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Abstract: This study aimed to develop a two-color pressure-sensitive paint (PSP) that has both
high pressure sensitivity and high temperature sensitivity. Different nitrobenzoxadiazole (NBD)
derivatives were used as the temperature probe. Among them, NBD-ZY37 demonstrated favorable
stability against photodegradation, and its temperature sensitivity in an RTV118-based two-color
PSP was −1.4%/◦C. Moreover, temperature sensitivity was independent of pressure in the tested
temperature range. PtTFPP was used, and its pressure sensitivity was measured to be 0.5% per kPa.
The two-color PSP paint underwent further examination in jet impingement experiments. The
experimental results indicated that the pressure fluctuation introduced by the shock waves occurred
earlier at higher impingement angles. Specifically, when the pressure ratio was 2.38, increasing the
impinging angle from 15◦ to 30◦ caused the location of the pressure wave to move from s/D at 0.8 to
the exit of the nozzle. Simultaneously, the shape of the maximum pressure zone changed from a fan
shape to a round shape. Additionally, the jet region expanded when the pressure ratio was increased.

Keywords: pressure-sensitive paint; two-color PSP; temperature correction; jet impingement

1. Introduction

Surface-sensing techniques are crucial in aerospace research. Pressure-sensitive paint
(PSP) and temperature-sensitive paint (TSP) serve as tools for measuring pressure and
temperature sensing on global surfaces, and they are widely used in the field of aerospace
engineering [1,2]. These techniques are characterized by their non-intrusive nature, al-
lowing them to provide global pressure and temperature mapping across surfaces. PSP
usually contains a single luminophore, which is sensitive to pressure and is dissolved
in a polymer binder and solvent. However, a disadvantage of most PSPs is that they
are sensitive not only to pressure but also to temperature. This dual sensitivity can lead
to inaccurate pressure readings as the pressure profile may be affected by temperature
variations. Therefore, correcting for the temperature effect is essential to obtain accurate
pressure data. A straightforward approach to rectifying the pressure readings is to acquire
a corresponding temperature profile. Both TSP and PSP can be used simultaneously to test
symmetry models [3], enabling the correction of temperature effects using the temperature
profile obtained from TSP. However, the applicability of this method is limited by the shape
of the models under study.

Two-color PSP has been developed to simultaneously acquire temperature and pres-
sure data. By spraying PSP and TSP at different layers, both the pressure and temperature
data can be obtained concurrently [4,5]. A thin layer of clear paint is positioned between PSP
and TSP to prevent chemical reactions and fluorescence resonance energy transfer (FRET).
However, positioning the TSP layer as the lower layer can result in a weak signal, causing
the temperature readings to differ slightly from the PSP layer. Thus, these temperature
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differences can affect the temperature correction, which reduces accuracy. Another method
involves printing TSP and PSP in a grid array using an inkjet printer [6,7]. Although this
method allows image acquisition through a monochrome camera, the preparation of the
dual-sensor arrays is more complex. Also, poor spatial resolution can complicate the analy-
sis, and the edge of the dot may include inaccurate intensity ratios that must be removed.
The most common form of two-color PSP is dual-luminophore paint [8–10], a combina-
tion of PSP and TSP sensors. This system functions based on a mixture of two different
luminophores with different emission bands. By separating these bands, the PSP and TSP
signals can be acquired using a color CCD or a monochrome CCD equipped with a filter
wheel containing multiple filters. The temperature-sensitive luminophore must exhibit
strong temperature sensitivity without being influenced by pressure. However, FRET often
occurs in two-color PSP due to spectrum overlapping, and the two luminophores usually
must have an overlapped absorption spectrum if a single excitation is preferred. Iijima
et al. used PtTFPP as the pressure sensor and poly(1-trimethylsilyl-1-propyne) (PTMST)
as the temperature sensor [11]. Their paint is easy to prepare, and the temperature sensor
remains unaffected by pressure. In their study, the pressure sensitivity of the pressure probe
was 0.4%/kPa, and the temperature sensitivity of the temperature probe was −0.5%/K.
Although an overlapped emission band led to FRET, the signals from both probes could still
be separated, demonstrating the potential of the dual-luminophore PSP as a temperature-
corrected PSP. Beyond two-color PSP, other temperature-cancellation methods for PSP have
been explored. Li et al. used the self-assembled monolayer technique to minimize the tem-
perature effect on the PSP [12], and Gu et al. used comarin 6 and PtTFPP as luminophores
with opposite temperature sensitivity to cancel the temperature effect [13]. In this study, we
introduce a new combination of dual-luminophores and examine different formulations of
two-color PSPs that use nitrobenzoxadiazole (NBD) derivatives as temperature dyes. These
dyes were selected for their high-temperature sensitivity, lack of pressure dependency,
and green channel emission bands (which are easily separable from the red channel). The
two-color PSPs were also characterized.

The distribution of pressure on a surface with jet impingement can be acquired using
the PSP technique [6,8,14]. More details can be captured through quantitative visualization
with the PSP technique. With a strong pressure gradient, the capabilities of a two-color
PSP can be demonstrated. Thus, the newly developed two-color PSP was applied to the jet
impingement experiments in this study.

2. Materials and Methods
2.1. Materials

Platinum(II)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) served
as the pressure-sensitive luminophore in this study. Chapman et al. and Fery-Forgues
et al. have reported that NBD derivatives exhibit temperature dependency, but no study
has used this luminophore in two-color PSP applications [15,16]. The excitation spectrum
for NBD derivatives ranges from 422 to 482 nm, with the emission peak extending from
500 to 570 nm, depending on the solvents used. This emission light range fulfills the
requirements for the two-color PSP. Toluene was chosen as the solvent due to its high
quantum yield for NBD derivatives and its compatibility with PtTFPP. Four different
temperature-related luminophores were used in the two-color PSP tests: 6-(N-(7-Nitrobenz-
2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD-X), 4-Fluoro-7-nitrobenzofurazan (NBD-
F), N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (NBD-ZY36), and N,N-dimethyl-7-
nitrobenzo[c][1,2,5]oxadiazol-4-amine (NBD-ZY37). In the two-color PSP characterization
tests, two widely used polymer binders, RTV118 and poly(4-tert-butylstyrene) (Poly(tBS)),
were selected and tested. For the formulations with RTV118 used as the binder, 50 mg of
RTV118 was used. The binder comprised RTV118 and poly(tBS) that were mixed at a ratio
of 3:2 by concentration. In the sample where only poly(tBS) was used, the formulation in-
cluded 550 mg of poly(tBS). Silicon dioxide was exclusively used in one of the formulations
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with NBD-X. A 4.0 cm × 4.0 cm aluminum square coupon was used for the characterization
tests of the paints, and the paints were applied to the sample using a traditional airbrush.

2.2. Experiment Setup

The coupon sample was placed in a pressure chamber to test both pressure sensitiv-
ity and photodegradation, as depicted in Figure 1. The testing pressure range extended
from 14.5 to 130.0 kPa. The same pressure calibration setup was used for the photodegra-
dation experiments. During these tests, the pressure was maintained at 100.9 kPa, and
the experiments were conducted in an air-conditioned lab at a controlled temperature of
25 ◦C. Temperature tests were performed in the temperature control chamber. As shown in
Figure 2, the sample was placed in this chamber, and the temperature was varied between
15 ◦C and 40 ◦C. Reference conditions were set at 100.9 kPa and 25 ◦C. The sample was
excited using 450 nm LED light, and the luminescent signals were recorded using two 14-bit
CCD cameras: a mono CCD camera (PCO pixelfly, monochrome version) for the two-color
PSP development stage and a color CCD camera (PCO pixelfly, color version) for the
characterization of the chosen two-color PSP and subsequent jet impingement experiments.
In terms of optical filter selection, a 600 nm long-pass filter was mounted on the mono
CCD camera to capture pressure data, and a 525 ± 25 nm band-pass filter was used for
the temperature-related signal. A dual band-pass filter (CHROMA ZET488/594m) was
mounted on the color CCD to differentiate between pressure and temperature signals
and reduce the effects of high quantum efficiency in the green spectrum. Additionally,
a spectrometer (Ocean Optics USB2000) was positioned toward the experimental system
to capture emissions during calibration experiments. This spectrometer was also used for
pressure and temperature calibration by analyzing the emission spectra. The spectrometer,
the CCD camera, and the LED excitation light were positioned around 52 cm from the cham-
bers. The experimental setup for jet impingement experiments is presented in Figure 3. Dry
air from a compressed air tank served as the test gas, and a 450 nm LED light excited the
paint. The impingement surface was mounted on a three-axis translation stage, allowing
for the adjustment of the impingement distance. The jet was set on a separate platform
that enabled the adjustment of the impingement angle. Both the CCD and the excitation
light were placed approximately 1 m in front of the testing sample. Figure 4 illustrates
the geometry for the impinging jet, with an exit diameter of the nozzle at 2.7 mm and an
impingement surface constructed from a 3.0 mm thick aluminum plate. Table 1 presents
the conditions in the jet impingement experiments. The impingement and jet distance ratio
(H/D) was fixed at 3.56, and three pressure ratios (Φ, P0/P∞) were used: 2.38, 3.40, and
4.42. For single luminophore-sensitive paint, PSP, and TSP, the impingement angle (α) was
20◦. For the two-color PSP impingement test, the impingement angles (α) were 15◦, 20◦,
and 30◦.

Table 1. Test conditions for the impinging jet.

Two-Color PSP (H/D = 3.56) PSP, TSP (H/D = 3.56)

Φ α α

2.38 15◦ 20◦ 30◦

20◦3.40 15◦ 20◦ 30◦

4.42 15◦ 20◦ 30◦



Aerospace 2023, 10, 805 4 of 15Aerospace 2023, 10, x FOR PEER REVIEW 4 of 16 
 

 

 

Figure 1. Pressure calibration setup. 

 

Figure 2. Temperature calibration setup. 

 

Figure 3. Jet impingement setup. 

Figure 1. Pressure calibration setup.

Aerospace 2023, 10, x FOR PEER REVIEW 4 of 16 
 

 

 

Figure 1. Pressure calibration setup. 

 

Figure 2. Temperature calibration setup. 

 

Figure 3. Jet impingement setup. 

Figure 2. Temperature calibration setup.

Aerospace 2023, 10, x FOR PEER REVIEW 4 of 16 
 

 

 

Figure 1. Pressure calibration setup. 

 

Figure 2. Temperature calibration setup. 

 

Figure 3. Jet impingement setup. Figure 3. Jet impingement setup.



Aerospace 2023, 10, 805 5 of 15Aerospace 2023, 10, x FOR PEER REVIEW 5 of 16 
 

 

 

Figure 4. Geometry of the impinging jet. 

Table 1. Test conditions for the impinging jet. 

 Two-Color PSP (H/D = 3.56) PSP, TSP (H/D = 3.56) 

Φ α α 

2.38 15° 20° 30° 

20° 3.40 15° 20° 30° 

4.42 15° 20° 30° 

2.3. Temperature Correction 

In this study, an intensity-based calibration method was used. When the model’s sur-

face was illuminated by the excitation LED, two selected luminescence signals were emit-

ted from the paint. Specifically, the green and red signals originated from the temperature 

and pressure probes, respectively. The intensity images corresponding to the pressure and 

temperature probes were acquired separately from the color CCD in the red and green 

channels. The luminescent intensity with respect to pressure, Iratio, was determined using 

the Stern–Volmer equation [17]: 

𝐼𝑟𝑎𝑡𝑖𝑜_𝑃  =  
𝐼(𝑃𝑟𝑒𝑓)

𝐼(𝑃)
 =  𝑓1(

𝑃𝑟𝑒𝑓

𝑃
) (1) 

For the temperature probe, the relationship is given as follows: 

𝐼𝑟𝑎𝑡𝑖𝑜_𝑇  =  
𝐼(𝑇)

𝐼(𝑇𝑟𝑒𝑓)
  =  𝑓2(

𝑇

𝑇𝑟𝑒𝑓
) (2) 

Functions 𝑓1 and 𝑓2 are determined by the calibrations. Here, ref represents the ref-

erence images captured at ambient pressure and a temperature of 25 °C. For the temper-

ature correction, a temperature correction function, c, was introduced in Equation (3) [8]. 

𝐼𝑟𝑒𝑓

𝐼
  =

𝐼𝑟𝑎𝑡𝑖𝑜_𝑃

(
1

𝐼𝑟𝑎𝑡𝑖𝑜_𝑇
− 1) × 𝑐(𝑇) + 1

 
(3) 

where c is the ratio of the temperature sensitivity of the pressure probe and the tempera-

ture sensitivity of the temperature probe. In the context of the jet impingement experi-

ments, the reference image was the wind-off image captured under uniform pressure and 

temperature conditions when the jet was turned off. 𝐼(𝑃) and 𝐼(𝑇) were the wind-on 

Figure 4. Geometry of the impinging jet.

2.3. Temperature Correction

In this study, an intensity-based calibration method was used. When the model’s
surface was illuminated by the excitation LED, two selected luminescence signals were
emitted from the paint. Specifically, the green and red signals originated from the tempera-
ture and pressure probes, respectively. The intensity images corresponding to the pressure
and temperature probes were acquired separately from the color CCD in the red and green
channels. The luminescent intensity with respect to pressure, Iratio, was determined using
the Stern–Volmer equation [17]:

Iratio_P =
I
(

Pre f
)

I(P)
= f1

(Pre f

P
)

(1)

For the temperature probe, the relationship is given as follows:

Iratio_T =
I
(
T
)

I
(
Tre f

) = f2
( T

Tre f

)
(2)

Functions f1 and f2 are determined by the calibrations. Here, ref represents the refer-
ence images captured at ambient pressure and a temperature of 25 ◦C. For the temperature
correction, a temperature correction function, c, was introduced in Equation (3) [8].

Ire f

I
=

Iratio_P(
1

Iratio_T
− 1

)
× c(T) + 1

(3)

where c is the ratio of the temperature sensitivity of the pressure probe and the temperature
sensitivity of the temperature probe. In the context of the jet impingement experiments, the
reference image was the wind-off image captured under uniform pressure and temperature
conditions when the jet was turned off. I(P) and I(T) were the wind-on images under differ-
ent experiment conditions obtained from the red channel and the green channel, respectively.

3. Results
3.1. Two-Color PSP Characterizations

The stability of the paint is a critical concern for the PSP. Accordingly, the photodegra-
dation of the paints was examined. Table 2 presents a comparison of the photodegradation
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of two-color PSP samples tested under 100.9 kPa and 25 ◦C. The photodegradation rate is
defined in Equation (4).

Photodegradation rate =
It − It=0min

It=0min
× 100 [%] (4)

where It is the intensity at 60 or 120 min and It=0min is the intensity at the starting time. De-
pending on the specific temperature-related luminophores used, the photodegradation rate
of the temperature probe, as measured by the CCD camera, can reach up to 47% per hour.
NBD-X has less photodegradation in the longer duration due to the speedy decay from the
T probe. When the paint is exposed to the excitation light for a long time, the color of the
paint changes from orange to pink. From this transition, it is obvious that the T probe dye
has decayed, and the orange color from the T probe is fading. The signal from the T probe
has been weakened, and the signal (pink color) from the P probe has dominated the signal
output. The P probe has less photodegradation, which leads to the result that two-color
paint has less photodegradation when it comes to the longer duration. After two hours, the
photodegradation of the NBD-ZY36 sample reached 71%. Such severe photodegradation
can decrease the signal-to-noise ratio of the paint and lead to fading of the paint color.
Notably, two-color PSP with NBD-ZY37 had the lowest photodegradation rate, making it
the preferred choice for the two-color PSP formulation. After selecting NBD-ZY37 as the
temperature-related luminophore, different binder combinations were also tested.

Table 2. Photodegradation rates of two-color PSPs for comparison.

Photodegradation (%)

T Probe Luminophore NBD-X NBD-F NBD-ZY36 NBD-ZY37

Time (min) 60 120 60 120 60 120 60 120

T probe (CCD) 46 43 39 49 47 71 5 13

Table 3 illustrates the sensitivity comparison of two-color PSP with different binders.
These two-color PSPs display no pressure-related sensitivity but high-temperature de-
pendency in the temperature probe. Two-color PSP with Poly(tBS) has a high-pressure
sensitivity and low-temperature dependency in the pressure probe. Moreover, since temper-
ature sensitivity was inhibited, the temperature sensitivity in both probes became similar.
However, the binder itself can contribute to photodegradation.

Table 3. Sensitivity comparison of two-color PSP with different binders.

Binder RTV118 Poly(tBS) Poly(tBS) Mixed RTV118

Probe P Probe T Probe P Probe T Probe P Probe T Probe

Pressure sensitivity
(%/kPa) 0.5 −0.1 0.6 0.0 0.5 0.0

Temperature
sensitivity (%/◦C) −2.6 −1.4 −0.9 −0.8 −2.3 −2.1

Table 4 compares the temperature probe photodegradation of two-color PSP with
different binders. RTV118 had the lowest photodegradation rate, whereas poly(tBS) had
the highest. As shown in Tables 3 and 4, the formula with poly(tBS) had higher pres-
sure sensitivity and lower temperature sensitivity in the P probe, but it also exhibited
low-temperature sensitivity in the T probe, and photodegradation was high. The mixed
binder had a lower photodegradation rate than poly(tBS), and the temperature sensitiv-
ity of the pressure probe also decreased with the use of a mixed binder. Although the
pressure sensitivity also decreased, the mixed binder could still inhibit the temperature
sensitivity of the pressure probe. Nonetheless, the paint stability remained below that of
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the two-color PSP with RTV118 used as the binder. Consequently, the two-color PSP with
RTV118 demonstrated the best paint stability. Therefore, RTV118 was used as the binder in
subsequent experiments.

Table 4. Temperature probe photodegradation comparison of two-color PSP with different binders.

Binder RTV118 Poly(tBS) Poly(tBS) Mixed RTV118

Time (min) 60 120 60 120 60 120
T probe

Photodegradation (%) 5 13 50 72 28 51

Figure 5 illustrates the pressure calibration in the spectrum. The green emission range
(500–600 nm) represents the signal from the temperature-related dye, and the red emission
range (600–750 nm) represents the signal from the pressure dye. As the pressure decreased,
the emission from the pressure probe increased, and the temperature probe remained
unaffected by changes in pressure. Figure 6 displays the emission spectra of the two-color
PSP at different temperatures, revealing that temperature significantly affected both the
pressure and temperature probes. Figure 7a provides the pressure calibration results from
the spectrometer calibration system. The spectral integration for the P probe is from 605 nm
to 750 nm, and for the T probe, it is from 500 nm to 575 nm. The pressure sensitivity
from the temperature probe was 0.0%/kPa, indicating that it exhibited no pressure depen-
dency. Conversely, the pressure sensitivity at the pressure probe was 0.6%/kPa. Figure 7b
presents the temperature calibration results from the spectrometer calibration system. The
temperature sensitivity at the pressure probe was −2.9%/◦C, which was approximately
twice the temperature sensitivity at the temperature probe. These results demonstrate
that the temperature probe has the potential to function as a temperature sensor in the
two-color PSP.
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(b) temperature calibration.

A comparison between monochrome and color CCD cameras is presented in Figure 8.
Figure 8a shows the pressure calibration of a single luminophore PSP, revealing no dif-
ferences between the results; both indicate a pressure sensitivity of 0.7%/kPa. Figure 8b
displays the temperature calibration of a single luminophore PSP. Figure 9 provides the
calibration curve of a single luminophore TSP, Figure 9a shows the pressure calibration, and
Figure 9b shows the temperature calibration. The monochrome and color CCD cameras
yield similar results for both single luminophore paints. Figure 10 depicts the pressure
distribution on the surface and along the centerline, using a single luminophore PSP re-
sulting from jet impingement (α = 20◦, Φ = 3.40). Figure 11 illustrates the temperature
distribution on the surface and along the center line using a single luminophore TSP under
the same impingement conditions. Both CCD cameras exhibit a consistent correlation with
each other. The pressure and temperature calibration curves of a two-color PSP using a
color CCD camera are shown in Figure 12. The pressure sensitivity at the pressure probe
is 0.5%/kPa, and at the temperature probe, it is −0.1%/kPa. Conversely, the tempera-
ture sensitivity at the pressure probe is −2.6%/◦C, and at the temperature probe, it is
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−1.4%/kPa. Slight differences exist between the spectrometer and CCD camera results,
attributable to variations in the quantum yield of the color CCD camera across different
emission ranges. Because the green channel extends over 600 nm, it might capture a portion
of the emission signal from the pressure probe, subtly influencing the temperature result.
However, this effect is nonsignificant in the pressure calibration of the temperature probe.
From Figure 10, the pressure profile of jet impingement indicates that the pressure exceeds
the calibration-tested pressure. This limitation is due to the constraints of the pressure
chamber, where the pressure can go no higher than 130 kPa (Φ = 1.3). Consequently, the
extrapolation method was used for pressures above the calibration-tested value, which
might influence the accuracy of the results in this case. From the CCD camera noise, the
sensor’s error, and the error from the calibration curve, the uncertainty has been calculated
as 2.03%.
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Figure 12. Calibration curves of two-color PSP from color CCD camera. (a) Pressure calibration and
(b) temperature calibration.

3.2. Jet Impingement

Pronounced temperature variations are generally present in jet impingement; this
complicates the conduct of experiments with traditional PSP with temperature dependency.
With the use of a two-color PSP, the error induced by temperature fluctuations can be
corrected. The effects of temperature on pressure results are compensated for by using
the readings from the temperature probe. Figure 13 illustrates the pressure along the jet
centerline, both corrected and uncorrected, at a pressure ratio of 3.40 and an impingement
angle of 20◦ for comparison. In the range of s/D = 0 to 1.5, no apparent differences
between corrected and uncorrected pressure readings were discernible. However, the
pressure appeared to be higher prior to correction, following the initial pressure wave. This
discrepancy was because the temperature began increasing after the first pressure wave,
intensifying the temperature effect. Consequently, the intensity of the region diminished,
leading to an elevation in pressure. In this context, the pressure appears to have been
corrected using the temperature probe data after the pressure waves. Though the correction
process introduces some noise, which was originally embedded in the temperature data,
the results remain sufficiently clear for analysis.
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The pressure distribution on the surface at three different pressure ratios (2.38, 3.40,
and 4.42) and angles (15◦, 20◦, and 30◦) are depicted in Figures 14–16. These configurations
consistently feature an expansion region and a sequence of shock waves. It is noted that
the pressure values above 130 kPa are estimated by the extrapolation from the calibration,
and the highly extrapolated results might introduce inaccuracy. In Figures 14 and 15, when
the pressure ratio is lower, the expansion region encompasses two high-pressure regions.
As the angle and pressure ratio increase, these two high-pressure regions move closer
to each other. Conversely, at a pressure ratio of 4.42 and an angle of 30◦, the expansion
region contains only one high-pressure area, indicating that the two high-pressure regions
have merged. Simultaneously, the area of the jet extends to both sides, and the maximum
pressure increases as the pressure ratio increases. At an angle of 15◦, the positions of the
maximum pressure are at s/D ratios of 1.86, 1.51, and 1.54 for the three pressure ratios.
These results demonstrate that the location of the maximum pressure is independent of
the pressure ratio. As the pressure ratio and angle increase, the jet flow shifts closer to the
exit of the nozzle. Downstream, the region of the shock waves extends further, and the
pressure gradients across the shock waves diminish. The maximum pressure rises with the
angle, and the positions of maximum pressure are located in the expansion regions. When
the jet operates at the same pressure ratio, the maximum pressure zone shape changes
from a fan shape to a round shape as the angle increases. Simultaneously, the shape of the
subsequent pressure wave, following the maximum pressure zone, is a crescent shape. This
pressure change is also observable in the pressure distribution along the centerline of the
jet at different angles, as shown in Figures 17–19. At a pressure ratio of 4.42, the maximum
pressures are 136.78, 158.06, and 233.48 kPa at angles of 15◦, 20◦, and 30◦, respectively.
Figure 19 reveals that the influence from the flow is focused on the region from the nozzle
exit to s/D at 5, leveling off at ambient pressure thereafter.

Aerospace 2023, 10, x FOR PEER REVIEW 12 of 16 
 

 

shape of the subsequent pressure wave, following the maximum pressure zone, is a cres-

cent shape. This pressure change is also observable in the pressure distribution along the 

centerline of the jet at different angles, as shown in Figures 17–19. At a pressure ratio of 

4.42, the maximum pressures are 136.78, 158.06, and 233.48 kPa at angles of 15°, 20°, and 

30°, respectively. Figure 19 reveals that the influence from the flow is focused on the region 

from the nozzle exit to s/D at 5, leveling off at ambient pressure thereafter. 

 

Figure 13. Pressures along the jet centerline corrected and not corrected at α = 20° and Φ = 3.40. 

 

Figure 14. Pressure distribution on the surface at α = 15°. Figure 14. Pressure distribution on the surface at α = 15◦.

Aerospace 2023, 10, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 15. Pressure distribution on the surface at α = 20°. 

 

Figure 16. Pressure distribution on the surface at α = 30°. 

 

Figure 17. Pressure distribution along the centerline at α = 15°. 

Pressure value above 130 kPa 
estimated by extrapolation

Figure 15. Pressure distribution on the surface at α = 20◦.



Aerospace 2023, 10, 805 13 of 15

Aerospace 2023, 10, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 15. Pressure distribution on the surface at α = 20°. 

 

Figure 16. Pressure distribution on the surface at α = 30°. 

 

Figure 17. Pressure distribution along the centerline at α = 15°. 

Pressure value above 130 kPa 
estimated by extrapolation

Figure 16. Pressure distribution on the surface at α = 30◦.

Aerospace 2023, 10, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 15. Pressure distribution on the surface at α = 20°. 

 

Figure 16. Pressure distribution on the surface at α = 30°. 

 

Figure 17. Pressure distribution along the centerline at α = 15°. 

Pressure value above 130 kPa 
estimated by extrapolation

Figure 17. Pressure distribution along the centerline at α = 15◦.

Aerospace 2023, 10, x FOR PEER REVIEW 14 of 16 
 

 

 

Figure 18. Pressure distribution along the centerline at α = 20°. 

 

Figure 19. Pressure distribution along the centerline at α = 30°. 

4. Discussion 

The feasibility of the newly developed two-color PSP was demonstrated in this study. 

The characterization of the luminophores for the development of a two-color PSP led to 

the selection of PtTFPP and NBD-ZY37 as the pressure and temperature probes, respec-

tively. These probes were chosen due to their stable photodegradation rate, ensuring the 

maintenance of paint sensitivity without bleaching. Additionally, they exhibit high-pres-

sure sensitivity in the pressure probe and high-temperature sensitivity without pressure 

dependency in the temperature probe. The temperature dependency of the pressure probe 

can be adjusted by mixing different binders. However, the two-color PSP remains 

Pressure value above 130 kPa 
estimated by extrapolation

Pressure value above 130 kPa 
estimated by extrapolation

Figure 18. Pressure distribution along the centerline at α = 20◦.



Aerospace 2023, 10, 805 14 of 15

Aerospace 2023, 10, x FOR PEER REVIEW 14 of 16 
 

 

 

Figure 18. Pressure distribution along the centerline at α = 20°. 

 

Figure 19. Pressure distribution along the centerline at α = 30°. 

4. Discussion 

The feasibility of the newly developed two-color PSP was demonstrated in this study. 

The characterization of the luminophores for the development of a two-color PSP led to 

the selection of PtTFPP and NBD-ZY37 as the pressure and temperature probes, respec-

tively. These probes were chosen due to their stable photodegradation rate, ensuring the 

maintenance of paint sensitivity without bleaching. Additionally, they exhibit high-pres-

sure sensitivity in the pressure probe and high-temperature sensitivity without pressure 

dependency in the temperature probe. The temperature dependency of the pressure probe 

can be adjusted by mixing different binders. However, the two-color PSP remains 

Pressure value above 130 kPa 
estimated by extrapolation

Pressure value above 130 kPa 
estimated by extrapolation

Figure 19. Pressure distribution along the centerline at α = 30◦.

4. Discussion

The feasibility of the newly developed two-color PSP was demonstrated in this study.
The characterization of the luminophores for the development of a two-color PSP led to the
selection of PtTFPP and NBD-ZY37 as the pressure and temperature probes, respectively.
These probes were chosen due to their stable photodegradation rate, ensuring the main-
tenance of paint sensitivity without bleaching. Additionally, they exhibit high-pressure
sensitivity in the pressure probe and high-temperature sensitivity without pressure depen-
dency in the temperature probe. The temperature dependency of the pressure probe can
be adjusted by mixing different binders. However, the two-color PSP remains sensitive to
the concentration ratio of the mixing binders, which introduces complexity in balancing
the temperature sensitivities in both probes. Thus, a single binder, RTV118, was used in
the study. The impingement jet induces a series of shocks and expansion regions, leading
to noticeable temperature differences. The two-color PSP has demonstrated effectiveness
in impingement experiments for correcting this strong temperature effect. Comparing
the corrected and non-corrected pressure data reveals that the errors from temperature
variation have been corrected.

This two-color PSP has a limitation that is related to the quantum efficiency in each
channel of the color CCD sensor. Despite this, the effect on the pressure calibration of
the temperature probe is nonsignificant. Moreover, in comparison to other two-color PSP
methods, the preparation and equipment for this technique are as straightforward as
those for traditional PSP. With promising temperature sensitivity, the two-color PSP retains
considerable potential for application in surface pressure sensing experiments involving
temperature variation.
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