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ABSTRACT

The ground vortex generated in front of an intake operating
near the ground and subjected to crosswind is investigated using
CFD and compared to the experiments. The flow field of a scale-
model intake is numerically simulated with both steady and
unsteady approach, with the aim to predict ground vortex effects
and to characterize the vortex unsteady behaviour. The
experimental results showed that for an intake near the ground
under crosswind the ground vortex that forms under the intake
and the in-duct separation, when present, exhibit unsteady
behaviour that becomes stronger as the crosswind velocity is
increased. The simulations indicate that a steady-state approach
only partially reproduces the time-averaged ground vortex
characteristics and in-duct distortion losses, while an unsteady
approach shows a lower level of unsteadiness compared to the
experimental observations. The consequences of the unsteady
flow in the intake on the fan aerodynamic and aeroelastic
stability are finally discussed to reinforce that these can result in
significant non-synchronous vibration (NSV) and loss of stall
margin which cannot be adequately assessed if no unsteady
component of the inlet distortions is taken into account.

Keywords: Ground vortex, unsteady distortion, numerical,
forced response.

NOMENCLATURE
A; Intake internal cross flow area, m?
Ay Captured stream tube cross flow area, m’
AIP Aerodynamic Interference Plane
DCyq Sectional distortion coefficient
D; Intake internal diameter, m
D, Intake highlight diameter, m
Dinax Maximum intake external diameter, m

EO Engine order

h Ground clearance, m

Po.aip Area averaged AIP total pressure, Pa
Py Freestream total pressure, Pa
T, Vortex core radius, m

T; Intake internal radius, m

U; Intake centreline velocity, m/s
U Freestream velocity, m/s

u* Non-dimensional velocity ratio
r Circulation, s/m?

rr Non-dimensional circulation
o Boundary layer thickness, m

0 Azimuthal direction, deg

®; Out-of-plane vorticity, s~/

1. INTRODUCTION

One of the most severe off-design operating conditions for
an aero-engine is crosswind operation when a vortex can likely
develop due to the interaction of the ground and the engine’s
intake. Under such conditions a separation can occur around the
windward lip and a vortex, commonly known as ground vortex
or ingested vortex, can be induced across the intake which can
be detrimental to the performance of the downstream fan, or
cause ingestion of foreign object debris (FOD) [1], [2].
Moreover, the non-homogeneous flow field upstream of the fan
will create asynchronous aerodynamic forcing on the fan which
in case of resonance can result in large amplitude vibrations. The
ground vortex and the in-duct separation, are intrinsically
characterized by unsteadiness, causing the vortex, and the
separated region to oscillate in terms of position, size, and
intensity. The effects of this unsteadiness on fan stability have
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been partially studied before predominantly under the
assumption that the inlet distortion had no unsteady component.
Previous studies have been conducted focusing on the
ground vortex aerodynamics and the separation effects on intake
performance under crosswind conditions. These aspects include
for instance formation mechanisms and criteria, vortex
unsteadiness and meandering, analysis of the influence of
operating conditions and geometric parameters on the ground
vortex, or effects on the downstream fan. The vortex formation
mechanisms under crosswind were originally investigated
experimentally by Siervi et al. [3]. Two different flow topologies
were identified, that can be schematically illustrated in Figure 1
and Figure 2. Considering an intake of highlight D; located at a
certain ground clearance (or height-to-diameter ratio h/D;) and
subjected to a crosswind velocity U, the flow field topology
around the intake varies according to h/D; and the intake-to-
wind velocity ratio U; /U, where U; indicates the intake velocity
and U, -corresponds to the cross-wind velocity. For an
incompressible flow, the operating velocity ratio U* = U; /U,
corresponds to the flow area ratio A, /A; (or mass flow capture
ratio), which provides a measure of the mass flow captured by
the engine stream-tube. For high values of h/D; or low values of
U; /U, that is for low values of mass flow, the capture stream-
tube does not interact with the ground plane and two counter
rotating vortices form off the leeward lip of the intake (see Figure
1). On the contrary, for low values of h/D; or high values of
U; /U, that is when the intake is operating closer to the ground
or at higher values of mass flow, the stream-tube interacts with
the ground and a single vortex forms under the intake, while a
single trailing vortex is present off the leeward lip (Figure 2).
Different correlations relating the vortex formation to the height-
to-diameter ratio of the intake and the velocity ratio, which is
linked to the size of the capture stream-tube were presented in
previous experimental or numerical studies ([4], [5], [6], [7] [8])-
The dependency of the formation of the ground vortex from h/D,
and U;/U, and its strength were illustrated graphically or
modelled mathematically in terms of vortex formation maps,
which estimate the threshold for the insurgence of the vortex and
predict its strength based on qualitative visualizations and/or
quantitative measurements and simulations. Murphy et al. [9]
performed an extensive experimental study to investigate ground
vortex formation mechanisms for an aspirated intake operating
in crosswind by means of Stereoscopic Particle Image
Velocimetry (SPIV). A quantitative analysis of the effects of
different parameters, such as crosswind velocity, ground
clearance, and approaching boundary-layer thickness was
carried out, identifying the vortex characteristics in terms of
intensity and radius to be highly dependent on the velocity ratio,
crosswind velocity, and the distance of the intake from the
ground. The unsteady characteristics of the ground vortices were
also investigated, observing variations of the vortex core radius
and position with time. The vortex tends to move in front of the
intake in the direction of the crosswind and the amplitude of this
movement was found to increase with crosswind velocity.

Two trailing
vortices

Ground
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S Twao trailing vortices
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Figure 1: Flow field topology schematic under crosswind condition
at high h/D; where no ground vortex is present.
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Figure 2: Flow field topology schematic under crosswind condition
at low h/D,; with ground vortex.
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The unsteady nature of the ground vortex in terms of
variations of vortex core radius and position, defined as vortex
meandering or vortex wandering, with respect to the crosswind
velocity was also investigated experimentally by Wang and
Gursul [10], also by means of Particle Image Velocimetry (PIV).
Building on the experimental work by Murphy et al. [9], Rehby
[11], Zantopp et al. [12], and Mishra et al. [13] performed CFD
investigations of the aerodynamic of the ground vortex
formation under crosswind by comparing steady-state numerical
results with the experimental data obtained by Murphy’s test
campaign [7]. The characteristics of the ground vortex in terms
of non-dimensional circulation I'* = I'/D;U; and the in-duct
distortion in terms of total pressure distortion coefficient were
calculated and compared with the experimental values, studying
the effect of different parameter, that is non-dimensional height,
freestream velocity, intake velocity, Reynolds number, and
approaching boundary-layer, on these major features. The
comparison of the computational results with the experimental
data showed good similarities in terms of flow topology. In fact,
the CFD methodology applied was able to capture the flow field
under crosswind conditions for a variety of velocity ratios and
ground clearance configurations. However, the CFD results
seemed to overpredict the in-duct total pressure losses at low
U; /U (high crosswind velocity) and to underpredict the at high
U; /U (low crosswind velocity), while the vortex characteristics
in terms of position, circulation, and radius presented slight
mismatch with respect to the true values. Overall, the steady-
state analysis performed, even if able to capture the main features
of the flow, showed the limitations of such approach and the need
of a transient approach to simulate such a flow.

More recently, Chen et al. [14] carried out an experimental
and numerical study on the ground vortex field under crosswind
analysing the vortex unsteadiness and instabilities in terms of
intensity and frequency and identifying some variations of the
ground vortex characteristics with velocity ratio. The
simulations were carried out across a range of velocity ratios U*
for two fixed intake velocities at a fixed non-dimensional height,
analysing the frequency of the ground vortex and validating
against the experimental data available. The authors found out
that, for the conditions investigated, the intensity of the ground
vortex and its effect on the intake distortion unsteadily increase
from a steady state up to a maximum and then decrease until the
ground vortex is completely blown away with frequencies in the
range of 10-20 Hz. Mendonca E Costa et al. [15] showed steady-
state (RANS) and Hybrid (SAS Scale Adaptive Simulations)
numerical simulations to provide a comprehensive
characterization of vortex ingestion. The aim of the study was to
develop a predictive model for vortex formation to be applied
during experimental tests in a wind tunnel to track the vortex
structures and to verify that the unsteady phenomena related to
the vortex can be represented in a simplified computational
domain without compromising the accuracy of the results. By
comparing the unsteady simulations of ground vortex formation
for two different configurations, one with an isolated intake and
one with the same intake integrated in the wind-tunnel, the
authors were able to live-track the vortex centre and to determine

its radius along the course of the CFD simulations. However, no
further analysis regarding the unsteady characteristics or the
nature of intake flows under crosswind was provided, focusing
only on the development of the methodology for vortex
monitoring to be applied during the calculations. Many other
CFD studies have been carried out to investigate the effect of
crosswind on the performance of an aspirated inlet with ground
plane ([16], [17]) or without ([18], [19]), or on the performance
of the fan system in terms of stability and stall margin ([20]-
[23]). However, the inherent unsteady characteristics of the
ground vortex, when present, have not received much attention
in previous works, hence its impact on the distortions at the
Aerodynamic Interference Plane (AIP) is not fully understood.

The present study aims to assess the level of accuracy of
CFD codes to predict ground vortex and to characterize the
vortex unsteady behaviour and its effects on the intake
performance across a range of free stream operating conditions.
In the first part of the work the outcomes of RANS CFD
simulations are validated against experimental data previously
shown by Murphy [7] in terms of in-duct distortion and ground
vortex characteristics. The aim of the CFD simulations was to
determine the capability of RANS methods to predict the mean
ground vortex and distortion characteristics and justify the
necessity for higher fidelity CFD approaches such as URANS
which is shown in the second part of the work. In fact, steady
state CFD predictions may not be sufficiently representative of
the flow physics, but it may still be pertinent to explore their
capability to capture the time averaged characteristic of the
ground vortex and fan face distortions due to the low
computational cost that steady state simulations entail.

Most studies look at effects of steady forcing distortion on
the blade and consider EO (engine order) excitation. In this work,
it will be shown how the natural unsteadiness due to intake
separation can cause NSV on fan blades.

2. EXPERIMENTAL APPARATUS AND METHODS
The experiments were conducted at Cranfield’s 2.4 m X
1.8 m low speed wind tunnel. A detailed description of the
experimental setup is reported in [7]. The intake geometry was
an axisymmetric cylindrical 1/30" scale model, with inner
diameter D; = 0.10 m, highlight (or lip) diameter D; = 0.12 m,
and a 2:1 lip aspect ratio (elliptical lip profile). A sketch of the
intake is reported in Figure 3. The model did not include a
spinner or a rotating fan (aspirated intake). A suction system
provided a mass flow rate m, through the intake of about 1.5 kg/
s corresponding to an intake Mach number M; of 0.55, with a
Reynolds number of 1.26 X 10° based on the intake inner
diameter and average intake velocity U;. Stereoscopic particle
image velocimetry was used to measure the velocity components
on a plane parallel to the ground at h/D; = 0.083. A total
pressure rake with 38 circumferential x 9 radial probes was used
to measure the flow distortion at the AIP inside the duct, located
at 0.7D; from the highlight (see Figure 3). The distribution of the
static pressure around the AIP was measured via 36 azimuthally
equi-spaced static pressure taps located 0.65D; downstream of
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the duct’s highlight plane. The geometrical parameters of the
intake are summarized in Table 1.

The experimental dataset in [7] corresponding to a non-
dimensional ground clearance equal to h/D; = 0.25 was
selected for the purpose of this paper. This set of data was
deemed to be the most complete and representative for crosswind
condition, because the ground vortex was present with increasing
strength and the intake goes from fully attached to fully separated
regime. The operating conditions and experimental results of
interest from the test in terms of distortion coefficient DCyg,
ground vortex non-dimensional circulation TI'*, and non-
dimensional vortex core radius 7, /1;, are summarized in Table 2.
The distortion coefficient DCq is a measure of the loss in total
pressure at a specified plane, defined as:

DC.. = Po,avg — Pomin,60 (1)
60 Po,avg - Pavg

where Pymineo is the lowest area-averaged total pressure in a
sector of 60 deg angle at the AIP, P 4,4 is the area-averaged total
pressure at the AIP, and F,,, is the static pressure at the AIP.
The circulation I' is related to the vorticity by the following
relation

= [w,dA 2)

The circulation can be calculated by integrating the vorticity over
circular areas with increasing radial distance from the vortex
centre (see [7]).

I

'AIP

1 Aerodynamic Interference Plane
1

1D, =0.10m

D, =0.12m 1
1
1

Highlight plane

Static pressure tap

=

Ground

o Total pressure probe
® Static pressure tap

L =0.083
i

]
J PIV measurement plane

Figure 3: Intake geometry, ground plane, SPIV plane location and
distortion rake definition (figures recreated based on [7]).

Table 1: Intake geometrical parameters.

Parameter Value
Inner diameter, m D; 0.10
Highlight diameter, m D, 0.12
Maximum external diameter, m Dax 0.14
Diameter ratio Dinax/Di 1.4
Lip aspect ratio AR 2

Table 2: Crosswind operating conditions and experimental mean
vortex characteristics at the ground plane located at h/D; = 0. 25.

U U, [m/s] DCg re /T
18.3 9.9 0.116 0.256 0.057
9.1 20.0 0.217 0.288 0.061
5.2 354 0.300 0.422 0.055

In Figure 4, the time averaged vortex core locations are
shown with bars to indicate the standard deviation of the vortex
core position and shapes to outline the envelope across which the
vortex core was found over the 300 instantaneous SPIV
snapshots [7], highlighting the unsteady behaviour of the ground
vortex.

0.6

0.4

0.2

0.0

y/D,

-0.2

-0.4

[ - " 0.0 0.2 0.4

x/Dy

Figure 4: Averaged ground vortex core locations at the vortex
measurement plane across the range of test conditions. Bars
indicate the standard deviation in the x, y plane and the shapes
indicate the extent of core movement over the unsteady SPIV
dataset [7] (image redrawn with permission).
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3. COMPUTATIONAL METHODS

The computational domain used to carry out all CFD
simulations was a rectangular box with dimensions 25 D; X
25D, x 12.5 D; in the x, y, and z directions respectively (see
Figure 5). The intake duct was extended by approximately seven
highlight diameters downstream to improve numerical stability
of the model. Structured multi-block grids were generated using
Cadence Pointwise v18.3R2 with multiple inflation layers with
the nearest one to the wall at a non-dimensional distance of y* =~
1 to capture viscous effects on the walls and accurately resolve
the boundary layer around the intake surface and on the ground
plane. To simulate the intake at crosswind conditions, the
boundary conditions indicated in Figure 5 were applied at the
various faces of the computational domain.

»  Velocity Inlet
»  Symmetry
+ Pressure Qutlet

12.5 Dy

Figure 5: Computational domain and boundary conditions used for
simulations.

The freestream turbulence was specified in terms of turbulent
intensity and hydraulic diameter. A 3% turbulent intensity was
assigned at the domain’s inlet whereas a value of about 2 m was
assumed for the hydraulic diameter, corresponding to the wind
tunnel cross section. A non-uniform velocity profile
approximated by the following expression

1

ve) _ (L)m (3)

U 0.104

was applied at the domain’s inlet plane, in order to replicate the
incoming boundary layer measured in the experiments and
previously reported by Murphy in [7]. The CFD code ANSYS
Fluent has been used for the RANS simulations. A density-based
implicit formulation was used with a second-order upwind
scheme for the spatial discretisation and a Green-Gauss node
based gradient calculation. The k- SST turbulence model was
used with curvature and low Reynolds number corrections and
compressibility effects in place. To assess the influence of the
grid resolution onto the outcomes of the simulations three grids
were generated with 7.1, 17.2 and 41.1 million elements
respectively. In each of the gird produced, the number of grid
elements were changed in different sections of the intake duct,
as shown in Figure 6 and Table 3, where (a) is the number of cells

around the lip; (b), (¢), (d), and (e) are the number of cells in the
axial direction within the intake; (f) is the number of cells in the
boundary layer normal to the wall; (g) is the number of cells in
the radial direction from the boundary layer to the intake
centreline; (h) is the number of cells around half circumference
of the intake. Results from all three grids on ground vortex and
AIP distortion characteristics are reported in Section 4 below as
part of the RANS based simulations. For the URANS cases, the
coarse grid with only 7.1M elements was used. The CFD code
HADES was used for the unsteady computations due to its
numerical efficiency. HADES solves the three-dimensional,
viscous, and compressible RANS/URANS equations using a
node-centred finite volume scheme with an edge-based data
structure. Structured/Unstructured hybrid grids are compatible
with the solver. The validations of the solver for a range of flows
can be found in the previous works ([27], [28], and [29]). The
time integration scheme is implicit and second order accurate.
The time step for the URANS cases was chosen based on an
iterative approach as the main frequencies of the unsteadiness
were unknown. To determine an indicative characteristic
timescale for the flow system, the convective time for a flow
element to travel between the ground plane and the highlight
plane was used. Unsteady simulations with finer grid resolution
are currently in progress.

Figure 6: Grid blocks refined in the sensitivity analysis across the
various parts of the intake duct. Grid blocks indicated in lower case
letters.

Table 3: Mesh details of the sensitivity analysis. Lower case letters
indicate grid blocks as defined in Figure 6.

ay b o d e) ) g h

Coarse [7.1M] 25 35 35 99 119 30 25 69
Medium [17.2M] 37 49 49 109 129 30 35 101
Fine [41.1M] 55 67 67 119 153 30 49 153
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4. RESULTS AND DISCUSSION

4.1 Steady state simulations

An initial grid sensitivity study between the three grids was
carried out to determine the impact of the grid resolution on
various properties of interest such as ground vortex properties,
in-duct distortion properties and isentropic Mach number
distributions along the intake’s lip. However, the Grid
Convergence Index between the three grids (GCI) was found
acceptable for only a sub-set of the parameters of interest. This
is attributed to the complex 3-dimensional nature of the flow that
includes the presence of the ground vortex but more importantly
the fact that this particularly flow field is in principle unsteady.
As such, no selection of a single grid was made, and further flow
field investigations were conducted with all three meshes.

The Intake Pressure Recovery, IPR = Py 41p/Po o>
distributions across the AIP for each individual case across the
range of non-dimensional crosswind flow velocities U* for the
three computational grids is shown in Figure 7, while the
predicted out-of-plane vorticity of the ground vortex is shown in
Figure 8. In order to enable credible comparisons between the
numerical and experimental data, the spatial resolution of the
former was degraded to match the experimental resolution at

Exp data (Murphy 2008)

IPR

Coarse Mesh
IPR

both the ground vortex measurement plane as well as at the AIP.
The CFD data reduction to calculate the pertinent ground vortex
and AIP pressure recovery was carried out using the method
described by Murphy in [7]. The original data from [7] are also
shown below in Figure 7 and Figure 8 for comparison. As
indicated by the numerical results across the range of U*, from
low (U* =18.3), to mild (U* =9.1), to high (U* = 5.2) crosswind
velocity, the grid spatial resolution influences very slightly the
predicted total pressure loss at the AIP in terms of flow field
topology inside the intake compared to the experiments. For the
case at high crosswind (U* = 18.3) (see Figure 7 and Figure 8,
top row), the fine grid with 41.1M elements indicates a roughly
50% narrower peak loss area at the AIP compared to the
experimental data, showing a more defined vortex core with
respect to the coarser grids, due to the higher density of elements
on the plane. However, the depth of the loss appears to be under-
estimated for all the grids. This under-prediction of the AIP total
pressure loss characteristics is attributed to the under-prediction
of the ground vortex non-dimensional vorticity which for the U*
= 18.3 is shown in Figure 7, bottom row in comparison with the
SPIV time averaged non-dimensional vorticity reported by
Murphy in [7].
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Figure 7: Total pressure recovery distribution at the AIP across the range of U* and grid resolutions. Top and bottom left images recreated

using data from [7].
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Exp data (Murphy 2008)
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Figure 8: Out-of-plane vorticity at the ground plane across the range of U* and grid resolutions. Top and bottom left images recreated using

data from [7].

The resolution of the grid influenced very little the location
of the vortex core, while the radius of the vortex on the plane
below the intake resulted to be between 4 and 2 times bigger than
the experimental value across the range of grids, with a more
defined prediction of the peak ground vortex vorticity for the fine
mesh. Similar observations were made for the case at mild
crosswind (U* = 9.1) which is shown in Figure 7 and Figure 8§,
central row, for the various grids in comparison with the
experimental data on the left side of the image. As before, the
substantial under-prediction of the AIP loss is linked with the
under-prediction of the ground vortex peak vorticity which
indicates that the numerical model tends to form a looser vortical
structure at the ground plane compared to what was previously
reported by Murphy [7]. This can be very significant when
steady state RANS based simulations are employed for the
prediction of the total pressure distortion profile within the intake
duct because under-prediction of the peak loss but also of its
extent across the plane may lead in under-estimation of the
unsteady forces that a rotating fan blade experiences hence to
produce a misleading evaluation of the blade’s forced response
Finally, for the cases at high crosswind (U* = 5.2) shown in
Figure 7 and Figure 8, bottom row, apart from the notion of the
ground vortex at the AIP, an additional inward flow separation is
observed in both experimental and numerical results which
causes substantially higher total pressure loss at the fan face

plane. This loss due to the flow separation is substantially over-
predicted by all numerical simulations compared to the
experimental data. On the other hand, the loss due to the
formation of the ground vortex was found substantially under-
predicted by all CFD models in relation to the experimental data.
The combination of the above two effects, resulted in a
substantially inaccurate prediction of the overall total AIP
pressure loss. This over-prediction of the total pressure losses
may also influence the forced response predictions of a rotor
under inlet flow distortion which in the case that higher loads are
predicted, may result in the rotor being mechanically over-
specified with potential penalties in the overall weight and other
structural specifications of the fan system.

A summary of the total pressure predictions at the AIP in
comparison to the experimental data for all three computational
grids and across the range of U* cases is shown in Figure 9 at a
fixed radial position passing through the peak loss region. These
azimuthal distributions of the loss profile are useful to highlight
the capability of the CFD to capture the position of the vortex
and the depth of the loss around its core. The case at low
crosswind velocity corresponding to U* = 18.3 showed perhaps
the closest agreement with the experimental data in terms of
azimuthal loss and position of the loss regime (Figure 9, top),
even if the normalized radial position, r/R,p, and the
circumferential position of the vortex differ roughly by 0.07 and
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10 degrees, respectively. A similar observation is possibly valid
for the case at high crosswind (U* = 5.2) but only for the losses
related to the induction of the ground vortex which are shown to
be in close agreement with previous experimental data.
However, large discrepancies were observed on the prediction of
the loss characteristics related to the flow separation for this case.
The fine grid presents a more pronounced depth loss at the vortex
centre that is closer to the experimental value, but a narrower
vortex area compared to the experiments and the other grids. For
the case at medium crosswind with U* = 9.1 both the total
pressure loss as well as the position of the loss region were
significantly under-predicted by all CFD simulations.
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0.90
@ 0.85
— 0.80% = Murphy (2008)
0.754 — RANS Coarse [7.1M] L]

: 1 —— RANS Medium [17.2M] U* — 18 3
0.707 — Rans Fine (41.1M] — :
0.65:

0 30 60 90 120 150 180 210 240 270 300 330 360
6 [deg]
1.00
1 L}
0.95+ .
0.901 .
o 0.851
=0.80{ = Murphy (2008) .
0.75. — RANS Coarse [7.1M) *
{ —— RANS Medium [17.2M] . U*=9.1
0.707 — Rans Fine [41.1M] . _
0‘650 30 60 90 120 150 180 210 240 270 300 330 360
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1.00+ -
0.95¢
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o 0.851
=0.80] = Murphy (2008)
0 751 —— RANS Coarse [7.1M]
*Z7 1 — RANS Medium [17.2M]
0.707 — RaNs Fine [41.1M]
0‘650 30 60 90 120 150 180 210 240 270 300 330 360

6 [deg]
Figure 9: Numerical and experimental azimuthal loss distributions
at a fixed radial position crossing the peak loss flow regime across
the range of U* and grid resolutions. Experimental data points
derived from Figure 7.

All the considerations above, can be quantified considering
the numerical DCgz, coefficient and the non-dimensional
circulation T'* plotted against the measured value for the three
cases and all computational grids in Figure 10 and Figure 11,
respectively. Figure 10 clearly indicates the partially successful
RANS capability to quantify the fan face loss and distortion
linked to the induction of the ground vortex with or without flow
separation in place. Although, predictions fall closer to the
experimental data for the high U* case of 18.3, substantial
discrepancies were shown for U* = 9.1 and U* = 5.2 where
distortions were substantially under-predicted for the former and
over-predicted for the latter due to the over-prediction of the

separation related losses that were observed for U* =5.2. For the
case at low crosswind velocity (U* = 18.3), the discrepancy in
the prediction of the DCg, distortion parameter from the
measured data was found to be approximately 45% lower, while
for the case at mild crosswind (U* = 9.1) the discrepancy was
approximately 80%. For the case at high crosswind (U* = 5.2),
the overall prediction of the D Cy distortion parameter at the fan
face was found approximately 65% higher in relation to the
experimental data.

Crosswind

Mild

High Low
0.7
-#- Exp. data Murphy (2008)
0.6 —e— RANS Coarse [7.1M]
—&— RANS Medium [17.2M]
0.5 —m— RANS Fine [41.1M]
50.4
U
00.3
0.2
0.1
0.05 5 10 15 20 25
U*
37 18.5 12.3 9.3 7.4
U, [M/s]

Figure 10: Fan face distortion across the range of U* for three
computational grids and experimental data.

Crosswind
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0.7
-4~ Exp. data Murphy (2008)
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—a— RANS Medium [17.2M]
0.5 —m— RANS Fine [41.1M]
0.41
i
0.34
0.2
0.1
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U*
37 18.5 12.3 9.3 7.4
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Figure 11: Ground vortex non-dimensional circulation across the
range of U* for three computational grids and experimental data.

Based on the CFD outcomes from the RANS simulations in
Figure 11, the non-dimensional vortex circulation is predicted
within less than 16% of the experimental data with the
predictions for U* = 5.2 being within 2% of the experimental
observations. Nonetheless, a closer analysis of the numerical
outputs shows that the although the non-dimensional vortex
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circulation is predicted within a narrow margin in relation to the
experimental data this is possibly an artifact of the vorticity
predictions which are significantly under-predicted whereas the
vortex radius is consistently over-estimated across the range of
cases and grids (see Figure 8). To conclude, based on the above
considerations, the grid resolution had a small influence on the
prediction of the total pressure loss distortion coefficient and on
the non-dimensional circulation of the vortex. In fact, even
though the fine grid produced a higher and more defined vorticity
peak loss on the plane below the intake and a higher total
pressure loss at the vortex centre at the AIP, because of the
increased mesh resolution on the planes, nearly no influence was
observed among the grids on the prediction of the distortion
parameters and on the vortex characteristics in terms of position
and radius. The D Cg, improvement between the three grids was
3.7% from coarse to medium and another 1.2% from medium to
fine based on the DCy, Grid convergence index (GCI). The fine
grid predictions showed a variation of the peak vorticity of
approximately 50% in the vortex core compared to the
experimental data, while the improvement on the predicted
vortex circulation I'* was about 0.25% between the coarse and
the medium grid and another 1.3% between the medium and the
fine grid based on their I'* GCls.

In conclusion, the overall evaluation of RANS based
methods to predict the mean ground vortex and fan face
distortion characteristics across a range of crosswind conditions
indicated that the nature of the flow field is perhaps prohibitive
of steady state methods as this may lead to inaccurate evaluations
of the flow distortions at the fan face and possibly of the
likelihood for the engine to ingest foreign debris with a chain of
further consequences. The capability of the RANS methods
could be further investigated by using a local mesh refinement at
the AIP plane and on the ground plane in the correspondence of
the location of the vortex and different turbulence models.
However, a localized mesh refinement can cause an increase in
the computational cost and in the complexity of the mesh
topology and not necessarily correspond to a sufficient
improvement of the accuracy of the solution, while eddy-
viscosity turbulence models have been demonstrated to be
inefficient in the prediction of crosswind flows around intakes,
as stated in the introduction. This partial ability of the RANS
methods to predict pressure loss puts the applicability of RANS
approach for such flow predictions in doubt. As such, the
necessity of unsteady methods of conventional or higher fidelity
remains of key importance. Unsteady RANS simulations are
shown in the following section of the current paper but methods
of higher fidelity such as DES/DDES/IDDES or LES remain
mostly unexplored.

4.2 Unsteady simulations

The measured data presented in Section 2 indicated
unsteadiness on the ground plane during crosswind operation of
the intake. The results also showed that the amplitude of
unsteadiness increase with increasing crosswind speed (reducing
U*). In this section unsteady CFD (URANS) is shown to
ascertain the capabilities of URANS for modelling such flows by

comparing against measured data. Thereafter, the impact of
unsteadiness at the fan face is investigated. The trace of vortex
core location on the ground plane is compared between CFD and
measured data in Figure 12. To enable this comparison, the
resolution of the CFD data was degraded to match the spatial
resolution of the PIV plane used in the measurement. The CFD
based location of vortex core is determined at the measurement
as the CFD grid point with maximum out of plane vorticity
magnitude. Figure 12 shows a similar trend between CFD and
measured data although the envelope for the U*=5.2 was found
to lie closer to the intake’s centreline which doesn’t agree with
the experimental observations. Figure 12 also shows that the
range of motion of the ground vortex in the CFD results is
smaller than the measured data. This suggests that either
URANS modelling fails to capture the vortex motion or that
there are inaccuracies in interpolating the sparse measured data.
Higher fidelity models (such as LES) will be required to identify
the cause of this discrepancy.
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Figure 12: Comparison of CFD against measured data from [7]
Dash lines denote CFD results (red indicates U* = 18.3; blue
indicates a U* = 9.1; green indicates a U* = 5.2).

Figure 13 shows the contours of iso-surface Q criteria at four
random instances for U* = 9.1 and U* = 5.2 (with t;<t:<t3<1y).
Time instants #; to t4 have been chosen to show extreme events.
In these figures the free stream flow comes from the right-hand
side. It is seen that the ground vortex shows change in shape as
well as position. It is also seen from this plot that for the case U*
= 5.2 the ground vortex is at the edge of intake at T = 3 and is
not even present at T = #4.
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Figure 13: contours of Q criteria at 4 instant time for U* = 9.1 (a)
and U* =5.2 (b).

Next, the flow unsteadiness at the AIP is studied. The
experimental data from [7] include no notion of unsteadiness at
the AIP, hence this section relies exclusively on unsteady CFD
results. Figure 14 shows the variations of total pressure at the fan
face at four random instances of time for U* =9.1. It is seen from
these plots that for U* = 9.1 there is a significant circumferential
motion in the position and amplitude of the vortex core (as

defined by maximum pressure loss). The steady CFD results in
Figure 9 showed a lower amplitude of total pressure loss at this
condition. Figure 15 shows the variations of total pressure as a
function of circumferential position (at a fixed radial position at
80% height) as four different instances of time. These results
suggest that the discrepancies between CFD and measured data
in Figure 9 is due to steady assumption in the computation.
Figure 16 indicates that for U* = 5.2, there are two sources of
unsteadiness at the AIP. The first is due to the ground vortex, and
the second one is caused by the large, separated region at the lip
which is also unsteady in nature. The distorted region due to flow
separation at lip varies significantly in terms of position and size.
The results in this section indicate that apart from usual CFD
errors (grid density, turbulence model) steady flow assumption
plays an important part in discrepancies between CFD and
measured data which reinforces the previous conclusions about
the applicability of RANS based methods for the prediction of
the mean characteristics of these flows.

Figure 14: Variation of URANS total pressure at the AIP at four
random instants of time for U* = 9.1.

0 060 120 180 240 300 360
Circumferential angle [deg]

Figure 15: Instantaneous azimuthal loss distributions at a fixed
radial position crossing the peak loss flow regime for velocity ratio
U* = 9.1. Time averaged experimental data from [7] are shown for
reference.
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Figure 16: Variation of URANS total pressure at the AIP at four
random instants of time for U* = 5.2.

4.3 Implications of unsteadiness on fan performance
and vibration

In this section, the implications of unsteadiness in the intake
on the fan aeroelastic and aerodynamic stability is discussed. For
steady distortion (which is usually considered in forced response
analysis of the fan due to inlet distortions) the fan will experience
unsteady forcing at frequencies Fy = N* Q where N= 1,2,3 and
Q) is the angular speed of the fan. In such situation the possibility
of aeroelastic vibration can be identified by means of a Campbell
diagram-based analysis. However, when the intake separation
becomes unsteady (as shown in Figure 16) and has frequencies
Fv M=1,2,3,..), the fan will experience unsteady excitations at
frequencies that can’t be identified by Campbell diagram
analysis as they represent non-synchronous frequencies defined
as Fam=NQ+ Fy,N=0,1,2...

Figure 17 shows an instantaneous distribution of
circumferential angle at the AIP for the case with U*=9.1.
Positive value of the circumferential angle denotes the traverse
flow clockwise and the positive radial angle represents the flow
outwards. It can be seen that apart from the unsteady total
pressure distortions, the ground vortex will simultaneously result
in large swirl distortion which varies with time. Such a swirl
distortion can further degrade the performance of the blade as the
incidence angle in front of the rotor deviates from the design
value. It was also shown in [25] and [26] that, in presence of
distortion, stall is initiated when the blade separation generated
in the distorted region cannot be removed by the flow in the clean
region. Figure 16 shows that unlike the work previously carried
out in [25] and [26] for which fixed distortion planes were used,
the location of distortion region moves circumferentially and
radially as a function of time as depictured in Figure 16.
Consequently, the stall characteristic of the blade becomes
dependent of the unsteadiness.

Circumferential angle: -14-10 -6 -2 2 6 10 14 18

T=t; T=ty

Figure 17: Instantaneous circumferential angle at the intake AIP
for U* =9.1

5. CONCLUSIONS

In this paper the flow characteristics of an aspirated intake
at crosswind were investigated using RANS and URANS
numerical simulations. Comparisons of the numerical results
against experimental data obtained at the aerodynamic interface
plane (AIP) of the intake duct indicated that a steady state
simulation approach provides poor predictions the AIP mean
flow distortion characteristics across the whole range of the
examined non-dimensional crosswind speeds. This is more
pronounced in the case where a significant part of the flow along
the inner surface of the intake duct is separated, where the ability
of RANS to generate the right amount of pressure loss in the
zones of the flow influenced by the ground vortex and the inner
lip separations was found very limited. Flow statistics from
URANS computations could partially match the measure
unsteady features on the ground plane. The analysis of the flow
at the AIP showed significant unsteadiness linked with both the
ground vortex and the lip separation. The results indicate that
apart from usual CFD errors (due to grid density, turbulence
model) steady flow assumption in computations plays an
important role in discrepancies between CFD and measured data.
In terms of fan operation, it is argued that apart from the
synchronous vibrations caused by steady distortions, the
unsteady distortions give rise to a new kind of non-synchronous
vibration which is not usually accounted for in turbomachinery
but can be detrimental to the stability of the fan, especially in the
presence of extreme, instantaneous distortion events.
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