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Abstract: Global surface pressure measurements of a 5.7% scale AFRL Initial Concept 3.X vehicle
(IC3X) were obtained using a fast-responding ruthenium-based pressure-sensitive paint (PSP) at
the UTSA Mach 7 Ludwieg Tube Wind Tunnel at two different angles of attack, 0° and 2.5°. Static
calibration of the paint was performed over a range of 0.386 kPa to 82.7 kPa to relate luminescent
intensity to pressure. Details on the facility, paint preparation, application, calibration, and image
processing techniques are provided in the manuscript. The results from statistical, spectral, and
proper orthogonal decomposition (POD) analyses are presented to characterize the pressure field
observed on the model. The experimental results qualitatively follow the expected trends and
correspond to the occurrence of shock waves and expansion fans, which were visualized via Schlieren
imaging. The theoretical pressure range obtained from conical shock analysis for 0° agrees with
the experimentally derived pressure range for the model, and the outliers are attributed to errors in
image registration. This study presents preliminary pressure measurements that pave the way for
obtaining time-resolved global PSP measurements to train and validate aerothermodynamic machine
learning models.

Keywords: pressure-sensitive paint; Ludwieg tube; wind tunnel; hypersonics

1. Introduction

Hypersonic aircraft development is impeded by the technical challenges arising from
extreme temperatures and pressures experienced when cruising at high speeds [1,2]. While
experimental campaigns can provide valuable information to help tackle this, the pro-
hibitive costs associated with flight testing have significantly limited their use in hypersonic
aircraft development [3]. Therefore, researchers have attempted to maximize the amount of
data collected during these rare experimental campaigns. In order to increase the amount
of usable information gained from real-life test flights, machine learning (ML) algorithms
incorporated with anchoring-measured values obtained from sparsely distributed sensors
have been proposed to predict the remainder of the values that are not directly measured.
These models can only be validated and optimized by using experimental data encom-
passing the interaction effects along the entire surface of the vehicle. Pressure taps are
used in experiments to measure surface pressure in aerodynamic models [4,5], but these
measurements are intrusive and limited by the spatial resolution that can be achieved due
to the physical size of the pressure transducers.

Non-intrusive techniques such as pressure-sensitive paint (PSP) and temperature-
sensitive paint (TSP) are ideal candidates for obtaining global surface measurements that
can then be provided to train and validate ML models geared toward hypersonic applica-
tions. While the development of ML models is outside of the scope of this present study, the
objective here was to demonstrate a robust and cost-effective means for generating training
data for these models in hypersonic test facilities. An added advantage of PSP is that it can
also be used in conjunction with other non-intrusive optical techniques like Schlieren, IR
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thermography, and TSP [6]. Unlike traditional transducers and probes that offer discrete
point measurements, PSP provides aerothermodynamic data across a three-dimensional
surface, making it valuable for hypersonic flows. Although slow response times were a
limiting factor in the past, the advent of fast PSP formulations and recent advancements
in PSP measurement technology have made it possible to accurately measure global sur-
face pressure distributions and fluctuations across transonic, supersonic, and hypersonic
regimes. Notable examples include the NASA Ames Unitary 11ft. Wind Tunnel experi-
ment on the Space Launch System [7-10], hypersonic boundary layer separation studies
conducted by Running et al. on a conical structure resembling HiFire-I at the University
of Notre Dame’s pulsed arc-heated hypersonic wind tunnel (ACT-1) [11], and the surface
pressure measurements of an elliptic cone body at Mach 7.5 in the Calspan University of
Buffalo Research Center’s hypersonic shock tunnel [12].

One key advantage of using PSP is its suitability for application on surfaces of wind
tunnel models with thin profiles and surface installation constraints, which would otherwise
make the use of pressure transducers unfeasible [13,14]. This includes geometries such as
rocket fins, turbomachinery blades, and wing tips [15,16]. While the initial setup costs and
material costs for PSP may be slightly higher than those associated with pressure transducers,
it is significantly more cost-effective in the long run as it requires little to no maintenance
instrumentation for data acquisition and offers higher spatial resolution [17-19].

The history and operating principle of PSPs have been sufficiently documented in the
literature [17,18] and are briefly discussed here. PSP is an optical sensor operating on the
well-established mechanism of luminescence. Luminophore molecules embedded within an
oxygen-permeable binder are excited when illuminated with an ultraviolet-light-emitting
diode (LED). These molecules transition to an excited energy state and emit a fluorescent
signal in the 600 nm range upon recovery to their ground state [19]. The fluorescent
signal can be related to the static pressure of air with a reference intensity and a known
reference pressure through the Stern—Volmer relationship [20]. The luminescent emission
is affected by photophysical processes. In PSP, that process is oxygen-quenching, as
discussed by Liu et al. [21]. The oxygen molecules interact with the embedded luminophore
molecules through the oxygen-permeable binder layer. In accordance with Henry’s law,
the concentration of oxygen molecules in a PSP layer is proportional to the partial pressure
of oxygen in the test gas above the surface coated with PSP. Pressure is proportional to the
partial pressure of oxygen. At high pressures, the concentration of oxygen molecules in the
PSP layer is higher, resulting in increased quenching. Therefore, as pressure increases, a
decrease in luminescent intensity is observed. In fast PSP, the binder layer is porous, and
the oxygen quenching process occurs in shorter timescales, which allows for the detection
of rapid pressure fluctuations experienced by the model.

This study used a ruthenium-based fast PSP prepared in-house to obtain high-speed,
spatially resolved global surface pressure distributions along the Initial Concept 3. X vehi-
cle [22] (IC3X) encountering hypersonic flow for overall test durations of 300-500 ms at
different angles of attack. The use of PSP, although prevalent in aerodynamic applications
across subsonic [22,23] and supersonic flow regimes [24,25], has seen limited use in the
hypersonic domain. Only a handful of researchers have leveraged this technique to investi-
gate surface pressure trends on axisymmetric models in the hypersonic domain: Running
and Juliano [26] applied anodized aluminum PSP to a cone flare model at Mach 6.25 to
obtain global measurements of the hypersonic shockwave/boundary-layer interactions;
Nakakita and Asai [27] applied fast PSP on a 3D winged geometry at Mach 10. The current
study is among the first to use fast PSP on a finned axisymmetric geometry experiencing
Mach 7.2 in an impulse facility.

2. Materials and Methods
2.1. Experimental Facility

The experimental campaign was conducted at the hypersonic Ludwieg Tube Wind
Tunnel facility located at UTSA. This facility can generate a freestream Mach number of
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7.2 + 0.2 [28,29]. Figure 1 illustrates a CAD rendering of the UTSA Mach 7 wind tun-
nel, highlighting its main components. With a stagnation pressure and temperature of
13.79 MPa (2000 psi) and 700 K (1260 °R), respectively, the wind tunnel is capable of achiev-
ing unit Reynolds numbers of up to 200 x 10° m~! (61.0 x 10 ft~1) [28]. A comprehensive
characterization of this facility can be found in the work of Hoffman et al. [23,28].

VACUUM TANK

DIFFUSER

TEST SECTION
NOZZLE
PLENUM

Figure 1. CAD rendering of the UTSA Mach 7 Ludwieg Tube Wind Tunnel.

Wind tunnel tests commence by rupturing a thin aluminum diaphragm that separates
the 18.29 m (60 feet) long driver tube from the rest of the system. Prior to testing, the entire
system is evacuated to a vacuum pressure of approximately 1.6 torr (0.03 psi) to remove
moisture and prevent condensation during rapid expansion in the converging-diverging
nozzle. The driver tube is then pressurized with dry compressed air at a steady rate of
approximately 68.95 kPa/min. The test section features a constant cross-sectional area of
0.20m x 0.20 m (8 in x 8 in) and is optically accessible through acrylic windows. Down-
stream of the test section, the hypersonic airflow passes through a diffuser to decelerate and
is brought to rest in a 6.06 m® (1600 gallon) vacuum chamber. The duration of each test in
this facility is approximately 450 ms, consisting of multiple steady-state passes lasting 50 to
100 ms each [28]. A more comprehensive description of the facility’s design and capabilities
can be found in the works of Bashor et al. [30] and Hoffman et al. [31].

2.2. Model Geometry

The Initial Concept 3.X vehicle (IC3X) studied here has been adopted by multiple teams
across the FAST initiative to facilitate the comparison of experimental results. The geometry
of this model was outlined in detail by Klock [32]. This geometry was manufactured
in-house using a 3D printer on a 5.7% scale with an overall length of 20.3 cm to ensure
complete visibility and to fit the test section. The material used was a photopolymer resin
developed by Formlabs [33] and was chosen for its flexure strength. Undesired roughness
on the model was eliminated by sanding prior to tests. The model was sting-mounted
into the wind tunnel test section, with two different inserts manufactured to achieve the 0°
and 2.5° AoAs. Further details of the dimensions and material properties can be found in
Table 1. Figure 2 shows a rendering of the UTSA IC3X model.

2.3. PSP Preparation and Application

The fast PSP formulation employed in this study was a single-luminophore, porous,
ruthenium-based polymer/ceramic PSP (PC-PSP) originally formulated by Egami et al. [34].
This formulation was chosen due to the high porosity of the polymer and the quick response
time of the luminophore, making it an optimal choice for testing at the UTSA Mach 7
facility. The paint mixture consisted of tris(4,7-diphenyl-1,10-phenanthroline) ruthenium
(I) dichloride (Ru(dpp)3) as the luminophore dye. The polymer used was ShinEtsu
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Silicone adhesive glue (silicone) from Shin-Etsu Polymer Co., Ltd., Tokyo, Japan and the
ceramic particles employed were titanium dioxide (TiO,). The solvent mixture consisted
of dichloromethane (DCM) with a purity of >99.8% (containing 40-150 ppm amylene
as a stabilizer) and toluene with a purity of >99.8%. The solute composition comprised
92.4% TiO,, 6.6% silicone, and 0.99% luminophore, while the paint solvent comprised
40% DCM and 60% toluene. The required amount of silicone for paint preparation was
accurately weighed using a U.S. Solid digital balance scale. The solvent was prepared by
adding toluene to the silicone after DCM, and the three ingredients were mixed using a
magnetic stirrer for 20 min to ensure complete dissolution of the silicone. The TiO, and
luminophore were weighed separately and added to the solvent. The resulting mixture was
placed in a tightly sealed paint vial and immersed in a sonicator for 10 min to guarantee
the homogeneity of the paint.

Table 1. UTSA IC3X model properties.

Property Value

Body Length 20.3 cm

Body Diameter 2.05 cm

Wingspan 4.67 cm

Tensile Strength 65 MPa

Bending Modulus 2.2 GPa

Mass (g) 45
4.7 cm
(1.8 in)

20.3 cm v
< (8 in) >

Figure 2. CAD rendering of the UTSA IC3X wind tunnel model.

For paint application, a high-pressure, low-volume (HPLV) spray gun was employed at
a pressure of 140 kPa (20 psi), with the pressure regulator on the spray gun used to maintain
a constant application pressure. Compressed air supplied by a McGraw compressor with
a pressure of 758.4 kPa was used. The spray gun was held perpendicular to the target
surface at an approximate distance of 20 cm (8 in), and the paint was applied at a steady
rate and in alternating directions along a selected axis. The paint layer was allowed to
dry between each pair of strokes for a few seconds to prevent smearing. The paint was
applied in low-volume sets to minimize material waste that could result from rapid solvent
evaporation. The paint was poured into the spray gun in 15 mL sets, and any solid residue
was cleaned and unclogged between sets. It was previously observed that the thickness
of the paint layer and the number of paint strokes do not follow a linear relationship due
to spray gun operator error [35]. Therefore, the test surface was coated until the paint in
the spray gun chamber was exhausted, and the surface was inspected to ensure complete
coverage and a uniform thickness.

2.4. Experimental Setup

The IC3X model was mounted on a sting at the desired angle of attack (AoA) and
coated with fast PSP. Subsequently, the painted model was mounted onto the wind tunnel
test section. PSP images were captured using a high-speed camera(Fastcam SA-Z, Photron
Ltd., Tokyo, Japan) which offers frame rates of up to 2.1 MHz and exposure times as short
as 159 ns, making it suitable for Mach 7 flow applications. The high-speed camera was
positioned perpendicular to the model.
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A UV-light-emitting diode (LED) with peak irradiance at 405 nm (Luminous CBM-
120-UV) was employed to excite the PSP. The LED was powered by a CUVEE Low-Voltage
High-Current LED Driver, which enabled the pulsing of the LED for the duration of the
camera shutter. The following optics were installed ahead of the camera:

1. A Schott RG-610 long-pass filter with a cut-on wavelength of 610 nm and stopband
and passband limits of 503 nm and 690 nm, respectively, with block wavelengths
outside the PSP emission band.

2. An anti-reflection (AR) filter was employed to minimize reflections. These filters
ensured that the brightness in the captured images corresponded exclusively to the
luminescence emitted by the PSP.

3. A Fresnel lens was installed to collimate the UV LED output.

The experimental setup is depicted below in Figure 3.

High-Speed
Camera

Figure 3. IC3X PSP wind tunnel experimental setup.

2.5. PSP Static Calibration Setup

Static calibration of the fast PSP was carried out by placing PSP-coated thin aluminum
plates measuring 5.08 cm x 6.35 cm (2 in X 2.5 in) inside a 12.7 cm x 12.7 cm x 19.05
(51in x 5in x 7.5 in) rectangular aluminum vacuum chamber. Optical access was provided
on one face of the chamber through a 0.64 cm (0.25 in) thick acrylic window. The desired
vacuum level was achieved using a Sogevac 65B vacuum pump. The calibration setup
included the positioning of a Photron Fastcam SA-Z high-speed camera perpendicular to
the surface of the test plate, a UV LED with peak irradiance at 405 nm, and the utilization of
optical filters and a Fresnel lens, as previously described. The static calibration experimental
setup is illustrated in Figure 4.

2.6. Wind Tunnel Data Processing

Images of the PSP-coated IC3X model during wind tunnel tests were captured using
a high-speed camera operating at a frame rate of 20 kHz. These images, referred to
as “wind-on” images, were taken upon the rupture of the diaphragm, signifying the
initiation of airflow downstream into the test section as the wind tunnel starts. The images
corresponding to the first steady-state pass were selected by identifying the start time and
duration of the pass using stagnation and static pressure data, along with the camera trigger
signal acquired using a LabView program. For the 0° AoA case, the duration of the first
pass was 63.6 ms, resulting in 1272 images, while for the 2.5° AoA case, the first pass lasted
58.8 ms, yielding 1176 images. The data processing flowchart shown in Figure 5 details the
steps undertaken to convert intensities to pressure. Here, the 3 inputs and the output of the
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code are indicated by red boxes and all other steps are included in black boxes. As the PSP
used in this study was prepared in-house, multiple experiments on both the 0° and 2.5°
AoA were conducted to better understand the paint response and its characteristics while
also ensuring repeatability between tests. Across all 3 tests in the experimental campaign,
the pressure distribution on the IC3X followed expected trends.

Vacuum Chamber

Painted Model

Anti-reflective filter
o g : » Long pass filter
Excitation f——— ——— — | /
Emission %

UV LED Camera —)

Figure 4. PSP static experimental setup block diagram.

[ “wind on” images ] [ “wind off” images ][ Static MKS data ]
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Pref

~
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[ PSP surface pressure ]( \ 4 (Static Calibrationj

distributions K curve

Pixel intensity from ] T

Calibration plates Ilr—ef J

cal

Figure 5. Data processing roadmap.

Reference images, or “wind-off” images, were taken at a low vacuum pressure once
the whole system drawdown was completed. These reference images were also captured
at a frame rate of 20 kHz, but the recording time was limited to less than a second to
minimize paint degradation due to exposure to UV light. The original image resolution
was 1024 x 1024 pixels; however, the images were further cropped to reduce the back-
ground area and decrease computation time. The reference image used for normalizing
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the instantaneous images was an average of 200 images taken over a duration of 10 ms to
mitigate noise.

The image registration algorithm developed by Guizar-Sicairos et al. [36] was em-
ployed to align the wind-off reference image with the wind-on instantaneous images,
achieving sub-pixel accuracy. The division of these images resulted in reference intensity
over instantaneous intensity ratios. Subsequently, the normalized images were shifted
to the wind-off position using the affine transformation available in the OpenCV-Python
library [37]. The transformation matrix used the initially determined shift between the
wind-on and wind-off images to align them, producing normalized images in the same
position. This realignment of the image set facilitated the tracking of pressure fluctuations
at points of interest on the model’s surface and enables statistical analysis. The resulting
images were 2D matrices with entries corresponding to intensity ratios. The intensity ratio
matrix was then converted into a pressure ratio matrix using the calibration curve equation
specific to the wind tunnel test. Finally, the pressure ratio matrix was multiplied by the
reference pressure, yielding a 2D global pressure field of the IC3X model.

3. Results and Discussion
3.1. Static Calibration Curve

Static calibration experiments were performed to establish the relationship between
the PSP intensity and pressure. Images of a PSP-coated thin aluminum plate were acquired
at a frame rate of 1000 fps while the pressure in the chamber was gradually reduced from
82.7 kPa (12 psi) to 0.386 kPa (0.06 psi) over 32.5 s. The acquired images were saved as an
MRAMW file, and the pymraw module developed by Javh et al. [38] was used to load the
images directly from the MRAW file.

The experimental plates exhibited small-scale unevenness in paint concentration and
illumination. A focus area within the plate was selected and averaged to mitigate the
influence of these variations on establishing the relationship between pressure and paint
emission intensity. This approach yielded a singular intensity value corresponding to
a specific static pressure. The calibration measurements were then normalized using
the reference pressure obtained from a wind tunnel test and the corresponding intensity
of the PSP-coated plate at that pressure. The resulting normalized ratios generated a
calibration curve specific to the particular wind tunnel run, relating intensity ratios to
pressure ratios. It is worth noting that pressure-sensitive paint experiences luminescent
decay due to its photosensitivity property [21]. In this study, multiple plates coated with
pressure-sensitive paint (PSP) were imaged inside a vacuum chamber while the pressure
was gradually reduced from 82.7 kPa (12 psi) to 0.386 kPa (0.06 psi) over 32.5 s at a frame
rate of 1000 fps. Pressure and intensity measurements were normalized using the reference
pressure obtained from the wind-off images of the IC3X model. Following normalization,
pressure and intensity were related using a second-degree polynomial interpolation.

Figure 6 illustrates the average static calibration curve, showing a parabolic relation-
ship between pressure and intensity values for all three calibration plates. Calibration
constants A, B, and C were acquired; following this, the curve fit form for the PSP given in
Equation (1) [21] was used to convert intensity ratios to pressure ratios.

2
I P P
fref . )
; A+B (me>+c (me> 1)

The prepared paint was found to respond to pressure changes at Mach 7.2, and the
coherence of the spectra, as shown in Figure 7, was calculated to compare the similarity
of the signals at different frequencies. It was found that, on a canonical wall-to-wall flat-
plate model, the paint exhibited a ~7 kHz response rate with a 68% coherence to Kulite
transducers, as reported in [39].
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Static Calibration Curve
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Figure 6. Experimental pressure-sensitive paint static calibration curves.
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Figure 7. Coherence of paint response on a canonical flat plate model from [39].

3.2. Photodegradation

The rate of paint degradation was estimated during a constant-pressure interval for
each calibration plate. Figure 8 illustrates the percentage loss in counts per second of
exposure from the initial intensity recording. The figure shows a linear degradation trend,
with an average degradation rate of 2.9% per second of UV LED exposure. For wind tunnel
tests lasting less than 250 ms, such as the ones conducted in this study, the less than 1% loss
in counts does not significantly affect the results. However, experiments with durations
exceeding 1 s, such as calibration experiments, experience a more noticeable impact from
the loss in counts. Therefore, the degradation trends identified were used as correction
factors for static calibration calculations.
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Degradation Rate Estimate
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Figure 8. PSP degradation rate estimates.
Figure 9 presents the loss in counts as a function of time at relatively constant static
pressure and the intensity readings after the correction factors were applied. The correction

factors were applied to the calibration data sets prior to averaging to mitigate the effects
of photodegradation.

Calibration Plate Intensity at Constant Pressure | ;44
‘ ‘ : : ‘ —= 135
N | "
96.315 o WMM\MMM yy, 'A“W'WY' Mgy W
96.31
11.305
96.305
1.3
96.3 -
£ 11295 §
= 96.295 .
o ~
- =
z 9629 29 ?
£ g
96.285 {1285 =
96.28 11.28
96.275 ——Pressure 11.275
——Raw Intensity
96.27 —Corrected Intensity 1127
096.265 1 1 1 1 1 1
0.4 0.6 0.8 1 1.2 1.4

Time (s)
Figure 9. Raw and corrected intensity at constant pressure.

3.3. Schlieren

Schlieren experiments were conducted at a 0° AoA to visualize the flow structures
surrounding the model. The results indicate the presence of a conical shock from the
nose, an expansion fan from the ogive/cylinder geometry interface, and a subsequent
compression and expansion fan along the fin geometry. These flow structures align with
the expected pressure distribution derived from the average pressure maps obtained from
PSP measurements.

The highest pressure is expected at the nose of the vehicle, directly behind the conical
shock. This is because the surface of the nose is the first geometry that obstructs and
compresses the incoming hypersonic flow. As the flow progresses along the ogive, the
pressure gradually decreases. An expansion fan is formed downstream of the vehicle at
the ogive/cylinder interface. At this point, the geometry ceases to obstruct the flow and
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provides a constant surface through which the flow can travel, resulting in a significant
pressure decrease. Moving further downstream to the fins, a similar behavior to the nose is
observed, where the fins block the incoming flow and induce a higher pressure.

Figure 10 shows an overlay of the Schlieren and PSP results, providing a visual
representation of the main flow structures identified in the experiment.

Figure 10. Overlay of Schlieren- and PSP-derived pressure field at 0° AoA.

3.4. Pressure Measurements—Statistical Analysis

Images of the pressure-sensitive paint (PSP) coated IC3X model were captured at 0°
and 2.5° AoAs during a wind tunnel test under Mach 7. The first steady-state pass of the
0° AoA case comprised 1272 images, while the 2.5° AoA case encompassed 1176 images.
These image sets were used to perform statistical and spectral analysis of the pressure
field for both cases. Figure 11 illustrates the instantaneous pressure fields, and Figure 12
displays the average pressure fields.

1C3X 0 AOA - Instantaneous Pressure Map

IC3X 2.5 AOA - Instantancous Pressure Map

2o o

Figure 11. Instantaneous pressure fields.
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Figure 12. Average pressure fields.

The 2D maps of pressure distribution demonstrate smooth areas of higher or lower
pressure, as expected, with the exception of a few speckle-like markings, where pressure
appears to intensify upstream of the model. These markings correspond to paint solute
aggregates that did not dissolve thoroughly in the solvent. The overall pressure distribution
across a model qualitatively follows expected trends, as outlined in the Schlieren flow
visualization presented in the previous section. Both models indicate high-pressure regions
at the nose and fin, an initial pressure reduction downstream of the nose, and another
significant pressure reduction following the ogive—cylinder interface where the expansion
fan occurs. All pressure fields are normalized by the static pressure in the test section.

3.5. Power Spectral Density (PSD) Analysis

Pressure time histories and power spectral densities (PSDs) were retrieved from five
areas of interest in the IC3X model: the nose, upstream, downstream, interaction region
between a fin and the fuselage, and fin edge. The instantaneous measurements represent
the average of a 49-square pixel area centered at each location of interest. These areas are
indicated and labeled in Figure 13 for the 0° AoA case and Figure 14 for the 2.5° AoA case.

Inl:e-m‘cﬁnn

Figure 13. Cont.
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IC3X 0 AOA - Pressure Time Series
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Figure 13. Pressure time histories and power spectral densities at various locations on the vehicle
surface at 0° AoA under hypersonic flow.
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Figure 14. Pressure time histories and power spectral densities at various locations on the vehicle
surface at 2.5° AoA under hypersonic flow.

The pressure time histories show that, as expected, the nose of the hypersonic vehicle
experiences the highest pressure, with an average of 18 kPa at 0° AoA and 23 kPa at 2.5 AoA.
While the pressure at the nose decreases with time, pressures at the upstream, interaction, and
fin edge locations remain relatively steady throughout the duration of the steady-state pass.
The lowest pressure readings were found downstream of the ogive to the constant cylinder
geometry transition for both cases. The pressure oscillations recorded on the nose show a
steep decline, suggesting that this is a result of model movement during the test. Upon closer
examination of the power spectral density trends, it can be observed that the interaction region
and fin edge exhibit similar frequency ranges, with magnitudes that are multiples of each
other in the 0° AoA case and corresponding magnitudes in the 2.5° AoA case.

The pressure distribution reveals a significant standard deviation In the nose region,
which is expected to be less stable than in the other areas and experience the bending to
which this deviation is attributed. Downstream of the model, the pressure stabilizes with a
maximum deviation of 7% from the average. Figure 15 illustrates the spread of pressure
measurements at the same locations of interest for both cases.
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Figure 15. Pressure distribution at various locations on the model surface at (a) 2.5° AoA and (b) 0° AoA.

The probability density function curves shown below on Figure 16 indicate a wide
range of possible pressure values for the nose region in both cases, while the range narrows
significantly for the remaining locations.

3.6. POD Analysis

Proper orthogonal decomposition (POD) is a popular technique for identifying key
structures in fluid flow. POD was introduced to the fluid dynamics community by Lumley
in 1967 [40] and has been used extensively in studies of turbulence. It is used to represent
fluid motion as a set of decomposed basis vectors (also called modes) alongside their energy
contributions to the overall flow field. Here, we used this technique to identify dominant
modes and unsteady structures embedded in the surface pressure data. Accordingly,
POD analysis was conducted on the 0° and 2.5° AoA data sets, consisting of 1272 and
1176 snapshots, respectively. The POD modes were computed using MATLAB’s Welch
power spectral density estimate function. The modes were arranged in decreasing energy,
with the first mode containing the highest energy and representing the most dominant
flow structure in the data. Sample modes between modes 1-200 for both 0° and 2.5° are
provided in Figures 17 and 18 respectively.
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Figure 16. Probability density function curves derived from PSP pressure measurements at various
locations of interest at (a) 0° AoA and (b) 2.5° AoA under hypersonic flow.

The first mode represents the mean surface pressure distribution for both the 0° and
2.5° AoA cases. Similarly, mode 2 of both cases and mode 4 of the 2.5° AoA case highlight
areas of compression, such as the nose and fin edges. Mode 3 of the 0° AoA case suggests
the existence of a slight lift force acting upon the nose of the model, potentially causing
light bending. Mode 2 of the 2.5° AoA case shows a stronger lift force acting on the nose,
as expected, at a higher AoA. However, in mode 4 of the 2.5° AoA case, the pressure
distribution indicates a downforce or a reaction force from bending.

It should be noted that specific patterns observed in modes 4 and 7 of the 0° AoA
case, as well as modes 3, 5, and 6 of the 2.5° AoA case, may initially appear as traveling
waves. However, upon closer inspection, these patterns were found to be associated
with unevenness in the illumination of the PSP area, which is likely enhanced by the
displacement of the wind tunnel during the test. Furthermore, vertical and horizontal
striations are noticeable in the instantaneous and average images, which are non-physical
and attributed to camera noise. After the fourth mode in both AoA cases, the latter modes
continue to highlight these striations, becoming more discernible after mode 8. Figure 19
provides an overview of the energy content for each mode.
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Figure 18. Results of 2.5° AoA Mode 1-200.
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3.7. Theoretical Analysis

In addition to the qualitative analysis of pressure distribution using Schlieren imaging,
a theoretical analysis was conducted to examine the behavior of supersonic flow over the
IC3X model nose. The Taylor-Maccoll relations, which describe the flow properties over a
cone, were used to analyze the pressure at the cone surface based on Mach number, cone
half angle, and the ratio of specific heats [1]. Since the IC3X model has an ogive shape
resembling a nose cone, the Taylor-Maccoll relations were applied to the 0° AoA images
for analysis.

Ten pixels, or optical sensors, located on the leading edge were selected for the analysis
and are depicted in Figure 20. The pressure time series from these sensors during the first
steady-state pass is shown in Figure 21.The sensor averages and standard deviations
throughout the steady-state pass are presented in Figure 22, and the probability density
functions (PDFs) of the pressure measurements are shown in Figure 23.

The pressure measurements directly at the nose exhibit higher values and greater
deviations, averaging at 37 kPa and ranging from 13 to 68 kPa. The PDF indicates that
pressure values between 25 and 40 kPa are more likely. The pressure decreases downstream,
with an average of 33 kPa for the 2a-2d sensors and 27 kPa for the 3a-3d sensors. As
described earlier, the deviations were predominantly due to model movement/bending
during the test. The theoretical pressure on the cone surface was calculated using the
Virginia Tech Compressible Flow Calculator, considering the freestream Mach number,
cone half angle, and ratio of specific heats. The calculated pressure at the cone surface (P)
varies based on different Mach numbers and cone half angles and is shown below. The
average cone angle calculated from the chosen optical sensors is 19.45°. From the pressure
time histories depicted in Figure 21, an average pressure for the first steady-state pass was
calculated to be 31kPa, which bears a close agreement with the theoretical predictions, as
shown in Figure 24.

The trend observed indicates that for a Mach number range of 7.2 £ 0.2, the maximum
deviation in pressure is £0.5 kPa at lower half-cone angles, increasing to about +2 kPa
at higher half-cone angles. These calculations predict a static pressure at the cone surface
within a 8 to 30 kPa range. The error bars for the experimentally calculated nose pressure
and the corresponding half-cone angle are provided. The agreement between the exper-
imental and theoretical pressure measurements for 0° AoA provides confidence in the
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presented results. The pressure trends observed on the 2.5° AoA show similar trends, as
visualized by Diaz [41] in their CFD work at Mach 5.

Mach 7
— .

QO T o

Figure 20. Optical sensors on the IC3X leading edge.
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Figure 21. Pressure time series of the IC3X model stagnation location at 0° AoA.
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4. Conclusions

In conclusion, this study successfully demonstrated the use of pressure-sensitive
paint (PSP) to measure surface pressures on a hypersonic concept vehicle under Mach 7
airflow at 0° and 2.5° AoAs. The results were compared with those of Schlieren imaging
to identify flow structures and validate the pressure distribution. The analysis of conical
shock behavior demonstrated the good agreement between the theoretical and experimental
surface pressure ranges at the nose of the model. The preliminary 2D pressure distribution
maps derived from PSP measurements aligned with the expected pressure distribution
based on the Schlieren images. The observed fluctuations from the average pressure field
were primarily located at the model’s geometry edges, likely due to model bending that
the image registration algorithm cannot entirely correct. The probability density functions
(PDFs) and pressure time series highlighted the variation in pressure measurements near
the model’s edges. The proper orthogonal decomposition (POD) analysis showed that
significant energy content was captured within the first few modes, indicating dominant
flow patterns. Further investigation is needed to validate the presence of these flow
structures using higher-resolution images and accounting for illumination effects during
model translation.

The study demonstrated the suitability of pressure-sensitive paint for characteriz-
ing surface pressure fields in hypersonic applications. Future experiments will focus on
quantifying paint degradation, considering roughness effects, and conducting dynamic
calibrations. In addition to this, CFD simulations on the IC3X at multiple angles of at-
tack will also be carried out for secondary validation. These efforts will further enhance
the understanding and accuracy of pressure-sensitive paint measurements in the UTSA
M7 facility.
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Nomenclature

f Frequency (kHz)

P, One-sided power spectral density
I Intensity (a.u)

Iy Wind off Intensities (a.u)

Lt Wind on Intensities (a.u)

AoA  Angle of attack

P Static pressure (kPa)

Pres Reference pressure (kPa)
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