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A R T I C L E I N F O A B S T R A C T

Communicated by Mehdi Ghoreyshi Future civil aero-engines are likely to operate with higher bypass-ratios (BPR) than current power-plants to 
improve propulsive efficiency and reduce specific thrust. This will probably be accompanied by an increase of 
fan diameter and size of the power plant. Consequently, future configurations are likely to require more close-
coupled installations with the airframe due to structural and ground clearance requirements. This tendency may 
lead to an increase in the adverse installation effects which could be mitigated with non-axisymmetric exhausts. 
However, due to the prohibitive computational cost, limited regions of the design space have been studied. For 
this reason, a relatively low-cost design approach for the integrated system is required. The aim of this work 
is to establish a method to map the non-axisymmetric exhaust design space where the effects of the propulsion 
system installation are taken into account. The methodology relies on the generation of a design database using 
inviscid computational fluid dynamics (CFD) methods. This is used to characterise the design space, identify 
the dominant design parameters and build response surface models for optimisation. The candidate designs that 
arise from the optimisation are assessed with viscous CFD simulations to assess the aerodynamic mechanisms and 
performance characteristics. The result is a set of design recommendations for installed configurations with non-
axisymmetric exhausts. The method is an enabler for the optimisation of installed propulsion systems and has 
provided an exhaust design with a 0.7% improvement on net vehicle force relative to an axisymmetric exhaust, 
for a close coupled configuration where the fan cowl is overlapped with the wing. A reduction in net vehicle 
force is expected to lead to a similar reduction in cruise fuel burn.
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1. Background

Future civil aero-engines are likely to operate with higher bypass-
tios (BPR) [1] and lower fan pressure ratios than current power-plants 
 improve propulsive efficiency and reduce specific thrust [2]. This 
ill be accompanied by an increase of fan diameter and size of the 
wer plant and nacelle. Consequently, for podded under-wing con-
urations of Ultra-High Bypass Ratio (UHBR) aero-engines, the in-
gration of the propulsion system with the airframe requires careful 
nsideration. UHBR engines are expected to be installed in a more 
ose coupled arrangement with the wing to meet ground clearance 
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requirements [3]. However, for such installations, the aerodynamic 
engine-airframe interactions could have a detrimental impact on the 
performance, aeroelasticity and aeroacoustics of both the airframe and 
engine [4]. Moreover, it could alter the working conditions of the en-
gine turbomachinery [5].

The engine-airframe aerodynamic interference is characterised by a 
flow over-acceleration and a shock wave at the nacelle inboard side. 
This is related to a channelling effect produced by the geometric in-
tegration of the nacelle, wing, pylon, exhaust jet and fuselage [6,7]. 
In close coupled configurations, the aerodynamic effects of propulsion 
system installation could penalise the aircraft net vehicle force (𝑁𝑉 𝐹 ) 
by 0.7% of the standard nominal thrust (𝐹𝑁 ) relative to a more con-
ventional installation position [6]. This is partly related to a reduction 
of the exhaust system performance. The Gross Propulsive Force (𝐺𝑃𝐹 ) 
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Nomenclature

Abbreviations

𝐶𝑁𝑃𝑅 Core Nozzle Pessure Ratio = 𝑃𝐶𝑅
𝑖𝑛𝑙𝑒𝑡

∕𝑝∞
𝐷𝑂𝐸 and 𝐷𝑆𝐸 Design Of Experiment and Design Space Explo-

ration

𝐷𝑂𝐹 Degree of Freedom
𝐹𝑁𝑃𝑅 Fan Nozzle Pessure Ratio = 𝑃𝐵𝑃

𝑖𝑛𝑙𝑒𝑡
∕𝑝∞

𝐺𝐴 Genetic Algorithm
𝐺𝑃𝐹 Gross Propulsive Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N]

𝐿𝐻𝑆 Latin Hypercube Sampling
𝑀𝐹𝐶𝑅 Mass Flow Capture Ratio =𝐴∞∕𝐴ℎ𝑙

𝑁𝑃𝐹 Net Propulsive Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N]

𝑁𝑉 𝐹 Net Vehicle Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N]

𝑅𝑆𝑀 Response Surface Model
𝑈𝐻𝐵𝑅 Ultra High Bypass Ratio

Greek Symbols

𝛿𝐷𝐿 and 𝛿𝐷𝑆 Vertical and lateral thrust vector angles . . . . . . . [rad]

𝜇 Dynamic viscosity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa s]
𝜙𝑝𝑖𝑡𝑐ℎ Installation pitch angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . [rad]

𝜙𝑡𝑜𝑒 Installation toe angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [rad]

𝜓 Azimuthal coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [rad]
𝜌 Flow density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [kg/m3]

Roman Symbols

𝑚̇ Mass flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [kg/s]
𝑖
𝐴∕𝐹
𝑥 , 𝑖

𝐴∕𝐹
𝑦 , 𝑖

𝐴∕𝐹
𝑧 Airframe axes reference frame unit vectors

𝑖
𝐸𝑛𝑔
𝑥 , 𝑖

𝐸𝑛𝑔
𝑦 , 𝑖

𝐸𝑛𝑔
𝑧 Engine axes reference frame unit vectors

𝑖𝐷 ,𝑖𝑆 ,𝑖𝐿 Aerodynamic axes reference frame unit vectors
𝐶𝐿 and 𝐶𝐷 Lift and drag Coefficient
𝐶𝑟𝑒𝑓 and 𝐴𝑟𝑒𝑓 Reference chord length and area . . . . . . . [m and m2]

𝐶𝑣 and 𝐶𝑑 Velocity and discharge coefficients
𝑑𝑋 and 𝑑𝑍 Nacelle trailing edge axial and vertical offset from 

wing leading edge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]
𝐹𝑁 Standard nominal net thrust . . . . . . . . . . . . . . . . . . . . . . . . . [N]
𝐹𝐺0 Intake momentum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N]
𝐿𝐴∕𝐹 and 𝐷𝐴∕𝐹 Airframe lift and drag . . . . . . . . . . . . . . . . . . . . . . . . [N]
𝐿∗
𝑛𝑎𝑐

and 𝐷∗
𝑛𝑎𝑐

Modified nacelle lift and drag . . . . . . . . . . . . . . . . . . [N]
𝑃 and 𝑇 Stagnation pressure and temperature . . . . . . . . . [Pa and K]
𝑝 and 𝑡 Static pressure and temperature . . . . . . . . . . . . . . [Pa and K]
𝑞 Dynamic pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa]

𝑦+ Non-dimensional wall distance
M and Re Mach and Reynolds numbers

Subscripts and superscripts

∗ Modified metric definition
𝐵𝑃 and 𝐶𝑅 Referring to the bypass and core nozzles
∞ and 𝑖𝑠 Referring to free-stream and isentropic conditions
𝛿𝐷𝐿

and 𝛿𝐷𝑆
Referring to vertical and lateral thrust vectoring com-

ponents of the propulsive force
𝐴∕𝐶 and 𝐴∕𝐹 Referring to the whole aircraft and airframe only
𝑚𝑎𝑔 and 𝑣𝑒𝑐𝑡 Referring to magnitude and vectoring components of 

the propulsive force
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uld be reduced by approximately 2.0% of the engine nominal thrust 
lative to conventional installation positions [6] while the nacelle drag 
uld increase by about 2.0% [7].

2. Non-axisymmetric exhaust systems for propulsion integration

An improved integration of UHBR engines with the airframe could 
 achieved with non-axisymmetric exhaust systems. Non-axisymmetric 
nfigurations of the exhaust typically involve scarfed [8,9] and non-
rcular designs of the bypass or core nozzles [10–12]. Otter et al. 
0,11] developed a fully parametric approach for the design of non-
isymmetric exhausts. The method was based on intuitive Class Shape 
ansformation functions (iCSTs) [13–15] and was applied to design 
pass nozzles with perturbations of the trailing edge radius. Once in-
alled, these configurations mitigated the aerodynamic interference be-
een the airframe and power plant and reduced the fuel consumption 
 ≈ 0.6% relative to an equivalent axisymmetric configuration [11]. 

 different parametric design approach was investigated by Hueso-
bassa et al. [8]. The study considered azimuthal perturbations of the 
ngitudinal position of the bypass trailing edge. This parametrisation 
uld benefit the 𝑁𝑉 𝐹 by up to 0.4% of the nominal thrust relative to 
e axisymmetric exhaust baseline. Bagy et al. [16] proposed an alterna-
e design method for non-axisymmetric exhausts. The framework used 
tailed computed aided design (CAD) and a dimensionality reduction 
proach. Although the methodology proved useful for fine tuning of 
 industrial geometry, it lacked the geometric control of a parametric 
proach which is required to study the design space in early stages of 
e design process.
Although the previous research [8,10,11,16] set the basis for non-
isymmetric exhaust design, it was limited to a few configurations 
 the bypass nozzle and afterbody that were assessed independently. 
oreover, these studies did not consider the effects of engine-airframe 
tegration in the design process. Therefore, there is a need to develop 
sign and optimisation methods for exhausts systems that account for 
2

e effects of engine-aircraft integration. in
3. Design space exploration and optimisation of engine housing 
mponents

One of the main challenges of aerodynamic design is the large 
mber of design variables considered during the process. This as-
ct, combined with the computational time required by CFD computa-
ns, limits the design capabilities. Although computing power contin-
usly grows, conventional design methods based Reynolds Averaged 
avier-Stokes (RANS) CFD makes the computational cost prohibitive, 
ithin an industrial context, for the exploration and optimisation of 
rge-dimensional complex design spaces. Therefore, lower-cost design 
ethodologies are required. For these reasons, design space exploration 
SE) and optimisation methods can be combined with lower-order CFD 
ethodologies and Response Surface Models (RSM).
Data driven methods and machine learning techniques such as Krig-
g [17,18] and Artificial Neural Networks [19,20] (ANN) can approx-
ate the response of the non-linear system and be used as surrogate 
odels in the optimisation process. This could reduce significantly the 
mputational cost of the optimisation [21]. Different methodologies 
r the design of propulsion system configurations were built upon 
Ms. These include optimisation for preliminary engine design [22], 
celle geometries [23–25] and separate-jet exhaust systems [26,27]. 
oulos et al. [26,27] developed an integrated methodology for the 
sign space exploration (DSE) and optimisation of exhaust systems. 
e methodology was based on Kriging RSMs [17,18] constructed with 
D data of two-dimensional axisymmetric separate-jet exhausts. The 
sultant RSM was used to drive a genetic algorithm (GA) optimisa-
n. The methodology targeted the optimisation of conventional and 
vel UHBR exhaust systems and lead to net propulsive force (NPF) 
nefits of 3.4% and 1.4% respectively [26], relative to baseline con-
urations. Magrini et al. [25] developed a multi-level optimisation 
proach for nacelles. The method started with a multi-objective CFD 
-the-loop optimisation for 2D axisymmetric nacelle geometries, simi-
r to other work [23,24]. The candidate designs were then optimised 

 three dimensions with a pylon through an RSM based approach. The 
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al configurations were evaluated installed with the airframe. There-
re, the effects of propulsion system integration were not considered 
 the optimisation process.
For installed configurations of propulsion systems, even the acqui-

tion of sufficient data to build reliable surrogate models is infeasible. 
r this reason, Euler based CFD methods may provide a viable alter-
tive. These methods could approximate the aerodynamics of installed 
opulsion systems at a fraction of the computational cost relative to a 
ethod based on Reynolds-Averaged Navier-Stokes (RANS) equations 
8]. This may allow wider and more thorough explorations of the de-
gn space and may enable the acquisition of sufficient reliable data 
 formulate accurate prediction models. Ronzheimer et al. [29] pro-
sed an Euler CFD based optimisation method for the integration of 
il-mounted nacelles of business jets. The method targeted the opti-
isation of the tail cone of the aircraft in the presence of a nacelle 
d a pylon. The optimisation significantly mitigated the aerodynamic 
tegration effects and reduced the aircraft drag by 2.5 drag counts rel-
ive to a baseline. However, no viscous CFD solutions were reported. 
nchez-Moreno et al. [30] developed an optimisation for installed con-
urations of UHBR non-axisymmetric nacelles. The method was based 
 Kriging RSMs and Euler CFD to sample the design space. After a ge-
tic optimisation, the optimum design was assessed with RANS CFD. 
e method identified nacelle configurations that improved the aircraft 
VF by 0.006𝐹𝑁 , relative to the baseline design. The methodology re-
ced the computational cost by a factor of thirty-six relative to an 
uivalent optimisation with RANS CFD. This enabled the use of Eu-
r CFD and RSM based optimisation for installed configurations of the 
opulsion system. However, this study did not consider the optimisa-
n of the exhaust system.
There is a clear need to design compact non-axisymmetric nacelles 
d non-axisymmetric exhaust systems to retain the benefits from the 
w engine cycles once the propulsion system is installed. Whilst there 
ve been several investigations on the design optimisation of non-
isymmetric nacelles coupled with the airframe [29,30], most of the 
search on exhaust optimisation was limited to axisymmetric geome-
ies where the effects of propulsion system integration were not con-
dered [26,27].

4. Scope of the present work

Relative to previous research on axisymmetric [26,27,31,32] and 
n-axisymmetric [8,10,11] exhaust systems, this work develops a 
ethodology for the design and optimisation of aero-engine exhausts 
cluding the effects of propulsion integration. The novelty of this 
search is the characterisation of the design space of UHBR non-
isymmetric exhausts considering the effects of the installation of the 
opulsion system. This includes the identification of the dominant de-
gn parameters, the effect of design constraints, an analysis of the 
rodynamic mechanisms and the optimisation of installed exhaust con-
urations. The contribution is a relatively low-cost design optimisation 
proach for installed UHBR aero-engines. In addition, the analysis of 
e underlying aerodynamics revealed thrust vectoring mechanisms by 
hich non-axisymmetric exhausts improve the aircraft performance. 
e impact of the work is the potential fuel burn benefits of optimised 
n-axisymmetric configurations. The proposed method has identified 
haust designs with an improvement in net vehicle force of about 0.7% 
 cruise net thrust (𝐹𝑁 ) relative to an axisymmetric exhaust for a close 
upled configuration. A reduction in net vehicle force is expected to 
ad to a similar reduction in cruise fuel burn.
Overall, the structure of this work includes a detailed descrip-
n of the design methodology and its application to study and opti-
ise installed non-axisymmetric exhausts. The method encompasses the 
rametrisation of three-dimensional exhaust systems, the integration 
 the exhaust with the propulsion system and airframe, the computa-
nal assessment of the resultant configurations and design approaches 
3

ch as design space exploration, response surface modelling and op- ex
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isation. The method is applied to survey the design space and to 
timise installed non-axisymmetric exhausts.

 Methodology

The design of non-axisymmtric separate-jet exhausts for installed 
HBR configurations encompasses the parametrisation of three-dimen-
onal exhausts geometries, the installation of the powerplant with the 
rframe and the assessment of the complete engine-airframe system 
ith CFD. The methodology is integrated with design space exploration, 
sponse surface modelling and optimisation routines to evaluate the 
sign space and identify candidate configurations that may improve 
e overall aircraft net vehicle force.

1. Baseline propulsion system and installation

The baseline propulsion system is a modern Ultra High Bypass Ra-
 (UHBR) engine with bypass ratio of 𝐵𝑃𝑅 = 𝑚̇𝐵𝑃 ∕𝑚̇𝐶𝑅 > 15 [6] and 
standard nominal thrust of 60𝑘𝑁 (𝐹𝑁 ≈ 60𝑘𝑁) [6]. The propul-
on system is configured with an axisymmetric exhaust and a non-
isymmetric nacelle. The nacelle is compact with 𝐿𝑛𝑎𝑐∕𝑅ℎ𝑖 = 3.1 and 
𝑇𝐸∕𝑅ℎ𝑖 = 0.91 [23,24] (Fig. 1a). It was optimised by Tejero et al. 
3,24] using a methodology based on uninstalled, three-dimensional 
nfigurations. The reference axisymmetric exhaust is a separate-jet 
nfiguration and it was optimised with a method based on 2D axisym-
etric geometries by Goulos et al. (Fig. 1b) [26].
The powerplant is installed under-wing of the high-speed NASA 
mmon Research Model (CRM) [33–35] with a pylon (Fig. 1c). The 
opulsion system is installed with the same pitch (𝜙𝑝𝑖𝑡𝑐ℎ = 1.75𝑜) and 
e (𝜙𝑡𝑜𝑒 = 2.25𝑜) angles as the benchmark CRM with a through-flow na-
lle [36] (Fig. 2a). At a fixed span-wise location along the wing, the 
stallation position is defined as the offset between the wing leading 
ge and the nacelle trailing edge at the top aeroline (Fig. 2). The hori-
ntal (𝑑𝑋∕𝐶𝑟𝑒𝑓 ) and vertical (𝑑𝑍∕𝐶𝑟𝑒𝑓 ) components of the position are 
rmalised with the wing chord (𝐶𝑟𝑒𝑓 = 7.8𝑚 [35]) of the local airfoil 
 the target span-wise location. This work focuses on a closely coupled 
stallation position representative of future UHBR engines. In this ar-
ngement, the nacelle is overlapped with the wing (𝑑𝑋∕𝐶𝑟𝑒𝑓 = 0.03, 
∕𝐶𝑟𝑒𝑓 = 0.075, Fig. 2b) [6]. For non-axisymmetric configurations of 
e exhaust, the axial position and radius of the bypass trailing edge 
ay vary azimuthally relative to the baseline. For this reason, the in-
allation position is always referenced to the axisymmetric equivalent 
nfiguration.

The operating conditions of interest are of a typical mid-cruise seg-
ent of a long range flight (Table 1). These include a cruise altitude 
 ℎ = 10668𝑚, a flight Mach number of M∞ = 0.85 and a Reynolds 
mber based on the reference chord of Re𝐶𝑟𝑒𝑓

= 46 × 106. The Interna-
nal Standard Atmosphere (ISA) model [37] was used to calculate the 
bient conditions of static pressure (𝑝∞) static temperature (𝑡∞) and 
nsity (𝜌∞) at the cruise altitude. The engine cycle is based on pub-
hed information [6]. The intake is designed for a Mass Flow Capture 
tio of 𝑀𝐹𝐶𝑅 = 𝐴ℎ𝑖∕𝐴∞ ≈ 0.7 and the exhaust system is sized for a 
n Nozzle Pressure Ratio of 𝐹𝑁𝑃𝑅 = 𝑃𝐵𝑃

𝑖𝑛𝑙𝑒𝑡
∕𝑝∞ ≈ 2.2 and a Core Nozzle 

essure Ratio of 𝐶𝑁𝑃𝑅 = 𝑃𝐶𝑅
𝑖𝑛𝑙𝑒𝑡

∕𝑝∞ ≈ 1.5 [6]. These values were calcu-
ted by Goulos et al. [6,38] on the basis of minimising Specific Fuel 
nsumption (SFC) at mid-cruise conditions.

2. Geometry parametrisation of non-axisymmetric exhaust systems

Three-dimensional geometries of the propulsion system were gener-
ed from different aero-lines across the azimuthal range (𝜓 , Fig. 1b). 
ch aero-line is developed with intuitive Class Shape Transformation 
CST) functions [13–15]. These allow geometries of fan cowls [15,24], 
takes [15], exhausts [38] and pylons [11] to be characterised by 
tuitive geometric parameters. The parametrisation of axisymmetric 

haust systems was extended to non-axisymmetric geometries by the 
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Fig. 1. Baseline propulsion system configuration with (a) side and (b) nozzle views. (c) Schematic of a propulsion system installed with the CRM.

Fig. 2. (a) Definition of pitch (top) and toe (bottom) installation angles and (b) definition of the baseline installation position [6].
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Table 1

Summary of the cycle parameters of the propulsion system and operating 
conditions of the CRM at mid cruise conditions [6].
Engine cycle parameter value CRM operating conditions value

Bypass ratio > 15 h 10668 m

Standard net thrust ≈ 60𝑘𝑁 M∞ 0.85

MFCR ≈ 0.7 Re𝐶𝑟𝑒𝑓
45 × 106

FNPR ≈ 2.2
CNPR ≈ 1.5

dition of azimuthal iCSTs that modify the constrained points of each 
ro-line azimuthally [10,11]. This work focuses on azimuthal pertur-
tions that modify the axial position and radius of the bypass trailing 
ge relative to the baseline configuration with an axisymmetric ex-
4

ust. di
The perturbation of the axial position of the bypass trailing edge 
𝐵𝑃
𝑇𝐸
) [8], also called shear, is a particular case of nozzle scarfing [9]

here only the axial component of the transformation is applied. The 
ansformation produces an azimuthal distribution of 𝐿𝐵𝑃

𝑇𝐸
(𝐿𝐵𝑃

𝑇𝐸
= 𝑓 (𝜓), 

g. 3). The shear perturbation is defined terms of a shear angle (𝜃𝐴)
d the azimuthal position of maximum 𝐿𝐵𝑃

𝑇𝐸
(𝜓𝐴, Fig. 3a). With 𝜓𝐴, 

e perturbation can be applied around any rotation axis throughout 
e azimuth. The shear perturbation is expressed as in equation (1).

𝐵𝑃
𝑇𝐸

∕𝐿𝐵𝑃
𝑇𝐸𝑟𝑒𝑓

(𝜓) = (1 + 𝑠𝑖𝑛(𝜃𝐴))𝑐𝑜𝑠(𝜓 −𝜓𝐴) (1)

When the bypass nozzle is sheared, the after-body can no longer 
main axisymmetric. The variation of the bypass exhaust length at the 
ter aerolines propagates to the inner aerolines (Fig. 3b). At a single 
imuthal position, the inner point of the bypass exit plane is similarly 

splaced axially. In addition, to maintain an axisymmetric core nozzle, 
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Fig. 3. Definition of the shear perturbation of the bypass trailing edge. (a) Distribution of 𝐿𝐵𝑃
𝑇𝐸

and (b) after-body control.

Fig. 4. Definition of the perturbation of the bypass trailing edge radius. (a) Distribution of 𝑟𝑜𝑢𝑡 and (b) bypass exit area control.
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e core cowl trailing edge is kept at a constant axial position across 
e annulus (Fig. 3b). However, as the position of the bypass exit plane 
anges azimuthally, the core cowl boat tail angle (𝛽𝑐𝑐) and the bypass 
ter-body length (𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
) also vary (Fig. 3b). The axial position of the 

re cowl trailing edge is controlled with the circumferentially averaged 
ter-body length (𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
/𝐿𝐵𝑃

𝐴𝐹𝑇𝐵𝑟𝑒𝑓
).

The second family of perturbations is an azimuthal distribution of 
e fan cowl trailing edge radius (𝑟𝐵𝑃

𝑜𝑢𝑡−𝑒𝑥𝑖𝑡) (Fig. 4). It is controlled by 
ree degrees of freedom. These are the variation of the radius relative 
 the reference exhaust (𝑅∕𝑅𝑟𝑒𝑓 ), the azimuthal position where the 
odification is centred (𝜓𝑅) and the azimuthal extend (Δ𝜓𝑅) (Fig. 4a). 
r an exhaust design, it is vital to achieve the required exit area to 
sure that the engine mass flow can be achieved. Therefore, for a non-
isymmetric configuration where the fan cowl radius is varying, it is 
cessary to ensure that the required area is also maintained. This is 
commodated by an azimuthally uniform change to the radius of the 
ner point of the bypass nozzle exit (𝑟𝐵𝑃

𝑖𝑛−𝐸𝑥𝑖𝑡
, Fig. 4b).

The design space of non-axisymmetric exhausts is then characterised 
ith six degrees of freedom (DOF) (Fig. 3 and 4). These encompass 
e two design variables that control the shear perturbation (𝜓𝐴, 𝜃𝐴), 
e mean after-body length (𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
∕𝐿𝐵𝑃

𝐴𝐹𝑇𝐵𝑟𝑒𝑓
, Fig. 3), and the three 

rameters for the perturbation of the bypass trailing edge radius (𝜓𝑅, 
∕𝑅𝑟𝑒𝑓 , Δ𝜓𝑅, Fig. 4). Both perturbations can be applied at any arbitrary 
cation in the bypass annulus, where the azimuthal positions (𝜓𝐴, 𝜓𝑅) 
e bounded to cover all the azimuthal extend of the bypass nozzle 
5

𝑜 < 𝜓𝐴,𝑅 < 360𝑜). sl
𝐵𝑃−𝐸𝑥𝑖𝑡

3. Computational assessment

Installed powerplant configurations (Fig. 1c) were assessed with in-
scid and viscous CFD methods [39]. The inviscid method was based 
 the numerical resolution of the compressible Euler equations and 
as used to sample the design space and generate exhaust databases. 
e viscous method was based on the resolution of the Favre-Averaged 
aiver Stokes equations and was used to assess the optimum designs. 
r the viscous method, the steady-state solver was implicit, density-
sed and was coupled with second order convective schemes and the 
𝜔 SST turbulence model [40]. The dynamic viscosity of the fluid was 
lculated with the Sutherland’s law [41] in both methodologies.
The boundary conditions were related to the mid-cruise operation 

 the CRM (Fig. 5a, Table 1). Pressure inflow conditions were ap-
ied on the bypass and core nozzle inlets. These were defined from 
e target nozzle pressure ratios (𝐹𝑁𝑃𝑅 ≈ 2.2, 𝐶𝑁𝑃𝑅 ≈ 1.5, Table 1) 
d total temperatures. The fan face was modelled as a pressure out-
t with a target mass flow that enforced a mass flow capture ratio of 
𝐹𝐶𝑅 ≈ 0.7. The computational domain was hemispherical with a di-
eter of 100 times the CRM reference chord length centred on the CRM 
se. This was in accordance with the guidelines proposed by the 4𝑡ℎ
IAA drag prediction workshop [35]. A pressure far-field was applied 
 the hemispherical bounds with a M∞ = 0.85 and static quantities at 
e cruise altitude (ℎ = 10668𝑚, Table 1), coupled with a symmetry con-
tion across the CRM vertical plane. The walls were non-slip for viscous 
lculations while the Euler CFD method was configured with inviscid 

ip walls.
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Fig. 5. (a) Schematic of the computational domain and boundary conditions and (b) surface mesh.

Fig. 6. Effect of mesh density on the Euler CFD method across the design space. The results include (a) Δ𝑁𝑃𝐹 and (b) Δ𝐷 .
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2.
For viscous CFD solutions, the computational grids were unstruc-
red with prismatic layers close to the solid bodies for boundary layer 
solution and tetrahedra elsewhere (Fig. 5b). The grids ensured a 
< 1 throughout the geometry. A grid independence study was car-
ed out where meshes with 220 × 106, 115 × 106 and 60 × 106 cells 
ere assessed. Meshes of approximately 115 ×106 cells were considered 
fficient to evaluate installed configurations as these had a grid con-
rgence index (GCI) [42] in Net Propulsive Force (𝑁𝑃𝐹 ) and airframe 
ag (𝐷𝐴∕𝐹 ) of 𝐺𝐶𝐼𝑁𝑃𝐹 = 0.34% and 𝐺𝐶𝐼𝐷𝐴∕𝐹

= 1.57%, respectively. In 
dition to the verification of the computational meshes, the turbulent 
D methodology was validated with experimental data [6]. The pre-
ction of nozzle flows was validated against the experimental results of 
e isolated Dual Separate Flow Reference Nozzle (DSFRN) [43]. A Root 
ean Squared Deviation (RMSD) between CFD and measurements of 
033% was obtained for the velocity coefficient across the FNPR range 
.4 − 2.8) with an 80 × 106 cell mesh. The numerical methodology was 
so validated for the prediction of the installation drag with the CRM 
perimental data [35]. At design conditions (𝐶𝐿 = 0.5), the installation 
ag was captured within two drag counts of the experimental results 
5].

A similar meshing strategy was applied to the Euler CFD method, but 
6

ith coarser settings. The selection of the Euler CFD mesh was based w
𝐴∕𝐹

 the trade-off between accuracy and computational performance. 
rst, a grid independence study was undertaken. For a grid of 80 × 106
lls (fine) the grid convergence indexes were of 𝐺𝐶𝐼𝑁𝑃𝐹 = 0.2% and 
𝐶𝐼𝐷𝐴∕𝐹

= 2.8%. For the same mesh, the computations were approxi-
ately nine times faster relative to the viscous methodology. However, 
is was considered insufficient to carry out the design exploration of 
n-axisymmetric exhausts. For this reason, another mesh of 25 × 106
lls (coarse) was assessed. Fine and coarse grids were employed to as-
ss 96 different non-axisymmetric exhaust designs. It was found that 
e coarse mesh could predict the variability of the performance met-
cs in the design space with a root mean squared deviation in 𝑁𝑃𝐹

d 𝐷𝐴∕𝐹 of 𝑅𝑀𝑆𝐷𝑁𝑃𝐹 = 0.0012𝐹𝑁 and 𝑅𝑀𝑆𝐷𝐷𝐴∕𝐹
= 0.0008𝐹𝑁 rel-

ive to the fine mesh, respectively Fig. 6. With the coarse mesh, the 
mputational time required to assess one design was reduced by a fac-
r of approximately thirty-six relative to the turbulent method. This 
abled the gathering of sufficient data to construct response surface 
odels.

4. Thrust and drag bookkeeping

A modified near-field method for thrust and drag bookkeeping [44]

as used to determine the metrics of interest. The methodology is de-
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Fig. 7. Definition of the (a) vertical and (b) lateral thrust angles.
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iled in the work of Goulos et al. [6]. A 3D vectorial formulation in 
e aerodynamic reference frame (𝑖𝐷, ̂𝑖𝑆 , ̂𝑖𝐿) is considered where all the 
rces are composed by drag (D), lift (L) and side (S) terms. The over-
l performance of the complete aircraft system is reported in terms of 
t vehicle force (𝑁𝑉 𝐹 ). The NVF is directly correlated with cruise 
el burn where 0.01𝐹𝑁 increase is approximately 1% reduction in fuel 
nsumption. It is defined as the balance between propulsive and aero-
namic forces (Eq. (2)) in the drag direction (𝑖𝐷) and is composed 
 the modified gross propulsive force ((𝐺𝑃𝐹 ∗)𝐷), intake momentum 
𝐺0) and the aircraft drag (𝐷𝐴∕𝐶 ).

𝑉 𝐹 = (𝐺𝑃𝐹 ∗)𝐷 − 𝐹𝐺0 −𝐷𝐴∕𝐶 (2)

The 𝐺𝑃𝐹 ∗ is computed with gauge stream forces at nozzle inlets and 
essure and viscous forces on the walls within the exhaust post-exit 
ream tube. In addition, 𝐺𝑃𝐹 ∗ is corrected to account for the cycle 
ass flow and avoid discrepancies between intake and nozzles. The 
rcraft drag (𝐷𝐴∕𝐶 ) combines the modified nacelle (𝐷∗

𝑛𝑎𝑐
) and airframe 

𝐴∕𝐹 ) drag terms (Eq. (3)). The modified nacelle drag accounts for 
e pre-entry and wall forces over the fan cowl and drag domain of the 
lon while the 𝐷𝐴∕𝐹 includes the forces on the wing, fuselage and tail 
 the CRM.

𝐴∕𝐶 =𝐷∗
𝑛𝑎𝑐

+𝐷𝐴∕𝐹 (3)

The resultant lift component of propulsive and aerodynamic forces 
 the aircraft lift (𝐿𝐴∕𝐶 ) (Eq. (4)). The aircraft lift coefficient (𝐶𝐿𝐴∕𝐶

, 
. (5)) is normalised with the free-stream dynamic pressure (𝑞∞) and 
e CRM wing reference area (𝐴𝑟𝑒𝑓 ) [45]. The wing reference area is 
fined with the Wimpress method and has a value of 𝐴𝑟𝑒𝑓 = 191.85 m2

r half CRM model [45]. In this method, the wing is extruded at the 
ot until the fuselage centreline is met. The reference area is the pro-
ction of the extruded wing on the 𝑖𝐴∕𝐹𝑥 − 𝑖

𝐴∕𝐹
𝑦 plane. All the metrics 

e then expressed for the CRM mid-cruise conditions with 𝐶𝐿𝐴∕𝐶
= 0.5.

𝐴∕𝐶 = (𝐺𝑃𝐹 ∗)𝐿 +𝐿∗
𝑛𝑎𝑐

+𝐿𝐴∕𝐹 (4)

𝐴∕𝐶
=

𝐿𝐴∕𝐶

𝑞∞𝐴𝑟𝑒𝑓

(5)

In addition to force metrics, nozzle discharge coefficients are also 
quired. Discharge coefficients (Eq. (6)) at the bypass (𝐶𝐵𝑃

𝑑
) and core 

𝐶𝑅
𝑑
) nozzles are defined as the normalisation of the CFD-computed 

ass flows (𝑚̇𝐶𝐹𝐷) with their ideal mass flow per unit area (
(
𝑚̇

𝐴

)
𝑖𝑑
) 

d throat area (𝐴𝑡ℎ).

=
𝑚̇𝐶𝐹𝐷(
𝑚̇

𝐴

)
𝑖𝑑
𝐴𝑡ℎ

(6)

For the design of non-axisymmetric exhausts (sub-index 2, e.g. ()2), 
is more convenient to express the metrics as changes relative to the 
seline axisymmetric configuration (sub-index 1, e.g. ()1). The changes 
 the force terms are normalised with the standard nominal thrust (𝐹𝑁 , 
. (7)) and are defined such that a positive value implies a benefit in 
e aircraft performance. Moreover, the intake momentum remains con-
7

ant relative to the baseline configuration. For this reason, the increase Δ
 𝑁𝑉 𝐹 (Δ𝑁𝑉 𝐹 ) is expressed as the sum of the changes in modified 
oss propulsive force and aircraft drag (Eq. (8))

𝐹 =
𝐹2 − 𝐹1
𝐹𝑁

(7)

𝑁𝑉 𝐹 = (Δ𝐺𝑃𝐹 ∗)𝐷 +Δ𝐷𝐴∕𝐶 (8)

4.1. Thrust vector angles
Modifications of the bypass nozzle trailing edge are likely to affect 
e already strong 3D features of the flow. These modifications may 
ange the magnitude and orientation of the propulsive force vector. 
rust angles (𝛿𝐷𝐿 and 𝛿𝐷𝑆 ) are defined in aerodynamic coordinates 
 the angles of the modified gross propulsive force vector (Eq. (9) and 
0)). The vertical thrust vector angle (𝛿𝐷𝐿, Eq. (9)) is the angle be-
een the lift (𝑖𝐿) and drag (𝑖𝐷) components of the gross propulsive 
rce (Fig. 7a) while the lateral thrust vector angle (𝛿𝐷𝑆 , Eq. (10)) is 
fined between the lateral (𝑖𝑆 ) and drag (𝑖𝐷) components of the same 
etric (Fig. 7b).

𝐿 = 𝑎𝑡𝑎𝑛

(
(𝐺𝑃𝐹 ∗)𝐿
(𝐺𝑃𝐹 ∗)𝐷

)
(9)

𝑆 = 𝑎𝑡𝑎𝑛

(
(𝐺𝑃𝐹 ∗)𝑆
(𝐺𝑃𝐹 ∗)𝐷

)
(10)

4.2. Decomposition of the propulsive force
To quantify the thrust vectoring, the propulsive force ((Δ𝐺𝑃𝐹 ∗)𝐷) is 
composed into magnitude effects ((Δ𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷) and thrust vectoring 

rms ((Δ𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷) (Eq. (11)). (Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷 is defined from the change 
 the modulus of 𝐺𝑃𝐹 ∗ (Eq. (12)) while the thrust vectoring accounts 
r the force component redistribution due to changes in thrust angles 
q. (13)) (Fig. 8a).

𝐺𝑃𝐹 ∗)𝐷 = (Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷 + (Δ𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷 (11)

𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷 =

(
𝐺𝑃𝐹 ∗

2 − |𝐺𝑃𝐹 ∗
1 | 𝐺𝑃𝐹 ∗

2|𝐺𝑃𝐹 ∗
2 |

)
𝐷

(12)

𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷 =

(|𝐺𝑃𝐹 ∗
1 | 𝐺𝑃𝐹 ∗

2|𝐺𝑃𝐹 ∗
2 | −𝐺𝑃𝐹 ∗

1

)
𝐷

(13)

The thrust vectoring term is further split into the vertical (Δ𝐺𝑃𝐹 ∗
𝛿𝐷𝐿

) 
d lateral (Δ𝐺𝑃𝐹 ∗

𝛿𝐷𝑆
) contributions that arise from changes in 𝛿𝐷𝐿 and 

𝑆 , respectively (Eq. (14)). Each term is estimated assuming the iso-
ted effect of the target angle (Δ𝐺𝑃𝐹 ∗

𝛿𝑖𝑠𝑜−𝐷𝐿
, Δ𝐺𝑃𝐹 ∗

𝛿𝑖𝑠𝑜−𝐷𝑆
) (Eq. (15), 

g. 8b,c). Weighting coefficients for each effect (𝑊𝐷𝐿 and 𝑊𝐷𝑆 ) are 
mputed as the ratio of an individual effect relative to the sum of both 
olated contributions (Δ𝐺𝑃𝐹 ∗

𝛿𝑖𝑠𝑜−𝐷𝐿
+Δ𝐺𝑃𝐹 ∗

𝛿𝑖𝑠𝑜−𝐷𝑆
, Eq. (16)). These co-

cients are applied to (Δ𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷 and the final metric is obtained 
𝐺𝑃𝐹 ∗

𝛿𝐷𝐿
, Δ𝐺𝑃𝐹 ∗

𝛿𝐷𝑆
, Eq. (17)). In equations (15)-(17), the process is 

scribed only for the vertical vectoring (𝛿𝐷𝐿). However, it is exactly 
e same for the lateral effect (𝛿𝐷𝑆 ).

𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷 =Δ𝐺𝑃𝐹 ∗
𝛿𝐷𝐿

+Δ𝐺𝑃𝐹 ∗
𝛿𝐷𝑆

(14)
𝐺𝑃𝐹 ∗
𝛿𝑖𝑠𝑜−𝐷𝐿

= |𝐺𝑃𝐹 ∗
𝑟𝑒𝑓

|(cos 𝛿𝐷𝑆2
− cos 𝛿𝐷𝑆1

) (15)
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Fig. 8. Decomposition of the propulsive force. (a) Propulsive magnitude and thrust vectoring split, (b) vertical vectoring and (c) lateral vectoring effects.

Fig. 9. Schematic of the design space exploration and optimisation methodology.
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𝛿𝑖𝑠𝑜−𝐷𝐿

+Δ𝐺𝑃𝐹 ∗
𝛿𝑖𝑠𝑜−𝐷𝑆

(16)

𝐺𝑃𝐹 ∗
𝛿𝐷𝐿

= (Δ𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷𝑊𝐷𝐿 (17)

5. Design space exploration and optimisation methods

The parametrisation of exhaust geometries, the installation of the 
opulsion system with the airframe and the CFD assessment of the de-
gns were coupled in a systematic design methodology (Fig. 9). This 
compassed the design of experiment (DOE), Response Surface Mod-
8

ling (RSM) and RSM based optimisation. nu
5.1. Design of experiment
During the design of experiment, the design space was sampled to 
mpile a database of non-axisymmetric exhausts. The method com-
ised an optimal Latin hypercube sampling (LHS) [46] where a to-
l of 480 exhaust designs were distributed across the design space 
ig. 9, number 3). This is a ratio of samples per design variable of 
𝑆∕𝑁𝐷𝑂𝐹 = 80, similar to previous investigations for installed propul-
on system configurations [30].

5.2. Response surface modelling
All the designs in the database were assessed with Euler CFD and 
e aerodynamic metrics of interest were calculated. With the resul-
nt data, Response Surface Models (RSMs) were formulated (Fig. 9, 

mber 4). The Gaussian regression process (Kriging) [17,47] modelled 
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Fig. 10. Summary of the design space exploration results with splits of (a) (Δ𝐺𝑃𝐹 ∗)𝐷 and Δ𝐷𝐴∕𝐶 , (b) (Δ𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷 and (Δ𝐺𝑃𝐹 ∗
𝑒𝑓𝑓

)𝐷 , (c) Δ𝛿𝐷𝐿 and Δ𝛿𝐷𝑆 .
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e response of the non-axisymmetric exhaust design space. Detailed 
athematical formulations of the Gaussian regression process can be 
und in the literature [18]. The hyper-parameters of the Kriging RSM 
ere tuned for the best response of the model using a leave-one-out 
OO) cross validation methodology [48]. The RSM predictions for a set 
0 non-axisymmetric exhaust designs were correlated with the origi-
l CFD results in terms of linear regression and root mean squared 
viation (RMSD). The best response of the model was with quadratic 
gression and absolute exponential correlation functions, together with 
nugget size of 𝜖 = 1 × 10−7. The verification results for Δ𝑁𝑉 𝐹 , 
(𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷 and Δ(𝐺𝑃𝐹 ∗

𝛿𝐷𝑆
)𝐷 indicated a coefficient of determination 

2) of 𝑅2 = 0.96, 0.984 and 0.963, a linear slope of 𝑚 = 0.945, 0.975
d 0.963 and a root mean squared deviation of 𝑅𝑀𝑆𝐷 = 0.002𝐹𝑁 , 
0012𝐹𝑁 and 0.0018𝐹𝑁 , respectively.

5.3. Design optimisation
Response surface models drove the optimisation process in which a 

enetic Algorithm (GA) [49] was selected as in other nacelle [23,24]
d exhaust [26,27] optimisation studies. The optimisation parameters 
ere conservative to ensure the convergence of the process. In addi-
n, the optimisation was bounded by the discharge coefficients. From 
design point of view, variations of discharge coefficients can be ab-
rbed by small variations of the nozzle areas. Within this work, it was 
und that differences up to |Δ𝐶𝐵𝑃

𝑑
| ≤ 1% of 𝐶𝐵𝑃

𝑑𝑟𝑒𝑓
and |Δ𝐶𝐶𝑅

𝑑
| ≤ 6% of 

𝐶𝑅

𝑟𝑒𝑓
could be accommodated by small changes in the nozzle exit areas 

ithout compromising the NVF. Once the optimisation algorithm iden-
ed an optimum non-axisymmetric exhaust design, this was assessed 
ith the viscous and turbulent CFD method (Fig. 9, number 5).

 Results and discussion

Non-axisymmetric exhausts were designed for a close coupled in-
allation position. First, the design space was analysed with the re-
lts of the design of experiment to identify the general trends. After 
at, several candidate designs were identified with the RSM based 
timisation. These encompassed designs optimised for different per-
rmance requirements which were compared in terms of performance 
d aerodynamics. Finally, a set of design recommendations for non-
isymmetric exhaust systems were derived from the sensitivities of the 
timum design to the different degrees of freedom.

1. Analysis of the design space

The exploration of the design space with the inviscid CFD method 
9

dicates a great variability of Δ𝑁𝑉 𝐹 (Fig. 10a). The levels of per- no
rmance range from a penalty of Δ𝑁𝑉 𝐹 = −0.036𝐹𝑁 up to a ben-
t of Δ𝑁𝑉 𝐹𝑀𝐴𝑋 = 0.013𝐹𝑁 relative to the baseline axisymmetric 
haust. Within this range, a third of all designs have a benefit in per-
rmance compared with the baseline, 17.3% of the population with 
𝑁𝑉 𝐹 > 0.004𝐹𝑁 and 5.2% of Δ𝑁𝑉 𝐹 > 0.008𝐹𝑁 . These indicate that 
may be possible to improve the overall aircraft performance with 
n-axisymmetric exhausts. The NVF is governed by the balance of 
opulsive ((Δ𝐺𝑃𝐹 ∗)𝐷) and drag (Δ𝐷𝐴∕𝐶 ) forces (Fig. 10a). The former 
ries between −0.04𝐹𝑁 < (Δ𝐺𝑃𝐹 ∗)𝐷 < 0.027𝐹𝑁 while the later ranges 
tween −0.025𝐹𝑁 < Δ𝐷𝐴∕𝐶 < 0.025𝐹𝑁 . The majority of the best de-
gns (Δ𝑁𝑉 𝐹 > 0.008𝐹𝑁 ) lie in the region of beneficial propulsive force. 
owever, not all of the best designs reduce the aircraft drag. The split of 
𝐺𝑃𝐹 ∗)𝐷 into vectoring ((Δ𝐺𝑃𝐹 ∗

𝑣𝑒𝑐
)𝐷) and magnitude ((Δ𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷) 

ntributions (Fig. 10b) highlights the increased importance of thrust 
ctoring. Most of the designs with Δ𝑁𝑉 𝐹 > 0.008𝐹𝑁 benefit the thrust 
ctoring ((Δ𝐺𝑃𝐹 ∗

𝑣𝑒𝑐
)𝐷 > 0.01𝐹𝑁 ) while the magnitude of 𝐺𝑃𝐹 ∗ is pe-

lised. This trade-off effect indicates that for installed configurations it 
 more effective to modify the thrust vector angles and align the thrust 
ctor with the drag axis (𝑖𝐷) (Fig. 11) than to increase the magnitude of 
e propulsive force. The thrust vectoring benefit in Δ𝐺𝑃𝐹 ∗ arises from 
reduction of thrust vector angles (𝛿𝐷𝐿, 𝛿𝐷𝑆 ) by up to 3𝑜 relative to the 
ference configuration and it is dominated by the lateral component 
𝐷𝑆 , Fig. 10c). This result indicates that non-axisymmetric exhausts 
e effective to control the thrust vectoring. In terms of discharge co-
cients, Δ𝐶𝐵𝑃

𝑑
has a variation of 1.2% across the design space while 

𝐶𝐶𝑅
𝑑

changes between −17% < Δ𝐶𝐶𝑅
𝑑

< 5%, relative to the reference. 
e designs with Δ𝑁𝑉 𝐹 > 0𝐹𝑁 are spread across the different values 
 the discharge coefficients. This result emphasises the importance of 
iting the metrics in the optimisation.
To identify the regions of the design space that benefit the 𝑁𝑉 𝐹 , the 
taset is presented in the form of banded histograms with intervals of 
e third of the maximum Δ𝑁𝑉 𝐹 in the DSE (Fig. 12). The histograms 
splay the density distribution of designs at each band of benefit. 
g. 12 indicates that the shear perturbation (𝜓𝐴, 𝜃𝐴) governs Δ𝑁𝑉 𝐹 . 
esigns with higher net vehicle force (Δ𝑁𝑉 𝐹∕Δ𝑁𝑉 𝐹𝑀𝐴𝑋 > 0.66) are 
nfigured with inboard-sheared bypass exhausts (0𝑜 < 𝜓𝐴 < 180𝑜) and 
table shear angles (𝜃𝐴). The optimum placement of the perturbation 
 the bypass trailing edge radius (𝜓𝑅) also plays a role whereby the 
ost beneficial location is at the inboard-side. Most of the designs with 
𝑁𝑉 𝐹∕Δ𝑁𝑉 𝐹𝑀𝐴𝑋 > 0.33 have a value of 𝜓𝑅 between 180𝑜 and 300𝑜.
Although the characterisation and analysis of the design space is ad-
essed with the low-fidelity CFD method, it provides a good overview 
 the trade-offs between performance metrics once the effects of the 
opulsion system integration are considered. The potential benefit of 

n-axisymmetric exhausts is proven to arise mostly from a better align-
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Fig. 11. Reduction of (a) vertical and (b) lateral thrust vector angles produced by non-axisymmetric exhausts.

Fig. 12. Histograms of the distribution of designs in the design space. The database is classified in bands of different levels of Δ𝑁𝑉 𝐹 .
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teral vectoring term.

2. Optimisation of installed non-axisymmetric exhaust systems

The low-fidelity dataset is utilised to formulate RSMs that guide the 
timisation process. Four optimisations identified candidate designs 
r different performance requirements (D1, D2, D3 and D4, Table 2). 
esign D1 is the result of the maximisation of Δ𝑁𝑉 𝐹 . The purpose 
 this optimisation is to find the best design in terms of aircraft per-
rmance that can be obtained with a low-fidelity data driven optimi-
tion. Design D2 is obtained from the maximisation of (Δ𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷 . 

e objective of D2 is to understand if Δ𝑁𝑉 𝐹 can benefit from an 
10

haust focused design. The optimisation of this metric is equivalent Δ
 the maximisation of |𝐶∗
𝑣
|. Design D3 is selected from the maximi-

tion of Δ𝐺𝑃𝐹 ∗
𝛿𝐷𝑆

. The goal is to quantify the benefits in 𝑁𝑉 𝐹 that 
sult from the optimisation of the lateral thrust-vectoring and there-
re from reductions of the lateral thrust angle (𝛿𝐷𝑆 ). Finally, design 
4 results from the maximisation of Δ𝑁𝑉 𝐹 subject to 𝛿𝐷𝐿 − 𝛿𝐷𝐿𝑟𝑒𝑓

> 0𝑜

d (Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷 > 0𝐹𝑁 . The purpose of D4 is to determine how the ef-
ct of constraints in vertical thrust-vectoring and exhaust performance 
n limit the Δ𝑁𝑉 𝐹 . The constraint on 𝛿𝐷𝐿 prevents the deflection 
 the exhaust jet towards the wing trailing edge. The second con-
raint enforces |𝐶∗

𝑣
| to be beneficial. Moreover, discharge coefficients 

e bounded to |Δ𝐶𝐵𝑃
𝑑

| ≤ 1% and |Δ𝐶𝐶𝑅
𝑑

| ≤ 6% in all four optimisations.
The optimum non-axisymmetric exhaust design for maximum 
𝑁𝑉 𝐹 (D1) improves the overall aircraft performance by Δ𝑁𝑉 𝐹 =



J.

Fi

sig

0.
re

eq

no

m

0.
40
in

O

(d

N

Δ

a 
by

th

ri

re

(Δ
(Δ
er

0.
(Δ
du

at

th

(T

la

fo

ha

th

m

fo

re

w

dr

er

ed

an

fa

To

fig

di

pa

im

re

tiv

𝛿𝐷
in

m

th

D

im

an
Hueso-Rebassa, D. MacManus, F. Tejero et al.

Table 2

Summary of the designs identified with the different optimi-
sations. Although not shown in the table, all optimisations are 
subject to |Δ𝐶𝐵𝑃

𝑑
| ≤ 1% and |Δ𝐶𝐶𝑅

𝑑
| ≤ 6%.

Design Target Constraint 1 Constraint 2

D1 Δ𝑁𝑉 𝐹𝑀𝐴𝑋 - -

D2 (Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝑀𝐴𝑋
𝐷

- -

D3 Δ𝐺𝑃𝐹 ∗𝑀𝐴𝑋
𝛿𝐷𝑆

- -

D4 Δ𝑁𝑉 𝐹𝑀𝐴𝑋 Δ𝛿𝐷𝐿 > 0𝑜 (Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷 > 0%

g. 13. Thrust and drag accounting decomposition for the four candidate de-
ns. These results are based on viscous and turbulent CFD assessments.

0067𝐹𝑁 when assessed with viscous and turbulent CFD (Fig. 13a), 
lative to the baseline axisymmetric exhaust. This approximately 
uivalent to a reduction of 0.7% in cruise fuel burn. Therefore, 
n-axisymmetric exhaust systems can improve the aircraft perfor-
ance substantially. D4 also improves the net vehicle force (Δ𝑁𝑉 𝐹 =
0038𝐹𝑁 ) (Fig. 13a). However, the benefit is reduced by approximately 
% relative to D1 due to the extra constraints on vertical thrust vector-
g (Δ𝛿𝐷𝐿 > 0𝑜) and propulsive force magnitude ((Δ𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷 > 0𝐹𝑁 ). 

n the other hand, the maximisation of the overall exhaust performance 
esign D2) and lateral vectoring (design D3) is not effective to improve 
VF (Fig. 13). D2 penalises NVF by −0.0072𝐹𝑁 while D3 improves it by 
𝑁𝑉 𝐹 = 0.0007𝐹𝑁 , compared to the baseline.
For D1, the improvement in NVF (Δ𝑁𝑉 𝐹 = 0.0067𝐹𝑁 ) arises from 
benefit in propulsive force ((Δ𝐺𝑃𝐹 ∗)𝐷 = 0.0098𝐹𝑁 ) which is offset 
 a penalty in aircraft drag (Δ𝐷𝐴∕𝐶 = −0.0031𝐹𝑁 ). To understand 
e drivers of the performance, the split of propulsive and drag met-
cs is evaluated further (Fig. 13). The penalty in aircraft drag is the 
sult of a balance between a beneficial effect on the nacelle drag 
𝐷∗

𝑛𝑎𝑐
= 0.031𝐹𝑁 ) and a penalising effect on the airframe component 

𝐷𝐴∕𝐹 = −0.034𝐹𝑁 ). The improvement in gross propulsive force is gov-
11

ned by thrust vectoring. The metric is benefited by (Δ𝐺𝑃𝐹 ∗
𝑣𝑒𝑐

)𝐷 = an
Aerospace Science and Technology 142 (2023) 108700

Fig. 14. Parallel coordinates chart of the optimum designs.

Table 3

Vertical (𝛿𝐷𝐿) and lateral (𝛿𝐷𝑆 ) thrust vector angles of the 
baseline configuration and optimum non-axisymmetric ex-
haust designs. The table also includes the pitch (𝜙𝑝𝑖𝑡𝑐ℎ) and 
toe (𝜙𝑡𝑜𝑒) angles.
Design 𝛿𝐷𝐿(𝑜) 𝛿𝐷𝑆 (𝑜) 𝜙𝑝𝑖𝑡𝑐ℎ(𝑜) 𝜙𝑡𝑜𝑒(𝑜)

Baseline 5.02 4.96 1.75 2.25
D1 4.23 2.66 1.75 2.25
D2 3.79 7.44 1.75 2.25
D3 5.20 2.41 1.75 2.25
D4 5.18 3.98 1.75 2.25

0155𝐹𝑁 and is dominated by the lateral component of the effect 
𝐺𝑃𝐹 ∗

𝛿𝐷𝑆
= 0.011𝐹𝑁 and Δ𝐺𝑃𝐹𝛿𝐷𝐿

= 0.0045𝐹𝑁 ). This results from re-
ctions in thrust vector angles of Δ𝛿𝐷𝐿 = −0.8𝑜 and Δ𝛿𝐷𝑆 = −2.3𝑜 rel-
ive to the baseline (Table 3). For the baseline axisymmetric exhaust, 
e lateral thrust angle (𝛿𝐷𝑆 ) is approximately 2.7𝑜 greater than 𝜙𝑡𝑜𝑒

able 3). This indicates that the effects of the propulsion system instal-
tion deflect the thrust vector laterally and reduce the gross propulsive 
rce in the drag direction. Non-axisymmetric configurations of the ex-
ust (D1, D3 and D4) are effective to counteract the effect and align the 
rust vector with the drag axis (𝑖𝐷). Opposite to thrust vectoring, the 
agnitude of 𝐺𝑃𝐹 ∗ is penalised by (Δ𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷 = −0.0057𝐹𝑁 . There-

re, to improve NVF, the overall performance of the exhaust system is 
duced relative to the baseline but the thrust vector is more aligned 
ith 𝑖𝐷 . These results confirm the strong coupling between thrust and 
ag forces and the need for an optimisation methodology that consid-
s the effects of the propulsion system installation.
In terms of the non-axisymmetric perturbations of the bypass trailing 
ge (Fig. 14), D1 (Δ𝑁𝑉 𝐹𝑀𝐴𝑋 ) follows the trends identified during the 
alysis of the design space. D1 is configured with an inboard-sheared 
n cowl and a reduced bypass trailing edge radius at the inboard-side. 
 evaluate the different mechanisms by which non-axisymmetric con-
urations alter the exhaust, nacelle and airframe performance, the 
fferent designs are compared. While D1 has an inboard-sheared by-
ss nozzle, D2 is sheared towards the outboard-side (Fig. 14). To 
prove (Δ𝐺𝑃𝐹 ∗

𝑚𝑎𝑔
)𝐷 , the exhaust is sheared towards the opposite side 

lative to D1. However, this misaligns the thrust vector further rela-
e to the baseline as the lateral thrust vector angle is increased from 
𝑆 = 4.96𝑜 (baseline) to 7.44𝑜 (D2) (Table 3). The penalising effect 
 lateral thrust vectoring (Δ𝐺𝑃𝐹 ∗

𝛿𝐷𝑆
= −0.0192𝐹𝑁 ) offsets the gain in 

agnitude ((Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷 = 0.018𝐹𝑁 ). The maximisation of the lateral 
rust vectoring (design D3) results in a similar shear configuration as 
1 but at a reduced azimuthal position (Fig. 14). This demonstrates the 
pact of 𝜓𝐴 on thrust vectoring. Although D3 reduces the lateral vector 
gle from 𝛿𝐷𝑆 = 4.96𝑜 (baseline) to 2.41𝑜 (D3) (Table 3), the vertical 

gle increases and limits the benefit in 𝐺𝑃𝐹 ∗. Finally, D4 is similar 
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Fig. 15. Comparison of the aerodynamics of an optimised non-axisymmetric exhaust (D1, left) with the baseline axisymmetric configuration (right). The figure 
includes isentropic Mach number distributions based on 𝑃∞ and M= 1 isosurfaces over the pressure side of the wing.
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 D1 (Fig. 14). However, the constraints in Δ𝛿𝐷𝐿 and in (Δ𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷
able 2) lead to a reduced shear angle (𝜃𝐴) and lower 𝜓𝐴 relative 
D1. Nevertheless, the perturbation in the bypass trailing edge radius 
mains similar in both designs (Fig. 14). This indicates that the radius 
rturbation can benefit the NVF without changing substantially the 
agnitude and direction of 𝐺𝑃𝐹 ∗.

In conclusion, exhausts designed for maximum Δ𝑁𝑉 𝐹 are config-
ed with inboard-shear and reduced bypass trailing edge radius at the 
board side. This aligns the thrust vector with the drag axis and reduces 
e modified nacelle drag, which benefits the 𝑁𝑉 𝐹 . Moreover, the op-
isation of performance metrics related to the exhaust (Δ𝐺𝑃𝐹 ∗

𝛿𝐷𝑆
, 

𝐺𝑃𝐹 ∗
𝑚𝑎𝑔

)𝐷) does not improve Δ𝑁𝑉 𝐹 .

3. Aerodynamic mechanisms

Non-axisymmetric exhausts modify the aircraft performance at a sys-
m level. From an aerodynamics point of view, it is the result of a 
mbination of two different mechanisms that impact the propulsion 
stem and the airframe. First, non-axisymmetric exhausts alter the in-
ard shock field that results from the propulsion system installation. 
cond, the asymmetric geometry of the bypass exit plane and after-
dy modify the expansion of the bypass flow azimuthally.

3.1. Mitigation of the inboard shock-field
While design D1 exhibits the highest NVF (Δ𝑁𝑉 𝐹 = 0.0067𝐹𝑁 ), it 

so penalises the aircraft drag (Δ𝐷𝐴∕𝐶 = −0.0031𝐹𝑁 ). The increase in 
rcraft drag arises from the shock-waves and pre-shock expansions at 
e inboard side of the propulsion system (Fig. 15). Designs that re-
ce the fan cowl length at the inboard side (D1, D3, D4) mitigate the 
st shock and therefore reduce the strength of the pre-shock expansion 
ig. 15). This has opposite effects on the nacelle and airframe (Fig. 16). 
increases the static pressure at the aft of the nacelle relative to the 
seline, which benefits the nacelle drag by Δ𝐷∗

𝑛𝑎𝑐
= 0.031𝐹𝑁 . How-

er, the same static pressure increase is detrimental for the airframe 
𝐷𝐴∕𝐹 = −0.034𝐹𝑁 ). Given the design of the CRM wing pressure-side, 
wer static pressures at the inboard of the propulsion systems reduce 
e airframe drag. However, this arises from a reduction in the CRM lift 
at is counteracted by the vertical component of the propulsive force 
 ensure a trimmed 𝐶𝐿𝐴∕𝐶

= 0.5.
Exhausts that are sheared towards the inboard side reduce the ad-
rse aerodynamic interference of the installation. Inboard-sheared con-
12

urations have an increased flow area between fan cowl and wing ifi
ig. 17a). The bypass trailing edge is displaced forward at the inboard-
de, which offsets the nacelle from the wing locally. This increases 
e effective flow area in the region and prevents the flow from reach-
g sonic conditions near the fan cowl. Fig. 17b illustrates the effect. 
r the baseline configuration, the sonic region extends between wing, 
selage and nacelle. However, for design D1, the increased gully area 
duces the magnitude of the sonic region. The opposite is observed 
r D2 (Fig. 16c). D2 is configured with an bypass exhausts that is 
eared towards the outboard side. This increases the overlap between 
n cowl and wing at the inboard side. This configuration strengthens 
e pre-shock expansion and shock-wave, which penalises the nacelle 
𝐷∗

𝑛𝑎𝑐
= −0.0272𝐹𝑁 ) and benefits the airframe (Δ𝐷𝐴∕𝐹 = 0.0144𝐹𝑁 ) 

ag components, relative to the baseline. In addition to the impact 
 drag metrics, changes in the inboard-shock field alter the static pres-
re distributions near the bypass nozzle exit plane. This impacts the 
scharge coefficients of the bypass and core nozzle through flow sup-
ession mechanisms.

3.2. Non-axisymmetric expansion of the bypass flow
Non-axisymmetric configurations of the bypass exhaust modify the 
pansion of the jet flow azimuthally. Even though the overall bypass 
ea is maintained to the same value as the baseline exhaust, the az-
uthal distribution of the bypass area changes. This, combined with 
e variation of external static pressure that results from the installa-
n interference, modifies the effective nozzle pressure ratio (𝑁𝑃𝑅𝑒 =
𝑛𝑙𝑒𝑡∕𝑝𝑒𝑥𝑖𝑡) azimuthally. The bypass exhaust system is no longer choked 
ound the whole 360𝑜 annulus (Fig. 18). Instead, local subsonic and 
der-expanded flow regions appear at opposite azimuthal locations. 
board-sheared designs (D1, D3, D4) are characterised by a locally 
der-expanded flow at the outboard side of the propulsion system and 
subsonic region at the inboard side, where the fan cowl is shorter 
ig. 18). The subsonic region is partly affected by the pylon through 
w blockage and total pressure losses. Moreover, the design of the 
ter-body also impacts the bypass flow expansion downstream of the 
zzle exit plane. The after-body design method imposes circular core 
wl trailing edges at uniform axial positions. This geometric constraint 
sults in non-uniform distributions of the core cowl boat tail angle (𝛽𝑐𝑐 , 
g. 3). For inboard-sheared nozzles, 𝛽𝑐𝑐 is steeper where the fan cowl is 
nger, which increases the strength of the flow expansion downstream 
 the bypass nozzle exit plane.
The aerodynamic interference of the powerplant installation mod-

es the shape of the exhaust plume as well as the mass (𝜌𝑣𝐷), mo-
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Fig. 16. Pressure drag distributions (𝐶𝑝(𝑛̂)𝐷) over the propulsion system inboard side (left) and wing pressure side (right) of the (a) axisymmetric baseline, (b) design 
D1 and (c) design D2. Ti figure also includes isolines of pressure coefficient (𝐶𝑝).
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entum (𝜌𝑣2
𝐷
) and flow angle distributions inside the jet. These ef-

cts increase the asymmetries of the exhaust flow and penalise the 
oss propulsive force through an increase of the lateral thrust vec-
r angle. Non-axisymmetric configurations of the bypass nozzle can 
ectively counteract the detrimental effects and reduce the asymme-
ies within the jet. This is the consequence of a favourable change of 
ume shape, mass and momentum flux distributions and jet flow an-
es (Fig. 19). The mechanism can be understood as a recovery of the 
t symmetry that results from non-axisymmetric exhaust geometries. 
e mass flux distributions (𝜌𝑣𝐷, Fig. 19a) of designs that are sheared 
wards the inboard side (D1 and D3) are more left-to-right symmetric 
lative to the baseline. On the other hand, the asymmetry is accen-
ated in design D2 as the fan cowl is sheared towards the outboard 
de. In terms of momentum flux distributions (𝜌𝑣2

𝐷
, Fig. 19b), D1 has 

 increased extend of high 𝜌𝑣2
𝐷
region at the inboard-side, relative 

 the baseline configuration. For the lateral flow angle (𝑎𝑡𝑎𝑛(𝑣𝑆∕𝑣𝐷), 
g. 19c), inboard-shared designs as D1 and D3 direct the flow towards 
e inboard-side. The lateral flow angle is modified azimuthally and 
anges the jet deflection. This can be seen for design D3, where neg-
ive lateral flow angles (inboard directed flow) are exacerbated at the 
13

tboard side. by
4. Sensitivities of the design space and limitations

The response surface models of the performance of non-axisymmet-
c exhausts are used to visualise the design space sensitivities and to de-
ve trade-offs and recommendations. Design sensitivity maps (Fig. 20) 
e obtained varying pairs of degrees of freedom within their respec-
e bounds. For each perturbation, the unperturbed design variables 
e maintained at the values of the optimum design (D1). Fig. 20 shows 
e response of the RSM in terms of Δ𝑁𝑉 𝐹 and thrust vector angles. 
ese include contour lines of Δ𝐶𝐵𝑃

𝑑
and Δ𝐶𝐶𝑅

𝑑
together with a repre-

ntation of the regions of the design space where the imposed limits 
 discharge coefficients are breached (shaded area). The maps were 
tained by perturbing the RSM around D1. In addition, the rest of the 
timum designs are also represented (dots). The parameters that con-
ol the shear perturbation (𝜓𝐴, 𝜃𝐴) are the dominant design variables 
 improve 𝑁𝑉 𝐹 (Fig. 20a,b,c). This perturbation directly affects the 
rust vector angles and the inboard shock-field and should be config-
ed so the bypass exhaust is sheared towards the inboard side, with a 
nger nacelle at the outboard side (𝜓𝐴 < 180𝑜). Therefore, shear can 
 used to control thrust vectoring and establish trade-offs between 
rust angles and benefits in 𝑁𝑉 𝐹 (Fig. 20d,e). The perturbation of the 

pass trailing edge radius has a reduced impact on 𝑁𝑉 𝐹 compared 



Aerospace Science and Technology 142 (2023) 108700J. Hueso-Rebassa, D. MacManus, F. Tejero et al.

Fig. 17. Effect of non-axisymmetric exhausts on the inboard aerodynamics. (a) Schematics of the overlap between nacelle and wing and (b) rear views of axisymmetric 
(left) and non-axisymmetric (right, D1) exhausts. Red isosurfaces are of M= 1.

Fig. 18. Isentropic Mach number distributions, based on the OGV total pressure (𝑃𝑂𝐺𝑉 ), on the unwrapped core cowl surfaces. (a) Baseline axisymmetric exhausts, 
(b) design D1 (Δ𝑁𝑉 𝐹𝑀𝑎𝑥) and (c) design D3 (Δ𝐺𝑃𝐹

∗,𝑀𝑎𝑥
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ith shear (Fig. 20b). The 𝑁𝑉 𝐹 is maximum when the radial bump 
 placed at the inboard side (𝜓𝑅 > 180𝑜). This parametrisation could 
 configured to improve 𝑁𝑉 𝐹 without altering the thrust vector an-
es, as these are unaffected by the perturbation. The mean after-body 
ngth (𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
∕𝐿𝐵𝑃

𝐴𝐹𝑇𝐵𝑟𝑒𝑓
) also influences 𝑁𝑉 𝐹 , but the effect is re-

ced relative to the perturbations of the bypass trailing edge (Fig. 20c). 
owever, the same design parameter has a notable impact on Δ𝐶𝐶𝑅

𝑑

ig. 20c).

This work has developed an aerodynamic design method for 
parate-jet exhausts where there are complex interactions between 
e propulsion system and the airframe. It highlights an approach for 
e design space evaluation of installed power-plants which could po-
14

ntially be adopted for other configurations to include nacelle design, re
lon design, installation position, engine specific thrust class as well as 
fferent exhaust systems. The method is restricted to the optimisation 
 exhausts that are parametrised with six degrees of freedom. However, 
rturbations of the bypass trailing edge modify the geometry of the fan 
wl azimuthally. For this reason, an extension of the method for the 
mbined optimisation of exhaust system and fan cowl could lead to 
rther 𝑁𝑉 𝐹 benefits. Another limitation is the use of inviscid calcula-
ns to guide the optimisation process. Although the method identifies 
tter designs than the baseline, an optimisation based on viscous sim-
ations could provide further benefits. Although such an optimisation 
 challenging due to computational cost, multi-fidelity design methods 
at combine inviscid and viscous CFD could be used to improve the 

liability of the design process.
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Fig. 19. (a) Mass flux (𝜌𝑣𝐷), (b) momentum flux (𝜌𝑣2
𝐷
) and (c) lateral flow angle (𝑎𝑡𝑎𝑛(𝑣𝑆∕𝑣𝐷)) distributions inside the bypass jet for the baseline configuration and 

non-axisymmetric exhausts (D1, D2, D3). The planes are 1𝑚 downstream of the bypass nozzle exit.
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 Conclusions

This research presents a design exploration and optimisation 
ethodology for installed ultra-high bypass ratio aero-engines with 
n-axisymmetric exhausts. The method combines a fully parametric 
proach for the characterisation of 3D exhaust configurations with 
sign and optimisation methods based on Euler CFD and response sur-
ce modelling. The approach identified designs that could potentially 
nefit the aircraft net vehicle force by up to Δ𝑁𝑉 𝐹 = 0.007𝐹𝑁 when 
sessed with viscous CFD, relative to an axisymmetric baseline. This 
 approximately a reduction of 0.7% in cruise fuel burn for a close 
upled configuration.
Overall, this work has demonstrated that non-axisymmetric exhausts 
n benefit the overall aircraft net vehicle force. These designs should 
rget the optimisation of the 𝑁𝑉 𝐹 rather than exclusively optimiz-
g propulsive metrics. The latter might lead to penalties at aircraft 
vel due to increased drag. In addition, it was found that the shear 
rturbation of the bypass nozzle (𝜓𝐴, 𝜃𝐴) is the dominant design fea-
re. Moreover, non-axisymmetric exhausts should be configured with 
15

board sheared bypass nozzles and locally reduced trailing edge ra- si
us at the inboard side to maximise the overall benefits of the com-
ned system. The governing aerodynamic mechanisms include a non-
isymmetric expansion of the bypass flow and a reduction of the in-
ard shocks.
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Fig. 20. (a-c) Sensitivity maps of the net vehicle force (Δ𝑁𝑉 𝐹 ), (d) of the vertical (Δ𝛿𝐷𝐿) and (e) lateral (Δ𝛿𝐷𝑆 ) thrust vector angles. Shaded areas are where the 
limits on Δ𝐶𝐵𝑃 and Δ𝐶𝐶𝑅 are breached.
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