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Abstract

It is expected that future civil aero-engines will operate at low specific thrust and high-bypass ratios to improve
propulsive efficiency. This may result in an increment in fan diameter and associated weight and nacelle drag
penalties. For this reason, these new architectures may use compact nacelles to meet the benefits of the
new engine cycles. The aim of the current work is to evaluate the aerodynamic design and performance of
compact nacelles for medium range, single-aisle aircraft with a cruise Mach number of M = 0.80. This work
encompasses the 3D multi-point, multi-objective optimisation of nacelles by considering cruise conditions as
well as a range of off-design requirements such as an increased cruise Mach number, a windmilling engine-
out diversion scenario and a windmilling end-of-runway case at high-incidence. This paper also explores the
robustness and sensitivity of selected designs to flight Mach number (M), massflow capture ratio (MFCR) and
angle of attack (AoA). The limits of the feasible design space for this new design challenge are identified. It is
concluded that relative to a conventional aero-engine nacelle, the nacelle length (L,../ry;) can be reduced by
approximately 13% with a mid-cruise drag reduction of 5.8%, whilst maintaining an acceptable aerodynamic
performance at off-design conditions.
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1. Introduction

Flightpath 2050 [1] has defined very ambitious aerospace performance targets. Relative to a year-
2000 aircraft it aims for reductions of 75% in fuel-burn, 80% in landing/take-off emissions and 65%
in perceived noise. To meet these challenges, different advanced optimisation methods[2, 3], flow
control technologies [4, 5] or innovative aerodynamic systems [6] are considered. In this respect, a
range of propulsion configurations are being investigated such as Ultra-high bypass ratio (UHBPR)
aero-engines [7] or boundary layer ingestion [8]. For future UHBPR architectures, it is expected that
the fan diameters will increase to meet the specifications of the new engine cycles [7]. Therefore, the
nacelle wetted area may increase if current design rules are used. This will result in large low-specific
thrust engines with penalties in nacelle drag, overall weight and powerplant-airframe integration [9,
10]. For this reason, it is anticipated that future UHBPR aero-engines will mount compact nacelles to
retain the expected aerodynamic benefits of these new configurations [11].

There is very limited information in the open literature regarding the feasible design space of com-
pact aero-engine nacelles for medium range applications with a mid-cruise flight Mach number of
M_.4ise = 0.80. The majority of the studies for UHBPR aero-engine nacelles are focused in long-range
applications with M..;,. = 0.85. For example, Tejero et al. developed a fully integrated nacelle de-
sign and optimisation capability for isolated 2D axisymmetric [12], isolated 3D non-axisymmetric [13]
and installed [14] architectures. It was concluded that for isolated configurations, the nacelle drag
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could be reduced by approximately 8.5% when the nacelle length (L,..) normalised with the high-
light radius (r;,;) was reduced from L,,./ry; = 3.6 to 3.1. These two nacelles were representative of a
conventional architecture and a future civil aero-engine, respectively. For installed configurations, a
similar benefit was obtained for forward installation positions because of the relatively low installation
penalties. Conversely, the benefits were eroded by a factor of approximately three for close-coupled
positions due to the larger installation penalties of compact aero-engine nacelles with respect to
conventional ones. Savelyev et al. [15] developed a tool for for the design and optimisation of na-
celle/intake/exhaust systems to minimise the powerplant thrust losses. For a cruise Mach number of
0.85, the process resulted in an increment of the effective thrust of 1.5% with respect to a reference
configuration. Schreiner et al. [16] carried out a set of independent 2D axisymmetric multi-point,
multi-objective optimisations within the range of 2.5 < L, /r,; < 4.3. The process included different
operating conditions of the cruise segment, e.g. mid-cruise conditions and an increase Mach number
as well as different windmilling scenarios such as diversion or cruise engine-out. It was concluded
that compact aero-engine nacelles are more sensitive to off-design conditions and, as such, they
should be included in the optimisation process to ensure that the process yields aerodynamic ro-
bust configurations. It was quantified that a length reduction from L,,./ry; = 4.3 to 3.1 resulted in a
mid-cruise nacelle drag benefit of approximately 10%.

Few previous investigations have been focused on the design of aero-engine nacelles for medium-
range application with M,,,;;. = 0.80. These studies mainly aimed to develop methods and tools for
the design and optimisation of UHBPR nacelles. However, they were not used to understand and
investigate the geometrical feasible design space for these architectures. For example, Fang et al.
[17] developed a framework that encompassed numerical simulations, a surrogate-based optimisa-
tion strategy based on the Kriging interpolation method [18] and a genetic algorithm [19]. It was used
for the MOO of a 3D non-axisymmetric nacelle with L,,./r;; ~ 3.5. The optimisation was carried out
for two operating conditions in which the cruise Mach number was fixed to M,,,;;. = 0.80 and the angle
of attack was set to AoA = 0° and 4°. Relative to a reference, the method yielded an optimal nacelle
with 4% nacelle drag reduction at AoA = 4° while maintaining a similar drag value at the low incidence
angle of AoA = 0°. Silva et al. [20] carried out a multi-point aerodynamic design investigation of an
ultra high-bypass-ratio turbofan engine with L,,./r; = 3.0. The process used mid-cruise (M ise =
0.80) as well as off-design conditions such as end-of-runway high angle of attack or crosswind. The
challenges of designing robust configurations across all the flight envelope were highlighted and it
was concluded that the crosswind scenario limits the feasible design space.

The aim of the current work is to evaluate the aerodynamic design and performance of compact
nacelles for medium range application with M,,,;;. = 0.80. The novelty of this paper lies in the identi-
fication of the feasible design space for this new nacelle design challenge. The work encompasses
the 3D multi-point, multi-objective optimisation of nacelles by considering cruise conditions as well as
a range of off-design requirements such as an increased cruise Mach number, an engine-out diver-
sion scenario and an engine-out end-of-runway case. This paper also explores the robustness and
sensitivity of selected designs to flight Mach number (M), massflow capture ratio (MFCR) and angle
of attack (AoA).

2. Methodology

This work uses a well established numerical approach for the analysis, design and optimisation of
aero-engine nacelles [12, 13, 21]. It is based in a CFD-based workflow with a fully parametric def-
inition of the aero-engine housing components [22, 23], RANS numerical simulations [24, 25], a
thrust-drag bookkeeping capability to extract the nacelle drag [26] and a genetic algorithm to perform
multi-point multi-objective optimisations [19].

The intuitive Class-Shape Transformation method is used for the intake, nacelle and exhaust defini-
tion. Seven intuitive parameters are used to define each nacelle aero-line: ry;, Lyac, Tie, Tifs fnaxs Tmax
and B (Figure 1a). Besides, the intake angles of scarf (6,c.-r) and droop (64,.p) are also para-
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metrically defined [27]. The 3D non-axisymmetric aero-engines are controlled with 5 aero-lines (y
= 0°, 45°, 90°, 135° and 180°) (Figure 1b). This results in a high-dimensional space with 37 design
parameters to control the shape of 3D non-axisymmetric aero-engine nacelles. Within the context of
this study, the intuitive variables of Oscarf, 8aroops hir Lnac and r;. are fixed during the multi-point optimi-
sation routine. As such, only the variables r;¢, fiax, Fmax @nd B vary, which reduces the optimisation
degrees of freedom to 20. A generic conical exhaust is used to generate a representative post-exit
streamtube upon which the nacelle drag is extracted [27].
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(a) Intuitive variables (b) 3D azimuthal control

Figure 1 — Fan cowl and intake geometric parameters for a drooped and scarfed nacelle and
azimuthal control line. Adapted from [27]

The overall method is coupled with an automated mesh generation tool to create a multi-block struc-
tured grid [25] (Figure 2a). The compressible steady Favre-averaged Navier-Stokes equations are
solved with a density-based solver. The k-w SST model turbulence closure [28, 29] is used with the
Green-Gauss node based scheme [30] and a second order spatial discretization. Sutherland’s law is
applied for the calculation of the viscosity [31]. The computational approach has been validated for a
wide range of operating conditions within the cruise segment as well as for different off-design wind-
milling scenarios [21]. The farfield is defined with pressure-farfield boundary conditions in which the
Mach number and static tempeature and pressure are set. The fan face is modelled with a pressure-
outlet boundary condition with a targeted massflow to obtain the specified operating massflow capture
ratio (MFCR). The exhaust inlet uses a pressure-inlet boundary condition in which freestream total
pressure and temperature are imposed (Figure 2b). The first layer height is adjusted to obtain y™ = 50
so wall-functions are used for the boundary layer calculations to reduce the computational cost [32].
The same strategy has been employed in previous studies. A grid sensitivity study was previously
carried out in which 3 different mesh sizes with 400k, 800k and 1,600k were considered [13]. For the
reference mesh with 800k cells, the grid convergence index (GCl) as described Roache [33] depicted
a GCl of 2.5% and has been used for this investigation.

Relative to previous nacelle design studies [12, 13], the optimisation method is extended from a
solely regression algorithm to also include the mixture of a regression and classification approach.
The regression element is used to minimize the nacelle drag at key conditions such as cruise as
well as the increased Mach number cruise condition. The classification capability is used to evaluate
designs based on an acceptability threshold for a flow field feature. In this study the classification is
based on the extent of the local boundary layer separation at the off-design windmilling conditions.
Separation extent is evaluated along three aero-lines (v = 0°,45° and 90° in Figure 1b). The sign of
the axial wall shear term (7,,,) is examined to determine the fraction of nacelle length that has reverse
flow. The multi-point, multi-objective optimisation routine is driven with the genetic algorithm NSGA-
I, proposed by Deb et al. [19], due to its capability for global optimisation in non-linear problems.
The process starts with a design space exploration from a Latin Hypercube Sampling (LHS) [34] to
efficiently populate the relatively large design space considered with 20 degrees of freedom. All the
nacelles are evaluated with CFD across all the different operating conditions considered. For the
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Figure 2 — Overview of the computational approach

subsequent generations of the NSGA-II algorithm, the nacelle drag evaluations are also performed
with numerical simulations.

3. Results and analysis

This study aims to quantify the expected benefits of compact aero-engine nacelles for medium-range
applications with cruise flight Mach number of 0.80 with respect to in-service architectures. For this
purpose, the effect of the normalised nacelle variable of (L,../r) is investigated. Three independent
multi-point, multi-objective optimisations are carried out with different L,,./r,;. The longest aero-
engine nacelle of L,,./r;; (or also referred as Ly /rni = Ly.r) iS used as a representative configuration
and reference upon which the nacelle drag changes for the other architectures (Lyac/rni = 0.87 - Lyer
and 0.81 - L,.r) are quantified.

Four different operating conditions were used (Table 1). These are representative of mid-cruise condi-
tions (Cp_uise), SENSItivity to an increased Mach number within the cruise segment (Cp_;y), diversion
windmilling scenario (Cp_aiversion) @nd windmilling end-of-runway (EoR) at high-angle of attack of AoA
= 20° [35]. For this study, the two first operating points, i.e. Cp_.uise and Cp_jy, are considered as
regression functions in which the nacelle drag is minimised. This is to ensure that the derived con-
figurations have low fuel burn. The windmilling diversion scenario is initially classified in terms of a
separation threshold (L., /La.c < 0.10) and, if this requirement is met the nacelle drag (Cp—giversion)
is minimised. This aims to maximise the ETOPS range in case of one-engine shut-down. The last
conditions, i.e. EoR, is treated as a classification condition in which the maximum acceptable flow
separation extension was set to Ly, /Lyqc < 0.10.

Name Mach MFCR AoA Type
Cp—cruise 080 070 45 Regression
Cp-im 082 070 45 Regression
Cp_diversion 0.60 < 0.5 4.5 Classification/Regression
EoR 025 <05 20.0 Classification

Table 1 — Flight conditions evaluated during the multi-point, multi-objective routine

The current nacelle design and optimisation problem is very challenging due to the associated non-
linearity of this problem, in which the aerodynamics of the nacelle at the different 4 flight conditions
are notable different. The mid-cruise and increased Mach number conditions are characterized by a
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controlled flow acceleration around the nacelle lip which usually terminates in a well defined shock-
wave at the nacelle crest within its top-half (Figure 3a). For the windmilling diversion scenario, the
flow acceleration around the lip is stronger due to the reduction in the operating MFCR. It results in
a shock located on the forebody near the highlight with a higher pre-shock Mach number than for
the cruise conditions (Figure 3b). Lastly, the windmilling end-of-runway case at high-angle-of-attack
is characterized by diffusion driven separation over the nacelle aft body at high incidences. For this
reason, this flight condition is treated as a classification metric to ensure that the flow is attached
within the defined threshold.

(a) Mid-cruise (b) Windmilling diversion

Figure 3 — Example of flow-field for two operating conditions evaluated during the multi-point,
multi-objective optimisation

As previously described the multi-point, multi-objective optimisation starts with a design space ex-
ploration (DSE) based on a Latin Hypercube Sampling. Approximately 400 aero-engine nacelles are
evaluated with CFD during the DSE. Following generations within the NSGA-II algorithm are com-
posed by 200 individuals. The hypervolume indicator [36] is monitored during the optimisation routine
as the design process is stopped once there are changes in the hypervoulume below 1% within 3
consecutive generations.

As an example of the outcome of the multi-point MOO, Figure 4 presents the Pareto front for the
baseline aero-engine configuration with L, /rn; = L. As the optimisation routine considers three
regression function, the Pareto front is a 3D surface. To aid with the visualization, it is initially pro-
jected into the Cp_ uise - Cp_aiversion SPAce and colored by Cp_; (Figure 4a). It clearly highlights the
non-linear correlation for Cp_cuise - Cp—_aiversion Which emphasizes the needs to use this diversion sce-
nario during the optimization routine. Conversely, the Pareto front projected in the Cp_cuise - Cp—im
space (Figure 4b) reveals a strong linear correlation between both metrics. However, this linear cor-
relation does not arise for compact configurations (e.9. Lyac/rni = 0.87-L,.r) as described below which
suggest that the nacelle drag sensitivity to Mach number (Cp_;y) is @ metric required in an optimisa-
tion process for UHBPR aero-engine nacelles. Four designs have been downselected of the Pareto
front to provide an insight of the nacelle aerodynamic characteristics for medium range applications
with a cruise flight Mach number of 0.80. These are the architectures with minimum Cp_ s (design
A1), Cp_iy (design A2) and Cyiversion (design A3), and a trade-off design (design A4). The trade-off de-
sign was identified within the Pareto front to have the minimum cruise drag (Cp—¢uise) With prescribed
limits on Cp_;y and Cp_giversion- A SUmmary of the different regression performance metrics for the 4
downselected designs is presented in Table 2. Relative to A1, the design A2 which has the minimum
Cp_im of the Pareto optimal set presents a low mid-cruise drag penalty of +0.1% and a benefit at
an increase flight Mach number of -0.2%. Both designs are very near in the Cp_cuise - Cp_in SPace
due to the strong linear correlation between both flight regimes (Figure 4b). Nonetheless, the main
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difference between both architectures is their sensitivity to a diversion windmilling scenario in which
the design B2 has a reduction in Cp_giversion By -11.4% (Table 2). With respect to the aero-engine
nacelle A1, the design A3 presents a benefit in Cp_giversion Of -34.2% at the expense of a drag penalty
in Cp_cruise @aNd Cp_jpy Of +5.5% and +11.8%, respectively. Lastly, the nacelle A4 has a drag increment
in Cp_cruise @nd Cp_jr Of +0.7% and +2.1% but a reduction in windmilling diversion of -27.1%

(Table 2).
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Figure 4 — Different projections of the Pareto front for the MOO
with Lnac/rhi = Lref

DeSign CD—cruise CD—iM CDfdiversion
A1l Ref. Ref. Ref.
A2 +0.1% -0.2% -11.4%
A3 +5.5%  +11.8% -34.2%
A4 +0.7% +21% -271%

Table 2 — Drag performance for the 4 downselected designs within the MOO with L. /74 = Lyes

The changes in the nacelle drag characteristics are accompanied by differences in the associated
flow physics. Figure 5 shows the unwrapped nacelle surface for the four downselected designs
A1, A2, A3 and A4 at mid-cruise conditions. All four designs have larger peak M;; on the top half
(0° < ¢ < 90°) than in the bottom half (90° < ¢ < 180°). The azimuthal location and intensity of
the maximum peak M;; changes with the configuration. Whilst the nacelles A1 and A2 have it at
the top control aero-line with ¢ = 45°, the design A3 and A4, that have a relatively low Cp_giversion,
present the peak M;; at ¢ = 0°. The aero-engine nacelle A1, which has the minimum Cp_yis., has
the largest value of peak M; (Figure 5). Relative to this design, the peak M;; reduces by 0.02, 0.06
and 0.09 for A2, A3 and A4, respectively. An initial large acceleration around the nacelle lip is usually
accompanied by drag benefits because of the associated lower pressure values and, therefore, lower
contributions within the drag domain. However, these flow characteristics usually depict penalties
at windmilling off-design due to the concomitant stronger shock-waves that are generated. In this
respect, Figure 6 shows the unwrapped nacelle surface for A1, A2, A3 and A4 at the diversion
windmilling scenario. The designs A1, A2 and A4 have a large initial acceleration around the nacelle
lip that terminates with a strong shock-wave. For this reason, these designs have Cp_giversion PENAltIES
with respect to A3 (Table 2). With respect to the A1 architecture, the pre-shock Mach number reduces
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by -0.08, -0.53 and -0.26 for A2, A3, A4, respectively (Figure 6).
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Figure 5 — Isentropic Mach number contours along the unwrapped nacelle surface
(mid-cruise conditions with M = 0.8, MFCR = 0.7, AoA = 4.5°)
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Figure 6 — Isentropic Mach number contours along the unwrapped nacelle surface
(windmilling diversion scenario with M = 0.6, MFCR < 0.5, AoA = 4.5°)

7



TRANSONIC NACELLE DESIGN FOR FUTURE MEDIUM RANGE AERO-ENGINES

Once the nacelle optimisation method was demonstrated as a suitable approach to carry multi-
point, multi-objective optimisations for medium-range applications, it was deployed for compact aero-
engines with L,,./ry = 0.87-L,.r and 0.81-L,.;. The same numerical settings for the optimisation
routine in terms of individuals per generation, operating conditions and optimisation convergence cri-
teria were used to enable the direct comparison with the outcomes of the baseline optimisation routine
With L,ac/rni = Lyer. The two MOOs resulted in two set of Pareto optimal sets (Figure 7). It clearly
shows that relative to the reference conventional architecture, the nacelle length can be shortened to
Lyac/rhi =0.87-L,.r and 0.81-L,.r and there are nacelle drag benefits for the three regression objective
functions considered (Cp_cruises Co—ivt, Co—aiversion)- It 1S important to highlight that the strong linear
correlation between Cp_.nise and Cp_y that was identified for the reference configuration (Lygc/rni =
L) is not identified for the compact aero-engine nacelles (L4 /rpi = 0.87 - L,y and 0.81-L,.¢). As
such, the multi-point, multi-objective optimisation for compact UHBPR aero-engine nacelles should
assess a flow condition at an increased flight Mach number so the Pareto front contains designs with
low sensitivity to Mach number.
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Figure 7 — Comparison of Pareto fronts for the MOOs with L4 /7ni = Lyes, 0.87 - L.y and 0.81 - L,y

Following the same downselection criteria as for the baseline A4 nacelle, one nacelle from each
of the two MOQOs was identified. They are referred in the text as B4 and C4 for the MOO with
Lyac/rhi = 0.87-L,.s and 0.81-L,.r, respectively. Relative to the mid-cruise drag of the A4 design, a
reduction of the nacelle length to L,../rn = 0.87- L, results in a drag benefit of 5.8% (Figure 8).
A further shortening to Lyuc/ry = 0.81- L,y results in a reduction of 4.2%. As such, there is a drag
penalty in mid-cruise conditions by shortening the nacelle length from L, /rj; = 0.87 - L,.r 10 0.81- L.
This tendency shows that the edge of the feasible design space of UHBPR aero-engine nacelles for
medium-range applications has been identified (Figure 8). Similar behavior was identified by Tejero et
al. [21] for long-range applications in which the mid-cruise flight Mach number was 0.85. Relative to
a baseline conventional nacelle with L, /r;, the reduction on nacelle length up to L. /7y = 0.86- Ly s
resulted in nacelle drag benefits. However, a further reduction on L,,./r;; yielded configurations with
nacelle drag penalties caused by the increment on shock wave strength and its wave drag.

The M;, distribution along the 5 controlled aero-lines (y = 0°, 45°, 90°, 135° and 180°) of the 3
downselected designs (A4, B4, C4) is compared in Figure 9. It reveals differences in the peak and
pre-shock M;,. For the top line with y = 0° and relative the A4 (L,./rni = Lys), the designs B4
(Lnac/rni = 0.87-Lys) and C4 (Lyac/rni = 0.81- Ly.¢) have an increment of peak M;, by +0.03 and +0.05,
respectively. For the top-control line with y = 45°, the peak isentropic Mach number reduces by -0.02
for B4 and increases by +0.05 for the C4 nacelle. Nonetheless, the configuration B4 presents a well
defined shock at X /L,,. = 0.34 which is not present in the other two designs, i.e. A4 and C4. The
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Figure 8 — Mid-cruise nacelle drag changes as a function of L,,./rp;

aerodynamics for the other controlled aero-lines, i.e. y = 90°, 135° and 180° are relatively benign
and the 3 configurations have similar flow characteristics (Figure 9).
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Figure 9 — Isentropic Mach number distribution along the controlled aero-lines

The baseline design A4 (L,ac/rhi = Lry) and the compact aero-engine B4 (L, /rn; = 0.87 - Ly.¢), Which
is at the edge of the feasible design space for medium range applications (Figure 8), were assessed
for the sensitivity to changes in the operating conditions. Of primary interest was the effect of M,
MFCR and AoA around the nominal cruise condition (Figure 10). The nacelle drag changes as a
function of flight Mach number at fixed MFCR = 0.7 and AoA = 4.5° shows the larger sensitivity of
compact aero-engine nacelles to increased Mach numbers (Figure 10a). For a flight Mach number
below 0.82, as imposed in the optimisation for the Cp_;; metric, the B4 compact design has drag
benefits with respect to the baseline A4 configuration. However the compact compact nacelle has
drag penalties for flight Mach numbers above 0.83. At the nominal cruise M = 0.80 and AoA = 4.5°,
the sensitivity of the nacelle designs to a reduction in MFCR is broadly similar for both compact
and conventional configurations (Figure 10b). The drag benefits for the compact nacelle reduce with
MFCR but still provides a drag benefit across the wide range of massflow capture ratio considered.
Furthermore, for the nominal cruise condition with M = 0.8 and MFCR = 0.7, the nacelle drag change
as a function of angle of attack was assessed. Across the range of incidences considered with 2° <
AoA < 6°, the compact B4 design presents drag benefits with respect to A4. Both architectures have
similar sensitivity to angle of attack (Figure 10c).

4. Conclusions

This paper has investigated the drag characteristics of compact aero-engine nacelles for medium
range applications with a mid-cruise flight Mach number of 0.80. A set of different multi-point, multi-
objective optimisations were carried out to identify the limits of the feasible design space for this new
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Figure 10 — Nacelle drag comparison between compact and conventional aero-engine nacelles for
flight conditions within the cruise segment

design challenge. Besides, this study has quantified the expected benefits of compact UHBPR aero-
engine nacelles. A well-established CFD-based method for the optimisation of aero-engine nacelles
was further developed to include windmilling scenarios during the design process as well as to drive
the process with regression and classification metrics.

Relative to a baseline geometry with L. /ryi = L.y, the reduction of nacelle length to L. /rni =
0.87 - L.y, results in nacelle drag benefits in the order of 5.8%. A further reduction in nacelle length
t0 Lyge/rni = 0.81-L,.¢ provides a drag benefit of 4.2% with respect to the reference nacelle (L,ac/rni =
L, r). As such, the optimal nacelle length for medium range application is at L, /74 = 0.87-L,.s. These
are significantly lower benefits than the ones identified for long-range application with a mid-cruise
flight Mach number of 0.85, in which for a similar shortening in nacelle length, the drag reduction was
in the order of 8.5%.
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