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An unsteady pressure-sensitive paint (uPSP) system has been developed to provide
time-resolved pressure measurements in the NASA Langley Transonic Dynamics Tunnel
(TDT). Obtaining these measurements necessitated the development of environmental en-
closures to protect the high-speed camera and ultraviolet lights required for uPSP from
the harsh environment present during tunnel operation. Since the facility main drive was
non-functioning during the testing window, performance of the uPSP system was demon-
strated using an impinging jet with a passive oscillator attachment to provide unsteady
flow with a known frequency independent of amplitude. Measurements were obtained for
tunnel pressures ranging from 565 to 2116 psf, and model angles of attack between -4◦ and
4◦. Results indicate that the system is capable of measuring surface pressure differentials
on the order of 0.01 psi at full scale with a camera frame rate of at least 10 kHz. Spec-
tral analysis shows that the fundamental frequency of the oscillating jet is captured by
the uPSP system, as are the second and third harmonics. Dynamic mode decomposition
highlights the dominant coherent spatial structures of the surface pressure, along with the
associated frequency and growth rate of each mode, allowing for a de-noised reconstruc-
tion of the uPSP measurements. The experimental campaign outlined within this report
also confirmed compatibility of the uPSP system with the TDT facility data acquisition
system, and verified the successful integration with existing processing capabilities within
the NASA advanced supercomputing environment.

I. Introduction

Accurate determination of spatially-continuous pressure distribution on aerodynamic surfaces is critical
for the understanding of complex flow mechanisms and for comparison with computational fluid dynamics
(CFD) predictions. Precise measurement is especially challenging in cases where an aerodynamic surface may
experience unsteady flow, such as launch vehicles in transonic flight conditions.1–7 Currently, ground test
facilities make these measurements using conventional unsteady pressure transducers. While this approach
provides accurate pressure information, these transducers are limited to providing data at discrete points.
Moreover, the integration of a sufficient number of these dynamic pressure transducers into a scale model
can be time and labor intensive, as well as costly. A number of these limitations can be mitigated through
application of pressure sensitive paint (PSP),8–11 a powerful optical technique that provides direct high-
resolution measurements of pressure on an aerodynamic surface.

The PSP technique12–16 makes use of the oxygen sensitivity of luminescent probe molecules suspended in
gas-permeable binder materials. When a luminescent molecule absorbs a photon, it transitions to an excited
singlet energy state. The molecule can then recover back to the ground state by the emission of a photon
of a longer wavelength; this recovery is known as a radiative process. However, certain materials can also
interact with an oxygen molecule such that the transition back to the ground state is non-radiative in a process
known as collisional quenching. PSP exploits this collisional quenching to provide pressure measurements.
Conventional PSP formulations typically have slow response times (on the order of hundreds of milliseconds
to several seconds) relegating their use to more static flows; however, recent chemistry advances have resulted
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in the development of formulations that can respond at frequencies up to 20 kHz.17 Known as unsteady PSP
(uPSP), this technique provides a means to non-intrusively measure time-resolved global surface pressures.
The uPSP technique has previously been used to investigate rotating turbomachinery18–22 and film-cooling
effectiveness on gas turbine blades.23–25 Recently, uPSP was expanded to investigate flexible rotor blades in
both hover and forward flight conditions.26–30 With the advent of improved lighting and camera technology,
the uPSP technique is now being used more often in larger ground testing facilities, especially on launch
vehicle models at transonic conditions.31–33

This report describes the implementation of a uPSP system in the NASA Langley Transonic Dynam-
ics Tunnel (TDT), thus extending the application of the uPSP technique to a large-scale, transonic wind
tunnel capable of varying the ambient pressure and test medium. The performance of the uPSP system
is characterized using an impinging jet with a passive oscillator attachment used to provide unsteady flow
with a known frequency independent of the amplitude. The following section details the experimental setup
used to obtain the first uPSP measurements in the TDT. Results are presented in section III, followed by a
discussion in section IV. Finally, conclusions are drawn and future work is proposed in section V.

II. Experimental Setup

This section outlines the experimental setup used to provide the uPSP measurements discussed later in
this paper. Section II.A describes the TDT facility, while section II.B provides details on the unsteady flow
system and launch vehicle model that were used to confirm the proper behavior of the uPSP system. Section
II.C clarifies the interplay between the various components and subsystems comprising the uPSP system
that was developed for use in the TDT.

A. TDT Facility

NASA’s TDT is a closed-circuit, continuous-flow, variable-pressure wind tunnel located on Langley Air Force
Base in Hampton, Virginia. The wind tunnel’s 16×16 foot slotted test section (with cropped corners) and
15 foot diameter control room are contained within a 60 foot diameter outer pressure shell. Although the
measurements discussed in this report were taken in air, the facility is also capable of using R-134a (1,1,1,2-
tetrafluoroethane) heavy gas as a test medium to match the full-scale dynamic characteristics of a flight
vehicle using a sub-scale model, while simultaneously matching the Mach number and providing a higher
Reynolds number than air.34 The total pressure of the tunnel can be selected in a continuous range from 0.01
to 1 atmosphere, with a maximum dynamic pressure of 550 psf in R-134a or 320 psf in air. At full operation,
TDT’s 30,000 HP main drive provides flow at any Mach number ranging continuously from 0 to 1.2, with a
maximum Reynolds number of 9.6× 106 per foot for R-134a and 3× 106 per foot for air. Unfortunately, the
main drive was inoperable during the test window, so an unsteady flow system (described in the following
subsection) was utilized to create the pressure fluctuations on the model surface. The launch vehicle model
(also described in the following subsection) was sting mounted for this study, allowing for attitude adjustment,
though models can also be installed in the test section using various other support techniques such as multi-
cable suspension, sidewall mounting, and using the floor turntable or rotor testbed.35 The TDT boasts
exceptional flow quality, as demonstrated by studies of turbulence,36 sidewall Mach number distributions,37

flow angularity,38 wall boundary layer measurements,39 and other primary flow parameters.40 The facility
data acquisition system (DAS) is capable of providing numerous measurements from a suite of instruments,
including (but not limited to) strain gauges, accelerometers, position transducers, thermocouples, and both
dynamic and steady pressure sensors. An air stream oscillation system is also available for gust response
studies or model excitation.41 With over 60 years of operation, the TDT is a unique wind tunnel facility
that has hosted a wide range of aerodynamic testing.42–48

B. Unsteady Flow System & Launch Vehicle Model

Since the TDT main drive was inoperable during the test window, an unsteady flow system was used to
provide local, time-dependent surface pressure fluctuations on a generic launch vehicle model. An impinging
jet was created using a leaf blower (Toro UltraPlus model 51621), which has a variable air speed up to 260
mph and was controlled remotely from the facility control room. The jet was spatially oscillated using a
NASA Langley-developed sweeping jet actuator attachment that decouples the frequency from the amplitude
using a main flow channel that controls the amplitude, and a small oscillator that controls the frequency
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(a) (b)

Figure 1. Experimental setup photographs. (a) Measurement side of model showing the uPSP painted portion
illuminated by UV LED lighting. The unsteady flow system is visible on the left side of the image. (b) Non-
measurement side of model and view of the enclosures (black rectangles) installed in the test section side wall.

of the oscillations.49 This unsteady flow system provided an ideal test case for the uPSP system since the
frequency of oscillations was both constant and known. The unsteady flow system can be seen on the left side
of Fig. 1a, which shows the location and orientation of the leaf blower (with passive oscillator attachment)
relative to the model.

The model used for testing was a generic hammerhead launch vehicle with the same outer mold line as
the Model 11 originally used by Coe and Nute,50 as well as a number of other flow visualization,51 vehicle
buffet,31 wavenumber-frequency,52 and CFD53 studies. The test article consists of a payload section that
is 17.4 inches long with a 9.6 inch maximum diameter and a 2 inch radius leading nose, a 24.65 inch long
second stage with a constant 6 inch diameter (with the exception of two flanges added to the downstream
end), and an aft booster section that expands to a 12 inch maximum diameter over 17.7 inches. The model
was instrumented with 56 Kulite dynamic pressure transducers and 14 static pressure taps. Though not
used for this experimental campaign, the model also contained four tri-axial accelerometers, three type-J
thermocouples, and a four-component balance. The model region of interest (where uPSP measurements
were obtained in this study) is visible in Fig. 1a as the bright pink region extending from the payload section
to about halfway down the second stage. Figure 1b shows the opposing side of the model, with the high-
speed camera and lights inside the uPSP system enclosures in the background (black rectangles mounted in
the test section side wall).

C. uPSP System

In addition to the unsteady paint formulation applied to the test article, the uPSP system developed to
provide time-resolved pressure measurements in the TDT consisted of three integrated subsystems: the
enclosures, the control system, and the facility interface. This section provides information detailing each
subsystem as well as the connectivity and interplay between them.

1. Enclosures

The “enclosures” are a collection of aluminum environmental housings located in the wind tunnel plenum
that are used to protect the high-speed camera and lights from the harsh environment present during tunnel
operation (such as low pressures, high temperatures, significant turbulent flow, and atomized oil in the test
medium). A total of four enclosures were used during the experimental campaign detailed in this report; each
maintained an interior pressure of 1 atm as the tunnel pressure was reduced, provided a constant supply of
cool air to help dissipate the heat generated by the equipment contained within, and allowed for the remote
control of all internal components from the control room. As shown in Fig. 2a, each housing unit is a
modular design comprised of an optical panel, front section, back face, and if needed, extension sections.

The optical panel replaces a TDT test section side wall panel and, depending on the configuration used,
contains five or six circular windows for optical access to the test section from the plenum. The front section
mounts directly to the optical panel and contains a variety of ports for passing through BNC signals, ethernet
cabling, electrical power, cooling air supply, and additional wires, pneumatics, optics, or other equipment
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(a) (b)

Figure 2. Environmental enclosures used to protect the high-speed camera and lights. (a) Schematic of an
enclosure with four sections (only two sections were used during testing). (b) Diagram of the experimental
setup showing the location of the enclosures relative to the test article.

of interest. The interior base of the front section also allows for the attachment of a standard optical
breadboard to allow for the mounting (and easy replacement) of various equipment configurations. Each
extension section is optional, but provides greater interior volume and contains mounting for a breadboard
base, additional wire feedthroughs, and two 3/4” holes that were used to introduce temperature and pressure
sensors. Finally, the back face serves to create a pressure seal and contains a singular feedthrough for venting
the cooling air supplied to the enclosure.

A schematic showing the experimental setup, including the location of the enclosures in the test section
sidewall relative to the model, is provided in Fig. 2b. Three enclosures were used for lighting – each housing
two dual power supply units and three or four light emitting diode (LED) heads – allowing for illumination
of the model with a total of 11 UV lights. The lighting units used were the four inch, air-cooled LEDs from
Innovative Scientific Solutions, Inc. (model LM4X-400), which have a peak wavelength near 400 nm with
a full width at half maximum (FWHM) of approximately 17 nm. A single enclosure housed the high-speed
camera that was used to collect and record the uPSP emission (Photron SA-Z with a Nikon Nikkor 85 mm
f/1.8 lens and 650 nm bandpass filter with a 40 nm bandwidth). All enclosures were operated remotely
from the control room by the control system described in the following subsection, and provided the interior
pressure and temperature to the DAS for display and monitoring using the facility interface as outlined in
section II.C.3.

2. Control System

On the opposite side of the test section to the enclosures, the uPSP control system was located within the
facility control room and consisted of a pulse generator, oscilloscope, computer, and data storage drives. The
pulse generator (Berkeley Nucleonics model 575) was triggered by the facility interface during tunnel data
acquisition and sent a series of pulses to the enclosure subsystem in order to control the camera and lights.
These signals were monitored on an oscilloscope. In addition, data acquisition signals from the facility
and output pulses from the camera (indicating active exposure and/or recording) were also monitored.
Communication with the high-speed camera, including live viewing and playback of captured footage, was
carried out using the Photron FastCam Viewer software (version 3.6.8.1) on the control computer, which
also served as the interface for writing data to storage drives. The control system was linked to the enclosure
subsystem through several BNC connections and two ethernet cables, while connection to the facility interface
was provided through a single BNC connection.

3. Facility Interface

The facility interface allowed for integration of the previous two subsystems with the TDT DAS.54,55 Con-
nection of the DAS to the enclosure subsystem enabled real-time display of the pressure and temperature

4 of 16

American Institute of Aeronautics and Astronautics



(a) (b) (c) (d) (e)

Figure 3. Representative images of the model at various AOA as captured by the high-speed camera used for
uPSP. (a) AOA = −4◦, (b) AOA = −2◦, (c) AOA = 0◦, (d) AOA = 2◦, (e) AOA = 4◦.

inside the enclosures from the control room, and also allowed for synchronization of uPSP measurements
with dynamic Kulite sensor data by incorporating a TTL signal sent from the high-speed camera during
recording. Connecting the facility DAS to the uPSP control system provided the ability to utilize a signal
sent at the beginning of wind tunnel data recording to automatically turn on the UV lights, begin camera
recording, and then turn off the lights after recording had completed. This way, when a uPSP dataset was
desired, a single “run” button on the control system computer could be pressed which armed the uPSP
system to automatically acquire data whenever the next facility datapoint was initiated. If the “run” button
was not pressed, the uPSP system simply ignored the signal from the facility DAS and did not provide
measurements for that datapoint.

III. Results

The experimental setup described in the previous section allowed for the collection of uPSP data as
detailed in the following subsection. A brief overview of the procedure used to convert raw intensity data to
pressures (and map results to the grid) is then provided in section III.B. Processed uPSP results are post-
processed to show pressure time histories and power spectral densities as discussed in sections III.C and III.D,
respectively, where a direct comparison with unsteady pressure measurements from Kulite sensors is also
made. Section III.E contains results from applying dynamic mode decomposition to uPSP measurements.

A. Data Collection

Unsteady pressure sensors (hereafter referred to as Kulites) acquired data at discrete locations at 10 kHz
for all conditions, while the uPSP provided global surface pressures over the entire region of interest at
both 5 kHz and 10 kHz under atmospheric pressure (2116 psf) and low pressure (565 psf) conditions in air.
The faster framerate allowed full-frame imaging for 4.3 seconds, while the slower framerate extended the
measurement time to 8.6 seconds; the facility DAS always recorded Kulite data for 10 seconds, ensuring that
the entirety of the pressure time history recorded by uPSP was captured by the DAS. For each framerate
and pressure, data were collected at five angles of attack (AOAs) ranging from −4◦ to 4◦ in 2◦ increments.
Representative images showing the model at each AOA as captured by the high-speed camera are shown in
Fig. 3. For each condition where uPSP data was desired, the facility would start data acquisition which
automatically caused the uPSP system to begin capturing data. Once triggered, the uPSP camera would
return a signal to the facility DAS indicating that recording was underway so that pressures recorded by the
dynamic pressure transducers could be directly compared with measurements made by the uPSP system.
Although the surface pressure fluctuations caused by the unsteady flow system were only imaged at two
pressures, uPSP intensities were captured from 680 psf to 2116 psf at roughly 200 psf increments to better
understand the paint emission as a function of tunnel pressure. Results of this pressure study are summarized
in Fig. 4, which shows the expected decay in signal intensity as pressure is increased, owing to the larger
amount of oxygen causing greater quenching at higher pressures.
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Figure 4. uPSP signal intensity as a function of tunnel pressure showing the expected decay in signal intensity
resulting from greater O2 quenching at higher pressures.

B. uPSP Processing

Raw uPSP images captured during testing were processed using the Pleiades supercomputer56,57 to provide
surface pressures utilizing software developed and currently used by researchers at NASA Ames.32,33,58 Data
processing is broken into three phases: image preparation, intensity mapping, and conversion to pressure.
In the first step, a high-accuracy calibration solution capturing the relative orientation of the camera to the
test article is established for the first frame of data, and regions of “bad” uPSP data (e.g. regions containing
registration targets or other small unpainted portions of the model) are patched over by interpolating camera
pixel data. Any uPSP data at an oblique angle greater than 75◦ between the model surface normal and
the camera are also removed from calculation during this step. The second phase of processing involved
accounting for small model motion between frames by warping all subsequent frames to align with the first,
then projecting each image onto the model grid. The final step of the uPSP processing pipeline is converting
the intensity value at each grid node to pressure by calculating intensity fluctuations for each frame relative
to the average of all frames31 such that,

P = (Iref/I − 1) ∗Gain. (1)

The value for Gain in Eq. (1) is calculated at each grid node using,

Gain = a+ bT + cT 2 + (d+ eT + fT 2) ∗ Pss, (2)

where the coefficients a−f are obtained through paint calibration, Pss is the steady-state pressure, and T is
the surface temperature. The surface temperature is estimated to be the equilibrium temperature given by,

T = r(T0 − T∞) + T∞, (3)

where T0 is the stagnation temperature, T∞ is the freestream temperature, and r = 0.896 is the turbulent
boundary-layer recovery factor given by Schlichting.59 The final output provided by the uPSP processing
work flow is a time series of pressures at each model grid node visible to the camera. These results are
explored further in the following three subsections.

C. Pressure Time Histories

Representative uPSP output for the AOA = −2◦, P = 2116 psf, and framerate = 5 kHz case is shown
mapped to the grid in Fig. 5a at six distinct times in the cycle of the oscillating jet. To help reduce
measurement noise and better demonstrate the effect of the unsteady flow system on model surface pressure,
results have been filtered using a 15 ms moving average in time, and a 4 × 4 pixel 2D median filter in
space. This time series of images highlights the development of a low pressure region near the shoulder
of the payload section at t = 457 ms, which is shown to begin dissipating and moving towards the second
stage of the model by t = 463 ms. This dissipation and downstream convection continues over the following
two images (at t = 469 & 475 ms), during which time the development of a high pressure region emerges
on the payload section. This high pressure region also dissipates and moves down the length of the model
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(a)

(b)

Figure 5. uPSP results mapped to the grid. (a) Time-series of images showing the spatiotemporal effect of the
oscillating jet on the model surface pressure. (b) RMS values for the entire time-series of uPSP measurements.

7 of 16

American Institute of Aeronautics and Astronautics



(a)

(b)

(c)

Figure 6. Comparison of pressure time history measurements from uPSP and unsteady pressure sensors. (a)
Location of the Kulites (red, labeled) and Zone 24 (blue) used for comparison. (b) Average pressure for Zone
24 plotted with pressure traces from individual Kulites. (c) Average Zone 24 pressure time history compared
against average K09 sensor measurements.

as time progresses, and by the final two frames in Fig. 5a, a low pressure region re-emerges as the cycle
continues. The root mean square (RMS) of all surface pressure measurements is shown in Fig. 5b, and
provides further insight into the uPSP measurements that were obtained. Figure 5b displays small sections
of orange scattered throughout the measurement region, telltale signs of the patched areas where the RMS
value is exceptionally low. Comparison with Fig. 3 confirms that the low-RMS patches correspond to the
locations of registration targets on the model. Another notable feature evident in this figure is the nearly-
rectangular region of higher RMS near the model centerline towards the most upstream location measured
on the payload section. This region is the result of existing damage to the base layer of the PSP from model
handling, and is likely due to wear from a support strap. Finally, Fig. 5b shows the average pressure RMS
to be notably higher along the bottom half of the model, which is to be expected given the sub-centerline
positioning of the leaf blower. Additionally, more light was provided from above the centerline than below,
leading to a higher signal-to-noise ratio (SNR) on the top half of the model.

Since the facility DAS received a signal from the camera while recording was in progress, pressure time
histories measured by the uPSP system were able to be matched directly against those obtained simultane-
ously by the Kulite dynamic pressure sensors. This comparison is provided in Fig. 6, where measurements
from a line of Kulites located just downstream of the payload shoulder are compared against the average
pressure for “Zone 24” of the model, a thin region comprising the portion of the payload section with the
maximum diameter. Figure 6a shows the location for each of the six pressure sensors as indicated by red
dots and labeled with the corresponding Kulite names, while Zone 24 is marked by a blue line just upstream
of the Kulites. Pressure time histories for each Kulite are plotted with the average pressure of Zone 24 in
Fig. 6b, which shows that all signals detect evidence of a cyclic pressure trace. Close inspection of Fig. 6b
also indicates that the outermost Kulites (K09-08 & K09-13) show smaller-amplitude pressure differentials
than those from Zone 24 and the “inner” Kulites, resulting from each pressure sensor’s location relative to
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(a) (b)

Figure 7. Spectral comparison between uPSP and dynamic pressure sensor measurements. (a) PSD for Zone
24 compared against results from individual Kulites. (b) PSD for Zone 24 compared against the average of
all K09 Kulites, showing the fundamental frequency of the oscillating jet (f0) as well as the second, third, and
fourth harmonics.

the oscillating jet. A more suitable comparison between the dynamic pressure sensor measurements and
uPSP results can be obtained by taking the average of all K09 Kulites; this comparison is displayed in Fig.
6c which shows similar phase and amplitude for the pressure oscillations as measured by the two methods,
and indicates that one full cycle is approximately 30 ms long. This cycle period corroborates the observation
from Fig. 5a where the formation, dispersion, and re-emergence of the low pressure region on the payload
section takes place from roughly 457 to 487 ms. This estimate for the jet oscillation period is refined in
the following subsection by making a spectral comparison of the pressure time histories, which also further
confirms the spatial dependance of pressure fluctuation amplitude resulting from the influence of the jet
location on the model surface.

D. Spectral Comparison

Power spectral density (PSD) analysis of the pressure time histories provides insight into the power present
in the signal as a function of frequency and is a common data product reported in uPSP studies.31,32,52 A
spectral comparison between the Kulite data and uPSP measurements covered in the previous subsection
is reported in Fig. 7. Figure 7a shows the PSD for Zone 24 plotted against individual K09 Kulites and,
compared to Fig. 6b, more clearly displays the difference in pressure fluctuations measured by each Kulite.
More specifically, the “outer” Kulites (K09-08 & K09-13) show a significantly lower PSD value across all
frequencies than the “inner” Kulites and Zone 24 as a result of their proximity to the location of jet impinge-
ment on the model surface. Plotting the PSD of the uPSP measurement against the average PSD of all K09
Kulites (shown in Fig. 7b) clearly indicates that the two methods provide similar values for the PSD across
all frequencies, though the dynamic pressure transducer noise is significantly lower than that of the uPSP.
This noise difference is expected to be a result of averaging pressure values over a relatively large area when
compared against the local values returned by the Kulites, and can likely be mitigated by only considering
uPSP measurements directly surrounding any given Kulite sensor; this topic is to be investigated further
in future work. The two spectra also show the detection of the fundamental frequency of the oscillating jet
(f0 = 32.5 Hz) more precisely than the pressure time histories reported in Figs. 5a and 6c. Additionally,
both PSDs show the detection of the second and third harmonics (2f0 & 3f0). The average Kulite PSD also
shows the ability to detect the fourth harmonic (4f0), while this harmonic is indistinguishable from noise in
the uPSP measurements.

E. Dynamic Mode Decomposition

Dynamic mode decomposition (DMD)60 is an algorithm that can be used to extract the dynamical behavior
for the leading spatial modes of the evolving pressure field on the model surface. Recently, it has been
applied to uPSP data.61–63 Output of the uPSP processing software described in section III.B is ideal
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(a) (b)

Figure 8. DMD results from uPSP measurements. (a) Scree plot of the singular values (σi) corresponding to
each of the 25 leading modes considered in the analysis. (b) Eigenvalue distribution showing the 25 leading
eigenvalues (λi) of A plotted in the complex plane; their proximity to the unit circle indicates stable oscillatory
behavior of the associated eigen-pressure modes.

for DMD analysis since results are comprised of a time series of high-dimensional data. Processed uPSP
measurements come in the form X̂ ∈ RM×N , where the time series of pressures is comprized of a total of N
frames at each of M model grid nodes. In other words, the data output from the uPSP processing software
is a matrix whose columns are the pressure measurements at each time,

X̂ = {x1, x2, ..., xN}, (4)

where xi ∈ RM is the i-th frame of the pressure field. By splitting the time series of pressure measurements
into two matrices X = {x1, x2, ..., xN−1} and X ′ = {x2, x3, ..., xN}, DMD seeks a best fit linear operator A
that advances X into X ′,

X ′ ≈ AX. (5)

Performing a singular value decomposition (SVD) of X,

X = UΣV ∗ → X ′ = AUΣV ∗, (6)

where columns of U are the dominant coherent structures organized from most to least important in terms
of capturing the variance of X, Σ is an ordered diagonal matrix of singular values, and V ∗ contains temporal
information corresponding to the modes in U . Projecting A onto the dominant singular vectors,

U∗X ′V Σ−1 = U∗AU ≡ Ã, (7)

yields the reduced matrix Ã, which is a linear best fit dynamical system describing how the dominant pressure
modes evolve in time. If the system of interest has low dimensional behavior, Ã can be further reduced by
considering only the first r columns of U in the projection shown in Eq. 7. A scree plot, shown in Fig. 8a,
can be used to determine if the system has low dimensional behavior and help choose an appropriate value
for the cutoff mode r. By plotting σi (entries along the diagonal of Σ) as a function of mode, the monotonic
decrease of the graph is clear and the emergence of an “elbow” where the singular values level off should
become evident.64 Though a somewhat subjective criterion for determining mode cutoff, based on the elbow
in Fig. 8a (right before the linear region highlighted by the dashed line), an argument can be made that
only the first four most dominant modes need to be retained in this case. Additional evidence supporting a
choice of r = 4 is provided later in this section; however, a value of r = 25 was used for the work carried out
in this report to ensure that contributions from higher modes were captured.

Once the number of dominant modes needed for analysis has been determined, the next step in DMD
involves computing the eigendecomposition of Ã,

ÃW = WΛ, (8)
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(c)

Figure 9. Leading eigen pressure distributions showing the real and imaginary parts comprising the dominant
spatial coherent structures of the uPSP data for the (a) first, (b) second, and (c) third mode pairs.

where W and Λ are the eigenvectors and eigenvalues of Ã, respectively. Since A has the same leading
eigenvalues as Ã, insight into the temporal characteristics of our system can be gained from plotting λi
(entries along the diagonal of Λ) in the complex plane. Eigenvalues falling within the unit circle represent
decaying modes, while λi with a radius greater than one are associated with modes that grow in time. The
complex eigenvalue distribution in the phase domain (Fig. 8b) shows that all eigenvalues lie nearly entirely
on the unit circle, indicating that the dominant modes are oscillatory; this is expected given the nature of the
fluidic oscillator used in the unsteady flow system driving the pressure fluctuations measured by the uPSP
system. Note also that the 25 eigenvalues considered in this study are comprised of 12 complex conjugate
pairs and a single real value. Additional information such as the mode frequency and growth rate can be
obtained from the angle and distance to the origin of each λi.

With an understanding of the temporal characteristics given by the leading eigenvalues of A, only the
corresponding eigenvectors remain to be determined. The leading eigenvectors of A can be computed using
the formulation from Tu et al.,65

Φ = X ′V Σ−1W. (9)

DMD eigenvectors (columns of Φ) relate to the spatial characteristics of the system and, like the associated
eigenvalues, come in complex conjugate pairs. While typically the first mode would contain the average
pressure distribution and pairs would begin with modes 2 and 3, in this case data were processed relative to
the steady state value, so pairing begins immediately with modes 1 and 2. The real and imaginary “eigen
pressure distributions” shown in Fig. 9 highlight the dominant spatial coherent structures involved in the
modal dynamics for the first three mode pairs. Figure 9a shows that for the arbitrary time considered, the
first mode set consists of a real coherent structure associated with the downstream impingement point of
the sweeping jet, while the imaginary mode pair is associated with the surrounding region and the upstream
impingement point. The opposite is true for the second eigen pressure distribution pair shown in Fig. 9b.
For both real and imaginary eigenvectors, no large coherent structures are visible in the third mode set, Fig.
9c, providing further evidence (in addition to the scree plot elbow shown in Fig. 8a) that as few as the first
four dominant modes may be used to describe the dynamics of this system.

While we have thus far viewed the temporal and spatial modes of the DMD separately, each eigenvector
is dynamic and coupled to a specific frequency given by the eigenvalue of that mode. This spatiotemporal
coupling means that the leading dynamical behavior of the original uPSP data X̂ can be reconstructed using
only the leading r dominant modes by considering both Φ and Λ together,

Ŷ (t) = ΦΛtz0, (10)

where Ŷ is the reconstruction, t is a time index, and z0 is a set of coefficients determined by initial conditions.
Note that Eq. 10 allows for future time predictions to be made — though caution should be used when
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projecting solutions “too far” into the future. Ŷ will more accurately represent the original uPSP measure-
ments as additional modes are considered in the reconstruction; however, unwanted noise can be reduced by
omitting certain modes. These “filtered” DMD results (where modes higher than 25 are excluded from the
reconstruction) are shown in Fig. 10. When compared against the time series of spatiotemporally-averaged
uPSP measurements in Fig. 5a, the reconstruction more clearly shows the influence of the unsteady flow
system on the model surface pressure.

IV. Discussion

The experimental campaign detailed in this report served to demonstrate the performance of a newly-
implemented uPSP system in the TDT. Upon return to service of the facility main drive, this system will
be used to make time-resolved pressure measurements on the surface of flight and launch vehicle models
at conditions matching the full-scale aerodynamic characteristics. Despite the lack of full-operability of the
wind tunnel, results presented in the previous section prove the success of the design, fabrication, instal-
lation, and functionality of the environmental enclosures (as well as the UV lights and high-speed camera
contained within), in addition to the successful integration of the uPSP control system and TDT facility
interface. Raw intensity movies acquired during this study were used to test processing capabilities on the
Pleiades supercomputer, yielding the unsteady pressure measurements presented in this work. The devel-
opment and maturation of data post-processing pipelines were also permitted by the efforts outlined in this
paper. Ultimately, the uPSP system described herein is expected to provide dynamic pressure measure-
ments at transonic conditions, which will allow for comparison with previous experimental studies31,52 and
computational results.53

V. Conclusions

For the first time, an unsteady PSP system capable of measuring sub-psi surface pressure differentials
has been successfully implemented at full scale in the TDT. Due to the inoperable condition of the facility
main drive during the testing window, an unsteady flow system was utilized to produce spatiotemporal
pressure fluctuations on the surface of a generic launch vehicle model. Signal intensity data were collected
at camera framerates of 5 and 10 kHz for various model attitudes, and were processed using the NASA
Pleiades supercomputer to provide measurements of pressure. Pressure time histories obtained using uPSP
were compared with measurements from unsteady Kulite sensors and showed agreement for both the phase
and amplitude of oscillations. Spectral analysis indicated that both systems are capable of measuring the
fundamental frequency (as well as the second and third harmonics) of the passive oscillator used to provide the
unsteady flow driving the surface pressure fluctuations. Results were post-processed using DMD to determine
the dominant spatial coherent structures (along with their associated frequencies and growth rates), allowing
for a denoised reconstruction of the uPSP measurements considering only the 25 leading modes. Future work
will further explore the influence of the number of modes considered in the DMD analysis and refine the
mode cutoff value. Since the studies considered in this report were conducted exclusively in air, another
important factor to be considered in future testing at the TDT is the ability to measure surface pressure
fluctuations in a low O2 environment and determine the O2 concentration required for uPSP measurements
made when the wind tunnel facility is operating using R-134a as the test medium.
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