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Abstract

This thesis deals with the aerodynamics of aero-engine nacelles with a focus on the
influence of a short and slim nacelle design on the drag performance. As turbofan
engines are designed with increasingly reduced specific thrusts in order to improve
propulsive efficiency, the fan diameter tends to grow. With a larger fan, the engine
weight and nacelle drag grow which may offset the benefit from the reduced specific
thrust. It is imperative to determine if a reduced length and thickness nacelle,
compared to a conventional design, will enable the viable use of these reduced
specific thrust aero-engine designs. The research aims to answer this question with
a focus on cruise drag, spillage drag, drag rise and windmill performance of isolated
and installed short, and slim nacelles.

An innovative optimisation process was developed with a computational fluid dy-
namics process included as a means to evaluate nacelle drag. This was applied to
different nacelle designs in a novel design space to optimise for cruise and off-design
performance with a multi-objective genetic algorithm. The optimisation routine
was extensively tested and verified against a number of analytical functions to en-
sure it could adequately approximate optimal Pareto sets. The optimisation of both
axisymmetric and non-axisymmetric nacelles was carried out on drag, spillage and
drag rise Mach number as well as on two metrics which control the pressure dis-
tribution of the nacelle. Optimal nacelles were then chosen to study the influence
of nacelle incidence, the windmill condition and installation onto an aircraft on the
drag performance and to provide a new quantification of these impacts.

The optimisation demonstrated that under cruise conditions it is possible to have
compact nacelle designs that offer reductions in drag. For example, a nacelle with a
23% reduction in length resulted in a 22% reduction in nacelle drag. However, these
compact designs are more sensitive to off design condition. Specifically the spillage
drag at a required drag rise Mach number of 0.87 could be 9 times higher for the
reduced length nacelle. Nonetheless, it is possible to create a nacelle at the shortest
length tested which had spillage of less than 6% of the cruise drag and met all
requirements on drag rise to cruise at a Mach number of 0.85. This was enabled by
an increase in the trailing edge radius such that it was equal to the highlight radius
which improved the wave drag characteristics. Whilst the shortened nacelle was
viable at low incidence, the increased wave drag resulted in the drag benefit relative
to the conventional design being negated by an incidence of 6 degrees. In addition,
this reduced length nacelle experienced separation at the end of runway windmill
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condition at 22 degrees, which is below the requirement of 30 degrees. Once installed
on an aircraft the impact of reducing the nacelle length was a decrease in overall
cruise aircraft drag of 3%. These studies demonstrate that there is a significant
cruise benefit available from a short nacelle but that the off design conditions, most
notably windmill requirements, will need to be addressed.
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CHAPTER 1

Introduction

1.1 Rationale

Turbofan engines are the most prevalent propulsion system for large civil aviation
applications. To achieve a given thrust an engine can accelerate a small mass of air
to a high velocity or a large mass of air to a relatively lower velocity to achieve a
momentum change. The replacement of turbojets and the development of turbofans
has followed a trend to reduce the jet velocity. The reason for this is to improve
the propulsive efficiency which varies as the inverse of the specific thrust. The
propulsive efficiency can be minimised by reducing the ratio of exit velocity to
freestream velocity Ve/V∞ (Equation 1.1).14 The reduction in the exit velocity for a
turbofan is dominated by the ability of the fan to deliver a greater volume of air at
a lower velocity than previous engines.15 To pass more air through the fan it then
becomes necessary to increase the fan diameter whilst reducing the fan pressure
ratio. This increase in diameter follows the trend of increased bypass ratio which
has been followed since turbofans were adopted in civil aviation.16 If the installation
of the engine is not considered, the cycle should then require less fuel to deliver the
thrust. A reduction in the fuel burn will benefit the aircraft operator as well as help
meet international obligations to reduce emissions.17–20

ηp = thrust power

propulsive power
= TV∞
Wout

= 2
Ve/V∞ + 1 (1.1)

A larger fan diameter causes several integration problems (Figure 1.1). Firstly, the
physical problem of fitting a large engine under a wing leads to conflicts between

1



2 Chapter 1 Introduction

ground clearance and wing interference. Closer coupling of the engine to the wing
is likely to be required in future designs and this will result in a greater level of
interaction of the wing and engine aerodynamics.21 Secondly, a larger engine will
necessitate a nacelle with more surface area and weight. This will result in more
drag and reduced payload respectively. These problems may reverse the benefits
of higher bypass ratio and make the expected increases in bypass ratio implausible
(Figure 1.2). An increase in the drag entails a greater thrust requirement and a
more inefficient aircraft. The direct impact of drag has been estimated22 at 0.07% of
specific fuel consumption for a 1% reduction in nacelle only drag. Since the nacelle
is estimated to contribute between 8-15% of the total aircraft drag11,23, a reduction
in full aircraft drag of 1% would be expected to be around an order of magnitude
larger. One report estimates the impact of a 1% full aircraft drag reduction as a
decrease in operating costs of $12 million a year per aircraft.24 Evidently, such an
improvement in drag would be a major benefit to aircraft operators and would help
to meet the planned reduction in harmful emissions.

A proposed solution to the drag and weight issue comes in the form of the ’open
rotor’ which consists of an unducted fan without a nacelle.19 Whilst this removes
the problem of increased drag, there are a number of other problems which arise,
including a noise penalty, integration issues associated with larger diameters, and
a safety concern over uncontained fan blade separation.25 Due to these current
problems and the potential improvements from geared or variable pitch fans it is
expected that open rotors are not an immediate solution.15 One mitigation to the
nacelle drag and weight problems, which is expected to be incorporated in future
designs, is that of a slimline nacelle.15 This name indicates a general departure from
the current design space for nacelles and a push for shorter and slimmer designs. It
is expected that a reduction in length and thickness will help mitigate the increased
drag and weight of large fan diameters. The evaluation of low specific thrust engines
will therefore require an understanding of the limits of the nacelle design space.

The reduction in nacelle size will include an expected reduction in the intake
length.26,27 Whilst this reduction will include weight savings relative to a conven-
tional length intake, there are associated problems which must be addressed to
enable this technology. These issues typically arise at very off-design conditions
where the intake is required to avoid separation whilst operating under high inci-
dences or crosswind. In addition, a reduction in nacelle drag may be outweighed by
a fan performance penalty due to inlet distortion22 and highlights the importance
of understanding these trade offs for future engines. In addition to the intake, a
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reduced length nacelle may have an impact on the exhaust system. This may be
evident as a shorter bypass duct and a greater interaction between the exhaust flow
and the aircraft. Since an improvement in the nozzle efficiency may have a much
greater impact on the specific fuel consumption than a reduction in drag28, it is
also vital that the influence of the exhaust system is considered.

Figure 1.1: Demonstration of the trend in aero-engine fan size1,2

Figure 1.2: Difficulties with increased fan diameter3
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1.2 Aims and Objectives

1.2.1 Overall aim

The aim of this project is to evaluate the novel nacelle design space in terms of
short and slim nacelles and to assess the viability of nacelle size reduction.

1.2.2 Research objectives

The project will achieve the stated aim (section 1.2.1) through the fulfilment of the
following objectives:

1. To validate a computational method for engine aerodynamics and performance
against experimental data.

2. To establish a method which allows for the design of a novel, short and slim
nacelle to allow for aerodynamic analysis.

3. To populate a design space for novel aero-engine nacelles parametrically and
compare the aerodynamic performance to a more conventional design in cruise
and off design.

4. To determine computationally the effects of an installation for an ultra-high
bypass ratio (UHBPR) engine on a transonic civil transport aircraft with a
focus on the improvements available from a novel nacelle configuration.

1.2.3 Novelty Claims

Through the fulfilment of the aim and the completion of the objectives, the following
novel contributions were made in the thesis:

• An optimisation method has been developed, demonstrated and tested for
nacelle aerodynamic design. This process has been developed for 2D ax-
isymmetric and for 3D based on a flexible parametric geometry definition,
computational fluid dynamic analyses and a genetic algorithm.
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• A novel design space for nacelles has been explored as a function of 7 design
variables and 5 aerodynamic variables with an optimisation approach. This
study demonstrated the minimum length possible and the trailing edge radius
required for a cruise Mach number of 0.85.

• Studies on the sensitivity of nacelles in the novel design space to incidence,
installation and windmilling have been performed. The expected influence of
each of these for future UHBPR engine configurations is quantified.

• An approach has been proposed and implemented to limit the number of
inflections in the pressure distributions produced by an optimisation of nacelle
aerodynamics. This reduces the known problem of aerodynamic optimisation
producing unconventional aerodynamic distributions.

• The NSGA-II algorithm has been tested on a suite of problems for a range
of optimisation parameters. An alternative initialisation method is demon-
strated using a Latin hypercube sample to initiate the process.

• An application of optimisation was demonstrated for a non-axisymmetric
parametric nacelle. This produced designs with improved peak Mach numbers
relative to the axisymmetric case and allowed a quantification of the improved
incidence performance.

• The impact of short nacelles on an overall aircraft drag was demonstrated and
compared to a conventional nacelle design. Sensitivity to installation position,
installation angle and off design is quantified.

1.3 Thesis structure

The remainder of this thesis details the project undertaken to meet the stated aim.
Firstly, a literature review was carried out which is the focus of chapter 2. This
culminates in a description of the gap in the literature which it is expected that
this project will fill. Chapter 3 describes the specific methods which have been
used to achieve this and how they relate to current best practice. Novel methods of
nacelle design are also detailed within this chapter, which meets objective 2. The
methods which have been chosen were then validated against existing data and the
implementation of the novel methods verified to ensure they are well calibrated;
this is the focus of chapter 4. Chapter 4 therefore meets objective 1. Chapter 5 and
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6 consist of the body of work undertaken to establish the design space available for
novel nacelle designs. These chapters collectively complete objectives 3 and 4, as
well as ensure that the method developed to meet objective 2 was appropriate. The
final chapter summarises the conclusions which were reached through this project
and their expected impact on engine design. In addition, this chapter summarises
how the thesis has filled the gap determined in the literature and recommends some
further avenues of work.



CHAPTER 2

Literature Review

A literature review has been carried out to determine the previous work undertaken
in the assessment of nacelle drag prediction, installation effects and on novel nacelle
concepts. In addition a review of the current work on nacelle optimisation and a
background of the tools used in this thesis are presented.

2.1 Nacelle design and drag performance

A nacelle is designed with several key requirements in mind which must be fulfilled
throughout all operating conditions. The intake of the nacelle must deliver a mass
of air to the fan with a low amount of distortion and at an appropriate Mach number
which will not result in detrimental separation of the flow on the fan blades. The
design of the external cowl is typically dictated by the desired drag performance
of the engine. A conventionally designed supercritical nacelle is characterised by a
curvature driven acceleration over the forebody followed by constant deceleration.29

For nacelles designed in this way, the peak Mach number reached in the initial ac-
celeration is minimised. A nacelle in a transonic airflow will experience local regions
of supersonic flow which typically terminate in shock waves and contribute to the
nacelle drag. The assessment of the drag is subject to bookkeeping between thrust
contributions and drag contributions to the overall net propulsive force (NPF). The
specifics of this are considered in a later section of this thesis (section 3.4), but the
demarcation between thrust and drag is typically made at the incoming and out-
going streamtubes, i.e. changes to the internal flow constitute thrust and changes
made to the external flow constitute drag (Figure 2.1).30–33

7
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As the freestream Mach number (M∞) is increased, the peak local Mach number
(Mpeak) on the nacelle increases, which results in stronger shocks and worsens the
associated wave drag penalties. As a result of these sensitivities, the off-design
aspects are of great importance, such as the nacelle performance at higher cruise
Mach numbers. The Mach number at which a rapid increase in drag with freestream
Mach number arises is termed the drag rise Mach number and is often defined based
on a drag gradient criterion as a function of the freestream Mach number. Though
criteria for nacelles are not found in the published literature, several cases for full
aircraft drag rise are available. For example, Roskam34 defines the drag rise Mach
number (MDR) based on a drag gradient (equation 2.1). The level of the criterion
varies and Shevell35 reports a value of 0.05 based on the same gradient. Roskam
also discusses an alternative to the gradient based criteria as an increase of 0.002
in drag coefficient above the incompressible level. MDR is a key parameter for the
assessment of nacelle configurations as a designer will tend to avoid being within
0.02 of the drag rise during cruise36. Each of these criteria have potential downsides.
Where a gradient is considered, the values will be dependent on the area used to
non-dimensionalise the drag. Conversely, an offset requires a level from which it
can be measured and the incompressible level may be impractical or inconsequential
for a transonic nacelle design. Ultimately, the influence of wave drag would need
to be considered across a full flight envelope and trade-offs balanced, however at
a preliminary design stage a measure of the drag rise Mach number is far more
expedient.

∂CD
∂M∞

∣∣∣∣∣
MDR

= 0.1 (2.1)

Thrust

Drag

Figure 2.1: Thrust and drag split for an aero-engine
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2.1.1 Spillage and windmill

The streamtube which enters an aero-engine varies with the aerodynamic conditions
and the engine mass flow requirement. Mass flow capture ratio (MFCR) is the ratio
of the cross sectional area of this streamtube at upstream infinity divided by the
highlight plane area (equation 2.2). An engine intake is sized for the maximum
required mass flow so usually operates at a MFCR<1 during the cruise.37

MFCR = A∞/Ahi (2.2)

Spillage can be understood as a drag incurred by the influence of the MFCR. In
potential flow, the drag of the nacelle from the upstream infinity plane integrated to
the downstream infinity plane is zero because it is an infinite body.38 This indicates
that when the MFCR<1, in potential flow, the rearwards force acting on the pre-
entry streamtube (φpre) must be balanced by a forwards acting force on the fan
cowl forebody (φfore) between the stagnation point and the maximum radius, φpre−
φfore = 0. Similarly, the forwards acting post exit streamtube force (φpost) must be
balanced by a rearwards acting force on the fan cowl afterbody, φaft−φpost = 0. In a
real flow however this is not the case and φpre−φfore > 0 resulting in a positive drag
term. This drag component can be referred to as spillage drag.39 This definition
is useful as the amount of spillage can be determined by comparing the drag at a
MFCR<1 with the drag at MFCR=1.

An alternative method for evaluating the spillage drag is proposed by ESDU4 which
starts by the estimation of a critical area ratio. This is defined as the MFCR at which
separation occurs on the fan cowl and below which spillage drag is encountered. In
this definition, it is assumed that the drag increase as a response to MFCR above
the critical MFCR is negligible as was found for early tests on NACA cowls.40

The critical area ratio can be determined for a NACA 1-series fan cowl based on
experimental correlations4,41. This definition is less useful as in a transonic flow
regime the cowl will experience increased wave drag due to the change in MFCR
as the local incidence of the nacelle highlight changes. This will negatively impact
the performance of the nacelle. Conversely, throughout the flight a well designed
nacelle should not separate and so the spillage encountered below the critical MFCR
is less pertinent to overall performance. For example a typical mid-cruise MFCR
for a subsonic aircraft is in the region of 0.737 which may be reduced throughout
the cruise due to the mass loss of the overall aircraft.
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In the event of an engine failure, the engine mass flow will be greatly reduced. In the
windmill condition, the fan rotor will freely rotate and large losses will be incurred
by the bypass outlet guide vane which operate far off design. This results in an
internal drag force for which there are several methods of predicting.13,42–44 These
are generally based around either empirical correlations13, underlying physics42 or
computational simulations.43 44 The spillage drag in this condition will be much
larger than in cruise as the MFCR can reduce as low as MFCR = 0.3.45 Few studies
have considered external nacelle aerodynamics in this region of MFCR. Whilst a
study46 that looked at this low MFCR noted an increase in drag due to MFCR of
the order of between 25% and 200% relative to a cruise MFCR, none focussed on the
impact this would have for a windmill event at a range of Mach numbers or with
different length nacelles. The difference in forebody design resulted in the range
between 25% and 200% which indicates the importance of having a good pressure
distribution.46 In addition, the influence of shortened nacelles on this condition has
yet to be considered, which will likely have a notable impact if worsened spillage
performance is a general characteristic of these novel nacelles. It is important for
engine designers to reduce the drag penalty associated with these operating regimes.
For engines of large diameters the windmill drag can create an excessive yaw moment
resulting in the need for a larger vertical stabiliser. For instance, one study47

identified that an increase in fan diameter from 2.84m to 3.78m on the B777-200ER
at M∞ = 0.2 resulted in an increase of wind-mill drag of over 150% and an increase
in the tail size of 15% was required to balance this yaw moment. The critical points
of the flight envelope for nacelle design are the start of descent when the engine
is near idle condition, the wind-milling condition, representing a shaft failure and
the top of climb.48 The former two of these conditions are characterised by a low
MFCR, leading to high spillage drag. The latter is characterised by low speed and
high MFCR and is of most importance for the intake flow. One paper notes that
the flight envelope in an emergency operation extends up to 30◦ incidence up to
M∞ = 0.25.49 These studies all highlight the importance of the spillage drag on the
performance of the nacelle, whilst it has also been noted that this worsens for slim
nacelles.48
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2.1.2 Drag extraction

There are many methods of extracting drag from a computational fluid dynamics
(CFD) solution which are split broadly into far field methods and near field meth-
ods.50 Both of these approaches aim to exclude spurious drag as far as possible.
Near field drag extraction methods are based on the integration of the forces act-
ing on an object tangential to the flow direction and can formally be defined by
equation 2.3.50 The first term in the brackets (equation 2.3) describes the pressure
force acting on the nacelle whilst the other three terms are the viscous forces. The
pressure term includes drag contributions from shock waves and boundary layer
displacement effects making it impossible to separate these influences in a nearfield
method. The other problem with a near field formulation is the reliance on mesh
density and turbulence model to ensure adequate resolution in the pressure integra-
tion and to avoid numerical dissipation which leads to spurious drag.51 Extraction
of the streamtubes to define the boundaries of thrust and drag is very difficult in
3D CFD especially when interference from a wing pressure field is added. The diffi-
culty for the pre-entry streamtube can be overcome through the use of the modified
nearfield method.52 The method avoids the need to extract the nacelle leading edge
stagnation points through the integration of all wall forces up to the fan face. The
internal forces are then subtracted through the subtraction of the gauge stream
forces between the fan and the upstream infinity plane.

Conversely, far field methods determine drag through surface integration of a control
volume surrounding the object and flow of interest. It is assumed for these methods
that the control volume contains all viscous and wave drag effects and that the
momentum loss measured at the surfaces is caused by these. The wake integral
method is a form of far field drag extraction where the drag is calculated based on
the losses measured in a downstream wake. The integral (equation 2.4) is evaluated
at a nominal downstream infinity plane, which for practical reasons is taken at a
point at which there are no further total pressure losses. This method requires for
the wake to be split into regions of area (A) where the local mass flow rate (ṁ) is
known and the local flow velocity (V) can be measured.

D =
∫ ∫

SBody

(−pnx + τxxnx + τxyny + τxznz) dS (2.3)

D =
∫
ṁ (V∞ − V ) dA (2.4)
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The wake integral method is a commonly used far-field drag extraction method for
wind tunnel calculations given how it can be computed from pressure readings in the
wake of an object. However the drag result is determined by extracting a boundary
between the readings in the wake and the readings in the freestream, chosen by
a parameter determined for a particular set of tests. Due to the reliance on the
number of pitots which fall within each area, the drag estimates from this method
can be inaccurate.

2.1.3 Geometrical definition

A nacelle is typically parameterised by a number of key variables as defined in the
established ESDU approach for nacelle design (Figure 2.2).4 Key parameters in
nacelle design include the highlight diameter (dhi), which directly determines the
highlight area and thus the MFCR for a given intake mass flow and freestream aero-
dynamic condition. The maximum diameter (dmax) determines the frontal facing
area of the nacelle. lfore is the forebody length and the combination of dmax and lf
are chosen to allow a favourable curvature distribution and thus Cp distribution over
the forebody. This requires a certain amount of initial forebody curvature, 1/rif , to
control the acceleration over the forebody as much as possible. Some older nacelles
have a cylindrical centrebody of length lc, which allows a separation distance be-
tween the forebody and afterbody geometries and reduces the interactions between
the aerodynamics of these two sections. Exit diameter (dTE) is dictated by the
requirement of the engine design to achieve the cycle design point and optimised for
efficiency and operability. The distance laft gives the distance from the maximum
diameter to the trailing edge and must be of sufficient length to allow the gradient
to transition smoothly from zero at the maximum radius to the required boattail
angle (β). lnac is then the overall length of the nacelle and, to reduce skin friction
drag, should be minimised as far as possible.

The development of nacelle forebodies began with the requirement for an aerody-
namic shape for use as a cowl which did not generate excessive drag. Initial wind
tunnel experiments investigated the NACA A, B and C cowls which were designed
to give a high critical Mach number.53 The NACA 1-series ordinates were devel-
oped from these initial tests40 to provide higher critical Mach numbers and to allow
operation at higher freestream Mach numbers for a greater range of cowl dimen-
sions. These ordinates can then be scaled by the required nacelle proportions, dmax,
dhi and lfore (Figure 2.2) to provide suitable supercritical cowl designs. As the
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required dimensions and operating conditions expanded for turbofan engines more
complex designs have been developed.54 Many subsequent designs were focused on
improving the off design characteristics of nacelles by increasing the lip radius and
thereby decreasing curvatures and accelerations over the forebody.46 An alternative
approach to nacelle design has been to maintain laminar flow over as much of the
nacelle as possible, resulting in a lower skin friction drag. This approach has led
to, for example, the European Laminar Flow Investigation II (ELFIN II) and Lam-
inar flow Research Action (LARA) projects to develop laminar flow nacelles with
transition positions at positions further downstream on the nacelle.55 For example,
an analysis of natural laminar flow nacelles, with transition at 40% chord, used to
power a twin-engine aircraft with a 2000nm mission demonstrated potential fuel
burn reductions of 1.7%.56

Figure 2.2: Nacelle geometry parameterisation based on ESDU4 and pre-entry
and post exit streamtubes

2.2 Engine Integration

This section is intended to provide a background as to the methods and results of
previous work carried out to assess the installation effects of engines. Historically,
this effort has been focused on wind tunnel analysis and measurements of drag and
lift at model scales using the principle of dynamic similarity to make judgements
about full scale aircraft. However in recent years, as computational resources have
become more powerful and more widely available, an increase in the amount of CFD
analysis has also been used.
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A notable contributor to the drag of a modern aero-engine comes from the na-
celle.5,23 The purpose of the nacelle is to provide uniform undistorted flow to the
fan via the intake with as little total pressure loss as possible and simultaneously to
contribute as little drag as possible.57 In a wind tunnel, an isolated engine nacelle is
typically modelled using a sting mounted model.46 There are two main approaches
to modelling the presence of an engine for the purpose of installation. The first is
to use a simple through flow nacelle (TFN) which consists of a model representa-
tion of an engine nacelle through which the air is allowed to freely flow. The TFN
therefore does not model the influence or presence of a jet. An alternative to the
TFN is the turbine powered simulator (TPS) which simulates the jet flow with a
model fan. This models the engine more accurately than the TFN by adding the jet
effect, but does not incorporate the high temperatures seen in an actual engine jet.
It has been demonstrated that simulation with a TPS is generally a more accurate
representation of an actual engine installation.58 As jet engines have increased in
size, the nacelle design has become more critical and therefore so has the accurate
drag prediction of jet engine nacelles. A typical underwing podded nacelle instal-
lation of two engines can contribute around 35-40 drag counts to an aircraft23, or
around 14% of the drag, and an increase in diameter will cause greater interference
with the wing (Figure 2.3).5

The understanding of aerodynamic interference has been studied extensively to
allow for more optimised designs. This has led to the introduction of various fairings
on modern aircraft to mitigate the interference effects. These can be seen at the
interface between lifting surfaces and the fuselage as well as around the nacelle
and pylon. A summary of the primary locations of interference drag caused by
an underwing engine installation were provided by Haines21 and are summarised
below:

• Changes in the spillage performance of the intake under the influence of up-
wash and sidewash of the wing.

• Impact on the pylon leading edge due to wing upwash and downwash.

• Change in flow over the cowl afterbody due to the impact of the wing stag-
nation field.

• Presence of the gully flow with overspeeds possibly resulting in shock waves
and separation.
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(a)

(b)

Figure 2.3: Common Research Model aircraft simulated at αa/c = 2.5◦, M∞ =
0.82, Re = 45×106 with (A) baseline engine, (B) 23% larger fan diameter engine5

• Non-planar lifting surfaces impacting the drag through nacelle lift, pylon side
lift and wing lift.

• Changes in the supercritical flow over the wing surface due to the gross pres-
ence of the nacelle.
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• Regions of overexpanded fan jet flow over the core afterbody with increased
viscous drag and strong terminal shocks.

As engines increase in size, these influences on interference are expected to become
more important and nacelle design will become of increasing importance. Significant
work has been carried out to try to understand and mitigate the impact of large
engines on the overall performance of aircraft. A study into the overall system
performance of high BPR engine designs up to a BPR of 21.5 looked at improving
three baseline engines and found that increases in fan diameter from 2.85m to
3.25m, with a BPR increase from 6.2 to 14.3, could provide improvements in overall
fuel burn of 15-16% for an engine with a thrust class in the range of 350-390 kN.47

However this study did not look at the detailed aerodynamic design of the nacelles or
the interaction with the wing. Another assessment7 of ’advanced’ engine and nacelle
concepts looked to apply slimmer and shorter nacelles to engines in the thrust class
range of 107-267kN. These engines incorporated novel nacelles for engines with
geared cycles and demonstrated that with an optimal nacelle design, savings of
3% in fuel burn were possible from the advanced nacelle design for a large twin
engine aircraft.7 Grieb and Eckardt59 considered the requirement for reduced weight
nacelles for a shrouded propfan relative to a turbofan engine. In this study they
determined that for an increase in fan diameter from 1.6m to 2.5m the nacelle length
had to be reduced from lnac/rfan = 4.0 to lnac/rfan = 2.0 to retain the same value
of drag. There are however many degrees of freedom which can affect the actual
drag and lift penalty and the local flow field. These include the engine position on
the wing, spanwise, vertically and upstream or downstream, the engine size and the
engine nacelle design.

Interference effects have been quantified for aircraft models mounted with a TFN60

which showed that the impact of moving to larger bypass ratios (up to 18) and
larger diameters may not cause excessive interference drag. This testing reported
that by appropriate placement and design, the drag penalty from larger engines
could be approximately the same as smaller engines. This implies that whilst the
larger engines can have a large penalty in terms of drag, by suitable design and
positioning the losses can be reduced to acceptable levels. However as has been
stated, a more accurate representation of an engine in a wind tunnel analysis can
be made using the TPS model. Testing has also been carried out to assess the
interference effects of a TPS on an aircraft model. There are some examples of
this in the open literature61 62. The intention of one wind tunnel analysis6 was
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to understand the magnitude and causes of interference effects for closely coupled
underwing engines. The testing comprised a half aircraft model fitted with a TPS.
This gave it a dfan/cref value of 0.328, which is representative of a significantly
older engine than those considered in this project for aircraft installation. The
other variables for the test schedule were axial and vertical position of the TPS,
Mach number, angle of attack and a short and long fan cowl. The methodology used
for the assessment of interference drag is summarised in figure (Figure 2.4). The
method involves establishing thrust and mass flow from testing in a Mach simulation
tank and then taking differences between the installed and isolated tests to get the
appropriate interference terms. The main findings of this report were that there
was an installation penalty in terms of drag for the installation of an engine which
varied as a function of the lift coefficient compared to the clean wing configuration.
The interference drag was calculated as seen in Figure 2.5. Here Build 1 refers to
a long cowl with mixed jets, build 2 refers to a short cowl with separate jets with
the fan cowl trailing edge at the same axial position as build 1, and build 3 refers
to the short cowl moved axially forwards.

Figure 2.4: Methodology for the extraction of interference drag from the mea-
sured data6

The effect of installation can be divided into axial effect and vertical effect. In
general there was no more than 2-3 drag counts difference between the installation
drag at different vertical positions. The axial position had more influence with
the installation with the least impact on drag being the furthest forward. The
reduction in drag between axial positions was mostly at the low CL values. The
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Figure 2.5: Example of measured drag for cowls at lowest vertical height, show-
ing the installation drag, isolated nacelle drag and interference drag6

work carried out by Sibilli in UHBPR engine integration also confirmed this trend
of axial position having the greatest influence63.

In order to simulate the installation effects and quantify the interference terms of
a UHBPR installation an appropriate aircraft model must be chosen. Appropriate
and realistic aircraft geometries are typically unavailable in the public literature due
to the cost which is involved in generating them. The Common Research Model
(CRM) is an aircraft configuration comprising wing/body/nacelle/pylon/horizontal-
tail64. It was developed as a model for wind tunnel and CFD analysis to be used to
predict drag characteristics of modern wide body civil aircraft64. The CRM model
is intended to represent a twin engine modern passenger jet. Principal experimental
data for the CRM comes from the NASA Ames 11-ft wind tunnel and the NASA
Langley National Transonic Facility65. This analysis was carried out at a chord
Reynolds number of 5 million for a variety of configurations including wing/body
and wing/body/nacelle/pylon. The impact of the through-flow nacelle and pylon
were seen to cause an increase in drag of around 20 drag counts at the cruise Mach
number of 0.85 and lift coefficient of 0.5. Work has also been carried out with
the CRM using CFD. Good agreement has been seen between the experimental
results and CFD analyses11,66 carried out with the drag prediction workshop (DPW)
gridding guidelines.67
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Stańkowski11 performed a study which used the CRM aircraft to establish the in-
stallation effects for large civil underwing engines. Unlike in the method above
(Figure 2.4) which considered the interference and installation effects at a constant
incidence, Stańkowski used a retrimmed aircraft to ensure constant lift between
the different configurations. In this study, three engine fan diameters were consid-
ered with a constant nacelle lnac/rhi = 4.3. This study demonstrated that a 23%
larger engine with a geometrically scaled nacelle would have a much greater influ-
ence on the wing aerodynamics than the smaller engine (Figure 2.3).11 The study
demonstrated that whilst the smaller engine resulted in an installed drag increase
relative to a clean wing of 27 drag counts, the larger engine had a penalty of 36 drag
counts. This study was considered for a relatively low freestream Mach number of
M∞ = 0.82 and it is expected that this drag penalty would worsen at higher Mach
numbers as wave drag increased.

Whilst some of these studies have demonstrated installation penalties associated
with an UHBPR engine size, none have attempted to determine both design point
and off design performance of the nacelle with a focus on the aerodynamics. Con-
sequently, there is a need to establish the required experimental and computational
tools to enable the reliable evaluation of the nacelle performance. This includes
aspects such as drag, critical drag-rise Mach number as well as spillage drag.

2.3 Previous nacelle design space exploration

Due to the growing importance of nacelle design with increasing engine sizes, novel
design concepts are being considered. The reduction of size of the nacelle in pro-
portion to the engine will require some consideration of changes in the mounting of
accessories or the removal of the thrust reversal unit68. A novel configuration being
planned for UHBPR engines is that of a slimline nacelle, with a lower nacelle thick-
ness relative to fan diameter. Future turbofans may provide weight and diameter
savings through removal of the thrust reverser unit which is enabled by the use of a
variable pitch fan.15 This will allow for a much thinner nacelle in which to house the
engine. A slimmer design is also of general interest and the extent to which weight
and drag can be saved of importance. There is no formal definition of the term
slimline nacelle, however nacelles described as slimline have certain qualities. The
trend towards slimmer nacelles is characterised by a decrease in maximum nacelle
radius (rmax). More aggressive nacelle designs are also expected to incorporate a
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shorter overall nacelle length (lnac) and also a shorter intake length (lint). These
features help to reduce the overall weight of the nacelle as well as the wetted area.
To better predict the future trends and realistic design space for nacelles, current
aero-engine nacelles have been examined in terms of their length (lnac), highlight
radius (rhi) and trailing edge radius (rTE) (Figure 2.6).69–71

Figure 2.6: Design space of current nacelle designs

Howe and Wynosky7 undertook a wide ranging study to establish an advanced
nacelle design for a high BPR turbofan engine. This included a consideration of
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the intake, fan cowl and exhaust aerodynamics. As part of this study the authors
produced a fan cowl design which reduced the intake length and the bypass duct
length by 50% each relative to a conventional technology, which resulted in a shorter
nacelle (Figure 2.7). As part of this study, the influence of nacelle length and
thickness on wave drag was determined (Figure 2.8) at M∞ = 0.8. This carpet
plot demonstrates a key challenge in the design of short nacelles. For the longer
nacelles wave drag occurs at the high values of dhi/dmax (or low rmax/rhi) which is
as a result of higher curvature required at the lip of the nacelle to achieve the lower
rmax/rhi. At a particular value of rmax/rhi however it is possible to achieve a design
with no wave drag. For the shorter nacelles this is not the case and wave drag is
encountered for most values of rmax/rhi. The highest values of wave drag occur at
the lowest length and lowest dhi/dmax. This demonstrates the possibility of reducing
wave drag by lowering dhi/dmax which was available for longer nacelles is no longer
possible for short nacelles as the wave drag incurred increases dramatically.

Figure 2.7: Nacelle design in Howe and Wynosky7

Previous work has been performed to give information about the performance of
nacelles within a parametric design space.8 This study performed 13440 separate
CFD computations for a Latin hypercube sampling of 60 different nacelle designs
with a simplified cylindrical nozzle design. These designs covered a range of nacelle
designs with four design variables: maximum radius (rmax), nacelle length (lnac),
forebody length (lfb), and initial forebody radius of curvature (rif ). In terms of
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Figure 2.8: Influence of nacelle length and thickness on wave drag7

nacelle profile drag at M=0.85 and MFCR=0.7 (cDref ) and drag rise Mach number
(MDR), these data can be viewed in the design space shown (Figures 2.9, 2.10).
This work demonstrated that reduced nacelle length and thickness could reduce the
drag incurred, but a balance must be found for the off design conditions. Amongst
other trends in the specific designs it was demonstrated that the reduction in the
nacelle length did not necessarily reduce the baseline drag of the nacelle (Figure
2.9). In addition, these plots demonstrate that a problem area may exist where a
long nacelle is designed with a high maximum radius as this can produce both poor
baseline drag and poor drag rise performance (Figure 2.10).

Slim nacelles have been tested in the past to ascertain whether they can provide
an improvement in interference drag. One study demonstrated that minimisation
of the maximum nacelle diameter could provide a fuel consumption reduction of
2.5%68. Wind tunnel experiments have also shown that uninstalled slim nacelle
designs (rmax/rhi = 1.09) can have a drag rise around 0.8, however when placed in
a forward installation position this was increased to beyond 0.85.48 This change was
seen as a beneficial wing interference effect which caused a movement and weakening
of the nacelle shock. No tests have been found for a slim line nacelle in further off-
design conditions and given the need for a thicker inlet lip at high angles of attack
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Figure 2.9: Parametric design space with Dassonville data8 in terms of nacelle
drag

Figure 2.10: Parametric design space with Dassonville data8 in terms of drag
rise Mach number
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to mitigate flow separation; it is possible that this could be the critical part of the
design for the external lines of slim line nacelles.

Motycka et al72 combined a TPS model with 16 separate nacelle designs which
covered a matrix of nacelle forebody lengths (lint), maximum radius to highlight
radius ratios (rmax/rhi), and nacelle and core cowl boat-tail angles. The study
covered a range of forebody lengths from lint/rhi = 0.89 to lint/rhi = 2.05 and a
range of radius ratios from rmax/rhi = 1.11 to rmax/rhi = 1.28 (Figure 2.11). The
fan cowl boat-tail angles were relatively low at β = 3◦ and β = 6◦. Three freestream
Mach numbers, M∞ = 0.7, M∞ = 0.85 and M∞ = 0.9 as well as a range of MFCRs
between MFCR = 0.4 and MFCR = 0.7 were tested. At MFCR=0.525 and at all
three M∞ there was an optimum value of rmax/rhi for minimal drag. This optimal
rmax/rhi was at rmax/rhi = 1.22 for the three values of M∞. The highest drags were
observed at the lowest values of rmax/rhi. Another key conclusion from this study
was that the shortest nacelles tested had lower profile drag than the long nacelles up
toM∞ = 0.85. Above this freestream Mach number however the longer nacelles had
lower drag than the short nacelles. The report indicates that a low pressure region
is favourable on the forebody as it produces a forward force, until a shock appears
due to this acceleration and then this begins to increase the drag. Whilst this study
gave an indication of the trade-offs which exist between these nacelle dimensions,
it was based around geometries which are unlikely to be representative of the next
generation UHBPR engine nacelles. Specifically, the forebody geometries were all
based on NACA 1-series and the afterbodies were separated by a cylindrical section
from the forebody. Neither of these are expected in future designs which will need
to be more compact and continuously curved.

Zimbrick and Colehour9 conducted a study of the effect of BPR and nacelle length
on the overall engine performance. As part of this study, several short nacelles were
designed (Figure 2.12).These designs were much shorter than any of the current
designs (Figure 2.6) with length ratios in the range of lnac/rhi = 1.2 to lnac/rhi = 2.4.
This study however was based around an operating Mach number of M∞ = 0.8 and
the aerodynamics of the nacelles were not published. However, the study determined
that an increase in the BPR from BPR=10.6 to BPR=17.5 could reduce the thrust
specific fuel consumption (TSFC) by around 5%. The penalty from the longer
nacelle increased from 5% TSFC to 6% TSFC as a result of the increase in BPR
which indicates it is not overly penalising (Figure 2.13). In addition, the short
nacelle contributed even less penalty to the TSFC even when designed to meet
the same intake separation criteria (Figure 2.13). Another useful aspect of nacelle
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Figure 2.11: Nacelle designs with some existing designs

design which is detailed in this study is the requirement to increase the rTE/rhi
as the nacelle length is reduced to limit the wave drag (Figure 2.14). The study
showed that a reduction from rTE/rhi = 1.0 to rTE/rhi = 0.98 caused wave drag
of the order of 50% of the drag at rTE/rhi = 1.0. Whilst this is for a very short
nacelle of around lnac/rhi = 1.2, it is likely a similar effect will be present for longer
nacelles at higher Mach numbers.

Figure 2.12: Nacelle designs for Zimbrick study9

Petrusson73 further demonstrates some of the problems which are expected in the
design of short nacelles for ultra-high bypass ratio engines. This study demonstrated
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Figure 2.13: Influence of BPR and nacelle design in Zimbrick study, based on
Zimbrick9

Figure 2.14: Influence of rTE/rhi on nacelle drag in Zimbrick study, based on
Zimbrick9

that shortened nacelles may exhibit non-monotonic velocity profiles and high peak
Mach numbers in cruise flight. Furthermore, the same study demonstrated that a
reduction in length from lnac/dfan = 2.5 to lnac/dfan = 0.6 resulted in a threefold
increase in the drag at freestream Mach M∞ = 0.8 and at 10668m altitude.

2.4 Optimisation

Optimisation algorithms have previously been applied to a number of aerodynamic
problems74,75 and have shown a capability to simultaneously optimise at several
aerodynamic points. Previous studies have also been carried out specifically on the
problem of nacelle external design through optimisation.76–79 Two of these stud-
ies77,78 focussed on the use of a surrogate model to provide a quicker optimisation
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approach. Both of these studies used a CFD method to obtain high fidelity simula-
tions of the nacelles which were used to improve a surrogate model. This resulted in
improvements from a baseline design but since they did not simulate multiple points
in the CFD model they could not directly assess the suitability of the designs in off
design. Since this is expected to be a major challenge for future high BPR engines,
this is a gap which the present study aims to fill. The studies also did not focus on
high transonic Mach number operations and as such the expected problems of off de-
sign would have been lessened. As CFD approaches become more computationally
efficient and resource more readily available a direct CFD optimisation approach
becomes possible. One study which used direct CFD simulation76 demonstrated
the applicability of multi-objective optimisation to isolated nacelles. In this study
the focus was on cruise and cross-wind performance and produced a Pareto front of
pressure drag and intake distortion. The authors concluded that whilst the Pareto
front was established further constraints were required to avoid unrealistic shapes.
For example, the optimal fan cowl produced for the two objectives demonstrated
two peaks in negative pressure coefficient which were more severe than the baseline.
This would result in increased spillage as it strengthens the shock wave at lower
MFCRs. Another multi-objective optimisation study of nacelles79 minimised fan
cowl peak Mach number during cruise and intake peak Mach number in a take-off
condition and achieved a 14% reduction in the external peak Mach number relative
to the baseline. This study did not directly consider the drag performance in cruise
however and also did not look at spillage or drag rise. These previous studies which
used optimisation methods on nacelle aerodynamics indicated that this could be a
powerful tool to quickly design a nacelle which performs well.

Multi-objective optimisation (MOO) deals with a certain class of problems in which
an optimal solution is sought with greater than one objective functions to minimise.
In contrast to a single objective optimisation, MOO can be used to assess the trade-
offs between objectives through the generation of non-dominated sets, or Pareto
fronts, of the possible solutions to the problem. Members of a given Pareto front
do not dominate any other member of the same front. A solution, x(1), is said to
dominate another solution, x(2), if equation 2.5 is satisfied for all objective functions
and the strict inequality is true for at least one objective function80.

x(1) 6 x(2) (2.5)
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One group of optimisation algorithms employ evolutionary mechanisms to rank
solutions by fitness and preserve beneficial traits over a series of generations. NSGA-
II was proposed by Deb as an appropriate evolutionary algorithm for a wide variety
of multi-objective problems.81 The algorithm is a multi-step process (Figure 2.15)
which begins with a parent population Pt and a child population Qt created from
crossover and mutation. These are then sorted into non-dominated sets and given
a crowd distance value based on their proximity to other solutions in the combined
population. Tournaments are then carried out between individuals to determine the
subsequent mating pool from which later generations are produced. This algorithm
has been developed to preserve diversity, whilst quickly converging on a Pareto
optimal front and has been demonstrated as appropriate for several non-convex
problems.82

Figure 2.15: NSGA-II Evolutionary Ranking Algorithm10

Genetic algorithms include the use of mutation and crossover operators and the
selection of these can have a direct impact on how well the optimisation is performed.
Mutation is typically applied to a subset of the mating pool at each generation and
a commonly used number of mutations is 10%.81 Three common operators for this
are a random mutation (Figure 2.16a), non-uniform mutation (Figure 2.16b) and
Gaussian mutation (Figure 2.16c). The first of these produces a mutated individual
(xi2) by applying a random amount of mutation to a member of the mating pool (xi)
(Equation 2.6).10 A mutation size is chosen by the user, ∆i and randomly a value is
chosen from within this bound by the randomly determined factor ri. A benefit of
this method is the relative simplicity with which it can be implemented however it
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has no weighting towards the original parameter xti and as such too high a value of
∆i will result in the optimisation potentially moving away from the optimal. The
non-uniform mutation operator83 produces the mutated individual (xi2) from the
non-mutated individual (xi) by the application of a boolean parameter (τ) which is
either -1 or 1 and determines which direction in the bounds of the parameter between
x

(L)
i and x(U)

i the mutation will be applied (Equation 2.7). The amount of mutation
applied is determined by a random value (ri), a user-specified parameter (b), and
the ratio of the current generation (t) and the total generations to be performed
(tmax). This ensures that the mutated individual is statistically more likely to be
closer to the original individual than far away and that as the generations progress
the likelihood increases of a similar individual. A potential downside of this method
is that it requires the tuning of the value b and the total number of generations
to ensure that sufficient mutation is performed early on in the process. Gaussian
mutation10 employs a similar method to ensure a mutated individual close to the
non-mutated individual but is based around a Gaussian distribution to determine
the mutation size (Equation 2.8). This requires a user input of simply a standard
deviation (σi) which is used to randomly produce a value within a certain probability
distribution and is then applied to the original individual.

xi2 = xi + (ri − 0.5) ∆i (2.6)

xi2 = xi + τ
(
x

(U)
i − x

(L)
i

)(
1− r(1− t

tmax
)b

i

)
(2.7)

xi2 = xi +N(0, σi) (2.8)

Several crossover methods also exist which can alter the efficiency of the optimisation
routine. These crossover routines begin from two parent individuals (X1,t, X2,t) and
create a pair of offspring individuals (X1,t+1, X2,t+1). Single point crossover (Figure
2.17a) splits the input variables of the two individuals at the same position, k. The
two offspring individuals are then produced from an alternate combination of these
two series of variables. Two point crossover is similar except that two random splits
in the variables are made in each parent individual (Figure 2.17b). These crossover
methods have the downside that they do not vary the specific parameters and thus
any variation must come from the mutation operator. Alternatives to these standard
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(a) Random mutation (b) Non-uniform mutation

(c) Gaussian mutation

Figure 2.16: Different mutation methods

crossover methods include a flat crossover (Figure 2.17c) and a BLX −α crossover
(Figure 2.17d).10 The former of these methods produces offspring individuals whose
variables are randomly placed between the variables of the two parent individuals.
BLX − α crossover expands this concept by adding a region either side of the two
parent individual parameters which the offspring can be placed (Figure 2.17d). The
size of this added region is determined by α (X2,t −X1,t) where α is a user defined
parameter.

(a) Single point crossover84 (b) Two point crossover84

(c) Flat crossover (based on Deb10) (d) BLX−α crossover (based on Deb10)

Figure 2.17: Different crossover methods
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2.5 Gap in Knowledge

After the literature review a gap in the knowledge has been determined which this
thesis addresses. Specifically it was decided to use the multi-objective capability of
genetic algorithms to design novel nacelles for cruise and off design requirements. In
the loop CFD will be combined with this method as this has not been fully realised
for a MOO problem, but could allow more direct optimisation of the aerodynamics.
This will enable representative UHBPR engine nacelles for studies on installation
and windmill conditions which are not present in the current literature.





CHAPTER 3

Methodology

This chapter details the methods used within the project to assess the aerodynamic
performance of aero-engines and aircraft. In addition, the methods used to optimise
nacelle designs are explained.

3.1 Computational Fluid Dynamics Methods

Analysis of the aerodynamic performance of engine integration was carried out with
computational fluid dynamics (CFD). Specific tools used were ANSYS ICEM v.15.0
as a meshing tool, Fluent v.15.0 as a pre-processor85, solver and post-processor.
Most of the meshing and CFD solutions were carried out in the batch modes of
the respective software to allow for multi-processing. As such, ICEM was run non-
interactively with .rpl macro files whilst Fluent was run non-interactively with .jou
journal files. This also ensured consistency between meshes and CFD solutions in
this project.

The motion of fluids is governed by the Navier-Stokes equations and can be derived
from the application of Newton’s second law to an infinitesimally small fluid ele-
ment.86 These equations provide instantaneous information about a fluid flow. An
alternative formulation of these equations, which removes the time dependant terms,
is called the Reynolds-averaged Navier-Stokes equations (Equations 3.1, 3.2). The
averaging of the time dependant terms introduces additional terms to the equation,
−ρu′iu′j, which represent the effect of turbulence on the mean flow and are called the
Reynolds stresses. Since these new terms introduce more unknowns to the equations
they must be modelled or substituted to close the equations. One approach to this

33
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is to directly compute the Reynolds stress tensor components through transport
equations for each term.87 Since this is a costly procedure however, an alternative
is to compute an eddy-viscosity which is related to the Reynolds stresses under the
Boussinesq hypothesis (Equation 3.3).88 This approximation removes the need to
model the Reynolds stresses directly and allows a simpler model of the eddy viscosity
(µt) and turbulent kinetic energy (k). There are a number of eddy viscosity models
which provide solutions for these which include the one equation Spalart-Allmaras
model89, the two equation k − ε model90 and the two equation k − ω model.91

∂ρ
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+ ∂
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∂ũi
∂xj

+ ∂ũj
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The CFD process involved the solution of the steady-state Reynolds-Averaged Navier
Stokes (RANS) equations (Equations 3.1, 3.2). In order to model the turbulence
parameters a closure model is required which can provide the eddy viscosity. The
closure model used for the majority of this project was the k − ωSST model. This
model utilises the k−ω formulation of Menter92,93 which switches from k−ω in the
near wall region to k− ε in the free stream to fully realise the benefits of both mod-
els.92 This model also gives improved prediction of separated flows due to adverse
pressure gradients in comparison to other two-equation and one-equation models.94

Some studies were carried out to determine the effect of turbulence model on the
result obtained (Chapter 4). The solution was obtained through a density-based,
implicit solver. A Roe-FDS scheme was used with Green-Gauss node-based dis-
cretisation. Spatial discretisation was converged to a second-order level. Air was
assumed to be an ideal gas and viscosity was modelled using Sutherland’s Law
whilst the specific heat Cp was varied with a piecewise polynomial.



Chapter 3 Methodology 35

3.1.1 Computational domain

Over the course of the project a number of computational meshes have been created
and computed which represented a variety of configurations and models (Figures
3.1, 3.2). For any 2D axisymmetric simulations the domain of the mesh was a
semi-circle and except where described the domain for the 3D work was a sphere.
These domains represented the free stream and a farfield boundary condition was
therefore used. At this boundary a free stream Mach number, static pressure and
static temperature were imposed to represent flight conditions. At the entry to the
fan, i.e. exit of the intake, a pressure outlet boundary condition is imposed. At
this boundary, a mass flow is set which within Fluent iterates on a static pressure
to achieve the mass required. The entry planes to the nozzle ducts were set to
pressure inlets where a total pressure and total temperature were imposed. For the
values imposed at all of these boundaries, a model of an engine was required to
give representative values, which is the subject of section 3.2. The meshes, except
where described as intentionally low-fidelity, were created in adherence to the drag
prediction workshop gridding guidelines.67

Figure 3.1: Example of isolated engine mesh
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Figure 3.2: Example of installed engine mesh
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3.1.2 Independence studies

Iterative convergence was monitored for all cases in terms of normalized residuals,
as well as integral and peak values within the flow solution. Typically a converged
solution had normalized residuals which had reduced by five orders of magnitude
from the farfield initialisation. In addition it was ensured that the integral and peak
values monitored in the solution had ceased to vary or were oscillating within 0.1%
of the predicted value.

Multiple mesh and domain independence studies were carried out (Appendix A).
Based on the studies detailed in the appendix, meshes and domain sizes were chosen
for the 2D axisymmetric engine and 3D isolated engine domains. The installed
domain and mesh size was set in accordance with previous work.11 It was established
that the solution was insensitive to the domain size for the 2D work when set to be
rDomain = 80rnac. For the 3D isolated case, this was found to be rDomain = 100rnac.

3.2 Engine Models and Geometry Definition

3.2.1 Cycle Modelling

Before an assessment of nacelle aerodynamics could be made, boundary conditions
for the CFD simulations were required which represented the influx and efflux of the
engine. To acquire typical values for such ultra-high bypass ratio engines two zero-
dimensional cycles were generated. To generate these cycles, a modular existent
tool was used, called Turbomatch.95 Turbomatch is a scheme used within Cran-
field University for engine cycle modelling. It comprises a series of blocks which
represent individual gas turbine components, which can be added or removed to
match different engine designs. Turbomatch uses mass and energy balance through
an iterative method based on scaling experimental component maps to match the
requirements input. Starting from the intake, the individual blocks solve for a given
inlet condition and produce output parameters. The input and output quantities of
all the bricks are a fuel-air ratio, a mass flow, static pressure, total pressure, static
temperature, total temperature, velocity and area. The output from one brick is
then passed as the input to the following brick, e.g. from intake to compressor.
Other data required to calculate the performance of the engine is provided within
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the code. The key components modelled for a turbofan engine are an intake, com-
pressor, combustion chamber, turbine and nozzle. The intake block simply applies
a total pressure loss to the freestream flow. The compressor efficiency is determined
from a series of characteristics and the required pressure ratio given as input. This
then determines a work requirement for the turbine block, where an efficiency is
again determined from a set of characteristics within the library of Turbomatch.
For the models in this thesis, a turbine entry temperature was provided to Turbo-
match and the fuel flow rate determined within the code. The convergent nozzle
block expands the flow from the turbine to the freestream and determines an exit
area which is required for the geometry definition.

Turbomatch was used to create engine cycles based on the required thrust. This
required thrust was estimated from the CRM aircraft and the cycle iterated on
until the cruise thrust was attained. The fan diameters were determined first for
the engine sizes it was chosen to investigate, in order to represent an expected
large UHBPR engine. The BPR and overall pressure ratio (OPR) were constrained
by the expected limits on the cycle for these future large engines. Once a cycle
was determined which produced the required thrust, a final iterative process was
carried out to optimise the fan pressure ratio and turbine entry temperature to
provide minimum specific fuel consumption.

3.2.2 Nacelle Parameterisation

An existing parameterisation based on intuitive class shape transformation (iCST)
curves to define the engine aerolines was used.27 For the purposes of this thesis,
the entire engine housing will be termed the nacelle. The nacelle then consists
of an intake, a fan cowl, bypass and core nozzles, a core cowl and a plug. A
series of iCST curves were used to define each of these separately. iCST curves are
an extension of the class shape transformation (CST) method created for aerofoil
design96. A CST curve is defined by the product of a class function (C(ψ)) and a
shape function (S(ψ)) and the addition of a trailing edge term (ψ∆ξTE) (Equation
3.4). The class function (Equation 3.5) determines the fundamental shape of the
curve which are determined by the N1 and N2 terms. Through the modification
of these values various shapes can be determined including a round nosed aerofoil,
a straight line, an elliptic aerofoil, or a Sears-Haack body96. The shape function
is defined by Bernstein polynomials of order n (Equation 3.6), chosen for their
inherent smoothness and partition of unity property. This property ensures that
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any order of Bernstein polynomial can be used to provide the perturbations to the
class function. The use of Bernstein polynomials requires setting the value of a
number of coefficients which are non-intuitive in the sense of aerodynamic design.
The iCST approach helps to resolve this problem through the combination of the
parameterisation method for airfoil sections (PARSEC) and the CST method97.

ξ(ψ) = S(ψ)C(ψ) + ψ∆ξTE ; ξ = y

c
, ψ = x

c
(3.4)

CN1
N2 (ψ) = ψN1 [1− ψ]N2 for 0 ≤ ψ ≤ 1 (3.5)

BPn =
n∑
r=0

Kr,nx
r (1− x)n−r (3.6)

For the intake and fan cowl an aerofoil class function was used. For the remainder
of the aerolines a straight line class function was used. These provided the basic
shapes to which the shape function was added. The shape function for all aerolines
consisted of Bernstein polynomials. To determine the coefficients of the Bernstein
polynomials a series of intuitive design parameters were defined.27,98 The purpose
of the intake is to deliver a sufficient mass flow with as little distortion as possible
to the fan. It must also incur as few losses in doing so as possible to avoid efficiency
loss of the entire system. The fan requires a slower inlet Mach number than a
typical aircraft cruises so during this section of the flight the flow must also be
decelerated. The throat is typically sized to allow a deceleration even at maximum
power setting and flight Mach number. This throat area gives a specific radius
(rth) which is then positioned sufficiently far upstream of the fan to avoid diffusive
separation under any of the flight conditions. The axial and radial location of the
highlight relative to the throat then give the intake a particular contraction ratio
(CR = Ahi

Ath
) and aspect ratio (AR). The contraction ratio determines the amount

of acceleration experienced by the flow relative to the highlight Mach number. The
highlight area must also be sized to prevent too low a mass flow capture ratio MFCR
in cruise operation. Too high a rhi would result in a low MFCR for a given engine
design and would be detrimental to the performance of the fan cowl. The design of
the fan cowl relies on eight design parameters in this study (rhi, lnac, rmax, lfb, rif ,
rTE,β, κTE) (Figure 3.3). The highlight radius (rhi) is common with the intake and
as discussed determines the mass flow capture ratio for the fan cowl. The initial
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forebody radius (rif ) is the inverse of the curvature at the cowl lip. A high value will
therefore indicate less curvature and a less sharp fan cowl. The maximum radius
(rmax) and length (lnac) are usually determined together to ensure space within the
nacelle for all the engine peripheries and the thrust reverse unit. In addition these
two parameters have a direct importance to the aerodynamics since they determine
the fineness of the fan cowl. In general, it is desired to minimise the length and
maximum radius to reduce the profile drag of the fan cowl. The rmax chosen for
a design also has fundamental implications to the installation interference on the
aircraft wing due to close coupling and ground clearance. The axial position of
the maximum radius (lfb) determines the split between forebody and afterbody.
Historically a cylindrical centerbody has also been incorporated which provided
separation between the acceleration of the forebody and the deceleration of the
afterbody whilst providing additional volume for internal peripheries. The fan cowls
in this study do not include this and are continually curved towards the engine axis.
The trailing edge radius (rTE) will be largely fixed by the requirements of the engine
nozzle exit area and the core cowl size. The fan cowl boattail angle (β) will also
need to be compatible with the angles of the core cowl and plug whilst being low
enough to avoid a diffusive separation or excessive boundary layer growth on the
afterbody of the fan cowl.

A further addition was made to the parameterisation which involved splitting the
fan cowl curve into two separate iCST lines. This involved defining two iCST
curves which both started at the highlight and ended at the trailing edge of the fan
cowl. A single curve was created by sampling the forebody section of one curve and
concatenating the afterbody section of the other curve. The two curves also had the
same maximum radius (rmax, fmax), boattail angle (β) and initial forebody radius
(rif ) however the afterbody curve was additionally constrained by a specified trailing
edge curvature (κTE) whereas the forebody curve did not have this constraint. The
afterbody curve was also constrained to match the first, second and third derivatives
of the forebody curve at the position of maximum radius (Figure 3.4). This hybrid
iCST approach allows the afterbody requirements to be decoupled to some extent
from the forebody constraints. Demonstration of this adaptation is further detailed
in section 5.4.
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Figure 3.3: Fan cowl parameterisation

Figure 3.4: Schematic of hybrid iCST parameterisation

For the 3D axisymmetric nacelle geometries, the 2D section was simply revolved
around the axis to create the surface. For the non-axisymmetric designs however a
3D parameterisation was needed.99 Two additional parameters which define a non-
axisymmetric nacelle are droop, defined by the droop angle (θdroop), and the scarf,
defined by the scarf angle (θscarf ) (Figure 3.5). These two parameters define the
offset required for the highlight plane to re-orient the intake axis. In addition to
these two parameters the 2D parameterisation was utilised on individual azimuthal
lines (θ = n) where n is an angle between 0◦ and 360◦. The topline defines the
aeroline which would be closest to the wing in an underwing installation, i.e. the
highest vertical aeroline. The topline is then defined as θ = 0◦ and θ increases
in the clockwise direction. Each of the 2D parameters (Figure 3.3) can then be
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defined at each of the azimuthal aeroline. The method used99 to construct the non-
axisymmetric nacelles constructs an azimuthal iCST for each of these parameters
to ensure smooth behaviour in the intermediate azimuthal aerolines which are not
specified. The result was an iCST based analytical definition of a nacelle in both
the x − r plane and r − θ which could be sampled accordingly. For this project
the geometries were then sampled in 256 azimuthal sections for use in the CFD
computations.

Figure 3.5: Schematic of 3D nacelle geometric parameters

3.3 Installation positions

In this project, the aero-engines are installed on the CRM aircraft in two positions
relative to the wing. These are based on engine locations as defined and studied
in previous work.11 These positions were also contextualised with a number of pro-
duction engines found in the open literature11 100 (Figure 3.6). The two positions
considered in this project are equivalent to positions C3 and C1 in the previous
project11 but will simply be referred to as the datum and the close-coupled position
throughout this thesis. Both positions define the location of the engine relative to
the wing as a percentage of the local wing chord clocal. The spanwise location is
constant and equivalent to the original CRM engine position. The datum position
(C3) locates the fan cowl topline trailing edge 0.05clocal horizontally upstream of the
wing leading edge and 0.1685clocal vertically lower than the wing leading edge (Fig-
ure 3.6). The close-coupled position (C1) locates the fan cowl topline trailing edge
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Figure 3.6: Engine installation positions relative to open source locations based
on Stankowski11

0.05clocal horizontally upstream of the wing leading edge and 0.0685clocal vertically
lower than the wing leading edge (Figure 3.6).

3.4 Thrust/Drag Accounting

3.4.1 Isolated Engine Thrust/Drag Bookkeeping

The modified near field method52 involves direct integration of the forces which act
on the surfaces of the nacelle. It is a near field approach to drag extraction based on
integration of the pressure and viscous forces which act on the outer nacelle and a
momentum integration of the pre-entry stream tube52. Drag is evaluated either as
the nacelle drag, or a modified nacelle drag. Figure 3.7 shows the constituent terms
of both these drag values. The modified nacelle drag (D∗nac) is defined as the sum
of the integrated forces acting on the fan cowl φnac and pre-entry streamtube φpre
(Equation 3.7). This was reported as a modified drag coefficient (CD∗), relative to
the maximum nacelle area and free stream conditions (Equation 3.8). For configu-
rations with an exit streamtube, i.e. not sting-mounted, there is an additional drag
component: the pressure force acting on the exit streamtube (φpost). For the cases
with this additional force, the pressure was integrated along a bounding stream-
line extended from the nacelle trailing edge. This post exit force (φpost) was then
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incorporated into the standard nacelle drag (Dnac) (Equation 3.9) and reported as
a coefficient based on freestream conditions and maximum nacelle area (Equation
3.10).

station 0 1 19 9 00

FG0

φpre
φcowl

φpost

FG00
FG100

FG1

Figure 3.7: Thrust and drag accounting system

D∗nac = φnac + φpre (3.7)

CD∗nac = D∗nac
1
2ρ∞V

2
∞Am

(3.8)

Dnac = φnac + φpre + φpost (3.9)

CD,nac = Dnac
1
2ρ∞V

2
∞Am

(3.10)

The engine coordinate system (x,y,z) is defined such that the x-axis is parallel to the
engine shaft. The z-axis is orthogonal to this and the positive direction indicates
the topline of the nacelle. To simulate engines operating at an angle of attack,
the incidence (αCL) was defined as the angle between the engine centreline and the
freestream flow. At incidence, the drag axis is not equivalent to the engine axis,
and a transformed Cartesian coordinate system (Equations 3.11,3.12,3.13) is used
to evaluate the drag.

The net propulsive force (NPF) of the engine is the overall resultant force which
acts on the engine surfaces in the x’ direction. The NPF can be broken down into
thrust and drag based on either of the aforementioned drag definitions (Equation
3.14). The corresponding thrust values can be evaluated either as modified net
thrust (FN∗) or standard net thrust (FN). The standard net thrust is defined as the
difference in gauge forces between the downstream infinity streamtube cross section
and the upstream infinity streamtube cross section (Equation 3.15). For a dual
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stream engine the modified net thrust is the difference between the gauge forces
which exit the bypass and core nozzles and the gauge force at the upstream infinity
streamtube cross section, with the integral force on the exhaust system subtracted
(Equation 3.16).30

x′ = xcos(αCL) (3.11)

y′ = y (3.12)

z′ = zsin(αCL) (3.13)

NPF = FN∗ −D∗nac = FN −Dnac (3.14)

FN = FG00 − FG0 (3.15)

FN = FG19 + FG9 − FG0 − θexhaust (3.16)

3.4.2 Wind Tunnel Corrections

The validation cases studied for this project were simulated attached to an exper-
imental sting. The nacelle therefore does not produce any post exit force (φpost)
and the modified nacelle drag is calculated from a downstream measurement rake.
However, as the experimental rake is located between 0.12 and 0.7 nacelle lengths
downstream of the trailing edge, depending on the rig, some of the measured drag
is due to viscous losses incurred by the sting. In these cases an additional drag term
acting on the sting φsting must be taken into account. An adjusted drag (D′nac) is
therefore defined which gives the value assessed at the location of the experimental
rake, equation 3.17, or as a drag coefficient in equation 3.18. For the V1 nacelle test
case this drag (D′nac) is how the experimental data was reported.46 As part of the
experimental programme for validation nacelles V2 and V3 however this additional
drag term (φsting) was estimated in the analyses of nacelles V2 and V3 based on flat
plate aerodynamic characteristics and subtracted from the measured drag (D′nac) to
produce an estimate of the modified nacelle drag (D∗nac).101 For the CFD validation
of nacelles V2 and V3, this flat plate method was reproduced to give a corrected
drag coefficient (CDc) (Equations 3.19, 3.20, 3.21, 3.22, 3.23).

D′nac = φnac + φpre + φsting (3.17)
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CD′ = D′nac
1
2ρ∞V

2
∞Am

(3.18)

cf = 0.455
(log10Re)2.58 (1 + 0.144M2)0.65 (3.19)

Renac = RexLt (3.20)

Recombined = Rex (Lt + Lsting) (3.21)

CD,sting =
[
Awc + Aws
Amax

]
cf,combined −

Awc
Amax

cf,t (3.22)

cDc = cD′ − cD,sting (3.23)

3.4.3 Full aircraft Thrust/Drag Bookkeeping

Since this project is also to look at installation effects of aero-engine nacelles it
is required to have a bookkeeping method for the full aircraft configuration. This
method was largely adopted from a previous study11 whilst ensuring compatibility
with the AGARD definitions30 through the addition of the post exit terms (φpost)
into the nacelle drag term (Equation 3.9). Prior to exposition of the force accounting
it is important to clearly define the coordinate systems in use to define the resolved
forces. An aircraft axis is defined (x, y, z) around the symmetry plane of the aircraft
(Figure 3.8). The origin exists at the most forward point of the fuselage nose cone.
The x-axis lies parallel to the axis of the cylinder which defines the fuselage mid-
body, with the positive direction being from fore to aft of the aircraft. The y-axis
runs normal to the symmetry plane, with the positive direction moving outwards
from the symmetry plane. The z-axis is orthogonal to the x and y-axes and defined
positive in the direction from the lower to the upper surface of the wing. An
alternative axis is defined for convenience for the installed engine (ξ, η, ζ) as it does
not sit parallel to the fuselage (Figure 3.8). To account for toe-in angle, which is in
the x-y plane, and pitch angle, which is in the y-z plane, a transformed Cartesian
coordinate system is defined for the engines. This is the same as the above defined
system for the isolated engine in relation to the engine axis and can be transformed
back to the aircraft coordinate system by a rotation by the toe-in and pitch angles.
Finally, the aerodynamic axis (x′, y′, z′) is defined relative to the aircraft axis (Figure
3.8) (Equations 3.24,3.25,3.26). Since this project does not consider aircraft in yaw,
the y-axis is equivalent between aircraft and aerodynamic coordinate systems.
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x′ = xcos(α) (3.24)

y′ = y (3.25)

z′ = zsin(α) (3.26)

Figure 3.8: Coordinate systems present in the installed configuration for aero-
dynamic forces, aircraft and engine11

As with the nacelle, the drag is defined in the aerodynamic axis, as being positive
drag when a positive resultant force exists in the positive x’ direction. The airframe
drag is defined as the surface integral of all the pressure and viscous forces acting
on the surface of the airframe, which includes fuselage, wing surfaces and horizontal
tailplane surfaces (Equation 3.27). This is non-dimensionalised as a coefficient by
freestream aerodynamic properties and the CRM wing planform (Equation 3.28).
In the presence of an engine installation the drag domain is extended to include all
the metal and streamtube surfaces used for the isolated engine above. This results
in an overall aircraft drag (Da/c) which is the sum of the airframe drag (Da/f ) and
the fan cowl drag (φnac), pre-entry drag (φpre) and post-exit drag (φpost) (Equation
3.29). Again this is non-dimensionalised by the freestream conditions and the wing
planform area to obtain a drag coefficient (Equation 3.30). The overall force acting
in the x’ axis is termed the net propulsive force (NPF). The NPF is the difference
between the standard net thrust and the overall aircraft drag (Equation 3.31). Lift
is defined in a similar way however it is defined as positive in the positive z’ axis.
Airframe lift consists of a similar integration of all forces over the surface of the
airframe which act in the z’ direction (Equation 3.32). This is non-dimensionalised
as a coefficient by freestream aerodynamic properties and the CRM wing planform
(Equation 3.34). In addition, this same process is followed for the nacelle since no
split is required in this axis for the nacelle (Equation 3.33). The summation of these
two lift forces results in the overall lift force of the aircraft (Equation 3.35) which
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is again non-dimensionalised by the freestream conditions and the wing planform
area (Equation 3.36). For a configuration in which there is no engine installed then
Da/c = Da/f and La/c = La/f .

The installation penalty can be considered at a constant incidence (αa/c) in which
case there would be a lift loss and a drag penalty from the addition of an engine
to the configuration. Alternatively, it can be considered for a re-trimmed aircraft
in which case the lift would be the same between the clean wing aircraft with an
isolated engine and the aircraft with an engine installed. This is termed the su-
perposition model.11 The installation drag is then defined as the difference between
the installed configuration (WBT0N) and the clean wing configuration (WBT0) at
constant lift (Equation 3.37). To superimpose the isolated engine drag to the clean
aircraft drag an equivalent engine incidence must be established which the engine
would operate at were it installed. This equivalent incidence (Equation 3.38) is
defined as the sum of the airframe incidence, the incidence at which the engine
would be installed at, and the upwash which the engine would experience. This
incidence can then be used to determine the isolated engine drag to superimpose
on the airframe drag at each value of αa/f . The upwash was determined from the
clean wing CFD computations at the position of the centre of the highlight for the
engines. Similarly a lift can be evaluated at every airframe incidence of the super-
position model (Equation 3.40). These two values were computed for each clean
aircraft incidence and for each engine in each position considered. This allowed the
production of a superposition polar (Figure 3.9). Interference drag (Equation 3.41)
can then be defined as the difference between the drag of a full aircraft and the drag
of an airframe superimposed with an engine (Figure 3.9). Since the CFD has been
computed at given values of αa/c, this re-trimmed approach requires some interpo-
lation between simulations to ensure equality in the lift coefficients. A second order
approach was adopted for this process in accordance with previous analysis.11 A
thrust interference is similarly defined where the thrust in the superposition model
is subtracted from the thrust in the installed configuration (Equation 3.42).
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Figure 3.9: Definition of installation drag and interference drag

Da/f =
∫ ∫

Sa/f

(−pnx′ + τx′x′nx′ + τx′y′ny′ + τx′z′nz′) dS (3.27)

CD,a/f = Da/f

0.5ρ∞ ∗ Aplanform ∗ V 2
∞

(3.28)

Da/c = Da/f + φpre + φnac + φpost (3.29)

CD,a/c = Da/c

0.5ρ∞ ∗ Aplanform ∗ V 2
∞

(3.30)

NPF = FN −Da/c (3.31)

La/f =
∫ ∫

Sa/f

(−pnz′ + τz′z′nz′ + τx′z′nx′ + τy′z′ny′) dS (3.32)

Lnac =
∫ ∫

Snac
(−pnz′ + τz′z′nz′ + τx′z′nx′ + τy′z′ny′) dS (3.33)

CL,a/f = La/f
0.5ρ∞ ∗ Aplanform ∗ V 2

∞
(3.34)

La/c = La/f + Lnac (3.35)

CL,a/c = La/c
0.5ρ∞ ∗ Aplanform ∗ V 2

∞
(3.36)
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CD,inst =
(
CD,a/c − CD,a/f

)∣∣∣
CL=const.

(3.37)

αequivalent = αa/f + αinst + αupwash (3.38)

DSM = Da/f +Dnac

∣∣∣
αequivalent

(3.39)

LSM = La/f + Lnac
∣∣∣
αequivalent

(3.40)

Dinterf =
(
Da/c −DSM

)∣∣∣
CL=const.

(3.41)

FN∗,interf = (FN∗,inst − FN∗,SM)|CL=const. (3.42)

3.4.4 Key metrics

Several aerodynamic metrics are considered throughout this project. The main
consideration is drag, which as discussed (section 3.4) has varied definitions. For
the majority of this report drag is considered as in equation 3.10. However, this
definition involves non-dimensionalisation by the maximum nacelle area. Whilst
this is a common definition and one used for the validation, it is not intuitive for
comparisons where Amax is a variable. As such, for the optimisation procedures
carried out in this project an additional coefficient is defined based on a common
area (Equation 3.43)

cDhi = Dnac
1
2ρ∞V

2
∞Ahi

(3.43)

3.4.4.1 Drag rise

The second metric considered was the drag rise Mach number (MDR) (Equation
3.44). The drag rise Mach number determines the freestream Mach number above
which wave drag increases rapidly. Nacelles are typically designed to operate below
this Mach number and a typical margin of safety used is ∆M = 0.0236. Since the
desired cruise Mach number for the optimisation designs is M∞ = 0.85 the target
drag rise Mach number is MDR.
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∂CD
∂M∞

∣∣∣∣∣
MDR

= 0.1 (3.44)

3.4.4.2 Spillage

As discussed in chapter 2, the spillage of an aero-engine nacelle can be defined
in several different ways. The most relevant for the design however is typically
the difference in drag encountered between a cruise condition and a lower MFCR
condition. The drag of a nacelle can also be decomposed into profile, wave and
spillage drag (Equation 3.45).102 This indicates that in addition to the baseline
profile drag of a nacelle two other influences are present. The wave drag term is not
present in a purely subsonic regime and grows larger as the freestream Mach number
exceeds the critical Mach number. The spillage term occurs due to the influence
of the mass flow capture ratio (MFCR), whereby a reduction in MFCR results in
an increase in spillage on the forebody of the nacelle. Spillage in this project will
be considered as a difference between a low MFCR condition and a nominal cruise
condition.

CD,nac = CD,prof + CD,wave + CD,spill (3.45)

3.4.4.3 Pressure coefficient metrics

In the course of the project, it was required to define two metrics based on the
pressure coefficients on the fan cowl. The first metric of interest (Equation 3.46)
was the sum of the peak pressure coefficient upstream of the shock across the m
number of shocks present on the cowl. This should provide an additional penalty
to designs with high wave drag and also exclude designs which have several sonic
regions. Shock location was determined by a local peak in pressure coefficient gra-
dient which exceeded a value of 0.65, which was found to be a good indication of a
shock (Figure 3.10). The second metric of interest (Equation 3.47) quantified the
number of points at which the gradient changed polarity in the pressure distribu-
tion since a conventional design should ideally only do this once29. Specifically, it
calculated the total number of gradient (δCp/δx) polarity changes and summed the
magnitude of the second derivative at this polarity change (λ). When a constraint
was applied to the former metric (Cshock) it limited the shock strength allowed
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on the nacelle. Minimisation of the latter metric (Cinflect) results in designs with
increasingly monotonic pressure distributions.

Cshock =
∑
m

|cp| (3.46)

Cinflect =
∑
n

|λ| (3.47)

Figure 3.10: Distribution of pressure coefficient and pressure coefficient gradient

For the non-axisymmetric nacelles (Chapter 6) a weighted version of these two
metrics was defined (Equations 3.48, 3.49). This allowed for a single metric to be
defined based on the pressure distributions of all aerolines which were considered.

Cshock,weighted = 0.25Cshock,topline + 0.375Cshock,sideline + 0.25Cshock,controlline
+0.125Cshock,bottomline

(3.48)

Cinflect,weighted = 0.25Cinflect,topline + 0.375Cinflect,sideline + 0.25Cinflect,controlline
+0.125Cinflect,bottomline

(3.49)
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3.5 Optimisation Method

A routine for intake and nacelle genetic optimisation (RINGO) has been developed
within this project to create optimal nacelle designs. The routine is based on a
real-parameter coded implementation of the NSGA-II algorithm81 coded in python.
Real-parameter coding was used as opposed to binary coding to avoid problems
such as Hamming cliffs which can exist when the fitness values are treated as bi-
nary strings.81 The generational optimisation method ranks a set of designs based
on their associated objective function values f(x) and constraints g(x). In a generic
optimisation these objectives and constraints could be evaluated from an analytical
equation to link the input variables to the output variables. The implementation
was thoroughly tested with analytical functions in chapter 4. Within RINGO, the
objectives and constraints are evaluated from a computational fluid dynamics (CFD)
simulation of the parametric geometry. This in-the-loop CFD process requires more
computational resource than the use of a surrogate model based on integral param-
eters. However, it also provides a higher fidelity drag estimation and allows for
optimisation of the aerodynamic characteristics. The overall routine of RINGO is
described in Figure 3.11. This optimisation routine has subsequently been adapted
and has been used in further work to optimise nacelles103,104 and intakes.105

The optimisation was carried out with a Gaussian mutation operator with a mu-
tation rate of 0.2 and mutation size of σ = 0.0005. The crossover was carried out
using the BLX − α operator with α = 0.5 which results in an even split between
the two parent designs.10

For each design produced within the optimisation process a multi-grid mesh was
produced and CFD simulations performed. To enable the calculation of the off
design performance, the designs were simulated at a series of different freestream
Mach numbers and two MFCRs. This resulted in ten separate solutions computed
for each design. Each optimisation process consisted of 1560 different designs, so
in total to optimise the fan cowl, for a specified length (lnac/rhi) and radius ratio
(rTE/rhi), 15600 CFD computations were performed.

3.5.1 Key metrics

For a single objective optimisation problem the performance of an algorithm can
simply be quoted as how accurately the optimal value produced by the algorithm
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Generation of
initial random
population

Dimensionalise
population

Bounds for
input variables

Produce geome-
tries and meshes

Perform CFD
simulations

Calculate objec-
tive functions
and constraints

Sort into non-
dominated sets,
ordered inter-

nally by distance

Write to h5 file

Check if
ngen = N

Create ngen + 1
through mutation
and crossover

Figure 3.11: Routine for Intake and Nacelle Genetic Optimisation flowchart

approximates the true optimum. For a MOO problem however the optimum is an
n-dimensional Pareto set. The performance of a MOO algorithm can be measured
in terms of how well the Pareto set it produces (Y ′) approximates the analyti-
cally optimal Pareto set of solutions (Ȳ ). Two aspects of this approximation are
important: the convergence level and the distribution or diversity within the set.
These requirements are orthogonal to each other within the objective space which
means that a set Y ′ which converges closely to the Pareto set Ȳ may not neces-
sarily be well distributed along it. A genetic algorithm generally achieves both of
these requirements through the application of dominance to ensure that more opti-
mal solutions are favoured whilst ensuring diversity through a distance or spacing
operator. There are metrics which can be used to assess these two requirements
(convergence and diversity) separately, however in this project a metric which com-
bines the two is used. This is formally defined as the hypervolume (Equation 3.50)
and is most easily explained in a 2-objective optimisation problem. In this case, the
hypervolume (HV) is the area bounded by the Pareto set and a reference coordinate
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(Figure 3.12). In n-dimensions this concept is simply extended to a n-dimensional
hypervolume. For a given Pareto set (Ȳ ) and reference coordinate there is therefore
a specific hypervolume which represents the maximum achievable value. Any less
optimal set, whether due to poorer convergence or failure to adequately distribute
solutions in the objective space, will have a lower associated hypervolume. For a
known Pareto set (Ȳ ) the hypervolume from the approximated set can be given as
a percentage of the true hypervolume (H̄V ). It is important to note however that
this percentage will vary depending on the reference point used to calculate the
hypervolume so a reference value close to the Pareto set should be chosen to avoid
overly optimistic results. Within this project, the open source software WFG106

was used for calculating the hypervolume for the optimisations carried out.

Figure 3.12: Schematic of hypervolume in two dimensions, based on Deb12

HV = volume
(
∪|Y

′|
i=1vi

)
(3.50)

3.6 Conclusions

This chapter has outlined a method which will be followed through the work, the
following summary points can be made:

• Computational Fluid Dynamics (CFD) will be the method used to establish
nacelle performance. Multiple computations will allow the calculation of cruise
drag, drag rise Mach number and spillage drag.
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• Nacelles will be produced through a parameteric method based on intuitive
class shape transformation (iCST) curves.

• Configurations which will be considered will include isolated and underwing
engines. A drag accounting method has been detailed to fully capture relative
performance of different engine designs.

• An optimisation method based on NSGA-II will be used to explore the design
space and produce nacelles which are aerodynamically well designed for further
study.

• An existing code, Turbomatch, will be used to provide boundary conditions
for CFD of engine models.



CHAPTER 4

Validation and Verification

This chapter details the efforts which were made to validate the CFD method used
throughout the project. Separate validation activities were carried out on the fan
cowl and intake flows for a number of different geometries. In addition, this chapter
includes details of a verification and calibration exercise which was undertaken to
ensure the optimisation method was appropriately configured for the problems posed
later on in the project.

4.1 CFD Validation

The computational fluid dynamics (CFD) method was tested on a series of dif-
ferent geometries and configurations to determine the accuracy of the simulations.
These can be subdivided into simulations in which both the flow and geometry had
rotational symmetry around the x-axis and could therefore be simplified into a 2-
dimensional (2D) axisymmetric domain, and those which were not axisymmetric.
The non-axisymmetric validation includes both simulations in which the aerody-
namics were not axisymmetric, i.e. to simulate cases at incidence, and cases where
the geometry is non-axisymmetric.

The first validation nacelle (V1) was the open source ARA cowl 1.46 This was
designed to assess alternatives to the conventional NACA series 1 type forebody
designs. It is an axisymmetric design with a cylindrical centrebody, and a simple
circular arc and straight line for an afterbody. The second validation nacelle (V2)
was designed to provide a specific Mach number distribution on the nacelle.69 This
approach can allow an acceptable aerodynamic performance for required dimensions

57
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through prescribed curvatures. V2 is also an axisymmetric design with no centre-
body section and no straight line sections from the leading edge to the trailing edge,
i.e. continuously curved. The absence of the centrebody causes the forebody flow to
interact more strongly with the afterbody flow. The final nacelle considered (V3) is
a three-dimensional design which incorporates both a conventional cylindrical cen-
trebody as well as scarf and offset on the intake and nozzle.107 The experimental
data available was extensive and covered a range of different aerodynamic points
and the nacelle drag extracted at each of these points. This allowed the nacelle drag
as well as the drag as a function of the M∞ and MFCR to be validated for. Na-
celle V1 is significantly longer but has proportionally less frontal facing area (Figure
4.1). Aerodynamic assessment of this wide range of geometric parameters allows a
performance estimation for both conventional and newer designs.

In the wind tunnel experiments46,69,107, a rake was used to measure a plane down-
stream of the nacelle to assess the momentum loss throughout the wake plane,
providing discrete measurements of total and static pressures. Values for experi-
mental uncertainty were not provided in the experimental reports however. The
experimental equipment provided 26 pressure readings at 4 azimuthal positions for
the V1 nacelle to assess the wake losses.46 From the CFD solution it was estimated
that this accounted for between three and four measurements within the boundary
layer for the range of Mach numbers tested. For the V2 and the V3 nacelles, the
rake had an improved spatial resolution of probes near the surface of the sting so
this number of measurement points was estimated to be between five and eight
probes.101 To demonstrate the discretisation accuracy of this method, the wake in-
tegral method was performed on a CFD solution at both CFD resolution and rake
resolution. The CFD resolution had between 38 and 40 finite volume cells in the
wake boundary layer of the nacelle compared to the range of five to eight of the rake
in the experiment. The assessment of the CFD based on these different resolutions
was then converted into a simulated estimate of the uncertainty based on the orig-
inal wind tunnel measurements to demonstrate the sensitivity of the wake integral
method to measurement resolution. The simulated uncertainty in CDc increased
as freestream Mach number increased, from ±2× 10−5 at M∞ = 0.8 to ±5× 10−4

at M∞ = 0.89. The uncertainty also depended on the MFCR and varied from
±2× 10−5 at MFCR = 0.7 to ±3× 10−5 at MFCR = 0.45. This growing error
with Mach number has an impact on the ability to correctly determine the drag rise
Mach number, particularly when determined by a gradient criterion. The simulated
uncertainty on the drag rise Mach number based on equation 3.44 is ±5× 10−4. In
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Figure 4.1: Validation nacelles with some existing designs
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addition to this, small errors in the estimated free stream velocity can create large
errors in drag, due to the summation of the differences in velocity over potentially
relatively large areas (Equation 2.4). Therefore, for the CFD analyses the drag
characteristics were determined using the modified near field method52.

Due to the placement of the measurement rake on the sting mounting, an addi-
tional drag term was measured in the experiment which was not part of the nacelle
drag. In the wind tunnel analysis a correlation (Equation 3.19)108 for flat plate skin
friction was used to estimate the average skin friction coefficient of the sting sec-
tion. Two values of Reynolds number (Re) were calculated, for the cowl length Lt
(Equation 3.20) and the cowl and sting length Lsting combined (equation 3.21) from
the Reynolds number per unit length (Rex). Equation 3.19 then gives the average
Cf,t for the cowl and Cf ,combined for the sting and cowl combined. A calculation
of the skin friction drag incurred by the sting (CDsting) is then estimated from the
difference of the area weighted skin friction for Cf,combined and Cf,t (Equation 3.22).
The experimental data reported for both the V2 and the V3 cowls had this correc-
tion for the sting applied to the measured drag to provide a corrected nacelle drag
coefficient (CDc) (Equation 3.23). This method was applied in the CFD validation
activity in the same way as in the wind tunnel analysis.

4.1.1 Axisymmetric nacelle aerodynamic validation

In this section, the validation of the 2D axisymmetric simulations is summarised.
This consisted of test cases for the first two nacelles (V1, V2). The V1 nacelle was
simulated across 62 aerodynamic simulations whilst the V2 was simulated across
90. These geometries differed greatly in design which allowed for a test of the CFD
method for different aerodynamic profiles and at greatly different operating points.

Experimental data for the V1 were reported as adjusted nacelle CD′ values (Equa-
tion 3.18), which include the viscous drag of 0.12Lt of cylindrical sting section
downstream of the nacelle trailing edge. CFD analyses were carried out with the
medium domain and coarse mesh for the V1 with the sting (NS, Figure 4.2) for
a range of Mach numbers from 0.65 to 0.95. The adjusted drag coefficient CD′
predicted by the CFD was typically within 4% of the experimental data prior to
drag rise (Figure 4.3a, 4.3b, 4.3c). The CFD accuracy for MDR, using equation
2.1, was between ∆MDR = −0.001 for MFCR = 0.6 and ∆MDR = −0.014 for
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MDR

MFCR CFD Measurement
0.6 0.825 0.826
0.7 0.845 0.848
0.76 0.852 0.866

Table 4.1: Measured and CFD predicted drag rise Mach number for V1

MFCR = 0.76 (Table 4.1). The CFD simulations slightly under-predicted the in-
fluence of the spillage drag measured at lower MFCRs (Figure 4.3d). For example,
the measured CD′ increased from 0.036 to 0.064 when the MFCR was reduced from
0.78 to 0.51 at M∞ = 0.85 to give CD′ = 0.028. Across the same range of MFCR
the CFD calculated ∆CD′ = 0.02. The MDR for both the experiment and the CFD
data show that with a lower MFCR, the drag divergence occurs at a lower Mach
number (Table 4.1). This is caused by the local incidence of the flow increasing at
the highlight for a lower MFCR. A lower MFCR causes the stagnation point on the
nacelle to move closer to the throat and therefore the flow has a greater distance
to travel around the lip. Since this region is highly curved a large acceleration oc-
curs which gives a higher peak Mach number and results in a stronger shock. The
presence of the higher Mach numbers then expedites the drag divergence due to
increased Mach number.

axis
mfan

Figure 4.2: Nacelle/sting configuration (NS)

The V2 nacelle was also tested in a sting mounted configuration in the wind tunnel
experiments.69 Due to the placement of the rake downstream of the nacelle trailing
edge, some of the measured momentum loss arises from the skin friction which acts
on the sting. This should not be included in the nacelle drag and it was corrected
for in the wind tunnel experiments by the assumption of a flat plate skin friction
correction factor which has been applied to the reported measurements101. To
reproduce this correction in the current computational work a method based on
both the flat plate Reynolds number and Mach number was used to estimate the
skin friction caused by the sting as was the case in the experimental procedure101.
The V2 nacelle therefore was modelled computationally with the sting attached
(NS) to give an accurate representation of the experimental set up (Figure 4.2).
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(a) MFCR = 0.6 (b) MFCR = 0.7

(c) MFCR = 0.76 (d) M∞ = 0.85

Figure 4.3: Drag coefficient of nacelle and sting section (CD′) as a function
of freestream Mach number and MFCR for the V1 nacelle in the nacelle/sting

configuration (NS) from CFD analysis and experimental data

The CFD data was also post-processed in the same way as the experimental data
(equation 3.23) to determine the corrected drag coefficient (CDc). A comparison of
this corrected drag to the actual drag is made in Appendix C.

The V2 cowl is a configuration which was generated using an inverse design approach
and is a more modern design compared to the V1 nacelle. One of the benefits of
this design is that, relative to the V1 cowl (Figure 4.3b), there is a notable increase
in the measuredMDR from 0.845 to 0.880 at a reference MFCR of 0.7 (Figure 4.4a).
Another benefit of this detailed design is the improved performance at lower MFCR
(Figures 4.3d, 4.4d). This lower gradient of drag coefficient with MFCR makes the
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nacelle less penalising in the portions of a flight where a lower power setting is used.
The improved control over the curvatures in the V2 nacelle resulted in a modest
20% increase in drag between MFCR=0.7 and MFCR=0.5 compared to an 85%
increase for the V1 nacelle. At a MFCR of 0.7, and below the MDR of 0.880, the
CFD for the V2 nacelle predicts the corrected drag coefficient CDc with an RMS
∆CDc of 0.0001 (Figure 4.4a). Above the MDR the difference increases and at the
highest M∞ of 0.89 with MFCR of 0.7, this ∆CDc is -0.0015 although there is also
notable uncertainty in the experimental data at these higher Mach numbers. At this
same MFCR of 0.7, the measured MDR, was 0.879 and the CFD predicted 0.880.
For the effect of spillage across the range of MFCR from 0.7 to 0.45 at M∞ = 0.8,
the difference between the CFD and the measurements is an RMS ∆CDc of 0.0013.
The calculated CFD ∆CDc between MFCR = 0.7 and MFCR = 0.5 is 0.0036 in
comparison with the measured value of 0.0023.

Whilst the agreement between the CFD simulations and the experimental data
worsened as the MFCR was reduced (Figure 4.4), the overall trends in drag rise
were similar. The drag rise metric can be defined by different gradients as discussed
(Section 2.1). Due to the limited number of experimental data points, more drag
rise Mach numbers can be calculated by using a gradient of 0.05, however for com-
pleteness both criteria have been evaluated (Figure 4.5). The closest agreement
based on the criterion of 0.05 occurs at the lowest MFCR of 0.47 where the experi-
ment predicted MDR = 0.867 and the CFD predicted MDR = 0.868 and the highest
MFCR of 0.7 where the calculated drag rise was MDR = 0.876 and MDR = 0.875
based on the experiment and CFD respectively. However, in between these two
MFCRs the agreement worsens with the measured data experiencing a precipitous
drop in the drag rise below MFCR = 0.55 and such a change not present in the
CFD simulations. It is important to note however that these changes all occur
within a relatively small band of drag rise Mach numbers (∆MDR ≤ 0.01). For
the current project the drag rise Mach number is only sought to be modelled at
MFCR = 0.7 and above so this result was considered adequate to validate the
capability of doing so. It was decided to use the higher drag rise criterion of 0.1
despite the slightly worse agreement between the measurement and CFD since this
should be a more robust criterion in general. In addition, the trend in the isentropic
Mach number distributions with an increase in M∞ was predicted well by the CFD
(Figure 4.6) which generally estimated the experimental pre-shock Mach number
within M = 0.02.
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(a) (b)

(c) (d)

Figure 4.4: Drag coefficient (CDc) as a function of freestream Mach number
and MFCR for the V2 cowl in the nacelle/sting configuration (NS) from CFD

analysis and experimental data

4.1.2 3D nacelle aerodynamic validation

Across the flight envelope, the nacelles will operate at different angles of attack and
the V2 nacelle and the V3 nacelle were investigated at a range of incidence up to
6◦. Since it has been demonstrated that the absolute values from the experimental
data can be largely influenced by the spatial discretisation of the rake, the analysis
centred on the characteristics of drag rise and nacelle Mach number distributions at
incidence. Nacelle incidence causes the stagnation of the streamtube to move into
the intake near the top surface of the nacelle and further onto the outside of the
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Figure 4.5: MDR as a function of MFCR for the V2 nacelle from both CFD
and experimental data evaluated by two criteria for drag rise

nacelle lower surface. The influence of nacelle drag is then more pronounced on the
topline, partly due to the increased length and therefore skin friction associated with
the drag domain. The topline streamline must also curve more due to the relocation
of the stagnation point on the nacelle which causes greater accelerations and may
result in stronger shocks in supercritical designs. This then causes a change in the
drag rise Mach number.

The V2 Nacelle was simulated at incidence between 0 and 4 degrees. Since the
discretisation and solver differed slightly between 2D and 3D the same cases were
computed in both to assess the compatibility between the two for the V2 nacelle. At
a freestream Mach number ofM∞ = 0.8 all three lines of the 3D CFD solution are in
good agreement with each other and predict the same peak Mach number as the 2D
CFD calculation (Figure 4.8a). This agreement worsens due to an increase in the
freestream Mach number and byM∞ = 0.88 there is a notable offset between the 2D
and 3D computations (Figure 4.8b). In terms of the integral metrics, the absolute
levels of drag are similar between the 2D and 3D calculations (Figure 4.7) with
offset from 2D to 3D varying from CDc = −0.0003 at M∞ = 0.8 to CDc = 0.0008 at
M∞ = 0.89. This means that the 3D predicted drag rise is MDR = 0.878 whilst the
2D drag rise was MDR = 0.880 and the test measured MDR = 0.878. Whilst this
suggests that the 3D simulations were more accurate, the pre-drag-rise gradient of
drag in the test data was between those predicted in 2D and 3D CFD. Both CFD
strategies were considered validated, but due to the differences between 2D and 3D
direct comparison of metrics between the two was not deemed reliable.
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Figure 4.7: Drag coefficient (CDc) as a function of freestream Mach number V2
cowl in the nacelle/sting configuration (NS) from CFD analyses, in 2D and 3D,

and experimental data

αCL V2 V3
2D CFD CFD Measurement CFD Measurement

0 0.880 0.878 0.878 - -
2 - 0.877 0.876 - -
4 - 0.874 0.873 0.866 0.859
6 - - 0.863 0.860

Table 4.2: Measured and CFD predicted drag rise Mach numbers for V2 and
V3 cowls at incidences between αCL = 0◦ and αCL = 6◦

In comparison with the measured data (Table 4.2), the predicted drag rise Mach
number from the CFD was in good agreement with differences in MDR of ∆M =
0.002 at 0◦ to ∆M = 0.001 at 4◦ for the V2 nacelle. The local aerodynamics
demonstrated the same flow features for the incidence cases between the CFD and
the experiment (Figure 4.10). At αCL = 2◦ the CFD slightly overpredicted the peak
Mach numbers on the sideline, with a value ofMpeak = 1.03 relative toMpeak = 1.02
in the experiment. The topline at the same incidence was underpredicted by the
CFD however: Mpeak = 1.17 relative to Mpeak = 1.19 in the experiment. The
prediction of the topline peak Mach number from the CFD improved at αCL = 4◦

with both CFD and experiment predicting a value of Mpeak = 1.31. The sideline
was again overpredicted by CFD having a peak ofMpeak = 1.03 and the experiment
Mpeak = 1.00. However, these offsets are relatively small and since the general flow
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(a) M∞ = 0.8

(b) M∞ = 0.88

Figure 4.8: Isentropic Mach number distributions as a function of axial length
for the V2 nacelle in the nacelle/sting configuration (NS) from CFD analysis,

computed in 2D CFD and 3D CFD, and experimental data
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topology is followed by the CFD, it was considered adequate for predicting trends
from incidence.

The measurement data for the V2 nacelle predicts very little change in the drag
gradients (Figure 4.9a) between 0 and 2 degrees; for an axisymmetric nacelle a
more pronounced change would be expected and is observed in the CFD data (Figure
4.9a). However, at 4 degrees, the measured impact of incidence is more prominent in
the un-drooped configuration, the V2 nacelle (Figure 4.9a) with the measured MDR

decreased by 0.005 toMDR = 0.874 due to a 2◦ increase in incidence compared with
0.001 for V3 nacelle (Table 4.2). There is less impact on the drag rise from incidence
for the drooped nacelle (V3), since the drag can be reduced with correct application
of droop, scarf and detailed nacelle design. The use of droop and scarf is to allow
a nacelle to operate in a range of low incidence common in aircraft due to cruise
incidence, engine installation and wing upwash. For the V3 nacelle, the calculated
drag rise Mach number from the CFD was greater by between ∆MDR = 0.007 at 4◦

to ∆MDR = 0.003 at 6◦ relative to the measured values (Table 4.2). This modest
difference is because the CFD tends to slightly under-predict the severity of the
post drag rise drag values with a consistent offset after the drag rise Mach number
(Figure 4.9b).

4.1.3 Intake aerodynamic validation

4.1.3.1 Geometry

The geometry used for the analysis (I1) was provided by the industrial sponsor109

and consisted of a half model of a drooped intake and a cylindrical centrebody. The
geometry included an extended spinner model and had an exit plane downstream
of the fan face.

4.1.3.2 Validation

The initial study for the intake validation was a high incidence, high mass flow,
low freestream Mach number case, i.e. climb out under engine failure. This case, in
whichM∞ = 0.25, WRR=2142 lbs−1 and α = 33◦ will from here on be referred to as
the datum case as it was the first case to be analysed and used for further studies.
The lip profiles for this case are summarised in Figure 4.11 at three azimuthal
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(a) V2 nacelle

(b) V3 nacelle

Figure 4.9: Drag coefficient (CDc) as a function of freestream Mach number in
the nacelle/sting configuration (NS) from CFD analyses and experimental data.
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(a) αCL = 2◦

(b) αCL = 4◦

Figure 4.10: Isentropic Mach number as a function of axial length for the V2
cowl in the nacelle/sting configuration (NS) from CFD analysis and experimental

data.
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positions. The experimental data showed that the flow was symmetrical across the
bottom 60 degree sector. Since the CFD had a symmetry plane enforced in the
XY plane, all CFD data is symmetrical. The peak Mach numbers predicted by the
CFD for the datum case were lower by a maximum of ∆M = 0.05 compared to the
measured values. The location of the shock was predicted within 0.1 X/L though
the CFD fails to predict the small recirculation bubble at the bottom dead centre
(Figure 4.11a) after the shock.

The agreement with the experimental data is largely dependent on the extent to
which the assumption of symmetry holds. As the mass flow is increased to 2142 lbs−1

(Figure 4.12) the flow topology observed in the experiment became less symmetrical
and the supersonic region became more prominent on one particular side of the
bottom line (Figure 4.12b, 4.12c). Since the simulations were run using an enforced
symmetry plane and with RANS calculations they become less accurate as the flow
becomes more unsteady. In spite of this, the peak Mach numbers from the CFD are
in good agreement with the measurements on the side where the suction peak has
not collapsed, i.e. θ = 150◦ and θ = 165◦ in the experimental data. For the θ = 165◦

position the peak Mach number is within agreement of ∆M = 0.03 of the θ = 165◦

position from the wind tunnel. Similarly for the higher incidence case of α = 33.25◦

(Figure 4.12), once the separation of the flow in the intake becomes more unsteady
the location of the shock in the CFD is less representative with the experimental
data showing a shock which spans a greater axial distance. The peak Mach numbers
for this case have a maximum deviation of M=0.01 from the experimental data.

4.1.3.3 Influence of turbulence model and discretisation order

Further studies were performed to ascertain the influence of the turbulence model
used for closure of the RANS equations. For this purpose, the datum case was re-
evaulated using the two-equation Spalart-Allmaras model and the Fluent transition
k − ω SST model based on the γRe − θ model from Menter and Langtry.110 In
addition, the datum case was evaluated with a third order discretisation scheme to
determine its influence. Full details of these studies are provided in Appendix B.
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(a) θ = 180◦ (b) θ = 165◦

(c) θ = 150◦

Figure 4.11: Isentropic Mach distributions from CFD method and measurement
at M∞ = 0.25, WRR=2133 lbs−1 at α = 33◦ at three azimuthal positions

4.2 Optimisation Verification

This section contains a summary of the work which was carried out to evaluate the
implementation and calibration of the optimisation routine.

4.2.1 Convergence to optima

Three analytical optimisation problems will be discussed in this section each of
which tested different aspects of the performance of the NSGA-II implementation.
Two of these problems are multi-objective and require simultaneously minimising
multiple functions whilst the third is a single-objective problem. A single-objective
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(a) θ = 180◦ (b) θ = 165◦

(c) θ = 150◦

Figure 4.12: Isentropic Mach distributions from CFD method and measurement
at M∞ = 0.25, WRR=2142 lbs−1 at α = 33◦ at three azimuthal positions

optimisation problem is one in which a single mathematical function must be min-
imised. This typically presents a simpler problem than a multi-objective optimisa-
tion since there will only be one optimal objective value. The Booth function111

requires minimising equation 4.1 within the bounds 4.2. There is a single global
optimum at x∗ = (1, 3) where f(x) = 0. The Kursawe function112 is a two-objective
problem with a disconnected Pareto front which adds to the complexity in acquir-
ing a distribution along the entire front. It involves minimisation of two functions
(equations 4.3 and 4.4) based on the bounds given in equation 4.5. The Kursawe
function does not have an analytical solution, however estimations of the optimal set
have been extensively published. Finally, the three objective version of the DTLZ2
problem113 was tested on. This problem required the minimisation of three func-
tions (equations 4.6, 4.7, 4.8) which had a common function g (XM) (equation 4.8).
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(a) θ = 180◦ (b) θ = 165◦

(c) θ = 150◦

Figure 4.13: Isentropic Mach distributions from CFD method and measurement
at M∞ = 0.25, WRR=2129 lbs−1 at α = 33.25◦ at three azimuthal positions

This problem is evaluated within the bounds given in equation 4.10. The analytical
Pareto set to this problem includes any point which lies on the orthant of a sphere
of radius 1 with its centre at the origin and satisfies equation 4.10. Alternatively
stated the optimal solutions satisfy both equation 4.10 and ∑i=3

i=1 (f ∗i )2 = 1.

f(x) = (x1 + 2x2 − 7)2 + (2x1 + x2 − 5)2 (4.1)

xi ∈ [−10, 10], i = 1, 2 (4.2)

f1(x) =
i=2∑
i=1

[
−10exp

(
−0.2

√
x2
i + x2

i+1

)]
(4.3)
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Figure 4.14: Highest, mean, and lowest objective values in the mating pool at
given generations for the Booth function as calculated by the NSGA-II algorithm

f2(x) =
i=3∑
i=1

[
|xi|0.8 + 5sin

(
x3
i

)]
(4.4)

xi ∈ [−5, 5], i = 1, 2, 3 (4.5)

f1(x) = (1 + g (XM)) cos
(
x1π

2

)
cos

(
x2π

2

)
(4.6)

f2(x) = (1 + g (XM)) cos
(
x1π

2

)
sin

(
x2π

2

)
(4.7)

f3(x) = (1 + g (XM)) sin
(
x1π

2

)
(4.8)

g(XM) =
∑

xi∈XM

(xi − 0.5)2 , x3, x4, x5 ∈ XM (4.9)

xi ∈ [0, 1], i = 1, 2, 3, 4, 5 (4.10)

The implementation of NSGA-II used in this project converged to a value of f(x) =
1.3× 10−17 for equation 4.1 (Figure 4.14). Since the true optimal value is zero and
the maximum value of f(x) within the bounds is f(x) = 2.6× 103, this suggests that
the optimisation has successfully approximated the optimal value within excellent
accuracy.
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The optimisation tool was applied on the Kursawe problem using a generation size
of 40 for 100 generations. The convergence of the optimisation process was assessed
based on the evolution of the hypervolume throughout the generations. This anal-
ysis demonstrated a monotonic progression and that beyond generation 61 there is
less than 1% increase in the hypervolume relative to the initial hypervolume indi-
cating that the solution is converged. The optimisation tool successfully converged
to a Pareto set which covered all disconnected sections of the Kursawe function
(Figure 4.15a) as have been reported in previous literature.

In addition, the optimisation of the DTLZ2 problem resulted in a Pareto set which
closely approximated the true spherical orthant Pareto front (Figure 4.15b). The
convergence of this problem can be measured as a volume relative to the true volume
of the Pareto set. In this case, a volume was measured from the coordinate (2,2,2)
to the set determined by the optimisation and divided by the analytical volume of
the spherical orthant from (2,2,2). The final Pareto set which was converged upon
for the DTLZ2 problem was 99.6% of the true volume.

4.2.2 Mutation operator

The Booth function was used to assess the correct implementation and also the
use of two different mutation operators: Gaussian and non-uniform mutation, see
section 3.5. Gaussian mutation consists of a mutation rate, a mean value and a
standard deviation which together determine the frequency and size of mutations
applied to the mating pool of the optimisation. The frequency is given as a fraction
of 1 and occurs at that rate for all individual values within the input vector. The
mean and standard deviation prescribe a normalised Gaussian distribution which
is used to determine a mutation value. This mutation value is then added to the
normalised input variable.

Since the optimisation method incorporates stochastic elements in the initial pop-
ulation creation, mutation operator and crossover operator, the optimisation was
performed 50 times to give generic results. Through the completion of 50 indepen-
dent optimisations it was possible to extract average values for the performance
of the routine. Since the Booth function is a single objective function the optimal
individual in any given generation is simply the one with the lowest value of f(x)
(equation 4.1). This minimum value was recorded as a function of the generation for
the 50 optimisations and the minimum, average and maximum taken across those
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(a) Final Pareto set as determined by the NSGA-II
implementation with all previous solutions calculated
and example Pareto from literature for the Kursawe

functions

(b) Final Pareto set as determined by the NSGA-II
implementation with all previous solutions calculated

for the DTLZ2 functions

Figure 4.15: Optimal Pareto sets for analytical optimisation problems
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50 optimisations. This analysis was performed for optimisation which incorporated
Gaussian mutation and optimisation which incorporated non-uniform mutation.

The outcome of this analysis (Figure 4.16) demonstrated that the two different mu-
tation operators could give different optima. In addition, the calibration of these two
mutation operators had an influence on the final optimal result as well. Specifically,
it was observed that Gaussian mutation, with σmutation = 0.05 gave a mean (across
the 50 optimisations) minimum f(x) which was two orders of magnitude lower than
the mean optimal value from the non-uniform mutation. Since the Booth function
has a monotonic shape it is not possible for a genetic algorithm to converge to a
false, local minimum. The tendency to not decrease below a particular value of
convergence must therefore reflect the mutation and/or crossover operators from
producing small enough variance to approximate f(x) = 0. Too small a variance
however would greatly increase the number of generations required to converge the
optimisation. The use of the Gaussian mutation operator gave on average the better
performance with a lower value after 100 generations for both values of σmutation.
This suggests that the Gaussian distribution used to centralise the mutation is more
effective at producing appropriately sized mutations and can give greater control
through the σmutation value than does non-uniform mutation. Therefore, for further
optimisation work the Gaussian mutation operator was used exclusively.

4.2.3 Initial generation size

In addition to a verification of the ability of the routine to fully resolve a discontin-
uous front, the Kursawe function was also used to perform preliminary tests of the
potential benefits of increasing the size of the initial generation. Two configurations
were tested which each consisted of 4000 evaluations of the Kursawe functions. For
configuration A, the optimisation was performed with a constant generation size of
40 individuals over 100 generations. Configuration B had an enlarged initial gen-
eration size of igen0 = 400 and the total number of generations reduced to 91 to
retain the same computational expense of 4000 evaluations. Each configuration was
used for 40 separate optimisations to enable averaged values to be considered. The
hypervolume was calculated for all 80 optimisations across both configurations and
compared at the initial and final generations. When igen0 was increased from 40 to
400, there was an initial set with a higher median hypervolume in the 40 instances
of the optimisation from which the optimisation process was initiated (Figure 4.17).
It also had less scatter with a range of 53.6 compared to 89.4 from the standard
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(a) Non-uniform mutation

(b) Gaussian mutation

Figure 4.16: Comparison of non-uniform mutation and Gaussian mutation for
the Booth function
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igen0 = 40. This ultimately gave a similar median and interquartile range (IQR)
for the final generation ngen = N for both configurations. However, there were
fewer outliers in the configuration with an enlarged zeroth generation suggesting
a more robust implementation for the same number of evaluations. This therefore
indicates that an enlarged random sample may be of use to improve the likelihood
of convergence to the Pareto front without any increase in computational cost.

Figure 4.17: Median hypervolume of zeroth and final generations with IQR and
range for 40 optimisation analyses of the Kursawe function with (a) igen0 = 40,

N=100 and (b) igen0 = 400, N=91
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(a) µHypervolume(Y ′)
Hypervolume(Ȳ )

, σmutation = 0.0005 (b) σHypervolume(Y ′)
Hypervolume(Ȳ )

, σmutation = 0.0005

(c) µHypervolume(Y ′)
Hypervolume(Ȳ )

, σmutation = 0.005 (d) σHypervolume(Y ′)
Hypervolume(Ȳ )

, σmutation = 0.005

(e) µHypervolume(Y ′)
Hypervolume(Ȳ )

, σmutation = 0.05 (f) σHypervolume(Y ′)
Hypervolume(Ȳ )

, σmutation = 0.05

Figure 4.18: Influence of initial generation size, generation number and Gaus-
sian mutation size on the ratio of the true hypervolume, relative to (2,2,2), de-

termined across 50 independent optimisations of the DTLZ2 problem
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Further to the test on the Kursawe problem, the influence of an enlarged initial gen-
eration was tested on the DTLZ2 problem. A series of optimisations were carried out
for a range of initial generation sizes, number of generations and mutation standard
deviations. In order to make an assessment of the performance without the stochas-
tic element of the algorithm skewing the results, each analysis was repeated 50 times.
The mean hypervolume and standard deviation of the hypervolume was then cal-
culated from all 50 of these optimisations (Figure 4.18). The lowest value of mean
hypervolume for each σmutation was for 10 generations with igen0 = 40 which pro-
duced a minimum of 96% of the true hypervolume. The highest mean hypervolumes
were mostly obtained with the highest value of σmutation of 0.05 which reached over
99.5%. The influence of mutation standard deviation is otherwise limited largely to
the cases with a small initial generation size. An increase from σmutation = 0.0005
to σmutation = 0.05 resulted in the rate of change of hypervolume increasing over the
first 40-50 generations. The increase in mutation standard deviation also decreased
the standard deviation of the hypervolumes found for the cases with igen0 = 40 and
igen0 = 100 from under 0.4 to under 0.2. Only at the highest mutation standard
deviation tested (σmutation = 0.05) was the computational efficiency in terms of the
hypervolume achieved for a given number of evaluations, relatively unaffected by
the size of the initial generation. For lower mutation standard deviations the use
of an enlarged generation size results in both a higher average hypervolume and a
lower standard deviation of hypervolume. Overall, these results suggest that there
is an optimal value of σmutation for a given optimisation problem which will reduce
the computational expenditure. However without a priori knowledge of the design
space, this value may be difficult to correctly estimate. In such cases the use of an
enlarged igen0 can provide an improved hypervolume. In addition, regardless of the
value of σmutation the use of an enlarged igen0 reduces the standard deviation in the
optimisation results for low generation numbers giving a better probability of any
one optimisation acquiring a Pareto set close to the true Pareto front.

4.2.4 Initial generation sampling

A genetic algorithm must have an initial generation of solutions before it can be-
gin the process of evolution through mutation, crossover and tournaments which
will ultimately approximate the Pareto front. Typically this is a sample of points
randomly placed within the bounds of the degrees of freedom. As was demon-
strated in subsection 4.2.3, this random sample, if not suitably large, can result
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in different final Pareto sets if algorithm must start from poor solutions and the
mutation is not well calibrated. This is particularly a problem if an optimisation
can only be run once and a priori knowledge of the solution space is not available.
It was therefore proposed to remove some of the randomness from the optimisation
through a structured initial generation. Subsequent mutation would still provide
the random variation required to find additional minima, but a structured initial
generation would ensure that the full design space is relatively evenly sampled. Two
approaches to sampling were tested: a full factorial sample and a Latin Hypercube
sampling. These changes were again tested on the 3-objective, 5-variable DTLZ2
optimisation problem. A full factorial sample is a regular n-level sample across the
5 variables. For this test, a 2-level, 3-level, and 4-level full factorial were used. This
corresponded to initial generation sizes of 32, 243, and 1024, i.e. 25, 35, and 45. The
Latin Hypercube initial generation sizes were the same as used for the random sam-
ple, i.e. 40, 100, 200, 300, and 400. The Latin Hypercube sampling was completed
using the diversipy Python module which implements the algorithm proposed by
Wessing114. All optimisations were completed with a Gaussian mutation operator
and σmutation = 0.05.
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(a) µHypervolume(Y ′)
Hypervolume(Ȳ )

, Random (b) σHypervolume(Y ′)
Hypervolume(Ȳ )

, Random

(c) µHypervolume(Y ′)
Hypervolume(Ȳ )

, Latin Hypercube (d) σHypervolume(Y ′)
Hypervolume(Ȳ )

, Latin Hypercube

(e) µHypervolume(Y ′)
Hypervolume(Ȳ )

, Full factorial (f) σHypervolume(Y ′)
Hypervolume(Ȳ )

, Full factorial

Figure 4.19: Influence of initial generation size, generation number and sam-
pling method on the ratio of the true hypervolume, relative to (2,2,2), determined

across 50 independent optimisations of the DTLZ2 problem
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Both structured initial generation sampling methods predictably decreased the stan-
dard deviation of all of the hypervolumes across the 50 optimisations (Figure 4.19)
relative to the random case. Both Latin Hypercube sampling and full factorial
sampling for the initial generation resulted in less than σHypervolume(Y ′)

Hypervolume(Ȳ )
= 0.2% for

anything over 1000 evaluations (Figures 4.19d, 4.19f). To achieve this level of
σHypervolume(Y ′)
Hypervolume(Ȳ )

for the random sampling in some cases took twice as many evalu-

ations as for the Latin Hypercube and full factorial samples. In addition, the value
of µHypervolume(Y ′)

Hypervolume(Ȳ )
was generally improved for the structured sample methods with

over 98% of the true hypervolume found after 10 generations for all initial sample
sizes with Latin Hypercube sampling (Figure 4.19c). The highest µHypervolume(Y ′)

Hypervolume(Ȳ )
achieved after 1500 evaluations was from the full factorial approach with an initial
population size of igen0 = 243 which converged to over 99.5% of the true hypervol-
ume (Figure 4.19e). However, this appears to worsen with an increase in the igen0

size. This restriction on this sampling method to igen0 = n5 means that it is more
difficult to achieve a detailed contour of the response relative to the Latin Hyper-
cube sampling. In addition this restriction makes it more difficult to implement for
an arbitrary number of variables.

4.2.5 Additional tests

Further to the work demonstrated on analytical optimisation problems, the routine
was applied to a response surface model (RSM) of nacelle aerodynamic drag. This
allowed the quantification of the ability of the algorithm to approximate Pareto
fronts of far more representative shapes of the ones considered in this project. For
additional details on this, see Appendix D.

4.3 Conclusions

Throughout this chapter validation and verification activities have been detailed.
The following conclusions can be made:

• The CFD analysis of an aero-engine nacelle was demonstrated to be within
4% of the nacelle drag at pre-drag rise Mach numbers relative to test data.
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• The drag rise Mach number (MDR) was predicted within ∆MDR = 0.003 at a
typical mass flow capture ratio of 0.70 for the nacelle most representative of
those considered in the project.

• The optimisation method was able to find Pareto sets for 1,2 and 3 objective
mathematical problems.

• Without a priori knowledge of a suitable mutation value for the optimisation
problem, a large initial population can provide a much improved allocation of
evaluations than a fixed population size.

• For a constant number of evaluations, a genetic algorithm should be initialised
with a Latin hypercube to improve the final Pareto set which is determined.





CHAPTER 5

Axisymmetric Engine Design Studies

This chapter describes a range of studies carried out on axisymmetric engine na-
celles. In this simplified model it is assumed that a single aeroline rotated around
the x-axis is a suitable representation of an engine cowl. Throughout this chapter
the nacelles which are discussed will only be axisymmetric and as such are modelled
as a 2D plane in the CFD model which assumes axis symmetry. The exception to
this is when the flowfield is not axisymmetric, i.e. when a nacelle is simulated at
incidence to the freestream flow.

5.1 Configuration Testing

The aerodynamic performance of a nacelle is often measured in a wind tunnel with
a simplified model of the geometry which excludes the efflux.46,115 These simplified
models generally assume that there is no significant interaction between the exhaust
flow and the nacelle external flow. The two parts of the engine are therefore modelled
separately with the nacelle mounted on a sting in a configuration which allows
the engine mass flow to be controlled. This removes the upstream influence of
the exhaust jet on the fan cowl. To determine the differences in aerodynamics
between a sting-mounted wind tunnel sized nacelle model and a full sized nacelle
with exhaust jet, several intermediary configurations were considered in this study to
determine the level of fidelity required. These configurations were a nacelle mounted
on a sting (configuration NS, Figure 5.1a), a nacelle mounted on a cylindrical sting
(configuration NCS, Figure 5.1b), a nacelle with a simplified cylindrical exhaust
(configuration N, Figure 5.1d), and a nacelle with a representative exhaust geometry
(configuration NE, Figure 5.1e).

89
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axis
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(a) Nacelle/sting configuration (NS)
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mfan

(b) Nacelle/cylindrical sting configuration
(NCS)
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mfan

(c) Nacelle/inviscid cylindrical sting config-
uration (NICS)

axis

mfan P∞

(d) Nacelle configuration with cylindrical
nozzle (N)
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P∞

P∞

(e) Nacelle/exhaust configuration with
pressure matched nozzle (NE/PM)

axis

mfan

PFNPRp∞

PCNPRp∞

(f) Nacelle/exhaust configuration with rep-
resentative efflux (NE/RE)

Figure 5.1: Configurations tested for nacelle models. Green lines indicate in-
viscid walls.

As an initial test, the influence of the sting at wind tunnel model scale was consid-
ered for the second validation (V2) nacelle (section 4.1). In this study the V2 nacelle
was modelled with a sting (configuration NS) and without a sting (configuration N)
at model scale. To represent the simplest reference condition of a nacelle without a
propulsive jet, and in order to remove any post exit drag terms, the freestream to-
tal pressure and temperature were imposed in the cylindrical nozzle duct. A direct
comparison can then be made to the V2 nacelle as it was modelled in the validation
activity, i.e. sting mounted. As in the validation studies (section 4.1), a series of
calculations were performed in which the freestream Mach number was increased,
whilst the MFCR was maintained at MFCR = 0.7. The results of these test cases
indicate that the calculated modified nacelle drag (cD∗nac, Equation 3.8) for a nacelle
without a sting is around 40% higher than a simulation with a sting (Figure 5.4a).
In the case of the V2 nacelle the presence of the sting also caused an artificially
high MDR value where the nacelle and sting configuration (NS) has ∆MDR = 0.004
higher than the nacelle (N) case at αCL = 0◦, MFCR = 0.7. The CFD calculated
∆cD∗nac betweenMFCR = 0.7 andMFCR = 0.5 is ∆cD∗nac = 0.0037 for the com-
putations with V2 with a sting (NS) in comparison with a value of ∆cD∗nac = 0.0031
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for the cases with no sting (N). This suggests that the spillage characteristics are
not highly influenced by the presence of the sting (Figure 5.4a).

Whereas the drag (Dnac, Equation 3.9) and modified drag (D∗nac, Equation 3.7) for
the NS configuration are equivalent since there are no post exit terms (φpost) to
account for, the same is not true for the N configuration. In the N configuration
the post exit terms (φpost) should be minimal, because the exhaust conditions are
matched to the freestream total conditions, however there is still a notable impact
by their inclusion (Figure 5.4a). For the N configuration, the post exit terms are of
the order of between 10% and 12% of the modified drag. This is significant since in
these simulations the post exit streamtube is close to a cylinder and only varies due
to the radial momentum imparted from the nacelle flow. In a case where the jet
has a higher pressure ratio and must expand to freestream conditions these terms
would be expected to be larger.

The influence of the sting in conjunction with angle of attack was assessed with the
V2 nacelle. Simulations were carried out at αCL = 2◦ and αCL = 4◦. A similar
influence of the sting was observed at incidence as was observed at αCL = 0◦. The
discrepancy between the modified drag (D∗nac) of the configurations with sting (NS)
and without (N) remained roughly constant, in the region of ∆CD∗nac = 0.0070
and ∆CD∗nac = 0.0090, as incidence was increased from αCL = 0◦ to αCL = 4◦.
The influence of the sting had a similar impact on the drag rise Mach number. At
αCL = 0◦ the predicted drag rise Mach number changed from MDR = 0.874 to
∆MDR = 0.880 by the inclusion of the sting. For the case at αCL = 2◦ this change
was from MDR = 0.871 to ∆MDR = 0.877 and at αCL = 4◦ from MDR = 0.868 to
∆MDR = 0.874.

The presence of the sting had a notable influence on the pressure field around the na-
celle (Figure 5.2) which resulted in these different drag estimates. The main impact
of the sting is the bulk displacement of the flow downstream of the nacelle trail-
ing edge which creates a forward horizontal buoyancy force on the nacelle through
locally increased pressures at the trailing edge position. The turning of the stream-
lines at the aft of the nacelle comes partially from the presence of the solid body
and partially from the additional boundary layer growth on the sting. In addition
to this there is a conical section with an increase in diameter on the sting, at which
the measurement rake is located, which creates an additional pressure rise (Figure
5.2 position B). These changes in the pressure field caused by having a solid sting
in place of a wake propagate forwards and influence the nacelle aerodynamics. At
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higher freestream Mach numbers, where a shock wave is present on the nacelle, the
pressure increase from the sting also acts to move the shock more upstream in the
presence of the sting (Figure 5.2 position A). This will result in a variable impact
from the sting for designs with different pressure distributions. The distribution
of isentropic Mach numbers also shows that the effect of the sting mounting is to
move the shock further upstream and to increase the pressure on the aft 80% of the
nacelle (Figure 5.2). In the cases with the nacelle and idealised efflux (N) there is
a lower static pressure at the trailing edge of the nacelle as the streamlines curve
slightly towards the axis whereas for the sting cases (NS) the boundary layer of the
sting pushes them slightly outwards producing a higher pressure (Figure 5.2).

A large static pressure increase was observed at the conical section of the sting
(Figure 5.2 position B). To determine if this is the dominant effect of the sting,
an alternative geometry was produced which incorporated an entirely cylindrical
sting from the nacelle trailing edge (NCS). Finally, an analysis was carried out for a
nacelle mounted on an inviscid cylindrical sting (NICS) to demonstrate how much
influence the boundary layer growth has on the measured nacelle drag since this
also leads to an increased buoyancy force. Relative to the nacelle cases with the
wind tunnel sting (NS), with a viscous cylindrical sting (NCS) there is an increase
in modified drag (cD∗) of between 0.0018 at M∞ = 0.8 and 0.0035 at M∞ = 0.89
(Figure 5.3). The only cause of streamline turning aft of the trailing edge in these
cases is from boundary layer growth over the sting. For the inviscid cylindrical sting
(NICS) there is an increase in drag (cD∗) of between 0.0024 atM∞ = 0.8 and 0.0042
at M∞ = 0.89 relative to the baseline nacelle and sting cases (NS). This increase is
due to the streamlines from the trailing edge being parallel to the axis and creating
no additional buoyancy force. Therefore the modified nacelle drag (cD∗) measured
with the inviscid sting (NICS) contains no additional drag terms (Finterf ). As a
result, the additional drag measured from the cases with no sting (N) relative to
the inviscid cylindrical sting (NICS) is due to the streamlines which curve towards
the axis, and thus cause a lower pressure on the nacelle, due to the shear layer
between the idealised efflux and the flow from the nacelle. This demonstrates that
the idealised efflux model creates an additional negative interference term and has
a non-cylindrical post exit streamtube. The increase in drag rise Mach number
observed in the nacelle with sting cases (NS) is not present in either cylindrical
sting configurations (NCS/NCIS) suggesting that this is due to the conical section
of the sting.
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A B

Figure 5.2: Change in pressure coefficient caused by the presence of the sting
at M∞ = 0.87, MFCR = 0.7 relative to a nacelle with no sting (N)

Figure 5.3: Drag coefficient as a function of M∞ for V2 at MFCR = 0.7 for
CFD analysis with (NS) and without sting (N), with a cylindrical sting (NCS)

and with an inviscid cylindrical sting (NICS)
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(a) MFCR = 0.7

(b) M∞ = 0.8

Figure 5.4: The influence of (A) freestream Mach number and (B) MFCR on
drag for the V1 nacelle modelled with the sting (NS) and without (N)
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(a) αCL = 2◦

(b) αCL = 4◦

Figure 5.5: The influence of freestream Mach number on drag for the V1 nacelle
modelled with the sting (NS) and without (N)

Evidently the presence of a sting as in a wind tunnel test can have a major influence
on the integral metrics, however the simplified exhaust geometry and efflux bound-
ary conditions used for the V2 study are not truly representative of an engine in
flight either. To assess how this simplification influences the nacelle aerodynamics
a subsequent study was carried out with the E2 nacelle. With a CFD model it is
relatively simple to add the exhaust flow compared to a wind tunnel configuration
and as such several configurations were tested. This was to determine the required
complexity of the engine model as well as to quantify the interference of the sting
used in a wind tunnel model. The first set of computations were performed at wind
tunnel model scale (MS) and included nacelle/sting (NS) (Figure 5.1a), nacelle with
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a cylindrical nozzle (N) (Figure 5.1d) and a nacelle with a freestream total pressure
matched dual stream exhaust (NE)(Figure 5.1e). The cylindrical nozzle model was
used again to represent the simplest reference condition of a nacelle without a jet,
and in order to minimise post exit drag terms, the freestream total pressure and
temperature were imposed in the cylindrical nozzle duct.

The second set of computations sought to model the engine at altitude and included
two different configurations of a nacelle with dual stream exhaust (NE). One con-
figuration had efflux matched to the freestream total conditions (PM) and one had
the boundary conditions representative of an UHBPR at altitude (RE). The wind
tunnel model scale (MS) data was computed with a constant free stream total pres-
sure and total temperature which gave a Reynolds number range based on nacelle
maximum diameter of 4.5× 106 to 5.0× 106. Based on the International Standard
Atmosphere conditions for 10,668m altitude the full scale Reynolds number range
was 22.8× 106 to 29.6× 106. For the configuration with an exhaust geometry and
representative efflux (RE) the nozzle pressure ratios were varied with the engine
cycle across the Mach number range to ensure a constant MFCR. The fan nozzle
pressure ratio ranged between 1.77 and 2.36 whilst the core nozzle pressure ratio
varied between 1.37 and 2.00 between M∞ = 0.7 and M∞ = 0.9. The cruise condi-
tion for this engine is at M∞ = 0.82 and MFCR = 0.75. The effect of the engine
power setting is also of interest therefore the influence of MFCR was also assessed
for these configurations.
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(a) Cruise drag

(b) Spillage drag

Figure 5.6: Drag decomposition for CFD results from five configurations of E2
engine at M∞ = 0.82, MFCR = 0.75, αCL = 0◦
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(a) NE/FS/RE configuration (b) NE/MS/PM configuration

(c) N/MS/PM configuration (d) NS/MS configuration

Figure 5.7: (A) Mach contours for E2 datum nacelle and (B)-(D) relative Mach
number increase from the NE/FS/RE configuration, atM∞ = 0.82, MFCR=0.75,

αCL = 0◦

Figure 5.8: CFD results for E2 nacelle in different configurations evaluated
in terms of nacelle drag coefficient (cDnac) as a function of M∞ at constant

MFCR = 0.75, αCL = 0◦
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M | ∂C∗
D

∂M∞
=0.1

M | ∂CD
∂M∞

=0.1

Nacelle/sting model scale (NS/MS) 0.882 0.882
Nacelle model scale (N/MS/PM) 0.877 0.877

Nacelle/exhaust model scale (NE/MS/PM) 0.850 0.876
Nacelle/exhaust full scale (NE/FS/PM) 0.855 0.870

Nacelle/exhaust full scale with efflux (NE/FS/RE) 0.849 0.875

Table 5.1: Drag rise Mach number for different configurations of E2 nacelle

The cruise drag, assessed at M∞ = 0.82, MFCR = 0.75, demonstrates the large
discrepancies between the different configurations. The post exit force is an impor-
tant contributor to the overall drag which is around 61% of the magnitude of the
modified drag (Figure 5.6a) for the NE/FS/RE case. In the configuration with a
cylindrical exhaust (N/MS/PM), the post exit terms were predictably much smaller
than for the NE/FS/RE case however still reduced the drag by 15% relative to the
modified drag (Figure 5.6a). The sting mounted configuration (NS/MS) gave the
lowest overall drag (Figure 5.6a). The predicted value was around 20% lower than
the full configuration (NE/FS/RE) (Figure 5.6a). The source of this lower drag can
be identified within the flowfield (Figure 5.7) as an increase in pressure caused by
the sting blockage. Locally, the streamlines are turned by both the sting and the
boundary layer growth over it which results in a higher relative pressure exerted
on the afterbody of the nacelle compared to the configurations without the sting.
Relative to the case with the sting (NS/MS), the case with a simple exhaust (N/M-
S/PM) predicts a 48% higher cruise drag in terms of CDnac (Figure 5.6a). This gives
a direct quantification of the additional force generated by this streamline turning.
The inclusion of the cycle efflux (NE/FS/RE) relative to a pressure matched equiv-
alent (NE/FS/PM) results in a 9% increase in the measured drag which is partly
caused by a change in the post exit force but also in the modified drag as a result
of the trailing edge pressure (Figure 5.8). These comparisons demonstrate that the
post exit force has a large influence on the predicted drag and must be accounted
for even when an idealised jet is simulated. In addition, the sting mounted nacelle
should be treated with caution unless the additional pressure force acting on the
afterbody is accounted for and the drag increased accordingly.

The different configurations were also modelled across a range of Mach numbers
and the results indicated that the configuration influenced the predicted trends in
drag relative to the Mach number (Figure 5.8). This resulted in different values
of drag rise Mach number for the different configurations (Table 5.1). The model
with the sting (NS/MS) once again gave the most optimistic prediction, with a
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∆MDR = 0.007 higher drag rise Mach number than the full (NE/FS/RE) config-
uration. Drag rise predicted from a model with a sting will again be influenced
by the buoyancy provided by the sting presence and should be treated cautiously.
Table 5.1 however demonstrates that the inclusion of the post exit force is only
influential on the configurations which include a non-cylindrical exit streamtube.
For the full configuration (NE/FS/RE) the omission of this term (φpost) results in
an under-predicted drag rise by ∆MDR = 0.026. Consequently, it is important to
include this value as it can have a large influence on the predicted MDR for designs
with an exhaust system.

A spillage increment was calculated between M=0.82, MFCR=0.55 and M=0.82,
MFCR=0.75 which was defined for both the modified nacelle drag (cD∗nac)(Equation
3.8) and the nacelle drag (cD)(Equation 3.10). The difference between the two met-
rics is therefore the change in the force on the post exit streamtube due to the
change in the mass flow (φpost,spill). There was a large difference in the spillage drag
predicted by the simulation of different configurations (Figure 5.6b). The change in
exhaust configuration changed both the size of the post exit force (φpost,spill) and the
modified spillage drag (cD∗spill). The influence of the trailing edge condition there-
fore influences both the exit streamtube and the forebody spillage. This resulted in
the sting mounted (NS/MS) and the nacelle with cylindrical exhaust (N/MS/PM)
simulations to predict the highest spillage drags. Conversely, the full configuration
(NE/FS/RE) was seemingly affected by a greater modified spillage drag (cD∗spill)
but once the post exit terms were included a negative overall spillage drag was
predicted. This is a result of the different shaped streamtube for the lower MFCR
with the representative efflux. As the mass flow is reduced the nozzle pressure ratio
is also reduced which results in more jet expansion. For this case, the beneficial
forward force acting from this offsets any forebody spillage drag and gives a net
improvement. To assess the system performance at a lower mass flow the full drag
should be considered.

This study concluded that the performance metrics were all influenced by changing
the configuration which was being simulated. It was therefore determined that to
accurately model the aerodynamic performance of different nacelle geometries the
full model (configuration NE/FS/RE) had to be simulated and subsequent results,
except where stated, all use this configuration.
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E1 E2 E3
BPR 10 17.8 17.8
OPR 50 64 64
FNPR 2.7 2.1 2.1

Table 5.2: Cruise design point for engine cycles

E1/E2 E3
lnac/rhi 4.3 3.1
rTE/rhi 0.955 0.911
fif 1.07 1.29

rmax/rhi 1.3 1.15
lfb/lnac 0.4 0.4
βnac 14.0◦ 13.0◦

Table 5.3: Summary of baseline engine nacelle design parameters

5.2 Baseline Engine Performance

Two cycles were created which represented two approaches to ultra-high bypass
ratio (UHBPR) engine design and a technology level increment between them. The
first of these cycles was a three-spool architecture intended to represent a current
engine technology scaled to an ultra-high bypass ratio size. The second of the cycles
was two-spool and incorporated a gearbox, which is expected to be a feature of some
future ultra-high bypass designs.19 One pre-defined cycle is also included in some
studies for this work. This engine, defined by Stańkowski11, is representative of
a 3-spool turbofan engine with BPR=10 and OPR=50. The cycle parameters are
summarised in Table 5.2. Each of the three cycles have the same cruise standard
net thrust (FNref ) which is therefore constant for all engines in this thesis.

Throughout this thesis a large range of nacelle designs will be considered and it
will be important to have a baseline design to compare these to. As such a baseline
nacelle has been designed for each of the engine models. E1 had a nacelle designed11

based on traditional design rules using the geometry tool GEMINI116. The baseline
nacelle for engine E2 was a scaled up version of the E1 nacelle with a 23% larger
fan diameter but the other nacelle geometric parameters were non-dimensionally
the same (Table 5.3). Finally, the E3 engine had an aggressive baseline to represent
a technology level change and an example of a novel design space nacelle.

The flowfields around the three baseline nacelles (Figure 5.9) demonstrate the in-
creased difficulty of the shorter, slimmer nacelle. As was expected the scaled E2
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engine (Figure 5.9c) had the same nacelle flow features as the smaller E1 engine in
the cruise condition (Figure 5.9a). Due to its larger size however the nacelle drag
(Dnac) was 42% larger for the baseline E2 than the baseline E1. This drag accounted
for 7.4% of the reference standard net thrust (FNref ) for the E2 engine nacelle whilst
it accounted for 5.2% for the E1 engine nacelle. The reference standard net thrust
used is the design intent at a 1D level and is constant between all engines in the
thesis. For comparison, the E3 engine simulated at the same aerodynamic condition
(Figure 5.9e) demonstrated a double flow acceleration on the nacelle surface and a
higher peak Mach number (Mpeak = 1.18) than E1 and E2 (Mpeak = 1.06). However,
because the E3 nacelle is 23% shorter and has a 4.5% lower rmax the drag at this
condition was reduced by 17% relative to the E2 nacelle. The E3 baseline nacelle
has a drag of 6.1% of FNref at M∞ = 0.82 and MFCR = 0.75. This reduction
is as a result of less viscous drag from the cowl surface. The viscous forces on the
cowl of the E2 nacelle are 4.6% of FNref whilst for the E3 nacelle this contribution
is reduced to 3.5% of FNref .

However, when taken to the more aggressive operating point ofM∞ = 0.85,MFCR =
0.7 the E3 engine exhibits even worse flow features (Figure 5.9f). This results in
an increase in the drag to 7.5% of FN whilst the viscous force contribution only in-
creased to 3.6% of FNref . The increase in drag due to the change in operating point
for the E2 nacelle is lower, up to 8.1% of FN . Whilst this is still higher than the
E3 nacelle drag it is an indication of the increased sensitivity of the shorter nacelle
to Mach number and MFCR changes. The lower influence of the operational point
change on the longer nacelle is evident in the more benign aerodynamics (Figure
5.9d) which do not exhibit the double shock pattern of the shorter nacelle. These
different aerodynamics are a result of the shape of the baseline designs. Each of
the designs must have a high curvature at the leading edge to transition to a blunt
leading edge (Figure 5.10). This high curvature however must also rapidly reduce
to ensure smooth transition to a change in the gradient polarity at the maximum
radius (Figure 5.10). This smooth behaviour is a key benefit of the underlying Bern-
stein polynomials however results in a large dκ

dx
at the leading edge. In the extreme

case in which the fineness ratio is 1, then lnac = 2rmax and the changes in curvature
would be minimised. However, to reduce drag and create a more streamlined shape,
fineness ratio is generally increased and dκ

dx
must increase to ensure a smooth shape.

This then relates directly to the choice of lower rmax/rhi for the E3 engine nacelle.
The higher curvature and the greater change in curvature at the leading edge of the
E3 nacelle result in a higher peak Mach number as the flow is accelerated more.



Chapter 5 Axisymmetric Engine Design Studies 103

This more supercritical design then produces more wave drag and may lead to worse
off design or installed performance.
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(a) E1 baseline M∞ = 0.82, MFCR =
0.75

(b) E1 baseline M∞ = 0.85, MFCR =
0.7

(c) E2 baseline M∞ = 0.82, MFCR =
0.75

(d) E2 baseline M∞ = 0.85, MFCR =
0.7

(e) E3 baseline M∞ = 0.82, MFCR =
0.75

(f) E3 baseline M∞ = 0.85, MFCR =
0.7

Figure 5.9: Three engine nacelle designs at two different aerodynamic conditions
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(a) E1 baseline fan cowl (b) E1 baseline fan cowl

(c) E2 baseline fan cowl (d) E2 baseline fan cowl

(e) E3 baseline fan cowl (f) E3 baseline fan cowl

Figure 5.10: Three baseline engine nacelle designs

5.2.1 Influence of freestream Mach number

The drag rise Mach number is an important performance indicator which indicates
the onset of large amounts of wave drag due to the compressibility of the airflow.
At certain points in the flight envelope it may be necessary for the aircraft to
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operate at higher than cruise Mach numbers. It is therefore important to ensure
that the aerodynamic components are not close to the transonic boundary at which
the drag will diverge. It is also important to consider that interference effects
between components which were designed in isolation may result in higher local
accelerations once combined than were present in isolation. A margin of safety
is therefore introduced between the design point and the drag rise Mach number
(also known as the drag divergence Mach number) of each component. Knowledge
of the drag rise Mach number is therefore important in preliminary design. The
three baseline engines were simulated as a function of freestream Mach number to
determine the baseline drag rise Mach numbers.

The E1 and E2 engines have a similar aerodynamic response to a change in freestream
Mach number (Figure 5.11). As the freestream Mach number is increased the ac-
celeration over the forebody increases and around M∞ = 0.8 exceeds the speed of
sound. As the sonic region grows, shock waves result in an increase in the drag
(Figure 5.12). This results in the drag rise performance being very similar (Figure
5.12) however the larger E2 engine is offset by roughly +1.4% of FNref atM∞ = 0.7.
This offset between E1 and E2 increases to 4.4% of FNref at M∞ = 0.9. The drag
rise of E1 isMDR = 0.878 atMFCR = 0.75 and the drag rise of E2 isMDR = 0.875
at the same MFCR. Since the nacelle of E2 is a scaled version of the E1 nacelle then
this small change in the gradient is a result of the Reynolds effect of a larger engine.
The E3 nacelle is much more aggressive with greater values of κ and dκ

dx
(Figure

5.10). This results in higher peak Mach numbers on the forebody (Figure 5.11c)
compared to the E1 or E2 nacelle. As a result, the critical Mach number of the
E3 nacelle is approximately M∞ = 0.73. Strong shock waves therefore develop at
lower freestream Mach numbers than for the E1 or E2 nacelles. In terms of nacelle
drag this means that above M∞ = 0.87 the E3 nacelle produces more drag than
the longer E2 nacelle (Figure 5.12). The drag rise of the E3 nacelle is at the much
lower value of MDR = 0.848.

The E3 engine was expected to operate at the more aggressive MFCR = 0.7. A
sweep ofM∞ was therefore carried out at this lower MFCR for the E3 nacelle. Since
this reduced MFCR gives a locally higher flow incidence at the lip, this results in
higher peak Mach numbers on the forebody (Figure 5.11d) compared to the higher
MFCR (Figure 5.11c). Between M∞ = 0.7 and M∞ = 0.87 this results in a higher
Dnac at the lower MFCR. Above M∞ = 0.87 however the double shock pattern
experienced for the lower MFCR simulations becomes a single shock as the sonic
regions merge (Figure 5.11d). This results in a reduction in the drag before the
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increase continues as the single shock strengthens (Figure 5.12). This is above drag
rise and the reduction in MFCR from MFCR = 0.75 to MFCR = 0.7 results in a
decrease in the MDR from MDR = 0.848 to MDR = 0.845

(a) E1 baseline MFCR = 0.75 (b) E2 baseline MFCR = 0.75

(c) E3 baseline MFCR = 0.75 (d) E3 baseline MFCR = 0.7

Figure 5.11: Three engine nacelle designs at MFCR = 0.75 as a function of
M∞
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Figure 5.12: Dnac/FNref as a function of M∞ for the three baseline nacelles

5.2.2 Influence of engine mass flow and power setting

Across the flight envelope an engine will operate at a range of power settings which
will cover a range of altitudes, Mach numbers and mass flows. Throughout the
cruise portion of the flight for instance the mass flow through the engine will be
decreased to reduce the thrust of the engine. This is to compensate for the lower
mass of the aircraft at the end of cruise compared to the start of cruise. As the mass
flow is decreased, the streamtube which enters the engine has a smaller upstream
cross-sectional area, which results in a higher angle of the flow at the highlight.
This increased angle will cause a greater acceleration around the nacelle lip which
will lead to higher velocities.

Simulations were performed which included representative nozzle boundary condi-
tions which reflected the reduced power setting on the engine as were computed
from the cycle analysis. This then gives an indication of the overall performance of
the engine drag under different power settings. The cycle model for the E2 engine
could not be converged at MFCR = 0.5 so the CFD simulation was not computed.
In general the aerodynamic response from the E1 nacelle and the E2 nacelle were
the same (Figures 5.13a, 5.13b) with small changes at the trailing edge present due
to the different efflux conditions of the two cycles. Specifically since the E1 engine
was a higher specific thrust engine the FNPR range between MFCR = 0.55 and
MFCR = 0.75 was 1.938 to 2.713 whilst for the E2 engine across the same MFCR
range the FNPR only varied from 1.599 to 2.147. The larger change in FNPR
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means that the post exit force for the E1 nacelle varies more than it does for the
E2 nacelle (Figure 5.14). The drag of the E1 and E2 nacelles do not have a large
response to a lower MFCR (Figure 5.15a). In this case the change in the post exit
force largely compensates for the nacelle force which increases due to the increased
wave drag (Figure 5.15b). The E3 nacelle however was affected more detrimentally
by the reduced MFCR. The peak Mach number was increased to Mpeak = 2.0 by
MFCR = 0.5 (Figure 5.13c) and this resulted in a worse drag performance than
the E1 or E2 nacelles (Figure 5.15a). At the higher Mach number (M∞ = 0.85)
which the E3 nacelle is expected to operate at, there is an increase in the drag
of around 1% of FNref relative to the lower Mach number of M∞ = 0.82 (Figure
5.15a). This offset decreases as the MFCR is reduced however is fairly constant in
terms of modified nacelle drag (Figure 5.15b). This indicates that the change in the
offset present in the drag values (Figure 5.15a) is influenced by the post exit forces.
At M∞ = 0.82, the change in FNPR between MFCR = 0.5 and MFCR = 0.75 is
from FNPR = 1.555 to FNPR = 2.328, whilst at M∞ = 0.85 this change is from
FNPR = 1.602 to FNPR = 2.430. This larger change results in a larger change
in the post exit force for the cases at M∞ = 0.85 and thus the offset reduces. Most
significantly however, at the desired operating Mach numberM∞ = 0.85, significant
spillage occurs and between MFCR = 0.75 and MFCR = 0.5 the drag increases
by 90%.
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(a) E1 baseline, M∞ = 0.82 (b) E2 baseline, M∞ = 0.82

(c) E3 baseline, M∞ = 0.82 (d) E3 baseline, M∞ = 0.85

Figure 5.13: The isentropic Mach number distributions of three engine nacelle
designs as a function of MFCR
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(a) E1

(b) E2

Figure 5.14: Streamlines from the trailing edge of the nacelle



112 Chapter 5 Axisymmetric Engine Design Studies

(a) Dnac/FNref

(b) D∗nac/FNref

Figure 5.15: Drag performance as a function of MFCR for the three baseline
nacelles

5.3 Axisymmetric nacelle design by full-factorial
approach

A two parameter design space exploration was carried out based on the baseline
E3 engine by varying the nacelle length, lnac, and maximum radius, rmax (Figure
5.16). This was to determine the viability of using a novel (slim and short) nacelle
design for future UHBPR engines. The CFD analyses were computed on an engine
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with the two spool architecture. The parameterisation used for this full factorial
approach did not include a hybrid-iCST nacelle since the curvatures were set to
zero at the trailing edge. All other parameters were fixed to the values of the E3
baseline engine (Table 5.3). The range of the full factorial of analyses was based
on previous work which assessed a smaller region of the design space8. The range
of cases was established to incorporate slimmer and shorter nacelles (Figure 5.16).
The dual stream engine configurations include the core cowl and plug, however the
exhaust design was unchanged throughout the design space exploration.

Figure 5.16: 2 dimensional full factorial design space with example produced
engines and validation engines

The results from the CFD analyses (Figure 5.18) demonstrated that there are some
areas of this particular design space which had very high levels of cruise drag. The
highest drag (cDcruise = 0.3625) was encountered at lnac/rhi = 2.5 and rmax/rhi =
1.3, i.e. the shortest nacelle with the highest forward facing area. This can largely be
attributed to the particular parameterisation employed and other constraints on the
geometry which resulted in a heavily inflected design (5.17). The nacelle inflects if
the curvature (κ) is positive for any region as this curves the aeroline away from the
axis. The resultant aerodynamics for this inflected design were poor and the high
drag was a result of the large separation which started around 45% of the nacelle
length. This corresponds with heavy local diffusion which triggered the separation.
In addition to the separation, the flow around the nacelle has two regions of sonic
flow which incur wave drag. Due to the parameterisation and the constraints used,
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many of nacelle geometries included inflections (Figure 5.17, 5.18a). These inflected
geometries performed badly in general with values of cDcruise > 0.05 for 75% of the
cases. For the shorter and thicker nacelles, significant regions of separation were
present (Figure 5.19b) as a result of the aggressive diffusion on the afterbody of
the nacelle. In this corner of the design space the separation is the main reason
for the high drag values. As the length was increased and the thickness reduced
these inflections were removed (5.17). This resulted in a sizable reduction in drag
(5.18b). At the thinnest end of the design space as rmax/rhi approaches 1.05 there is
another increase in drag (Figure 5.18a) which is largely caused by high accelerations
(Figures 5.19a 5.20) triggered by the large changes in curvatures associated with
the slim profiles (5.17). In addition at this low level of rmax/rhi there are inflections
on the forebody (5.17) for all but the shortest nacelle. A discontinuity in the peak
Mach number exists for the case at lnac/rhi = 3.3, rmax/rhi = 1.05 due to a shock
driven separation which prevents a higher acceleration. The removal of the inflected
designs and the very high drag design demonstrates an obvious trend in the cruise
drag which increases as the nacelle is either shortened or made slimmer (Figure
5.18c). The lowest drag corresponds to the longest nacelles at which the lowest
peak Mach number is also present (Figure 5.19a). These benign designs, typified
by lnac/rhi = 3.8, rmax/rhi = 1.2 and rmax/rhi = 1.25 in Figure 5.20, accelerated
steadily over the forebody and decelerated without any strong shock.

It was established from this full factorial study that the initial geometry parameter-
isation was inappropriate to produce well designed novel nacelles. It had been used
previously to successfully design conventional nacelles. For the novel configurations
a greater control of the nacelle curvature was required to lessen the forebody accel-
erations and to prevent inflections. A conclusion therefore from this study was that
the geometry parameterisation should be changed to provide greater flexibility and,
given the associated substantial increase in dimensionality, that an optimisation
design method would be required instead of the full factorial exploration approach.
The three most important aerodynamic aspects of the design found by this study
were the removal of geometric inflections, absence of separation and limitation of
the peak Mach number.
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Figure 5.17: Subset of designs from full factorial of engine nacelles

5.4 An improved parameterisation

One problem with the parameterisation method established from section 5.3 was
that the slimmer and shorter nacelles are more likely to inflect. As an example, the
design of lnac/rhi = 3.3, rmax/rhi = 1.3 inflects with the given set of parameters on
the afterbody at around x = 2.6m (Figure 5.17). One way to remove this inflection
would be to increase the boattail angle (Figure 5.21). This increase in boattail angle
however will result in a more rapid diffusion on the afterbody of the nacelle which
may be less preferable from a design perspective. A rapidly diffusing nacelle for
instance is more likely to separate at high incidence. The boattail angle therefore
is usually limited to within a relatively narrow range which will be compatible
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(a) All designs (Hatch shows inflected regions)

(b) Non-inflecting designs (c) Designs with drag below cDcruise =
0.045

Figure 5.18: Cruise drag (cDcruise) as a function of non dimensional length
(lnac/rhi) and thickness ratio (rmax/rhi) for a full factorial of engine designs

with the range of operations and the integration with exhaust system and wing
aerodynamics.

Another variable which can have a strong influence on the geometry produced is
the imposed value of trailing edge curvature (κTE). In the previous study (section
5.3) this was set to a value of κTE = 0 but varying this value can result in more
favourable designs. For instance the design of lnac/rhi = 3.3, rmax/rhi = 1.1 had a
fairly strong shock with trailing edge curvature of zero (Figure 5.20). The curvature
distribution can be controlled more through the addition of non-zero curvature at
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(a) Non-inflecting designs

(b) Designs with drag below cDcruise = 0.045

Figure 5.19: Cruise drag (cDcruise) as a function of non dimensional length
(lnac/rhi) and thickness ratio (rmax/rhi) for a full factorial of engine designs

the trailing edge (Figure 5.24). This addition allows for the curvature distribution to
adopt different shapes and the rate of change of curvature (dκ

dx
) to be reduced (Figure

5.22b) or even increased (Figure 5.22d) according to the designers requirements. It
is expected that the preferred design would have low values of dκ

dx
to avoid rapid

accelerations which are associated with large changes in curvature.
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Figure 5.20: Subset of designs from full factorial of engine nacelles

The problem of inflections on the forebody was generally caused by too high a
value of rif . An example of this was the nacelle designed for lnac/rhi = 3.3 and
with rmax/rhi = 1.05 (Figure 5.17). This design curved away from the engine axis
for approximately 1

3rd of the fan cowl (Figure 5.23a). A reduction in rif from
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(a) β = 13.0◦

(b) β = 15.0◦

(c) β = 17.0◦

Figure 5.21: Influence of β on geometrical inflections

rif = 0.041m to rif = 0.011m reduced the extent of the convex section and moved
it aft such that the fan cowl started to curve away from the axis on the forebody
and then stopped on the afterbody (Figure 5.23b). It was required to also reduce
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(a) κTE = 0m−1 (b) κTE = −0.1m−1

(c) κTE = −0.2m−1 (d) κTE = −0.3m−1

Figure 5.22: Influence of κTE on geometrical inflections and curvature distri-
butions

the boattail angle (Figure 5.23d) from β = 13.0◦ to β = 9.0◦ to completely remove
this inflection. This demonstrates a problem with the parameterisation used until
now as it required both rif and β to be changed to produce a non-inflected forebody
design. Ideally the forebody design would be decoupled to allow more flexibility and
less reliance on a good afterbody design.

An alternative approach was considered which decoupled the forebody and the
afterbody somewhat whilst retaining the same number of degrees of freedom. In
this method the same constraints are applied but the forebody and afterbody are
split into two separate iCST curves at the position of maximum radius. Both of
these curves are created from the highlight to the trailing edge but they are then
trimmed to just forebody or afterbody. Additional constraints are added to the
afterbody curve which ensures continuity at the maximum radius between forebody
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and afterbody. Specifically, the second and third derivatives at this axial location
are extracted from the forebody curve and imposed at the same position on the
afterbody curve. The zeroth and first derivatives are already constrained at this
position to ensure it is the maximum radius. This constraint ensures that the
curvature and the rate of change of curvature are consistent between the two curves
however higher derivatives will have a discontinuity at the maximum radius. With
this level of decoupling between the forebody and afterbody it is possible to achieve
a non-inflecting design with either of the two boat-tail angles desired (Figure 5.24)
where previously the only viable design had a low boat-tail angle (Figure 5.23). This
beneficial decoupling allows additional viable designs in the extreme, previously
inflecting, regions of the design space.

This process of varying independently the design variables to produce a non-inflecting
design is clearly a cumbersome method of exploring the design space. In addition,
these permutations of the variables do not necessarily result in well designed, rep-
resentative nacelles. Since an objective of this project was to determine the impact
of a future UHBPR engine nacelle on the drag performance of the engine it was
established that a more exhaustive method was required to produce the designs.
One approach could be an extension of the full factorial approach design of ex-
periments conducted above. If the length were fixed for a given problem and the
other variables identified (rmax/rhi, fmax, fif , β, κTE) were not then there would
be 5 degrees of freedom. If six levels of each variable were maintained then this
would result in 7776 separate designs. Since it was also desired to look at off design
aerodynamics, this would be prohibitive. A 3 level full factorial could be performed
with 243 designs however whilst this would provide information on the influence of
each variable it would not necessarily provide representative designs. The desired
outcome of any design space exploration in this project would rather be a trade-off
surface in which all the designs can be said to be well designed for a given set of
aerodynamic requirements, i.e. performance at different aircraft operating points.
Such a trade-off surface is defined by a Pareto set which can be determined through
the process of optimisation. The following sections will therefore outline the results
of optimisation activities performed on this problem.
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(a) rif = 0.041m,β = 13.0◦ (b) rif = 0.011m,β = 13.0◦

(c) rif = 0.041m,β = 9.0◦ (d) rif = 0.011m,β = 9.0◦

Figure 5.23: Influence of rif and β on geometrical inflections



Chapter 5 Axisymmetric Engine Design Studies 123

(a) rif = 0.041m,β = 13.0◦ (b) rif = 0.011m,β = 13.0◦

(c) rif = 0.041m,β = 9.0◦ (d) rif = 0.011m,β = 9.0◦

Figure 5.24: Influence of rif and β on geometrical inflections with a hybrid
iCST fan cowl

5.5 Axisymmetric nacelle optimisation

5.5.1 Optimisation on existing design

To demonstrate the optimisation method which has been outlined (Section 3.5) it
was applied to the V2 nacelle used for validation (Section 4.1). This allowed for
determination of whether the optimisation algorithm had been correctly calibrated
and if the CFD method could determine the response from the design space accu-
rately enough for optimisation. The validation nacelle was chosen as a test case
since it had been designed in detail for good aerodynamic performance so should
provide a high benchmark.
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Lower bound Upper bound
fif 0.6 1.4

rmax/rhi 1.08 1.4
lfb/lnac 0.3 0.5
y′′TE -0.3 0.0
βnac 11.0◦ 14.0◦

Table 5.4: Parametric geometry bounds used for the optimisation of the V2
nacelle

CFD simulations were run as the means of assessing the nacelle performance met-
rics. The exhaust condition was matched to the total conditions of the freestream
flow and as such the configuration was N (Figure 5.1d) and drag was evaluated
with equation 3.8. Three objective functions were used as described in section
3.4.4 (cD,cruise,MDR,∆cDspill). In this case the cruise condition was considered to be
M∞ = 0.85,MFCR = 0.7 whilst the spillage was evaluated as a change between the
cruise and M∞ = 0.85, MFCR = 0.65 condition. The optimisation was run for 50
generations with an initial generation size of 400 and subsequent generation size of
40. The bounds used were chosen to expand wide enough beyond the conventional
design space but also include the original design (Table 5.4). This optimisation was
initialised from 400 randomly generated samples within the bounds of the search
space (Figure 5.25a). This random sample was sorted into non-dominated sets in
which each design was mutually non-dominated. A mating pool of 40 was then filled
from the lowest non-dominated sets. This mating pool was updated over the sub-
sequent generations as mutation and crossover produced new designs in the search
space (Figures 5.25b, 5.25c, 5.26a, 5.26b, 5.26c). Over the course of the generations,
the objective functions were normalised and the hypervolume calculated. These val-
ues can be used to determine the convergence of the optimisation. The hypervolume
rapidly increased in the first 11 generations and then reached an asymptote as the
optimisation converged (Figure 5.27). Very little improvement was noted beyond
20-30 generations and as such the maximum number of generations was reduced for
subsequent optimisations.

A final Pareto front was resolved by combining all the results from each generation
and evaluating a non-dominated set from these (Figure 5.28). By doing this, the
resolution of the Pareto set was not limited to the 40 individuals of the mating
pool. The results from this optimisation demonstrated that a Pareto front could
be reached through direct CFD simulations which could improve on a well-designed
baseline nacelle (Figure 5.28). A trade-off was evident between the three objective
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functions, i.e. neither CDcruise, MDR nor CDspill were collinear. This confirms that
in the design of a nacelle, the cruise drag can be traded for improved drag rise or
spillage, or vice versa.

Compared to the baseline design, improvements in the individual objective func-
tions were available which gave an increase of ∆MDR = 0.014 in drag rise Mach
number, ∆cDnac = −0.0057 cruise drag and an equivalent CDspill. Since the drag rise
Mach number is typically dictated by the required design Mach number, this was
maintained in selecting a design to compare to the original V2 nacelle. As all Pareto
optimal designs had lower drag than the baseline, the design with the lowest spillage
drag was chosen for comparison (Figure 5.29). This design had an improved drag
rise of ∆MDR = 0.005 higher, and a reduced drag of ∆cDnac = −0.0040, though the
spillage increased by ∆CDspill = 0.0003. This increase is negligible in the context of
a reduction of ∆cDnac = −0.0040 in cruise drag however. In addition, the aerody-
namics were greatly improved by the optimisation process relative to the baseline
design (Figure 5.29). The optimal design exhibited a single acceleration followed
by a deceleration with no strong shock wave, whereas the baseline had multiple
re-accelerations over the forebody of the cowl.

The Pareto set can also be examined in the design space (Figure 5.30, 5.31, 5.32)
as well as the objective space. In this context, the optimal regions of the design
space can be determined and the influence of each design parameter is related to
the objective functions. For this optimisation, the optimal set converged to a region
which was not coincident with any of the bounds of the design space. This indicates
that the search space was probably well suited to the design problem. There were
a few outliers, but the vast majority of the designs were in a single group. These
outlying designs generally had high cruise drag, low MDR but compensated with
the lowest spillage (Figure 5.32). The outlying designs were located in the higher
values of rmax/rhi and fif relative to the larger group of optimal designs. This
signifies a more rounded, i.e. greater radius of curvature, nacelle highlight with a
larger forward facing area. As shown in section 5.4, this will give a greater drag and
worse drag rise but lower accelerations across the highlight, which turn provides
the improved spillage performance as evidenced (Figure 5.32). Designs with high
rmax/rhi or fif have the worst MDR performance (Figure 5.31) and this is a key
driver which has resulted in the optimal set located here. In addition, there is
a narrow band of designs within the rmax/rhi design space which have acceptable
levels of cruise drag (Figure 5.30). This further demonstrates the trade-off evinced
in section 5.4 whereby a very low rmax/rhi design resulted in a strong shock due to
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high forebody curvature whilst a high rmax/rhi would result in high curvatures at the
maximum radius and an afterbody shock which greatly thickened the boundary layer
in a region of high diffusion. These trade-offs between the objective variables limit
the design space and whilst good designs in any one objective appear throughout
much of the search space it is effectively bounded by the requirement to balance all
three objectives. The other three variables (fmax, βnac and y′′TE) whilst important
to avoid inflected or rapidly diffusing nacelles do not seem to limit the viable search
space as much as rmax/rhi or fif . This can be demonstrated by the fact that good
values for each objective function can independently be obtained in the entire ranges,
whereas this is not true for rmax/rhi or fif .
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(a) ngen = 0

(b) ngen = 5

(c) ngen = 10

Figure 5.25: Evolution of the mating pool for the V2 nacelle optimisation
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(a) ngen = 15

(b) ngen = 30

(c) ngen = 50

Figure 5.26: Evolution of the mating pool for the V2 nacelle optimisation
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Figure 5.27: Hypervolume convergence for the V2 nacelle optimisation case

Figure 5.28: Pareto optimal set for optimisation of the validation nacelle 2 in
objective space
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Figure 5.29: Example optimal design cowl Mach number distribution
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5.5.2 Optimisation on Novel Nacelles

An optimisation was carried out for a non-dimensional nacelle length of lnac/rhi =
3.8. This represents a relatively long nacelle. For comparison the study by Fang
et al77 considered a length of roughly lnac/rhi = 3.28117 to operate at M∞ = 0.8.
The GE90-115B1 has a nacelle length of lnac/rhi = 3.22 and the GE90-94B has a
nacelle length of lnac/rhi = 3.27117; both of these engines operate at M∞ = 0.84.
The PW4000 and CF6-80E1 were both designed to fly at a cruise Mach number of
M∞ = 0.82 and had lengths of lnac/rhi = 3.92 and lnac/rhi = 3.38 respectively.118

In this context, the length of lnac/rhi = 3.8 is relatively conservative however it
is aimed to operate at a higher Mach number of M∞ = 0.85. The bounds used
for this optimisation, summarised in Table 5.5, were chosen to cover a wide range
of the available design space and expand beyond conventional design parameters.
The engine was designed to cruise at a flight M∞ = 0.85, which once a safety
factor36 is considered, the drag rise Mach number should be above MDR = 0.87. A
constraint was therefore applied ofMDR > 0.85 to resolve this difficult region of the
design space. The hypervolume of the Pareto set was calculated at each generation
to determine the level of convergence of the optimisation process. 30 generations
were computed and over the final 5 generations there was less than a 1% increase
in hypervolume which indicated that the optimisation was converged close to the
optimal set.

Variable Lower Bound Upper Bound

β 11.0◦ 14.0◦
rmax/rhi 1.08 1.4

fmax = lfb/lnac 0.2 0.5
y′′TE -0.5 0.5

fif = rif lfb/(rmax − rhi)2 0.6 1.35

Table 5.5: Optimisation bounds for nacelle geometric parameters

The improvement from the initial generation, a random sample, resulted in an im-
provement in MDR from MDR = 0.8672 to MDR = 0.8716. The mean value of drag
(cDcruise) reduced by ∆cDcruise = 0.0009 from cDcruise = 0.313 to cDcruise = 0.304,
however the mean spillage (cDspill) increased from cDspill = 0.0027 to cDspill = 0.0040
as the optimisation populated the objective space with high drag rise designs. This
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indicated that the population increased disproportionately in the higher MDR re-
gion or that the initial population was skewed to the lower spillage regions. NSGA-
II has been observed to exhibit uneven distributions across a Pareto set in com-
parison to some similar algorithms113, however good convergence is still achieved.
The minimum spillage drag which met the criterion of MDR = 0.87 decreased by
∆cDspill = 0.0011 from cDspill = 0.0016 to cDspill = 0.0005. The results of this
optimisation demonstrate that the higher drag rise Mach numbers are achieved at
the expense of the spillage drag performance. Above the required MDR of 0.87,
the spillage drag is consistently above 5% of the cruise drag. The lower values are
achieved at the expense of higher mid cruise drag (Figure 5.34b).

Figure 5.33: Example optimal fan cowl Isentropic Mach number profiles at a
length of lnac/rhi = 3.8 for different required MDR and CDcruise

For example, if a cruise Mach number of M∞ = 0.84 is required then a drag rise
Mach number of MDR = 0.86 would be needed. The Boeing 777 with GE90 engines
operates at this flight Mach number so this may be a comparable scenario. The
optimisation process has resulted in designs which meet this criterion (Figure 5.34b)
and have generally favourable aerodynamics, i.e. no strong shocks or separation at
cruise (Figure 5.33). With the requirement of MDR ≥ 0.86 there is still the decision
of minimising the drag or the spillage. A lower cruise drag can be achieved at
the expense of both the spillage (Figure 5.34b) and the Mach number distribution
(Figure 5.33). An increase in the acceptable CDcruise from CDcruise ≤ 0.0300 to
CDcruise ≤ 0.0320 for example, gives optimal designs which resulted in a reduced
peak Mach number from Mpeak = 1.22 to Mpeak = 1.17. This gave a concomitant
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reduction in spillage drag from CDspill = 0.0008 to CDspill = −0.0002. As the
required MDR is increased the minimum levels of spillage which are experienced by
the cowls are also increased (Figure 5.34b). An increase in the desired operational
Mach number to M∞ = 0.85 and the requisite increase to MDR = 0.87 also begins
to make the aerodynamics of the possible designs less favourable (Figure 5.33). The
aerodynamic behaviour becomes more characterised by multiple accelerations and
wave drag during the cruise operation. As at the lower required MDR the decision
of an acceptable CDcruise has a strong influence on the spillage and the pressure
distributions. An increase in the acceptable CDcruise from CDcruise ≤ 0.0300 to
CDcruise ≤ 0.0320 for example resulted in optimal designs with a reduced peak
Mach number from Mpeak = 1.23 to Mpeak = 1.18 and a reduction in spillage drag
from CDspill = 0.0016 to CDspill = 0.0010.
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(a) lnac/rhi = 3.1

(b) lnac/rhi = 3.8

Figure 5.34: Pareto optimal sets for optimisations performed at two nacelle
lengths, plotted as a function of the performance metrics

The second nacelle length assessed was lnac/rhi = 3.1 which is in a more aggressive
region of the design space than the previous length lnac/rhi = 3.8 and those in
the open source. The same bounds were used for all five variables [β, rmax, lfb,
rif , y′′TE] as were used for the optimisation of the longer nacelle (lnac/rhi = 3.8)
(Table 5.5). Again the convergence of the optimisation procedure was monitored
by the hypervolume across all generations. Over the final 5 generations there was
less than a 0.1% increase in the hypervolume, which again indicated a good level
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of convergence from the algorithm. The improvement from the random sample
resulted in a ∆MDR = 0.004 higher mean value of MDR with an increase from
MDR = 0.867 to MDR = 0.881. The mean value of cruise drag (CDcruise) reduced
by ∆cDcruise = 0.0028 from cDcruise = 0.0311 to cDcruise = 0.0283, whilst the mean
spillage (cDspill) decreased by ∆cDspill = 0.0048 from cDspill = 0.0101 to cDspill =
0.0053. No individuals in the initial random design space exceeded a drag rise Mach
number of MDR = 0.87. However after the optimisation 34% of the Pareto set had
the desired drag rise Mach number of MDR > 0.87 with the minimum spillage at
cDspill = 0.0040 for a design which meets the drag rise criterion of MDR > 0.87. It
is clear from the Pareto set (Figure 5.34a) that the optimal designs at this shorter
nacelle length (lnac/rhi = 3.1) allow for around 10% lower nacelle drag than at the
longer length (lnac/rhi = 3.8). This is to be expected since there is less wetted
area for a shorter nacelle and the skin friction drag of the nacelle typically accounts
for 50-60% of the nacelle drag. However, these optimal designs also demonstrate
that reaching the higher values of drag rise Mach numbers is more penalising to
the spillage drag further emphasising the need for multi-objective optimisation.
This also resulted in less desirable pressure distributions on the nacelle surface
which produced this additional wave drag at off design conditions. This highlights
the increased difficulty in designing a nacelle of shorter length as the spillage drag
(cDspill) is around twice as large atMDR = 0.87 for the shorter length (lnac/rhi = 3.1)
in comparison to the longer nacelle (lnac/rhi = 3.8).

5.5.3 Optimisation with directly optimised pressure distri-
butions

The optimisations for the two nacelle lengths were repeated with the limitations on
the aerodynamic pressure distributions outlined in (section 3.4.4.3). This provided
an additional constraint, limiting the factor Cshock < 0.8 which prevented the sum of
pre-shock cp from exceeding -0.8, and an additional objective function to minimise
Cinflect. These two additional controls were expected to limit the designs within the
final Pareto set to those with weak or no shocks and smoother pressure distributions
compared to the uncontrolled data (section 5.5.2). Due to the added objective
(Cinflect) and the additional constraint (Cshock), the generation size was increased
from 40 to 50. The bounds of the optimisation were kept the same (Table 5.5).

The addition of the controls (Cshock, Cinflect) resulted in higher values ofMDR found
for the short nacelle (Figure 5.37a) relative to the unconstrained optimisation shown
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previously (Figure 5.34a). However, aboveMDR = 0.87, the minimum cruise drag is
around 4% higher than the optimisation without the two additional metrics (Cshock,
Cinflect). This indicates that the lowest drag designs have undesirable aerodynamic
distributions which are mitigated in the more constrained optimisation. There is
also an increase in the average drag for the longer nacelle once the constraints are
applied (Figure 5.37b) relative to the unconstrained optimisation (Figure 5.34b).

To understand these changes incurred by the addition of the pressure limitations
(Cshock, Cinflect) comparable designs were chosen from the unconstrained Pareto
sets and the constrained sets for the short nacelle length of lnac/rhi = 3.1. These
were chosen to meet certain varied requirements, specifically two target drag rise
Mach numbers (MDR ≥ 0.86 and MDR ≥ 0.87) and two target cruise drag values
(CDcruise ≤ 0.0300 and CDcruise ≤ 0.0320). The nacelle design with the lowest
spillage drag which also met these requirements was picked from the two Pareto
sets. The controls on the pressure distributions (Cshock, Cinflect) produced, in gen-
eral, designs with isentropic Mach number distributions that had less severe pres-
sure gradients (Figure 5.35). The introduction of the pressure distribution controls
reduced the peak Mach numbers on all four nacelle designs significantly (Figures
5.35a, 5.35b). As a result the sum of the pre-shock Mach numbers was reduced
relative to the unconstrained.

At the lower required MDR of MDR ≥ 0.86 there was either equivalent or bet-
ter spillage performance. At a required MDR ≥ 0.86 and CDcruise ≤ 0.0280 the
spillage decreased from cDspill = 0.0025 to cDspill = 0.0017 through the addition of
pressure controls. At a required MDR ≥ 0.86 and CDcruise ≤ 0.0300 the spillage
remained unchanged at cDspill = 0.0014. However at the higher required MDR of
MDR ≥ 0.87, whilst the aerodynamics looked improved the spillage was worsened
through addition of the pressure controls. Specifically, at a required MDR ≥ 0.87
and CDcruise ≤ 0.0280 the spillage increased from cDspill = 0.0050 to cDspill = 0.0070
through the addition of pressure controls and at CDcruise ≤ 0.0300 it increased
from cDspill = 0.0040 to cDspill = 0.0064. This is due to the unconstrained optimal
designs exhibiting relatively unstable pressure distributions which when subjected
to lower MFCRs change shock topology from a double shock pattern to a single
shock pattern. This response, whilst providing improved metrics, is not desirable
as it likely to result in sudden changes in drag across the operating envelope. This
is evidenced in the nacelle drag as a function of freestream Mach number (Fig-
ure 5.36). The designs which came from the unconstrained optimisations were far
more sensitive to changes in the freestream Mach number whereas the designs from
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the constrained optimisations had a monotonic relation between CDnac and M∞.
A danger of optimisation, even multi-objective optimisation, is that the resultant
designs will be over-designed for the metrics which are given as objectives. The
introduction of the pressure controls evidently reduces this somewhat by penalising
pressure distributions which aren’t smooth.

(a)

(b)

Figure 5.35: Example optimal Isentropic Mach number profiles at a length of
lnac/rhi = 3.1 with (a) a required MDR > 0.86 and (b) a required MDR > 0.87
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Figure 5.36: CDnac as a function of M∞ for designs with different CDcruise
criteria for a nacelle length of lnac/rhi = 3.1 with and without pressure controls

at a required MDR > 0.87

5.5.4 Influence of length and trailing edge offset on optimal
designs

Since the previous analyses failed to produce a nacelle which had good aerodynamics
and performance metrics the end points were relaxed somewhat. Since the optimi-
sation starts from a given x and r coordinate for the highlight and trailing edge, the
length and radial offset (rTE−rhi) are prescribed. To determine the influence of the
trailing edge radius on the aerodynamic performance of a nacelle a matrix of three
trailing edge radii (rTE/rhi = 0.911,rTE/rhi = 0.95,rTE/rhi = 1.0) was optimised
for across both lengths. An increase in the trailing edge radius reduces the radial
offset which must be achieved by the optimal fan cowl curve.

Each of these optimisations incorporated the cp controls (Cshock, Cinflect) described
in section 3.4.4.3. The outcome of these six optimisations were six Pareto sets
(Figure 5.37) which enabled a comparison of the optimal designs available for each
length and trailing edge radius. The highest drag rise Mach number was MDR =
0.885 which was limited by the range of Mach numbers computed for each case. As
before, the designs with the highest drag rise Mach number are also those with the
most adverse spillage as the requirement to minimise the frontal facing area of the
nacelle to improve theMDR also makes the accelerations around the lip more severe
and the spillage worse. However, for both lengths (lnac/rhi = 3.1 and lnac/rhi = 3.8)
the spillage at higher MDR is reduced by an increase in the trailing edge radius.
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(a) lnac/rhi = 3.1, rTE/rhi = 0.911 (b) lnac/rhi = 3.8, rTE/rhi = 0.911

(c) lnac/rhi = 3.1, rTE/rhi = 0.95 (d) lnac/rhi = 3.8, rTE/rhi = 0.95

(e) lnac/rhi = 3.1, rTE/rhi = 1.0 (f) lnac/rhi = 3.8, rTE/rhi = 1.0

Figure 5.37: Pareto optimal sets for optimisations performed at different
lengths and trailing edge radii, plotted as a function of the performance met-

rics

To compare these data it is useful to consider the possible designs available given a
particular design requirement, in this caseMDR (Figure 5.38). The drag and spillage
of the shorter (lnac/rhi = 3.1) nacelle rapidly worsens as a higher MDR is targeted
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(Figure 5.38). For instance, whilst at a required MDR = 0.855 the achievable
level of drag for the shortest nacelle (lnac/rhi = 3.1), with a low trailing edge radius
(rTE/rhi = 0.911), is cDcruise = 0.0252 (Figure 5.38a). Conversely, the longer nacelle
(lnac/rhi = 3.8) with the same trailing edge radius (rTE/rhi = 0.911) had a minimum
achievable drag of cDcruise = 0.0289. This represents an improvement from a shorter
nacelle of ∆cDcruise = −0.0037. However, if the required drag rise was increased to
MDR = 0.88 then the improvement in drag available from a shorter nacelle would
decrease to ∆cDcruise = −0.0011 which reflects the increased difficulty in producing
a good design for a short nacelle at high Mach numbers. A similar problem is
evident in the spillage drag present at different drag rise Mach numbers (Figure
5.38b). For a required MDR = 0.855 the minimum spillage which can be attained
for both nacelle lengths is below cDspill = 0.0001. However the performance of
the short nacelles worsens greatly at the higher drag rise Mach numbers and by
MDR = 0.88 the minimum spillage from the short nacelle is cDspill = 0.0070 which
would represent around a quarter of the cruise drag. The longer nacelle on the
other hand has a less detrimental response to an increase in the required MDR. As
a result the minimum spillage at MDR = 0.88 is cDspill = 0.0016 which indicates
the relative ease of design. The influence of the trailing edge radius is also evident
in these trends, most notably for the short nacelle. For these short optimisations
the lowest trailing edge radius (rTE/rhi = 0.911) resulted in the highest drag and
spillage atMDR = 0.88. This represented a substantial rise from the minimum value
at MDR = 0.855. With an increase in the trailing edge radius to rTE/rhi = 1.0 the
gradient of minimum drag againstMDR decreases which results in a much improved
drag at MDR = 0.88 relative to the lower trailing edge rTE/rhi = 0.911. Specifically
this increase in trailing edge radius allows a minimum drag of cDcruise = 0.0259 at
MDR compared to cDcruise = 0.0285 for the lower trailing edge radius.
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(a)

(b)

Figure 5.38: Minimum achievable (a) cDcruise and (b) cDspill for a given MDR

The reason for the different performances across the range of lengths and trailing
edge radii can be explained through the aerodynamic loadings on the cowl (Figure
5.39). Six designs were chosen from the Pareto sets which all met the criterion of
MDR > 0.87. The shortest nacelle with the lowest trailing edge had the highest peak
Mach number of Mpeak = 1.33. This high peak Mach number results in a stronger
shock and additional wave drag. As the MFCR is decreased from MFCR=0.7 and
MFCR=0.65 this peak Mach number increases from M = 1.33 to M = 1.46 and
this results in the high spillage value of cDspill = 0.0069. An increase in the length
improves the isentropic Mach distribution which can be achieved (Figure 5.39b). A
change in the length from lnac/rhi = 3.1 to lnac/rhi = 3.8 reduced the peak Mach
number of the optimal design by ∆M = 0.09 from M = 1.33 to M = 1.24. This
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resulted in less wave drag during cruise and less spillage, cDspill = 0.0015 compared
to cDspill = 0.0069.

An alternative to lengthening the nacelle would be to increase the trailing edge
radius which also improves the peak Mach number. For the shortest nacelle length
investigated (lnac/rhi = 3.1), the improvement in the Mach number distribution
from an increase in the trailing edge radius is evident (Figure 5.39a). In addition
to the removal of the double shock pattern by increasing from rTE/rhi = 0.911
to rTE/rhi = 1.0, the peak Mach number was reduced by ∆M = 0.12 from
M = 1.33 to M = 1.21. In addition, the nacelle design with rTE/rhi = 1.0 had
∆cDspill = −0.0053 (-76%) less spillage and ∆cDspill = −0.0016 (-6%) less cruise
drag, compared to the nacelle design with rTE/rhi = 0.911, whilst still meeting
the drag rise criterion of MDR > 0.87. A similar influence of trailing edge radius
was observed for the longer nacelle (Figure 5.39b) where the peak Mach number
was reduced from M = 1.24 to 1.13 by an increase in trailing edge radius from
rTE/rhi = 0.911 to rTE/rhi = 1.0.

5.6 Analysis of design parameters

The trends in the design space to generate optimal nacelles for different lengths
and trailing edge radii were assessed for each of the optimal sets in terms of each
degree of freedom (Figure 5.40). Several key aspects can be determined from these
trends which demonstrate the differences in the design approach which could be
taken for UHBPR engine nacelles. The longer nacelle designs consistently have
larger rmax/rhi in the optimal sets, with higher median values for all three trailing
edge radii (Figure 5.40a). In addition an increase in the trailing edge radius resulted
in an increase of the mean value for rmax/rhi for the short nacelle, which indicates
that as the trailing edge radius is reduced the profile is reduced to avoid thick, short
designs. Such a trend is less evident for the longer nacelle. In addition to a higher
rmax/rhi, there was a trend for higher fmax as the trailing edge radius was increased
(Figure 5.40c). The different average values for the design metrics result in different
iCST shapes produced. These iCST curves each have a curvature distribution which
has been through the solution of the linear set of equations which define the iCST
curve (section 3.2.2). The curvature (κ) distributions which define the fan cowl
geometry have a first order influence on the aerodynamics since they determine
the amount of local diffusion and compression around the nacelle. The curvature
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distributions of the optimal nacelles which were chosen from the Pareto fronts all
exhibit some similar features (Figure 5.41). For instance the forebody curvatures
of all six designs are monotonic (Figure 5.41a). The peak acceleration will always
occur around the lip and all six of the chosen designs exhibit a peak Mach number
just after this. The monotonic curvature distribution which follows this allows a
smooth deceleration. This is important in cruise and also in an off design conditions
where it is also preferable to avoid a shock too close to the position of maximum
Mach number. To achieve a similar profile of curvature for three different trailing
edge radii whilst avoiding an inflecting afterbody curve the maximum radius is
increased and moved axially rearwards. Five of the six Pareto sets have an average
fif of around 0.85 except for the optimal set for the shortest nacelle with the lowest
trailing edge radius where on average fif = 0.95. Non-dimensionally this makes
a blunter nacelle, however since the radius of curvature is non-dimensionalised by
lfb/(rmax−rhi)2 and this value is generally higher for the shorter nacelles the radius
of curvature is similar to the five less aggressive designs.

The highest peaks in isentropic Mach number (Figure 5.39) correlate with the high-
est rates of change in curvature (Figure 5.41b). Subsequent to the peak in ∆κ/∆x
there is a steady decrease which for all six chosen designs reduced the curvature to
less than κ = 0.1m−1 (Figure 5.41a). The aft 80% of the nacelle is characterised by
small changes in the curvature which mostly remain below κ = 0.1m−1. In addition
the magnitude of the rate of change of curvature remains below 0.1m−2 for most of
the afterbody until around the last 10% of the cowl.

The boattail angle tended to increase with a greater trailing edge radius for the
shorter nacelle whilst the opposite trend was observed for the longer nacelle (Figure
5.40d). There were no clear trends in the trailing edge second derivative as a function
of the length or trailing edge radius.

5.7 Influence of Incidence on
Aerodynamic Performance

An aero-engine is unlikely to operate at zero degrees incidence at the cruise condi-
tion. The aircraft will cruise at an incidence to generate the requisite lift for level
flight. In addition to this the engine may be installed on the wing at an angle of in-
cidence to aid the installation. Finally, the circulation around the wing will provide
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(a)

(b)

Figure 5.39: Example optimal Isentropic Mach number profiles for all trailing
edge radii at a length of (a) lnac/rhi = 3.1 and (b) lnac/rhi = 3.8
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(a) (b)

(c) (d)

Figure 5.40: Pareto optimal sets for optimisations performed at different
lengths and trailing edge radii, plotted as a function of the design metrics. Dashed
lines indicate median value and dotted lines indicate the quartiles. Number of

individuals are indicated by the relative thickness of the distributions

an upstream upwash which the engine nacelle will probably be influenced by. Due
to these reasons it is important to assess how well an engine nacelle performs at
incidence. In this study the baseline E2 engine was simulated at the cruise altitude
(h = 10668m) and operating condition (M∞ = 0.82, MFCR = 0.75) between and
incidence of α = 0◦ and α = 8◦.

A baseline performance of a nacelle as a function of incidence is demonstrated
in the E2 nacelle (Figure 5.43). As the incidence of the nacelle is increased the
streamtube of air entering it shifts down from the highlight plane. As a result the
local stagnation point on the topline (θ = 0◦) moves further into the intake and
the stagnation point on the bottomline (θ = 180◦) moves onto the outside of the
fan cowl. Due to this movement of the streamtube around the leading edge of the
nacelle, the acceleration on the topline will be greater at high incidence as a result of
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(a)

(b)

Figure 5.41: (a) Curvature distribution and (b) Rate of change of curvature
distribution for six chosen optimal designs for different lengths and trailing edge

radii

the air curving further around the leading edge. The distributions of isentropic Mach
number as a function of incidence (Figure 5.43) therefore shows that from αCL = 0◦,
where the three azimuthal lines all have the same distribution of isentropic Mach
number, to αCL = 8◦ there is a divergence of the three azimuthal lines in terms of
isentropic Mach number. For the E2 nacelle at M∞ = 0.82 the topline operates at
higher incidence as the centreline incidence increases and this results in the peak
Mach number increasing from Mpeak = 1.10 to Mpeak = 1.57 between αCL = 0◦ and
αCL = 10◦. The bottomline however experiences the opposite trend as the local
incidence for the fan cowl decreases, which decreases the peak Mach number.
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Across the three axisymmetric designs simulated in this incidence range the worst
performing was the shortest nacelle (E3 lnac/rhi = 3.1) (Figure 5.43). The influence
of incidence on this shortest nacelle rapidly strengthened the shock on the topline
of the nacelle significantly by αCL = 8◦. At αCL = 8◦ the peak Mach number is
Mpeak = 1.65 which results in a strong shock. The increase in topline peak Mach
number has a positive linear relationship with the incidence for all three engines
(Figure 5.44). The gradient of these linear correlations vary however between the 3
engines with the shortest nacelle (E3 lnac/rhi = 3.1) having the highest gradient and
the longest nacelle (E2) having the lowest. The gradient of these linear correlations
also increase with the peak Mach number of the nacelle at αCL = 0◦, i.e. a design
with higher baseline peak Mach number has a more severe response to incidence in
terms of peak Mach number. The peak Mach number of the sideline is relatively
independent of the incidence (Figure 5.44).

Figure 5.42: CDnac/FNref as a function of αCL for three different nacelle designs
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lnac/rhi = 4.3 lnac/rhi = 3.8 lnac/rhi = 3.1
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Figure 5.43: Isentropic Mach number distributions for three different engine
designs as a function of incidence (αCL) in the cruise condition, E2: M∞ = 0.82,

MFCR = 0.75; E3: M∞ = 0.852, MFCR = 0.7
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Figure 5.44: Mpeak as a function of αCL for three different nacelle designs

5.8 Influence of Windmill on
Aerodynamic Performance

Another concern for aggressive nacelle designs is how they will perform under ex-
treme off design conditions. It has already been demonstrated that the influence of
MFCR can be greater for a nacelle with a lower value of lnac/rhi. Another condition
which relates to low MFCR is that of a windmilling engine. Under this condition an
engine has failed but the fan is free to rotate. As such, the passage of air through
the engine results in drag from friction losses and the energy extracted to rotate the
engine. It is important to minimise the drag in this condition since in the critical
engine out scenario the second engine will likely be at a higher than normal power
setting and a large yaw moment will be produced. To maintain static stability,
the vertical stabiliser will be sized under these conditions. For instance, a previ-
ous study identified that an increase in fan diameter from 2.84m to 3.78m on the
B777-200ER at M∞ = 0.2, similar to a take-off condition, resulted in an increase of
windmill drag of over 150% and an increase in the tail size of 15% was required to
balance this yaw moment.47
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Since the influence of MFCR is greater on a shorter nacelle it is likely that meeting a
given criterion with a windmilling engine will be more difficult. An engine failure at
altitude with a diversion mission profile was considered a 2D axisymmetric problem
with zero incidence across a range of Mach numbers (M∞ = [0.2, 0.85]) and altitudes
(h = [0m, 10668m]). In a diversion due to engine failure an aircraft will need
to maximise its range by flying at the maximum L/D ratio. It is important to
determine what influence a novel nacelle design might have on the optimal L/D.
Conversely, engine failure at the end of runway was considered with incidence at a
constant Mach number and altitude. Four engines, the baseline E1 and E2 engines
and optimal designs for the E3 engine at lnac/rhi = 3.1, rTE/rhi = 1.0 and lnac/rhi =
3.8, rTE/rhi = 1.0, were simulated across all of the diversion conditions.

Representative mass flows for the windmill condition were calculated from a method
outlined by ESDU13 (Equation 5.1, 5.2) which is based on a curve fit (Equation
5.3) as a function of freestream Mach number (M∞) and maximum sea level thrust
divided by the weight of the air flow (w = mg)(Equation 5.4) at maximum sea
level thrust. The mass flow was a function of the freestream conditions and thus
the altitude however since the MFCR is non-dimensional this is constant for a
given engine cycle and freestream Mach number (Figure 5.45). The engine with
the highest specific thrust (E1) therefore had the lowest MFCR in the windmill
conditions. However, since E1 is a smaller engine overall with a very conservative
nacelle design it is expected to be less susceptible to spillage than the E3 engines.

Across the entire range of conditions the E1 engine experienced the lowest nacelle
drag (Figure 5.46). For instance atM∞ = 0.85 and h = 10668m the E1 drag is 8.4%
of FNref whilst the larger E2 engine had drag of 10.6% of FNref . This increase in
drag from E1 to E2 would be greater if the engine had been simply scaled since the
reduced specific thrust of E2 increased the windmill MFCR and thereby reduced
the spillage. The E3 engines have the worst external windmill at M∞ = 0.85,
h = 10668m. The longer E3 nacelle (lnac/rhi = 3.8) drag was 14.2% of FNref whilst
the shorter E3 nacelle (lnac/rhi = 3.1) had drag of 22.2% of FNref . This significant
increase in windmill drag at the cruise Mach number is caused by the presence of
shock waves on the E3 nacelles. In cruise, where MFCR = 0.7, the shorter E3 nacelle
has a peak Mach number of Mpeak = 1.21 but once the MFCR is reduced to the
windmill value ofMFCR = 0.347 the peak Mach number increases toMpeak = 1.91.
This is a trait of its aggressive design which features high accelerations due to the
high curvature changes. Conversely for the E1 engine the increase due to windmill is
from Mpeak = 1.12 to Mpeak = 1.47. At freestream Mach numbers below M∞ ≤ 0.5
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the shorter E3 nacelle has marginally lower drag than the E2 nacelle at all altitudes
(Figure 5.46). This has implications for the diversion planning since this will usually
be carried out at lower than cruise Mach numbers. However, the shortest nacelle
also encountered wave drag at the lowest freestream Mach number, slightly above
M∞ = 0.5. As a result of this increase in wave drag above M∞ = 0.5 the M∞
at which the minimum drag is encountered is at M∞ = 0.45 (Figure 5.47d). This
is significantly lower than for the other designs. For instance the longer nacelle
of lnac/rhi = 3.8 encountered minimum drag at M∞ = 0.55 (Figure 5.47c) whilst
the conventional nacelle had a minimum drag at M∞ = 0.65 (Figure 5.47b). This
will have an influence on the overall aircraft L/D as a function of M∞ and may
ultimately result in a lower speed being optimal for the diversion. As an example,
the Airbus A350-XWB airliner was certified for an ETOPS (extended operations)
time of 370 minutes by the EASA with a diversion range of 2500 nautical miles
under standard atmospheric conditions.119 This corresponds to a diversion velocity
of U = 209 ms−1 and dependent on the diversion altitude the aircraft can be
assumed to fly between M∞ = 0.6 and M∞ = 0.7. Assuming a diversion altitude
of h = 6706m, the flight Mach number would be M∞ = 0.66. This would be
plausible with the E1 or E2 nacelles which would be close to the Mach number of
minimum drag (Figures 5.47a, 5.47b). However, at this altitude of h = 6706m, to
operate the longer E3 nacelle (lnac/rhi = 3.8) at the optimal Mach number for drag
would reduce the diversion range from 4630km (2500nm) to 3828km (2067nm). This
worsens for the shorter E3 nacelle (lnac/rhi = 3.1) where the range is reduced to
3132km (1691nm) based on the optimal flight Mach number of M∞ = 0.45. These
reductions in range would ultimately dictate the acceptable routes for long-haul
flights. At M∞ = 0.6, the external drag of the shortest nacelle (lnac/rhi = 3.1) was
estimated to be around 50% of the internal drag predicted by an existing method.42

This indicates that the external drag is a considerable component of the overall
windmill drag and should be considered for compact nacelles.

m = AAfanP∞f(M∞)√
RT∞

(5.1)

f(M) = γM∞[
1 + γ−1

2 M2
∞

] γ+1
2(γ−1)

(5.2)
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ζ = [FN/w]s,0 (5.4)

Figure 5.45: MFCR as a function ofM∞ for three engine cycles in the windmill
condition based on ESDU data13
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(a) h = 0m (b) h = 3658m

(c) h = 6706m (d) h = 10668m

Figure 5.46: Influence of M∞ and h on semi-dimensional windmill drag (cDA
for four different engine designs



Chapter 5 Axisymmetric Engine Design Studies 157

(a) E1, lnac/rhi = 4.3 (b) E2, lnac/rhi = 4.3

(c) E3, lnac/rhi = 3.8 (d) E3, lnac/rhi = 3.1

Figure 5.47: Influence of M∞ and h on semi-dimensional windmill drag (cDA
for four different engine models
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(a) M∞ = 0.85, h = 10668m

(b) M∞ = 0.6, h = 6706m

Figure 5.48: Isentropic Mach distributions for four engine designs under the
windmill condition

An incidence study was performed for an end of runway condition for the E2 nacelle
and the two optimised E3 nacelles discussed in the previous paragraph (lnac/rhi =
3.8, rTE/rhi = 1.0 and lnac/rhi = 3.1, rTE/rhi = 1.0). This analysis was performed
at h = 0m, M∞ = 0.25 and between α = 0◦ and α = 30◦. At this Mach number and
altitude the drag performance will not be dominated by wave drag as in the cruise
comparisons but due to the high incidences separation may become a problem. As
the incidence increases the pressure gradient will become more adverse as the flow
must diffuse more on the upper surface of the nacelle. At a high enough incidence
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the adverse pressure gradient the flow may separate from the surface and recirculate
before re-attaching. At higher incidence the separation region will grow until it no
longer re-attaches. This flow regime is associated with very high drag.

Figure 5.49: Influence of αCL on windmill drag (Dnac) for four different engine
designs in an end of runway condition (M∞ = 0.25, h = 0m)

The precipitous rise in drag which is encountered at higher incidence (Figure 5.49)
is due to the separation of the flow along the upper surface of the fan cowl. This
occurs at a different value of αCL depending on the length of the nacelle. Whilst
the conventionally designed E2 nacelle does not have a fan cowl separation even at
the high incidence of αCL = 30◦, the shorter E3 nacelles have both separated by
this point (Figure 5.50). For both E3 nacelles the separation is triggered over the
leading edge of the nacelle which results in a large region of reversed flow (Figure
5.50). This leading edge separation is the cause of a sudden change in drag above
a given incidence (Figure 5.49). This indicates that the shortest nacelle cannot
operate above αCL = 20◦ under the windmill condition.

5.9 Influence of Installation on
Aerodynamic Performance

This section aims to determine the influence of the engine installation on the Com-
mon Research Model (CRM) aircraft. The section demonstrates the performance
of the E2 engine, with the lnac/rhi = 4.3 nacelle, initially as a baseline at the two
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Figure 5.50: Contours of X-Velocity (Ux) for three different engine designs as
a function of incidence (αCL)

different operating Mach numbers (M∞ = 0.85 and M∞ = 0.82). Then the relative
performance of the E3 engine with the short (lnac/rhi = 3.1) nacelle is quantified.
Finally, two installation angles are assessed for the E3 engine to establish whether
this value can be reduced to improve aerodynamic interaction with the aircraft as
the short nacelle is more sensitive to incidence (Section 5.7).
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5.9.1 Clean Wing

The clean wing configuration (WBT0) consists of the airframe (fuselage, wing,
tailplane) without any engine installed. It was computed11 to establish the per-
formance of the airframe without any interference from an underwing engine. From
this starting point, the installation and interference terms can be deduced by in-
stalling the engine and comparing the results. The CRM aircraft was designed
to operate at M∞ = 0.85 and CL = 0.5.64 The CRM clean wing configuration
(WBT0) has been calculated at M∞ = 0.85120 and M∞ = 0.82.11 At the design
lift coefficient of CL = 0.5 the L/D ratio at both M∞ = 0.85 and M∞ = 0.82 is
around L/D = 22 for these clean wing calculations (Figure 5.51). The operating
incidence at M∞ = 0.85 is lower at around αa/c = 2.1◦ in comparison to αa/c = 2.3◦

at M∞ = 0.82 (Figure 5.52). However above αa/c = 3.5◦ the lift at M∞ = 0.85
reduces below the lift at M∞ = 0.82 as transonic effects begin to worsen the per-
formance. This worsened relationship with incidence is as a direct result of the
increased loading on the wing which is present at the higher Mach number (Figure
5.53).

Figure 5.51: Drag polar for the CRM clean wing aircraft at M∞ = 0.82 and
M∞ = 0.85
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Figure 5.52: CL − α curve for the CRM clean wing aircraft at M∞ = 0.82 and
M∞ = 0.85
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(a) M∞ = 0.82

(b) M∞ = 0.85

Figure 5.53: Isentropic Mach distributions on the CRM wing in the engine
installation plane at two freestream Mach numbers across a range of incidences

5.9.2 E2 Engine

The E2 engine with datum nacelle was simulated in the datum installation position
(Figure 3.6) at M∞ = 0.85 for a range of incidences to establish a drag polar. Rel-
ative to the clean wing configuration WBT0, the installed configuration WBT0N
had lower lift for a given incidence due to the influence the engine had on the air-
frame. As a result of this the required incidence to achieve the cruise lift coefficient
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of CL = 0.5 increased from αa/c = 2.1◦ to αa/c = 2.3◦ due to the addition of the en-
gine. The increase in the aircraft drag between the clean wing configuration and the
installed configuration at this lift coefficient is the installation drag. The installa-
tion drag for the E2 engine installed in the C3 position was CD,inst = 0.0022 (Figure
5.54). To establish how much this increase in drag is due to the interference it is
important to determine the difference between the installation drag (CD,inst) and
the isolated nacelle drag (CD,nac). The drag of the superposition model (SM) was
therefore calculated where the isolated nacelle drag is added to the clean aircraft
drag. The superposition model consists of the clean wing configuration (WBT0)
and an isolated nacelle summed in a condition at which they produce the same
lift coefficient as the installed case. The installation angle of the E2 engine was
αinst = 1.75◦ relative to the aircraft axis. The upwash was extracted at the position
of the engine highlight centre from the clean wing configuration (WBT0) analyses.
These values were calculated for the required cruise lift coefficient of CL = 0.5.
The upwash was approximately αupwash = 0.3◦. The sum of the aircraft incidence
(αa/c), the installation incidence (αinst) and the upwash incidence (αupwash) give the
effective engine incidence which the isolated engine must be considered at to obtain
the superposition model drag. For the E2 engine installed in the datum position
this effective incidence was αCL = 4.4◦ at CL = 0.5. The interference term is then
the difference between the installed configuration and the superposition model.

An interference benefit is present in the D∗nac force for the installed case relative
to the superposition model (Figure 5.55). However, the forward force acting on the
post exit streamtube is reduced once installed in comparison to the superposition
model (Figure 5.55). Due to this and the relatively unchanged airframe drag, there
is a net interference drag term of 0.3% of FNref (Figure 5.55). The source of these
interference terms can be identified in the local aerodynamics. A direct comparison
of the nacelle aerodynamics from isolated to installed is difficult since CFD was
not computed at the exact effective incidences which the engine operates at when
installed on the wing. However there is a close approximation and the trends in the
peak Mach numbers have been demonstrated to respond quite linearly to incidence
(section 5.7). The main effects of the wing pressure field on the nacelle was an
increase in the pressure on the aft 60% of the cowl, and a relocation of the shock.
The beneficial reduction in drag on the nacelle is caused by the increase in the
pressure on the forward facing aft 60% of the cowl (Figure 5.56). This provides a
greater benefit than the increase in drag due to the stronger shock.
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Figure 5.54: Drag polar for the CRM clean wing aircraft (WBT0) atM∞ = 0.85
and for the CRM with the E2 engine installed in the datum position

Figure 5.55: Stackup of drag forces acting on the isolated and installed E2
engine and airframe
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(a) Isolated αCL = 4◦ (b) Isolated αCL = 6◦

(c) Installed αCL = 2◦ (d) Installed αCL = 4◦

Figure 5.56: Isentropic Mach distributions on the E2 nacelle at two incidences,
in an isolated and installed (C3) configuration at M∞ = 0.85

5.9.2.1 Influence of Freestream Mach Number

To determine the sensitivity of the installation to freestream Mach number, the
data at M∞ = 0.85 was compared to data at M∞ = 0.82.11 For the clean wing case
the increase in Mach number increased the lift at a given incidence. This trend
remains true for the installed configuration. However, the higher freestream Mach
number also resulted in an increase in the drag of both the airframe and the engine.
As a result of this the required incidence to achieve the cruise lift coefficient of CL
at M∞ = 0.82 increased from αa/c = 2.3◦ to αa/c = 2.5◦ due to the addition of the
engine, whilst at the higher Mach number the required incidence with the engine
was αa/c = 2.3◦. The installation drag for the E2 engine installed in the datum
position was CD,inst = 0.0015 at M∞ = 0.82, which is lower than at M∞ = 0.85
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where it was CD,inst = 0.0022 (Figure 5.57). However, as demonstrated previously
(Section 5.7) the increase in Mach number does also cause an increase in the drag for
the isolated engine configuration. Therefore, again the installed case was compared
to the superposition model. Whilst for the case atM∞ = 0.85, the interference force
resulted in an 0.3%FNref increase in the drag, for the case at M∞ = 0.82 there was
a net benefit of 1.3%FNref due to the interference. At the lower Mach number the
benefit is due to a much larger beneficial interaction on the nacelle (Figure 5.58),
whilst there is also a detrimental interaction on the wing for this case (Figure 5.58).

The sources of these interference terms can again be identified in the local aerody-
namics. At M∞ = 0.82 the addition of the engine causes a large reduction in the
peak suction on the upper surface of the wing relative to the clean wing configura-
tion (WBT0) at every incidence tested (Figure 5.59a). This is a consequence of the
local region of the wing being washed by the lower momentum wake of the nacelle.
At αa/c = 2◦ for instance, the peak Mach number is reduced from M = 1.40 to
M = 1.12. This reduction in suction of course reduces the lift, however as this
suction is on the forward facing section of the wing any reduction also increases the
drag. In contrast, the configuration at the higher Mach number ofM∞ = 0.85 expe-
riences less reduction in peak suction as a result of engine installation, reducing from
M = 1.40 to M = 1.22 at αa/c = 2.0◦. This is largely a result of the different flow
topology between the two Mach numbers, whereby the clean wing configurations
have the same peak Mach number at the two different freestream Mach numbers as
the shock moves from forward of the crest to aft as the freestream Mach number
is increased from M∞ = 0.82 to M∞ = 0.85 at αa/c = 2.0◦ (Figure 5.59). With an
engine installed, the aft shock remains in a similar position and a second shock wave
is present on the forebody for the case at M∞ = 0.85 and αa/c = 2.0◦. This two
shock formation retains more suction on the forward facing region of the wing than
the shock free configuration at the lower Mach number relative to the respective
clean wing configurations. In the regions of the wing away from the engine, the
flow is also greatly affected by the installation of the engine. At both freestream
Mach numbers a high Mach region is present in the installed configuration inboard
of the engine location on the upper surface of the wing (Figure 5.60). This relative
decrease in pressure compared to the clean wing configuration provides a reduction
in the drag as it is present on a region of high forward projected area. However for
the case atM∞ = 0.82, this also results in the addition of a shock wave which is not
present in the clean wing configuration (Figure 5.60), which increases the drag and
causes an overall increase in the airframe drag due to installation (Figure 5.58). For
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the case at M∞ = 0.85 however, a shock is present in the clean wing configuration
at αa/c = 2.0◦ which extends for most of the wingspan (Figure 5.60). As such, the
acceleration caused by the addition of the engine is less penalising in terms of wave
drag and overall the installation has almost no detrimental impact on the airframe
drag relative to the clean wing configuration.

The nacelle aerodynamics are important for these installed comparisons as the ben-
eficial contributions to the interference force for both Mach numbers were acting on
the nacelle (Figure 5.58). The interference force resulted in four times as much drag
reduction in the M∞ = 0.82 than it did in the M∞ = 0.85 case (Figure 5.58). For
instance at αa/c = 2.0◦ the effective nacelle incidence is calculated to be αCL = 4.1◦

at M∞ = 0.82 once the installation angle and the wing upwash is accounted for.
The αa/c = 2.0◦,M∞ = 0.82 installed case is therefore comparable to the αCL = 4.0◦

at M∞ = 0.82 isolated case. The effective incidences at the other conditions are:
αCL = 6.4◦ at αa/c = 4.0◦ at M∞ = 0.82, αCL = 4.0◦ at αa/c = 2.0◦ at M∞ = 0.85,
and αCL = 6.3◦ at αa/c = 4.0◦ at M∞ = 0.85. The re-trimmed aircraft incidence is
closer to αa/c = 2.0◦ than αa/c = 4.0◦ in both freestream Mach number cases. The
benefit of installation on the nacelle drag is due to the increase in pressure which
acts on the afterbody of the nacelle relative to the isolated case (Figure 5.61). In
addition to this the position of the shock is moved upstream by around 0.02Lnac
however this does not appreciably increase the strength. At M∞ = 0.85 a similar
trend is seen where the afterbody experiences a beneficial increase in pressure (Fig-
ure 5.56). However, as it is at a higher freestream Mach number the accelerations on
the cowl are generally higher in both installed and isolated. This results in a greater
penalty from installation as the shock is moved upstream and the shock occurs at a
higher Mach number. The same interference is therefore acting at both freestream
Mach numbers however the balance between shock strength increase and beneficial
pressure force is what results in much less interference benefit for the M∞ = 0.85
case.
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Figure 5.57: Drag polar for the CRM clean wing aircraft (WBT0) atM∞ = 0.82
and M∞ = 0.85 and for the CRM with the E2 engine installed in position C3

Figure 5.58: Stackup of drag forces acting on the isolated and installed E2
engine and airframe
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(a) M∞ = 0.82

(b) M∞ = 0.85

Figure 5.59: Isentropic Mach distributions on the CRM wing in the engine
installation plane at two freestream Mach numbers across a range of incidences

with and without engine E2 installed in the baseline position (C3)
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(a) WBT0 configuration M∞ = 0.82 (b) WBT0N configuration with E2 in C3
M∞ = 0.82

(c) WBT0 configuration M∞ = 0.85 (d) WBT0N configuration with E2 in C3
M∞ = 0.85

Figure 5.60: Isentropic Mach contours on the upper surface of the wing at
two Mach numbers for the clean wing (WBT0) and with E2 installed in C3

configuration
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(a) Isolated αCL = 4◦ (b) Isolated αCL = 6◦

(c) Installed αa/c = 2◦ (d) Installed αa/c = 4◦

Figure 5.61: Isentropic Mach distributions on the E2 nacelle at two incidences,
in an isolated and installed (C3) configuration at M∞ = 0.82

5.9.3 E3 engine

The E2 lnac/rhi = 4.3 engine nacelle was compared to the E3 lnac/rhi = 3.1 nacelle
in the same datum installation position. The drag polars indicated that below
CL = 0.6 the configuration with the E3 engine installed had less drag than the
longer E2 engine installed in the same position of C3 and operating at the same
Mach number of M∞ = 0.85 (Figure 5.62). At the design lift coefficient of CL =
0.5 the configuration with the E3 engine had an overall drag of CD,a/c = 0.0241
which compares favourably to the E2 engine configuration which had an overall drag
coefficient of CD,a/c = 0.0248 at the same re-trimmed condition. The influence of
the installation in comparison to the superposition model however is much different
between the E2 and the E3 engines, which indicates how this lower drag is achieved.
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The superposition model was again calculated at the incidence of the airframe and
nacelle which would give a combined lift of CL = 0.5 whilst accounting for the
installation angle of the engine and the upwash incidence seen by the nacelle. This
resulted in a similar incidence and isolated nacelle drag between the E2, D∗nac =
22.5%FNref , and E3 engines, D∗nac = 21.6%FNref (Figure 5.63). The influence of
installation however changes these numbers much more for the E3 engine (Figure
5.63). Specifically, the airframe experiences a large reduction in drag of 11.2% FNref ,
whilst the modified nacelle drag is increased by 4.0% of FNref and the beneficial
post exit force is reduced by 6.4% of FNref . This indicates a far greater level of
interaction for the E3 engine than was experienced with the E2 engine (Figure
5.63). Ultimately, this results in a 0.9% FNref reduction in the drag relative to
the superposition model for the E3 engine whilst a detriment of 0.3% FNref was
observed for the E2 engine.

The reduction in airframe drag is a result of a change in the pressure field which
acts on the wing. At the lower incidences, there is a higher acceleration on the lower
surface of the wing relative to the clean wing case (Figure 5.64) which provides a
suction on the forward facing section of the wing. This suction does not appear in
the higher incidences and the flowfield is similar to the configuration with the E2
engine installed (Figures 5.59b, 5.64). This increase in suction is largely confined
to the inboard region of the wing as this area will be most influenced by the gully
formed by the wing, fuselage and engine (Figure 5.65). This increase in suction
also would reduce the lift, though the Mach number is reduced further aft on the
lower surface of the wing, which will help to regain the lift (Figure 5.64). The
upper surface of the wing is influenced in a similar way to with the E3 engine
installed where the single shock becomes two separate shocks. Relative to the
E3 configuration, the upstream shock is stronger on the E3 installed wing with a
relatively weak aft shock. This is also caused by an increase in the acceleration at
the leading edge of the wing.

In contrast to the E2 engine, the drag of the E3 engine was worse in the installed
case relative to the superposition model (Figure 5.63). In the case of the E3, which
had a larger amount of wave drag in the isolated case, the interaction in the wing
resulted in an increase in the wave drag (Figure 5.66) as had been observed for the
E2 engine at M∞ = 0.85. This displacement of the shock also reduces the sonic
region by around 50% relative to the isolated case and this provides less forward
force due to suction loss. As with the E2 engine the loss in forebody suction is
accompanied by an increase in aftbody pressure, however for this more supercritical
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design the reduction in suction and increased wave drag is far more penalising than
the aftbody improvement.

Figure 5.62: Drag polar for the CRM clean wing aircraft (WBT0) atM∞ = 0.82
andM∞ = 0.85 and for the CRM with the E2 and E3 engines installed in position

C3

Figure 5.63: Stackup of drag forces acting on the isolated and installed E2 and
E3 engine and airframe in position C3
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Figure 5.64: Isentropic Mach distributions on the CRM wing in the engine
installation plane at two freestream Mach numbers across a range of incidences

with and without engine E3 installed in the baseline position (C3)
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(a) WBT0 configuration wing lower surface
M∞ = 0.85

(b) WBT0N configuration wing lower sur-
face with E3 in C3 M∞ = 0.85

(c) WBT0 configuration wing upper surface
M∞ = 0.85

(d) WBT0N configuration wing upper sur-
face with E3 in C3 M∞ = 0.85

Figure 5.65: Isentropic Mach contours on the upper surface of the wing at
two Mach numbers for the clean wing (WBT0) and with E3 installed in C3

configuration
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(a) Isolated αCL = 4◦ (b) Isolated αCL = 6◦

(c) Installed αCL = 2◦ (d) Isolated αCL = 4◦

Figure 5.66: Isentropic Mach distributions on the E3 nacelle at two incidences,
in an isolated and installed in the datum position

5.9.4 Influence of Installation Angle

In previous work11 and in the previous section, the engine was installed at a con-
stant angle (αInst = 1.75◦) relative to the wing chord. This angle is determined to
ensure that a reasonable trade off is achieved between a minimisation of the nacelle
incidence and the minimisation of the interaction between the wing and the jet.
Whilst the nacelle aerodynamics could conceivably be optimised by orienting the
engine axis to coincide with the flow direction, this would likely result in the jet
impinging on the wing and the thrust vector resulting in negative lift. The impact
of the installation angle was very small on the overall drag polar (Figure 5.67),
which suggests a very similar influence between the wing and engine between the
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two installation angles. The influence of the engine on the wing appears to be min-
imal at all incidences tested (Figure 5.68) and restricted to the upper surface of the
wing. This is not localised to the engine plane and the spanwise distributions are
generally unchanged by the change in installation angle (Figure 5.69). However,
since the nacelle is operating at a slightly lower incidence, there is a reduction in
the peak Mach number on the nacelle at a given aircraft incidence (Figure 5.70).
Since the two configurations retrimmed to an equivalent incidence, this improve-
ment can be achieved without an appreciable loss of lift from the thrust vector. This
reduction in peak Mach number will improve the off design performance and make
the nacelle easier to design. Ultimately, this seemed to justify the reduction in the
installation angle which enables a more favourable nacelle aerodynamics which will
give improved characteristics for the nacelle off design.

Figure 5.67: Drag polar for the CRM clean wing aircraft (WBT0) atM∞ = 0.85
and for the CRM with the E2 and E3 engines installed in position C3 with two

installation angles (αinst)
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Figure 5.68: Isentropic Mach distributions on the CRM wing in the engine in-
stallation plane for two installation angles with engine E3 installed in the baseline

position (C3)
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(a) WBT0N configuration wing lower sur-
face with E3 in C3 with αinst = 1.75◦

(b) WBT0N configuration wing lower sur-
face with E3 in C3 with αinst = 1.0◦

(c) WBT0N configuration wing upper sur-
face with E3 in C3 with αinst = 1.75◦

(d) WBT0N configuration wing upper sur-
face with E3 in C3 with αinst = 1.0◦

Figure 5.69: Isentropic Mach contours on the upper surface of the wing at
two Mach numbers for the clean wing (WBT0) and with E3 installed in C3

configuration
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(a) Installed at αinst = 1.75◦, αa/c = 2◦ (b) Installed at αinst = 1.75◦, αa/c = 4◦

(c) Installed at αinst = 1.0◦, αa/c = 2◦ (d) Installed at αinst = 1.0◦, αa/c = 4◦

Figure 5.70: Isentropic Mach distributions on the E3 nacelle for two installation
angles

5.9.5 Net Propulsive Force

As well as considering the impact of installation on drag, it is important to recognise
that within the thrust domain there are interference terms which will impact on the
overall net propulsive force of the system. For a trimmed aircraft, the NPF should be
zero at the design lift coefficient of CL = 0.5. However, the E2 engine had a design
Mach number of M∞ = 0.82, so in operation at M∞ = 0.85 the NPF invariably
changes as it operates off-design. To consider the influence of the installation the
forces which act on the full configuration (WBT0N) are compared to a summation
of the forces which act on the isolated engine (NE) and isolated airframe (WBT0)
at an equivalent lift. At the design Mach number of M∞ = 0.82, the modified
standard net thrust (FN∗) was around 18% higher than the reference standard net
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thrust (FNref ) due to the forces acting on the core cowl and plug which give a
beneficial forward force. The FN∗ increases with an increase in Mach number in
isolation (Figure 5.71) due to an increase in the engine mass flow as the MFCR
was held constant. The airframe and modified nacelle drags are also increased as a
result of an increase in the wave drag acting on both (Figure 5.71). As a result the
NPF for the case atM∞ = 0.82 is 11.5% of FNref whilst atM∞ = 0.85 it was 11.3%.
This excess thrust would typically prompt a reduction in engine size to reduce the
NPF to zero, which would achieve weight and drag benefits. The installation of the
engine on the aircraft results in the NPF for both freestream Mach number cases
increasing. At M∞ = 0.82 the increase is 1.9% of FNref whilst at M∞ = 0.85 the
increase is 1.7% (Figure 5.71).

For the E3 engine there was a greater level of interference from the wing on the FN∗
(Figure 5.72) relative to the E2 engine. This resulted in an overall reduction in the
net interference force and a reduction in the NPF for the full configuration relative
to the E2 engine. The influence of the wing on the modified standard net thrust
is due to the influence on the θexhaust terms, i.e. the forces which act on the core
cowl and plug. The interaction between the exhaust system and the wing results in
a displacement of the core cowl shock in the installed case relative to the isolated
case (Figure 5.73).

Figure 5.71: Stackup of forces acting on the isolated and installed E2 engine
and airframe in datum position
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Figure 5.72: Stackup of forces acting on the isolated and installed E3 engine
and airframe in datum position
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Figure 5.73: Isolated, αCL = 4◦ and installed, αa/c = 2◦, flowfields for the E3
engine installed in position C3

5.10 Conclusions

Throughout this chapter a number of conclusions have been arrived at and the
consequences of these have a direct impact on the design of future UHBPR engines.
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• The specific configuration used to model an engine in CFD has a large impact
on the predicted drag. Notably, the inclusion of an experimental sting resulted
in around a 20% reduction in the drag relative to a simple pressure matched
exhaust.

• The inclusion of an exhaust streamtube can double the modified drag and as
such the post exit terms must be included for a representative drag prediction.

• Using the parameterisation outlined in section 3.2.2 a design space of novel
nacelles can be explored using relatively few variables. However, simply ad-
justing length and thickness can result in nacelles which have convex sections.
These nacelles with gradient inflections have very poor drag characteristics
and should be avoided.

• In order to allow an exploration of the novel short and slim design space,
an optimisation approach can provide well performing nacelles in terms of
cruise drag, drag rise Mach number and spillage drag for conventional nacelles.
An improvement has been demonstrated by the application of constraints on
pressure distribution which results in nacelles with more conventional pressure
distributions in a novel design space.

• A nacelle with a 23% reduction in length resulted in a 22% reduction in
nacelle drag. However, these compact designs are more sensitive to off design
condition.

• A reduction in nacelle length for a given required drag rise Mach number will
result in worse spillage performance, which may be 9 times higher for the
reduced length nacelle of lnac/rhi = 3.1 compared to a lnac/rhi = 4.3 nacelle.
This can be alleviated with an increase in the trailing edge radius.

• A short and slim nacelle with typically exhibit a higher peak Mach number
than a conventional nacelle as the curvatures are increased at the leading edge.
In cruise, this can be expected to be around ∆Mpeak = 0.1 to ∆Mpeak = 0.15
higher for a lnac/rhi = 3.1 compared to a lnac/rhi = 4.3 nacelle at M∞ = 0.85

• Whilst in cruise the short nacelle gave benefits in drag, the windmill condition
has been demonstrated to be critical. In an end of runway incidence sweep,
the shortest nacelle examined separated on the external fan cowl at αCL = 22◦

whilst the longest nacelle had not separated by αCL = 30◦.
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• Additionally, a short nacelle in the windmill condition may result in a signifi-
cant reduction in the diversion range due to slower optimal Mach number in
diversion.

• Once installed on an aircraft the impact of reducing the nacelle length to
lnac/rhi = 3.1 was a decrease in overall cruise aircraft drag of 3% relative to
a conventional length nacelle (lnac/rhi = 4.3). Installation of an engine with
a short nacelle can result in a greater interaction as a forebody shock may be
brought closer to the wing pressure field which indicates to exploit the reduced
drag of a short nacelle it should be designed in conjunction with the wing.



CHAPTER 6

Non-axisymmetric Engine Design Studies

Until this point, the design studies carried out have focused on an idealised engine
model which incorporated no three dimensional geometry changes. This assumed
the sideline of the nacelle was an accurate representation of the full geometry once
revolved around the x-axis. However, in practice nacelles are designed in greater
detail than this and include droop, scarf, and azimuthal variation of design param-
eters. This chapter focusses on the influence that these 3D elements have to the
aerodynamics, performance and design approach.

6.1 Baseline non-axisymmetric design

To allow a reference point for subsequent design studies a naive design approach
was taken to create a non-axisymmetric nacelle geometry. In this approach, droop
and scarf were simply applied to a 2D nacelle aeroline. An optimal axisymmetric
was chosen from the optimisation at lnac/rhi = 3.1 and rTE/rhi = 1.0 which was the
same design used for incidence (section 5.7) and installation (section 5.9) studies in
the previous chapter. A droop of θdroop = 3.0◦ and scarf of θscarf = 4.0◦ was applied
to the axisymmetric design to obtain new highlight coordinates for top and bottom
aerolines. A 3D design was then created by applying the same non-dimensional pa-
rameters and boattail angles used for the sideline design. This approach is expected
to be sub-optimal since the parameters applied were optimised for the sideline length
and highlight position, whereas the topline is slightly longer and the bottomline is
slightly shorter due to the addition of scarf. This resulted in a higher acceleration
on the bottomline at αCL = 0◦ and a stronger shock relative to the bottomline

187
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of the axisymmetric design at αCL = 0◦ (Figure 6.1). However, as the centreline
incidence is increased to αCL = 3◦ the topline incidence increases whilst the bot-
tomline incidence decreases. The impact of this acts to reduce acceleration on the
bottomline and increase it on the topline as shown for the axisymmetric nacelle.
For the non-axisymmetric nacelle, this means that the highest surface Mach number
moves from the bottomline to the topline between αCL = 0◦ and αCL = 3◦ (Figure
6.1). If correctly designed this would result in the minimum peak Mach number
occurring at the incidence at which the engine operates once installed on an aircraft.
Since the non-axisymmetric nacelle was not designed in detail however the drag was
8.9%FNref atM∞ = 0.85,MFCR = 0.7, αCL = 3◦, whilst the axisymmetric nacelle
had a drag of 7.8%FNref .

(a) Axisymmetric, αCL = 0◦ (b) Axisymmetric, αCL = 3◦

(c) Non-axisymmetric, αCL = 0◦ (d) Non-axisymmetric, αCL = 3◦

Figure 6.1: Comparison of axisymmetric and sub-optimal non-axisymmetric
nacelle designs at M∞ = 0.85, MFCR = 0.7
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6.2 Fidelity reduction to enable further studies

Studies of optimisation and nacelle design which have been discussed in chapter 5
used the same mesh fidelity as the validated method (Chapter 4). As a result of
this the process of performing the optimisation would take a prohibitive amount
of time to enable a worthwhile analysis of non-axisymmetric nacelles as well. It
was therefore decided to further develop the optimisation method in order to use
lower fidelity simulation techniques. Mesh size was reduced by approximately 87%
relative to the mesh used for all optimisations in chapter 5 (Figure 6.2). This also
resulted in an increase in the y+ from 1 to around 50, such that the k − ω SST
turbulence model used wall functions to model the boundary layer. Regions in the
mesh which were expected to have the greatest influence on the nacelle drag, such
as the highlight were reduced less (Figure 6.2) than areas which weren’t expected
to influence greatly, such as the farfield.
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(a) High fidelity overall mesh

(b) Low fidelity overall mesh

(c) High fidelity nacelle mesh

;

(d) Low fidelity nacelle mesh

(e) High fidelity highlight mesh

;

(f) Low fidelity highlight mesh

Figure 6.2: Mesh adaptations for reduced fidelity strategy
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Verification tests

To ensure that the reduced mesh fidelity did not have too detrimental an effect on
the overall optimisation process, two tests were carried out. Firstly, the aerody-
namics and performance metrics were compared for a previously optimised design.
Secondly, a full generation of designs was compared with low and high fidelities to
establish whether the relative performances were correctly predicted.

An optimal design was chosen from the previous set of optimisation results and
remeshed with the low fidelity approach. This reduced mesh size exhibited a 10%
change in the estimated drag compared to the full fidelity mesh. The prediction
of the pressure distribution on the cowl was very similar between the two fidelity
meshes (Figure 6.3). The response to freestream Mach number was similar (Figure
6.3) however the low fidelity mesh predicted a higher positive gradient across the
range tested and this resulted in a slightly lower drag rise Mach number by around
∆MDR = 0.002.
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Figure 6.3: Comparison of high fidelity and low fidelity meshes for a single
nacelle design

This offset was tested extensively in 2D to determine if it was constant across
different designs and therefore if the optimisation would tend towards the same
area of the design space. A previously computed generation of 50 designs was re-
evaluated with the lower fidelity mesh (Figures 6.4,6.5,6.6), the offset was broadly
the same at around 10-12% for most of the designs. The designs which did not follow
the trend were all found to have unfavourable aerodynamics, typically predicted
to cause multiple shock waves at cruise, and would therefore not be found to be
optimal anyway. Similarly for the spillage metric a roughly constant offset was
observed between the high and low fidelity mesh solutions (Figure 6.6). For the



Chapter 6 Non-axisymmetric Engine Design Studies 193

designs which were particularly poor in the cruise drag, a notable disparity between
the low fidelity and high fidelity designs exists but these would not be favoured by
an optimisation algorithm due to their poor performance in the cruise drag metric.
There is slightly more scatter in the high fidelity to low fidelity offset for the drag
rise metric however over 95% had a negative offset from the reduced fidelity.

Figure 6.4: Comparison of high fidelity and low fidelity meshes for a full gen-
eration in terms of cruise drag

Figure 6.5: Comparison of high fidelity and low fidelity meshes for a full gen-
eration in terms of drag rise Mach number
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Figure 6.6: Comparison of high fidelity and low fidelity meshes for a full gen-
eration in terms of spillage drag

6.3 Non-axisymmetric optimisation

With the reduction in fidelity which had been achieved in the mesh, it was possible to
reduce the time required for the optimisation procedure to within a viable timeframe
to complete 3D CFD in the optimisation loop. A 3D optimisation was set up
which consisted of a 3D geometry tool99 in place of the 2D parameterisation used
previously. This was parameterised along four azimuthal aerolines and the geometry
assumed to have planar symmetry normal to the x-axis. The sidelines (θ = 90◦ and
θ = 270◦) were fixed to a design which had been optimised in the 2D axisymmetric
approach for the nacelle dimensions of lnac/rhi = 3.1 and rTE/rhi = 1.0. This
left 3 parametric aerolines which were used as degrees of freedom (Figure 6.8).
In addition to reduce the dimensionality of the problem, the control of y′′TE was
removed as it was not shown to be very important to the designs (section 5.6).
This resulted in an optimisation problem with 12 degrees of freedom; four on three
aerolines. In addition, to minimise the computational cost, the drag rise metric used
was substituted from a gradient based metric (Equation 3.44) to an offset between
two freestream Mach numbers (Equation 6.1). In contrast to the gradient based
drag rise Mach number, the offset metric (DMach) was to be minimised rather than
maximised.

DMach = Dnac|M∞=0.87 − Dnac|M∞=0.85 (6.1)
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Since this optimisation was much more costly than previous optimisations and it
had previously been determined that inflecting designs were poor aerodynamically
an additional filter was added to this optimisation. The initial generation was
4000 designs of which 437 did not have inflections on any of the aerolines which
were controlled (Figure 6.7). This filtering process removed different regions of the
design space dependent upon which aeroline was considered. For instance, on the
topline (θ = 0◦) there were no viable designs with an fmax < 0.27 (Figure 6.7a).
In contrast, the bottomline could be produced with these low values of fmax whilst
there were greater restrictions on the combination of high fmax and high rmax/rhi.
This difference is due to the transformed length of the bottomline and topline and
the transformed highlight position which will tend to favour a flatter bottomline
and require a more curved topline forebody.
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(a) θ = 0◦

;
(b) θ = 180◦

Figure 6.7: Filtered design space for the 3D optimisation for topline and bot-
tomline



Chapter 6 Non-axisymmetric Engine Design Studies 197

Figure 6.8: Sketch of aerolines where red is fixed, blue is variable in the opti-
misation

The result of this optimisation was again a Pareto front which corresponded to the
best designs found in the search space (Figure 6.9). This Pareto set demonstrated
the same trends as were observed in the axisymmetric optimisations of single aero-
lines. Specifically, that the drag incurred by an increase in Mach number could be
reduced at the expense of the drag incurred by a reduction in MFCR.

Though the sideline geometry was fixed, the resultant aerodynamics are also a func-
tion of the full 3D design. There was therefore a considerable amount of variation
from the axisymmetric sideline distribution and the sideline distribution in the non-
axisymmetric designs created in the optimisation (Figure 6.10a). This reduced as
the optimisation process was continued and the number of designs was reduced
(Figure 6.10b). Four optimal designs were taken from the Pareto set to demon-
strate the optimal aerodynamics based on the different performance metrics (Fig-
ure 6.12). The lowest drag result (Dcruise/FNref = 0.064, DMach/FNref = 0.009,
Dspill/FNref = 0.005, Figure 6.12a) exhibited a high topline peak Mach number
however this provides a suction force which acts on the forward facing area of the
forebody. The lowest spillage design (Dcruise/FNref = 0.067, DMach/FNref = 0.012,
Dspill/FNref = 0.001, Figure 6.12c) has a ∆Mpeak = 0.07 reduced topline peak Mach
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number which improves the off-design spillage performance relative to the lowest
drag design. The lowest DMach design (Dcruise/FNref = 0.070, DMach/FNref =
0.004, Dspill/FNref = 0.013, Figure 6.12b) has a very high peak Mach number as
the topline design has a lower rmax than the other two designs and this increases the
local curvature resulting in high accelerations. This results in a very poor spillage
performance which makes the design untenable. A fourth design chosen from the
Pareto set (Dcruise/FNref = 0.068, DMach/FNref = 0.010, Dspill/FNref = 0.009, Fig-
ure 6.12d) had the lowest overall peak Mach number of any design and represents
a trade-off between the three performance metrics. All designs have similar perfor-
mance on the θ = 135◦ and θ = 180◦ aerolines which indicates that the optimal
designs are all very similar on the lower half of the nacelle and that the upper half
is more instrumental in changing the performance metrics. The upper section has
a higher forward facing area due to the droop angle of the nacelle and the topline
is at a higher local incidence so is more sensitive to the aerodynamics.

Figure 6.9: Final Pareto set for the 3D non-axisymmetric optimisation in ob-
jective space
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(a) Generation 0

;
(b) Generation 19

Figure 6.10: Comparison of sideline isentropic Mach number distributions for
all designs in generation 0 and 19

Certain trends were evident in the design variables of the optimal individuals (Figure
6.11). For instance, the optimal initial forebody radius (fif ) varied considerably in
the azimuthal distribution. The θ = 0◦, which due to the addition of droop and
scarf has a higher radial offset between highlight and trailing edge than the sideline,
tends towards a higher fif , whilst the lower two lines tend to lower values. This
higher value on the topline should also aid in reducing the topline peak Mach
number as it results in lower curvature values. The values of rmax/rhi for all three
aerolines were relatively close to the sideline value, which may indicate that the
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optimal designs are constrained by the fixed sideline geometry. The values of fmax
show a similar trend which again may indicate that the azimuthal variation in this
parameter is constrained to the original sideline design. For eleven of the twelve
design parameters the bounds were not hit by the optimisation process, however
optimal designs existed at the edge of the fmax variable for θ = 0◦ which suggests
that this bound should be expanded.

;

;

Figure 6.11: Final Pareto set for the 3D non-axisymmetric optimisation in
design variable space. Violin plots indicate the distribution of the population, as

well as maximum, minimum and median values

An optimal design (Figure 6.12d) was chosen from the Pareto set which had a rel-
atively good distribution of isentopric Mach numbers. This design was chosen over
the alternative Pareto individuals as it exhibited a favourable isentropic Mach num-
ber distribution which provided lower peak Mach numbers than the axisymmetric
design at the same incidence and the installation impact was therefore expected to
be lower. This design was then meshed and computed with the high fidelity mesh
used in the previous studies. The design (Figure 6.13) had a topline peak Mach num-
ber at M∞ = 0.85, MFCR = 0.7 and αCL = 3◦ of Mpeak = 1.24. The axisymmetric
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nacelle at the same length (lnac/rhi = 3.1) and trailing edge (rTE/rhi = 1.0) had
a topline peak Mach number of Mpeak = 1.38 indicating an improvement from the
lengthened non-axisymmetric topline. The highest Mach number on the surface of
the non-axisymmetric cowl however occurred around θ = 45◦ near the highlight and
wasMpeak = 1.35. Since this was not an aeroline which was directly controlled it in-
dicated that further degrees of freedom were required. This is addressed in Appendix
E. The drag calculated from the high fidelity solution was CDcruise = 0.0237, whilst
for the axisymmetric nacelle the drag was CDcruise = 0.0235. Whilst this is a slightly
higher drag from the non-axisymmetric nacelle the reduction in topline peak Mach
number should improve the other aspects such as incidence response (section 6.4)
and installation (section 6.5). In addition, the isolated spillage drag at αCL = 3◦,
M∞ = 0.85 between MFCR = 0.7 and MFCR = 0.63 was CDspill = 0.0039 for
the axisymmetric nacelle whilst it was CDspill = 0.0033 for the non-axisymmetric
nacelle. In addition, the optimised non-axisymmetric nacelle compared favourably
to the baseline non-axisymmetric nacelle (section 6.1) which had a cruise drag of
CDcruise = 0.0267 at M∞ = 0.85, MFCR = 0.7 and αCL = 3◦.
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(a) Low Dcruise design (b) Low DMach design

(c) Low Dspill design (d) Low peak Mach number design

Figure 6.12: Four Pareto optimal designs from the non-axisymmetric optimi-
sation
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(a) Low Fidelity

;
(b) High Fidelity

Figure 6.13: Comparison of low and high fidelity solutions for the chosen solu-
tion

6.4 Influence of Incidence

It was previously shown that the impact of incidence was greatest on a short nacelle
(section 5.7). The impact of this was that the benefit in drag from a shortened
nacelle can be lost as the operating incidence is increased. Specifically it was shown
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that above αCL = 4.0◦ the nacelle with lnac/rhi = 3.1 had more drag than the
nacelle with lnac/rhi = 4.3 and above αCL = 7.0◦ more drag than the nacelle with
lnac/rhi = 3.8.

The addition of three degrees of droop and four degrees of scarf resulted in a greatly
improved response to incidence (Figure 6.14). Since the design was optimised at
αCL = 3.0◦ the drooped nacelle had the lowest drag at this incidence (Figure 6.14).
This resulted in higher drag at lower incidences, αCL < 3.0◦, as the bottomline
effectively saw a higher incidence which resulted in stronger shock on the bottom
of the nacelle (Figure 6.15a). At the design incidence of αCL = 3.0◦, the loading on
the different azimuthal aerolines have a roughly even peak suction (Figure 6.15b).
This balance between the azimuthal lines is what results in the minimum drag
at this incidence. In contrast, the axisymmetric nacelles all had a balanced peak
suction across the azimuthal aerolines at αCL = 0.0◦ and the topline progressively
worsened as the incidence was increased, whilst the bottomline improved (Figure
5.43). The application of the optimisation process to a nacelle with a non-zero
design incidence and non-axisymmetric aerolines can therefore allow the design to
be suited to a required cruise incidence. This higher design incidence not only
ensures the lowest drag at the given angle of attack but also improves the response
to higher incidences (Figure 6.14). Effectively, this improvement is also as a result
of the topline peak suction (Figure 6.15) being reduced relative to the axisymmetric
case of equivalent nacelle length (Figure 5.43). The outcome of this is that in the
region of incidences which the nacelle might operate once installed (αCL = 3.0◦

- αCL = 5.0◦) the non-axisymmetric nacelle has the lowest levels of drag, lower
even than the conventional nacelle operating at the lower Mach number and higher
MFCR. The non-axisymmetric lnac/rhi = 3.1 nacelle at αCL = 4.0◦ has 3% less
drag than the axisymmetric lnac/rhi = 4.3 nacelle, 6% less than the axisymmetric
lnac/rhi = 3.1 nacelle and 15% less than the axisymmetric lnac/rhi = 3.8 nacelle
(Figure 6.14).



Chapter 6 Non-axisymmetric Engine Design Studies 205

Figure 6.14: CDnac/FNref as a function of αCL for four different nacelle designs
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(a) αCL = 0◦ (b) αCL = 3◦

(c) αCL = 6◦ (d) αCL = 10◦

Figure 6.15: Isentropic Mach number distributions for the optimal non-
axisymmetric engine designs as a function of incidence (αCL) in the cruise con-

dition
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Figure 6.16: Mpeak as a function of αCL for four different nacelle designs

6.5 Influence of Installation

6.5.1 Baseline Position

The non-axisymmetric E3 engine nacelle (E3NA) was installed at an installation
angle of αinst = 1.0◦ in the datum position. At the lower values of incidence, the
E3NA nacelle had a worse drag performance than the axisymmetric E3 nacelle in
isolation, and this is mirrored in the installed case (Figure 6.17). The breakdown
of interference between the superposition model and the installed cases was very
similar between the axisymmetric and the non-axisymmetric nacelles (Figure 6.18).
However, the E3NA had a 0.6%FNref increase in the beneficial airframe interference
(Figure 6.18). This is caused by an increase in the suction of the lower surface wing
which is marginally increased for the E3 NA configuration (Figure 6.19). Conversely
there was no evident impact on the upper surface of the wing (Figure 6.19). This
improvement on the airframe was partially balanced by an increase in the detrimen-
tal nacelle interference (Figure 6.18). The influence of the wing pressure field on the
nacelle is again to increase the back pressure and provide a reduction in the Mach
number on the afterbody of the topline of the nacelle (Figure 6.20). In addition, the
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double shock pattern which is present in the isolated case is influenced more (Figure
6.20) than the single shock pattern on the axisymmetric nacelle (Figure 5.70). This
result in the acceleration moving from aft shock to forward shock.

Figure 6.17: Drag polar for the CRM clean wing aircraft (WBT0) atM∞ = 0.85
and for the CRM with the E3 and E3NA engines installed in the datum position

Figure 6.18: Stackup of forces acting on the isolated and installed E3NA engine
and airframe in the datum position
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(a) WBT0N configuration wing lower sur-
face with E3 in C3

(b) WBT0N configuration wing lower sur-
face with E3NA in C3

(c) WBT0N configuration wing lower sur-
face with E3 in C3

(d) WBT0N configuration wing upper sur-
face with E3NA in C3

Figure 6.19: Isentropic Mach contours on the upper surface of the wing at
two Mach numbers for the CRM with the E3 and E3NA engines installed in the

datum installation position
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(a) Isolated E3NA at αCL = 3◦ (b) Isolated E3NA at αCL = 5◦

(c) Installed E3NA in C3 at αinst = 1.0◦,
αa/c = 2◦

(d) Installed E3NA in C3 at αinst = 1.0◦,
αa/c = 4◦

Figure 6.20: Isentropic Mach distributions on the E3NA nacelle in isolation
and installed in datum position

6.5.2 Close-coupled Position

To establish if a similar trend between the axisymmetric E3 nacelle and the non-
axisymmetric E3 NA nacelle was present in a more closely coupled configuration,
the two engines were installed in the close-coupled position (Figure 3.6). This
position corresponds to the same axial displacement from the wing leading edge
but the nacelle is positioned 0.1clocal closer to the wing vertically. It is likely that
larger engines will need to be closer coupled in this manner to avoid difficulties with
ground clearance.

In the close-coupled position both engines experienced an increase in the overall
aircraft drag of ∆CD,a/c = 0.003 at CL = 0.5 relative to the datum position. This
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indicates that they both experienced a similar detriment in the aerodynamics due
to the closer coupling. This is partly caused by an increase in the effective nacelle
incidence of ∆αCL = 0.2◦ due to the increased upwash in the close coupled position.
However this has less than a CD,a/c = 0.0001 impact on the superposition model
(Figure 6.22) relative to the datum position (Figure 6.18). As such, the increase in
drag is due to the interference effects, with the largest impact on the airframe (Fig-
ure 6.22). The main interaction which caused the reduction in beneficial airframe
interaction relative to the datum position was an increase in the wave drag on the
lower surface of the wing which is present for both E3 and E3 NA (Figure 6.23).

The close-coupling between nacelle and wing results in a smaller gully space between
the wing and the nacelle (Figure 6.24) relative to the datum case. This results in
a flow acceleration through this gully space. In addition, the gully between the
fuselage reduces due to the vertical displacement and this results in an increase
in the velocity in the sideline plane of the nacelle and underside the wing (Figure
6.24). This increase of Mach number on the lower surface of the wing (Figure 6.23d)
relative to the datum position (Figure 6.19) causes the relative increase in drag on
the airframe.

The spillage performance of the installed E3 and E3 NA were also assessed at
αCL = 2.3◦. At this incidence both configurations generated lift of CL = 0.49,
which was approximately the design lift coefficient. At MFCR=0.7, M∞ = 0.85,
both the E3 configuration and E3 NA configuration had CD,a/c = 0.0238. In the
spillage condition of MFCR=0.63, M∞ = 0.85, the E3 configuration drag increased
by ∆CD,a/c = 0.0005 whilst the E3 NA configuration increased by ∆CD,a/c = 0.0004
which indicated a spillage improvement on the non-axisymmetric nacelle.
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Figure 6.21: Drag polar for the CRM clean wing aircraft (WBT0) atM∞ = 0.85
and for the CRM with the E3 and E3NA engines installed in the close-coupled

position

Figure 6.22: Stackup of forces acting on the isolated and installed E3NA engine
and airframe in close-coupled position
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(a) WBT0N configuration wing lower sur-
face with E3

(b) WBT0N configuration wing lower sur-
face with E3NA

(c) WBT0N configuration wing upper sur-
face with E3

(d) WBT0N configuration wing upper sur-
face with E3NA

Figure 6.23: Isentropic Mach contours on the upper surface of the wing at
two Mach numbers for the CRM with the E3 and E3NA engines installed in

close-coupled configuration
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(a) WBT0N configuration slice through the
engine axis and sidelines with E3

(b) WBT0N configuration slice through the
engine axis and sidelines with E3NA

(c) WBT0N configuration slice through the
engine axis and topline with E3

(d) WBT0N configuration slice through the
engine axis and topline with E3NA

Figure 6.24: Isentropic Mach contours on the upper surface of the wing at
two Mach numbers for the CRM with the E3 and E3NA engines installed in

close-coupled configuration

6.6 Conclusions

The work undertaken in this chapter has focussed on non-axisymmetric nacelle
design and interaction with incidence and installation. The key outcomes and con-
clusions were as follows:

• The optimisation method can be expanded to non-axisymmetric nacelles through
the control of azimuthal aerolines.
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• It was established from this work that the nacelle should be parameterised by
at least five aerolines to ensure adequate control over the peak Mach numbers.

• The use of the optimisation provides a viable means to produce a design which
is an improvement over the simple approach of using the same design variables
for each section.

• The use of droop and scarf on the nacelle can reduce the topline peak Mach
number relative to an axisymmetric configuration. This reduces the drag at
higher incidences relative to the axisymmetric case.





CHAPTER 7

Conclusions and Future Work

7.1 Conclusions

7.1.1 Conclusions on drag evaluation

This thesis has outlined the progress made through a project which aimed to assess
the aerodynamic impact of novel nacelle designs for ultra-high bypass ratio engines.
The initial research focussed on the validation of an existing CFD process5,98 which
provided validation data for the aerodynamic drag of an aero-engine nacelle. The
method was determined to be able to predict an indicative mid-cruise drag within
around 4% of the experimental data. In addition, sensitivity to freestream Mach
number, MFCR and incidence were determined. The drag rise Mach number (MDR)
was predicted within ∆MDR = 0.003 at a typical mass flow capture ratio of 0.70
for the nacelle most representative of those considered in the project. The wind
tunnel data which was validated against included sting interference. The use of
a sting in experimental work produces an increase in the static pressure at the
trailing edge of the nacelle which decreases the measured drag (CD′) and increases
the drag rise Mach number (MDR). Due to a similar effect, the inclusion of an
exhaust systpem with the nacelle, as well as representative efflux flows generating
a realistic exit streamtube, greatly increases the modified nacelle drag (CD∗nac) and
significantly lowers the drag rise Mach number (MDR). Relative to a typical civil
aero-engine configuration, with separate jets, the typical wind tunnel configuration
of a sting mounted nacelle results in a 20% reduction in cruise drag (CDnac), a
∆MDR = 0.007 increase in drag rise and a 12% of cruise drag increase in the spillage
drag (CDspill). Conversely, relative to the separate jets exhaust, the computational
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modelling approach of using a simple idealized exhaust results in a 18% increase
in cruise drag (CDnac), a ∆MDR = 0.002 increase in MDR and an increase in the
spillage drag of 13% of the cruise drag. This indicates that the inclusion of a sting
for wind tunnel drag testing is likely to result in an optimistic drag prediction
relative to a full configuration whilst the simplified model without exhaust system
will overpredict the drag. For an estimation of drag of a nacelle, the influence of
the exhaust system therefore must be included. In addition, prediction of the sting
drag with the use of a flat plate correction is not accurate as the boundary layer
after the nacelle is significantly different from that of a flat plate. An alternative
formulation of this correction has been demonstrated in Appendix C. However, the
accurate drag estimation of the nacelle would need a correction for the efflux.

7.1.2 Conclusions on optimisation method

A novel geometric design space was identified based on analysis of existing engine
nacelle designs. An initial attempt to understand this design space was carried out
with a full factorial design of experiment. The designs determined by this approach
were assessed with the validated CFD method. It was evident from the results of this
analysis that the designs required additional control to enable viable aerodynamics
and geometries without convex sections. In order to assess a higher dimensional
design space an alternative approach was developed since a full factorial would be
costly. Based on NSGA-II, this optimisation method has been developed and tested
on a series of analytical functions. Separately the ability of the tool was demon-
strated to converge well to single and multi-objective problems. Since the optimal
set which a genetic algorithm converges to is dependent on the settings and initial
conditions of the optimisation a series of different configurations were tested. The
influence of the initial random sample size used to start the generational process as
well as the number of generations used was assessed in terms of the volume of the
final Pareto set. It was demonstrated for an analytical function that with appro-
priate settings the solution could converge to 99.5% of the analytical solution. An
alternative means of initialising a genetic algorithm was also proposed and demon-
strated in this thesis, whereby the initial population is not fully random. Instead,
a Latin Hypercube set of individuals is created within the bounds of the search
space. This sample is used as the initial population and the process continued in
the same manner as the original NSGA-II. This has the benefit of greatly improving
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the probability that a single optimisation procedure will converge to a maximal hy-
pervolume given appropriate mutation, population and generation settings without
increasing the number of evaluations. This should be adopted for the initialisation
of a genetic algorithm as it is unlikely to increase the optimisation time excessively
when CFD is used as the evaluation method. The optimisation method demon-
strated that to enable a well designed nacelle, the objective functions minimised
should include control over the pressure distributions. The method, demonstrated
for both 2D and 3D geometries allows a reliable exploration of the design space of
novel, short and slim, nacelles.

7.1.3 Conclusions on short nacelle performance

A short nacelle (lnac/rhi = 3.1) was demonstrated to have a 22% reduced drag rela-
tive to a more conventional length (lnac/rhi = 4.3) at αCL = 0◦. A study of nacelle
installation was undertaken for underwing positions. It was demonstrated that an
engine with a short nacelle (lnac/rhi = 3.1) had a much more coupled relationship
with the aircraft relative to a more conventional length nacelle (lnac/rhi = 4.3).
Overall, the benefit in drag for the aircraft with the short nacelle was 3% of the
overall drag however this benefit was largely due to beneficial pressure forces on
the airframe caused by increased suction on the forward facing section of the wing.
This indicates that the aerodynamics for short nacelles must be considered in con-
junction with the airframe to maximise the drag benefit. The sizeable improvement
in aircraft drag could potentially then be worth $36m per year, for an aircraft.24 If
designed in conjunction with a wing, exhaust system and suitable intake, the drag
improvements could form part of a plausible solution for future ultra-high bypass
ratio engines. However, due to the generally higher peak Mach numbers which
were present on the lnac/rhi = 3.1 nacelle, the drag increased more rapidly with
incidence in isolated engine simulations relative to the lnac/rhi = 4.3 nacelle. This
meant that by αCL = 6◦ the drag was equal between the lnac/rhi = 3.1 nacelle and
the lnac/rhi = 4.3 nacelle. Whilst the incidence of the nacelle in cruise was not
above αCL = 4.5◦ in any of the configurations within this thesis, if it were required
to increase the installation angle or the coupling with the wing then this trade-off
must be considered. In addition, the lnac/rhi = 3.1 had prohibitively high drag in
two separate windmill conditions which were evaluated. For a diversion mission, the
lnac/rhi = 3.1 nacelle had an optimal diversion Mach number of M∞ = 0.45 whilst
the lnac/rhi = 4.3 nacelle had an optimal diversion Mach number of M∞ = 0.65.
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For an example diversion of the A350119 this would result in a reduced ETOPS
range of approximately 32%. Similarly in an end of runway windmill condition, the
lnac/rhi = 3.1 nacelle had flow separation at αCL = 22◦ whilst the lnac/rhi = 4.3
nacelle did not separate below αCL = 30◦, which is the requirement.49 Overall, the
benefit of a short nacelle is significant in the cruise condition and worth further
study. The windmill condition should be evaluated in further detail to establish
whether the end of runway separation can be mitigated through beneficial instal-
lation or whether the increase in drag in a diversion is significant in terms of the
overall aircraft system.
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7.2 Future Work

Throughout the work several further avenues of work were established. These would
each improve the understanding of the aerodynamics of aero-engines if explored.
The most notable are as follows:

• The optimisation work outlined was all performed with the NSGA-II algo-
rithm. It has been observed in the literature that this algorithm can some-
times converge to a Pareto set which is not evenly resolved. This could be the
reason for much of the unevenness observed in the Pareto sets in this thesis. It
is therefore suggested that alternative genetic algorithms be tested for nacelle
optimisation. This should allow a more evenly resolved Pareto set which can
verify the trends.

• Non-axisymmetric optimisation should be carried out with no fixed aerolines.
This would help to determine if the optimal designs shown in this project
could be improved if not constrained by a given sideline geometry.

• Additional work should be undertaken to establish the influence of the exhaust
system on the installation. This could be done by parametrically varying the
geometrical parameters. This would establish whether the observed thrust
loss due to installation could be mitigated for the engines tested.

• Further work should be carried out with additional installation positions.
Whilst two installation positions were demonstrated in this project, the in-
fluence of horizontal position was not established. Closely coupled positions
were studied, but next generation aero-engines may require overlap with the
wing due to the relative forward position of the centre of gravity in a geared
turbofan.

• Additional nacelles should be designed with different values of droop and scarf
to determine whether the trends displayed for a single case can be exploited
further.

• The method of reduced fidelity optimisation should be expanded to incor-
porate full aircraft configurations since the short nacelles have demonstrated
highly coupled aerodynamics once installed.
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• Since the installation assessments here were carried out without a pylon, the
influence for such supercritical nacelles should be assessed. The gully flow is
likely to become a more difficult area to design as the nacelle becomes more
closely coupled and the uninstalled peak Mach numbers increase.

• As the redesign of the exhaust and intake were not considered in this thesis,
separate work should establish the extent to which a short intake and an
exhaust system with greater wing coupling would allow for nacelle length
reduction. This work could take the form of a fully coupled optimisation
which would demonstrate the trade offs between different requirements from
intake, nacelle, exhaust and installation.
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APPENDIX A

Summary of mesh and domain independence
studies

A.1 Mesh independence

Mesh independence was carried out in accordance with the procedure outlined by
Roache.121 The method involves calculating a grid convergence index (GCI) for
the different meshes (Equations A.1, A.2) for a value f evaluated for each of the
meshes produced. A Richardson extrapolation (Equations A.3, A.4) is used to
determine the mesh independent value of the metric of interest. The GCI requires
the evaluation of the relative error between two given meshes, a ratio (r) of the two
grid sizes (N) (Equation A.5), the order of the convergence (p) (Equation A.6) and
a factor of safety (FS).

GCImed−fine = Fs

∣∣∣∣∣ffine − fmed−finefmed−fine

∣∣∣∣∣ (A.1)

GCIcor−med = Fs

∣∣∣∣∣fmed − fcor−medfcor−med

∣∣∣∣∣ (A.2)

fmed−fine ∼= ffine + ffine − fmed
rp − 1 (A.3)

fcor−med ∼= fmed + fmed − fcor
rp − 1 (A.4)

r =
(
N1

N2

)1/d
(A.5)

p = 2 (A.6)
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232 Appendix A Summary of mesh and domain independence studies

A.1.1 2D axisymmetric isolated nacelle studies

Throughout the project various configurations were simulated with different levels
of accuracy in terms of what they represented. The first model which was used for a
mesh study was the E3 engine in the NE-RE configuration (Figure 5.1f) with a short
nacelle (lnac/rhi = 3.1). Three meshes were created (Table A.1) and simulated at a
typical condition ofM∞ = 0.85, MFCR = 0.7. The metric which was calculated to
assess the mesh independence was nacelle drag (CDnac), which includes the influence
of post exit terms (φpost), and the modified nacelle drag (CD∗nac). It was determined
from this study that the fine mesh should be used to minimise the mesh dependent
error as it had around a 1% error from the Richardson extrapolation on both the
CD∗nac and the CDnac.

Configurations Coarse Medium Fine
Cells 58153 72769 88672

GCI CD∗nac - 1.43% 0.98%
GCI CDnac - 1.44% 1.02%

Table A.1: Results from the CFD simulations of 2-dimensional axisymmetric
nacelle meshes produced for independence studies

A.1.2 3D isolated nacelle studies

A mesh independence study was carried out on the E3 engine with an optimal
nacelle at a representative cruise condition of M∞ = 0.85, MFCR = 0.7. The
GCI was evaluated for the D∗nac and Dnac for the grids produced. Based on these
results (Table A.2) the fine mesh, with a GCI of -0.04% relative to the Richardson
extrapolation, was considered independent of the mesh and was used for all studies.

Configurations Coarse Medium Fine
Cells 6209024 8138830 11131029

GCI CD∗nac 0.08 0.02% 0.01%
GCI CDnac -0.63% -0.05% -0.04%

Table A.2: Results from the CFD simulations of 3-dimensional nacelle meshes
produced for independence studies
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A.1.3 3D installed studies

A mesh refinement study was carried out for the CRM aircraft in a previous work.11

Four meshes were produced for a wing/body/tail (WBT0) configuration and three
meshes were produced for a wing/body/nacelle/pylon (WBNP) configuration. The
WBT0 configuration was computed at a Mach number ofM∞ = 0.85. The GCI was
computed relative to the Richardson extrapolation for each of these configurations
at a range of incidences. At αa/c = 2.5◦, the GCI for the WBT0 configuration
was 4.06% for the CD,a/c of the fine mesh (Table A.3), which was concluded to be
satisfactory and the superfine mesh would not provide enough improvement for the
increased computational cost.11 The GCI of the CL of the fine mesh was around a
similar level of 4.83%. The WBNP configuration was computed at a Mach number
of M∞ = 0.83. The fine mesh was again chosen for this configuration based on a
typical cruise condition of 2.3% for the CD,a/c and 0.71% for the CL (Table A.4).11

Configurations Coarse Medium Fine Superfine
GCI CD,a/c 6.54% 5.99% 4.06% 3.05%
GCI CL 2.18% 3.19% 4.83% 3.63%

Table A.3: Results from the CFD simulations of WBT0 configuration at αa/c =
2.5◦ 11

Configurations Coarse Medium Fine
GCI CD,a/c 4.16% 2.92% 2.30%
GCI CL -0.75% 0.90% 0.71%

Table A.4: Results from the CFD simulations of WBNP configuration at αa/c =
2.5◦ 11

A.1.4 3D isolated nacelle studies

The mesh study was carried out on an E3 engine in the nacelle,exhaust (NE) config-
uration with representative exhaust flow (RE) with an optimal lnac/rhi = 3.1 nacelle.
Three meshes were created with a spherical domain size of rdomain = 100rmax.
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Configurations Coarse Medium Fine
V2 MS/NS 0.02081 0.02042 0.02040

E2 FS/NE/RE 35870 71344 144712

Table A.5: Results from the CFD simulations of 3-dimensional nacelle meshes
produced for independence studies

A.2 Domain independence

The domains used in the project were all semi-circular, hemi-spherical or a full
sphere. In the 2D axisymmetric representation of engines the domain was semi-
circular and the radius of the domain determined as a ratio of the maximum nacelle
radius.

A.2.1 2D axisymmetric isolated nacelle studies

For the 2D axisymmetric nacelle configurations, a semi-circular domain was used.
A domain independence study was carried out for the E3 engine with the baseline
nacelle at the cruise condition (M∞ = 0.85, MFCR = 0.7). Four domain sizes were
tested which defined the radius of the semi-circle based on the maximum radius
of the E3 baseline nacelle. There was no change in the drag between the 80rmax
domain and the 100rmax and as such the 80rmax domain was used for all further
studies.

Domain Size 40rmax 60rmax 80rmax 100rmax
CDnac 0.0248 0.0246 0.0242 0.0242

Table A.6: 2-dimensional axisymmetric nacelle meshes produced for indepen-
dence studies

A.2.2 3D isolated nacelle studies

A domain study was carried out on the E3 engine with the optimal nacelle. The
drag (CDnac) was evaluated for three domain sizes to establish at if the result was
dependent on the domain size. It was determined that a change of ∆CDnac = 0.0001



Appendix A Summary of mesh and domain independence studies 235

between the medium and large domains indicated that the large domain was suitably
accurate (Table A.7). This domain size was therefore used for all further studies.

Domain Size 60rmax 80rmax 100rmax
CDnac 0.0224 0.0221 0.0220

Table A.7: 3-dimensional isolated nacelle domain study





APPENDIX B

Summary of additional validation studies

This appendix provides the details of additional validation activities carried out
which were not included in the main text. Additional studies were carried out
on the I3 intake model. The key conclusions from this study were that a second
order scheme was sufficient to model the intake flow without the additional cost of
resolving to a third order accuracy. The third order solution gave spurious results
which had a notable impact on the flow topology and had worse agreement with
the measurement data.

B.1 Effect of scheme order

To assess the CFD methodology a series of tests were carried out with different
CFD settings. A comparison for the k − ω SST model with 2nd and 3rd order
discretisation was made on the datum case. For both 2nd and 3rd order, the peak
Mach number is about 0.05M lower than the experimental data. For the 3rd order
solution, the flow also remains supersonic up to the fan exit (Figure B.1). However,
comparison of the 2nd order results with the 3rd order results showed that the 2nd
order results agree closer with the wind tunnel post shock Mach distribution. This
suggested that the 3rd order result did not correctly capture the shock interaction
which resulted in a large separation and a notable change in the flow topology within
the duct.
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Figure B.1: Isentropic Mach distributions for datum mesh at M=0.25,
WRR=2133lb/s at 33 degrees at 2nd order discretisation and 3rd order discreti-

sation

B.2 Intake validation with different turbulence
models

The Spalart-Allmaras turbulence model was developed for faster calculations of
aerodynamic flows than 2 equation models. The datum case was re-calculated with
the datum mesh of 6.7 million cells and the Spalart-Allmaras turbulence model.
This shows good agreement with both experimental data and the 3rd order k − ω
SST-CC solution (Figure B.2).

The 4 equation transition SST model couples the k-ÏĽ model with equations for
intermittency and transition criteria based on the γRe−θ correlations from Menter
and Langtry.110 This model was used with the datum case and datum mesh of 6.7
million cells and a freestream intermittency factor of 1. This turbulence model
produced a delayed shock in comparison to both the experimental data and the
k − ω SST models (Figure B.3). However the downstream Mach number values
were improved over the prediction given by the k − ω SST model.
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Figure B.2: Isentropic Mach number distributions of Spalart-Allmaras results
over lower intake lip at centreline for the I1 intake case, with M∞ = 0.25, αCL =

33◦, WRR=2133 lb/s and with datum mesh (6.7 million cells)

Figure B.3: Isentropic Mach number distributions of Transition-SST results
over lower intake lip at centreline for the I1 intake case, with M∞ = 0.25, αCL =

33◦, WRR=2133 lb/s and with datum mesh (6.7 million cells)





APPENDIX C

Prediction of sting drag coefficient

The assessment of the nacelle drag results discussed so far has related to nacelles
mounted on a sting, which incorporated two additional drag terms. These were
the drag incurred by the sting between the trailing edge of the nacelle and the
measurement plane (φsting) and the interference on the nacelle drag caused by the
presence of the sting (Finterf ). For nacelle 1 both the experimental data and the
CFD analyses include φsting and Finterf in the presented results of c′D. For nacelles
V2 and V3 a correction for φsting has been applied to both the experimental and
CFD drag coefficient according to the method presented in section A.1 to calcu-
late cDc. Although most experimental test configurations depend on the use of a
sting in the assessment of nacelle drag, it is important to understand the influence
that these inherent measurement requirements may have on reported nacelle drag
characteristics. Within that context, the current suite of nacelle test cases is used
to assess the influence of these terms. One element is the typical corrections that
are applied for the sting drag and the accuracy of this flat plate correction for the
sting drag terms was assessed by comparing the analytical flat plate model and
the CFD estimate (Figure C.1). This also enables a direct comparison between
the drag incurred over the sting region upstream of the measurement rake and the
drag calculated from flat plate analytical assessment (equation 3.22). The values
of φsting were converted to a coefficient (cDsting) relative to the freestream dynamic
pressure and the nacelle maximum cross-sectional area. The amount of drag was
overestimated by the flat plate analysis by between 0.0018 and 0.0021 (Figure C.1),
a 25% increase in comparison to the CFD prediction. This resulted in a lower pre-
dicted value of the nacelle drag from the flat plate corrected method (cDc) relative
to that calculated by the CFD up to the nacelle trailing edge (cD∗). There is also
a difference in the gradient of estimated drag with the Mach number with a 2%
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larger change in cDsting relative to cDsting,ref over ∆M = 0.09 (Figure C.1). This
introduces an inaccuracy into the measured drag rise Mach number where it is over-
estimated by ∆MDR = 0.0009. The flat plate analogy makes the assumption that
the flow develops along the nacelle similarly to how it would along an equal length
flat plate. However, there are notable differences between the flow over a nacelle and
over a flat plate. For instance, over the afterbody of the nacelle the boundary layer
undergoes diffusion which influences the boundary layer characteristics at the start
of the sting. This affects the contribution of skin friction drag from the cowl and
it is clear that the use of a simple flat plate skin friction estimation overestimates
the drag from the sting, which results in a reported measured lower value of cDc
compared with simply measuring the drag to the trailing edge (cD∗) (Figure C.2).
In order to demonstrate the magnitude of this increase of sting drag calculated, the
total drag of the combined nacelle and sting (cD′) is also shown in Figure C.2.

In order to address the over-estimation of sting drag from the flat plate analysis, a
subsequent assessment was carried out which used an adjusted skin friction method
(equation C.1), with coefficients adjusted using least squares regression to the CFD
data for the skin friction drag of the sting. The regression was based on the CFD
calculations for nacelle V2 between M∞ = 0.8 and M∞ = 0.89 at 0 degrees and
MFCR = 0.7. An additional factor was also derived to account for the effects of
incidence from the CFD predictions of nacelle V2 at 2 and 4 degrees; these effects
were not incorporated previously.101 This adjustment of the coefficients of the skin
friction equation predicts a lower influence from the sting. This was then used to
produce a different corrected drag coefficient (cDc2) (equations C.2, C.3).

Cf2 = 0.3914
(log10Re)2.58(1 + 0.4752M2)0.65)(0.8942αCL)0.0214 (C.1)

cDsting2 =
[
Awc + Aws
Amax

]
cf2,combined −

Awc
Amax

cf2,t (C.2)

cDc2 = cD′ − cDsting2 (C.3)

The inclusion of these coefficients brought the RMS difference between the flat
plate estimated cDsting2 and the sting drag measured from CFD to within 10−10 at
the three incidences tested (Figures C.3A,B). This new correction factor (equation
C.2) was then applied to the CFD data for nacelle V3, where the previous flat
plate analogy corrected drag (cDsting) had overestimated the sting drag by up to
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Figure C.1: Skin friction drag extracted for sting attached to nacelle V2 CFD
data and flat plate estimation

∆cDsting = 0.0022 in comparison to the CFD estimate (Figure C.3C). The predic-
tion of drag from this new model (cDsting2) reduced the difference by an order of
magnitude to ∆cDsting2 = 0.0002 for all Mach numbers. cDsting2 was also calculated
for nacelle V1, which had a shorter sting section and a much longer cowl so pro-
vided a much different test case. The calculation of the previous skin friction model
(cDsting) for nacelle V1 had a maximum error relative to the CFD of 0.0015 whereas
the maximum difference in cDsting2 reduce to within 0.0005 of the CFD estimation
(Figure C.3D).
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(a) MFCR = 0.7

(b) M∞ = 0.8

Figure C.2: Drag coefficient for CFD analysis and experimental data for nacelle
V2
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(a) V 2 (b) V 2

(c) V 3 (d) V 1

Figure C.3: Values of sting drag calculated from CFD and updated flat plate
correlations





APPENDIX D

Response surface model based optimisation

This appendix outlines the application of the optimisation method to a response
surface model which had been previously produced. The aim was to repeat the
optimisation tests carried out on the DTLZ2 function (section 4.2) on a more rep-
resentative aerodynamic problem without incurring too much computational cost.
The purpose was therefore to give greater confidence in the applicability of the
method prior to use with CFD in the loop. The optimization routine (Section 3.5)
was applied to an RSM of nacelle drag and drag rise Mach number. The aim was
to determine the Pareto optimal solutions within the Kriging interpolation for the
three objective functions for the nacelle (cDcruise, MDR, ∆cDspill). The optimiza-
tion on the RSM began with a random initial generation (Figure D.1a) which was
then used to produce subsequent, improved generations (Figures D.1b,D.1c,D.1d).
After 100 generations and 4000 individual evaluations of the RSM model the non-
dominated members of these generations produce an overall optimal Pareto front
(Y ′)(Figure D.2). It can be seen from this optimal set that the design space nar-
rows as the drag rise Mach number is improved until MDR = 0.917, above which
there are no nacelle designs which have been identified in the optimal set (Y ′). The
lowest drag found in the random design space (Figure D.1a) was cDcruise = 0.0352
which reduced to cDcruise = 0.0285 in the final Pareto front (Figure D.2) found after
100 generations. Similarly, the highest MDR increased from 0.881 to 0.917 whilst
the minimum ∆cDspill reduced from 0.0029 to -0.0002. Overall, the optimization
produced a relatively large trade-off surface from which designs could be chosen.
A designer will typically design for a MDR which is 0.02 above the desired cruise
Mach number36 and the Pareto surface allows a range of designs which meet this
criterion. For example, for a typical cruise Mach number of 0.85, the other two
performance metrics (MDR,∆cD,spill) can then be traded against each other with
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(a) ngen = 0 (b) ngen = 24

(c) ngen = 49 (d) ngen = 99

Figure D.1: Population in objective space

the lowest drag design (cDcruise = 0.0309) which exceeds MDR = 0.87 giving a high
spillage of ∆cDspill = 0.0044. The reverse is true whereby the lowest spillage de-
sign which meets the MDR > 0.87 criterion (∆cDspill = −5x107) also has a high
cruise drag (cDcruise = 0.0382). This trade off can then be considered across a flight
envelope to determine which is the preferred design overall.

D.1 Influence of initial sample size

The design space for nacelle performance in terms of the three functions (cDcruise,MDR,∆cDspill)
is expected to have an uneven shape due to different viable designs which produce
effective local minima. Consequently it is important to ensure that the implemen-
tation of the NSGA-II optimization algorithm is sufficiently calibrated to ensure
correct convergence and diversity preservation since the MOO problem of nacelle
design may not be represented fully by existing benchmark functions. To determine
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Figure D.2: Final Pareto optimal set extracted from the RSM plotted as a
function of the 3 objective functions

the dependency of the method on the initial estimate from the random sample,
the initial population size was varied. To perform well, an algorithm should be
independent of the random sample and should converge to a Pareto set of reason-
ably equivalent fitness irrespective of the initial data. A statistical approach, with
a sample size of 50, was taken to determine the differences in the Pareto optimal
set from different zeroth generation sizes over the generations. This was tested
for three different mutation standard deviation sizes as was previously investigated
for the DTLZ2 test case (section 3.5). As for DTLZ2, a trend was observed in
which the hypervolume increases as generations were increased and the lowest value
of hypervolume was found at igen0 = 40 and N=10. Relative to this worst case,
there was up to a 7% improvement from increased generations and increased igen0
(Figure D.3). For any given number of evaluations an increase in igen0 gives an
improvement in the hypervolume. This is particularly true when only a low num-
ber of evaluations are possible. For instance for 1000 evaluations an increase in
the igen0 from 40 to 400 increases the average hypervolume from 0.875 to 0.885
with σmutation = 0.005 (Figure D.3b). Unlike the benchmark function (DTLZ2)
in which the highest hypervolume was achieved with the use of the highest value
of σmutation, the highest hypervolume in the nacelle RSM was found with and
intermediate value of σmutation = 0.005 (Figure D.3b). This non-monotonic rela-
tionship for the nacelle aerodynamic characteristics suggests that if the mutation
size is increased too far then the algorithm is negatively affected as it will tend to
mutate at larger magnitudes than the size of the local recessions in the design space.
Due to this it will be less likely to find local or global minima. The optimizations
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with mutation = 0.05, N=100, igen0 = 400 found on average a maximum MDR of
0.928 (Figure D.3c) whereas with σmutation = 0.005 the average maximum MDR

was 0.935 (Figure D.3b). This may mean that some prior knowledge of the de-
sign space is needed to more effectively calibrate the algorithm. This problem may
have arisen in the nacelle design space due to the many different designs which are
aerodynamically possible for the considered drag criteria. As a result, disconnected
regions of the input variable space may lead to Pareto optimal solutions. It is of
interest therefore to be able to limit the solutions to those of particular interest and
guide the optimization towards specific areas of engineering interest.

D.2 Influence of constraints

Often in a MOO problem it is desirable to focus the results to a specific region of
interest. For example in a nacelle design optimization it is typically desired that
MDR be 0.02 above the cruise Mach number36. Since the viable design space for
nacelle design is reduced significantly at higher MDR values due to the difficulty of
avoiding any transonic effects it is of great interest to produce, at higher MDR val-
ues, as detailed map as possible. By applying constraints to the objective functions,
it is possible to restrict the objective space which is being resolved and therefore
focus the population into a region of interest. This can then reduce the computa-
tional cost for finding the entire Pareto front and is for particular concern when a
more time consuming optimization procedure incorporating CFD analyses in the
routine is being performed. An example analysis was carried out with a constraint
of MDR ≥ 0.9 for 50 individual optimizations to allow mean values of the aerody-
namic parameters to be extracted. The use of a constraint forced solutions to be
focussed in a smaller region of the design space and higher maximum MDR values
achieved. On average across the 50 optimizations the maximum MDR found was
0.939 compared to 0.921 for the equivalent unconstrained cases. Example Pareto
fronts from the unconstrained and constrained optimizations demonstrate the addi-
tional designs which were found in the constrained case (Figure 13). The average of
the minimum drag values found above MDR = 0.9 was slightly increased to 0.0335
for the constrained case from 0.0333 for the unconstrained. Similarly, the average
of the minimum spillages from the constrained cases was 0.0029 compared to 0.0026
for the unconstrained which demonstrates a penalty which arise from the use of
this constraint on MDR. These designs with the lower spillage values tended to also
have MDR values close to the MDR constraint. This may mean that the respective
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(a) σmutation = 0.0005

(b) σmutation = 0.005

(c) σmutation = 0.05

Figure D.3: Mean Hypervolume from 50 individual optimizations with the RSM
as a function of zeroth generation size and generation number
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µCDcruise|MDR=0.9 σCDcruise|MDR=0.9 µCDspill

∣∣∣
MDR=0.9

σCDspill

∣∣∣
MDR=0.9

Unconstrained 0.0337 0.0016 0.0027 0.0011
MDR ≥ 0.9 0.0342 0.0021 0.0030 0.0008
MDR ≥ 0.89 0.0329 0.0013 0.0024 0.0009

Table D.1: Average minimum cruise drag and spillage drag at a given drag rise
Mach number range for the different constrained optimizations

regions in design space are less likely to be explored by the optimizer because of
their proximity to regions which do not meet the constraint on MDR and are there-
fore never populated. To verify this aspect, an additional 50 optimizations were
carried out with a constraint of MDR ≥ 0.89. The result of the adjusted constraint
(MDR ≥ 0.89) was that the average minimum spillage above a MDR ≥ 0.9 was
decreased to 0.0024 compared to 0.0029 for the higher constraint of MDR ≥ 0.9.
At the same time, the average value of the maximum MDR was improved to 0.936
compared to 0.921 for the equivalent unconstrained cases. To assess how these
constraints would affect the specific designs found, the values of the lowest drag
and spillage drag found from each optimization with a MDR = 0.9 were assessed
to determine the values around the constraint. An upper bound on the samples
was taken at MDR = 0.901 to enable more robust sampling of the solutions. The
averages across the 50 optimizations (Table D.1) demonstrated that the higher con-
straint MDR ≥ 0.9 resulted in higher minimum drag and spillage compared to the
unconstrained evaluations. This represents a loss of convergence to the Pareto front
caused by the constraint. However, the lower constraint had the opposite effect and
provided beneficial reductions in both drag and spillage at MDR = 0.9005Âś0.0005.
In particular, this judicial use of the constraint of MDR ≥ 0.89 provides a useful
reduction of nacelle cruise drag by about 2.4% and spillage by 11% relative to the
unconstrained evaluations.

D.3 Influence of weighting the objective functions

In some situations one objective function is more important to the designer than
others. This is of particular concern for nacelle design where there is a wide range of
operating conditions. For example, it may be required to put a greater importance
on the cruise drag coefficient over the spillage drag since the majority of the fuel
burn is typically dictated by the cruise drag. In these cases, the option to guide the
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(a) Unconstrained

(b) MDR ≥ 0.89

(c) MDR ≥ 0.9

Figure D.4: Example final Pareto optimal set extracted from the RSM (maxi-
mum obtained MDR)
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optimization into regions of particular interest would be desirable. Several meth-
ods of applying weights to the objective functions have been proposed122 123 10 and
this section demonstrates some of these on the nacelle RSM optimization to deter-
mine their efficacy. Objective weightings for evolutionary algorithms can broadly
be split into two groups: those which manipulate the dominance function and those
which skew the distance algorithm123. Different benefits and downsides have been
observed for these two approaches with guided dominance for instance being sig-
nificantly faster123. For the purposes of this analysis two approaches have been
compared: dominance weighting122 and distance weighting10. Adjustment of the
dominance function involves redefining the concept of domination122. In a standard
implementation of NSGA-II, dominance is defined by the equation 2.5 in which the
inequality must be strictly true in at least one objective. The weighted dominance
approach which was utilised skews this definition to include a larger region in at
least one objective dimension. This has the impact that if a solution dominates
another in the weighted objective then it is allowed to be slightly worse in another.
The domination equation then becomes equation D.1, where âĂŸxâĂŹ dominates
âĂŸyâĂŹ if the equation is satisfied for all objectives and the inequality is strictly
true in at least one. Values of a12, a13âĂęam(m−1) can then be set to any value
to give a weighting of one objective function over another. For instance a value
of a12 = 2 would give a preference of the second objective function over the first
objective function of 2 units.

Ωi (f (x)) ≤ Ωi (f (y)) // (D.1)

Ω1 (f1, f2) = f1 + a12f2

Ω2 (f2, f1) = f2 + a21f1

Ω1 (f1, f3) = f1 + a13f3

...etc.

(D.2)

The weighted dominance operator was implemented into the NSGA-II algorithm
and tested on the nacelle RSM to determine the performance of this method to find
a specific region of the design space. In this example to demonstrate the approach
a higher drag rise was desired at the expense of the other objectives. For these
purposes values of a21 = 0.5, a31 = 1.0, a12 = 2.0, a13 = 1.0, a23 = 0.5 and a32 = 2.0
were used. This will give the second function (MDR) a weighting over the other two
(CDcruise,∆CDspill) and make the other two equally weighted between each other.
These settings were used for an analysis to optimise the three objective functions
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in the nacelle RSM. This analysis was again performed 50 times to allow statis-
tical analysis of the optimization. Pareto fronts shown (Figure D.5) were chosen
because they found the highest mean MDR from the 50 individual optimizations
performed. The application of this weighting showed that the dominance weighted
optimization found a higher mean MDR of 0.908 (Figure D.5b), compared to the
highest mean MDR found in the unweighted optimizations of 0.890 (Figure D.5a).
The results of this (Figure D.5) demonstrated that a weighted dominance opera-
tor can give improved values of a particular objective function. For this example
case the weighting has reduced the density of the solutions in the lower MDR which
meant that the lowest spillage found increased from -0.0008 in the unweighted case
to 0.0020 when dominance weighting was applied. Similarly for cruise drag, the
lowest value found for the unweighted optimization was 0.0274 which increased to
0.0297 in the dominance weighted optimization.

An alternative means of weighting the objective functions in the optimization is
to adjust the distance operator10. In the standard implementation, the Euclidean
distance is calculated between each individual in a NDS and used to determine the
most isolated individuals. In a weighted distance operator, the Euclidean distance
is skewed to give higher values to individuals which perform better in a preferred
objective function whilst still including information on the spread of the individuals
(equation D.3).

d (i, j) =

 m∑
k=1

w′k

(
f ik − f

j
k

)2

(fmaxk − fmink )2


1
2

(D.3)

w′k = (1− wk)
maxm=n

m=1 (1− wm) for convex pareto fronts

w′k = wk
maxm=n

m=1wm
for non− convex pareto fronts

wk ∈ (0, 1)

(D.4)

To compare to the performance of dominance weighting, a similar problem was
posed for distance weighting. To weight drag rise Mach number over spillage drag
and cruise drag, values of w′1 = 0.5, w′2 = 1.0 and w

′
3 = 0.5 were used. 50 anal-

yses were carried out with these settings for the three objective functions used
in the nacelle RSM. 4360 evaluations were undertaken over 100 generations with
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(a) Unweighted

(b) Weighted through dominance operator

(c) Weighted through distance operator

Figure D.5: Example final Pareto optimal sets extracted from the RSM
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igen0 = 400. An example result of this analysis (Figure D.5c) demonstrated that
the use of a weighted distance operator could provide more beneficial values of a
particular objective function at the expense of the others. The highest mean MDR

found by the distance weighted optimizations was 0.897 which is higher than the
unweighted case but lower than the dominance weighted. In this example Pareto
front (Figure D.5c) there was a minimum cDcruise of 0.0296 and a minimum ∆cDspill
of -0.0006. This demonstrates a worse result in these two metrics compared to
the unweighted but an improvement over the dominance weighted approach which
negatively increased these values to 0.0296 and 0.0020 respectively. To assess the
benefit of the weighted optimization methods to a nacelle design lowest drag and
spillage values were taken again at a drag rise of ofMDR = 0.9 with an upper bound
of MDR = 0.901 to enable sufficient sampling. At this drag rise Mach number, both
weighted approaches provide a lower value of cDcruise with reduction on average
of 0.0017 from the dominance weighted optimizations (Table D.2). The spillage is
conversely affected on average however by weighting (Table D.2). In addition, the
most consistent results, i.e. those with the lowest standard deviation within the 50
optimizations, were from the dominance weighted optimizations (Table D.2). The
standard deviation from the dominance weighted optimisation also demonstrated
that this approach may be more consistent in producing improved designs than the
constrained objective approach (Table D.1). In addition a similar sample was taken
at MDR = 0.92. to determine the representative functions at a more difficult drag
rise Mach number. Table D.2 demonstrates that whilst on average the unweighted
method finds a minimum cDcruise = 0.0367 with a standard deviation of 0.0011, the
dominance weighted optimizations found a lower drag of 0.0355 on average with a
lower standard deviation amongst the fifty independent cases. The spillage was con-
currently reduced at this drag rise Mach number to on average 0.0069 from 0.0071
in the unweighted cases. The distance weighted optimization did not demonstrate
any improvement for this given drag rise Mach number.
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Unweighted Dominance weighted Distance weighted
µCDcruise|MDR=0.9 0.0337 0.0320 0.0335
σCDcruise|MDR=0.9 0.0016 0.0005 0.0024
µCDspill

∣∣∣
MDR=0.9

0.0027 0.0033 0.0030
σCDspill

∣∣∣
MDR=0.9

0.0011 0.0005 0.0009
µCDcruise|MDR=0.92 0.0367 0.0355 0.0366
σCDcruise|MDR=0.92 0.0011 0.0005 0.0012
µCDspill

∣∣∣
MDR=0.92

0.0071 0.0069 0.0071
σCDspill

∣∣∣
MDR=0.92

0.0006 0.0004 0.0006

Table D.2: Average minimum cruise drag and spillage drag at a given drag rise
Mach number range for the different weighted optimisations



APPENDIX E

Additional non-axisymmetric optimisation

An additional optimisation was carried out which added a fifth control aeroline
to define the cowl geometry at θ = 45◦. The lowest three control aerolines (θ =
180◦,θ = 90◦,θ = 135◦) were fixed from the optimal design chosen from the first non-
axisymmetric optimisation (Figure 6.12d). This reduced the degrees of freedom in
the problem to eight. The bounds of this second optimisation (Table E.1) were
expanded slightly from the first optimisation as it was noted that the Pareto set
included designs which had the highest value of fmax for the θ = 0◦ line which
indicated that the Pareto set likely extended beyond that limit.

The procedure followed for this optimisation was the same as in section 6.3. This
process therefore culminated in another Pareto set of equally optimal designs (Fig-
ure E.1). The Pareto set from this optimisation found designs which had a min-
imum drag of 6.4%FNref which was similar to those found in the previous non-
axisymmetric optimisation (Figure 6.9). A design was picked from the Pareto set
with the lowest overall peak Mach number to compare with the similarly extracted
design from the previous optimisation. This design benefited from the control of the
additional aeroline at θ = 45◦ and as such had a reduced peak Mach number com-
pared to the previous optimal design (Figure E.2). Relative to the previous optimal

Lower bound Upper bound
fif 0.6 1.4

rmax/rhi 1.08 1.4
lfb/lnac 0.3 0.6
βnac 11.0◦ 14.0◦

Table E.1: Parametric geometry bounds used for the optimisation of the non-
axisymmetric nacelle
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design all the drag metrics also reduced which indicates an overall better design. The
cruise drag was reduced from Dcruise/FNref = 0.068 to Dcruise/FNref = 0.066, the
drag due to the Mach number increase was reduced from DMach/FNref = 0.010 to
DMach/FNref = 0.009 and the spillage drag was reduced from Dspill/FNref = 0.009
to Dspill/FNref = 0.005. This study demonstrates that to produce a well designed
nacelle the optimisation should have at least 5 aerolines to control the parametric
design. The optimal design (Figure E.2b) from the optimisation with θ = 45◦ con-
trol exhibited a peak Mach number on the cowl of Mpeak = 1.29 which was present
between the θ = 0◦ and θ = 45◦ aerolines, which indicates that further control could
add benefit. However, this is a large reduction from the previous peak Mach number
of Mpeak = 1.35 for the optimisation without control of the θ = 45◦ aeroline, and is
generally within acceptable peak Mach number limits.

Figure E.1: Final Pareto set for the 3D non-axisymmetric optimisation in ob-
jective space
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(a)

(b)

Figure E.2: Optimal designs from (A) previous optimisation (Section 6.3) and
(B) optimisation with added aeroline control at θ = 45◦
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