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coupled to the airframe. This leads to the requirement for a comprehensive methodology able to predict
aerodynamic performance for combined airframe-engine architectures. This paper presents a novel thrust
and drag accounting approach for the aerodynamic analysis of integrated airframe-engine systems. An

Keywords: integral metric is synthesised based on the concept of net vehicle force. This is accomplished through
Aerospace engineering the consolidation of aerodynamic coefficients, combined with the engine cycle characteristics obtained
Turbofan from a thermodynamic matching model. The developed approach is coupled with an in-house tool for
Aerodynamics the aerodynamic design and analysis of installed aero-engines. This framework is deployed to quantify the
Computational fluid dynamics impact of engine installation position on the aerodynamic performance of a future large turbofan installed

Thrust and drag accounting

: on a commercial wide-body airframe. The governing flow mechanisms are identified and their influence
Class-shape transformation

is decomposed in terms of the impact on airframe, nacelle, and exhaust performance. It is shown that it
is essential to include the impact of installation on the exhaust for the correct determination of overall
airframe-engine performance. The difference in net vehicle force for a close coupled position can reach

up to -0.70% of nominal standard net thrust relative to a representative baseline engine location.
© 2021 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction Cy [5], this change in BPR can increase the exchange rate between
exhaust performance and SFC by 33% relative to contemporary en-
1.1. Background gines [6]. As regards the impact on the nacelle, an increase in D fqp

can incur additional weight and drag penalties [7]. Daggett [8]
noted that the replacement of a conventional turbofan (BPR =7
and Dfqy =3.175 m) to a geared configuration (BPR = 14.3 and
Dfqn = 3.861 m) can increase nacelle drag by 30% on a four-
engine aircraft. The geometry of a power-plant with separate-jets
is shown in Fig. 1(a).

Future Very-High Bypass Ratio (VHBR) engines are expected
to be more close coupled to the wing due to wing-flutter, pylon
structural requirements, as well as ground clearance considera-
tions associated with a larger D gy [9]. As a result, the impact of
installation due to the aerodynamic interaction between the air-
frame and the power-plant is expected to increase for future aero-
engines compared to contemporary architectures [10,11]. Figs. 1(b)
and (c) illustrate the geometry of an installed VHBR aero-engine

* Corresponding author. within a podded under-wing installation position. The manifesta-

E-mail addresses: i.goulos@cranfield.ac.uk, i.goulos@gmail.com (I. Goulos). tion of adverse installation effects can influence the aerodynamic

Current design trends for civil aero-engines dictate increasing
By-Pass Ratio (BPR) to lower specific thrust and improve propul-
sive efficiency [1]. However, an increase in BPR for a given net
thrust is typically accompanied by an increase in engine size, na-
celle wetted-area, and fan diameter Djq, [2]. This increase in
BPR results in higher exchange rates between nacelle and exhaust
aerodynamic performance, and engine Specific Fuel Consumption
(SFC) [3]. An increase in BPR from 11 to 15+ at fixed standard
net thrust Fy, raises the gross to net thrust ratio from 3 to 4 [4].
Since gross thrust is dependent on the exhaust velocity coefficient
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Nomenclature

Roman Symbols

m and my Mass flow and fuel flow rate, respectively ... kg/sec

dS and dA Surface normal and tangential unit vectors, respec-
tively

€p, €s, €, Aerodynamic axes reference frame unit vectors

ex, ey, ez Airframe axes reference frame unit vectors

€x, €y, €; Engine axes reference frame unit vectors

Cq4 and C, Exhaust nozzle discharge and velocity coefficient

C; and Cp Lift and drag coefficients

P —Px

Doo

Cg"’d Modified static pressure coefficient, =

Cref and Ay Reference chord length and area,
respectively ......ooviiiiiiii m and m?
D fan Fan diameter..........coovviiiiiiiiii it m
dx and dz Nacelle TE axial and vertical offset from wing LE
1001 L (o) o 1 m
F¢ Gauge stream force ..........oevviiiiiieinnnnnennnns N
Fy and F ﬁ"m‘ Standard net thrust and nominal standard net
thrust rating.........coviiieiiiiii it N
k Turbulent kinetic energy...................... m?/sec
La/r and Da/p Airframe lift and drag........................ N
L', and D;,. Modified nacelle lift and drag................. N
M and Re Mach and Reynolds number
p and T Static pressure and temperature,
respectively........cooviiiiii i Pa and K
Stagnation pressure and temperature,
_ Tespectively.............o.oooiiiiiiiin, Pa and K
V and V Flow velocity and velocity vector, respectively m/sec
yt Non-dimensional wall distance

Py, To

Greek Symbols

Qeng and o4 ¢ Engine and airframe effective incidence
angle . ..o deg
Specific heat capacity ratio

Thermal conductivity.................... J/(imxKxsec)
Total to ambient static nozzle pressure ratio

Specific dissipation rate......................... 1/sec
Flow density........coovviiiiiiiiiiieeiinennnn.. kg/m

e AN

T Viscous shear Stress.........ooovveiiiineinennnnnnn, Pa

6 and ¢ Force exerted by fluid in thrust and drag domains. N

Opitch and 6o  Engine installation pitch and toe angles.... deg

Superscripts

* Modified metric definition - inclusion of after-body
terms

A/C

Referring to the whole aircraft

A/F Referring to the airframe only (wing, fuselage, and
tailplane)
Bypass  Referring to the bypass nozzle
Core Referring to the core nozzle
Cycle Quantity obtained from engine cycle characteristics
Ideal Referring to isentropically fully-expanded flow condi-
tions
Vent Referring to the vent nozzle
Subscripts
0-5 Referring to the denoted engine station number
00» is Referring to free-stream and isentropic conditions, re-
spectively
D.S.L Component resolved in the aerodynamic axes system
hi Referring to intake highlight plane
X.Y.Z Component resolved in the airframe axes system
X,z Component resolved in the engine axes system
Acronyms
. Pos
CNPR Core Nozzle Pressure Ratio, = —
Poo
FNPR Fan Nozzle Pressure Ratio, = B
Do
GPF Gross Propulsive Force............coovvvviieiiinnn... N
. A
MFCR Mass Flow Capture Ratio, = Aﬁ
hi
NPF Net Propulsive Force...........oovviiiiiiiiniiinnnn. N
NVF Net Vehicle Force .........coovvieiiiiiiinieiinnnnn. N
VNPR Vent Nozzle Pressure Ratio, = b
Poo

behaviour of the airframe, nacelle, and the exhaust [12] (Fig. 1(c)).
Sibili et al. [13] reported that engine integration within a highly
close coupled position can result in a cruise SFC increase of ap-
proximately 2.5% compared to a contemporary engine placement.
Thus, adverse installation effects that can arise for close coupled
installation positions can potentially outweigh the beneficial im-
pact on propulsive efficiency gained from VHBR cycles [14].

The increased sensitivity of SFC to nacelle and exhaust perfor-
mance, combined with close coupled installation positions, lead to
the requirement for a holistic method for the evaluation of inte-
grated engine-airframe architectures. To achieve the fuel burn im-
provements of VHBR cycles [1,3], it is imperative that the trade-off
between overall aerodynamic performance and installation posi-
tion is understood. Furthermore, it is essential that the impact of
engine position on the aerodynamic characteristics is decomposed
to its constituent elements of airframe, nacelle, and exhaust per-
formance changes. This can enable informed decisions in balancing
aerodynamic [12] and non-aerodynamic considerations [9].

The impact of installation on the exhaust is particularly im-
portant for VHBR aero-engines due to the high exchange rate be-
tween exhaust C, and SFC [4]. This aspect has not been previously
investigated systematically for close coupled engine installation
positions [15]. Consequently, there is a need to understand and

quantify the impact of the airframe on the exhaust, as well as to
account for this effect in the analysis of close coupled integrated
airframe-engine systems. This process entails a thrust and drag
accounting formulation [16] that determines the aerodynamic per-
formance for combined airframe-engine systems, and decomposes
the installation penalty to its constituent elements [17,18].

1.2. Thrust and drag accounting for installed aero-engines

The impact of civil aero-engine installation for podded under-
wing configurations has been traditionally investigated both com-
putationally and experimentally [9]. Accurate prediction of exhaust
performance plays a key role in the determination of in-flight in-
stalled thrust and drag [16]. Although research has been carried
out in the field of in-flight thrust measurement [19], this is not
currently considered to be a practical option [18]. As a result, in-
flight thrust is usually deduced indirectly based on the engine
operating point, whilst aircraft drag is determined based on the
thrust requirement for trimmed flight [17,18,20]. Specifically, in-
flight gross thrust is estimated based on the ideal thrust deter-
mined through the measured bypass and core nozzle inlet total
pressures (Fig. 1(a)), corrected with an exhaust velocity coefficient
C, that is evaluated based on static ground tests [20]. However, the
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Fig. 1. Installed VHBR engine geometry: (a) Intake, nacelle, and separate-jet exhaust
components, (b) podded under-wing installation, and (c) close coupled installation
position.

validity of this approach can be compromised if the aerodynamic
behaviour of the exhaust varies between static calibration tests
and in-flight conditions [21]. Thus, accurate prediction of in-flight
thrust and drag requires knowledge of the impact of installation
on the exhaust, as well as accurate estimates of the engine cycle
parameters.

The use of Reynolds Averaged Navier-Stokes (RANS) Compu-
tational Fluid Dynamics (CFD) has been established as a use-
ful tool for the prediction of installed thrust and drag of civil
aero-engines [22,23]. Modern CFD-based thrust and drag extrac-
tion methods can be classified under two categories: (a) far-
field [24-27] and (b) near-field methods [12,22,23,28-30]. Several
investigations have been reported where near-field and far-field
methods have been compared in terms of their ability to predict
airframe drag. A difference of 10-20 airframe drag counts has been
found between the two methods [24,26].

Yufei et al. [22] applied a near-field approach based on RANS
CFD for the prediction of installed powered-nacelle aerodynamic
performance. A Thrust-Drag Bookkeeping (TDB) method based on
control volume theory was employed to estimate the nacelle and
exhaust aerodynamic coefficients. The impact of aero-engine in-
stallation was evaluated at mid-cruise conditions using bespoke
nacelle and pylon designs coupled to a generic twin-jet civil air-
frame geometry. The method was applied to estimate the impact
of jet momentum and enthalpy efflux on the wing static pressure
distributions and aircraft drag polar. The work of Yufei et al. [22]
highlighted the importance of accurately predicting exhaust C, for
powered-on conditions. However, the TDB method was based on a
linear extrapolation of exhaust C, from static testing (My, ~ 0) to
cruise conditions (M, ~ 0.785) in order to account for the effect
of free-stream Mach number M. Thus, this approach proposed by
Yufei et al. [22] does not capture the impact of the installed pres-
sure field on the aerodynamic behaviour of the nacelle and the
exhaust.

Stankowski et al. [12,30] and Otter et al. [15] investigated the
impact of engine architecture and installation position on the aero-
dynamic behaviour of a wide-body 300-seater aircraft using RANS
CFD. A parametric geometry definition based on intuitive Class-
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Shape Transformation functions (iCSTs) [31] was employed for the
design of the nacelle [32,33], intake [34,35], and exhaust [36,37].
Analyses were carried out for two engines with a BPR of 11 and
18, respectively, installed on the NASA Common Research Model
(CRM) [38]. The study assessed the impact of engine installation
position on interference drag [12,30], as well as exhaust velocity
and discharge coefficients, C, and Cy4, respectively [15]. However,
the work of Stankowski et al. [12,30] and Otter et al. [15] did
not include close coupled positions which could be considered for
VHBR configurations [9]. Furthermore, the impact of the pylon was
neglected.

1.3. Rationale

The numerical methods for the determination of installed thrust
and drag outlined above, are based on predictions of jet momen-
tum and enthalpy efflux derived from CFD simulations. These anal-
yses are carried out with prescribed values of total pressure Py
and temperature Tg at the bypass and core nozzle inlet boundaries
(Fig. 1(a)). However, for fixed values of Py and Ty at each nozzle
inlet, the effect of external flow suppression can alter the bypass
and core nozzle mass, momentum, and enthalpy fluxes [21]. Fur-
thermore, the back-pressure at the fan Outlet Guide Vane (OGV)
and Low-Pressure Turbine (LPT) OGV can also be affected accord-
ingly [21]. This can influence the operating point of the engine and
force it to operate at Off-Design (OD) conditions with a concurrent
impact on Py and Ty at the bypass and core nozzle inlet [39].

To account for the impact of the installed flow-field on the by-
pass and core nozzle exit conditions, the manufacturer may re-size
the nozzle throat areas to achieve the required mass, momentum,
and enthalpy efflux [15]. This establishes compatibility of the in-
stalled exhaust system with the engine cycle at Design Point (DP)
and mitigates any sub-optimal OD operation. However, this may
not be a practical option within a design optimisation environment
where multiple analyses need to be carried out for a range of in-
stallation positions.

From a thrust and drag accounting viewpoint, changes to the
computed jet momentum and enthalpy efflux due to the installed
flow-field, may lead to variations in the bypass and core noz-
zle exit mass flows and stream forces. As a result, for numeri-
cal analyses with fixed bypass and core inlet Py and Tp, as well
as fixed nozzle throat areas, this classical CFD-based TDB ap-
proach [12,22,23,28-30] may result in misleading estimates of in-
stalled engine thrust.

Therefore, the impact of installed external flow suppression [21]
on the compatibility between exhaust jet momentum and enthalpy
efflux, and the prescribed engine cycle characteristics has been
ignored within previously derived near-field [12,22,23,28-30] as
well as far-field [24-27] formulations. This modelling deficiency
can potentially upset the balance between the installed thrust and
drag terms [15]. This could lead to erroneous trends within a de-
sign space exploration environment where the focus is placed on
overall aircraft performance, rather than on individual system com-
ponents (Fig. 1(a)).

1.4. Scope of present work

This paper presents a novel thrust and drag accounting ap-
proach based on CFD, for the aerodynamic analysis of installed
aero-engines. The proposed approach integrates key elements of
TDB methods employed in computational analyses [12,22,23,28-
30] and in-flight testing [18,20]. This is achieved by combining the
airframe, nacelle, and exhaust aerodynamic coefficients obtained
from CFD with the prescribed engine cycle characteristics [39].
The developed TDB methodology attempts to establish compat-
ibility between exhaust jet momentum and enthalpy efflux, and
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the prescribed engine operating point. An analytical formulation is
employed for the parametric design of installed aero-engine na-
celles [32,33], intakes [34,35], exhausts [36,37] and pylons [40]
based on iCST functions [31]. The NASA CRM [38] is utilised for
the representation of a typical wide-body commercial transport
airframe geometry. This installed aero-engine design approach is
coupled with an automatic hybrid mesh generator [41], as well as
a viscous and compressible flow solver [42].

This devised novel TDB approach is employed to quantify the
aerodynamic penalty associated with close coupled installation po-
sitions for a future VHBR aero-engine. Comparative evaluations are
carried out for conventional and close coupled positions. The over-
all installation penalty is decomposed to its constituent elements
in terms of impact on airframe, nacelle, and exhaust performance,
whilst the governing flow mechanisms are identified and exposed.

2. Methodology

A numerical framework is developed in this article for the aero-
dynamic analysis of installed turbofan engines with separate-jet
exhausts. This proposed method extends previous work done by
Goulos et al. [4,6,36,37,43] on the aerodynamic design and analysis
of civil aero-engines, to the performance evaluation of integrated
airframe-engine architectures. This framework can automatically
design, mesh, and simulate the geometry of an installed turbofan
engine based on designated airframe and power-plant specifica-
tions. The system encompasses modelling methods developed for;
engine performance simulation [44], parametric geometry defini-
tion of engine housing components [32-36,6], and RANS CFD flow
solution [41,42]. An example computation of the normalised static

P~ P

pressure distribution C?Od = on the aircraft surfaces for a

Doo
VHBR engine installed on the NASA CRM [38] is shown in Fig. 2.
2.1. Engine performance simulation and cycle analysis

The analysis commences by analysing the aero-thermal be-
haviour of the power-plant. Simulation is carried out using the
method TURBOMATCH [44]. TURBOMATCH has been previously de-
ployed and validated in several studies available in the existing
literature for the prediction of DP, OD, transient, and degraded per-
formance of gas-turbine engines [45-47]. TURBOMATCH is based
on zero-dimensional (0D) aero-thermodynamic analysis of gas tur-
bine engines using discrete component maps. The method also
accounts for the impact of on-board electric and electronic sys-
tems’ power off-takes. The method solves for the mass and energy
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balance between the various engine components. A non-linear and
globally convergent “matrix-iteration” scheme is used to satisfy
the required matching constraints in terms of turbine and nozzle
non-dimensional flow capacities [39]. The goal of this process is
three-fold: (a) it establishes the throat-area demand for the bypass
and core nozzles, (b) it determines the averaged stagnation pres-
sure Py and temperature Tg at the inlet of each nozzle, as well
as the engine inlet mass flow r (Fig. 1(a)) to be used as Bound-
ary Conditions (BCs) in the CFD analysis, and (c) it establishes the
ideal isentropic exhaust mass, momentum, and enthalpy effluxes
that are compatible with the engine cycle. The system also mod-
els the air-flow vent that is usually located on the core after-body
and is used to exhaust secondary air-flows (Fig. 1(a)) [6].

2.2. Thrust and drag accounting methodology

Fig. 3 illustrates the thrust and drag accounting reference sys-
tem including the engine station numbering and nomenclature
used in this work [17,18]. The unit vectors &y, €y, and €, (Fig. 3(a))
denote the engine axes reference system, with e, aligned with the
engine centre line. The engine centre line is rotated relative to air-
frame reference axes system through application of the engine ori-
entation pitch and toe angles, Opiccn and 6o, respectively (Fig. 4).
The airframe axes system is aligned with the fuselage centre line
and is annotated by vectors €x, €y, and é; (Fig. 4). An aerody-
namic reference frame is defined to account for aircraft incidence
effects. This frame is represented by the unit vectors ép, €s, and
e (Fig. 3(a)), with ép defined to be parallel with the undisturbed
free-stream flow. The aerodynamic axes reference frame is rotated
relative to the engine axes system through the effective engine in-
cidence angle aeng (Fig. 3(a)). Within this work, all aerodynamic
forces are resolved in the aerodynamic axes frame of reference (¢p,
_és, and 6L) []7,18].

The symbols 6 and ¢ in Fig. 3(b) represent the aerodynamic
forces exerted by the fluid flow on the wall surfaces and stream-
tube boundaries, within the thrust and drag domains, respectively.
All wall forces, & and ¢, are evaluated through numerical inte-
gration of gauge static pressure and shear-stress terms along the
viscous surfaces. A dividing streamline is identified on the pylon
based on surface Ty distribution to differentiate between forces
exerted in the thrust and drag domains, 6,yjon and ¢yion, respec-
tively. Numerical integration is used to calculate the gauge stream
forces Fg [21] and mass flow rates m at the fan face (2), bypass
(3), vent (4), and core (4) inlet boundaries (Fig. 3)(b). Within the
following analysis, the subscripts L and D signify that the anno-
tated forces have been resolved in the aerodynamic lift and drag
axes, respectively, which are designated by unit vectors €; and ép
(Fig. 3(a)). With these provisions, the wall forces 6 and ¢, and
gauge stream forces Fg can be expressed as follows [15]:

(¢’9)D://(P_POO)ED"{S+// tép-dA (1)

surface surface
(Fc)n=//(p|\7|\7~éx+(p—poo)>cfs'én (2)
Area

where p and t are the local static pressure and viscous shear
stress, respectively, whilst V denotes the local velocity vector ex-
pressed in the engine axes system (Fig. 3(a)). The symbols dS and
dA signify the local surface normal and tangential unit vectors, re-
spectively.

The exhaust aerodynamic performance is quantified using the
modified velocity coefficient (C})p [15]. This coefficient represents
the ratio of computed modified gross propulsive force (GPF*)p,
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Fig. 3. Thrust and drag accounting system for installed turbofans with separate-jet exhausts: (a) Reference coordinate systems and engine station numbering, and (b) distri-

bution of gauge stream, wall, and streamline aerodynamic forces.

(b)

Fig. 4. Definition of engine orientation angles relative to airframe axes: (a) pitch
angle Opitch and (b) toe angle Oroe.

normalised with the calculated isentropic fully-expanded exhaust
momentum efflux. The definition of (C})p is:
(GPF*)p

(C)p == . :
m3v_j{deal+m4videal+msvédeal

(3)

The modified gross propulsive force (GPF*)p represents the
aerodynamic force component in the free-stream flow direction,
ép, that is produced solely by the exhaust system [15]. The super-
script ()* in the definition of (Cy)p denotes that the pressure and
viscous forces exerted on the core after-body and plug (Fig. 3(b))
are included in the definition (GPF*)p used in Eq. (3). Therefore,
(GPF*)p is adversely influenced by non-isentropic flow phenom-
ena that manifest in the exhaust jet. These include boundary layer
growth and skin friction within ducts, nozzles, and after-bodies
(Fig. 1(a)), as well as viscous shear layers, shock waves, and ex-
pansion fans in the exhaust jet. The part of the pylon surface that
is wetted by the exhaust jet is also accounted for within the defini-
tion (GPF*)p (Eq. (4)). This is because the associated pressure and

viscous forces reside within the “thrust domain” that is enclosed
by the exhaust stream-tube boundary [18] (Fig. 3(b)). Based on the
nomenclature of Figs. 3(a) and (b), the definition of (GPF*)p is:

(GPF*)D = (Fg3 + Fga + Fgs)p — (gbypass + Ocore + Ovent + Qaft

+ 9plug + epylon)D (4)

The term V!4ed! jn the Right Hand Side (RHS) of Eq. (3) denotes
the ideal jet velocity that corresponds to isentropic flow expansion
to ambient static pressure p,, for each exhaust stream shown in
Fig. 3(b). The associated definition is [36]:

y —1

2y RT 1
v Ideal _ Y Rlo 1 (_) Y (5)
=1 A

where A is the total to ambient static nozzle pressure ratio A =
P
—% for each exhaust stream (Fig. 3(b)), where Py and Ty are

proeoscribed at each duct inlet. The discharge coefficients for the by-
pass, vent, and core nozzles, ny pass ¢ ,‘j/ ent and Cg"re, respectively
(Fig. 1), are calculated based on the mass flow integrals at the cor-
responding inlet boundaries [36].

This definition for (C})p (Eq. (3)) results in a coefficient that is
independent of exhaust mass efflux changes due to external flow
suppression effects [21], that can adversely influence the calcu-
lation of installed gross propulsive force [15]. Furthermore, since
(C¥)p is evaluated directly from CFD solutions for installed aero-
engines, it includes the impact of installation effects that can alter
the performance of the exhaust relative to an isolated engine. This
effect was not accounted for in previous near-field TDB methods
for the analysis of installed aero-engines [22]. Thus, for a given en-
gine operating point, (C})p can be used to scale the ideal exhaust
momentum efflux that is computed based on the engine cycle, to
estimate the modified gross propulsive force (GPF *)Ey e for an in-
stalled configuration. This process can be expressed as follows:
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(GPF*)SY

— (Ct)D (mBCycle védeal + m4Cycle Vélldeal + msCycle Védeal) (6)

where the superscript ()<Y denotes that the exhaust mass flows
used in the calculation of ideal exhaust momentum efflux in the
RHS of Eq. (6), are estimated based on the corresponding en-
gine cycle parameters [44]. This approach constitutes an adap-
tation of an established in-flight exhaust thrust measurement
method [18,20] to a numerical TDB formulation. The objective is to
establish compatibility between the computed exhaust momentum
efflux and the engine operating point for the analysis of installed
turbofan architectures.

The modified near-field drag extraction method [48] is em-
ployed for the computation of installed modified nacelle drag Dj;,..
The method is based on the estimation of the intake pre-entry
force (¢pre)p and fan cowl aerodynamic force (¢cowi)p (Fig. 3). The
nacelle geometry components required for the computation of D;;,.
include the fan cowl, spinner, and intake (Fig. 3). A 3D nacelle ge-
ometry was used in this work, as described by Tejero et al. [32,33].
For the purposes of installed engine analysis, the present method
is extended with the inclusion of the aerodynamic force exerted
on the part of the pylon surface that is not wetted by the exhaust
jet (¢pylon)p (Fig. 3). With these provisions, the installed modified
nacelle drag D}, can be expressed as follows:

Drac = (@pre + Pcowl + Ppylon) D (7)

where the intake pre-entry force (¢pre)p, is calculated according to
the modified near-field drag extraction method [48], as described
below:

(¢pre)p = (Fg2)p — 1oV — Bintk + Ospinner) D (8)

In this formulation [48], the impact of the exhaust jet on D, is
accounted for through the modified static pressure field exerted on
the nacelle after-body which serves to influence (¢cowi)p (Eq. (7)).
The aerodynamic forces due to the exhaust jet and free-stream
flow exerted on the post-exit stream-tube boundary (¢post,0)p
(Fig. 3), are omitted both in the modified drag (D;,.) as well as the
modified thrust domains ((GPF*)gyde). This is in accordance with
the adapted thrust and drag accounting system [17,18]. However, it
has been shown that the term (¢post,0)p effectively cancels out in
the definition of installed net propulsive force (NPF)S“ (Eq. (9)),

when D}, and (GPF*)gyde are combined [17,18]. Therefore, the

computation of (NPF)gyde is not affected by this simplification.

Having established expressions for the installed modified gross
propulsive force (GPF*)5Y™ and modified nacelle drag D, the

installed net propulsive force (NPF)gyde can be computed, as fol-
lows:

NPF)$% = (GPF*)S — nigV, — D* 9
( )D - ( )D m() 0 nac ( )

where migVg in the RHS of Egs. (7) and (9) is the inlet momen-
tum drag term. Having obtained an expression for (NPF)$’ e the
method can be extended to the whole aircraft through inclusion
of the airframe forces (Fig. 3(b)). These include the fuselage, wing,
and tailplane (Fig. 2). The Net Vehicle Force (NV F) components

can be resolved in the lift and drag axes, é; and ép, respectively:

Cycle
nac+(GPF*)L
Cycl
(NVF)p=Dasr — (NPF);)

(NVF)L:LA/F-i-L* (10a)

(10b)

where La/r = (@airframe)r and D a/r = (@airframe)p are the airframe

lift and drag, respectively. The terms L%, and (GPF*)Y in the
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RHS of Eq. (10a) represent the modified nacelle lift and gross
propulsive force lift contribution, respectively. These are calculated
using an approach that is identical to that applied in Eq. (7), where
the aerodynamic forces are resolved in the lift €, instead of the
drag axis ép (Fig. 3). Equations (10a) and (10b) can be employed
to calculate the aircraft trim state in terms lift and propulsion, re-
spectively.

Within this work, the aircraft is assumed to operate at mid-
cruise conditions with Cf/c = M

0.5000 VE Aref
is the CRM reference area [38]. This condition effectively closes
Eq. (10a), and it is satisfied by running a localised aircraft inci-
dence sweep and by applying linear interpolation to match the
desired Cf/c [15]. Propulsive trim can be satisfied through enforc-
ing the balance of installed thrust and drag by setting (NVF)p =0
in Eq. (10b) and by solving for the engine throttle setting which
balances the installed net propulsive force with the airframe drag.
This propulsive trim approach yields the engine fuel flow rate
my as a figure of merit for overall aircraft performance. However,
this process is computationally expensive and requires an iterative
scheme to be applied around the engine performance model [44]
and the CFD solver [42].

In order to mitigate the computational overhead associated
with multiple CFD evaluations, this work adapts an integral metric
based on the Left Hand Side (LHS) residual of Eq. (10b). This can
be written as follows:

= 0.5, where A

NVF =—(NVF)p = (NPF)SY™ — Dy (11)

where the polarity in the definition of NV F (Eq. (11)) is reversed
relative to Eq. (10b) so that a positive NV F delta indicates a ben-
efit in overall aircraft performance. For relatively small changes
in the engine operating point, the metrics of my and NVF are
analogous. Otter [40] showed that, for a VHBR engine operating
at mid-cruise conditions, and for changes in A(NV F)(%) within a
range of (—15%, +5%) of Fy, my and NVF are proportional. This
range in A(NV F)(%) is substantially larger compared to expected
changes in throttle setting for a given engine operating point due
to adjustments of installation position [12,15], exhaust [4,6], or na-
celle [32] design specifications.

2.3. Parametric geometry definition of civil aero-engines

The system incorporates the previously-developed parametric
geometry definition based on iCST functions [31] for the design of
the nacelle [32,33], intake [34,35], exhaust [6,36], and pylon [40],
(Figs. 1(a) and (c)). The adapted iCST formulation defines the in-
take, nacelle, bypass/core duct and nozzle, and after-body annuli as
functions of intuitive design parameters. The developed mathemat-
ical methods have been previously described extensively by Gou-
los et al. [4,6,36], Christie et al. [34,35], and Tejero et al. [32,33]. A
parametric representation of the engine pylon is incorporated [40]
(Figs. 2(b) and (c)). The pylon design is based on vertical stack-
ing of planar iCST aerofoil sections and allows the automatic ad-
justment of the pylon geometry in an aerodynamically favourable
manner for the engine installation position (Fig. 1(c)). This pylon
design method has been shown to be highly-flexible and caters for
a wide range of engine installation positions [40]. This parametric
geometry definition has been previously deployed for the Design
Space Exploration (DSE) of non-symmetric VHBR nacelle and ex-
haust architectures [40].

2.4. CFD methods and approach

The system employs a hemispherical domain (Fig. 5), which
incorporates a half-model of the NASA CRM [38] (Fig. 2). The do-
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Fig. 5. Computational domain and boundary conditions.

(d)

Fig. 6. Surface mesh close-up on engine and pylon surfaces: (a) engine outboard
side, (b) exhaust and pylon after-body, (c) intake and spinner, and (d) nacelle and
exhaust after-body.

main diameter is equal to 100 x Cref, Where Cyef is the CRM wing
reference chord length [38]. This is in accordance with recommen-
dations established through the 4" AIAA drag prediction work-
shop [49]. The free-stream flow conditions are modelled using a
pressure far-field BC with prescribed ps, Mo, Too, applied at the
hemispherical domain boundary. The airframe angle of attack cta/r
is defined by the free-stream flow direction relative to the vectors
éx and éz. The engine fan face boundary is modelled as a pres-
sure outlet with prescribed mass flow my. The bypass, core, and
vent inlet boundaries are modelled as pressure inlet BCs with de-
fined Pg and Ty. All thermodynamic parameters at the engine inlet
and outlet boundaries are defined according to the cycle specifica-
tions [44]. All airframe, engine, and pylon surfaces are modelled as
adiabatic and viscous no-slip walls.

A hybrid meshing methodology is employed [41]. Fig. 6 presents
a close-up of the derived surface mesh on the engine and pylon
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surfaces. The developed approach employs structured prism lay-
ers near the viscous walls with y* < 1 for all wall-adjacent nodes.
Tetrahedral elements are employed to populate the remainder of
the computational domain in an unstructured manner. Near-wall
unstructured mesh refinement is carried out based on local wall-
curvature and surface-proximity features [41]. Unstructured mesh
refinement zones are designated near the vicinity of the airframe,
nacelle, and exhaust to resolve localised flow features. The em-
ployed spatial discretisation guidelines were established based on
the grid verification and validation activities (section 2.5).

A grid independence analysis was carried out using meshes
comprising 70 x 108, 130 x 10°, and 288 x 105 elements. The

second-order Grid Convergence Indices (GCI) [50] for (NPF)gy cle
and D4 /r corresponding to the medium mesh were found to be of
the order of 0.36% and 0.024%, respectively. Consequently, meshes
with approximately 130 x 10® elements were used for this study.
The hybrid meshing approach [41] allows for automated mesh ma-
nipulation to account for changes to the engine installation posi-
tion, as well as to the nacelle, exhaust, and pylon geometries.

Computations used an implicit, density-based, and compressible
Favre averaged CFD approach [42] coupled with the k — w Shear-
Stress Transport (SST) turbulence model [51]. The Green-Gauss
node based method was used for calculation of the flow-field gra-
dients. A second-order accurate upwind scheme was used for the
spatial discretisation of primitive variables, as well as turbulent ki-
netic energy k and specific dissipation rate w. Thermal conductivity
(k) was computed according to kinetic theory [42]. Variable gas
properties were employed using an 8" order piecewise polynomial
expression for the calculation of specific heat capacity as a func-
tion of static temperature [39]. Dynamic viscosity was calculated
using Sutherland’s law [52].

2.5. CFD method verification and validation

The CFD approach was validated in terms of airframe and in-
stallation drag using experimental data for the NASA CRM [53].
A grid sensitivity analysis was carried out to quantify the impact
of CFD numerical uncertainty on the prediction of airframe drag.
The domain and grid generation process was developed in accor-
dance with the recommendations established through the 4" AIAA
drag prediction workshop [49]. Simulations were carried out for
Mo = 0.85, C; = 0.5, and a reference wing Reynolds number of
Rec, =5x 108. Analyses were conducted for the “clean-wing”, as
well as the “Through-Flow-Nacelle (TFN)” CRM configurations [38],
to enable the evaluation of installation drag.

For the TFN CRM configuration mesh independence was evalu-
ated using meshes consisting of 14 x 108, 30 x 106, and 50 x 108
elements. For the “clean-wing” CRM configuration, meshes with
7 x 108, 14 x 106, and 29 x 108 elements were used. For both
configurations the GCI was below 1% with regards to the medium
mesh. The airframe drag coefficient was determined within ap-
proximately 13 drag counts of the measured data. These results
are in agreement with those reported in the literature [54].

The method was further validated by quantifying its ability to
predict the installation drag C g’“' [53] (Fig. 7(a)). Within this work,
C b””' is defined as the difference in drag between the Wing-Body-
Nacelle-Pylon (WBNP) and Wing-Body (WB) CRM configurations.
Analyses were carried out using the medium grid for C; € (= 0.2,
~ 0.6). The simulations were able to reproduce the experimental
trends, and the difference in C,’)"“' between CFD model predic-
tion and measured data was less than 8 drag counts across the C;
range. For the design CRM conditions of My, =0.85 and C; = 0.5,
the installation drag was over-predicted by approximately 2 drag
counts.

The Dual Separate Flow Reference Nozzle (DSFRN) [55] was
used as a CFD validation test case for exhaust performance. Anal-
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yses were performed for a Fan Nozzle Pressure Ratio (FNPR =
fan

P

0 range between 1.4 and 2.8 and for ground-level static con-

p
dit?f)ns (My =~ 0) [55] (Figs. 7(b)-(c)). A fixed Extraction Ratio of

(ER = ——— =1.2) was applied, where CNPR is the Core Nozzle
CNPR core

Pressure Ratio CNPR = —2

. A mesh independence analysis was

o0
carried out using meshes with 40 x 106, 80 x 106, and 120 x 108
elements for FNPR = 2.2. A difference in C, of 0.003% was found
between the medium and fine meshes. The Root Mean Square
(RMS) distance between CFD predictions and the averaged mea-
sured data [55] across the FNPR range ((Figs. 7(b)-(c))), was found
to be of the order of 0.033%, 0.32%, and 0.44% for C,, nypass, and

cSore, respectively
3. Results and discussion
3.1. Aircraft architecture and propulsion system integration

The wing/body/horizontal-tail version of the NASA CRM geom-
etry was used [38]. Aerodynamic analyses were conducted at DP
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Table 1
Engine cycle characteristics and operating conditions.
Engine cycle characteristic Value
Design point mid-cruise
Bypass ratio (BPR) 15+
Nominal mid-cruise standard net thrust Fﬁ"’”' ~ 60 kN
p3
FNPR=—2 ~2.2
o0
P>
CNPR= -2 ~1.5
jo.8)
Ao
MFCR= — ~0.7
hi
Operating conditions
Moo 0.85
Altitude 10668 m

mid-cruise conditions with M, = 0.85, Rec,,, ~ 45 x 10%, and

wme_  (NVPL

L T 05000 V2 Arer
reference area [38]. The power-plant was representative of future
large turbofans with BPR ~ 15+ [3] and a nominal standard net
thrust rating FN°™ of approximately 60 kN [36] (Table 1). The
exhaust was optimised by Goulos et al. [4]. The engine had a
three-dimensional (3D) nacelle optimised using the method de-
veloped by Tejero et al. [32,33]. The intake was also drooped and
scarfed (Fig. 1(c)). The intake highlight plane area Ap; was sized

= 0.5 (Eq. (10a)), where Ayes is the CRM

for an intake Mass Flow Capture Ratio of MFCR = Ao ~ 0.7 at
mid-cruise conditions (Fig. 3(b)). The engine cycle wagl based on
publicly available information for a “year 2025 to 2030” entry
to service technology level [1]. The cycle parameters in terms of
Overall Pressure Ratio (OPR), Turbine Entry Temperature (TET), and
component polytropic efficiencies were selected according to this
technology level [1]. The FNPR and CN PR values were derived on
the basis of minimising SFC at mid-cruise conditions. The engine
cycle derivation was documented by Goulos et al. [6,36].
Numerical analyses were carried out for a total of 12 podded
under-wing installation positions (Fig. 8). Each position was de-
fined in terms of axial and vertical offset of the nacelle top-line
Trailing Edge (TE) point, relative to the local wing Leading Edge
(LE) coordinates (Fig. 8(a)). The span-wise location of the engine
was held constant and defined according to the CRM TFN top-
line TE coordinates [38]. The engine pitch and toe angles were
defined as per the CRM TFN configuration with 6, = 1.75° and
Oroe = 2.25° (Fig. 4) [38]. The normalised axial offset from the wing

d
LE to the nacelle TE (%) varied between —0.05 and 0.05 to

encompass both contemporary as well as close coupled positions

d
(Fig. 8(b)). The vertical offset relative to the wing LE ?Z varied

between 0.05 and 0.15, depending on axial offset. This was done
to assess whether a larger vertical offset can mitigate the impact
of adverse flow features that can appear at close coupled positions
due to interaction effects [10,11].

3.2. Net vehicle force variation across installation position design space

Fig. 9 presents the variation of NVF (Eq. (11)), as well as
its constituent elements in terms of (NPF)gyde and Dy/r =
(¢airframe)p across the investigated range of installation positions.
Results are presented as local percentage differences of the quan-
tity of interest, normalised with the power-plant’s nominal stan-
dard net thrust rating F }\\,”’m' as written below:

(NVF)IOCGI —(NV F)max

A(NVF)(%) =100 x o
N

(12)
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with similar expressions used for the variations of A(NPngde)(%)
and A(Da,r)(%) presented in Figs. 9(b) and (c), respectively.

Fig. 9(a) shows that the computed variation of A(NV F)(%)
across the range of installation positions (Fig. 8(b)) is of the or-
der of 2.7%. It can be observed that the behaviour of NVF is
governed both by axial (dx) as well as vertical (dz) gradients in
terms of engine position. The maximum deficit of NV F is for the

d
most close coupled position which is located at (?X) =0.05 and

dz . L o .
)= 0.05. This NV F penalty is mitigated with increasing ax-

ial as well as vertical offset, dx and dz, respectively. Furthermore,
NVF is maximised for a “co-incident” engine location with a rel-
atively large vertical offset, where the engine position corresponds

dx dz
to(—)=0.0and ( — ) =0.0125.
C C

This variation of NVF across the design space can be deci-
phered by decomposing it to its constituent elements, (N PF)gy cle
and Dg4/r (Figs. 9(b) and (c)). Fig. 9(b) shows that the variation

range for A(NPngde)(%) is roughly 11%. This is greater than the
changes in A(NVF)(%) (Fig. 9(a)) by more than a factor of 4,
with the engine (NPF)lC)yC'e reducing notably for close coupled
positions. Furthermore, it can be noticed that the behaviour of

(NPF)$'“® is primarily affected by the axial position of the en-
d d
gine (FX) whilst vertical offset (FZ) exhibits a secondary role.

Fig. 9(c) shows that D4, varies by about 13% of Fﬁ"m' across
the range of positions. The relative magnitude of the effect of in-
stallation is similar to (NPF)$'™ (Fig. 9(b)). However, the trends
for (NPF)§'™ and Da/¢ are in opposition (Fig. 9(b) and (c)).
The associated variability in airframe trim incidence angle ax/r
was found to be negligible. Therefore, the changes noted for D 4/r
in Fig. 9(c) are primarily due to aerodynamic interaction effects,
rather than due to the influence of aircraft re-trim. Overall, the
coupled airframe-engine performance, as expressed by NV F, de-
pends on the balance between (NPF)gyC'e (Fig. 9(b)) and Dar
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drag A(Da/r)(%).

(Fig. 9(c)). Since (NPF)gyde and Dy r exhibit conflicting gradi-
ents, the optimum NV F region is dictated by the most beneficial
trade-off between engine ((NPF)$'™) and airframe (D 4, ) perfor-
mance. This results in variations of NV F across the design space
that are relatively small compared to the variability observed for
(NPF)gyCle and D4¢. This is due to the partial offset between en-
gine and airframe installation effects.

3.3. Net propulsive force decomposition and synthesis of net vehicle
force

The behaviour of (NPF)gyde (Fig. 9(b)) was decomposed to
its constituent elements of exhaust and nacelle aerodynamic per-
formance. Figs. 10(a) and (b) present the impact of engine in-
stallation position on the modified exhaust gross propulsive force
(GPF")S™ and modified nacelle drag D%, Results are presented
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as local percentage differences of F ,’:,"’m' using a normalisation sim-
ilar to that described by Eq. (12) and also applied in Fig. 9. This
was done to express the impact of installation position on the two
engine related terms using a common measurement unit. This en-
abled the identification of the dominant terms that influence the
synthesis of (NPF)gyC'e and NVF.

Both the exhaust and the nacelle exhibit a deficit in aero-
dynamic performance for close coupled engine positions, with

(GPF")S™ reducing and D%, increasing relative to forward en-
gine locations (Fig. 8). The aerodynamic performance of the ex-
haust (Fig. 10(a)) is affected by the impact of both axial dx as well
as vertical engine position dz. The nacelle is primarily affected by
the effect of axial engine offset relative to the wing LE (Fig. 10(b)).

(GPF*)Eyde varies by about -3.2% which is primarily associ-
ated with the effect of engine installation on the modified ex-
haust velocity coefficient (C})p. This effect was omitted in pre-
vious TDB approaches developed for the prediction of installed
engine performance [22]. However, the TDB system developed in
this work takes into account this effect in the formulation of
(NPF)f)yC’e (Eq. (9)) and ultimately NV F (Eq. (11)). The variation

of D}, across the range of installation positions is greater than

the changes in (GPF*)$'™ by a factor of approximately 2.4. This
indicates that the installed engine net propulsive force (NPF)$) cle
(Fig. 9(Db)), is primarily affected by the impact of installation posi-

tion on modified nacelle drag D, (Fig. 10(a)), and secondarily on
the exhaust (GPF*)S'™ (Fig. 10(b)).

Fig. 11 illustrates the synthesis of A(NV F)(%) associated with
axial and vertical engine translation relative to a nominal po-

d
— 0.0 and ( CZ> = 0.075 (Fig. 8(b)). To high-

. (dx
sition of | —
C

10
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light the influence of the constituent thrust and drag components,
A(NVF)(%) is decomposed to the effect of installation position on
the exhaust ANVF(GPF*)CDyde, the nacelle ANV F(D},.), and the
airframe ANV F(D4/F). Results are presented as percentage differ-
ences of the quantity of interest, normalised with F ,’V"""" as written
below:

(NV F)Translated —(NV F)Baseline

A(NVF)(%) =100 x e
N

(13)

with similar expressions used for the impact of the exhaust

ANVF(GPF*)gyde, the nacelle ANVF(D;,.), and the airframe
ANV F(DayF).

Fig. 11(a) shows that there is a penalty in NV F associated
with translating the engine axially, relative to the baseline posi-
tion. The associated values of A(NV F)(%) are -0.25% and -0.70%

—0.05) and to

dx
for translating the engine to a forward (<?>

a close coupled position ( = 0.05), respectively. These val-

ues of A(NVF)(%) are the cumulative results of notably larger
thrust and drag component changes due to the effect of installation
on exhaust, nacelle, and airframe aerodynamics. These differences
in the constituent thrust and drag components can be conflict-
ing, and can be up to an order of magnitude higher compared
to A(NV F)(%). Furthermore, although both the close coupled and
forward positions have a penalty in NV F, the breakdown of the
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constituent thrust and drag components differs significantly be-
tween each case. In both cases, A(NV F)(%) is governed predomi-
nantly by the impact of installation position on the nacelle and the
airframe. The associated ranges of variation are ANV F(D},.) ~ 7%
and ANV F(Da/r) ~ 9%, respectively, across the two positions. A
smaller variability of A(NV F)(%) is observed due the impact of
axial engine translation on the exhaust, with ANV F(GPF *)gy cle
2.4% across the two positions. This change in exhaust aerodynamic
behaviour due to the impact of installation has not been previ-
ously accounted for in established near-field TDB methods [22,23].
However, these differences in exhaust performance are significant
compared to the overall values of A(NVF)(%) (Fig. 11(a)), and
cannot be neglected in the analysis of coupled engine-airframe ar-
chitectures.

Fig. 11(b) presents the impact of vertical engine translation
on the synthesis of NV F. It is noted that the numerical synthe-
sis of NVF is described by Egs. (9) and (11). The corresponding
values of A(NVF)(%) are +0.45% and -0.95% for moving the en-

dz
gine to a downward (<?> =0.10) and to an upward position

dz . . . .

(<?> = 0.05), respectively. It is noted that vertical engine trans-
lation distance is reduced by a factor of two (2) relative to the
case of axial movement (Fig. 8(b)). However, the magnitude of the
changes noted in the thrust and drag components is reduced by a
factor of four (4) (Fig. 11(a)). This indicates that the aerodynamic
sensitivities across the range of installation positions are governed
primarily by the impact of axial engine position.

For the case of vertical engine movement, the impact of
installation position on the airframe is the dominant parame-
ter (Fig. 11(b)). This variation in airframe drag is approximately
ANV F(Dasr) = 2.5% across the two engine positions (Fig. 11(b)).
Similarly to the case of axial engine translation (Fig. 11(a)), the
polarity in the changes noted for the thrust and drag compo-
nents is reversed with the gradient of translation. However, the
differences noted in the performance of the nacelle and the ex-
haust are of similar magnitude, with ANV F(D;;,.) ~ 0.6% and
ANVF(GPF*)CDyde ~ 0.5%, respectively.

Therefore, the impact of engine installation on overall aircraft
performance depends on the balance between significant and con-
flicting aerodynamic effects on the airframe, the nacelle, and the
exhaust. The approach described in this paper expresses this bal-
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ance using the concept of NV F. The proposed method introduces
the impact of engine installation on exhaust performance which
was omitted in previous TDB methods [22]. This effect was shown
to account for nearly 25% of the changes noted in A(NPF )gy cle
across the range of engine positions (Fig. 10). These changes were
shown to be of the same order of magnitude as the differences in
NVF (Fig. 9(a)). Hence, it is essential to include the impact of in-
stallation on the exhaust for the correct determination of overall
airframe-engine performance for close coupled architectures.

3.4. Impact of installation position on aero-engine aerodynamic
behaviour

Fig. 12 presents the aerodynamic behaviour of the nacelle, ex-
haust, and pylon for the baseline and close coupled installation
positions assessed in Fig. 11. Results are presented in terms of

P —Pco

normalised static pressure distribution CZ“’d = on the

aero-engine outboard and inboard surfaces (Fig. 2). Prcéodictions are
presented for the baseline, axially close coupled, and vertically
close coupled positions in Figs. 12(a), (b), and (c), respectively. To
highlight the impact of installation on the engine aerodynamic be-
haviour, predictions were also carried out for an uninstalled engine
at identical operating conditions without the presence of the air-
frame (Fig. 12(d)).

Figs. 12(a), (b), and (c) reveal notable differences between the
installed engine outboard and inboard side transonic flow topolo-
gies, for all three (3) installation positions, relative to the unin-
stalled engine (Fig. 12(d)). These flow differences are primarily
due to the impact of the “aerodynamic channel” that is formed
between the fuselage, wing, and the engine inboard side (Fig. 2).
This leads to increased flow acceleration due to the effective flow
area restriction, which results in reduced static pressure Cg“’d on
the nacelle, exhaust after-body, and pylon inboard side, when com-
pared to the outboard flow topology. Furthermore, due to the wing
sweep angle, the inboard side of the aero-engine geometry is axi-
ally more overlapped with the wing compared to the outboard side
(Fig. 2), resulting in increased aerodynamic interaction effects [15].
Thus, the identified aerodynamic channel effect, in combination
with the geometric characteristics of a swept transonic wing, re-
sult in notable flow asymmetry between the engine outboard and
inboard sides (Fig. 12).
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Figs. 12(a), (b), and (c) show that the impact of close coupling
the engine with the airframe has a relatively small effect on the
transonic flow topology on the engine outboard side, compared to
the uninstalled engine (Fig. 12(d)). The aerodynamic behaviour on
the outboard side appears to remain unaffected when the engine
is moved from the baseline (Fig. 12(a)) to the axially close cou-
pled position (Fig. 12(b)). The inboard flow topology is influenced
significantly by the impact of airframe-engine integration. Specifi-
cally, an increasingly large region of reduced static pressure ng‘j
can be observed on the inboard side of the nacelle after-body for
the axially close coupled position (Fig. 12(b)) relative to the base-
line location (Fig. 12(a)). This is due to the amplification of the
aerodynamic channel effect (Fig. 2). This is also the primary flow
mechanism responsible for the increase noted in D;,. (Fig. 11(a)),
which reaches roughly 4.6% of F ,’\\,"’m', due to the impact of close
coupled airframe-engine interaction.

Furthermore, Fig. 12(b) reveals the formation of strong normal
shock on the inboard side of the pylon for the axially close cou-
pled engine position, at the axial location of the core after-body
TE. This manifests within both thrust and drag domains of the
pylon (Fig. 3(b)) and is notably weaker for the baseline position
(Fig. 12(a)). This arises due to the close proximity of the nacelle
flow and exhaust stream-tube boundary to the wing. This leads
to the formation of an effective “gully flow” between the core
after-body and the wing, resulting in a local flow over-acceleration
that terminates with a shock. Overall, these effects result in re-
duced static pressure on the core after-body for the close coupled
position (Fig. 12(b)), relative to the baseline location (Fig. 12(a)).
These lead to a reduction of installed (GPF*)gyde of 0.93% of FN°™
(Fig. 11(a)).

The combined effect of installation position on (GPF*)5) e and
D}, results in a notable net propulsive force change of the or-

der of A(NPF)gyde ~ —5.6% of FN°™. However, this penalty in

(NPF)IC)yC'e is partially offset by a beneficial reduction in Da/r of
4.9% of Fﬁom' (Fig. 11(a)). It is interesting to note that the impact
of the closer vertical position (Fig. 12(c)) has a negligible influ-
ence on the engine inboard side aerodynamic behaviour, relative
to the baseline location (Fig. 12(a)). This indicates that the small
changes noted in (GPF*)gyCle and D* . within Fig. 11(b), are pre-

nac
dominantly due to the changes noted on the engine outboard side

flow topology.
3.5. Impact of installation position on exhaust discharge coefficients

The impact of engine installation position on the exhaust sys-
tem discharge coefficients was quantified. nypass varied by ap-
proximately 0.15% across the range of installation positions. This is
because the bypass nozzle is choked with FNPR ~ 2.2, which ren-
ders its mean flow relatively insensitive to external pressure field
variations. In contrast, the core nozzle is unchoked with CNPR ~
1.5, which renders its mass flow and discharge coefficient more
susceptible to the impact of the installed pressure field [21,15].

The variation range predicted for Cg"re across the design space
is of the order 5% (Fig. 13). The behaviour of Cg"re is influenced by
the “channel” and “gully flow” effects (Figs. 12(a), (b), and (c)), as
well as by the transonic flow topology on the core after-body due
to the choked bypass nozzle (Fig. 12(d)) [21]. The combined ef-
fect of these installation features results in reduced static pressure
on the inboard side of the core after-body TE for close coupled
positions (Fig. 12(b)) which lowers the base pressure at the core
nozzle exit. Thus, the impact of external flow suppression due to
the free-stream and bypass nozzle flows diminishes relative to for-
ward positions and, as a result, Cdc"re increases.

As an example, it is noted that a change in the engine in-
stallation position from the baseline location (Fig. 12(a)) to the
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Fig. 13. Impact of engine installation position on core nozzle discharge coefficient
CCore
e

Cﬁ ore

axially close coupled case (Fig. 12(b)) results in a Cg"re increase
of approximately 1.3%. From an exhaust design perspective, this
may require a re-sizing the core nozzle throat to achieve the de-
sired flow capacity and ensure that the power-plant operates near
DP conditions. Fig. 13 shows that relatively small adjustments of
core nozzle throat area are required for the engine positions of
interest (Fig. 12)(~ 1.3%) to mitigate the impact of the installed
flow-field. As a result, it is unlikely that the process of core noz-
zle re-sizing would affect the modified exhaust velocity coefficient
(C¥)p which influences the computation of (GPF*)gyde and con-
sequently, NVF. Thus, these results support one of the key as-
sumptions of this proposed TDB approach, which dictates that the
performance of the exhaust will not be significantly affected by
nozzle re-sizing requirements.

4. Conclusions

This article described a novel thrust and drag accounting for-
mulation for the aerodynamic assessment of integrated airframe-
engine systems. An integral metric was proposed based on the
concept of “net vehicle force”, which quantifies the overall perfor-
mance of coupled airframe-engine configurations. This was accom-
plished through the unification of near-field airframe, nacelle, and
exhaust aerodynamic coefficients obtained from numerical flow so-
lutions, combined with the engine cycle parameters derived from a
thermodynamic model. The developed TDB methodology accounts
for the impact of installation on the exhaust, and ensures compat-
ibility between jet momentum and enthalpy efflux with the pre-
scribed engine cycle characteristics. These aspects were ignored in
previous TDB formulations. Therefore, the proposed method con-
stitutes an enabling technology for the aerodynamic design and
analysis of installed aero-engines.

It was shown using this method that installation effects due
to the impact of a close coupled engine position can result in
a net vehicle force difference of nearly —0.70% of nominal stan-
dard net trust, relative to a baseline location. It was demonstrated
that this impact of installation position on overall aircraft perfor-
mance depends on the balance between significant and conflicting
aerodynamic effects on the airframe and the power-plant. Specif-
ically, the associated differences observed in net propulsive force
and airframe drag were of the order —5.6% and —4.9% of nom-
inal standard net thrust, respectively. Furthermore, it was shown
that Cgore may increase by 1.3% for translating the engine from a
baseline location to a representative close coupled position, whilst
C g YP45S was found to be practically insensitive due to choked flow
conditions.
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