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Abstract

Military aircraft require more and more power. Pneumatic and hydraulic systems
are being replaced by electrical equipment and new, power consuming equipment
is introduced in the aircraft. Increased power extraction brings new challenges for
the aircraft jet engine, both in terms of operability and with regards to engine
performance.

This thesis describes how the engine performance of a conventional low bypass
ratio mixed flow turbofan engine is affected by power extraction from the high-
pressure shaft, the low-pressure shaft or a combination of the two.

A twin-spool low bypass ratio mixed flow turbofan engine has been developed in
a Chalmers in-house tool to evaluate engine performance in different parts of the
flight envelope. In order to evaluate the impact of aircraft/engine interaction on
flight performance, an aircraft performance tool has been developed as well.

A turbine inlet gas temperature increase is required when power is extracted
from the HP or LP shaft. This temperature increase is more considerable if power is
extracted from the high-pressure shaft, increasing specific thrust and specific fuel
consumption. When the engine is running close to, or at the maximum turbine
inlet temperature limit, power extraction will have a detrimental impact on the
engine performance, whether power is extracted from the high-pressure shaft or the
low-pressure shaft, but the thrust reduction will be more substantial if power is
extracted from the high-pressure shaft. When the engine is running close to or at
the maximum overall pressure ratio limit, the thrust reduction due to high-pressure
shaft power extraction is more moderate compared to the low-pressure shaft power
extraction case, provided that the required temperature increase is acceptable from
an engine operability perspective.

Keywords: Fighter aircraft performance, engine performance, low bypass ratio,
mixed flow, turbofan engine, power extraction
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A/B
AC
ACE
ACM
AMAD
AR

Ac
APU
BPR

Ewd

EHP
EMAD

F

FADEC
Fy

fs

FPR
GESTPAN

Nomenclature

area

afterburner

alternating current

adaptive cycle engine

air cycle machine

airframe mounted accessory drive
aspect ratio

capture area

accessory power unit

bypass ratio

drag coefficient

zero-lift drag coefficient
equivalent skin friction coefficient
lift coefficient

lift curve slope

design lift coefficient

corrected power take-off

specific heat at constant pressure
drag

direct current

spillage drag

energy

specific energy

wave-drag efficiency factor
electrical hydraulic pump

engine mounted accessory drive
force

full authority digital engine control
net thrust

fuel specific energy
fan pressure ratio

general stationary and transient propulsion analysis
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HP
HPC
HPCPR
HPT

high-pressure

high-pressure compressor

high-pressure compressor pressure ratio
high-pressure turbine

enthalpy

height

drag due to lift factor

drag due to lift factor with 100 % leading-edge suction
drag due to lift factor with 0 % leading-edge suction
lift

lift-to-drag ratio

low-pressure

low-pressure compressor

low-pressure turbine

Mach number

drag-divergent Mach number

mass flow ratio

main hydraulic pump

military power (maximum non-augmented power)
maximum augmented power (A/B in operation)
mass How

number of engines

overall pressure ratio

power

specific power

absolute power take-off

power transmission shaft

pressure

stagnation pressure

dynamic pressure

range

specific range

leading-edge suction parameter

specific fuel consumption

wing reference area

aircraft wetted area

sea level static
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temperature

installed thrust

stagnation temperature
thermal battery
transformer rectifying unit
thrust-to-weight ratio
take-off thrust-to-weight ratio
velocity

ground speed

true air speed

variable cycle engine
weight

empty weight

payload weight

take-off weight

wing loading

take-off wing loading
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ratio of intake supersonic loss to normal shock loss

spillage drag to pre-entry drag ratio

aircraft weight fraction relative to takeoff weight

fuel schedule factor, off-design fuel flow relative to the design point fuel flow
operating line offset in fan map

operating line offset in HPC map

aircraft climb angle

ratio of specific heats

non-dimensional pressure (p/psrs)

non-dimensional stagnation pressure (po/psrs)

thrust inclination angle compared to free stream

non-dimensional temperature (7'/Tss)

non-dimensional stagnation temperature (Ty/Tsrs)

theta break, 6 where the engine is operating at OP R0, and Ty,,q.
sweep

leading-edge sweep

density
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Subscripts

Q@8©OO\]CDO“Q>C«OL\D>—‘O

max
pre

stagnation

air intake

fan inlet

high-pressure compressor delivery
high-pressure turbine inlet
low-pressure turbine exit

front face of afterburner

nozzle inlet

nozzle throat

nozzle exit

free-stream

air

conditions at entry (of intake)
maximum value (Ty, OPR)
pre-entry

velocity direction

direction perpendicular to the velocity direction

XV






Contents

Abstract

Acknowledgments

List of Publications

Nomenclature
I Introductory chapters
1 Introduction
1.1 Background . . . . . ... ...
1.2 Method . . . . . . .
1.3 Limitations . . . . . . . . . ..
2 Aircraft conceptual design
2.1 Aircraft mission and conceptual design . . . . . ... ...
2.2 Aircraft performance modeling . . . . ... ...
2.2.1 Parasitedrag . . . ... ...
2.2.2 Lift induced drag . . . . . . .. .. ... L
3 Engine design
3.1 Engine performance modeling . . . . . .. ... ... ... .. ...
3.2 Aircraft installation effects . . . . . . ... ... 0L
3.3 Engine sizing and design point selection. . . . . . .. ...
3.4  Engine constraints and limitations . . . . . . . . ... ...
4 Simulation results
4.1 Engine simulations . . . .. ... oo
4.2 Aircraft simulations . . . . .. ..o Lo
5 Conclusions
Bibliography

xXVvii

vii

ix

xi

12
14
15

17
17
20
21
23

25
25
33

37

39



CONTENTS CONTENTS

II Appended papers 45

1 Design Considerations of Low Bypass Ratio Mixed Flow Turbofan
Engines with Large Power Extraction 47

2 Low BPR Turbofan Performance with Power Extraction 67

xviil



Part 1

Introductory chapters






Chapter 1

Introduction

1.1 Background

Power is required for different equipment in air vehicles. Traditional power consumers
are pumps and systems used for hydraulic, pneumatic and control [1, 2]. Control
systems have evolved from mechanical systems to full authority electrical control
systems such as fly-by-wire for flight control and full authority digital engine control
(FADEC) for engine control [3].

Figure 1.1: Gripen fighter during take-off.

Power is usually extracted by a generator, via an engine mounted accessory drive,
EMAD [4]. This accessory drive adds to the aircraft cross-sectional area, but if the
generator could be mounted directly to the shaft as described in [5, 6], the engine
and aircraft cross-sectional area could be reduced, which is desirable for military
aircraft, with supersonic capability [7-9].

A layout of a typical power flow system in an aircraft is shown in Figure 1.2 [10,
11]. Auxiliary Power Units (APUs) can be used in arrangements with accessory drive

3



4 1.1. Background

gearboxes to power hydraulic pumps and electrical generators for ground checkout of
the hydraulic and electrical power systems, to provide shaft power for engine starting
and as an in-flight emergency power source [12]. APUs can also be used to provide
compressed air for purposes such as thermal anti-icing and defogging [12].

Hydraulic
ACM: Air Cycle Machine

— Bleedarr AHP: Auxiliary Hydraulic Pump
Electrical 115 VAC AMAD: Airframe Mounted Accessory Drive
Electrical 28 VDC APU: Auxiliary Power Unit
Electrical 270 Aux Gen: Auxiliary Generator
vDC ] El Sys AC: Alternating Current Electrical System
MHP 2 El Sys DC: Direct Current Electrical System
2 EMAD: Engine Mounted Accessory Drive

] ) Hyd Sys: Hydraulic System
‘ Main Gen PTS Engine MHP: Mechanical Hydraulic Pump

Hyd Sy PTS: Power Transmission Shaft
MHP 1 Starter: Electrical Starter Motor

TB El: Thermal Battery used for the Electrical System

ATS TB Hyd: Thermal Battery used for the Hydraulic System

TRU: Transformer Rectifying Unit
EHP: Electrical Hydraulic Pump

|

[[avna |
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.

>
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@
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<| Turbine I E M

EHP 28 VDC
i) i) Battery
Hyd Hyd

Figure 1.2: A typical layout of power flow between systems in an aircraft. Based
on figures in [10, 11].

The amount of power consumed is continuously increasing [13]. Introduction of
new, power consuming electrical equipment such as advanced radars and mission
systems [14] and the transition of hydraulic systems to electric machinery [3, 15-18]
contributes to an increased need for electrical power. An overview of a vehicle system,
with some power consumers is shown in Figure 1.3 [19].

In the late 1980’s and early 90’s a development started, where central hydraulic
equipment in military aircraft was replaced by electric systems [3, 14, 20]. This
development was primarily driven by goals to improve reliability, maintainability and
supportability, but also with the aim to reduce volume and weight of the concerned
systems [20, 21].

Increasing the amount of power extracted from the fighter aircraft jet engine
will place new demands on the engine, both from a performance and from an
operability point of view, but the challenges will not be limited to the engine.
Avionics, electromechanical flight control actuators, engine accessories, and weapon
and mission systems not only consume more power, they also generate excessive
heat, which must be handled by the aircraft [22, 23]. Moreover, an increased heat
load raises the power that is required by coolant pump(s), which in turn increases
the required power and the heat generated by the propulsion system [24]. All in all,
this contributes to completely new demands being placed on the aircraft’s cooling
system [14].

The impact of power extraction on turbofan engines with high bypass ratio have
previously been investigated [25-29]. For military applications, investigations on
engine power extraction have been performed for alternative cycles [30, 31]. A typical
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Hydraulic System

Fuel System

Figure 1.3: An overview of the Gripen aircraft vehicle systems [19].

fighter aircraft engine is a twin-spool low bypass ratio mixed flow turbofan engine,
this engine type is by far the most common engine of today’s fighter aircraft. Paying
attention to the effect of power extraction from this type of engine is well justified
by the fact that power consumption has increased significantly in military aircraft
over the past few decades [22].

In twin-spool engines, power can be extracted from either the high-pressure (HP)
shaft or the low-pressure (LP) shaft. Previous investigations with high bypass ratio
engines have indicated that performance benefits [25-27] and operability benefits [25—
28] can be achieved if power extraction can be distributed between the low-pressure
and high-pressure shaft. It will be shown that similar benefits can be achieved for a
low bypass ratio mixed flow turbofan engine if power can be distributed between the
LP shaft and the HP shaft, depending on the aircraft mission phase concerned, but
the additional weight added by such solutions must be considered.

This thesis summarizes findings from a joint project with Saab Aeronautics,
Chalmers university of technology, University of Sao Paulo and GKN Aerospace.

The thesis is divided into two main parts. The first part gives an introduction
to the research field, describes work that has been carried out and results achieved.
The second part consists of appended research papers.

1.2 Method

An aircraft mission has been developed and a conceptual aircraft design has been
carried out by University of Sao Paulo, using an in-house tool, as described in
section 2.1. The aircraft thrust requirements have been used as design requirements
for the engine design work, illustrated in chapter 3.
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A low bypass ratio mixed flow turbofan engine was modeled in the Chalmers
in-house tool GESTPAN [32], the methodology is described in section 3.1, and
thermodynamic cycle parameters have been decided, as described in section 3.3, to
meet the engine thrust requirement given in section 2.1.

To evaluate engine performance in different parts of the aircraft flight envelope,
engine simulations are carried out as off-design simulations. The investigation is
based on a large number of off-design simulations carried out, not only for the aircraft
mission requirement points, but also at various part power levels, at military power
and maximum augmented power throughout the aircraft operating flight envelope.
Handling such a huge amount of data, requires a tool for data processing. A tool
has been developed in MATLAB and is used to

» specify and store design parameters such as FPR, HPCPR, BPR and T}

« specify and store input conditions such as altitudes, Mach numbers, engine
power levels, constraints, bleed flows and amounts of power extraction for the
off design simulations

» generate and store input files to GESTPAN in specified folders
o initiate the GESTPAN simulations
o store the GESTPAN simulation files in specified folders

e import, structure and store data from the GESTPAN simulation and perfor-
mance files in MATLAB

e quickly modify the design point and simulate the off-design points, corre-
sponding to the aircraft mission thrust requirement points in order to evaluate
different thermodynamic cycle designs

In addition to this, the developed tool contains about a hundred functions for
processing of engine input and simulation data.

The thermodynamic cycle of the design point is evaluated against the thrust
requirements in the off-design simulations, but also from a more general aircraft
performance perspective throughout the flight envelope. To be able to perform
interactive aircraft/engine studies, an aircraft performance model has been developed.
Characteristics of this aircraft performance model, developed to produce realistic esti-
mates of aircraft drag and thrust requirements for typical fighter aircraft maneuvers,
is reported in section 2.2.

To study the impact of power extraction from the HP shaft, the LP shaft or a
combination of the two, four specific cases have been studied:

1. Baseline - no power extraction
2. HP shaft power extraction 900 kW
3. LP shaft power extraction 900 kW

4. Combined shaft power extraction 450 kW LP shaft and 450 kW HP shaft
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To clearly illustrate the impact of power extraction on engine performance, 900 kW
was chosen as a high, yet reasonable amount of power extraction for jet engines in
the selected thrust class. Nevertheless, such large amounts of power extraction will
present significant challenges to the turbofan engine, particularly at high altitude /
low speed and part power cases [33]. To reflect this varying impact with ambient
conditions, corrected power take-off, C'ro, defined in Equation (1.1), is sometimes
used instead of absolute power take-off, Pro [34]. In Equation (1.1), hy = ¢,T.
However, while the impact on engine performance varies with ambient conditions,
the power consumed by aircraft equipment does not change in the same way, hence
a constant amount of power extraction is assumed.

Cro =

(1.1)

In [34] a power requirement of 300 kW for an air-to-air fighter is specified.
Traditional power consumption has been in the order of 100 kW according to [30]. A
power extraction requirement of 300 kW for a 50 kN civil aircraft engine is specified
in [35]. This can be compared to a cruise case for the fighter aircraft, where the
required thrust is around 10 kN per engine.

ma hO

1.3 Limitations

The work performed and presented in this thesis is primarily from an engine per-
formance perspective and aims to illustrate the principal engine behavior due to
power extraction from the HP shaft, the LP shaft or a combination of the two. The
engine performance potential of LP and HP shaft power extraction described may
be limited due to operability requirements such as surge margins and overspeed
limitations. For instance, large amounts of HP power extraction at high altitude/low
speed will reduce compressor surge margins and the required aerodynamic HPC
overspeed margin required to maintain thrust when power is extracted from the LP
shaft may have an impact on sizing of the HPC, i.e. the compressor might have to
be aerodynamically designed for a higher pressure ratio and higher corrected mass
flow [9]. Operability limitations are often related to engine transients, which are not
considered here.

There may be practical advantages to one or the other solution that are not
considered further here. Traditionally, power extraction from the HP shaft has often
been preferred due to its higher speed and its limited speed range as well as engine
starting requirements [6]. Higher speed and limited speed range reduce the size of
the electrical machine [27].

The engine control is limited by either the maximum OPR limit, OPR,,,, or
the maximum turbine inlet temperature limit, 7},,,, which is a simplification, as
described in section 3.4. On the outskirts of the engine operating envelope, other
engine limitations may limit engine performance further. Aircraft afterbody drag is
neglected, when estimating installed engine thrust, 7T'.

The aircraft performance model, described in section 2.2 is developed to produce
realistic thrust and drag requirements for a typical fighter aircraft, not to reproduce
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the aerodynamics of an existing fighter aircraft or provide accurate aerodynamic
predictions of a certain conceptual aircraft design. This approach is deemed sufficient
for the studies of interest at this level.



Chapter 2

Aircraft conceptual design

Defining threats, targets and future scenarios is part of the process when determining
the requirements of a fighter aircraft [36]. A conceptual fighter aircraft design has
been carried out by University of Sdo Paulo to achieve a balanced aircraft design, in
which characteristics such as weight, aerodynamics configuration, aircraft size and
an initial aircraft performance estimation has been produced. A brief summary of
the conceptual aircraft design is given in [36]. Selected aspects of this conceptual
design is reflected in section 2.1 below. The requirements of this conceptual design
is the basis for the engine design, described in chapter 3.

As the design process continues, a need to evaluate aircraft performance from
a more general perspective emerges and the initial aircraft performance estimation
must be updated with updated engine performance data. To be able to perform
interactive aircraft/engine studies and evaluate power extraction impact on flight
performance for different flight maneuvers, an aircraft performance model has been
developed. The characteristics of the performance model is given in section 2.2.

2.1 Aircraft mission and conceptual design

The design requirements for the fighter aircraft design has been worked out to achieve
close-in-combat and beyond visual range combat capability to achieve superiority in
the air-to-air role [36]. Other requirements are short take-off and landing distances,
high sortie rates and abilities for air-to-surface missions [37]. The continuous strive
for increased survivability of fighter aircraft [38] raises the need for reduced radar
cross-section to avoid detection by enemy radar and aircraft ruggedness to be able to
return to base even after some damage has been inflicted. Other objectives, which
guided the aircraft design are listed below [36]:

« High thrust-to-weight ratio (T /W) to improve low altitude maneuverability
and to enable rapid ingress and egress from the combat area.

o High weapons load capacity to be able to engage a large number of targets.
« High supersonic speed for quick escape dash and evasion [34, 39-41].

o High range and endurance on target to be able to support ground troops for
an extended period of time.
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A typical fighter design mission profile, illustrated by Figure 2.1, has been defined
with the following phases included:
Warm-up and take-off
Acceleration and climb
Subsonic cruise
Payload drop
Combat
Escape dash
Subsonic cruise

Fuel reserves

S B I A T

Descend to land

Figure 2.1: Design mission profile [34, 36].

Operational requirements, such as payload weight, flight endurance and flight
velocities, were defined based on the design mission profile. A tool, previously used
for other fighter aircraft configurations [42], developed at University of Sao Paulo,
was used for presizing and performance requirement calculations. A double engine
configuration was chosen and preliminary characteristics of the aircraft is presented
in Table 2.1. Thrust requirements per engine in key parts of fighter mission are
specified in Table 2.2, for the phases illustrated in Figure 2.1. An overview of the
conceptual fighter aircraft is provided in Figure 2.2.



Chapter 2.  Aircraft conceptual design 11
Table 2.1: Aircraft characteristics.
Max take-off weight Wro 21,920 kg
Empty weight W, 12,620 kg
Payload weight W, 4500 kg
Take-off wing loading (W/S)ro | 3360 Pa
Range R 1500 nm
Number of engines Ne 2
Table 2.2: Thrust requirements per engine.

No. Mission phase Description A/B Req. thrust Altitude M
1 1 Warm-up no 66.0 kN 610 m 0.0
2 1 Runway acceleration yes 110.7 kN 610 m 0.1
3 1 Runway acceleration yes 112.9 kN 610 m 0.18
4 2 Flight acceleration yes 127.3 kN 610 m 0.44
5 2 Climb and acceleration  yes 127.8 kN 2743 m  0.775
6 2 Climb and acceleration  yes 78.9 kN 7010 m  0.875
7 3 Subsonic cruise no 12.4 kN 9144 m 0.9
8 5 Sustained turn yes 100.6 kN 9144 m 1.6
9 5 Sustained turn yes 53.2 kN 9144 m 0.9
10 6 Escape dash yes 113.9 kN 9144 m 2.0

= 4.88 =

~ g4z L — 17.40

-~

Figure 2.2: Four views of the fighter aircraft concept, from [36].
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o

Y

v
W

Figure 2.3: Forces affecting the aircraft.

2.2 Aircraft performance modeling

The mission thrust requirements presented in Table 2.2 are used to identify an
appropriate engine design to meet the basic constraints of the fighter aircraft, as
described in chapter 3. When improved engine performance data becomes available,
the initial aircraft performance estimates must be updated and aircraft performance
can be evaluated from a more general perspective.

An aircraft performance model has been developed to produce realistic perfor-
mance estimations in different flight cases, based on methods described in [43-46], to
perform interactive aircraft /engine performance studies and more accurate mission
simulations.

The basic equations (2.1) and (2.2), illustrated in Figure 2.3, from Newton’s
second law of motions, are used to calculate forces in the velocity direction and in
the direction perpendicular to the velocity direction of a wind axis system.

Y F,=Tcose—D—Wsiny (2.1)
> F.=Tsine+ L— W cosy (2.2)

As long as the thrust inclination angle, € is rather small, i.e. cose ~ 1 and
sin € & 0, its impact may be neglected. This quite common simplification is used for
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all aircraft performance calculations. V' is the true airspeed of the aircraft, often
referred to as V. Wind is disregarded, hence V =V, = V5 [44].

Specific energy FEj, given by Equation (2.3) and specific excess power Py, given
by Equation (2.4) are used to calculate aircraft performance in maneuvers such as
climbs and accelerations [43, 44]. Fuel specific energy, reflected by Equation (2.5),
is used to estimate the most fuel efficient flight path in different maneuvers and

specific range R, which is used to estimate cruise performance, is calculated using
Equation (2.6) [43]".

E,=h+ Z; (2.3)
Jo= jlf/; B cczlvflijf//cfzi B SFc}jsx T (2:5)
B, = 51?; - —SF‘é x T (2:6)

The aircraft drag coefficient is calculated, using Equation (2.7) [43-45], where
drag (D) and lift (L) are given by Equation (2.8), (2.9) and (2.10).

Cp =Cp, + KC} (2.7)
D = ¢S,efCp (2.8)
L =qS,CL (2.9)

q= ;pv2 (2.10)

'Please note that the definition of SFC in Equation (2.6) and (2.5) is SFC = M[NT/S} SFC

can also be defined as SFC = M[%/S] or [%/5]
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2.2.1 Parasite drag

Subsonic parasite drag may be estimated by Equation (2.11) [43, 45, 47, 48], where
Cy. is the equivalent skin friction coefficient. A typical value of Cy. for an air
force fighter aircraft is 0.0035 [43, 47, 48], but varies from one aircraft to the other,
depending on factors such as relative wing size, fuselage shape and aerodynamic
cleanness [48]. Subsonic parasite drag characteristics of ten different jet fighter
aircraft are evaluated in [48], where the equivalent skin friction drag varies from
0.0032 to 0.0052.

Swet
Sref

Supersonic zero lift drag consists of skin friction drag and wave drag. The skin
friction share is assumed to be two-thirds of the subsonic zero lift drag [45, 47,
48]. Wave drag is estimated by Equation (2.12), using a method proposed in [43],
where the leading-edge sweep A g is given in degrees. The (%) Sears—Haack t€rm in

Equation (2.12) corresponds to the drag of an ideal Sears-Haack body [49] given by
Equation (2.13).

D A 0.77 D
() — B, [1 —0.2(M — 1.2)%57 (1 _ e )1 () (2.12)
q wave 100 q Sears—Haack

D A
T
q Sears—Haack 2 !

Transonic parasite drag is calculated following procedures proposed in [43, 47].

Cpy, = Cye

(2.11)
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2.2.2 Lift induced drag

The subsonic drag due to lift factor is estimated, using the leading-edge suction
method [42, 43, 45, 47, 48, 50], given by Equation (2.14), (2.15) and (2.16).

K = SKipo + (1 — ) K, (2.14)
Ko = —— (2.15)

100 — WAR .
Ko= (2.16)

0 — OLa .

The leading-edge suction parameter S is calculated as a function of Cy and
ClLyesion> Se€ Equation (2.17). A Cp design value of 0.18 was used for the aircraft
performance simulations presented in section 4.2. The leading-edge suction parameter
variation with C7, is shown in Figure 2.4.

S = f(CL, ClLycuign) (2.17)

Leading edge suction parameter - S

0 Il Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2

Cr

Figure 2.4: Leading-edge suction with Cr, . = 0.18.

In the transonic region, starting at the drag divergence Mach number Mpp, the
leading-edge suction is gradually decreased to zero with increasing Mach number up
to the point where the wing leading-edge becomes supersonic.






Chapter 3
Engine design

To meet the requirements of section 2.1 and Table 2.2, a low bypass ratio mixed flow
turbofan engine model has been developed and an engine design has been proposed.
Section 3.1 describes the engine modeling procedure, section 3.2 depicts how aircraft
installation effects are estimated, section 3.3 motivates engine sizing and design
point selection and section 3.4 handles limitations and constraints of the off-design
calculations.

3.1 Engine performance modeling

A twin-spool low bypass ratio mixed flow turbofan engine has been modeled in
the tool GESTPAN (GEneral Stationary and Transient Propulsion ANalysis) [32].
GESTPAN uses a traditional approach for gas turbine implementation, with two
different modes of simulation:

1. Design mode
2. Off-design mode

The design mode allows the user to specify parameters from the preliminary
design phase [32]. For the low bypass ratio mixed flow turbofan engine studied, these
design parameter choices are described more closely in section 3.3.

The interaction of the engine modules are governed by compatibility requirements

[51]:
o Compatibility of work
o Compatibility of flow

o Compatibility of rotational speed

17



18 3.1. Engine performance modeling

Differential algebraic equations emerge when algebraic constraints are imposed
on the states of a physical system that is modeled with differential equations [52].
An important aspect in the simulation and control of dynamic systems is that
conservation laws, i.e. conservation of mass and momentum, are preserved. Such
algebraic relations pose constraints on the solution of the differential equations [52].

A special class of differential algebraic equations are semi-explicit differential
algebraic equations, which are ordinary differential equations with constraints [53,
54]. GESTPAN uses graph theory to assemble a set of equations automatically,
generally represented by a system of semi-explicit non-linear differential algebraic
equations [32, 55| given by Equation (3.1).

x’ = f(Xv Z)
0=yg(x,2) (3.1)

The system of semi-explicit non-linear algebraic equations represented by Equa-
tion (3.1) appear frequently in applications. It arises in the modeling of electrical
networks, constrained mechanical systems, vehicle dynamics, in the solutions of
the equations of fluid flow [56, 57] and it is the most probable system of equations
emerging when modeling an arbitrary gas turbine system [32, 55]. In Equation (3.1),
the x variables are referred to as differential variables and the z variables as alge-
braic variables [55]. When steady state operating conditions are considered, x’ in
Equation (3.1) becomes a zero vector (i.e. 2] = x, = ... =z}, = 0). A secant method
with Broyden update for the Jacobian [58, 59] is used by the equation solver and is
implemented in [60].

The turbofan engine model consists of the following modules:

« Intake

o Fan (LPC)

e Splitter

« High-pressure compressor (HPC)
« Combustor

o High-pressure turbine (HPT)

o Low-pressure turbine (LPT)

o Unifier (mixer)

 Afterburner (A/B)

e Nozzle

Detailed descriptions of the different modules are given in Appendix A in [32],
with complementing information on intake implementation in section 3.2 below. An
overview of the modeled engine is provided in Figure 3.1 with standardized station
numbering, as specified in Table 3.1, according to [62].

The iteration variables and residuals used for the modeled low bypass ratio mixed
flow turbofan engine are given in Table 3.2.
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Figure 3.1: Overview of the modeled turbofan engine, based on figures in [36, 61].

Table 3.1: Engine station numbering.

Station

Location

o

© 00 O Ol W N

Free stream
Air intake
Fan inlet

HPC delivery
HPT inlet
LPT exit

Front face of afterburner

Nozzle inlet
Nozzle throat
Nozzle exit

Table 3.2: Iteration variables and residuals of the GESTPAN calculations.

H Iteration variables

Residuals H

Inlet mass flow
Fan map Bfan
Fan rotation speed
Bypass ratio
HPC map Srpc
HPC rotation speed
Fuel schedule factor j3;
HPT outlet pressure
LPT outlet pressure

Inlet flow compatibility
Core flow compatibility
Fan/LPT work compatibility
HPC/HPT work compatibility
HPT inlet flow compatibility
LPT inlet flow compatibility
Static pressure match in unifier
Afterburner flow compatibility
Engine control residual
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3.2 Aircraft installation effects

The performance of a jet engine is affected when it is installed in an aircraft. In
addition to the losses caused by power extraction, installation losses are inflicted due
to bleed flow extraction to the airframe [63], pressure losses and spillage drag of the
intake [64] and afterbody drag [34]. In the performed simulations, no bleed flow is
extracted and afterbody drag is neglected. The impact on engine performance from
these installation effects are usually rather small and varies with flight conditions
and engine power level. To give an idea of the magnitude, a performance loss of
approximately 2 to 3 percent at military and maximum augmented power per 1b/s
of bleed power extraction was reported for the F404 engine in [65] and losses due to
afterbody drag are estimated to 3 percent in [42].

To estimate intake losses, a simplified intake model has been developed including
estimates on intake pressure losses and spillage drag.

Modeled intake losses include:

e lip losses
e duct losses

 supersonic losses

Mass flow ratio (MFR), given by Equation (3.2), is essential for intake loss and
spillage drag estimations. In Equation (3.2), A, represents the area of the stream
tube entering the engine, V, is the free stream velocity and p., is the air density. A,
is the inlet capture area. The mass flow entering the engine is given by Equation (3.3).

AOO ma
MPR = 7= = S (3.2)
Mg = AooVooPoo (3.3)

Lip losses

Lip losses are calculated as a function of mass flow ratio (MFR), see Equation (3.4),
where the losses increase asymptotically towards the assumed maximum loss. MFR
is given by Equation (3.2).

(iﬁ’)lm — f(MFR) (3.4)

Duct losses

Duct losses are assumed to increase exponentially as a function of corrected mass flow,
see Equation (3.5), where the maximum duct loss, used as input to Equation (3.5)

depends on the duct area.
A n/1T¢
(). 5 e
Po duct Do
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Supersonic losses

Supersonic losses are highly related to shock losses and are calculated as a fraction
of a normal shock loss, as shown in Equation (3.6). In Equation (3.6) po; and pg are
stagnation pressures before and after a normal shock, represented by Equation (3.7)
[1]. Intakes can be more or less well adapted for supersonic flight. A supersonic loss
factor agpoer = 0.75 has been used for the simulations presented in chapter 4.

A
<p> = shock (1 — pO2> (36)
Do supersonic Po1
9 e 1
p2\ [ (y+1)M "t 7+1 ot
o) = ; g (3.7)
Po1 (v —1)M?*+2 29M? — (v = 1)

Spillage drag

Spillage drag is estimated as a fraction of pre-entry drag as shown by Equation (3.8),
where the pre-entry drag D, is calculated, using Equation (9.4) in [64] reproduced
here as Equation (3.9), where the pre-entry drag coefficient, Cp,,. is given by
Equation (3.10) [64]. Some of the pre-entry drag, i.e. (1 — agpi)Dpre can be
recovered when the flow is accelerated around the intake lips [64]. This recovered
pre-entry drag, referred to as cowl thrust, and consequently o depends on the
intake design. The inlet lip of supersonic aircraft is usually sharpened to minimize
performance losses from shock waves [66] and the cowl thrust is therefore expected
to be quite low. In the simulations presented in chapter 4, it was assumed that 10 %

of the pre-entry drag could be recovered, i.e. asp; = 0.9 was used.
Dspill = aspillere (38)
Dpre = (pc - poo)Ac + pc‘/vCQAc - pooVOiAoo (39)
D
C = = 3.10
Dp're qOOAC ( )

3.3 Engine sizing and design point selection

Experience from previous performed design studies for military jet engines such as
[33, 34, 67-70] has formed the basis of the search for a suitable thermodynamic
cycle. Several design points have been evaluated during the engine development.
The selected design point was found, following an iterative procedure where the
engine design point was gradually altered and the impact on the mission design
points, simulated as off-design points, was evaluated. Table 3.3 shows some of the
key design parameters of the thermodynamic cycle used to produce the simulation
results presented in chapter 4.

The chosen design point is balanced to achieve high specific thrust at key parts
of the aircraft mission, described in section 2.1 and acceptable SFC for cruise
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Table 3.3: Design point characteristics.

H Parameter Value H
Altitude 0 m
Mach number 0.0
Fan pressure ratio 5.4
HPC pressure ratio 5.2
Inlet mass flow 90 kg/s
Turbine inlet blade temperature 1030 K
Bypass ratio 0.5
Turbine inlet gas temperature 2000 K
Bleed flow 0 kg/s
LPT power extraction 0 kW
HPT power extraction 0 kW

stages. This was done utilizing experiences from a study presented in [61], where
the character of designs with different design O PR was examined, with and without
power extraction from the HP shaft. The investigation was performed with a design
point Ty = 2025 K and BPR = 0.4. Figure 3.2 illustrates the T requirement for
different design O PR, to meet the thrust requirement of mission point number 2 of
the fighter aircraft mission presented in Table 2.2, the runway acceleration.

Turbine inlet temperature - T [K

2140
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2060

2040

2020
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T T
Reference case
HPT power extraction 900 kW | _|

10

15

20

25 30 35 40 45
Design OPR

Figure 3.2: Required T} for different design OPR, point 2 of the mission thrust

requirement, from [61].

A fan pressure ratio (FPR) of 5.4 is hard to achieve with only three fan stages
[71]. Adding another fan stage will add extra weight to the fan. Other drawbacks
of high FPR is increased specific fuel consumption (SFC) for non-augmented cases
(A/B not in operation) and increased temperatures at the later stages of the HPC [§].
Nevertheless, high fan pressure ratio is desirable in fighter jet engines as it increases
specific thrust of the engine [1, 8, 72]. This limits the intake cross sectional area and
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the aircraft cross-sectional area, which is beneficial for a military aircraft aiming for
supersonic flight [7-9, 71]. Moreover, increased specific thrust contributes to reduced
engine weight [71], which is also desirable in aircraft designed for military purposes.

The chosen bypass ratio, 0.5 is in the expected range of a modern, low bypass
ratio, mixed flow turbofan engine [1, 9, 33, 34, 67, 70].

3.4 Engine constraints and limitations

The solutions to the off design simulations are constrained by maximum turbine
inlet temperature Tj,,,, and maximum overall pressure ratio OPR,,,;, following a
control principle described in [34, 73, 74]. There are of course other limitations to
the turbofan engine control, as described in [4, 67, 71, 73], but these limitations are
neglected here.

30 T T
OPRmaz 0Obr6ak

25F .

201 T4mar B

150 1

Overall pressure ratio

Figure 3.3: Engine control principle, using a method proposed in [34, 73, 74]
Overall pressure ratio variation with non-dimensional stagnation temperature 6g.

The performance of the low bypass ratio mixed flow turbofan engine will be
constrained by either OP R, or T},,., at military power or maximum augmented
power. At low free-stream stagnation temperatures, typically at high altitudes
and low speed cases, the engine is limited by OPR,,,, and at high free-stream
stagnation temperatures, typically at low altitudes and high speeds, the engine will
be constrained by T},,., as illustrated in Figure 3.3. The point where the engine
switches from OPR,,40 t0 Typna, limitation is referred to as the Opprear [34, 73, 74].

Various combinations of Ty . /OPR,,.. have been evaluated throughout the
design work. The simulation results presented in chapter 4 are produced with
Ty,,.. = 2260K, the maximum turbine inlet temperature of the F135 jet engine
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according to [75] and OPR,,., = 28, balanced to meet the thrust requirements of
Table 2.2 in section 2.1 and at the same time limit the required airflow to the engine.
Operating the engine at 2260 K, which indeed is a very high temperature, poses
challenges with regards to material strengths, thermal corrosion, lifetime of hot
parts and cooling requirements [4, 75, 76], but increased turbine inlet temperature
improves thermal efficiency and specific thrust of the turbofan engine.
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Simulation results

This chapter summarizes results from off design simulations performed with the low
bypass ratio mixed flow turbofan engine described in chapter 3. An evaluation of
the specific thrust requirements, presented in section 2.1 is given in section 4.1 and
more general predictions on aircraft performance are presented in section 4.2.

4.1 Engine simulations

The simulations have been performed with the following four cases, in terms of power
extraction:

1. Baseline - no power extraction (illustrated with black colour)

2. 900 kW HP shaft power extraction (red)

3. 900 kW LP shaft power extraction (blue)

4. Combined shaft power extraction HP shaft 450 kW /LP shaft 450 kW (magenta)

The engine configuration, described in chapter 3 meets the engine thrust require-
ments of Table 2.2 in section 2.1 for all power extraction cases, with two exceptions,
see Figure 4.1.

The LP shaft power extraction case was limited by the OPR,,,, constraint and
did not meet the fifth thrust requirement of Table 2.2 and the installed thrust
requirement of the tenth thrust requirement was not met by any of the power
extraction cases, where the engine is limited by the Tj,,,, limitation, as shown in
Figure 4.2.

25
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4.1.  Engine simulations
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Figure 4.1: Installed thrust versus thrust requirement.
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It can be noted that the HP shaft power extraction case causes the largest thrust
reduction in point 10. Figure 4.2 shows that the turbine inlet temperature increase
associated with HP shaft power extraction is higher compared to the LP shaft power
extraction case. Higher turbine inlet temperature causes increased specific thrust, but
also higher specific fuel consumption (SFC) for non-augmented cases, as illustrated
by point 1 and 7 in Figure 4.3. Afterburner operation is different in this aspect.
In fact, a slight SFC reduction can be achieved if a T} increase is acceptable, as
illustrated by Figure 4.3. If so, the increased fuel flow of the core engine can be
compensated by an afterburner fuel flow reduction.

2 5 T T T T T T T T T T
I HP power extraction
I L.P power extraction
20F I Combined power extraction 7
15+ .
=
QO 10k ]
<3
4
5 4
0||| L oo el
- 5 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Off design point number

Figure 4.3: Specific fuel consumption relative to Baseline.
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Simulations are also performed at military power (MIL, A/B not in operation)
and maximum augmented power (MAX, A/B in operation) for various altitudes and
Mach numbers. Results from 9 km altitude are presented in Figures 4.4 — 4.11.
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Figure 4.5: OPR versus 6y, altitude 9 km at MAX power.

Figure 4.4 shows variation of OPR with 6, at MIL power. A similar illustration
for MAX power is given in Figure 4.5. Figure 4.4 and 4.5 show how the engine is
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limited by maximum OPR, OP R4, up to the Ouprear [34, 73, 74] (located at 6y = 1.1
for the baseline case) where the maximum turbine inlet gas temperature, T}, is
reached.
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Figure 4.6: T4 versus 6, altitude 9 km at military power.
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Figure 4.7: Ty versus 6y, altitude 9 km at MAX power.

For 6y > 6 break, the engine must limit OPR not to exceed the T},,,, limit.
Please note how the fgpeqr moves to the left when power is extracted from HP shaft.
This is due to the temperature increase associated with HP shaft power extraction,
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illustrated in Figure 4.6 and Figure 4.7, where turbine inlet temperature 7 variation
with 6y is shown for MIL and MAX power respectively. It can be observed that the
T, deviation between the power extraction cases and the baseline case increases with
decreasing 6, as the corrected power take-off increases.
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Figure 4.8: Net thrust versus 6y, altitude 9 km at military power.
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Figure 4.9: Net thrust versus 6y, altitude 9 km at MAX power.

Engine net thrust, Fly is increased with 6y for 6y < 6y break, as illustrated by
Figure 4.8 and Figure 4.9. When 6, exceeds the Ogpcqr, turbine inlet temperature T}
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must be limited to Ty,,e, and the net thrust levels out (maximum augmented power)

or decreases with increased 6, (military power).
Figure 4.10 and Figure 4.11 illustrate SFC variation with 6y at MIL and MAX

power.
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Figure 4.11: SFC versus 6y, altitude 9 km at MAX power.

As expected, SFC is increased for all 6y at military power. As previously observed,
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an SFC reduction at maximum augmented power may be achieved for the HP
shaft power extraction case if turbine inlet gas temperature is not limited by the
Timar limitation. Provided that a sufficient turbine inlet temperature 7T, increase
is acceptable, the core fuel flow increase is more than compensated by an A/B fuel
flow reduction. This can be explained by the fact that it is always better from a
thermal efficiency perspective to add heat at a higher pressure [33], as illustrated
by the schematic T-S diagram in Figure 4.12. Figure 4.12 shows the increased core
power output with HP shaft power extraction compared to the baseline case.

HP shaft power extraction
Reference case

4 4Increased core fuel flow

Reduced A/B fuel flow

S

Figure 4.12: Schematic T-S diagram illustrating HP shaft power extraction and
no power extraction in maximum augmented operation. The figure is based on
Figure 8 in [61].
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4.2 Aircraft simulations

Now that the conceptual engine design is carried out as described in chapter 3 and
the basic thrust requirements are met, some more general, preliminary predictions on
aircraft performance can be made, utilizing the aircraft performance tool described in
section 2.2. Performance data produced from a large number of engine performance
simulations were used as input to the simulations.

16 Optimal climb path at military power. § = 0.98.
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Figure 4.13 shows specific excess power, P; in the flight envelope and the minimum
time-to-climb path at military power. The corresponding optimal climb path at
maximum augmented power is given in Figure 4.14.

Figure 4.15 illustrates specific range, R, for typical cruise altitudes and Mach
numbers. The maximum specific range at the beginning of the cruise stage, 460 m/kg
of fuel were obtained at an optimal altitude of 11.6 km and an optimal Mach number
of 0.85. This indicates that the aircraft mission range could be improved if Phase 3
of the mission definition, the cruise stage, is performed at a higher altitude and a
somewhat lower Mach number than the specified 9.144 km / M 0.9 of Table 2.2 in
section 2.1.

Baseline specific range contour plot. Initiation of cruise. § = 0.96.
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Figure 4.16 illustrates estimated aircraft acceleration at an altitude of 9 km. No
specific aircraft acceleration time requirement is specified by University of Sao Paulo
for Phase 6 in the mission definition, but a typical acceleration requirement is given
in [43], where a maximum aircraft acceleration time of 50 seconds, for an acceleration
from M 0.9 to M 1.5 at 9.144 km altitude is specified. This requirement is illustrated
by the dashed blue lines in Figure 4.16. A somewhat harsher requirement is specified
in [34] for an acceleration from M 0.8 to M 1.6 within the same acceleration time.
This requirement has been slightly reformulated to an acceleration requirement
from M 0.9 to M 1.7 within 50 seconds and is visualized by the dashed red lines
in Figure 4.16. Figure 4.16 shows that the aircraft acceleration is well below the
acceleration requirement, if formulated as in [34, 43]. This indicates that the thrust
requirement in point number 10 in Table 2.2, which in practice determines the engine
performance in this type of acceleration, is a rather challenging one.
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Figure 4.16: Aircraft acceleration.






Chapter 5

Conclusions

A two-spool low bypass ratio mixed flow turbofan engine has been modeled to
illustrate the impact of power extraction on engine performance. A thermodynamic
engine cycle design has been selected to meet the thrust requirements of the baseline
case, i.e. the case where no power is extracted from the jet engine, and a preliminary
aircraft / engine interactive performance evaluation has been undertaken to evaluate
the cycle design from an aircraft performance perspective. It has been concluded
that the two-engine configuration and thermodynamic cycle chosen are well balanced
to meet the aircraft performance requirements for the baseline case, while being
suitable to illustrate the effects of power extraction.

When power is extracted from the HP or LP shaft of a twin-spool low bypass ratio
mixed flow turbofan engine, the turbine inlet temperature is increased. The required
temperature increase is higher when power is extracted from the HP shaft. Higher
turbine inlet temperatures increases specific thrust and also specific fuel consumption
at non-augmented operation. For cases with the afterburner in operation, this turbine
inlet temperature increase is favorable as the excess fuel flow of the core engine is
compensated by an afterburner fuel flow reduction.

Performance impact of power extraction at military power or maximum augmented
power will be highly affected by engine constraints, which in turn are affected by
actual flight cases. The solutions of the off-design simulations were constrained by a
maximum turbine inlet gas temperature limitation, 7},,,, and a maximum overall
pressure ratio limit, OPR,,,,. When the engine is constrained by the OPR,, ..
limitation, the increased turbine inlet temperature of the HP shaft power extraction
case preserves net thrust more efficiently than the LP shaft power extraction case,
provided that the turbine inlet gas temperature increase is acceptable from an engine
operability perspective. However, the engine will reach its Ogp,eqr for more flight cases
when power is extracted from the HP shaft, i.e. the Ogp.cqr is reached at lower 6y and
the performance will be deteriorated for all cases where Ggprear < 0. In practice, this
means that engine thrust will be reduced considerably at high speed/low altitude
cases if power is extracted from the HP shaft. The thrust reduction of the LP shaft
power extraction case is more moderate than HP shaft power extraction at these
cases. The lower temperature increase of the LP shaft power extraction case allows
the engine to operate at higher OP R, for Opprear. < 6y compared to the HP shaft
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power extraction case.

The research carried out shows that performance benefits can be achieved if
power take-off can be distributed between the HP and LP shaft depending on the
flight case. However, this might have an impact on the engine design in terms of
size and weight. The surge margin of the fan and HPC when no power is extracted
might have to be increased to be able to extract power from the HP shaft at 6, <
Ooprear- An aerodynamic overspeed margin of the HPC is required to maintain thrust
of the LP shaft power extraction case for 0y < Ggpreqr - This may have an impact on
HPC design, for instance an additional stage could be required.
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