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Abstract

It is envisaged that future civil aero-engines will operate with ultra-high bypass ratios to reduce the specific fuel
consumption. To achieve the expected benefits from the new engine cycles, these new powerplants may mount
compact nacelles. For these new configurations the aerodynamic coupling between the powerplant and the airframe
may increase. For this reason, it is required to quantify and further understand the effects of aircraft integration for
compact aero-engine nacelles. This study provides an insight of the changes in flow aerodynamics as well as quan-
tification of the most relevant performance metrics of the powerplant, airframe and the combined aircraft system
across a range of different installation positions. Relative to a conventional architecture, there is an aerodynamic
benefit in net vehicle force of about 1.2% for a compact powerplant when installed in forward positions. This is the
same improvement that was identified when the aero-engine nacelles were in isolation. However, for close-coupled
installation positions, the aerodynamic benefit in net vehicle force erodes to 0.44% due to the larger effects of aircraft
integration on compact nacelles.

Nomenclature

Roman symbol

L Length

M Mach number

r radius

\%4 velocity

Acronyms

CRM Common Research Model
GPF Gross propulsive force
MFCR Mass flow capture ratio
NPF Net propulsive force
NVF Net vehicle force
UHBPR Ultra high bypass ratio
Greek Symbol

n Wing cross-section

¢ Force in drag domain

v Nacelle azimuthal angle

0 Force in thrust domain
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Superscripts and subscripts

o0 free-stream
hi highlight
nac nacelle

post post-exit
pre prepre-entry

1.0 Introduction

The housing components of an aero-engine are the intake, nacelle and separate jet exhaust [ 1]. Within the
context of ultra-high bypass ratio (UHBPR) aero-engine nacelles, it is envisaged that the bulk parameters
of highlight radius, trailing edge radius, nacelle length and maximum radius will be reduced as much
as possible [2]. For a viable aerodynamic design, this results in a reduction in wetted area which may
be accompanied by a reduction in nacelle drag. The term compact used throughout this work refers to
this design philosophy for UHBPR turbofan nacelles. Future civil aero-engines are likely to have larger
bypass ratios (BPR) [1] and lower fan pressure ratios (FPR) than current architectures. This trend is to
improve the propulsive efficiency [3] and reduce the engine specific fuel consumption. It is anticipated
that future turbofans will have BPR between 14 and 21 [4]. This will result in larger fan diameters and a
concomitant increment in nacelle size, overall weight and aerodynamic interactions between the airframe
and the aero-engine [5]. Therefore, there is a requirement to design compact turbofan architectures
that will not counterbalance the benefits obtained from the new engine cycles [4]. Due to the large fan
diameters of future civil aero-engines, these new podded underwing configurations are expected to be
installed in close-coupled positions [1]. This is to fulfill the mechanical design constraints of the engine-
airframe integration, which include pylon structural considerations, wing flutter and ground clearance
requirements [4].

Previous research have investigated the challenges of propulsion integration for ultra-high bypass
ratio turbofans [4, 6-10]. Dagget [4] studied the effect of varying the BPR from 11.5 to 21.5 on the spe-
cific fuel consumption. It was concluded that an engine with moderate BPR = 14.5 achieved the lowest
specific fuel consumption and operating cost when installation effects were taken into account. Wiart
et al. [6] evaluated the effects of installation position in a UHBPR aero-engine nacelle with a benign
normalised nacelle length (L,,.) to highlight radius (r;;) of L,../r,; =4.0. Different axial and vertical
positions were considered for a transonic flight Mach number of M = 0.82. Relative to the most forward
installation position with the largest vertical offset, the closest installation position to the wing resulted
in a penalty of 2.5% on the overall aircraft drag. The investigation only evaluated forward installation
positions in which the trailing edge of the nacelle top aero-line was located upstream of the wing leading
edge. Similarly, Sibilli et al. [7] investigated the influence of engine installation position on mission fuel
burn. The study was based on a simplified nacelle design and only changes on the horizontal position-
ing were considered. The most forward position resulted in a mission fuel burn reduction of 3.7% with
respect to the reference installation position. Silva et al. [9] compared the aerodynamic performance
between over-the-wing and under-the-wing mounted nacelle configurations. It was found that for the
same aircraft lift coefficient, the over-the-wing case required a larger angle-of-attack than the under-the-
wing arrangement. For the trimmed condition, the installation drag of the over-the-wing architecture
was 19.7 drag counts higher than the podded under-wing one. Other studies have considered the nacelle
design process by taking into account aircraft integration aspects [11, 12] For example, Li et al. [11]
carried out the aerodynamic design optimisation of the nacelle and pylon position on the DLR-F6 air-
craft. The study was based on a nacelle throughflow configuration. Relative to a baseline position, it
was concluded that the overall aircraft drag could be ‘reduced by 1.1% when the nacelle was installed
in a more forward position. Tejero et al. [12] optimised a powered aero-engine nacelle in which the
effects of installation were considered during the design process. This was enabled by the combination
of data-driven methods that included dimensionality reduction and multi-fidelity techniques. Relative
to a baseline configuration, the process yielded a new nacelle with an increment in the normalised net

https://doi.org/10.1017/aer.2023.49 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2023.49

The Aeronautical Journal 327

vehicle force of 0.65%. This approximately equates to an equivalent reduction in cruise fuel burn. To
minimise the overall nacelle drag contribution to the aircraft, recent works have also focused in designing
natural laminar nacelles [13, 14]. For instance, Zhang et al. [13] carried out aerodynamic comparisons
between isolated and installed configurations to derive design guidelines for transonic natural laminar
flow nacelles. The study only considered a forward installation position.

There is a clear need to design compact aero-engine nacelles that will not erode the benefits obtained
from the new engine cycles. In this respect, it is required to understand the changes in the transonic flow
aerodynamics associated to compact aero-engine nacelles and their propulsion integration challenges.
Whilst previous studies in the open literature have considered the effects of aircraft integration for ultra-
high bypass ratio turbofans, the analysis was mainly based on benign installation positions. As such,
there is a clear need to extend the aerodynamic analysis to a wider range of positions for this new
design challenge. The novelty of this work lies in the assessment and quantification of the aerodynamic
feasibility of compact UHBPR aero-engines when the effects of aircraft integration are considered.
This study provides for the first time guidelines of potential aerodynamic penalties that may arise due
to the expected requirements for close-coupled installation positions. The aerodynamic performance
metrics are summarised for the integrated airframe-engine system as well as its constituent components
to identify the dominant metrics as a function of installation position. This work also presents the changes
in the flow characteristics along the powerplant and airframe, which enables the better understanding of
the challenges for propulsion integration of future UHBPR aero-engines. The results are compared with
the aerodynamic performance of a conventional turbofan and the aerodynamic feasibility of installed
compact UHBPR architectures is assessed.

2.0 Methodology

The aero-engine nacelles used in this research have been designed with a well-established multi-point,
multi-objective optimisation method. The approach has been successfully used in the past to identify the
limits of the feasible design space of compact nacelles [2], quantify the isolated aerodynamic benefits
of compact nacelles with respect to conventional configurations [15] and assess the nacelle drag trade-
off between intake compactness and nacelle length [16]. A thorough description of the method and
computational approach has been provided in the past [2, 15, 16] and, as such, it is not presented here.
Once the isolated powerplants were designed and optimised, they were installed into an airframe for the
analysis of the integrated propulsion system.

The aerodynamic analysis of the installed aero-engine is performed with the NASA Common
Research Model (CRM) [17]. This airframe is representative of a conventional commercial transport
aircraft with a cruise flight Mach number of 0.85 at C;, = 0.5. The full configuration comprises the CRM
airframe [17, 18], nacelle [2], intake [19], exhaust [20] and pylon [21] (Fig. 1). The exhaust after-body
is designed to be conical. The after-body length and half-cone angles are selected on the basis of min-
imising over-acceleration of the bypass exhaust flow on the core after-body [21]. This reduces the shock
strength within the exhaust flow downstream of the bypass nozzle exit. The design of the core nozzle and
plug is carried out on the basis of alleviating any flow separation on the pylon heat-shield downstream of
the core nozzle exit. To establish the flow-capacities for sizing the bypass and core exhaust nozzles, the
engine cycle was designed with a zero-dimensional cycle modelling tool [22] to provide representative
conditions for an UHBPR engine [20]. The pylon is constructed as a series of aerofoil sections that are
mounted on the vertical direction and designed to avoid adverse flow features [21]. The aero-engine is
integrated in the same spanwise podded under-wing installation position as the throughflow nacelle of
the CRM benchmark test case [23] and with the same values of pitch and toe angles.

A hybrid meshing approach is used with structured prism layers near the viscous walls and tetrahe-
dral elements for the remainder of the domain. The grid generation follows the guidelines from the 4"
ATAA Drag Prediction Workshop (DPW) [24]. The first layer height is adjusted to satisfy a y* of approxi-
mately 1 on the non-slip walls, i.e. CRM fuselage, wing, tail-plane and powerplant. A grid independence
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Figure 1. NASA Common Research Model with optimised drooped and scarfed non-axisymmetric
nacelle (red), separate jet exhaust system (blue) and pylon (green).

analysis was carried out for mid-cruise conditions (M = 0.85 at C;, =0.5) in which three meshes were
considered with approximately 60 x 10°, 120 x 10 and 240 x 10° elements. For the medium mesh, the
grid convergence index of the powerplant’s net propulsive force, and the airframe drag was approxi-
mately 0.5% and 0.1%, respectively. As such, the grid with 120 x10° elements was selected for this
investigation. The numerical approach has been validated with the experimental data from the NASA
Common Research Model (CRM) [23]. The assessment of the computational method was based on
the wind tunnel conditions of a wing chord Re = 5 x 10°, flight Mach number M =0.85 and C, = 0.5.
The computational method overpredicts by 14 and 16 drag counts the airframe drag on the clean wing
CRM and the throughflow nacelle CRM configurations, respectively. Similar overpredictions have been
reported in other studies [25]. A detailed description of the method’s validation has been provided by
Goulos et al. [26].

The compressible steady-state flow-field is computed with a double-precision density-based Favre-
Averaged Navier-Stokes solver. The k-w Shear-Stress Transport (SST) two-equation turbulence model
[27] is used. The flow-field gradients are calculated with a Green-Gauss node-based method, and a
second-order upwind scheme for the spatial discretisation of the variables is employed. The dynamic
viscosity is calculated with Sutherland’s law. The converge criteria is based on a reduction of at least four
orders of magnitude of the continuity, velocity, energy, turbulent kinetic energy and specific turbulent
dissipation rate. The aircraft drag and lift, massflow through the engine and forces on the engine-walls
were monitored and their variation was lower than 0.01% for the last 100 iterations.

Regarding the boundary conditions, the farfield is modelled with a pressure-farfield condition in
which the Mach number, the static pressure and the static temperature are specified. The fan-face is
defined with a target massflow pressure-outlet condition that is calculated from the specified massflow
capture ratio [2]. The exhaust inlets are set with pressure inlets by specifying the total pressure and
temperature. A non-slip adiabatic condition is imposed for the fuselage, wing, tail-plane and powerplant
walls.

2.1 Thrust-drag bookkeeping

The thrust-drag bookkeeping accounting used in this investigation is based on the method developed by
Goulos et al. [26] for combined airframe and powerplant systems (Fig. 2). It considers that the forces
are positive in downstream direction and the gauge forces are positive upstream of the control volume
boundaries. The streamtube-external force, i.e. drag domain, is represented by ¢, the streamtube-internal
force, i.e. thrust domain, is represented by 6. The gauge stream forces across the boundaries (Fg) are
calculated by integrating the pressure and momentum terms over the area of interest and the forces
exerted on the engine walls are computed by integrating the pressure and viscous terms [28]. Within
this study, the forces are solved in the aerodynamic drag axes (Fig. 2).

The modified gross propulsive force (GPF*) accounts for the aerodynamic thrust force generated on
the nozzle afterbodies (Equation (1)). The modified velocity coefficient (C,) is defined as the ratio of the
modified gross propulsive force and the ideal thrust from an isentropic fully expanded exhaust momen-
tum flux [26] (Equation (2)). The cycle modified gross propulsive force ((GPF*);;s—cyc) iS calculated by
scaling the ideal exhaust moment efflux, which is based on the associated engine cycle obtained from a
thermodynamic model [22], with the modified velocity coefficient (Equation (3)).
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13 Station numbers

Figure 2. Thrust and drag bookkeeping for combined airframe-engine systems.

GPF*ins = FG13 + FG7 - (pr + 00( + 000 + gplug + 9p>lon) > (1)

GPF;
C* _ ins (2)

v ideal . ideal ?
ny3 V13 + nms V7

GPF* s yeie = C: (5" Vi%ee! 4 g e yideat 3)
The modified near-field method [2] is used to extract the modified nacelle drag (D* ). This term is the

sum of forces on the pre-entry streamtube (¢,,.), fancowl aerodynamic force (¢,,.) and the aerodynamic
force exerted on the part of the pylon surface that is not wetted by the exhaust jet (¢,,,,) (Equation (4)).
The pylon surface is divided by the the streamline of total temperature (7}) to distinguish between the

thrust (6,,,,,) and drag (¢,,,,) domain of the pylon [26].

D :ar = ¢pre + Guac + ¢pylon' 4)
Subsequently, the corrected installed net propulsive force (NPF,s_cy.) is derived (Equation (5)):
NPFinsfcycle = GPF*insfcycle - FG,O - D;MH (5)

The overall aerodynamic performance of the combined airframe and powerplant system is reported
in this study in terms of net vehicle force (NFV), Equation (6), where the airframe drag (D,,r) contains
the drag terms of the fuselage, wing and tailplane.

NVF = NPFiusfcycle - DA/F' (6)

3.0 Results and discussions

This work considers two powerplant configurations: a compact architecture that is representative of a
future civil aero-engine with L,,./r,; =3.1 and a conventional turbofan with L,,./r,; =3.8. The con-
figurations are derived for long-range applications with a mid-cruise flight Mach number of 0.85.
The aero-engine nacelles were designed through a multi-point, multi-objective optimisation routine
(Section 3.1) and subsequently installed into the airframe to assess the impact of engine installation
position for 10 podded under-wing positions (Section 3.2).

3.1 Multi-point, multi-objective aerodynamic nacelle optimisation

For the two powerplants of interest, i.e. L, /r,; = 3.1 and L,,./r;; = 3.8, the aerodynamic multi-point,
multi-objective optimisation was carried out with the method developed by Tejero et al. [16, 29]. The
design process considered different conditions within the cruise segment. In this respect, the sensitivity
to changes in flight Mach number and massflow capture ratio were evaluated during the optimisation
routine. The process resulted in two independent Pareto optimal set of aero-engine nacelles. A thor-
ough description of the outcomes of both multi-point, multi-objective has been previously provided
[30] and, as such, it is omitted in this work. From the Pareto fronts, a compact (L,,./r;,; = 3.1) and con-
ventional aero-engine (L,,./r,; = 3.8) were downselected. To characterise the aerodynamic behaviour of
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Figure 3. Nacelle drag comparison between both aero-engines.

the selected designs, both were evaluated at different aerodynamic operating conditions of Mach num-
ber and MFCR. Figure 3(a) presents the drag-rise curve at constant mid-cruise MFCR = 0.70, which
highlights how sharp the increase of nacelle drag coefficient (Equation (7)) can be for a compact con-
figuration. Whilst there is a nacelle drag benefit of 7.4% at design point (M,, =0.85) and the nacelle
drag is slightly reduced at M., = 0.87, a further increment in flight Mach number to M, = 0.88 reveals
the sensitivity of this design with a penalty in nacelle drag of about 23%. Similarly, the configuration
with L,../r;; = 3.1 has larger nacelle drag penalties than the L,,,./r,; = 3.8 design as the massflow capture
ratio decreases (Fig. 3(b)).

— Dnac — ¢pre + ¢nac + ¢post
%poc VgcAhi %IOOO VgoAhi

(N

Cp

3.2 Installation effects on compact UHBPR aero-engine nacelles

The aerodynamic design and analysis of installed aero-engines has been carried out to quantify the
effects of aircraft integration on both optimised aero-engines. This is performed at mid-cruise conditions
with a flight Mach number M., =0.85, MFCR =0.70. The aero-engine has a BPR above 15 and an
engine cycle to maximise the specific thrust with fan and core nozzle pressure ratios of approximately
2.2 and 1.5, respectively [26]. All the aerodynamic metrics presented in this investigation are reported for
a constant C;, = 0.5 [24]. This is achieved by running a localised aircraft incidence sweep and applying
a linear interpolation to match the desired lift coefficient.

3.2.1 Effect of installation position on compact aero-engine nacelles

The installation position for a given powerplant shape is a degree of freedom that has a large impact on
the overall aircraft performance [6]. Depending on the location of the engine under the wing, the strength
of the aerodynamic coupling between the nacelle and the wing will change. Hence, it is important to
understand the main flow physics that govern the nacelle aerodynamics for a wide range of positions.
In addition, the aerodynamic analysis has to be carried out with a global metric that accounts for the
changes on the powerplant and airframe. For this purpose, this study uses the net vehicle force (NVF)
as defined in Equation (6). Its constituent metrics are also analysed, i.e. NPF;;_cyqe, D,y and D7, , to
provide a better insight of the changes as a function of the installation position of the powerplant. The
numerical assessment of installation effects is carried for a total of 10 different installation positions
that include forward as well as overlapped locations (Fig. 4). The installation position is defined with
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Figure 4. Design space exploration for nacelle installation positions.

the axial and vertical offset from the nacelle top-line trailing edge and the wing leading edge. The dis-
tance is normalised with the wing cord (c). Three different axial positions are considered with values of
dx/c = —0.05, 0.0, 40.05, which refers to forward, coincident and overlapped locations, respectively. A
total of four vertical locations within the range of dz/c between 0.05 and 0.125 were investigated. Whilst
the aerodynamic analysis is carried out for the range of positions showed in Fig. 4, a more detailed aero-
dynamic analysis is performed for the positions C, N, S, W and E (Fig. 4). This comparison enables the
understanding of the two key installation variables of dx/c and dz/c on the overall aircraft performance.
The installed analysis is initially carried out for the compact aero-engine nacelle with L,,./r,; = 3.1 that
was downselected from the isolated multi-point, multi-objective optimisation (Section 3.1).

The different integral values for the thrust and drag contribution on the overall aircraft performance
are presented in Fig. 5. The net vehicle force changes across the design space are shown (Fig. 5(d)),
as well as its constituent metrics of NPF ;.. (Fig. 5(a)), D, (Fig. 5(b)) and D’ . (Fig. 5(c)). All the
installation maps are relative to the worst installation position of each metric, and are normalised by the
cruise standard net thrust (F). The net vehicle forces varies by 1.7% (Fig. 5(d)). The best installation
position is the most forward with the largest vertical offset relative to the wing (dx/c = —0.05 and dz/C
= +40.1) and the lowest value of NVF appears at the most close-coupled installation position (dx/c = +
0.05 and dz/c = + 0.075). This is caused by the increment in the interference effects as the powerplant
is moved closer to the wing. As the powerplant is overlapped with the wing, its axial location (dx/c) has
a larger influence on NVF than the vertical offset (dz/c). To identify the reasons for the changes on NVF,
the metrics of NPF,;_.,... and D, were also analysed. The installed net propulsive force (NPFs_cyeie),
which quantifies the overall aerodynamic performance of the aero-engine, varies by 12.0% across the
design space (Fig. 5(a)). This is an increment of approximately a factor of 7 with respect to NVF. The
lowest values appear for close-coupled installation positions where larger interactions effects between
the engine and wing are present. For the range of locations considered, the axial installation position has
a first order impact. This performance metric can be subsequently decomposed into the modified gross
propulsive force, the inlet momentum and the modified drag (Equation (5)). As there is no variation of
the inlet momentum term (Fg,), the changes on NPF,_.,.. are accounted by the balance between the
engine’s thrust (GPF*;,,_...) and drag (D}, ). Across the different installation positions, the modified
nacelle drag varies by 8% (Fig. 9). The larger penalties are obtained for overlapped positions due to
the expected adverse flow features caused by the coupling nacelle/airframe. As for the installed net
propulsive force (NPF;;_c.), the axial location (dx/c) dominates the changes on modified nacelle drag.
Lastly, the airframe drag (D,s) varies by approximately 11.0% across the design space (Fig. 8). As such,
the relative changes across the installation positions between the metrics NPF,,,_.,.. and D,,, are similar
(Fig 5(a) and (b)). However, their trends are different and there is a benefit on D, as the engine is
close-coupled. It is important to note that the angle-of-attack to trim the NASA CRM to the nominal
condition of C; =0.5 was very similar for the different engine locations. As such, the variability of
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Figure 5. Variation of airframe-engine aerodynamic performance metrics across the design space for
the compact aero-engine nacelle (L,,./1,; = 3.1). Results are normalised with the engine net thrust (Fy)
and are relative to the worst position. Positive values refer to an aerodynamic benefit in the metric.

11.0% is caused by effects of powerplant integration. The airframe drag and net propulsive force have
large absolute values but opposite polarity, which results in the relative small variation of NVF across
the design space (Fig. 5(d)) due to the both conflicting metrics.

A more detailed analysis of the different aerodynamic performance metrics was carried out to quan-
tify the effect of axial (dx/c) and vertical (dz/c) installation position (Fig. 5d). Relative to the position C
(Fig. 4), the impact of changes on dx/c are investigated with the positions W and E, and the influence of
dz/c is analysed with the positions N and S (Fig. 6). For example, for the position N there is an incre-
ment in net propulsive force of 0.75% and there is a penalty in airframe drag of approximately —0.90%.
Conversely, the polarity changes for the position S with a penalty in NPF;,,_,.. of about —0.81% and an
airframe drag benefit of 0.94%. These result in modest variations at an overall aircraft level with changes
in NVF of —0.15% and 0.13% for position N and S, respectively. Conversely, an axial movement (dx/c)
of the powerplant to the positions W and E results in larger aerodynamic changes. For example, the
NPF5_ oy varies by 4.1% and —6.0% for the positions W and E, respectively. For these positions, the
airframe drag D, presents a penalty of —3.9% and a benefit of 4.9%. These conflicting metrics results
in a NVF change of + 0.24% and —1.1% for the position W and E, respectively. For the position E, the
aerodynamic penalty of the combined airframe/engine system is caused by the large nacelle drag due
to the effects of integration for close-coupled positions, Relative to the reference position C, there is a
nacelle drag penalty of 4.88% (Fig. 6).
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Figure 6. Effect of moving the installation position for the compact aero-engine nacelle (L, ./t = 3.1).
Results are relative to position C.

(a) (b)

Outboard Outboard

Inboard

Position W Position E

Figure 7. Isentropic Mach number distribution on the compact aero-engine nacelle (L. /1, = 3.1) for
the (a) forward and (b) close-coupled installation positions.

To provide an initial insight of the changes on the nacelle aerodynamics as a function of installation
position, Fig. 7 shows the contour of isentropic Mach number on the nacelle inboard side for position
W and E. It clearly highlights the adverse flow features that can form on the nacelle as the powerplant
is close-coupled with the wing. Whilst the nacelle forebody is very similar in both locations (W and E),
there is a large acceleration on the nacelle aft-end when it is installed in the position E. This effect is
primarily caused by the gully flow between the nacelle and the pressure side of the wing. These flow
characteristics results in a penalty of 7.5% on modified nacelle drag when the aero-engine nacelle is
installed in the position E with respect to W (Fig. 5(c)).

The nacelle aerodynamics change across the design space of considered installation positions (Fig. 8).
For a fixed dz/c = 0.1, there are significant variations on the nacelle flow characteristics by moving the
nacelle installation position from dx/c = —0.05 to +0.05, i.e. from position W to E (Fig. 4). For exam-
ple, for the inboard top-control aero-line (¥ = 45°) the peak and pre-shock Mach number reduce as the
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Figure 8. Comparison of isentropic Mach number distribution along the aero-engine nacelle for
different installation positions.

engine is close-coupled (Fig. 8(a)). In adittion, the peak M;, varies by approximately 0.04 and the pre-
shock M, changes by 0.02. More exacerbated changes are found at the nacelle aft-end, where there is
a large acceleration with an increment on M;, of 0.14 for the location E with respect W. The locations
N, C and S, which assess the effect of vertical offset (dz/c), show negligible effects on the nacelle aero-
dynamics. It highlights the first order impact of the axial installation position (dx/c) on the nacelle flow
characteristics. Similar findings where identified for the inboard side aero-line (¢ = 90°) (Fig. 8(b)), in
which a strong shock-wave is formed when the engine is close-coupled in location E. It confirms the
expected adverse flow features highlighted above (Fig. 7(b)). Conversely, the isentropic Mach number
distribution for the bottom-control aero-line (1 = 135°) are very similar due to the low interaction of
this aero-line with the airframe (Fig. 8(c)). Regarding the nacelle outboard side, the aerodynamics are
also similar across the different installation positions. For example, Fig. 8(d) shows the comparison for
the 5 investigated installation positions (C, N, E, S, W) in the outboard top-control aero-line (¢ = 315°
as defined in Fig. 7(a)). It is expected that for the outboard aero-lines, the strongest aerodynamic cou-
pling between nacelle and wing is at ¥ = 315°. However, all five installation positions present similar
M, distributions, which demonstrates that the effects of aircraft integration on the outboard nacelle
aerodynamics are negligible.

Variations in the powerplant’s installation position also result in changes on the wing aerodynam-
ics. In this respect, two wing cross-sections (7 =0.18 and 0.29 as defined in Fig. 7(a)) are presented
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Figure 9. Comparison of isentropic Mach number distribution along the CRM wing for different
installation positions.

in Fig. 9. For the first one at n =0.18, the effect of installation position does not have a large impact
on the wing’s suction side. For the 5 selected locations the peak and pre-shock M, are very similar,
and the shock location varies within x/c=0.05. As it could be expected, more differences arise on
the aerodynamics of the wing’s pressure side. Whilst no shock-wave is observed for the most benign
installation position of W, the other locations, i.e. C, N, E and S, have a well defined shock. The posi-
tions with dx/c = 0.0 (C, N and S) present the same aerodynamics. Relative to these locations the shock
strength increases by AM;, =0.1 for the close-coupled position E. For the other wing cross-section
with n =0.29, there are larger aerodynamic differences as a function of the installation position due
to the larger effects of powerplant integration (Fig. 9(b)). Position E depicts a change in the shock
topology on the pressure side caused by the interactions effects associated to close-coupled installation
positions.

3.2.2 Impact of aero-engine nacelle architecture

A key aspect of this study is to quantify the expected aerodynamic benefits of installed compact UHBPR
aero-engine nacelles with respect to conventional architectures. For this reason, the effects of aircraft
integration for the conventional configuration (L,,./r,; = 3.8), optimised in Section 3.1, were also eval-
uated. Although a similar aerodynamic analysis as previously conducted for the compact nacelle could
be carried out for the conventional configuration, a more meaningful study is to compare the changes
on the aerodynamic performance between the two architectures as a function of installation position.
In this respect, Fig. 10 presents the difference on normalised NVF, NPF;,;_ ., Dojs and D between
the compact aero-engine nacelle (L,,./r,; = 3.1) and the conventional architecture (L,,./r,; = 3.8), where
positive values refer to aerodynamic benefits of the compact nacelle. Across the design space the NVF
varies from + 1.2% to + 0.4% for the forward and close-coupled positions, respectively (Fig. 10(d)).
This finding quantifies the expected benefits of compact UHBPR aero-engines over conventional con-
figurations across a wide range of installation positions. While the vertical offset (dz/c) has a negligible
effect, the axial offset (dx/c) is the dominant parameter. The compact aero-engine nacelle has a penalty
in terms of NPF;,_... with respect to the conventional architecture in the majority of installation
positions (Fig. 10(a)). The largest deficit on NPF,,_,.. is approximately of —0.9% at the most close-
coupled installation position. The variation on NPF,,_,.. is accounted by the changes of the modified
gross propulsive force and modified nacelle drag (D* ). Whilst compact aero-engine nacelles have

nac

a benefit on modified nacelle drag for forward positions with respect to conventional architectures
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Figure 10. Difference (F ompact — Feomentionat) between the compact (L, /1y =3.1) and conventional
(Lyac /1 = 3.8) aero-engine nacelles across the design space investigated, where positive values are ben-
efits and negative are penalties for the compact configuration. Results are normalised with the engine
net thrust (Fy).

(Lyae/ 1 = 3.8), there is a considerable penalty for close-coupled installation positions (Fig. 10(c)). This
is caused by the adverse flow features that manifest at the rear of the compact aero-engine nacelle
(Fig. 7). Regarding the airframe drag, there is a benefit between 1.0% and 1.35% for the compact
nacelle architecture relative to the conventional aero-engine across the installation positions considered
(Fig. 10(b)).

Figure 11 shows the normalised difference between the compact and conventional architectures on
NVF and its constituent metrics at the selected installation positions of C, N, S, W and E. For exam-
ple, for the forward position W, the benefit in net vehicle force of the compact nacelle configuration
(Lyae/ 1 =3.1)is 1.19% (Fig. 11). It is similar to the benefit expected from the isolated aero-engines eval-
uation (Fig. 3), for which the reduction on isolated nacelle drag of 7.4% from conventional to compact
aero-engine architecture (Fig. 3(a)) equals to an increment of 1.1% on the overall engine aerodynamic
performance. Therefore, the expected benefits of designing isolated architectures are realised when the
aero-engine is installed in forward installation positions, i.e. Position W. For this engine location there
is a penalty on NPF,,_,.. of —0.18% which is produced by the reduction of the modified gross propul-
sive force as the modified nacelle drag has a benefit of 0.48% (Fig. 11). This benefit on D}, is mainly
caused by the reduction of the nacelle wetted area between L,,./r,; = 3.1 and L,,./r;; = 3.8 because no
adverse flow-features are on the nacelle for this forward installation position. Lastly, the installation
of the compact aero-engine nacelle in position W results in a reduction of the airframe drag by 1.38%.
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Figure 11. Breakdown of normalised forces. Difference between the compact (L,./r,=3.1) and
conventional (L,../ry = 3.8) aero-engine nacelles.

For the close-couple position E, the compact aero-engine has an overall increment in net vehicle force of
0.44% with respect to the conventional architecture (Fig. 11). It has a penalty on NPF;,;_ .. of 0.74%,
which is partially accounted by the increment in modified drag by 0.39% due to the larger adverse
interactions with the gully flow. Although for the long nacelle configuration (L, /r,; = 3.8) there is a
flow reacceleration on the aft-end of the inboard side, the gully flow is not as severe as for the compact
configuration (Fig. 7(b)). The civil future aero-engine nacelle (L,,./r,; = 3.1) in the close-coupled instal-
lation positions results in a reduction of airframe drag (D,,;) by 1.17% with respect to the conventional
architecture.

4.0 Conclusions

This work has considered two powerplant configurations: a compact architecture that is representative
of an ultra-high bypass ratio aero-engine, and a conventional turbofan. The effects of aircraft integration
were evaluated across a range of installation positions for both aero-engines. A thrust-drag bookkeeping
method has been employed to assess the overall aerodynamic performance of the airframe-powerplant
in terms of net vehicle force (NVF) as well as its constituent metrics: net propulsive force, airframe drag
and nacelle drag. For the compact nacelle architecture, the NVF varies by 1.7% across the investigated
design space. The largest benefit was found for the most forward position and largest vertical offset. The
aerodynamic differences between compact and conventional aero-engine nacelles across the different
installation positions have been evaluated. Relative to the conventional configuration, the NVF on the
compact aero-engine nacelle has a benefit of 1.2% at forward installation positions. Although the aero-
dynamic benefits obtained for isolated configurations are realised when the aero-engine is installed in
forward installation positions, these performance improvements erode to 0.44% for close-coupled loca-
tions. This investigation has quantified the expected aerodynamic benefits of future compact UHBPR
aero-engine nacelles with respect to conventional architecture. This work has also presented the changes
in the flow characteristics along the powerplant and airframe, which has enabled to better understand
the challenges of propulsion integration for future UHBPR aero-engines.
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