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Abstract: Lifetime-based and ratiometric-intensity techniques are two methods for measuring
surface pressure on wind tunnel models using porous, fast-response pressure-sensitive paint
(fast-PSP). This paper characterizes how photodegradation under varying oxygen partial
pressures impacts the intensity signal, lifetime ratio, and calibration accuracy of a platinum (I1)
meso-tetra(pentafluorophenyl)porphine (PtTFPP)-based fast-PSP. A temperature- and
pressure-controlled test chamber was used to expose PSP coupons to excitation light at different
oxygen partial pressures (Po2). In the experiments, the luminescent intensity decay rate and the
lifetime ratio decay rate increased by 0.1% and 0.12% per minute per kPa of Po2, respectively.
Calibration curves were observed to become increasingly nonlinear with higher
photodegradation pressures. These trends are consistent with the effects of photodecomposition
and photo-oxidation. Based on these findings, the authors propose best practices to reduce
errors and improve measurement reliability, including pairing fast-PSP measurements with
reference transducers for continuous calibration, reapplying and inspecting fast-PSP coatings
in regions with steep pressure gradients, and defining acceptable uncertainty thresholds for a
given experiment.

1. Introduction

Pressure-sensitive paint (PSP) is a tool for obtaining quantitative surface pressure
measurements in wind tunnels [1-13]. Steady and unsteady pressure measurements can be made
from porous, fast-response pressure-sensitive paint (fast-PSP), a variant of PSP with very high
oxygen permeability, depending on the processing method used. Time-averaged processing of
fast-PSP offers steady-state surface pressure measurements [14, 15]. Unsteady pressure-
sensitive paint (UPSP) processing, a related approach using the same class of paint formulation,
captures unsteady pressure fluctuations. Both methods rely on the luminescent properties of the
paint to provide pressure data with high spatial resolution. Pressure data are typically derived
from fast-PSP measurements via one of two common approaches: an intensity-based method
or a luminescent lifetime method [16-18].

The intensity method involves the continuous excitation of the paint using a UV or visible
LED light source to induce luminescence. Luminescence intensity decreases as local pressure
increases due to oxygen quenching of the luminophore’s excited states [19]. High-speed
cameras are used to capture the dynamic changes in intensity. This “wind-on” intensity signal
is normalized by a time-averaged “wind-off” (no-flow) intensity and compared to a laboratory
calibration to determine the pressure [20]. This technique is a common method of obtaining
pressure measurements with PSP and is well-documented along with many of its challenges
[21-24].



A prominent and consistent observation in oxygen-sensing PSPs is the gradual decrease in
luminescent intensity under prolonged excitation, a phenomenon known as photodegradation
[1-3, 20, 25-39]. Over time, photodegradation of the luminescent dye leads to measurement
inconsistencies [26, 31, 40]. Photodegradation is a common issue in 0Xxygen sensors
continuously exposed to light, as this exposure can generate singlet oxygen in the process [27,
28]. Photodegradation can be classified into two processes: photodecomposition and photo-
oxidation. Photodecomposition occurs when a molecule dissociates into atoms, ions, and free
radicals upon light exposure [41, 42]. The dissociation causes the luminescent dye to lose its
ability to emit photons via fluorescence and phosphorescence. Photo-oxidation involves a
molecule undergoing an oxidation reaction after exposure to light. During oxygen quenching,
triplet oxygen (*0.) transitions to singlet oxygen (*O), which is a strong oxidizing agent that
can react with non-radical substances including dye molecules [20, 29, 42]. These two
processes play a significant role in the photodegradation of fast-PSP, especially in wind tunnels
where paint is exposed to high-intensity light and dynamic pressure conditions for extended
periods. Both photodegradation and increased pressure result in decreased luminescence,
making it challenging to differentiate between the two effects.

To mitigate issues associated with photodegradation in the intensity method, the lifetime-
based analysis method was developed [43-45]. The lifetime method involves pulsed excitation
of the paint to observe its transient luminescent response rather than directly measuring
fluorescence intensity, which minimizes the sensitivity of the measurement to the excitation
source intensity distribution [16, 45, 46]. In this technique, an LED lamp and camera are
synchronized so that two images are recorded in rapid succession: the first image captures the
rising luminescent behavior when the lamp is turned on, and the second captures the
luminescent decay when the lamp is turned off [11, 16, 30]. When the lamp is off, the excited
luminophore dye molecules release energy through various relaxation pathways, including
radiative decay (emission of light) and non-radiative quenching by oxygen, returning the
molecule to the ground state [20]. The more oxygen molecules that are present near the surface
of the paint, the more likely that an excited dye molecule will be quenched by oxygen before it
can radiate that excess energy as light [47, 48].

In this study, the lifetime ratio is defined as the ratio of the lamp-off to lamp-on intensity
ratio rather than a direct calculation of decay time constants. The pulsed excitation method used
herein approximates lifetime behavior without explicitly calculating the decay time constant
[16, 17, 32, 34, 49, 50]. While the absolute intensity of the paint decreases as the luminophore
photodegrades, the lamp-off to lamp-on intensity ratio has traditionally been considered
constant for a given pressure, as the decay time constant should ideally not change with
intensity [51]. A wind-off lifetime measurement should maintain a spatially consistent ratio
before and after testing, matching the calibrated lifetime ratio at atmospheric pressure.
However, previous wind tunnel tests showed that the lifetime ratio varied throughout a run and
exhibited greater spatial nonuniformities than the intensity [17, 24, 45, 52].

When analyzing these data sets from previous experiments further, it was noticed that both
the intensity and lifetime ratio of platinum (I1) meso-tetra(pentafluorophenyl)porphine
(PtTFPP)-based fast-PSP, purchased from paint supplier ISSI, do not remain consistent
throughout testing and regions subjected to higher pressures during excitation change at
different rates. This observation prompted us to explore the role of oxygen partial pressure (Po2)
in photodegradation—specifically its effects on intensity, lifetime ratio, and calibration—
building on previous observations [17, 24, 52]. Previous studies have explored the decrease in
PtTFPP intensity with exposure to excitation light [26, 32, 36-38]. One paper measured the
overall photodegradation rate of PtTFPP at different pressures post-photodegradation, finding
lower photo-bleaching at reduced ambient pressure [39]. That study examined the
luminescence intensity before and after photodegradation in fast-PSP, leaving the pressure
dependency of intensity during photodegradation only partially explored [39]. However, no
research previously reported in the peer-reviewed literature has quantified photodegradation



effects on a PtTFPP-based fast-PSP’s lifetime ratio or calibration nor investigated how pressure
affects the lifetime ratio and calibration during photodegradation. While ISSI’s datasheet
provides an estimated 1% per minute photodegradation rate for their fast-PSP, the influence of
pressure on photodegradation rates and calibration remains unclear; this work seeks to address
this gap [53]. To better understand the effects of pressure on photodegradation, benchtop
experiments were conducted to characterize the effect of pressure on photodegradation in this
PtTFPP-based fast-PSP.

2. Photodegradation Observations in Wind Tunnel Experiments

Photodegradation effects were examined in multiple datasets collected at NASA Ames’ Mach
0.6, 14” x 14” Test Cell 3 during wind tunnel experiments [2, 24, 54, 55]. Fast-PSP
measurements provided data on how both the intensity and lifetime ratio changed over repeated
wind tunnel tests. The fast-PSP used in the present work was formulated by Innovative
Scientific Solutions, Inc. (ISSI) and used platinum (I1) meso-tetra(pentafluorophenyl)porphine
(PtTFPP) as the luminophore [2, 6, 24, 54, 56]. In one configuration, a block was placed on the
surface coated with fast-PSP to generate pressure gradients, while in the other, measurements
were obtained without the block. Wind-on data and a more detailed description of the
experimental setup from these test campaigns have been previously published [2, 6, 24, 54, 57].

Fig. 1(a) provides a 3D schematic of the experimental setup with the block installed, while
the top-down view in Fig. 1(b) captures the spatial percent change in intensity throughout a
wind tunnel run. Here, the flow was from left to right. The upstream side of the block, where
pressure was highest, showed a greater change in intensity, indicating more severe
photodegradation. When photodegradation was neglected, the calculated average pressure from
the second wind-off image increased to 106 kPa instead of the actual 99.7 kPa over the 5.5-
second wind tunnel test. This drift accumulated over time, reducing measurement accuracy in
longer test runs. Regions subjected to higher pressure exhibited larger changes from their initial
intensity, confirming that pressure affected the rate of photodegradation.
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Fig. 1. (a) A 3D schematic of the experimental setup and fast-PSP surface geometry where the
flow was from left to right. (b) Spatial percent change of the intensity values after 5.5 seconds
of excitation light exposure. (c) Normalized fast-PSP intensity, plotted as a function of exposure
time to excitation light.

Plotted in Fig. 1(c) is the normalized intensity as a function of total elapsed time, with each
data point representing the average surface intensity under wind-off conditions normalized to
the initial intensity of the fast-PSP surface. Overall, the data showed a consistent decrease in
luminescent intensity with increased exposure time, confirming that prolonged exposure led to
greater photodegradation.

Following the intensity tests, lifetime ratio measurements were performed for the block case,
with prior excitation light exposure used to assess photodegradation across pressure regions.
This exposure allowed for the observation of photodegradation effects on the lifetime ratios



across different pressure regions induced by the block. A threshold of -3.45% or lower was
applied to the spatial intensity plot in Fig. 1(b) to define the shock region, determined by testing
multiple thresholds and selecting the value that most consistently identified the area of greatest
intensity change in the high-pressure region upstream of the block. The lifetime ratios from this
region were then plotted as a histogram in Fig. 2(a), with the corresponding data mask shown
in Fig. 2(b). This histogram was compared to that of the entire PSP-coated surface to evaluate
regional differences in photodegradation. These histograms showed that the lifetime ratios
within the higher-pressure region were lower than those observed across the entire PSP-coated
surface, suggesting that the lifetime ratio decreased more in regions subjected to higher
pressures. The observation aligned with the intensity data from Fig. 1(b), which showed greater
photodegradation in higher-pressure regions.
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Fig. 2. (a) Histograms of lifetime ratio values for the entire lifetime ratio image and the region
within the expected shock location after 42 seconds of excitation light exposure. (b) Data mask
area used to isolate the shock region for lifetime ratio analysis. (c) Normalized fast-PSP lifetime
ratio for experimental runs, plotted as a function of exposure time to excitation light.

Fig. 2(c) shows the cumulative change in the fast-PSP’s lifetime ratio between the start and
end of tests. For both the block and no-block cases, the lifetime ratio decreased with increased
exposure time. These data showed that photodegradation progressively reduced the fast-PSP’s
lifetime ratio. The varying lifetime ratio led to inconsistencies in measurement interpretation.
These observations, seen in Fig. 1(b,c) and Fig. 2(a-c), of varying normalized intensity and
lifetime ratio across the surface of the model, motivated us to further investigate
photodegradation in ISSI porous, fast-response PSP under varying pressures.

3. Benchtop Experiments

Benchtop experiments were conducted in a controlled environment to investigate
photodegradation effects on fast-PSP. The benchtop setup allowed for the quantification of
changes in luminescent intensity, lifetime ratios, and calibration parameters, highlighting how
these factors were influenced by photodegradation under different pressures.

3.1 Test Chamber Experimental Setup and Data Processing

To perform all benchtop experiments, an 1ISSI CAL-04 PSP/TSP calibration system was used.
This system consisted of a test chamber where temperature and Po, were controlled with
cooling water and O2/N; flows, respectively. The desired temperature and Po, were set on a
control box, which adjusted gas and water flow rates to reach the desired condition. Fig. 3(a)
shows the chamber in the experimental configuration used. A Phantom v2512 high-speed
camera was used for data acquisition, and an ISSI LM4X-DM-400 LED lamp was used for
illumination, both operating at 10 kHz. Lamp and camera timing were controlled with an
external pulse generator. A close-up image of the test chamber was shown in Fig. 3(b); a paint
sample was secured to the copper interface with thermal compound using a copper retaining



clip and a plastic retaining ring mount. Also visible were the gas and water lines to the test
chamber.

>

Fig. 3. (a) Paint calibration setup showing the camera, light source, water chiller, and placement

of the test chamber; (b) pressure and temperature-controlled test chamber with the painted
coupon inside; (c) camera view of the paint coupon with the data mask applied.

A representative raw image of a paint coupon used for testing is shown in Fig. 3(c). The paint
coupons were thin aluminum disks 50.8 mm in diameter and were prepared by first applying
the I1SSI base coat using a high-volume, low-pressure spray gun. This base coat, a 95:5 mixture
of Part A and Part B from ISSI, combines Part A, a milky white solution composed mostly of
water, with Part B, a solution primarily containing acrylic polymer, to form a porous matrix
that dries white, providing a uniform, opaque background [53]. The ISSI topcoat, Part C,
consists of a 99% benzotrifluoride solution with PtTFPP dissolved as the pressure-sensitive
luminophore and was applied similarly 30 minutes before the testing. The coupons were then
stored in a dark area to minimize light exposure until testing began. A series of experiments
were conducted to investigate the photodegradation behavior of fast-PSP under varying
pressures using four coupons. The experiments had three phases: initial calibration,
photodegradation, and final calibration.

For the calibrations, the sensitivity of the fast-PSP to temperature and pressure was
determined for each paint coupon. The calibration process involved exposing each coupon to a
matrix of three temperatures (15°C, 20°C, and 25°C) and seven partial pressures of oxygen (0,
4.2,8.4,12.6,16.8, 21, and 25.2 kPa). The temperatures were selected because they are near
room temperature and representative of the typical range of NASA wind tunnel conditions.
Temperature was monitored using a thermocouple positioned below the coupon in the test
chamber. The Po; in each case was controlled by adjusting the mole fraction of oxygen flowing
into the chamber while maintaining constant absolute pressure and continuous flow. The
chamber was purged with 99.999% ultra-high-purity (UHP) N2 from Airgas (pure UHP N2 was
defined as our 0 kPa Po, condition) or mixtures of UHP N> and 99.994% UHP O- (to achieve
other Po, values) for 20 seconds before recording began, continuing until recording ended. The
timing of the lamp illumination and camera gating during calibration is illustrated in Fig. 4(a).
For each condition, the lamp was turned on and the camera recorded for one second, collecting
10,000 images to construct the calibration.
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Fig. 4. Lamp illumination, camera gating, and resulting paint response with a representative 10
us time constant for (a) calibration data acquisition timing (b) lifetime and intensity data
acquisition timing.

After the initial calibration, the photodegradation phase was conducted to study how pressure
affects the rate of photodegradation. Each coupon was exposed to a different oxygen partial
pressure (0, 12.6, 21, or 27.3 kPa) for 14.9 minutes at 20°C. The photodegradation time was
limited by the onboard camera memory. During photodegradation, the fast-PSP intensity
response was measured continuously at 10 kHz. The lamp operated at a 50% duty cycle, and
its illumination and camera gating were controlled by a BNC 575 Digital Delay/Pulse
Generator, as illustrated in Fig. 4(b). Each cycle produced two images: the first, captured with
the lamp on for 99.965 s, recorded the initial luminescent response, while the second, captured
with the lamp off for 99.965 ps, recorded the decay. Using this method, data for both intensity
and lifetime ratio analysis were collected simultaneously. Once the photodegradation phase
was completed, a final, post-photodegradation calibration was performed in the same way as
the initial to assess changes in the fast-PSP’s calibration.

After data collection, the images were analyzed. The intensity method used only the lamp-
on images from the photodegradation phase, whereas the lifetime method calculated the ratio
from both images as given by Eq. (1):

I

where I,¢+ and I,,, were the intensities with the lamp off and on, respectively. Data masks were
applied in post-processing to isolate the paint pixels. Mean intensities were averaged over 3,000
frames, and a unique mask was used for each coupon to minimize shot noise from the camera,
which was applied consistently throughout the analysis. The first-order Stern-VVolmer equation
was used to consider oxygen quenching effects on intensity [13, 47, 58]:

lo
7 =1+ kq[oz] (2)

where I, was the intensity of the fast-PSP without oxygen quenching (at 0 kPa), I was the
intensity of the paint, k, was the quenching constant, and [0,] was the concentration of
oxygen. According to Henry's Law, the concentration of oxygen that permeates into the paint
is directly proportional to the partial pressure [46, 59, 60]. Therefore, the oxygen can be
expressed as P/P,.r, where P, is the reference pressure used to avoid division by zero [46].
The reference pressure corresponds to the wind-off condition in the wind tunnel, equivalent to
100 kPa of air or 21 kPa of oxygen. In practice, a nonlinear term was often included to account
for nonconformities and highlight deviations from ideal behavior [61, 62]. The modified Stern-
Volmer equation used for curve fitting was [46, 50]:
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where A, B, and C were calibration fit constants, and P was the pressure. By comparing the
calibration curves before and after photodegradation, the accuracy across extended exposure
times could be evaluated.

An uncertainty analysis was conducted to determine the statistical significance of the
observed trends in the benchtop experiments. By analyzing the central area of the coupons and
calculating the uncertainty defined by 2¢ of the pixel intensities, the uncertainty was determined
to be 3.5% of the mean. The absolute uncertainty in the initial intensity (3300 counts) of the
coupon shown in Fig. 3 is = 116 counts. This baseline uncertainty accounts for factors such as
paint coat unevenness, camera noise, variation in excitation light intensity, angle of incidence,
and fluctuations in environmental conditions.

3.2 Luminescent Intensity Measurements

The effect of photodegradation on the luminescent intensity and its impact under various partial
pressures was evaluated first. Intensity data were continuously recorded during the 14.9-minute
experiments for each of the four paint coupons. The normalized intensities over time for each
coupon are presented in Fig. 5(a). The intensity of the fast-PSP decreases steadily with
prolonged exposure to excitation light, with the rate of decline varying based on the partial
pressure of oxygen during exposure to excitation light. At a photodegradation pressure of 0
kPa, the signal decreases the least since the absence of oxygen prevents photo-oxidation, and
the signal decreases to 71% of its initial intensity at the end of the experiment due solely to
photodecomposition. In contrast, for cases with oxygen exposure, both photodecomposition
and photo-oxidation contribute to photodegradation, which led to a more significant signal
decrease [29, 41, 42]. At 27.3 kPa, the intensity decreases to 31% of the initial intensity at the
end of the experiment, less than half of that observed at 0 kPa. This trend is consistent with
observations from the wind tunnel tests, where regions exposed to higher pressures had greater
intensity decreases, as shown in Fig. 1.
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Fig. 5. (a) Paint coupon intensity of lamp-on frames during photodegradation under various
pressures. (b) Average intensity rate of decrease over the 14.9-minute experiment as a function
of photodegradation pressure.

By evaluating the average rate of decay in the normalized intensity, as shown in Fig. 5(b), it
is observed that the photodegradation rate is greater with increasing Poz during
photodegradation. When the photodegradation pressure is 0 kPa, where photodegradation
occurs solely through photodecomposition, the average decay rate is 1.9% per minute. At a
photodegradation pressure of 27.3 kPa, where both photodecomposition and photo-oxidation
contribute, the average decay rate is 4.7% per minute. These measured photodegradation rates



differ from ISSI’s reported photodegradation rate of 1% per minute; ISSI’s reported value does
not account for lamp intensity, oxygen partial pressure during photodegradation, or the
nonlinearity of photodegradation over time [53]. A linear fit to the data in Fig. 5(b) reveals that
the intensity decay rate increases by 0.10% per minute per kPa of Po,. This indicates that the
additional intensity decrease is driven by photo-oxidation. These observations confirm that
oxygen accelerates photodegradation, and this metric quantifies the extent.

3.3 The Lifetime Method

The effect of photodegradation on the lifetime method under varying pressures is also evaluated
through the benchtop experiments. The experiments tracked changes in lifetime ratios, as
described in Eq. 1, for the four paint coupons exposed to different pressures over the 14.9-
minute period. Fig. 6(a) shows the normalized lifetime ratio of each coupon during
photodegradation at various partial pressures of oxygen. The normalized lifetime ratios decline
more rapidly at higher pressures, similar to the trend observed in the fast-PSP intensity shown
in Fig. 5(a). At the end of the experiment, the highest photodegradation pressure case shows
the final lifetime ratio is 26% of the initial. The 0 kPa case shows a decrease to 77% of the
initial lifetime ratio. Although photo-oxidation does not contribute at 0 kPa,
photodecomposition did. Fig. 6(b) further quantifies this trend and shows the average decay
rate of the lifetime ratio, with a measured average rate of 1.5% per minute at 0 kPa and 5% per
minute at 27.3 kPa. A linear fit to the data reveals that the lifetime ratio average rate of decay
increases by 0.12% per minute per kPa of Poz. These observations confirm that oxygen
accelerates photodegradation, which leads to faster declines in the lifetime ratio. Moreover, the
decline in the lifetime ratio is more substantial at higher photodegradation pressures, similar to
trends observed in the intensity measurements. Of interest is the apparent relationship between
pressure during photodegradation and rate of lifetime ratio decrease, which the authors have
not seen previously reported in the literature.

The decreasing lifetime ratio as the fast-PSP photodegrades suggests that the decay time
constant of the luminophore decreases with excitation light exposure, which signals that
photodecomposition and photo-oxidation might alter the structure of the luminescent dye.
Although the lifetime method reduces some of the errors caused by photodegradation,
corrections remain necessary for accurate pressure measurements.
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Fig. 6. (a) Normalized lifetime ratio of each coupon during photodegradation. (b) Average
lifetime ratio rate of decrease over the 14.9-minute experiment as a function of photodegradation
partial pressure. (c) Additional uncertainty in the normalized lifetime ratio as a percent of the
mean during fast-PSP photodegradation.

Photodegradation leads to an increase in measurement uncertainty relative to the initial
uncertainty measured at the beginning of the photodegradation phase. This additional
uncertainty is expressed as a percentage increase over the baseline uncertainty and is plotted in
Fig. 6(c) versus the normalized lifetime ratio. As the lifetime ratio decreases due to exposure
to an excitation source, the uncertainty increases nonlinearly for all photodegradation pressures.



Since the coupon photodegraded at 27.3 kPa experiences the greatest decline in its lifetime
ratio, it shows the highest accumulated uncertainty after 14.9 minutes. These findings are
particularly relevant for wind tunnel testing, where different pressure regions photodegrade at
varying rates. This causes both the lifetime ratio and measurement uncertainty to become
inconsistent across the model and complicates accurate pressure measurements. Table 1
summarizes the uncertainty increases observed during photodegradation for lifetime ratio
decreases of 5%, 10%, and 20%, which demonstrate that higher photodegradation pressures led
to greater accumulated uncertainty.

Table 1. Additional uncertainty in fast-PSP lifetime ratio due to photodegradation at different
pressures

Additional Additional Additional Additional
Photodegradation | uncertainty at 0.95 uncertainty at 0.9 uncertainty at 0.8 uncertainty
Pressure (kPa) normalized lifetime  normalized lifetime normalized lifetime after 14.9

ratio (%) ratio (%) ratio (%) minutes (%)
0 0.17 0.52 1.37 1.76
12.6 0.64 1.64 4.64 20.80
21 1.03 2.25 5.65 66.62
27.3 1.33 2.62 6.25 114.73

3.4 Calibration Accuracy

To evaluate how photodegradation affects the calibration, the post-photodegradation final
calibration is compared to the initial calibration. As discussed previously, both calibrations
were performed identically, which ensured any differences observed were solely due to
photodegradation. This comparison was used to determine changes in pressure sensitivity and
overall calibration accuracy.

Fig. 7(a,b) shows the calibration curve fits before and after photodegradation for the coupons
with the lowest and highest photodegradation pressures, respectively. The nondimensionalized
intensity is plotted versus nondimensionalized pressure. Here, the different calibration
temperatures are indicated with different colors, and the initial calibration is shown with solid
lines and the final with dashed lines. The initial calibration curves across coupons were similar,
which was expected given the coupons were not photodegraded. After 14.9 minutes of
photodegradation, both coupons showed lower intensity for a given pressure and increased
nonlinearity in the calibration curves. The decrease in pressure sensitivity and degree of
nonlinearity is more pronounced for the coupon photodegraded at 27.3 kPa. This change in the
calibration curves is due to an increased nonlinear component, as described in Eq. 3. Overall,
these results showed that photodegradation, especially at higher Po2, compromises the accuracy
of calibration curves.
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Fig. 7. Calibration curve fits for two of the photodegraded coupons at varying photodegradation
pressures, (a) 0 kPa and (b) 27.3 kPa, which shows isothermal calibration curves at three
different temperatures.

To evaluate the impact of photodegradation on calibration accuracy, pressure measurements
are compared using the initial and final calibration curves. A single curve is generated for the
final calibration with all three temperature values for each pressure averaged together. Plotted
in Fig. 8(a) is the pressure that would be reported if the initial calibration is used after
photodegradation. The difference between the actual and reported values quantifies the error
introduced by photodegradation. The data shows that after 14.9 minutes of photodegradation,
the reported pressure becomes increasingly overestimated relative to the actual pressure. This
overestimation is greater with higher photodegradation pressures. The coupon photodegraded
at 0 kPa, photodegrading primarily via photodecomposition, shows a noticeable error.
However, this error is lower than that observed for the coupon photodegraded at 27.3 kPa,
where photodegradation results from both photodecomposition and photo-oxidation.
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Fig. 8 (a) The reported pressure measurement after 14.9 minutes of photodegradation if the
initial calibration was used. (b) Measured pressure versus actual pressure for different isothermal
calibration curves using data from the 25.2 kPa actual pressure.

Two key trends emerge from these results. First, as photodegradation pressure increases,
the calibration curves shift upward, which means that all reported pressures are overestimated
relative to the actual values. This highlights that the intensity drop caused by photodegradation
mimics the effect of higher pressures and leads to significant errors if the initial calibration is
used. Second, the slope of the calibration curves steepens with increasing photodegradation
pressure, which means that the calibration data points recorded at higher pressures are more
affected by photodegradation. This suggests that photodegradation not only causes an
overestimation of pressure but does so in a complex manner, which makes it more difficult to
determine accurate pressure values from sufficiently photodegraded fast-PSP.



Fig. 8(b) shows the relationship between photodegradation pressure and the reported pressure
for the three calibration temperatures. This plot is generated with the data from an actual oxygen
partial pressure of 25.2 kPa, which corresponds to the rightmost points in Fig. 8(a). Rather than
all final calibration data points displayed, Fig. 8(b) plotted the reported pressure at one
calibration pressure as a function of photodegradation pressure. Linear fits show that as
photodegradation pressure increases, the reported pressure is increasingly overestimated. The
15°C fit has the highest reported pressures and the steepest slope, while the 25°C case has the
lowest reported pressures and the least steep slope. The differences in the 15°C and 25°C cases
show that the calibration data points recorded at lower temperatures are more affected by
photodegradation, further demonstrating that the resulting calibration changes are complex.

Photodegradation affects the intensity-pressure relationship, particularly when
photodegraded at higher pressures, and recalibration is necessary to maintain accurate
measurements. As the paint photodegraded, the intensity of the paint decreased, mimicking
higher pressures. When the intensity values after significant photodegradation are used with the
initial calibration curve taken at the beginning of a wind tunnel run, the calculated pressures
are significantly overestimated.

For the intensity method, lifetime method, and calibration, the fast-PSP photodegradation is
accelerated at higher pressures and longer exposure times. Photodegradation reduces intensity
and lifetime ratios and introduces nonlinearity into calibration curves. Significant errors in
pressure measurements can occur if not properly accounted for.

4. Recommendations and Best Practices

Photodegradation introduced additional uncertainty to fast-PSP measurements, especially in
regions with steep pressure gradients, as illustrated in Fig. 6(c). The nonlinear decrease in
intensity with exposure to an excitation source compounds this effect; higher-pressure regions
experience more rapid photodegradation and higher measurement errors compared to lower-
pressure regions. Despite the challenges posed by photodegradation, effective strategies can be
implemented to use PtTFPP-based porous, fast-response PSP and still deliver accurate, reliable
results. These best practices should also be considered for other oxygen-sensor PSP
formulations, especially those that use PtTFPP, as they likely have similar photodegradation
characteristics due to shared mechanisms. To mitigate the effects of photodegradation and
ensure reliable fast-PSP measurements, the following practices are recommended:

e  Pair fast-PSP measurements with "truth" measurements, such as a pressure transducer,
to continuously calibrate the PSP and minimize uncertainty.

e Minimize light exposure time between fast-PSP measurements.

e  Monitor fast-PSP-coated surfaces during testing for spatially inconsistent decreases in
intensity. Replace the paint coating if the intensity falls significantly below its initial
level or shows inconsistent photodegradation across the surface.

o Reapply fast-PSP coatings when necessary, especially for experiments with large
models or regions with steep pressure gradients, where photodegradation-induced
uncertainty accumulates more quickly.

e Recalibrate to account for photodegradation effects when reapplication is not feasible,
or photodegradation is unavoidable.

o Define acceptable uncertainty thresholds based on the specific application and
experimental requirements to guide decisions on reapplication and calibration
frequency.

The uncertainties in the lifetime ratio will appear in processed images as nonuniformities,
particularly in regions with steep pressure gradients. Such nonuniformities have been
previously observed and discussed in [17, 24, 45, 52]. Table 1 and Fig. 6(c) quantify the
uncertainties introduced by photodegradation across different photodegradation pressures.
Ultimately, the acceptable level of uncertainty and photodegradation limits will depend on the



intended application and experimental constraints, such as error tolerance, pressure gradient,
model size, and coating uniformity.

5. Conclusions

The effects of photodegradation in pressure-sensitive paint were studied in benchtop
experiments using 1SSI porous, fast-response PSP. Changes in luminescent intensity, lifetime
ratios, and calibration curves were measured across varying pressures. When exposed to an
excitation source, the rate of luminescent intensity decrease was greater at higher pressures,
consistent with wind tunnel data. In the benchtop experiments, intensity decreased to 31% of
the initial intensity at a photodegradation pressure of 27.3 kPa with an average decay rate of
4.7% per minute, compared to only 71% at 0 kPa with an average decay rate of 1.9% per minute
after 14.9 minutes of exposure. Similarly, the lifetime ratio of the paint decreased with exposure
to an excitation source, indicating a change in the time constant as the fast-PSP photodegrades.
The lifetime ratio decreased to 26% of the initial at a photodegradation 27.3 kPa with an average
decay rate of 5% per minute, versus 77% at 0 kPa with an average decay rate of 1.5% per
minute over the same period. These average decay rates varied with photodegradation pressure,
as the experiments further revealed that the luminescent intensity decay rate increased by 0.10%
per minute per kPa of Po2, and the lifetime ratio decay rate increased by 0.12% per minute per
Po2. These findings show that the rate of decrease in both the intensity and the lifetime ratio
during photodegradation is pressure dependent.

In the benchtop tests, initial fast-PSP calibration curves exhibited a nearly linear relationship
between normalized intensity and normalized pressure. However, after photodegradation,
recalibration showed a pronounced overestimation of pressure and increased nonlinearity in the
calibration curves, resulting in reduced pressure sensitivity. Using the initial calibration curve
to interpret the photodegraded intensity values resulted in a significant overestimation of
pressure readings. If photodegradation was neglected, significant overestimations of pressure
occurred, particularly at higher photodegradation pressures and longer exposure times. The
overestimation varies widely after the 14.9 minutes, where at a photodegradation pressure of 0
kPa, the shift is 11.3 kPa, whereas at 27.3 kPa, this shift is 115.5 kPa.

Our findings suggested that the characteristics of fast-PSP photodegradation were consistent
with both photodecomposition and photo-oxidation processes taking place on the luminophore
of the paint when exposed to oxygen and excitation light. Photodegradation occurs in the paint,
even in the absence of oxygen due to photodecomposition, but the presence of oxygen
accelerates photodegradation through photo-oxidation.

To mitigate these effects, fast-PSP should be reapplied based on the specific experimental
requirements and be paired with “truth” measurements throughout the model while minimizing
light exposure time between measurements to limit photodegradation. For tests with steep
pressure gradients, where photodegradation occurs unevenly, more frequent calibrations and
reapplication of fast-PSP may be necessary to maintain accurate and reliable pressure
measurements. When reapplication is impractical or if photodegradation is unavoidable,
recalibration should account for photodegradation effects. By understanding the results of
photodegradation on fast-PSP, it can be better maintained to ensure accurate pressure
measurements, even under varying pressures and exposure conditions.
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