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Abstract

The integration of Very High Bypass Ratio (VHBR) turbofan engines with short intakes may present challenges due to increased total
pressure distortion, particularly under crosswind conditions. Current industrial practices rely on a limited number of intrusive pressure
sensors arranged on rakes at the Aerodynamic Interface Plane (AIP), to characterise this total pressure distortion. However, non-
intrusive measurement techniques provide a more effective way to capture the complex, unsteady flow fields within the intake, offering
higher spatial resolution compared to conventional methods. In this study, velocity data obtained from Stereoscopic Particle Image
Velocimetry (S-PIV) during wind tunnel tests of a short intake configuration were employed to reconstruct the instantaneous total
pressure fields at the AIP within the intake. Two reconstruction methods were used: Direct Spatial Integration (DSI) of the momentum
equation and the Poisson Pressure Equation (PPE). These methods were first applied to numerical data from RANS simulations. The
results of the reconstruction of the total pressure field based on the S-PIV data were compared against rake measurements. The methods
enabled a more comprehensive assessment of total pressure distortion, offering improvements over conventional sensor-based ap-
proaches in identifying and characterising total pressure non-uniformities within an intake.
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1. Introduction

Total pressure distortion plays a key role in the integration
of an aero-engine with its intake [1][2]. High levels of flow
non-uniformity at the engine entry can significantly affect
intake/engine aerodynamic and mechanical compatibility
[3]. This issue is particularly exacerbated in short intake de-
signs coupled with Very High Bypass Ratio (VHBR) turbo-
fan engines. In efforts to reduce fuel burn penalties caused
by the increased weight and drag of large fan diameter en-
gines [4], intakes may need to be shortened [5]. However,
short intake designs are more prone to flow separation and
higher levels of flow non-uniformity compared to conven-
tional, longer configurations [6][7]. Consequently, a detailed
understanding of the unsteady flow field in a short intake is
essential and particularly under off-design conditions, such
as crosswind with a ground plane, where inlet flow distor-
tions are inherently more complex [1].

Current industry standards rely on a limited number of intru-
sive pressure sensors which are typically arranged on rakes
at the Aerodynamic Interface Plane (AIP) between the intake
and the engine, to characterise intake flow fields [1]. How-
ever, due to the intrusive nature of total pressure measure-
ments and the subsequent blockage effect prevent the use of
a sufficient number of sensors to capture the full spatial com-
plexity of the flow [8]. As a result, important flow details
may be overlooked, thereby limiting the understanding of the
unsteady distortion within the intake.

Recent research has successfully demonstrated the applica-
tion of non-intrusive optical methods in wind tunnel environ-
ments [9] to measure unsteady velocity fields across a plane
within an intake [10][11]. These measurements, conducted
using Stereoscopic Particle Image Velocimetry (S-PIV),
achieved spatial resolution approximately two orders of
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magnitude greater than that provided by conventional meth-
ods [8].

Pressure reconstruction techniques, based on velocity meas-
urements, have been developed in recent years to estimate
total pressure from velocity data by reconstructing the AIP
static and total pressure fields. These methods have proven
reliable in various applications [12]-[18], particularly for de-
termining aecrodynamic forces on airfoils [19]-[25]. More re-
cently, Frascella et al. [26] applied pressure reconstruction
techniques to estimate the AIP total pressure field using nu-
merical velocity data for an S-duct, enabling the assessment
of total pressure distortion within the intake with high spatial
and temporal resolution.

In this work, unsteady S-PIV velocity data obtained during
an experimental study of an intake configuration in cross-
wind conditions in a wind tunnel [11], were used to recon-
struct the instantaneous total pressure fields at the AIP.
These instantaneous reconstructed total pressure data were
then time-averaged to calculate the total pressure ratio distri-
butions at the AIP within the intake and were used to esti-
mate the time-averaged total pressure distortion characteris-
tics. Two methods were employed for the reconstruction: the
Direct Spatial Integration (DSI) of the momentum equation
and the solution of the Poisson Pressure Equation (PPE). The
results were compared with steady-state total pressure dis-
tortion measurements to assess the accuracy of the recon-
struction techniques. To validate the methods, they were first
applied to numerical data from steady-state (RANS) CFD
simulations at similar intake operating conditions. This re-
search represents a significant advancement in the measure-
ment of synchronous, unsteady total pressure and swirl dis-
tortion using non-intrusive techniques, which has not been
demonstrated before for a civil intake configuration.
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2. Methodology

2.1. Experimental set-up

The experiments were carried out in the Low-Speed Tunnel
at the German-Dutch Wind Tunnels (LST-DNW). This fa-
cility is a continuous, atmospheric wind tunnel designed for
low-speed testing at a maximum achievable tunnel velocity
of 80 m/s under empty conditions, featuring a test section of
3.022 x 2.25 m?. A schematic of the wind tunnel’s test sec-
tion is shown in Figure 1. A full account of the experimental
set-up, instrumentation, and PIV arrangements is reported in

[11].

Figure 1 — Schematic of the LST-DNW wind tunnel test
section.

The intake model was positioned at the centre of the test sec-
tion and installed on a 90-degree bent duct that functioned as
both suction system and model support. Four suction pumps
were used to drive airflow through the model, which was
placed on the wind tunnel turntable and oriented perpendic-
ular to the flow to simulate crosswind conditions. A ground
plane, which spanned the full width of the wind tunnel test
section, was installed below the model at a fixed non-dimen-
sional ground clearance of h/D;; = 0.3, with h the distance
between the ground base and the lowest point of the intake
highlight plane, and Dy,; the intake highlight diameter.

The test article was a scaled short intake with a conical cen-
tre-body, representative of a modern Very High Bypass Ra-
tio (VHBR) turbofan engine intake configuration. The intake
performance under crosswind conditions, with a ground
plane at a fixed ground clearance, was investigated for dif-
ferent values of freestream velocity V,, (from 2.5 to 43 kts,
or equivalently from 1.3 to 22.1 m/s, respectively) and intake
mass flow rate m. This resulted in different combinations of
the intake Mass Flow Capture Ratio (MFCR) [27]:
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with p,, the freestream air density and Ay; the intake high-
light area. The Reynolds number Re was defined in terms of
the intake inner diameter D; and freestream velocity V,,:
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and ranged between 0.3x10° and 3.5x10°. To prevent early
laminar separation boundary layer trips were used on the
outer surface of the intake. Velocity measurements were per-
formed using a multi-camera Stereoscopic Particle Image
Velocimetry (S-PIV) set-up consisting of six LaVision Im-
ager sSCMOS cameras, as described in [11]. The flow was
seeded with di-ethyl-hexyl sebacate (DEHS) particles of 1
micrometer median diameter. PIV measurements were ac-
quired at a frequency of 15 Hz. Each PIV dataset consisted
of 1,000 snapshots. The diameter of the measurement plane
was 250 mm, and the spatial resolution was 1.5 mm in both
directions, resulting in approximately 18,000 3D velocity
vectors across the AIP. The post-processing of the PIV im-
ages was performed using LaVision’s DaVis 11 software.
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Figure 2 — Axial location of the S-PIV measurement plane
within the intake.

A total of 80 pressure probes was installed at the intake exit
section on 8 radial rakes, with each rake containing 10 probes
(Figure 3). The intake model was also equipped with 194 lip
pressure taps positioned at 10 azimuthal locations around the
intake surface and 4 total temperature sensors.
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Figure 3 — Total pressure probes on the instrumented rake

at the intake exit section (black markers) and circumferen-

tial static pressure taps used as boundary conditions for the
pressure from velocity reconstruction.

A set of 24 static pressure taps was installed inside the intake
to enable pressure reconstruction from velocity (Figure 3).
Of these, 16 equally spaced pressure ports were located on
the inner surface of the intake at intervals of 22.5°, starting
from 8 = 10°. These were located at an axial position in-line
with the total pressure measurement plane. The remaining 8
static pressure taps were evenly distributed around the



surface of the centre-body at 10°, 55°, 100°, 145°, 190°,
235°,280°, and 325°, at an axial location 2 mm upstream of
the intake exit section. The static-pressure and total-pressure
measurements were taken by means of a set of 6 Scanivalve
ZOC (Zero Operate and Calibrate) modules. Each module
had a range of 100 kPa with an uncertainty of 0.1%. The
acquisition of the steady-state pressure data was conducted
at a frequency of 10 Hz and averaging over a time of 20 s.

2.2. Computational model

Steady CFD simulations were conducted to generate numer-
ical data for the verification of the pressure field reconstruc-
tion methods, which were later applied to the experimental
velocity data. The computational domain (Figure 4) was a
rectangular volume measuring 25Dy,;x25D;,;x12.5Dy,; in the
X, y, and z directions, respectively, as that recommended by
the 5™ AIAA Propulsion Aerodynamic Workshop [28] and
used in different computational studies on a similar configu-
ration [29]-[32].
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Figure 4 — Schematic of the computational domain used for
the CFD simulations and boundary conditions.

A simplified geometry was used to reduce meshing complex-
ity and computational time, excluding the support structure
and suction system, the centre-body struts, and the instru-
mented rake inside the intake. To improve numerical conver-
gence, the intake duct was extended by approximately 3.5Dy,;
downstream of the intake exit section. A fully structured,
multi-block grid with about 19 million elements was gener-
ated using Cadence Fidelity Pointwise. Multiple inflation
layers were included to ensure a non-dimensional wall dis-
tance of y* < 1 on the intake surfaces and on the ground
plane, for proper resolution of the boundary layer. The
boundary conditions shown in Figure 4 were applied to the
various surfaces of the computational domain. A velocity-
inlet boundary condition was applied at the domain inlet by
specifying the corresponding experimental crosswind veloc-
ity for each case, while the domain outlet was set as a pres-
sure-outlet, assuming ambient static pressure. A pressure-
outlet condition with a target mass flow rate was applied at
the intake exit. No-slip boundary conditions were imposed
on both the ground plane and the intake surface, while the
remaining surfaces were set as symmetry planes to prevent
the domain from influencing the flow field around and within
the intake. The freestream turbulence was specified in terms
of turbulent intensity and hydraulic diameter of the wind tun-
nel D, = 4A/p, with A cross-sectional area and p the wetted
perimeter of the cross-section. A density-based implicit
solver was used with second-order upwind spatial

discretization, Roe-FDS flux, and a Green-Gauss node-based
gradient calculation [33][34]. The flow was modelled as
compressible and fully turbulent, with viscosity modelled us-
ing the three-coefficient Sutherland’s Law. The SST k — w
turbulence model [35] was chosen.

2.3. Pressure from velocity reconstruction methods

The reconstruction of the pressure field from the measured
time-resolved velocity data was performed by considering
the conservative form of the momentum equation:

ou .
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with p and u density and dynamic viscosity, respectively.
Assuming a two-dimensional, incompressible, and inviscid
flow, since the contribution of the viscous terms is negligible
for sufficiently high Reynolds numbers (Re > 103, [36]),
the pressure gradient Vp in Equation (3) can be written as a
function of the velocity field i as:
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Equation (4) was solved in cylindrical coordinates on the cir-
cular AIP:
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by converting the S-PIV velocity field #(u, v, w) in Carte-
sian coordinates (x,y, z) into (v, vy, w) in the cylindrical
frame of reference (r,6,z). A polar grid with 180 equi-
spaced circumferential rings and 49 equally spaced rakes
(Figure 5a) was used to discretise the reconstruction plane,
with a spatial resolution similar to that of the S-PIV meas-
urements. Equations (5) and (6) allow the calculation of the
AIP pressure gradients using only spatial and temporal ve-
locity derivatives and the pressure field can then be obtained
by direct spatial integration (DSI), following the method out-
lined by Baur and Koengeter [37] and adapted to a polar grid
by Frascella et al. [26].

The second approach used to reconstruct the pressure field
involved solving the Poisson Pressure Equation (PPE):

-
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Equation (7) is derived from Equation (4) by applying the
divergence operator and considering that V - i = 0 for an in-
compressible flow. Similar to Equation (4), Equation (7) can
be expressed in cylindrical coordinates as:
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To calculate the pressure field across the plane, a circumfer-
ential static pressure distribution is required as a boundary
condition. For the direct spatial integration of Equation (4),
a circumferential pressure distribution along the grid’s outer
boundary was applied as boundary condition. This distribu-
tion was obtained through linear interpolation of the steady-
state static pressure readings from the 16 static pressure taps
positioned around the inner surface of the intake (Figure 3).
To solve the Poisson Pressure Equation within the polar do-
main, an additional boundary condition was needed on the
inner boundary, corresponding to the surface of the centre-
body. This inner boundary was treated using either a Di-
richlet boundary condition, by imposing the pressure distri-
bution measured from the 8 taps located on the centre-body
surface, or a Neumann boundary condition, by considering a
virtual boundary within the domain, following the approach
outlined by Frascella et al. [26].
The radial and circumferential velocity gradients in Equation
(5) and Equation (6) were calculated using central finite dif-
ference approximations. Since data from only one PIV meas-
urement plane was available, the out-of-plane partial deriva-
tives (0u/0z) were not evaluated. Similarly, time derivatives
(01/0t) were omitted from the calculations, since including
these terms when only temporally under-resolved velocity
data is available, and without out-of-plane velocity gradi-
ents, was found to yield inaccurate estimations of static pres-
sure gradients [26][38]. The influence of out-of-plane and
temporal derivatives on the accuracy of the reconstructed
pressure fields was previously investigated by Montenegro
Pascual [38] using numerical data from an S-duct subsonic
diffuser. The study concluded that omitting either the time
derivatives or the out-of-plane gradients yield a significant
increase in reconstruction error. When both derivatives were
omitted, the error was lower than when only one derivative
was excluded. Similar trends were observed for the distortion
descriptors, where neglecting derivative increased error, par-
ticularly for DC60, while pressure recovery remained largely
unaffected.
The integration of the pressure gradients across the discre-
tised circular plane was performed by using the approach re-
ported by Frascella et al. [26]. The static pressure at any point
within the plane was determined using previously calculated
pressure values from four adjacent points, with the calcula-
tion proceeding inward from the outer boundary where the
static pressure is prescribed.
To account for compressibility effects, the ideal gas law p =
p/RT was used to derive the fluid density, while the static
temperature was calculated by assuming constant total en-
thalpy as a function of the velocity magnitude:
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where T, is the total temperature, V is the velocity magni-
tude, and ¢, is the air specific heat at a constant pressure.
Assuming adiabatic flow and introducing the above expres-
sions into the momentum equation, the pressure gradient was
calculated in terms of the velocity field, by specifying only
the total temperature Ty:
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The total temperature Ty, used in the calculation, was the av-
erage total temperature measured within the intake, obtained
from the readings of the four temperature sensors installed
on the instrumented rake at the intake exit section.

To solve the Poisson Pressure Equation, the pressure terms
on the left-hand side of Equation (8) were calculated using a
second order central derivative scheme. The spatial velocity
derivatives on the right-hand side were calculated using a
central finite difference approximation, as done previously.
The static pressure at each grid point across the discretised
plane was then determined using an iterative Gauss-Seidel
method with successive over-relaxation. The convergence
criterion was defined such that the residuals, calculated as
the absolute difference between the pressure values of suc-
cessive iterations, fell below 107°. Additionally, a stopping
criterion was imposed to end the iteration process if the num-
ber of iterations reached 10,000. The optimal successive
over-relaxation (SOR) factor was determined as 0.98 based
on past work [26]. The total time required to reconstruct an
instantaneous flow field was approximately 2 seconds per it-
eration with the DSI method and 2 minutes per iteration with
the PPE method. For a full dataset of 1000 iterations, this
resulted in a total reconstruction time of 33 minutes for DSI
and approximately 33 hours for PPE. The iterative calcula-
tion was initialised with a static pressure distribution derived
from isentropic relations, assuming constant density, applied
at each point of the grid across the AIP. No modification to
the Poisson Pressure Equation was applied to account for
compressibility.

2.4. Total pressure distortion assessment

To quantify the total pressure distortion at the AIP, the Intake
Pressure Recovery IPR and the Distortion Coefficient DC60
were calculated:

IPR = Poarr (12)
PODO
DC60 = Poarp — Poeo° (13)
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where Dg4;p is the area-averaged total pressure at the AIP,
Py.denotes the freestream total pressure, Pygoe is the area-
averaged total pressure in the most distorted sector of 60°
extent, and q4;p is the area-averaged dynamic pressure at the
AIP. Both metrics, IPR and DC60, were computed using an
area-average method based on a ring-rake approach, follow-
ing industrial [1].

The circumferential and radial variations in the total pressure
field within the intake were also quantified by means of the
conventional Circumferential Distortion Index (IDC) and
Radial Distortion Index (IDR) [1], defined on a ring-by-ring
basis. The circumferential distortion descriptor IDC(14) is
defined as follows:

1
IDC = max [5 (IDC; + IDCL-H)] (14)

where:
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and Py, and pgin ;are the average and minimum total pres-
sure values in the i-th ring, respectively. The radial distortion
descriptor IDR is defined as the maximum between the IDR;
evaluated at the inner and outer ring:

IDR = max(IDR;,,, IDR,,;) (16)
IDR, = Poarr — Po: (17)
Poarp

where i = in or out.
To calculate the total pressure distortion descriptors, the
pressure fields reconstructed from the CFD and PIV data

(a)

were first down sampled to 80 points, distributed across 8
rakes and 10 rings, to match the resolution of the total pres-
sure rake measurements (Figure 5b). The total pressure fields
were then interpolated onto a 24x10 grid, resulting in a cir-
cumferential resolution of 15° (Figure 5c). This is the mini-
mum resolution required to calculate the distortion coeffi-
cient (DC) based on a spoiled sector of 60°, on which pres-
sure distortion descriptors were calculated. Although rake
measurements do not provide a definitive reference for as-
sessing the accuracy of reconstruction method, due to their
lower spatial resolution and inability to capture features like
the ground vortex, the reconstructed distortion coefficients
were compared to those from interpolated rake data to ensure
consistency with the experimental setup and available meas-
urements.
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Figure 5 — Grid resolutions used for the pressure reconstruction workflow: (a) 180x49 grid used for pressure-from-velocity
reconstruction; (b) 8x10 grid matching the measurement arrangement; (c) 24x10 grid used for calculating total pressure distor-
tion descriptors.

3. Results and discussion

The reconstruction of the static pressure fields at the Aero-
dynamic Interface Plane (AIP) was performed using initially
numerical data and subsequently PIV measurements. After
computing the static pressure, the total pressure p, at each
point across the AIP was determined by using the equation:

Po=p+gq (18)

for incompressible reconstruction where p represents the re-
constructed static pressure values and g = 1/2pV? the dy-
namic pressure, or, for compressible reconstruction by using
the isentropic relation:

Y
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To assess the accuracy of the pressure reconstruction based
on numerical data from steady-state (RANS) simulations, the
reconstructed total pressure ratio (PR = po/Pye) distribu-
tions at the AIP were compared with those obtained from the
CFD.The percentage discrepancy in total pressure relative to
the CFD values was calculated as:

(porec — Pocrp

Ap % =
0% PocFp

) -100% (20)
The discrepancy between the distortion metrics, calculated
from the reconstructed total pressure fields and those ob-
tained from CFD total pressure data, was quantified as:

AX = Xyec = Xcrp (21)

where X, is the distortion parameter calculated from the
reconstructed total pressure, and X.zp is the same descriptor
calculated from the actual CFD total pressure data.

To evaluate the accuracy of the pressure reconstruction from
PIV data, the time-averaged reconstructed total pressure ra-
tio ((PR) = (py)/Pye) distributions at the AIP were com-
pared with the experimental steady-state total pressure fields
obtained under similar operating conditions, in terms of
crosswind velocity and Mass Flow Capture Ratio (MFCR),
as synchronous total pressure measurements were not taken
during the PIV acquisition. The time-averaged reconstructed
total pressure field was obtained by averaging the instanta-
neous reconstructed total pressure fields over time. In this
case, the discrepancy between the time-averaged distortion
metrics from the reconstructed total pressure fields and those
calculated from the measured total pressure values was de-
termined as:

AX = Xrec = Xexp (22)
where X, is the distortion parameter calculated from the

reconstructed total pressure data from velocity data, and X,

is the same descriptor calculated from the rake measured to-
tal pressure values.



3.1. Pressure field reconstruction from CFD data

CFD based total pressure reconstructions were performed by
calculating the steady-state pressure fields at the AIP for
three cases, all at constant crosswind velocity of 15 kts (7.7
m/s) and increasing MFCR of 5.9, 12.4, and 17.3, respec-
tively. These cases were characterised by low-speed (diffu-
sion-driven) separation, attached flow, and high-speed
(shock-induced) separation, respectively [11]. The pressure
reconstruction was performed using both the DSI method
and the PPE methods. The CFD-based reconstructed steady-
state total pressure ratio distributions at the AIP for the three
cases considered, along with the contours of the relative per-
centage error (Apge,), are presented in Figure 6, Figure 7,
Figure 8, and are compared with the normalised total pres-
sure fields obtained from the CFD simulations. The discrep-
ancies between the distortion metrics calculated from the re-
constructed total pressure fields and those obtained from the
numerical total pressure values are summarised in Table 1,
Table 2, and Table 3.

The case at MFCR = 5.9 (Figure 6a) is characterised by the
presence of a ground vortex and a significant circumferential
pressure variation across the AIP due to diffusion-driven
separation. All methods used to reconstruct the steady-state
total pressure field effectively capture the large separation
region on the windward side of the intake, in both radial and
circumferential extent. However, the DSI method, both with
(Figure 6b) and without (Figure 6¢) compressibility correc-
tion, tends to distort the ingested ground vortex compared to
the PPE method (Figure 6d and Figure 6e). This is also re-
flected in the contours of Apge, (Figure 6b and Figure 6c,
bottom row), which show slightly higher relative errors
around the vortex region. This is primarily due to error prop-
agation in the DSI scheme, where pressure calculations pro-
ceed from the outer boundary towards the centre, accumulat-
ing errors at each step of the algorithm and distorting the vor-
tex core. Additionally, the total pressure deficit within the
vortex core is overestimated by the DSI method compared to
the CFD data. The pressure field reconstructed using the PPE
method (Figure 6d and Figure 6¢) shows the closest agree-
ment to the CFD results (Figure 6a). Overall, the error in the
calculation of the total pressure relative to CFD data is rela-
tively low, indicating that at this low MFCR, the flow can
still be treated as incompressible without compromising the
accuracy of the reconstruction. The distortion descriptors
calculated from the total pressure data for this case at low
MFCR (Table 1) all show close agreement with the CFD-
based descriptors. The overall accuracy is comparable across
all methods, with the smallest discrepancies found in the cal-
culation of intake pressure recovery. The largest discrepan-
cies are seen in the calculation of the Distortion Coefficient
(DC60) and the Radial Distortion Index (IDR).

At MFCR = 12.4 (Figure 7a), the flow within the intake is

attached, with total pressure variations at the AIP primarily
caused by the ingested ground vortex. In this scenario, all
reconstruction methods provide a pressure field that closely
resembles the numerical one, with low numerical errors. No-
tably, the PPE method with mixed boundary conditions (Fig-
ure 7d) shows the closest agreement with the CFD data. In
contrast, the PPE method with Dirichlet boundary conditions
(Figure 7e) is influenced by the pressure distribution applied
as a boundary condition on the centre-body surface, which
affects the reconstruction in the inner part of the computa-
tional domain. At this intermediate MFCR value, compress-
ibility effects are still not significant, so the incompressible
assumption remains valid. The reconstructed distortion de-
scriptors for MFCR = 12.4 (Table 2) shows a higher dis-
crepancy from the directly calculated ones than the de-
scriptors at MFCR = 5.9 (Table 1). The highest discrepan-
cies are observed for the DC60, while the inlet pressure re-
covery is reasonably well predicted by both methods.

For the case at MFCR = 17.3 (Figure 8), where shock-in-
duced separation occurs, the assumption of incompressibility
is no longer valid. Although all methods effectively capture
the circumferential and radial extent of the separated region
on the windward side of the intake, the effect of compressi-
bility becomes evident in the undisturbed flow region of the
AIP for the methods without compressibility correction (Fig-
ure 8¢, Figure 8d, and Figure 8e, top row). In these cases, the
relative percentage errors are notably high (Figure 8c, Figure
8d, and Figure 8e, bottom row). The compressibility, along
with the deformation of the ground vortex and the overesti-
mation of total pressure deficits in the vortex core, affects the
calculation of the descriptors from the reconstructed data
(Table 3). Although the DSI method with compressibility
correction exhibits the largest discrepancy in the calculation
of the DC60 (due to the vortex deformation and fictitious to-
tal pressure deficit in the central region of the AIP), its accu-
racy in calculating the other descriptors is relatively better
compared to the other methods.

Overall, the DSI method with compressibility correction, de-
spite slightly deforming the ground vortex core, provides
reasonably accurate reconstructions in terms of total pressure
distortion descriptors and Apye, across the entire range of
MFCR, particularly at high MFCR and in presence of shock-
induced separation, where compressibility effects cannot be
ignored. The PPE method with mixed boundary conditions
provides accurate flow field reconstructions at low and mid
MFCR, when the flow is either attached, or when a diffusion-
driven separation occurs and yields accurate descriptor esti-
mates. At high MFCR, its accuracy is influenced by com-
pressibility effects.
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Figure 6 — Computed and reconstructed AIP total pressure ratio distributions for the case at 15 kts and MFCR = 5.9: (a)
RANS computed steady total pressure ratio distribution; (b) DSI method, compressible; (¢) DSI method, incompressible; (d)
PPE method, incompressible with mixed boundary conditions; (¢) PPE method, incompressible with Dirichlet type boundary

conditions. (b)-(e) top row: reconstructed total pressure distributions. (b)-(e) bottom row: percentage discrepancy relative to the
RANS predicted total pressure distribution. Crosswind direction from right to left (view looking downstream).

Table 1 — Distortion descriptor discrepancies for the different reconstruction methods at MFCR = 5.9.

Reconstruction method

AIPR ADC60 AIDC AIDR

Scheme Compressibility BCs
DSI YES mixed 0.000 +0.029 +0.001 -0.002
DSI NO mixed -0.001 +0.023 0.000 -0.002
PPE NO mixed +0.001 -0.011 -0.001 -0.001
PPE NO Dirichlet -0.001 -0.038 -0.001 -0.002
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Figure 7 — Computed and reconstructed AIP total pressure ratio distributions for the case at 15 kts and MFCR = 12.4: (a)
RANS computed steady total pressure ratio distribution; (b) DSI method, compressible; (¢) DSI method, incompressible; (d)
PPE method, incompressible with mixed boundary conditions; (¢) PPE method, incompressible with Dirichlet type boundary

conditions. (b)-(e) top row: reconstructed total pressure distributions. (b)-(e) bottom row: percentage discrepancy relative to the
RANS predicted total pressure distribution. Crosswind direction from right to left (view looking downstream).

Table 2 — Distortion descriptor discrepancies for the different reconstruction methods at MFCR = 12.4.

Reconstruction method

AIPR ADC60 AIDC AIDR

Scheme Compressibility BCs
DSI YES mixed +0.010 +0.044 0.000 -0.010
DSI NO mixed +0.002 +0.038 -0.003 -0.014
PPE NO mixed 0.000 +0.015 -0.003 -0.016
PPE NO Dirichlet -0.009 -0.000 -0.003 -0.025
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Figure 8 — Computed and reconstructed AIP total pressure ratio distributions for the case at 15 kts and MFCR = 17.3: (a)
RANS computed steady total pressure ratio distribution; (b) DSI method, compressible; (¢) DSI method, incompressible; (d)
PPE method, incompressible with mixed boundary conditions; (¢) PPE method, incompressible with Dirichlet type boundary

conditions. (b)-(e) top row: reconstructed total pressure distributions. (b)-(e) bottom row: percentage discrepancy relative to the
RANS predicted total pressure distribution. Crosswind direction from right to left (view looking downstream).

Table 3 — Distortion descriptor discrepancies for the different reconstruction methods at MFCR = 17.3.

Reconstruction method

AIPR ADC60 AIDC AIDR

Scheme Compressibility BCs
DSI YES mixed +0.029 +0.115 +0.009 -0.023
DSI NO mixed -0.032 +0.089 -0.021 -0.048
PPE NO mixed -0.036 +0.022 -0.026 -0.052
PPE NO Dirichlet -0.071 -0.001 -0.019 -0.086




3.2. Pressure field reconstruction from PIV data

The instantaneous pressure fields at the Aerodynamic Inter-
face Plane (AIP) were reconstructed using the S-PIV data for
three cases at a constant crosswind velocity of 15 kts (7.7
m/s), each with increasing MFCR. These cases correspond to
low, intermediate, and high MFCR, characterised by low-
speed (diffusion-driven) separation, attached flow condition,
and high-speed (shock-induced) separation, respectively.
Pressure reconstruction was carried out again by performing
the direct spatial integration of the momentum equation and
by solving the Poisson Pressure Equation. The reconstructed
time-averaged total pressure ratio distributions at the AIP for
cases with MFCR approximately equal to 8, 15, and 18 are
shown in Figure 9, Figure 10, and Figure 11, respectively.
The flow fields are shown at both the 180x49 point resolu-
tion used for the reconstruction and at the 8x10 resolution to
match the pressure rake measurements. The discrepancy be-
tween the time-averaged distortion metrics calculated from
the reconstructed total pressure fields and the descriptors cal-
culated from the measured total pressure values, both calcu-
lated with the 24x10 point resolution (Figure 5), are summa-
rised in Table 4, Table 5, and Table 6 for the three cases.
The significant advantage of reconstruction the total pressure
field at the AIP using a resolution (180x49) close to that of
the PIV data is that this offers the ability to capture the
ground vortex. This was not possible when the measurement
resolution was used, as the ground vortex trace was not cap-
tured by the pressure rakes. For MFCR = 8 (Figure 9), the
total pressure deficit caused by diffusion-driven separation
on the windward side of the intake is under-predicted com-
pared to experimental data, regardless of the reconstruction
method used._This discrepancy is particularly evident in the
PPE-based, time-averaged total pressure fields (Figure 9d
and Figure 9¢) and may be attributed to the different operat-
ing conditions under which the experimental total pressure
data were acquired, as the magnitude of the total pressure
deficit is strongly dependent on MFCR. The PPE method
(Figure 9d and Figure 9¢) underpredicts the radial extent of
the total pressure deficit, while the DSI scheme (Figure 9b
and Figure 9c) tends to distort the total pressure field around
the region affected by the ingested ground vortex, as ob-
served previously. This is due again to the error propagation
inherent in the DSI scheme. Additionally, the DSI method
predicts greater total pressure losses in the vortex core com-
pared to the PPE scheme. The application of the compressi-
bility correction to the DSI algorithm (Figure 9b) does not
significantly improve accuracy. Similarly, imposing a sec-
ond Dirichlet boundary condition on the inner boundary of
the computational domain for the PPE method (Figure 9e),
does not result in a more accurate pressure field reconstruc-
tion, as the static pressure values imposed heavily influence
the reconstruction in the central region of the plane.

Both the DSI and PPE methods accurately predict the IPR,
with a discrepancy of less than +0.01 from the experimental
rake-based values. Although the reconstructed pressure
fields show notable differences compared to the experi-
mental distributions, particularly in the radial extent of the
total pressure deficit for the PPE method (Figure 9d and Fig-
ure 9¢) and the total pressure losses within and around the
ground vortex core for the DSI scheme (Figure 9b and Figure
9¢), these errors cancel out in the computation of the IPR,
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since this descriptor is calculated on an area-averaged basis.
The prediction of the other distortion descriptors is generally
less accurate. The DSI method, with or without the com-
pressibility correction, provides a similar level of accuracy
in estimating the Distortion Coefficient (DC60), which is un-
derestimated by about -0.09, although the discrepancy
slightly decreases when the compressibility model is applied.
The high inaccuracies observed in the DSI based DC60 may
be possibly attributed to the slight differences in MFCR of
the operating conditions used for comparison, as well as the
artificial deformation of the ground vortex core due to the
inherent nature of the DSI reconstruction method. The PPE
method consistently underpredicts DC60, regardless of the
type of boundary conditions applied, with a discrepancy of -
0.4. The IDC and IDR are predicted with varying accuracy
depending on the reconstruction method used. For the DSI-
based reconstructed total pressure values, IDC and IDR
show a maximum deviation from the experimental rake-
based values of approximately 0.0 and -0.007, respectively,
regardless of whether the compressibility correction is ap-
plied. In contrast, the PPE-based IDC and IDR are both un-
derpredicted with maximum discrepancy of around -0.008
and -0.001, respectively. These discrepancies are primarily
attributed to the reconstruction method’s ability to capture
key flow features at the AIP, such as the shape and extent of
the separated region, as well as the size of the ground vortex
core and its associated total pressure deficit.

The overall flow topology of the time-averaged, recon-
structed, normalised total pressure fields at fully attached
conditions with MFCR = 15 (Figure 10), indicates that the
PPE based fields with mixed boundary conditions (Figure
10d) are slightly more accurate than those reconstructed us-
ing the DSI method, either with or without the compressibil-
ity correction (Figure 10b and Figure 10c). However, in this
case the measured total pressure distribution (Figure 10a) in-
dicates a low-pressure region which is not present in the re-
constructed distributions, due to the slightly different MFCR
at which the measurements were taken. The DSI based re-
construction (Figure 10b and Figure 10c) was found insensi-
tive to the applied density correction, suggesting that the in-
compressible flow assumption remains valid also in this
case. Applying a second static pressure distribution on the
inner boundary when using the PPE method (Figure 10¢) sig-
nificantly influences the total pressure calculation in the cen-
tral portion of the plane. This is due to significant flow ac-
celeration around the centre-body, leading to non-isentropic
effects. Additionally, the PIV acquisition plane does not ex-
tend to the centre-body surface, where the pressure taps are
located, which can yield measurement offsets that can further
contribute to the overall reconstruction uncertainty. Further
uncertainty can be also possibly introduced by the discrep-
ancy in the streamwise distance between the PIV plane and
the circumferential static pressure measurements although it
is believed that this would only have a second order impact
(see [38]). In general, further work is needed to understand
the overall uncertainty propagation of the various pressure
reconstruction methods for inlet flow distortion cases. This
should account for the uncertainties introduced by the meas-
urement of the boundary conditions, the potential streamwise
discrepancy between the PIV and the boundary condition
measurement planes, the type and spatial resolution of the



applied boundary condition, data interpolation errors and the
influence of the various derivatives involved in the pressure
field calculations from velocimetry data. Noticeably, apply-
ing the compressibility correction to the DSI method (Figure
10b) only slightly improves reconstruction accuracy and the
PPE method with constant density and mixed boundary con-
ditions (Figure 10d) remains reasonably accurate.

Both the DSI-based and PPE-based time-averaged total pres-
sure ratio distributions at the AIP for the case at MFCR =~ 18
(Figure 11), suggest similar conclusions about the accuracy
of the reconstruction methods. These findings align with
those observed in the lower MFCR cases and the results pre-
viously outlined from the reconstruction using numerical
data. Applying a second static pressure distribution on the
inner boundary for the PPE method (Figure 1le) signifi-
cantly affects the determination of total pressure in the cen-
tral portion of the plane. This is attributed to the significant
flow acceleration around the centre-body and related non-is-
entropic phenomena, resulting from the increased size of the
separation region. This finding contradicts the outcomes
from previous studies that examined the influence of the
boundary condition type on pressure reconstruction accuracy
(see Charonko et al. [39] as an example), however, the flow
field studied herein presents significant differences from the
simplified cases investigated previously. As such, a body of
work to fully quantify the influence of the boundary condi-
tion setup is still needed. Finally, although applying the com-
pressibility correction to the DSI method (Figure 11b) im-
proves reconstruction accuracy, the PPE method with con-
stant density and mixed boundary conditions (Figure 11d)
still provides reasonably accurate results.

The analysis of the distortion descriptors calculated from the
reconstructed total pressure data for the case at MFCR = 15
(Table 6) shows that the accuracy of the DSI method, both
with and without compressibility correction, and the PPE
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method with mixed boundary conditions is similar. For the
DC60 coefficient, the discrepancy from the experimental
rake-based values decreases when the compressibility effect
is considered, compared to the method with constant density.
Both the DSI-based IPR and PPE-based /PR are accurately
predicted, with discrepancies from the experimental rake-
based values of up to approximately 0.03. The higher dis-
crepancies observed in estimating the /DC and /DR metrics,
regardless of the reconstruction scheme, may be attributed to
the slightly different operating conditions in terms of MFCR
at which the total pressure values were measured, as the dif-
ference between the calculated values from the reconstructed
total pressure data is negligible. In contrast, the analysis for
the case at MFCR =~ 18 (Table 6) shows that the discrepancy
with respect to the experimental rake-based values is lowest
when the compressibility model is used. The time-averaged
descriptors calculated from the total pressure fields recon-
structed with the PPE method exhibit the largest discrepan-
cies with respect to the experimental values, due again to the
constant density assumption. At high MFCR, applying the
compressibility correction improves accuracy for some dis-
tortion metrics, as the estimation of both total pressure and
dynamic pressure values becomes closer to the actual values
when the density is correctly estimated. However, no clear
conclusion regarding the influence of the compressibility
correction can be drawn from the presented results, partially
due to the time-average nature and coarse spatial resolution
of the measured pressure distributions and partially because
of the algebraic definitions of all distortion descriptors which
are prone to non-linearities, especially when applied to spa-
tially and temporally complex flows.
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Figure 9 — Measured and reconstructed time-averaged total pressure ratio distributions for the case at 15 kts and MFCR =~ 8:
(a) measured total pressure ratio distribution; (b) DSI method, compressible; (¢) DSI method, incompressible; (d) PPE method,
incompressible with mixed boundary conditions; (¢) PPE method, incompressible with Dirichlet type boundary conditions. (b)-

(e) top row: reconstructed total pressure distributions at the 8x10 rake resolution. (b)-(e) bottom row: reconstructed total pres-

sure distributions at the full 180x49 resolution. Crosswind direction from right to left (view looking downstream).

Table 4 — Errors associated with the time-averaged distortion descriptors for the different reconstruction methods for the case
at MFCR =~ 8.

Reconstruction method

AIPR ADC60 AIDC AIDR

Scheme Compressibility BCs
DSI YES mixed +0.009 -0.081 0.000 -0.007
DSI NO mixed +0.008 -0.094 0.000 -0.007
PPE NO mixed +0.017 -0.413 -0.008 -0.001
PPE NO Dirichlet +0.005 -0.385 -0.008 -0.001
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Figure 10 — Measured and reconstructed time-averaged total pressure ratio distributions for the case at 15 kts and MFCR = 15:

(a) measured total pressure ratio distribution; (b) DSI method, compressible; (¢) DSI method, incompressible; (d) PPE method,

incompressible with mixed boundary conditions; (¢) PPE method, incompressible with Dirichlet type boundary conditions. (b)-

(e) top row: reconstructed total pressure distributions at the 8x10 rake resolution. (b)-(e) bottom row: reconstructed total pres-
sure distributions at the full 180x49 resolution. Crosswind direction from right to left (view looking downstream).

Table 5 — Errors associated with the time-averaged distortion descriptors for the different reconstruction methods for the case
at MFCR = 15.

Reconstruction method AIPR ADC60 AIDC AIDR

Scheme Compressibility BCs
DSI YES mixed +0.012 -0.037 -0.023 -0.033
DSI NO mixed +0.003 -0.049 -0.032 -0.035
PPE NO mixed +0.008 -0.047 -0.035 -0.033
PPE NO Dirichlet -0.027 -0.020 -0.032 +0.005
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Figure 11 — Measured and reconstructed time-averaged total pressure ratio distributions for the case at 15 kts and MFCR = 17:

(a) measured total pressure ratio distribution; (b) DSI method, compressible; (¢) DSI method, incompressible; (d) PPE method,

incompressible with mixed boundary conditions; (¢) PPE method, incompressible with Dirichlet type boundary conditions. (b)-

(e) top row: reconstructed total pressure distributions at the 8x10 rake resolution. (b)-(e) bottom row: reconstructed total pres-
sure distributions at the full 180x49 resolution. Crosswind direction from right to left (view looking downstream).

Table 6 — Errors associated with the time-averaged distortion descriptors for the different reconstruction methods for the case
at MFCR =~ 18.

Reconstruction method

AIPR ADC60 AIDC AIDR

Scheme Compressibility BCs
DSI YES mixed +0.026 -0.009 -0.003 -0.028
DSI NO mixed -0.006 -0.051 -0.020 -0.040
PPE NO mixed +0.019 -0.161 -0.042 -0.030
PPE NO Dirichlet -0.069 -0.107 -0.040 -0.006
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4. Conclusions

In this study, pressure fields were reconstructed from veloc-
ity data obtained experimentally in a scaled short intake un-
der crosswind conditions. Three cases were considered, all
of them at a constant crosswind velocity of 15 kts with in-
creasing Mass Flow Capture Ratio (MFCR), characterised by
low-speed (diffusion-driven) separation, attached flow, and
high-speed (shock-induced) separation. The pressure-from-
velocity reconstruction was performed using two methods:
Direct Spatial Integration (DSI) of the momentum equation
and the Poisson Pressure Equation (PPE). These methods
were initially validated using steady-state (RANS) simula-
tions under similar intake conditions.

The CFD validation showed that the PPE method with mixed
boundary conditions achieved the closest agreement with
CFD data at low and intermediate MFCR values, while the
DSI method with compressibility correction, although af-
fected by higher errors around the vortex region due to in-
herent error propagation in the algorithm, performed better
at higher MFCR.

The results of the pressure reconstruction from S-PIV data
were subsequently compared with experimental steady-state
rake measurements. The Direct Spatial Integration (DSI)
method was found to distort the vortex core due to cumula-
tive error propagation inherent to the algorithm. In contrast,
the Pressure Poisson Equation (PPE) method, with mixed
boundary conditions, provides more accurate pressure field
reconstructions, particularly around the vortex core, at low
and intermediate MFCRs, while at high MFCRs the accuracy
of the reconstruction method is significantly affected by the
compressibility. This method is preferable in scenarios at
low MFCR values where compressibility effects are not sig-
nificant. Both reconstruction methods were found to yield
parts of the AIP where PR exceeded 1.0, which is unphysical.
Further investigation showed that as far as the CFD recon-
structions are concerned, this is related to the oscillations of
the inlet stagnation pressure observed over the duration of
the unsteady simulations. Regarding the experimental data,
it was found that local PR>1.0 was measured by the total
pressure rakes during the test, due to oscillations of the tun-
nel’s stagnation pressure. This was therefore propagated also
to the reconstructed stagnation pressure distributions. In
terms of distortion descriptors, both methods demonstrated
good agreement in predicting Inlet Pressure Recovery (/PR)
across all test conditions. The estimation of other descriptors,
such as the Distortion Coefficient (DC60), Circumferential
Distortion Index (IDC), and Radial Distortion Index (IDR),
showed greater variation, dependent on the reconstruction
method used and on the limited capability of the experi-
mental 8x10 rakes to fully capture the flow feature at the AIP
within the intake. The study confirms that both methods were
able to reconstruct time-averaged total pressure fields from
Particle Image Velocimetry (PIV) data, potentially reducing
the need of intrusive measurements. PIV offers better spatial
resolution than traditional rakes, revealing flow details in the
total pressure fields, such as the ground vortex signature and
a more clearly defined boundary of the separated region, that
other conventional measurement techniques fail to capture.
Despite their limitations, the pressure reconstruction meth-
ods show potential in enabling the simultaneous collection
of pressure and swirl data during experiments.
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Nomenclature

|7 Crosswind velocity

u,v,w Cartesian velocity components

IDC Circumferential Distortion Index

Uy, Vg, W Cylindrical velocity components

DC60 Distortion Coefficient

q Dynamic pressure

u Dynamic viscosity

DPoo Freestream density

h Ground clearance

Ap; Highlight area

Dyi Intake highlight diameter

Dy, Hydraulic diameter

IPR Inlet Pressure Recovery

D; Intake inner diameter

M Mach number

MFCR Mass Flow Capture Ratio

m Mass flow rate

IDR Radial Distortion Index

Re Reynolds number

p Static pressure

T Static temperature

Po Total pressure

To Total temperature

%4 Velocity magnitude
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