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Abstract

This computational study investigates the coupled intake—fan aerodynamics and fan stability of a podded
intake operating under crosswind conditions. Three crosswind velocities with different flow distortion character-
istics were considered at constant fan speed while the fan was driven from the reference operating conditions
to rotating stall. At low and medium crosswind velocities, the intake flow was attached from the lip at near-
stall conditions. For these cases, the flow distortion was associated with the ground vortex, bulk swirl, local
separations induced by the fan, and secondary flows induced by the ground vortex. Under these conditions,
the fan stall margin was reduced by up to approximately 5% relative to an clean-flow single-passage baseline
configuration. At the greatest crosswind velocity, the intake flow was grossly separated from the lip due to
a shock induced separation. This resulted in a stall margin reduction of up to approximately 12%. Despite
the different intake aerodynamic states at near fan stall conditions, there are some similarities in the onset
of fan stall. Flow disturbances were generated at regions with increased blade incidence angle. These were
related to reductions in axial velocity due to flow separation and tangential velocity increase due to the ground
vortex. At fan stall conditions, the circumferential exposure to high incidence angles was sufficient to sustain
the growth of disturbances into rotating stall cells. These results highlight the role of intake flow aerodynamics
and unsteadiness in determining fan operability under crosswind conditions and underline the importance of
coupled intake—fan assessments for aerodynamic design and stability analysis.
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1. Introduction
1.1 Background

Future civil aero-engines are expected to adopt short intake designs [1] to support low specific
thrust cycles and improve propulsive efficiency [2, [3]. However, short intakes introduce aerodynamic
challenges under off-design crosswind conditions [4]. In crosswind, flow separation and vortex forma-
tion and ingestion may arise and induce unsteady total pressure and swirl distortion [1, 5]. Moreover,
short intake configurations are likely to increase the aerodynamic coupling between the intake and the
fan [6] which could be detrimental to the stability and performance of the turbomachinery components
[7,18].

1.2 Fan-intake coupling in crosswind

Intakes in crosswind are characterised by flow separation, a ground vortex and a trailing vortex
depending on the operating conditions of crosswind velocity and Mass Flow Capture Ratio (MFCR)
[9, [10]. At a fixed crosswind velocity and low MFCR, there is a subsonic, diffusion driven boundary
layer separation at the windward aeroline [9,[10]. As MFCR increases, the intake flow first reattaches
and then separates through a shock-induced separation due to shock-boundary layer interactions
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(SBLI) [9]. In addition, a pair of contra-rotating vortices may form due to the interaction of the intake
capture stream tube and the ground (ground vortex and trailing vortex) [11,12]. These aerodynamic
features across the MFCR range cause varying levels of total pressure and swirl distortion [9, [10] with
an effect on the fan operability.

The intake aerodynamics can be notably influenced by the fan [6, 1,14} 1516, [17]. The fan redis-
tributes mass flow radially [6] and accelerates tip flow which may reduce adverse pressure gradients
and delay separation [4]. However, unsteady effects, such as pressure waves from the fan, can re-
duce the crosswind velocity threshold for stable intake operation [6]. Boscagli et al. [6, [1] determined
that the fan unsteadiness could reduce the crosswind velocity for flow separation by 4kzs relative to
a steady-state fan-intake system. This was due to the unsteady interactions between the upstream
travelling fan waves, the ground vortex and the lip shock-wave. This triggered shock-induced separa-
tion through shock-boundary layer interactions (SBLI) at a lower crosswind velocity relative to steady
computations. Lobuono et al. |13, [14] studied the unsteady interactions between an intake and a fan
in crosswind for a range of intake lengths [14]. For short intake designs, shock-induced separation
from the lip increased the blade incidence angle by up to 60° relative to an undistorted baseline.
Possible variations in blade incidence angle were considered through a method for the quantification
of distortion in the relative frame of reference developed by Migliorini et al. [18]. This enabled the
characterisation of distortion in metrics relevant to the fan performance and stability. Hueso-Rebassa
et al. [10] applied the same relative frame of reference approach across a range of intake crosswind
conditions and flow distortions. Diffusion and shock-induced separations were assessed with CFD
for a model-scale intake coupled with a low-speed fan. Both types of flow separation increased the
blade incidence by up to 60° relative to a clean flow reference. The relative Mach number signature
and unsteady characteristics of distortion were substantially different. Castillo Pardo et al. [15] in-
vestigated the effects of crosswind direction on the aerodynamics of a low-speed fan with CFD. In
configurations with flow separation and a counter-rotating ground vortex, counter-swirl was induced
at the blade tip which lead to higher work. Overall, it was found that the fan work was 6% higher for
a counter-rotating ground vortex arrangement relative to a co-rotating configuration. These results
demonstrated the importance of quantifying intake flow distortion with metrics that are relevant to the
fan aerodynamics.

Although a significant amount of research has focused on short-intakes in crosswind and fan-
intake coupling, these are all centred around the nominal operating conditions of the fan. Therefore,
the effect of crosswind on the fan stability and fan stall inception remains unexplored.

1.3 Rotating stall inception in fans and compressors

Rotating stall occurs when stable flow can not be maintained over the compressor blades due
to a low mass flow rate [20]. At a critical flow coefficient (¢ = v,/U), disturbances are created at the
blade tip, which can grow into rotating stall cells [20]. There are two distinguished routes to stall in
compressors, modal stall and spike stall [21]. Modal stall occurs with the growth of long length scale
oscillations in the operating point [20, 22], over tens of revolutions [23], while spike stall refers to the
growth and propagation of small length scale disturbances [21}, 20], typically developed over several
blade pitches [21], [24]. Spike stall is the most common in aero-engines [20], [19].

Spike stall has been studied with clean [20, [19] 21] and distorted inlet flows [8, 20} 25} 26]. In
general, the disturbance is caused by high incidence angles at the blade tip of the rotor leading
edge [20]. This can trigger local flow separation at the suction side of the blade which forms a
radial vortex that extends to the casing [21, 20, [23], increases local flow blockage on the blade
passage and propagates to adjacent blades [21]. When these disturbances propagate they can
decay or grow depending on the rotor operating conditions [20]. Spike-type stall has been identified
in axial compressors with and without tip clearance [21]. The tip clearance defines the aerodynamic
mechanisms leading to rotating stall. In shrouded rotors, the initial local flow separation is mainly
related to corner flows between the casing and blade [24] while in configurations with tip clearance,
the tip leakage flows also play a role [23].

Inlet flow distortion always reduces stability relative to clean inflow conditions [20, 8]. Canonical
distortion configurations such as ingested vortices [8] and circumferential [20} 25] and radial [26] total
pressure distortion have been assessed. Awes et al. [8] investigated the effects of vortex ingestion
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Figure 1 — (a) Schematic of the wind-tunnel and (b) intake rig arrangements. This is for a crosswind
counter-rotating (port) configuration. Figure adapted from [10].

on the operability of Ultra-High Bypass Ratio (UHBR) fans. It was concluded that the stall inception
mechanism was similar for clean flow and vortex ingested configuration. However, the vortex inges-
tion resulted into a stall margin loss of up to 8%. Allen et al. [25] studied the circumferential extend
of tip total pressure distortion in fan stability experimentally. Although the effects of flow distortion
did not change the fan stall mechanism relative to clean inflow conditions, it impacted the stall mar-
gin. For full circumferential tip distortion the stall margin was reduced by 8% while for a half annulus
configuration it was reduced by 4%. Williams et al. [26] investigated the effects of radial distortion
into the stall inception of low pressure ratio transonic fans. This was with experiments and CFD that
included a perforated plate to generate distortion. According to the experimental results, the inlet dis-
tortion reduced the stall margin by ~ 8% relative to the clean flow conditions. The case with distortion
presented a lower stall flow coefficient at the tip, which moved the leading edge shock upstream and
increased blockage.

Although there has been substantial research in the effects of flow distortion into fan stall incep-
tion [8,, 120, [25] 26], most of the work focuses in canonical flow distortion patterns that assess swirl and
total pressure distortion independently, in laboratory environments. Short intakes in crosswind may
induce multiple sources of flow distortion simultaneously. These may encompass several classes of
flow separation [9, [10] and vortices [11}, [12] which combine swirl and total pressure distortion. These
directly impact the blade incidence angle and may result into longer circumferential extents where the
blade is exposed to critical conditions. Therefore it is of interest to investigate the intake crosswind
aerodynamics and the impact it has into the fan stability and inception of rotating stall.

1.4 Overview and Scope

This work investigates the coupled intake—fan aerodynamics of a short, podded intake operating
under crosswind conditions with unsteady CFD. Three crosswind velocities with a counter-rotating
ground vortex and varying levels of flow distortion are considered at constant fan speed. The fan
is driven to stall under these conditions to assess the impact of the intake aerodynamics and flow
distortion on fan performance, stability margin and onset of rotating stall. The novelty of this study is
the assessment of the effect of intake crosswind velocity onto the fan stall inception. The contribution
is new quantitative evidence that indicates how attached and grossly separated intake flows influence
fan stall margin. In addition, it demonstrates that while there are similarities in the fan stall inception
mechanism across crosswind conditions, the overall intake flow state governs the operating point
at which stall occurs. These findings improve the understanding of intake—fan compatibility under
crosswind operation.

2. Methodology

2.1 Short intake coupled with a fan in crosswind

This work is focused on a model-scale short intake coupled with a low-speed fan and installed
in a wind tunnel [27, [10]. The intake is non-axisymmetric with a normalised intake length (L;,;) over
fan diameter (D t4n) Of Lin /D fqn = 0.33 [27,[10]. In the crosswind configuration, the intake-fan system
is coupled with a ground plane with a clearance of H/D;; = 0.3 (Fig. [1Q]). The baseline datum
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Figure 2 — Schematic of computational configurations. (a) Fully coupled intake-fan-OGV-strut
system and (b) single passage configuration. Figure adapted from [10].

arrangement is a port configuration where the air flows from the right, looking at the intake from
upstream. This configuration induces a ground vortex that is counter-rotating with the fan (counter-
rotating configuration, Fig. [1).

2.2 Computational modelling

The fan-intake rig configuration was assessed with unsteady CFD at a range of crosswind con-
ditions. The unsteady, compressible Favre-averaged Navier-Stokes equations were solved with a
double precision, implicit density-based solver [28]. The CFD solver was combined with the k — @
SST turbulence model [29], a second-order MUSCL convective scheme [30] and the Green-Gauss
node based method [31] to approximate the flow gradients. Dynamic viscosity as a function of tem-
perature was modelled with Sutherland’s law [32]. The temporal resolution of the simulations was
90-time steps per blade passing time (z,,) with an implicit temporal scheme [10]. The simulations run
for 8 full fan revolutions after numerical transient decayed. These were found sufficient to achieve
periodicity and develop rotating stall.

The unsteady (URANS) simulations used six independent computational domains. These en-
compassed a wind tunnel, rig mount with a ground plane, short intake, full-annulus rotating fan,
full-annulus outlet guide vanes (OGVs), and struts after the OGVs (Fig. [2) [10]. The intake and rig
domains were overset onto the wind tunnel domain through an overlapping interface at the bound-
aries of the sub-domains [33] 34], while the fan, OGVs, and struts were coupled through sliding
planes at the interfaces (intake-fan, fan-ogv and ogv-struts). Total pressure (P) and total tempera-
ture (Ty) were prescribed at the wind tunnel and static pressure (P) with a target mass flow at the exit
(Fig. [Tp). The wind tunnel conditions were calibrated to achieve target flow velocities at the entry
of the rig test section (Vi 7, Fig. [1). All the walls of the wind tunnel, rig, intake and turbomachin-
ery components were viscous non-slip. The intake ingested mass flow was set through a capacity
(Qurue = i\/(Ty)/(PoA) boundary condition prescribed at the strut outlet plane (Fig. . Unsteady
simulations started at the reference operating conditions of the fan. To evaluate the onset of stall,
Osra Was reduced while maintaining the fan rotational speed (N/+/(Ty)) until stall cells formed at the
fan.

In addition to the unsteady CFD simulations, steady RANS computations of single passage sec-
tors of the fan, OGV and struts were also carried out (Fig. [2b). These were periodic and the turboma-
chinery components were coupled through mixing planes. The objective of these simulations was to
determine an idealised flowfield with no intake distortion (Fig. [2b). The single passage calculations
were at the same speed-line as the unsteady crosswind CFD and also run until fan stall.
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Figure 3 — Schematic of the different intake aerodynamic regimes in crosswind. This is for a fixed
crosswind velocity with varying MFCR.

2.2.1 Computational grids

Independent grids were created for the wind tunnel, rig, intake, fan, OGV and struts. The intake
and turbomachinery meshes were generated with a multi-block structured approach with a y* = 1.
The grids for the wind tunnel and rig were developed in STAR-CCM+ with a hybrid approach [35]
that combined unstructured tetrahedral cells and structured prism layer near the viscous walls, with
ay" =~ 50 [35]. The solver used wall functions when needed based on an automatic activation which
was triggered when y™ was below 5 [28].

The spatial discretisation of the wind tunnel, rig and intake meshes was based on a grid sensitiv-
ity study without the turbomachinery components (aspirated intake configuration). The details of the
process are reported in Hueso-Rebassa et al. [10]. It was found that both medium and fine meshes
captured the reduction of total pressure distortion descriptor (DCg, [36 [37]) related to flow reattach-
ment across a range of intake mass flows at a fixed wind tunnel velocity Viyr. Therefore, the medium
meshes with a total of 114.2 x 10° cells were selected. For the turbomachinery domains, the grids
were based on previous guidelines [38]. The fan rotor, OGVs and struts had 75.0 x 10%, 78.0 x 10°
and 8.0 x 10° cells, respectively. Overall, the complete computational configuration had approximately
298 x 10° cells.

2.3 Intake performance in crosswind

The intake performance in crosswind is characterised by the Mass Flow Capture Ratio (MFCR,
Eq. 1) and crosswind velocity. The MFCR is defined with the intake mass flow (rz), the intake highlight
area (Ay;), the effective crosswind velocity (V) and the free-stream density (p..). The intake mass
flow is function of the fan operating conditions of Q.. (Eq. @ which is controlled through the capacity
at the exit of the strut stage (Qq./), imposed as the CFD boundary condition. The effective crosswind
velocity is measured 5D,,; upstream of the intake center line (Fig. 1) and accounts for the wind tunnel
aerodynamic blockage. V(, is a linear function of the wind tunnel velocity Vi 7 at the entry of the test
section [10].
m
MFCR Ve A (1)
The combination of MFCR and crosswind velocity defines the broad aerodynamic state of the
intake flow [9, [10]. A ground vortex may appear at moderate values of MFCR [11]. At fixed crosswind
velocity and low MFCR (Fig. [3), the intake flow can be separated from the lip through a subsonic
diffusion led separation. With increasing MFCR, the flow first reattaches at the lip and then separates
again through a high-speed shock-induced mechanism [9, [10]. In addition to the gross separation
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Figure 4 — Examples of velocity triangles where black represents the ideal axial flow and blue are
examples with flow distortion. (a) Distorted flow with a reduction in axial velocity and (b) distorted
flow with counter-rotating swirl.

from the lip, other local closed separation regions may appear within the attached flow regime (Fig.
[B). These can be subsonic, shock-induced, diffusion driven and due to the upstream effects of
fan (Fig. [1Q0]. Multiple separation mechanisms may be present at the same time and become
undistinguishable. A more thorough evaluation of the intake flow separation mechanisms in crosswind
can be found in the literature [10]. Throughout this work, the intake separation is identified as whether
there is reversed mass flow (m~) through the Aerodynamic Interference Plane (AIP) such as m™ >
0.001% [6, [{0].

2.4 Methods for the analysis of intake distortion

Unsteady results were analysed in terms of total pressure recovery (PR = Py/Fy.) and swirl
angle (@) distributions at the Aerodynamic Interference Plane (AIP), isentropic Mach number (M)
and stream-wise wall shear stress (t,) distributions at the intake surface to determine the overall
aerodynamic characteristics. The AIP was positioned 0.05Dy,, upstream of the blade hub leading
edge. The flow distortion was analysed in the relative frame of reference to study the influence of the
intake flow on the fan stall inception. The relative frame of reference approach takes temporal and
spatial variations of the unsteady intake distortion into account. This is to quantify the changes in
blade incidence angle (i) and relative Mach number (M,,;) as the intake-fan system approaches the
fan stall point. The methodology is detailed in previous works [18] 14, [10].

The flow velocity in the absolute reference frame is V = {vx,vr,vg} in cylindrical coordinates, with
axial (£), radial (#) and tangential (6) components. The tangential coordinate is defined positive in the
clock-wise direction. The relative velocity vector (W, Eq. is the vectorial difference between the
absolute flow velocity (V) and the local tangential speed of the fan (Ufan = rosqn). The relative Mach
number (M,;, Eq. [3) is calculated with W the local speed of sound (a).

W= {WxawraWG} = {anvrave - wfanr} (2)

_ HWH _ \/V)%—FV%—F(VQ—a)fanr)z
a a

Mrel (3)

The absolute swirl angle (a, Eq. 4] Fig. |4) is the angle between the absolute tangential velocity
(vg) and the axial velocity (v,) and is defined positive in the clockwise direction. The relative flow
angle (B, Eq. 5, Fig. [4) is the angle between the axial velocity component and the relative tangential
velocity component (wg) and is also positive in the clockwise direction. The relative blade incidence
angle (i) at the fan leading edge is defined as the difference between the local flow angle () and the
blade metal angle at the leading edge (B...:» EQ. [B) and is positive in the counter-clockwise direction.
The definition of the different angles and polarity is illustrated in the velocity triangles (Fig. [4).
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Figure 5 — Example of blade incidence angle (i) variation at r/Rs., = 0.95. The figure includes
URANS crosswind results, single passage results and the definition of peak incidence values (i cax)
and azimuthal extends of distortion (A8,..). The red, dashed line indicates the near-stall conditions

of the single-passage configuration (i /"),

o = arctan (?) (4)
B = arctan (t") (5)
i = Buetat — B (6)

The blade incidence angle and relative Mach number were evaluated on a ring located at 95%
of blade radius (r/Rs., = 0.95), on the AIP. This enabled the calculation of variations of i, M,.; and v,
relative to the single-passage, baseline configuration where there is no intake or intake flow distortion
(Fig. B). For unsteady simulations of intakes in crosswind, it is of interest to calculate the blade
incidence angle relative to a baseline conditions (Ai, Eq. [7). In this approach, Ai is calculated relative
to the blade incidence angle of the single passage configuration at near stall conditions (i;’;“’*”“”, Fig.
in red) . Therefore, i?;“’—s’“” is a blade incidence threshold which enables the calculation of the
azimuthal extent of peak distortion relevant to the fan stall inception (A6,.q., Fig. [5) [20]. In addition
to the extents, peak values of blade incidence angles are also computed (i,..) as these are likely
to impact the fan stall margin (Fig. . For both metrics (AB,cq and i,eq), time averaged (A8;; and
/max ) minimum (A8 and " ) and maximum (A8”“ and i”*,) values are considered to quantify

lpeak } peak ) peak . ) . peak peak
the unsteadiness due to intake flow distortion (Fig. .

. L _stall
Ai = i — i (7)

The flow coefficient (¢, Eq. Another metric of interest for the quantification of the effects of
intake crosswind aerodynamics into fan operability. It is defined as the axial velocity (v,) normalised
by the local blade speed (Uy., = wr). Similar to the blade incidence angle and relative Mach, local ¢
is also evaluated over a ring located at r/Rs,, = 0.95 and expressed relative to the flow coefficient of

the single passage configuration at near stall conditions (A¢ = ¢ — s”lf“’*““”)

Vx

‘P B Ufan

(8)

2.5 Fan stability margin and stall identification

The fan metrics of interest are the capacity (Qra, EQ. @) at the fan inlet and total pressure ratio
(m, Eq. [T1), isentropic efficiency (n, Eq. and stall margin (x, Eq. [26]). The fan capacity
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(Eq. [9) is calculated with the mass flow through the turbomachinery components corrected for am-
bient conditions (ri.,, EQ. and the Mass Mean Mixed Out (MMMO) average total pressure, total
temperature and area (A4;p) at the Aerodynamic Interference Plane (AIP).

titeor\ | TP o)
Vo 9

Qfan - P§IPAAIP
. Ty By
Meor = M ﬁ?o (1 0)

The total pressure ratio (x, Eq. is calculated with the MMMO averages of total pressure at the
AIP (P4P) and total pressure at the outlet of the fan domain (Pg*'e') while the definition of isentropic
efficiency (n, Eq. also includes MMMO averaged values of total temperature at the same stations
and the ratio of specific heats (7).

P(z)mtlet
T= 7P5‘IP (11)

<P(())utlet) y;yl
0 —1
AlP

PO

outlet
TO
AIP
TO

n:
-1

The stall margin (x, Eq. is derived from changes in 1D throttle area (A,) [26]. It is calculated
with the corrected mass flow and total pressure ratio between the reference (super index /) and
near-stall fan operating conditions (super-index *). The near-stall conditions are the last stable oper-
ation of the fan. Within this work, the fan stall margin is expressed as a reduction of x (Ak, Eq.
relative to the single passage idealised calculations (k;;). This is to assess the effect of intake flow
distortion on the fan stability. To identify the development of spike stall cells, static pressures traces
are extracted at twelve probes along the fan casing, near the fan leading edge at the tip. A low-
pass filter is applied to remove the frequency content associated with the blade passing frequency
(f»p) [26) 21]. Therefore, there are are three operating conditions of interest: the reference operating
conditions, the near stall conditions and ultimately the fan stall point.

Al _ px i ref\r-1/7 ]
K.:iezl_mcor \/(71' ) (13)
AlS il (m)r-D/r =1
AKX =Ky — K (14)

3. Results and discussion

3.1 Intake crosswind aerodynamics to fan stall

Three crosswind velocities (Vew = V.5 — Skes, VX! and V) + 10kes) were investigated for a
counter-rotating configuration at a fixed fan speed (N/+/T). The three crosswind conditions are at
a different locations in the crosswind performance map defined by the Mass Flow Capture Ratio
(MFCR) and crosswind velocity (Fig. [6) and therefore have notable differences in terms of the intake
aerodynamics through the development of fan stall (Fig. @and . At Vew = Véﬁ(f — 5kts, and reference
operating conditions of the fan, the intake flow is predominately attached and remains attached until
the fan stall point (Fig. @ and ). At Vcr;,f and reference Qy.,, the intake flow is grossly separated
from the lip through a shock-induced separation (Fig. [6|and [7b). However, when the fan capacity is
reduced in the progress towards the fan stall point, the intake lip shock weakens and the flow reat-
taches (Fig. [6|and[7p). Therefore, at the near fan stall conditions the intake flow is attached from the
lip, similar to the Vey = Vé;}f — 5kts case. At a greater crosswind velocity (Vc’fa-f + 10kzs), the intake flow
is grossly separated from the lip through a shock-induced separation at the reference fan operating
conditions and all the way to the stall point (Fig. [f| and[7c). In addition to the lip gross separation,

8
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Figure 6 — Intake crosswind performance map and time-averaged distributions of Pressure Recovery
(PR4,) and swirl angle (o) at the AIP. The figure includes the distributions at the reference fan

operating conditions and near stall for Vey = V%! — Skes, Vow = Vil and Vew = V5 + 10kts.

Figure 7 — Snapshots of isentropic Mach number (M) over the unwrapped intake surface. The
figure includes the distributions at the reference fan operating conditions and near rotating stall for
Vew = Véaf — 5kts, Vew = Vcrvf;[f and Vew = Vé;if + 10kts.
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Figure 8 — Fan performance maps for different crosswind velocities. (a) Fan rotor total pressure ratio
(m) and (b) isentropic efficiency (n).

the three crosswind conditions also have local flow separation regions. These include supersonic
separation with reattachment at the lip, fan-induced unsteady separation regions within the intake
diffuser and local flow unsteady separations related to the ground vortex secondary flows. These
effects are more notable at the near-stall conditions for the cases with Ve = VC’fo — Skts (Fig. ) and
Véﬁ{ (Fig. ). Within this work, this type of flow distortion associated with the feature is found to have
an important role in the development of fan stall cells (Fig. [7).

The intake aerodynamics can change substantially in the progress to fan stall conditions. As
Oran is reduced (and consequently MFCR) the intake flow could reattach, or potentially separate
through diffusion separation (Fig. which can impact the fan stall margin. Therefore, the intake
aerodynamics at the reference fan operation is not representative for the quantification of stability
margin.

3.2 Effect of intake crosswind aerodynamics on fan performance and stability

The effect of crosswind velocity and intake flow distortion on the fan performance and stability was
assessed on the fan rotor capacity (Qy.x) the total rotor pressure ratio (x, Fig[8g), isentropic efficiency
(n, Fig. ) and stall margin (x, Table . At the lowest crosswind velocity (Vew = Vcrf;{ — 5kts) and at
the reference operating conditions of the fan, = and n remain similar relative to the single passage
configuration (Fig. [8). However, there is a reduction of 1% in Q. due to the increased loses in Fy. At
the same conditions, the stall margin loss is Ak = 3.7% relative to the fan stall conditions of the single
passage configuration (Fig. Table [{). These effects are primarily driven by the ground vortex,
bulk swirl and local regions of flow separation at the intake diffuser (Fig. [6]and [7). The increased
crosswind speed (Vew = VC’%) reduces x, n and fan stall margin slightly (Ax = —5.0%) relative to the
Vew = Vil — 5ks case. This was due to the effects of the ground vortex strength and bulk swirl at
5kts greater crosswind velocity.

Vew [Kts] Intake flow separation Stall margin loss [%]
Vil -5 No —3.7

vl | Only at reference conditions -5.0
Vi +10 Yes —11.6

Table 1 — Summary of intake aerodynamics and fan stall margin loss relative to the baseline single
passage calculations.

The reduction of Qs4,, m, n and stability margin is more notable at Ve = Véﬁ{,@ 10kzs (Fig. .

10



EFFECT OF INTAKE AERODYNAMICS AND FLOW DISTORTION ON FAN STALL INCEPTION

Figure 9 — Azimuthal signatures of static pressure at the fan casing and distributions of PR at the
AIP (snapshots) for several time steps along the fan stall formation. (a) Ve = Vcra,f — 5kts and (b)

Vew = V25 + 10kss. The figure includes filtered time signals with f., = 1 f;,.
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Figure 10 — (a) Variation of blade incidence angle (i) at r/Ry., = 0.95, (b) time averaged i and (C) v
distributions at the AIP, for the case at Vew = V[ — Skts.

The effects of the shock-induced separation from the lip (Fig. @ and ) reduce Q. the total rotor
pressure ratio and efficiency by 3.5%, 0.02 and 7.5%, respectively, relative to the single passage
configuration with clean flow (Fig. [8). This is mainly due to the P, losses at the intake due to the
shock-induced separation. The loss of stall margin is of Ak = —11.6% relative to the single passage
clean-flow configuration (Table [T). Fan stall was identified through the static pressure traces at the
fan casing, near the blade tip leading edge (Fig. [9). The traces indicate the classic signature of spike-
type rotating stall, where the disturbance grows across several blade pitches [21], 24]. The traces are
examined in more detail in section[_3.4l

In conclusion, for an attached intake flow where the distortion is mostly related to swirl the stall
margin is reduced by up to 5% relative to the baseline clean-flow configuration. This is lower relative
to the literature where a prescribed, single ingested vortex reduced the stall margin by up to 8% [8].
The difference could be partially attributed to the presence of a co-rotating trailing vortex in crosswind
(Fig. [6) which induces co-swirl at the leeward aeroline and reduces blade incidence angle at the blade
tip. This effect can reduce the extent in which the blade is subject to higher incidence angles with
a delay in the stall cell growth [20]. However, when the intake flow is grossly separated, the impact
on the fan stability is more notable and can erode the fan stall margin by up to Ax = —11.6%. The
loss in stall margin is greater relative to canonical cases where circumferential [25] and radial [26]
total pressure distortion at the blade tip reduced stall margin by up to 8%. For separated intakes in
crosswind, the flow separation and the ground vortex may lead to an increased azimuthal extent of
high incidence angles and diminish the stall margin. These results highlight the impact of crosswind
velocity on the stall margin of the fan and the need to include realistic intake flow aerodynamic states
for the assessment of fan operability.

3.3 Effect of crosswind velocity at near-stall conditions

To investigate how the intake flow distortion influences the onset of fan stall, an analysis of the
aerodynamics in the relative frame of reference was considered at the near stall conditions. The
blade incidence angle (i), M,,; and flow coefficient (¢) distributions were assessed at r/Rfan = 0.95
for the three crosswind velocities (Fig. [f0]and [{1). This was based on the full set of unsteady data
and considered both the spatial and temporal variations. In figures and black indicates the
reference Qyq, conditions (crosswind), blue represents the values at near-stall (crosswind) and red is
the near-stall solution of the single passage baseline CFD, which is used as a threshold [20].

For the case at Vo = Véﬁ(f — 5kts and at the reference Qyq, (Fig. and , black), the maximum
blade incidence angle is about 15° above the single passage configuration at the same conditions.
The increase in i is due to the counter-rotating ground vortex (6/6,, = 7.5) as the intake flow is
predominantly attached. The ground vortex also increases M,,; (Fig. [TTg). In addition, there is a
second region of increased incidence at 6/6,, = 3 (Fig. . This is dominated by the reduction in
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Figure 11 — Blade incidence angle (i), relative Mach (M,.;) and flow coefficient (¢) distributions at
r/Rfan = 0.95 and at the AIP. (a) Vew = V5 — 5kes, (b) Vew = Vil and (c) Vew = Vil + 10kzs.

flow coefficient at the diffuser part of the intake, at the windward side, and it also reduces M,,; (Fig.
111}a). This effect is related to the fan-induced separation pockets at the windward side and secondary
flows related to the ground votex (Fig. [7a). However, these two regions of incidence distortion are
independent and therefore the fan can potentially recover between these events. As the system
approaches the fan stall point, the two regions of increased incidence merge and the impact on the
fan persists for a longer azimuthal extend (Fig. [10]and [11j, blue). At near-stall conditions, the peak
incidence angle is encountered before the ground vortex, at the region with reduced M,,; and ¢ (Fig.
[T1j, blue). The peak value of incidence is related to the secondary flow induced by the ground vortex
which produces a local region of separation (Fig. [7). This induces unsteadiness in axial velocity
(flow coefficient) which results in a variation of blade incidence of +2.5° (Fig. blue).

For the case at the reference crosswind velocity (Vew = Véﬁ{), the intake is separated at the ref-
erence fan operating conditions. However, as the flow reattaches in the progress to the fan stall
conditions, the intake aerodynamics in terms of blade incidence angle, M,,; and v, (Fig. [{1p) is very
similar to the case at Ve = Vg}{; — 5kts, with peak incidence angle also caused by the secondary flows
related to the ground vortex (Fig. |[7b and ). At the highest crosswind velocity (Vew = VC’f{; + 10kts),
the intake flow is grossly separated from the reference Qy,, conditions to the fan stall point. At the
reference Qy,, the maximum blade incidence angle is about 50° above the single passage baseline.
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Figure 12 — Effect of crosswind velocity on the peak blade incidence angle (Ai”¢“*) and peak
exposure to distortion (A6,..). The figure includes the reference Qy,, and near-stall conditions for
the three crosswind velocities.

However, at these conditions the peak values are related to the gross shock-induced flow separa-
tion (6/6,, = 2.25 t0 6.75). The peak incidence angles and lowest values of relative Mach are again
encountered right before the ground vortex (6/6,, = 6.75). This is an indication of the effects of
the secondary flow related to the ground vortex, which is similar to the cases with attached intake
flow (Vew = Vcraf — 5kts and Ve = VC’%f). Similar to the configurations at lower crosswind velocity
(Vew = ”f — 5kts), the unsteadiness in blade incidence angle, ¢ and relative Mach increases ap-
proachmg the fan stall conditions (Fig. [T1lc,blue). Although the peak incidence angle is similar at the
reference operating conditions and near-stall, the flow unsteadiness after the ground vortex leads to
substantially longer exposures to distortion in terms of blade incidence angle and flow coefficient.

Peak incidence angles (Ai’**) and peak exposures to incidence distortion (ABpeak) Were de-
termined for the three crosswind velocities at the reference fan operating conditions and near-stall
(Fig. [11]and Fig. [12). These are defined as the values above the single-passage configuration
at near stall condltlons (Fig. [T1). For the crosswind configurations with attached flow at the in-
take (Vew = VCW — 5kts and Vew = CW) the exposure to incidence distortion increases up to values
of 6/6,, =7 to 8 at near stall conditions, with similar values of AiP*®* (AiP*** ~ 20°). However, the
grossly separated intake case (Vew = Véﬁ{ — 5kts) reaches values of AiP** = 47° and exposures up to
0/6,, = 14, also at near-stall conditions. For the three crosswind configurations, A6,.q /65, increases
by more than 26,, from the reference fan operation to near-stall, with values above A,...0/6;, > 7.
Therefore, for the three crosswind conditions, the azimuthal exposure to peak distortion increases by
more than 26,, between the reference Qy,, and near stall operations. This is consistent with the liter-
ature [20, 25]. Stall cells are formed at regions of high blade incidence but these only grow when the
circumferential extent of incidence distortion is sufficient to sustain the disturbances across several
revolutions [20, 29].

3.4 Effect of intake distortion on fan stall onset

The onset of spike-type fan stall for the Vey = Vcri‘f — 5kts configuration is affected by the variations
in the intake flow. On the windward side (6/6,, = 0—7.5, Fig , the fan operates within a region
affected by fan-induced local separation regions and secondary flows due to the counter-rotating
ground vortex. This leads to a reduction in flow coefficient which increases the blade incidence angle
and reduces relative Mach number. As the fan tip progresses azimuthally from 6/6,, =7.5—-9, it en-
counters the counter-rotating ground vortex which increases the tangential velocity and consequently
the blade incidence angle. The increase in blade incidence angle causes local flow separation at the
fan passage (Fig. [I3p), which increases flow blockage and affects subsequent blades [20]. Conse-
quently, a stall cell forms downstream of the ground-vortex region and propagates azimuthally around
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Figure 13 — Relative Mach (M,;) distributions at circumferential plane across the fan (/R ., = 0.95).
The figure includes (a) the steady RANS single passage solutions and snapshots for the cases at
(b) Vew = Vil — 5kts, (¢) Vew = V) and (c) Vew = V%) + 10kzs. The figure includes isolines of
M,.; = 1 and of axial velocity v, = 0.

the annulus (Fig. [9a and[13b). This cell periodically engages with the distorted flow field and devel-
ops into rotating stall (Fig. [9g). This can be seen in the time-space diagram where the disturbance
in static pressure at the casing originates right after the ground vortex region (6/6,, = 7.5 -9, Fig.
Or) and at the circumferential plane across the fan (Fig. [13p). The fan stall onset is similar for the
crosswind case at Vey = Véﬁ{. At these conditions, the intake aerodynamics at near-stall Oy, is simi-
larto Vew = VC";{; (Fig. ). For the grossly separated intake flow conditions (Vew = VC’;f + 10kts), the
disturbance in casing static pressure originates in the region of grossly separated flow (Fig. [9b and
). However, this disturbance initially does not grow at near-stall conditions. At the fan stall point,
the ground vortex and related secondary flows enlarge the azimuthal extent of peak distortion which
develops the disturbance into a rotating stall cell. Therefore, although the intake aerodynamics at
near-stall conditions is substantially different relative to the cases at lower crosswind velocities, there
are some similarities in the onset of fan stall.

In conclusion, it has been found that the fan spike-type stall onset process for counter-rotating
ground vortex arrangements is similar for the three crosswind conditions investigated: local flow sep-
arations within the fan passage originate in regions with increased blade incidence angle associated
with flow separation or ground vortex. This increases flow blockage, propagates to nearby passages
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and generates a spike disturbance. At near stall conditions the flow becomes more unsteady with
fluctuations in blade incidence angle which lead to increased azimuthal exposures to peak incidence
distortion. This develops the disturbance into a rotating stall cell across multiple fan revolutions.
These results are consistent with the findings in the literature where clean flow and distorted flow
configurations followed the same stall inception process with the main difference being the stall mar-

gin [8].

4. Conclusions

This work presents an analysis of the effects of intake flow distortion on the fan performance and
onset of rotating stall. A podded, short intake coupled with a fan under crosswind conditions was
assessed with unsteady CFD in a wind tunnel arrangement. The fan was driven to stall under three
counter-rotating crosswind conditions that encompassed attached, transitional and grossly separated
intake flow regimes from the reference fan operating conditions to rotating stall.

For the cases at low and reference crosswind velocities, the intake flow was predominantly at-
tached at near fan stall conditions. For these cases, flow distortion was associated with the ground
vortex, bulk swirl, fan-induced local separation regions and secondary flows induced by the ground
vortex. These led to a stall margin loss of up to 5% relative to the single-passage baseline configura-
tion. At the highest crosswind velocity, the intake flow was grossly separated across the full operating
range due to shock-induced lip separation. This resulted in significantly higher levels of total pres-
sure and swirl distortion and unsteadiness at the fan inlet which led to a notable reduction of fan stall
margin with a reduction of up to 11.6% relative to the clean flow configuration.

An analysis of the intake aerodynamics in the relative frame of reference at near-stall conditions
indicates that, there are some similarities in the flow distortion characteristics and the onset of spike-
stall for all crosswind velocities. In all cases for this counter-rotating arrangement, the fan blades
first encounter regions of reduced flow coefficient associated with intake diffusion or flow separation,
combined with secondary flows related to the ground vortex. After these, the blades encounter a
counter-rotating ground vortex which also increases blade incidence. These lead to flow separation
within the fan passage, which increases flow blockage, affects subsequent blades and generates
a disturbance. As fan stall conditions are approached, increased unsteadiness in blade incidence
angle extends the azimuthal exposure to adverse conditions which promotes the development of the
disturbance into a rotating stall cell.

Overall, these results demonstrate that while the process by which rotating stall is initiated is
similar for the three crosswind conditions, the intake aerodynamic state influences the fan operating
margin at which stall occurs. These findings underline the importance of capturing intake—fan aero-
dynamic coupling and realistic crosswind distortion characteristics in the assessment and design of
the next generation of propulsion systems.
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