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Abstract

The requirements of military aircraft are becoming increasingly complex. In addi-
tion to traditional requirements such as high maneuverability and high supersonic
speed capabilities, there is now a demand for large amounts of power extraction
from different aircraft systems. Such systems produce excessive heat that must be
dissipated. To meet all these needs, the aircraft engine will play a crucial role. This
work has demonstrated how large power off-takes affect not only the engine but also
the aircraft in different maneuvers of a typical fighter aircraft mission. Extracting
large amounts of power from the engine limits the aircraft performance in challenging
maneuvers and increases engine fuel consumption in different parts of the mission.
In some parts of the flight envelope, the ability to extract large amounts of power
can be significantly limited to ensure safe operation of the engine.

Variable cycle engines might offer improved operability, improved engine perfor-
mance, and solutions to the thermal management problem. Alongside the conven-
tional turbofan engine, a variable cycle concept was studied, in which an additional
outer bypass stream was introduced. This bypass stream is maintained by a single-
stage fan on blade, FLADE. The advantages of this concept, compared to more
advanced architectures, are reduced complexity and weight. The analysis indicates
that the concept has the potential to improve the subsonic cruise range and the loiter
endurance of a fighter aircraft. Potential improvements and limitations have been
evaluated for different throttle settings across the flight envelope of the aircraft.

Keywords: Fighter aircraft performance, engine performance, low bypass ratio,
mixed flow, turbofan engine, power extraction, variable cycle engine
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Abbreviations
A — area
A/B — afterburner
AC — alternating current
ACE — adaptive cycle engine
ACM — air cycle machine
AHP — auxiliary hydraulic pump
AMAD - airframe mounted accessory drive
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A, — capture area
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ATS — air turbine starter
BPR — bypass ratio
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specific energy
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drag due to lift factor with 0 % leading-edge suction
skin roughness value

lift

lift-to-drag ratio

low-pressure

low-pressure compressor

low-pressure turbine

characteristic length

Mach number

drag-divergent Mach number

mass flow ratio

mechanical hydraulic pump

military power (maximum non-augmented power)
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mass flow

rotational speed

fan rotational speed

corrected fan speed

core rotational speed

number of engines

overall pressure ratio, also referred to as =,
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Recutoff
S

SFC
SLS
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Swet
SLS

WEICO
WS
(W/S)ro

power
specific power

absolute power take-off
absolute power take-off

power transmission shaft
pressure

stagnation pressure

dynamic pressure

range

specific range

Reynold’s number

cutoff Reynold’s number
leading-edge suction parameter
specific fuel consumption

sea level static

wing reference area

aircraft wetted area

sea level static

temperature

sea level static temperature of the standard atmosphere
installed thrust

stagnation temperature
installed thrust per engine
installed thrust specific fuel consumption
thermal battery

throttle ratio

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

weight and cost estimation
wing loading

take-off wing loading
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O fan
Qcore
Ushock
Aspill

Bfan

BHPC
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0o
90,b'reak
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P

Tw

bypass ratio

fan bypass ratio, FLADE flow to turbofan flow ratio
core bypass ratio, bypass flow to core flow ratio
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

efficiency

thermal efficiency

propulsive efficiency

pressure recovery

aircraft climb angle

ratio of specific heats

non-dimensional pressure (p/psrs)

non-dimensional stagnation pressure (po/psLs)
thrust inclination angle compared to free stream
pressure ratio

fan pressure ratio

overall pressure ratio, also referred to as OPR
non-dimensional temperature (7'/Tsq)
non-dimensional stagnation temperature (7y/Tsq)
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sweep
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viscosity
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Subscripts
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mazx
pre
std

stagnation

air intake

duct inlet

fan inlet

duct outlet

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)
compression

corrected

fan

maximum value (Ty, OPR)
pre-entry

standard sea level static conditions
velocity direction

direction perpendicular to the velocity direction
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Introductory chapters






Chapter 1

Introduction

1.1 Background

The requirements for fighter aircraft are becoming more and more extensive. The
ability of aircraft to perform increasingly advanced maneuvers has been a driving force
for aircraft and engine design over the past century. Nowadays, these performance
requirements are accompanied by demands for reduced radar and infrared (IR)
signature [1-3], requirements that quite often have adverse effects on the above-
mentioned performance requirements [4]. In addition, more advanced equipment that
requires large amounts of electrical power is introduced in modern fighter aircraft [5].
All of this affects the aircraft engine in different ways. Although pure performance
requirements such as maximum speed and altitude have recently been considered less
significant, or at least have been compromised in view of the new requirements that
have arisen in recent years [1], the high T/W ratio for newly developed fighters [6]
shows that the performance of the aircraft is still of great importance [3].

Copyright Saab AB
Photo: Per Kustvik

Figure 1.1: Takeoff of the Gripen E fighter.

Sizing a conventional turbofan engine for requirements of high maneuverability
and high supersonic speed leads to greater thrust variation over a mission and
that the engine is oversized for flight cases such as cruise and loiter, where the

3



4 1.1. Background

thrust requirement is low. This causes installation losses to increase in these flight
cases [4, 7, 8]. Traditionally, variable geometry intakes have been used to reduce
these losses, but the disadvantage is that such intakes are both heavier and more
complex [9-13]. For a fighter aircraft with a traditional fighter mission, spending
most of its time in subsonic cruise and loiter, this may prove to be a too high price
to pay for the short-duration improved high-speed performance [12].

Engine intake and exhaust may need to be designed to reduce radar and IR
signature, which, in turn, can have consequences in terms of engine distortion and
performance [2, 4] Large amounts of power off-takes from the aircraft engine have
both direct and indirect effects on the engine. The direct effects concern engine
performance and operability [14, 15], while the indirect effects relate to the excessive
heat generated by power-consuming equipment [16, 17]. The engine architecture and
its integration into the aircraft may play a key role in dissipating this excessive heat
from the aircraft.

Power is traditionally consumed by pumps and systems for hydraulic, pneumatic,
and control [14, 18]. Added to this is a constantly increasing need for new power-
requiring equipment such as radars and mission systems [5]. Furthermore, this
power requirement has changed in the sense that mechanical systems are gradually
being replaced by electrical ones. Mechanical control systems have been replaced
by electrical control systems, such as fly-by-wire for flight control and full authority
digital engine control (FADEC) for engine control [19]. Hydraulic systems are about
to be replaced by electric machinery [19-23]. Figure 1.2 [24] gives an overview of the
Gripen fighter vehicle system.

Secondary Power
System

Hydraulic System

Fuel System

Figure 1.2: The Gripen aircraft vehicle systems as illustrated in [24].

A typical aircraft power flow system is illustrated in Figure 1.3 [25, 26]. The
power supply to the aircraft’s electrical and hydraulic systems is provided by an
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airframe mounted accessory drive (AMAD). AMAD power is provided by the aircraft
engine through an engine-mounted accessory drive (EMAD) and a power transmission
shaft (PTS). The accessory drives contribute to the aircraft cross-sectional area and
thus increase the drag of the aircraft, especially during supersonic flight [27-29].
Therefore, it has long been discussed whether these units could be replaced by
a generator directly connected to the aircraft engine, which provides the aircraft
with all the required power [30, 31]. However, such a solution is accompanied by
technical challenges such as high ambient operating temperatures, possible increase
in the volume and weight of components, difficulties in accessing the equipment
to perform maintenance, and the need to completely electrically power the engine
accessories [30, 31].

Hydraulic
= Bleed air
Electrical 115 VAC
Electrical 28 VDC
Electrical 270

VDC
Hydraulic
System 2 ikiF 2 I
. ) m
Electrical Main < Engine
System AC Generator :‘é PTS jU> ¢
> L !
Hydraulic =4
TRU System 1 MHE 1
ATS
Electrical | | L |
System DC
>
Auxiliary |2 APU
B Generator Q
Electrical % _|‘ﬁrter
Systems AHP 18 Turbine ACM

EHP —|—‘ 28 VDC

B ) Battery
Hydraulic Hydraulic
Systems Systems

Figure 1.3: Power system of a typical aircraft [25, 26].

A major part of the work focused on the performance impact of large power
extraction on a twin-spool low-bypass-ratio mixed-flow turbofan engine. This is the
engine type most commonly used in fighter aircraft today. Large power extraction
has previously been studied for high-bypass-ratio turbofan engines, either from
a performance point of view [32-34] or from an operability perspective [32-35].
This work has identified similar performance characteristics for low-bypass turbofan
engines, although these engines differ both in terms of design and mission requirements.
The mission itself and its various phases have proven to be significant in influencing
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performance as the engine is limited in different ways in different parts of the mission.
This means that it may be more or less beneficial to extract power in different parts
of the mission, but also that the most favorable shaft (HP or LP) for power extraction
varies from one mission phase to the other. In Chapter 4 this is illustrated both
with regard to engine performance and from an aircraft performance perspective.
Although these results demonstrate good potential for power off-take in different
parts of a fighter mission, a conventional turbofan engine also has limitations on
how much power that can be extracted, for instance from an operability point of
view. In this perspective, modern types of variable cycle engines (VCE) become
interesting, with their inherent flexibility to extract large amounts of power [36] and
also providing an additional bypass stream for cooling [37]. These features, combined
with the performance advantages traditionally attributed to VCEs, make them an
interesting option for the next generation of fighter aircraft.

What truly motivates VCEs is their ability to combine high maximum performance
during demanding maneuvers with low fuel consumption during flight conditions, such
as cruise and loiter [38]. A conventional turbofan engine with high thrust capability
exhibits reduced fuel efficiency at part-power due to high installation losses [7]. VCEs
combine high specific thrust in demanding maneuvers with improved fuel efficiency
in phases with low thrust requirements, by maintaining a higher airflow at part-
power [39]. In this way, the propulsive efficiency of the engine can be improved and
spillage drag can be reduced. However, for a VCE to be justified, these advantages
must outweigh disadvantages such as increased weight and complexity [40, 41].

A relatively simple variable cycle engine was studied. It uses a fan tip on blade
(FLADE) component to establish an outer bypass stream on a conventional low-
bypass-ratio turbofan engine. In this way, it enables many of the advantages of
more advanced VCEs, without the latter’s extensive changes to the turbofan engine
design and control. This concept, here referred to as FLADE turbofan, has been
studied in [42—46], but less extensive in terms of engine and aircraft performance or
with a different focus. This thesis consists of two main parts. In the first part, an
introduction to the research field is given, describing the work that has been carried
out and the results that have been achieved. The research papers are appended in
the second part.

1.2 Method

The analyses were carried out for a fighter mission and for a conceptual aircraft
design that was provided by the University of Sdo Paulo. The aircraft thrust
requirements and weight fractions in different parts of the fighter mission have been
used to size the different engines that were used for engine performance analysis. An
aircraft performance tool has been developed to study the impact of various engine
architectures on aircraft performance, not only in different parts of the fighter mission,
but also over the entire flight envelope. The Chalmers in-house tool GESTPAN
(general stationary and transient propulsion analysis) [38] has been used to model a
low-bypass-ratio turbofan engine and a FLADE turbofan engine. The characteristics
of different thermodynamic cycles and their impact on aircraft and engine performance
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have been studied. Aircraft performance is evaluated throughout the flight envelope
with input from thousands of engine off-design simulations. Processing such a huge
amount of data required the development of a MATLAB tool to initiate and run
GESTPAN simulations, and to store and to post-process the simulation results. This
initiating and post-processing tool consists of about 250 scripts and functions. A
comprehensive performance data collection has been gathered for each engine concept
that has been studied, which contains engine performance for different combinations
of altitude and Mach number with varying thrust levels. These performance data
are matched with the aircraft thrust requirement in different phases of the aircraft
mission and at each point of the flight envelope for a certain aircraft weight. A tool
developed by Chalmers in collaboration with Stuttgart University has been used for
conceptual engine design and weight estimation [47].

1.3 Limitations

This work has mainly focused on engine performance in steady state operation.
Engine transients were not considered in the performance analysis. Operability issues
such as engine surge, which are typically transient phenomena, have not been studied
in depth either. The evaluation here is limited to studying the operating points
within the compressor maps in on-design and off-design conditions in steady-state
operating conditions to ensure adequate margins for surge and choking. The omission
of engine transients in the analysis of aircraft performance may appear to be a major
limitation, but this is not really the case. In the aircraft maneuvers being studied, the
engine acceleration time constitutes only a small part of the aircraft’s acceleration
time, and it is reasonable to assume a constant maximum thrust throughout the
entire maneuver. Thermal transients impact radial and axial clearances, variable
geometries, and aerodynamic matching of components, which has some impact on
engine performance [48], but it is not within the scope of this work to quantify its
impact on maximum performance. Moreover, it is not an unreasonable assumption
that the engine enters these maneuvers with a high initial engine temperature. For
example, the analyzed acceleration phase follows directly on the combat phase, in
which the engine is already operating at its maximum inlet temperature.
Extracting large amounts of power from a turbofan engine entails challenges,
not only from a performance perspective but also from an operability and design
perspective. These challenges become increasingly demanding at higher altitudes and
lower flight velocities [15]. If, for instance, large amounts of power are extracted from
the HP shaft, it leads to reduced surge margins. Large amounts of power extraction
from the LP shaft may require a HPC overspeed margin to avoid considerable thrust
reductions [29]. The pure performance analysis also does not take into account
possible practical considerations in choosing one shaft for power extraction over the
other. Such factors could be accessibility and maintenance facilitation. Other factors
that have traditionally been in favor of extracting power from the HP shaft are the
shaft operating speed and the shaft speed variations under the various operating
conditions of the engine [31]. The HP shaft speed is higher and the shaft speed
fluctuations are more moderate compared to the speeds of the LP shaft.
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Engine off design simulations are restricted by the limit maximum overall pressure
ratio 7. or the maximum turbine inlet temperature, T, [49]. This control concept
provides a good description of typical engine control, although it is a simplification.
In some parts of the flight envelope, the engine may be further limited by other
restrictions such as the maximum compressor discharge temperature T3 or pressure
P3, the maximum fan speed Ny, or the maximum core speed Ny [7, 15, 50].

The project work has been carried out as an engine reengineering study for
an already existing aircraft, where the conceptual design of the aircraft, which
was presented in [51], has been largely unchanged. This has been done with the
main purpose of studying the impact of different engine concepts, various choices
of thermodynamic cycles, and requirements for large power off-takes on aircraft
capabilities. The design process of a completely new aircraft is otherwise an iterative
process in which any improvement or deterioration compared to previous estimates
has consequences for the design of the aircraft [49, 52].

The aircraft performance tool, which is described in Section 2.2, uses available
low-fidelity models and empirical methods from public sources to estimate the
aerodynamics of the fighter aircraft based on the geometric data provided for the
aircraft, and typical characteristics of fighter aircraft [52-54]. The use of such
methods is common practice in the conceptual design phase [6] and it provides a
sufficiently accurate representation of the fighter aircraft aerodynamics to be able to
evaluate different engine concepts on an aircraft level.



Chapter 2

Aircraft performance and
conceptual design

2.1 Aircraft mission and conceptual design

All engine performance analyses conducted were carried out for an aircraft presented
in [51]. The aircraft is shown in Figure 2.1 and some of its key characteristics
are given in Table 2.1. It was conceptually designed for a mission, illustrated in
Figure 2.2, which was first presented in [55] and then more thoroughly described
in [51].

- 17.40 -

Figure 2.1: The fighter aircraft concept [51].
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Table 2.1: Characteristics of the aircraft [51, 56].

Max takeoff mass mro 21,920 kg
Empty mass Me 12,620 kg
Payload mass my 4,500 kg
Takeoff wing loading (W/S)ro 3,360 N/m?
Range R 1,500 nm
Number of engines Ne 2

Subsonic Escape dash p=0.65
cruise ===

Combat
Deliver

Subsonic expendables

6=0.96 cruise

Loiter

Descend ‘
'Acceleration &

Climb

Takeoff

Figure 2.2: The mission profile used for aircraft design [49, 51, 56].

The mission consists of the following phases [56]:

Warm-up and takeoff
Acceleration and climb
Subsonic cruise
Payload drop

Combat

Escape dash

Subsonic cruise

Fuel reserves

© 0 N e o W=

Descend to land

Driving factors for aircraft design have included requirements for a high thrust-to-
weight ratio (T/W), high weapons load capacity, reduced radar cross section, aircraft
robustness, and high supersonic speed capability. These requirements are intended
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to provide the aircraft with attributes such as short takeoff distances, high maneu-
verability, ability to engage a large number of targets, and high survivability [57].
The conceptual design process resulted in a number of initial thrust requirements
that are presented in Table 2.2.

Table 2.2: Aircraft thrust requirements [51, 56].

H No. Phase Description A/B Thrust h M H

1 1 Warm-up no 1320kN 610m 0.0

2 1 Runway acceleration yes 2214kN  610m 0.1

3 1 Runway acceleration yes 2258 kN  610m 0.18
4 2 Flight acceleration yes 25646 kN 610 m 0.44
5 2 Climb and acceleration  yes  255.6 kN 2743 m 0.775
6 2 Climb and acceleration yes 157.8 kN 7010 m 0.875
7 3 Subsonic cruise no 248 kN 9144 m 0.9

8 5 Sustained turn yes 201.2kN 9144 m 1.6

9 5 Sustained turn yes 106.4 kN 9144 m 0.9
10 6 Escape dash yes 2278 kN 9144 m 2.0

2.2 Aircraft performance and aerodynamics

2.2.1 Aircraft performance modeling

The initial thrust requirements of the aircraft, presented in Table 2.2 were used to
size the engine as described in Chapter 3. Once a more detailed engine model has
been developed, there is reason to evaluate how the aircraft’s capabilities are affected
in different parts of the mission. Of even greater interest is being able to evaluate
how different engine concepts affect the aircraft’s performance. For this reason, an
aircraft performance model was developed. Its purpose is to produce realistic thrust
requirements for the aircraft for various maneuvers throughout the flight envelope,
and it enables interactive aircraft/engine performance studies to be carried out. It
has been developed using methods described in [1, 52, 53, 58]

Forces are calculated, applying Newton’s second law of motion, using the basic
equations (2.1) and (2.2). These equations reflect the forces in the velocity direction
of the aircraft and the forces perpendicular to the velocity direction of a wind axis
system as illustrated in Figure 2.3.

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

In Figure 2.3, V or V, refers to the true airspeed of the aircraft. Since wind is
not taken into account in performance calculations, V = V,, = Vi applies [1]. In
most flight cases, the thrust inclination angle €, i.e. the inclination of the aircraft
relative to the flight direction, is quite small. For such flight cases, the impact of €
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Y

v
W

Figure 2.3: The forces acting on the aircraft [56].

can be neglected and cose ~ 1 and sine ~ 0. In the aircraft performance code, this
approximation is used for all flight cases.

To calculate aircraft performance parameters such as acceleration time, turn
performance or climb time, specific energy h,, given by Equation (2.3) and specific
excess power Py, given by Equation (2.4) are used [1, 52]. The most fuel-efficient
climb path is calculated using Equation (2.5) [52]. The specific range Ry, and the
specific endurance Ejy, are given by Equations (2.6) and (2.7) [52]. The thrust
specific fuel consumption (T'SFC) of Equation (2.5), (2.6) and (2.7) is given in
Equation (2.8). It is also common to express TSFC as shown in Equation (2.9). An
alternative representation of the specific fuel consumption (SFC'), representing the
fuel consumption relative to the installed net thrust (Fy) is given in Equation (2.10).

V2
he=ht g (2.3)
V(T—D) dh Vdv
b _dh Vv 2.4
| W it g dt (24)
dh,  dh,/dt P,
fo = - fdt _ (2.5)

dW; — dW;/dt  TSFC x T
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B, = 51?/ - —TS}‘?/C < T (2:6)
B, = cczivbtj/ - —TSFVC <T (2.7)
TSFC = dWr}/ dat Hﬂ (2.8)
TSFC = dm%/dt [k?’vﬂ - dm%/dt x 10° lm]gv/sl (2.9)
SFC = d”gN/dt [k%S] - dmgdt x 10° [m]‘i]/ﬂ (2.10)

Equation (2.11) is used to calculate the aircraft drag coefficient [1, 52, 53]. Lift
L, and drag D are calculated using Equation (2.12) and (2.13), in which dynamic
pressure ¢ is given by Equation (2.14) [1].

Cp = Cp, + KC; (2.11)
D = ¢S,.;Cp (2.12)
L =qS,Cr (2.13)

q= ;pv2 (2.14)

2.2.2 Parasite drag

Skin friction drag is the main contributor to the subsonic parasite drag of an
aerodynamically well-designed aircraft and the ratio of skin friction drag to parasite
drag is quite consistent [52]. This makes it possible to estimate the parasite drag,
including form and interference drag, of the aircraft using an equivalent skin friction
coefficient C, [54]. C}, relates the parasite drag Cp, to the incompressible flat-plate
turbulent flow skin friction coefficient and can be estimated from a relatively extensive
amount of publicly available information from flight test data for similar aircraft [54].
Equation (2.15) illustrates how the parasite drag coefficient Cp,, can be estimated
from CY,, the wetted area Sy, and the wing reference area S,.;.

(2.15)

In an attempt to improve the analysis and obtain a better estimate of the changes
in Reynold’s number that are due to variations in altitude and Mach number, the
parasite drag calculation model was refined. The skin friction coefficient of the
aircraft was calculated with contributions from the fuselage, wings, tails, and tail
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fins using Equation (2.16) which estimates the flat plate skin friction coefficient for
turbulent flow [52]. The Reynold’s number is provided in Equation (2.17) and the
dynamic viscosity is calculated using Sutherland’s law for air, see Equation (2.18) [59].
The subsonic cutoff Reynold’s number is given by Equation (2.19) and the supersonic
cutoff Reynold’s number is calculated using Equation (2.20) [52]. The skin friction
drag constitutes 60% of the total parasite drag of the fighter aircraft [53]. The
described method provides a realistic drag estimate for the fighter aircraft, more
accurate than the equivalent skin friction method, although less complicated than
the component buildup method, in which the form factors and interference factors of
each individual component must be calculated [52, 54].

0.455

_ 2.1
Cr (log Re)258(1 + 0.144)M2)0-65 (2.16)
Vi
Ty \*° /273.0+1104
—1.71 1—5< 0) () 2.1
=10 503y T, + 1104 (2.18)
l 1.053
Recutofs = 38.21 <k> (2.19)
l 1.053
Recutofp = 44.62 <k> M1 (2.20)

Figure 2.4 illustrates how this drag model relates to the values of equivalent
skin friction coefficients for typical fighter and bomber aircraft [52, 54]. Figure 2.4
also shows the estimate of parasite drag using the improved method, but with the
assumption of a more slender aircraft configuration where two-thirds of the subsonic
parasite drag is due to skin friction drag [54].

The parasite drag in supersonic flight is modeled as the sum of skin friction
drag and wave drag. Equation (2.21) is used to calculate wave drag [52], where the
(2) Sears—Haack term in Equation (2.21) corresponds to the drag of an ideal Sears-
Haack body [60], calculated with Equation (2.22). The leading-edge sweep Arg in
Equation (2.21) is given in degrees.

0.77
<D> = Bwn [1 —0.2(M — 1.2)5 (1 _mhee T )1 <D> (2.21)
q wave 100 q Sears—Haack

2
<D> _ o (Am“ﬂ“) (2.22)
q Sears—Haack 2 !

The parasite drag models for subsonic and supersonic flight are merged within
the transonic flight regime with an empirical method described in [52, 54]. The
fighter aircraft parasite drag variation with Mach number at an altitude of 9 km
is illustrated in Figure 2.5. It can be compared with drag maps of existing fighter
aircraft presented in [52, 53].
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Figure 2.5: Parasite drag of the fighter aircraft. Altitude 9 km.
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2.2.3 Lift induced drag

Lift induced drag of the fighter aircraft is estimated, using the leading-edge suction
method [52-54, 61, 62|, governed by Equations (2.23), (2.24) and (2.25). The slope
of the lift curve Cp_ in Equation (2.25) is estimated using a method proposed
in [52, 63, 64].

K = SKjp + (1 — 5) Ko (2.23)
Ko = —— (2.24)
0= AR |
Ky— (2.25)
0 — CLa .

The leading-edge suction parameter S is determined by the design lift coefficient
ClLyesigns and the lift coefficient C'f, in a certain flight maneuver as shown in Equa-
tion (2.26). Two values of Cp,, ... have been used. A Cp,_, = value of 0.18, chosen to
optimize the performance of subsonic cruise, was later replaced by a Cr,_,, . value of
0.5 to achieve improved maneuverability in the more challenging phases of the fighter
mission. Both these Cp, .~ values and their impact on the leading edge suction
parameter, are illustrated in Figure 2.6.

S = f(CL7 CLdesign) (226)

Leading edge suction is deteriorated with the formation of shocks at the leading
edge [52]. For that reason, the modeled leading-edge suction gradually decreases,
starting from the drag divergence Mach number. At the Mach number where the
leading-edge becomes supersonic and for higher Mach numbers, no leading-edge
suction is assumed. An illustration of the calculated K values with Cr,, .. = 0.5
at altitudes of 9 km and 12 km and an aircraft weight fraction § = 0.96 is given in
Figure 2.7. Typical values for high-performance fighter-type aircraft from [49] with
current and expected future technology level are added for comparison.
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Figure 2.6: Leading-edge suction with Cp,, . = 0.18 and Cp, ;.. = 0.5.
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Figure 2.7: K calculated with the leading-edge suction method alongside typical
values for fighter-type aircraft with current and future technology [49].






Chapter 3
Engine design

A low-bypass-ratio mixed-flow turbofan engine model was developed to meet the
requirements of section 2.1 and Table 2.2. This model has gradually developed over
the course of the project. Chapter 3 is divided into three subsections. The engine
modeling procedure is described in Section 3.1. When evaluating different engine
concepts at the aircraft level, aspects of engine integration and installation effects
become increasingly important. This topic is highlighted in Section 3.2. Section 3.3
provides motivation for thermodynamic cycle selections, while Section 3.4 describes
the control limits that restrict engine operation. In Section 3.5 modeling of the
FLADE turbofan engine is described.

3.1 Engine performance modeling

An advanced tool for engine performance modeling, GESTPAN (general stationary
and transient propulsion analysis), has been developed at Chalmers University of
Technology [38]. Tt uses a traditional method with two simulation modes, design and
off-design mode. The parameters of the thermodynamic cycle selection, described in
more detail in Section 3.3, are specified in the design mode.

The interaction between different modules within the engine must satisfy the
requirements of work compatibility, low compatibility, and rotational speed compati-
bility [65]. When physical systems modeled with differential equations are subject to
such algebraic constraints, differential algebraic equations appear [66]. Semi-explicit
differential algebraic equations are one special class of differential algebraic equations.
These are ordinary differential equations with constraints [67, 68]. In GESTPAN,
a set of equations, generally represented by a system of semi-explicit non-linear
differential equations as represented by Equation (3.1), are formed [38, 69]. This
type of semi-explicit non-linear algebraic equations are common, not only in the
solution of fluid flow equations, but also in applications such as electrical network
modeling, mechanical systems with constraints, and vehicle dynamics [70, 71].

x’ = f(x,2)
0=yg(x,2) (3.1)

19
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The x variables of Equation (3.1) are differential variables and the z variables are

algebraic variables [69]. For the particular case of steady state, x” in Equation (3.1)

becomes a zero vector (i.e. z) = 2z, = ... = 2/, = 0). The equation solver of

GESTPAN, implemented in Fortran [72], uses a secant method with a Broyden
update of the Jacobian [73, 74].

The following modules are implemented in the turbofan engine model:

» Intake

o Fan (LPC)

 Splitter core/bypass flow

» High-pressure compressor (HPC)
o Combustor

o High-pressure turbine (HPT)

o Low-pressure turbine (LPT)

o Unifier (mixer)

o Afterburner (A/B) and nozzle

e Overall supervision unit

o Control selector

The overall supervision unit compiles engine data such as flows, pressure ratios,
efficiencies, and thrusts at an overall level while the control selector manages the
engine control limits. Additional information on intake implementation is given
in Section 3.2. The other modules are described in detail in Appendix A in [38].
Calculating physical gas parameters such as specific heats, specific heat ratios,
entropy, and enthalpy is carried out using an open source code presented in [75].

Table 3.1: Engine station numbering.

Station Location
Free stream
Air intake
Fan inlet
HPC delivery
HPT inlet
LPT exit
Front face of afterburner
Nozzle inlet
Nozzle throat
Nozzle exit

e}

© 00 O U i W N+~

The turbofan engine is illustrated in Figure 3.1. A schematic engine description,
including station numbering according to [76], is provided in Figure 3.1a whereas
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Figure 3.1: Turbofan engine.

a more detailed engine illustration is given in Figure 3.1b. The station numbers of
Figure 3.1a are summarized in Table 3.1.

The process of modeling a gas turbine engine involves the selection of the appro-
priate iteration variables and residuals for Equation (3.1). Table 3.2 summarizes the
iteration variables and residuals of the modeled two-spool low-bypass-ratio mixed-flow
turbofan engine.

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

H Iteration variables Residuals H

Inlet mass flow Inlet flow compatibility

Fan map Bfan Core flow compatibility

Fan rotational speed Fan/LPT work compatibility
Core bypass ratio aepre HPC/HPT work compatibility
HPC map Bupc HPT inlet flow compatibility
HPC rotation speed LPT inlet flow compatibility
Fuel schedule factor 5y Static pressure match in unifier
HPT outlet pressure Afterburner flow compatibility
LPT outlet pressure Engine control residual
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3.2 Aircraft installation effects

The integration of an engine into an aircraft will introduce new drag components and
affect its performance in various ways [49]. The intake of a fighter aircraft with the
engine installed inside the airframe will induce pressure losses [78]. In flight cases,
where the airflow required by the engine is lower than that for which the intake is
designed, non-recoverable pre-entry drag will contribute to an increase of aircraft
drag compared to operating reference conditions [10, 79-83]. This additional drag is
known as spillage drag. Likewise, variations in the exhaust nozzle area and pressure
ratio cause changes in the pressure distribution at the aircraft afterbody, which also
affect the overall drag of the aircraft [79]. The performance of an integrated engine
in an aircraft will also differ from the uninstalled engine performance in the sense
that bleed flow, and power will be extracted from the engine for aircraft purposes.
Bleed air is typically extracted from one of the later stages of the HPC and is used
for aircraft applications such as tank pressurization, environmental control system
(ECS), anti-icing systems, aerondynamic compressors, and suction pumps [84]. Power
is extracted from either of the two shafts of the aircraft engine, usually the HP shaft,
and it is often required for various aircraft systems such as pumps and hydraulic
systems, pneumatic systems and control systems [14, 18].

To provide an understanding of how these installation losses relate to the engine’s
thrust a brief summary of installed engine performance will be presented next. A
more thorough description is presented in Appendix E of [49]. The gross thrust Fg
of the engine include flow thrust and pressure thrust as shown in Equation (3.2) [38].
The net thrust Fy of the engine is obtained by subtracting the impulse of the
free stream airflow that enters the engine from the gross thrust, as illustrated in
Equation (3.3). If installed pressure recovery and bleed and power extraction are
already accounted for when calculating F; and Fly, they are referred to as installed
gross thrust and installed net thrust [8]. This definition of gross thrust and net
thrust is applied here. To calculate the installed thrust of the engine T, the spillage
drag Dy and the afterbody drag D, s must be subtracted from Fy, as shown in
Equation (3.4). The thrust of the aircraft 7', used in Equations (2.1) and (2.2), is
finally obtained from Equation (3.5) multiplying the thrust of the engine T, with the
number of engines installed in the aircraft n..

Fo = nigVy + Ag(py — poo) (3.2)
Fy = Foo — migV (3.3)

Te = Fn — Dyt — Dage (3.4)
T =n.T, (3.5)

In the following, a description of how installation losses have been estimated in
aircraft /engine performance modeling is presented.
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The modeled intake is a fixed normal-shock intake. Its advantages are its lower
weight and reduced complexity compared to an intake with variable geometry and that
it can nevertheless provide good performance for flight velocities up to approximately
1.6 M [11, 85].

However, the intake is affected by losses that have a significant impact on engine
performance. Three important sources of pressure losses are considered. The first is
lip losses that occurs due to flow accelerations around the intake lip in flight cases
with low aircraft speeds and high engine flow requirements [80]. The second is losses
in the intake duct, and the third is shock losses associated with supersonic flight.

An important parameter for estimating both pressure losses and spillage drag is
the mass flow ratio (MFR), which relates the engine flow requirements to the stream
tube that is captured by the inlet. MFR is given by Equation (3.6), in which the
area of the stream tube that enters the engine is represented by A.,. This area can
be determined from Equation (3.7). V., denotes the free-stream velocity, po is the
ambient air density, and m, is the airflow required by the engine.

AOO ma
MFR = = .
e = Ace Vo Poo (3.7)

Lip losses

The intake is matched to the free stream tube of air when M FR = 1. For cases
where M FR > 1, which typically corresponds to a flight case with high air flow
requirements at low speed, air must be drawn into the intake from a larger free-
stream tube of air [80]. This leads to flow separations and increased losses inside the
intake, especially in fighter aircraft, which use sharp lip intakes to reduce supersonic
drag [52, 80]. Intake losses are therefore computed as a function of MFR as illustrated
by Equation (3.8).

(?) = f(MFR) (3.8)

Duct losses

Duct losses are modeled as a function of corrected mass flow and cross-sectional
area of the duct as illustrated in Equation (3.9). Duct losses increase with flow
velocities [86] and these flow velocities, in turn, depend on the corrected mass flow
and the cross-sectional area of the duct.

A n/ 1
(p> —f (m(’ Adm> (3.9)
Po duct Po
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Supersonic losses

As an aircraft enters the supersonic region of flight, shocks form in front of the intake.
po1 and poe are the stagnation pressures in front of (1), and behind a normal shock
(2), given by Equation (3.10) [14]. With the presence of an external surface such
as the aircraft fuselage in front of the intake, it can be expected that the loss of
pressure through the shock is somewhat alleviated compared to that of a normal
shock described by Equation (3.11) [80]. The shock losses of the normal-shock fixed
geometry intake are assumed to constitute 75% of a normal shock (agneer = 0.75)
given by Equation (3.11).

e 1
p2\ [ (y+D)MP \T v+1 v
Poz) ; . (3.10)
Po1 (v —1)MP+2 2yM7 — (v — 1)
A
<p> = Qghok (1 - pm) (3.11)
Do supersonic Po1

Spillage drag

The intake capture area, that is, the cross-sectional area of the intake front face,
must be sized to provide the required airflow to the engine in different operating
conditions [52]. Hence, at flight conditions with lower airflow requirements from
the engine, the excess air in a fixed geometry intake will spill outside the intake
and contribute to pre-entry drag as illustrated by Equations (3.12) and (3.13). The
estimated pre-entry drag of the fighter aircraft illustrated in Figure 2.1 is presented
in Figure 3.2 [77, 80]. For a subsonic intake with rounded lips with a well-faired
shape, a large share of this pre-entry drag can be recovered by lip suction [80].
Unfortunately, a supersonic intake with the need for sharp lips [6, 87] does not offer
the same advantage [49, 80], even if different intake designs and intake lip thickness
distributions may be more or less favorable in terms of lip suction and pre-entry drag
cancellation [88]. Spillage drag of the fighter aircraft is estimated by Equation (3.14)
applying a method proposed in [8, 81], where g, = 0.9. This apy represents an
intake with sharp lips, designed for good supersonic performance.

D, = (Pe — Poo)Ac + pchAc - poovo%;Aoo (3.12)
D

C = P 3.13

e = e 3.13)

Dspill - aspillere (314)
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Figure 3.2: Pre-entry drag of the fighter aircraft [77, 80].

Afterbody drag

Separation of boundary layer in the afterbody of an aircraft causes pressure drag,
which contributes to the overall drag of the aircraft [49]. In addition, twin-engine
installations sometimes suffer from losses due to interference [8]. This afterbody drag
contribution for a reference state is already included in the drag profile of the aircraft.
Variations in the geometry and exhaust area of a fighter aircraft, with changing
flight conditions and engine power levels, will nevertheless cause fluctuations in the
external drag of the aircraft [8]. These drag variations are considered installation
effects and are taken into account in the afterbody drag calculations. For an aircraft
designed for high Mach number operation, the afterbody drag may be significant [7, 8].
However, afterbody drag was neglected. The exact shape of the afterbody is rarely
decided in the conceptual design phase [49] and in the comparative studies that have
been conducted, the variations in the nozzle exit area between compared cases were
small if any. Although the reduction of afterbody drag is one of the motivations
for VCEs [7, 89, 90], the potential for afterbody drag reductions with the FLADE
turbofan engine, further described in Section 3.5, is considered minor for the evaluated
fighter aircraft. A study carried out in [39] for an engine with greater flexibility in
flow variation indicated a half-percent reduction in aircraft drag for subsonic flight
and supersonic flight with military power (maximum dry power, maximum power
without afterburning).

Shaft power extraction

The conditions for extracting power vary depending on the flight case. Mechanical
power off-take, whether for electrical or hydraulic purposes, has a much greater
impact on engine performance at higher altitudes and lower speeds, where absolute
power off-take constitutes a greater share of total power produced by the turbine
concerned [15]. To better illustrate this, a corrected measure of power off-take can be
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used [49]. Equation (3.15) shows how the corrected power extraction, P.ro, relates to
the absolute power extracted, Pro, when normalized to standard sea-level conditions.
Figure 3.3 illustrates the variation of P.ro over the flight envelope with an absolute
power off-take Pro = 100 kW when the engine operates at military power. Figure 3.3
shows that for a constant power off-take (Pro = 100 kW) the corrected power off-take
is tripled (P.go = 300 kW) at an altitude of 11 km and a flight Mach number of 0.8
compared to the sea level static case (P.ro = 100 kW).

PcTO o mO,stdhO,std
Pro mohgo

(3.15)

Altitude [km]

0.6 0.8 1 1.2 14 16 1.8
Mach number [-]

Figure 3.3: Corrected power off-take with an absolute off-take of 100 kW.

For the study of large power extraction, a total absolute power extraction of
1.8 MW was assumed from the two engines in the different operating points. From
Equation (3.15) and Figure 3.3, it can be concluded that such a large power off-
take should have the greatest impact on the subsonic cruise phase, that is, thrust
requirement number 7 in Table 2.2. This is a part-power requirement at subsonic
speed and relatively high altitude, where the engine operates with reduced airflow
compared to the military power case.

Four cases were compared. In addition to the baseline case without power
extraction, 900 kW per engine was extracted solely from the HP shaft, solely from the
LP shaft, or as a combined power extraction with 450 kW from each shaft [51, 55, 56].
For the FLADE turbofan engine study, an absolute HP power extraction of 150 kW
per engine was assumed [6, 49, 77, 91] in all operating points.
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Bleed flow extraction

When referring to bleed flow as part of engine installation effects, this is the bleed
flow used for aircraft systems. This bleed flow should not be confused with the
internal cooling flow of the engine, sometimes also referred to as bleed flow [14, 49].
This cooling flow will be handled in Section 3.3 The modeled bleed flow is extracted
from the last stage of the HPC [92]. In the study of large power extraction, no bleed
air was extracted, while 1 kg/s bleed flow was simulated for off-design cases in the
FLADE turbofan engine study [92].

3.3 Engine sizing and design point selection

The purpose of the process for selecting the thermodynamic design was two-fold.
First, and most importantly, was the object of determining the thermodynamic
cycle of a typical fighter engine. To make the analysis of different engine concepts
or different types of operating cases general, typical values for a fighter aircraft
engine have been selected. There are now plenty of sources to conduct such a survey,
both from literature [15, 49, 85, 93-96] and from data sheets provided by the engine
manufacturers. The selection of specific cycle parameters such as core bypass ratio
or throttle ratio (TR) will, of course, always depend on strategic considerations, and
the design mission of the aircraft [29, 49], but certain characteristics, such as high
thrust-to-weight ratio or high specific thrust [3, 27, 28], are after all common to most
fighter aircraft.

The thermodynamic cycle parameters of the design point of the engine have
always been selected for sea-level static (SLS) conditions, since this is the most openly
well-documented condition, both in the literature and from the industry. Other
requirements have been evaluated through off-design simulations with constraints.
The cycle parameters and the off-design constraints were chosen, with regard to
previous experience in the field, but also with expectations of future technological
improvements in terms of material and component capability. Such improvements
have historically enabled higher operating temperatures, improved efficiency, and
higher stage loadings of components, allowing a more compact design [93, 97].

After this initial phase of cycle evaluation, an iterative procedure was followed in
which the engine cycle was matched to meet the mission requirements presented in
Table 2.2. This included all the parameters involved in the selection of the design
point. An example is provided in Figure 3.4, demonstrating the search for a suitable
design 7. to meet the thrust requirement for one of the takeoff requirements, point
number 2 in Table 2.2, with and without power extraction. The survey was carried
out with a common design point core bypass ratio of 0.4 and design point turbine
inlet temperature T of 2025 K. Figure 3.4 shows that for a design 7. around 20-30
for the reference case and 25-35 for the power extraction case, the required T} to
meet the thrust requirement of point 2 is lower.

However, it soon became evident that the tenth requirement, the escape dash,
would have a major impact on the cycle design and the selected throttle ratio (T'R)
of the engine (described in more detail in Section 3.4). This challenging requirement
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Figure 3.4: Required Ty for different design m., point 2 of the mission thrust
requirement, from [55].

largely governed the first cycle design (DP1), illustrated in Table 3.3. At a later
stage, this requirement was slightly relaxed to achieve a somewhat more balanced
design for the FLADE tubofan engine study (DP2). The key parameters for that
design point, chosen for a part-power condition, are also provided in Table 3.3.

Table 3.3: Design point characteristics [56, 77].

H Parameter ‘ DP1 DP2 H
Altitude 0 m 0m
Mach number 0.0 0.0
Fan pressure ratio 5.4 3.8
HPC pressure ratio 5.2 6.5
Inlet mass flow 90 kg/s 82 kg/s
Cooling flow fraction 0.2 0.2
Core bypass ratio 0.5 0.5
Turbine inlet gas temperature | 2000 K 1650 K
Fan polytropic efficiency 0.89 0.89
HPC polytropic efficiency 0.905 0.905
HPT polytropic efficiency 0.905 0.905
LPT polytropic efficiency 0.91 0.91
Bleed flow 0 kg/s 1.0 kg/s
LPT power extraction 0 kW 0 kW
HPT power extraction 0 kW 0 kW

A high fan pressure ratio was desired to achieve a high specific thrust of the
engine [14, 28, 98]. For a military aircraft, a high specific thrust allows the engine to
meet challenging thrust requirements with a limited amount of airflow. When the
engine can be designed for this lower airflow, the cross-sectional area of the intake



Chapter 3. Engine design 29

and engine can be kept down. A low cross-sectional area limits the increase in drag
of the aircraft in supersonic flight and is very advantageous for a fighter aircraft,
designed for supersonic operation [3, 27-29]. However, there are limits to the fan
pressure ratio. The introduction of a fourth stage is not attractive as it contributes to
an increase in weight and volume of the engine, and the maximum stage loading with
current technology limits the fan pressure ratio of a modern three-stage military fan
to approximately 5 [3]. Therefore, an FPR of 5.4, as chosen for DP1 in Table 3.3, is
challenging. Nevertheless, over the past fifty years, there has been a steady increase
in the pressure ratio per stage in military fan designs [93] and axial flow compressors
of today have pressure ratios of approximately 1.7-1.8 [99].

A core bypass ratio of 0.5, as chosen for both DP1 and DP2, is in good
agreement with what has been reported in the open literature for military en-
gines [14, 15, 29, 49, 93, 96]. 20% of the core flow is used for cooling, a typical
amount of cooling for high technology aero engines [100].

3.4 Engine constraints and limitations

Two of the most important parameters constrain the operation of the engine, applying
a method proposed in [49]. At both military power and maximum augmented power
(maximum power with afterburning), fuel flow is constrained by 7. under conditions
of low flight velocity and high altitude. Figure 3.5 shows the variation of 7. with
nondimensional free-stream temperature #y. The turbine inlet temperature increases
with increasing flight velocities until it reaches its T} limit, after which the engine
switches to the T} limitation as illustrated by Figure 3.5.
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Figure 3.5: Overall pressure ratio variation with non-dimensional stagnation
temperature [56] using a method for engine control proposed in [49, 50, 101].
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The point where the engine switches from the 7. limitation to the T} limitation
is called the 6 preqr Or the throttle ratio (T'R). The T'R is a design choice that has a
significant impact on the performance of the fighter engine in different parts of the
flight envelope. 6y and T'R are provided in Equations (3.16) and (3.17) [49], where
T} stq Tepresents Ty at military or maximum augmented power and standard sea level
static conditions, where engine power is limited by 7. az-

B = (3.16)

T max
TR = "2 — 0) prear (3.17)
T4,std

Figure 3.6 gives an overview of the control modes in the flight envelope at
military power. Figure 3.6a illustrates the distribution of the maximum 7, and the
maximum 7T} operations with a T'R of 1.06. Although the applied control principle
is a highly appropriate method to describe the control principles of a typical combat
aircraft engine, the engine power may also be restricted by other limitations, such as
maximum N, maximum 73, or maximum P3 [7, 15, 50, 102]. To aid understanding
of how such limitations can affect engine control, Figure 3.6b illustrates where they
may become active in the flight envelope.
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Figure 3.6: Engine control principles.

If the maximum HP shaft speed N5 should limit the maximum power operation of
the engine, the flight envelope of Figure 3.6b would typically be further restricted in
the right parts of the flight envelope currently limited by T} [15]. In practical engine
control, the corrected fan speed Nj., given in Equation (3.18), is used instead of ..
Hence, the maximum limit 7, is replaced by a maximum limit N;. in Figure 3.6b.
However, T} is included in both Figures 3.6a and 3.6b, although in practice it needs
to be replaced by another temperature measurement such as Ty5 due to the high
turbine inlet temperature [15].
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Ny

To2
Tstd

Ny = (3.18)

The constraints of the two engines, presented in Table 3.3, are provided in
Table 3.4. A maximum turbine inlet temperature of 2260 K for the F135, reported
in [103] was chosen for DP1. This extremely high 7y, in combination with a
high specific thrust cycle selection (see Table 3.3) and a maximum 7, of 28 was
required to meet all thrust requirements in Table 2.2. Turbine inlet temperatures
of this magnitude are very challenging with respect to material strengths, thermal
corrosion, lifetime of hot parts and cooling requirements [102-104]. As the conceptual
design process progressed and the escape dash thrust requirement (No. 10) was
relaxed, a maximum 7} of 2075 K as suggested in [91] was selected in conjunction
with a limitation 7. of 36. This appears to be a well-balanced choice, although
challenging in terms of stage loadings of the HPC and the HPT, and in terms of
maximum temperatures at the HPC outlet T3 [91]. With the expected improvements
in turbomachinery, following previous trends in development [93], and the higher
temperature capability of the materials used at compressor discharge in future
installations [97, 105], this seems realistic.

Table 3.4: Off design point constraints [56, 77].

H Parameter | DP1 DP2 H

Memas 28 36
Timee | 2260 K 2075 K

3.5 FLADE turbofan engine

Combat aircraft are traditionally powered by low-bypass-ratio mixed-flow turbofan
engines of the type described in the previous sections of Chapter 3. These engines
have developed tremendously since they replaced turbojet engines in military aircraft,
a little more than half a century ago. The engine thrust-to-weight ratios have
increased considerably [3] and the same trend is seen with respect to the specific
core power [97]. Although the aircraft’s capabilities have improved thanks to these
high specific thrust engines, the drawback of poor subsonic performance due to
low propulsive efficiency and high installation losses remains. The development of
variable cycle engines is an attempt to combine the high specific thrust of a turbojet
engine or low-bypass-ratio turbofan engine with improved propulsive efficiencies and
reduced installation losses, both in subsonic and supersonic flight [38].

The FLADE is an extension of the fan blades to form an additional compressor
on top of the fan that allows an additional bypass flow to be established outside,
circumscribing the conventional fan flow [9, 106-108]. In this way, it helps maintain
a higher flow in operating cases where the engine would otherwise be throttled down.
Such operating conditions occur in part-power flight cases such as in subsonic cruise
and loiter, but also in supersonic operation, when the engine is throttled down to not
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exceed one of its limiters, as described in Section 3.4. The additional flow maintained
by the FLADE under such operating conditions both improves propulsive efficiency
and reduces engine spillage drag [107].

The benefits of an external bypass flow are not limited to performance improve-
ments. The increasing heat loads in modern combat aircraft is becoming more
and more of a problem [16, 109]. In fact, the flight endurance of a combat aircraft
may be limited by insufficient cooling of vital equipment in the aircraft, rather
than fuel shortage [110]. An additional bypass flow may be used to cool aircraft
systems [16, 37, 111] or to actively cool the engine core [44], thus contributing to a
solution to the thermal management problem. In addition, the external bypass flow
could potentially be used to reduce the infrared (IR) signature of the nozzle [107] or
to suppress engine noise at takeoff [112, 113].

The FLADE has been considered for advanced VCE concepts such as the adaptive
cycle engine (ACE) [114-116], but also as a means of improving the flexibility of a
conventional turbofan engine. The latter concept, illustrated in Figure 3.7, has been
the main focus of this work.
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Figure 3.7: Integration of the FLADE component [77].

In addition to the modules presented for the turbofan engine in Section 3.1, the
FLADE turbofan engine also includes the following modules:

« VCE mode selector

« Splitter FLADE /turbofan engine flow
« FLADE

« FLADE duct

o FLADE nozzle

e Modules for torque and power transfer

The VCE mode selector can be used to switch between turbofan and FLADE
turbofan operation, and is prepared for switching between operating modes of a more
complex future VCE model. The modules for torque and power transfer are used to
balance the torque and power produced by the LPT with the total torque/power
consumed by the fan and the FLADE. More information on FLADE modeling is
provided in [42].
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Table 3.5: Additional and modified iteration variables and residuals.

H Iteration variables Residuals H

Fan rotational speed ~ Fan/FLADE/LPT work compatibility
Fan bypass ratio at,, FLADE nozzle flow compatibility
FLADE map Srrape FLADE/splitter mass flow compatibility

Additional and modified iteration variables and residuals of the FLADE turbofan
engine compared to those highlighted in Table 3.2 are presented in Table 3.5.

Inlet guide vanes (IGVs) allow for flow changes for a constant fan speed [117].
IGVs are implemented, using a method proposed in [118] to modulate the flow to the
FLADE duct and to limit the relative Mach number in the FLADE by creating a
pre-swirl [119, 120]. To allow flow modulation in various parts of the combat aircraft
operating envelope with different power levels of the engine, a combined IGV and
nozzle schedule was developed. Figure 3.8 illustrates the part-power schedule in
subsonic flight. This combined IGV /nozzle control allows FLADE flow reductions
to 13% of total airflow [77]. The required minimum flow of the third stream is not
available for the turbofan engine and therefore has a considerable impact on the
maximum performance of the engine. In previous VCE evaluations, the assumed
amount of flow varies. For example, 15% is assumed in [39, 121] to meet the minimum
requirements of thermal management, while [36] assumes a more or less complete
shut-off of the flow. According to [106], a small flow may be required to reduce air
resistance losses and internal local heating in the FLADE duct. In Section 4.2, both
the minimum flow alternative and the complete shut-off alternative are considered
when evaluating the maximum performance of the engine.
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Figure 3.8: Combined IGV and nozzle control [77].

Different variable cycle concepts may seem more appealing than they actually are.
Large flow variations may introduce losses of efficiency in different engine components
and flow losses in bypass ducts [7]. For the FLADE turbofan engine, flow losses in
the FLADE duct may cancel some of the performance improvements achieved with
the concept. The losses of the FLADE duct were calculated using Equations (3.19),
(3.20), and (3.21) [86] for three different duct areas, corresponding to 15%, 20%, and
40% of the fan annulus area, where 20% was chosen as a reference area. Losses can
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be reduced with a wider duct, as illustrated in Figure 3.9, but at the expense of an
increase in the cross-sectional area of the engine. The supersonic drag penalty from
this increase in cross-sectional area is taken into account as an increase in A,,,, in
Equations (2.21) and (2.22). The calculated losses presented in Figure 3.9 can be
compared with the variation of losses with the Mach number in a bypass duct of an
engine test reported in [89].
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(a) Variation of duct loss with duct area and (b) Variation of duct loss with duct area and
duct flow. Mach number.

Figure 3.9: Losses of the FLADE duct [77].
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3.6 Weight estimation

A disadvantage of VCEs is that they involve a high number of additional variable ge-
ometry, making them heavier than a corresponding turbofan engine. Many promising
concepts, which reduce SFC, have ultimately resulted in increased fuel consumption
at an aircraft level due to the increased engine weight [7]. Consequently, to compare
two different concepts, the engine weight must be taken into account. A Chalmers
developed tool named WEICO (weight and cost estimate), developed for engine
conceptual design and sizing [122], was used to estimate weight of the turbofan and
the FLADE turbofan engine. These weight estimates were then evaluated using
methods reported in [123]. Engine performance data, generated by GESTPAN; is
processed by WEICO to produce weight and geometric characteristics of the engine
components [124]. Additional weights associated with the FLADE turbofan engine
is summarized in Table 3.6.

Table 3.6: Additional weight of the FLADE turbofan engine.

H Component A Weight H
FLADE components 16 kg
Bypass duct 44 kg
Accessories 23 kg
Total 83 kg







Chapter 4

Simulation results

In this chapter, key results are summarized. Chapter 4 is divided into two main
parts, covered in Sections 4.1 and 4.2. The first part, based on the analyses presented
in [51, 55, 56], focuses on a conventional low-bypass-ratio turbofan engine and large
power extraction. In the second part, a performance evaluation of the FLADE
turbofan engine is presented.

4.1 Power extraction evaluation

The objective of the first part of the project was to investigate how large power
extraction limits the performance of a conventional two-spool low-bypass-ratio mixed-
flow turbofan engine. A total of 900 kW was extracted from each engine in all
operating points evaluated. Since there are two different options for extracting power
from this type of engine, namely, the LP shaft or the HP shaft, both options were
evaluated. Consequently, two main cases were prepared in which all power (900 kW)
was extracted from either the HP shaft (illustrated with red colour in the figures
below) or the LP shaft (blue colour). In addition to these two extremes, a third
option would be to distribute the power extraction between the two shafts. This
case was also evaluated with power extraction evenly distributed between the two
shafts (450 kW from each shaft, illustrated with magenta). The different options
were evaluated against the mission requirements specified in Table 2.2 in Section 2.1.
These requirements are repeated in Table 4.1 as thrust per engine requirements.

37
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Table 4.1: Engine thrust requirements [51, 56].

H No. Phase Description A/B Thrust h M H

1 1 Warm-up no 66.0 kN 610 m 0.0

2 1 Runway acceleration yes 110.7kN 610 m 0.1

3 1 Runway acceleration yes 1129 kN 610 m 0.18
4 2 Flight acceleration yes 1273 kN 610 m 0.44
5 2 Climb and acceleration  yes  127.8 kN 2743 m 0.775
6 2 Climb and acceleration  yes 789 kN 7010 m 0.875
7 3 Subsonic cruise no 124 kN 9144 m 0.9

8 5 Sustained turn yes 100.6 kN 9144 m 1.6

9 5 Sustained turn yes 53.2kN 9144 m 0.9
10 6 Escape dash yes 1139 kN 9144 m 2.0

The installed thrust of each case can be compared with the reference case without
power extraction (black) and the thrust requirements (green) in Figure 4.1. The
combined thermodynamic design point DP1 of Section 3.3 and the constraints
imposed as described in Section 3.4 allow the engine to meet the thrust requirements
of Table 4.1 in the reference case. When a large amount of power is extracted, the
engine cannot meet the most stringent requirements of Table 4.1. For this mission,
it happens to be the fifth and the tenth requirements. In the combined climb and
acceleration phase of requirement five, the engine operates at maximum m. and
cannot meet the required thrust when power is extracted from the LP shaft, as
illustrated in Figure 4.1. In the escape dash, requirement number ten, the situation
is quite different. This is a high speed point where the engine is operating at its
limit 7}, see Figure 4.2. Figure 4.1 shows that the tenth thrust requirement is not
met by any of the power extraction alternatives and that the HP power extraction
alternative suffers from the worst thrust drop compared to the reference case.
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Figure 4.2 shows that HP shaft power extraction leads to the largest increase in T}
for all requirements 1-9. Since point ten is already operating at or close to maximum
T}, for the reference case, the HP shaft power extraction alternative, which requires
the highest temperature increase, is the most constraining. The higher 7} resulting
from the HP shaft power extraction case increases the specific thrust of the engine as
long as it is not limited by T 42, but the higher specific thrust is also accompanied
by a higher engine TSFC for non-augmented cases. This relative increase in TSFC is
illustrated for the non-augmented operating cases warm-up and cruise, represented
by points 1 and 7 in Figure 4.3. In contrast to the non-augmented operating cases,
an increase in Ty and specific thrust of the core engine is beneficial for the augmented
cases, point 2-6, 8 and 10. Provided that an increase in T} of the core engine is
acceptable, a slight reduction in TSFC can be achieved for the augmented cases
due to the higher efficiency of the core engine compared to afterburning [55]. The
addition of heat at the higher pressure of the core engine cycle is always more efficient
than burning fuel at the lower pressure in the afterburner [15]. The redistribution of
power from the afterburner to the core engine with the higher 7} of the HP shaft
power extraction case is illustrated in the schematic T-S diagram in Figure 4.4.

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 b

1 2 3 4 5 6 7 8 9 10
Off design point number

Figure 4.3: TSFC compared to Baseline [56].

The limitations introduced with large power extraction at military and maximum
augmented power is best illustrated with performance plots for a range of subsonic and
supersonic Mach numbers. Figures 4.5-4.12 present Fy, T}, 7. and SFC variations
with 6y for Mach numbers ranging from 0.5 to 2.0 at an altitude of 9 km. In Figure 4.5,
the net thrust variation with 6, is shown. A similar illustration of the maximum
augmented net thrust is provided in Figure 4.6. A significant break point can be
observed at the 0, break, 6, = 1.1 for the reference case, after which the increase in
thrust with 6y diminishes. Figures 4.5 and 4.6 confirm the previous observation that
the most significant thrust drop is associated with the extraction of power from the
HP shaft at higher velocities and hence higher inlet temperatures. Figures 4.7 and
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HP shaft power extraction
Reference case

4 4Increased core fuel flow

Reduced A/B fuel flow

S

Figure 4.4: Schematic T-S diagram, reference case and HP shaft power extraction
illustrated [56]. The figure is based on Figure 8 in [55].

4.8 show that the engine reaches its maximum 7} at a lower velocity when power
is extracted from the HP shaft. Beyond this velocity, the engine must be throttled
down as illustrated in Figures 4.9 and 4.10. The 6, break is therefore moved to the
left.

The SFC variation with 6y is shown for the military power case in Figure 4.11
and for the maximum augmented case in Figure 4.12. At military power, power
extraction causes an increase in SFC in the evaluated range of 6,/Mach numbers.
The general trend for the maximum augmented power case is also an increase in
SFC, although a slight improvement of the HP extraction case for 8y < 6g preqr may
be possible if a T} increase is acceptable, as discussed above.



42

4.1. Power extraction evaluation

70
65+ a
60+ A
_ 55p 1
Z
=,
~ 50F A
n
=
e~
= 45 |
-
z
401 A
35r No power extraction §
—— HP power extraction
30+ — LP power extraction :
Combined power extraction
2 5 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0o

Figure 4.5: F) variation with 6, at an altitude of 9 km and military power [56].

130 T T T T T T

1201 5

110f A

__100F .
Z
=3

- 90r il
wn
=]
—

< 8ot E
-+~
z

70+ 5

60 No power extraction 7

——— HP power extraction
50+ —— LLP power extraction :
Combined power extraction
4 O 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0o

Figure 4.6: Fy variation with 6g, at an altitude of 9 km and maximum augmented
power [56].



Chapter 4. Simulation results

43

2300 T T T T T T

2200- 1

2100 4

T

2000~ 4

1900 4

T

No power extraction
—— HP power extraction y
——— LP power extraction
Combined power extraction
l 7 O O 1 1 1 1 1 1

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0o

Turbine inlet temperature (7y) [K]

1800

T

Figure 4.7: Ty variation with 6, at an altitude of 9 km and military power [56].

2300 T T T T T T
E‘ 2200~ =
S
o 2100~ 4
—
=
5
@
—
15)
£ 2000 .
Q
e
-
2
- 1900 .
)
k=
2 :
5 No power extraction
B 1800 —— HP power extraction .
—— LP power extraction
Combined power extraction
1 7 O O 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0o

Figure 4.8: Ty variation with g, at an altitude of 9 km and maximum augmented
power [56].



44

4.1. Power extraction evaluation

30 T T T T T T
251 5
o
S 20t A
—
(5]
-
=i
7
o 15F A
-
a,
E
g
> 101 4
o
No power extraction
5+ ——— HP power extraction 7
—— LP power extraction
Combined power extraction
0 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

o

30 T T T T T T
250 .
3]
£ 20 i
—
o
fa}
S
w0
& 150 .
—
a,
=
g
> 101 4
o
No power extraction
5¢ = HP power extraction .
—— LP power extraction
Combined power extraction
O 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0o

Figure 4.10: 7, variation with g, at an altitude of 9 km and maximum augmented
power [56].



Chapter 4. Simulation results

45

45 T T T T T T
401 =
Z 350 §
~
N
£
QO
R 301 =
o)
251 No power extraction |
—— HP power extraction
—— LP power extraction
Combined power extraction
2 O 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

bo

7 O T T T T T T
651 5
iz
o
~
o0
£
Q
3
©n
60+ .
No power extraction
——— HP power extraction
—— LP power extraction
Combined power extraction
55 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

bo

Figure 4.12: SFC variation with g, at an altitude of 9 km and maximum aug-
mented power [56].



46 4.2. FLADE turbofan engine evaluation

4.2 FLADE turbofan engine evaluation

The FLADE turbofan engine concept is an attempt to improve the subsonic perfor-
mance of a high-performance fighter aircraft with high supersonic speed capabilities
by introducing a FLADE and an additional bypass duct to an existing low-bypass-
ratio mixed-flow turbofan engine. Although the quest for improved maneuverability
and increased supersonic speeds calls for increased maximum performance of the
engine, such throttled-back subsonic cruise conditions constitute a majority of the
operating time of a typical combat aircraft mission [4]. Thus, there is much to be
gained from a reduced fuel consumption in cruise and loiter phases of a mission.
Different phases of the mission presented in Section 2.1 are used to evaluate the
performance of the aircraft with the conventional turbofan engine and the FLADE
turbofan engine. To achieve an adequate comparison, both part-power and maximum
power performance of the two concepts are evaluated. In aircraft simulations, engine
performance for the different engine alternatives is represented by a large number of
simulations, covering several thrust levels ranging from low part-power settings up
to maximum augmented power for each point in the flight envelope, as illustrated in

Table 4.2.

Table 4.2: Engine performance data summary.

H Engine configuration

Turbofan engine

\ FLADE turbofan engine H

Design point aepre 0.25 0.25
0.5 0.5
FLADE flow restriction - Miminum flow
- No flow restriction
Altitudes [km] 0.0 0.0
0.5 0.5
1.0 1.0
15.0 15.0
Mach numbers 0.425 0.425
0.475 0.475
0.525 0.525
2.325 2.325
Power settings Part Part
] \J
Military Military
\J \J
Partly augmented Partly augmented
\J \J
Maximum augmented Maximum augmented

An aircraft weight penalty is added to the FLADE turbofan engine for each
phase, corresponding to the additional weight associated with this engine alternative.
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If an engine concept like the FLADE turbofan engine provides fuel savings, the fuel
required to complete a certain mission will be reduced. This can actually provide
weight savings at the aircraft level. However, this study was carried out as an aircraft
reengineering study in which any improvements in engine performance are used
to improve aircraft capabilities. In this way, advantages and disadvantages of the
FLADE turbofan engine concept are illustrated more clearly.

An additional parasite drag penalty is applied to the FLADE turbofan engine
due to its increased cross-sectional area, which results from the added bypass duct.
Similarly to the weight estimation, this may be an overly pessimistic assumption.
As stated in Section 3.5, the FLADE turbofan engine has the potential to improve
the thermal management of the aircraft. If so, some volume and weight of existing
aircraft cooling systems may be spared. Various methods are already being evaluated
to reduce the weight and volume of these cooling systems [26, 125-127]. However, for
this pure performance study, such potential volume or weight savings of the aircraft
were not taken into account.

The additional weight and drag in combination with the minimum flow limitation
described in Section 3.5 reduces the maximum performance of the aircraft in some
parts of the flight envelope. Although this is primarily intended as a reengineering
study to improve the fuel efficiency of an existing engine at the expense of such
performance degradation, an option would be to connect the FLADE to a higher
specific thrust engine, with improvements in maximum engine performance but a
fuel efficiency equivalent to a conventional turbofan engine with lower specific thrust.
As an example of such a high specific thrust engine, a conventional turbofan engine
with a core bypass ratio ... = 0.25 was evaluated alongside the DP2 engine with
Qeore = 0.5. To evaluate the impact of the minimum flow limitation separately,
an engine with complete shut-off capability of flow to the FLADE duct was also
investigated.

The subsonic performance of the concept is analyzed for the initial subsonic cruise
segment, Phase 3 of the mission given in Figure 2.2. It is evaluated for an initial
and a late phase of the segment with aircraft weight fractions f = 0.96 and 5 = 0.76.
Figure 4.13 illustrates the specific range R, in the flight envelope, for a turbofan
engine and a FLADE turbofan engine with a core bypass ratio ag.e = 0.5 in the
two phases. A similar illustration is provided in Figure 4.14 for a core bypass ratio
Qeore = 0.25. The improvement in range with the FLADE turbofan engine is 3.7-4.0%
at the optimal cruise point [77]. This improvement is due to a reduction in spillage
drag and an improvement in propulsive efficiency. More significant performance
improvements are possible in the lower right part of the subsonic flight envelope,
where the potential reduction in spillage drag is even greater. These improvements
seem realistic compared to the estimated improvements that have been reported for
similar VCEs for military applications [90]. Figures 4.13 and 4.14 also show that a
fuel consumption equivalent to the conventional turbofan engine with a moderate
core bypass ratio (aer) can be achieved with an engine with a lower core bypass
ratio (eere = 0.25), if equipped with a FLADE. This opens up the advantages that
such an engine offers at, for example, high speed without compromising the fuel
efficiency of subsonic cruise phases.
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The optimum speed for loiter is lower compared to the optimal cruise point.
This reduces the potential for spillage drag reduction compared to the cruise case.
Figures 4.15 and 4.16 show the loiter performance over the flight envelope for the core
bypass ratios aeore = 0.5 and agore = 0.25. The improvement in specific endurance
for the FLADE turbofan engine compared to the conventional turbofan engine is
1.9-2.4% [77].
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Figure 4.15: The specific endurance over the flight envelope with aore = 0.5 [77].

Further improvements of the specific range can be achieved with a wider FLADE
duct as illustrated in Figure 4.17. If the duct area is increased from 20% to 40%
of the fan annulus area, an improvement in TSFC of 0.5-1.0% can be achieved for
typical cruise and loiter phases. On the other hand, such an increase in area will have
negative consequences for the supersonic performance of the aircraft. A high-speed
configuration, with a FLADE duct area corresponding only to 15% of the fan annulus
area is also illustrated in Figure 4.17. However, this narrow area of the FLADE duct
will cause substantial losses, as was shown in Figure 3.9. Such high losses will cancel
many of the performance benefits introduced by the FLADE. The increase in TSFC
is approximately 1.0-1.5% in cruise and loiter, as illustrated in Figure 4.17.

The escape dash, Phase 6 of the mission in Figure 2.2 with an aircraft weight
fraction = 0.65, was used to evaluate the maximum performance of the different
engine alternatives. Figure 4.18 demonstrates the impact of different engine concepts
on the acceleration of the aircraft.
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Figure 4.18: Acceleration performance of different configurations [77].

Figure 4.18 shows that the acceleration time of the aircraft with the FLADE
turbofan engine, illustrated with the solid black curve, increases compared to the
conventional turbofan engine. The increase in acceleration time is mainly due to
the minimum flow requirement of the FLADE, which reduces the maximum flow
to the turbofan engine. This is evident from the dash-dotted curve of Figure 4.18,
illustrating the FLADE turbofan engine without flow restriction, which exhibits an
acceleration performance almost equivalent to the conventional turbofan engine. The
limitations in acceleration performance are of course most significant in parts of
the flight envelope where the maximum power of the engine is already restricted by
airflow limitation, i.e. at lower flight velocities. In high-speed flight, the FLADE
turbofan engine’s ability to reduce spillage drag compensates for the negative impact
from increased cross-sectional area and the increased weight of the engine. From
Figure 4.18 it can be concluded that the reduction in the FLADE duct area from
20% to 15% of the fan annulus area (red curve) provides very little improvement
in the acceleration time of the aircraft. Given the considerable increase in fuel
consumption at part-power, this reduction in the FLADE duct area is difficult to
justify. Increasing the FLADE duct area to 40% of the annulus area of the fan
(blue curve) has a significant negative impact, both on the acceleration time and the
maximum speed of the aircraft. Such a wide duct could possibly be justified for an
aircraft designed for a mission with a clear predominance of subsonic flight phases.
Finally, from Figure 4.18, it can be concluded that improvements can be achieved at
maximum power if the thermodynamic cycle of the turbofan engine is negotiable.
An increase in maximum speed with the FLADE turbofan engine is achieved with
Qeore = 0.25. As noted above, this engine alternative provides a subsonic part-power
fuel efficiency comparable to that of a conventional turbofan engine with a ... = 0.5.
The cycle design and TR of the a,.. = 0.25 turbofan engine was selected in favor of
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high speed capability. By making other choices for the thermodynamic design cycle
and the control schedules of the turbofan engine, these performance benefits can of
course be transferred to other regions of the flight envelope.
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Figure 4.19: Comparison of specific excess power with 5 = 0.65 [77].

We can expand the view to include the entire flight envelope for both military
and maximum augmented power, as illustrated in Figure 4.19. Even if not specified
in the design mission in Section 2.1, an unfortunate disadvantage of the FLADE
turbofan engine is that the supercruise capability, that is, supersonic flight without
the use of afterburner, is lost for this aircraft/engine configuration. As illustrated
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in Figure 4.19¢ (P; < 0), this is mainly due to the minimum flow requirement of
the FLADE at military power. If all flow was available for the turbofan engine, the
supercruise capability would be preserved. This is also shown in Figure 4.19e.






Chapter 5

Summary of Papers

5.1 Paper 1

Daniel Rosell and Tomas Gronstedt. Design Considerations of Low Bypass Ratio
Mized Flow Turbofan Engines with Large Power Eztraction. Fluids 2022, 7(1), 21.

5.1.1 Division of work

Both authors contributed to conceptualization, methodology, software, and validation
while the formal analysis was performed by the author of the thesis. The author
of the thesis performed the simulations, post-processed the results, and wrote the
original draft of the paper. Tomas Gronstedt contributed with feedback on the
manuscript.

5.1.2 Aim

In low-bypass-ratio mixed-flow turbofan engines, power is normally extracted from
the HP shaft. The aim of the work was to evaluate how the performance of a typical
low-bypass-ratio mixed-flow turbofan engine is affected by large power extraction from
the HP shaft in different parts of a fighter mission. This type of engine performance
study, related to large power extraction, has not previously been conducted for
low-bypass-ratio mixed-flow turbofan engines.

5.1.3 Research question

How does large power extraction from the HP shaft affect the performance of a
low-bypass-ratio mixed-flow turbofan engine in terms of net thrust and specific fuel
consumption in different parts of a typical fighter aircraft mission?

5.1.4 Methodology description

A low-bypass-ratio mixed-flow turbofan engine was modeled in GESTPAN and
simulations were performed in key points of a fighter mission to illustrate the

95



o6 5.2. Paper 2

performance impact in different parts of the flight envelope and with different power
levels of the engine. The mission points were simulated with an engine power
extraction of 900 kW, extracted from the HP shaft. These results were compared to
the baseline case without power extraction from the engine.

5.1.5 Discussion

The study illustrated that the performance impact of large power extraction from
the HP shaft will depend on flight altitude and speed, but also on engine power level.
The large extraction of power from the HP shaft will result in an increase in the
turbine inlet temperature (7). If the engine runs at high power and the temperature
increase is acceptable from an engine operability point of view, power extraction
from the HP shaft will have limited impact on the specific fuel consumption and
net thrust of the engine. On the other hand, if the engine is operating at, or close
to, its maximum turbine inlet temperature limit, the thrust reduction will be quite
substantial. This is illustrated in Section 4.1.

5.2 Paper 2

Daniel Rosell, Tomas Gronstedt, Pedro David Bravo-Mosquera, Fernando Mar-
tini Catalano. Low BPR Turbofan Performance with Power Extraction. 33rd
Congress of the International Council of the Aeronautical Sciences, Stockholm,
Sweden, 2022, 6, 4382.

5.2.1 Division of work

The author of the thesis and Tomas Gronstedt contributed to the conceptualization,
the methodology, the engine modeling software and the validation. The formal
analysis was performed by the author of the thesis. Pedro David Bravo-Mosquera
and Fernando Martini Catalano provided the software for the aircraft model. The
author of the thesis performed the simulations, post-processed the results and wrote
the original draft of the paper. Section 2.1, which describes the conceptual design of
the aircraft, was written by Pedro David Bravo-Mosquera and added to this original
draft. Pedro David Bravo-Mosquera defined a mission, carried out the conceptual
design of the aircraft, and provided the mission thrust requirements for the engine.
Tomas Gronstedt reviewed the manuscript and provided feedback.

5.2.2 Aim

To accommodate the increasing power demand of various aircraft systems, an alterna-
tive to extracting all power from the HP shaft is to extract part or all of the required
power from the LP shaft. In Paper 2, the study conducted in Paper 1 was expanded
to also include power extraction from the LP shaft, as well as a combination of power
extraction from the HP and the LP shaft. The aim of Paper 2 was to evaluate the
impact on engine performance of large power extraction when both the HP and LP
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shafts are available for power extraction. Large power extractions from different
shafts have previously been evaluated for high-bypass-ratio turbofan engines, but
not for low-bypass-ratio mixed-flow turbofan engines.

5.2.3 Research question

How does large power extraction from the HP shaft, the LP shaft, or a combination
of the two shafts affect the performance of a low-bypass-ratio mixed-flow turbofan
engine in terms of net thrust and specific fuel consumption in different parts of a
typical fighter aircraft mission?

5.2.4 Methodology description

The modeled low-bypass-ratio mixed-flow turbofan engine was adapted to allow
power extraction also from the LP shaft and used to evaluate the performance impact
of large power in the different mission points. Four cases were evaluated. A first
option with 900 kW power extraction from the HP shaft, a second option with 900
kW power extraction from the LP shaft, and a third option with a combined power
extraction of 450 kW from each shaft were simulated and compared with the baseline
case.

5.2.5 Discussion

The analysis identified a considerable difference in the impact on engine performance
when the LP shaft was introduced as an option for power extraction. Power extraction
from the HP shaft was shown to cause the worst thrust drop when the engine was
operating at or close to the turbine inlet temperature limit (7). If the engine is
limited by the OPR limitation, extraction of power from the LP shaft will cause the
worst thrust drop. The analysis showed that power extraction from different shafts
can be beneficial in different parts of the flight envelope and at different power levels
of the engine depending on the flight case concerned. This is shown in Section 4.1.

5.3 Paper 3

Daniel Rosell, Tomas Gronstedt. Aircraft Performance Impact with a Turbofan
Engine Using a Fan on Blade. Journal of Propulsion and Power, 2026, 42(3), 392.

5.3.1 Division of work

Both authors contributed to conceptualization, methodology, engine modeling soft-
ware, and validation. Tomas Gronstedt implemented the FLADE component in the
GESTPAN performance code as described in [42]. A refined FVG was developed,
based on a previous GESTPAN performance code, by both authors to control the
FLADE flow, and both authors contributed to the development of the FLADE
bypass duct. The schedules for FVG and FLADE nozzle control was developed by
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the author of the thesis. Tomas Gronstedt performed an update to the WEICO
weight estimation model to be able to calculate the weight of the FLADE turbofan
engine and the conventional turbofan engine. The weight calculations, based on the
specific design parameters, were performed by the author of the thesis. The aircraft
performance model, used for aircraft performance evaluation, was developed by the
author of this thesis.

The formal analysis was conducted by the thesis author, who also prepared
the original draft of the paper. Tomas Gronstedt reviewed the draft and provided
feedback and suggestions for improvement.

5.3.2 Aim

The aim of Paper 3 was to evaluate how the performance of a fighter aircraft with
a low-bypass-ratio mixed-flow turbofan engine is affected if the engine is equipped
with a FLADE, providing an additional bypass flow through a separate bypass duct
and exhaust nozzle. Unlike previous studies on the FLADE turbofan engine, this
study covers the aircraft and engine performance over a wide operating range of the
aircraft.

5.3.3 Research question

How is the performance of a fighter aircraft affected across the flight envelope and
in different phases of a mission if it is equipped with a low-bypass-ratio mixed-flow
turbofan engine fitted with a FLADE?

5.3.4 Methodology description

A FLADE was integrated with a low-bypass-ratio mixed-flow turbofan engine model.
Aircraft performance simulations were performed, both for the FLADE turbofan
engine and for the conventional turbofan engine. The two concepts were compared
in terms of aircraft performance, with parameters such as specific range, specific
endurance, aircraft acceleration, and specific excess power.

5.3.5 Discussion

Integrating a FLADE with a conventional low-bypass-ratio mixed-flow offers im-
provements in terms of reduced spillage drag of the engine and increased range of the
aircraft. However, if the FLADE requires a minimum flow, this will limit the military
power and the maximum augmented power of the engine. This will in turn affect
the performance of the aircraft in some parts of the flight envelope, as illustrated in
Section 4.2.
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5.4 Paper 4

Emil Ellenius, Tomas Groénstedt, Daniel Rosell. Aerodynamic Design of Fan on
Blade for Multiple Operating Points. Submitted to The Aeronautical Journal, 2026.

5.4.1 Division of work

Emil Ellenius and Tomas Gronstedt performed the conceptualization and developed
the methodology. Emil Ellenius performed the investigation, the data curation, and
the validation while formal analysis was carried out by all authors. The author of
the thesis provided the sizing conditions and requirements for the FLADE based
on calculations of aircraft and engine performance, reviewed the draft version, and
contributed the article with visualization.

5.4.2 Aim

The aim of Paper 4 is to benchmark the performance of two designs across five
typical operating points.

5.4.3 Methodology description

Output from the performance simulations is used as input for the designs created
and evaluated using computational fluid dynamics (CFD).

5.4.4 Discussion

Two designs were proposed and evaluated based on the performance calculations.






Chapter 6

Conclusions

For future fighter aircraft, engines are being sought that can meet the high thrust
requirements of challenging maneuvers, at the same time provide high fuel efficiency
in subsonic flight, and beyond that supply an increasing amount of power for aircraft
systems. Engines used in combat aircraft are usually two-spool low-bypass-ratio
turbofan engines, where mechanical shaft power could be extracted from the LP
shaft, the HP shaft, or potentially from both shafts. In this work, the impact on
engine performance from large power extraction was investigated. An increase in
fuel consumption and turbine inlet temperature is required to meet such large power
demands, regardless of whether the power is extracted from the LP or the HP shaft.
However, the increase in turbine inlet temperature will be greater when power is
extracted from the HP shaft. Increasing the turbine inlet temperature increases
the specific thrust of the engine. Such an increase in specific thrust results in an
increase in specific fuel consumption at part-power conditions due to the reduction
in propulsive efficiency but may be beneficial in afterburner operation if a power
redistribution from the less efficient afterburner to the main combustor can be
achieved.

In high-speed operation, when the engine approaches the maximum turbine inlet
temperature, this higher turbine inlet temperature increase associated with HP shaft
power extraction significantly reduces the maximum thrust of the engine. In these
flight cases, when the engine operates at the maximum turbine inlet temperature,
extraction of power from the LP shaft has a less limiting effect on maximum thrust
of the engine.

Potential improvements in engine performance at military power or maximum
augmented power with HP shaft power extraction have been revealed in the upper
left part of the flight envelope, where the engine is limited by the maximum .,
but this improvement comes with a shift towards surge of the HPC operating line.
Unfortunately, this is a part of the flight envelope where increased sensitivity to
power off-takes can be expected, in terms of engine operability.

The flexibility of VCEs might offer solutions to these challenges with regard to
operability and large power off-takes, and also the dissipation of heat generated
from power-consuming equipment. The downside of VCEs is the increased weight
and complexity, but also the risks associated with a VCE development program
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and the costs that might emerge due to maintenance of an increased number of
engine components. In this work a less complex VCE, referred to as the FLADE
turbofan engine, was studied. It has many of the advantages of a more sophisticated
VCE, but requires fewer additional components and can be adapted to an existing
turbofan engine. The changes required for the design and control of the turbofan
engine should be more moderate. Together, this should reduce the risk and cost
associated with the development program for a FLADE turbofan engine. Since this
simpler concept had previously been studied only to a limited extent, it warranted
further investigation.

The study showed that improvements in the subsonic part-power performance can
be achieved if a FLADE is connected to the fan of a conventional low-bypass-ratio
mixed-flow turbofan engine, to establish an additional bypass stream circumscribing
the turbofan engine. This outer bypass flow improves the propulsive efficiency of
the engine and reduces the intake spillage drag in subsonic part-power operating
cases, such as cruise and loiter. For the aircraft/engine configuration studied, an
approximate range improvement of 4% and a loiter endurance improvement of around
2% are achieved, with the additional weight of the engine taken into account. This
improvement comes at the expense of a reduction in maximum performance in certain
parts of the flight envelope due to the minimum flow requirement of the FLADE,
which reduces the maximum flow available for the turbofan engine. If this minimum
flow could be shut off, a maximum performance close to that of the conventional
turbofan engine can be achieved in the parts of the flight envelope concerned. The
slight reduction in aircraft performance due to the moderate increase in engine weight
and cross-sectional area will be compensated for by the reduction in spillage drag
provided by the FLADE turbofan engine in high-speed flight. Although a more
advanced VCE might yield further performance improvements, this would come at
the expense of increased weight and complexity.

It can be discussed whether the pure performance comparison with the conven-
tional turbofan engine conducted here is fair if the flow in the FLADE duct can be
used for cooling purposes. If so, the minimum flow required by the FLADE turbofan
engine does indeed result in some reduced maximum performance of the engine, but
it also contributes a solution to the increasing problem of thermal management at
the aircraft level, a problem that otherwise must be solved in another way. This
alternative solution will, of course, also have an impact on the performance of the
aircraft.

In conclusion, the FLADE turbofan engine can be an interesting alternative
for a future fighter aircraft with requirements of high efficiency in subsonic cruise
and loiter operation in combination with challenging demands for both subsonic
maneuvering and supersonic high-speed flight, i.e., maximum speed well beyond
1.6 M. Such a high-speed aircraft can be difficult to design with a fixed intake
and a conventional turbofan engine with satisfying supersonic performance without
imposing considerable amounts of spillage drag to the installation. A common
approach is to use intakes with variable geometry to better match the intake with
the flow requirements at the different operating points of the engine. However, such
intakes are both heavy and complex. Then, they also do not provide an additional
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heat sink for the dissipation of excessive heat or contribute to engine thrust. Hence,
the FLADE turbofan engine constitutes an interesting option for a high-speed fighter,
reducing the need for a variable geometry intake.
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