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ABSTRACT

Unique non-stationary shock oscillations in high-speed intakes are inherently unsteady and can exhibit three- dimen-
sional features, even in nominally planar geometries. Conventional optical techniques, such as schlieren, provide
valuable qualitative information but rely on line-of-sight integration, which limits their ability to resolve spanwise
variations of shock motion. In the present study, a porous PtTFPP-based polymer—ceramic pressure-sensitive paint
(PC-PSP), operated in a fast-PSP configuration, is applied to investigate non-stationary shock oscillations in a Mach 5
planar intake under throttled operating conditions (TR = 28%). The fast-PSP measurements, acquired at 20 kHz using
a Photron FASTCAM SA-Z camera, provide time-resolved surface pressure information on the intake ramp, allowing
the shock footprint to be tracked in both streamwise and spanwise directions. To support the interpretation of the
fast-PSP data, synchronised high-speed schlieren imaging was performed at the same frame rate, enabling direct com-
parison between the flow-field shock structure and its corresponding surface-pressure footprint at selected instants in
time. Quantitative analysis of the fast-PSP data includes power spectral density estimation, time—frequency spectro-
grams, Dynamic Mode Decomposition (DMD), and pixelwise Fast Fourier Transform (pixelwise FFT). PSD analysis
recovers dominant oscillation frequencies near 290 Hz, consistent with previous schlieren-based measurements on the
same intake. DMD extracts spatially coherent oscillatory modes that exhibit clear spanwise asymmetry, and pixelwise
FFT maps reveal that different regions of the ramp respond preferentially to different oscillation frequencies. Together,
these results demonstrate that fast-PSP is a powerful tool for resolving three-dimensional shock oscillation behaviour
that cannot be captured using integrative optical methods alone, while also highlighting the practical challenges asso-

ciated with illumination, coating durability, and image processing in high-speed applications.

1. Introduction

Supersonic intakes can experience unsteady shock oscillations, commonly referred to as buzz,
which may lead to partial or full unstart and loss of performance. High-speed schlieren imag-
ing has been extensively used to study such flows and has been effective in identifying shock
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motion and dominant oscillation modes. However, schlieren provides an optically integrated,
two-dimensional representation of density gradients in a three-dimensional field and does not
give direct information on surface pressure or spanwise variations (Wagner et al., 2009; Chang et
al., 2012; Berto et al., 2020).

Pressure-sensitive paint (PSP) provides full-field surface-pressure measurements and, with recent
developments in fast porous and polymer/ceramic formulations, can achieve response rates suit-
able for unsteady high-speed flows (Peng & Liu, 2020; Gregory et al., 2014). Previous schlieren
measurements on the present Mach-5 intake identified a bi-stable shock oscillation behaviour in
which low-amplitude precursor oscillations alternate with large-amplitude buzz events; in the
present work, the term non-stationary shock oscillation is adopted to emphasise the time-varying
and aperiodic nature of these oscillations rather than implying only two discrete states (Gurbuz et
al., 2025). Although that study employed centreline schlieren imaging, it is well established that
nominally planar intakes with sidewalls sustain three-dimensional shock-boundary layer interac-
tions that can deviate substantially from two-dimensional behaviour (Eagle et al., 2011; Sabnis &
Babinsky, 2023); the fast-PSP measurements presented here provide the first direct evidence of this
three-dimensionality in the surface pressure field of the present intake.

This study aims to explore the capability of fast pressure-sensitive paint to capture non-stationary
shock oscillations in a Mach 5 intake, including spanwise variations, that are not accessible using
optically integrated diagnostics. By synchronising fast-PSP with high-speed schlieren, the study
also provides a direct comparison between an integrative optical method and a surface-based pres-
sure diagnostic.

2. Experimental Setup

2.1. HSST facility, test model and schlieren setup

Experiments were conducted in the University of Manchester High SuperSonic Tunnel (HSST) un-
der freestream conditions corresponding to Mach 5 (a full description of the facility is available in
Ref. (Gurbuz et al., 2025)). Air stored in a 1700 kPa reservoir was delivered to the facility through
a dome valve, which regulated the required upstream total pressure during the run. A heating
system was used both to set the desired Reynolds number and to avoid condensation during ex-
pansion through the nozzle. The typical test condition for the present study was upstream total
temperature of about 350 K and a total pressure of 685 kPa, giving a Mach number of 5 at the noz-
zle exit. Using Sutherland’s law to estimate viscosity, the Reynolds number per unit length was
calculated as 1.69 x 107m 1.

The test model is a two-dimensional planar intake with a 10° ramp and a 34 x 14 mm isolator
cross-section, described in Ref. (Gurbuz et al., 2025). Exit blockage was adjusted using fixed orifice
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plates to control the throttling ratio (TR). The throttling ratio is defined
TR = (Ath.place/Aexit) * 100% (1)

where Ay, piate is the blocked area by the orifice plate at the isolator exit, and A, is the cross-
sectional area of the isolator exit. The schlieren system followed the same Z-type configuration
used in the earlier study, with the addition of a slit placed upstream of the first parabolic mirror to
improve light control and set sensitivity and range. Optical access to the test section was provided
by a 170 mm circular quartz window installed in the roof of the test section, allowing simultane-
ous viewing of the intake ramp by the fast-PSP camera and illumination from an external UV light
source. Besides, two parallel rectangular quartz windows (300 mm x 210 mm) mounted in the ac-
cess doors provided side-view optical access for schlieren imaging. Both measurement techniques
employed Photron FASTCAM SA-Z high-speed cameras operating at a frame rate of 20 kHz. The
fast-PSP camera sensor was cropped to 512 x 1024 pixels to capture the ramp surface field of view,
while the schlieren camera sensor was cropped to 1024 x 240 pixels to capture the side-view flow
field. Further details of the fast-PSP camera and illumination arrangement are given in Section 2.2.
A schematic overview of the experimental setup and the optical arrangements for both measure-
ment techniques is shown in Figure 1.
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Figure 1. Experimental setup schematic for the Mach 5 intake experiment: a) overall facility and overall setup
layout, b) closer test-section view indicating the intake model and illumination arrangements.

2.2. Fast-PSP setup

A porous PtTFPP-based polymer—ceramic pressure-sensitive paint (PC-PSP) was applied to the
intake ramp surface following established procedures (Recipe: Ref. (Liu & Sullivan, 2005)). The
painted region of interest (ROI) corresponds to the visible ramp surface between the ramp leading
edge and near to the cowl lip, covering a physical area approximately 34 mm in width and 100 mm
in length from the camera perspective.
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[llumination for the painted area was provided by three high-power Luminus Devices UV LEDs
mounted on an aluminium plate inside the top wall (internal 60 W) and an external in-house UV
source (39 W), giving a combined UV power of 100 W. The ramp was viewed from above; the sen-
sor was cropped during acquisition to focus on the ramp ROI. Cropped images were geometrically
corrected in post-processing using a projective transform to map the camera view onto a rectified
ramp plane (accounting for the 10° ramp angle and inclined camera geometry). A detailed view
of the intake and illumination arrangement is shown in Figure 2. The fast-PSP camera was po-
sitioned above and slightly to the side of the external UV light source, viewing the ramp surface
through the circular quartz window in the tunnel roof. The camera is not visible in the Figure as it
is located above the field of view of this photograph; its position relative to the full experimental
setup is schematically demonstrated in Figure 1.
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Figure 2. Mach 5 intake model installed in the HSST test section, showing the fast-PSP illumination arrangement

3. Methodology

3.1. Illumination, camera settings and practical notes

[llumination for the fast-PSP measurements was provided by three high-power Luminus Devices
UV LEDs mounted on an aluminum plate inside the top wall (internal 60 W), and an external
in-house UV source ( 39 W), giving a combined UV power of 100 W. The light sources were
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arranged to maximise emission of the porous PC-PSP while keeping illumination shadows and
reflections manageable. Fast PSP coatings typically provide strong luminescence; however, short
exposure times required for kHz-rate acquisition with the Photron FASTCAM SA-Z significantly
reduce the collected signal, resulting in lower signal-to-noise ratios. Owing to the inherently low
luminance of fast porous PSP, a high total UV power of approximately 100 W was required to
obtain a sufficiently strong signal and to resolve the non-stationary shock motion with adequate
contrast. Without this level of illumination, the usable intensity range would become narrow and
the shock pattern could not be reliably distinguished from background noise. The final acquisition
settings were 20 p1s exposure time at 20 kHz frame rate.

The schlieren and fast-PSP cameras were operated in a master—slave configuration and synchro-
nised at the frame level, enabling direct comparison of the two diagnostics at identical instants in
time. During the synchronised measurements, the schlieren green LED introduced a small addi-
tional background contribution to the PSP signal. This effect was found to be approximately 1% of
the PSP intensity level; however, as the schlieren LED was driven using a constant current drive
circuit, the levels were extremely stable and therefore did not interfere with unsteady PSP mea-
surements. Background and stray illumination effects are well recognized in PSP measurements
and are commonly controlled or corrected using wind-off normalization and background subtrac-
tion techniques. The observed contribution level in the present study is small compared to the
overall variation in PSP signal and is considered acceptable when reported and treated as a source
of uncertainty, consistent with previous PSP studies conducted under unideal lighting conditions
(Gregory et al., 2014; Matsuda et al., 2022).

Due to the porous nature of the PC-PSP, the coating exhibited lower durability and higher sensi-
tivity to photodegradation than conventional steady PSP formulations. To minimise degradation,
the painted model was prepared shortly before the experimental campaign and stored in a dark
environment until use. The model was installed in the test section only during testing periods.

All experiments were conducted in a darkened laboratory environment to minimize background
illumination. Preliminary tests indicated that ambient room lighting introduced a small but mea-
surable variation in the recorded intensity (approximately 1.2% of the mean signal). Although the
use of a post-run reference condition largely mitigates photo degradation effects in the intensity
ratio calculation, reducing ambient illumination improves signal stability and reduces background
noise in the high-speed PSP measurements.

Preliminary tests showed that thin PSP coatings produced insufficient emission intensity for reli-
able high-speed imaging. It was therefore found that a coating thickness of approximately 3040
pm was required to achieve a measurable signal with an acceptable signal-to-noise ratio at the
short exposure times used for fast-PSP acquisition. Coatings thinner than this produced dark im-
ages with a low signal-to-noise ratio and were therefore unsuitable for the present measurements.

The final coating was applied using multiple spray layers to achieve the required thickness. When
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local photodegradation reduced the signal level during extended testing, additional PSP layers
were applied to restore the luminance, and the calibration procedure was repeated to maintain
consistency between calibration and measurement data.

Reflections from the side windows and metallic frame elements were observed near the ramp side
edges and were partially masked during post-processing. The model position relative to the inter-
nal LED array was adjusted iteratively to improve illumination uniformity and to reduce strong
multi-shadow patterns, particularly near the cowl tip. These practical considerations were essen-
tial to achieve consistent fast-PSP image quality under the combined challenges of porous coatings,
high-speed imaging, and unsteady supersonic flow.

3.2. PC-PSP calibration

An in-situ, a-priori calibration of the PC-PSP coating was conducted within the test section to
ensure identical optical and illumination conditions to the main experiments. The chamber was
initially evacuated to a baseline pressure of approximately 200 Pa. Following isolation, the static
pressure was increased in controlled increments, with calibration images recorded at discrete levels
from 5 kPa to 50 kPa in 5 kPa steps.

At each calibration point, mean intensity values were normalised as I,..; /. The reference pressure
(Prer) was selected based on the wind-off averaged pressure recorded immediately following the
tunnel run. This post-run reference was chosen because the pre-run static pressure exhibited high
uncertainty (100-300 Pa), and the post-run condition more accurately represents the "thermal state"
of the paint after exposure to the flow. Further details regarding the determination of Pref and
associated sensitivities are provided in subsection 4.4. A second-order polynomial fit was applied
to the data:

2
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The calibration provided an excellent correlation with the measured data (R? = 0.9999), capturing
the specific coating behaviour and viewing geometry. The calibration relationship was constructed
using a reference pressure of 15 kPa, which was subsequently adopted in the final data reduction
based on the sensitivity assessment described in Section 4.4. The resulting PC-PSP calibration
curve is presented in Figure 3.

As shown in Figure 3, both linear and second-order polynomial fits are presented for comparison.
While the calibration data exhibit an almost linear response over the investigated pressure range,
the second-order polynomial fit was adopted for the final calibration to account for any weak
non-linear behaviour of the PC-PSP response. The inclusion of both fits demonstrates that the
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Figure 3. The calibration curve of PC-PSP with linear and polynomial fit.

calibration remains highly linear within the experimental pressure range and that the selected
polynomial formulation does not introduce significant deviation from a linear representation.

To assess the robustness of the calibration relationship, two additional calibration points at 55
and 60 kPa were incorporated. The resulting second-order polynomial fit remained virtually un-
changed and continued to provide an excellent correlation with the measured data (R? = 0.9999).
This observation indicates that the calibration response remains approximately linear over the ex-
tended pressure range and supports the validity of the adopted calibration model.

Error bars are not shown in Figure 3. During calibration, the measured chamber pressure exhibited
only small fluctuations around the target pressure levels, typically remaining within a few tens
of pascals of the nominal value. These variations are significantly smaller than both the pressure
range investigated and the marker size used in the figure. Consequently, the associated uncertainty
is visually negligible and does not affect the observed calibration trend.

4. Results and Discussion

The following section presents synchronised fast-PSP and schlieren observations of the non- sta-
tionary shock dynamics at TR = 28%, followed by quantitative analysis of the surface pressure
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distributions extracted from the fast-PSP measurements. Spectral analysis is then applied to char-
acterise the dominant oscillation frequencies, and Dynamic Mode Decomposition (DMD) is used to
identify spatially coherent structures in the unsteady pressure field. Finally, a pixelwise FFT (pix-
elwise Fast Fourier Transform) analysis is presented to map the spatial distribution of spectral en-
ergy across the ramp surface, demonstrating the capability of fast-PSP to resolve three-dimensional
frequency content inaccessible to line-of-sight diagnostics.

The throttling ratio of TR = 28% was selected as the primary test condition because it corresponds
to the onset of buzz, characterised by non-stationary shock oscillations exhibiting a transitional
bi-stable character, as established in the authors’ previous schlieren study (Gurbuz et al., 2025). At
lower throttling ratios, the internal shock system remains quasi-steady, while at higher values, the
oscillation transitions to a more periodic, single-frequency big buzz mode. The TR = 28% condition
therefore, represents the most dynamically rich regime and provides the most demanding test case
for evaluating the fast-PSP diagnostic capability.

4.1. Synchronised Fast-PSP and Schlieren Overlay: Three-Dimensional Shock Structure

Figure 4 presents a synchronised overlay of the fast-PSP surface pressure field and the correspond-
ing schlieren image at t=16.5 ms, where t = 0 corresponds to the trigger time of the high-speed
camera acquisition. The camera was triggered 2 s after the tunnel trigger, once the flow had estab-
lished and reached a quasi-steady operating condition. The schlieren image is projected onto the
rectified ramp plane, enabling a direct spatial comparison between the shock structure in the flow
field and its corresponding surface-pressure footprint on the ramp.

In Figure 4, the fast-PSP pressure distribution is normalised by the freestream static pressure, P,
= 1.29 kPa, derived from the tunnel upstream total pressure of 683 kPa at Mach 5 using isentropic
flow relations. The wind-off image acquired after each tunnel run serves as the intensity reference
in the PSP data reduction, and the associated sensitivity considerations are discussed in subsection
4.4.

The schlieren image does not exhibit a single, sharply defined shock foot at the ramp surface. In-
stead, the shock appears axially extended and diffuse in the streamwise direction. This apparent
smearing is consistent with line-of-sight integration inherent to schlieren imaging, where span-
wise variations in shock position are superimposed in the optical projection. In contrast, the fast-
PSP measurement provides a spatially resolved surface pressure field, revealing the instantaneous
pressure rise associated with the shock footprint on the ramp surface.

At this instant, the fast-PSP data show that the pressure rise occurs over a finite streamwise region
rather than at a single fixed location, with spatial variations in both the position and magnitude
of the pressure increase across the ramp surface. These features indicate that the shock-surface
interaction is inherently three-dimensional, even though the intake geometry is nominally two-
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Figure 4. Synchronised fast-PSP surface pressure and schlieren image overlaid on the rectified ramp plane at t =
16.5 ms for TR = 28%. Surface pressure is normalised by freestream static pressure P,. The schlieren image is
projected onto the same spatial grid to indicate the instantaneous shock location.

dimensional. Such spatial complexity cannot be unambiguously inferred from schlieren images
alone due to their line-of-sight nature.

To quantify the pressure variations associated with the shock footprint observed in Figure 4, the
following subsection describes the image processing approach and the regions of interest used to
extract spatially resolved pressure information from the fast-PSP data.

4.2. Image Processing and ROI Definition

The fast-PSP image sequences were first rectified onto the ramp plane to correct for the perspective
distortion introduced by the inclined camera viewing geometry and the 10° ramp inclination rela-
tive to the tunnel floor. During acquisition, the camera sensor was cropped to focus on the ramp
region of interest. In post-processing, the cropped images were geometrically corrected using a
projective transformation to map the camera view onto a rectified ramp plane, for both the camera
tilt angle and the ramp surface inclination.

Dark-frame subtraction and wind-off normalisation were applied to remove fixed-pattern noise
and illumination variations.

The image processing approach follows the methodology established in the earlier schlieren-based
study on the same intake configuration (Gurbuz et al., 2025), with adaptations for fast-PSP data.
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Two one-dimensional Regions of Interest (ROIs) - demonstrated with red lines - were defined on
the rectified ramp surface, as illustrated in Figure 5.
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Figure 5. Rectified ramp-plane ROIs used for fast-PSP analysis: spanwise ROI (left) and streamwise ROT (right)

As shown in Figure 5, the ramp leading edge and the cowl leading edge are indicated for reference.
Because the cowl leading edge lies outside the rectified ramp image, its location is represented
schematically using a dashed line. The spatial coordinates are non-dimensionalised such that the
streamwise coordinate extends from x/L = 0 at the ramp leading edge to x/L =1 at the cowl
leading-edge location, while the spanwise coordinate is referenced to the ramp centreline.

A streamwise region of interest (ROI), shown on the left side of Figure 5, was defined near the ge-
ometric centreline of the ramp surface. The ROI extends from the ramp leading edge to the down-
stream end of the second pressure-tapping location and was used to extract instantaneous surface
pressure distributions along the ramp. This same streamwise ROI is referenced in subsection 4.4
to illustrate the influence of reference-pressure selection on the inferred pressure distribution. The
ROI was positioned slightly off the centreline to avoid the plugged centreline pressure-tap holes,
which would otherwise introduce local measurement artefacts.

A second ROI was defined in the spanwise direction across the ramp. For this spanwise ROI,
pixel intensities were spatially averaged and stacked over successive frames to form time-resolved
intensity maps, analogous to image stacking methodology used in the earlier schlieren-based anal-
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ysis (Gurbuz et al., 2025). This approach enables the temporal tracking of shock motion and the
identification of non-stationary oscillatory behaviour associated with the intake buzz dynamics.

The selected ROIs were chosen to provide information on both the instantaneous pressure distri-
bution and the temporal evolution of the shock motion. As with any line-based extraction ap-
proach, the measured response depends on the spatial relationship between the ROI location and
the instantaneous shock position. The streamwise ROl is subsequently used to examine the instan-
taneous shock-foot location through successive pressure profiles, while the spanwise ROI provides
a time-resolved representation of the overall shock oscillation behaviour.

4.3. ROI-Based Fast-PSP Observations of Shock Oscillation

Fast-PSP measurements were analysed using the two previously defined one-dimensional regions
of interest (ROIs) to examine instantaneous and time-resolved surface-pressure behaviour on the
ramp. Only a short segment of the recorded time history is presented here to illustrate the non-
stationary shock oscillation pattern. Figure 6 presents a sequence of instantaneous pressure dis-
tributions extracted from the streamwise ROI over a 0.4 ms interval during a representative buzz
cycle. The sequence of pressure profiles demonstrates that the fast-PSP measurement captures the
upstream propagation of the shock footprint with sufficient temporal resolution to track its motion
frame-by-frame across the ramp surface — a measurement not possible with conventional steady
PSP or with schlieren alone due to its line-of-sight limitation.
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Figure 6. Instantaneous streamwise pressure distributions showing the upstream propagation of the shock footprint
along the ramp.
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The spanwise ROI is processed by averaging pixel intensity values along the horizontal ROI line
and stacking them over time to construct a pressure-time history and is shown in Figure 7. This
time history exhibits the non-stationary, bi-stable nature of the shock motion, characterised by
alternating low-amplitude (little-buzz-like structures) and high-amplitude (big-buzz) oscillatory
regimes, consistent with observations reported in the authors’ previous schlieren-based study
(Gurbuz et al., 2025). While the overall oscillation pattern differs in appearance from the corre-
sponding schlieren-derived shock traces, this behaviour is expected because the fast-PSP measure-
ments are derived from spatially averaged pressure information, whereas schlieren images rely
on density-gradient-based edge detection. Nevertheless, both techniques identify the same under-
lying shock-motion behaviour, and the fast-PSP measurements demonstrate that both oscillatory

regimes can be captured within a single time-resolved pressure record.
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Figure 7. Time-resolved shock profile evolution along the spanwise ROI, including the partial acquisition history
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(top) and a zoomed view of the selected time interval (bottom).

Before proceeding to spectral analysis, the sensitivity of the calibrated pressure field to the choice
of wind-off reference pressure is briefly examined, as this directly affects the quantitative reliability

of all subsequent measurements.
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4.4. Calibration Sensitivity and Reference Pressure Effects

To assess the reliability of the absolute measurements to the choice of reference pressure—an im-
portant issue in low-pressure hypersonic PSP measurements—the fast-PSP data were reprocessed
using several plausible normalisation values. These included wind-off pressures measured imme-
diately after tunnel shutdown (14.0-15.5 kPa) as well as a higher reference pressure correspond-
ing to the midpoint of the calibration range (25 kPa). The resulting comparison showed that the
inferred ramp theoretical surface pressure varied by approximately +1.3 kPa depending on the
selected reference pressure. This demonstrates that the choice of reference condition has a measur-
able influence on the estimated pressure field and motivates the selection of a physically represen-
tative wind-off reference state for the final calibration.

For the final data reduction, a reference pressure of P,..; = 15 kPa was selected. This value lies
within the range of measured post-run wind-off pressures (approximately 14.0-15.5 kPa) and pro-
duced the closest agreement with the theoretical ramp surface pressure in the steady-flow region
upstream of the buzz shock interaction. The selected reference pressure was therefore adopted
for both calibration and final pressure reconstruction, ensuring internal consistency between the
calibration polynomial and the data reduction procedure.

Figure 8 shows the resulting streamwise surface pressure distribution in kPa along the intake ramp
at a representative instant in time, with a blue solid line. The shaded grey band represents the +1.3
kPa uncertainty associated with the reference-pressure sensitivity. Also shown with a dashed line
is the theoretical post-ramp-shock pressure level for a Mach 5 flow over a 10° ramp.

As can be seen in Figure 8, the x-axis represents the non-dimensional streamwise position x/L
along the line, and the y-axis represents the calibrated surface pressure data in kPa. Upstream
of the buzz shock interaction region (between 0-0.5 in x-axis), the measured ramp pressure is
nominally constant along the streamwise direction and corresponds to the theoretical pressure
downstream of the fixed ramp shock at the given conditions. In this region, the mean fast-PSP
pressure level closely matches the theoretical value of 3.97 kPa. This agreement indicates that the
calibration approach and reference-pressure selection provide a physically consistent estimate of
the steady-state ramp surface pressure at Mach 5.

The present analysis focuses specifically on the sensitivity of the calibrated pressure field to the
selected reference pressure. Other factors that may influence the measurement accuracy include il-
lumination non-uniformity, image registration and rectification errors, coating photodegradation,
and the spatial and temporal resolution limits of the imaging system. These effects were min-
imised through the experimental procedures described in Sections 2.2, 3.1 and 4.2 but were not
quantified individually in the present work. As the primary objective of this study is to demon-
strate the capability of synchronised fast-PSP measurements in a hypersonic intake environment,
a comprehensive uncertainty propagation analysis is reserved for future investigations.
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Figure 8. Streamwise surface pressure distribution along the ramp measured using fast PC-PSP. The shaded grey
band represents the pressure variation associated with the reference-pressure sensitivity study (£1.3 kPa). The
dashed line indicates the theoretical post-ramp-shock pressure level.

In addition to the reference-pressure sensitivity, several practical constraints of the fast-PSP tech-
nique in this experimental environment are worth noting before interpreting the spectral results.

4.5. Limitations of the Fast-PSP Measurements

The present study is subject to several practical constraints associated with the fast-PSP technique
and experimental setup. The porous PC-PSP formulation has inherently low luminance and de-
grades more rapidly than steady PSP, limiting the number of runs that can be performed before
signal quality declines. To address this, additional PSP layers were applied over the existing coat-
ing once signal degradation became apparent. This overspraying approach restored the lumi-
nance without the time cost of full stripping and reapplication, and the calibration procedure was
repeated following each additional coat to maintain measurement consistency. Reflections from
the test-section windows and metal frames further reduce the usable area near the ramp edges,
requiring careful masking during processing.

Additional limitations arise from the physical characteristics of the PSP. In very low-pressure re-
gions, the emitted luminescence signal becomes weaker, reducing the signal-to-noise ratio and
increasing susceptibility to measurement noise. This effect is most relevant in the low-pressure
ramp region. Furthermore, the porous ceramic binder and high temporal acquisition rates in-
troduce high-frequency spatial noise in instantaneous pressure fields. Background illumination,
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including a small contribution from the green LED ( 1%), may introduce a minor intensity bias,
though this is considered within acceptable limits. Despite these constraints, the technique re-
mains robust for capturing the essential features of the non-stationary, bi-stable shock behaviour
in this Mach 5 intake.

With the measurement uncertainties and practical limitations identified, the analysis now turns to
spectral characterisation of the shock oscillations using the time-resolved fast-PSP data.

4.6. Global Spectral Analysis of Shock Oscillation

Prior to spectral analysis, the pressure signal was extracted from the spanwise ROI by spatially
averaging pixel-level pressure values for the ROI line at each time step, yielding a scalar pressure
time series of N = 10,240 samples at Fs = 20 kHz ( 512 ms total).

Figure 9 presents the Power Spectral Density (PSD) distribution for spanwise ROl at TR =28 %. The
PSD was computed using Welch’s method — a segment-averaging approach that divides the sig-
nal into overlapping windowed segments, computes the Fast Fourier Transform (FFT) of each seg-
ment, and averages the resulting power spectra. This reduces spectral variance and is well-suited
to non-stationary signals such as the present buzz oscillation, where the instantaneous frequency
drifts over time. An adaptive window of N/6 ~ 1,700 samples with 95% overlap was applied
(Hamming window; NFFT = 8,192), giving a frequency resolution of approximately 2.4 Hz. The
PSD is normalised by its peak value and displayed on a logarithmic frequency axis. Normalising
by the peak value sets the dominant mode to unity, allowing the relative strength of secondary
peaks to be assessed independently of signal amplitude.
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Figure 9. Power Spectral Density of the spanwise ROI pressure signal at TR=28%.
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As can be seen in Figure 9, the dominant peaks occur at 278 Hz and 297 Hz within the analysed
limited frequency range of 10-3000 Hz. These values are consistent with the 290 Hz dominant
frequency identified from schlieren-based analysis of the same intake at TR = 28% (Gurbuz et al.,,
2025). The small offset between runs is expected, given the non-stationary nature of the flow.
Although the main spectral characteristics remain unchanged, previous observations have shown
that individual runs may produce slightly different dominant frequencies, reflecting the inherently
non-stationary behaviour of the buzz process. Additionally, minor variations in the identified
peak frequencies can arise from the numerical parameters used in the Welch spectral estimation.
The fast-PSP measurements therefore recover the correct spectral content from a surface-pressure
signal, providing independent validation of the dominant oscillation frequencies obtained from
schlieren measurements.

Figure 10 presents a time-frequency spectrogram computed from the same signal in the frequency
range of 0-3000 Hz. The spectrogram was computed from the same signal using a short-time
Fourier transform (Hamming window of 400 samples, 90% overlap; NFFT = 2,048). The choice
of window length involves a direct trade-off: a shorter window improves time resolution (here
~ 20 ms per frame) at the cost of frequency resolution (~ 50 Hz), while a longer window would
sharpen frequency peaks but obscure temporal variations. The 400-sample window was selected
to resolve the modulating buzz dynamics while retaining sufficient frequency discrimination to
separate buzz-band content from broadband noise. The colourmap represents spectral magnitude
in dB (20 - logyq |:S|), with warmer colours indicating higher energy.
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Figure 10. Spectrogram of the spanwise ROI pressure signal at TR=28%.

A persistent energy concentration approximately around the 230-330 Hz band is evident through-
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out the acquisition, with visible temporal modulation consistent with the bi-stable oscillation char-
acteristics. Broadband energy above approximately 1500 Hz is attributed to spatial noise in the
porous PC-PSP formulation rather than physical flow content. Together, the PSD and spectrogram
confirm that the fast-PSP system is capable of resolving both the dominant frequency and its tem-
poral non-stationarity from a surface-based diagnostic.

While the spectral analysis characterises the frequency content of the shock oscillation along the
spanwise ROI, it does not reveal how this frequency content is distributed spatially across the ramp
surface. Dynamic Mode Decomposition is therefore applied to extract spatially coherent structures
from the full pressure-field sequence.

4.7. Dynamic Mode Decomposition of the Fast-PSP Data

Dynamic Mode Decomposition (DMD) is a data-driven method that extracts spatially coherent
structures — called modes — from a time-resolved dataset, each associated with a single oscilla-
tion frequency. A DMD mode represents a spatial pressure pattern that oscillates at its associated
frequency; the collection of modes provides a decomposition of the unsteady pressure field into its
dominant coherent components.

The calibrated pressure fields were mean-subtracted — that is, the time-averaged pressure at each
pixel was removed so that DMD operates on pressure fluctuations only — and arranged into two
time-shifted snapshot matrices separated by one sampling interval (At = 50us). An economy
Singular Value Decomposition (SVD) was performed on the first matrix, and the resulting reduced-
order system was eigendecomposed to obtain the DMD eigenvalues, mode shapes, and modal
amplitudes. Modes with frequencies outside the physically relevant range of 50-10,000 Hz were
discarded. The remaining modes were ranked by their modal amplitude |by|, which quantifies the
contribution of each mode to the fluctuating pressure field, and the three highest-ranked modes are
presented. It should be noted that DMD applied to PSP data is sensitive to the manual ROI corner
selection: small changes of order 1-2 pixels in corner placement can alter the ranking of individual
modes. However, provided the eigenvalues remain distributed closely on the unit circle — as
observed here — the decomposition is considered numerically stable and the dominant spatial
structures are physically meaningful.

Figure 11 shows the DMD eigenvalue spectrum on the complex plane. Each point represents one
mode; its angular position encodes oscillation frequency and its radial distance from the unit circle
encodes stability — modes on the circle are neutrally stable, modes inside decay. The colour-
bar indicates relative modal amplitude |b;|; warmer colours identify modes that contribute most
strongly to the pressure fluctuation field. The majority of eigenvalues lie closely on the unit circle,
consistent with the sustained nature of the intake buzz, with a small number falling slightly inside,
reflecting the non-stationary character of the flow over the finite record.
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Figure 11. DMD eigenvalue spectrum of the fast-PSP pressure field. modes with warmer colours carry a greater
dynamic contribution to the measured pressure field.

Figure 12 presents the real part of the three dominant DMD mode shapes on the rectified ramp
plane. The colourmap represents the relative spatial amplitude of the pressure oscillation — warm
colours indicate regions oscillating with high amplitude in one phase, cool colours the opposing
phase; the scale is relative and does not correspond to absolute pressure. The frequencies of the
three selected modes (294.5, 251.6, and 474.0 Hz) fall within or adjacent to the dominant spec-
tral band identified by the PSD (278-297 Hz), confirming that DMD captures the same physical
oscillation from a spatial perspective. All three modes display noticeable spanwise asymmetry,
providing direct spatial evidence of three-dimensional shock behaviour that is inaccessible to line-

of-sight schlieren imaging.
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Mode 1: 294.5 Hz Mode 2: 251.6 Hz Mode 3: 474.0 Hz
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Figure 12. Dominant DMD mode shapes extracted from the fast-PSP pressure field. Warm colours (red/yellow)
indicate positive pressure perturbation and cool colours (blue) indicate negative perturbation.

4.8. Pixelwise FFT of Fast-PSP Data

While DMD provides a global modal decomposition of the pressure field, the interpretation of in-
dividual mode shapes can be challenging when the flow exhibits non-stationary behaviour with
multiple competing frequencies, as observed here. As a complementary and more directly inter-
pretable approach, a pixelwise FFT analysis was performed. Rather than seeking global spatial
modes, this method treats each pixel independently as a local pressure sensor: the time-mean is
removed at each pixel, and Welch’s method is applied independently to obtain a local power spec-
tral density. This allows the dominant oscillation frequencies to be mapped spatially across the
full ramp surface without any modal assumptions, and is directly analogous to the 1D ROI PSD
presented in Section 4.6 — extended to every pixel simultaneously.

As an intermediate step, the individual pixel spectra were spatially averaged over all ROI pixels to
produce the mean PSD shown in Figure 13. The y-axis is expressed in decibels 10 log;, P, where P
is the mean spectral power density in kPa?/ Hz; the dB scale compresses the wide dynamic range
of the spectrum and makes it easier to identify physically meaningful peaks against the noise floor.
The mean PSD confirms dominant spectral energy within the 130-700 Hz band, consistent with the
278-297 Hz peaks identified from the spanwise ROI PSD. The agreement between these two inde-
pendent spectral estimates — one from a manually placed 1D line, the other from a spatial average
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of all 9,006 ramp pixels — confirms that the dominant oscillatory behaviour is representative of
the entire ramp surface.
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Figure 13. Spatially averaged pixelwise power spectral density over the ramp surface.

Figure 14 presents the dominant frequency at each pixel within two selected bands: 130-330 Hz
and 330-700 Hz. At each pixel, the frequency bin carrying the maximum PSD within the band is
identified and plotted, indicating which frequency locally dominates the pressure fluctuation.

In the 130-330 Hz band, the dominant frequency is distributed broadly and relatively uniformly
across the ramp surface, with values concentrated near 250-300 Hz. This broad spatial coverage
indicates that the primary buzz oscillation drives pressure fluctuations across the full ramp extent
rather than being localised to a particular region. DMD Modes 1 and 2 (294.5 and 251.6 Hz) are
associated with frequencies that fall within this same band, and their mode shapes reflect activity
distributed across large portions of the ramp — the two approaches are therefore consistent in
indicating that the low-frequency buzz content is not confined to a single spatial region but is a
ramp-wide phenomenon.

In the 330-700 Hz band, the high dominant frequencies (~ 500-600 Hz) are concentrated in the up-
stream portion of the ramp, with an asymmetric curved boundary separating the two frequency-
dominant regions. DMD Mode 3 at 474.0 Hz, which shows a concentrated warm-coloured struc-
ture in the upper-to-mid ramp with a similar curved, off-centre shape, is associated with a fre-
quency in this same band — the spatial location of its high-amplitude region broadly corresponds
to where the pixelwise FFT map identifies elevated higher-frequency content. While a one-to-
one correspondence between a single DMD mode and a pixelwise frequency map is not expected,
given the different mathematical foundations of the two methods, the spatial consistency between
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them provides a degree of mutual support for both results.
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Figure 14. Pixelwise dominant-frequency maps for the selected frequency bands.

The dominant-frequency maps reveal spatially organised frequency distributions that vary across
the ramp surface and exhibit clear spanwise asymmetry. These features are consistent with the
three-dimensional shock footprint observed in the synchronised PSP-schlieren measurements and
with the asymmetry identified in the DMD mode shapes. The pixelwise FFT therefore provides
independent confirmation that the shock oscillation is organised in a three-dimensional manner
rather than behaving as a purely two-dimensional flow structure.

The ability to simultaneously recover both the dominant frequencies and their spatial distribution
across the ramp surface highlights a key advantage of fast-PSP over line-of-sight diagnostics such
as schlieren. A detailed physical interpretation of the observed three-dimensional frequency dis-
tributions, including their relationship to the shock-boundary layer interaction, will be addressed
in a forthcoming journal study that extends the present dataset to the full acquisition record and
additional throttling conditions.
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5. Conclusion

Fast pressure-sensitive paint measurements were successfully applied to a Mach 5 planar intake
operating at the onset of buzz (TR = 28%) to investigate non-stationary shock oscillations. The
fast-PSP system, employing a porous PtTFPP polymer—ceramic formulation at 20 kHz with syn-
chronised schlieren support, demonstrated the following capabilities:

Instantaneous surface pressure maps revealed a spatially distributed, asymmetric shock footprint
on the ramp, confirming that the shock—surface interaction is inherently three-dimensional de-
spite the nominally two-dimensional intake geometry — a result inaccessible to schlieren imaging.
Overlapping streamwise pressure traces captured the frame-by-frame upstream propagation of
the shock footprint, and the spanwise ROI time-trace reproduced the bi-stable oscillation character
previously identified by schlieren ((Gurbuz et al., 2025)).

PSD analysis using Welch’s method identified dominant peaks at 278 Hz and 297 Hz, in close
agreement with the 290 Hz schlieren result, accounting for the known run-to-run variability of this
non-stationary flow. The time—frequency spectrogram confirmed the temporal modulation of the
oscillation energy within the 230-330 Hz band, consistent with the bi-stable character of the flow
at this throttling condition.

DMD extracted spatially coherent oscillatory modes from the mean-subtracted fast-PSP sequence,
with eigenvalues distributed very close to the unit circle, confirming near-neutrally stable buzz
dynamics. The dominant modes at 294.5, 251.6 and 474.0 Hz — falling within or adjacent to the
spectral band identified by the PSD — exhibit spanwise asymmetry in their spatial structures,
providing direct evidence of three-dimensional pressure organisation that is inaccessible to line-
of-sight diagnostics.

Pixelwise FFT maps independently indicated a spatially organised frequency distribution across
the ramp surface: the primary buzz band (130-330 Hz) drives broad ramp-wide fluctuations, while
higher-frequency content (330-700 Hz) is concentrated in the upstream ramp region. The spatial
boundaries between these frequency-dominant regions are broadly consistent with the structures
identified in the DMD modes at corresponding frequencies, lending mutual support to both sets
of results from two independent analysis methods.

In summary, these results establish fast-PSP as an effective diagnostic for resolving both the spatial
and temporal complexity of non-stationary shock oscillations in high-speed intake flows. Ongoing
work will extend the analysis to a full flow-physics investigation, including quantitative character-
isation of the three-dimensional shock-boundary layer interaction and its relation to the observed
spectral content.
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Nomenclature

Symbols

Aepit Cross-sectional area of isolator exit [m?]
Ah piate Blocked area by orifice plate at isolator exit [m?]

f Frequency [Hz]

fs Sampling Frequency [Hz]

N Number of data samples [counts]

I Wind-on PSP emission intensity [counts]
Ley Wind-off reference PSP emission intensity [counts]
Prey Reference pressure (wind-off) [kPa]

P Static pressure [kPa]

P Freestream static pressure [kPa]

R? Coefficient of determination [-]

x/L Non-dimensional streamwise coordinate [-]
Ay Sampling Interval [1s]

by Initial amplitude of DMD mode k [kPa]
Abbreviations

PSP Pressure-Sensitive Paint

PC-PSP Polymer-Ceramic Pressure-Sensitive Paint
HSST High SuperSonic Tunnel

TR Throttling Ratio

ROI  Region of Interest

PSD  Power Spectral Density

SVD  Singular Value Decomposition

FFT Fast Fourier Transform
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NFFT Number of Fast Fourier Transform Points
DMD  Dynamic Mode Decomposition
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