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Abstract

Without careful consideration of aerodynamic installation e�ects on ex-

haust system performance the projected bene�ts of high bypass ratio engines

may not be achievable. This work presents a computational study of propul-

sion system integration in order to quantify the e�ect that aircraft installation

has on the aerodynamic performance of separate-jet aero-engine exhaust sys-

tems. Within this study the sensitivity of exhaust nozzle performance metrics

to aircraft incidence and under wing position were investigated for two en-

gines of di�erent speci�c thrust. Upon installation, thrust generation was

found to be bene�cial or detrimental relative to an isolated engine depending

on the position of the engine relative to the wing leading edge. The domi-

nant installation e�ect was observed on the exhaust afterbodies and, over the

range of engine positions investigated at cruise conditions, the installed mod-

i�ed velocity coe�cient was shown to vary up to 1 % relative to an isolated

engine. Furthermore, due to variations in the core nozzle mass �ow rate by
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up to 10% relative to an isolated engine, it is concluded that aerodynamic

installation e�ects need to be taken into consideration when sizing the core

nozzle in order to ensure engine operability.

Keywords: Engine-airframe integration, Exhaust nozzle, Aero-engine,

Discharge coe�cient, Velocity coe�cient;Computational �uid dynamics;

Propulsion system integration.

Nomenclature

Roman Symbols

α Angle of Attack degrees

ṁ Mass �ow rate kgs−1

c Wing Chord m

CBypass
d , CCore

d Bypass and Core Discharge Coe�cients None

Cp Pressure Coe�cient None

CV ∗ Modi�ed Velocity Coe�cient None

CV Velocity Coe�cient None

dx, dz Axial and vertical distance from wing leading edge to nacelle trailing

edge m

FG Gauge Stream Force kN

FN Standard Net Thrust kN

2



Fs Speci�c Thrust Nskg−1

GPF Gross Propulsion Force kN

GPF∗ Modi�ed Gross Propulsion Force kN

P Total pressure Pa

p Static pressure Pa

R Universal Gas Constant JK−1mol−1

T Total temperature K

V Velocity ms−1

y+ Non-dimensional wall distance None

k Turbulent Kinetic Energy Jkg−1

Greek Symbols

∆ Change due to installation None

γ Ratio of speci�c heats None

ω Speci�c dissipation m2s−2kg−1

φ Surface force N

ρ Density kgm−3

τw Surface shear force N

θ Thrust force N
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Superscripts and Subscripts

()Ideal At ideal isentropic conditions

()atm At freestream in�nity

()critical At choking conditions

Acronyms

AIAA American Institute of Aeronautics and Astronautics

BPR Bypass Ratio

CFD Computational Fluid Dynamics

CNPR Core Nozzle Pressure Ratio

CRM Common Research Model

FNPR Fan Nozzle Pressure Ratio

FPR Fan Pressure Ratio

GEMINI Geometric Engine Modeller Including Nozzle Installation

LPT Low Pressure Turbine

MFCR Mass Flow Capture Ratio

OPR Overall Pressure Ratio

RANS Reynolds Average Navier Stokes

SFC Speci�c Fuel Consumption
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SST Shear Stress Transport

1. Introduction

1.1. Background

The next generation of large turbofan engines are expected to operate

with higher bypass ratios (BPR) [1], low Fan Pressure Ratios (FPR) and

low speci�c thrust (Fs) in order to increase propulsive e�ciency and hence

reduce speci�c fuel consumption (SFC) [2]. Values of BPR for future tur-

bofan aero-engines are expected to lie between 14 and 21 [3] compared with

current generation turbofan engines which have BPRs between 9 and 11 [4].

Similarly, for conventional civil fans a design FPR can be expected to lie

between 1.6 to 1.8 [5] and FPR values can be expected to be as low as 1.4

for ultra-high BPR engines [6]. An increase in bypass ratio can be achieved

through the reduction of the core mass �ow, an increase in bypass mass �ow

or through a combination of both. However, the reduction of core mass �ow

is somewhat limited and it is predicted that the increase in BPR will be

mostly achieved through larger bypass mass �ows [3]. As a result, engines

will need to incorporate larger fan diameters in order to pass the increased

total engine mass �ow. With increased engine mass �ows there follows a

concurrent increase in inlet momentum drag. For a given net thrust, this

must be compensated by an increase in gross thrust. As the ratio between

the gross and net thrust increases, losses in the exhaust system could limit

potential SFC improvements. Therefore, it is imperative that future engine
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con�gurations incorporate more aerodynamically e�cient exhaust systems in

order to meet the demand for reduced engine SFC.

1.2. Exhaust system design

The primary purpose of an exhaust system is to generate thrust whilst

minimising the loss of total pressure [7]. The velocity and discharge coef-

�cients are two non-dimensional performance metrics which are commonly

used to quantify the aerodynamic performance of an exhaust system. The

velocity coe�cient is a measure of the thrust lost due to non-isentropic �ow

features. Reductions in the nozzle mass �ow rate due to boundary layer

growth, total pressure losses, �ow blockage, and �ow suppression are ac-

counted for by the discharge coe�cient. Furthermore, operability of the

engine is ensured by an exhaust system which allows the desired fan and

Low Pressure Turbine (LPT) exit �ow capacities to be met [8]. If, due to

installation onto the aircraft, the required mass �ows are not met the engine

may be forced to operate away from the design point. In order to compensate

for any incompatible mass �ows, the nozzle throat areas are often increased

or decreased accordingly. However, knowledge of aircraft installation e�ects

can help mitigate large modi�cations to the nozzle design late in the design

process.

1.3. Installation Aerodynamics

The installation of conventional podded underwing engines is known to be

detrimental to aircraft drag: typically between 30 and 50 drag counts per two

engines [9], with the relative engine size and axial position identi�ed as key
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performance sensitivities[10�12]. As a result of larger fan diameters, aerody-

namic interference between the engine and airframe is expected to become

a more signi�cant consideration [13]. In some cases installation e�ects can

be strong enough to outweigh the bene�ts of increased BPR [3]. However,

there is a dearth of literature which is focused on the e�ect of engine-airframe

integration on engine performance. Such installation e�ects are manifested

through changes in nacelle drag, variations in gross thrust and core mass �ow

rate [14]. Given that higher BPR engines will be more sensitive to changes

in gross thrust, the integration of the engine onto the airframe should aim to

minimise thrust loss and hence any adverse e�ects onto the exhaust system.

1.4. Determination of in-�ight thrust

In addition to the direct impact of exhaust system performance on engine

SFC, nozzle performance metrics are also important due to their key role in

the determination of thrust and drag in-�ight [15]. For practical reasons,

the direct measurement of thrust in �ight is not yet feasible [16]. Although

research has been undertaken in that domain [17], it is common practice

for thrust to be deduced indirectly from engine operating parameters and

drag determined by equating it to the thrust required for steady level �ight

[16, 18]. One method for the measurement of gross thrust in-�ight is to

measure the total pressure at the inlet to each nozzle duct, calculate the ideal

isentropic thrust and determine the gross thrust through the multiplication of

the isentropic thrust by a velocity coe�cient evaluated from a static ground

test [18]. However, this method works under the assumption that the velocity

and discharge coe�cients do not vary between static calibration tests and

�ight conditions. Therefore, knowledge of the di�erence between installed
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and isolated nozzle performance metrics is required to ensure the correct

prediction of in-�ight thrust.

For computational studies which model exhaust jets, as opposed to through-

�ow nacelles (TFN), the net propulsive force of the con�guration can be

readily determined from numerical simulations [19]. However, there are mul-

tiple methods to distinguish between thrust and drag [19]. Such thrust and

drag extraction methods can be split into two categories: far-�eld extraction

methods [19�24] and near-�eld extraction methods [25�28]. Several studies

have compared far-�eld and near-�eld methods for the prediction of airframe

drag, with a di�erence in the order of 10-20 airframe drag counts between

the two methods [20, 23].

1.5. Scope of Work

For the proposed bene�ts of higher BPR engines to be realized it is vital

that further research be conducted into the e�ects of engine-airframe inte-

gration on exhaust system performance. This work approaches engine instal-

lation with an engine centred view on aircraft installation e�ects. Although

previous work has assessed the e�ect of installation on the net propulsive force

generated by the engine [14, 29�31], it is necessary to understand how each

engine subsystem performs upon installation. The exhaust system of high

bypass ratio engines is of particular importance as, due to an increased ratio

between gross and net thrust, losses in the exhaust system will have a greater

e�ect on engine SFC compared to lower bypass ratio engines. Furthermore,

with the expected increase to engine fan diameters, future propulsion sys-

tems will be more closely integrated to the airframe; therefore the e�ects of

installation on the exhaust system need to be understood in order to produce
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an optimal engine-airframe system.

The research aim of this paper is to complete a numerical study in order

to assess how a podded underwing aircraft installation alters the aerody-

namic performance of the exhaust system. The speci�c novel contributions

of this work are: the quanti�cation of changes to exhaust system performance

due to underwing installation; the identi�cation of key aerodynamic features

which govern the behaviour of installed aero-engine exhaust systems and

the assessment of how engine architecture impacts installed exhaust system

performance.

2. Methodology

The methodology set out to achieve these objectives can be broken into

four sections: �rstly, a description of the airframe and installation positions

to be investigated is presented. This is then followed by an overview of

the thermodynamic and aerodynamic design of the two engines to be in-

vestigated. Thirdly, the thrust and bookkeeping system and aerodynamic

performance metrics are de�ned. Finally, details of the computational grid

generation and numerical method are presented.

2.1. Airframe and Installation Positions

The airframe used in this study is the NASA Common Research Model

(CRM) which was designed to represent a wide body civil transport aircraft

capable of carrying 250-300 passengers [32]. Speci�cally, the wing/body/horizontal-

tail geometry [33] from the fourth Drag Prediction Workshop was used. The

operating condition for this study corresponds to an altitude of 35,000 ft, a
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Mach number of 0.82 and a lift coe�cient of 0.5. Although the CRM air-

frame was designed to cruise at a Mach number 0.85, a Mach number of 0.82

was chosen in order to avoid adverse drag characteristics that arose due to a

corner separation at the wing fuselage junction at a freestream Mach number

of 0.85 [34, 35]. A lift coe�cient of 0.5 was selected as this is the nominal

design condition of the CRM airframe [32]. Moreover, a range of engine po-

sitions under the CRM wing were investigated with the relative position of

the fan cowl trailing edge to the wing leading edge the de�ning parameter

(Figure 1). The spanwise location of the engine was held constant. The axial

distance from the wing leading edge to the trailing edge of the nacelle, dx/c,

varied from 0.05 to 0.35 and the vertical position from the wing leading edge

to the nacelle trailing edge, dz/c varied from 0.07 to 0.22 (Figure 1). Within

this scoping study, across a wide range of engine installation positions, the

engine pylon was not modelled as a bespoke pylon design would have been

required for each engine position. Such a design exercise is beyond the scope

of this study.

2.2. Thrust and Drag Accounting

A thrust-drag bookkeeping method must be established to determine the

correct division of losses between the airframe and engine. Although the

net e�ect of installation is not a�ected by the division of thrust and drag,

without a correct split the losses within the system will not be allocated

correctly. Within this research the e�ect of installation on the airframe is

not considered, instead the focus is on engine exhaust performance, i.e. the

thrust domain. The e�ect of installation to the drag domain and cruise fuel

burn is reported by Sta«kowski et al.[14, 29, 30].
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The thrust and drag bookkeeping method and engine station numbering

system (Figure 2) employed in this work were based upon an established

method [16]. The symbols θ and φ denote wall forces that lie in the thrust

and drag domains respectively. Each wall force was evaluated through the

numerical integration of pressure and shear-stress terms along each viscous

surface. The gauge stream force and mass �ow rate at a given engine station

(with the station number denoted as a subscript) are represented by the

symbols FG and ṁ. The ideal fully-expanded jet velocity is denoted with the

symbol V ideal (Eq. 1 from [36]). Note that the superscript D denotes that a

force has been resolved into the êD direction (which is aligned with the drag

axis as shown in Figure 2).

The velocity coe�cient, CV in Eq. 2, is de�ned as the ratio of the actual

gross propulsive force, GPFD in Eq. 3, generated from a nozzle to the thrust

which be obtained if the core and fan streams were to expand isentropically

to the atmospheric static pressure. The modi�ed velocity coe�cient, C∗
V in

Eq. 4, is de�ned as ratio of the modi�ed gross propulsive force, GPFD
∗ in

Eq. 5, to the ideal isentropic reference thrust. The velocity coe�cient serves

to quantify the nozzle performance within the ducts whereas the modi�ed

velocity coe�cient accounts for both the internal nozzle and the external

afterbodies.
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V ideal =

√√√√ 2γRT

(γ − 1)

(
1 −

(
1

NPRp

) γ−1
γ

)
(1)

CD
V =

GPFD

ṁ7V ideal
9 + ṁ13V ideal

19

(2)

GPFD = FD
G19 + FD

G9 (3)

CD
V ∗ =

GPFD
∗

ṁ7V ideal
9 + ṁ13V ideal

19

(4)

GPFD
∗ = FD

G19 + FD
G9 + θDcc + θDplug (5)

At cruise conditions the net propulsive force (NPFD, Eq. 6) quanti�es

the overall aerodynamic performance of the engine. However, as the nozzle

discharge coe�cients and mass �ow rates are not known a priori, mass �ow

continuity between the intake and nozzles cannot be guaranteed in the CFD

simulation. As such a corrected net propulsive force (NPFD
c , Eq. 7) has

been de�ned where the modi�ed gross propulsive force of the engine was

calculated for �xed nozzle mass �ow rates. This correction was made based

on the value of CD
V ∗ calculated from each Computational Fluid Dynamic

(CFD) solution and the nozzle mass �ow rates (ṁCycle
7 and ṁCycle

13 ) required

by the 0D cycle analysis (Section 2.3). The standard net thrust (FN) of a

separate-jet aero-engine is given by Eq. 8.
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NPFD = GPFD
∗ − FD

G0 − (φD
pre + φD

cowl) (6)

NPFD
c = CD

V ∗(ṁ
Cycle
7 V ideal

7 + ṁCycle
13 V ideal

13 ) − FD
G0 − (φD

pre + φD
cowl) (7)

FD
N = FD

G19 + FD
G9 − ṁ2V0 (8)

A discharge coe�cient is de�ned as the ratio of the actual mass �ow

rate that �ows through a nozzle to the ideal mass �ow rate which would

�ow through the nozzle which expands to the ambient static pressure under

isentropic conditions ( Cd = ṁ
ṁIdeal [36]). The operating point of each exhaust

nozzle is characterized by the nozzle pressure ratio (NPR = P
patm

) which is

de�ned as the ratio between the total pressure at the inlet of the nozzle,

P , and the atmospheric static pressure, patm. As separate-jet nozzles are

considered in this work, there are two nozzle pressure ratios of interest. The

fan nozzle pressure (FNPR) and the core nozzle pressure ratio (CNPR).

Note that the FNPR and CNPR are used in Eq. 1 to determine the ideal

fully expanded jet velocity.

2.3. Engine Geometry and Design

To investigate the aerodynamic performance of aero-engine exhaust noz-

zles an appropriate engine cycle must be de�ned. Within the context of this

work, the primary purpose of the engine cycle analysis is to provide boundary

conditions for the CFD calculations as well as to provide initial estimates for

the engine standard net thrust and SFC. The boundary conditions derived

from the cycle analysis consisted of the intake mass �ow rate (ṁ2), nozzle

pressure ratios at cruise (FNPR and CNPR) and the total temperatures
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at the fan face, bypass inlet and core inlet (T2, T13 and T7 respectively).

The engine cycles presented within this study were modelled with the zero-

dimensional (0D) modular gas turbine performance code Turbomatch [37].

Two engine cycles were examined in this study, which were developed

as part of a previous installation study by Sta«kowski et al . [29], each

engine featured a standard net thrust requirement (Eq. 8) constant across

both cycles of 55.7 kN. This requirement was set by the drag of the CRM

con�guration at the chosen operating condition and lift coe�cient of 0.5. The

operating point of the cycle for Engine 1 (E1) was based upon open source

estimations of engines of a similar thrust class and technology level i.e. a BPR

of 11, an Operating Pressure Ratio (OPR) of 50 and Mass Flow Capture

Ratio (MFCR) of 0.75 (Table 1). Engine 2 (E2) features a fan diameter

which is 23% larger than that of E1 so that the installation e�ects due to

increased fan diameters and lower engine speci�c thrust could be determined.

Such an increase in fan diameters between the two engines is representative

of change from a large to very large turbofan engine [6]. For the E2 engine,

the aerodynamic operating point, cruise altitude Mach number and mass

�ow capture ratio (MFCR), were kept the same as for E1, with the OPR and

BPR determined by optimising the cycle with the objective function to meet

the FN requirement and minimise SFC. The resultant cycle demonstrates the

expected engine design trends, i.e. an increased fan diameter and BPR, and

reduction in FPR (Table 1). A BPR of 17.8 is representative of a future very

large turbofan engine based on the preliminary study of Daggett [3] as well

as the ENOVAL ultra high bypass ratio study [6]. Within the engine cycle

context the FPR is de�ned as the ratio between the total pressure at the
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inlet of the bypass nozzle to the total pressure at the fan face (P13

P2
).

Table 1: Summary of cycle parameters for Engine (E1) and Engine 2 (E2) at cruise
conditions

Engine 1 (E1) Engine 2 (E2)
Altitude 35,000 ft
Cruise Mach Number 0.82
MFCR 0.75
FN 55.7kN
Fan Diameter (relative to E1) 1.0 1.23
BPR 10.7 17.8
Cruise FNPR 2.7 2.1
Cruise CNPR 1.4 1.7
OPR 50 57
FPR 1.67 1.4
Fs(as a ratio of E1) 1.0 0.66

Axisymmetric engine geometries for the above engine cycles were cre-

ated using a design tool named Geometric Engine Modeller Including Nozzle

Installation (GEMINI)[36, 38, 39]. GEMINI implements a generic design ap-

proach which is applicable to a wide range of civil aero-engine separate-jet

exhausts. Given a thermodynamic engine cycle and a set of engine geometry

hard points a complete separate-jet geometry can be produced using class

shape transformation curves [36, 38, 39]. For the E1 engine, preliminary de-

sign guidelines were used to determine the engine key points with the nozzle

exit areas sized based on the �ow capacity required from the engine cycle.

For the E2 engine, the key engine hard points from the E1 engine were scaled

by a factor of 1.23, except for the nozzle exit areas which were sized based

upon the �ow capacity requirement from the E2 cycle.
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2.4. Grid Generation and Computational Domain

The computational domain for all aircraft studies consisted of a hemi-

spherical �uid domain with a pressure far-�eld boundary condition used to

model the freestream conditions (Figure 3a). The diameter of this hemi-

spherical domain was chosen to be 100c based on the �ndings of the well

established AIAA Drag Predication Workshop [33]. The freestream Mach

number was set to 0.82 in accordance with the operating point of this study

and a range of freestream angles of attack (α) from 0 to 4o were computed.

This angle of attack was de�ned relative to the fuselage centreline. The en-

gine fan face was modelled as a pressure outlet boundary condition (Figure

3a) with a target mass �ow set according to the required operating point

(Table 1). Pressure inlet boundary conditions were used to model the inlet

of the bypass and core ducts (Figure 3a) with the values of total pressure

and total temperature set based on the engine cycle. All airframe and engine

surfaces were modelled as adiabatic and viscous no-slip walls.

The installed con�guration was meshed using a fully structured multi-

block approach with the resultant mesh designed for full boundary layer

resolution with a y+ < 1 . An example of the surface mesh is presented in

(Figure 3b). The blocking strategy and meshing guidelines for the intake,

nacelle and aircraft were determined from domain and mesh independence

studies and validated against experimental data by Sta«kowski [25]. Sim-

ilarly, the exhaust system meshing guidelines outlined by Sta«kowski [29]

were validated against experimental data and veri�ed by Otter et al. [40].

For the installed engine studies the resultant mesh consisted of 35 million

elements. For the isolated engine the same boundary conditions and mesh-
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ing guidelines for the installed engine con�guration were used. The mesh for

the isolated engine consisted of 10 million elements. Furthermore, a domain

and mesh study for the aforementioned isolated engine has been reported by

Sta«kowski [29].

2.5. Computational Method

An implicit density based compressible solver [41] was used to solve the

Reynolds-averaged Navier-Stokes (RANS) equations such that the aerody-

namic performance of each engine-airframe con�guration could be assessed.

The computational method used within this work has been validated for the

calculation of transonic aircraft performance by Sta«kowski et al. [25] and

similarly for the calculation of exhaust system performance by Otter et al

[40]. The equations for continuity, momentum, energy, turbulent kinetic en-

ergy and speci�c turbulent dissipation rate were discretised with a second

order upwind spatial scheme. The Roe Flux-di�erence splitting scheme was

used to evaluate the inviscid �ux vector and gradients were computed with

Green-Gauss node based discretisation [42, 43]. The k − ω Shear Stress

Transport (SST) turbulence model [44] was used to close the RANS equa-

tions based on the outcome of the validation studies for both the aircraft and

isolated separate jet con�gurations.

Throughout each numerical solution residuals of velocity, continuity, en-

ergy, turbulent kinetic energy and speci�c turbulent dissipation rate were

monitored. Iterative convergence achieved through a gradual increase of the

Courant-Friedrichs-Lewy (CFL) number throughout the solution from 1 to

50 until the aforementioned residuals decreased by at least three orders of

magnitude. A typical residual convergence plot for a single incidence is shown
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in Figure 4. A sweep of 8 incidence angles from 0 to 4o took 128 hours when

computed across 48 Intel E5-2660 Sandy Bridge CPUs. The working �uid

of air was modelled as an ideal gas in tandem with an 8th order polynomial

expression for speci�c heat capacity as a function of static temperature [45].

Thermal conductivity was modelled according to kinetic theory. Finally,

Sutherland's law was used for the calculation of dynamic viscosity [46].

3. Results and Discussion

The aim of this section is to quantify the sensitivity of the modi�ed nozzle

performance metrics to engine installation position and aircraft incidence.

The aerodynamic features which govern the exhaust system performance are

identi�ed and analysed with particular attention paid to di�erences in the

behaviour of the two engines which arise. Firstly, detailed of the validation

and veri�cation of the computational approach are reported. Secondly, the

e�ect of engine position at cruise conditions is presented and �nally the

variation of nozzle performance with aircraft incidence is considered.

3.1. Validation and Veri�cation

The computational approach used within this study has been validated

against experimental data for the calculation of aircraft [25] and nacelle per-

formance [47]. The drag calculated based on the computational approach

which in agreement with experimental data to within 5% and 4% for the

airframe [25] and nacelle [47] respectively. Furthermore, this approach was

also shown to be valid for the calculation of the aerodynamic e�ects on an

airframe that arise due to the presence of an underwing through-�ow nacelle

to within one drag count [25]. Mesh and domain independence studies for
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the isolated and installed con�gurations are reported by Sta«kowski [29]. In

terms of nozzle performance, the computational approach has been validated

to calculate thrust coe�cients, core and bypass coe�cient to within 0.1%,

0.4% and 0.3% of experimental data respectively [40].

3.2. E�ect of Engine Position at Constant Lift

The results within this section consider how the engine installation loca-

tion alters the aerodynamic performance of the exhaust system. In order to

quantify the change in performance between the isolated and installed en-

gines an installation delta, ∆(%) = installed−isolated
isolated

, has been de�ned. Each

installed coe�cient is evaluated at an aircraft incidence (α) where the lift co-

e�cient of the entire aircraft system is equal to 0.5. The value of α at cruise

conditions was determined through a piecewise polynomial interpolation of

each metric as a function of α. The change in cruise incidence was found to

vary between 2.4o and 2.5o for the cases considered. The isolated metric was

evaluated at a freestream incidence equal to the local �ow angle at the centre

of the installed engine highlight plane. This local �ow angle was de�ned as

the sum of the engine pitch angle, aircraft incidence and the local upwash

angle. The positional variation of each metric is presented in the form of line

contour plots with each CFD result denoted as a �lled circle (Figures 5 and

8). The line contours, obtained from Kriging interpolation, are included for

visualisation purposes only.

The dominant e�ect of installation on thrust generation is manifested

through alterations to the core cowl and core plug afterbody forces. This is

demonstrated through the variation of ∆CD
V ∗ with dx/c and dz/c (Figure 5).

The E1 engine displayed a range of ∆CD
V ∗ of 0.75% to -0.45% across the engine
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positions investigated (Figure 5a). Similarly, the E2 engine displayed a range

of ∆CD
V ∗ from 0.6 % to -0.3% (Figure 5b). Both engines had a maximum

value of ∆CD
V ∗ in position A1 (dx/c = 0.35, dz/c=0.07) and minimum values

in position C3 (dx/c = 0.05, dz/c = 0.17). At the closet axial position

(dx/c=0.05) a negative ∆CD
V ∗ was found in all vertical positions for both

engines. The sensitivity of ∆CD
V ∗ to horizontal positional for both engines

was found to be greater in row 1 (dz/c = 0.07) compared with rows 2 and

3 (dz/c = 0.07 and 0.17). Although there are di�erences in peak values of

∆CD
V ∗, the shape of the maps are consistent between the two engines, this

suggests that the aerodynamic mechanism which governs the behaviour of

installed CD
V ∗ is consistent between the two engines.

In order to place these results into context it is necessary to consider the

impact that variations in CD
V ∗ have on the corrected engine net propulsive

force (NPFD
c de�ned in Eq. 7). A quanti�cation for this relationship can be

made by assessing the linear correlation of NPFD
c and CD

V ∗ for each set of

horizontal engine locations (Figure 6 and Table 2). Table 2 details how the

gradient of NPFD
c with CD

V ∗ varies for each set of horizontal engine positions.

The value of the gradient dNPFDc (%)

dCDV ∗(%)
in Table 2 quanti�es how NPFD

c will

alter due to a 1 % change in CD
V ∗. The NPFD

c of both the E1 and E2

engines displays the greatest sensitivity to CD
V ∗ when positioned in the closest

axial positions (column C with dx/c = 0.05). In each of the installation

columns the NPFD
c of the E2 engine displayed a greater sensitivity to the

modi�ed velocity coe�cient compared to the E1 engine. Hence, it is possible

to conclude that although both engines displayed similar variation to CD
V ∗

due to installation, the impact this has on NPFD
c is di�erent for the two
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Table 2: Sensitivity of Net Propulsive Force to modi�ed velocity coe�cient with engine
position

Axial Position dNPFDc (%)

dCDV ∗(%)
E1 dNPFDc (%)

dCDV ∗(%)
E2

A (dx/c = 0.35) 1.3 3.5
B (dx/c = 0.20) 2.4 3.9
C (dx/c = 0.05) 7.1 21.7

engines. In particular it should be noted that the E2 engine, which features

a lower speci�c thrust than the E1 engine, displayed a greater variation in

NPFD
c than the E1 engine. Furthermore, this analysis demonstrates that

variations to the CD
V ∗ lead to substantial changes to the engine NPFD

c .

To understand the origins of the variations in ∆CD
V ∗ it is necessary to

examine the variation of static pressure (Cp) along the core cowl afterbodies

for the two engines (Figure 7). As the E1 engine operates at a higher FNPR

than the E2 engine (2.7 compared to 2.1) a more pronounced set of expansion

and compression waves in the bypass jet over the E1 core cowl afterbody are

observed compared to the E2 core cowl afterbody (Figures 7a and 7c).

When installed in position C3 (dx/c = 0.05, dz/c = 0.17) both engines

display a minimum value of Cp at the inboard sideline (as shown by the −90o

line in Figures 7a and 7c). However, when installed in position A1 (dx/c =

0.35, dz/c = 0.07) the minimum value of Cp occurs on the bottom line (as

shown by the 180o line in Figures 7b and 7d) for E1 and outboard side line

(90o) for E1. This variation in Cp arises due to aerodynamic interaction

between the lower surface of the wing and the exhaust afterbodies. With the

engine installed in position C3, the inboard side of the core cowl is subject to

greater suction than the outboard side as the inboard side of the afterbody

overlaps with the swept wing. However, when the engine is positioned further
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upstream the afterbody is no longer overlapped with the wing and instead the

pressure signature of the wing is projected onto the inboard side of the core

cowl. In general, more positive values of Cp are observed for both engines

when installed in position A1 compared to C3. When integrated over the

entire core cowl afterbody, this increased Cp produces an increase in thrust

generation and hence an increase in ∆CD
V ∗.

For the E1 engine a negative ∆CCore
d was observed across all of the in-

stallation positions (Figure 8a) with the largest ∆CCore
d found in position A1

(Figure 8a). The value of ∆CCore
d ranged from -2% to -10% for E1 (Figure

8a) and from 0.75% to -1.0% for E2 (Figure 8b). For the E2 engine a negative

∆CCore
d was observed for all positions except those in column C (Figure 8b).

In terms of installed CCore
d the highest value would be obtained in position C3

for both engines. The sensitivity of ∆CCore
d for E2 in the horizontal direction

is greater than sensitivity to vertical location. This is shown by almost ver-

tical contours in closet horizontal column (Figure 8b). Whereas E1 displays

greater sensitivity to vertical position (Figure 8a). Such variations to CCore
d

is an important aspect to consider as it a�ects the sizing of the core nozzle,

the core mass �ow rate and ultimately the engine operating point.

The aerodynamic mechanism which governs the behaviour of CCore
d arises

due to the aircraft pressure �eld altering the e�ective pressure into which

the core nozzle discharges into. Consider the E2 engine, when positioned in

column C (dx/c = 0.05) the engine is discharging into a pressure which is

lower than isolated base pressure and as such more mass �ow is discharged

through the nozzle. Whereas when this engine is positioned in A1 (dx/c

= 0.35, dz/c=0.07), the base pressure is higher hence less mass �ow is dis-
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charged. For example, at the trailing edge of the core cowl the value of Cp

can be seen to increase by 0.06 between position C3 and A1 (Figures 7c and

7d). The value of the static pressure at the trailing edge of the core cowl

is indicative of the core nozzle base pressure. The case of the E1 is more

complicated as a shock wave is present at the trailing edge of the core cowl

topline (0o) for both positions C3 and A1 (Figures 7a and 7b). Between

positions C3 and A1 the strength of this shock wave is shown to increase

on the top line of the core cowl (as indicated by a larger increase of Cp).

In position A1, this shock wave results in an increase of the static pressure

at the trailing edge of the core cowl, and hence a reduction of the e�ective

nozzle pressure ratio.

The variation of CBypass
d with engine position was found to be less than

0.01% relative to the isolated engine at cruise conditions and as such it is

not presented. This is to be expected as for both engines the bypass nozzle

operates under choked conditions. Similarly, variations in velocity coe�cient

(CD
V ) were found to be substantially smaller than the changes observed with

modi�ed velocity coe�cient (CD
V ∗). This is due to the fact that CD

V only

accounts for thrust generation up the nozzle throats, whereas CD
V ∗ accounts

for the thrust generation along the external afterbodies. For the E1 engine

∆CD
V ranged from 0.2% to -0.05% with installation position and similarly a

range of -0.05% to -0.15% was found for the E2 engine. As the bypass nozzle

is choked these changes in velocity coe�cient only arise due to changes in

core nozzle performance. A smaller variation of ∆CD
V was found for E2 than

was found for E1 as the E2 engine features a higher BPR and hence the core

nozzle provides a smaller contribution to the gross propulsive force compared
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to the lower BPR E1 engine.

3.3. E�ect of Aircraft Incidence

Within this section the e�ect of aircraft incidence on the nozzle perfor-

mance metrics at a constant freestream Mach number is assessed. From the

preceding section it was demonstrated that the presence of the wing has a

signi�cant impact upon the local static pressure �eld into which the exhaust

system is discharged. It is therefore of interest to understand the sensitiv-

ity of the nozzle performance to the changes in lift and the associated wing

pressure �eld that arise with variations to aircraft incidence. The variation

of the modi�ed velocity coe�cient, engine thrust vector and core discharge

coe�cient is presented in Figure 9. Figures 9a and c show the e�ect on the

aforementioned nozzle performance metrics with vertical o�set (dz/c from

0.07 to 0.17) at a constant axial location (dx/c equal to 0.05). Moreover,

Figures 9b and d show the e�ect of varying axial location (dx/c from 0.05 to

0.35) at a constant vertical o�set (dz/c of 0.07).

For all of the engine positions investigated ∆CD
V ∗ was found to be an

increasing monotonic function of α (Figures 9a and b). With the engine

in position C3 (dx/c = 0.05, dz/c = 0.17 ), the variation of ∆CD
V ∗ with

α was very similar between both engines. For example, a range of ∆CD
V ∗

between -1.7% and 0.3% for the E1 engine and -1.6% and 0.15% for E2

engine was found over a incidence range of 0o to 4o (Figure 9a). At dx/c =

of 0.05 (column C) the sensitivity of ∆CD
V ∗ to aircraft incidence was found

to increase slightly as the engine vertical o�set is reduced (lines labelled C1,

C2, and C3 in Figures 9a). Note that the position with the lowest value of

vertical o�set from the wing is C1 (dz/c = 0.07) and the engine positioned
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furthest from the wing vertically is C3 (dz/c = 0.17). However, at a constant

dz/c of 0.07 (positions A1,B1, and C1 where C1 is positioned closest to the

wing axially and A1 the furthest) increased axial distance from the leading

edges reduces the variation of ∆CD
V ∗ with α (Figure 9b). For example, with

the E2 engine located in position A1 (dx/c = 0.35, dz/c = 0.07) a change of

∆CD
V ∗ from 0.1% to 0.9%, relative to the isolated engine, is observed between

α values of 0o and 4o, whereas in C1 (dx/c = 0.05, dz/c = 0.07) a similar

change from -1.7% to 0.2% is observed.

The modi�ed velocity coe�cient increases with aircraft incidence due to

an increase of Cp along the wing lower surface as α is increased . At low

α a large region of low static pressure is present midway along the lower

side of the wing (Figures 10a and c). As this region is in close proximity

to the exhaust afterbodies it has the e�ect of reducing the static pressure,

and hence thrust generation, on these surfaces. With increased incidence the

pressure along the lower surface of the wing increases (Figures 10b and d)

and generates additional thrust on the exhaust afterbodies.

The �nal performance metric to be presented as a function of aircraft

incidence is the core discharge coe�cient (CCore
d ). Upon installation ∆CCore

d

for the E2 engine was found to decrease monotonically with α for all of

the installation positions investigated (Figures 9c and d). With the engine

located in column C (dx/c = 0.05) ∆CCore
d for the E2 engine was found to be

insensitive to vertical position (Figure 9c). However, at a constant vertical

position, increasing the horizontal o�set was shown to reduce ∆CCore
d (Figure

9d). In contrast to the E2 engine, a non-monotonic variation of ∆CCore
d was

observed with α for the E1 engine located in column C i.e. a dx/c = 0.05
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(Figure 9c ). With reduced values of dz/c at a constant dx/c value of 0.05, the

values of ∆CCore
d can be seen to be o�set relative to the C3 case (Figure 9e).

However, a monotonic variation of ∆CCore
d with angle of attack is observed

with the same engine installed in positions B1 and A1 (Figure 9d).

As previously discussed, the non-monotonic behaviour of the E1 engine

CCore
d can be attributed to the formation of a shock wave at the trailing edge

of the core cowl. When the engine is installed in position A1 (dx/c = 0.35,

dz/c = 0.07) across an incidence range of 0 to 4o there is a normal shock wave

present at the trailing edge of the core cowl (Figure 11b). As this shock is

present across the entire range of incidences a monotonic reduction in CCore
d

is seen with incidence. In contrast, with the E1 engine installed in position

C3 (dx/c = 0.05, dz/c = 0.17) a shock wave is not present at an α of 0o, but

is present at incidences of 2.5o and 4o (Figure 11a). The formation of this

shock wave changes the core nozzle base pressure and hence the CCore
d value.

Furthermore, the variation of Cp along the core cowl gives an indication as

to why CD
V ∗ for the E1 engine is more sensitive to incidence in position C3

compared to position A1. This is because a greater change in the bypass-jet

expansion with α occurs in position C3 and hence there is a greater change

in the integral of this Cp.

3.4. Rami�cations of Aircraft Installation for Exhaust System Design

As outlined in the introduction, an exhaust system should be designed

such that the desired �ow capacities from the LPT and fan can be met. For

the studied engine geometries and underwing engine positions investigated, it

has been shown that at cruise conditions variations between -10% and 1.3%

can occur to CCore
d compared to an isolated engine. At a constant CNPR this
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variation will directly correspond to a variation in core mass �ow rate. This

variation in core nozzle mass �ow rate means that the core nozzle will either

have to be resized for a given engine position, or that the LPT, and hence fan,

would be forced to operate at o�-design conditions. Furthermore, it has been

shown, for the studied engine geometries and under-wing engine positions,

that CCore
d can vary between 3.7% and -13% over a range of aircraft incidences

from 0o to 4o. Hence, even if the core nozzle was resized to take into account

installation e�ects at cruise conditions, with variations to incidence over the

�ight schedule the LPT operating point will be a�ected. With this in mind

it is clear that aircraft installation e�ects on nozzle performance should be

considered when exhaust system is designed such that variations in CCore
d

with incidence, for a given engine position, are minimised. For example, the

E1 core cowl design in this study has been shown to be particularly sensitive

to installation position and incidence.

The performance of the core nozzle is the not the only reason why aircraft

installation e�ects should be considered when the exhaust system is designed.

From Section 3.2 the modi�ed velocity coe�cient (CD
V ∗) was found to vary

by up to 1% with installation position. As this variation in CD
V ∗ is governed

by the static pressure distribution along the core cowl (Figure 7), then there

exists a substantial argument that the core cowl design should be completed

for a given installation position in order to ensure that the most e�cient

exhaust system is obtained.
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4. Conclusions

The e�ect of engine installation on exhaust system performance has been

quanti�ed for podded underwing installations and an assessment has been

made of the sensitivity of the nozzle performance metrics to engine position

and aircraft angle of attack for two engine architectures. Furthermore, the

prevalent aerodynamic �ow features of engine installation on the exhaust

system were identi�ed. The speci�c conclusions of this work are as follows:

1. Over the range of engine axial positions investigated CD
V ∗ was found to

vary by up to 1% relative to the value of the isolated value of CD
V ∗ for

both of the engines investigated. The interaction between the airframe

wing and exhaust afterbodies was found to be bene�cial or detrimental

to CD
V ∗ depending on the position of the engine relative to the wing

leading edge.

2. The dominant installation e�ect was found to be due to the interaction

between the airframe wing and engine exhaust system afterbodies. This

variation in thrust generation due to the exhaust afterbodies occurred

due to the variation of static pressure on both the core cowl and core

plug induced by the presence of the aircraft wing.

3. Although the absolute values of changes to CD
V ∗ were di�erent for the

two engines investigated, the trends observed for engine installation

position were very similar. This indicates that changes in thrust gener-

ation due to installation is dominated by the wing pressure �eld rather

than the nozzle operating point.

4. The engine net propulsive force was found to be more sensitive to varia-

tions to the modi�ed thrust coe�cient when the engine was positioned

28



closest to the wing axially. Furthermore, across all of the installation

positions examined the net propulsive force of the lower speci�c thrust

engine was found to be more sensitive to the installed exhaust system

performance than the higher speci�c thrust engine.

5. A variation of core discharge coe�cient of up to to 10% was observed

across the engine positions investigated. This e�ect was governed by the

local static pressure into which the engine discharged into, which was a

function of both engine position and aircraft incidence. Moreover, the

characteristics of the bypass jet were found to have a strong in�uence

on the core discharge coe�cient.

Given the magnitude of the installation e�ects on exhaust performance,

both in terms of core discharge coe�cient and thrust generation, it is recom-

mended that further research should be undertaken to account for installation

e�ects as part of the engine cycle design in order to minimise any adverse

e�ects on installed engine performance.
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Figure 1: Schematic of engine installation position and engine positions investigated in
this study
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Figure 2: Schematic for the breakdown of Thrust and Drag
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(a) Computation Domain and Boundary Conditions

(b) Close up of surface mesh

Figure 3: De�nition of the computations domain and example of surface mesh
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Figure 4: Example residual convergence for a single incidence
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(a) E1 ∆CDV ∗ (%)

(b) E2 ∆CDV ∗ (%)

Figure 5: Positional variation of modi�ed velocity coe�cient relative to isolated engine at
constant lift for a) E1 and b) E2. Dashed lines denote negative values.
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Figure 6: Variation of engine net propulsive force and modi�ed velocity coe�cient for the
E1 and E2 engine
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(a) E1 in position C3 (b) E1 in position A1

(c) E2 in position C3 (d) E2 in position A1

Figure 7: Azimuthal Variation of Static Pressure along the core cowl at the topline (0o)
outboard sideline (90o), bottomline (180o) and inboard side line (−90o) at cruise condi-
tions.
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(a) E1 ∆CCored (%)

(b) E2 ∆CCored (%)

Figure 8: Variation of installed core discharge coe�cient relative to isolated engine at
constant lift for a) E1 and b) E2. Dashed lines denote negative values.
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Figure 9: Variation of nozzle performance metrics with aircraft incidence and engine
position relative to isolated engine for a) and b) Modi�ed velocity coe�cient c) and d)
core discharge coe�cient
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Figure 10: Variation of static pressure coe�cient through the engine midsection for the
E1 engine at a) α = 0.0 b) α = 4.0; the E2 engine at c)α = 0.0 and d) α = 4.0 in position
C3 (dx/c = 0.05, dz/c = 0.17)
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(a) Engine in position C3 (b) Engine in Position A1

Figure 11: Variation of static pressure along the E1 core cowl topline with airframe inci-
dence.
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