 55,148 XM63 = 0,42530
5 544,620 1755,35 55,148 266,993 xM163 = 0,79292
[ 544,620 1755,35 54,045 XM64 = 0,46030
16 154,104  1029,56 72,413 P63/P6 = 1,00000
64 698,724  1603,54 55,999 P163/P16 = 1,00000
8 698,724  1603,54 55,999 322,414 A8 = 1003,25 inZ
Bleed 2,693 1829,49 525,390 D8 = 0,95000
Ang8 = 25,00 °©
efficiencies: isentr polytr RNI P/P PS?Pamb = 20,58780
Outer LPC 0,8841 0,%9000 1,121 2,983 WLkBy/W25= 0,00000
Inner LPC 0,8868 0,9000 1,121 2,485 WCHN/W25 = 0,01000
HP Compressor 0,8698 0,%9000 1,969 8,578 WCHR/W25 = 0,01000
Burner 0,9995 0,950 Loading = 100,00 %
HP Turbine 0,9152 0,9000 4,687 4,500 WCLN/W25 = 0,01667
LP Turbine 0,9074 0,9000 1,496 1,991 WCLR/W25 =  0,00333
Mixer 0,6000 WBHD/W21 = ,00000
ar? = 0,01261
HP Spool mech Eff 0,9900 Nom Spd 12000 rpm WBLD/W25 =  0,00500
LP Spool mech Eff 0,9800 Nom Spd 8000 rpm = 100,0 hp
P16/P13 = 0,9750
P2/P1= 1,0000 P25/P21=0,9900 P45/P44= 0,9900 P6/P5 = 0, 980
Con-Di Nozzle: A9/A8 = 2,00000
A9*(Ps9-Pamb) 5229,912 CFGid = 0,98252

Figure C.3: HECTOR Engine Design Point Output
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Figure C.4: HECTOR Engine GasTurb General Output
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W T P WRstd

Station 1b/s R psia Tbfs Fi = 38439,32 1b
amb 389,97 2,

1 Q07,211 837,19 39,841 TSFC = 1,2547 1b/(1b*h)

2 Q07,211 837,19 319,841 425,151 WF Burner= 13,39735% 1b/c
13 216,729 1153,51 108,986 43,582 s NOX = 6, 5067

21 690,482 1092,92 91,619 160,773 BFR = 0,3139

25 690,484 1092,92 90,848 162,137 Core Eff = 0,6620

3 676,674 2029,96 715,308 27,503 Prop Eff = 0, 7784

31 559,412  2029.96 715,308 P3/P2 - 17,954

4 672,810 3203,94 680,124 36,132 PS/P2 = 1,9356 EPR
41 679,715 31%2,75 680,124 36,439 P16/P6 = 1,40441

43 679,715 2360,44 151,967 AB3 = 1229,58 in?
44 686,619 2357,28 151,967 AlE3 = 134,27 in®
45 698,127  2338,24 150,435 144,804 ALY = 1363,86 in?
49 698,127 2032,03 77,114 HME3 = 0,42158

5 700,429 2029,18 77,114 264,023 *M163 = 0,83854

6 700,429  2029,18 75,606 AM64 = 0,46087

16 216,728 1153.51 106,182 PE3I/PE =  1,00000

&4 917,158 1834,08 78,851 P163/P16 = 1,00000

8 917,158 1834,07 78,851 321,437 AB = 1003,25 in?
gleed 3,452 2029.96 715,307 D8 - 0,95000
———————————————————————————————————————————— Angs = 25,00 ¢
Efficiencies: isentr palytr RNI P/P Pe/Pamb = 28,98909
Outer LPC 0,8475 0,8666 1,532 2,736 WLkBy,/W25= 0, 00000
Inner LPC 0,8502 0,8661 1,532 2,300 WCHN/ W25 = 0,01000

HF Compressor 0,8267 0,864% 2,546 7,874 WCHR/MW25 = 0,01000
Burner 0,9998 0,951 Loading = 50,75 %
HP Turbine 0,9003 0,8833 5,554 4,475 WCLN /W25 = 0,01667

LF Turbine 0,8960 0,8882 1,757 1,991 WCLR/MW25 = 0,00333
Mixer 0,6000 WEHD/W21 =  0,00000
———————————————————————————————————————————— ar’ = 0,01482
HF Spool mech EFf 0,9900 Speed 12000 rpm WELD /W25 = 0,00500
LP Spool mech Eff 0,9800 sSpeed 7655 rpm Pl = 100,0 hp
———————————————————————————————————————————— P16/P13 = 0,9743
F2/Pl= 1,0000 P25/P21=0,9916 P45/P44= 0,9899 FE/PS = 0,95804
Con-07 Mozzle: A9SAB = 2,00000
AG¥ (Ps9-Pamb) 9698, 977 CFGid = 0,96794
hum [%] Fuel

warQ FHY
0,0 0, 00000 1855%2,4 Generic

Figure C.5: HECTOR Engine GasTurb Output at Supersonic Condition- Mach 3

Appendix D: Detailed Design Output of Turbomachinery
by AXSTREAM and GasTurb

Appendix D1: LPC

Figure D.1: Velocity Triangle of LPC (Mean)
Table D.1: Velocity Triangle Properties of LPC
IGV Inlet Rotorl Inlet Rotorl Exit Rotor2 Inlet Rotor2 Exit

C (ft/s) 672.89 702.97 1174.99 544.99 1008.75

W (ft/s) / 968.03 665.32 923.32 479.95

U (ft/s) / 665.51 764.76 745.31 779.79
B (tandeg) 90.0 46.5 110.3 36.1 103.8
A (tandeg) 90.0 90.0 32.0 90.0 27.5
K (tandeg) 90.0 47.6 62.5 39.9 51.3
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Appendix D2: HPC

HPC Aero Design
Boundary Conditions

Cyele / Compressor Interface

Cycle and Geometry Values

Pressure Ratio 857779

Mumber of Stages T
Speed RPM 12000
Length in 41,5357

Inlet Arga in? 650,451

Inlet Pressure psia 61,25

Inlet Temperature R 973425

Inlet Mass Flow Ibis 538619

Inlet Water-Air-Ratio 0

Exit Area in? 481,717

Shape

IGY Stage 1 Stage 2 Stage 3 Siage 4 Stage 5 Stage 6 Stage 7

x Rotor Inlet in 4137 11,99 183 2366 2843 32,85 3714
x Rotor Exit in 7734 14,73 20,52 25,55 30,11 .44 3874
* Stator Inlet in 0 8274 15,27 21,06 26,08 30,65 3493 39,28
» Stator Exit in 3597 11,45 17,76 2312 27,89 23 36,6 41

rm Rotor Inlet in 14,83 14,82 148 14,78 14,75 14,73 14,7
rm Rotor Exit in 14,83 14,81 14,79 14,77 14,74 14,72 14,69
rm Stator Inlst in 14,83 14,83 14,81 14,79 14,76 14,74 14,71 14,68
rm Stator Exit in 14,83 14,82 14,8 14,78 14,75 14,73 14,7 14,67

Figure D.3: HPC Aero Design- Boundary Conditions
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HPC Ao Design
Cutput

Compressor intertace
Mean Line Sycie and Geametry Values

Fressune Ratio 85778 £.57778
Poiyropic EMiciency 0317162 [T
Iseniropic EMciency 0,332039 0565773
Esit inrer Sadlus In 13,577 13,5773
Exit Quisr Radhs In 15,3372 153372
Sage Cput
St Stage 1 Stope Siwge 3 Sipoe & Sipoe S Sioe § Sipge T

1402 1498 1338 1381 1318 1301 1235
Caiculzed Reacton 083 ns 0.5 ns [ 0s oS
Caicinted Fiow CoeScient 0553 ng i 0s 0 05 0
Caicuisber | pading 0331 0331 033 0331 0331 a331 033
Speciic ork, eIl 25154 45053 44358 24871 44,55 22507 38,511
Fie Spegifc Work 1 14,555 14535 44,534 14347 14235 14445 12628
Poivironic Eficiency BSOS 05250 03244 T 0.5085 L3463 03232
Iserironic SMciency LS nE2s3 03210 0=147 05052 nEas] 05T7s
Fictor Tip Sgeed i 1BERSD 180825 A7EE42 ATORLE 1552, 154402 162241
Fiotor Tip Wach Hurber 14135 135632 124547 116677 4,904 104578 0,388853

Figure D.4: HPC Aero Design- Stage Output

Stage 2 Stage 3 Stage 4

Stage 5

2= 2200

De-dElt
Vw1081 v

Waig3

2m D Dm-2E
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Figure D.6: Pressure, Temperature and Mach Distribution on HPC, respectively
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Appendix D3: HPT

Figure D.7:

BT
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Figure D.8: Pressure, Temperature and Relative Mach Distribution on HPT, respectively

Appendix D4: LPT

Table D.2: Velocity Triangle Properties of LPT
Rotorl Rotorl Rotor2 Rotor2 Rotor 3 Rotor 3
Inlet Exit Inlet Exit Inlet Exit
C (ft/s) 738.03 1094.78 792.11 1098.51 800.99 1172.39
W (ft/s) 1134.06  1811.20 1035.55 1746.52  1095.75 1781.37
U (ft/s) 862.29 835.56 803.62 779.21 748.95 724.85

B (tandeg) 139.4 23.3 130.9 25.7 133.0 25.8
A (tandeg)  90.0 0.8 80.9 437 90.0 414
K (tandeg) 139.4 233 130.9 25.7 133.0 25.8
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Figure D.9: li’ress‘urwe, Tempera ure and Mach Distribution on LPT, respectively

Appendix E: Detailed 3D CAD Drawings by Autodesk In-

ventor Professional
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Appendix E2:

Combustion Chamber Design
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Appendix E3: Mixer Design
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Appendix E4: Nozzle Design
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