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ABSTRACT

This work presents a combined experimental and numerical investigation of the effect of wing integration
on the aerodynamic behaviour of a typical large civil aero-engine exhaust at wind-milling conditions. Engine
performance simulations established estimates of Fan and Core Nozzle Pressure Ratios (FN PR and CN PR,
respectively) for representative “engine-out” wind-milling scenarios. The experimental data and Reynolds
Averaged Navier Stokes (RANS) Computational Fluid Dynamic (CFD) simulations encompassed End of Runway
(EoR) take-off, diversion, and cruise wind-milling conditions for both isolated and installed configurations. The
impact of FN PR, CN PR, free-stream Mach number (M), and high-lift surfaces on the installed suppression
effect were evaluated. The measured and CFD predicted fan and core nozzle maps were implemented into the
engine performance model to estimate the engine re-matching characteristics due to the impact of the installation,
and the effect on engine mass flow. The effect of installation can reduce the fan and core nozzle discharge
coefficients by up to 13% and 26%, respectively, relative to the isolated configuration for representative EOR
wind-milling conditions. RANS CFD captures the effect of suppression on both the fan and core with an accuracy
between 0.1% and 1.2%, depending on Mach number, which is sufficient for industrial design and analysis
purposes. The engine performance analyses showed that the installed suppression effect can result in a 10%
reduction of engine mass flow at EOR wind-milling. Within the context of nacelle design under wind-milling, this
effect of exhaust suppression must be considered in determining the intake Mass Flow Capture Ratio (M FCR).

1. Introduction

1.1. Background

Current trends in civil aviation tend towards an increase in propul-

During wind-milling the engine BPR is very high with most of the
mass flow going through the bypass duct, and minimal flow passing
through the core [10,11]. The fan nozzle operates unchoked with very
low total to static pressure ratios [10,11]. This renders the mass flow
discharged through the fan nozzle highly sensitive to the external static

sive efficiency by reducing specific thrust [1,2]. This is achieved through
larger By-Pass Ratios (BPR) which are typically facilitated with larger
fan diameters [3]. This trend is likely to be enabled with the use of
compact nacelles to reduce the associated nacelle drag and weight penal-
ties [4-6]. However, this increase in nacelle compactness may lead
to a greater sensitivity of nacelle drag to the Mass Flow Capture Ra-
tio (MFCR) at Off-Design (OD) conditions such as wind-milling [7,8].
The engine mass flow is dependent on the aerodynamic behaviour of
the exhaust, and specifically on the fan nozzle discharge coefficient
(C f ) [9].
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pressure field [12]. As a result, Cf n can be sensitive to the effect of the
pressure field produced by the airframe in-flight [13]. This effect can be
further amplified by the presence of the high-lift surfaces [14,15]. This
“installed pressure field”, can suppress the fan nozzle mass flow leading
to a reduction in engine ingested mass flow [13]. Hence, it is essential
to understand the impact of this “installed pressure field” on the aero-
dynamic behaviour of the exhaust during wind-milling since it affects
the engine ingested mass flow and the associated nacelle aerodynamics
and drag [16].
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Nomenclature
Roman Symbols
7] Mass flow rate, kg/sec
A Surface area, m?
C,;, C, Exhaust nozzle discharge and velocity coefficient
C,’)””" Normalised static pressure coefficient
Crer Reference chord length, m
Z‘;’; .. Fannozzle exit diameter, m
k Turbulent kinetic energy, m?/sec?

M and Re Mach and Reynolds number

M;, Isentropic Mach number

pand T Static pressure (Pa) and temperature (K)

Py, Ty Stagnation pressure (Pa) and temperature (K)
R Air gas constant, J/ (kg X K)

Tu,, Turbulence intensity

yt Non-dimensional wall distance

Greek Symbols

y Specific heat capacity ratio

K Thermal conductivity, J/ (m X K X sec)
A Total to ambient static nozzle pressure ratio
u Mean value

w Specific dissipation rate, 1/sec

p Flow density, kg/m’

o Standard deviation

Superscripts

Core Referring to the core nozzle

Engine

Referring to the engine

Fan Referring to the fan nozzle

Subscripts

© Referring to ambient free-stream conditions
CFD Referring to CFD flow solutions

Crit. Referring to critical flow conditions

Ideal Referring to ideal flow conditions

Instatlea  Referring to the installed configuration
Isolaed  Referring to the isolated configuration
Throat Referring to the nozzle throat

Acronyms

AIAA  American Institute of Aeronautics and Astronautics

ARA, TWT Aircraft Research Association and Transonic Wind
Tunnel

BC, BPR Boundary Condition and By-Pass Ratio

CNPR Core Nozzle Pressure Ratio, = POC""’ /Poo

DP, OD Design-Point and Off-Design, respectively

DSFRN Dual Separate Flow Reference Nozzle

DSJP Dual Stream Jet Propulsion
DTC Digital Thermal Compensation
EOR End Of Runway

ER Extraction Ratio, FNPR/CN PR

FNPR Fan Nozzle Pressure Ratio, = POF "/ Peo

HBR, VHBR High and Very High By-pass Ratio

LP Low Pressure

LP, PS,SS Low Pressure, Pressure Side, and Suction Side
RM S, RMSD Root Mean Square (Deviation)

1.2. Exhaust performance metrics

The aerodynamic performance of the fan and core nozzles is typi-
cally quantified using the discharge and velocity coefficients, C,; and
C,, respectively [17,18]. The discharge coefficient C, is defined as ra-
tio of the actual nozzle mass flow to the ideal nozzle mass flow based
on isentropic flow expansion to ambient static pressure. C,; accounts for
internal losses within the nozzle as well as suppression effects [12,13].
Moreover, C,; accounts for changes to the exit static pressure to which
the nozzle exhausts and can affect the nozzle mass flow. For typical
civil aero-engine cases, these external static pressure changes relative
to the ambient conditions can “suppress” the nozzle mass flow. These
“suppression effects” are classified in three categories: (a)“Free-stream
suppression” which stems from the impact of free-stream flow [19,20],
(b) “Installed suppression” due to aerodynamics interactions between
the engine and the airframe [17,21,22], and (c) “fan suppression” which
is only pertinent for the core nozzle and is due to the impact of the fan
nozzle flow on the core stream [19,20].

The velocity coefficient C, is defined as the ratio of the actual nozzle
gross thrust over the ideal nozzle gross thrust which would result from
the actual nozzle mass flow under isentropic expansion. C, quantifies
the magnitude of the entropic effects within the nozzle and jet. These
typically include skin friction and boundary layer growth within the
duct, nozzle, pylon, and after-body, as well as shear layers, shock waves,
and expansion fans within the jet [12].

1.3. Impact of installation on exhaust performance

The existing literature contains many references where the impact
of installation on the aerodynamic behaviour of separate-jet exhausts
has been investigated. Oliveira et al. [23] investigated numerically the
mechanisms that govern the airframe-engine aerodynamic interference
for a narrow-body twin-engine aircraft with a podded under-wing en-

gine installation. It was shown that the formation of a “gully” flow
between the wing, pylon, and the core after-body led to increased flow
acceleration on the engine inboard side which amplified shock-losses.
However, the impact of airframe-engine aerodynamic interference on
exhaust performance in terms of C; and C, was not quantified. Further-
more, Oliveira et al. [23] focused solely at Design Point (DP) mid-cruise
conditions.

Otter et al. [22] performed a RANS CFD investigation to evaluate the
impact of installation on the aerodynamic behaviour of two aero-engines
across a range of installation positions. Analyses were carried out for
two aero-engine architectures with BPR of 11 and 18, respectively, at
mid-cruise. Both engines were installed on the NASA Common Research
Model (CRM) [24] in a podded under-wing configuration. The fan nozzle
was unaffected by the installation effect because it was choked for both
engines. However, a variation of ~ 10% was found for Cdc"’ ¢ across the
range of positions. This was because the core nozzle was unchoked and
therefore it was more sensitive to installed suppression [22]. The work
of Otter et al. [22] was similarly limited to mid-cruise conditions.

Goulos et al. [12] carried out a numerical investigation to quan-
tify the impact of installation for a VHBR aero-engine at DP mid-cruise
with BPR =~ 15 installed on the NASA CRM [24]. The work included
close coupled installation positions, as well as the pylon. It was shown
that due to the wing sweep and the nature of the aerodynamic inter-
ference mechanisms, the installation results in a notable lateral flow
asymmetry on the exhaust at mid-cruise conditions. Goulos et al. [12]
similarly noted that C‘f " was insensitive to changes in installation po-
sition because the fan nozzle was choked. However, a variation of 5%
was found for the unchoked core nozzle Cdc”’ ¢. Close coupled positions
exhibited higher values of Cdc‘” ¢ compared to forward engine locations.
The impact of installation at OD conditions was not assessed by Gou-
los et al. [12].

Rao et al. [13] quantified the impact of installation on the exhaust of
an aero-engine operating at OD idle-descent conditions. Rao et al. [13]
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found that C ; " is reduced by about 1.6% across the idle-descent phase.
The impact on Cdc"’ ¢ was found to be more significant. Cdc”’ ¢ increased
by 43% at the top of descent, relative to the isolated configuration. How-
ever, at the end of descent, CdC""’ reduced by roughly 5.4%. This was
due to a combination of parameters such as wing loading, Fan Nozzle
Pressure Ratio (FNPR), and Core Nozzle Pressure Ratio (CNPR) which
affected the core nozzle base pressure [13]. However, Rao et al. [13]
did not present any CFD validation with experimental data for these
OD conditions. Furthermore, Rao et al. [13] did not address the wind-
milling flow regime where FNPR and CNPR are reduced compared to
idle-descent.

Gomariz-Sancha et al. [25] developed a Dual-Stream Jet Propulsion
(DSJP) rig for the testing of separate jet exhausts in isolated and installed
configurations. The rig was equipped with the AIAA Dual Separate Flow
Reference Nozzle (DSFRN) [26,19] installed under a swept wing. Tests
were carried out in the Transonic Wind Tunnel (TWT) [27] at the Air-
craft Research Association (ARA). Gomariz-Sancha et al. [25] measured
CdF‘"' for FN PR €[1.4,2.8] and for M, €[0.2,0.85]. It was found that
the impact of wing installation on C; 4" is negligible when the fan noz-
zle is choked. However, the wing installation has a detrimental effect
on Cj " for unchoked flow and this effect is amplified with decreas-
ing FNPR. Specifically, the reduction in CdF " due to the impact of wing
installation was ~ 1% for FN PR = 1.4 and M = 0.35, when the 20-
degree flap wing was deployed. Gomariz-Sancha et al. [25] quantified
the impact of installation down to a minimum FNPR of 1.4. However,
they did not investigate the wind-milling flow regime where FNPR can
reduce down to ~ 1.02, where the impact of installation is expected to
increase [28].

Goulos et al. [28] investigated numerically the effect of wing integra-
tion on the aerodynamic behaviour of a typical civil large aero-engine
exhaust at OD wind-milling conditions. The work was based on the DSJP
configuration [25] at representative EOR, diversion, and cruise wind-
milling conditions. It was shown that the installed pressure field can
reduce C; " and Cdc"”’ by up to 16% and 13%, respectively, relative
to the isolated configuration for representative EOR wind-milling con-
ditions (M, =0.3, FNPR=1.03, CN PR = 1.03). The installed flow
suppression was laterally biased towards the fan cowl inboard side top-
line which was attributed to the proximity of the swept wing TE flap to
the fan nozzle exit. The results of Goulos et al. [28] were used to inform
the design and set-up of the experimental activity.

1.4. Scope of present work

The existing literature is predominantly focused on mid-cruise con-
ditions [23,22,12,29], with the exception of the work of Rao et al. [13]
and Goulos et al. [28] who investigated the idle-descent and wind-
milling phases, respectively. For wind-milling conditions, recent studies
focused on nacelle drag [16], internal drag [9], and fan stage aerody-
namics [30-33]. Goulos et al. [28] were the first to quantify the installed
suppression effect on separate-jet exhaust performance at wind-milling.
However, the work did not include any validation based on experimental
data. To the authors’ knowledge there is no published study where the
impact of installed suppression has been measured for wind-milling con-
ditions. As a result, the accuracy of RANS CFD for exhaust performance
prediction down to these sub-idle conditions is currently unknown. Fur-
thermore, the impact of the installed pressure field on the engine air
mass-flow during wind-milling has not been previously investigated.
The installed pressure field can affect the engine re-matching and the
internal system losses [9] with a reciprocal impact on the engine air-
flow. This change in MFCR can affect nacelle drag for the critical EOR,
diversion, and cruise wind-milling conditions [7,8,16].

This article continues the work of Goulos et al. [28] by conduct-
ing a combined experimental and numerical investigation to quantify
the impact of installed suppression on the aerodynamic performance of
a civil High By-pass Ratio (HBR) aero-engine exhaust at wind-milling.
The work used the DSJP rig [25], which was tested in the TWT [27]
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at the ARA. The experimental data and CFD simulations [34] encom-
passed End of Runway (EoR) take-off, diversion, and cruise wind-milling
conditions for both isolated and installed configurations. The impact of
FN PR, CN PR, free-stream Mach number (M), and high-lift surfaces
on the installed suppression effect were evaluated. Finally, the measured
and predicted C; “" and Cf"’ ¢ maps were implemented into an engine
performance model [35] to estimate the engine re-matching effect due
to the impact of installation, and the reciprocal effect on engine mass
flow and M FC R which is a key parameter that affects nacelle drag un-
der wind-milling conditions [36].

The novelty of the work is that this the first investigation to quantify
experimentally and numerically the impact of installation on exhaust
performance at wind-milling. The main contribution is that for the first
time RANS CFD is validated for wind-milling exhaust performance and
it is demonstrated that it can be used with confidence in an industrial
design setting. These aspects have not been previously reported in the
existing literature. Therefore, this work is the first of its kind to quantify
the aerodynamic performance of civil aero-engine exhausts at the previ-
ously unexplored and challenging wind-milling flow regime. The work
is complementary to sub-idle engine performance modelling methods as
it is the first to introduce installed fan and core nozzle suppression maps
that can be used to enhance wind-milling engine airflow predictions.

2. Methodology
2.1. ARA dual stream jet propulsion (DSJP) rig

The installed nozzle suppression tests and computational analyses
were based on the DSJP rig (Fig. 1) [25] which was tested in the ARA
TWT (Fig. 1(a)) [27]. The DSJP rig was designed to measure the installed
suppression effect on the aerodynamic performance of a civil large aero-
engine exhaust. The rig uses the AIAA DSFRN (Fig. 1(b)) [26,19], in-
stalled under a swept wing designed to emulate the lift-distribution of
the NASA CRM wing [24] at the engine station.

Computational analyses were carried out for both isolated (Fig. 2(a))
and installed configurations (Fig. 2(b) and (c)) to quantify the impact of
the wing on the fan and core nozzle discharge coefficients, CdF a and
Cf"’ ¢, respectively. The impact of FNPR and CNPR, as well as free-
stream M, and high-lift surfaces on the installed suppression effect
were also evaluated. To understand the impact of the high-lift surfaces
two different wing configurations were analysed: (1) 0-degree flap wing
(Fig. 2(b)) and (2) 20-degree flap wing (Fig. 2(c)). The former arrange-
ment is representative of a clean-wing configuration for diversion and
cruise. The latter configuration employs a 20-degree trailing edge flap
that represents the high-lift surfaces for EOR-type configurations.

2.2. Experimental approach

The main internal features of the ARA DSJP rig [25] are shown in
Fig. 3. The core and bypass flows are fed from 10 and 250 bar high-
pressure systems, respectively [27]. Both air feeds enter via the strut
into a fan and core plenum. The core and fan flows encounter a per-
forated plate which provides a homogeneous flow distribution and a
pressure drop via an array of choked holes. The fan and core flows are
further conditioned through a long cell honeycomb leading to the total
temperature rakes. There are twin gauze flow conditioners before the
fan and core P, rakes. Finally the flow exits through the core and fan
nozzles.

Calculation of the fan and core discharge coefficients, C; " and
Cdc"’ ¢, respectively, requires knowledge of the “real” and “ideal” nozzle
mass flows [26]. The real mass flow of each nozzle was calculated us-
ing critical flow Venturi meters conforming to ISO9300 [37] within the
high-pressure air systems. The “ideal” mass flows were calculated based
on the P, and T|) rake measurements upstream of the nozzles within fan
and core streams (Fig. 3). Four (4) azimuthally equispaced rakes with
twelve (12) probes each were used to measure the P, distribution at
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DSFRN
Rig holder —> ' #\Outboard = <

side
1

v r 3,

Ground

Fan cowl

©)

Fig. 1. ARA Dual Stream Jet Propulsion (DSJP) rig: (a) General view of installed
configuration in the wind tunnel and (b) Close-up of Dual Separate Flow Refer-
ence Nozzle (DSFRN).

entry to the fan nozzle (Fig. 3). Four (4) azimuthally equispaced rakes
with five (5) probes each were used for the core inlet P, measurement.
The P, probe measurement errors were ~ 0.15% and ~ 0.03% for the fan
and core rakes, respectively, within a 95% confidence interval. The fan
and core rake P, values were acquired using a Digital Thermal Compen-
sation (DTC) pressure scanner. The data was acquired at 10 Hz for 4.8
seconds which were subsequently averaged to produce a single value
for each condition.

A statistical analysis was carried out to quantify the experimental
measurement uncertainty for CdF " and Cdc"’ ¢ based on Monte-Carlo
simulation [38]. The measurement uncertainty of the pressure and tem-
perature sensors within the airlines and the rig were assumed indepen-
dent and normally distributed. The analysis included 2 x 10* samples
to ensure that the mean (u) and standard deviation (¢) values of the
measurement error distribution converged deterministically. With these
provisions, the measurement errors for C¥%" and C$° were estimated
to be approximately +0.15% within a 95% confidence interval.

2.3. Engine performance simulation methodology

A Zero-Dimensional (0D) engine performance simulation model was
implemented to estimate the impact of installed exhaust suppression on
the engine airflow and MFCR. The engine model had a BPR of 10 at
mid-cruise, which is similar to that of the DSFRN [26,19]. The platform
for this model was the NASA Numerical Propulsion System Simulation
(NPSS) [35] which analyses the aero-thermal behaviour of the power-
plant. NPSS is based on 0D analysis of gas turbine engines using discrete
component maps. NPSS solves for the mass and energy balance between
the various engine components. A non-linear “matrix-iteration” method
based on the Newton-Raphson scheme [39] is used for OD analyses [35].
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Z
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DSJP: Installed with 0 degree flap wing
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BULLET Outboard
HEAD side WING PS
\\
RIG HOLDER
(b) - GROUND
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Fig. 2. ARA Dual Stream Jet Propulsion (DSJP) rig geometry [28]: (a) isolated

configuration (wing-off), (b) installed configuration with 0 degree flap wing

(clean wing-on) and (c) installed configuration with 20 degree flap wing (20
straightener

degree flap wing-on).
Twin Gauze
(Fan & Core)
(Fan & Core) 7

Honeycomb
Flow smasher

(Fan & Core)

‘ Fan nozzle

/| Core nozzle
= —

Core P, Rake
 ‘\‘\ \D\ ‘Al [Fan P, Rake

Fan Feed i ‘ AN}
mEE A W NS Core T, Rake
Core Feed line \ \ Fan T, Rake

Fig. 3. Internal flow structure of ARA Dual Stream Jet Propulsion (DSJP) rig:
Core flow (red) and bypass flow (blue). (For interpretation of the colours in the
figure(s), the reader is referred to the web version of this article.)

This scheme is used to solve the non-liner equations that satisfy the
matching constraints in terms of turbine and nozzle non-dimensional
flow capacities. This process establishes the total pressure (F,) and tem-
perature (T,) at the entry of the fan and core nozzles, as well as the
engine mass flow.
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\ TS
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Fig. 4. Schematic of computational domain and boundary conditions (not to
scale) [28].

A novel aspect of this NPSS model is that it uses fan and core com-
pressor maps that were derived specifically for sub-idle engine mod-
elling. These component maps were defined based on the consolidation
between experimental measurements and simulations [31-33]. The map
derivation method was based on the method of “locked-rotor” map in-
terpolation which defines the fan and core compressor performance
characteristics down to sub-idle operating regimes. Therefore, the fan
and compressor component maps used in the NPSS model were appro-
priate for wind-milling analysis.

The measured and predicted fan and core nozzle performance maps
were implemented in NPSS. The maps expressed C j " and CdC"”’ as func-
tions of M, FNPR, and CNPR for the DSJP configurations (Fig. 2):
(a) “Isolated”, (b) “clean wing”, and (c) “20-degree flap wing”. The
NPSS model was subsequently used to estimate the impact of installed
suppression on wind-milling engine air mass-flow and MFCR for EOR,
diversion, and mid-cruise conditions.

2.4. Computational fluid dynamics approach

The RANS CFD methodology was described in detail by Goulos et
al. [28]. A far-field type Boundary Condition (BC) was used to avoid the
complexity of modelling the TWT wall porosity [27]. A hemispherical
domain was used with a diameter of 100 X C,, ;, where C,, , is the refer-
ence DSJP wing chord length (Fig. 4). The free-stream flow conditions
were modelled with prescribed p, M, and T, at the hemispherical
far-field boundary (Fig. 4). The fan and core nozzle inlet boundaries
were modelled as pressure inlet BCs with defined P, and T}, (Fig. 4). All
surfaces were modelled as adiabatic and viscous no-slip walls, with the
exception of the tunnel floor which was modelled as a slip wall.

A hybrid meshing methodology was used [40] with structured prism
layers near the viscous walls with y* < 1 for all wall-adjacent nodes.
Unstructured tetrahedral elements were used for the remainder of the
computational domain. Near-wall unstructured mesh refinement was
performed based on local wall-curvature and surface-proximity fea-
tures [40]. Unstructured mesh refinement zones were defined in the
vicinity of the exhaust, pylon, and wing to resolve localised flow fea-
tures. The spatial discretisation was based on the grid verification ac-
tivities. These showed that the hybrid meshes required approximately
50 million and 100 million elements for the isolated and installed cases,
respectively. Specifically, for the installed configuration (Fig. 2(b)), the
differences in C;“" and Cdc‘”e were 0.03% and 0.08% at DP (M, = 0.85,
FNPR =24, and CN PR = 2.0), respectively, between meshes with
100 and 200 million elements.

The analyses used an implicit, density-based, and compressible Favre
averaged CFD approach [41] coupled with the k — w Shear-Stress Trans-
port (SST) turbulence model [42]. The flow-field gradients were cal-
culated based on the Green-Gauss node-based method. A second-order
accurate upwind scheme was used for the spatial discretisation of primi-
tive variables, turbulent kinetic energy k, and specific dissipation rate w.
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Kinetic theory was used to calculate thermal conductivity x [41]. Vari-
able gas properties were used based an 8" order piecewise polynomial
expression for the calculation of specific heat capacity [11]. Dynamic
viscosity was calculated using Sutherland’s law [43].
The computational approach was previously validated [12] based on

the experimental data of Mikkelsen et al. [26] for the DSFRN. Analyses
PF an
0

were carried out for an FNPR range (FN PR = ) between 1.4 and

[oo]
2.8 and for ground-level static conditions (M, ~ 0). A fixed Extraction

FNPR PCore

0
CNPR Peo
The Root Mean Square (RMS) difference between CFD predictions and

measurements, was almost 0.04%, 0.30%, and 0.42% for C,, CdF an “and
Cdc"’ ¢, respectively.

Ratio was used with (ER =

=1.2), where CNPR =

2.5. Definition of exhaust system performance metrics

The definitions of C dF an and Cdc"’e for the DSFRN wind-tunnel tests
were provided by Mikkelsen et al. [26] and used by Gomariz-Sancha et
al. [25] for the DSJP rig (Fig. 1). These definitions are also used in this
work to ensure consistency with the standard accounting of Mikkelsen
et al. [26].

The nozzle discharge coefficients are defined as the ratio of the ac-
tual nozzle mass flow over the ideal mass flow (n1y,,,,) resulting from
isentropic expansion to ambient static pressure [26]. The ideal nozzle
mass flow (Eq. (1)) for specified values of P, and T at the nozzle inlet
boundary (Fig. 4) is given by:

1 y—1

j 1)y 2y N
mldeaI:AthraatP()(z)y m 1—(;) 4 (1)

P,
where 1= — is the nozzle inlet total to ambient static pressure ratio,

amb
A 1roar 18 the nozzle throat area, p, is the ambient static pressure, R is
the gas constant for air, and y is the ratio of specific heats. It is noted that
14
+1\y -
for A> A,y = <YT> r-1 , the value of A

iz is used in Eq. (1) instead

of A. The fan and core nozzle discharge coefficients can be written as
follows:

;. Fan ;. Core

Cf‘”’ __CFD Cdcm __cFD @
I’hF an I’l"lC ore
Ideal Ideal

where the values of mg"F"D and mgjff) in Eq. (2) are obtained by integrat-

ing the mass fluxes across the fan and core nozzle entry planes (Fig. 4).

3. Results and discussion

3.1. Installed suppression test configurations and operating conditions
overview

Table 1 summarises the configurations (Fig. 2) and range of oper-
ating conditions for the experimental and computational activities. The
test program cases generally lie within the low FNPR and CNPR regimes.
This is because the main aim of the installed suppression test was to
cover the wind-milling regime. This was defined based on a combination
of NPSS simulations [35], computational analyses [28], and low-order
modelling based on Low-Pressure (LP) system loss coefficients found in
the literature [9,44]. For the experimental and computational studies a
total of 458 cases were investigated encompassing isolated and installed
configurations.
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Table 1
Summary of computational and experimental operating conditions and configurations.
Designation M Configuration FNPR CNPR FNPR CNPR
CFD CFD Exp. Exp.
Wind-milling ~ 0.20  Isolated [1.02-1.20] [1.02-1.09] [1.02-1.20] [1.02-1.09]
EOR (1) Inst. clean wing
Inst. 20-deg flap
Wind-milling 0.35 Isolated [1.03-1.20] [1.03-1.09] [1.03-1.20] [1.03-1.09]
EOR (2) Inst. clean wing
Inst. 20-deg flap
Wind-milling ~ 0.65  Isolated [1.10-1.40] [1.08-1.30] [1.15-1.33] [1.08-1.27]
Diversion Inst. clean wing
Wind-milling 0.85 Isolated [1.40-2.80] [1.17-2.33] [1.4-2.60] [1.17-2.16]
Cruise Inst. clean wing

3.2. Installed fan and core nozzle suppression validation

Fig. 5 presents the measured and predicted suppression effect of the
fan nozzle. Results are presented in terms of (C ‘i ’f‘:m”e .—C :: ’“;Z) fate d)(%)
as a function of FNPR and M . The circular and triangular markers cor-
respond to the 0-degree flap wing (clean wing), and 20-degree flap wing,
respectively. The full and empty markers correspond to predictions and
experimental data, respectively. All markers are coloured by M to dis-
tinguish the EOR (M, =0.20 and M, = 0.35), diversion (M, = 0.65),
and cruise cases (M, = 0.85). Results are presented for the entire set
of investigated conditions (Table 1) in Fig. 5(a), whilst a close-up at the
EOR cases is shown in Fig. 5(b).

The effect of installed suppression increases markedly with reduc-
ing FNPR. The installed fan nozzle suppression effect is maximum for
the EOR case with M = 0.35 and the 20-degree flap wing for which
the effect can reach up to -26% for FNPR=1.03, according to the ex-
perimental data. This reduces to approximately -13% for a slight in-
crease in the FNPR to 1.05. This highlights the strong dependency of
the installed suppression on FNPR for wind-milling conditions. Fur-
thermore, the suppression increases considerably for the 20-degree flap
wing relative to the 0-degree flap arrangement. For example, switch-
ing from the 0-degree flap wing to the 20-degree flap wing at M =
0.35 the measured suppression increases from -9% to approximately -
26%. This highlights the strong impact of the 20-degree flap on Cf an
(Fig. 5(b)).

Figs. 5(a) and (b) also show that M has a significant impact on
the installed C j " suppression. For the 20-degree flap wing and at a
fixed FNPR =1.03, the measured AC ; " increases from -7% to -26% for
increasing M, from 0.20 to 0.35. This is due to the increased wing lift
at higher M which leads to an increase the local wing static pressure
which suppresses the fan nozzle mass flow. Furthermore, the potency of
the effect of M, on the installed fan nozzle suppression is dependent
on the wing configuration. Finally, it is noted that the suppression of
the fan nozzle is not influenced by CNPR changes.

Overall, there is very good agreement between predictions and mea-
surements across the range of operating conditions. The Root Mean
Square Deviation (RMSD) across the range of conditions varies between
0.1% and 1.2% depending on wing configuration and M, (Table 2).
In general the CFD slightly under-predicts the installed suppression ef-
fect in the low FNPR range (FN PR < 1.05) when the 20-degree flap
wing is deployed. The maximum difference of the installed CdF " sup-
pression between the computations and measurements is of the order
-2.2% for M, = 0.35 with the 20-degree flap. This is an order of
magnitude smaller than the suppression effect which is approximately
-26%.

Fig. 6 presents the installed core nozzle suppression in terms of
(CTor atted — Coraea)(%) as a function of CNPR and M. The cir-
cular and triangular markers correspond to the 0-degree flap wing
(clean wing), and 20-degree flap wing, respectively. The full and empty
markers correspond to numerical predictions and experimental data,

respectively. All markers are coloured by M. Overall, there is very
good agreement between predictions and experimental data. The RMSD
across the range of conditions varies between 0.41% and 1.7% de-
pending on wing configuration and M, (Table 2). The aerodynamic
mechanisms that govern the behaviour of the installed Cdc‘” ¢ suppres-
sion effects are similar to those described for Cj an " therefore further
elaboration is omitted.

3.3. Installed fan and core nozzle suppression maps

Fig. 7, Fig. 8, and Fig. 9 present comparisons between numerical pre-
dictions and experimental data for installed C" and C$*" suppression
corresponding to EOR (1), EOR (2), and diversion wind-milling condi-
tions (Table 1), respectively. Results are shown for the 20-degree flap
wing in Fig. 7 and Fig. 8, whilst the 0-degree flap wing (clean wing) is
used for the diversion case in Fig. 9.

The numerical predictions capture the character of installed fan and
core nozzle suppression well across all investigated wind-milling condi-
tions (Figs. 7-9). The impact of both FNPR and CNPR is well predicted
across the evaluated envelopes (Table 1) for both C ; - and Cdc"”’ .
However, CFD generally under-predicts the magnitude of installed sup-
pression for both nozzles. For the fan nozzle, the RMSD of this under-
prediction across the ranges of FNPR and CNPR, is about 0.8%, 1.2%,
and 0.2% for M, =0.20, M, = 0.35, and M, = 0.65, respectively,
with similar numbers observed for the core nozzle (Table 2).

Figs. 7 and 8 show that M has a notable effect on the installed
c ; " and CdC”’ ¢ suppression. For the 20-degree flap wing, the maximum
fan nozzle suppression increases from -11% to -26% for increasing M
from 0.20 to 0.35, according to the experimental data (Fig. 7(b) and
Fig. 8(b)). This is due to the increasing static pressure disturbance from
the wing Pressure Side (PS) with increasing M, which propagates to
pressurise the fan nozzle and after-body surfaces, and suppresses the
fan nozzle mass flow. A similar behaviour is noted for Cdcm due to the
increased pressurisation of the core nozzle and cowl surfaces stemming
from the amplified impact of the wing and flap at M = 0.35

The impact of FNPR on the installed core nozzle suppression is also
evident for the EOR wind-milling cases in Figs. 7(c), (d) and Figs. 8(c),
(d). Specifically, at fixed CNPR and M, an increase in FNPR results
in an increase of core flow suppression. This is due to the higher fan
suppression effect on the core with increasing FNPR which reduces the
core nozzle jet mass and momentum efflux at fixed CNPR and M . This
amplifies the core nozzle’s sensitivity to the installed pressure field. The
core nozzle suppression because of the fan stream is negligible for the
diversion case (Figs. 9(c) and (d)) due to the higher CNPR.

3.4. Installed exhaust suppression aerodynamic mechanisms
Goulos et al. [28] demonstrated that the installed C dF 4" suppression

mechanisms for the 0-degree and 20-degree flap wings are notably dif-
ferent. For the 0-degree flap wing (Fig. 9) the installed suppression effect
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Table 2

Summary of installed fan and core nozzle suppression CFD validation results.

Designation M, Configuration RMSD (Exp.-CFD) RMSD (Exp.-CFD)
F C
(C;g',xa::m//ed - Cti.:];;?talled -
an ore
Coisotarea) %) Ciisotarea) %)
WM EOR (1) 0.20 Inst. clean wing 0.10% 0.41%
0.20  Inst. 20-deg flap  0.83% 0.67%
WM EOR (2) 0.35 Inst. clean wing 0.54% 0.79%
0.35  Inst. 20-deg flap 1.20% 1.70%
WM Diversion ~ 0.65  Inst. clean wing 0.17% 1.12%
WM Cruise 0.85 Inst. clean wing 0.37% 0.85%

' raolate d)(%): (a) Entire set of investigated operational envelope and (b)

manifests through a mass flux reduction near the fan nozzle exit out-
board side [28]. This is due to the closer proximity of the wing leading
edge stagnation point to the fan nozzle outboard side because of the
wing sweep angle (Fig. 2). The high-static pressure due the wing LE

stagnation point propagates to pressurize the fan nozzle base on the

outboard side

top-line which suppresses the local mass flux.

For the 20-degree flap wing (Figs. 7 and 8), the installed C ; " sup-

pression effect stems due to a mass-flux reduction near the fan nozzle
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exit inboard side. This is due to the static pressure rise on the wing PS
due to the presence of the flap which propagates upstream to pressurise
the fan nozzle base. The wing trailing edge flap is closer to the fan noz-
zle exit on the inboard side, relative to the outboard side due to the
swept wing arrangement (Fig. 2). Therefore, the fan nozzle base pres-
surization is more potent for the inboard side compared to the outboard
side, leading to a higher local mass flux suppression [28]. The funda-
mental aerodynamic mechanisms that govern the installed suppression

effect for the fan and core streams were exposed in detail by Goulos et
al. [28].

3.5. CFD validation of exhaust nozzle discharge coefficients

The numerical approach used in this work was also validated in
terms of its ability to predict absolute values of C dF " and Cdc"’e across
the investigated range of operating conditions (Table 1). The RMSD be-
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tween CFD predictions and experimental data for each configuration and CFD simulations generally under-predict both C : " and Cdc"’e rela-
condition are summarised in Table 3. A graphical comparison between tive to the experimental data across the range of conditions. The RMSD
predictions and experimental measurements is presented in Figs. 10 between CFD predictions and experimental data is of the order of 0.96%
and 11. and 0.91% for C; " and Cdc"’ ¢, respectively, for the installed clean wing
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Summary of CFD validation for installed and isolated C¥" and C$*.

Designation M Configuration FNPR RMSD CNPR RMSD
Range RMSD Range RMSD
(Exp.) e, = (Exp.) (Coe, =
Chitpp)®) Cletp)0)
WM EOR (1) 0.20 Inst. clean wing [1.02-1.20] 5.58% [1.02-1.09] 0.97%
Inst. 20-deg flap 4.79% 0.86%
Isolated 5.56% 1.16%
WM EOR (2) 0.35 Inst. clean wing [1.03-1.20] 4.93% [1.03-1.09] 1.02%
Inst. 20-deg flap 3.36% 0.51%
Isolated 4.51% 1.69%
‘WM Diversion 0.65 Inst. clean wing [1.15-1.33] 2.82% [1.08-1.27] 1.03%
Isolated 2.91% 1.87%
WM Cruise 0.85 Inst. clean wing [1.40-2.60] 0.96% [1.17-2.16] 0.91%
Isolated 1.38% 1.28%
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Fig. 10. CFD validation for exhaust performance at mid-cruise and diversion conditions: (a) Installed clean wing C dF " at M, = 0.85, (b) Installed clean wing Cdc”’e
at M, =0.85, (c) Installed clean wing C dF " at M, =0.65, (d) Isolated C dF " at M, =0.65 (markers coloured as per M, multiple CNPR points included).

configuration at M, = 0.85 and FN PR € [1.4 —2.8] (Figs. 10(a) and
(b)). Similar RMSDs of the order of 1.28% and 1.38% can be noted for
CdF " and Cf”"’, respectively, for the isolated exhaust at M = 0.85
and same FNPR range (Table 3). These differences between CFD simu-
lations and experimental measurements are approximately 0.6% higher
compared to those noted during “wind-off” testing for the DSFRN [26]
and published in the existing literature [19,12]. However, previous val-
idation efforts have not accounted for the “installation” and “wind-on”
effects that are analysed in this work and affect the aerodynamic be-
haviour of the exhaust.

Figs. 10, 11 and Table 3 show that the RMSD between numerical pre-
dictions and experimental measurements increase with reducing M
and FNPR. The RMSD for C j " increases from 0.96% to 4.79% for re-
ducing M, from 0.85 to 0.2, and for reducing the FNPR range from
[1.4-2.6] to [1.02-1.20], which corresponds to the EOR wind-milling
range with the 20-degree flap wing installed. Figs. 10 and 11 show that
the CFD under-predicts C j 9" and that this increases with reducing FNPR
and M. A similar behaviour is observed for the isolated exhaust con-
figuration. This demonstrates the deteriorated performance of CFD in

10

obtaining accurate absolute values of C[f 4" for the EOR wind-milling
range of exhaust inlet conditions (Figs. 11(a)-(d)).

The effect of fan nozzle inlet turbulence intensity (T'u;,) was inves-
tigated to assess whether it was the cause of the deviation between CFD
and measurements of le an at lower values of FNPR (Table 3). A value
of Tu;, = 1% was used for all CFD analyses reported in this work. The
Tu;, at the fan nozzle inlet was not measured. In the absence of these
measurements, CFD analyses were carried out to understand the impact
of inlet Tu;, on Cj 4" for representative EOR wind-milling conditions
(M, =0.35, FNPR=1.05, CNPR=1.03). It was found that a change of
fan nozzle inlet T'u;, from 0.1% to 10% results in a reduction of Cf an
of the order of 0.1%. Therefore, any variations in T'u;, were not respon-
sible for the deviations in C ; " between CFD and measurements.

With regards to the Cdc”’ ¢ RMSD, Table 3 shows that this is rela-
tively unaffected with reducing M, and CNPR, relative to the cruise
conditions at M, = 0.85. Specifically, the Cdc‘”“ RMSD reduces slightly
from 0.91% to 0.86% for reducing M, from 0.85 to 0.2, and for reduc-
ing the CNPR range from [1.17-2.16] to [1.02-1.09], which is the EOR
wind-milling range (20-degree flap wing installed). A similar observa-
tion applies with regards to isolated exhaust predictions where the Cdc”’ ¢
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RMSD between simulations and experimental measurements appears to
be unaffected by the CNPR range and M.

3.6. Exhaust and wing static pressure distributions

The computational approach was further validated in terms of its
ability to predict the static pressure distribution on the exhaust, wing,
and pylon surfaces. Figs. 12 and 13 compare the computations and
measurement of the local static pressure coefficient C;""d = pp&
at EOR wind-milling conditions with M = 0.35, FNPR=1.05, ca?nd
CNPR =1.03. Results are presented for the fan and core cowl C;""d distri-
butions in Figs. 12 and 13, respectively. The C,')”"d surface distributions
predicted by CFD are illustrated in Fig. 14 along with the sampling re-
gions for which comparisons with experimental data are presented in
Figs. 12 and 13. Results are shown for the isolated and 20-degree flap
wing installed configurations in Figs. 12, 13(a) and Figs. 12, 13(b), re-
spectively.

CFD predictions agree well with experimental measurements of fan
cowl static pressure distributions (Fig. 12) for both isolated and installed
arrangements. The maximum difference (A) for cmod i of the order
0.15% and 0.2% for the isolated (Fig. 12(a)) and 20-degree flap wing
installed configurations (Fig. 12(b)), respectively. For the isolated ex-
haust (Fig. 12(a)), the CFD captures well the rise in static pressure along
the fan cowl axial coordinate as the flow approaches the fan cowl trail-
ing edge. Furthermore, a small rise on the outboard side static pressure
can be observed due to the presence of the rig support sting. Generally,
the circumferential variations in fan cowl static pressure due to the rig
mount effects are predicted well by the CFD.

For the 20-degree flap configuration, Fig. 12(b) shows that there is
notable inboard-outboard asymmetry of static pressure near the fan cowl
top line. This is due to the closer proximity of the flap to the fan cowl
trailing edge on the inboard side, relative to the outboard side due to
the sweep angle of the wing which is around 34 degrees. This inboard-
outboard asymmetry in static pressure due to the impact of installation
(Fig. 14) is well captured by the CFD and the maximum delta between
predictions and measurements is approximately 0.2%.

Fan cowl ¢ for Isolated at M_=0.35, FNPR=1.05, CNPR=1.03
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Fig. 12. Normalised fan cowl static pressure distribution C;"”d =P P at EOR

Poo
wind-milling conditions with M = 0.35, FNPR=1.05, and CNPR=1.03: (a)
Isolated configuration and (b) Installed with 20-degree flap wing.

Fig. 13 compares predictions and measurements of C"°? on the core
cowl for the same EOR wind-milling condition as in Fig. 12. Results are
presented for the isolated and 20-degree flap wing installed configura-
tions in Fig. 13(a) and (b), respectively. Predictions and measurements
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Core cowl ¢ for Isolated at M, =0.35, FNPR=1.05, CNPR=1.03
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Fig. 13. Normalised core cowl static pressure distribution Gt =——at

EOR wind-milling conditions with M = 0.35, FNPR=1.05, and CNPR 21.03:
(a) Isolated configuration and (b) Installed with 20-degree flap wing.

of core cowl C" agree within almost 0.1% and 0.07% on average for
the isolated (Fig. 13(a)) and 20-degree flap wing installed configura-
tion (Fig. 13(b)), respectively. A small asymmetry in C;”"d between the
top inboard and top-outboard side is present for the installed configu-
ration (ACI',”"" <0.15%) (Fig. 13(b)) due to the effect of the swept wing
and flap. This lateral asymmetry in C;"”d is captured by the CFD within
0.05% of the measured data.

A notable increase in the CFD predicted C;””" can be observed up-
stream of the fan nozzle exit plane (Figs. 13(a) and (b)) which is due
to the increase in static pressure in the bypass duct. The C™*? varia-
tion in this region depends on the fan nozzle mass flow and concur-
rently on Cf 4", Unfortunately, there were no static pressure tappings
within the bypass duct and fan nozzle to establish a direct compari-
son between experimental data and CFD. The agreement between the
measurements and the CFD in this region is reflected in the absolute
values of C‘f " which are driven by the fan nozzle mass flow. This is
shown in Figs. 11(a) and (b) where the CFD under-predicts C[f @ by
between 3.36% to 4.51%, installed and isolated, respectively. CFD gen-
erally over-predicts the core after-body C;""d variation by almost 0.1%
of p,, for the isolated nozzle (Fig. 13(a)). This C;""d over-prediction of
0.1% is very small and not sufficient to cause these differences between
measured and predicted CdF an,

Fig. 15 presents the CFD validation for the wing flow topology in
terms of isentropic Mach number (M;,). Comparisons are shown for the
wing section located at =~ 3.2% of wingspan on the outboard side rela-
tive to the pylon trailing edge. Results are presented for cruise (M, =
0.85), diversion (M, =0.65), and EOR (M =0.35 and M, =0.20) in
Figs. 15(a)-(d), respectively.

Figs. 15(a) and (b) show that predictions and measurements agree
well in terms of the wing section M, for both cruise and diversion condi-
tions. The peak M, is well predicted on both pressure and Suction Sides
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with 20-degree flap wing inboard side, (d) Installed with 20-degree flap wing
outboard side.

at EOR wind-milling conditions with M,

(SS) and the maximum difference between CFD analyses and measured
data is of the order of 0.01 of AM,,. For the EOR cases when the 20-
degree flap wing is used, Figs. 15(c) and (d) show that the flow topology
is predicted to the same level of accuracy, except for the vicinity near the
flap suction side where a consistent difference is noted between CFD and
experimental measurements of the order of AM;; =~ 0.02. This is due to
a flow separation noted in the flap region. It is likely that this flow sep-
aration may be the root cause for the discrepancy between predictions
and measurement of installed CdF 4" suppression for M = 0.35 and for
very low values of FNPR which reaches 2.2% (Fig. 5).

3.7. Estimation of installed engine mass flow at wind-milling

The measured and predicted CdF a and C{f"’ ¢ performance maps
were implemented into the developed 0D engine performance simula-
tion model [35]. The goal was to estimate the impact of installed exhaust
suppression on wind-milling engine air mass-flow and intake MFCR for
EOR, diversion, and cruise conditions. The maps expressed Cj " and
Cdc"’ ¢ as functions of M, FNPR, and CNPR for each of the DSJP rig
configurations (Fig. 2) in the form of tabulated nested data for the inves-
tigated conditions (Table 1). Therefore, the exhaust maps were localised
around the analysed wind-milling conditions. Linear interpolation was
used in the exhaust characteristics for all OD engine re-matching calcu-
lations. The handling parameter applied to achieve wind-milling flow
through the engine was zero total enthalpy rise in the combustor.

Fig. 16 summarises the results of the OD engine performance analy-

ses. Results are presented in terms of percentage deltas of installed en-
. engine ]

_ .engine
minslalled misolated
—_— (%)

gine mass flow relative to the isolated case < g

isolated
across the range of flight M covering EOR, diversion, and cruise con-

ditions. Results are presented for installed analyses using both the clean
wing (blue markers) and the 20-degree flap wing (red markers). The cir-
cles correspond to analyses carried out using CFD derived performance
maps for CdF " and CdC” ¢, whilst the triangles denote analyses performed
using experimentally derived performance maps.

According to the analyses carried out using the experimental exhaust
maps, the maximum engine air mass flow delta due to installed suppres-
sion is approximately -10%. This occurs when the high-lift surfaces are
deployed (20-degree flap wing) at M, =0.25. This also changes the in-
take MFCR by about -10% relative to the isolated engine. This change in
installed engine mass flow reduces to -4% at M, = 0.25 when the clean-
wing configuration is used. The impact of installed exhaust suppression
on engine air mass-flow reduces to approximately -2.3% and -1.3% for
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the diversion (M, = 0.65) and cruise (M, = 0.85) conditions, respec-
tively, where only the clean-wing configuration is used.

The analyses carried out using the CFD derived exhaust performance
maps agree within 1% with the analyses performed using the measured
data and the predicted maximum change in air mass flow due to suppres-
sion is roughly -9% for M = 0.25. The differences between analyses
done using exhaust performance maps derived from measurements and
CFD are consistently below 1% for all EOR cases with the 20-degree
flap wing. This difference reduces to less than 0.5% for the clean wing
at EOR conditions. This further reduces to roughly 0.25% for the diver-
sion (M, = 0.65) and cruise (M, = 0.85) conditions. Therefore, CFD
can produce credible global exhaust performance maps that extend to
wind-milling conditions for sub-idle engine performance simulation.

Fig. 16 demonstrates that for the EOR cases (M, € [0.20—0.35]) the

. engine . engine

; —
gine o
installed ___isolated > (%) exhibits a

. engine
. . . . Isolated .
non-monotonic behaviour with M. This is attributed to the opposing

effects of M, and FNPR on the installed fan nozzle suppression with
increasing M, [28]. Goulos et al. [28] showed that the installed le an

installed engine mass flow delta (
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suppression effect reduces exponentially with increasing FNPR, whilst
it increases quadratically with M. When M, increases, FNPR also in-
creases due to the ram pressure rise and the two effects appear to oppose
each other. The impact of M dominates until M, =0.25, whilst the
favourable impact of an increasing FNPR appears to reduce the installed
suppression effect for M > 0.25. This behaviour is observed for both
the clean wing and the 20-degree flap wing (Fig. 16).

The impact of installation results in a small FNPR increase relative
to the isolated configurations which reaches approximately 0.01 for
M =0.35 and for the 20-degree flap wing. This is due to the lower
engine mass flow which reduces the Low-Pressure (LP) system loss [9]
and concurrently increases the FNPR relative to the isolated system. This
results in a reciprocal reduction of installed fan nozzle suppression [28]
which increases the engine mass-flow. This process results in a non-
linear effect which balances the implicit dependency between installed
exhaust suppression, LP system loss, and wind-milling air mass-flow.
This non-linear dependency is captured by the engine modelling ap-
proach which caters for the simultaneous resolution of all contributing
physical mechanisms.

4. Conclusions

A combined experimental and numerical investigation was carried
out to quantify the impact of installation on the aerodynamic behaviour
of a civil large aero-engine exhaust at wind-milling. These included EOR
take-off, diversion, and cruise wind-milling conditions for both isolated
and installed configurations. The effects of FNPR, CNPR, M, and high-
lift surfaces on the installed exhaust suppression effect were quantified.
The measured and predicted fan and core nozzle maps were imple-
mented into a OD engine performance model equipped with sub-idle
component maps to quantify the changes in installed engine mass flow
due to the impact of wing integration.

This work has quantified, for the first time, the effect of powerplant
integration with a swept wing on exhaust suppression at off-design con-
ditions. The effect of installation can reduce the fan and core nozzle
discharge coefficients by up to 13% and 26%, respectively, relative to
the isolated configuration for representative EOR wind-milling condi-
tions. RANS CFD can capture the effect of installed suppression on both
the fan and core with accuracy between 0.1% and 1.2%, depending on
Mach number, which is sufficient for industrial design and analysis pur-
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poses. The impact of the work is that it was shown for the first time that
the installed suppression can reduce the installed engine mass flow by
up to 10% for EOR wind-milling conditions. This effect has been omit-
ted in engine airflow prediction methods found in the open literature
which almost invariably assume that the fan and core nozzles exhaust
to ambient static pressure at wind-milling [9,44]. This affects the intake
M FCR and must be taken into account for both engine performance
modelling as well as the nacelle design [36,45].

The exhaust performance datasets reported in this work can be
implemented into 0D modelling methods to improve the accuracy of
sub-idle performance predictions for large aero-engines. This novel ca-
pability can be used to improve predictions of wind-milling LP system
loss and fan operating conditions which are dependent on the fan noz-
zle discharge coefficient. Furthermore, the outcomes of this work en-
hance the design and analysis capabilities for aero-engine nacelles due
to offering improved wind-milling M FCR predictions. Therefore, the
findings of this research directly improve the accuracy and robustness
of aero-thermal modelling and nacelle design methods for future large
aero-engines operating within the sub-idle wind-milling flow regime.
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