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Abstract: Pressure-sensitive paint (PSP) has received significant attention for capturing surface pressure in
recent years. One major source of uncertainty in PSP measurements, temperature dependency, stems from the
fundamental photophysical process that allows PSP to extract pressure information. The motion-capturing PSP
method, which involves two luminophores, is introduced as a method to reduce the measurement uncertainty
due to temperature dependency. A theoretical model for the pressure uncertainty due to temperature
dependency is proposed and demonstrated using a static pressure measurement with an applied temperature
gradient. The experimental validation of the proposed model shows that the motion-capturing PSP method
reduces the temperature dependency by 37.7% compared to the conventional PSP method. The proposed
model also proves that a PSP with zero temperature dependency is theoretically possible.

Keywords: pressure-sensitive paint; temperature dependency; motion-capturing PSP method;
analytical model

1. Introduction

Surface pressure measurement is a fundamental component in experimental fluid dynamics
studies. Traditional measurement techniques using piezoelectric pressure sensors are well
established and have been used extensively for decades. However, such sensors acquire pressure
information at a single point, which is insufficient for comprehensive study of a flow field. Pressure-
sensitive paint (PSP) has received significant attention as a non-intrusive method for surface pressure
measurements [1-14]. The luminescent intensity of PSP is sensitive to the partial pressure of oxygen
in a test gas due to a photophysical process called oxygen quenching [15]. Due to non-radiative
processes during the relaxation of an excited luminescent molecule [16], PSP is also sensitive to a
temperature, which adds uncertainty in the pressure measurement. This uncertainty is called the
temperature dependency. Because the luminescent intensity of PSP is changes with temperature as
well as pressure, an image-acquisition device cannot distinguish the change in the intensity as being
due to one or the other, which causes uncertainty in the pressure measurement. PSP measurements
are conducted for subsonic, supersonic, hypersonic regimes. In the high-speed flow regimes, there
are higher pressure changes so that it is more feasible. However, the subsonic regime becomes more
challenging since there is small pressure change, which the measurement is easily contaminated by
the temperature dependency. In the subsonic regime, the pressure changes typically up to 20 kPa and
the temperature variation on the PSP surface is + 5 °C range [17]. Even under the several °C
temperature change, the temperature uncertainty is significant [17,18]. Liu et al. introduced a model
describing factors that influence temperature dependency in the intensity-based PSP method [19]. To
reduce the temperature dependency, several approaches have been taken. One of them is a collecting
a separate surface temperature measurement using an IR imaging or temperature-sensitive paint
(TSP) [17,20]. Assuming the temperature distribution measured by the separate temperature
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measurement is identical to the one during the PSP measurement, the temperature dependency of
the PSP measurement is compensated based on the temperature distribution. Because of the
assumption of the identical temperature distribution, this temperature correction method cannot be
used for transient measurements. A second approach uses combined PSP and TSP to correct the
temperature dependency [18,21]. This measurement requires two image acquisitions for PSP and TSP
which are usually performed by using two cameras. This method can be applied to transient
measurements, but the temperature correction procedures can be complex due to the need for
complicated image registration. A third approach involves using specific luminophores in PSP to
limit temperature dependency. Pyrene-based PSP, for example, has been studied as a PSP candidate
that does not require an additional temperature measurement. It has a particular wavelength region
within its emission spectrum that is pressure sensitive but temperature independent [22,23]. By
acquiring the PSP image for this wavelength region, the temperature-independent image from the
pyrene-based PSP can be captured. However, due to the limited spectra output range, the signal to
noise ratio tends to be low. Additionally, it can be difficult to isolate only a particular wavelength of
light in various experimental measurements.

Sakaue et al. introduced the motion-capturing PSP method, which allows for moving, fluttering,
and free-flight measurements [24-27]. It involves two luminophores; one that is sensitive to pressure
(signal) and the other that is insensitive to pressure (reference), respectively. By taking a ratio of the
signal and reference images, the pressure distribution can be extracted. If these luminophores have
the same behavior with respect to changes in temperature, it is hypothesized that the temperature
dependency of the ratio image can be cancelled or reduced (Figure 1).
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Figure 1. Conceptual description of the temperature dependency for the motion-capturing PSP
method.

Intensity

The reduction in temperature dependency by the motion-capturing PSP method is investigated
from both theoretical and experimental approaches. A linear model of the temperature dependency
for the motion-capturing PSP method is proposed based on the Taylor series. The linear modeling
approach was chosen by considering the following reasons. The temperature range in the subsonic
regime is typically small enough to assume linearity. The interpretable model is desired to
understand the temperature dependency from the PSP characteristic point of view. The model can
be extended if it is applied to a larger temperature range by including higher order terms and its
accuracy can be improved. However, the model becomes too complicated to be interpreted. The
proposed model is validated via temperature calibration and luminescent imaging. The model relates
the pressure uncertainty due to temperature with respect to the pressure sensitivity and the
temperature dependency, which are the key factors in pressure and temperature calibrations.

2. Background

The pressure and temperature ranges are chosen such that a linear relationship holds in the
pressure and temperature calibrations. There are two luminophores involved in the motion-
capturing PSP method. Each luminophore emits light with a given as the luminescent intensity. This
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luminescent intensity is captured using the intensity method [28]. The relationship between the
intensity and pressure is given as:

I
aref _
= Aq + Bq

—_—, =(R,S) 1
I, Py’ 1 @

The subscript, g, can be either S or R, indicating the signal or reference luminophore, respectively.
The subscript ref denotes a quantity at the reference conditions. A and B are calibration
coefficients determined by the pressure calibration. The calibration coefficients based on the intensity
method of signal and reference luminophores have the relationship shown in Equation 2 because the
Stern-Volmer equation is unity at the reference conditions

Agq+Bg=1 (0<Aq, Bg<1) (2)

The intensity ratio is described as a linear function of temperature for a given temperature range.

I, 4 T 3)
=C C1,
qref %q ta ref

I

where ¢, and ¢, are calibration coefficients determined by the temperature calibration. Equation (3)
is valid for the considered temperature range in this paper. At the reference conditions, the above
equations are unity and so the same restrictions for the calibration coefficients as in equation (2)

apply.
Coq +c 0= 1 4)

For the motion-capturing PSP method, the signal and reference intensities are ratioed [26]. The
following relationship between the intensity ratio, Iz/Is, and pressure ratio, P/P.f, is used in
pressure measurements.

11

——=Ay+B
aIS M MPref

®)

where « is a constant based on the intensity ratio at the reference condition: a = Iz ef/Isyer- The
subscript, M, denotes the motion-capturing PSP method. The equation (5) is unity at the reference
conditions.

Ay+By=10<Ay,By<1) (6)
In temperature measurements, the following relationship is used to determine the temperature ratio,
T/Tyef from the intensity ratio, Is/Ig:
Is
aE=COM+clMTef (7)
Equation (7) is unity at the reference.

C0q+6‘1q=1 (8)

As equation (3) is valid for the considered temperature range, equation (8) is also valid for the range.

3. Temperature dependency model in pressure measurement

In a pressure measurement using PSP, the pressure sensitivity, o, converts the luminescent
intensity of a PSP, I, to the pressure, P. The value of o can be defined as the slope of the pressure
calibration at the reference conditions. Similarly, the temperature dependency of a PSP, §, can be
defined as the slope of the temperature calibration at the reference conditions. By taking the
derivatives of equations (1), (3), (5), and (7), ¢ and § for the motion-capturing PSP method and the
intensity method of signal and reference luminophores are given as:
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In general, §, is negative value due to the non-radiation process of a luminophore [26].
The pressure calibration for the motion-capturing PSP method given in equation (5) can also be
described as a ratio of equation (1) for the signal and reference luminophores:

lI_R_ Ig IS,ref_AS'l'BS'P/Pref
als Igrer Is  Ar+Br P[Py

(13)

Using a Taylor series expansion at the reference conditions, equation (13) can be described as a linear
relationship with higher order terms. By neglecting the higher order terms and using unity equations,
the following form can be obtained:

11, P
__=AS_AR+1+(BS_BR)
(ZIS Pref (14)

re

A detailed derivation can be found in Appendix A. Equation (14) describes the relationship between
the coefficients for the motion-capturing PSP method and the intensity method.

B, = Bs — By (15)
From equation (15), it can be seen that gy, is the difference between o5 and op.
O'm = O'S — O'R (16)

Ideally, the intensity method of reference luminophore is independent of pressure. In this case, oz =

0 and so oy = os.
For the motion-capturing PSP method, the temperature calibration can also be described as a
ratio of equation (3) for the signal and reference luminophores:

Is Iprer aI—S _ CogtCig T/Trer

= 17
Lsrer I Ig  coptCip T/Tres (17)

Similarly, the Taylor series expansion at the reference conditions is used to linearize equation (17).
By neglecting the higher order terms and using the unity equations, the following relationships can

be found.
I T
a—=1Cos —Cop +1+ (cls - C1R)—
IR TTE
T (18)
= + _—
Ciy = G5~ C1p (19)

Sy = 65 — O (20)
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A detailed derivation can be found in Appendix B. Equation (20) indicates that &), is the difference
between 65 and 6;. If 6 and 6y are the same, the motion-capturing PSP method has zero
temperature dependency.

By solving equation (5) for the measured pressure, P, it can be described in terms of the reference
pressure, calibration coefficients, and intensities.

Pref 1[R
= ———A
By (a Is M) 1)

Taylor series expansion at the reference conditions is used to linearize equation (21). Since a PSP is
both pressure and temperature sensitive, it is necessary to take partial derivatives with respect to

each quantity.
 [Pres (11g  [Pres (11g
P=Pes+— —£-4 )] AT +— —(———A )] AP
”-’f+aT[BM (als gl *op B, \a1, M ref (22)
+H.0.T.

where AT is temperature change and AP is pressure change. By neglecting the higher order terms
and evaluating derivatives at the reference conditions, the expression for the measured pressure in
terms of the AT and AP is derived as follows. Detailed derivations are given in Appendix C.

P = Prop = LoAT + 8P (23)

Here, the temperature-uncertainty factor is defined as the ratio of the temperature dependency and
the pressure sensitivity:

Su
=— 24
= 4)
The pressure uncertainty due to temperature, P, ), is now defined:
Pym = —{uAT (25)
P =Prp+ Pyy + AP (26)

Equation (23) states that the measured pressure, P, is the sum of the reference pressure and the actual
pressure change if there is no temperature change during a PSP measurement. If AT exists during
the PSP measurement, the second term in equation (23) needs to be considered, which is the pressure
uncertainty due to the temperature. Equations (25) and (26) indicate that a high-pressure sensitivity
and a low-temperature dependency yield a low temperature-uncertainty factor that results in a lower
pressure uncertainty. As described in equation (20), the temperature dependency of the motion-
capturing PSP method is zero when the temperature dependencies of the intensity method of signal
and reference luminophores are equal.

For the intensity method, only a signal luminophore is used. It gives the intensity method of the
reference luminophore as c¢;, = 0. This reduces equations (24) to (26) as follows.

% 27

5= @7)

P =Pur+ Py + AP, s =—{AT (28)
P =P+ Pys+ AP (29)

The pressure uncertainty due to temperature is given in the same form as in equation (25). The
difference between the motion-capturing PSP and the intensity methods comes from the value of the
pressure sensitivity and the temperature dependency to give the temperature uncertainty factor.

3.1. Model analysis
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The value of o is between 0 and 1, whereas the § can be a positive or negative value [22]. Based
on these restrictions in ¢ and §, five different cases can be considered (Table 1). For an ideal case
(case 1), where the signal and reference luminophores have the same temperature dependency,
Oy = 85 — 6 = 0.In this case, the temperature dependency of the motion-capturing PSP method, &y,
is zero. The pressure uncertainty due to temperature, {y;, is also zero. In general, temperature
dependencies of luminophores are negative (case 2) [28]. With the condition, |8z| < 2|8;|, this case
results in the reduction of the temperature dependency for the motion-capturing PSP method. Cases
3, 4, and 5 are nonstandard for experimental measurements because most PSP luminophores exhibit
negative temperature dependencies. However, if the temperature dependency of each luminophore
is opposite in sign, as for cases 3 and 4, this results in an increase in temperature dependency. The
temperature dependency of the motion-capturing PSP method, however, can be reduced if the
intensity method of both luminophores has a positive temperature dependence (case 5). As for case
2, case 5 also need to satisfy the condition, |dz| < 2[8s|, in order to reduce the temperature

dependency.
Table 1. Five different cases of the uncertainty factor in equations (24) and (27).
case 1 8r = 0s s>m=0 Pys <Pyy=0
case 2 6p <0, 6,<0 {s={y P,s =Py
case 3 6 <0, 6>0 (s <y P,s <P,y
case 4 6p =0, 65<0 (s <y P,s <P,y
case 5 6p =0, 65>0 (s ={y P,s =P,y

As an illustrative description, Figure 2 shows the relationship between the pressure uncertainty
due to the temperature for five different cases based on equations (26) and (29). Pressure sensitivities
and temperature dependencies were chosen based on the experimental validation discussed in
section 4. Pressure sensitivities of the signal and reference luminophores obtained by the intensity
method were 0.570 and 0.083 %/kPa for all cases, respectively. Temperature dependencies of the
signal and reference luminophores obtained by the intensity method are also shown in Figure 2. As
discussed, cases 3, 4, and 5 are impractical in general. For case 2, the motion-capturing PSP method
shows lower pressure uncertainty due to the temperature compared to that of the intensity method.
For the ideal case 1, the pressure uncertainty due to the temperature of the motion-capturing PSP
method is zero.

T ' % . | [ === Motion-capturing PSP method (case 1)
— Motion-capturing PSP method (case 2)

---- Motion-capturing PSP method (case 3~5)

=== Intensity method

ey
case 1 8 = —0.730 Op = &5 O =10
1 ocase2 85 =-0.730 &= -0340 8 = —0.391
case 3 85 = 0.730 8 = —0.340 8, = 1.070
o . case4d 8s=-0.730 &z = 0340 8 =—1.070
I T~ case5 8¢ =0.730 8z = 0.340 8, = 0.391
-6 .
-2 -1 0 1 2
AT

Figure 2. Illustrative example of pressure uncertainty due to temperature for considered cases.

4. Experimental validation

For a two-color PSP, two luminophores were chosen: tris(4,7-diphenyl-1,10-phenanthroline)
ruthenium (II) dichloride complex (Alfa Aesar) as a pressure-sensitive luminophore and fluorescein
(Tokyo Chemical Industry) as a pressure-insensitive luminophore. A luminescent solution was
prepared by dissolving the pressure-sensitive and insensitive luminophores in dichloromethane with
concentrations of 0.3 mM and 0.5 mM, respectively. Polymer (RTV rubber, KE-42, Shin-Etsu Silicone)


https://doi.org/10.20944/preprints202309.1162.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2023 doi:10.20944/preprints202309.1162.v1

and ceramic (Silica gel, Sigma-Aldrich) were then added into the luminescent solution. The polymer
content was 40 w%. An ultrasonic bath was used to dissolve the polymer for 10 min. The two-color
PC-PSP was then coated over an aluminum block with 7 thermocouples for temperature monitoring.
An a priori pressure calibration was performed to determine the pressure sensitivities oy, g5, and
og, which were 0.493%0.007, 0.570+0.005, and 0.083+0.004 %/kPa, respectively. The method for
obtaining the pressure sensitives is described in Appendix D. Error propagation of the fitting
uncertainty and repeatability was used to estimate the pressure calibration uncertainty. Figure 3
shows a schematic of the validation setup. An aluminum block coated by the two-color PSP was
placed between a Peltier heater and a cooler. A purple LED (Thorlabs inc. SOLIS-405C) excited the
two-color PSP at 405 nm. A scientific color camera (NAC image technology HX-7s) captured
luminescent intensities from the two-color PSP as red and green images. The signal intensity was
acquired by a red image, and the reference intensity was acquired by a green image, respectively. An
optical high-pass filter (470 nm) was placed in front of the camera to eliminate the excitation light. By
using the Peltier heater and the cooler, a linear temperature distribution of approximately +4 °C in
range was created with a reference temperature at 23.66 £ 0.02 °C. The temperature at the
thermocouple locations were monitored by a data logger (HIOKI LR8431-20). Temperature profiles
during the experimental validation can be found in Appendix E.

Two-color PSP , Integrated region

e
\

\ Thermocouples

470 nm HPF !
i ‘\;&66‘
@5

Scientific color camera

Cooler
Heater

Figure 3. Schematics of experimental validation setup.

Since the atmospheric pressure was constant during the validation test, the intensity change was
only dependent on the temperature. Using the intensity ratio at the thermocouple locations, the in-
situ temperature calibration was obtained (Figure 4). The values of 6y, ds, and dz obtained during
the validation test were —0.3974+0.012, —0.731+0.004, and —0.3404+0.004 %/°C, respectively. The
error propagation of the fitting uncertainty was used to estimate the temperature calibration
uncertainty.
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Figure 4. In-situ temperature calibration.

Figure 5 shows the pressure uncertainty over the PSP surface given by (a) the motion-capturing
PSP method and (b) the intensity method. The temperature profile along the line A-B is shown in
Figure 5 (c), which is linear, as expected from the experimental setup. Pressure uncertainties also
exhibited a linear gradient in the horizontal direction and a constant pressure uncertainty distribution
in the vertical direction. It can be seen that the magnitude of the pressure uncertainty was reduced
by applying the motion-capturing PSP method. To quantify the reduction in the uncertainty, the
pressure uncertainty model given in equation (26) and (29) were compared to the measured pressure
uncertainty profiles (Figure 6). The pressure uncertainty model and its uncertainty are shown as
dashed lines and colored areas, respectively. The uncertainties of the model were estimated from the
temperature-measurement and PSP-calibration errors. The measured pressure uncertainty agreed
with the proposed model. The measured pressure uncertainty was within the uncertainties of the

model.
e Th 1 Region of i
ermocouple [ ] Region of interest Region of interest
) (b) ©

: . 8 :
6f : /
4t P

5 o / '

2f |
N e |
6 : ;
A B

P, [kPa]

Figure 5. Pressure uncertainty due to temperature distribution based on (a) motion-capturing PSP
method and (b) intensity method and (c) temperature profiles along the line A-B.
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Figure 6. Pressure uncertainty profiles due to temperature based on motion-capturing PSP method in
blue and intensity method in red. Dashed lines show the model prediction. The blue and red areas
are mode] uncertainties.

Table 2 summarizes the calibration coefficients. The pressure sensitivity and temperature
dependency of the motion-capturing PSP method based on equations (16) and (20) were 0.487+0.007
%/kPa and —0.39140.017 %/°C which agreed with the calibration results. Based on these coefficients,
uncertainty factors are listed using equations (24) and (27). The intensity method of the signal
luminophore had a higher pressure sensitivity and temperature dependency compared with the ones
obtained by the motion-capturing PSP method. The motion-capturing PSP method showed lower
pressure sensitivity and temperature dependency. The motion-capturing PSP method showed,
however, a lower uncertainty factor than that of the intensity method of the signal luminophore. The
motion-capturing PSP method reduced the uncertainty factor by 37.742.7% compared to the intensity
method.

Table 2. Pressure and temperature calibration coefficients.

Pressure sensitivity [%/kPa] Temperature dependency [%/°C] Uncertainty factor [kPa/°C]

Ou 0.493+0.007 u —0.397+0.012 lu —0.799+0.031
a5 0.57040.005 8 —0.73140.004 I —1.282+0.023
O 0.08340.004 S —0.340+0.004

os—0x  048740.007 & — bg —0.391+0.012

5. Conclusions

Pressure-sensitive paint (PSP) has been utilized to capture surface pressure in recent years. Due
to the nature of the photophysical processes inherent to the functionality of PSP, temperature
dependency exists that introduces one of the major measurement uncertainties for pressure
measurements. To model the pressure uncertainty due to the temperature, the intensity method and
the motion-capturing PSP method were investigated using theoretical and experimental approaches.
The proposed model relates the pressure uncertainty due to temperature with respect to pressure
sensitivity and temperature dependency. The model was validated based on experimental results
from pressure and temperature calibrations, and the validation experiment. The model showed that
the motion-capturing PSP method can reduce the pressure uncertainty due to the temperature
compared to that of the intensity method. From the validation experiment, the temperature
uncertainty factor of the motion-capturing PSP method was reduced by 37.742.7% compared to that
of the intensity method. The proposed model also indicated that a zero temperature dependency can
be achieved in the ideal condition where the temperature dependencies of signal and reference
luminophores are the same for the motion-capturing PSP method.
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Appendix A. Derivation of Stern-Volmer equation for motion-capturing PSP method

For the motion-capturing PSP method, the Stern-Volmer equation can also be described as a
ratio of the Stern-Volmer equation for the intensity method of the signal and reference luminophores:

I Isrer _ Llr _ As Bs P/Pres

= Al
Tnres Is als  An+ By -P/Prs (A1)

To obtain a linear relationship, a Taylor series expansion at the reference conditions can be used. If
the higher order terms are neglected, the following form can be obtained:

11 d (11
__R=1+_(__R)
alg dP \a I

) (P = Pres) (A2)

Then, a derivative with respect to pressure is:

d (1IR> Bg 1 (As+Bs-P/Pres)Br 1

—(=R)= A3
dP \a I Ap +BR'P/PrefPref (AR+BR'P/Pref)2 Pref (A3)
Evaluating the derivative at the reference conditions and using the unity equations,
Ar+Br P/[Prp =1 (A4)
A5+ Bs P[Py =1 (A5)
d <1 IR) 1
—(=F)] =G-8 A6
dP\a g/l .~ " TR Py (A6)
Substituting equation (A.6) into (A.2),
11 P-P P
— R 14 (Bs—ByR) <7”3f> = 1+(BS—BR)( —1)
a IS Pref Pref
(A7)
(Bs — Br)P
= 1 - BS + BR +
Pref
Using the unity equations,
Lk _ 4 A +1+ (B B)P —A+BL A8
a IS s K s K Pref Pref ( )

Appendix B. Derivation of temperature relation for motion-capturing PSP method

For the motion-capturing PSP method, the temperature calibration can also be described as a
ratio of temperature relation for the signal and reference luminophores:

Is Iprer al—s _ Cogt Cig T /Trer
Isrer Ig Ig  coptC1p T /Tres

(B.1)
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The Taylor series expansion at the reference conditions is used to linearize equation (B.1). By
neglecting the higher order terms,

ol _y + i(al_s) (T — Trer) (B.2)

Then, a derivative with respect to temperature is:

d (a 1_s> _ C1g 1 (cogteag T/Trep)r 1 ©3)
dT IR COR + ClR * T/Tref Tref (COR + ClR . 7"/717'6f)2 Tref ’
Evaluating the derivative at the reference conditions and using the unity equations,
d ( IS) 1
——la—~ =(c1g—C1g) 7 B.4
dr \" I ref ( 1s 1R) Tref (B.4)
Is T — Tpref
—=1 - —_— B.
aIR + (c1S C1R)( Tror (B.5)
Ig T
(Z—ICOS—COR+1+(615—C1R)—=C0+Cl (B.6)
Ip Tref ref

Appendix C. Pressure uncertainty model derivation

Using the Taylor series expansion at the reference conditions, the measured pressure, P, is
described. Since a PSP is both pressure and temperature sensitive, it is necessary to take partial
derivatives with respect to each quantity.

d Pref 1IR ) d Pref(]-IR )
P=P,+— —X_4 AT +— —£_4
”f+aT[BM (als M” +6P[BM alg M]

ef
+ H.0.T.

AP
ref (Cl)

where AT is temperature change and AP is pressure change.
The partial derivative with respect to the temperature can be described using P., and
calibration coefficients:

 [Pros (11
ol (o~ )|
oT | By \aIg

ref

11 0 (Prer
(a0 25
(als )\, T \By |, (€2)
P, d (11
G, et )
By /N,y 0T \a I ref
Assuming small change in temperature, A, and B, are independent on temperature.
See-n, -
aT | By \a g rer B 0T \als/| .
The partial derivative of the intensity ratio with respect to temperature is,
6(11R) _1{ 1 09l L 6(1) } c4
aT (XIS ref a IS,TEf oT ref R,TEfaT IS ref ( )
Since @ = Ig ef/Isref,
0 (11 Igrer (1 0lg 0 /1
e e IR
aT OfIS ref IR,ref IS,ref aoT ref oT IS ref
(C5)
1 0l

- t il D (1)
Iprer OT lpoy 7 0T \Ig

ref
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The second term is,
! 6(1) _ ( 1 )azs 3 1 dl cé
sref oT IS ref sref I.sg,ref aT ref IS,ref or ref ( ' )
Substituting into equation (C.5),
a (11 1 al 1 aI
ﬁ(——R) -~ %R _ 2% C7)
aIS ref IR,ref or ref IS,ref or ref
Since aIR/aTlref = ClRIR,ref/Tref and a[S/aTlref = Clsls,ref/Tref
i(lI_R) _ Gir _ 6‘1_5 - _—(C15 — ClR) (C.8)
T \a IS ref Tref Tref Tref .
USlng C]-M = ClS - C]_R,
d (11, c1
i, =7 ©
als ref ref
Equation (C.3) becomes,
d [P, 11 Pror C
2L (R )| =L (C.10)
oT | By, \a I, ref By Tres
For the partial derivatives with respect to pressure evaluated at the reference conditions,
0 [Prer (11 Prer1 0 /I
ol -l =5 () c
P L By \a g ver  Bu adP\Ig/l .

Applying the product rule to the derivative,

6<IR) _ 6(1)| + 1 0dly
P \ig)l = F TGP\, " Tsrer 0P lyes (€12)

From the Stern-Volmer equation for the reference luminophore, the reference intensity described as

ref

a function of pressure as follows.

-1

P

IR = IR,ref (AR + BR P f) (C.13)
re

Taking a derivative with respect to pressure,

-2
alp P Bp
— =-1 Agp + Br— C.l14
ap Rref ( r T Br Pref) Pro; ( )
Evaluating at the reference conditions and using the unity condition,
alq B By
Bl = hef(Ag + Br) 2R = I — .
ap ref R,ref( R R) Pref Rref Pref (C 15)

From the Stern-Volmer equation for the signal luminophore, the signal intensity described as a
function of pressure as follows.

1 1 P

I S Sref ref

Taking a derivative with respect to pressure at the reference pressure,

0(1) 1 By
dP \Ig

ref B IS,ref Pref
Using equation (C.12), (C.15), and (C.17),

(C.17)
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i(I_R> =IR,ref BS _IR,ref BR =IR,ref 1 (B -B ) (C 18)
opP IS ref IS,ref Pref IS,ref Pref IS,ref Pref s K ’
Since a = Igyef/Isrer and By = Bs — Bg,
d (IR) By
5\ =a C.19
oP\i)l .~ “Pr (C.19)
Substituting equation (C.18) into equation (C.11),
a [P, 11 P.er1 B
e M| =Frpepe=1 (C.20)
0P| By \al ref By a Py

Using equation (C.1), (C.10), and (C.20), neglecting the higher order terms, the measured pressure is,
then, described by,

C1M Pref 5M
P= Pref—Tef » AT + AP = Pref—aAT+AP (C.21)

Appendix D. Pressure calibration

A priori pressure calibration setup is schematically shown in Figure Al. The two-color PSP
coated aluminum block was placed in a pressure-controlled chamber. The pressure inside the
chamber was controlled using a pressure controller (GE Druck PACE 6000). The same scientific color
camera, excitation light, and optical filter with the experimental validation test were used. The static
pressure was varied from 80 to 100 kPa with approximately 5 kPa intervals. At each calibration points,
45 images were acquired and averaged to minimize a shot noise. The reference pressure and
temperature were 98.9 kPa and 22.3 °C, respectively. The pressure calibration was repeated 6 times
to estimate the calibration uncertainty. oy, g5, and op were 0.493 +0.007, 0.570+0.005, and
0.08310.004 %/kPa, respectively. Stern-Volmer plot was shown in Figure A2.

Two-color PSP , Integrated region
N

YA
\

i Pressure chamber

\

Thermocouples
470 nm HPF

Scientific color camera

Figure A1. Pressure calibration setup.
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Figure A2. Stern-Volmer plot.

Appendix E. Thermocouple temperature profiles during experimental validation test

Figure A3 shows thermocouple temperature profiles. Each profile shows the stable temperature
and evenly distributed so that the linear temperature distribution was achieved.

30 F

[*Cl

0000600

Temperature

|

J
| N
‘p“‘.}‘. .I
©e®200080

wn

5 10 15 20 25 30 3
Time [s]

Figure A3. Thermocouple temperature profiles.
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