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In order to reduce fuel consumption, the next generation of aero-engines are expected
to operate with higher bypass ratios and lower fan pressure ratios. This will improve the
propulsive efficiency of the power plant and reduce specific fuel consumption. Higher bypass
ratios will be mostly accommodated with larger fan diameters. However, this will increase the
size and mass of the powerplant, which could penalise the overall aircraft drag and erode some
of the aero-engine cycle benefits. In addition, future configurations may require more close-
coupled installations with the airframe due to structural and ground clearance requirements.
This tendency may further exacerbate the adverse aerodynamic installation effects. A better
integration of UHBR aero-engines with the airframe could be achieved with non-axisymmetric
separate-jet exhausts. Non-axisymmetric configurations of the bypass nozzle can improve the
performance of the aircraft by mitigating some of the penalising aerodynamic effects induced
by the installation of the power plant. In this context, three-dimensional configurations of
exhaust systems are parametrised and integrated with the propulsion system through a refined
control of the geometry. The power plant is installed on the NASA Common Research Model
and assessed with CFD. The design of non-axisymmetric exhausts is embedded in a relatively
low-cost optimisation process. The method is based on response surface models and targets the
optimisation of the aircraft net vehicle force for different design concepts of non-axisymmetric
exhaust systems and several installation configuration. It is concluded that the optimisation of
installed non-axisymmetric exhausts can benefit the overall aircraft net vehicle force between
0.5 − 0.9% of the engine nominal thrust, depending on the installation position.

I. Introduction
Future civil aero-engines will operate with higher bypass-ratios (BPR) than current power-plants to improve

propulsive efficiency and to reduce specific thrust [1]. This will be accompanied by an increase in fan diameter which
could increase overall aircraft drag and thereby erode some of the aero-engine cycle benefits. Larger propulsion
systems introduce an integration challenge. For podded under-wing configurations, Ultra-High Bypass Ratio (UHBR)
aero-engines may require a close coupled installation with the wing to meet ground clearance requirements [2]. In such
arrangements, the aerodynamic interference between propulsion system and airframe could penalise the aircraft Net
Vehicle Force (NVF) relative to a more conventional installation position [3]. This is partly related to a reduction of the
exhaust system performance [3]. For example, the Gross Propulsive Force (GPF) could be reduced by 3.5% of the
engine nominal thrust relative to conventional installation positions [3]. For these reasons, it is useful to consider the
effects of engine-aircraft integration in the early stages of the design of the propulsion system and airframe.

A. Non-axisymmetric exhausts for propulsion integration
An improved integration of UHBR engines with the airframe can be achieved with non-axisymmetric exhaust

systems [4–6]. Non-axisymmetric configurations of the exhaust typically involve scarfed [4, 7] and non-circular designs
of the bypass or core nozzles [4, 8]. Non-axisymmetric designs of the bypass nozzle can mitigate the aerodynamic
effects induced by the installation of the powerplant [4, 6]. Therefore, these configurations could potentially enable a
more close coupled integration of the propulsion system with the airframe. Otter et al. [4–6] investigated the aspects
of propulsion system integration with conventional nacelles and non-axisymmetric separate-jet exhaust systems. An
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overall benefit in aircraft net vehicle force (NVF) of 0.8% relative to the baseline axisymmetric separate-jet exhaust was
reported. This was achieved through non-axisymmetric perturbations of the bypass trailing edge that were controlled
with intuitive Class-Shape Transformation functions (iCST) [9–11]. However, the research was limited to sensitivity
studies of some of the exhaust design parameters and did not consider the optimisation of such configurations. A better
understanding of the design space and aerodynamic effects that drive the performance of non-axisymmetric exhaust
systems could enable further reductions of aircraft fuel burn. Therefore, there is a need to develop optimisation methods
for non-axisymmetric exhausts that are coupled with compact state-of-art nacelles [12] and account for the effects of
engine-aircraft integration.

B. Optimisation of separate-jet exhausts
The aerodynamic shape design and optimisation of exhaust systems is a complex non-linear problem where a

substantial number of design variables are required to characterise exhaust geometries [5, 13, 14]. In addition, the
numerical solution with Computational Fluid Dynamics (CFD) can involve notable computational costs. For these
reasons, the use of conventional optimisation methods based on Reynolds Averaged Navier-Stokes (RANS) equations
makes the computational cost prohibitive for the exploration and optimisation of large-dimensional design spaces.
Therefore, lower-cost design methodologies are required. In this context, optimisation methods based on Response
Surface Models (RSM) may offer computational benefits. RSM based optimisation alleviates the computational
requirements of aerodynamic shape optimisation by defining a simplified mathematical relationship that approximates
the response of the systems based on fewer numerical simulations [15]. Consequently, RSMs can be used to drive
the optimisation algorithm without CFD evaluations in the process. Different design and optimisation methodologies
of propulsion system configurations used RSMs. These include optimisation for preliminary engine design [16],
optimisation of nacelle geometries [17–19] and the optimisation of separate-jet exhaust systems[13, 14, 20, 21].

Goulos et al. [20] developed an integrated design space exploration (DSE) and optimisation framework for
two-dimensional axisymmetric separate-jet exhausts that were characterised with eleven independent geometric degrees
of freedom (DOF). The methodology was based on the genetic algorithm (GA) optimisation of a Kriging RSM [22, 23]
that was constructed from CFD generated aerodynamic data. The method optimised the Net Propulsive Force (NPF) of
a conventional and an UHBR exhaust systems and achieved substantial benefits relative to the baseline configurations.
A later investigation with the same methodology [21] optimised the overall velocity coefficient (𝐶𝑂𝑣𝑒𝑟𝑎𝑙𝑙

𝑣 ) of a similar
exhaust system and reached benefits of 0.065% in 𝐶𝑂𝑣𝑒𝑟𝑎𝑙𝑙

𝑣 and 0.3% in the bypass discharge coefficient (𝐶𝐵𝑃
𝑑

) relative
to the baseline design. The same methodology was also applied to the optimisation of exhaust systems together with
OGV total pressure (𝑃𝑡 ) and total temperature (𝑇𝑡 ) inflow profiles at the bypass duct inlet [14] and to the optimisation of
bypass after-body geometries for Very High Bypass Ratio (VHBR) turbofans [13].

C. Optimisation of installed propulsion system configurations
The use of RSMs provides a way to characterise the design space and enables the global optimisation of the system

with a reduced number of CFD evaluations. However, the computational time required by RANS CFD simulations
limits the design capabilities. For installed configurations of propulsion systems, even the acquisition of enough data to
build reliable surrogate models is infeasible within an industrial design context. The use of lower-fidelity CFD such as
Euler methods may provide an approximation of the aerodynamics of installed propulsion systems at a fraction of the
computational cost[24]. This allows wider and more thorough explorations of the design space and may enable the
acquisition of sufficient reliable data to formulate prediction models.

Sanchez-Moreno et al.[25] developed a Kriging RSM based optimisation for installed configurations of non-
axisymmetric compact nacelles. The design space was characterised with nine degrees of freedom and it was sampled
with Euler CFD. Kriging RSMs were developed from the nacelle design database and were used in a GA optimisation.
The final optimum design was assessed with RANS CFD. The optimisation method was able to identify nacelle designs
that benefited the aircraft net vehicle force by 0.006𝐹𝑁 , relative to the baseline configuration. This is approximately
equivalent to a reduction in cruise fuel burn of 0.6%. The methodology reduced the computational cost by a factor of
thirty-six relative to the equivalent optimisation with RANS CFD. This enabled the use of low-fidelity methods such as
Euler CFD and RSM based optimisation for installed configurations of the propulsion system. However, this study did
not consider the optimisation of the exhaust system.
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Fig. 1 Flow diagram of the low-fidelity design methodology for installed non-axisymmetric exhausts.

D. Scope of the present work
There is a need to design compact nacelles and non-axisymmetric exhaust systems to maximise the installed benefits

of novel UHBR aero-engines. It is envisaged that a reduction in fuel burn may be achieved for power-plant installations
which feature a non-axisymmetric nacelle and non-axisymmetric separate-jet exhaust system. Whilst there have been
previous investigations on the design and optimisation of installed non-axisymmetric nacelles[25, 26], there is very
limited research on the design optimisation of non-axisymmetric exhausts. This work develops a relatively low-cost
design methodology for non-axisymmetric separate-jet exhaust based on RSM driven optimisation to improve the
overall aircraft and engine performance. The aim is to quantify the potential aerodynamic benefits of non-axisymmetric
exhaust systems optimised for different engine installation positions and with different non-axisymmetric configurations
of the bypass nozzle exit area and after-body.

II. Methodology
The design of non-axisymmetric exhausts for installed configurations comprises all the steps of aerodynamic shape

design and optimisation (Fig. 1). These include the parametrisation of three-dimensional exhaust geometries, the
installation of the propulsion system with the airframe and the computational assessment of the complete engine-airframe
system. The design methodology starts with a design of experiment (DOE) where the design space of non-axisymmetric
exhausts is sampled to compile a database of designs. All designs in the database are assessed with Euler CFD and
the aerodynamic metrics of interest are calculated. With the resultant data, Response Surface Models (RSMs) are
formulated. RSMs are statistical models that can approximate the response of a complex non-linear system for a target
set of inputs. The RSMs are employed as surrogate models of the system in an optimisation process. As the optimisation
is performed on the RSMs, no CFD evaluation is involved during the optimisation. Finally, the optimum design is
evaluated with RANS CFD.
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Fig. 2 Schematics of the installation positions considered in this section.

A. Propulsion system and installation
The baseline propulsion system is a modern Ultra-High Bypass Ratio Engine (UHBR) with bypass ratio of

𝐵𝑃𝑅 = ¤𝑚𝐵𝑃/ ¤𝑚𝐶𝑅 > 15 [3] and a standard nominal thrust of 60kN (𝐹𝑁 ≈ 60𝑘𝑁) [3]. The reference propulsion system
is configured with an axisymmetric separate jet exhaust that was optimised by Goulos et al.[20] in a two-dimensional,
axisymmetric framework. The nacelle is compact and non-axisymmetric with droop and scarf at the intake to improve
its performance at incidence conditions [12, 18]. It was optimised by Tejero et al. [18, 27] using an uninstalled,
three-dimensional methodology.

The propulsion system is installed under wing of the NASA Common Research Model (CRM) [28–30] with a
pylon. The installation pitch (𝜙𝑝𝑡𝑖𝑐ℎ = 1.75𝑜) and toe (𝜙𝑡𝑜𝑒 = 2.25𝑜) angles of the propulsion system are based on the
reference values of the CRM with a through-flow nacelle [31]. The installation position is defined at a fixed span-wise
location as the offset between the leading edge of the wing and the trailing edge of the fan cowl at its top line (Fig.
2). The horizontal (𝑑𝑋/𝐶𝑟𝑒 𝑓 ) and vertical (𝑑𝑍/𝐶𝑟𝑒 𝑓 ) components of the position are normalised by the wing chord
(𝐶𝑟𝑒 𝑓 = 7.8𝑚 [30]) of the local airfoil at the target span-wise location. In a non-axisymmetric exhaust configuration the
axial position of the fan cowl trailing edge may vary azimuthally relative to the axisymmetric baseline. For this reason,
the installation position is always referred to the axisymmetric equivalent configuration. In this work, two installation
positions are studied. These are an overlapped configuration of the nacelle with the wing and a coincident installation
position (Fig. 2). These are in the range of close coupled positions considered in previous studies [3].

The operating conditions of the baseline configuration are representative of the mid-cruise segment of a long range
flight. The cruise altitude is ℎ = 10668𝑚, with a flight Mach number of 𝑀∞ = 0.85 and a Reynolds number based on
the CRM reference chord of 𝑅𝑒𝐶𝑟𝑒 𝑓

= 46 × 106. The ambient conditions of static pressure (𝑝∞) static temperature (𝑡∞)
and density (𝜌∞) are calculated with the International Standard Atmosphere (ISA) model[32]. The engine cycle is based
on published information[3]. Cycle data of Overall Pressure Ratio (OPR) and Turbine Entry Temperature (TET) were
used by Goulos et al. [3, 33] to derive values for Fan Nozzle Pressure Ratio (FNPR) and Core Nozzle Pressure Ratio
(CNPR) on the basis of minimising Specific Fuel Consumption (SFC) at mid-cruise conditions. The values used for the
mid-cruise operation are 𝐹𝑁𝑃𝑅 = 𝑃𝐵𝑃

𝑖𝑛𝑙𝑒𝑡
/𝑝∞ ≈ 2.2 and 𝐶𝑁𝑃𝑅 = 𝑃𝐶𝑅

𝑖𝑛𝑙𝑒𝑡
/𝑝∞ ≈ 1.5 [3].

B. Parametrisation of non-axisymmetric exhaust system geometries
The parametrisation of non-axisymmetric exhaust systems is achieved with perturbations of the bypass trailing

edge relative to the baseline axisymmetric geometry. The methods for the generation of non-axisymmetric exhaust
geometries are based on intuitive Class Shape Transformation functions (iCST) [4–6]. The perturbations are imposed
with azimuthal iCSTs that modify the constrained points of each aero-line. In a cylindrical reference frame centred on
the exhaust, azimuthal positions from 𝜓 = 0𝑜 to 180𝑜 correspond to the outboard side of the propulsion system while
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Fig. 3 Azimuthal perturbations of the bypass trailing edge. (a) Perturbation of the axial position and (b)
perturbation of the trailing edge radius.

positions from 𝜓 = 180𝑜 to 360𝑜 refer to the inboard-side. The present work focuses on perturbations that modify the
bypass trailing edge radius and axial position as a function of the azimuth (𝜓). Two independent types of perturbations
are considered. These involve axial and radial perturbations of the bypass trailing edge. Both families of perturbations
are combined into a multi-dimensional design space.

The axial perturbation, also called shear[34], is a particular case of nozzle scarfing [4, 7] where only the axial
component of the transformation is considered. The shear perturbation varies the axial location of the bypass trailing
edge azimuthally (𝐿𝐵𝑃

𝑇𝐸
= 𝑓 (𝜓)) (Fig. 3a). The perturbation can be applied at any azimuthal location of the exhaust

system and is characterised by two degrees of freedom, 𝜓𝐴 and 𝜃𝐴. The first parameter (𝜓𝐴) sets the azimuthal position
where the axial offset of the trailing edge is maximum. This definition is equivalent to the specification of the rotation
axis. The second design parameter is the shear angle (𝜃𝐴) and it relates to the magnitude of the perturbation.

The second type of perturbation is an azimuthal distribution of the radius of the bypass trailing edge (𝑟𝐵𝑃
𝑜𝑢𝑡−𝑒𝑥𝑖𝑡 , Fig.

3b) [6]. It consists of azimuthal iCSTs that allow localised changes of the bypass trailing edge radius. The perturbation
is controlled by three design parameters: 𝜓𝑅, 𝑅/𝑅𝑟𝑒 𝑓 and Δ𝜓𝑅. 𝜓𝑅 is the azimuthal position where the perturbation is
centred, 𝑅/𝑅𝑟𝑒 𝑓 is the radius ratio relative to the axisymmetric reference exhaust and Δ𝜓𝑅 corresponds to the azimuthal
extend where the perturbation is effective.

1. Design of the bypass exhaust exit area
The perturbations of the bypass trailing edge introduce a challenge for the design of the bypass nozzle. The bypass

exit annulus can no longer remain axisymmetric. As the bypass trailing edge radius is reduced at a target 𝜓𝑅 with
a Δ𝜓𝑅, the inner aerolines of the exhaust need to be adjusted to guarantee the target nozzle exit area. Two different
methods are developed and investigated to maintain the target bypass exit area. The first method sets a circumferentially
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Fig. 4 Schematics of the two bypass area control methods. (a) Uniform ℎ method and (b) uniform 𝑟 𝑖𝑛
𝐵𝑃−𝐸𝑥𝑖𝑡

.

Fig. 5 Schematics of the two after-body control methods. (a) Uniform 𝐿𝑐𝑐
𝑇𝐸

and (b) non-uniform 𝐿𝑐𝑐
𝑇𝐸

.

invariant bypass exit nozzle height (uniform ℎ) (Fig. 4a). The method reduces the inner radius of the bypass exit plane
(𝑟𝐵𝑃

𝐵𝑃−𝐸𝑥𝑖𝑡
) consistently with the perturbation. The nozzle height (ℎ) is kept constant along the azimuthal extent and

results into non-circular core cowl shapes. The second method maintains a circumferentially invariant bypass exit inner
radius (uniform 𝑟 𝑖𝑛

𝐵𝑃−𝐸𝑥𝑖𝑡
, Fig. 4b). The uniform 𝑟 𝑖𝑛

𝐵𝑃−𝐸𝑥𝑖𝑡
method preserves the circular shape of the inner annulus of

the bypass nozzle and adjusts the exit area with a uniform reduction of 𝑟 𝑖𝑛
𝐵𝑃−𝐸𝑥𝑖𝑡

. Note that the core nozzle outer and
inner annuli are also reduced as a consequence.

2. After-body design
The bypass after-body also needs to be adjusted. Although the shear perturbation is applied on the bypass trailing

edge, the variation of the bypass exhaust length at the outer aerolines propagates to the inner aerolines and after-body.
At a single azimuthal position, the inner point of the bypass exit plane is similarly displaced axially. Two methods to
control the after-body have been developed and investigated for non-axisymmetric bypass geometries. The methods
depend upon which of the after-body parameters are preserved. The two possible options include after-bodies with
uniform axial position of the core cowl trailing edge (uniform 𝐿𝑐𝑐

𝑇𝐸
) or sheared after-bodies (non-uniform 𝐿𝑇𝐸

𝑐𝑐 ) (Fig. 5).
Both methodologies inevitably produce non-axisymmetric after-bodies.

The uniform 𝐿𝑇𝐸
𝑐𝑐 method keeps the core cowl trailing edge at a constant axial position across the azimuthal span (Fig.

5a). However, as the position of the bypass exit plane changes azimuthally, the core cowl boat tail angle (𝛽𝑐𝑐) and the
bypass after-body length (𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
) are also varied. The second method (non-uniform 𝐿𝑇𝐸

𝑐𝑐 ) maintains a uniform 𝛽𝑐𝑐 and
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𝐿𝐵𝑃
𝐴𝐹𝑇𝐵

across the azimuthal span and produces sheared core cowls (Fig. 5b). Note that the non-uniform 𝐿𝑇𝐸
𝑐𝑐 method

also results in non-axisymmetric core nozzles. Sheared core cowls modify the length of core duct asymmetrically. In
these cases, the core nozzle is handled similarly to the uniform 𝐿𝑇𝐸

𝑐𝑐 method where the plug trailing edge is kept at a
uniform position. This leads to a non-uniform distribution of the core plug half-cone angle (𝛽𝑐𝑝 , Fig. 5b).

Both after-body methods are controlled with the non-dimensional mean after-body length (𝐿𝐵𝑃
𝐴𝐹𝑇𝐵

/𝐿𝐵𝑃
𝐴𝐹𝑇𝐵𝑟𝑒 𝑓

). The
mean after-body length is calculated as the azimuthal average. The definition of such a parameter enables the variation
of the core cowl length consistently between both methods. On the first method (uniform 𝐿𝑇𝐸

𝑐𝑐 ) the parameter directly
sets the axial position of the trailing edge while for the second method (non-uniform 𝐿𝑇𝐸

𝑐𝑐 ) the parameter enforces a
mean axial position of the core cowl trailing edge upon which the shear is applied. For simplicity, the mean after-body
length is expressed as 𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
/𝐿𝐵𝑃

𝐴𝐹𝑇𝐵𝑟𝑒 𝑓
.

3. Computational assessment
Computational fluid dynamics (CFD) methods of different fidelities are used to assess the exhaust systems. These

comprise compressible Euler methods as the lower-fidelity function and compressible Reynolds Averaged Navier Stokes
(RANS) as the higher-fidelity method. The RANS solution method is based on a density-based, implicit and steady-state
CFD solver [35]. It is coupled with 2𝑛𝑑 order convective schemes and the 𝑘 − 𝜔 SST turbulence model [36]. The
dynamic viscosity of the fluid is calculated with the Sutherland’s law [37] for both CFD methods.

The boundary conditions are set according to the operating conditions of the aircraft and propulsion system. The fan
face is treated as mass flow pressure outlet that enforces a desired mass flow capture ratio (MFCR). Both nozzle inlets
are modelled as total pressure inlets with the values specified according to their fan (FNPR) and core (CNPR) pressure
ratios and total temperatures, respectively. The inflow conditions are set as pressure far field with 𝑀∞ = 0.85 and a
symmetry plane is used.

The meshes for the RANS CFD method are unstructured, with layers of triangular prisms in the boundary layer
region and tetrahedra elsewhere. The grid is refined with volumetric density boxes on the regions of interest (jet, wing,
pylon, ducts,..). This approach ensures a 𝑦+ < 1 over the whole geometry and results in 115 × 106 cells.

The computational methodology was validated against the experimental data of dual stream flow reference nozzle
(DSFRN) for the exhaust performance [38] and against the CRM for drag prediction[28, 30][3]. For the DSFRN, a root
mean squared error between CFD and measurements of 0.033% was obtained for the velocity coefficient across the
FNPR range (1.4 to 2.8). For the CRM at cruise, the airframe drag coefficient was calculated within 13 drag counts of
the measured values for the clean and through flow nacelle configurations

4. Thrust and drag accounting system
A modified near-field method for thrust and drag bookkeeping [39] is applied to extract the metrics of interest.

The method was expanded to installed aero-engine configurations and it is detailed in the work of Goulos et al. [3].
Therefore, only a summary is included. For installed configurations and non-axisymmetric exhausts a 3D vectorial
notation in the aerodynamic reference frame (𝑖𝐷 , 𝑖𝑆 , 𝑖𝐿) is considered. All the forces are composed by drag (D), lift
(L) and side (S) terms. The forces that act on the propulsion system and airframe are represented in figure 6. The
aerodynamic forces applied by the flow on the surfaces and stream tube boundaries are denoted by 𝜙 and 𝜃. the forces
are evaluated through numerical integration of gauge static pressure (𝑝 − 𝑝∞) and shear-stresses (𝜏) along the surfaces.
The thrust domain includes all the forces inside the intake and exhaust stream tubes, while the drag domain includes the
forces outside of the stream tubes (Fig. 6). The wall forces in the drag domain are defined as 𝜙 while in the thrust
domain are 𝜃. Gauge stream forces (𝐹𝐺) and mass flows ( ¤𝑚) are also calculated with numerical integration over the fan
face (2), bypass (13) and core (7) inlet boundaries (Fig. 6). 𝐹𝐺 are computed with the stream and static pressure forces.

The modified Gross Propulsive Force (𝐺𝑃𝐹∗) (Eq. 1) considers the gauge forces at both nozzles exit planes and
wall forces within the thrust domain. The modified nacelle drag (𝐷∗

𝑛𝑎𝑐) (Eq. 2) accounts for the pre-entry force (𝜙𝑝𝑟𝑒)
and forces that act on the fan cowl (𝜙𝑐𝑜𝑤𝑙) and on the drag domain of the pylon (𝜙𝑝𝑦𝑙). The airframe drag (𝐷𝐴/𝐹)
includes the wall forces over the wing, fuselage and tail. The aircraft drag (𝐷𝐴/𝐶 ) combines the drag contributions of
the airframe and nacelle (Eq. 3). The intake momentum (𝐹𝐺0) (Eq. 4) comprises the intake mass flow ( ¤𝑚 𝑓 𝑎𝑛) and the
free-stream velocity (𝑣∞). The performance of complete propulsion system-airframe configurations is reported in this
study in terms of Net Vehicle Force (𝑁𝑉𝐹) (Eq. 5).

(𝐺𝑃𝐹∗)𝐷 = (𝐹𝐺13 + 𝐹𝐺7 )𝐷 − (𝜃𝐵𝑃 + 𝜃𝐶𝑅 + 𝜃𝐶𝐶 + 𝜃𝑝𝑙𝑢𝑔 + 𝜃𝑝𝑦𝑙)𝐷 (1)
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Fig. 6 Schematics of the thrust and drag accounting method.

𝐷∗
𝑛𝑎𝑐 =

(
𝜙𝑝𝑟𝑒 + 𝜙𝑐𝑜𝑤𝑙 + 𝜙𝑝𝑦𝑙

)
𝐷

(2)

𝐷𝐴/𝐶 = 𝐷∗
𝑛𝑎𝑐 + 𝐷𝐴/𝐹 (3)

𝐹𝐺0 = ¤𝑚 𝑓 𝑎𝑛𝑣∞ (4)

𝑁𝑉𝐹 = (𝐺𝑃𝐹∗)𝐷 − 𝐹𝐺0 − 𝐷∗
𝑛𝑎𝑐 − 𝐷𝐴/𝐹 (5)

All the metrics are for the CRM mid-cruise conditions with 𝐶
𝐴/𝐶
𝐿

= 0.5 (Eq. 6). The aircraft lift coefficient is
computed with the lift components of the 𝐺𝑃𝐹∗, nacelle and airframe forces, normalized by the free-stream dynamic
pressure (𝑞∞) and a wing reference area (𝐴𝑟𝑒 𝑓 ).

𝐶
𝐴/𝐶
𝐿

=
(𝐺𝑃𝐹∗)𝐿 + 𝐿𝐴/𝐹 + 𝐿∗

𝑛𝑎𝑐

𝑞∞𝐴𝑟𝑒 𝑓

(6)

To evaluate the performance changes between two configurations, it is more convenient to express the metrics as
variations relative to a reference configurations. The change in force metrics (Δ𝐹) between non-axisymmetric (𝐹2) and
axisymmetric (𝐹1) configurations are defined as the difference between the metrics normalised by the standard nominal
thrust (𝐹𝑁 = 60𝑘𝑁[3]) and expressed as percent (Eq. 7). Δ𝐹 is positive for a performance benefit.

Δ𝐹 =
𝐹2 − 𝐹1
𝐹𝑁

(%) (7)

For non-axisymmetric exhausts, the intake momentum remains constant relative to the baseline axisymmetric
exhaust configuration. Consequently, the increment of NVF (Δ𝑁𝑉𝐹) is the sum of the increments in modified gross
propulsive force and aircraft drag (Eq. 8)

Δ𝑁𝑉𝐹 = (Δ𝐺𝑃𝐹∗)𝐷 + Δ𝐷𝐴/𝐶 (8)

C. Response surface model based optimisation
The optimisation of installed non-axisymmetric exhausts is achieved through an RSM based methodology. First,

the Latin Hypercube Sampling (LHS) method is used to generate the design databases [40]. The design databases
are assessed with Euler CFD, which enables a wide exploration of the design space at a computational cost that is
reduced by a factor of thirty-six relative to the equivalent optimisation using RANS CFD [25]. The aerodynamic data
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of all the designs are used to formulate Kriging RSM [22, 23] which are used as surrogate models to drive a Genetic
Algorithm optimisation (GA). The RSMs hyper-parameters of nugget size, correlation function and regression model
were optimised for the best response of the model. The optimisation is based on a global single-objective genetic
algorithm [41] and is configured with 100 generations, an initial population of 50 times the number of design parameters
and a population size per generation of 25 times the number of DOF. These settings were tuned to ensure the convergence
of the optimisation. Once the optimisation algorithm has identified an optimum non-axisymmetric exhaust, the design
is assessed with RANS CFD.

The process targets the maximisation of the net vehicle force of non-axisymmetric exhausts relative to a baseline
axisymmetric configuration (Δ𝑁𝑉𝐹) while ensuring both the bypass and core discharge coefficients are maintained
within certain limits.

III. Results and discussion

A. Definition of the design space and non-axisysmmetric exhaust databases
The design space of non-axisymmetric exhausts is characterised by six degrees of freedom (DoF). These are the two

design variables that control the shear perturbation (𝜓𝐴, 𝜃𝐴), the mean after-body length (𝐿𝐵𝑃
𝐴𝐹𝑇𝐵

/𝐿𝐵𝑃
𝐴𝐹𝑇𝐵𝑟𝑒 𝑓

), and the
three parameters of the perturbation of the bypass trailing edge radius (𝜓𝑅, 𝑅/𝑅𝑟𝑒 𝑓 , Δ𝜓𝑅). The azimuthal positions of
both perturbations (𝜓𝐴, 𝜓𝑅) are bounded to cover all the azimuthal extend of the bypass nozzle (0𝑜 < 𝜓𝐴,𝑅 < 360𝑜).
The bounds of shear angle (𝜃𝐴) are inspired by previous nozzle scarfing studies[4]. The bypass trailing edge radius
can be reduced by a maximum of 5% of the reference value (𝑅/𝑅𝑟𝑒 𝑓 = 0.95 to 1) at 𝜓𝑅 with an extend Δ𝜓𝑅. The
bounds of the perturbation of radius (𝑅/𝑅𝑟𝑒 𝑓 , Δ𝜓𝑅) are also inspired by previous studies[4, 6]. Finally, the maximum
and minimum values of the mean after-body length (𝐿𝐵𝑃

𝐴𝐹𝑇𝐵
/𝐿𝐵𝑃

𝐴𝐹𝑇𝐵𝑟𝑒 𝑓
) are selected according to the values used in

optimisation studies of two-dimensional axisymmetric exhausts[21].
The design space is sampled with a ratio of 80 samples per degree of freedom similar to other optimisations of

installed propulsion systems [25]. This results in 480 exhaust designs spread across the design space. A total of four
different datasets are generated using the same design parameters, bounds and sampling ratios (Table. 1). The difference
between datasets are the design installation position (Fig. 2), bypass exit area (Fig. 4) and the after-body control
methods (Fig. 5). Dataset DS1 targets the design of non-axisymmetric exhausts at the overlapped installation position
(𝑑𝑋/𝐶𝑟𝑒 𝑓 = 0.03, 𝑑𝑍/𝐶𝑟𝑒 𝑓 = 0.075). The bypass exit area is designed with a uniform inner radius (uniform 𝑟 𝑖𝑛−𝐵𝑃

𝐸𝑥𝑖𝑡
)

and the after-body with a uniform 𝐿𝑐𝑐
𝑇𝐸

(Fig. 7a). The other datasets are created to study design variations related to
changes of installation position (DS2), bypass after-body (DS3, Fig. 7b) and bypass area (DS4, Fig. 7c) definitions
(Table 1).

Table 1 Summary of the non-axisymmetric exhaust datasets.

Dataset 𝑑𝑋/𝐶𝑟𝑒 𝑓 𝑑𝑋/𝐶𝑟𝑒 𝑓 BP Area After-body Design variables Samples

DS1 0.03 0.075 uniform 𝑟 𝑖𝑛
𝐵𝑃−𝐸𝑥𝑖𝑡

uniform 𝐿𝑐𝑐
𝑇𝐸

6 480
DS2 0.00 0.075 uniform 𝑟 𝑖𝑛

𝐵𝑃−𝐸𝑥𝑖𝑡
uniform 𝐿𝑐𝑐

𝑇𝐸
6 480

DS3 0.03 0.075 uniform 𝑟 𝑖𝑛
𝐵𝑃−𝐸𝑥𝑖𝑡

non-uniform 𝐿𝑐𝑐
𝑇𝐸

6 480
DS4 0.03 0.075 uniform ℎ uniform 𝐿𝑐𝑐

𝑇𝐸
6 480

B. Verification of response surface models
The datasets are used to construct response surface models. The verification the RSMs constructed with Euler

CFD data was based on the leave-one-out (LOO) cross validation methodology [42]. In this process, different RSMs
(𝑅𝑀𝑆𝐿𝑂𝑂) are created to predict the performance of each of the samples in the database. The data used to train each
RSM includes all the data points in the database except the left-out sample to be predicted. The RSM predictions are
finally correlated with the original CFD results in terms of linear regression and root mean squared deviation (RMSD,
Eq. 9).
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Fig. 7 Bypass exit area and after-body control for (a) databases DS1 and DS2, (b) DS3 and (c) DS4.
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Fig. 8 Comparison of RSM predictions with Euler CFD results (Database DS1).

𝑅𝑀𝑆𝐷𝐿𝑂𝑂 =

√√
1
𝑛

𝑛∑︁
𝑖=1

( 𝑓 (𝑥𝑖) − 𝑅𝑆𝑀𝐿𝑂𝑂 (𝑥𝑖))2 (9)

For the response surface model created with dataset DS1, the Δ𝑁𝑉𝐹 (Fig. 8 and Table 2) was predicted with a
𝑅2 = 0.96, slope of 0.945 and a root mean squared deviation of 𝑅𝑀𝑆𝐷 = 0.002𝐹𝑁 , relative to the Euler CFD data.
The same analysis was performed for the rest of the RSMs constructed with DS2, DS3 and DS4 (Table 2). In conclusion,
the RMSD of Δ𝑁𝑉𝐹 for all RSMs was below 0.0023𝐹𝑁 and the coefficients of determination were greater than 0.938.
For these reasons, the predictive capability of the RSMs was considered sufficient to be used in the optimisation studies.

Table 2 Results of the leave-one-out cross validation study for the RSMs of the different datasets.

Dataset Metric 𝑅2 Intercept Slope RMSD

DS1 Δ𝑁𝑉𝐹 0.960 -0.025 0.945 0.0020𝐹𝑁

DS2 Δ𝑁𝑉𝐹 0.938 -0.017 0.925 0.0016𝐹𝑁

DS3 Δ𝑁𝑉𝐹 0.953 -0.026 0.940 0.0019𝐹𝑁

DS4 Δ𝑁𝑉𝐹 0.952 -0.031 0.936 0.0023𝐹𝑁

C. Optimisation of installed non-axisymmetric exhausts
The optimum non-axisymmetric exhaust design for maximum Δ𝑁𝑉𝐹 at an overlapped installation position with

uniform 𝑟 𝑖𝑛
𝐵𝑃−𝐸𝑥𝑖𝑡

bypass area and uniform 𝐿𝑐𝑐
𝑇𝐸

after-body (design DS1-1) has an improvement in the overall aircraft
performance of Δ𝑁𝑉𝐹 = 0.0067𝐹𝑁 when assessed with RANS CFD. Non-axisymmetric exhaust systems can improve
the aircraft performance substantially, even when designed with a low-cost methodology based on Euler equations. The
improvement of NVF relative to the baseline arises from a benefit in propulsive force ((Δ𝐺𝑃𝐹∗)𝐷 = 0.0098𝐹𝑁 ) and
a penalty in aircraft drag (Δ𝐷𝐴/𝐶 = −0.0031𝐹𝑁 ). The overall aircraft drag is the result of a benefit of nacelle drag
(Δ𝐷∗

𝑛𝑎𝑐 = 0.031𝐹𝑁 ) that is countered by the airframe component (Δ𝐷𝐴/𝐹 = −0.034𝐹𝑁 ). Opposite effects in propulsive
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Fig. 9 Schematics of (a) shear and (b) radius perturbations of the bypass trailing edge of the optimum design
(DS1-1).
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Fig. 10 Pressure drag distributions (𝐶𝑝 (𝑛̂)𝐷) over the wing pressure side (left) and propulsion system inboard
side (right) of the (a) axisymmetric baseline and (b) design DS1-1.

force and aircraft drag highlight the coupled nature of the system. Therefore, an installed design methodology for the
propulsion system is required.

In terms of the non-axisymmetric perturbations of the bypass trailing edge, DS1-1 is configured with an inboard-
sheared fan cowl and a reduced bypass trailing edge radius at the inboard-side (Fig. 9). The resultant non-axisymmetric
design reduces the overlapping between nacelle and wing at the inboard side. This mitigates the shock-wave that forms
between nacelle pylon and fuselage and weakens the pre-shock expansion (Fig. 10). This aerodynamic mechanism
improves the gross propulsive force as a result of a better alignment of the thrust vector with the drag axis [43] and
alters the pressure force distribution over the wing pressure side and nacelle.

D. Effect of the installation position on the design of non-axisymmetric exhausts
To evaluate the effect of the installation position on the design of the exhaust system, a second optimisation is carried

out with the RSM constructed from DS2 (Table 2). DS2 is exactly the same as DS1 where the only difference being the
design installation position. DS2 is assessed at a coincident installation (Fig. 2). The optimum non-axisymmetric exhaust
systems for a coincident installation position (design DS2-1) improves the net vehicle force by Δ𝑁𝑉𝐹 = 0.0058𝐹𝑁

relative to the baseline axisymmetric exhaust system in the same position. This is approximately 0.001𝐹𝑁 less than
the exhaust optimised for the overlapped position (DS1-1). Therefore, it can be concluded that non-axisymmetric
exhausts could improve the aircraft performance for more benign installation positions. The split of Δ𝑁𝑉𝐹 into the
force components (Fig. 11a) indicates the same general trends as in the overlapped position (DS1-1). However, the
contribution of each component has changed. For a coincident installation position (DS2-1), (Δ𝐺𝑃𝐹∗)𝐷 is greater
than DS1-1 but 𝐷𝐴/𝐶 is increased. Compared with DS1-1, the relative increase in 𝐷𝐴/𝐶 is mainly associated with the
modified nacelle drag term.
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Fig. 11 (a) General decomposition of the net vehicle force benefit and (b) parallel coordinates chart of designs
DS1-1 and DS2-1. Forces are expressed as increments (Δ) relative to the baseline configuration where a positive
value implies a beneficial effect. All results are based on RANS CFD assessments.
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Fig. 12 Design sensitivities ofΔ𝑁𝑉𝐹 with 𝜓𝐴 and 𝜓𝑅 for the RSMs constructed with datasets (a) DS1 (overlapped
installation position) and (b) DS2 (coincident installation position).

In terms of design parameters, the optimum design at the coincident position (DS2-1) is also configured with inboard
shear (Fig. 11b). However, the location of the perturbation is at greater values of 𝜓𝐴 relative to DS1-1. The azimuthal
position of the perturbation of bypass trailing edge radius (𝜓𝑅) has also been displaced towards 𝜓 = 180𝑜. These results
demonstrate that the optimum Δ𝑁𝑉𝐹 region of the design space is altered with the installation position. The RSMs
are interrogated around the optimum designs to illustrate how the distribution of Δ𝑁𝑉𝐹 with the design variables is
affected by the installation position (Fig. 12). In this analysis, all the design variables are fixed to their optimum values
except for the interrogated variables. In the figure, the differences of the optimum values of 𝜓𝐴 and 𝜓𝑅 between the two
installation positions are clear.

In conclusion, non-axisymmetric exhausts can also be beneficial for coincident installation positions of UHBR
engines. However, the potential of benefit is slightly reduced relative to overlapped configurations. In addition, the
installation position changes the optimum placement of both non-axisymmetric exhaust perturbations (𝜓𝐴, 𝜓𝑅). For
this reason, it is demonstrated that the effects of installation need to be considered in the design of three-dimensional
exhaust systems.

E. Effect of the geometry control methods on the design of non-axisymmetric exhausts
The effect of the geometry control methods on the design of non-axisymmetric exhausts is investigated. Two extra

datasets of exhaust systems were generated where the differences are the design of the bypass area and after-body
(DS3 and DS4) (Table 1, Fig. 7). While dataset DS1 was generated with a uniform 𝑟 𝑖𝑛

𝐵𝑃−𝐸𝑥𝑖𝑡
and a uniform 𝐿𝑐𝑐

𝑇𝐸
, the

after-body in DS3 is controlled by the second method (non-uniform 𝐿𝑐𝑐
𝑇𝐸

) and DS4 employs non-circular geometries of
the inner annulus of bypass exit (uniform ℎ). Optimisations for maximum Δ𝑁𝑉𝐹 are also undertaken with the RSM
of datasets DS3 (design DS3-1) and DS4 (design DS4-1). While the optimisation for Δ𝑁𝑉𝐹𝑀𝐴𝑋 results in similar
Δ𝑁𝑉𝐹 for the DS1-1 and DS4-1, DS3-1 is approximately 0.002𝐹𝑁 greater (Δ𝑁𝑉𝐹 = 0.0091𝐹𝑁 , Fig. 13a). This arises
primarily from a greater propulsive force benefit. Therefore, sheared after-bodies that maintain a uniform distribution of
𝛽𝑐𝑐 are better suited for installed close coupled configurations.

In terms of the non-axisymmetric perturbations of the bypass trailing edge, DS3-1 and DS4-1 also feature inboard
shear (Fig 13b). However, both designs have increased 𝜓𝐴 and reduced 𝜃𝐴 relative to DS1-1. This displacement of the
optimum region can also be seen in the performance sensitivity maps (Fig. 14). The radial bump design is similar for
DS1-1 and DS3-1, but different for DS4-1 (Fig 13b). In DS4-1 the optimum radius ratio (𝑅/𝑅𝑟𝑒 𝑓 ) is at a greater value.
In DS4-1 the bypass exit area is controlled with uniform ℎ. This method limits the maximum radius ratio (𝑅/𝑅𝑟𝑒 𝑓 ) that
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Fig. 13 (a) General decomposition of the net vehicle force benefit and (b) Parallel coordinates chart of designs
DS1-1, DS3-1 and DS4-1. Forces are expressed as increments (Δ) relative to the baseline configuration where a
positive value implies a beneficial effect. All results are based on RANS CFD assessments.
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Fig. 14 Design sensitivities of Δ𝑁𝑉𝐹 with 𝜓𝐴 and 𝜃𝐴 for the RSMs constructed with datasets (a) DS1, (b) DS3
and (c) DS4. Each map is obtained perturbing the different RSMs around the optimums. Shaded areas are
where the limits on Δ𝐶𝐵𝑃

𝑑
and Δ𝐶𝐶𝑅

𝑑
are breached.

is beneficial. As the bypass nozzle exit height (ℎ) is kept constant, low values of 𝑅/𝑅𝑟𝑒 𝑓 reduce the core cowl boat
tail angle and result in an almost flat local region. In conclusion, the different ways of handling the bypass area and
after-body lead to different optimum regions of the design space for non-axisymmetric exhausts.

IV. Conclusions
This work presents a low-cost design methodology for installed propulsion systems where a multi-dimensional

design space is sampled with a lower-fidelity CFD methodology. The method relies on the acquisition of sufficient
data to formulate response surface models at a reduced computational cost relative to the full RANS assessment
of the dataset. The optimisation of exhausts for installed UHBR propulsion systems can improve the aircraft net
vehicle force by 0.005𝐹𝑁 − 0.009𝐹𝑁 when assessed with RANS CFD, depending on the installation position. This is
approximately equivalent to a 0.5 − 0.9% reduction in fuel burn. Although the optimisation methodology relies only
on RSM constructed with Euler CFD data, it is proven to identify beneficial designs that satisfy the constraints when
assessed with RANS.

Exhausts were optimised for different installation positions and with several designs of the bypass area and after-body.
It was found that bypass exhausts designed for maximum Δ𝑁𝑉𝐹 are sheared towards the inboard side and feature a
reduced bypass trailing edge radius, also at the inboard side. The configurations with greater benefits in net vehicle
force are designed with circular core cowls (uniform 𝑟 𝑖𝑛−𝐵𝑃

𝐸𝑥𝑖𝑡
) that are sheared at the trailing edge (non-uniform 𝐿𝑐𝑐

𝑇𝐸
).

Moreover, non-axisymmetric exhausts have an increased potential of NVF benefit at overlapped configurations (DS1-1,
Δ𝑁𝑉𝐹 = 0.007𝐹𝑁 ) relative to coincident ones (DS2-1, Δ𝑁𝑉𝐹 = 0.006𝐹𝑁 ).

These findings improve the know-how of the aerodynamic design of civil propulsion systems with non-axisymmetric
exhausts, but also enable the exploration and optimisation of complex non-linear systems with an impact on the
computational requirements. Moreover, the methodology is fast and flexible and is not restricted to exhaust systems.
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