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Abstract

The design of aero-engine intakes for compact nacelles can be an important contributor in achieving cruise
fuel burn reductions. A key aspect for the design of viable compact intakes is considerations of the off-design
crosswind and high incidence conditions. The aerodynamics of compact intakes is also notably dependent on
the flow interaction with the fan. This work analyses the unsteady intake-fan interactions under crosswind
conditions. The effect of crosswind velocity is evaluated together with the intake ground plane interaction and
the unsteady aerodynamic coupling between the intake and fan. The overall aim of the research is to identify
the flow structures and the unsteady mechanisms involved in the separation of the intake flow. The work uses
an unsteady fully coupled time resolved Reynolds averaged Navier-Stokes computational method to identify
the unsteady features of intake-fan flow separation in crosswind operations. The unsteady intake flow distortion
is assessed as well as the spectral signatures and engine-order perturbations due to the unsteady flow
distortion. Local separated regions were identified in the diffuser. These are associated with the characteristics
of the boundary layer and are phase-locked with the local pressure pulses from the fan. This aspect should be
considered in the design of compact intakes with relatively high diffusion. Additional assessments of the
previously reported unsteady lip separation is provided with the identification of the frequencies of the flow
features in post-separation conditions and the axial and azimuthal movement of the separation due to the
interaction with the ground vortex.

Keywords: Aerodynamics, crosswind, ground effect, intake, fan

1. General Introduction

Reductions in aircraft emissions will rely on system efficiency improvements with advances in
propulsion and airframe design [1]. A reduction in specific thrust, typically with an associated
increase in fan diameter, will provide a benefit in propulsive efficiency and, consequently, emissions
and noise [2], [3]. However, larger nacelle diameters usually also imply a potential detrimental effect
from additional mass and drag [4]. Moreover, a closer proximity of the engine to the ground could
cause a more adverse aerodynamic interaction between the engine and the ground plane [5]. Within
this context, the design of viable aero-engine intakes is a key aspect in achieving cruise fuel burn
reductions. Compact intakes are potentially able to provide cruise drag benefits as well as a reduction
in the mass of the overall propulsion system [3]. High incidence and crosswind conditions are
particularly critical in the design of such intakes [6]. The subsonic adverse pressure gradients in the
diffuser or the lip shock are typically responsible for boundary layer separation. However, the
unsteady effects of ground vortex (GV), upstream travelling perturbations from the fan and intake
flow unsteadiness are not fully understood. Moreover, steady Reynolds Averaged Navier Stokes
(RANS) and conventional distortion descriptors do not account for the unsteady flow features and
are likely to be inadequate for novel intake design requirements.
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1.1 Intake flow separation & distortion

An intake operating at constant crosswind speed with a variable mass flow typically encounters
three different flow regimes [7]. At low mass flow conditions, the adverse pressure gradients in the
diffuser part of the intake are responsible for a large separation on the windward side. The flow can
reattach at higher flow regimes; however, a further increase in mass flow generates a shock over
the lip, which can interact with the boundary layer on the intake surface and cause flow separation.
Shock induced separation can also arise at greater crosswind speeds [8]. The separated regions are
characterised by total pressure losses and extensive flow distortion which can have the potential to
act as initiators of fan stall [9], [10], [11]

Another source of flow distortion is due to the ground vortex which forms under crosswind
operating conditions. This flow feature is generated by the interaction between the captured stream
tube and the ground plane, and it is responsible for a total pressure loss and swirl distortion at the
Aerodynamic Interface Plane (AIP) [5], [12]. Additional ‘trailing vortices’ can arise on the leeward
side of the intake but are within the captured stream tube and ingested by the engine [13], [14]. This
also can give rise to total pressure and swirl distortion within the intake. For example, for an intake
operating at high crosswind speed there is a supersonic region on the windward lip with a shock-
boundary layer interaction (SBLI) close to the bottom dead centre which results in a separation as
denoted by the iso-surface of zero axial velocity (Vax=0) (Figure 1). Other small separated regions
arise in the diffuser on the windward side of the intake. The interaction of the captured stream tube
with the ground plane generates a ground vortex. On the windward side two trailing vortices are
observed.

Trailing vortex =— /4

Trailing vortex
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Figure 1 — Flow features of an intake in crosswind.

1.2 Intake-fan aerodynamic interactions

Several flow features within the intake interact. The shock or the intake diffusion are responsible
for separated boundary layers, but the unsteady contributions of the ground vortex and fan are not
fully understood. In addition, for a relatively short intake, the fan and the intake aerodynamics are
likely to be more coupled. There is limited research in the literature regarding this unsteady
interaction. Several experimental [15], [16] and computational [17], [18], [19], [20] studies have
examined the positive steady effect of the fan in the diffuser part of the intake under high incidence.
Cao et al. [6] demonstrated that an intake-fan configuration under high incidence conditions can
direct more flow towards the tip compared to an intake-only configuration. A steady RANS approach
with a fan body force model was used to assess the effect of the axial location of the fan. The
massflow redistribution and the flow acceleration at the tip of the fan results in a static pressure
reduction that alleviates the adverse pressure gradient upstream of the fan. It was concluded that
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the acceleration depends on the axial location of the fan, and the benefit was greater for the shortest
intake (L;,,/D = 0.17). Boscagli et al. [21], [22] also observed a positive effect of the fan on the
shock driven separation margin under crosswind. Compared to the aspirated configuration (intake-
only), the steady RANS approach with the Immersed Boundary Method for Smeared Geometry
(RANS-IBMSG) fan model predicted an increase in the separation-free margin from approximately
Vew = 20 kts of the aspirated case to V. = 28 kts due to the steady effect of the fan. It was observed
that the fan reduces the total pressure loss at the AIP and contributes to a fuller and higher
momentum boundary layer due to the radial mass flow redistribution. However, Boscagli et al. [21],
[22] also demonstrated a detrimental unsteady effect of the fan using the Unsteady RANS Time
Resolved Fan (URANS-TRF) method. The fan generates unsteady static pressure waves which
propagate upstream up to the shock front on the intake lip and decreased the threshold crosswind
speed from V¢, = 28 kts to 24 kts. Overall, previous research has demonstrated the need for an
unsteady time resolved approach to account for the interactions between the intake and fan.
However, studies regarding the impact of these interactions and both numerical and experimental
data are limited. Furthermore, as conventional metrics are not capable of fully describing the
unsteadiness of intake distorted flows, new methods need to be explored. Therefore, the scope of
this work is to address the unsteady aerodynamic interaction between intake and fan and to evaluate
and quantify the post-separation distortion and the related flow characteristics. The novelty of the
work consists in the analysis of unsteady data from attached to grossly separated conditions of a
compact intake coupled with a fan with an increase in crosswind velocity.

2. Methodology
2.1 Intake design, meshing and computational grid

This paper explores the unsteady aerodynamic interactions between a full-scale low-speed fan
and a compact intake for a range of crosswind speeds. The intake is a research geometry designed
using the in-house Tool for Intake Design (TIDE) method [23]. This uses a parametric approach
based on iCST curves to generate 2D and full 3D axisymmetric and non-axisymmetric geometries.
The geometry is a full-scale compact intake with Lin/Dan=0.4 and a ground clearance of H/Dn=0.44,
where H is the distance of the bottom lip from the ground and Dy is the highlight diameter. A full 3D
structured mesh of 4-107 cells was generated with ICEM [24]. The wall boundary layer was resolved
with a y*=1. The overall computational domain (Figure 2) is approximately a quarter of a sphere with
radius ~30 times the fan diameter (based on [25]). At the freestream, static pressure far-field
boundary conditions are applied. The intake, fan cowl, spinner, and ground plane are modelled as
no-slip walls.

Pressure farfield

~—

A

Ground plane Intake model

o &

Figure 2 - Computational domain.
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2.2 Solver & coupled intake-fan CFD analysis

The computations are performed with HYDRA which is an unstructured finite volume solver [26]
[27]. An explicit solver is used for the time resolved computations. The aerodynamic interaction
between the intake and the fan is assessed with an unsteady fully coupled intake-fan CFD method.
It is based on the methodology adopted by Boscagli et al. [21], [22], [28]. The method is an unsteady
Reynolds Averaged Navier Stokes approach with full annulus rotating fan (URANS-Time Resolved
Fan or URANS-TRF). The configuration comprises the intake coupled with a research bypass and
core fan stage with a single passage Outlet Guide Vane (OGV) and single passage Engine Sector
Stator (ESS) blades (Figure 3). A sliding plane boundary condition is applied at the full annulus fan-
intake interface. A mixing-plane boundary condition is used at the interface between fan-OGV and
fan-ESS domains. A constant mass flow is prescribed at the OGV and ESS outlets.

URANS-
TRF __
— T~ 1]
iy RAL
| LT
Sliding-plane _—+
Mixing-plane
i) .
/|
4L ]
Ground

Figure 3 - Fully coupled intake-fan configuration with sliding plane condition at the intake-fan
boundary and mixing plane at the fan-OGV and fan-ESS boundaries [22].

The Spalart-Allmaras (SA) turbulence closure model is used based on previous computational
studies of intakes operating at off-design conditions with body-force fan models [6], [18], [29]. The
URANS-TRF uses a timestep correspondent to 60 times the blade passing frequency f,, and a total
simulation time of 6 fan revolutions after an initial transient. The data is sampled every 12 timesteps
(sampling frequency of fs/fo,= 5). A total of Ns = 540 samples is collected; this means a frequency
resolution of fres/fop = (fs/fop) / Ns~ 0.01 is achieved.

2.3 Unsteady Post Processing

A series of methods for the post processing of unsteady intake data have been developed. These
techniques include the discrete Fourier transform to decompose a time or space varying quantity in
a series of waves, which can be studied to determine the frequency or engine order signatures [28].
Distribution of aerodynamic quantities are assessed at the Aerodynamic Interface Plane (AIP) and
on the unwrapped intake surface. The isentropic Mach number is calculated with eq. (1), where Py°
is the freestream total pressure, P the local static pressure and y the ratio of specific heats.

Mygo = ((?)YT - 1) = (1)

Conventional total pressure distortion descriptors are also evaluated. These are DC60
(eq.(2))[30], overall Circumferential Distortion Index (IDC - eq.(3)) [31], overall Radial Distortion Index
(IDR — eq. (4)) [31], ring Circumferential Distortion Index (IDCy, - eq.(5) [31], ring Radial Distortion
Index (IDRj, — eq.(6)) [31].
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Pyeo — P
DC60 = —280_ AP 2
qarp
1
IDC = max E(wch +IDChyq) )
IDR = max[IDR;,IDRy] 4)

In eq. (2) Py e is the lowest area-averaged total pressure in a 60° sector at the AIP, P, 4;p the
area-averaged total pressure at the AIP and g ;p is the area averaged dynamic head calculated from
the interpolation on a 12 x 30° rake. In eq.(3), h is the ring index and IDC; and IDC;., are the h-th
and (h + 1)-th ring circumferential distortion indices calculated with eq.(5). Py, and Py s are the
average and minimum value of total pressure of the h -th ring. In eq. (4) IDR, and IDR), are the ring
radial distortion indexes (IDRy), which are calculated with eq.(6).

Py — Pomi
IDCh — 0,h _ 0 min,h (5)
PO,AIP
Po arp — P
IDR,, = _0AlP  “0h (6)

The time variation of DC60 is analysed, and the signals are evaluated using a discrete Fourier
transform method implemented in a Fast Fourier Transform (FFT) algorithm [32]. This allows to
identify the dominant frequencies of the time variant signals. A temporal FFT is used also to
determine the banded spectra of total pressure at the Aerodynamic Interface Plane (AIP) and static
pressure on the intake surface. Equi-spaced frequency intervals of 6 fies/fop ~ 0.06 are chosen for the
spectral bands.

Recent studies have demonstrated that swirl distortion should be considered an important aspect
of intake flow distortion [33], [34]. The swirl angle and relative swirl angle are defined with eq. (7)
and (8), where Vy, V,, and U represent the tangential absolute, axial, and blade velocities,
respectively.

a =tan™! <VV_ZC) @)

f = tan™! <UI; Ve) (8)

ax

In this work, the swirl intensity (SI) is chosen to quantify the distortion at different radial locations. Sl
is a SAE distortion descriptor defined on a ring-by-ring basis (Eq.(9)) [35]. In €qg.(9), (10), and(11), h
is the ring index; k is a strictly positive or strictly negative swirl region in the h-th ring. Positive and
negative Sector Swirls (SS*, 5SS ™) are defined for each k-th region in the h-th ring as the average swirl
angle obtained integrating over the 9;1—“,,( arc (Eq.(10),(12)).

Sl = Y1 SOk + Xie1|SShuie|One 9)
=
360
.1
SShk = QTf a(0),df (10)
hk 65,
_ 1
SShi = Ff a(6)pdb (11)
hk J65),

The FFT is used to decompose the time signal of the distortion metrics and to identify the banded
spectra of aerodynamic quantities such as total and static pressure.
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i=p-Pm (12)

The spatial harmonics (Engine orders-EO) of blade incidence (eq.(12)), where f,, is the blade metal
angle) are identified with a circumferential FFT decomposition (eq. (13)) [21].
21 2mjkn, (13)
U(tkng) = ) T(tkn,)e Mo, where 0 <k < N
ng=0

j is the imaginary unit, k,, is the discrete wavenumber, Ny is the number of samples in the
circumferential direction, i’ is the instantaneous azimuthal distribution of blade incidence at fixed
radius, and 1’ is the array with the spatial Fourier coefficients (amplitude, phase). The engine-order
is the normalised discrete wavenumber EO = k, /2.

3. Results

The results section is divided into two main parts. Section 3.1 focuses on the analysis of the
intake separation characteristics, while section 0 analyses the features of post-separation distortion.
In both sections the effect of a varying crosswind speed is assessed (20, 22, 26 and 30 kts) at fixed
intake mass flow and ground clearance. The configuration is such that the crosswind direction (at
$=90°Figure 4) results in a counterclockwise rotating ground vortex. Consequently, the fan and the
GV are counter-rotating.
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Figure 4 - Crosswind configuration with counter-rotating ground vortex
3.1 Separation characteristics

At all the considered crosswind speed (20, 22, 26, 30 kts) there is a shock on the windward side
of the intake (contour line of Mise=1 in Figure 5 (a-d)). The shock interacts with the boundary layer
and results in a local separation for the cases at 20, 22, and 26 kts crosswind. This characteristic
was previously also reported by Boscagli [22]. For example, this is evident in the indicated contour
line of axial wall shear stress Twx=0 in the lower region around ¢$=180°. At 20kts crosswind, after an
initial transient phase, this is a local closed separation (Figure 5 (a)). At greater crosswind speeds
the separation grows and extends both axially, towards the AIP, and tangentially in the
counterclockwise direction (counter-rotating compared to wsn) (Figure 5 (b), (c)). While the growth
of the separation is associated with a stronger shock, the tangential translation of the separation may
be related to the ground vortex which induces tangential momentum in the counterclockwise
direction. For brevity, this separation characteristic is referred to as A.
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Figure 5 — Time snapshots of dp/dx on the unwrapped intake surface with contour lines of Mise=1
and Tw=0 at (a) 20, (b) 22, (c) 26, and (d) 30 kts.
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Figure 6 - Time snapshots of dp/dx on the unwrapped intake surface with contour lines of Mise=1
and Twx=0 at 30 kts at (a) 1.18, (b) 1.84, (c) 2.40 fan revolutions; Time snapshots of Po/Pg - at the
AIP at 30 kts at (a) 1.18, (b) 1.84, (c) 2.40 fan revolution

Other separated regions (Twx=0 in Figure 5 (a-d)) arise in the diffuser part of the intake on the
windward side (25°<¢$<150°) and just ahead of the fan blades. In this work these are referred to as
characteristic B. These are associated with the nature of the boundary layer in the diffuser and are
phase-locked with the local effects of the upstream pressure signatures from the fan. The small
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regions of separation rotate with the fan in a clockwise direction. Depending on the crosswind
velocity, the two different separation characteristics (A, B) interact. For example, for a crosswind
velocity of 20 kts, the interaction between the two flow separations is limited because A does not
extend towards the AIP after the initial transient phase. Then, at 22 and 26 kts the lip separation
extends downstream and merges with the local diffuser separations. For a further increase in V¢ to
30 kts, the separation grows until there is a gross unsteady separation which rotates at about 70%
of the fan rotational speed (Figure 6).

Vew
P
o
<
g
B C
>
o g
5]
(a) 20 kts (b) 22 kts (c) 26 kts (d) 30 kts
Figure 8 — Time snapshots of swirl angle a at the AIP at (a) 20, (b) 22, (c) 26, and (d) 30 kts.
>
0 3

(a) 20 kts (b) 22 kts (c) 26 kts (d) 30 kts
Figure 9 - Time snapshots of blade incidence i at (a) 20, (b) 22, (c) 26, and (d) 30 kts.

Along with the GV, these separations result in total pressure deficits at the AIP (Figure 7(a-c)).
These are also evident in Figure 1, which is a snapshot of the unsteady flow field at Vcv=26kts.The
ground vortex generates local negative swirl at the fan tip and positive swirl close to the hub (Figure
8). The local negative swirl is responsible for an increase in blade incidence (Figure 9). This results
in stronger fan shocks and perturbations that originate at the fan-face at $=180° and rotate in a
clockwise direction on the leeward side of the intake (Figure 5 (a-d)). Boscagli et al [21] also observed
that the amplitude of fan tip pulsation can increase as the fan crosses the ground vortex. When the
pressure pulses reached the shock front, the amplitude of the fluctuations of the axial displacement
of the shock location was increased. However, compared with the results reported in [21] the
distribution of dp/dx in Figure 5 (a-c) do not show the same evident interaction between the fan
pressure pulses and the shock front for this different intake design and conditions.
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3.2 Post-separation distortion
This section investigates the post-separation distortion with conventional distortion descriptors

and provides an insight into the flow features with temporal FFTs of total pressure and static pressure
and a spatial FFT of the blade incidence angle.

Time variation of DC60 Time variation of DC60
005} — 0.053)
—— filtered DC60 feye = 0.5fpp
---- mean filtered DC60 ] 0.5 rev
_ ---- threshold ] f/fbp~0.10—0.13
| |
=} =)
(=] ]
Q O
Q Q
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time[revs] Time[revs]
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Time variation of DC60 Time variation of DC60
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Figure 10 - DC60 and filtered DC60 time variation at 20(a), 22(b), 26(c), and 30 kts.

The time variation of DC60 (black line in Figure 10) is highly unsteady and is a combination of both
high and low frequency content. Three main characteristic frequencies are evident at Vcw=20 kts
(Figure 11 (a)), 22 and 26 (Figure 11 (b)) kts. High frequency perturbations are related to the blade
passing and its first super-harmonic. The low frequency flow features are observed in the range
0.01=f/f,p=<0.22. Since the high frequencies (f/fop 21) originate from the fan itself, they are not distortion
peaks for the fan. Therefore, a low-pass filter with cut-off frequency of f..=0.5fy, is applied to the
variation of DC60 to mask the effect of blade-passing related disturbance (red solid line in Figure 10).
The mean value of filtered DC60 (red dashed line in Figure 10) increases from -0.03 below the
threshold at 20 kts to +0.03 above the threshold at 26 kts. At 22 kis it is just above the threshold
which is the condition at which the leading-edge separation (A) evolves towards the AIP. That
indicates that the increase of total pressure distortion at the AIP is mainly associated with the lip
separation and the development within the diffuser. At Vew=22 and 26 kts, there is a temporal
wavelength of the filtered DC60 of approximately 0.5 revolutions (Figure 10 (b), (c)), which
corresponds to a frequency f/fy, of 0.10-0.13 (Figure 11 (b), Figure 12 (b)). In comparison with the low
frequency signatures at 20 kts (Figure 12 (a)), at 26kts the separation increases the low frequency
amplitudes especially within the 0.01-0.02 and 0.1-0.13 ranges of f/f,, (Figure 12 (b)). At 30 kts the
intake flow is grossly separated, and levels of unsteady total pressure distortion are significantly above
the nominal threshold (Figure 10 (d)).
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Figure 11 - FFT harmonic decomposition of DC60 time variation at 20 (a) and 26 (b) kts.
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Figure 12 - FFT harmonic decomposition of filtered DC60 time variation at 20 (a) and (b) limited to
frequencies f/fpp<0.24.

The banded spectra analysis with the temporal FFT decomposition of P, (Figure 13) at the AIP is used
to identify the flow features that belong to the frequency range O<f/f,,<0.22 for the V.,=26 kts case.
The frequencies have been divided in four equi-spaced ranges with f/f,,~0.06 intervals. While the
higher frequency bands are all related to the separation (Figure 13 (b-d)), the lowest frequency range
(Figure 13 (a)) is associated with the separation, but also with unsteadiness associated with the Ground
Vortex (GV) and Trailing Vortex (TV). This is also partially reflected in the overall spectral signature
(Figure 12) which compares the attached (V.,=20kts) and separated (V.,=26kts) configurations. For
example, at 20 kts the lip and diffuser separations have little impact on the temporal variation of total
pressure, and the distortion is mainly related to the GV and TV. In contrast, at 26 kts (Figure 13) the
impact of the separation is noted across for f/f,;<0.24.
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Figure 13 - Banded spectra of total pressure at the AIP with frequency ranges f/f,p, within
(a) 0-0.06, (b) 0.06-0.11, (c) 0.11-0.17, (d) 0.17-0.22 at the AIP at 26kts.
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Figure 14 - Banded spectra of static pressure on the unwrapped intake surface with frequency
ranges f/fyp within (a) 0-0.06, (b) 0.06-0.11, (c) 0.11-0.17, (d) 0.17-0.22 at the AIP at 26kts.

The unsteady signatures of the SBLI and the main separation are also evident in all four frequency
spectral bands of static pressure on the unwrapped intake surface (Figure 14). At the frequencies
from 0.06=f/fpp<0.22 the lip separation and shock movement are the main features (Figure 14 (b-d)).
However, there is also evidence of the separation that then extends along the diffuser and towards
the fan face. In the lowest frequency band of 0<f/f,;<0.06 (Figure 14 (a)) the signature is dominated
by the SBLI which extends over a large portion of the intake lip as well as the associated separation
within the diffuser. In this low frequency band (0<f/f,;<0.06) there is a very modest indication of the
unsteadiness of the ground vortex which is off the surface and more clearly noted in the AIP
distributions at 0<f/f,,<0.06 (Figure 13 (a)). This partially indicates that there may be a linked unsteady
interaction between the GV and the lip separation at these low frequencies. For example, at 20kts,
when there is no notable lip separation, the GV unsteadiness is in the flow frequency 0.01<f/f,;<0.06
range (Figure 12 (a)). The signature of SBLI and separation on the intake surface was also reported
by Boscagli [21] with similar frequencies (0.01<f/f,;<0.19). However, in this work for this configuration,
there is a distinction between the frequency content of the ground vortex (f/f,p<0.06) from the
separation and SBLI (f/fpp<0.22).
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Figure 15 - IDC and IDR coloured by Slmean at Vew= 20(a), 22(b), 26(c) and 30(d) kts.

The circumferential and radial extents of the total pressure distortion is also reflected in the
conventional circumferential (IDC) and radial (IDR) distortion metrics. For V¢, of 20, 22, 26 the
increase in the total pressure distortion (Figure 7) is mostly limited to the circumferential extent with
modest changes in the radial distortion as reflected in IDC and IDR (Figure 15). For example, the
maximum values of IDC increase by 0.3 for Ve = 26 kts compared with the 22 kts configuration.
Similarly, across this range of Vcw from 20 to 26 kts, there is also an increase of about 2 degrees in
the maximum values of Slmean (Figure 15 (a-c)). At 30 kts, for the grossly separated case high swirl
intensity is associated with both higher and lower IDC and IDR (Figure 15 (d)).
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Figure 16 - Time variation of Sl at different radial locations at (a) 20, (b) 22, (c) 26 kts.
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The swirl distortion can also have a notable impact on the performance of a coupled intake-fan
configuration. At 20 kts the time unsteady Sl is characterised by mainly high frequency variations
associated with the blade passing with the mean and peak values increasing with radius. At r/Ran=0.3,
the fan operates in local subsonic conditions, and there is no upstream propagation of the static
pressure waves. As r/Rswn is increased, the fan operates in transonic regimes and the supersonic
region grows with the radius. Thus, the amplitude of the static pressure pulses is also increased. The
onset of separation at 22 kts (Figure 16 (b)) generates an increase in Sl for r/R:»=0.96 and a medium
frequency signature for r/Rwn20.89 for both the 22 and 26 kts cases (Figure 16 (b-c)). This is
associated with the same 0.5 revolution temporal wavelength of DC60 at about f/f,,~0.10-0.13 (Figure
11 (b) Figure 12 (b)). There is also evidence of the similar very low frequency oscillations which arise
at the 0.01<f/f,;<0.06 range.

The incidence can impact the fan-intake aerodynamic interaction by increasing the blade loading
and generating rotating pressure waves. In addition, the flow distortion can also affect the aero-
mechanical response of the fan [36], [37], [38]. Thus, the impact of intake flow distortions on the
engine order signatures is also important and needs to be quantified. At each radial location the
circumferential variation of the blade incidence angle is decomposed into the spatial variations and
considered in terms of the Engine Order (EO) where a 1-EO is a once-per-revolution distortion and
an 18-EO is associated with the number of fan blades (Figure 17). The emphasis is on the frequency
content and amplitudes since the objective is to identify the relationship between the flow features
and the spatial variation.
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Figure 17 - Time snapshots of the amplitude of blade incidence spatial harmonics as a function of
radius and frequency (EO) at (a) 20, (b) 22, (c) 26 kts. Time variation of the amplitude of blade
incidence spatial harmonics at (e) 20, (f) 22, (g) 26 kts for r/R:n=0.95.

13



UNSTEADY AERODYNAMICS OF A COUPLED COMPACT INTAKE-FAN IN CROSSWIND

Across the three crosswind speeds of 20 (Figure 17 (a)), 22 (Figure 17 (b)) and 26 (Figure 17
(c)) kts the impact of the blade passing frequencies (18 EO) on the Blade Incidence Angle (BIA)
variation increases from mid-span r/R:n~0.6 to the tip. Similarly to that described for Sl (Figure 16),
this is associated with the radial extent of the local supersonic region, which is responsible for the
increase in static pressure fluctuations. Also, the GV has a clear signature with peaks of amplitude at
1-2 EO at mid-span (0.6<r/Ran<0.7), and at the tip (r/Rn=0.95). Smaller amplitudes are also observed
3-5 EO closer to the tip (0.8<r/R:n<0.9). The separation arising at 22kts (Figure 17 (b) (c)) causes low
frequency signatures at 1-5 EO and 7-15 EO at the tip r/Rn=0.95. This effect is more evident where
the EO amplitudes are plotted against time (Figure 17 (d-f)). At 22 (Figure 17 (e)) and 26 (Figure 17
(f)) kts the separation is responsible for peaks of amplitude at 1-5 EO and scattered variations in the
range of 7-15 EO. The impact of the separation is evident at 20 kts (Figure 17 (d)). A transient with a
separation similar to characteristic A occurs in the first three fan revolutions. Once this decays out,
the last three observed revolutions are free from this flow feature (Figure 17 (d)). For 22 and 26 kts,
the signatures of the flow frequency separations are also evident. For example, at 22 kts (Figure 17
(e)) there are intermittent augmentations for 1-10 EO range, while at 26 kts (Figure 17 (f)) this changes
to a relative clear intermittency at about 0.5 revolution period across the 1-15 EO range. This differs
from the periodic behaviour reported in [21] which increased the amplitude of the 2-EO and the 5-EO
spatial harmonics every 2 fan revolutions. This may be due to the different intake geometries and
operating conditions which are affecting the EO signatures associated with the intake distortion.

4. Conclusions

This research has explored the impact of the crosswind speed on the unsteady aerodynamics of
a coupled intake-fan configuration. Two main aspects have been analysed, one is the intake-fan
separation characteristics, and the other one is the post-separation flow distortion.

Local separated regions were identified upstream of the fan. These are associated with the
modulation of the intake diffusion by the pressure pulses from the fan. An axial and tangential
movement of the shock-driven separation was also observed. This is related to the interaction of the
shock-driven separation with the ground vortex. Both characteristics can affect and guide the design
of compact intakes. It is commonly believed that the fan can have a positive impact on the adverse
pressure gradients [6], [15], [16], [17], [18], [20], [22], but this work demonstrated that the fan pressure
pulses can affect the diffusing boundary layer by locally increasing and decreasing the static pressure.
Therefore, this characteristic should be considered in the design of highly diffusive intakes.
Furthermore, there is the potential to improve the interaction between the shock, the boundary layer,
and the ground vortex by acting on the design of the lip. While the SBLI arises with the increase in
V.w, the local fan induced separations arose for all the range of velocities. At 22 and 26kts crosswind
speed the two separation characteristics intermittently merge and results in both total pressure and
swirl distortion at the AIP. At 30 kts there is a gross unsteady separation which rotates at about 70%
of the fan speed and the fan used in these studies exhibits unstable flow behaviour.

Conventional descriptors identified the growth of the distortion at the AIP due to the increase in
crosswind speed. The results demonstrate that the distortion is dominated by the circumferential
rather than the radial variation of total pressure. The need to account for swirl distortion is also
highlighted by both the radial and time variation of swirl intensity. Moreover, the banded spectra and
engine order characteristics identified the unsteady signatures of the flow features and the associated
total pressure and swirl distortion. Overall, the results highlight the complex unsteady intake-fan
aerodynamic interactions as well as the benefits of adopting new approaches for the assessment of
unsteady flow distortion to improve the methods beyond the existing conventional distortion
descriptors.
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