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Swirl distortion is one of the key factors influencing the aerodynamic performance of
coupled intake—fan systems. This study presents a detailed analysis of Stereoscopic Particle
Image Velocimetry (S-PIV) data acquired on a circular plane within an aero-engine intake
operating under crosswind conditions, including a ground plane and a co-rotating ground
vortex ingested ahead of a rotating fan. Two flow conditions were examined: one exhibiting
diffusion-driven separation at low fan speed and Mass Flow Capture Ratio (MFCR), and
another with attached flow at higher fan speed and MFCR, both at constant crosswind
velocity. This work demonstrates the effective implementation of PIV measurement
techniques to a coupled fan—intake system in an industrial setting, achieving unprecedented
flow-field resolution and data fidelity. Swirl distortion descriptors obtained from
experimental data are used to produce Extreme Value Theory (EVT)-based forecasts of peak
swirl intensity, which is the novelty of the work. Key contribution includes the identification
of notably different swirl distortion characteristics between attached and separated intake
flow conditions. Fan-face swirl distortion was found to be significantly more severe in the
separated case, with time-averaged and peak swirl intensities up to three and four times
higher, respectively, than in the attached case. The analysis at a radial position near the fan
tip showed that peak swirl distortion can differ substantially from global, area-averaged
metrics. These high distortion levels, particularly near the fan tip, indicate a potentially
significant reduction in rotor incidence angle and, consequently, a loss in fan performance.
The impact of this work is the establishment of an experimental and analytical framework
that advances the understanding and quantification of swirl distortion in coupled fan-intake
systems, offering a basis for improved industry standards, shorter testing durations, and more
accurate prediction of extreme distortion levels.

I. Nomenclature

m = intake mass flow rate, kg/s
Apr = highlight area, m?

AIP = Aerodynamic Interface Plane
Dur = highlight diameter, m

D = intake inner diameter, m

EVT = Extreme Value Theory
FPR = Fan Pressure Ratio
h = vertical distance from lowest point of the highlight plane to ground plane, m

L = intake length, m
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MFCR = Mass Flow Capture Ratio

PDF* = normalized Probability Density Function
Rup = AIP radius, m

RPM = rotations per minute, RPM

SD = Swirl Directivity

SI = Swirl Intensity, deg

Uy = upper bound, deg

Vo = freestream velocity, m/s

o = swirl angle, degrees

Peo = freestream density, kg/m?

II. Introduction

Reducing fuel consumption and environmental impact are key objectives in the design of future civil aviation
turbofan engines [1]-[3]. One promising area of improvement is engine installation, where new intake designs, shorter
and slimmer than conventional ones, are being developed to reduce the overall weight and drag for larger fan-diameter
engines [4][5], thereby enhancing overall performance. However, these compact intake configurations have less
internal diffusion capability and interact more directly with the fan rotor compared to conventional designs [6][7].
This can lead to complex flow distortions that may affect fan-intake compatibility, especially under off-design
conditions such as crosswinds. Crosswind and ground proximity introduce additional challenges in the aecrodynamic
design process and performance assessment of propulsion systems coupled with short intakes. A ground vortex may
form due to flow interaction with the runway, while flow separation can occur on the windward side of the intake.
Together, they may adversely impact the aerodynamic and mechanical performance of the propulsion system. A
detailed understanding of intake flow characteristics under off-design conditions is therefore critical for designing
efficient, distortion-tolerant intake-fan systems. Many studies have examined intake flows under crosswind conditions
using both experiments and numerical simulations. Earlier research investigated the formation mechanisms of ground
vortices [8]-[10] and the correlation between their characteristics and the intake operating conditions and geometry
[11]-[14]. Windward lip separation caused by crosswinds has also been extensively studied, both experimentally
[15][16] and numerically [17]-[20]. More recent work has focused on the unsteady behaviour of ground vortices,
quantifying how their strength and size change in front of and beneath the intake [21]-[29]. Other studies have analysed
the coupled aerodynamics of intake-fan rotor systems in crosswind conditions, primarily through numerical
simulations, focusing mainly on total pressure distortion caused by intake flow separation [30][31] and on the fan
forced response to the ground vortex [32][33].

From an experimental standpoint, current industry standards rely on a limited number of intrusive pressure sensors,
typically arranged on rakes at the Aerodynamic Interface Plane (AIP) between the intake and the engine, to
characterize intake flow fields [34], with a primary focus on total pressure distortion. However, the intrusive nature
of such instrumentation and the associated blockage effects limit the number of sensors that can be employed,
preventing full capture of the spatial complexity of the flow [35]. As a result, important flow features may be missed,
limiting the understanding and quantification of the unsteady distortion within the intake. In particular, swirl distortion
arising from flow separation and vortex ingestion at the AIP has not been characterized in sufficient detail, primarily
due to the lack of high-resolution measurements in coupled intake-fan systems. Recent research has demonstrated the
feasibility of applying non-intrusive optical methods in wind tunnel environments [36][37] and industrial engine tests
[38] to measure unsteady velocity fields across a plane within intakes. Using Stereoscopic Particle Image Velocimetry
(S-PIV), these studies achieved a spatial resolution approximately two orders of magnitude higher than those provided
by conventional methods [35].

This work presents a detailed analysis of the unsteady flow distortion at the Aerodynamic Interface Plane (AIP) in
a coupled intake-fan system operating under crosswind conditions. High-resolution, time-resolved velocity fields were
obtained using Stereoscopic Particle Image Velocimetry (S-PIV) on a circular plane upstream of a rotating fan in an
experimental set-up that also included a ground plane. For the first time in this context, swirl distortion metrics were
evaluated to quantify the levels of swirl distortion in front of the fan and Extreme Value Theory (EVT) was applied
to predict peak distortion levels beyond the measurement duration. The novelty of this work lies in demonstrating
fully non-intrusive, high-resolution measurements of unsteady swirl distortion within a representative intake-fan
system under crosswind conditions. This study shows a successful application of Particle Image Velocimetry (PIV) in
an industrial environment, achieving an unprecedented level of flow-field resolution. A key contribution of this study
is the identification of markedly different swirl distortion characteristics between separated intake flow conditions and
those where only the ingested ground vortex is present. Local analysis at radially sensitive positions near the fan tip



reveals that peak swirl distortion can differ substantially from global, area-averaged metrics. These high distortion
levels indicate a potential reduction in rotor incidence angle and a corresponding decrease in fan performance,
emphasizing the importance of considering both area-averaged and local swirl distortion values when evaluating
intake-fan aerodynamic behavior. By employing PIV, fine spatial resolution across the plane can be obtained, in
contrast to conventional rake-based techniques, thereby eliminating the need for intrusive probes and reducing
experimental complexity.

The main impact of this work lies in its potential to redefine industry standards for intake-fan compatibility
assessments. The proposed measurement and analysis framework enables resolution of flow features that were
previously unmeasurable, representing a step-change in the ability to evaluate coupled intake-fan system performance.
By moving beyond the limitations of intrusive distortion rakes, propulsion system designers can gain a more complete
understanding of the full complexity of unsteady intake flows, enabling the development of more robust closely
coupled fan-intake systems. Furthermore, the use of non-intrusive flow measurement techniques can enhance test
productivity while providing improved prediction of extreme distortion levels.

III. Experimental Set-up and Methodology

A. Experimental Set-up and Operating Conditions

A concise summary of the experimental set-up is presented here for completeness; a full and detailed description
is available in [39]. The experiments were conducted in the Large Low-speed Facility (LLF) of the German-Dutch
Wind Tunnels (DNW). The facility operated with an open test section and a 6 x 6 m” contraction (Fig. 1a). A schematic
overview of the experimental set-up is provided in Fig. 1b. The intake model was mounted along the wind-tunnel
centerline using a sting connected to a lamppost type support structure. The lamppost was installed on a mobile,
traversable turntable support system. This entire assembly, including the support system, lamppost, sting, model, and
the ground plane used for crosswind tests, could be rotated as a single unit.

(@) (b)

Fig. 1 DNW-LLF experimental facility: (a) Photograph of the empty wind tunnel in open test-section
configuration; (b) schematic of the test set-up.

The test article consisted of an intake representative of a generic high-bypass-ratio (HBPR) civil turbofan engine,
integrated with a Turbine Powered Simulator (TPS) unit (Fig. 2). The intake geometry was developed using a cross-
sectional profile of the NASA Common Research Model (CRM) nacelle [40]. The intake was designed to be
axisymmetric, without droop or scarf, and was scaled to match the dimensions of the existing 10.2-inch (260 mm)
diameter TPS fan rotor available at the DNW facility. The highlight diameter (Dy; ) of the intake was 275 mm, and it



featured a length-to-inner-diameter ratio of L /D = 0.453. To ensure a fully turbulent boundary layer around the intake
lip, boundary-layer trips were applied upstream of the highlight plane on the outer surface of the fan cowl.

The model was powered by a TPS unit comprising a single-stage fan with 19 rotor blades, 25 stator blades, and an
elliptical spinner. The fan was driven by a turbine supplied with compressed air, which entered the system through a
duct integrated into the support pylon (Fig. 2). The fan operating point during the experiment was monitored using
rakes positioned in the bypass and core exhaust ducts. Several model components were coated in black paint to reduce
light reflections during optical measurements, including all external nacelle surfaces, the intake lip, the TPS fan rotor
and stator, the spinner, and the fan duct. For crosswind testing, the entire model assembly was rotated to 90° relative
to the oncoming flow (Fig. 1b). In this configuration, the pylon and sting remained on the leeward side of the model
to minimize interference with the flow approaching the intake.
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Fig. 2 Exploded and assembled views of the test article, illustrating the axisymmetric intake and the 10.2-inch
TPS fan unit.

For simulating ground operations in crosswind conditions, a ground plane was attached to the lamppost extension
via a pylon (Fig. 1b). The ground plane (Fig. 3a) had approximate dimensions of 2 m x 2 m, a thickness of 0.13 m,
and a leading edge with a 2:1 elliptical profile. To promote boundary-layer transition on the upper surface, boundary-
layer trips with a thickness of 0.79 mm and wedge angles of 60° were applied approximately 8 cm downstream of the
leading edge. The ground plane was positioned at a fixed vertical distance h of 82.5 mm between its surface and the
intake highlight bottom dead center (Fig. 3b). This corresponded to a fixed non-dimensional ground clearance of
h/Dy, =0.3.

The test conditions covered crosswind velocities ranging from 0 to 20 kts. The TPS operated at rotational speeds
between 13,500 and 28,500 RPM, in increments of approximately 1,500 RPM. These conditions corresponded to ISA -
normalized fan flow rates ranging from 4 to 8.3 kg/s, resulting in variations of the intake Mass Flow Capture Ratio

(MFCR = m/ DoaVir Ay [41]). The fan pressure ratio (FPR) ranged from 1.06 to 1.28. Two specific operating

conditions are discussed in this paper; these are summarized in Table 1 and correspond to the cases also reported in
[39].
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Fig. 3 Photographs of the model and ground plane: (a) Top view of the test article installed above the ground
plane; (b) detail view showing the intake ground clearance.

Table 1 Operating conditions for the crosswind experiments with ground plane.

Case V. (kts) RPM (kRPM) 11 (kg/s) FPR MFCR
1 12.5 13.8 4.07 1.06 17.5
2 12.5 26.9 7.99 1.26 8.9

B. Stereoscopic PIV Set-up and Model Instrumentation

Stereoscopic Particle Image Velocimetry (S-PIV) measurements were acquired on a circular plane within the
intake. This plane corresponded to a typical Aerodynamic Interface Plane (AIP) between the intake and the fan [42]
and was positioned 30 mm upstream of the rotor entry section. The S-PIV set-up was similar to that described by
Kempaiah et al. [37] and previously used for aspirated intake tests. Specifications of the PIV setup are provided in
Table 2, with a brief description below.

The multi-camera system consisted of six LaVision Imager sCMOS cameras, each mounted on a motorized
rotation unit enabling remote adjustment of focus and Scheimpflug angle. The cameras were arranged on a dedicated
frame positioned on an elevated platform, aligned with the height of the model from the wind-tunnel floor (Fig. 4).
Each camera was fitted with a 300 mm focal length lens, allowing imaging from a standoff distance of approximately
8.0 m from the measurement plane. The intake model featured a transparent ring to enable illumination of the
measurement plane. Illumination was provided by two Quantel Evergreen dual-pulsed Nd:YAG lasers (532 nm, 2 x
200 mJ at 15 Hz), mounted beneath the ground plane on a linear traverse integrated into the support system (Fig. 1b).
The laser beams were shaped into a light sheet using a set of lenses and mirrors and directed to the measurement plane
through an acrylic window in the ground plane. The light sheets entered the intake from the lower left and lower right
sides, minimizing shadowing caused by the fan spinner. This dual-laser configuration, also employed in the previous
aspirated intake studies by Kempaiah et al. [37], was essential to achieve uniform illumination of the measurement
plane. Flow seeding was performed using Di-Ethyl-Hexyl Sebacate (DEHS) particles, introduced into the main tunnel
airflow via a seeding rake located in the tunnel’s settling chamber.



Table 2  S-PIV technical specifications.

Function Equipment Specification
Imaging Cameras 6 x LaVision Imager sCMOS
Sensor resolution 2,560 x 2,160 px?
Recording method Double frame/Single exposure
Lens focal length =300 mm
[llumination Laser 2 x Quantel Evergreen Nd:YAG (532 nm, 2 x 200 mJ at 15 Hz)
Seeding Tracer particles Di-Ethyl-Hexyl Sebacate (DEHS)

i
Model
/5 sting

Lamppost

(®)

Fig. 4 (a) Photograph of the test set-up and elevated platform with the camera frame; (b) close-up view of the
six PIV cameras mounted on the platform.

The double-frame/single-exposure PIV images were processed using LaVision’s DaVis 11.0 software. All
measurements were performed using a phase-locked set-up, synchronizing data acquisition with the fan’s rotation to
ensure that the blades consistently appeared at nearly the same azimuthal position throughout the dataset. The
acquisition region measured 264 x 264 mm?. Post-processing of the PIV images resulted in a final spatial resolution
of approximately 2.5 mm? across the measurement plane for all test conditions. This resolution produced around 7,000
three-component velocity vectors within the region of interest, acquired at a temporal frequency of approximately 15
Hz. Each PIV dataset consisted of 1,000 snapshots. In the present analysis, only velocity data within the radial range
0.32Ry;p <1 < 0.96R,;p were considered to avoid possible spurious vectors near the intake and spinner surfaces.
Velocity vectors were calculated using a cross-correlation technique with a multi-pass, window-refinement approach
[43], employing a final interrogation window of 64 x 64 px? with 75% overlap (Table 3).

Table 3 S-PIV image processing parameters.

Parameter

Correlation algorithm  Multi-pass dual-frame cross-correlation

Interrogation window 64 x 64 px?

Overlap factor 75%

The intake model was also instrumented with a total of 234 steady pressure taps. These included 132 lip pressure
taps distributed across nine circumferential locations at 8 = 0°, 90°, 135°, 150°, 165°, 180°, 195°, 210°, and 270°,
used for the calculation of the isentropic Mach number on the intake surface [45].



C. Assessment of Unsteady Swirl Distortion

Swirl distortion at the Aerodynamic Interface Plane (AIP) between the intake and the fan rotor was assessed by
computing instantaneous swirl descriptors [44]. A similar approach was used in previous aspirated intake experiments
[45]. For the calculation of the descriptors, the AIP was discretized into a polar grid consisting of 8 rakes equally
distributed circumferentially and 5 concentric rings (Fig. 5).

The swirl angle was computed from the measured stereoscopic PIV velocity components as:

a=tan™?! (l;v_e) (D

with vy circumferential velocity and w axial velocity components, respectively. Positive swirl angle was defined in
the same direction as the fan rotor rotation (i.e., anticlockwise when viewed looking downstream). Two swirl
descriptors were derived at each radial location i: the Swirl Intensity (SI, Eq. (2)), representing the magnitude of the
swirl distortion based on the average absolute swirl angle across each ring, and the Swirl Directivity (SD, Eq. (3)),
corresponding to the dominant rotational direction of the swirl distortion:
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with SSi*and SS; positive and negative swirl angle sectors of extent ;% and 6;, respectively. For each instantaneous
snapshot, ST and SD values were calculated, and a spatial average across the five rings was used to obtain the overall
swirl metrics at the AIP:
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where A; represents the area corresponding to each of the five rings.

0°

270°

180°

Fig. 5 8 x 5 rake used for the assessment of swirl distortion at the AIP, following SAE guidelines [44].

To better visualize the unsteady characteristics of the swirl distortion, joint probability density function (j-PDF)
maps were generated. This visualization method, previously adopted by Gil Prieto et al. [46], illustrates how often
specific combinations of swirl intensity and directivity occur, capturing unsteady or extreme distortion events that
time-averaged metrics may overlook. The joint probability of observing specific swirl characteristics was computed
as:

XB rYB
PIX, <X <XpV, <Y <VY]= J j PDF dXdY (6)
Xa YYyp

where X and Y represent the swirl descriptors (e.g., SI and SD), and 4 and B denote the minimum and maximum
values of their range, respectively. The j-PDF was then normalized by the descriptors ranges.



D. Extreme Value Theory for Unsteady Flow Characterization

Unsteady swirl distortion at the Aerodynamic Interface Plane (AIP) can trigger rotating stall or engine surge, even
when time-averaged distortion levels appear acceptable [47][48]. Industry practice often correlates stability margin
penalties with the maximum expected distortion levels observed during testing [49]. Capturing representative peak
values requires sufficiently long testing times, which may vary depending on the experimental set-up and scale of the
test article. Testing durations are mostly determined based on prior experience and may fail to capture representative
extreme distortion levels [50].

Extreme Value Theory (EVT) was introduced to estimate the maximum expected distortion levels, determine
minimum test durations, and assess the associated uncertainties [51]. In this study, EVT was applied to predict the
peak swirl distortion at the AIP beyond the testing window for the two operating conditions considered. Originally
formulated by Jacocks [52] and first applied to inlet distortion by Jacocks and Kneile [50], EVT has primarily been
used in intake distortion studies to assess peak swirl intensity in S-ducts [53][54]. In this work, EVT was implemented
using the Peak-Over-Threshold (POT) approach (Fig. 6), following the methodology described by Coles [55]. In this
method, values X; of a generic distortion parameter X that exceed a selected threshold U, are considered as
exceedances:

Y, = (Xi - Ut)|xi>ut (7
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Fig. 6 Extreme Value Theory (EVT) framework showing the Peak-Over-Threshold (POT) approach.

For a sufficiently high threshold and large sample size, the distribution of exceedances can be modelled using a
Generalized Pareto Distribution (GPD). The shape (§) and scale (y) parameters of the GPD can be estimated via the
Maximum Likelihood Method (MLM) [56], by maximizing the log-likelihood function:

k
Y,
logl(€,2) = —klogG) - (1+1/6) Y. log 1+1) ®

where k is the number of exceedances. For & < 0, the distribution of the exceedances is asymptotic and bounded by
the value U, = U; — X / £ known as upper bound. Once the model parameters ¢ and y are determined, the peak value

Xm (known as the m-observation return level) can be estimated. The threshold U, was determined using the Shape-
Estimates-Over-A-Range-Of-Thresholds method, which minimizes the root-mean-square error between measured and
predicted quantiles, as recommended by Coles [55]. The results of the EVT prediction are presented using return level
plots, including the associated uncertainty intervals. Model accuracy was assessed using probability—probability (P-
P) and quantile-quantile (Q-Q) plots.



IV. Results and Discussion

A. Axial Velocity and Swirl Angle Distributions at the Aerodynamic Interface Plane

The analysis presented in this section builds upon the measured data previously reported in [39][57]. The time-
averaged, normalized axial velocity distributions for the two operating conditions considered, both at a crosswind
velocity of 12.5 kts but at different fan speeds and intake MFCR, are shown in Fig. 7a (Case 1 in Table 1) and Fig. 7b
(Case 2 in Table 1). Corresponding swirl angle distributions, including time-averaged values, standard deviation, and
representative instantaneous snapshots, are presented in Fig. 8 and Fig. 9. The instantaneous velocity fields from the
S-PIV measurements were used to compute the time-averaged distributions. In-plane velocity vectors are
superimposed on the axial velocity and swirl angle distributions.
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Fig. 7 Time-averaged, normalized out-of-plane velocity distributions at the Aerodynamic Interface Plane
(AIP) for Case 1 (a) and Case 2 (b).
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Fig. 8 Time-averaged (a), standard deviation (b), and instantaneous (c) swirl angle distributions at the
Aerodynamic Interface Plane (AIP) for Case 1 (Voo=12.5 kts | 13.5 KRPM | MFCR=8.9).
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Fig. 9 Time-averaged (a), standard deviation (b), and instantaneous (c) swirl angle distributions at the
Aerodynamic Interface Plane (AIP) for Case 2 (Voo=12.5 kts | 26.5 kRPM | MFCR=17.5).



At a fan speed of 13.5 kRPM, the intake operates at a low MFCR. In this case, diffusion-induced flow separation
develops along the windward inner surface of the intake, evidenced by a localized region of negative axial velocity
(Fig. 7a). A co-rotating ground vortex is visible in both the axial velocity (Fig. 7a) and swirl angle (Fig. 8) distributions.
The nature of the flow separation in this case was confirmed by examining the isentropic Mach number distributions
on the inner surface of the intake [57], which are not reported here for brevity. Values below unity were observed at
this operating condition, confirming the low-speed nature of the separation.

At higher MFCR, corresponding to a fan speed of 26.5 kRPM, the intake flow remains attached on the windward
inner lip (Fig. 7b). The co-rotating ground vortex, induced by the crosswind and the proximity of the ground plane, is
also present under this operating condition (Fig. 9). The observed flow topologies are consistent with previous
experiments conducted at similar operating conditions for an aspirated intake configuration [45], where the intake
transitioned between diffusion-driven separation at low MFCR and attached flow at higher MFCR.

The time-averaged and instantaneous swirl angle distributions for the two operating conditions show absolute swirl
angles exceeding 30° in regions influenced by the ground vortex and/or reversed flow (Fig. 8 and Fig. 9). In the tip
region, both the ground vortex and the separated flow contribute to anticlockwise (co-rotating) swirl, which tends to
decrease the rotor blade incidence. Closer to the hub, the dominant contribution arises from the counter-rotating
portion of the ground vortex. In this region, large negative swirl angles indicate strong clockwise rotation, leading to
a local increase in incidence at the rotor leading edge. This is observed for both operating points, regardless of whether
the flow is separated at low MFCR (13.5 kRPM, MFCR = 8.9) or attached at higher MFCR (26.5 kRPM, MFCR =
17.5).

B. Swirl Distortion Assessment Using Stereoscopic PIV Data

A statistical assessment of the area-averaged absolute swirl angle at the Aerodynamic Interface Plane (AIP) for
the two test cases at 12.5 kts provides a quantitative measure of both the time-averaged and unsteady swirl distortion
levels at these operating points (Table 4).

Table 4 Statistics of the area-averaged absolute swirl angle at the AIP.

mavg (O) mstd (O) mmin (0) mmax (O)
Case 1 7.3 1.7 2.7 12.5
Case 2 1.9 0.2 1.5 2.9

The comparison between the two conditions, with attached (26.5 kRPM, MFCR = 17.5) and separated flow (13.5
kRPM, MFCR = 8.9), highlights significant differences in the magnitude of the absolute swirl angle and the potential
impact on fan rotor performance. In the attached-flow case, the time-averaged, minimum, and maximum values of the
area-averaged absolute swirl angle are all substantially lower than in the separated-flow case. This observation is
consistent with the time-averaged and fluctuating swirl angle distributions shown in Fig. 8a and Fig. 8c. Even with
the presence of the ground vortex, which locally produces swirl angle peaks 6-8 times larger than those in the
remainder of the AIP, the area-averaged and maximum absolute swirl angles remain below the 10° threshold
referenced in the literature [44][58], although this limit is known to be design-dependent. This indicates that, for the
attached-flow condition, the overall flow entering the fan remains relatively uniform despite the localized non-
uniformity associated with the ingested ground vortex.

In contrast, for the separated-flow case characterized by diffusion-driven separation (13.5 kRPM, MFCR = 8.9),
the area-averaged absolute swirl angle increases significantly. The time-averaged and maximum values reach 7.3° and
12.5°, respectively. These elevated distortion levels indicate that separated flow leads to a more adverse aerodynamic
conditions at the AIP. As noted in previous studies involving an aspirated intake [45], operating points dominated by
diffusion-driven separation tend to generate high area-averaged swirl distortion, a behavior that is also observed here
despite the presence of the fan.

A more comprehensive assessment of the swirl distortion at the AIP is achieved by evaluating both the overall
magnitude and the predominant direction of the swirling flow, as proposed in [44]. This approach makes it possible
to relate the strength of the swirl distortion to its directional characteristics. These are directly linked to the incidence
angle at the rotor blade leading edge which determines whether the blade loading increases or decreases depending on
whether the flow is co-rotating or counter-rotating with respect to the rotor motion [59]. To quantify this, the area-
averaged swirl intensity ST and the area-averaged swirl directivity SD were calculated. While the statistical properties
of these parameters, such as the time-average and standard deviation, summarized in Table 5 for both operating
conditions provide a quantitative description of the average swirl distortion, it is equally important to assess its
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variability and the occurrence of peak distortion events. To this end, the joint Probability Density Function (j-PDF)
maps of SI and SD were generated (Fig. 10). The range of the descriptors was discretized into 40 equally spaced bins,
resulting in a resolution of 0.5° for SI and 0.05 for SD.
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Fig. 10  Area-averaged SD-SI j-PDF maps for (a) Case 1 (Voo=12.5 kts | 13.5 kRPM | MFCR=8.9) and (b)
Case 2 (Vo=12.5 kts | 26.5 kRPM | MFCR=17.5).

Table 5 Area-averaged swirl intensity statistical properties.

'STIavg (o) STIstd (O) SImin (o) STImax (o)
Case 1 6.1 1.6 2.4 11.4
Case 2 1.8 0.2 1.3 2.5

At 13.5 kRPM and MFCR = 8.9, the swirl intensity (SI) shows significant spatial and temporal variability (Fig.
10a), with a time-averaged value .STIa,,g of 6.1° and a maximum value S1,,,,, of 11.4°, approximately twice the average
(Table 5). These results are consistent with the area-averaged absolute swirl angle statistics discussed earlier (Table
4). The swirl direction in this case is predominantly co-rotating with the fan, as evident from the time-averaged and
instantaneous swirl angle distributions (Fig. 8). This is associated with the high positive swirl angles in the regions
affected by the ground vortex and the separated flow. The resulting switl directivity (SD) indicates a possible net
reduction in incidence at the rotor blade leading edge, which may significantly decrease the fan mass flow rate and
pressure ratio, as shown in earlier studies [44].

At higher fan speed and MFCR, the swirl intensity is notably lower, with S_Iavg =1.8° and S1,,,4, = 2.5° (Table 5).
This case exhibits a more uniform flow field and reduced unsteadiness compared to the separated-flow condition, as
reflected in the lower standard deviation (SI,4) and the tighter clustering of values in the SD-ST map (Fig. 10b). The
lower swirl distortion and unsteadiness result from the absence of reversed flow and the stabilizing influence of the
fan, which helps redistribute the flow and suppress separation at relatively high MFCR, even though the flow is still
affected by the presence of the ground vortex (Fig. 9).

A similar analysis was carried out at a specific radial position across the Aerodynamic Interface Plane (AIP). This
evaluation is particularly useful for identifying the magnitude and direction of swirl distortion in regions that are
especially critical for the fan rotor, such as the blade tip. Extreme distortion events in this area are known to potentially
trigger blade stall, which can severely compromise aero-engine stability and operability [59]. Therefore, as previously
done on an area-averaged basis, it is important not only to quantify the magnitude of the local swirl intensity (SI) at
this radial location but also to assess the directionality of the distortion in terms of swirl directivity (SD). In the present
coupled fan/intake configuration, regions of high swirl angle were observed near the intake surface close to the fan
tip, where the ingested ground vortex and local flow separation occur (Fig. 8 and Fig. 9). Although the fan blade tip
region is only assumed to be the most sensitive to instability onset, the analysis was nonetheless performed at a radial
position close to the blade tips.

The j-PDF maps of SD and SI for the two operating conditions at 12.5 kts, evaluated at a normalized radial position
of 7/Ry;p = 0.956 (outermost ring in Fig. 5), are shown in Fig. 11a and Fig. 11b, respectively. A summary of the SI
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statistics for both cases is provided in Table 6. The joint Probability Density Function (j-PDF) maps were computed
by discretizing the range of each descriptor into 40 equally spaced bins, providing a resolution of 1° for ST and 0.05
for SD.

For the operating condition characterized by diffusion-driven separation at MFCR = 8.9 and a fan speed of 13.5
kRPM (Fig. 11a), the SD-SI j-PDF map exhibits a distribution spanning —1 < SD < 1, covering both the counter-
rotating (—1 < SD < 0)and co-rotating (0 < SD < 1) regions of the plot. Swirl intensity values reach up to 40°,
indicating high levels of localized distortion. This quasi-symmetric distribution reflects the swirl angle pattern
observed in the reversed-flow region (Fig. 8). However, the co-rotating swirl associated with the ground vortex and
the separated flow tends to dominate, with the highest ST values clustered in the 0 < SD < 1 region.

In contrast, at higher MFCR and fan speed (Fig. 11b), the SD—ST distribution becomes significantly more clustered
within the co-rotating the region, with SI values remaining below 10°. This indicates a substantial reduction in both
local swirl distortion intensity and unsteadiness at this radial location, despite the presence of the co-rotating ground
vortex.
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Fig. 11  SD-SI j-PDF maps for (a) Case 1 (Vo=12.5 kts | 13.5 kRPM | MFCR=8.9) and (b) Case 2 (Vo=12.5
kts | 26.5 KRPM | MFCR=17.5) evaluated at r/Rarr = 0.956.

Table 6  Statistical properties of the local swirl intensity evaluated at r/Rair = 0.956.

SIavg (O) SIstd (O) SImin (o) Slmax (O)
Case 1 20.8 7.1 4.3 46.8
Case 2 33 0.6 1.7 14.7

The analysis of the joint probability density function (j-PDF) maps for area-averaged descriptors, compared to
those for local descriptors, shows that the variability at specific /R,;p locations differs substantially from the
variability and unsteadiness observed when quantities are averaged over the entire AIP. This highlights the importance
of considering both area-averaged and local swirl distortion metrics in the assessment of the aerodynamic performance
of an intake or fan. The area-averaged values are related to the overall fan performance parameters such as mass flow,
pressure ratio, and isentropic efficiency [58], whereas the local values are linked to the actual flow incidence at the
rotor blade leading edge and are therefore directly associated with the onset of blade stall. Consequently, measurement
techniques capable of providing high spatial resolution across the AIP, such as PIV, are essential.

C. Prediction of Peak Swirl Distortion Values

Current industry practice most often relies on time-averaged evaluations of AIP flow distortions. However, as
demonstrated previously, unsteady flow conditions, particularly under separated intake flow regimes, can exhibit
instantaneous swirl intensity values that far exceed time-averaged values. Such extreme values of flow distortion may
trigger aerodynamic instabilities even when the mean distortion level remains below the fan rotor distortion-tolerance
threshold [34][47]. Previous studies have also noted that these peak distortion events may go undetected during
experiments due to the random nature of unsteady flow distortion [50]. Consequently, the likelihood of capturing peak
events during an engine compatibility test increases with the duration of data acquisition. In large-scale industrial wind
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tunnels, however, long acquisition times are often impractical due to time and cost constraints. As a result, a significant
residual risk may remain because the propulsion system may not be exposed to representative extreme distortion
events. To address this challenge, statistical approaches such as Extreme Value Theory (EVT) are increasingly being
used to predict peak distortion levels using experimental datasets of limited duration.

In this study, EVT was applied to swirl distortion data obtained from Stereoscopic Particle Image Velocimetry (S-
PIV) measurements at the AIP of a coupled fan/intake system operating under crosswind conditions. To the best of
the authors’ knowledge, this represents the first application of EVT to such a configuration in the open literature. The
EVT model was used to estimate both the peak area-averaged swirl intensity (S_Ipeak) and the local swirl intensity
(STyeax ), thereby providing insight into the maximum distortion levels that a fan rotor may encounter at the AIP under
the tested conditions. For the present analysis, the peaks of the area-averaged and local swirl intensity were computed
using the 1,000 PIV snapshots (m = 10%) acquired at each of the two operating conditions: one characterized by
separated flow, and the other by attached flow in which the ingested ground vortex was the dominant source of
distortion. Each dataset corresponds to approximately one minute of acquisition time. To assess the potential
variability in expected peak values associated with flow separation and ground vortex effects, the EVT model was
extrapolated to a dataset of two orders of magnitude larger (m = 10%), equivalent to roughly two hours of continuous
acquisition. In addition to peak predictions, EVT was also used to estimate the upper bound (i.e., the asymptotic limit,
Up) and the associated 95% confidence interval, following the methodology previously described by Gil-Prieto et al.
[53] and Migliorini et al. [54].

The EVT was first applied to the area-averaged SI datasets. A summary of the EVT model parameters used for
peak prediction under the two operating conditions considered is provided in Table 7. The return level plots of the
area-averaged swirl intensity SI or the two cases at 12.5 kts (Fig. 12a and Fig. 13a) illustrate the relationship between
the experimental peak value S_Ipeak,exp and the predicted peak value for a dataset of m = 10° observations (S1,,,-145)-
Each figure also includes the 95% confidence intervals and the empirical data. The diagnostic plots used to assess the
accuracy of the EVT fitting are presented in Fig. 12b and Fig. 13b, respectively, and indicate that the method has fully
converged with respect to the evaluated properties. The results are summarized in Table 8, which reports the
experimental peak values observed from datasets of 1,000 snapshots, the EVT-predicted peak values with associated
95% confidence intervals, and the estimated upper bounds of the ST distribution.

Table 7 Parameters of the EVT model used for estimating the peak values of area-averaged swirl intensity.
The parameters include the shape parameter (), scale parameter (), number of exceedances (k), mean of
the distribution (), and the threshold (U,).

¢ X ko uw® U
Casel -0.1997 0975 77 6.1 8.6
Case2 -0.0642 00955 72 1.8 2.0

At the lower fan speed and MFCR condition, characterized by diffusion-driven separation (Case 1 in Table 1), the
EVT model was fitted to the distribution of experimental peak SI values (Fig. 12), with the upper bound lying within
the predicted confidence intervals. At this operating point, the fan/intake system experiences a spatially extensive flow
separation, as discussed previously. The experimental peak wirl intensity SIeqp exp i 11.4°, while the predicted value
SI,,—105 is 12.7° + 1.6°. This indicates that under such flow conditions, the peak SI could be up to 11% higher than
the experimentally observed maximum. The estimated upper bound (U, = 13.5°) is approximately 18% higher than
S1 peak,exp-

For the higher MFCR condition (Case 2 in Table 1), the difference between Slyeqx exp and SI,,_¢s reduces to
approximately 8% (Table 8), confirming a more stable flow. .STIpeak‘exp decreases to 2.5°, with an EVT-predicted value
of 2.7° + 0.4° and an upper bound of 3.5°. Although the upper bound falls outside the confidence interval (Fig. 13),
suggesting slightly reduced model accuracy, the relatively small difference between experimental and predicted peak
values implies that extending the dataset beyond 1,000 snapshots would offer only marginal improvements. Given
that the flow is predominantly attached, longer data acquisition would require more resources without significantly
enhancing accuracy, especially since noise and small-scale disturbances under attached flow conditions may influence
the EVT prediction.
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(a) EVT return level plot of the peak area-averaged swirl intensity for Case 1 (Voo=12.5 kts | 13.5
kRPM | MFCR=8.9). (b) Diagnostic plots for the EVT model.
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Fig. 13  (a) EVT return level plot of the peak area-averaged swirl intensity for Case 2 (Voo=12.5 kts | 26.5
kRPM | MFCR=17.5). (b) Diagnostic plots for the EVT model.
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Table 8 Experimental and EVT-predicted values of the peak area-averaged swirl intensity.

SIpeak,exp (o) ~STIm=105 (O) Ub (O)
Case 1 11.4 127+1.6 13.5
Case 2 2.5 27+04 3.5

Overall, the experimental peak values obtained from 1,000 snapshots provided a reasonably accurate estimate of
the peak swirl distortion levels at both operating conditions. However, longer testing would be required in separated
flow cases to reduce the confidence intervals of the EVT predictions and obtain a more precise estimate of the expected
maximum distortion levels. In contrast, for attached flow conditions, where the ingested ground vortex is the primary
source of distortion, the EVT offers little additional benefits beyond the already measured peak values. These findings
suggest that testing efforts should focus primarily on separated flow scenarios characterized by diffusion-driven
separation in order to capture the full range of peak distortion levels and achieve a more comprehensive
characterization of swirl distortion.

As shown, although the peak values of the area-averaged swirl intensity provide a useful measure of the overall
magnitude of swirl distortion across the AIP, spatial averaging across the plane can obscure the localized distortion
peaks. These local peaks may have a significant impact on aero-engine operability and performance, as they directly
influence the incidence angle at the rotor blade leading edge, either increasing or decreasing it depending on the swirl
direction. Therefore, it is essential to evaluate the expected maximum swirl distortion at radial locations where local
effects are most critical, particularly in regions influenced by the ingested ground vortex and flow separation, i.e. near
the intake inner surface close to the fan blade tip. To this end, EVT was applied to predict the peak swirl intensity at
a radial position of r/R4;p = 0.956 (Fig. 14 and Table 9), representative of the blade tip region where instabilities are
more likely to occur and may potentially trigger stall.
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Fig. 14  EVT return level plots of the peak swirl intensity evaluated at r/Rarr = 0.956. for (a) Case 1
(Voo=12.5 kts | 13.5 kRPM | MFCR=8.9) and (b) Case 2 (Vo=12.5 kts | 26.5 kRPM | MFCR=17.5).

Table 9 Experimental and EVT-predicted values of the peak swirl intensity evaluated at r/Rarr = 0.956.
SIpeak,exp (0) 51m=105 (0) Uy (0)
Case 1 44.6 49.6+4.5 51.6
Case 2 4.9 5.5+£0.7 6.3
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The EVT model demonstrated good agreement with the distribution of measured exceedances and converged
successfully, allowing the estimation of local maximum swirl distortion levels under both separated and attached flow
conditions. In the separated-flow case at 13.5 kRPM and MFCR = 8.9 (Fig. 14a), the experimental peak swirl intensity
was 44.6°, while EVT predicted a maximum of 49.6° + 4.5°, with an upper bound of 51.6° (Table 9). This indicates
that local swirl distortion at this operating point may exceed measured values and reach levels that are potentially
more critical for the fan rotor. In contrast, under the attached-flow condition at 26.5 kRPM and MFCR = 17.5 (Fig.
14b), the experimental peak swirl intensity was significantly lower, consistent with earlier observations. The EVT
model predicted a maximum value of 5.5° 4 0.7°, with an upper bound of 6.3° (Table 9), likely remaining below the
levels critical for fan rotor stability, although a detailed performance analysis would be required to confirm this.
Overall, applying EVT to local swirl descriptors demonstrates its value in estimating peak swirl distortion from
relatively limited datasets (here, 1,000 S-PIV snapshots). The results highlight that relying solely on time-averaged or
conventional statistical metrics can substantially underestimate the severity of local flow distortions at the AIP of a
coupled intake/fan system operating in crosswind conditions.

As observed from the j-PDF maps and the measured descriptors, the EVT return plots indicate that predicted peak
distortion at specific local r/R 4;p positions can differ substantially from predictions based on area-averaged descriptors.
This underscores the importance of considering both area-averaged and local swirl distortion metrics when evaluating
the performance of coupled fan—intake systems, as local positions along the blade span may experience markedly
higher distortion levels. Such localized peaks have the potential to induce blade stall but are obscured when only area-
averaged descriptors are considered. Therefore, measurement techniques with high spatial resolution across the plane,
such as Particle Image Velocimetry (PIV), are essential for a comprehensive assessment of swirl distortion and for
enabling detailed local flow analysis.

V. Conclusions

This study analyzed Stercoscopic Particle Image Velocimetry (S-PIV) data acquired across a cross-flow plane
within an aero-engine intake operating in crosswind, featuring a ground plane and a co-rotating ground vortex
upstream of a rotating fan. Two operating conditions were examined: one with diffusion-driven separation at low fan
speed and Mass Flow Capture Ratio (MFCR), and another with attached flow at higher fan speed and MFCR. Swirl
distortion at the Aerodynamic Interface Plane (AIP) was significantly higher in the separated-flow case, with time-
averaged and peak values up to three and four times greater, respectively, than in the attached-flow case, where only
the ingested ground vortex was present. These high distortion levels, particularly near the fan tip, indicate potential
reductions in rotor incidence angle and fan performance. Maximum instantaneous swirl reached approximately twice
the time-averaged level, highlighting the limitations of relying solely on time-averaged or area-averaged descriptors.
For the first time, Extreme Value Theory (EVT) was applied to swirl descriptors for such a configuration, predicting
peak values 10-20% above the experimental maxima.

This work demonstrates a fully non-intrusive, high-resolution methodology capable of characterizing swirl
distortion within a representative intake-fan system, enabling more complete evaluations of intake-engine
performance. The novelty of this approach lies in combining detailed swirl distortion descriptors from PIV with EVT-
based predictions of extreme peak values, allowing estimation of rare distortion events. A key contribution is the
demonstration that local distortion analysis at radially sensitive positions near the fan tip provides deeper insight into
peak swirl distortion than metrics averaged across the entire fan face. Unlike conventional rake-based techniques, this
methodology reduces the need for intrusive measurements in engine compatibility assessments. The impact of this
approach lies in its potential to reshape industry practices by enabling detailed, non-intrusive evaluation of unsteady
flow distortion, optimizing testing durations, and improving the prediction of extreme distortion levels.
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