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Abstract

As the size of aero-engines has increased in recent years, the need for slimmer

and shorter nacelles has become more pressing. A more aggressive design space

must therefore be explored for nacelle designs which are expected to perform

worse in the off design conditions such as spillage than current nacelle designs.

In this work, a novel design space has been explored through the use of an

optimisation method which evaluated nacelle aerodynamic performance based

on computational fluid dynamics simulations. A multi-objective optimisation

was undertaken where cruise drag, drag rise Mach number, spillage drag and

two metrics based on the pressure distribution of the nacelle were optimised.

Comparable optimal designs were picked from the Pareto sets of optimisations

carried out at different nacelle lengths and radial offsets and some key outcomes

established from their aerodynamics and geometries. It was determined that a

reduction in the length of the nacelle from 3.8 highlight radii to 3.1 radii resulted

in a significantly worse aerodynamic performance which included an increase in

peak surface isentropic Mach number at cruise of 0.1 and up to four times

as much spillage drag. It was however also established from the optimisation

results that as the required drag rise Mach number was decreased the overall

performance of short nacelles improved significantly.

Keywords: Optimisation; Nacelle; CFD; UHBPR.
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Nomenclature

Roman Symbols

A Area

CDcruise Nacelle drag evaluated at cruise point

CDnac Nacelle drag

CDspill Nacelle drag evaluated between end of cruise and mid cruise

f Non-dimensional factor

m Number of objectives

r Radius

C Class function

D Drag

h Altitude

i Index of summation

K Binomial coefficient

k Order of derivative

M Mach Number

N Upper bound on summation
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N1 First exponent in the class function

N2 Second exponent in the class function

S Shape function

x Abscissa

Greek Symbols

β Boat-tail angle

κ Curvature

λ Second derivative of cp at a change of polarity of cp gradient

φ Force

ψ Non-dimensional abscissa

ξ Non-dimensional ordinate

Superscripts and Subscripts

∞ Freestream

fb Forebody

hi Highlight

if Initial Forebody

max Maximum radius

nac Nacelle

post Post-exit

pre Pre-entry
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TE Trailing Edge

0 Upstream infinity plane

1 Highlight plane

bp Bernstein polynomial weighting coefficient

DR Drag Rise

Acronyms

BPR Bypass Ratio

CFD Computational Fluid Dynamics

iCST Intuitive Class/Shape Transformation

MFCR Mass Flow Capture Ratio

MOO Multi-objective optimisation

NSGA-II Non-dominated Sorting Genetic Algorithm II

RANS Reynolds Averaged Navier Stokes

SST Shear Stress Transport

1. Introduction

As the bypass ratio (BPR) of turbofan engines increases [1] the fan diame-

ter generally also increases. This will incur additional nacelle weight and drag

penalties and, as such, the nacelle design becomes more important. Perfor-

mance penalties from heavier nacelles with more drag may ultimately outweigh

the efficiencies gained from the engine cycle and hence designers will aim for

increasingly short and slim fan cowls [2][3]. There has been a resultant effort to
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understand the aerodynamics of nacelles and provide improved solutions for fu-

ture engines[4, 5, 6]. A ’slimline’ nacelle is expected to be incorporated in future,

large engine designs [5] however the aerodynamic performance of these designs

may be a limitation, particularly at off design conditions or when installed in the

pressure field around an aircraft wing [7]. Historically, an aero-engine nacelle

was designed from aerofoil shapes revolved around an engine axis chiefly defined

by the leading edge (highlight) radius, maximum radius and a curvature profile

[8]. A conventional nacelle design in cruise will typically incorporate a curvature

driven acceleration, which peaks on the forebody, followed by a constant decel-

eration [9]. For nacelles which operate in the transonic regime the acceleration

will produce a sonic region and a shock wave which will incur drag penalties.

To design a nacelle which has decreased maximum diameter it will be necessary

to increase the external lip curvature which will increase the peak acceleration.

This will result in greater wave drag and a nacelle which may offset the in-

stalled engine efficiency gained from the greater fan diameter. For example, a

study of nacelle aerodynamics [10] demonstrated 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.

In addition to the cruise portion of the flight, a nacelle must be optimised

for several off design conditions which are encountered throughout a typical

mission profile. For example, whilst the design point of an engine might be at

a mid-cruise condition, throughout the cruise the aircraft weight decreases and

therefore the thrust is adjusted for the re-trimmed aircraft. As a result of this,

the mass flow through the engine will decrease. This decreased mass flow results

in a lower mass flow capture ratio, MFCR = A0/A1. The MFCR describes the
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streamtube which enters the engine (Figure 1) where A0 is the cross sectional

area of the streamtube at the upstream infinity plane and A1 is the area of the

highlight. A lower value means that the local incidence at the lip of the nacelle

increases since the streamtube area change is greater. In the later stages of the

cruise, the nacelle design becomes more critical as the forebody suction must

increase to balance the change in momentum of the streamtube. Any imbalance

between these two forces is called spillage and the nacelle drag increases [11].

A decrease in the MFCR can result in higher peak Mach numbers encountered

on the cowl which can incur greater wave drag and losses. The drag rise Mach

number is another 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 operate at

higher Mach numbers. It is therefore important to ensure that the nacelle is

not close to the transonic boundary at which the drag will diverge. It is also

important to consider that interference effects between the engine, designed in

isolation, and the airframe may result in higher local accelerations 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 the nacelle [12]. Knowledge of the drag rise Mach number is

therefore important in preliminary design. Since the nacelle must operate across

a range of conditions it is important to ensure that there are not unacceptable

levels of drag at off design with different freestream Mach numbers and mass

flows. The aerodynamic design of the fan cowl must also be compatible with

the remainder of the nacelle requirements. For instance, the nozzle geometry is

designed to deliver a particular mass flow and therefore prescribes an exit area

which the trailing edge of the fan cowl must be compatible with. In addition,

the nacelle housing needs to include some engine structure and components
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which would dictate a minimum outer radius of the fan cowl. Finally, it is

vital to ensure the engine can be successfully integrated with the aircraft and

the requirements for a suitable installation will also manifest in the nacelle

design.[13]
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FG100
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Figure 1: Thrust and drag accounting system

Due to the multiple off design conditions which must be simultaneously sat-

isfied it is difficult to design a short nacelle which performs adequately in terms

of the aerodynamic characteristics [10]. The multiple requirements which must

be simultaneously met make this problem ideal for multi-objective optimisation

(MOO). There are many algorithms capable of simultaneously optimising two

or more objectives. One set of algorithms involve treating the input variables

as genes and the output variables as phenotypic characteristics analogous with

evolutionary theory. These genetic algorithms create populations of individuals

which are evaluated against each other based on tournaments of their fitness.

This fitness is determined as a function of the objective values which are to be

optimised and subsequent generations are produced as offspring of the best indi-

viduals. This process is repeated for a given number of generations of individuals

and the outcome should be an approximation of the Pareto set which describes

an m-dimensional surface of the optimal individuals which can be achieved for

the given objective functions. Genetic algorithms have previously been applied

to a number of MOO aerodynamic problems [14] [15] and have shown a capabil-
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ity to simultaneously optimise at several aerodynamic points. Previous studies

have also been carried out specifically on the problem of nacelle external design

through optimisation [16, 17, 18, 19, 20]. Two of these studies [17] [18] focussed

on the use of a surrogate model to provide a quicker optimisation approach.

Both of these studies used a CFD method to obtain high fidelity simulations

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 de-

signs at off design conditions. 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 design would have been lessened. As computational

fluid dynamics (CFD) approaches become more computationally efficient and

resource more readily available a direct CFD optimisation approach becomes

possible. One study which used direct CFD simulation [16] 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 unreal-

istic 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

nacelles [19] minimised fan cowl peak Mach number during cruise and intake

peak Mach number in a take-off condition. This study did not directly consider

the drag performance in cruise however and also did not look at spillage or drag

rise.
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The aim of this paper is to demonstrate a method of genetic optimisation for

transonic nacelle design with typical multi-objective requirements which encom-

pass design and off-design conditions. The method is then applied to short and

slim nacelles for large, low specific thrust engines to determine the design space

for future turbofans. The research applies a multi-objective genetic algorithm

based on CFD simulations to a novel region of the design space and develops

the method to assess these designs.

2. Methodology

2.1. Engine geometric definition and cycle model

Class shape transformation (CST) curves have been shown to create aero-

dynamically useful shapes for wing, nacelle and intake design [21, 22, 23, 24].

This method can be applied to create shapes with a relatively small number of

input variables [21]. A CST curve is formed by the product of a Class Function,

C(ψ), and a Shape Function, S(ψ) (equation 1). The Class Function defines

the basic aerodynamic shape (equation 2). An additional term, (ψ∆ξte), is

included to modify the end point’s ordinate [21]. The inherent mathematically

smooth behavior of Bernstein polynomial shape functions and the associated

curvature continuity make this system ideal for aerodynamic design.

ξ(ψ) = S(ψ)C(ψ) + ψ∆ξTE ; ξ =
y

c
, ψ =

x

c
(1)

CN1

N2
(ψ) = ψN1 [1− ψ]N2 for 0 ≤ ψ ≤ 1 (2)

However, one drawback of the CST approach is that the shape is controlled

via a set of coefficients which are non-intuitive to the aerodynamic designer. For

a specific set of constraints this drawback had been addressed by combining the
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intuitiveness of the parameterisation method for airfoil sections (PARSEC) [25]

with the highly flexible CST parameterisation method [26]. This intuitive CST

(iCST) approach maps the CST coefficients to a full set of intuitive parameters

through a transformation matrix [26]. The iCST approach has been generalised

so that the transformation matrix which allows a CST parameterised fan cowl

and intake to be fully defined by aerodynamically intuitive design variables

which can be calculated analytically [27]. In this generalised iCST approach

[27] an arbitrary number of constraints (Ncon) such as position, gradient, and

derivatives up to the nth degree can be specified. A linear set of equations can

be constructed from equation 3 and the magnitude, ξ(k), and abscissa, ψ of each

constraint. The shape function and its derivatives can be solved by using the

fact that derivatives of the kth degree Bernstein polynomials are polynomials of

degree k−1 and can be written as a linear combination of Bernstein polynomials

(equation 4) [27]. This linear set of equations, or transformation matrix, can

then be solved for the Bernstein polynomial coefficients.

ξ(k)(ψ) =

[ N
∑

i=0

[

bpiKi,n

(

ψi (1− ψ)
n−1

)]

C(ψ) + ψ∆ξte

](k)

(3)

d

dψ
BPi,n(ψ) = n[BPk−1,n−1(ψ)−BPk,n−1(ψ)] (4)

A definition for engine nacelles has been established which allows for a series

of aerolines which describe the intake, fan cowl, bypass stream duct, core stream

duct, plug and spinner to be defined by a small number of intuitive design

parameters (Figure 2) [28]. In this parameterisation, each aeroline is defined

by a single intuitive class shape transformation (iCST) [26] [29] curve with

the exception of the fan cowl which is defined by two curves. One previous

study of multi-objective nacelle optimisation [19] concluded that a class-shape
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transformation parameterisation converged to better designs than a comparable

B-spline or superellipse polynomial parameterisation in terms of peak Mach

number. These curves represent the fan cowl forebody and fan cowl afterbody

separately and are joined at the position of maximum radius. At this position

the two curves are constrained to have the same position, first derivative, and

second derivative, hence ensuring curvature continuity. A bypass duct, core

duct and plug geometry was determined for a baseline geometry to have the

correct mass flows required by the cycle at the design point with an existing

geometry definition tool, GEMINI [30]. GEMINI can create a representative

axisymmetric definition of an aero-engine geometry which includes a bypass

duct, core duct, core cowl and plug which are sized for a required engine mass

flow and pressure ratios. This nozzle geometry was then fixed for all designs and

translated, when required, to match a given trailing edge radius (rTE). Five

variables were chosen to be varied in the fan cowl optimisation [β, rmax, lfb,

rif , y′′TE ] (Figure 2), with y′′TE representing the second derivative at the trailing

edge of the fan cowl. These parameters were chosen to give a suitable level

of control over both the size and shape of the nacelle. The highlight radius

(rhi) (Figure 2) is common with the intake and, as discussed, determines the

mass flow capture ratio for the fan cowl. The initial forebody radius (rif ) is the

inverse of the curvature at the cowl lip. A high value will therefore indicate less

curvature and a more blunt fan cowl. The maximum radius (rmax) and length

(lnac) are usually determined together to ensure space within the nacelle for

all the engine sub-systems 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 desirable to minimise the maximum

radius and the length to reduce the profile drag of the fan cowl. The rmax chosen

for a design also has fundamental implications to the installation interference
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on the aircraft wing due to close coupling and ground clearance. The axial

position of the maximum radius (lfb) (Figure 2) determines the split between

forebody and afterbody. The trailing edge radius (rTE) is largely fixed by the

requirements of the engine nozzle exit area and the core cowl size. The fan cowl

boattail angle (β) also needs to be compatible with the angles of the core cowl

and plug whilst being small enough to avoid a diffusive separation or excessive

boundary layer growth on the afterbody of the fan cowl. The curvature at the

trailing edge is controlled by the specification of the second derivative (y′′TE)

here. Combined with the boattail angle, which implicitly sets the gradient,

this gives a control over the curvature directly since κ = y′′/(1 + y′2)
3

2 . A

fan cowl must ultimately be a trade off of performance at different conditions

determined by the combination of these input variables. For instance, whilst

cruise performance may favour a higher rif , the higher cruise Mach operation

would not. The determination of this trade off, mathematically stated, is a

multiple objective optimisation problem. For each of these variables, a bounded

region of interest was determined for the simulations of different geometries

in this paper (Table 1). For the forebody length, initial forebody radius and

maximum radius were bounded in their non-dimensionalised form (Table 1).

To simulate the flow through the engine, an engine cycle was created which

represented a two-spool geared turbofan designed to operate at M∞ = 0.85.

This was modelled in Turbomatch [31], a zero-dimensional engine modelling

tool. The model provided aerodynamic boundary conditions for a series of points

within the engine flight envelope which could be used for the CFD analyses.
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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 1: Optimisation bounds for nacelle geometric parameters

rmax rTErhi rif

lnac
lfb

β

Figure 2: Geometric parameterisation of nacelle

2.2. Optimisation method

A real-parameter optimisation routine was developed based on the non-

dominated sorting genetic (NSGA-II) algorithm [32]. 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 binary strings [32]. The

generational optimisation method ranks a set of designs based on their associ-

ated objective function values f(x) and constraints g(x). In a generic optimi-

sation these objectives and constraints could be evaluated from an analytical

equation to link the input variables to the output variables. In this implemen-

tation 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 parameters. However, it also provides a higher fidelity drag

estimation and allows for optimisation of the aerodynamic characteristics. The

optimisation was carried out with a Gaussian mutation operator with a muta-
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tion 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 [33].

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 differ-

ent 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.

2.3. CFD method and nacelle drag extraction

The CFD model used to assess the different nacelle designs consisted of an

axisymmetric 2D nacelle, a bypass and core exhaust nozzle and a semi-circular

farfield. The farfield boundary condition was set to represent the freestream

flow of the engine in flight. The freestream Mach number is varied in this study,

but static pressure and temperatures are fixed to an International Standard

Atmosphere day at 35000 feet, with a freestream turbulent intensity of 0.1%. A

Reynolds-Averaged Navier-Stokes (RANS) solver, ANSYS Fluent v15.0[34], was

used for the assessment of the nacelle aerodynamics. This used a density based

implicit method which solved the RANS equations closed with the k − ω SST

turbulence model with a second order discretisation scheme. A Roe-FDS scheme

was used with Green-Gauss node based discretisation. A structured multi-grid

approach was taken to produce a computational mesh of the geometries. A

multi block structured mesh was used to ensure that the mesh quality did not

vary too much between designs. The boundary layers of the fan cowl, intake and

spinner were fully resolved with a y+ value below 1. The other wall surfaces,

associated with the exhaust system, were modelled as slip walls to reduce mesh
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size. The mesh generation and CFD process was fully automated to enable

in-the-loop CFD computations for optimisation.

Nacelle drag (CDnac) was calculated from the RANS solutions with a near-

field approach [35]. The definition of drag used for the calculations is in accor-

dance with the thrust drag accounting standard defined by AGARD [36]. With

this near field approach the pre-entry force (φpre) and the cowl force (φcowl)

(Figure 1) are calculated concurrently which removes the need to find the pre-

entry stagnation point. The post-exit force was calculated by direct pressure

integration along the dividing streamline from the nacelle trailing edge.

Numerical convergence was achieved through a steady increase of the Courant-

Friedrichs-Lewy number throughout the iterative process. This iterative con-

vergence was monitored and solutions considered to be converged once the nor-

malised residuals were below 10−5 relative to the initialised case. A mesh inde-

pendence study was carried out with three meshes (36k, 72k, 144k) based on the

nacelle drag (CDnac). The drag was assessed for the nacelle at the cruise condi-

tion (M∞ = 0.85, MFCR = 0.7). In accordance with the recommendation from

Roache [37], the error relative to the Richardson extrapolation was calculated

to be less than 1% for the medium sized grid (Table 2). This grid was therefore

used for all optimisation studies. In addition to this, a domain independence

study was carried out with four domain sizes (40rmax,60rmax,80rmax,100rmax),

again focused on the drag (CDnac) value of the nacelle. It was decided to use

a semi-circular domain with a radius of 80rmax as there was a 0.7% change in

the calculated drag between the cases with 80rmax and 100rmax (Table 3). A

previous study has demonstrated the accuracy of this method relative to ex-

perimental data[38]. This work demonstrated the importance of modelling the

exhaust system and jet to correctly capture the pressure field of the nacelle. The

previous study compared 4 nacelles of varying nacelle lengths (lnac/rhi = 3.6
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to lnac/rhi = 6.7). The validation was also carried out on a mix of axisym-

metric and non-axisymmetric geometries and at a range of zero and non-zero

incidences. Whilst the present study only considers axisymmetric nacelles at

zero incidence, the same meshing standards were read across from the preced-

ing study so the conclusions are expected to be valid. Overall, this study has

shown that the CFD method and process used in this study is useful for the

analysis of nacelle aerodynamics and validation studies show that the method

provides a maximum uncertainty of up to 4% on pre-drag-rise nacelle drag, a

difference of ±0.003 on MDR, at a representative MFCR of 0.7, and typically an

over prediction of critical MFCR of up to 2% [38, 39]. The previous study also

includes a comparison of outer nacelle surface isentropic Mach number values

between the CFD model prediction and experimental test data. These com-

parisons, performed at incidences representative of cruise, demonstrated a good

overall agreement between CFD and experimental test measurements, with a

difference in peak Mach numbers within M = 0.01.

Configurations Coarse Medium Fine

Cells 35870 71344 144712

CDnac 0.02783 0.02354 0.02351

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

Domain Size 40rmax 60rmax 80rmax 100rmax

CDnac 0.0248 0.0246 0.0242 0.0241

Table 3: 2-dimensional axisymmetric nacelle meshes produced for domain independence study

2.4. Optimisation metrics

The convergence of the optimisation process was measured as a function of

the generation to determine if it had suitably converged to near the Pareto opti-
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mal set. To measure this level of convergence the hypervolume was monitored.

Hypervolume is a metric which is a combined measure of the convergence and

the diversity in the solution since it increases with both of these measures [33].

It is calculated as an m-dimensional volume bounded by the Pareto set and a

reference value.

2.5. Performance metrics

Three metrics were used to optimise the aerodynamic performance of the na-

celles throughout the optimisation. The first of these was the nacelle cruise drag

(CDcruise), calculated at M∞ = 0.85, MFCR = 0.7 and h = 10668m (equation

5). The second metric was the drag rise Mach number (MDR) (equation 6). 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 = 0.02 [12]. Since

the desired cruise Mach number for the optimisation designs is M∞ = 0.85 the

target drag rise Mach number is MDR > 0.87. The third performance metric,

spillage drag (cDspill) (equation 7), determines the influence of the nacelle drag

as the MFCR is decreased. In this case the value is taken as a change in drag

between the cruise MFCR = 0.7 and MFCR = 0.63. For the engine cycle used

in this study this change in mass flow results in a throttled down engine of 55%

of the cruise thrust. This is somewhere between the end of cruise power setting

at constant altitude and the idle condition used for start of descent.

cDcruise =

Dnac

∣

∣

∣

∣

M∞=0.85,MFCR=0.7,h=10668m

0.5q∞Ahi
(5)

∂CD

∂M∞

∣

∣

∣

∣

MDR

= 0.1 (6)
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cDspill =

Dnac

∣

∣

∣

∣

M∞=0.85,MFCR=0.63,h=10668m

0.5q∞Ahi
−

Dnac

∣

∣

∣

∣

M∞=0.85,MFCR=0.7,h=10668m

0.5q∞Ahi

(7)

2.6. Aerodynamic metrics

In addition to the aerodynamic drag and related metrics (section 2.5) two

metrics were calculated which related directly to the pressure distributions on

the nacelle. The first metric of interest (equation 8) 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. The second

metric of interest (equation 9) quantified the number of points at which the

gradient changed polarity in the pressure distribution since a conventional design

should ideally only do this once [9]. 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 on the nacelle.

Minimisation of the latter metric (Cinflect) results in designs with increasingly

monotonic pressure distributions.

Cshock =
∑

m

|cp| (8)

Cinflect =
∑

n

|λ| (9)

18



3. Results and analysis

3.1. Optimisation without constrained pressure distributions

An optimisation was carried out for a non-dimensional nacelle length of

lnac/rhi = 3.8 at a cruise Mach number of M∞ = 0.85 and MFCR = 0.7. This

represents a relatively conventional and conservative nacelle length and is chosen

to first demonstrate the overall optimisation system. A 1979 study on nacelle

aerodynamics [8] focussed on nacelles around the length of lnac/rhi = 6.73. For

comparison, the study by Fang et al [17] considered a length of approximately

lnac/rhi = 3.28 to operate at M∞ = 0.8. Some example in service nacelles,

designed to operate at a cruise Mach number of M∞ = 0.82, have lengths of

lnac/rhi = 3.92 and lnac/rhi = 3.38 respectively [40]. In this context, the length

of lnac/rhi = 3.8 is a relatively conservative length however it is aimed to operate

at a higher Mach number of M∞ = 0.85. The bounds used for this optimisation,

summarised in Table 1, were chosen to cover a wide range of the available design

space and to expand beyond conventional design parameters. The engine was

designed to cruise at a flight M∞ = 0.85, which once a conservatism factor

[12] is considered the drag rise Mach number should be above MDR = 0.87. A

constraint of MDR > 0.85 was therefore applied 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.

The optimisation process ultimately produced a Pareto set of individual de-

signs (Figure 3). This Pareto set spans a range of cDcruise, cDspill and MDR

values which are all equally optimal, which demonstrates that a trade-off ex-

ists between the three chosen objective functions and a final design would be
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chosen to suit specific requirements. The highest drag rise Mach number was

MDR = 0.885 which was limited by the range of Mach numbers computed for

each case. Since the highest Mach number computed was M∞ = 0.89 the high-

est Mach number at which the gradient was calculated was M∞ = 0.885. To

ensure that the optimisation algorithm has correctly identified good designs and

better designs are found throughout the generations, the final Pareto set can be

compared to the random initialisation population. The improvement from the

initial generation, resulted in an increase inMDR fromMDR = 0.8672 toMDR =

0.8716. The mean value of drag (cDcruise) reduced by ∆cDcruise = 0.0009 from

cDcruise = 0.0313 to cDcruise = 0.0304, however the mean spillage (cDspill)

increased from cDspill = 0.0027 to cDspill = 0.0040 as the optimisation popu-

lated the objective space with designs which met the drag rise objective. This

indicated that the population increased disproportionately in the higher MDR

region 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 comparison to some similar algorithms [41], 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. The lower values

are achieved at the expense of higher mid cruise drag (Figure 3).

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 typically considered. The

optimisation process has resulted in designs which meet this criterion (Figure

3) and have generally favourable aerodynamics, i.e. no strong shocks or separa-

tion at cruise (Figure 4). With the requirement of MDR ≥ 0.86 there is still a

trade-off between the cruise drag and the spillage drag. A lower cruise drag can
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Figure 3: Pareto optimal sets for optimisation performed at nacelle length of lnac/rhi = 3.8,
and radius ratio of rTE/rhi = 0.911 plotted as a function of the performance metrics

Figure 4: Example optimal fan cowl Isentropic Mach number profiles at a length of lnac/rhi =
3.8 and radius ratio of rTE/rhi = 0.911 for different required MDR and CDcruise
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be achieved at the expense of both the spillage drag (Figure 3) and the Mach

number distribution (Figure 4). An increase in the acceptable CDcruise from

CDcruise ≤ 0.0300 to CDcruise ≤ 0.0320 for example resulted in a reduced peak

Mach number from Mpeak = 1.22 to Mpeak = 1.17. This gave a concomitant

reduction in spillage drag from CDspill = 0.0008 to CDspill = −0.0002 (Figure

7b). As the required MDR is increased the minimum spillage penalty are also

increased (Figure 3). 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 noticeably less favourable (Figure 4).

The aerodynamic behaviour becomes 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. For example, an increase in the acceptable CDcruise

from CDcruise ≤ 0.0300 to CDcruise ≤ 0.0320 resulted in optimal designs with

a reduced peak Mach number from Mpeak = 1.23 to Mpeak = 1.18 and a re-

duction in spillage drag from CDspill = 0.0016 to CDspill = 0.0010 (Figure 7b).

Overall, even for this relatively conventional nacelle lnac/rhi = 3.8, this example

highlights the typical trade-off that is considered during a nacelle design. For

example there is a strong trade off between spillage and MDR which results in

being much more difficult to design a good nacelle with a high MDR. Similarly,

depending on the application, there is a trade-off between CDcruise and the ac-

ceptable CDspill. The optimisation method has identified these characteristics

while also linking the overall metrics to desirable isentropic Mach distributions

at the lower required drag rise values.

The second nacelle length assessed using the optimisation method had lnac/rhi =

3.1 which is in a more aggressive region of the design space than the previ-

ous length lnac/rhi = 3.8 and those reported in the open source. The same
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Figure 5: Pareto optimal sets for optimisation performed at nacelle length of lnac/rhi = 3.1
and radius ratio of rTE/rhi = 0.911, plotted as a function of the performance metrics

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 1). Again the

convergence of the optimisation procedure was monitored by the hypervolume

across all 30 generations. Over the final 5 generations there was less than a

0.1% increase in the hypervolume, which again indicated a good level of con-

vergence from the algorithm. The evolution from the initial 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) re-

duced 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 of cDspill = 0.0040 for a design which meets the drag rise

criterion of MDR > 0.87 (Figure 7a). It is clear from the Pareto set (Figure 5)

that the optimal designs at this shorter nacelle length (lnac/rhi = 3.1) allow for
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around 10% lower nacelle drag compared with 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 fur-

ther 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 higher freestream Mach numbers and the lower

MFCR = 0.65. This highlights the increased difficulty in designing a na-

celle of shorter length as the spillage drag (cDspill) is around twice as large at

MDR = 0.87 for the shorter length (lnac/rhi = 3.1) in comparison to the longer

nacelle (lnac/rhi = 3.8).

3.2. Optimisation with directly optimised pressure distributions

The optimisations for the two nacelle lengths were repeated with the limita-

tions on the aerodynamic pressure distributions which were outlined in section

2.6. 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 addi-

tional objective function to minimise Cinflect. These two additional controls

were expected to limit the designs within the final Pareto set to configurations

with weaker shocks and smoother pressure distributions compared to the opti-

misations without these constraints (section 3.1). Due to the added objective

(Cinflect) and the additional constraint (Cshock), the generation size was in-

creased from 40 to 50. The geometric bounds of the optimisation were kept the

same (Table 1).

The addition of the controls (Cshock, Cinflect) resulted in higher values of

MDR found for the short nacelle (lnac/rhi = 3.1)(Figure 6a) relative to the

unconstrained optimisation shown previously (Figure 5). Whereas the uncon-
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strained optimisation had a maximum MDR of MDR = 0.880 the constrained

optimisation resulted in designs which had the maximum MDR of MDR = 0.885.

However, above MDR = 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 cruise drag (cDcruise) designs have undesirable

aerodynamic distributions which are mitigated in the more constrained optimi-

sation hence they have been removed from the constrained Pareto set. There is

also an increase in the average drag for the longer nacelle once the constraints

are applied (Figure 6b) relative to the unconstrained optimisation (Figure 3).

To understand the changes incurred by the addition of the pressure limita-

tions (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 a range of 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 selected from the

two Pareto sets. The controls on the pressure distributions (Cshock, Cinflect)

produced, in general, designs with isentropic Mach number distributions that

had less severe pressure gradients (Figure 8). The introduction of the pressure

distribution controls reduced the peak Mach numbers on all four nacelle de-

signs significantly (Figures 8a, 8b). As a result the sum of the pre-shock Mach

numbers on the constrained designs was reduced relative to the unconstrained

designs.

At the lower required MDR of MDR ≥ 0.86 there was either equivalent or

better spillage performance between the optimisations with and without the

aerodynamic constraints outlined in section 2.6. At a required MDR ≥ 0.86

and CDcruise ≤ 0.0280 the spillage decreased from cDspill = 0.0025 to cDspill =
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(a) lnac/rhi = 3.1, rTE/rhi = 0.911

(b) lnac/rhi = 3.8, rTE/rhi = 0.911

Figure 6: Pareto optimal sets for optimisations performed at two different lengths with pres-
sure limitations (Cshock, Cinflect), plotted as a function of the performance metrics (o), with
the Pareto sets from the optimisations without pressure limitations shown in grey (x)
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(a) lnac/rhi = 3.1, rTE/rhi = 0.911

(b) lnac/rhi = 3.8, rTE/rhi = 0.911

Figure 7: Minimum achievable cDspill for different nacelle lengths and different required levels
of cDcruise and MDR
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0.0017 through the addition of aerodynamic constraints (Figure 7a). At a re-

quired 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 had more conventional distributions the spillage was worsened

through addition of the aerodynamic constraints. 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 aerodynamic constraints and at

CDcruise ≤ 0.0300 it increased from cDspill = 0.0040 to cDspill = 0.0064 (Fig-

ure 7a). This is due to the unconstrained optimal designs exhibiting relatively

unstable pressure distributions which when subjected to lower MFCRs changed

the shock topology from a double shock pattern to a single shock pattern. This

response, whilst providing improved spillage, is not desirable as it likely to re-

sult in sudden changes in drag across the operating envelope. This is evidenced

in the nacelle drag as a function of freestream Mach number (Figure 9). The

designs which came from the unconstrained optimisations were far more sensi-

tive to changes in the freestream Mach number whereas the designs from 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 aerodynamic constraints evidently reduces this somewhat by

penalising pressure distributions which aren’t smooth. In comparison with the

more conventional configurations, the viable design space is relatively restricted

for a short nacelle (lnac/rhi = 3.1) with an aggressive trailing edge radius ratio of

rTE/rhi = 0.911. Although the addition of additional aerodynamic constraints

based on the expected desirable Mach number distributions improve some of

the metrics, it is still a difficult part of the design space.
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(a)

(b)

Figure 8: Example optimal Isentropic Mach number profiles at a length of lnac/rhi = 3.1
and radius ratio of rTE/rhi = 0.911 with (a) a required MDR > 0.86 and (b) a required
MDR > 0.87
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Figure 9: CDnac as a function of M∞ for designs with different CDcruise criteria for a nacelle
length of lnac/rhi = 3.1 and radius ratio of rTE/rhi = 0.911 with and without aerodynamic
constraints at a required MDR > 0.87

3.3. Influence of length and trailing edge offset on optimal designs

The previous analyses highlighted some of the MOO challenges that arise

for a nacelle design. In particular, the significant increase in the design diffi-

culty when the MDR is increased which is exacerbated when the nacelle length

(lnac/rhi) is reduced. In these more difficult parts of the design space, it is also

useful to consider the characteristics of the nacelle surface lift distributions.

Although the implementation of additional design constraints on the lift distri-

butions can improve the aerodynamic characteristics, there are still some unde-

sirable features which highlight the difficulty of the design for this nacelle length

and flight Mach number. Consequently, it is of interest to understand how the

design space is affected by a change in the geometry bounds and if the optimi-

sation method can identify designs with desirable aerodynamics characteristics.

Since the optimisation starts from a prescribed trailing edge and highlight po-

sition 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 series of three trailing edge radii (rTE/rhi = 0.911,rTE/rhi = 0.95,rTE/rhi =

1.0) were optimised for both lengths (lnac/rhi = 3.1 and lnac/rhi = 3.8). An in-
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crease in the trailing edge radius reduces the radial offset which must be achieved

by the optimal fan cowl curve. It would be expected that this should reduce

the overall amount curvature and therefore provide a design with lower surface

isentropic Mach numbers.

Each of these optimisations incorporated the cp controls (Cshock, Cinflect)

described in section 2.6. The outcome of these six optimisations were six Pareto

sets (Figure 6b, 10) which enabled a comparison of the optimal designs available

for each length and trailing edge radius. As before, the designs with the highest

drag rise Mach number were also those with the most adverse spillage as the

requirement to minimise the frontal facing area of the nacelle to improve the

MDR 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.

To compare these data it is useful to consider the possible designs available

given a particular design requirement, in this case MDR (Figure 11). The drag

and spillage of the shorter (lnac/rhi = 3.1) nacelle rapidly worsens as a higher

MDR is targeted (Figure 11). For instance, 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 11a). Con-

versely, 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 is

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 by 70% 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

at different drag rise Mach numbers (Figure 11b). For a required MDR = 0.855
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(a) lnac/rhi = 3.1, rTE/rhi = 0.95 (b) lnac/rhi = 3.8, rTE/rhi = 0.95

(c) lnac/rhi = 3.1, rTE/rhi = 1.0 (d) lnac/rhi = 3.8, rTE/rhi = 1.0

Figure 10: Pareto optimal sets for optimisations performed at different lengths and trailing
edge radii, plotted as a function of the performance metrics
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the minimum spillage which can be attained for both nacelle lengths is be-

low cDspill = 0.0001. However, the performance of the short nacelles is far

worse 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 min-

imum 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, most

notably for the short nacelle. For the optimisations on the short nacelle the

lowest trailing edge radius (rTE/rhi = 0.911) resulted in the highest drag and

spillage at MDR = 0.88. This is 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 cruise drag as a function of MDR 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 from

rTE/rhi = 0.911 to rTE/rhi = 1.0 allows a minimum drag of cDcruise = 0.0259

at MDR = 0.880 compared to cDcruise = 0.0285 for the lower trailing edge

radius.

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 12). Six designs were chosen from the Pareto sets which all met

the criterion of MDR > 0.87. The shortest nacelle (lnac/rhi = 3.1) with the

lowest trailing edge (rTE/rhi = 0.911) 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
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(a)

(b)

Figure 11: Minimum achievable (a) cDcruise and (b) cDspill for a given MDR
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in the length from lnac/rhi = 3.1 to lnac/rhi = 3.8 improves the isentropic

Mach distribution which can be achieved (Figure 12b). 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 resulted

in less wave drag during cruise and less spillage, cDspill = 0.0015 compared to

cDspill = 0.0069.

If a designer could not lengthen the nacelle, an alternative would be to in-

crease the trailing edge radius which also improves the peak Mach number. For

example, the shortest nacelle length investigated (lnac/rhi = 3.1), the improve-

ment in the Mach number distribution from an increase in the trailing edge

radius is evident (Figure 12a). 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 addi-

tion, the nacelle design with rTE/rhi = 1.0 had ∆cDspill = −0.0053 (-76%)

less spillage and ∆cDcruise = −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 12b) 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.

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 13). 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 13a). In addition an increase in the
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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 decreased

the fineness is reduced to avoid thick and short nacelle designs. Such a trend is

less evident for the longer nacelle. In addition to a higher rmax/rhi, there was a

trend for a greater forebody length ratio (fmax) as the trailing edge radius was

increased (Figure 13c). The combination of these two parameters determine

the start and end points of the forebody. With an increase in the thickness

it becomes necessary to have a proportionately longer forebody to avoid high

curvatures. 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 2.1). 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 distributions of the optimal nacelles which were chosen from

the Pareto fronts all exhibit some similar features (Figure 14). For instance

the forebody curvatures of all six designs are monotonic (Figure 14a). 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 important 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 initial forebody radius

(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
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this makes a blunter nacelle, however since the radius of curvature (fif ) is non-

dimensionalised by lfb/(rmax − rhi)
2 and this value is generally higher for the

shorter nacelles the dimensional radius of curvature (rif ) is similar to the five

less aggressive designs.

The highest peaks in isentropic Mach number (Figure 12) correlate with the

highest rates of change in curvature (Figure 14b). 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 14a). 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 (β) tended to increase with a greater trailing edge radius

for the shorter nacelle whilst the opposite trend was observed for the longer

nacelle (Figure 13d). There were no clear trends in the trailing edge second

derivative (y′′TE) as a function of the length or trailing edge radius. This suggests

that either these geometric parameters do not have a first order influence on

the performance of the nacelle or that the noise inherent in optimisation has

obscured any correlation. Whilst at the cruise condition the afterbody diffusion

may not have as much influence on the drag as the forebody design it may

be critical at high incidence to prevent separation. Further optimisation work

should therefore consider these conditions as well.

4. Conclusions

In this work, a method for nacelle optimisation has been demonstrated which

has allowed an understanding of the novel nacelle design space of short fan

cowls. The method is based on CFD simulations and thus high fidelity drag
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(a) (b)

Figure 12: 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

(a) (b)

(c) (d)

Figure 13: 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
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(a)

(b)

Figure 14: (a) Curvature distribution and (b) Rate of change of curvature distribution for six
chosen optimal designs for different lengths and trailing edge radii
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and Isentropic Mach number distributions are available for each design. The

CFD simulations are used to evaluate the fitness of a design directly and with

this in-the-loop approach the drag solution is of a high fidelity compared to a

surrogate model approach. In addition both performance metrics and pressure

distributions are available to be optimised. An improvement to the general

method has been proposed which limits the pressure distributions of the fan

cowls to more conventional velocity profiles. In effect this is mimicking the

work of an inverse design approach but with the capability to reach an opti-

mum without user interaction. Several conclusions can be derived from this

optimisation work which are directly pertinent to the design of nacelles for fu-

ture UHBPR engines. Firstly, a lower trailing edge radius results in optimal

design with lower maximum radii. However, given a requirement to achieve a

drag rise of MDR = 0.87, the most aggressive length nacelles with a high radial

offset have unacceptably high peak Mach numbers. This results in very poor off

design performance. The nacelle performance can be improved by lengthening

or increase of TE radius. Trends in the design space have been assessed for the

optimal designs, and one defining feature of the optimal designs is that they all

had a monotonic curvature profile for the forebody of the nacelle which results

in smooth isentropic Mach number distributions.
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