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ABSTRACT

Aerodynamic Aspects of Propulsion Integration for Next-generation Commercial
Aircraft

Thesis for the Degree of Doctor of Philosophy in Thermo and Fluid Dynamics
VINICIUS TAVARES SILVA

Department of Mechanics and Maritime Sciences

Division of Fluid Dynamics

Chalmers University of Technology

Propulsion integration is one of the most challenging aspects of aircraft design. It
requires a multidisciplinary approach involving aerodynamics, propulsion, structures,
weight, noise, and control systems. The constant push for lowering fuel burn and
noise, and the recent goals for radically reducing the environmental impact of aviation
drive the aviation industry to improve state-of-the-art technology and investigate
innovative engine/aircraft integration solutions. A way to improve the specific fuel
consumption of aircraft engines is by lowering the fan pressure ratio and increasing
the bypass ratio. This is accompanied by larger fan diameters, and consequently
increased nacelle weight and drag. The next-generation transport aircraft will feature
engines substantially larger than those in-service, which will require shorter and
lighter nacelles so that the engine performance benefits are not outweighed by an
increased nacelle weight and drag. In this thesis, this problem is approached by
developing new methods for the aerodynamic design of conventional and ultra-short
nacelles, following a multi-point design methodology that considers the most critical
operating conditions within the flight envelope. A computational fluid dynamics-
based framework has been built to design nacelles and evaluate their aerodynamic
performance. A comprehensive analysis of the aerodynamic aspects of nacelle design
and the main parameters for the design of ultra-short nacelles are identified.

The installation of next-generation high-bypass turbofan engines also poses a
major challenge to the aviation industry due to the limited space beneath the wings
and stringent ground clearance constraints. Over-wing installed nacelles can be a
potential solution for this problem, instead of the customary under-wing mounts. In
this thesis, a framework for engine/aircraft integration aerodynamic design has been
developed. The over-wing configuration is compared to conventional under-wing
mounts in terms of aerodynamic performance. A novel method for wing redesign in
the presence of the nacelle is proposed and an engine placement study is carried out.

In addition, low-speed wind tunnel tests were conducted for two scale configura-
tions. The first was a standalone powered nacelle whereas the second was a half-span
powered over-wing mounted nacelle configuration. The aim was to investigate the
impact of the engine power setting and angle of attack on the flow field for low-speed
operating conditions.

Keywords: Propulsion integration, Aerodynamics, Ultra-high-bypass-ratio en-
gines, Ultra-short nacelles over-wing nacelle, Computational Fluid Dynamics, Low-
speed testing.
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NOMENCLATURE

Roman letters

a — Lip length

A — Area

Ao — Captured streamtube area

Api — Highlight area

Afan — Fan face area

Avey — Reference area

Aer —  Exhaust area

b — Lip height

bp; — Bernstein weighting coefficients
BP, — Bernstein polynomial of order n

c —  Chord

Cref — Reference chord

C(v) —  Class function

Cy —  Drag coefficient

Ch — Discharge coefficient

C — Lift coeflicient

Cis —  Maximum lift coefficient

Cy —  Pressure coefficient

DCy — Total pressure distortion parameter
Dtan — Fan diameter

€d —  Unity normal vector in the drag direction
fepr — Lip control point radial position
fep — Lip control point axial position

fre — Non-dimensional leading edge radius of curvature
Jrmaz — Axial position of maximum diameter
Fq — Stream gauge force

Eet — Net propulsive force

K, — Binomial coefficients

Lee —  Core cowl length

Lpc — Fan cowl length

Ly — Inlet length

Loz — Nozzle length

m —  Mass flow

M — Mach number

n —  Unity normal vector

N — Class function exponents in a CST curve
D — Static pressure

Dy — Total pressure

PR —  Pressure ratio

q — Dynamic pressure

T fan — Fan radius

Thi — Highlight radius
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S(¥)
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Tnet

T;
v
v

—  Maximum radius

— Throat radius

— Leading edge radius of curvature
— Shape function

— Static temperature

— Standard net thrust

— Total temperature

—  Velocity magnitude

= [u,v,w] — Velocity vector

Greek letters

Q;
BCC
6156

Airfoil incidence angle

Core cowl boattail angle

Nacelle boattail angle

Specific heat ratio

Airfoil camber angle

Isentropic efficiency

Local rotation angle for the reshaped airfoil

Droop angle

Trailing edge rotation

Nozzle pressure ratio

Non-dimensional radial coordinate in a CST function
Class shape transformation curve

Trailing edge radial coordinate modifier in a CST function
Intake pressure recovery

Density

Non-dimensional axial coordinate in a CST function
Viscous stress vector

Wall and streamtube boundary forces

Corrected mass flux

Post force

Pre-entry force

Subscripts and superscripts

*

Q SN O
SE "o g

crit

Modified quantity

Freestream

Captured stream-tube entry station

Fan face

Low pressure turbine exit

Fan exit

Airframe

Bypass nozzle

Core cowl

Critical condition at which the flow becomes sonic
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Acronyms

AoA
BC
BPR
CFD
CRM
CST
EDF
FPR
MFR
MHB
OWN
RANS
SST
UHBPR
UWN
WB
WBPN

Core nozzle
Fan cowl
Highlight
Ideal flow property
Inlet

Nacelle

Net quantity
Maximum
Nozzle
Reference
Spinner
Target
Trailing edge
Throat

— Angle of attack
Boundary condition
— Bypass ratio
Computational fluid dynamics

Common research model
Class shape transformation
Electric ducted fan

Fan pressure ratio

Mass flow ratio

Maximum half-breadth
Over-wing nacelle
Reynolds-averaged Navier-Stokes
Shear-stress transport
Ultra-high bypass ratio
Under-wing nacelle

Wing body

Wing body pylon nacelle
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Chapter 1

Introduction

In civil aviation, there has been a constant push for the reduction of fuel burn, noise,
and environmental impact. Each new aircraft generation has improved fuel burn
and emissions by around 15-20%, compared to its predecessor, by improving engine
technology and aerodynamic efficiency. With the envisaged air traffic growth and
growing environmental impact, aviation has recently become the object of higher
scrutiny and it has been acknowledged that further action is necessary on the field.
The European aviation industry has set a target for net zero C'Oy emissions from all
flights within and departing from the European Union to be achieved by 2050 and
established an ambitious decarbonization roadmap [1]. To fulfill such challenging
objectives, the consistent incremental improvements will need to be accompanied
by radically novel propulsion and airframe technologies. Aircraft manufacturers
and research institutions are currently working on new revolutionary aircraft and
propulsion concepts that aim at drastically reducing the environmental impact of
aviation. Concepts such as the blended-wing-body [2], the truss-braced wing [3], and
boundary layer ingestion [4], [5] are examples of novel aircraft configurations being
widely investigated. Moreover, novel propulsion systems such as hybrid-electric,
full-electric, and hydrogen-powered aircraft, as well as new engine architectures,
such as the OpenFan [6], are potentially large steps on the long road toward the
decarbonization of air transport. Nevertheless, such radically new technologies
require a long time to mature or can eventually come to be unfeasible solutions, and
thus it is crucial that conventional tube-and-wing configurations keep evolving at an
accelerated rate. This can be done by improving airframe aerodynamics, using more
advanced and lighter materials, and by developing more fuel-efficient engines.

To improve the overall efficiency of aero-engines, it is necessary to simultaneously
enhance the engine’s thermal and propulsive efficiencies. The former can be raised
by improving the performance of the core components, by increasing the burner
exit temperature and the overall pressure ratio. The latter can be achieved by
lowering the fan pressure ratio (FPR) and raising the bypass ratio (BPR). The
next-generation turbofan engines are expected to operate with cruise BPRs of 15
and greater, referred to as ultra-high bypass ratio (UHBPR) engines, and FPRs
lower than 1.4. One of the technologies that might allow this to become reality is
the geared-fan architecture, which features a gearbox between the fan and the core



engine. In addition, substantial noise reduction can be obtained with low FPR and
low fan speeds [7]. However, a direct result of increasing the BPR, is larger fan
and nacelle diameters and, consequently, higher nacelle weight and drag. When
the engine size increases substantially, the fuel burn benefit from a higher engine
propulsive efficiency is outweighed by the increased nacelle drag. The geared-fan
technology allowed the point of optimum fuel burn to be shifted downward, by
reducing the fan’s rotational speed, as can be seen in Fig. 1.1. As the engine size is
expected to keep raising, advanced nacelle designs, with shorter inlets and exhaust
nozzles, are required so that the gain in propulsive efficiency is not outweighed by
the higher installation drag and weight. With the advent of new nacelle, fan, and
core technologies, combined with novel advanced design methods, larger engines
can possibly be designed without the current performance penalties. A schematic
representation of the engine technology evolution is shown in Fig. 1.1. It is clear
that the engine size and BPR must increase for reduced fuel burn and noise, and this
will require the inlet to be shortened, i.e., the inlet over fan diameter ratio (L;/D fqy)
to decrease.

1980s engine (still in-service)
BPR~5—-6
L1/Dyan ~ 0.8 ~1 State-of-the-art engine

A @ BPR ~ 12 Future UHBPR engine
L1/Dan ~ 0.5 — 0.6

BPR > 15

@\ L1/Dyan < 0.4

Z
m 1
21 !
m i
_ Geared fan |
L technology i
= !
L
Fuel burn
New technologies: .~ L,
Nacelle, fan, core “\\ Jtng
SMALL ENGINES FAN SIZE LARGE ENGINES
Low BPR Low FPR
High FPR High BPR

Figure 1.1: Technology evolution of turbofan engines for commercial aircraft.
Adapted from [8].

State-of-the-art turbofan engines feature intakes with L;/Dy,, between 0.5 and
0.6. However, intakes for future aero-engines will be shorter, likely having a L;/D 4,
between 0.3 and 0.4. As inlets shorten, the fan-inlet coupling gets stronger and
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the nacelle design becomes substantially more challenging, especially for low-speed
and high-incidence conditions. Since short inlets have reduced internal diffusion
capability, they are more likely to ingest highly distorted flows, and more susceptible
to boundary layer separation, leading to poor performance and engine instability. In
the thesis, the aerodynamic design of ultra-short nacelles for future aero-engines is
addressed in detail.

The vast majority of civil aircraft feature engines mounted under and upstream
of the wings, since such placement usually provides lower installation drag than other
integration choices. History shows that over the years the engines’ axial location has
been moved forward and engines have become more closely coupled with the wing [9].
Positioning the engines forward generally grants a lower installation drag, whereas
installing them closer to the wing is merely a consequence of higher BPR engines and
nacelle diameters. The issues with the integration of high-bypass turbofan engines
date back to the 80s. The limited space available underneath the wings, summed
with strict ground clearance constraints makes it a hard multidisciplinary problem.
To accommodate large engines, long and heavy landing gears might be necessary,
increasing the aircraft’s weight and drag. Moreover, as in the B737, the lower part of
the nacelle sometimes needs to be flattened so that the engine will meet the ground
clearance requirements.

Up to this day, engineers have found solutions and compromises that made it
possible for the customary under-wing installations to prevail. Nevertheless, under-
wing integration might not be a suitable solution for future UHBPR engines, mostly
due to the prohibitively large and heavy landing gears necessary. Other types of
integration can offer the solution to such a problem, such as high wings with under-
wing mounted engines, low wings with over-wing mounted engines, or embedded
engines, for which the engines are partially buried into the fuselage. This work, in
particular, addresses the aerodynamic aspects of propulsion integration for UHBPR
turbofan engines positioned over the wings, in comparison to conventional under-wing
mounts.

1.1 Objectives

This thesis tackles two major problems faced by the civil aviation industry regarding
the propulsion integration of next-generation aero-engines. The first is the design
of ultra-short nacelles for UHBPR turbofan engines. The second is the integration
of UHBPR engines with the airframe. The goals of this thesis are to provide
novel CFD-aided design methods for the integration of next-generation aero-engines,
conduct a thorough investigation of the aerodynamics aspects of nacelle design and
its integration with the aircraft, and to investigate the feasibility of an innovative
over-wing mounted nacelle configuration. Such goals can be better split into two
fundamental parts: 1) design of uninstalled nacelles and 2) integration of nacelles
with the airframe. The first part of this work will be achieved through the completion
of the following objectives:

o Establishing a novel methodology for the multi-point design of ultra-short
nacelles for UHBPR turbofan engines.



6 1.1. Objectives

e Developing a new method to reproduce the intake-fan coupling at critical
operating conditions that does not rely on the geometry of the fan blades or
on extensive data for calibration.

o Studying the flow field around nacelles under operating conditions considered
to be critical for the engine’s performance and stability.

o Identifying the major design parameters in each of the operating conditions
and how they impact the flow field end nacelle aerodynamic performance.

e Designing geometries that provide good performance trade-offs between the
high and low-speed flow conditions and highlighting important decisions to be
taken during the design procedure.

The second part of this work will be achieved by accomplishing the following
goals:

o Conducting a thorough investigation of the aerodynamic impact of installing
UHBPR engines over the wings.

e Developing a novel method for reshaping the wing of an over-wing nacelle
(OWN) configuration.

o Performing an engine position sensitivity study coupled with the developed
wing reshaping method for the OWN configuration.

o Investigating in detail the coupling between aerodynamics and propulsion, and
the interference effects between wing nacelle and pylon.

o Comparing the best OWN installation obtained with a baseline under-wing
nacelle (UWN) configuration.

Another goal of this work is to conduct low-speed powered experimental in-
vestigations on an uninstalled and an over-wing mounted nacelle configuration, to
complement and validate the results obtained from the numerical studies.



Chapter 2

Propulsion Integration: General
Aspects and Previous Work

A turbofan engine for commercial aircraft is enclosed by a nacelle and attached
to the wing by means of a pylon. Figure 2.1 shows an illustration of an aircraft
with under-wing mounted nacelles, attached to the wing via a pylon. A two-stream
turbofan nacelle is comprised of an inlet, an external cowl, a bypass nozzle, and a
core nozzle. The part of the nacelle that covers the core engine is referred to as
the core cowl. The nacelle also contains a breaking mechanism referred to as the
thrust reverser, to reduce the landing distance. Modern turbofan engines usually
feature a cascade-type thrust reverser, in which the rear part of the cowling and the
bypass nozzle slide axially to allow the bypass flow to change its direction. Moreover,
nacelles comprise acoustic liners for noise damping. Two-stream turbofans can feature
chevron nozzles which are serrated edges, in a saw-tooth pattern, at the trailing
edge of the nozzles, to reduce the jet blast noise. Figure 2.2 shows a schematic
representation of a two-stream turbofan nacelle longitudinal section. The top half
shows the forward thrust mode and the bottom half shows the reverse thrust mode.

Figure 2.1: Under-wing mounted nacelles attached to the airframe by means of a
pylon.
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Figure 2.2: Schematic representation of a nacelle for a two-stream high-bypass
turbofan. The top half shows the forward thrust mode and the bottom shows the
reverse thrust mode.

A well-designed inlet is essential for the engine to operate safely and efficiently

during the entire flight envelope. The intake system should be designed to fulfill the
following requirements [10]:

1. Provide an adequate fan face Mach number and engine mass flow rate during
the entire mission.

2. Provide a smooth flow to the fan, with a higher pressure recovery and low
distortion levels for the entire flight envelope.

3. Provide low installation drag and weight.
4. Provide acoustic damping of the fan noise.

5. Allow for engine thrust growth.

The bypass and core nozzles have the main function of accelerating the cold

and hot streams, converting the fluid internal energy into kinetic energy and thus
propulsive force. Nozzles for aero-engines should be designed to meet the flowing
criteria [10]:

1. Efficient expansion of gases to the free stream.
2. Low installation drag.
3. High-performance reverse thrust capabilities.

4. Low weight.

In the next sections, firstly, the major aspects of nacelle aerodynamic design

are addressed. Secondly, the aerodynamic aspects of engine aircraft integration
are discussed. Lastly, some of the major research work in the field of propulsion
integration are summarized.
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2.1 Aerodynamic Design of Nacelles

The design of a turbofan nacelle requires several compromises since the optimum
shape will be different for distinct operating conditions within the flight envelope [11],
[12]. Figure 2.3 shows a schematic representation of the flow field under different
operating conditions and some of the possible flow field characteristics.

Sonic bubble

" Strong shocks

Shock should be avoided

MFR = Ay/An:
— | Moo <1
i ; desirable
@Strong crosswind Cruise i
"""" Ao E
AO E
MER>1 Windward i
stagnation point i Inner lip
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Abrupt curvature

can lead to separation .
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(e(\s“e Highlight !
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Leewarfi . \“ MF R > 1 '
stagnation point %
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X\' BO ‘\‘
we Li
doA N B
\ acceleration
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.
.
.
Ry
.
.

point

Figure 2.3: Schematic representation of the flow field for different operating
conditions: cruise (side view), high-incidence (side view), and crosswind (top
view).

For cruise the focus should be minimizing drag, therefore, the supersonic velocities
at the fan cowling should be limited, and shock waves should be avoided when possible
since they are accompanied by a significant increase in wave drag. Internally in the
inlet, shock waves can also be formed, causing excessive boundary layer thickening
and increased loss in intake pressure recovery 7;. In the most severe cases, shock-
induced separations can occur, and thus the throat area should be selected to avoid
shock formation [11]-[13].

A reference aerodynamic parameter for the inlet is the mass flow ratio, MFR,
which is defined as the ratio between the streamtube captured area Ay, and the
highlight area Ay;. Typical values of MFR will vary between 0.7 and 0.8 for cruise.
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At low speeds, the MFR will be larger than unity and the highest velocities will occur
internally in the inlet. Particularly at high incidence, the lower stagnation point will
be somewhere outside the lip and thus the flow needs to accelerate around the lip,
which results in strong shocks downstream of the highlight position. This frequently
results in shock-induced separation. For crosswind, the MFR is the greatest and
the windward stagnation point is now located somewhere at the fan cowling. This
requires the flow to be severely deflected in order to enter the inlet duct. Two types
of separation can occur in this case: the first happens for low speeds and is primarily
driven by excessive diffusion, starting near the highlight position; the second takes
place for high fan speeds and high inlet mass flows, when a shock wave is formed
internally in the windward lip, and the strong adverse pressure gradient causes the
flow to separate.

The conflicting requirements existing for different flight conditions result in an
asymmetric nacelle shape. The inlet is thus thinner on its top part to avoid excessive
wave drag, whilst its lower part is thicker and rounder, to prevent high-incidence
separation and to alleviate distortion.

Excessive drag can result from the bypass jet and the external stream interaction.
If the nozzle is choked, the exhaust pressure will be higher than the ambient pressure.
Strong adverse pressure gradients can develop in the fan cowl, generating a small
separation region and increasing drag substantially. The drag developed by the rear
part of the fan cowl is termed boat tail drag and a proper boat tail angle ;. should
be selected to minimize it.

Engine inoperative conditions, such as idle and windmilling, should also be
investigated during the nacelle design process. For such conditions, the inlet mass
flow and MFR are very low, causing the flow to stagnate internally in the inlet. The
uncaptured flow has to accelerate around the lip, creating strong pressure gradients
at its external part. If the lip and cowling are not properly shaped, external flow
separation can occur.

2.2 Aerodynamic Aspects of Propulsion Integra-
tion
2.2.1 Under-wing nacelles

Most modern commercial aircraft feature engines placed under and upstream of
the wings. History shows that a forward engine placement is generally beneficial
for minimizing installed drag. Moreover, due to the large fan diameters, modern
aero-engines need to be integrated closely coupled with the wings, and thus the
vertical gap between the engine and wings has been decreasing as time progresses.
It is well known that the presence of the nacelle significantly impacts the flow field
around the wing and vice versa, and consequently, the overall profile, induced, and
wave drag will significantly differ for the installed configuration. Since the wing,
nacelle, and pylon shapes interact with each other, the wing can be better optimized
in the presence of the nacelle.

Some of the most common aerodynamic aspects that should be taken into account
during the engine integration process are pointed out in Fig. 2.4 and described as
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follows:

o The design of an installed under-wing inlet differs from that of an isolated one
since the inlet should be drooped for better alignment with the wing upwash
and drag reduction at cruise. The upwash also impacts the nacelle incidence
at low-speed conditions such as takeoff.

o The fan cowling shock is affected by the presence of the pylon. The flow tends
to stagnate near the pylon’s intersection with the nacelle, and accelerate over
the top of the pylon, possibly reaching supersonic speeds. Shallow pylon/cowl
intersection angles are generally a good solution to avoid excessive stagnation
and reduce wave drag.

o For an under-wing mount, the exhaust jet affects the flow around the wing. As
the jet velocity is higher than that of the freestream, it counters the natural
circulation around the wing and leads to some local lift loss. The lift is recovered
by flying at higher AoA, and this results in a higher configuration drag. The
additional drag caused by the jet’s influence on its surroundings is referred to
as blowing drag [9]. Lower FPRs and jet velocities are beneficial for reducing
blowing drag.

o The shape of the exhaust system has a high impact on interference drag. A
conical external core cowl has been shown to perform better than a curved
exhaust system for two stream high-bypass turbofans [9].

o A forward engine placement is generally beneficial for reducing installed drag,
however, weight and manufacturing costs are also taken into account when
selecting the engines’ axial position.

o The exhaust shape and length are influenced by noise considerations and by
the design of the thrust reversers.

Shock strength influenced
by the pylon

Stagnation around

the pylon increases drag

Fan cowl and core cowl boattail angles
affect the interference and blowing drag

Internal and external inlet
sized for cruise and

low-speed/high incidence
conditions Exhaust jet interacts with the wing,

generating blowing drag

Inlet droop matched to
upwash

Fan duct shape and length
influenced by noise considerations
Nacelle location and shape affects interference

drag, wingspan loading, and induced drag

Figure 2.4: Aerodynamic aspects affecting under-wing nacelle installation.
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2.2.2 Over-wing nacelles

As previously mentioned, over-wing mounted nacelles are a potential solution for
the integration of UHBPR engines. However, in an OWN configuration, the engine
considerably disturbs the flow on the wing’s upper surface and a strong coupling
between aerodynamics and propulsion is observed. At cruise conditions, a high-
pressure zone is formed ahead of the nacelle, which locally increases the pressure
on the wing’s upper surface and can potentially cause a severe loss in lift. To
recover the lift, the aircraft has to fly at a higher AoA, leading to an increased wing
shock strength and substantially higher wave drag. Figure 2.5 illustrates such a
phenomenon by comparing a conventional UWN installation to an OWN mount.
The high-pressure zone formation and stronger shock for the OWN configuration
can be easily observed from the C), contours. This problem can be solved, however,
it requires advanced coupled design and optimization techniques that consider the
interaction and interference effects between the nacelle, wing, and pylon. Papers
C and D bring a detailed analysis of OWN integration aerodynamics and a novel
method for reshaping the wing in the presence of an over-wing mounted nacelle.

e
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AoA = 2.54° AoA = 3.54°
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High pressure zone

/ Strong shock

P s

Figure 2.5: Pressure contours for under-wing and over-wing mounted nacelles.
The high-pressure zone and stronger wing shock are highlighted for the OWN
configuration.

A unique characteristic of over-wing mounted nacelles is the powered lift produced
at low speeds. The high-pressure zone shown in Fig. 2.5 is caused because, at cruise
conditions, the inlet MFR is less than unity, meaning that diffusion occurs in the
captured streamtube and the pressure ahead of the nacelle increases. At low speeds,
the engine operates at a higher power setting, and the MFR is higher than one,
meaning that the streamlines entering the engine present a converging pattern, and
the flow accelerates ahead of the engine. A low-pressure zone is formed upstream
of the engine and on the upper surface of the wing. This generates a lift benefit
that is referred to as powered-lift [14], [15]. Figure 2.6 shows the MFR effect on
the flowfield upstream of the nacelle for two different power settings. In paper E
powered low-speed experimental tests were carried out to investigate the impact of
the engine power setting on the wing lift for an OWN configuration.
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Figure 2.6: Power setting effect on the flowfield upstream of the nacelle for a)
MFR=0.75 and b) MFR=2.5.

2.3 Previous Work and Research Gaps

2.3.1 Nacelle Design and Aerodynamics

The design of high-bypass ratio turbofan nacelles has been subject of research since
the early 60’s. The methods for shaping nacelles can be split into two categories:
parametric and inverse design. The former consists of building the nacelle based on
pre-defined aerodynamic shapes, such as airfoil profiles or splines [16]-[25]. The latter
consists of adapting the nacelle form for attaining a targeted pressure distribution
[26]-[29]. As the civil aero-engines get larger, the more crucial it becomes to severely
reduce nacelle drag. This can be done either by shortening the inlets and exhaust
nozzles [30]-[32], by achieving natural or hybrid laminar flow over the nacelles [33]-
[37], or a combination of both.

Considerable achievements in modern nacelle design were reached over the last
decade. Cristie et al. [38], [39] and Lundbladh et al. [40] have developed new Class
Shape Transformation (CST) based approaches for designing nacelle and intake
aero-lines, and Tajero et al. [41]-[43] have developed CST-based methods for 3D
nacelle shape multi-objective optimization. Furthermore, CST curves were also
widely used for exhaust nozzles design and optimization [44]-[46]. Peters et al.
[30] have presented a spline-based framework for designing nacelles with ultra-short
inlets and assessed the performance of different short inlet candidates compared to
a standard length baseline. Rainer Schnell et al. [31] presented coupled fan-intake
design methodology for potential application to ultra-short intakes for UHBPR
engines. Extensive research has been conducted on nacelles subjected to crosswinds
[47]-[50] and a few studies considering crosswind effects on short inlets can be found
in the literature [30]-[32].

Although there is no shortage of research on modern nacelle design, there are
still questions on how far technology can go, i.e., how short nacelles can be designed,
and how much fuel burn benefit could be attained by shortening them. Furthermore,
there is still a lack of research on how critical off-design operation conditions such as
low speed/high angle of attack (AoA) and crosswind could impact the 3D design of
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next-generation turbofan nacelles, specifically the ones with ultra-short inlets. Paper
A [51] and Paper B [52] of this thesis attempt to answer some of these questions.
The former provides a novel CST-based methodology for the multi-point design of
ultra-short nacelles. The design procedure considers 3D effects of both asymmetric
geometries and asymmetric flow fields under the most critical conditions that are
expected to occur for a given aircraft mission, such as cruise, high AoA, and crosswind.
The latter provides a multi-point aerodynamic design of a 3D nacelle for an electric
fan considering cruise and end-of-runway takeoff conditions.

2.3.2 Fan Modelling

The aerodynamic design of nacelles requires that the fan-inlet coupling is properly
captured. Three-dimensional asymmetric nacelle flows require full annulus fan
simulations, however, such computations have a high computational cost and normally
are not feasible during the preliminary design and optimization stage, due to the large
number of computations required. It is a common practice to mimic the fan behavior
by means of traditional boundary conditions, actuator discs, or body force models.
The use of simple boundary conditions, such as setting a constant static pressure
at the fan face, is a reasonable approach for conditions for which the incoming flow
level of uniformity is high. However, highly distorted flows require the fan to respond
locally to spatial changes in total pressure. Actuator disk boundary conditions
[53], [54] and body force models [55]-[59] have been successfully implemented to
reproduce the behavior of fans ingesting asymmetric flows. Nonetheless, such models
usually require either fan geometry information, or more detailed computations or
experiments to be calibrated with. It is worth mentioning that some body-force
models which require low levels of input detail have been implemented [55], [59],
however, they are not reliable for extreme off-design conditions, where the incoming
flow can be highly distorted, or even separated.

During the preliminary stage of nacelle design, the aerodynamicist might have
limited or no access to the fan geometry or its performance data, therefore a simpler
alternative to the methods mentioned above would be of great convenience. In this
thesis, the modified parallel compressor method (MPC) was developed as a novel
boundary condition for the fan. The method is aimed to be applied at the preliminary
stages of nacelle design and requires only a generic fan map or speed line as input.
The MPC method is derived from the classical parallel compressor theory [60]-[63],
and it has been adapted to be used in CFD computations. The method is described
in detail and validated in Paper A. Moreover, it is applied to the simulations carried
out in Paper B.

2.3.3 Propulsion Integration

The integration of high-bypass turbofans is one of the most interesting and challenging
aspects of aircraft design. It often requires multidisciplinary approaches including
aerodynamics, propulsion, structures, weight, noise, fluid-structure-interaction, and
so forth. A great summary of some of the most common challenges encountered
in the field of propulsion integration is described in Ref. [9], where the integration
process of the Boeing 777 is described for engines of different manufacturers, and
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the major challenges and necessary compromises are highlighted. Furthermore, early
propulsion integration Boeing studies on high transonic speeds are described in [64],
and Ref. [65] demonstrates the benefits of using viscous numerical methods for
achieving better engine installation aerodynamics.

Recently, CFD simulations have been widely used to better evaluate the aerody-
namic effects of propulsion integration for UHBPR turbofan engines. The effect of
the nacelles’ axial and vertical placement on the aerodynamic performance of UWN
configurations is evaluated in Refs. [66]-[69]. Magrini et al. [70] and Sanches Moreno
et al. [71] conducted nacelle shape optimizations in the presence of the airframe, and
the design of asymmetric integrated exhaust systems was conducted by Otter et al.
[72].

The integration of UHBPR engines requires nacelles close-coupled with the wing
due to the limited space underneath the wings and ground clearance constraints. As
the engines grow larger, longer and heavier landing gears may be necessary, resulting
in additional weight and drag. Over-wing mounted nacelles would eliminate the
ground clearance issue and, potentially reduce noise due to acoustic shielding from
the wings. The OWN installation acquired a bad reputation in the past since it
would be usually outperformed by conventional UWN configurations [73]. However,
with the advance in CFD techniques, it is possible to design better OWN aircraft
by considering the interactions between the wing, nacelle, and pylon, and thus new
attention has been given to such configurations. A study by Hooker et al. [74] is
noteworthy, as it carried out various wing shape and nacelle position optimizations
for different wing types, nacelle placement, and BPRs. The results indicate that the
optimal configuration is an OWN installation, which features a low wing and trailing
edge mounted engines. This configuration has the potential to improve aerodynamic
efficiency by up to 5% compared to a traditional UWN setup.

Lange and Rudnik [75] have achieved a drag reduction o 11% by optimizing
the nacelle’ axial and vertical positions in an OWN configuration, compared to
the baseline location. Wegener [76], and Wegener and Lange [77], have studied
fuselage and wing-mounted OWN installations, and conducted wing shape and twist
distribution optimizations. Compared to a baseline UWN case, the optimum wing
and fuselage-mounted configurations had approximately 20% and 9% additional drag,
respectively. Ahuja et al. [78] carried out a sensitivity study of drag, lift and intake
pressure recovery to variations in the nacelle location for an OWN configuration.
The wing shape was optimized for the best nacelle position and a 20% drag reduction
was obtained, compared to the baseline configuration. However, the optimized OWN
aircraft still had a drag 5% higher than that of the baseline UWN configuration.

The integration of over-wing mounted nacelles is a complex problem, involving
a strong coupling between aerodynamics and propulsion. The studies mentioned
above reinforce the need for novel design methods capable of capturing the interac-
tions between the pylon, wing, and nacelle. In this thesis, Paper C [79] brings an
aerodynamic evaluation of an OWN configuration compared to a conventional UWN
mount, whilst Paper D reports a novel method for wing reshaping in the presence of
an over-wing mounted nacelle. Moreover, Paper E describes powered low-speed tests
carried out at the Chalmers’s low-speed wind tunnel, for an OWN configuration.
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2.3.4 Wind Tunnel Testing

Typically, transonic wind tunnel tests are performed for flow-through nacelle con-
figurations since the results have been shown to reproduce real flight conditions
reasonably. Experimental investigations for the wing-body-pylon-nacelle (WBPN)
NASA Common Research Model (CRM) were conducted in two different transonic
wind tunnels, for typical cruise conditions [80]. Although unpowered tests can provide
useful information about the nacelle’s low-speed aerodynamic performance, as shown
by Zawislak et.al [81], it is known that the fan power setting has a substantial impact
on the flow field and on inlet distortion at low-speed operation. Larkin and Schwiger
[82] demonstrated that a flow-thorough inlet can decrease the separation-free angle
of attack from 4° to 3° compared to a powered setup. Kusunose et al. [83] have
developed a wake integration method to consider the powered engine effects, which
was applied to low-speed powered tests. Brune [84] has compared the spanwise profile
and induced drag for aircraft models with powered and flow-through nacelles using a
wake survey integration method. The results are similar for the outboard wing but
differ substantially in its inner portion. Lastly, Lockheed Martin conducted powered
low-speed testing of the Hybrid Wing Body airlifter concept to validate the powered
lift benefit and the low-speed handling characteristics. It has been shown that, due
to its over-wing nacelle integration, the engine power setting has a major impact on
the airframe aerodynamics [14].

In this thesis, two test facilities were built to investigate low-speed aerodynamic
performance and validate some of the obtained numerical results. The first, comprised
of a powered uninstalled nacelle, is described in section 4.1. The second test rig is
a powered over-wing mounted nacelle configuration, which is described in Paper E,
along with the major results of the experimental campaign.
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Methods

This chapter describes all the methods developed and utilized in this thesis. The
methods were implemented in an integrated engine/aircraft integration aerodynamic
design framework, which has been used to carry out the analysis presented in the
attached paper.

3.1 Geometry Generation

3.1.1 Class Shape Transformation Method

Class Shape Transformation (CST) curves were used to generate the nacelle geome-
tries presented in this work. The CST method [85], [86] consists of a robust and
versatile approach for the parametric representation of aerodynamic shapes, which
allows the construction of smooth and complex geometries with few design variables.
A CST shape can be mathematically represented by the product of a class function
C(¢) and a shape function S(1), as follows:

W) =5®)C W)+ A& (3.1)

where £ = r/c, ¥ = z/c, and the term A, modifies the trailing edge’s radial
coordinate. The class function, which determines the basic profile, is defined as:

C ) =™ (1 -y)" (3.2)

The exponents N; and Ny in Eq. (3.2) are used to define the class of the geometric
shape. For a round nose and a sharp trailing edge, N; = 0.5 and Ny, = 1. The
shape function is used to transform the class function and can be represented by an
nth-order Bernstein polynomial, defined as

BP, () =Y [Kin - (¥ (1= ¢)"")] (3.3)
i=0
where K, are the binomial coefficients, which can be written as:

n!
Kin =" 3.4
Tal(n =) (34)
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The shape function final form is obtained by multiplying Eq.(3.3) by weighting
coefficients, bp;

n

S@W) =3 [bpi Kin- (¢ (1 —9)"")] (3.5)

i=0
and thus the CST function final form becomes:

EW) =3 [toi- K- (4 (1= 0)" )] € (0) + 626 (3.6)

The first weighting coefficient, bpg, is directly related to the highlight radius of
curvature, Ry, by the relation:

2Rle

C

bpo = (3.7)

The last weighting coefficient, bp,, is related to the boattail angle added to a term
that modifies the trailing edge’s radial coordinate, as follows:

Agte
C

bpn = tan (Bi) + (3.8)

To calculate the remaining weighting coefficients and hence to fully determine £(v),
a set of constraints must be defined, which can be either control points or derivatives.
Once these constraints are specified, a (n — 1) by (n — 1) linear set of equations
A - X = B is formed by rearranging Eq. (3.6) and its derivatives {(¢) and £(¢)".
Where A is the matrix of coefficients, B is the matrix on constant terms, and X is
the matrix of weighting coefficients, as follows:

aii ai 2 ce a1n
A Q21 Q22 - az2n (3.9)
Ap—-11 Apn—1,2 **° QAp—1n—1
B=[b b - by (3.10)
X = [ bpr bpr -+ bpn1 }T (3.11)

3.1.2 Nacelle Parametrization

A 2D nacelle geometry is fully defined by joining six different CST curves, representing
the inlet, fan cowl, bypass and core nozzle outer parts, core cowl, core nozzle, and plug.
This section provides a brief description of how the CST curves are parametrized
to generate a full nacelle shape. The main parameters for the inlet and fan cowl
geometric representation are depicted in Fig. 3.1 and the input parameters for the
cowling and inlet are described in Table 3.1.

A 4th-order Bernstein polynomial defines the fan cowl. As mentioned previously,
R;. and f;. are set as inputs to calculate the first and last weighting coefficients
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Figure 3.1: Fan cowl and inlet main geometric parameters.

Table 3.1: Fan cowl and inlet design parameters

Parameter Description

L1/Dyan Inlet length to fan diameter ratio

r3./r3, Contraction ratio

a/b Lip aspect ratio

Thi/Tmaz Highlight radius to maximum radius ratio

Tmaz /T fan Maximum radius to fan radius ratio

fmaz = Tmaz/Lrc  Axial position of maximum diameter

fie = % Non-dimensional leading-edge radius of curvature
Bie Nacelle boattail angle

04 Inlet droop

directly. At the point of maximum radius, 7,,4., the first derivative is set to be zero
and, at the trailing edge, the second derivative is the one to be constrained as zero.
The inlet is defined similarly, with the only difference being that the first derivative
is zero at its throat position. The class function coefficients N; and N, were set to
be 0.5 and 1.0, respectively, for both the cowling and inlet. Figure 3.2 shows the
constraints employed to the inlet and fan cowl.

Both the bypass and core nozzles are constructed by the union of two different
CST curves, which define the nozzles’” inner and outer parts. The main geometric
parameters for representing the bypass nozzle are depicted in Figure 3.3. The
parameterization of the core nozzle is analog to the bypass nozzle and thus will not
be described here. The outer part of the bypass nozzle is defined by a 6th-order
Bernstein polynomial, whilst a 7-th order function represents its inner part (core
cowl).

As can be seen in Fig. 3.4, the first and second derivatives are constrained to
zero at the beginning of the outer and inner nozzle curves. Furthermore, the second
derivative is zero at the end of the CST curves, and a given boattail angle determines
the first derivative. For the core cowl, the first derivative is set as zero at the point
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Figure 3.2: Constraints definition for the inlet and fan cowl. The control points
are highlighted in red.

. Reference plane ;

:::::::::I Bte
':' Yh\Exit (throat) “

2 Plane

Figure 3.3: Bypass nozzle main geometric parameters.

of maximum radius 7,44 .. The class function coefficients were chosen to be Ny =0
and Ny = 1 for both the inner and outer parts of the nozzles. The main input design
parameters for the bypass nozzle are described in Table 3.2.
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Figure 3.4: Constraints definition for the bypass nozzle.
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Table 3.2: Bypass nozzle main design parameters

Parameter Description

Lyoz2/Dyann  Bypass duct length to fan diameter ratio

hy/hsy Nozzle area ratio

Tmaz.ce/T fan  Maximum core cowl radius to fan diameter ratio
Bee Core cowl trailing edge angle

Lec/Dsan Core cowl length to fan diameter ratio

fmaz.ce Axial position of maximum radius at the core cowl
fep Relative axial position of a given control point

Sepr Relative radial position of a given control point

3.1.3 3D Nacelle Geometry (Generation

In order to create a full 3D nacelle shape, 2D parametrizations are performed for
three different locations referred to as the crown, maximum half-breadth (MHB),
and keel, at the 12, 3, and 6 o’clock positions, respectively, as shown in Fig. 3.5. The
axial and radial coordinates are interpolated sinusoidally along the circumferential
direction between the crown, MHB, and keel, to generate the right nacelle half. The
left half is a mirror image of the left one.

Upper parametrization (Crown)

Side parametrization
(MHB)

Lower parametrization (keel)

Figure 3.5: Nacelle 3D geometry definition.

The parametrization locations were selected to allow explicit geometric control
where the local flow effects are expected to be critical. At the crown, the highest
supersonic velocities are encountered and thus the strongest shocks are formed.
Furthermore, the keel and MHB shapes play a fundamental role in preventing flow
separation at high AoA and crosswind conditions.

Modern turbofan inlets are usually drooped for better alignment with the incoming
flow, which is deflected upward due to the wing upwash [9], [87], [88]. A modification
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was applied to the CST curves in order to droop the nacelle by a specified angle ;.
The drooping procedure is illustrated in Fig. 3.6 and described next. The crown and
keel highlight positions are rotated around a pivoting point located at the intersection
between the fan face plane and the engine centerline. A shape deformation function
is then applied to the original CST curves so that the fan cowl and inlet are stretched
to the new highlight position, proportionally to a quadratic function of the axial
position.

<~ =  ———— [ Undrooped inlet

- - - Drooped inlet

Centerline

Pivoting point

Figure 3.6: Drooped inlet representation.

Particularly for ultra-short inlets (L;/Dyq, < 0.4), the internal lip curvature has
shown to have a strong impact on flow separation when the nacelle was subjected to
either high AoA or strong crosswinds. Therefore, to allow further control of the lip
curvature, a control point was added between the highlight and the throat, for the
keel and MHB positions.

3.1.4 Integration With the Aircraft

Installed configurations were studied in Papers A and B, where conventional UWN
configurations are compared to advanced OWN mounts. The nacelle was integrated
with the airframe by means of a pylon. The NASA wing-body Common Research
Model (CRM), which is comprised of a modern supercritical wing and a fuselage,
representative of a wide-body commercial aircraft [89], was used in this work. The
pylon geometries were generated by vertically stacking NACA 4-digit airfoils.

The OWN mount usually requires a T-tail configuration, and therefore the
conventional tail of the CRM was not included. The object of study of this work was
a narrow-body aircraft, and thus the original CRM geometry was scaled down to
the size of an A320, with respect to the reference chord (mean-aerodynamic chord),
¢ref. The reference chord and area for the scaled aircraft are ¢,.;y = 4.194 m, and
Ayep = 137.49 m?, respectively. The main engine angles and relative positions are
illustrated in Fig. 3.7, for an OWN configuration.

3.1.5 Wing Reshaping

It has been discussed in section 2.2.2 that an over-wing mounted nacelle substantially
disturbs the upper wing flow field and causes a significant lift reduction [79]. Although
the lift can be easily recovered by increasing the aircraft AoA, the overall drag raises
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Figure 3.7: Wing-body-pylon-nacelle geometry schematic representation. The toe
and pitch angles are highlighted, along with the definitions for the relative axial
and vertical locations.

substantially, compared to a UWN configuration, mainly due to a stronger wing
shock, and consequently higher wave drag. A way to improve the overall drag of the
OWN configuration is to reshape the wing in the presence of the nacelle and pylon.
In a first attempt, the wing was re-twisted locally, aiming to recover the sectional
lift lost due to the engine installation. Although this method is able to unload the
wing tip and reduce the wave drag at the outboard portion o the wing, a higher
incidence is necessary at the inboard wing, especially in the pylon’s vicinity, leading
to a stronger shock and net increase in wave and overall drag.

To overcome this problem, a novel method for reshaping the original wing was
developed. The method aims at recovering the spanwise lift distribution of the
wing-body configuration without an increase in local incidence so that the strength
of the wing shock is not raised considerably. Due to the high computational cost
of the CFD simulations, it was decided that the number of wing design variables
should be kept as low as possible. Therefore, the approach proposed here consists of
jointly modifying the twist and camber at different wingspan locations by reshaping
the original airfoils. This is accomplished by locally deforming the airfoil for a given
trailing edge rotation, 6;.. The deformation is performed by employing local rotations
to the airfoil, proportional to a quadratic function of the axial position. The local
rotation angle 6(x/c) is calculated by the following expression:

o(2) -0 ()

where x/c is the axial position normalized by the airfoil’s chord. Figure 3.8a shows
how the proposed method is able to maintain the local incidence, «;, unchanged
whilst increasing the camber angle, €. Note that, because the trailing edge’s position
is being modified, the airfoil’s twist will also not be the same. Figure 3.8b illustrates
how the airfoil deformation is accomplished for #;. = 5°. It can be seen that the
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farther from the leading edge the axial position is, the more pronounced becomes
the local rotation. Although this method has successfully been able to reduce shock
strength, as shown in Paper D, the boattail angle is increased, potentially leading
to a higher boattail drag due to a thicker boundary layer at the rear portion of the
airfoil.

Original
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Figure 3.8: Airfoil deformation process: a) definition of incidence and camber
angles, b) airfoil deformed proportionally to a quadratic function for 6y, = 5°.

The modified 3D wing is generated by reshaping the airfoils at the 8 spanwise
sections shown in Fig. 3.9. The original airfoils are simultaneously modified iteratively
until the desired sectional lift distribution is achieved.

Engine spanwise
location: 7 = 0.33

Figure 3.9: Spanwise location of the reshaped airfoils.

3.2 Numerical Approach
3.2.1 Standalone Nacelles

For the standalone nacelles, multiblock fully structured meshes were generated using
the commercial software ANSYS ICEM CFD. The computational domain was defined
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between the nacelle and a cylindrical far-field, with length and diameter equal to 50
times the fan diameter. The height of the wall adjacent cells was set so that y* < 1,
for the cruise condition, in order to solve the viscous sub-layer. An example of 3D
mesh for a standalone ultra-short nacelle is shown in Fig. 3.10.

Figure 3.10: Multiblock structured 3D mesh for a standalone ultra-short nacelle.

The commercial software ANSYS FLUENT was used to perform the computa-
tional fluid dynamics (CFD) simulations and solve the flow field around the designed
nacelle geometries. The computations were performed for the Reynolds-Averaged
Navier-Stokes (RANS) equations, using the pressure-based solver, coupled with the
k — w shear stress transport (SST) turbulence model. The pressure-velocity coupled
algorithm was used. The least squares cell-based method was used for the compu-
tation of the flow field gradients and a second-order upwind scheme was employed
to interpolate the convection terms along with the specific dissipation rate and the
turbulent kinetic energy.

Figures 3.11a and 3.11b show a schematic representation of the CFD domain
and boundary conditions (BC) employed for the 3D simulations. A pressure outlet
BC was set at the fan face, where the static pressure profile was specified. Mass
flow is targeted to assure mass flow continuity between the fan and nozzles. At the
fan and low-pressure turbine outlets, mass flow inlet BCs were determined, where
mass flow and total temperature were specified. For simulating crosswind operating
conditions, the external far-field surface was split into two parts. One half was
modeled using a pressure-inlet BC, where total pressure and total temperature are
specified, whereas the other was set to be a pressure-outlet BC, where static pressure
profile was specified (see Fig. 3.11b). For all the remaining cases a pressure farfield
BC was used, where freestream static temperature, static pressure, Mach number,
and flow direction were specified (see Fig. 3.11a). All the nacelle surfaces were
defined as nonslip adiabatic walls. The spinner was treated as a rotating wall.
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Figure 3.11: Boundary conditions and CFD domain schematic representation for
the standalone nacelles cases for a) cruise and high AoA and b) crosswind.

3.2.2 Fan Face Boundary Condition

The initial stages of nacelle design require fast and reliable computations. Moreover,
the aerodynamicist might not have access to the fan geometry. In such cases, simple
and reliable boundary conditions are necessary to mimic the fan behavior and its
coupling with the inlet. The modified parallel compressor method (MPC) has been
developed to calculate the static pressure profile at the fan face and reproduce the
fan behavior for highly distorted incoming flows. The method’s intent is to be able
to predict reasonably the fan’s response to the incoming flow with a low amount of
input data and low computational cost. The MPC method is an adaptation of the
classical parallel compressor theory to CFD applications. This section provides a

brief description of the parallel compressor theory followed by a detailed explanation
of the developed MPC method.

The parallel compressor theory consists of a method to model the effects of inlet
flow distortion on the engine stability and performance [60], [61], [90]. In its classical
form, the compressor or fan is divided into two different sectors. Both discharge to the
same static pressure, but with different total pressure and temperature. Therefore,
to reach a uniform outlet static pressure, the spoiled compressor, with the lowest
inlet total pressure, has to operate with a higher pressure ratio and vice-versa. In
other words, the fan works harder in the regions of lower energy. Consequently, the
lower the incoming total pressure, the lower the static pressure will be. Figure 3.12
illustrates the method in its simplest form. By applying the parallel compressor
theory it is possible to predict compressor surge even if the mean operating point is
far from the surge line.

The parallel compressor concept was adapted for CEFD applications and used to
compute the static pressure profile at the fan face, as described next. An imaginary
discharge plane is defined downstream of the fan stator exit, where the flow is
assumed to have uniform static pressure. The incoming flow field variables 71 ;, p1;,
Uy, W14, v1; and mh;, together with the face area A;;, computed from the CFD
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Figure 3.12: Schematic representation of the parallel compressor model. Adapted
from [90].

iteration, are used to calculate the stagnation pressure p;; ; and temperature 7} ;,
using Eq. (3.13) to Eq. (3.16), for a cell i at the fan face, as follows:

Vig = Jud,; + v}, +wi, (3.13)
My; = N (3.14)

Pt1i = P (1 + 1 ; 1M121> o (3.15)
Ty =T, (1 + 72_1M121> (3.16)

The corrected mass flux ¢, is calculated as

mi\/T 7 Tre
qbcorr,i - tL/ el (317)

B Al,i (ptl,i/pt,ref )

and a compressor speed line is used to obtain the local pressure ratio PR; and
isentropic efficiency n;s,;. The speed line is linearized around the engine operating
point, for improved numerical stability. The stagnation pressure and temperature
are computed at the imaginary outlet plane as

Di2,i = pr1,iPR; (3.18)

Thi =1
Tio; =Ty, + 2 (PRi = 1) (3.19)

15,1

so that the outlet Mach number and static pressure can be calculated, through Eq.
(3.20) and Eq. (3.21) , respectively.

i/ R} —1 C
t:ﬁdeﬁzmy“) (3.20)

pt2,iA2,i
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Pt2,i - (3.21)
(14252 m3,)7"
The imaginary cell area Ay; is obtained by assuming a constant area reduction
ratio A, between the fan entry and exit planes. Finally, the inlet static pressure is

incremented by Ap until the outlet pressure p,; is equal to a target pressure ps iarq
The pressure increment Ap can be calculated from Eq. (3.22), where ) is a weighting

(3.22)

D2;i =

factor.
Ap = )‘(pZ,targ - p2,i)

Figure 3.13 shows a schematic representation of the stations and field variables
used in the MPC method, whereas the calculation procedure is summarized in Fig.
3.14. The target pressure can be determined by using the thermodynamic properties
obtained from the engine cycle calculations. Note that the only inputs necessary are:
D2,targ, Ar, and the compressor or fan speed-line. The method is designed so that a
generic map can be utilized and scaled to the engine’s operating point.

MPC boundary @
condition \ = (@) Shrw/—,—l——

P1,i Fan"'. I :

Uy 4 Vl,i "‘. ." ."I

V1,4 Ml,i ': '-" ::l

W1,i Ptli bl

A T 1 .-" ,-" ‘

mi i —

_ Imaginary
speed line  djscharge plane

Hub

Figure 3.13: Schematic representation of the stations and field variables used in
the MPC method. The subscript ¢ refers to a certain cell at the fan face and its

associated imaginary cell at the discharge plane.

The following assumptions are made in the derivation of the MPC method: 1)
each mesh element at the fan face is acting as a parallel compressor and there is no
circumferential flow migration between different parallel compressors. Consequently,
the area reduction ratio between the inlet and outlet planes becomes the same for
all the elements; 2) there is no blockage caused by secondary flows at the blade tip
clearance; 3) the use of a single speed line assumes that the fan has the same behavior
from the hub to the shroud. This approach captures variations in radial work caused
by distorted flows, but is incapable of predicting variations in work caused by the
fan blade geometry; 4) the fan is discharging to a constant outlet static pressure ps.
The impact of the underlined assumptions, as well as the MPC method limitations,
will be further addressed in Paper A, where the method’s validation is carried out.

Figure 3.15 shows an example of an application for the MPC method. On the
left, the contours o normalized total pressure are shown, whilst the normalized static
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Figure 3.14: Flowchart of the modified parallel compressor method.

pressure is depicted on the right. The fan works harder in the low total pressure
zone, decreasing the static pressure locally so that the exhaust pressure is uniform.
Moreover, the MPC method reacts to the redistribution of momentum in the high
total pressure zone, decreasing the static pressure in the locations where the mass
flux increased.

3.2.3 Integrated Configurations

For the integrated configurations (wing-body-pylon nacelle), hybrid meshes were
generated using the commercial software POINTWISE. The surface meshes, generated
with the quad-dominant algorithm, are comprised of quadrilaterals and triangles. For
the near wall elements, the T-Rex algorithm was used to create anisotropic tetrahedral,
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Figure 3.15: Example of the MPC method application. At the left are the contours
of normalized total pressure and at the right are the contours of normalized static
pressure.

hexahedral, prism, and pyramid elements, whereas the rest of the computational
domain was populated with isotropic hexahedral layers with tetrahedral transitions,
using the Voxel algorithm [91]. The computational domain is established between
the half-span aircraft geometry, a half-sphere (farfield), and a symmetry plane. The
farfield radius, Ry, was defined as a hundred times larger than the reference chord
Cref, as recommended in the fourth AIAA drag prediction workshop (DPW-IV)
guidelines [92]. The height of the wall-adjacent cells was set so that y* < 1, in order
to properly resolve the viscous sub-layer. Figure 3.16 shows the surface and volume
meshes used for an over-wing mounted nacelle configuration.

Figure 3.16: Surface and volume hybrid mesh for an OWN configuration.
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The schematic representation of the computational domain and boundary condi-
tions (BC) for the CFD simulations is depicted in Fig. 3.17. A pressure outlet BC is
selected at the fan face, where the static pressure is iterated until a target mass flow
is achieved. At the inlet of the core and bypass nozzles, a mass flow inlet BC was
chosen, where mass flow and total temperature are specified. The external spherical
domain is defined as a pressure far-field BC, where the Mach number, static pressure,
static temperature, and flow direction are specified. All the airframe and nacelle
surfaces are set to be no-slip adiabatic walls. The spinner, in particular, is modeled
as a rotating wall. The commercial software GASTURB was used to calculate the
engine’s thermodynamic cycle and define the boundary conditions. The engine cycle
chosen in this work is aimed to be representative of a notional UHBPR turbofan
engine. The freestream boundary conditions were selected for a typical narrow-body
aircraft operating at cruise: a flight Mach number equal to 0.8 and an altitude of
35000 ft. The Reynolds number and reference temperature are respectively Re = 26.4
million, and T, = 218.81K.

Pressure outlet:

p with m target

Pressure Farfield:
p, T, M

Figure 3.17: Schematic representation of the computational domain and boundary
conditions for the integrated configurations.

3.3 Performance Metrics

3.3.1 Thrust and Drag Bookkeeping

The thrust and drag bookkeeping formulation presented in Ref. [93] was used as the
basis for the method presented in this work. Its derivation relies on integration over
the nacelle and aircraft surfaces, and along the captured and post-exit streamtubes,
and therefore it is considered a modified near-field bookkeeping method. Figure
3.18 shows a schematic representation of the forces acting on an over-wing mounted
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two-stream nacelle configuration. The undisturbed flow is not always parallel to the
aircraft’s longitudinal axis, therefore, an aerodynamic frame of reference must be
defined. In Fig. 3.18, x and y represent the aircraft reference frame, whilst [ and
d are the directions in which lift and drag are computed, respectively, where d is
parallel to the free stream and [ perpendicular to it.

y
I qbcowl
d
(bpre
X _ post
<~ .

streamtube

N\ ¢A d)pylon

Figure 3.18: Forces acting on an over-wing mounted nacelle configuration, and
definition of the aircraft and aerodynamic frames.

The forces acting on the nacelle, pylon, and aircraft wall surfaces, as well as on
the captured and post-exit streamtubes’ boundaries, can be expressed as follows:

¢://S[(p—poo)n+‘r-n}d5-ed (3.23)

where eq4 is the unit vector in the undisturbed flow direction. The stream gauge
forces, Fg, can be defined as:

Fe = //S PV (V -n) 4+ (p — pso) M) dS - €4 (3.24)

The nacelle drag D,,. is defined as the integration of the viscous and pressure
forces acting on the fan cowl, ¢.ou;, summed with the forces acting on the captured
streamtube and exhaust plume, usually referred to as the pre-entry force, ¢,,., and
post-exit force, ¢post, respectively [93], as follows:

Dnac - prre + (bcowl + ¢post (325)

One challenge in computing nacelle drag from CFD computations is the accurate
prediction of ¢,.s+. Because the downstream force Figo is unknown, ¢, has to be
computed by direct integration over the post-exit streamtube boundaries. However,
for integrated configurations, the post-exit streamtube will present complex flow
patterns, deviating significantly from an axisymmetric shape expected for standalone
nacelles. The integration approach requires the exact geometry of the post-exit
streamtube, as well as a considerable mesh refinement downstream of the nacelle,
increasing significantly the computational cost of the simulations. For such reasons,
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the computation of ¢, is often avoided. A common practice is to define the modified
nacelle drag D . as follows:

nac)

D:ac = ¢p7‘e + ¢cowl (326)
Although D? . has been used plenty of times [68], [70], [94], [95], it should be known

that ¢,0s is normally a forward force (thrust direction) which can have a significant
magnitude, as shown in Ref. [70], and thus, neglecting such term can lead to an
over-prediction of the nacelle drag.

The nacelle net propulsive force FNA can be calculated by applying the conser-
vation of momentum to an enclosed control surface around the nacelle, which results

in the definition presented in Eq. 3.27:

Fé\é?C = FG13 + FG6 - FGQ - (¢bn + (bcc + (bcn + (bplug + ¢cowl + ¢spin + ¢inlet> (327)

Different definitions thrust definitions can be used in bookkeeping methods [93]-[95].
The one employed in this thesis is referred to as the modified standard net thrust
T .

net*

T;Lket = FG13 + FG6 - FGO - (¢bn + ¢cc + Qscn + ¢plug) (328)

where the term “modified” refers to the inclusion of the plug and core cowl external
forces in the original form of the standard net thrust. The pre-entry drag is obtained
by employing the conservation of momentum to the captured streamtube:

¢pre = FG2 - FGO + ¢spin + (binlet (329)
By substituting Eq. 3.28 and Eq. 3.29 into Eq. 3.27, FNAY becomes:

net

Fil® = Tnoy = bpre = beowt = They — D, (3.30)

net net nac

The aircraft net propulsive force, F),., and the drag of the wing-body-pylon-nacelle
(WBPN) configuration, Dy gpy, are defined by including the airframe and pylon
forces, ¢4 and @pyion, as follows:

Fnet == T;:et - (bpre - (bcowl - ¢pylon - (bA = T;et - D:;ac - ¢pyl(m - (bA (331)

DWBPN = D;:ac + ¢pylon + ¢A (332)

The installation drag, D;,s, is calculated by subtracting the wing-body (WB)
drag Dy g from Dy gpy, for the same lift, where Dy g is computed by integrating
the pressure and viscous forces at the WB configuration’s surfaces (Eq. 3.23). The
drag coefficient Cy can be defined by using the scaled CRM reference area A,.y, as
follows:

D
Cy =
Jo Aref

(3.33)
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where ¢, is the dynamic pressure, 0.5p,, V2. Similarly, the lift coefficient, C, is
expressed as:

L
) Aref

C = (3.34)

3.3.2 Performance of Inlets and Nozzles

The performance of an inlet is usually described by the mass flow ratio MFR, total
pressure distortion coefficient DCyy, and intake pressure recovery 7;. The MFR,
consists of an aerodynamic reference parameter for the inlet and it is defined as the
ratio of the streamtube captured area, Ay, and the highlight area, Ay;, as follows:

Ay
Api
The DCy coefficient is a standard parameter used to assess the distortion level at
the fan face, which can be defined as:

MFR = (3.35)

DCqy = M (3.36)
q

where p,, and g are the area averaged total and dynamic pressures at the fan face,
and Dy is the area averaged total pressure at the most distorted 60° circumferential
sector at the fan face. The intake pressure recovery 7, is a measure of how much of
the free-stream total pressure is retained after the flow passed through the inlet. It
can be expressed as follows:

_ P
Ptoo
where po, is the free-stream stagnation pressure.

The performance of the bypass and core nozzles can be expressed through the
discharge and thrust coefficients, referred to as C'p and Cr respectively. The former is
a measure of effective area reduction due to total pressure losses and blockage caused
by boundary layer growth. The latter accounts for thrust losses dues to non-isentropic
phenomena such as the formation of shear layers between the freestream and the
nozzle stream, shear stresses on the walls, and shock waves in choked nozzles.

The definitions used for the nozzle coefficients are in accordance with the formu-
lation described in [96]. The discharge coefficient can be defined as the ratio between
the actual mass flow to the ideal isentropic mass flow passing through the nozzle
exhaust area A.,. The ideal mass flow, m;, can be obtained from the isentropic
relations for an ideal gas

T (3.37)

2=

Mid = PrAex <i\> (’y—QiY)RTt (1 — (i\)w;l) (3.38)

where the nozzle pressure ratio, A, is defined as

| pt/Pso, i Do/Poo < PReyit
A= { PRerit, if p()/poO > PR i (339)
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and the critical pressure ratio, PR..;;, as

1\ 71
PR = (”5) (3.40)

The core and bypass discharge coefficients can then be respectively written as

mcn

C = 3.41
Den 77./Lid,cn ( )
Mpn,
C 3.42
Don Mid, b (3.42)

where 1., and 7y, are the actual mass flows of the core and bypass nozzles.

The overall thrust coefficient is given by the ratio of the actual gross thrust 7T},
and the sum of the ideal core and bypass nozzle thrusts. The ideal thrust is defined
as the product of the actual mass flow and the ideal velocity V4, resulting from an
isentropic expansion to the ambient pressure. The ideal isentropic velocity, Vg4, is

defined as:
2% RT, < 1 ) =N
Vig = 1 — 3.43
! (v—1) ( Pt/ Doo (3.43)

and hence Cr can be expressed as:

T
Cr = gross 3.44
g mbn V;d,bn + mcn ‘/id,cn ( )

where Tj,,ss is the gross thrust produced by the nozzles.

3.4 Nacelle Design Process

The methods described above were coupled together to form an integrated aerody-
namic design framework, comprised of engine cycle calculations, parametric nacelle
shape definition, automatic structured multi-block mesh generation, 3D RANS CFD
computations, and aerodynamic performance evaluation. Figure 3.19 presents the
flowchart of the overall nacelle design procedure, which can be applied for both
conventional-length and ultra-short nacelles.

Initially, all the operating conditions to be considered in the nacelle design
process should be defined, and the respective design and off-design cycle calculations
carried out. The commercial software GASTURB was used to conduct the engine
performance calculations. The design-point data, along with the geometric input data
is used to shape the nacelle using the CST method (see section 3.1.1). The 3D nacelle
design starts from a 2D-axisymmetric geometry. In this work, the baseline geometry
was obtained by means of 2D-axisymmetric CFD simulations and parametric studies.
After the geometry is defined, the multiblock structured mesh is automatically
generated and the 3D RANS CFD computations are performed. The cycle data
associated with the operating condition are used to define the boundary conditions,
together with the MPC method, described in section 3.2.2. The nacelle’s aerodynamic
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Figure 3.19: Flowchart of the design procedure.

performance is evaluated by bookkeeping of thrust and drag (see section 3.3.1), plus
the performance metrics described in section 3.3.2. In case the established design
criteria are not met for a specific operating condition, new geometric input parameters
are defined and the process is reiterated until the desired performance is achieved.
Afterward, CFD simulations are performed for all the remaining operating conditions.
In case the design criteria are not met for some operating condition, the geometry is
modified and the process is reiterated, initially for the faulty operating point, and
lastly for the remaining operating conditions. The design process finishes only when
all the criteria are met for all the operating conditions.

This process can be laborious and time demanding, especially due to the high
computational time necessary to fulfill all the steps. It is therefore of paramount
importance for the designer to have a deep understanding of the flow field behavior
and of which parameters play a major role in the nacelle’s aerodynamic performance
so that the number of iterations can be minimized.
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3.4.1 Operating Conditions

In the early design stage, it is not practical to consider all the segments existent in
the aircraft mission, due to the high computational costs of the 3D CFD simulations.
Therefore, only operating conditions considered to be critical were used in this thesis.
The operating conditions shown in Table 3.3, obtained from [30], were used for
fulfilling the suggested design approach. The next paragraph provides a discussion
about the motivations behind the choice of operating conditions.

Table 3.3: Operating conditions for the design of nacelles

Condition M,  Altitude (m) AoA (°)
Cruise 0.8 10668 5)
Wing C;, . 0.25 4267.2 29
Take-off rotation  0.25 0 17
Crosswind 0.0442 0 0

At cruise, the main goal is to minimize drag, therefore shock waves should be
avoided when possible and the maximum Mach number should be limited. The engine
is usually subjected to a local AoA of approximately 5°, caused by a combination of
the wing up-wash and the aircraft AoA. The wing maximum lift coefficient C, .
condition, represents a near stall operating point, in which the aircraft is subjected
to the highest AoA allowed in flight. Although not typically encountered in the flight
mission, the (), . condition plays an important role in the certification procedure
[30]. In this case, the main concerns are internal inlet separation and distortion levels
at the fan face. The take-off (TO) rotation condition occurs at the end-of-runway
when the aircraft nose is pitching up. Inlet separation and high distortion are also
major problems since the engine is subjected to relatively high incidence. Aircraft
certification requires safe and stable operation at takeoff and landing under 90°
crosswinds, for a wind velocity of at least 20 knots [97]. When subjected to crosswind,
inlet flow separation can occur, leading to high levels of distortion and possibly to fan
surging. Therefore, crosswind components should be considered during the nacelle
design procedure.

3.5 Aircraft Equilibrium of Forces

To compare the aerodynamic performance of different aircraft configurations, it is
desirable that all the forces are balanced. Therefore, not only C; has to be the same,
but also F,.; = 0 should be zero. The flowchart with the procedure to simultaneously
obtain the target C; and F, = 0 is shown in Fig. 3.20. The initial boundary
conditions are defined based on the cycle data for an estimated net thrust. A CFD
calculation is conducted for a guessed AoA and C is computed. The AoA is iterated
until C; reaches its target value. Subsequently, the mass flow at the fan face 7 is
iterated until F},.; = 0, for the same BPR. For every change in 7iny, C is re-iterated.
This method was used in Papers C and D, where the target C; was 0.5, the same as

the CRM’s.
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Figure 3.20: Flowchart of the procedure to obtain Fj,e; = 0.

As mentioned earlier, the CRM tails were not included in any of the studied
configurations. However, by neglecting the tail drag, the engine throttle condition
for F,.; = 0, would be underestimated. Therefore, the tail drag was estimated by
using Raymer’s drag component buildup method [98].
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Experimental Investigation

Two test rigs have been developed to investigate the low-speed behavior of powered
standalone and installed nacelles. The first rig is comprised of an 8.6% scale stan-
dalone nacelle powered by the Schubeler DS-215-DIA electric ducted fan (EDF),
whereas the second rig is a half-span, 5.3% scale, OWN configuration powered by a
Schubeler DS-82-DIA EDF. For the standalone rig, both a general description and
the main results of the test campaign are provided in this chapter. For the OWN
rig, only a brief overview is given, since the detailed rig description and test results
are available in Paper E.

4.1 Test Rig 1: Standalone Nacelle

4.1.1 Description

The first test rig was built to investigate the aerodynamic behavior of powered nacelles
at low-speed conditions. An axisymmetric nacelle shape was mounted around the
DS-215-DIA EDF so that the effects of inlet-fan coupling could be assessed. Figure 4.1
shows a schematic representation of the rig with its main parts. The parts comprising
the outer part of the nacelle (lip, midbody, and afterbody) were assembled together
and mounted on the top of two load cells, in order to measure the fan cowl force
Geowt- The remaining parts (inlet, nozzle, and core cowl) were connected to the EDF,
which was attached to the strut through an u-shaped support. A 2 mm axial gap
was necessary to allow the outer nacelle assembly to move in the engine’s centerline
direction so that the inner lip would not touch the inlet and interfere with the load
cells’” measurements. The split between the inlet and lip was performed to guarantee
flexibility for geometry replacement so that different shapes could be tested without
the need to modify the rear part of the nacelle.

The assembled rig is shown in Fig. 4.2. The rig was mounted on the top of a
rotary table so that the nacelle could be rotated around the vertical axis, allowing
AoA variation. The inlet, lip, core cowl, and fairing were 3D printed in plastic, whilst
the remaining parts were made out of aluminum.

39
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Figure 4.2: Nacelle rig mounted in the wind tunnel.
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4.1.2 Results

The wind tunnel tests were carried out for different AoAs, freestream velocities V.,
and fan rotational speeds. A wind tunnel mapping was carried out, where the AoA
was varied from 0° to 20° and V,, ranged from 10 to 50 m/s. The fan power request
was kept constant and thus the rotational speed varied slightly for different cases.
The average rotational speed was equal to 7817 rpm. The Reynolds number ranged
from 2.96 x 10° to 1.48 x 106,

The results obtained from the load cells” measurements are depicted in Figure
4.3. Note that the force measured here cannot be called drag, because it includes a
'potential flow buoyancy’ term, which is the integrated pressure force in potential flow
[93]. It can be observed that ¢, is sometimes negative (points forward) for low V.
This occurs due to a well-known phenomenon often referred to as lip thrust. Due
to the convex shape, the flow accelerates around the lip and creates a low-pressure
region both externally and internally (near the throat). This suction zone creates
a negative (forward) forebody force, which seems to be predominant at low speeds.
At higher speeds, the lip suction effect is outweighed by the nacelle pressure and
viscous drag, and the resultant force becomes positive. An unexpected behavior was
encountered for the Vo, = 50 m/s case. It is believed that the cables which power
the fan might have touched the inner fan cowling surface, interfering with the load
cell measurements.
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Figure 4.3: Fan cowling force versus angle of attack for different wind tunnel
speeds. The fan power request was set as 80% of the maximum power.

A second set of measurements was obtained by varying the fan power setting
for a constant AoA and V. Figure 4.4 shows the fan rotational speed, N, plotted
against @eew for AoA = 02, V, = 10 m/s, where the input request varied from 40 to
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100% of the maximum power. It can be observed that the measured force increases
with NV, which is likely caused by an increased pre-entry force ¢,,., due to a higher
captured stream-tube momentum flux.
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Figure 4.4: Variation of ¢y, with the EDF rotational speed for AoA = 0°,
Voo = 10 m/s.

To assess the influence of the fan throttle on the nacelle flow field, surface tufts
were placed on the leeward side of the fan cowl and on the windward side of the
internal lip, where separation is more likely to occur. Figure 4.5 shows the flow
visualization results for AoA = 10°, and V,, = 30 m/s. In the top pictures, the
fan was off, whilst in the bottom ones the fan rotational speed was equal to 7750
rpm. A separation bubble could be identified for the unpowered case, however, for
the powered-on condition, the boundary layer was re-energized and the flow was
reattached. This, not surprisingly, shows that the fan power setting has a major
impact on the nacelle’s internal and external flow, and justifies the construction of
powered rigs rather than flow-through ones.

Although the standalone nacelle experimental investigation served as a valuable
learning experience, some issues have led the testing campaign to be discontinued.
Problems with the rig assembly such as cables touching the inner cowling surface,
large gaps, and misalignments called the results into question. Moreover, since
®pre could not be measured, a proper bookkeeping of thrust and drag could not be
accomplished. Nonetheless, the lessons learned from Rig 1 were valuable assets for
the design and construction of Rig 2 (OWN configuration), which will be described
in the section that follows.
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Separated

Figure 4.5: Flow visualization for AoA = 10° and Vo = 30 m/s. At the top are
the results for the unpowered fan and at the bottom for N = 7750 rpm. The
surface tufts were attached to the leeward part of the fan cowling and to the
windward part of the internal lip.

4.2 Test Rig 2: Over-wing Nacelle Configuration

A brief description of the installed powered test rig is provided in this section, along
with a discussion of the main phenomenon studied. Paper E provides a detailed rig
description and the major results of the test campaign. The configuration choice
for the installed nacelle tests is a half-span, 5.3% scale, OWN mount, following the
results obtained in Papers C and D, where the potential benefits of such integration
choice are discussed thoroughly. In this test campaign, the aim is to investigate
a unique characteristic of OWN installations, which is the powered lift benefit at
low-speed operating conditions. As mentioned in section 2.2.2, at low speeds, the
engine operates at a high power setting (MFR > 1), which creates a low-pressure
zone upstream of the engine. For engines mounted over the wings, this low-pressure
region reduces the pressure at the wing’s upper surface and creates an overall lift
benefit (see Fig. 2.6).

Similarity with real flight operating conditions cannot be achieved in the Chalmers
low-speed wind tunnel, which operates at an order of magnitude lower Re. However,
freestream Mach numbers, M, up to 0.18 can be achieved, which can be represen-
tative of takeoff speeds. Nevertheless, the experimental campaign aimed to capture
the impact of the momentum variation upstream of the engine on the wing lift and
pressure distribution. This depends mostly on the engine power setting, which will
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be proportional to the MFR. The experiments are compared to CFD simulations in
Paper E for the same wind tunnel conditions and including the wind tunnel walls.

The over-wing nacelle model mounted in the wind tunnel is shown in Fig. 4.6. It
is comprised of the following parts: wing, test section, fuselage, nacelle lower part,
nacelle upper part, and plug. The test section features a total of 66 channels for
surface pressure measurements. A six-component load cell was attached to the wing
root and fuselage center for lift measurements. The nacelle, which is attached to the
wing through a pylon, can be removed so that measurements can be conducted for
the clean airframe (wing-body) configuration. Furthermore, the model is powered by
a 120 mm EDF and has a half-span of 930 mm.

Wing
_test section®

Nacelle Plug

Fuselage

Pressure taps, tubg

Figure 4.6: Over-wing nacelle model: a) side view and main components; b)
detail of the electric ducted fan enclosed by the nacelle and attached to the wing
through a pylon; c) close-up of the test section, showing pressure taps, tubes, and
connectors.



Chapter 5

Summary of Papers

5.1 Paper A

V. T. Silva, A. Lundbladh, O. Petit, and C. Xisto, "Multipoint Aerodynamic Design
of Ultrashort nacelles for Ultrahigh-bypass-ratio Engines". Journal of Propulsion
and Power

5.1.1 Summary and Discussion

This paper presents a new methodology for multi-point aerodynamic design of ultra-
short nacelles for ultra-high-bypass turbofan engines. The major design parameters
are identified and their influence in the flow field is discussed in detail for the
selected operating conditions. The developed tools have proven to be suitable for
designing ultra-short nacelles capable of performing well under the most critical
flight conditions, such as high angle of attack, cruise, and crosswind. The main
contributions and findings of the paper are underlined as follows:

e A novel multipoint design procedure for ultra-short nacelles is presented. The
main design parameters are identified and the flow field is carefully investigated
for different critical operating conditions.

e The modified parallel compressor method, a novel boundary condition for
modeling the fan, was developed, validated and implemented in the CFD
simulations, to mimic the fan-inlet coupling.

o Drooping the inlet not only has the potential for weakening shock waves at the
fan cowling and reducing drag at cruise but also has a strong impact on inlet
distortion at high-incidence/low-speed conditions.

o Crosswind is the most critical condition among the selected ones, and it requires
the nacelle to be drastically reshaped in order to guarantee fully attached flow,
leading to a considerable increase in drag at cruise.

o Each of the operating conditions has its own particularities when it comes
to shaping the nacelle. Nonetheless, the same fundamental principle can be
applied to all of them, which is providing a good alignment of the local nacelle
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mean camber line with the incoming streamlines, and assuring a smooth change
in curvature throughout the path of the streamlines.

5.1.2 Division of work

I, as the main author, have developed the integrated framework used to design the
nacelles presented in this paper. Furthermore, I have implemented the modified
parallel compressor method, and the thrust and drag bookkeeping approach, and
have carried out all the CFD simulations presented in the paper. Anders Lundbladh,
besides providing supervision and feedback, had the core idea for the modified parallel
compressor method, which was a key element for the low-speed and high-incidence
cases. Carlos Xisto and Olivier Petit supervised the work and provided useful
feedback to improve the article.

5.2 Paper B

V. T. Silva, A. Venkatesh, M. Lejon, A. Lundbladh, and C. Xisto, "Multipoint
Aerodynamic Design of a Nacelle for an Electric fan". International Council of The
Aeronautical Sciences (ICAS), 2022

5.2.1 Summary and Discussion

In this paper, we have carried out the design of a nacelle for an electric fan, designed
for powering a regional subsonic airliner. A multipoint design procedure was employed,
where two operating conditions were considered: cruise and an end-of-runway takeoff
condition. Initially, the nacelle and nozzle shapes were optimized for a cruise condition,
with aid of 2D axisymmetric CFD simulations. The next step was to proceed with the
non-axisymmetric design for cruise, in which the nacelle was reshaped for asymmetric
flow effects, such as incidence caused by the wing upwash. Finally, an end-of-runway
takeoff condition was considered, where the nacelle was redesigned to accommodate
the low-speed and high-incidence incoming flow. The main contributions and findings
are highlighted next:

o We conducted a study of how to design a nacelle for an advanced aircraft
configuration, that will be powered by an electric fan with a very low-pressure
ratio.

o The optimizer favored two types of nacelle shapes that differed substantially in
geometry. The designs were referred to as low-spillage and high-spillage types.

e Supersonic velocities were observed for the high spillage cases when subjected
to AoA at cruise, this issue was solved by drooping the inlet. On the other
hand, the high spillage design performed well at takeoff, with low levels of
distortion and no observed separation.

o The low-spillage design performed well at cruise, however, at takeoff it presented
severe levels of distortion and required to be drooped and have its keel profile
modified to become separation free.
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e The high-spillage design presented a superior performance when the compro-
mises between cruise and takeoff were considered.

5.2.2 Division of work

Besides being the main author, I have conducted all the optimizations, meshing, and
CFD simulations presented in the paper. Aravindhan Venkatesh provided assistance
with the CFD simulations and nozzle optimizations. All the co-authors provided
support with regard to the analysis of results and feedback on the paper writing.

5.3 Paper C

V. T. Silva, A. Lundbladh, and C. Xisto, "Installation Effects of Over-the-wing
Mounted Ultra-high-bypass Engines". The International Society of Air Breathing
Engines (ISABE), 2022

5.3.1 Summary and Discussion

This paper provides an aerodynamic evaluation of an over-wing mounted nacelle
installation compared to a UWN configuration for a cruise condition. An integrated
framework was developed to generate the geometry of the installed configurations,
conduct the CFD simulations, and bookkeep thrust and drag. The nacelle and pylon
shapes were designed by using an in-house code [51], whereas the airframe geometry
is a scaled version of the NASA CRM [89]. The main findings of this paper are:

e In the OWN configuration, the coupling between aerodynamics and propulsion
is rather strong. The streamtube captured by the engine has a diffusive behavior
which causes a high-pressure zone to be formed ahead of the nacelle and on
the wing’s upper surface, resulting in a local loss in lift.

o To recover the lift, the aircraft has to fly at a higher AoA. The higher wing
incidence increases the shock strength and thus the wave drag.

 the inferior performance of the OWN compared to that of the UWN is majorly
caused by a poorly integrated configuration. This problem can be mitigated
by reshaping the wing in the presence of the nacelle and pylon to recover the
local lift loss without the need for a higher aircraft AoA.

o To achieve aerodynamically feasible over-wing mounted nacelle designs, tradi-
tional design practices are no longer an option and more advanced methods
are required. The design procedure should consider the effects of wing, nacelle,
and pylon shapes, together with the engine position, and power setting.

5.3.2 Division of work

Besides being the main author, I have built the engine/aircraft integration framework
necessary to conduct the calculations presented in the paper. Moreover, I have carried
out all the simulations and analyses presented. Anders Lundbladh has suggested the
over-wing nacelle configuration and assisted in the analysis of the results. Carlos
Xisto has provided support with the meshing using POINTWISE and with the CFD
simulations. All the co-authors provided essential feedback on the paper writing.
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5.4 Paper D

V. T. Silva, A. Lundbladh, C. Xisto, and T. Gronstedt, "Over-wing Integration of
Ultra-high Bypass Ratio Engines: a Coupled Wing Redesign and Engine Position
Study". Aerospace Science and Technology

5.4.1 Summary and Discussion

This study evaluated the aeropropulsive performance of an OWN configuration. A
novel wing redesign method for over-wing mounted engines was developed. The
method was coupled with an engine position sensitivity study, where different engine
vertical and axial positions were analyzed. For each one of them, the original wing was
reshaped to recover the spanwise lift distribution of the clean airframe configuration.
The coupling between aerodynamics and propulsion was thoroughly examined for
the OWN configuration. The best OWN design was compared to a baseline UWN
configuration. The key outcomes and conclusions of the study are presented as
follows:

e The wing redesign method was successful in reducing the OWN drag compared
to simply increasing the AoA.

e The developed method has been shown to be able to properly recover the
spanwise lift distribution of the WB configuration. Moreover, the reshaped
wings had a significant reduction in shock strength. Nonetheless, the wing drag
can increase considerably if the engine position is not properly selected, mainly
due to excessive acceleration in the channel between the wing and nacelle, or
excessive boundary layer growth in highly reshaped airfoils.

o A separation-prone region is formed in the intersection between the nacelle and
pylon, caused by an overlap of the nacelle and pylon shocks. Large separations
can occur if the engine is not properly positioned, especially for locations
upstream of the wing.

o Although a higher drag was obtained for the best OWN configuration, compared
to that of the UWN baseline case, the OWN integration has the potential
to be a feasible solution in a near future. With the advent of more coupled
design and optimization methods, considering nacelle, wing, and pylon shapes,
along with engine position and orientation, OWN designs with aerodynamic
performance comparable to or better than the state-of-the-art aircraft could
be designed.

5.4.2 Division of work

Besides being the main author, I have built the engine/aircraft integration framework
necessary to conduct the calculations presented in the paper. Moreover, I have
carried out all the simulations and analyses presented. Anders Lundbladh has given
the initial idea to reshape the wing of the OWN configuration to recover the spanwise
lift distribution of the clean airframe. All the co-authors provided essential support
with analyzing the results and the paper writing.
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5.5 Paper E

V. T. Silva, A, Lundbladh, C. Xisto, P. Miltén, and I. Jonsson, "Powered Low-
speed Experimental Aerodynamic Investigation of an Over-wing Mounted Nacelle
Configuration". AIAA aviation, 2023

5.5.1 Summary and Discussion.

A unique characteristic of over-wing mounted engines is the powered lift benefit
at low-speed flight conditions. This paper reports the major findings of a powered
low-speed wind tunnel testing of an over-wing mounted nacelle configuration. The
aim of the experimental campaign is to assess and validate the effect of the engine
power setting on the wing lift and spanwise pressure distribution. The experiments
were carried out for angles of attack varying from 0° to 6°, and for inlet mass flow
ratios up to 2.4. The results were used to validate CFD simulations conducted for
the same wind tunnel conditions. The key outcomes from this paper were:

o It has been experimentally and numerically demonstrated that C; increases lin-
early with the MFR for the studied OWN configuration at low-speed operating
conditions. By taking advantage of such behavior at the initial stages of aircraft
design, the size and weight of the control might be reduced, contributing to
lower airframe weight and drag.

o For MFRs higher than unity, the streamlines present a streamwise converging
pattern throughout the captured stream-tube, which results in an acceleration
ahead of the nacelle and substantially reduces the pressure at the wing’s suction
side, thus increasing the lift. Such behavior was clearly captured from the
pressure distributions. Furthermore, the engine power setting significantly
influences the pressure distributions for all the spanwise sections where the
measurements were conducted. Unsurprisingly, the MFR impact on the pressure
distributions is stronger for the sections closer to the nacelle.

o An overall good agreement between the experimental and numerical results was
obtained for Cj, F,.:, and the pressure distributions. Nevertheless, particularly
for the latter, a considerable mismatch was found at the outboard spanwise
section, especially for low AoAs and high MFRs.

5.5.2 Division of work

Besides being the main author, I designed the tested OWN-mounted configuration,
did all the CFD simulations, and conducted the experimental campaign. Peter
Milttén has made the mechanical design and CAD drawing of the test rig, prepared
the parts for manufacturing, and helped with the assembly and testing. Isak Jonsson
helped with the assembly and measurements. Anders Lundbladh and Carlos Xisto
provided ideas and feedback on the test rig design and paper writing.
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5.6 Paper F

F. P. Costa, J. T. Tomita, V. T. Silva, N. Andersson, T. Gronstedt, and C. Bringhenti,
"Aerodynamic Analysis of Conventional and Boundary Layer Ingesting Propellers".
Journal of Engineering for Gas Turbines and Power

5.6.1 Summary and Discussion

This paper presented a multi-objective optimization of three different propeller
configurations: 1) a Standalone propeller, 2) an unducted BLI propeller, and 3)
a ducted BLI propeller at a cruise condition. An NSGA-II-based optimization
framework, coupled with three-dimensional RANS simulations, was utilized. The
outcomes of the study are summarized next:

e The BLI benefit was evident. The unducted and ducted BLI propellers needed
40.46% and 47.37% less shaft power than the conventional propeller to generate
the same amount of propulsive force, respectively.

e In the ducted BLI propeller, the tip vortex is significantly weakened, which
results in a more efficient propulsive force production, and has the potential
for reducing noise.

o The propeller integration with the fuselage increases the backward force by
26.7%, for the unducted BLI, and 46.5% for the ducted BLI, compared to
the sum of the isolated propeller and fuselage forces. The higher drag due
to installation effects can possibly outweigh the BLI benefit and should be
investigated further.

5.6.2 Division of work

My contribution to this work was to support the main author with the CFD sim-
ulations, analysis of the results, and provide feedback on the paper writing. The
lead author has carried out all the CFD computations and analyses and the other
co-authors have provided essential feedback on the paper writing and in analyzing
the results.



Chapter 6

Concluding Remarks

The aim of this thesis was to evaluate potential propulsion integration technologies
for next-generation commercial aircraft and to provide solutions that might facilitate
the engine/aircraft integration aerodynamic design process for future aviation. This
has been accomplished through the development of new design methods, a thorough
numerical investigation of the aerodynamic aspects of propulsion integration, and
low-speed powered testing of a standalone and an installed nacelle configuration.
The main outcomes of this work can be split into three parts, which are discussed
below.

6.1 Nacelle Design

The aerodynamic design of nacelles has been broadly covered in Papers A and B.
The main outcomes are as follows:

o A novel approach for the multipoint design of nacelles was developed and used
to design an ultra-short nacelle for a UHBPR engine (Paper A) and a nacelle for
an electric fan (Paper B). Several test cases were studied for critical operating
conditions such as cruise, takeoff, and crosswind. A detailed analysis of the
flow field was provided and the main design parameters were identified.

e A new boundary condition, referred to as the modified parallel compressor
(MPC) method, was developed to mimic the fan behavior at the preliminary
stages of nacelle design, requiring only a few input data. The method was
compared against CFD simulations and has shown promising results. It is
believed that the MPC method can be a useful tool for nacelle designers when
the fan geometry or its performance data are not available.

« Especially for ultra-short nacelles, the multi-point design approach is of major
importance since the inlet diffusion capability is limited and the coupling with
the fan is strong. Optimizing a nacelle shape solely for the cruise condition
would likely lead to large inlet separations at low-speed and high-incidence
conditions, and potentially to fan surging.

e A common design philosophy could be applied with success to all the studied
operating conditions, which consists in better aligning the inlet with the
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incoming flow (by reorienting the mean camber line), and providing a smooth
lip curvature to be followed by the streamlines. Large flow separations were
usually due to steep pressure gradients caused by abrupt curvature changes.

Future work should focus on laminar flow ultra-short nacelle design, assessment of
engine inoperative conditions such as windmilling, and nacelle design in the presence
of the wing and pylon.

6.2 Integration With the Aircraft

The engine/aircraft integration aerodynamic aspects were investigated in papers C
and D where over-wing mounted nacelle configurations were evaluated and compared
to conventional under-wing installations for a UHBPR engine. Moreover, in Paper
F, optimizations were carried out for ducted and unducted boundary layer ingestion
(BLI) propellers installed in an ogive-shaped fuselage. The main outcomes of the
propulsion integration studies were the following:

e The aerodynamic performance of an OWN configuration was compared to that
of a UWN. It has been found that, for the OWN case, the coupling between
aerodynamics and propulsion is stronger than in conventional installations.
At cruise, the captured streamtube has a diffusive behavior which causes a
high-pressure zone to be formed ahead of the nacelle and on the wing’s upper
surface, resulting in a local loss in lift. To recover the total lift, the aircraft
AoA has to be increased, leading to a higher wing incidence, stronger shock,
and higher overall and wave drag.

o To reduce the installation drag of the OWN configuration, a wing-reshaping
approach was developed. The method consists of locally reshaping the wing
to recover the spanwise lift distribution of the clean airframe (wing-body)
configuration. The wing redesign method was successful in reducing the OWN
drag compared to simply increasing the AoA. Moreover, the reshaped wings
presented a significant reduction in shock strength.

o A engine placement study was performed for the OWN configuration, where
the axial and vertical positions were varied. The wing was reshaped for each
one of the different positions. A drag reduction of 6.4% was obtained with
respect to the OWN case comprising the original wing and baseline position.

o A 2% higher drag than that of the UWN configuration was obtained for the
best OWN case. Nevertheless, it is believed that the OWN integration has
the potential to be a feasible solution in a near future. With the advent of
more coupled design and optimization methods, considering nacelle, wing, and
pylon shapes, along with engine position and orientation, OWN designs with
aerodynamic performance comparable to or better than the state-of-the-art
aircraft could be designed.

There is still plenty of room for improvement in modern methods for engine /aircraft
integration aerodynamic design, especially for OWN installations. Some suggestions
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for future work are: study of nacelle toe and pitch angles; sensitivity study for the
engine spanwise position; improvement of the wing reshaping method, including
design parameters other than twist and camber; reshaping of the nacelle for the
integrated configuration; low-speed performance studies for high incidence and high
AoA operating conditions.

6.3 Experimental Investigation

Two low-speed powered testing campaigns were conducted for scale models at the
Chalmers’ low-speed wind tunnel. The first test rig was comprised of an uninstalled
nacelle, whereas the second was a half-span scale model of an OWN configuration.

The first set of measurements was carried out for different V., AoA, and fan power
settings. Fan cowling force measurements and flow visualization were performed.
At low freestream speeds lower than 50 m/s, the force measurements presented a
consistent behavior. However, for higher speeds, it is believed that the fan electric
cables have interfered with the force measurements, leading to inconclusive results.
Furthermore, it has been shown that the fan power setting has a major impact on
the nacelle’s internal and external flowfield. The lessons learned from Test Rig 1
were of high value for the design of Test Rig 2.

In the second test rig, the powered lift effect at low speeds was investigated for
an OWN configuration. Measurements of wing lift and pressure distributions were
conducted for different engine power settings and AoAs. It has been demonstrated
that Cj increases linearly with MFR for a tube and wing configuration with over-
wing mounted engines at low-speed operating conditions. Taking this effect into
consideration during the early stages of aircraft design can result in control surfaces
with less wetted area and weight. The experimental results were compared to CFD
simulations for the same conditions as those in the wind tunnel.
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