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Abstract

Relative to in-service aero-engines, the bypass ratio of future civil architectures
may increase further. If traditional design rules are applied to these new configu-
rations and the housing components are scaled then it is expected that the over-
all weight, nacelle drag and the effects of aircraft integration will increase. For
this reason, the next generation of civil turbofan engines may use compact na-
celles to maximise the benefits from the new engine cycles. This paper presents
a multi-level design and optimisation process for future civil aero-engines. An
initial set of multi-point, multi-objective optimisations for axisymmetric con-
figurations are carried out to identify the trade-off between intake and fancowl
bulk parameters of highlight radius and nacelle length on nacelle drag. Having
identified the likely optimal part of the design space, a set of computationally
expensive optimisations for 3D non-axisymmetric configurations are performed.
The process includes cruise- and windmilling-type operating conditions to en-
sure aerodynamic robustness of the downselected configurations. Relative to a
conventional aero-engine nacelle, the developed process yielded a compact aero-
engine configuration with mid-cruise drag reduction of approximately 1.6% of

the nominal standard net thrust.
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1. Introduction

It is envisaged that the next generation of turbofan engines will operate at
low specific thrust and large bypass ratios to enhance the overall propulsive
efficiency [1, 2]. As such, the fan diameter may increase to accommodate the
specifications of the new cycles [3, 4]. If traditional design rules are applied
and the housing components are scaled to accommodate the larger engines, the
nacelle wetted area and weight penalties might counterbalance the expected
benefits from these new architectures [5, 6]. Therefore, future civil aero-engines
may require compact nacelles [7].

The expected trend is that intakes will have a reduced non-dimensional high-
light radius (7 /7 fan) and length (L /7 fan), and it is likely that the fancowl
length (Ly,qc/Thi) and trailing edge radius (74 /rh;) will also be reduced (Fig-
ure 1). Although non-compact intakes with large 7;/7 4, values can meet the
aerodynamic requirements for the intake range of operability, they can result
in an increase in nacelle drag [8]. On the other hand, short fancowls with low
Lyac/rhi might lead to unfeasible intake configurations. For this new nacelle
design challenge there is very limited information in the open literature and, as
such, trade-off studies to quantify intake/fancowl compactness on the nacelle
drag are required.

Albert and Bestle [9] carried out a combined intake/fancowl optimisation for
a 2D axisymmetric configuration. The optimisation process considered cruise
(M = 0.78) and quasi-static (M = 0.05) conditions, and for both operating con-

ditions the peak Mach number along the nacelle was reduced. Three different
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Figure 1: Design variables used to define the aero-engine nacelle

parametrisations for the aero-engine were tested: Superellipse-Polynomial (SP)
[10], Class-Shape-Transformation (CST) [11] and B-spline [12]. It was demon-
strated that the CST parametrisation provided the best performing set of Pareto
optimal solutions. Relative to a reference geometry, the CST approach achieved
a reduction of peak Mach number of 14% and 29% for cruise and quasi-static
conditions, respectively. The study focused in a single nacelle architecture with
fixed 71 /7 fan and Lpee/rh and did not extract the nacelle drag. As such, no
trade-off between the intake and fancowl bulk dimensions were derived. Toubin
et al. [13] performed the optimization of a 3D aero-engine nacelle with the
MOEA/D evolutionary algorithm [14]. The process considered two operating
conditions: cruise (M= 0.82) and crosswind. The study was based on a long
nacelle length with L,4./rn; = 6.5, in which the objective functions were the
nacelle pressure drag coefficient at cruise and the intake circumferential dis-
tortion index (CDI) for crosswind. Relative to a reference nacelle, the design
process resulted in a design with a reduction in the nacelle pressure drag and

CDI of 0.27% and 3.62%, respectively. The study was performed for a single



overall arrangement with fixed 74;/rfan and Lyqc/rhi and, therefore, the effect
of intake and fancowl sizing on the nacelle drag was not assessed. Peters et al.
[8] developed an integrated design capability for 3D short inlets and nacelles.
The tool was used to design a compact and short intake that maintained the
isolated propulsor performance of a baseline long configuration. Relative to the
reference geometry, a compact intake design with a reduction in nacelle length
of Lypac/Thi = 0.55 was derived. For mid-cruise conditions with M = 0.80, the
nacelle drag was reduced by about 16% for the short intake configuration. How-
ever, this design was not based on a thrust-drag bookkeeping method and only
accounted for the pressure and viscous forces that acted on the external wall of
the nacelle.

Other investigations considered the nacelle drag as a function of fancowl bulk
parameters, e.g. Lpqc/Thi and r./rp; (Figure 1). Whilst these studies are of
relevance to initially identify the possible limits of the feasible design space for
compact configurations, the effect of intake bulk dimensions, such as rp;/7 fon
Or Lint /7 fan, were neglected. Tejero et al. [15] developed a multi-point, multi-
objective optimisation tool for the design of UHBPR aero-engine nacelles. The
method was used for a range of nacelle lengths (2.4<L,,./r7:<3.0) and trailing
edge radii (0.90<r/rp;i<1.0). A set of MOOs were carried out and the effect
of both parameters on nacelle drag was quantified. The process was coupled
with an established industrial thrust drag bookkeeping method to extract the
drag [16]. Across the design space for future civil aero-engines, the nacelle drag
varied by 40%. For compact architectures with r./ry; = 0.9, it was found that
small changes on L, q./rp; have a large impact on mid-cruise drag. Schreiner et
al. [17] further developed the framework and considered windmilling-type con-
ditions during the design process. The study was also based on 2D axisymmetric

configurations and highlighted the larger sensitivity of compact aero-engine na-



celles to off-design requirements with respect to conventional architectures. It
was concluded that although the nacelle cruise drag could be reduced by about
15% by shortening the nacelle length from L, ../rn; = 4.3 to 3.1, this benefit
reduced to about 10% once windmilling consideration were accounted to ensure
aerodynamic robustness.

There is very limited information in the open literature about multi-point,
multi-objective optimisation of 3D non-axisymmetric configurations due to the
associated large computational cost. It has been a common practice to de-
sign a set of axisymmetric aero-lines and combine them to generate the 3D
non-axisymmetric geometry by including the intake scarf and droop angle re-
quirements [18] (Figure 1). However, for compact civil aero-engines in which
the inherent non-linearity of transonic flow aerodynamics will arise with re-
spect to conventional configurations, it might be required to perform 3D non-
axisymmetric optimisations at an early stage of the design process. The previous
studies for 3D non-axisymmetric architectures are mainly based on optimisation
processes driven by low order models. Fang et al. [19] carried out a MOO for
a 3D non-axisymmetric nacelle with L,./7rn; = 3.5. The nacelles were defined
with Class Shape Transformation (CST) curves and 20 degrees of freedom. The
Non-dominated Sorting Genetic Algorithm IT (NSGA-II) genetic algorithm [20]
was employed for the optimisation in which a surrogate model based on the
Kriging interpolation method [21] was used to drive the process. Two different
transonic conditions at M., = 0.80 with AoA = 0° and 4° were considered.
Overall, for the relatively large design space considered with twenty design vari-
ables, the initial design space exploration and following generations consisted of
only 32 configurations due to the large computational cost associated with the
3D RANS solutions. Relative to a baseline geometry, the method identified an

optimal nacelle with 4% drag reduction at AoA = 4° and similar drag at AoA



= 0°. Zhong et al. [22] investigated laminar flow for nacelle applications. The
study was based on RANS with the transition SST v — Reg model and used a
Kriging interpolation surrogate model to drive the design process. It was fo-
cused on transonic conditions at M., = 0.78 in which the 3D non-axisymmetric
nacelles were defined with 18 design variables. With respect to a reference ge-
ometry, the method provided an aero-engine nacelle with a 7% larger laminar
area.

This work extends the previous nacelle design method developed by Tejero
et al. [23, 18, 24] for the multi-point, multi-objective optimisation of ultra
high bypass ratio (UHBPR) aero-engine nacelles. Relative to the previous com-
putational approach, the method has been extended to now also include the
capability to evaluate the nacelle drag with separate-jet exhausts for UHBPR
architectures. The novelty of this paper is in the development of a multi-level,
two-step process for the design of compact aero-engine nacelles. The first step is
an initial design space exploration for 2D axisymmetric configurations to iden-
tify the feasible design space. A set of independent multi-point, multi-objectives
optimisation are carried out for a range of intake and fancowl bulk parameters.
This study considers the effect of intake compactness (rp;/rrqn) and fancowl
length (Lyqc/7hi) on the nacelle drag. For the second part of the process, the
optimal regions of the 2D axisymmetric studies are identified and bespoke 3D
non-axisymmetric MOOs are performed. The proposed optimisation method
considers not only cruise-type conditions but also off-design windmilling require-
ments. With respect to previous work for nacelle design, the optimisation method
encompasses both regression and classification metrics to ensure that the iden-
tified Pareto front configurations are aerodynamically feasible. The method is
an enabling technology towards the design of future turbofan aero-engines that

aim to minimise the fuel burn.



2. Methodology

The numerical approach uses a parametric representation of the different
aero-engine housing components [25] (Figure 1). The nacelle drag is evaluated
with numerical simulations and extracted with an industrial thrust-drag book-
keeping method [16]. Different conditions of the flight envelope are considered
during the design process through a multi-point, multi-objective optimisation
routine driven by the Optimized Multi-Objective Particle Swarm Optimization
(OMOPSO) gradient-free algorithm [26]. A detailed description of the differ-
ent modules were previously elaborated [23, 18, 24] and, as such, only a brief
description is provided in this paper.

The intake [25], fancowl [15] and separate-jet exhaust [27] are defined using
an intuitive Class-Shape Transformation parametrisation [28, 29]. Each nacelle
aero-line is controlled with 7 intuitive parameters: r4;, Lpac, Tie, Tif> fmaax
Trmaz and Bpqe (Figure 1). Within the context of this work, a set of independent
MOOs are carried out at fixed rp;, Lpee and ry.. As such, the 2D axisym-
metric optimisation have four degrees of freedom. The 3D non-axisymmetric
configurations are controlled with 5 aero-lines and the intake scarf and droop
angles [24] (Figure 1). For this study the scarf and droop angles are also fixed
and, therefore, a total of 20 degrees of freedom are used during the MOO of 3D
non-axisymmetric aero-engine nacelles. The computational domain is generated
with a multi-block structured mesh [30]. A density-based solver is used to solve
the compressible steady Favre-averaged Navier-Stokes equations [31] with a sec-
ond order spatial discretization and the Green-Gauss node based scheme. The
k-w SST model [32, 33] is applied as turbulence closure and the Sutherland’s
law is used for the calculation of the viscosity [34]. Pressure farfield boundary
conditions are used to model the freestream. The Mach number is imposed

together with the static pressure and temperature, which are calculated from



the ISA model [35] and the user-prescribed altitude. All the housing compo-
nent surfaces, i.e. spinner, intake, fancowl, bypass duct the core duct surfaces,
are modelled as no-slip adiabatic walls. The flow conditions at the fan face
are defined with a target massflow pressure outlet boundary condition, which
is derived from the user-prescribed mass flow capture ratio (MFCR). The flow
conditions at the bypass and core duct inlets are modelled as pressure inlets
using prescribed total pressure and temperature values. The method is coupled
with the OMOPSO algorithm [26, 36]. All the multi-point, multi-objective op-
timisations start with a design space exploration based on a Latin Hypercube
Sampling (LHS) [37, 38]. The process is driven with numerical simulations and
the convergence criteria of the MOOs is based on the hypervolume indicator
[39]. The optimisations were classified as converged when the changes in the
hypervolume reduced to below 1%.
For the 2D axisymmetric and 3D non-axisymmetric computational approaches,

a grid sensitivity was carried out. It was based on a representative mid-cruise
condition of future civil aero-engines (M = 0.85, MFCR = 0.7, h = 10668m)
with a short nacelle of L,../rn; = 3.1. Three different cell sizes were consid-
ered in which a reference one was selected and a halved and doubled resolution
grid were created. The Grid Convergence Index (GCI) of the reference grid was
calculated following Roache’s method [40]. For the 2D axisymmetric approach
and cell sizes 35k, 70k and 140k, a GCI of about 0.70% was achieved. For the
3D non-axisymmetric method with cell sizes of 0.5M, 1.0M and 2.0M provided
a GCI of approximately 2.5%. Similar values of GCI have been previously used
in optimisation studies for aero-engine nacelle applications [15, 24]. For both
numerical approaches the farfield is located at 80r,,,,. This selection was based
on domain sensitivity studies for 2D and 3D configurations [15, 24] in which four

different domain sizes (40742, 607 maz, 807 maz and 1007,,q.) were considered.



Across this range the cruise nacelle drag increased monotonically with a 0.10%
reduction between the 8074, and 10074, configurations. As such, the 8074,

domain size is employed in this investigation.

Figure 2: Computational mesh for the 2D axisymmetric numerical model

Figure 3: Computational mesh for the 3D numerical model

The numerical methods have been validated with two different nacelle con-
figurations. The 2D axisymmetric numerical approach was compared with a

design based on an axisymmetric geometry with a cylindrical centerbody, a



simple circular arc for the forebody, and a straight line for the afterbody [41].
This geometry is referred as Nacelle-1. Conversely, the predictive capability
of the 3D numerical method was evaluated against a more modern configura-
tion with no centrebody and a continuously curved geometry from leading to
trailing edge [41]. This design is referred as Nacelle-2. For both configurations
(Nacelle-1 and Nacelle-2), the nacelle drag for a set of different Mach number
was evaluated at a representative cruise MFCR = 0.7. While for the Nacelle-1
the incidence angle was set to 0° due to the 2D axisymmetric nature of the
simulations, the Nacelle-2 3D numerical approach was tested for an incidence
angle of 2°. For a nominal Mach number of M = 0.85, relative to the experi-
mental data the normalised cruise drag is overpredicted by 0.1% and 1.1% for
the 2D and 3D numerical approaches, respectively (Figures 4 and 5). The drag
rise Mach number (Mpgr) [15] was predicted within -0.003 and +0.002 for the
Nacelle-1 and Nacelle-2 configurations, respectively. To test the effect of reduc-
ing the massflow capture ratio in a windmilling scenario, the nacelle drag for
a set of MFCR at constant M = 0.85 was performed for the Nacelle-1 design
(Figure 6). Within the range of MFCR = 0.5 and 0.4, the nacelle drag was

underpredicted by about 4%.

3. Results and analysis

This work develops a multi-level optimisation approach for compact aero-
engines nacelles. The process is used to map out the new UHBPR nacelle design
challenge and quantify the intake/fancowl trade-off on nacelle drag. For this in-
vestigation, two main bulk parameters were considered: rp; /7 fq, to quantify the
intake compactness and Ly ,./75; to assess the impact of shortening the fancowl
length. The process was initialised with a set of multi-point, multi-objective

optimisation for 2D axisymmetric configurations. The baseline geometry is the
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Figure 4: Comparison of nacelle drag as a function of Mach number for the 2D axisymmetric
nacelle configuration

optimised design for a conventional configuration with L,,./rp; — 3.6 and a
nominal r;/7fen. Overall, 16 independent MOOs were carried out for a full
factorial combination of 4 different Lq./7p; and 4 different r4;/7 4, values.
The nacelle lengths were Ly,./rhi = 2.85, 3.1, 3.35 and 3.6 and the 71, /7 fan
values were defined as a reduction relative to the nominal intake compactness
with Arp; /7 pen = 0%, —1.25%, —2.5% and -3.75%. For the optimal regions of
the design space, additional 3D non-axisymmetric MOOs were performed to
determine the final designs.

The design and optimisations were undertaken with representative separate-
jet exhausts [27]. The aero-engine operates with a bypass ratio above 15 and a
nominal standard net thrust (F) of about 60kN [27] at mid-cruise conditions.
The massflow through the engine was set to have a mass flow capture ratio of
MFCR = 0.7 [15] at mid-cruise conditions and Arp;/7fqn = -3.75%. As such,

the MFCR decreases as the intake is less compact, i.e. larger rp; /7 fan-
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Figure 5: Comparison of nacelle drag as a function of Mach number for the 3D nacelle con-
figuration

3.1. 2D axisymmetric studies

Three flight conditions are used to drive the 2D axisymmetric optimisation
routine (Table 1) in the first step of the multi-level design approach. Whilst
the mid-cruise drag has a large impact on the overall engine fuel burn, the
other two (iM and diversion) are considered to ensure aerodynamic robustness
at off-design conditions. They aim to quantify the sensitivity of the nacelle aero-
dynamics to perturbations on Mach number (iM) and to large changes on the
massflow capture ratio (windmilling diversion). The mid-cruise drag (Druise)
and increased Mach number drag (D;ys) are considered as regression objective
functions (Regr. in Table 1) in which their values are minimised during the MOO
process. The windmilling diversion scenario is a combined regression and classi-
fication (Regr./Class. in Table 1) objective function. An acceptability threshold
on the maximum length of the local boundary layer separation (Lge,) was de-

fined for this off-design condition. An acceptability level of Lge,/Lyae <0.05
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Figure 6: Comparison of nacelle drag as a function of massflow capture ratio for the 2D
axisymmetric nacelle configuration

was set for the optimisation. The nacelle diversion drag (Dgiversion) Of the de-
signs that fulfill this criteria is minimised and the configuration that exceed it
are rejected from the optimisation process. This is to ensure that the MOO is
not driven to regions of the design space that are very sensitivity to windmilling
off-design conditions. Overall, around 5,500 CFD evaluations are performed in

the optimisation routine.

Name Mach MFCR Type

cruise 0.85 0.70 Regr.

M 0.87 0.70 Regr.
diversion 0.65 < 0.5  Regr./Class.

Table 1: Operating conditions for the 2D axisymmetric MOOs. The MFCR value is for the
Arhi [T fan = —3.75% configuration

An example of the Pareto front from the 2D axisymmetric multi-point, multi-

objective optimisation of the reference aero-engine architecture (Lyqc/7hi = 3.6
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and Arhi/rfan = 0%) is presented in Figure 7. It presents the results for the
non-dominant nacelle designs for a 2D projection in the D yyise-Daiversion SPace
and colored with D;s. It highlights the trade-off between nacelle cruise and di-
version drag, and demonstrates the importance of including this flight condition
in a nacelle optimisation process. Otherwise, the design process would be driven
to parts of the design space with low D, .,;se but that are not aerodynamically

feasible due to the large penalties at off-design.
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Figure 7: Pareto front for the reference 2D axisymmetric aero-engine nacelle with Lyac/Ths
= 3.6 and Arp; /T fan = 0%

To provide an initial insight of the transonic flow aerodynamics of aero-engine
nacelles four configurations were downselected. They are the configurations
with the minimum D yise, minimum D;ps, minimum Dgpersion and a trade-
off design, and are referred as Al, A2, A3 and A4, respectively (Figure 7).
Figure 8 presents the isentropic Mach number along the fancowl at mid-cruise
conditions for the 4 aero-engine nacelles. There are differences on the initial

acceleration around the nacelle lip between the designs. While A1, A2 and A4
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have a similar axial location of the peak M;s at X/L,q. =~ 0.01, the design
A3 has a change on the flow topology with a continuous acceleration along the
nacelle forebody to terminate in a shock wave at X/L,,. = 0.41. Relative to
the designs Al (minimum D¢ ;;se) and A4 (trade-off design) that have the same
peak M;,, the shape A2 (minimum D;;;) has a reduction on peak M, of about
0.08. While the design Al has a smooth flow deceleration along the profile, the
designs A2 and A4 have a double shock structure and the design A3 (minimum
Dgiversion) has a single strong shock. These changes in the aerodynamics are
accompanied by variations on mid-cruise drag. Relative to the minimum cruise
drag configuration, A1, the nacelle drag increases by approximately 6.0%, 75.0%

and 5.0% for the architectures A2, A3 and A4, respectively.

— Design Al
— Design A2
— Design A3
Design A4

Q2[

Mis

0.0 0.2 0.4 0.6 0.8 1.0
X/Lnac

Figure 8: Isentropic Mach number distribution for downselected nacelles of the reference 2D
axisymmetric MOO

Having demonstrated the capability of the 2D axisymmetric method for
multi-point, multi-objective optimisations, an independent MOO for the full

factorial combination of cases with Ly../mh: = 2.85, 3.1, 3.35 and 3.6 and

15



Arhi /T fan = 0%, —1.25%,—2.5% and -3.75%, was performed. For each opti-
misation a Pareto front was derived from which a nacelle configuration could
be downselected. For the reference configuration with Lye./rp; = 3.6 and
AT [Tfan = 0% the downselection criteria was based on the minimum achiev-
able mid-cruise drag with D_.yise < 1.1 - D;ps, in which for the windimilling
diversion case the threshold of acceptable local boundary layer separation along
the nacelle, i.e. Lgep/Lnae < 0.05, is met. For the rest of configurations, the
downselection criteria was based on the minimum achievable D .5, that have
D;py and Dygjyersion lower than the associated drag values of the reference na-
celle. Besides, it was also ensured that the configurations met the threshold in
flow separation of Lsep/Lyqe < 0.05 for the diversion scenario. Figure 9 presents
the mid-cruise nacelle drag changes normalised with the nominal standard net
thrust across the design space. It highlights the large impact of 75 /7 fan.
For example, for a fixed L,q./rn; = 3.1 which is representative of a compact
aero-engine nacelle [23], the normalised drag reduces by 1.6% when the intake
highlight is moved inboards from Ary;/rfen = 0% to Arp/Tfen = —3.75%
(Figure 9). This is caused by the sensitivity of short fancowls to MFCR [15].
Because the massflow through the engine is the same for both configurations
(Arpi /7 ran = 0% and Arp; /7 ran = —3.75%), the effective MFCR reduces when
Thi/T fan increases. On the other hand, for a fixed Arp;/rren = —3.75%, the
normalised drag varies by 0.6% across the range of nacelle lengths considered,
in which the minimum value is at Lyqc/rhi = 3.1. Although a further reduction
t0 Lnac/Thi = 2.85 reduces the wetted area, the design has a stronger shock
wave and a concomitant increase in wave drag. This results in a normalised
drag penalty of 0.6% with respect to the aerodynamically optimal at Lyac/7hi
= 3.1. Conversely, increasing the Lyq./rh; to 3.6 provides a normalised drag

penalty of 0.5% (Figure 9).
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Figure 9: Mid-cruise normalised drag changes with net thrust ((Djocai — Dref)/Fn) across the
Thi /T fan-Lnac/Th; design space considered. D,y refers to the nacelle drag for the reference
nacelle with Lpac/rh; = 3.6 and Arp; /Tren = 0%

Across the design space, the optimal aero-engine nacelle was at Lyqc/Thi
= 3.1 and Arp;/rfen = —3.75%. Relative to the baseline architecture with
Lygc/rhi = 3.6 and Arpi/7ten = 0%, the normalised cruise drag is reduced
by 1.6%. This initial 2D axisymmetric study has demonstrated the potential
benefits of compact nacelle for future civil aero-engines and has quantified the

impact of the bulk parameters Lyq./Th; and 74;/7 rqn on nacelle drag (Figure

9).

3.2. 3D non-azxisymmetric studies

The first step of the multi-level optimisation process has demonstrated the
large impact of intake compactness (rp;/r fqn) on nacelle cruise drag (Figure 9).
For the two most compact intake configurations considered (Arp;/rfon = —2.5%

and -3.75%), the optimal nacelle length is Ly,4./7h; = 3.1. As such, an investiga-
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tion for 3D non-axisymmetric architectures around this part of the design part
has been carried out. Overall, four independent 3D MOOs were performed to
understand the effect of 71,; /7 fan on short nacelles. For a fixed Lyac/mhi = 3.1,
three different intakes were considered: Ary; /7 fan = —2.0%, —3.0% and -3.75%.
A MOO for the reference geometry with Lyac/rhi = 3.6 and Arp; /7ran = 0%
was conducted to establish a 3D baseline aero-engine nacelle.

The multi-point, multi-objective optimisation process is driven with four
different operating conditions (Table 2). The first three ones (cruise, iM and
diversion) are similar to the 2D axisymmetric MOOs in which the only difference
is that the angle of attack was set to 4.5°. This is to mimic a similar effective
incidence of an installed configuration. The 3D MOOs also include a windmilling
end-of-runway (EoR) high angle of attack scenario. The nacelle drag for this
flight condition is not minimised during the optimisation but classified based
on local boundary layer separation (Lsep,). As for the windmilling diversion
case, the acceptability threshold was defined as Lsep/Lyqe <0.05. This is to
ensure that the designs that progress through the generations of the MOO are
aerodynamically robust. Overall, around 10,000 CFD evaluations are performed

in the optimisation routine.

Name Mach MFCR AoA Type

crutse 0.85 0.70 4.5 Regr.

Mach 0.87 0.70 4.5 Regr.
diversion 0.65 <05 4.5 Regr./Class.

EoR 0.25 <05 20.0 Class.

Table 2: Operating conditions for the 3D non-axisymmetric MOOs. The MFCR value is for
the Arp; /7 fan = —3.75% configuration

Having computed the four independent 3D MOOs, a set of Pareto optimal
designs were determined. To aid with the comparison of the optimal nacelle

configurations for the four 3D optimisations, a comparison of the Pareto fronts
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only on the D ryise-Daiversion Space is shown in Figure 10. For the three config-
urations with Lyq./rh; = 3.1 there are designs that reduce both the mid-cruise
drag and diversion with respect to the optimal designs from the reference ge-
ometry (Lpae/Thi = 3.6 and Arp;/Tfan = 0%). It highlights the benefits of

compact aero-engine nacelles with respect to the current in-service architecture.

Iz 0.8% Fn | = Lnac/fki=3.1,Arh,-/rfan=—3_75%
B —  Lnadrii=3.1,Arnilrian=—3.0%
| — Lnacll‘ki=3.1,Arh,-/rfan=—2_0%
Luacrhi =3.6,Arh,'/rfan =0%

il

D diversion
T

| ~1.6% Fy

D cruise

Figure 10: Projection into the D.ryise-Ddiversion Space of the Pareto fronts for the 3D
configurations

A trade-off nacelle was downselected from each of the MOOs and further
investigated. They are referred to B1, B2, B3 and B4 for the Arp;/rren =
—3.75%, —3.0% and -2.0% at fixed Lyqc/mhi = 3.1 and Arpi/ra, = 0% at
Lyac/rhi = 3.6, respectively (Figure 10). For the B4 design, the downselection
criteria was based on the minimum achievable mid-cruise drag that satisfies
Diryise < 1.1+ D;pr and the threshold of acceptable local boundary layer sepa-
ration along the nacelle of Lsep,/Lyge < 0.05 is met for the windmilling diversion

and windmilling end-of-runway high angle of attack scenario (Table 2). For the
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other configurations, i.e. B1, B2 and B3, the downselection criteria was based
on the minimum achievable mid-cruise drag in which the drag for an increased
Mach number (D;y) and windmilling diversion (Dgiyersion) was lower than for
the B4 design, whilst the flow separation threshold of Lgep/Lnae < 0.05 was
also fulfilled for both windmilling conditions. For example, for the most com-
pact nacelle considered in this study, i.e. Bl ( Arpi/rfen = —3.75%), the
normalised mid-cruise drag with respect to the net thrust can be reduced by
up to 1.6% with respect to the B4 design. A similar value was obtained with
the 2D axisymmetric MOO studies (Figure 9). The benefit identified for the
B1 design reduces to approximately 1.2% and 1.0% when the intake highlight is
moved outboard to Arp;/rfen = —3.0%, —2.0%, respectively (Figure 10). This
outcome demonstrates that the intake compactness is a key design variable to
achieve low values of nacelle drag for short configurations (L,./rp;) that are
expected in future civil aero-engine nacelles [23]. This study quantifies the im-
pact of intake compactness on nacelle drag. However it is important to note that
the feasibility of these configurations to meet the off-design intake requirements
should be considered within a complete aero-engine nacelle design process [8].
Nevertheless, this work provides for the first time an initial step in quantifying
the nacelle drag as a function of the intake bulk parameter ry;/r fq, within the
envisaged design space for UHBPR, aero-engine nacelles.

To provide a better insight of the flow physics of compact configurations,
the isentropic Mach number distribution for the optimal nacelle B1 (Lyqc/7hi
= 3.1 and Arp;/7fan = —3.75%) and the baseline geometry B4 (Lyqc/rhi =
3.6 and Arp; /7 fan = 0%) are presented in Figure 11. Both configurations have
a stronger initial acceleration around the nacelle lip at the top-line (¢ = 0°)
and the top-control line (¢p = 45°) than for the other lines. The peak M,

for the compact geometry (B1) is 0.02 larger with respect to the reference one
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(B4). For both housing component styles there is an initial shock wave on the
nacelle forebody, which is followed by a re-acceleration and a second weaker
shock around the nacelle crest. Both shock structures are found in all cross-
sections and the strength mitigates azimuthally from the top-line (¢ = 0°) to
the bottom-line (¢» = 180°) (Figure 11). Relative to the B1 design, similar flow
physics were found for the compact B2 and B3 geometries.

For the downselected aero-engine nacelles derived from the four 3D MOOs
(B1, B2, B3 and B4), the nacelle drag sensitivity to Mach number and MFCR
was investigated. This is to quantify the aerodynamic performance across a wide
range of operating conditions that might be encountered throughout the flight
envelope. For the Mach number variations and relative to the conventional
nacelle (B4) with Ly.c/rhi = 3.6 and Arp;/rien = 0%, the most compact
architecture B1 present benefits for all flight Mach number. Whilst for the cruise
Mach number of 0.85, the normalised drag benefit is 1.6%, this reduces to 1.3%
and 0.6% at M = 0.87 and 0.88, respectively. For the B2 and B3 designs there
are drag benefits with respect to the reference B4 for Mach numbers between
M = 0.80 and 0.87 (Figure 12). However both designs (B2 and B3) have a
normalised nacelle drag penalty of about 1.5% at M = 0.88 relative to B4. This
is due to the greater sensitivity of both compact architectures (B2 and B3)
to Mach number caused by operating at lower mid-cruise MFCR than the B1
design. For the massflow capture ratio variations, all the short fancowls have
drag benefits at relatively high MFCR with respect to the reference Lyqc/7hi
= 3.6 and A7y;/7¢en = 0% configuration (Figure 13). However, the benefits
erode for low MFCR values due to the large sensitivity of short fancowl to low

massflow capture ratios [17].
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4. Conclusions

This paper has presented a multi-level two-step process for the design and
optimisation of compact civil aero-engine nacelles. It starts with multi-point,
multi-objective optimisations of 2D axisymmetric configurations to initially iden-
tify the potential optimal parts of the design space. For selected configurations,
bespoke 3D non-axisymmetric optimisations are performed. Different operating
points of the flight envelope are considered to ensure aerodynamic robustness.
They include flight conditions of the cruise segment as well as off-design wind-
milling scenarios. The optimisation process is driven with regression and classi-
fication objective functions to ensure that the identified configurations are aero-
dynamically feasible. The developed method has been used for intake/fancowl
trade-off studies, in which the effects of intake compactness and fancowl length
on the nacelle drag have been quantified. It has been demonstrated the large
influence of intake compactness on the nacelle drag characteristics. It is noted
that the feasibility of the optimised configurations to meet off-design intake re-
quirements should be considered within a complete aero-engine nacelle design
process. However, the developed method establish the first step in quantifying
the nacelle drag as part of an intake design procedure for ultra-high bypass ratio
architectures. Relative to a more conventional aero-engine nacelle, the devel-
oped process has yielded a compact nacelle configuration with approximately a

mid-cruise nacelle drag reduction of 1.6% of the nominal standard net thrust.
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Figure 11: Mach number comparison for the downselected compact design B1 and the baseline
architecture B4
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Figure 12: Comparison of nacelle drag as a function of Mach number for the downselected 3D
nacelles

M=0.65 and AcA = 4.5

| — Design Bl ||

— Design B2
— Design B3
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Nacelle drag
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Figure 13: Comparison of nacelle drag as a function of massflow capture ratio for the downs-
elected 3D nacelles
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