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A B S T R A C T

Aero-engine nacelles have to fulfill design requirements at both cruise and off-design conditions. Under engine
windmilling conditions the ingested streamtube massflow is relatively low. A key off-design condition is take-
off, which, in conjunction with an engine windmilling scenario, results in the stagnation point of the ingested
streamtube being located significantly inside the intake. The combination of high angle of attack and low
engine massflow rates leads to a strong flow acceleration and subsequent diffusion of the boundary layer on
the upper quadrants of the external nacelle cowl, which can terminate with subsonic separation from the
leading-edge. Under this condition, Reynolds number effects can play a dominant role on the separation onset
and characteristics and 3D-annular wind tunnel tests cannot always achieve Reynolds’ number equivalent to
full scale. A novel quasi-2D rig configuration representative of the aerodynamics of a full-size aero-engine
nacelle under windmilling end of runway conditions examined in detail the characteristics of the boundary
layer on the external cowl of a nacelle prior to diffusion-induced separation. Separation of the boundary layer
was independently promoted through changes to represent different engine massflow rates and freestream
Mach number on the rig to determine the limits of steady Reynolds Averaged Navier Stokes (RANS) methods
to discern the onset of boundary layer separation. For the conditions and geometry investigated, the combined
experimental and computational results showed that there was laminar to turbulent transition of the boundary
layer ahead of the subsonic diffusion. The work showed that steady RANS can predict the onset of boundary
layer separation with an uncertainty of approximately 10% on notional engine massflow rate and 0.05 on
freestream Mach number relative to a nominal operating freestream Mach number of 0.25. This provides
guidance for the industrial design and optimization of future windmilling-tolerant nacelles for large ultra-high
bypass ratio turbofan engines.
. Introduction

For the aerodynamic design and optimisation of aero-engine na-
elles (Tejero et al., 2019; Goulos et al., 2021; Magrini et al., 2021;
ilva et al., 2022), boundary layer ingestion system (Yildirim et al.,
022) and propeller-wing configuration (Chauhan and Martins, 2021)
teady Reynolds Averaged Navier Stokes (RANS) based methods are
ypically used. When the nacelle operates within the cruise segment
f flight the boundary layer on the external cowl is typically at-
ached and RANS methods are sufficiently reliable to predict external
owl drag (Robinson et al., 2019). However, aero-engines nacelles also
eed to fulfill off-design requirements where the boundary layer is

∗ Corresponding author.
E-mail address: luca.boscagli@cranfield.ac.uk (L. Boscagli).

prone to separation under the influence of an adverse pressure gradi-
ent (Hoelmer et al., 1987). In particular, windmilling End of Runway
(EoR) conditions (Fig. 1), sometimes also referred to as second-segment
take-off climb (Hoelmer et al., 1987), is a scenario where one engine
is inoperative during the aircraft take-off manoeuvre, and the mass-
flow ingested into the engine significantly reduces. Mass flow capture
ratio (MFCR) is a non-dimensional aerodynamic parameter (Seddon
and Goldsmith, 1999) that is defined as the ratio of the area of the
ingested streamtube far upstream of the nacelle to the nacelle high-
light area. Under nominal take-off conditions, this is approximately
𝑀𝐹𝐶𝑅 ≈ 1.5–1.7 (Peters et al., 2015; Silva et al., 2022), and under
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Nomenclature

Roman Symbols

𝛥𝑧𝑟𝑖𝑔 Rig and computational domain spanwise
length, [m]

ℎ𝑏𝑢𝑚𝑝 Bump height, [m]
𝑘 Turbulent kinetic energy, [J∕kg]
𝐿 Length, [m]
𝑀 Mach number, [–]
𝑛𝑥, 𝑛𝑦, 𝑛𝑧 Number of grid nodes along x, y, z [–]
𝑟 Radius, [m]
𝑅𝑒𝑡 Reynolds number based on nacelle thick-

ness, [–]
𝑅𝑒𝜃 Local momentum thickness Reynolds num-

ber, [–]
𝑆𝑖𝑗 Mean strain rate tensor, [1∕s]
𝑇 Time, [s]
𝑡 Nacelle thickness, [m]
𝑡𝑖𝑗 Viscous stress tensor, [1∕s]
𝑈, 𝑉 Velocity, [m∕s]
𝑢𝜏 Friction velocity, [m]
𝑥, 𝑦, 𝑧 Coordinates, [m]
𝑦+ Wall distance in near-wall unit, [–]
𝑦𝑤 Wall normal distance, [m]

Greek Symbols

𝛼 Nacelle incidence angle, [◦]
𝛽 Rotta-Clauser parameter, [–]
𝛿 Boundary layer thickness, [m]
𝛿𝑖𝑗 Kronecker delta, [–]
𝜖 Vorticity magnitude threshold, [–]
𝛾 Intermittency, [–]
𝜏 Unitary vector parallel to the nacelle wall,

[–]
𝜅 Specific heat ratio, [–]
𝜇 Molecular viscosity, [kg∕m∕s]
𝜈 Kinematic viscosity, [m2∕s]
𝜔 Specific dissipation rate, [1∕s]
𝛾 Cumulative intermittency, [–]
⃖⃖⃗𝜔 Vorticity vector, [1∕s]
𝜎𝑘 Turbulent Prandtl number for 𝑘, [–]
𝜏𝑤 Wall shear stress magnitude, [Pa]
𝜏𝑥 Axial wall shear stress, [Pa]

Superscripts and Subscripts

∞ Relative to freestream
𝑒 Relative to boundary layer outer edge
𝑓𝑎𝑛 Relative to aero-engine fan
𝑖, 𝑗 Relative to tensor notation indices
𝑖𝑛 Relative to rig inlet
𝐿 Relative to laminar

oR windmilling this can reduce down to 𝑀𝐹𝐶𝑅 ≈ 0.3 (Hoelmer
t al., 1987; Anon, 1981). The local nacelle incidence angle can be
round 20◦ (Hoelmer et al., 1987) due to the combination of aircraft
ngle of attack, engine installation pitch angle and upwash due to
he significant aircraft wing circulation under the take-off conditions.
he take-off flight Mach number ranges from 0.2 to 0.35 (Hoelmer
t al., 1987), and, under windmilling conditions, a significant flow
2 
𝑛𝑎𝑐 Relative to the nacelle
𝑟𝑖𝑔, 𝑖𝑛 Relative to rig inlet
𝑇 Relative to turbulent
𝑤,𝑤𝑎𝑙𝑙 Relative to nacelle wall-normal

Acronyms

𝐸𝑜𝑅 End of Runway
𝑀𝐹𝐶𝑅 MassFlow Capture Ratio, [–]
𝑅𝐴𝑁𝑆 Reynolds Averaged Navier Stokes
𝑇𝐾𝐸 Turbulent Kinetic Energy, [J∕kg]

Fig. 1. Schematic the aerodynamics of an aero-engine nacelle under end-of-runway
windmilling conditions.

spillage occurs around the intake lip and nacelle forebody, with a
local flow acceleration subsequently followed by a significant subsonic
diffusion. This can lead to large boundary layer separation starting from
the nacelle leading edge (Hoelmer et al., 1987). Under windmilling
conditions, the nozzle exhaust operates with low fan and core nozzle
pressure ratios. In addition, when the powerplant is installed into the
airframe, the presence of the wing modifies the static pressure field
at the nozzle exit, which can significantly affect the exhaust mass flux
(i.e., the discharge coefficient) (Goulos et al., 2023). Consequentially,
under the windmilling EoR conditions there can be a further reduction
in the order of 10% in the engine MFCR (Goulos et al., 2024). As a
result, the stagnation point of the ingested streamtube moves further
inside the aero-engine intake. Thus, the boundary layer growth length
and acceleration profile around the intake lip and external forebody
cowl increase. Within the context of industrial design, RANS meth-
ods still play a leading role (Slotnick et al., 2014). However, it is
acknowledged that RANS based methods, either steady or unsteady,
can have difficulties in determining boundary layer separation for this
complex flow condition with high streamline curvature, rapid flow
acceleration, followed by a strong adverse pressure gradient. Conse-
quently, an evaluation of RANS methods, compared with new detailed
experimental data, is needed for these nacelle off-design conditions
where the boundary layer is prone to separation.

Several recent numerical studies assessed the effect of Adverse
Pressure Gradient (APG) on both attached and separating turbulent
boundary layers (Vinuesa et al., 2016; Vila et al., 2017; Vinuesa et al.,
2018; Wu and Piomelli, 2018; Kumar et al., 2021, 2023) and provided
valuable datasets for the assessment of RANS based methods. The
majority of these studies focused on the detailed analysis of changes
in the mean flow and turbulence statistics due to the effect of the
magnitude of the APG (Vinuesa et al., 2016), Reynolds number (Vila
et al., 2017; Vinuesa et al., 2018), wall roughness (Wu and Piomelli,
2018; Kumar et al., 2021) and angle of attack (Kumar et al., 2023). The
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configurations investigated typically involved NACA aerofoil profiles
with relatively large radius of curvature at the leading edge, and low
freestream Mach number and angle of attack (𝛼 ≈ 5◦). For the detailed
nvestigation of the incompressible characteristics of the boundary
ayer, wall-resolved Large Eddy Simulation were used (Vinuesa et al.,
016; Kumar et al., 2023). Both the magnitude and the streamwise
istribution of the static pressure gradient have a significant impact on
he characteristics of the boundary layer subject to subsonic diffusion.
xperimental studies of a flat-plate turbulent boundary layer with an
nitial expansion and a subsequent diffusion showed that the presence
f a favourable pressure gradient ahead of the diffusion leads to the
evelopment of an internal layer, which was not identified in a case
hich originates from a zero pressure gradient (Parthasarathy and
axton-Fox, 2023). The internal layer is a region of strong anisotropic
urbulence (Webster et al., 1996) that develops in the presence of a
hange in pressure gradient magnitude and polarity (Smits and Wood,
985). Thus, the development of an internal layer presents further
hallenges to steady RANS methods which quite often rely on turbu-
ence models unable to capture the anisotropy of the Reynolds stress
ensor. An assessment of the reliability of linear eddy viscosity turbu-
ence models, typically used within an industrial design framework, is
eeded with detailed experimental data for the specific conditions of
nterest (Slotnick, 2019).

In addition to this, the onset of boundary layer separation on the
xternal nacelle cowl under EoR windmilling conditions is significantly
ffected by Reynolds number (Hoelmer et al., 1987). The nacelle inci-
ence angle at which flow separation first occurs is referred here to as
eparation incidence angle (𝛼𝑆𝐸𝑃 ). Based on a Reynolds number (𝑅𝑒𝐷ℎ𝑖

)
defined with the nacelle highlight (Fig. 1) diameter (𝐷ℎ𝑖) and the
freestream velocity, Hoelmer et al. (1987) showed that as the Reynolds
number increases from 𝑅𝑒𝐷ℎ𝑖

≈ 3 × 106 to 7 × 106, 𝛼𝑆𝐸𝑃 increases by
about 5◦. The maximum 𝑅𝑒𝐷ℎ𝑖

tested by Hoelmer et al. (1987) was
approximately 1∕3rd of a full-size engine nacelle. The detailed status
of the boundary layer was not determined, but, based on the surface
isentropic Mach number (𝑀𝑖𝑠𝑒), it was hypothesised that at the onset
of diffusion-induced separation, the boundary layer was turbulent for
the range of conditions and geometries tested. However, for the next
generation of ultra-high bypass ratio turbofan engines, more compact
nacelles with smaller radii of curvature around the highlight may be
needed to achieve fuel burn benefits at cruise (Tejero et al., 2019).
Under EoR windmilling conditions, the significant flow acceleration,
due to the combination of a smaller radius of curvature and the position
of the stagnation point into the engine intake, could induce relaminar-
ization of the boundary layer (Mayle, 1991). Thus, further assessment
of the boundary layer characteristics on the nacelle forebody leading
edge is required.

Overall, there is a need for high-quality experimental data to val-
idate the current Computational Fluid Dynamics (CFD) methods in
use within industry (Slotnick et al., 2014). Celic and Hirschel (2006)
assessed through steady RANS simulations several canonical configu-
rations (flat plate, airfoils, cylinder) with a turbulent boundary layer
subject to an adverse pressure gradient. The accuracy of 11 different
turbulence models was evaluated relative to experimental data for a
range of freestream Mach number from 0.03 up to 0.15. None of the
models outperform the others, as the accuracy of each model varied
depending on the test case. Thus, it is important to assess the accuracy
of the methods for the operating conditions and geometry character-
istics of interest. Boscagli et al. (2024) showed that steady RANS are
sufficiently accurate to predict the onset of shock-induced external cowl
boundary layer separation for a nacelle under diversion windmilling
conditions (𝑀∞ ≈ 0.65, 𝑀𝐹𝐶𝑅 < 0.5, 𝛼 < 5◦). However, there is
a similar requirement for a nacelle operating under windmilling EoR
conditions (𝑀∞ ≈ 0.25, 𝑀𝐹𝐶𝑅 < 0.5, 𝛼 ≈ 20◦), when the separation of
the boundary layer is typically driven by a subsonic, diffusion induced

mechanism.

3 
Full-scale Reynolds number tests are not always achievable even
in pressurized facilities (Hoelmer et al., 1987). However, due to the
notable impact of Reynolds number on boundary layers subject to
subsonic adverse pressure gradient, it is important to evaluate the char-
acteristics of the boundary layer at Reynolds numbers representative
of full-size engine operating conditions. A quasi-2D rig configuration
sufficiently representative of the aerodynamics of a compact aero-
engine nacelle under windmilling EoR conditions was designed for
this purpose (Boscagli et al., 2023). The rig provides a useful dataset
to evaluate the accuracy of steady RANS methods to determine the
characteristics of the boundary layer on the external cowl of an aero-
engine nacelle prior to leading-edge separation (Sabnis et al., 2023).
The effect of a change in notional engine massflow, freestream (or
inlet) Mach number, nacelle afterbody pressure gradient and surface
roughness was investigated. Making use of this set of experimental data,
the purpose of this paper is to evaluate the accuracy of steady RANS
methods to determine the characteristics of the boundary layer on the
external cowl of a nacelle prior to separation under Reynolds number
conditions which are representative of a full-size engine configuration.
To the authors’ knowledge, this paper presents for the first time a com-
bined numerical and experimental assessment of the boundary layer
characteristics on the external cowl of a nacelle prone to large leading-
edge separation at full-size engine representative Reynolds number
conditions. It is acknowledged that the influence of the azimuthal
pressure gradient on the boundary layer on a 3D-annular nacelle is
not captured in the quasi-2D, prismatic, rig configuration. However,
this work is focused on the assessment of the separation characteristics
(laminar or turbulent) under the influence of a streamwise pressure gra-
dient, whose magnitude is sufficiently representative of a 3D-annular
configuration at full-size engine Reynolds number conditions (Boscagli
et al., 2023). It is believed that the azimuthal pressure gradient will
not significantly change the qualitative aspects and conclusions relative
to the applicability of steady RANS methods for the assessment of 3D
aero-engine nacelles under windmilling end of runway conditions. In
addition, the outcome of this research may set the ground for future
full-3D wind tunnel tests for further CFD methods validation, which is
out of the scope of this work.

The paper is structured as follows. Section 2 introduces the quasi-
2D rig configuration and the experimental and numerical methodology.
Section 3 presents the evaluation of the computational results with
the experimental data. Section 4 presents a summary of the main
conclusions of this study.

2. Rig configuration and methodology

This section briefly introduces the design intent and the experimen-
tal set up of the rig configuration that was used to assess the charac-
teristics of the boundary layer on the external cowl of an aero-engine
nacelle under end of runway windmilling conditions. A description of
the computational domain and settings used is given, along with data
analysis methods and computational grid resolution.

2.1. Rig design intent and limitations

The methods and design intent of the rig for the CFD methods
validation for the prediction of the separation onset of the external
cowl boundary layer of a nacelle operating under windmilling EoR
conditions were reported in detail in Boscagli et al. (2023). However,
for completeness a brief summary is also included in this manuscript
to further understand the representativeness and limits of the quasi-
2D rig configuration of the aerodynamics of a 3D annular nacelle at
full-size engine operating conditions. The Reynolds number (𝑅𝑒𝑡) was
defined based on the nacelle forebody thickness (𝑡, Fig. 2) and rig
inlet velocity (𝑈𝑖𝑛). The choice of the lengthscale was based upon
previous work (Coschignano et al., 2019), as well as the fact that it
is of the same order of magnitude of the initial acceleration length
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Fig. 2. Schematic of the rig configuration.
of the boundary layer around the forebody lip. Hoelmer et al. (1987)
showed the importance of the boundary layer characteristics around
the highlight of the nacelle, and the possibility of relaminarization
due to the notable favourable pressure gradient (Mayle, 1991) also
requires further investigations. The rig operated at a 𝑅𝑒𝑡 ≈ 1.6 × 106

(Table 1), which is sufficiently representative of the full-size engine
operating conditions (Boscagli et al., 2023). An optimized 3D annular
nacelle (Swarthout et al., 2022) was used to define the 2D aeroline
that was then extruded along the spanwise direction and installed
within the rig. The design of the bounding walls was dictated by a
series of objectives and it required several trade-off studies. Firstly,
the need to take into account the difference in the area distributions
across the bounding streamtube due to the switch from a 3D annular
configuration to a 3D prismatic (quasi-2D) one. Secondly, the need
to accommodate the position of the stagnation point on the nacelle
aeroline to get sufficiently representative cowl loading and streamwise
pressure gradient distributions. Finally, the curvature of the bounding
walls of the rig required careful manipulation to avoid separation.
In addition, some portions of the bounding walls required a flatter
profile to allow optical access and avoid optical distortions. This was
all achieved through a combination of 3D-annular CFD studies as
well as, 3D computations of the pre-test rig configuration. A set of
interchangeable bump geometries was used to mimic a reduction in
engine massflow rate (Fig. 2). In the following sections, each geometry
is named with the ratio between the bump height (ℎ𝑏𝑢𝑚𝑝) and the height
of the rig at the entry of the working section (𝛥𝑦𝑟𝑖𝑔,𝑖𝑛, Fig. 2). Overall,
the rig was deemed sufficiently representative of the aerodynamic of
a 3D-annular nacelle at full-size engine operating conditions prior to
large boundary layer separation. Upon separation of the external cowl
boundary layer, it is acknowledged that in a 3D-annular configuration
the azimuthal pressure gradient, as well as the fact that the flow
field is not bounded by physical walls, would play a dominant role
and the quasi-2D modelling approach would no longer be appropriate.
However, further investigations of the post-separation regime are not
within the scope of this research which is focused on the assessment of
the capability of steady RANS methods to predict the onset of boundary
layer separation. A further description of the rig, experimental setup
and instrumentation is given in the following section.

2.2. Experimental setup

The blow-down wind tunnel at the University of Cambridge (Sabnis
et al., 2023) was configured (Fig. 3) to enable the assessment of the
4 
Table 1
Nominal operating conditions of the rig at tunnel entry.
𝑀𝑖𝑛 [–] 𝑅𝑒𝑡 [×106] 𝛿|𝑥=0 [mm] 𝐼𝑈 [%]

[0.2,0.35] 1.6 3–4 2.6

separation onset and characteristics of the boundary layer over a na-
celle under windmilling End of Runway (EoR) conditions. To promote
boundary layer separation on the nacelle external cowl, the inlet Mach
number (𝑀𝑖𝑛) was also independently increased from 𝑀𝑖𝑛 = 0.2 to
0.35 in steps of 𝛥𝑀𝑖𝑛 = 0.05. To characterize the flow field around the
nacelle in terms of boundary layer status and characteristics, and extent
of the corner flows, the rig featured conventional instrumentation, such
as static pressure taps, alongside high-speed schlieren, Laser Doppler
Anemometry (LDA) and Pressure Sensitive Paint (PSP). The static pres-
sure taps were connected to a differential pressure transducer. The
error on the ratio between the static pressure and the inlet total
pressure was approximately ±1% (Sabnis et al., 2023). Relative to the
isentropic Mach number, this approximately equates to an uncertainty
that was below ±0.009 and ±0.12 around the peak and the stagnation
point locations, respectively. However, for the latter the positional
accuracy of the static pressure taps is more important, and this was
approximately 0.075% of the nacelle length (𝐿𝑛𝑎𝑐). A Photron Fastcam
Nova S6 camera was used for the schlieren visualizations at a frame rate
of 6400 fps and an exposure time of 12 μs. The mean flow field was an
average of approximately 2000 images. A faster acquisition frequency
of approximately 20 000 fps was also used for instantaneous schlieren
visualizations. The LDA measurements were obtained on the nacelle
aeroline at mid-span (𝛥𝑧 = 0) at four different axial positions relative
to the leading edge (𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.05, 0.12, 0.18 and 0.24). Due to the
finite size of the measurement volume, the positional accuracy of the
LDA measurements normal to the wall was approximately 1∕10th of the
local boundary layer thickness for the thinnest profile. The absolute
uncertainty on the velocity measurement was typically about ±2% of
the local freestream velocity (Sabnis et al., 2023). The characteristics
of the tunnel wall boundary layer (𝛿|𝑥=0) and turbulence intensity (𝐼𝑈 )
were also measured at the entry of the working section to enable a
correct representation of the effective inlet Mach number within the
CFD model. A traverse Pitot probe and a single component hot-wire
were used to measure the boundary layer thickness and the freestream
streamwise turbulence intensity, respectively.
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Fig. 3. Photo of the rig configuration.
2.3. Computational model

The commercial solver ANSYS Fluent version 19.1 (ANSYS Inc,
2019b) is used for the three dimensional computations presented in
this work. In the followings subsections the governing equations and
numerical methods used are firstly described (Section 2.3.1) and the
computational domain and boundary conditions are then introduced
(Section 2.3.2). The section is concluded with the data analysis methods
(Section 2.3.3) and with the description of the grid characteristics and
grid independence studies (Section 2.3.4).

2.3.1. Governing equations and numerical methods
The solution variables of the three dimensional, time-dependent,

compressible Navier–Stokes equations for a polytropic ideal gas with
density (𝜌), velocity vector (𝑢𝑥, 𝑢𝑦, 𝑢𝑧), and internal energy (𝑒), are
decomposed into mean ( ̃(⋅)) and fluctuating components ((⋅)′) following
a Reynolds-averaging decomposition and ergodic assumption. Due to
the variable-density nature of the flow, the equations can be inter-
preted as Favre-averaged Navier–Stokes equations, with the velocities
representing mass-averaged values. The conservation of mass, balance
of momentum and conservation of energy can be written in Cartesian
tensor form as:

𝜕𝜌̃
𝜕𝑡

+
𝜕
(

𝜌̃𝑢̃𝑖
)

𝜕𝑥𝑖
= 0 (1)

𝜕
(

𝜌̃𝑢̃𝑖
)

𝜕𝑡
+

𝜕
(

𝜌̃𝑢̃𝑖𝑢̃𝑗
)

𝜕𝑥𝑗
= −

𝜕𝑝̃
𝜕𝑥𝑗

+
𝜕
(

𝑡𝑖𝑗 + 𝜌̃𝜏𝑖𝑗
)

𝜕𝑥𝑗
(2)

𝜕
(

𝜌̃
(

𝑒 +
(

𝑢̃𝑖𝑢̃𝑖∕2
)

+ 𝑘
))

𝜕𝑡
+

𝜕
(

𝜌̃𝑢̃𝑗
(

ℎ̃ +
(

𝑢̃𝑖𝑢̃𝑖∕2
)

+ 𝑘
))

𝜕𝑥𝑗

= 𝜕
𝜕𝑥𝑗

[

𝑢̃𝑖
(

𝑡𝑖𝑗 + 𝜌̃𝜏𝑖𝑗
)]

+ 𝜕
𝜕𝑥𝑗

[(

𝜇
𝑃 𝑟𝐿

+
𝜇𝑇
𝑃𝑟𝑇

)

𝜕ℎ̃
𝜕𝑥𝑗

+
(

𝜇 + 𝜎𝑘𝜇𝑇
) 𝜕𝑘
𝜕𝑥𝑗

]

(3)

𝑡𝑖𝑗 = 2𝜇𝑆̃𝑖𝑗 , 𝜌̃𝜏𝑖𝑗 = 2𝜇𝑇 𝑆̃𝑖𝑗 −
2
3
𝜌̃𝑘𝛿𝑖𝑗 , 𝑆̃𝑖𝑗 = 𝑆𝑖𝑗 −

1
3
𝜕𝑢̃𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗 (4)

In the preceding equations, ℎ denotes the specific enthalpy, 𝑃𝑟𝐿 and
𝑃𝑟𝑇 are the laminar and turbulent Prandtl number, respectively, 𝑘 is
the turbulent kinetic energy, 𝜇𝑇 is the eddy viscosity, 𝜎𝑘 is the turbulent
Prandtl number for 𝑘 (Menter, 1994), 𝑡𝑖𝑗 and 𝜌𝜏𝑖𝑗 are the viscous and
Reynolds stress tensor, respectively, and 𝑆𝑖𝑗 is the mean strain rate
tensor, 𝛿𝑖𝑗 is the Kronecker delta. In the rest of the manuscript, for a
more concise notation, the subscript (⋅̃) is dropped and capital letters
are used to refer to mean (Favre-averaged) quantities. The dynamic
viscosity is computed with Sutherland’s law (Sutherland, 1893) , and
5 
the Prandtl number (𝑃𝑟) and the specific heat ratio (𝜅) are set to 𝑃𝑟 =
0.71 and 𝜅 = 1.4, respectively. The Reynolds stress tensor are modelled
through a Boussinesq hypothesis, and the 𝑘𝜔 − 𝑆𝑆𝑇 (Menter, 1994;
Menter et al., 2003) is used as the underlying turbulence model. To
assess the influence of the status of the nacelle boundary layer (laminar
or fully turbulent), ahead of the subsonic diffusion, on the onset and
characteristics of the boundary layer separation, both fully turbulent
(𝑘𝜔 − 𝑆𝑆𝑇 ) and transitional (𝛾 − 𝑅𝑒𝜃 , Menter et al., 2006) turbulence
models were used. The calibration of the empirical coefficients appear-
ing in the transport equations for 𝑘 and for the specific dissipation
rate, 𝜔, for both turbulence models reflects the standard ANSYS Fluent
version 19.1 implementation (ANSYS Inc, 2019b). The same applies
to the two additional transport equations for the intermittency, 𝛾, and
momentum thickness-based Reynolds number, 𝑅𝑒𝜃 , for the transitional
(𝛾 − 𝑅𝑒𝜃) turbulence model.

The basis for the numerical method for the solution of the Favre-
averaged mean conservation equations is a double-precision density-
based solver with an implicit time integration formulation. A Roe flux
difference splitting scheme is used for the computation of the convec-
tive fluxes and the Green-Gauss cell-based method for the computation
of the gradients. The Roe scheme can be considered as second-order
central difference scheme with an added matrix dissipation. A slope
limiter (Barth and Jespersen, 1989) is used as a first order smoothing
across flow discontinuities to prevent numerical dispersion.

2.3.2. Computational domain and boundary conditions
The modelled surfaces in the computational domain included the

nacelle aeroline, the upper and lower wall of the rig, the sidewalls
and the holding plates which are used to retain the nacelle within
the rig (Fig. 4). The spanwise length of the domain (𝛥𝑧𝑟𝑖𝑔) is set
to match the wind tunnel size, 𝛥𝑧𝑟𝑖𝑔 = 0.114 m. A total pressure
inlet boundary conditions is used at the inlet of the CFD domain,
where total pressure (𝑃0,𝑖𝑛), temperature (𝑇0,𝑖𝑛) and turbulence intensity
(𝐼𝑈 ) were prescribed in agreement with what was measured in the
experiments (Sabnis et al., 2023). For the turbulence quantities, in
addition to 𝐼𝑈 , a turbulent viscosity ratio 𝜇∕𝜇𝑇 = 10 was used, and
for the transitional computations the intermittency value at the domain
inflow was set to 𝛾 = 1 (fully turbulent flow). A static pressure outlet
boundary condition with a prescribed target massflow was used at the
outlet of the CFD domain, where the turbulence intensity, turbulent
viscosity ratio and the intermittency, for the transitional computations,
were set to 𝐼𝑈 = 5, 𝜇∕𝜇𝑇 = 10 and 𝛾 = 1. The massflow at the
outlet boundary was varied accordingly to match the nominal inlet
Mach number (𝑀𝑖𝑛) of the rig. This was inferred from the value of
the static pressure measured through a static pressure tap on the side-
walls of the rig, located approximately at the tunnel mid-height and
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Fig. 4. Schematic of the computational domain and nacelle surface grid.
0.09𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 downstream of the entry of the working section. At that
axial position within the rig, the streamline curvature imposed by
the rig walls imposes a non-uniform isentropic Mach number (𝑀𝑖𝑠𝑒,
Eq. (5)) in the vertical direction, with an overall variation of about
𝛥𝑀𝑖𝑠𝑒 ≈ 0.05. Nevertheless, at the probe height (𝑦∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 ≈ −0.48)
the isentropic Mach number closely matched the nominal inlet Mach
number (𝑀𝑖𝑛 = 0.25). The upper and lower walls of the rig were axially
extruded within the computational domain at the entry and at the
exit of the working section for about twice the height of the rig inlet
(𝛥𝑦𝑟𝑖𝑔,𝑖𝑛) for numerical stability reasons. All the walls were modelled
as adiabatic, hydrodynamically smooth, viscous walls, but for a region
upstream of the entry of the working section which was modelled as
adiabatic inviscid wall. The axial extent of this region was selected
so that the height of the boundary layer at the entry of the working
section matched that of the experiments (Sabnis et al., 2023, Table 1).
All the CFD computations were converged to a steady state by smoothly
increasing the inlet Mach number in steps of 0.025 until separation
of the nacelle boundary layer. A similar approach of slowly increasing
Mach number to identify the boundary layer separation condition was
also adopted in the experiments. The correct representation of the
massflow split within the rig and in the CFD model was further inferred
a posteriori from the position of the stagnation point on the nacelle
aeroline and from the isentropic Mach number distribution on the
upper and lower rig walls.

𝑀𝑖𝑠𝑒 =

√

√

√

√

√

2
𝜅 − 1

⎡

⎢

⎢

⎣

(𝑃0,𝑖𝑛

𝑃

)

𝜅−1
𝜅

− 1
⎤

⎥

⎥

⎦

(5)

2.3.3. Data analysis
Computational data were processed to ensure a fair comparison

with experimental data, and also to further understand the nacelle
boundary layer development and characteristics where experimental
data could not be collected due to optical access limitations. For
the evaluation with experimental data, boundary layer profiles were
obtained by linearly interpolating the CFD grid data (Barber et al.,
1996) and interrogating at the LDA ‘point’ measurement locations. The
near-wall resolution of the CFD data was also exploited to determine
the boundary layer characteristics. The streamwise velocity compo-
nent (Eq. (6)) was determined and the profile numerically integrated
accordingly through a trapezoidal rule. The thickness (𝛿) and outer
6 
edge velocity (𝑈𝑒) of the boundary layer were determined based on a
threshold on vorticity magnitude (𝜖, Eq. (7)) as follows,

𝑈 = ⃖⃖⃗𝑉 ⋅ 𝜏 (6)

𝑈 = 𝑈𝑒 ⇔
|⃖⃖⃗𝜔𝑒|

|⃖⃖⃗𝜔𝑦𝑤=0|
≤ 𝜖 (7)

Despite the notable adverse pressure gradient, which leads to a non-
equilibrium boundary layer (Vinuesa et al., 2016), the method is suffi-
ciently robust for the Reynolds number conditions (Griffin et al., 2021)
under investigation. A central differencing scheme was used to compute
the velocity gradients and the vorticity field (⃖⃖⃗𝜔). At the boundary
elements a forward/backward difference scheme was used instead.
Typically, with a change in 𝜖 from 10−3 to 10−4, the boundary layer
characteristics were not significantly affected and therefore 𝜖 = 10−3

was used to identify the outer edge of the boundary layer.
The Rotta-Clauser (Clauser, 1954) parameter (𝛽, Eq. (8)) was used

to quantify the amount of diffusion that the boundary layer is subjected
to, and 𝛽 is defined as follows,

𝛽 =
𝛿∗𝑖
𝜏𝑤

⃖⃖⃗∇𝑝𝑒 ⋅ 𝜏 (8)

In Eq. (8), ⃖⃖⃗∇𝑝𝑒 is the pressure gradient at the boundary layer outer-edge,
𝛿∗𝑖 is the incompressible displacement thickness and 𝜏𝑤 is the magnitude
of the wall shear stress. For an equilibrium turbulent boundary layer,
𝛽 is constant along the streamwise direction (Vinuesa et al., 2018),
and therefore 𝛽 was also used to further highlight the non-equilibrium
conditions of the mean boundary layer profiles on the external cowl
under end of runways windmilling scenarios.

For the computations with boundary layer transition (𝛾 − 𝑅𝑒𝜃 tur-
bulence model), the intermittency function (𝛾) was used to assess the
status of the boundary layer. 𝛾 varies from 𝛾 = 0 (fully laminar) to 1
(fully turbulent). A cumulative intermittency (𝛾, Eq. (9)) was used to
estimate the axial position at the end of laminar to turbulent transition
(𝛾 ≈ 0.99, Gostelow et al., 1994) of the boundary layer. This was
defined as the integral of intermittency in the wall normal direction
(𝑦𝑤), non-dimensionalized with the local boundary layer thickness
(𝛿(𝑥)).

𝛾(𝑥) = 1 𝛿(𝑥)
𝛾(𝑥, 𝑦𝑤)𝑑𝑦𝑤 (9)
𝛿(𝑥) ∫0
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Table 2
Overall grid size and number (no.) of nodes and average resolution around the nacelle aeroline.

Grid
level

Total no. nodes
[×106]

Nodes around model
[𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧]

𝛥𝑥∕𝛥𝑧𝑟𝑖𝑔
[%]

𝛥𝑦∕𝛥𝑧𝑟𝑖𝑔
[%]

𝛥𝑧∕𝛥𝑧𝑟𝑖𝑔
[%]

𝑦+

1 2.6 114 × 91 × 45 2 1.6 2.2 1
2 5.7 158 × 120 × 80 1.5 1.35 1.25 1
3 16.8 212 × 173 × 160 1.1 1.15 0.625 1
Fig. 5. Effect of grid refinement on axial distribution of (a) isentropic Mach number, (b) axial wall-shear stress and (c) Rotta-Clauser parameter on the nacelle cowl at mid-span
(𝛥𝑧 = 0). Steady RANS computations with 𝑘𝜔 − 𝑆𝑆𝑇 turbulence model.
The experimental flow visualization through the schlieren images
where reproduced numerically by area-averaging the 𝑦 component
of the density gradient across seven meridional planes equispaced
throughout the spanwise length (𝛥𝑧𝑟𝑖𝑔) of the computational domain.
The two most offset planes relative to the rig mid-span were approxi-
mately located 0.03𝛥𝑧𝑟𝑖𝑔 away from the rig side-walls.

2.3.4. Grid independence studies
A grid independence study (Celik et al., 2008) was carried out at the

nominal operating conditions of the rig (𝑀𝑖𝑛 = 0.25, Table 1) for a con-
figuration with no boundary layer separation on the nacelle aeroline.
The grid was generated through the ANSYS ICEM software (ANSYS Inc,
2019a) and it was multi-block, fully structured with hexahedral-type
elements. Three grid refinements were used and referred to as level
1, 2 and 3, respectively (Table 2). The number of grid nodes within
the block around the nacelle model (𝑛𝑥, 𝑛𝑦, 𝑛𝑧) was anisotropically
increased and decreased relative to level 2, with an overall refinement
ratio of approximately 2.5. The resolution within the boundary layer
was kept approximately the same through the grids with a cell growth
ratio between 1.15 and 1.2, and constant first cell height (𝑦𝑤,1𝑠𝑡 ). Based
on the friction velocity (𝑢𝜏 =

√

𝜏𝑤∕𝜌) definition, the first cell height
in non-dimensional wall unit (𝑦+ =

(

𝜌𝑦𝑤,1𝑠𝑡𝑢𝜏
)

∕𝜇) was 𝑦+ ≈ 1. The
Grid Convergence Index (GCI) for level 2 grid relative to level 3 was
0.016% when evaluated based on peak isentropic Mach number on
the nacelle aeroline at mid-span (𝛥𝑧 = 0, Fig. 5). Relative to grid
level 3, the characteristics of the boundary layer on the nacelle cowl
at mid-span for level 2 were only slightly affected by the changes in
outer grid resolution (Fig. 5c). Level 2 grid was considered sufficiently
grid independent and the same spanwise, streamwise and wall-normal
resolutions (Table 2) were used for the subsequent studies. In the
presence of large boundary layer separation from the nacelle leading-
edge, for some of the computations the steady RANS were not able
to achieve a fully converged solution due to a significant massflow
redistribution between the upper and lower channel of the rig. This is a
limitation of the steady RANS approach and it was found that for those
computations, in order to force convergence to a steady state solution
with the same initialization strategy and global Courant–Friedrichs–
Lewy (CFL) condition, it was required to switch to the finer grid (level
3), which in turn led to a local CFL that was about 3 times smaller.
For those conditions a note on the figure caption is made to reflect the
change in grid resolution. Nevertheless, the primary aim of this study
is to identify the onset of separation of the nacelle boundary layer,
and therefore the change in grid resolution for the post-separation
assessment does not affect the main conclusions.
7 
3. Results

The effect of a change in either inlet Mach number or bump height
(i.e., to replicate engine massflow changes) on the characteristics of
the boundary layer on the external cowl of a compact nacelle under
windmilling EoR conditions was assessed in the blow-down wind tunnel
of the University of Cambridge (Sabnis et al., 2023). The novel rig
configuration enabled the assessment of steady RANS methods, with
a particular focus on the characteristics of the boundary layer prior to
separation. Post-separation, there was a significant massflow redistri-
bution between the upper and lower channel of the rig (Boscagli et al.,
2023). When this happens, due to the constraint of the rig walls, the
unsteady characteristics of the boundary layer separation are no longer
representative of the external flow behaviour on a full-size 3D aero-
engine nacelle and therefore are not further investigated in this work.
The focus of this study was up to the onset of separation.

The status (laminar/turbulent) of the boundary layer ahead of the
subsonic diffusion could not be determined experimentally. Thus, this
was inferred from the evaluation of fully-turbulent (𝑘𝜔 − 𝑆𝑆𝑇 ) and
transitional (𝛾−𝑅𝑒𝜃) steady RANS computations alongside experimental
data. Compared to experiments, for the case ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340 with
𝑀𝑖𝑛 = 0.25, both turbulence models provided good agreement in the
isentropic Mach number distribution at mid-span (Fig. 6). However,
while both models predicted a peak isentropic Mach number of about
1, the initial flow deceleration profile was slightly different for the
two, and typically the agreement with experiments was better for the
transitional (𝛾 −𝑅𝑒𝜃) computations. This was associated with different
boundary layer characteristics immediately downstream of the sonic
peak (𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.005, Fig. 7a,b). For the transitional computations the
boundary layer at 𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.005 was still transitional (𝛾 ≈ 0.36) and it
was fully turbulent further downstream on the cowl (𝛥𝑥∕𝐿𝑛𝑎𝑐 > 0.015),
where there was also a peak in the strength of the adverse pressure
gradient (Fig. 7c). Thus, it is argued that also in the experiments there
was laminar to turbulent transition on the nacelle leading edge, due
to the better agreement in the isentropic Mach number distributions
for the transitional computations (𝛾 − 𝑅𝑒𝜃) compared to those fully
turbulent (𝑘𝜔−𝑆𝑆𝑇 ). This was also reflected in a slightly better agree-
ment with experiments in the boundary layer profiles in the adverse
pressure gradient region (Fig. 8). For example, at 𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.24, based
on a fitting of the experimental and computational data to a log-law
and wake model (Sun and Childs, 1973), the boundary layer for the
fully turbulent (𝑘𝜔 − 𝑆𝑆𝑇 ) and transitional (𝛾 − 𝑅𝑒𝜃) computations
was approximately 38% and 23% thicker compared to experiments,
respectively.

At the nominal inlet Mach number of 𝑀𝑖𝑛 = 0.25, for the steady
RANS computations with the transitional turbulence model (𝛾 − 𝑅𝑒 ),
𝜃
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Fig. 6. Effect of turbulence model on isentropic Mach number distribution on the nacelle cowl at mid-span (𝛥𝑧 = 0); (b) and (c) zoom into peak 𝑀𝑖𝑠𝑒 and position of the stagnation
point, respectively, and errorbars indicate the experimental uncertainty. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340, 𝑀𝑖𝑛 = 0.25.
Fig. 7. Effect of turbulence model on non-dimensional (a) streamwise velocity (𝑈) and (b) Turbulent Kinetic Energy (𝑇𝐾𝐸) profiles within the boundary layer on the nacelle cowl
at 𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.005 and 𝛥𝑧 = 0; (c) effect of turbulence model on axial distribution of Rotta-Clauser parameter on the external nacelle at mid-span. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340, 𝑀𝑖𝑛 = 0.25.
Fig. 8. Effect of turbulence model on boundary layer profiles at LDA measurements positions (𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.12, 0.18 and 0.24) on the nacelle cowl at mid-span (𝛥𝑧 = 0); errorbars,
plotted every 3rd point for figure readability, indicate the experimental uncertainty. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340, 𝑀𝑖𝑛 = 0.25.
there was a laminar separation bubble on the initial forebody of the
nacelle (Fig. 9). When the inlet Mach number was increased to 𝑀𝑖𝑛 =
0.3, the boundary layer separation extended over the full cowl for both
the fully turbulent (𝑘𝜔−𝑆𝑆𝑇 ) and transitional (𝛾−𝑅𝑒𝜃) boundary layer
RANS computations. This indicated that, despite the local laminar sep-
aration for the transitional computations, the leading-edge boundary
layer separation due to the notable adverse pressure gradient was fully
turbulent. These findings related to the turbulent nature of the large
diffusion induced separation confirm what was argued by Hoelmer
et al. (1987). Overall, it the boundary layer remains laminar around
the leading edge and transitions to turbulent further downstream on
the nacelle forebody. Thus, the 𝛾 − 𝑅𝑒𝜃 model is used in the following
assessment to determine the onset and characteristics of the separation
of the external cowl boundary layer. In the following sections, to
improve data readability, the experimental uncertainty is omitted from
the figures. However, the typical overall and local values were provided
in Section 2.2.

3.1. Effect of bump height on boundary layer separation

For 𝑀𝑖𝑛 = 0.3, it was possible to determine the effect of a change in
bump height (i.e., MFCR) on the separation onset of the nacelle bound-
ary layer. For the experiments, for the bump height ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 =
0.311 and 0.340, the nacelle boundary layer was attached (Fig. 10). A
further increase in bump height (ℎ ∕𝛥𝑦 = 0.375) led to diffusion
𝑏𝑢𝑚𝑝 𝑟𝑖𝑔,𝑖𝑛
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induced separation from the nacelle leading-edge. For the steady RANS
calculations with the transitional turbulence model (𝛾−𝑅𝑒𝜃), the nacelle
boundary layer was attached for ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.311 and separated
for ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340 and ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.375 (Fig. 10). Based on
changes in the position of the stagnation point for the quasi-2D rig
configuration and a full-3D annular nacelle (Swarthout et al., 2023;
Boscagli et al., 2023), it was estimated that the steady RANS computa-
tions are able to discern the onset of boundary layer separation under
end-of-runway windmilling conditions with an uncertainty on massflow
capture ratio of approximately 10%. Due to this difference between
the steady RANS and experiments, the isentropic Mach number and
boundary layer profiles were also investigated in more detail.

At the pre-separation conditions (ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.311 and 𝑀𝑖𝑛 =
0.3), the peak isentropic Mach number on the forebody of the nacelle
was approximately 𝑀𝑖𝑠𝑒,𝑝𝑒𝑎𝑘 ≈ 1.3 (Fig. 11a). The peak isentropic
Mach number was approximately 𝑀𝑖𝑠𝑒,𝑝𝑒𝑎𝑘 ≈ 0.9 at 𝑀𝑖𝑛 = 0.25 and
increased to approximately 𝑀𝑖𝑠𝑒,𝑝𝑒𝑎𝑘 ≈ 1.3 at 𝑀𝑖𝑛 = 0.3 (Fig. 11b),
with a supersonic region formed on the nacelle forebody. Compared
to 𝑀𝑖𝑛 = 0.25, the axial extent of the laminar separation bubble on the
nacelle forebody did not significantly increase (Fig. 11c). This indicates
that, despite the formation of the weak shock wave at 𝑀𝑖𝑛 = 0.3, the
large leading-edge separation promoted by the increase in bump height
(Fig. 10) is still driven by a subsonic diffusion mechanism. At the pre-
separation conditions (ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.311 and 𝑀𝑖𝑛 = 0.3), there was
good agreement for the nacelle boundary layers at 𝛥𝑥∕𝐿 = 0.12 and
𝑛𝑎𝑐
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Fig. 9. Effect of turbulence model on the axial wall-shear stress (𝜏𝑥) distributions on the nacelle cowl at mid-span (𝛥𝑧 = 0); (a) pre- (𝑀𝑖𝑛 = 0.25) and (b) post (𝑀𝑖𝑛 = 0.3) diffusion
induced separation. The black dot-dashed line distinguishes between region of attached (𝜏𝑥 > 0) and separated (𝜏𝑥 < 0) boundary layer. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340.
Fig. 10. Effect of bump height on the onset of nacelle boundary layer separation; (a) experimental schlieren photographs and (b) spanwise averaged density gradient (𝜕𝜌∕𝜕𝑦) for
the steady RANS with 𝛾 − 𝑅𝑒𝜃 turbulence model. 𝑀𝑖𝑛 = 0.3. In (b) the steady RANS computations at ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340 were obtained with level 3 grid.
Fig. 11. (a) Effect of inlet Mach number on isentropic Mach number distribution on the nacelle cowl at mid-span (𝛥𝑧 = 0); (b) and (c) forebody details of 𝑀𝑖𝑠𝑒 and axial wall
shear-stress distributions, respectively. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.311, 𝑀𝑖𝑛 = 0.3.
0.18 (Fig. 12). However, closer to the leading edge (𝛥𝑥∕𝐿𝑛𝑎𝑐 = 0.05,
Fig. 12), the steady RANS with 𝛾 − 𝑅𝑒𝜃 turbulence model significantly
overestimated the boundary layer thickness compared to experiments.
This may indicate that although the boundary layer further along the
nacelle is well predicted by the steady RANS, the initial effect of the
strong adverse pressure gradient (𝛽 ≈ 7, 𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.1) which follows
the notable expansion around the leading edge (𝛥𝑥∕𝐿𝑛𝑎𝑐 < 0.01) is not
sufficiently well reproduced by the computations. This may explain the
earlier onset of boundary layer separation for the steady RANS relative
to the experiments. However, it is acknowledged that due to the small
thickness of the boundary layer in the expansion region, there were no
experimental data collected at that location that could enable further
judgement and more firm conclusions.
9 
3.2. Effect of inlet mach number on boundary layer separation

At a fixed bump height (ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛), boundary layer separation
was promoted by an increase in tunnel inlet Mach number (𝑀𝑖𝑛). Sep-
aration of the boundary layer was inferred in the experiments through
evaluation of the time-averaged schlieren photographs and the static
pressure measurements on the nacelle external cowl at the tunnel mid-
span (𝛥𝑧 = 0). For example, for ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340, the experiments
showed an attached boundary layer on the external cowl of the nacelle
for 𝑀𝑖𝑛 = 0.2, 0.25 and 0.3 (Fig. 13a). The boundary layer thickness
increased with an increase in 𝑀𝑖𝑛 as depicted by the bright region
on the schlieren photographs around the external cowl of the nacelle.
When the inlet Mach number was further increased to 𝑀𝑖𝑛 = 0.35, there
was full cowl boundary layer separation (Fig. 13a). The steady RANS
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Fig. 12. Boundary layer profiles at LDA measurements positions (𝛥𝑥∕𝐿𝑛𝑎𝑐 ≈ 0.05, 0.12 and 0.18) on the nacelle cowl at mid-span (𝛥𝑧 = 0). Pre-separation conditions:
ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.311, 𝑀𝑖𝑛 = 0.3.
Fig. 13. Effect of inlet Mach number on the onset of nacelle boundary layer separation; (a) experimental schlieren photographs and (b) spanwise averaged density gradient (𝜕𝜌∕𝜕𝑦)
for the steady RANS with 𝛾 − 𝑅𝑒𝜃 turbulence model. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340. In (b) the steady RANS computations at 𝑀𝑖𝑛 = 0.3 were obtained with level 3 grid.
had an attached boundary layer up to 𝑀𝑖𝑛 = 0.25. A further increase
in inlet Mach number to 𝑀𝑖𝑛 = 0.3 promoted earlier boundary layer
separation compared to experiments. The computations also showed
that at the attached conditions (𝑀𝑖𝑛 = 0.25) there were notable
secondary flows developing on the upper and lower rig walls, as well
as at the junction between the rig side-walls and the nacelle aeroline.
Previous computational work of a similar configuration and operating
conditions (Boscagli et al., 2023) showed that the rig secondary flows
do not affect the onset and characteristics of the separation of the
nacelle boundary layer.

When the notional MFCR was further reduced by increasing the
bump height (ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.375), the steady RANS analyses agreed
well with experiments up to 𝑀𝑖𝑛 = 0.25 (Fig. 14). With a further
increase in inlet Mach number to 𝑀𝑖𝑛 = 0.30 there was large cowl sep-
aration in both the CFD and experiments, although the signature of the
separated shear layer was more marked in the numerical schlieren com-
pared to the experimental schlieren photos. Thus, the isentropic Mach
number distributions on the nacelle external cowl at mid-span (𝛥𝑧 = 0)
were further investigated at pre- and post-separation conditions.

For the case ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.375, at the pre-separation conditions
(𝑀𝑖𝑛 = 0.25) the computations provided relatively good predictions of
both the peak isentropic Mach number (𝛥𝑀𝑖𝑠𝑒,𝑝𝑒𝑎𝑘) and the position of
the stagnation point (Fig. 15). Post-separation (𝑀𝑖𝑛 = 0.25), the steady
RANS significantly underestimated the peak 𝑀𝑖𝑠𝑒 (𝛥𝑀𝑖𝑠𝑒,𝑝𝑒𝑎𝑘 ≈ 0.2)
relative to experiments, and there were notable differences in the after-
body region (Fig. 15). Under these conditions (𝑀𝑖𝑛 = 0.3) the nacelle
cowl boundary layer was fully separated based on the steady RANS
computations. The large separated region typically led to a notable flow
redistribution between the upper and lower channel of the rig, with
the position of the stagnation point further upstream and closer to the
nacelle leading edge (Fig. 15b at 𝑀𝑖𝑛 = 0.3). Similarly the reduction in
flow area in the lower channel, led to a notable flow acceleration. Thus,
the greater 𝑀 downstream of the nacelle leading edge (𝛥𝑥∕𝐿 > 0.3,
𝑖𝑠𝑒 𝑛𝑎𝑐
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Fig. 15a) for the CFD compared to experiments was likely due to a
greater radial extent of the separated flow region in the computations.
Overall, the steady RANS were sufficiently able to discern the onset
of boundary layer separation on the external cowl, with just some
minor differences on the radial extent of the separation which are
likely associated with the limitations of the steady RANS approach to
predict post-separation flow behaviour. As anticipated, under largely
separated conditions, the rig configuration is no longer representative
of the aerodynamics of a 3D-annular nacelle under end-of-runway
windmilling conditions.

3.3. Effect of cowl-afterbody pressure gradient on separation onset

Previous experimental work on a ‘forebody-only’ configuration
(Hoelmer et al., 1987) suggested that under EoR windmilling the
separation of the nacelle cowl boundary layer begins from the nacelle
leading-edge. Computational work on compact nacelle aerodynamics
under take-off windmilling conditions (Swarthout et al., 2023) showed
local separation on the nacelle afterbody which abruptly develops into
full cowl boundary layer separation when the nacelle incidence angle is
further increased. Thus, the separation mechanism due to the subsonic
adverse pressure gradient on the external nacelle under EoR wind-
milling conditions was further investigated in the rig configuration.
Another lower rig liner (Fig. 16) was designed to assess the effect of
afterbody pressure gradient on the separation onset and characteristics
of the boundary layer on the external nacelle cowl. In the following
paragraphs, the two configurations are referred to as baseline and
modified, respectively. Following the design intent, the configuration
with the modified lower liner featured about 50% lower strength of the
adverse pressure gradient (𝛽) on the nacelle afterbody (𝛥𝑥∕𝐿𝑛𝑎𝑐 > 0.75,
Fig. 17) relative to the baseline. At a fixed bump height (ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 =
0.340), the inlet Mach number was progressively increased to promote

boundary layer separation.
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Fig. 14. Effect of inlet Mach number on the onset of nacelle boundary layer separation; (a) experimental schlieren photographs and (b) spanwise averaged density gradient (𝜕𝜌∕𝜕𝑦)
for the steady RANS with 𝛾 − 𝑅𝑒𝜃 turbulence model. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.375.
Fig. 15. Isentropic Mach number distribution on the nacelle cowl at mid-span (𝛥𝑧 = 0) pre and post nacelle boundary layer separation; (b) and (c) zoom into peak 𝑀𝑖𝑠𝑒 and
position of the stagnation point, respectively. ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.375.
Fig. 16. Schematic of rig configuration with baseline and modified lower wall.

In the experiments, the strength of the adverse pressure gradient on
the cowl afterbody did not affect the separation onset and character-
istics of the nacelle boundary layer (Fig. 18). For the baseline and the
modified case, the boundary layer was attached at 𝑀𝑖𝑛 = 0.25 and 0.3,
and there was leading-edge diffusion induced separation at 𝑀𝑖𝑛 = 0.35
as indicated by the plateaux in the 𝑀𝑖𝑠𝑒 distribution on the nacelle
external cowl (Fig. 18c) and further confirmed by the time-average
schlieren photographs (Fig. 19). At the pre-separation conditions, the
change in the lower rig wall did not significantly affect the position of
the stagnation point on the intake, which indicates that the massflow
split within the rig was similar. Based on the steady RANS computations
with 𝛾−𝑅𝑒𝜃 turbulence model, the critical inlet Mach number (𝑀𝑖𝑛,𝑐) at
which separation first occurs was only slightly delayed for the modified
wall, 𝑀𝑖𝑛,𝑐 = 0.35 (Fig. 18c), compared to the baseline configuration,
𝑀𝑖𝑛,𝑐 = 0.3 (Fig. 18b). This is further confirmation that the separation
is driven by a subsonic diffusion starting from the leading edge of the
11 
Fig. 17. Effect of lower rig wall on the axial distribution of Rotta-Clauser pressure
gradient parameter on the nacelle external cowl at mid-span (𝛥𝑧 = 0). ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 =
0.340, 𝑀𝑖𝑛 = 0.25. Steady RANS with 𝛾 − 𝑅𝑒𝜃 turbulence model.

nacelle (Fig. 19), and the afterbody pressure gradient only slightly af-
fected the separation onset predicted by the steady RANS computations
with the 𝛾 − 𝑅𝑒𝜃 turbulence model.

4. Conclusions

The novelty of this work is the numerical and experimental inves-
tigation of a quasi-2D rig configuration which was sufficiently rep-
resentative of the aerodynamics of a nacelle under end-of-runway
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Fig. 18. Effect of lower rig wall on the isentropic Mach number distribution on the nacelle aeroline at mid-span (𝛥𝑧 = 0) for the case with ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340. (a) 𝑀𝑖𝑛 = 0.25,
(b) 𝑀𝑖𝑛 = 0.3 and (c) 𝑀𝑖𝑛 = 0.35.
Fig. 19. Effect of inlet Mach number on the onset of nacelle boundary layer separation;
(a) experimental schlieren photographs and (b) spanwise averaged density gradient
(𝜕𝜌∕𝜕𝑦) for the steady RANS with 𝛾 − 𝑅𝑒𝜃 turbulence model. ‘Modified’ configuration
with ℎ𝑏𝑢𝑚𝑝∕𝛥𝑦𝑟𝑖𝑔,𝑖𝑛 = 0.340.

windmilling conditions. The rig configuration enabled the assessment
of the boundary layer characteristics prior to separation, which have
a notable impact on the separation incidence angle of the nacelle.
The combination of computational and experimental investigations
showed that for a full-size engine nacelle under end-of-runway wind-
milling conditions the boundary layer on the nacelle leading edge
is likely to be laminar and there is transition to turbulence further
along the forebody. However, at the onset of large diffusion induced
12 
separation, the boundary layer is fully turbulent. Overall, compared to
experiments, the steady RANS with the transitional turbulence model
typically predicted an earlier onset of boundary layer separation. The
steady RANS calculations, with 𝛾 − 𝑅𝑒𝜃 turbulence model, are able
to determine the onset of boundary layer separation on the external
nacelle cowl with an uncertainty of 𝛥𝑀𝑖𝑛 = 0.05, relative to a nominal
𝑀𝑖𝑛 = 0.25, and of approximately 10% on MFCR. The strength of the
pressure gradient on the afterbody of the nacelle did not affect the onset
of separation in the experiments, and this was only slightly delayed in
the steady RANS computations. This indicated that the separation of
the boundary layer from the nacelle leading edge was driven by the
subsonic adverse pressure gradient on the nacelle forebody. Overall,
the contribution of this research is to quantify, for the first time, the
performance of typical industrial computational methods used for the
design and optimization of windmilling-tolerant aero-engine nacelles.
It is believed that the high quality of the experimental measurements,
which captured the thin boundary layer profiles, and the use of the
steady RANS computations to further corroborate the experimental
results and provide more insight into the status of the boundary layer
near the nacelle leading edge, provide a good foundation for subsequent
studies using eddy-resolving models that will investigate the detailed
transient and complex nature of the separated boundary layer. This will
help to push further the design boundaries of future compact nacelle
configurations for ultra-high bypass ratio aero-engines.
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