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When a civil aircraft engine is operated at windmill during the cruise flight phase, there is
supersonic flow acceleration around the leading edge of the fan cowl towards the external surface.
The terminating normal shock wave can separate the turbulent boundary layer developing on
this external surface. A series of experiments at flight-relevant Reynolds number (1.2 million
based on lip thickness) are performed in a quasi-two-dimensional wind tunnel rig to investigate
the underlying flow physics. At nominal inflow Mach number of 0.65 and nacelle incidence
angle of 4.5 degrees, as the equivalent engine mass-flow rate is reduced, an increase in shock
strength results in flow separation when the shock exceeds Mach 1.4. Over a 10% range in
notional engine mass-flow rate, the boundary layer developing on the external fan cowl thickens
by a factor of three on the onset of separation. A reduction in incoming Mach number from 0.65
to 0.60 weakens the shock wave and thus delays separation. An increase in surface roughness
has no significant effect in situations where the boundary layer remains attached. However, for
separated cases, an increased local roughness height causes a greater separation extent and a

thicker boundary layer downstream of the shock wave.
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Nomenclature

A, B = Stern—Volmer coefficients
hp = height of bump
H; = incompressible shape factor

I = light intensity from pressure-sensitive paint
L = length

M = Mach number

p = pressure

R = surface roughness height

Re = Reynolds number

s = chord-wise coordinate from lip highlight
T = temperature

U = velocity vector magnitude

X = streamwise coordinate from tunnel entry
y = vertical coordinate from tunnel upper wall
Vi = local wall-normal coordinate

Ay = tunnel height

b4 = spanwise coordinate

) = physical boundary-layer thickness

5; = incompressible displacement thickness

K = surface curvature

0; = incompressible momentum thickness
Subscripts

in = inflow quantity

ise = isentropic quantity

max = maximum value

nac = quantity relating to nacelle model

ref = quantity relating to reference condition
0 = stagnation quantity

00 = free-stream quantity

Superscripts

+ = wall units
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Fig.1 Schematic of flow fields for (a) on-design cruise and (b) off-design diversion windmilling conditions.

L. Introduction

IO Chadelles for civil aircraft are typically optimised for aerodynamic efficiency under design conditions such
E as cruise. The aerodynamic behaviour is generally well understood at these design points, where the optimised fan
cowl geometries do not exhibit any significant flow separation on the internal or external nacelle siitfad¢dsviever,
the flow field in off-design scenarios, such as engine windmilling, has not been studied extensively and the detailed
aerodynamics remains relatively unknown. For high-bypass ratio (HBPR) engines currently in service, these off-design
scenarios are typically not problematic because sufficient design margins ensure that significant flow separation is
avoided [2].

However, such an approach is generally not possible for ultra high-bypass ratio (UHBPR) engines, which the
aviation industry is actively developing to satisfy environmental targets such as the European Commission’s FlightPath
2050 vision B]. Since UHBPR engines feature significantly larger fans than existing HBPR models, it is necessary to
minimise the drag penalty from the wetted area of the fan cowl by developing more compact nacelles. These geometries
may feature higher local curvature at the lip, and are thus more prone to flow separation in off-design s@hakios [
result, it is not possible to maintain the same design margins used for existing HBPR engines, and so greater insight into
the onset of flow separation at off-design conditions is required.

An off-design scenario particularly relevant to UHBPR engine nacelles concerns windmilling during diversion
conditions in the cruise phase. In this situation, termed “diversion windmilling”, the mass-flow rate through the engine
is decreased and the aircraft cruise Mach number is reduced. Within the context of the present work, nominal diversion
conditions for long-range aircraft are defined by a nacelle incidence angle of 4.5 degrees and an incoming Mach number
of 0.65 |5]. Under diversion windmilling conditions, the reduced engine mass-flow rate results in a contracted capture
streamtube and thus the stagnation point moves inside the nacelle lip(Fig. 1). As a result, the flow acceleration around

the highly-curved lip causes a local supersonic region to form on the outside of the nacelle and the terminating normal



shock wave can become strong enough to separate the external fan-cowl boundarig]ayéri§ local flow separation
can increase drag, which is undesirable under the reduced thrust conditions caused by the inoperativ&gnghe [
boundary-layer separation can also result in adverse interactions with the wing flowGjgeldHich is especially relevant
for UHBPR engine configurations which are typically installed close to the wing.

It is worth noting that similar shock/boundary-layer interactions around nacelles also occur on the inner intake
surface during high-incidence take off][or during crosswind condition®]. In both these cases, the aerodynamics of
the lip, where the shock tends to be located, are closely coupled to the flow further downstream in the diffuser. As
a result, any local shock-induced separation tends to be associated with a change in operating conditions, including
the possibility of an open boundary-layer separation under the notable adverse pressure gradient in theldlffuser [
Whilst such interdependence is slightly reduced during high-incidence conditions by the radial mass flow redistribution
due to the fan in short UHBPR intake8], crosswind conditions which feature ingestion of a ground vortex typically
display significant unsteady coupling between the shock and thé9fnThus, for the internal flow of an intake, the
design of the lip and of the diffuser need to be considered simultanedlily On the other hand, the windmilling
aerodynamics of the forebody and the afterbody on the external fan cowl surface can be considered to be relatively
independent. For example, under diversion windmilling the post-shock boundary layer reaches a quasi-equilibrium state,
with a constant ratio of pressure to shear for@&4 [ This situation is quite different to the internal intake behaviour
during high incidence or crosswind, and so a targeted investigation of the diversion windmilling flow field is required.

The development of novel compact UHBPR nacelles requires greater understanding of the physical mechanisms
governing shock-induced separation during diversion windmilling. In addition, whilst Reynolds-averaged Navier-Stokes
(RANS) methods are typically used in industry to compute such flow fi€ldj [the capabilities of these methods to
reliably predict the onset of flow detachment, the scale of separation, and the effect on the external fan cowl boundary
layer remain unknown. In particular, RANS methods based on linear eddy-viscosity turbulence models can accurately
compute the flow field where the boundary layer remains attached but, when flow separation occurs, such approaches
cannot reliably capture the shock characteristics, the streamwise separation extent and the post-shock boundary-layer
profile [12]. Often, RANS computations tend to predict a lower-momentum boundary-layer profile compared to
experiment, which may be due to difficulties in capturing the boundary-layer response to theflockHus, by
conducting detailed experiments in areas where RANS methods encounter difficulties, we aim to provide data which
can be compared with computational fluid dynamics (CFD) methods to identify physical separation mechanisms and
characteristics of the boundary-layer response to the shock. There are also aspects where RANS capabilities remain
unknown, such as the effects of surface roughness on boundary-layer development, which new experiments can help
determine.

In order to increase understanding of the complex flow physics pertinent to windmilling for UHBPR fan cowls,

experiments are performed in a quasi-two-dimensional (quasi-2D) transonic test rig which was developed to replicate



the external aerodynamics from a full-scale three-dimensional (3D) nacelle. The current paper considers a nominal
diversion windmilling condition with mass-flow capture ratio (MFCR) roughly 30 — 40% lower than cruise. The
aerodynamic behaviour for three different “windmilling severities” corresponding to different MFCR values is assessed,
such that the test cases encompass attached and separated nacelle conditions. The effects of incoming Mach number and

surface roughness on the external fan cowl surface are also investigated.

II. Research Methodology

A. Wind tunnel rig
The experimental rig used in the current study is installed into a blow-down transonic wind tunnel at the University of
Cambridge. The facility, schematically depicted in Fg. 2a, is driven from a high-pressure reservoir through a settling
chamber, where it passes through a number of flow straighteners and turbulence grids. The flow then enters a 18:1
area ratio contraction with a round-to-rectangular transition before reaching the test section shown|in FigF] 2b and 2c.
The stagnation pressure is set204 + 1 kPa and the stagnation temperature is measured &0Be- 5 K. The test
section, which is 114 mm wide and 1200 mm long, consists of an underlying support structure, marked in light gray in
Fig.[2b, onto which custom-built liner blocks (dark gray) are installed. The sidewalls of the wind tunnel are formed
by removable doors containing an optical-access window with 203 mm diameter, which is centre®@5m and
y = 150mm, using the coordinate systems defined in Fig. 2.

The detailed design of the rig shown in F[g. 2b is set out in Refis] and [15] with a brief summary included
here for completeness. A 1/14th scale model of a nacelle of length,= 407 mm, is installed within the flow path,
suspended from the upper wall by plates on each sidewall (Fig. 2c). These nacelle-holding plates are about 6 mm wide
(5% of the tunnel width) and are chamfered at the leading and trailing edges.

The surface-streamwise coordinateg,is defined from the nacelle lip highlight. This nacelle model is based on
a representative 3D non-axisymmetric baseline nacelle for a long-range aircraft, which is optimised for drag whilst
ensuring acceptable aerodynamic performance in a number of off-design conditions including diversion windmilling
[16]. The geometry of the wind tunnel model is equivalent to the side aeroline from this full-scale 3D design. Due to
structural constraints, the model is installed in an inverted configuration such that the lower surface corresponds to the
external fan cowl and the upper surface is internal to the nacelle. The model consists of an additively-manufactured
resin sleeve which fits onto a steel core that provides structural rigidity.

The geometry of the test section walls are based on a planar slice through 3D RANS computations of the full-scale
nacelle under diversion windmilling conditions. This approach neglects curvature effects associated with the azimuthal
pressure gradient imposed on the boundary layer in a 3D nacelle. It is likely that this assumption is valid because the

geometric curvature in the spanwise direction is an order of magnitude smaller than the streamwise curvature. Indeed,
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a) isentropic Mach number comparison b) rig Mach number distribution
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Fig.3 a) Isentropic Mach number distribution on external surface for full-scale 3D nacelle and test rig (strong
windmilling). b) Centreline Mach number distribution for the test rig geometry (strong windmilling).

computations of the 3D nacelle indicate that the boundary layer ahead of the shock wave is not subject to significant
cross flow [15]. It is therefore expected that the quasi-2D rig adequately captures the key physical mechanisms governing
shock-induced separation in practical applications, with further 3D-nacelle wind tunnel tests required to quantify the
effects of curvature and cross flow, which are outside the scope of the present study.

The contour of the upper tunnel liner wall in Fjd. 2b is defined by a streamline internal to the aircraft engine
from the planar slice through 3D nacelle computations. The geometry of the lower wall ip|Fig. 2b is determined
using a parametric design approach which uses RANS computations of the wind tunnel flow path to achieve a flow
field that is representative of the full-scale 3D nacelle. Specifically, the lower wall contour is chosen such that the
pressure distribution imposed on the nacelle model matches the equivalent values on the external fan cowl surface of a
three-dimensional nacelle during diversion windmilling, as shown in[fd 5[ By using RANS computations of the
wind tunnel flow path in the design process, the final rig geometry accounts for the prismatic nature of the set up, the
boundary layers developing on the wind tunnel walls, and additional blockage associated with the nacelle-holding plates.
The tunnel walls are sufficiently far away from the nacelle model that they are not expected to influence the flow on the
external fan cowl surface under the conditions investigated in the current study.

Despite the 1/14th physical scale of the nacelle model, the fact that the facility is pressurised means that the
Reynolds number based on lip thickness 2 x 10°) is only a factor of three lower than the full-scale val3eZ(x 10°).
Nevertheless, whilst the shock-boundary-layer interaction (SBLI) for the full-scale nacelle is expected to be turbulent
[15], infrared thermography measurements of the external fan cowl surface in the rig feature a temperature distribution
at the normal shock wave characteristic of a laminar interacflgf. [Therefore, in order to replicate the turbulent
interaction, the wind tunnel model is modified to promote transition by increasing the surface roughness in a small
region around the leading edge betweéih.c = —0.043 on the internal surface and L,ac = 0.013 on the external
surface. After the local surface roughness height in this small region is increased from 2.1 microns to 15.5 microns, the

temperature distribution is measured to be typical of a turbulent interaction [17].



Itis desirable to reproduce the effect of different engine mass-flow rates within the rig, which correspond to different
degrees of “windmilling severity”. This is achieved by noting that the nacelle model splits the wind tunnel into two
channels, where the upper channel corresponds to flow internal to the engine and the lower channel represents the
external flow. Therefore, variations in engine mass-flow rate are replicated by adjusting the mass-flow split between
these two channels. To do so, the upper wall is modified by installing a series of interchangeable variable-height bumps,
shown in Fig]{2. These bumps restrict the flow through the upper channel, thus modifying the mass-flow split between
the two channels. In this study, three mass-flow split cases are considered with values of bump height normalised by
test-section entry height,, /Ay = 0.159, 0.194 and 0.227. These effective engine mass flow rates, which are termed
“mild”, “moderate” and “strong” windmilling, respectively, represent a roughly 10% range in MFCR values around the
expected onset of external fan cowl boundary-layer separafigii]. Within the wind tunnel rig, the mass flow split
changes from approximately 25% through the upper channel (and 75% through the lower channel) for mild windmilling,
to 20% through the upper channel for strong windmilling.

There is an adjustable “rear throat” downstream of the test sectiorj [Fig. 2a). The choking of the flow at this location
is achieved by an airfoil which can be adjusted to set the effective local flow area. The effective area ratio between this
rear throat and the entry to the test section defines the tunnel entry Mach number. The current study considers two entry
Mach numbers, the nominal value for a diversion windmilling scena#i, = 0.650+ 0.002and a reduced value of
M, = 0.600+ 0.002

As well as considering variations in effective engine mass-flow rate and inflow Mach number, the current paper also
investigates the effect of surface roughness on the external fan cowl surface. The local surface roughnesg height,
is measured using a Taylor Hobson Form Talysurf I-129 profilometer to a resolution of 8 nm. As already discussed,
the local surface roughness height is 15.5 microns betwe@nac = —0.043ands/Lnac = 0.013, in order to promote
boundary-layer transition and replicate the turbulent shock-boundary-layer interaction which features in industrial
settings. The surface roughness height on the internal nacelle surface betiwega= —0.043and the trailing edge is
measured to be 2.0 microns. On the external nacelle surface, two different cases are investigated: a “smooth” case with
a surface roughness height of 2.0 microns and a “rough” case with a surface roughness height of 16.1 microns. The
smooth and rough cases therefore correspond to roughness Reynolds numbers,/Reand 560, respectively, which

represent roughness heights of 6 microns and 50 microns at full scale.

B. Experimental techniques

A z-type schlieren system with a horizontal knife-edge enables visualisation of spanwise-averaged density gradients.
Schlieren images are captured at 6400 frames per second using a Photron Fastcam Nova S6 camera, with an exposure
time of 1.6 ps. Time-averaged images presented in the current paper represent mean pixel intensities over 1800

consecutive frames.



Steady-state surface pressure distributions are measured using pressure-sensitive paint (PSP). The surface of interest
is sprayed with a special polymer binder seeded with luminescent molecules. When irradiated by UV light, the resultant
luminescence intensity ratid&s/I1(p, T)) is dependent on the local pressure, as specified by the Stern—Volmer relation

[18]:
Iref
I(p.T)

- A(T) + B(T)-Z- (1)

Pref
The luminescence is recorded using a RaspberryPi camera module 3 with a Sony IMX708 sensor. This camera
module is installed within the tunnel rig and optical access to the model is provided through a custom optical-access
window integrated into the lower liner (Fjg. 2c). The reference condition is taken with the wind tunnel off, such that
pref = 101kPa everywhere. In order to determine the valuea @f) and B(T) in the Stern—Volmer relation, in-situ
calibration is performed using at least ten 0.3 mm diameter static pressure taps connected to a differential pressure
transducer. The location of these static pressure taps is accurate to withir).0008L,,c. The overall measurement
uncertainty for static pressure values using the tap data isi®%o [ This error bound on pressure measurements
corresponds to an uncertainty in the isentropic Mach numhéfs. = 0.01 on the external fan cowl surface and
AMise = 0.07 around the stagnation point (whe is very sensitive tq/po).

The calibration enables absolute pressure values on the target surface to be extracted from the measured light
intensity. A comparison between static tap pressures and the calibrated PSP data places an uncertainty bound of 5% on
these measurements. However, in regions where the thermal properties change (e.g. attachment screws or thickness
variations in the underlying steel structure) or where reflections from the tunnel walls distort the measured luminescence,
the calibration is no longer valid. Due to the larger, unquantified error in such locations, the PSP data away from the
tunnel centre line is used only to provide a qualitative representation of the surface pressure field.

The topology of the separated flow field is surveyed using the time-averaged skin-friction lines from surface oil-flow
visualisation. This technique involves coating the surface of interest with a mixture made from paraffin, finely-powdered
titanium dioxide, oleic acid and lubricating oil. There is a small error due to oil-flow producing an inaccurate indication
of separation location, by about 0.2 local boundary-layer thicknesses = 0.@6imNevertheless, oil-flow visualisation
allows the flow topology to be determined and comparisons of separation size between different setups are considered to
be reliable.

Point measurements of local flow velocity are provided by two-component laser Doppler velocimetry (LDV). The
flow is seeded with paraffin in the settling chamber; previous measurements of particle lag through a normal shock have
placed the seeding droplet diameter in the rad@@— 500nm [19]. The error in measured velocities due to the finite
number density of seeding particles and due to the laser optics is 2% for the majority of measurement points through the
boundary layer, although it does increase to approximately 20% in the immediate vicinity (within 0.5 mm) of the wall as

a result of laser light scattering from the model surface. In practice, LDV is not precisely a point-measurement technique,



since velocities are averaged over a nominal ellipsoidal probe volume which spans 0.1 mm in the streamwise and
vertical directions, and 2 mm in the spanwise direction. The positional accuracy of this probe volume is, approximately,
Ax ~ 0.2 mm,Ay,, ~ 0.005mm, andAz ~ 0.1 mm.

Boundary-layer traverses are carried out with wall-normal resolution rol@hilgnm. The measured boundary-layer
data is fitted to theoretical profiles. A Sun & Childs (1973) &t]], adapted to include a van Driest compressibility
correction, is used for the outer layer; this combines a log-law of the wall region with a Coles wake function. The
viscous sublayer is modelled using a Musker (1979)BP]. These fitted profiles are then used to calculate characteristic
boundary-layer integral parameters: displacement thickr&9s fnomentum thicknes®) and shape factor;). The
boundary-layer properties are determined in their incompressible forms, as these are less sensitive to variations in Mach
number and require fewer assumptions to calculate from raw velocity [@3}a\Vhilst the theoretical profiles were
originally derived for equilibrium boundary layers, the method of using parametric fitted profiles to obtain integral
parameters has been shown to be robust even for non-equilibrium boundary layers, up to a shape fact@4pf 2.8 [
Such an approach avoids errors caused by poor measurement resolution near the wall and therefore provides a more
accurate estimate of integral boundary-layer parameters. The LDV data obtained in this study typically has around
40 measurement points within the boundary layer and the closest data point to the wall is atyareu8d This
corresponds to an uncertainty in integral parameters of around 5% for the turbulent boundary layers measured in this

study 1.4 < H; < 2.2) [24].

II1. Results & Discussion

A. Effect of engine mass flow rate

The effect of variations in equivalent engine mass-flow rate is studied for nominal diversion windmilling conditions,
i.e. M., = 0.65, and a smooth external fan cowl surface. The severity of the windmilling scenario is increased (from
mild to moderate to strong) by installing bumps with larger height on the upper wall, thus replicating the reduction in
engine MFCR. Schlieren images for all three windmilling severities are presented inFig. 4. Note that, although the
nacelle model has been inverted in the rig to enable better integration with the existing structure, these schlieren images
have been returned to the conventional orientation (with the external fan cowl surface at the top) for convenience. The
images all contain a dark region immediately upstream of the leading edge, which is related to the optical distortion
caused by the strong local acceleration. The supersonic region can be visualised by the presence of weak pressure waves
emanating from the surface. The terminating normal shock appears in the schlieren images as a dark line approximately
normal to the external fan cowl surface. The boundary layer downstream of the shock can be identified as a bright
region which grows along the external nacelle surface.

As the “windmilling severity” is increased (equivalent to a reduction in MFCR), the supersonic region grows in size

10
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Fig. 4 Schlieren visualisation for a smooth surface at Mach 0.65.
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Fig.7 Isentropic Mach number on the centre span of the external surface for a smooth surface at Mach 0.65.

as the normal shock moves downstream. The SBLI structure also progresses from an attached interaction with a smeared
shock foot in Fig[#a to a lambda-shock structure typical of a separated SBLI iff Fig. 4c. The downstream boundary
layer accordingly becomes thicker as the windmilling severity is increased. In addition, the strong windmilling flow
field (Fig.[4c) contains a secondary shock due to local re-acceleration of the post-shock subsonic flow to a supersonic
condition.

The observed differences in shock-wave structure and boundary-layer response are related to the pressure distribution
around the stagnation point on the internal surface, presented ifi|Fig. 5. The profiles show a minimum at about
Mise = 0.05, which appears to be significantly different to the stagnation condititya € 0). This discrepancy is
related to measurement uncertainty, with the stagnation conditign £ 0) lying inside the stated error bounds

(AMise = 0.07) of the measured minimum value/(se = 0.05). Furthermore, whilst the error bars in Fig. 5 may
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appear relatively large, some of the associated errors are systematic in nature and apply equally to all data points. For
example, the same stagnation pressure measurement is used for all data points in a given series and so, whilst individual
data values are associated with considerable relative uncertainties, the profile minimum can be considered to reliably
indicate the stagnation point location. As the windmilling severity is increased, the stagnation point moves from about
s = —0.009L ac for mild windmilling tos = —0.014L5c for strong windmilling, which corresponds to a movement into

the intake by approximately 0.00%,,c over the three cases.

The shifted stagnation point affects the flow field on the nacelle’s external surface, as demonstrated by the surface
pressure distribution in Fid.] 6. All three cases show a supersonic region terminating in a normal shock which is roughly
uniform across the span of the tunnel. The apparent spanwise pressure variation downstream of the shock is not physical
but is instead an artefact of local surface temperature changes caused by thermally-conductive steel supports underneath
the resin sleeve, which increase the local error in PSP measurements. As the windmilling severity increasgs, Fig. 6
shows that the supersonic region becomes larger. This effect is also evident in the surface pressure profile on the tunnel
centre span (Fid.]7). This profile shows the shock wave moves downstreamsftbpac = 0.04t0 s/Lnac = 0.07 as the
windmilling severity progresses from mild to strong. In addition, the Mach number immediately upstream of the shock
increases from 1.25 to 1.55, corresponding to a normal shock wave with greater strength. The presence of the secondary
shock identified in Figl fic is also captured in the isentropic Mach number distribution for strong windmilling|(Fig. 7).
Due to viscous smearing in the boundary layer and some secondary shock unsteadiness, the isentropic Mach number
measured on the surface consists of a supersonic Mach number after the primary normal shock followed by a gradual
reduction in Mach number to subsonic conditions by the secondary shock.

The variations in shock wave strength consequently impact the separation behaviour, as determined from oil-flow
visualisation (Fig[8). The position of the shock wave is eviderjt]in 8a from an accumulation of oil corresponding to
a sudden reduction in shear stress. Nevertheless, the figure shows that during mild windmilling, the boundary layer
remains attached across the majority of the tunnel span, except for a small region near the corners. For the moderate
windmilling condition, Fig[ 8b shows that the boundary layer is separated across much of the span of the tunnel which
extends roughly 0.025.,5c in the streamwise direction. In addition, noticeable corner separation has begun to develop
near the tunnel sidewalls. Finally, under strong windmilling, there appears to be more substantial separation which is
also more three-dimensional in nature. The streamwise separation length on the tunnel centreline has increased to 5% of
the nacelle length and the corner separation has also grown in extent.

The effect of the development of separation on the external fan cowl boundary layer is clear frin Fig. 9, which
shows the velocity profile at/ Lnac = 0.145. This figure shows that the boundary-layer thickness increases slightly
from 1.8 mm to 2.1 mm as the flow state changes from attached {Fig. 8a) for mild windmilling to incipiently separated
(Fig.[8b) for moderate windmilling. However, F[g. 9 shows that the boundary layer corresponding[tp Fig. 8c (strong

windmilling) is significantly thicker (4.7 mm). This velocity distribution and boundary-layer parameters(Jable 1) also
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Table 1 Integral parameters for boundary-layer profiles at s = 0.14L 5. in Fig.@(smooth surface at Mach 0.65).
windmilling boundary-layer displacement momentum shape
severity thickness, thickness, thickness, factor
6 (mm) 67 (mm) 6; (mm) H;
mild 1.79 0.36 0.24 1.51
moderate 2.08 0.41 0.27 1.50
strong 4.69 1.59 0.75 2.11
0.25 e-e-e mild, Mach 0.60
0.20 | oo moderate, Mach 0.60
' ] o strong, Mach 0.60
isentropic \ , o | A mild, Mach 0.65
n':'ﬁ%]er N RO moderate, Mach 0.65
0.10 } “ N, ,"' ¢/ 1 strong, Mach 0.65
‘e, \~\ o //
' ------- ""'
0.05 | +
0 . .
0.005 0.010 0.015 0.020

chordwise distance from highlight,s/Lnac

Fig. 10 Isentropic Mach number around the stagnation point for a smooth surface at Mach 0.60 compared to
Mach 0.65. Error bars are excluded for clarity but are consistent with those presented in Fig. @

exhibit substantial deviations from an equilibrium flat plate, zero pressure-gradient turbulent @53fisaifgesting

that the boundary layer is still recovering after reattachment. It is also worth noting that stronger windmilling severities
correspond to increased freestream velocity. This observation can be attributed to: increased mass flow through the
lower “external” flow channel; a thicker boundary layer producing an effective fan cowl profile which is less diffusive;

and, for strong windmilling, local re-acceleration of the flow downstream of the primary shock.

B. Effect of Mach number

When the incoming Mach number is reduced from 0.65 to 0.60 for the smooth surfadg, JFig. 10 shows that the position of
the stagnation point remains essentially unchanged. However, Fg. 11 reveals that the supersonic region is substantially
smaller than the Mach 0.65 case for all three windmilling scenarios. Indeed, the centreline pressure distribution indicates
that the shock Mach number is roughly 10% lower thanMar = 0.65 (Fig.[12). For mild windmilling, the shock has
become so weak that it resembles a series of weak compression waves. These observations are consistent with the
schlieren images in Fid. 13, which show a smaller supersonic region thar Fig. 4. No shock wave at all is visible in
Fig.[13a for the mild windmilling case. Meanwhile, the shock foot for the strong windmilling scenarid (fig. 13c) has

transformed from a lambda-shock structure to a smeared normal shock, suggesting that the boundary layer now remains
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Fig. 11 Isentropic Mach number distribution from PSP on the external surface for a smooth surface at Mach
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Fig. 12 Isentropic Mach number on the centre span of the external surface for a smooth surface at Mach 0.60
compared to Mach 0.65. Error bars are excluded for clarity but are consistent with those presented in Fig. m
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Fig. 13 Schlieren visualisation for a smooth surface at Mach 0.60.
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Fig. 14 Boundary-layer profiles from LDV at s = 0.14L,,,. for a smooth surface at Mach 0.60 compared to
Mach 0.65. Error bars are excluded for clarity but are consistent with those presented in Fig. ﬂ

Table 2 Integral parameters for boundary-layer profiles at s = 0.14L,. in Fig. for a smooth surface at Mach
0.60 compared to Mach 0.65 (Table[T). Bracketed quantities represent the percentage difference to the Mach 0.65
values.

windmilling boundary-layer displacement momentum shape
severity thickness, thickness, thickness, factor
S (mm) 67 (mm) #; (mm) H;

mild 1.79 0.36 0.24 1.51
Mach 0.65 moderate 2.08 0.41 0.27 1.50

strong 4.69 1.59 0.75 2.11

mild 1.75 (2%) 0.33 (8%) 0.22 (-8%) 1.49 (1%)
Mach 0.60 moderate 1.94 (7%) 0.37 10%) 0.25 (7%) 1.48 (1%)

strong 3.26 (-30%) 0.59 (63%) 0.41 (45%) 1.45 (31%)

attached.

Despite the mild windmilling case featuring a weaker shock wave at Mach 0.60 than at Mach 0.65, there is almost no
difference in the corresponding downstream boundary-layer profiles ift Fig. 14. Indeed, a comparison betwegen Table 1
and Tablg 2 suggests that the boundary-layer parameters for mild windmilling all agree to within 10%. This is likely
because, for this scenario, both the Mach 0.60 and Mach 0.65 cases correspond to the boundary-layer always having
remained attached through the normal shock interaction. The boundary layer for moderate windmilling presents a small
reduction in boundary-layer thickness at Mach 0.60 compared to the Mach 0.65 case but is otherwise similar in profile.
The most pronounced change, however, is for strong windmilling, where the boundary layer at Mach 0.60 is about 30%
thinner than at Mach 0.65 and has a much fuller profile, with the shape factor reduced by 30%. The reason for this is
that the boundary layer in the Mach 0.60 case now remains attached through the interaction with the weaker shock, and
thus the downstream boundary layer is thinner and has more momentum. This interpretation is consistent with the shock

structure noted in schlieren images of the flow field (Fig. 13c).
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Fig. 15 Isentropic Mach number around the stagnation point for a rough surface at Mach 0.65, compared to
the smooth case. Error bars are excluded for clarity but are consistent with those presented in Fig. ﬁ
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Fig. 16 Isentropic Mach number on the centre span of the external surface for a rough surface at Mach 0.65,
compared to the smooth case. Error bars are excluded for clarity but are consistent with those presented in Fig. m
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Fig. 17 Schlieren visualisation for a rough surface at Mach 0.65.

C. Effect of surface roughness

For the nominal incoming Mach number of 0.65, the flow field is also analysed when the “smooth” surface with
roughness height, 2.0 microns, is replaced by the “rough” surface, which has a roughness height of 16.1 microns.
Figure[I3 shows that, for a given windmilling severity, the stagnation point position is not affected by the change in
surface roughness. Therefore, the effective engine mass-flow rate for each windmilling severity is similar between the
smooth and rough cases, which means that differences in the flow field can be attributed to changes in the surface
roughness. For all three windmilling severities, Fig] 16 shows that the shock strength also remains the same as for the
smooth surface. Furthermore, the shock also has roughly the same position as the smooth case and the Mach number
distributions are near-identical in the mild windmilling case. However, the moderate and strong windmilling scenarios
exhibit some spikes in isentropic Mach number, with a less uniform Mach number in the supersonic region. The cause
for these variations is not clear, but may be related to weak waves emitted from the roughness elements on the surface in
the supersonic region. In addition, the moderate and strong windmilling cases exhibit a slightly more smeared shock
wave with the rough surface than the smooth surface. For strong windmilling, the position of the shock wave has also
moved slightly upstream b§.01L,,. compared to the smooth case. For all three windmilling severities, the isentropic

Mach number distribution downstream of the shock wave appears to be unaffected by the presence of surface roughness.
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Fig. 18 Boundary-layer profiles from LDV at s = 0.14L,,,. for a rough surface at Mach 0.65, compared to the
smooth case. Error bars are excluded for clarity but are consistent with those presented in Fig. ﬂ

These observations are consistent with the schlieren images of the flow field presentedin Fig. 17. The size and the
shape of the supersonic region in schlieren images is consistent with the smooth cas¢g (Fig. 4). Notably, the size of the
lambda-shock region in the moderate and strong windmilling flow fields is larger than the equivalent smooth images,
consistent with the more smeared decrease in Mach number irf Flg. 16. There are two other differences compared to the
smooth cases. Firstly, the roughness elements cause a series of prominent, weak Mach waves to be emanated from
the surface into the supersonic flow region. Secondly, the strong windmilling case in Fig. 17c features a larger, more
prominent secondary shock following local re-acceleration of the post-shock, subsonic flow compared to the equivalent
image with a smooth surface (Fig. 4c). This secondary shock is apparent not only in the instantaneous schlieren image
presented but also in time-averaged representations of the flow field.

These differences can be attributed to the surface roughness reducing the momentum of the pre-shock boundary layer,
increasing the height of the subsonic flow channel near the wall and enabling more effective upstream communication
of the shock pressure rise. As a result, in the moderate and strong windmilling scenarios which feature boundary-layer
separation, the lambda shock covers a larger region and the Mach number decrease is smeared over a greater distance.
Furthermore, the lower-momentum boundary layer in the rough case is expected to grow thicker than for the smooth
surface in response to the shock adverse pressure gradient. This boundary-layer response causes more pronounced
streamline curvature in the external flow, which results in the re-acceleration of the post-shock flow to supersonic
conditions and the associated secondary shock wave observed ifi Hg. 17c.

The changes to the shock-boundary-layer interaction also affect the post-shock boundary layer, which is shown in
Fig.[18. For the cases where the free stream velocity is captured (mild and moderate windmilling), this velocity value
is not affected by the presence of surface roughness, consistent with the observations of isentropic Mach number in

Fig.[18. In the mild windmilling case, where the boundary layer remains attached, the velocity profilgin Fig. 18 exhibits
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Table 3 Integral parameters for boundary-layer profiles at s = 0.14L,,. in Fig. [18|for a rough surface at Mach
0.65 compared to the smooth case (Table[I). The entire profile is not captured for strong windmilling and so the
boundary-layer parameters cannot be calculated. Bracketed quantities represent the percentage difference to the
smooth case.

windmilling boundary-layer displacement momentum shape
severity thickness, thickness, thickness, factor
6 (mm) ;7 (mm) 0; (mm) H;
mild 1.79 0.36 0.24 1.51
smooth moderate 2.08 0.41 0.27 1.50
strong 4.69 1.59 0.75 2.11
mild 2.12 (+18%) 0.42 ¢17%) 0.28 ¢17%) 1.50 (1%)
rough  moderate 3.63 +75%) 0.82 ¢+100% 0.52 ¢93%) 1.59 (6%)
strong - - - -

minimal changes. For example, the rough case features a boundary layer that is only 18% thicker than the smooth surface
(Table[3). However, the separated scenarios (moderate and strong windmilling) display much thicker boundary layers
for the rough surface compared to the smooth case. For example, during moderate windmilling, the boundary layer for
the rough surface is 75% thicker than in the smooth case] F|g. 18 also shows that moderate and strong windmilling
severities feature a significant reduction in near-wall momentum when the smooth wall is replaced by a rough surface.
This behaviour is likely due to the lower-momentum boundary layer becoming much thicker in response to the shock

pressure rise, along with the surface roughness inhibiting the recovery of the boundary layer to an equilibrium profile.

D. Correlations of shock strength with other flow parameters

The data presented thus far describes how key flow variables (effective engine mass-flow rate, incoming Mach number
and surface roughness) affect the response of the external fan cowl boundary layer and thus impact nacelle aerodynamic
performance. In addition, the measurements provide an opportunity to obtain insight into the mechanisms governing
the shock-induced boundary-layer separation. For example, Figyre 19 indicates that the strength of the shock (i.e. the
supersonic Mach number immediately ahead of the shock wave) has a profound influence on the properties of the
downstream boundary layer.

For shocks weaker than Mach 1.4, where the boundary layer remains attached, the boundary-layer thickness, the
displacement thickness, and the shape factor are all relatively insensitive to the strength of the shock. However, for
shocks which are strong enough to separate the boundary lagge > 1.4) an increase in shock strength corresponds
to a considerable increase in boundary-layer thickness, displacement thickness and shape factor, which is consistent with
a more severe separation. For example, at the measurement location 14% along the nacelle chord, there is a four-fold
increase in displacement thickness between the weakest and strongest shocks in the current study. Theréfdre, Fig. 19

demonstrates that the shock strength is a key parameter governing the onset and scale of flow separation.
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Fig. 19 Correlation between measured boundary-layer parameters and shock strength.
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Fig. 21 Correlation between stagnation point location and shock strength.

Due to the importance of shock strength on the flow field, it is helpful to consider the correlation between shock
strength and the shock position, i.e. the location wilége = 1. Figure[20 reveals that there is a close relationship
between these two parameters. Indeed, a more downstream shock wave has experienced greater acceleration around the
nacelle lip and thus features a higher Mach number. Note that, downstre@d8af,,, the curvature of the nacelle
geometry is almost zero and thus, for shocks in this region (typically those in excess of Mach 1.5), even substantial
changes in shock position are likely to cause only a small change in shock strength. This observation provides an
explanation for why the strong windmilling case in Fig] 12 exhibits a relatively small change in shock strength between
Mach 0.60 and Mach 0.65 despite a considerable change in shock position.

Note that the correlation between shock strength and shock position affects the interpretation of the boundary-layer
parameters in Fig. 19. Since the boundary layer is known to recover most quickly downstream of the shodR3yage [
stronger shock wave might result in a thicker measured boundary layer for two reasons: firstly, the stronger shock wave
has caused a more severe separation; secondly, a stronger shock wave is more downstream and therefore the boundary
layer has a shorter recovery distance prior to the measurement station. Whilst it is difficult to decouple the two effects,
the Appendix includes boundary-layer data from stations at different post-shock distances, which suggests that recovery
distances of the boundary layer are on the orded.d2Lac.

In order to understand the factors which determine the strength of the shock wave] Fig. 21 considers the correlation
between the stagnation point location and the shock strengtH. Fig. 21a indicates that a more downstream stagnation

point (i.e. further inside the intake) generally corresponds to a stronger shock wave, but there is considerable scatter.
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(1) the stagnation point location determined by effective engine mass flow

(2) shock strength depends on stagnation point position and incoming Mach number
(3) a stronger shock tends to be located further downstream

(4) an increased shock strength results in deteriorated boundary layer

Fig. 22 Conceptual model summarising relationships between key flow parameters in the diversion windmilling
flow field.

When the shock Mach number is normalised by the entry Mach number ifFig. 21b, an excellent collapse of the data
is obtained. Thus, both the stagnation point location and the incoming Mach number influence the shock strength.
Physically, the incoming Mach number defines the starting condition whilst the stagnation point location determines the

streamwise distance over which acceleration occurs around the leading edge.

IV. Conclusions
The development of ultra-high bypass ratio engines will benefit from the drag reduction opportunities of compact
nacelles, and so it is becoming increasingly important to understand external fan cowl separation sensitivity under
off-design conditions like diversion windmilling. These conditions are defined by a reduced flight Mach number and
decreased engine mass-flow rate compared to nominal cruise values. This paper presents experiments performed in
a transonic, quasi-two-dimensional wind tunnel rig, which is carefully designed to replicate the flow physics from a
full-scale nacelle. The current investigation focuses on the effects of the effective engine mass-flow rate (or “windmilling
severity”), the incoming freestream Mach number, and the surface roughness. The observed effects can be explained by
the conceptual model derived from the measurements, which is summarised n Fig. 22.

For a given nacelle geometry and incidence angle, the strength of the normal shock wave on the external fan cowl
surface is determined primarily by the stagnation point position and the incoming Mach number. As the equivalent
engine mass-flow rate is reduced (i.e. stronger windmilling), there is a smaller capture streamtube and thus the stagnation
point sits further downstream inside the intake. The flow is therefore accelerated more severely around the leading edge,
resulting in a supersonic region with increased Mach number on the external surface. The terminating normal shock
therefore becomes stronger and moves towards the trailing edge. Once the shock strength exceeds Mach 1.4, the onset of
shock-induced boundary-layer separation is observed and the separation extent grows as the “windmilling severity” is

further increased. The onset of shock-induced separation causes the downstream boundary layer at roughly 15% of the
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chord length to thicken by a factor of 2.6 for strong windmilling compared to mild windmilling.

When the incoming Mach number is reduced from 0.65 to 0.60, the flow field becomes considerably more benign.
The supersonic region features Mach numbers approximately 10% lower than the nominal Mach 0.65 condition. Thus,
the normal shock is correspondingly weaker and located further upstream. No substantial boundary-layer separation is
detected over the engine mass-flow range considered. As a result, the strong windmilling case at Mach 0.60 exhibits
a boundary layer which contains greater near-wall momentum and which is 30% thinner tian=ad.65, where
well-developed separation is observed.

When the roughness height on the external fan cowl surface is increased from 2.0 microns to 16.1 microns
(corresponding to an increase from 6 microns to 50 microns at full scale) the stagnation point, shock strength and shock
position are mostly unaffected during tests carried out at Mach 0.65. For mild windmilling, which features an attached
shock-boundary-layer interaction, the downstream boundary layer is unchanged by the increased surface roughness.
However, the moderate and strong windmilling cases, where the boundary layer tends to separate, exhibit a larger
lambda-shock region for the rough surface, likely due to more effective upstream transmission of pressure information.
As a result, the separation extent is larger and the post-shock boundary layer is 75% thicker than the smooth surface.

The experiments provide insight into the mechanisms defining external fan cowl separation during diversion
windmilling. Nevertheless, a number of open questions remain. For example, whilst it has been established that the
position (and thus the strength) of the normal shock is determined by the incoming Mach number and the stagnation
point location, it is not clear what role (if any) is played by the trailing-edge Mach number. Furthermore, the collected
measurements constitute a valuable validation data set and so comparisons of experimental data against equivalent
computations will enable evaluation of their capabilities and limitations in predicting separation during diversion

windmilling scenarios, as required to guide the design of UHBPR nacelles.
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Appendix: Post-Shock Boundary-Layer Recovery
The boundary-layer profiles and associated parameters which are presented in the main paper are all collected at
s = 0.14Lpac. However additional measurements collected at 0.04Lag 0.07Lpac and0.11L,5c enable the boundary-
layer parameters to be plotted as a function of post-shock distance. Figure 23 indicates that the boundary-layer parameters
immediately downstream of the shock wave exhibits considerable scatter, since the response of the boundary layer is a
function of shock strength. Nevertheless, approximael2L,,c downstream of the shock, the boundary layer in all

cases recovers to roughly the same equilibrium state.
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Fig. 23 Measured boundary-layer parameters as a function of post-shock distance.
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