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Experiments on a rigid panel were conducted to characterize the mean and unsteady
pressure fields beneath a shock/boundary layer interaction (SBLI) produced by an incident
oblique shock in the Air Force Research Laboratory (AFRL) Research Cell 19 (RC-19) facility.
Attached and separated SBLI conditions were considered. The effect of shock sweep on the
loading environment was also investigated for an attached SBLI condition. A commercially
available, fast, porous pressure sensitive paint (PSP) was used to obtain full-field, non-contact
pressure measurements. Traditional, discrete pressure transducers were also used to evaluate
the PSP measurements. The PSP was calibrated in-situ using images obtained at constant
pressures during evacuation of the test section as well as pressure tap measurements from
each run. Reynolds-averaged Navier-Stokes (RANS) analyses were conducted and compared
with the time-averaged pressure fields. The time-averaged results demonstrate that the RANS
solutions adequately reproduce the highly three-dimensional, SBLI-induced surface pressure
loads. In regard to the unsteady pressure, the PSP captures the shock-induced peak in the root
mean square pressure and the low-frequency shock oscillations associated with separated SBLI,
while also providing a detailed, simultaneous global view of the three-dimensional interaction
which is not easily obtained with traditional pressure transducers.

Nomenclature

A(T),B(T),C(T) = Temperature dependent Stern-Volmer terms
ESP = Electronically scanned pressure
f = Frequency
fNL = Nonlinear regression model
G = Signal power
H = Height
h = Thickness
I = Image intensity
L = Length
M = Mach number
N = Vector length
NRMSE = Normalized root mean square error
p = Pressure
q = Dynamic pressure
Re = Reynolds number
RMS = Root mean square
r2 = Correlation coefficient
SST = Menter k − ω shear stress transport turbulence model
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St = Strouhal number
T = Temperature
U = Velocity
W = Width
WKW06 = Wilcox (2006) k − ω turbulence model
x, y, z = Spatial coordinates
xImp = Shock impingement location

β = Shock sweep angle
∆xWedge = Streamwise distance from the wedge to panel leading edge
δTBL = Turbulent boundary layer thickness
θ = Flow turn angle
σ = RMS pressure

Subscripts
0 = Total condition
∞ = Freestream
i = Index
PSP = Pressure sensitive paint
p = Panel
re f = Reference condition
T = Test section
SV = Stern-Volmer calibration
RANS = Reynolds-averaged Navier-Stokes
W = Wedge

Superscripts
¯ = Average
ˆ = Prediction

I. Introduction
Turbulent shock/boundary-layer interactions (SBLIs) represent a key challenge for modern aerospace vehicles. In

the mean sense, these interactions can produce sharp gradients in the aerothermal loads, intense three-dimensionality,
and separated flow [1, 2]. The unsteadiness associated with separated SBLI [3, 4] is also of concern since the
resulting wall pressure fluctuations can exhibit significant low-frequency energy content which may drive a structure at
resonance. These extreme aerothermodynamic loads, in combination with compliant structures, result in the potential
for highly-nonlinear, dynamic aeroelastic behavior. Thus, accurate characterization of the loading environment is critical
to the design and analysis of flight-weight structures.

There is a large body of literature focused on the development and implementation of discrete sensors to characterize
the mean and dynamic components of the surface loads for shock-dominated flows [1–3, 5, 6]. These studies have
primarily relied on high-frequency, surface mounted pressure transducers capable of providing the unsteady spectral
energy content of the incoming turbulent boundary layer as well as the SBLI. This information is crucial for the
validation of high-fidelity computational fluid dynamic (CFD) solutions [7] as well as the development of reduced-order
fluctuating pressure models [8–11]. However, many of these studies were restricted to two-dimensional and axisymmetric
canonical configurations such as compression ramps, impinging shocks, and double cones [7]. For these cases, the
three-dimensionality of the flow is generally negligible and a single streamwise array of pressure transducers can be
used to map the loading environment. In practical applications (e.g. swept SBLI, shock-shock interactions, structural
compliance, and side-wall effects), the interactions are considerably more complex and three-dimensional. As such, it
is necessary to measure the full-field surface pressure simultaneously. On their own, conventional surface-mounted
transducers are impractical for these applications due to the large number of sensors that are likely required, uncertainty
regarding their placement on the test article [12], the excessive costs to instrument a model [13], and the potential for
interference with the dynamic response of a compliant structure. Fast-response pressure sensitive paints (fast PSPs)
have emerged as a promising supplemental measurement for these configurations [13–15].
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Pressure sensitive paints exploit the sensitivity of luminescent molecules to oxygen density through a process known
as oxygen quenching [13, 14]. Typically, paint formations include a luminescent molecule, i.e. the luminophore,
embedded in an oxygen permeable binder that adheres the luminophore to the model surface [14]. The light intensity
emitted by the paint under ultraviolet excitation is a strong function of the oxygen concentration surrounding the
luminophore, which in turn is related the local air pressure. Images of the emitted luminescence can then be measured
using high-speed cameras and converted to instantaneous surface pressure fields via the Stern-Volmer relation [16].
Many conventional paints rely on a polymer binder. However, the response time of the paint is governed by the rate of
diffusion of gas within the polymer. This limits the application of these paints to measuring mean surface pressure. A
solution is the application of thinner paint layers, similar to the fast fluoro-isopropyl-butyl (TurboFIB) PSP developed
by Innovative Scientific Solutions, Inc. (ISSI). While this approach can improve the frequency response, the paint
generally suffers from reduced luminescent intensity, degraded signal-to-noise ratios, and signal attenuation effects.
Note that significant efforts have been made to correct for the latter two effects. This includes the development of
a diffusion-based model to correct the underprediction of the root mean square (RMS) pressure due to the limited
frequency response of the paint [17].

Fig. 1 Comparison of conventional and porous PSP formulations.

An alternate strategy for improving the frequency response of PSP is to increase the diffusivity of the paint binder.
This has led to the development of porous materials where the luminophore is directly exposed to the oxygen molecules
as opposed to suspended within the binder. This is schematically depicted in Fig. 1. Examples of porous PSP include
the polymer-ceramic (PC-PSP) developed by ISSI, which can detect fluctuations up to 20 kHz [18–20], and anodized
aluminum (AA-PSP), which has a response time on the order of 10 µs [21, 22]. Experimental configurations that
have used ISSI’s PC-PSP include transverse jet interactions [18], rectangular cavity flows [20], fin-generated swept
SBLI [23], impinging stationary and oscillating SBLI [24–26], and two-dimensional compression ramps [27]. Note
that several of the SBLI studies considered the effects of structural compliance. In addition, PSP was routinely used
simultaneously with other full-field, non-contact measurements including three-dimensional digital image correlation
(DIC), particle image velocimetry (PIV), and high-speed Schlieren. The results have demonstrated that the PC-PSP
provides a full-field view of complex, three-dimensional interactions, which is not easily recreated when relying
solely on discrete pressure transducers. However, temperature sensitivity remains a dominant source of error for the
unsteady PC-PSP measurements. In contrast, Sakaue et al. [22] has developed an AA-PSP with a significantly reduced
temperature dependency relative to other paints while retaining a high pressure sensitivity. This formulation has been
applied to a variety of geometries in high-speed flow including a half-angle cone/flare model [28, 29], cylindrical duct
with a conical intake [30], and compression corner [31].

During a recent entry in the Air Force Research Laboratory (AFRL) Research Cell 19 (RC-19) facility, the porous,
fast-response PC-PSP developed by ISSI was used to obtain measurements of the full-field surface pressure for a range
of oblique shock impingement conditions over a flat, rigid test article. Traditional pressure transducers were also
included in order to calibrate and evaluate the response of the PSP at discrete locations on the surface. The objective
of this paper is to use the full-field, unsteady pressure data to characterize the unique loading environment in RC-19
for a range of SBLI conditions. This includes understanding the impact of shock-induced separation, shock sweep,
and facility-dependent effects (e.g. sidewall effects and flow asymmetries) on the loads. Note that the measurements
obtained from these experiments are not meant to serve as canonical data sets due to the potential for facility-dependent
effects. Instead, the data and insights obtained will be key to developing robust and expedient models of the aerodynamic
loads in RC-19 which will enable long-duration aeroelastic predictions for shock-dominated flows [32, 33].

The remainder of the paper is organized as follows. The RC-19 experiments are briefly reviewed in Section II. This
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includes an overview of the fast PSP technique. The RANS model is detailed in Section III. The time-averaged pressure
loads, including a comparison between simulations and experiments, are presented in Section IV.A. Dynamic pressure
measurements are discussed in Section IV.B. Concluding remarks are provided in Section V.

II. Experimental Overview
A brief overview of the RC-19 facility, operating conditions, and instrumentation are provided below. This includes

a discussion on the setup and acquisition of fast PSP measurements. For additional information on the setup and
characterization of flow in the tunnel, the reader is referred to Spottswood et al. [34] and Brouwer et al. [35].

A. Facility and Geometry
The RC-19 is a continuous Mach 1.5 – 3 supersonic wind tunnel that was previously modified to accommodate both

rigid and flexible panels flush with the top wall. The present study used the rigid test specimen which was machined
from AISI 4140 alloy steel with the dimensions listed in Table 1. The sides of the tunnel contained large quartz windows
to allow for flow-field visualization. The bottom wall also contained a quartz window for full-field PSP illumination
and measurements. A shock generating wedge was installed on the wall opposite of the panel as shown in Fig. 2. The
wedge location was fixed during testing such that the inviscid shock impingement location occurred just upstream of the
midchord. The tunnel operating conditions are provided in Table 2. Note that while the wind tunnel configuration was
designed to produce a nominal test section Mach number of 2.0, static pressure measurements upstream and over the
test article support the lower value in Table 2.

Table 1 RC-19 test section and rigid specimen geometry.

Parameter Value
Test section length, LT (mm) 918
Test section width, WT (mm) 152
Test section height, HT (mm) 131
Rigid panel length, Lp (mm) 254
Rigid panel width, Wp (mm) 127
Rigid panel thickness, hp (mm) 12.7

Fig. 2 Schematic of the RC-19 test section with an inviscid oblique shock impingement. The dark gray planes
define the wedge, the orange plane is the impinging shock, and the green plane is the reflected shock. The tunnel
sidewalls are not shown.

A primary objective of this test campaign was to explore the impact of SBLI on the aerodynamic loads in the absence
of structural compliance. Three wedges were constructed to yield nominally two-dimensional SBLI with attached and
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Table 2 Operating conditions.

Parameter Value
Mach Number, M 1.92
Total pressure, p0 (kPa) 345
Total temperature, T0 (K) 290
Reynolds number, Re (m−1) 45.6 × 106

separated flow. An additional wedge was also designed to study the effect of swept shock impingements for attached
flow. The as-manufactured dimensions for each wedge are listed in Table 3 along with the estimated shock impingement
location, xImp/Lp , and streamwise distance from the wedge leading edge to the panel leading edge, ∆xwedge. The latter
two values were extracted from available PSP and Schlieren data along the midspan of the tunnel. The impingement
location was measured from the leading edge of the thin panel. Note that all of the wedges were approximately 150 mm
wide. A schematic of the inviscid shock impingement is also provided in Fig. 2.

Table 3 As manufactured shock generating wedge geometries.

Wedge Name θ (deg) β (deg) LW (mm) xImp/Lp ∆xWedge

4 deg wedge 3.9 - 110.8 0.41 0.086
Swept 4 deg wedge 4.0 20.3 109.5 0.42 0.095
8 deg wedge 8.1 - 70.8 0.43 0.053
12 deg wedge 11.6 - 59.7 0.40 0.046

B. Instrumentation

1. Discrete Wall Pressure Measurements
Traditional discrete measurements of surface pressure were included in the experiments. The sensor layout is

provided in Fig. 3 (b). Mean surface pressure was recorded at twenty-eight evenly spaced locations on the rigid panel
using an electronically scanned pressure (ESP) module. The panel was also instrumented with twenty Kulite XTEL-190
pressure transducers. A majority of the Kulites were placed over the upstream half of the panel along the midspan in
order to capture the streamwise shock-induced pressure gradients. Six Kulites were also installed off-center in order to
capture three-dimensional effects due to the sidewalls or swept shock impingements. As illustrated in Fig. 3 (b), five of
these Kulites stopped working during testing.

All discrete pressure signals were recorded over a period of approximately 10 s at sampling rates of 40 kHz and
1 Hz for the Kulites and ESP, respectively. Note that the discrete sensors and PSP measurements were recorded
simultaneously. The ESP data was averaged over the entire time history to obtain the mean pressure distributions. A
low-pass filter was applied to the Kulite data to filter frequencies larger than 4 kHz, i.e. the sampling rate of the PSP.
The optimal filtering scheme of Naguib et al. [36] was implemented in order to remove low-frequency tunnel noise from
the fluctuating wall pressures.

2. Fast, Porous Pressure Sensitive Paint
The commercially available, porous, fast-response paint used in this study is a three component, single-luminophore

paint from ISSI and is formulated for unsteady pressure measurements with high pressure sensitivity. The paint has a
quoted pressure range of p = [0,200] kPa, a temperature range of T = [273,353] K , and a response time of < 100 µs.
The paint also has a temperature sensitivity of 3.6% per K , which means that surface temperature variations must be
accounted for as part of the pressure calibration process. As will be shown later, this is particularly important for SBLI
conditions where shock-induced gradients in the surface temperature are present.

The fast-response PSP is composed of a polymer/ceramic formulation, which provides the porous structure, and the
luminescent molecule Platinum Tetra Pentafluorphenyl Porphine (PtTFPP). The paint includes three parts which were
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(a) Camera setup. (b) Sensor locations on the rigid panel.

Fig. 3 Rigid panel instrumentation in RC-19.

applied using a spray gun following the procedure provided by ISSI. Illumination for the PSP was provided by two
LM2X-400 LED heads entering through the bottom quartz window, as shown in Fig. 3 (a). The lights were triggered on
5 seconds prior to image acquisition and turned off after all images were taken. When excited with 400 nm violet light,
the luminescence of the paint at 610 nm was recorded on a high-speed SA-Z camera through the bottom window, as
illustrated in Fig. 3 (a). As mentioned above, the luminescence is a function of the local surface pressure where each
pixel in the resulting image acts as a dynamic pressure sensor. Intensity images were recorded at a rate of 4000 f ps for
approximately 15 s with a resolution of 1024 × 600 pixels. The resulting scale was 0.3 mm/pixel.

A ratio of the intensity images at a known wind-off pressure to the unknown wind-on conditions were computed in
order to account for non-uniformities in lighting and paint application. Contaminated regions corresponding to the
Kulite and static pressure sensors were removed during post-processing of the PSP data. Calibration was performed
in-situ during evacuation of the test section for discrete pressures in the range of [21,97] kPa and the coefficients were
computed through a second-order fit of the Stern-Volmer equation [16]:

Ire f
I
= A(T) + B(T)

pSV
pre f

+ C(T)
(

pSV
pre f

)2
(1)

Fig. 4 Fast, porous PSP calibration with least-squares curve fit of Eq. 1.

An example of the resulting fit is provided in Fig. 4 where atmosphere was taken as the reference condition. A
similar calibration was computed using images obtained after each of the runs with a different wedge in order to account

6

D
ow

nl
oa

de
d 

by
 A

FR
L

 D
'A

zz
o 

W
ri

gh
t-

Pa
tte

rs
on

 o
n 

Ju
ly

 1
3,

 2
02

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
3-

41
34

 



(a) Pressure sensitive paint (PSP) after application of
Eq. 1.

(b) Pressure sensitive paint (PSP) after application of
the nonlinear regression model, Eq. 2.

(c) Pressure measurements near the midspan.

Fig. 5 Comparison of mean pressure measurements before and after the nonlinear calibration of the unfiltered
PSP. θ = 4 deg, p∞ = 49.9 kPa, ReLp = 11.6 × 106.

for changes in the PSP luminophore response over successive runs. Note that this calibration neglects the variation of
the coefficients with temperature since the wind-off images were acquired at a constant value. However, the temperature
sensitivity of the paint cannot be ignored for SBLI conditions. Consider the mean pressure measurements for the 4 deg
wedge in Fig. 5. The PSP calibrated using the second-order Stern-Volmer fit, Fig. 5 (a), accurately captures the pressure
upstream, but exhibits large errors in the vicinity of the SBLI due to surface temperature gradients. Although not
shown, the errors grow in magnitude with increasing shock strength. In the absence of full-field surface temperature
measurements for the rigid article, an array of pressure transducers, Fig. 3 (b), were used to correct the output of the
Stern-Volmer equation. A nonlinear regression model, fNL , was constructed:

p
pSV
= fNL(x, y, pSV ) (2)

where p is the final temperature-calibrated pressure and pSV is the output of Eq. 1. This model form was selected in
order to ensure that the nonlinear surface, fNL , serves as a first-order multiplier to pSV . A support vector machine
regression model with a third-order polynomial kernel function was used to approximate fNL . MATLAB’s built-in
function fitrsvm was used to construct this model. The resulting temperature-corrected PSP for the 4 deg wedge is
provided in Fig. 5 (b) and yields an improvement in the surface pressure measurement relative to the discrete sensors.
Note that the above calibration approach is characteristically similar to the methodology outlined in Mears et al. [23].

An in-house MATLAB code was developed to post-process the raw PSP images and convert them to pressure fields.
First, the average wind-off intensity image was computed for the reference condition. Next, the wind-on images were
manually shifted in order to ensure alignment of the pressure sensors between the wind-on and wind-off images. This
operation removes noise that would otherwise be introduced due to movement of the tunnel relative to the camera during
testing. Ratios of the reference to wind-on images were computed for each run condition and Eq. 1 was applied to
each frame on a pixel-wise basis to obtain the instantaneous pressure fields. The Kulite and static pressure taps were
also removed from each image during this step. Next, the regression model in Eq. 2 was fit using the mean pressure
from the discrete sensors and pSV . Note that when fitting the model, pSV was not available at the exact sensor location.
Therefore, an average of the pixels closest to each sensor location was used as a substitute. The nonlinear regression
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model was applied to all images and the resulting temperature-calibrated pressure fields were spatially filtered using a
13 × 13 pixel averaging filter. This filter size was selected based on the Kulite diameter [34]. Similar to the Kulites, an
optimal filter[36] was applied to remove the tunnel noise from the paint signals.

III. Computational Modeling
The NASA Langley CFL3D code [37, 38] was used to compute the required flow solutions. The code uses an

implicit finite volume algorithm based on upwind-biased spatial differencing to solve the RANS equations. Since
CFL3D is a RANS solver, closure of the equations is achieved through turbulence modeling. Thus, only a mean
prediction of an otherwise dynamic flowfield is obtained and unsteadiness induced by SBLI is not captured [7].

Fig. 6 Reynolds-averaged Navier-Stokes (RANS) mesh.

The computational domain for the RC-19 experiments in Fig. 6 consisted of 501, 193, and 169 points in the x,
y, and z-directions, respectfully. Grid points were exponentially distributed away from the tunnel walls in the y and
z-directions. The resulting mesh had an average nondimensional wall spacing of 0.25. In addition, 401 and 73 points
were evenly distributed over the surface in the x and y-directions, respectively. Grid convergence for this setup was
addressed in previous publications [32, 35, 39]. The width and height of the mesh matched those of the tunnel listed in
Table 1. The entire tunnel length, i.e. nozzle and test section, was not modeled in order to reduce computational costs.
Instead, the upstream boundary of the mesh was located 0.25 m from the rigid panel leading edge. An inflow turbulent
boundary layer was specified using the Sun and Childs [40] profile for the outer layer and the Musker [41] profile for the
inner viscous sublayer. Note that generation of the velocity profile required the specification of the turbulent boundary
layer thickness. This quantity was selected such that the boundary layer thickness at the leading edge of the rigid
test specimen matches that reported in Spottswood et al. [34], i.e. δTBL = 8.6 mm. The boundary layer temperature
profile was specified using the model presented in Whitfield and High [42]. Pressure was assumed to be constant
through the boundary layer. No-slip, adiabatic wall boundary conditions were used for all of the tunnel sidewalls. An
extrapolation condition was assumed at the downstream boundary of the mesh. The mesh was deformed on the bottom
boundary in accordance with the shock-generating wedge geometries listed in Table 3. The as-manufactured wedges
had a right triangle profile when viewed from the side. In order to simplify the meshing procedure the trailing edge of
the wedges were assumed to have a steep slope, as illustrated in Fig. 6. Although not shown, several different trailing
edge angles were considered. For sufficiently steep angles, the trailing edge geometry did not appreciably impact the
loading environment over the panel.

The specification of an appropriate turbulence model for a given application remains an area of active research,
particularly for SBLI [43–45]. Various turbulence models have been examined for closure of the RANS equations, and
in general have been shown to reasonably predict surface pressure, except in the presence of significant flow separation.
Two different turbulence models were considered for comparisons with the measured surface pressure: Wilcox (2006)
k-ω (WKW06) [46] and Menter k-ω shear stress transport (SST) [47]. As demonstrated later, the SST and WKW06
models produced nearly identical results for conditions with attached flow and only differed in the presence of significant
separation. As such, only the WKW06 model results are presented for the unswept and swept 4 deg wedges.
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IV. Results and Discussion
Full-field, time-averaged and unsteady pressure field measurements are presented for each SBLI condition. The

mean surface pressures are compared against available discrete Kulite and static pressure tap data. Reynolds-averaged
Navier-Stokes (RANS) solutions are also benchmarked using the PSP data. This comparison gives confidence in
the loading environment predicted by the RANS model which is used in combination with enriched piston theory to
construct reduced-order models of the aerodynamic loads [32, 39]. Note that the measured pressure fields from PSP
could also be used to construct such models [11].

Unsteady pressure results are presented in terms of the RMS and power spectral densities (PSDs). Since the
computational modeling in this study is restricted to RANS solutions, only the Kulite data are available for comparison
with the PSP. Note that Funderbunk and Narayanaswamy [17] developed models to correct unsteady PSP for degraded
signal-to-noise ratios and signal attenuation effects. These effects aren’t anticipated to be an issue for the current
application of PSP given that the paint’s reported response time is < 100 µs and the sampling frequency is 4 kHz.
Similar to the time-averaged pressure fields, the full-field unsteady data is critical to the development of data-driven,
semi-empirical models of the fluctuating component of the loads [11] as well as validation of higher-fidelity CFD
solutions (i.e. large-eddy and direct numerical simulations).

A. Time-Averaged Surface Pressure
The time-averaged, surface pressure is presented in Figs. 7 - 12. The pressure sensor locations have been removed

from all of the PSP images. In addition to full-field measurements and predictions, surface pressure near the midspan is
also provided. Although not located near the midspan, results from the static pressure taps (ESP) are also shown to
highlight any three-dimensionality in the mean pressure. The PSP curves are extracted along y/Lp = 0.03 to avoid
the influence of the midspan pressure taps on the PSP. For the full-field pressure, the correlation coefficient, r2, and
normalized root mean square error, NRMSE , are used to evaluate the RANS predictions relative to the PSP.

r2 =

(∑N
i=1 (pi − p)

(
p̂i − p̂

))2

∑N
i=1 (pi − p)2

∑N
i=1

(
p̂i − p̂

)2 (3)

NRMSE(%) = 100 ×

√
1
N

∑N
i=1 |pi − p̂i |2√

1
N

∑N
i=1 |pi |

2
(4)

In Eqs. 3 and 4, p is the measured pressure, p̂ is the predicted pressure evaluated at the measurement locations, the bar
symbol corresponds to an average value, and N is the total number of points. The correlation coefficient varies between
0 and 1, where a value of 1 corresponds to perfect correlation. The correlation coefficient is used to compare the shapes
of the response, whereas the NRMSE aggregates all errors into a single metric. Error metrics are listed in Table 4.

Table 4 Error metrics for predicted mean surface pressure.

4 deg wedge Swept 4 deg wedge
8 deg wedge 12 deg wedge

SST WKW06 SST WKW06
r2 0.960 0.965 0.974 0.987 0.964 0.981

NRMSE (%) 5.05 5.73 4.67 3.81 6.21 5.57

First, consider the mean surface pressures for the 4 deg wedge in Fig. 7. While the wedge is nominally two-
dimensional, the resulting SBLI on the panel surface exhibits mild three-dimensionality in the incident shock footprint.
This result is due to the interaction of the incident shock with the corner flow [48]. The shock generating wedge spans
most of the tunnel width, producing a sidewall shock interaction that is characteristically similar to a swept SBLI
generated by a vertical fin. While the flow remains attached along the tunnel walls, the shock causes the boundary layer
in the top corners to thicken. This produces a series of compression waves which spread the shock-induced pressure rise
over a larger streamwise distance near the corner resulting in the upstream facing, concave shock footprint observed
in the PSP data. The WKW06-based RANS solution exhibits an identical curvature of the incident shock footprint,
particularly near the edges of the rigid panel in Fig. 7 (b). Along the panel midspan, the simulated pressure field exhibits
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a clear peak immediately downstream of the impingement location. While the measured pressure from both the Kulites
and PSP exhibit a similar peak, it is not as pronounced. Note that the peak pressure in the PSP is partially obscured by
the Kulites. The interaction of the impinging shock with the corner flow is likely also responsible for the pressure peak.
Downstream of the shock impingement, there is a steady decrease in the pressure as the expansion fan from the trailing
edge of the wedge impacts the panel. The overall agreement between the simulations and PSP is quite good with an
NRMSE and r2 of 5.05% and 0.960, respectively.

(a) Pressure sensitive paint (PSP).

(b) Reynolds-averaged Navier-Stokes (RANS) solution using
the WKW06 turbulence model [46].

(c) Prediction and measurements near the midspan.

Fig. 7 Comparison of the predicted and measured surface pressure for the 4 deg wedge. p∞ = 49.9 kPa,
ReLp = 11.6 × 106.

There is a growing body of work within the SBLI literature focused on swept SBLI configurations. These interactions
include swept compression ramps [49–53], sharp fins [23, 54–56], and swept oblique shock impingements [57, 58]. The
latter case has been studied extensively in the supersonic wind tunnel at the University of Arizona [58–62]. In order to
examine the impact of sweep on the loading environment in RC-19, the 20 deg swept 4 deg wedge results are provided
in Fig. 8. As expected, the tunnel sidewalls have a significant impact on the full-field pressure. Over the lower half of
the panel in Fig. 8 (a), the shock footprint exhibits a sweep that is comparable to that of the shock-generating wedge.
However, the shock is turned perpendicular to the wall over the upper half of the panel. As will be discussed shortly,
this behavior is due to the interaction of the incident shock with the sidewall and is consistent with results published
[57]. An apparent reflected shock is also visible downstream over the lower half of the panel, producing a λ-shaped
footprint. This feature is visible in both the PSP and WKW06-based RANS analysis.

The peak pressure is observed to occur in the PSP data near (x, y)/Lp = (0.35,0.125). While the simulations predict
a similar peak at the same streamwise position, the spanwise location is off by approximately 8.5%. This discrepancy is
likely due to differences in the corner flow interaction and/or incoming turbulent boundary layer between simulations
and experiments. Another potential (albeit smaller) source of error may be the nonlinear regression model used to
correct the PSP for surface temperature effects. Constructing a suitable nonlinear regression model was challenging
due to the sparsity of the discrete pressure sensors combined with the nonlinearity of the pressure field. While it is
possible that the regression model contributed to the error, a formal uncertainty analysis was not carried out for the PSP
data. This dependence on pressure sensors also highlights the need for full-field temperature measurements to properly
calibrate the PSP. Obtaining this data is a focus of future work in RC-19. Downstream of the shock impingement there is
a gradual decline in the pressure due to the incident expansion fan, similar to the unswept wedge. Overall, the agreement
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in surface pressure between simulation and experiment is reasonable given the error metrics in Table 4.

(a) Pressure sensitive paint (PSP).

(b) Reynolds-averaged Navier-Stokes (RANS) solution using
the WKW06 turbulence model [46].

(c) Prediction and measurements near the midspan.

Fig. 8 Comparison of the predicted and measured surface pressure for the 20 deg swept 4 deg wedge. p∞ =
49.9 kPa, ReLp = 11.6 × 106.

(a) Inviscid pressure contours.

(b) Computational skin friction streamtraces with pressure contours for the WKW06 turbulence model [46].

Fig. 9 Computational solutions along the top tunnel wall for the 20 deg swept 4 deg wedge. p∞ = 49.9 kPa,
ReLp = 11.6 × 106.

Measurements of the flow-field were not the focus of the present experiments in RC-19. As such, there is limited
data on the structure of the shock and expansion waves in the test section. Note that future entries will include a focused
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Schlieren system in order to visualize spanwise slices of the flow-field. This data will be used to further benchmark
the RANS models as well as gain an improved understanding of the incident and reflected shock structures. In the
absence of this data and given the above comparison, the RANS solutions are used to visualize the predicted flow-field
in order to better understand the mechanisms leading to the measured surface pressure in Fig. 8. The inviscid solution
for the swept wedge is provided in Fig. 9 (a) for reference. Computational skin friction streamtraces are shown on top of
the viscous surface pressure contours in Fig. 9 (b). First, consider the inviscid solution in Fig. 9 (a) which produces
a similar shock structure on the top wall of the tunnel. Near the sidewalls, the shock is turned normal to the wall in
order to satisfy the zero-crossflow condition at the boundary. Over the lower half of the panel, where the flow is turned
away from the lower sidewall, the incident shock sweep mimics that of the wedge. As the upper sidewall is approached,
the flow must turn again resulting in the weaker reflected shock highlighted in Fig. 9 (a). Note that the peak pressure
occurs at the impingement location along the upper sidewall and is similar in magnitude to the peak value in the viscous
solution. The roll-off in pressure observed downstream of the interaction is due to the impinging expansion fan from the
trailing edge of the wedge.

Given the similarities between the inviscid and viscous solutions in Fig. 9, the observed shock structure is primarily
an inviscid phenomena and the presence of the boundary layer largely serves to compress the spanwise extent of the
inviscid, freestream flow in the tunnel. However, there are some noticeable differences. In the viscous solution, the
swept incident shock thickens the corner boundary layer which produces a series of weak compression waves. In the
lower corner these waves work with the impinging shock to turn the flow away from the sidewall as evidenced by the
streamlines downstream of the swept shock. In contrast, the compression waves from the upper corner, y/Lp = 0.3,
work to turn the flow away from the wall but in the opposite direction of the swept incident shock. This results in the
main shock being turned nearly perpendicular to the upper sidewall. The weaker reflected shock from the inviscid
solution is also visible over the lower half of the panel. While the incident shock on its own is not strong enough to
separate the flow over the panel, the interaction with the sidewall yields a sufficiently large pressure gradient to produce
a small region of reversed flow along the upper sidewall. Measurements of undisturbed supersonic corner flows [63]
have also demonstrated that the boundary layer profiles are less full than those along the midspan and are therefore
prone to separation, even in the presence of relatively weak shocks.

Fig. 10 Distortion of the incident and reflected shocks for the WKW06-based RANS analysis. The top image
shows Mach number contours along the midspan. The shock structures are illustrated with contours of
the streamwise density gradient at selected wall-normal locations. θ = 4 deg, β = 20 deg, p∞ = 49.9 kPa,
ReLp = 11.6 × 106.

The variation of the swept shock structure in the panel normal direction (i.e. z-direction) is also evaluated in Fig. 10.
The smaller images show the structure of the shocks and expansion fans using the streamwise density gradients at the
wall-normal slices highlighted in the larger image of the Mach contours. At the lowest wall-normal slice, labeled as
image (a) in Fig. 10, the impinging shock emanating from the leading edge of the swept wedge is clearly visible. This
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shock remains swept over the entire span of the tunnel, except in the vicinity of the corners where the interaction with
the corner boundary layer bends and weakens the shock. There are two other features of note in this first image: the
wedge trailing edge expansion fan and reattachment shock. While the expansion fan impacts the surface pressure over
the back half of the rigid panel in Fig. 8, the reattachment shock only affects the flow downstream of the panel. Moving
in the positive z-direction, the incident shock progressively bends to become perpendicular to the sidewall located
at y/Lp = 0.3. As mentioned previously, a weaker reflected shock originates from the location where the incident
shock turns resulting in the λ-shaped shock structure. This behavior is due to the increasing impact of the interaction
between the impinging shock and the tunnel sidewall. The primary reflected shock doesn’t appear until image (d) and,
as expected, exhibits a similar shape to the incident shock.

Even in the absence of flow separation, the intense three-dimensionality of the loading environment produced by the
swept 4 deg wedge is of particular interest in the context of compliant structures. For this case, the pressure loading is
expected to excite spanwise modes as opposed to the streamwise ones observed in previous post-flutter measurements
[32, 35]. Identifying flutter boundaries and exploring the post-flutter behavior for the swept wedge configuration is a
focus of ongoing research [33].

(a) Pressure sensitive paint (PSP).

(b) Reynolds-averagedNavier-Stokes (RANS) solution using
the WKW06 turbulence model [46].

(c) Prediction and measurements near the midspan.

Fig. 11 Comparison of the predicted and measured surface pressure for the 8 deg wedge. p∞ = 49.9 kPa,
ReLp = 11.6 × 106.

Mean surface pressure results for the 8 deg wedge are provided in Fig. 11. The shock-induced pressure rise occurs
just upstream of the panel midchord. The spanwise variation of the reflected shock line is relatively two-dimensional
compared to the curvature observed for the unswept 4 deg wedge in Fig. 7 (a). This change in shape is due in part
to the presence of mild shock-induced separation along the tunnel midspan in combination with the aforementioned
corner flow effects. The measured pressure field is increasingly three-dimensional downstream of the peak pressure.
The observed behavior is consistent with literature on impinging SBLIs in moderate aspect ratio tunnels [64] and is due
to the weak shock waves emanating from the corners which result in an elongated region of an unfavorable pressure
gradient centered about the midspan. The WKW06-based RANS solution captures the pertinent features of the SBLI
pressure loading for this case. In addition, the impact of the corner flows on the reflected shock footprint are visible
near the spanwise edges of the panel. While both turbulence models provide a good estimate of the peak pressure and
roll-off due to the impinging expansion fan along the midspan, the SST model underpredicts the x-location of the initial
pressure rise. This is accompanied by an increase in the predicted shock-induced separation length along the midspan
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for the SST model, 0.109Lp , relative to that predicted by the WKW06 model, 0.088Lp . The variation in the predicted
separation lengths is attributed to differences in the turbulent viscosity. The WKW06 model predicts an increased
turbulent viscosity relative to the SST model, resulting in smaller separation bubbles [65].

The measured and predicted mean pressure loads for the final wedge are provided in Fig. 12. In general, the
PSP measurements compare favorably to the Kulite and static pressure ports along the midspan. However, the PSP
overestimates the pressure loads upstream of the interaction region relative to the discrete sensors. This difference is
likely due to the sparsity of the pressure sensors in the vicinity of the extreme shock-induced pressure gradient which
complicates the construction of the nonlinear regression model, Eq. 2, in Sec. II.B.2. An improvement in the agreement
would be expected if full-field temperature measurements were available to properly calibrate the PSP. Compared to the
8 deg wedge, the region of elevated pressure is significantly larger due to the stronger incident shock and resulting
separation bubble generated by the 12 deg wedge. The initial pressure rise also exhibits clear three-dimensionality
across the span as opposed to the 8 deg wedge results. Both wedges exhibit similar characteristics downstream of the
interaction. Specifically, an upstream-facing, concave peak pressure line followed by a mildly three-dimensional roll-off
in pressure due to the impinging expansion fan from the trailing edge of the wedge.

(a) Pressure sensitive paint (PSP).

(b) Reynolds-averagedNavier-Stokes (RANS) solution using
the WKW06 turbulence model [46].

(c) Prediction and measurements near the midspan.

Fig. 12 Comparison of the predicted and measured surface pressure for the 12 deg wedge. p∞ = 49.9 kPa,
ReLp = 11.6 × 106.

The WKW06 RANS solutions are provided in Fig. 12 (b). Both turbulence model results along the midspan are
shown in Fig. 12 (c). The predictions compare favorably to the measured pressure loads with NRMSE and r2 values for
both cases of less than 6.5% and greater than 0.960, respectively. Similar to the previous results, the WKW06 model
provides superior predictions relative to the SST model due in part to the SST model’s overprediction of the midspan
separation length, as illustrated in Fig. 12 (c). Here, the prediction separation lengths are 0.174Lp and 0.140Lp for
the SST and WKW06 models, respectively. While both turbulence models overshoot the peak pressure, the WKW06
prediction is slightly higher. The pressure decline resulting from the impinging expansion fan is reasonably captured
by the RANS models. A comparison of the separation shock footprints are provided in Fig. 13 and are defined as
the location of the maximum streamwise pressure gradient. Note that the application of a smoothing algorithm was
necessary to obtain the experimental shock footprint from the PSP images. Although not necessary, the same algorithm
was used for the RANS solutions to obtain consistent results. The WKW06 model predicts a very similar footprint with
an NRMSE of approximately 6%. The SST model clearly predicts the incorrect shape with an error in excess of 12%.
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As discussed in greater detail below, the elevated error is due to the larger centerline separation bubble predicted by the
SST model which results in the downstream-facing, concave curvature of the separation shock. In contrast, the WKW06
model and the experiments exhibit two peaks near the quarter and three-quarter span. These peaks are due to the weak
compression waves emanating from the corner flow.

Fig. 13 Comparison of separation shock footprint along the span of the test article for the 12 deg wedge.
p∞ = 49.9 kPa, ReLp = 11.6 × 106.

(a) SST turbulence model [47].

(b) WKW06 turbulence model [46].

Fig. 14 Computational skin friction streamtraces on the top wall of the RANS solutions for the 12 deg wedge.
Pressure contours are also provided. p∞ = 49.9 kPa, ReLp = 11.6 × 106.

Having benchmarked the RANS simulations, the predicted solutions are used to explore the flow field associated
with the pressure distributions in Fig. 12. The computational skin friction streamtraces along the top wall are provided
in Fig. 14. Surface pressure contours are also provided for both RANS models. As the incoming flow approaches the
impinging SBLI, the corner experiences a rapid thickening and separation upstream of the reflected shock footprint.
The corner separation bubbles are clearly visible along the top wall boundaries and upstream of the main centerline
separation in both images of Fig. 14. It is important to note the significant variation in separation size between the two
turbulence models which is driven by the turbulent viscosity predictions. Specifically, the WKW06 model predicts
elevated values which result in fuller incoming boundary layer profiles that are less inclined to separation. Since the
incoming flow for the SST model has a greater tendency to separate, the incident shock and swept SBLI along the tunnel
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sidewall produce larger regions of reversed corner flow which extend to approximately a quarter of the tunnel width.
In contrast, the WKW06 predicts a corner separation bubble that barely reaches the panel edge, as shown in Fig. 14.
A byproduct of this behavior is that the SST model produces a significantly more three-dimensional flow-field. The
difference in incoming boundary layer profiles is also responsible for the larger centerline separation bubble for the SST
model compared to the WKW06 model. The compression waves emanating from the corner separation are evident in
Fig. 14 and eventually interact with and alter the separation shock leading to the footprints provided in Fig. 13. The
peaks in the shock footprint approximately occur at the intersection of the compression waves and reflected shock.
Another effect of the compression waves is that in the vicinity of the corner, they tend to spread the pressure rise from
the reflected shock over a larger distance which produces a milder pressure gradient between the corner and centerline
separation regions [64]. In fact, the flow remains attached in this region for both turbulence models. Although not
explicitly shown, the size of this attached flow region is smaller for the SST model due to the larger separation bubbles.
Finally, the centerline separation no longer exhibits the spanwise uniformity of a classical two-dimensional separated
SBLI. Instead, the interaction of the compression waves with the separation zone results in an elongation along the
centerline [48, 64, 66]. This elongation is considerably more pronounced for the SST model.

Fig. 15 Distortion of the incident and reflected shocks for the WKW06-based RANS analysis. The top image
shows Mach number contours along the midspan. The shock structures are illustrated with contours of the
streamwise density gradient at selected wall-normal locations. θ = 12 deg, p∞ = 49.9 kPa, ReLp = 11.6 × 106.

The computational skin friction streamtraces illustrate the three-dimensionality of the surface loading for the 12 deg
wedge. The corner separation bubbles clearly contribute to this behavior. However, the sidewall boundary layer and its
interaction with the main impinging shock also play an important role in the three-dimensionality of the flow field.
As previously mentioned, the swept SBLI along the sidewalls is similar to the canonical single-fin SBLI geometry
which has received significant attention in the literature [23, 54–56]. Note that for the RC-19 configuration, the 12 deg
wedge does not appear to produce a large enough adverse pressure gradient to separate the flow along the sidewall [54].
However, the sidewall SBLI significantly alters the structure of the incident shock wave, as shown in Fig. 15. Here, the
larger image shows the Mach contours along the tunnel midspan, whereas the smaller images provide the streamwise
density gradients at a subset of wall-normal locations. Only surface data on the rigid test article was obtained for the
present experiments in RC-19. As a result, there is no available measurements of the flow-field to compare with the
RANS solutions. Future entries in RC-19 will consider the use of focused Schlieren to obtain spanwise slices of the
flow-field for comparison with RANS predictions.

In image (a), the upstream-facing curvature of the incident shock is clearly visible. This shape is a direct result
of the interaction with the tunnel sidewall and bottom corner boundary layers. A careful examination of the density
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gradients for the incident shock highlights that the shock strength varies across the span and is strongest near the quarter
and three-quarter span. This result is due to the swept SBLI along the sidewall which distorts the impinging shock and
increases the pressure gradient across it. An excellent review of a characteristically similar flow-field is provided in [48].
The expansion fan from the trailing edge of the wedge is visible between the incident and reflected shocks in the first
three images of Fig. 15. In contrast to the incident shock, the reflected shock in image (a) is clearly weaker near the
sidewalls. As discussed earlier, this behavior is due to the compression waves emanating from the corner separation
along the top tunnel wall and are clearly visible in the last two images of Fig. 15. The compression waves also intersect
with and alter the reflected shock footprint. There is a clear increase in the reflected shock strength near this intersection.
Again, the results for the WKW06 model are consistent with the measured footprint in Fig. 13.

B. Unsteady Surface Pressure

1. Root Mean Square Pressure Field
The RMS of the unsteady pressure signals, normalized by the freestream dynamic pressure, are shown in Figs. 16 - 19.

A comparison of the Kulites and PSP along the midspan is provided in addition to the full-field PSP data. Similar to the
mean pressure, the PSP slice is offset from the midspan in order to avoid the influence of the pressure transducers on
the paint response. The unswept 4 deg wedge produces a relatively small peak in the RMS pressure at the location of
the incident shock. Similar to the mean pressure, the peak RMS has a concave curvature across the span due to the
interaction of the corner flows with the incident shock. Surprisingly, there is some asymmetry across the span of the
RMS peak. A possible explanation is that the incoming flow has a slight angle. However, an in-depth characterization
of the tunnel flow without SBLI has not been conducted. Downstream of the peak, the RMS pressure rapidly drops off
and returns to the attached turbulent boundary layer levels observed prior to the shock impingement.

(a) Pressure sensitive paint (PSP).
(b) Comparison between PSP and Kulites.

Fig. 16 Measured RMS pressure for the 4 deg wedge. p∞ = 49.9 kPa, ReLp = 11.6 × 106.

The sparsity of the Kulite array along the midspan limits the ability to precisely capture the shock-induced RMS
pressure peak. This further highlights the advantage of full-field PSP over discrete sensors. Specifically, only a limited
number of pressure sensors were available for use due to cost and tunnel limitations. As such, the sensor locations were
carefully selected to ensure that potential regions of interest were adequately represented. In the absence of experimental
data, RANS analyses were used to identify these regions resulting in some uncertainty in the sensor locations. In
contrast, PSP doesn’t require a priori knowledge of the loading environment and provides continuous information on
how the dynamic pressure changes through the SBLI. Regardless of these issues, there appears to be good agreement in
the location of the peak between the two measurements. Downstream of the shock impingement, the Kulites exhibit a
more gradual decline in the RMS pressure before returning to the attached turbulent boundary layer levels near the
three-quarter chord. The PSP also overestimates the RMS pressure of the furtherest downstream Kulite. While these
discrepancies are still under investigation, possible explanations include unsteady signal attenuation and non-trivial
residual noise in the PSP dataset.
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(a) Pressure sensitive paint (PSP).
(b) Comparison between PSP and Kulites.

Fig. 17 Measured RMS pressure for the 20 deg swept 4 deg wedge. p∞ = 49.9 kPa, ReLp = 11.6 × 106.

The three-dimensionality of the unsteady pressure field is more pronounced as the impinging shock is swept relative
to the incoming flow. Over the lower half of the panel, y/Lp < 0, the peak RMS line is swept by approximately 20 deg
but turns perpendicular to the sidewall as the upper edge of the panel is approached. This behavior is consistent with the
mean pressure field and is due to the interaction between the sidewall swept SBLI, the corner flow, and the incident
shock. There is a peak in the RMS pressure (σp = 0.04q∞) which corresponds to the location of the maximum pressure
in Fig. 8. This peak is slightly elevated compared to the maximum RMS for the unswept wedge. Note that the peak was
not observed in the Kulites due to their sparsity. Possible explanations for the peak RMS include the tunnel inflow
asymmetry as well as sidewall effects. Since the peak is coincident with the maximum time-averaged pressure, which
appears in both the simulations and experiments, the latter explanation seems to be more plausible as the simulations do
not account for tunnel inflow asymmetry. Along the midspan, there is good agreement between the two measurements
in the location and value of the initial shock-induced RMS pressure rise. The PSP does overestimate the drop in RMS
pressure behind the incident shock. As noted, this discrepancy is a subject of ongoing research. There is a second,
albeit smaller, peak which occurs near x/Lp = 0.5 and is visible in both the PSP and Kulites. This peak is a byproduct
of the weaker reflected shock discussed in Sec. IV.A.

(a) Pressure sensitive paint (PSP).
(b) Comparison between PSP and Kulites.

Fig. 18 Measured RMS pressure for the 8 deg wedge. p∞ = 49.9 kPa, ReLp = 11.6 × 106.

The RMS pressure fields for the separated SBLI conditions are shown in Figs. 18 and 19. While the peak RMS is
slightly higher for the 12 deg wedge, the RMS measurements are characteristically similar for both SBLI conditions.
Upstream of the impingement, the RMS value is approximately constant and consistent with an undisturbed turbulent
boundary layer. There is a sharp increase in the RMS level near the onset of shock-induced separation. Similar to the
mean pressure loading, there is spanwise non-uniformity in the peak RMS. This result is due to the compression waves
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emanating from the corner flow which impinge on the reflected shock resulting in elevated RMS values. The smallest
peak RMS pressure from the PSP appears to occur along the midspan. However, the presence of the pressure sensors
obscured the PSP data in this region. Similar to the results for the unswept 4 deg wedge, there is some asymmetry in the
RMS pressure field for both the 8 deg and 12 deg wedges which appears to follow a similar trend irrespective of the
wedge. As mentioned above, this suggests a facility-dependent mechanism in the incoming flow. A second peak due to
reattachment of the flow is observed to occur immediately downstream of the separation peak. As expected, this peak is
broader with a smaller amplitude. The distance between these two peaks, which is an estimate of the experimental
shock-induced separation length, is approximately 0.08Lp for the 8 deg wedge and 0.12Lp for the 12 deg wedge. These
values are consistent with the RANS solutions reported in Sec. IV.A and support the accuracy of those predictions.

(a) Pressure sensitive paint (PSP).
(b) Comparison between PSP and Kulites.

Fig. 19 Measured RMS pressure for the 12 deg wedge. p∞ = 49.9 kPa, ReLp = 11.6 × 106.

A comparison of the PSP and Kulite RMS pressure along the midspan is provided in part (b) of both figures. Again,
there is excellent agreement between the two measurements in terms of the location of the peaks. An off-span Kulite
within the intermittent region is provided for the 8 deg wedge case in Fig. 18 (b). Note that none of the working
Kulites located off of the midspan captured the intermittent region for the 12 deg wedge case. Downstream of the shock
impingement, the PSP continues to initially underestimate the RMS pressure compared to the Kulites. The PSP then
overshoots the Kulite measurement near the panel trailing edge. As noted, these results are still under investigation.
Regardless, the above comparisons are encouraging and demonstrate that the PSP can capture the pertinent features for
the shock-induced RMS pressure field.

(a) Pressure sensitive paint (PSP). y/Lp = −0.16.
(b) Comparison between PSP and Kulites in the inter-
mittent region.

Fig. 20 Measured pressure PSD for the 8 deg wedge. p∞ = 49.9 kPa, ReLp = 11.6 × 106.
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2. Unsteady Pressure Spectra
The power spectral densities (PSDs) of the unsteady pressure are presented in Figs. 20 and 21. Only the results for

the 8 deg and 12 deg wedges are presented due to the presence of shock-induced separation and the accompanying
low-frequency shock oscillations for these cases. The spatial averaging filter discussed in Sec. II.B.2 was applied to
all PSP data. Pressure spectra were computed via Welch’s method of windowed Fourier transforms using 512-point
segments with 50 % overlap. Each segment was windowed with a Hamming window. The resulting frequency resolution
was approximately 8 Hz. Note that the Kulites were down-sampled to the same frequency as the PSP in order to provide
one-to-one comparisons between the two measurements. The pressure power, G( f ), was pre-multiplied by f to enable
direct comparisons in unsteady energy content across all resolvable frequencies. The measured PSP pressure spectra
along a streamwise slice are provided for both wedge conditions in Figs. 20 (a) and 21 (a). Power spectral densities in
the intermittent SBLI region are compared in part (b) of each figure. Note that the off-span Kulite in Fig. 18 (b) is used
for comparison with the 8 deg wedge PSP data.

(a) Pressure sensitive paint (PSP). y/Lp = 0.03. (b) Comparison between PSP and Kulites in the inter-
mittent region.

Fig. 21 Measured pressure PSD for the 12 deg wedge. p∞ = 49.9 kPa, ReLp = 11.6 × 106.

A comparison of the PSP pressure spectra along the streamwise direction highlights similar SBLI features for both
wedge conditions. Upstream of the shock impingement, there is an increase in the pre-multiplied power with frequency,
which is characteristic of undisturbed turbulent boundary layer flows. At the onset of the SBLI there is a sharp increase
in the power and the peak shifts to lower frequencies indicating the presence of shock oscillations. This is a relatively
broadband peak centered about frequencies of approximately 428 Hz and 355 Hz for the 8 deg and 12 deg wedges,
respectively. The frequency for the 8 deg wedge is slightly larger due to the smaller separation length. When normalized
by the freestream velocity, U∞, and the predicted separation lengths reported in Sec. IV.A, the non-dimensional Strouhal
numbers (St) are 0.021 and 0.025 for the 8 deg and 12 deg wedges, respectively. Note that these values are within
the reported range for low-frequency oscillations associated with separated SBLI. Due to the different incident shock
strengths and the resulting separations lengths, the onset of the SBLI for the 12 deg wedge occurs just upstream of the
location for the 8 deg wedge. This is consistent with the time-averaged pressure distributions reported earlier. A second,
less prominent peak is observed in both SBLI cases immediately downstream of the separation-induced peak and is
associated with reattachment of the flow. As expected, both peaks align with those in the RMS pressure.

The pressure spectra for the PSP and Kulite are compared within the intermittent region in Figs. 20 (b) and 21 (b).
The results clearly indicate that both methods capture the broadband, low-frequency unsteadiness associated with the
separation shock motion. However, the PSP does overestimate the frequency associated with the peak power. For the
8 deg and 12 deg wedges, the Kulites display peaks centered about 384 Hz and 316 Hz, respectively. This is an error of
approximately 12% for both cases. The PSP also overestimates the power at higher frequencies. While this discrepancy
is not fully understood, it is possible that there is a non-trivial residual noise in the PSP data that is influencing the PSDs.
Aliasing of the PSP may also be a concern and could potentially explain the shift in shock frequencies when comparing
the PSP and Kulites. Addressing these issues will be a focus of future research.
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V. Concluding Remarks
Spatially resolved, time-averaged and unsteady surface pressures in the presence of turbulent shock/boundary

layer interactions (SBLIs) were obtained using pressure sensitive paint (PSP). Several shock generating wedges were
considered providing SBLI conditions ranging from attached to separated flow. Shock sweep effects were investigated
for attached SBLI. Traditional, discrete pressure measurements (i.e Kulites and static pressure sensors) were also used.
In-situ calibration of the PSP was performed using images obtained at discrete pressures during evacuation of the test
section. Since the wall temperature was approximately constant during the acquisition of these images, the resulting
calibration did not account for temperature effects. A nonlinear regression model was constructed using the discrete
pressure sensors in order to correct the calibrated PSP images for shock-induced surface temperature gradients. Note
that the sparsity of the discrete pressure sensors proved to be a challenge in constructing a suitable regression model.
This issue likely increased the error in the PSP results. However, a formal calculation of the PSP uncertainty was not
conducted. Access to full-field temperature measurements would eliminate the need for the nonlinear regression model.
Obtaining this data is a focus of future entries in RC-19. Reynolds-averaged Navier-Stokes (RANS) solutions for each
wedge condition were also computed and compared with the measured time-averaged pressure fields. Two different
turbulence models were considered.

For attached flow conditions, all of the RANS solutions exhibit good agreement with regard to the mean pressure
loading. Normalized root mean square errors (NRMSEs) are less than 6% and correlation coefficients are larger than
0.96 for all of these cases. The swept 4 deg wedge predictions have the largest errors relative to the PSP for the attached
flow cases. A partial explanation for this discrepancy is the difference in the corner flow and sidewall shock interactions
between the simulations and experiments. As mentioned above, the nonlinear regression model used to correct the PSP
for temperature effects may have also contributed to the differences. The error metrics for the RANS solutions do not
appreciably increase as SBLI strength grows. However, the turbulence model predictions do deviate from each other
with the Wilcox k − ω (2006) turbulence model providing minor improvements in the predicted mean pressure field.
While the shock-induced pressure rise is relatively two-dimensional for the 8 deg wedge, the 12 deg wedge produces
a highly three-dimensional flow field. The three-dimensionality of the flow is driven by the swept SBLI along the
tunnel sidewalls as well as the interaction of the SBLI with the corner flow along the top tunnel wall. In regard to the
unsteady pressure field, the PSP captures the general trends of the root mean square (RMS) pressure relative to the
traditional Kulite sensors. Immediately downstream of the shock impingement, the PSP consistently underestimates
the RMS pressure as it returns to the undisturbed turbulent boundary layer levels. In the intermittent SBLI region,
both unsteady pressure measurement techniques capture the broadband, low-frequency shock oscillations reported in
the SBLI literature. However, the PSP overestimates the frequency of the peak power as well as the power at higher
frequencies. Note that the error in the frequency is approximately 12 % for both the 8 deg and 12 deg wedges.

The full-field, non-contact PSP measurements clearly afford valuable insight into the loading environment over the
entire test article. However, additional work is needed in order to ensure that the PSP accurately captures the dynamic
component of the pressure loads. This may include the implementation of models published in the literature to correct
the unsteady PSP for degraded signal-to-noise ratios and signal attenuation effects. Nevertheless, the time-averaged
surface pressures obtained from PSP are critical for benchmarking RANS solutions which are in turn used in the
construction of reduced-order fluid models. Information on the dynamic component of the pressure is also essential for
the development of data-driven, reduced-order fluctuating pressure models that incorporate turbulent boundary layer
acoustics as well as low-frequency shock oscillations from separated SBLI. These models will enable robust predictions
of the highly nonlinear loading environments for shock-dominated flows.
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