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Novel Pressure-Sensitive Paint for Cryogenic
and Unsteady Wind-Tunnel Testing
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A novel pressure-sensitive paint (PSP) formulationsuitable for use in cryogenicand unsteadywind-tunnel testing
has been developed.This new PSP uses poly [1–(trimethylsilyl)–1–propyne] [poly(TMSP)] as a binder. Poly(TMSP)
is a glassy polymer having extremely high gas permeability. Unlike the conventional polymer-based paints, PSP
based on poly(TMSP) maintains oxygen sensitivity even at cryogenic temperatures and exhibits fast response time.
This paint is sprayable on any model surface including stainless steel and ceramics. These capabilities allow us to
apply this PSP to a cryogenic wind tunnel and a short-duration shock tunnel. To demonstrate the capability of
poly(TMSP)-PSP for pressure measurements in a cryogenic wind tunnel, a circular-arc bump model and a delta
wing model were tested in the National Aerospace Laboratory 0.1-m Cryogenic Wind Tunnel at 100 K. It has
been veri� ed that poly(TMSP)-PSP can provide high S/N pressure distribution data at high O2 concentration.
A comparison of the measured intensity data with the pressure tap measurements has suggested that the in situ
calibration can be used to obtain quantitativepressure data. It was also demonstrated that poly(TMSP)-PSP could
visualize the complex � ow� eld on a stainless steel delta wing, including primary and secondary separation vortices
and their breakdown.

Nomenclature
A; B = calibration coef� cients of Stern–Volmer equation,

Iref=I D A C B.P=Pref)
b = local wing span, m
C p = pressure coef� cient, .P ¡ P1/=q1
c = chord length, m
D = mass diffusivity of polymer, Table 1
I = luminescent intensity, counts
M = Mach number
[O2] = oxygen concentration,ppm
P = pressure, kPa
PG = gas permeability of polymer, Table 1
q = dynamic pressure, kPa
S = solubility of polymer, Table 1
T = temperature,K
TG = glass transition temperature, K
x = chordwise location, m
y = spanwise location, m
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¿ = time constant to a step change in pressure, second

Subscripts

ref = reference
t = stagnation
1 = freestream

Introduction

U SE of pressure-sensitive paint (PSP) is an innovative optical
surface measurement technique in the aerospace com-

munity.1;2 Using PSP, one can obtain a complete surface pressure
map on model surfaceswithout using pressure taps and transducers.
Currently, PSP has been applied to aircraft and rocket development
wind-tunnel tests and has been very useful in eliminating consider-
able cost and time required for the tests.

In parallel with this practical work, effort has been made to im-
provecurrent PSP formulations.Usually,PSP is composedof probe
molecules (porphyrin, ruthenium complexes, pyrene, etc.) and a
polymer binder [GP197, RTV, FIB, poly(IBM–co–TFEM), etc.].
These polymer-basedPSPs, however, still have several de� ciencies
such as 1) pressure measurement error due to temperature depen-
dence of PSP, 2) slow response to a rapid change in pressure, and 3)
oxygen sensitivity loss at low temperatures. Note that these prob-
lems are attributednot only to the properties of the probe molecules
but also to those of the binder material.

In theory, luminescence quenching by oxygen is expressed by
the well-known Stern–Volmer equation. Liu et al.3 have derived an
approximateexpressionofStern–Volmer relationshipand foundthat
a polymer having low activationenergy for oxygendiffusionshould
have lower temperature sensitivity.Experimental work by Schanze,
et al.4 has also indicated that oxygen diffusivityof the binder is the
most important factor determining temperature effects on PSP.

The time response of PSP to a pressure change is also dependent
on polymer binder properties.5¡7 For example, a � rst-generation
paint such as platinum octaethylporphyrin (PtOEP)/GP197 has a
very slow time response (on the order of seconds). This is attributed
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Table 1 Comparison of poly(TMSP) and poly(DMS) properties17

O2 permeability, Diffusion Solubility,
cm3(STP) cm £ 1010 coef� cient, cm3(STP) £ 104 Glass transition

Polymer cm2s cm Hg cm2 /s £ 106 cm3 cm Hg temperature, ±C

Poly(DMS) 960(at 35±C) 40(at 35±C) 24(at 35±C) ¡127
Poly(TMSP) 7700(at 30±C) 47(at 30±C) 170(at 30±C) >200

to low gas diffusivity in the polymer layer. Previous studies on the
time response of PSP have shown that time constant ¿ to a step
change in pressure is proportional to the square of the PSP � lm
thickness and inversely proportional to the mass diffusivity of the
polymer binder. This relationshipsuggests that fast respondingPSP
requires a polymer binder with high oxygen diffusivity.

Considerable effort has been made to develop a PSP working at
cryogenic temperatures. The development of cryogenic PSPs was
initiated by the need for a global pressure measurement technique
for high Reynolds number tests in a cryogenicwind tunnel. To date,
three typesof cryogenicPSPs have been reported.All of these cryo-
genic paints use some kinds of porous material as a binder.

Asai,8 Asai et al.,9 and Erausquin et al.10 � rst developed a cryo-
genic PSP based on anodized aluminum. In this coating, probe
molecules such as Ru(dpp)3 are directly deposited on an anodized
surface by an electrochemicalprocess. Sakaue et al.11 modi� ed the
process to make an anodized coating with improved sensitivity and
stability. These anodized-aluminum- (AA-) PSPs have been suc-
cessfully used to measure the surface pressure distributions on a
14%-thick circular arc bump model in the National Aerospace Lab-
oratory (NAL) 0.1-m Cryogenic Wind Tunnel.

Jordan et al.12 have developeda sol–gel-based PSP for wind tun-
nel tests. It is reported that this coating keeps pressure sensitivity
even at 150 K. Recently, Upchurch et al.13 developed a polymer-
based cryogenic PSP that is universally applicable to all types of
models including stainless steel. This paint has been successfully
demonstrated for pressure measurements on an airfoil in the 0.3-m
cryogenic wind tunnel at NASA Langley Research Tunnel, but the
formulation of this paint is not open.

In general, a cryogenicPSP exhibits fast time responsebecause it
is based on a porous binder. Recently, Sakaue and Sullivan14 mea-
sured the time response of AA-PSP using a shock tube apparatus.
Their studyindicatesthatAA-PSP hasa time responseof30–100¹s.
Similar results were obtained by Teduka et al.15 in a pressure jump
apparatususing a fast opening solenoidvalve. Nakakita et al.16 have
successfully demonstrated the capability of AA-PSP for pressure
measurements on a model in a short-durationMach 10 shock tunnel
with the duration time of 20 ms.

The purpose of this paper is to present a new PSP formu-
lation that can be applied to a cryogenic wind tunnel and a
short-duration shock tunnel. A polymer, poly[1–(trimethylsilyl)–

1–propyne] [poly(TMSP)], is used as a binder that has extremely
high gas permeability. Note that this PSP can be dissolved in sol-
vent and applied using an airbrush to any model surfaces including
stainless steel. This is in contrast to AA-PSP that is applicableonly
to aluminum or aluminum alloy.

In this paper, the results from sample tests of poly(TMSP)-
based PSP (pressure and temperature sensitivity, time response,
low-temperature characteristics, etc.) are presented. The potential
of the new paint for cryogenic and unsteady wind-tunnel testing is
discussedby comparingpoly(TMSP)-based PSP and AA-PSP data.
To validate the cryogenic performance of poly(TMSP)-PSP, tests
with a circular-arc bump model and a delta wing model were con-
ducted in the 0.1-m Transonic Cryogenic Wind Tunnel at the NAL.
From a comparison between the paint-derivedpressure distribution
data and conventional tap measurements, the paint calibration pro-
cedures and the measurement accuracy are evaluated. PSP images
obtainedfor a deltawingmodelwill be alsopresentedto demonstrate
the capability of the new PSP to visualize the complex � ow� eld.

New PSP Formulation
Poly(TMSP) is a high molecular-weight polymer that was � rst

synthesized by Toshio Masuda of Kyoto University in Japan.17 It

a)

b)

Fig. 1 Stern–Volmer plots for a) poly(TMSP)-PSP and b) AA-PSP.

is glassy material with a large free volume, having a low diffusion
barrier to oxygen and, hence, high oxygen permeability.

The properties of poly(TMSP) are listed in Table 1. Those for
poly(dimethylsiloxane) [poly(DMS)], commonbinderin the current
PSP, for example, GP197, are also shown in Table 1 for comparison.
As is seen, the diffusioncoef� cient D of poly(TMSP) is comparable
to that of poly(DMS), but this value is extremely high compared
with other glassy polymers. On the other hand, the solubility S
of poly(TMSP) is seven times higher than that of poly(DMS). As
a result, the permeability, PG D S D, of poly(TMSP) to oxygen is
greater than poly(DMS) approximately by a factor of eight. Note
that poly(TMSP) has the highest permeability at present.

We use poly(TMSP) as a binder for a high-performance PSP.18

This new PSP can be dissolved in a common solvent like toluene
and then applied on any model surface, for example, stainless steel,
using a standard airbrush. In this study, we used PtOEP as probe
molecules. PSP samples were prepared by casting PSP on a glass
plate or applying PSP on an aluminum plate using an airbrush. For
wind-tunnel tests, PSP was sprayed directly onto model surfaces
using an airbrush, and no undercoat was applied. The thickness of
the PSP coating was approximately 2 ¹m. The surface roughness
measured by a stylus device was 0.18 ¹m.

Sample Tests
Static Calibration

Figure 1 shows Stern–Volmer plots of luminescent intensity and
pressure for poly(TMSP) paint and AA-PSP. These data were ob-
tained in a pressure chamber with a Peltier thermocontrollerinside.
The pressure was varied from 5 to 100 kPa while the temperature
ranges from 10 to 60±C. A xenon lamp excited the sample, and a
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cooled charge-coupleddevice (CCD) camera detected the emission
from the samples. For poly(TMSP) paint, bandpass � lters centered
at 400 and 650 nm were used for excitation and emission, respec-
tively. The accuracy of the reference pressure sensor was 0.05% of
the full-scale value (0.25 kPa). We also monitored the intensity of
excitation light using a photodiode.The total uncertaintycaused by
these factors is much smaller than the symbol size in the � gures.

As shown in Fig. 1, the new PSP has higher pressure sensi-
tivity than AA-PSP. The slope of the Stern–Volmer curve [B in
Iref=I D A C B.P=Pref/] at 293 K (20±C) is as high as 0.95.This high
quenchingconstantfor oxygenmakes this coatingsuitablefor appli-
cations to low-pressure measurements around 5 kPa. Note that the
new coating is much less dependent on temperature than AA-PSP.
The temperature sensitivity of poly(TMSP) paint, 1.I=Iref/=1T ,
at 20±C (293 K) is about ¡0.4%/±C, one-third that for AA-PSP
(¡1.4%/±C). This greatly improves the accuracy in pressure mea-
surements, especially in unsteady tests in which temperatureeffects
must be corrected in real time.

Time Response

The time-responsetests of the poly(TMSP) paintwere carried out
using a pressure jump apparatus shown in Fig. 2. This apparatus is
constructed around a small-volume test chamber that is connected
directly to a fast opening valve having a time constant of a few
milliseconds.We used a Kuliter® pressuretransduceras a reference.
The accuracy of this sensor was 0.1% of the full-scale value, and
the resonance frequency was 300 kHz. Sample plates used in this
test were aluminum coupons coated with PSP.

Figure 3 shows the time response of luminescent intensity for
various paints to a step change in pressure from vacuum to 1 atm.

Fig. 2 Schematic of pressure jump apparatus.

a) Kulite sensor (reference)

b) PtOEP/GP197

c) AA-PSP

d) Poly(TMSP)-PSP

Fig. 3 Time response of various PSPs to a step change in pressure.

Figures 3a–3d show data for the reference sensor, GP197, AA-PSP,
and poly(TMSP), respectively.

It is seen that GP197-based PSP is very slow, and its time con-
stant is on the order of several seconds. In contrast, AA-PSP has
submillisecond time response as previously reported.14;15 The re-
sponse of poly(TMSP)-PSP is a little bit slower than AA-PSP but
much faster than conventionalpolymer-basedpaints. The time con-
stant of poly(TMSP)-PSP is about a few milliseconds.This value is
suf� ciently small for use in a shock tunnel where the test duration
is several to tens of milliseconds.16

Cryogenic Calibration

Calibration tests of PSP samples at cryogenic temperatures were
carriedout in the test sectionof theNAL 0.1-m CryogenicTransonic
Wind Tunnel (see the next section for details). The aluminum plate
coatedwith poly(TMSP) paintwas mountedon the test section side-
wall, and luminescence from the sample was detected through the
observation window. The oxygen concentration of tunnel working
gas was controlled by blowing dry air in the tunnel.

Figure 4 shows the luminescence intensity variation with oxy-
gen concentration for poly(TMSP) and its Stern–Volmer plot for
T D 100 K. The data for AA-PSP are also shown for comparison.
The temperaturewas set at 100 K, while the stagnationpressurewas
190 kPa. The oxygen concentration ranged from near zero (5 ppm)
to 1000 ppm. The scatter shown in Fig. 4 was caused by the un-
certainty in a ZrO2 oxygen sensor to monitor oxygen concentration
in the � ow (2% of the reading). The other sources of error such as
errors from the camera shot noise were much smaller.

As shown clearly in Fig. 4, poly(TMSP) maintains high sensi-
tivity to oxygen over a wide range of oxygen concentrations. On

Fig. 4 Quenching characteristics of poly(TMSP)-PSP and AA-PSP at
100 K.
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the other hand, AA-PSP exhibits a highly nonlinear Stern–Volmer
curve, and its oxygen sensitivity decreases with increasing oxygen
concentration. Testing at higher oxygen concentration is advanta-
geous in terms of the signal-to-noise ratio because a spatial varia-
tion in oxygenover the model surface becomes larger as the oxygen
concentration is increased. This indicates that poly(TMSP)-PSP is
superior to AA-PSP from the accuracy point of view.

Description of Experiments: Veri� cation Tests
in a Cryogenic Wind Tunnel

Facility

To demonstrate the capability of poly(TMSP)-PSP for pressure
measurement in a cryogenic wind tunnel, a series of experiments
were conducted in the NAL 0.1-m Transonic Cryogenic Wind Tun-
nel (TCWT). This facility is a closed-circuit,fan-drivenwind tunnel
operatedwith cryogenicnitrogenas the working gas. The minimum
� ow temperature is 90 K with stagnationpressure ranging from 110
to 200 kPa. The test section is 0.1 £ 0.1 m and is equipped with
slotted top and bottom walls of 4% porosity and solid sidewalls.
To prevent light from re� ecting on the wall, the inside of the test
section was anodized in black.

Figure 5 shows a schematic diagram of experimental setup in
the NAL 0.1-m TCWT. The tunnel is operated by controlling both
liquid nitrogen injection and gaseous nitrogen exhaust.Oxygen gas
was injected through a strut located just downstream of the test
section. A small amount of exhaust gas is sampled and fed into a
zirconia (ZrO2 ) sensor to monitor the oxygen concentrationin � ow.
The oxygen concentration was varied from near zero to 2000 ppm
by adjusting the � ow rate of injected air.

Models

In the presentstudy,we used two differentmodels for veri� cation
purposes. One is a two-dimensionalbump model (Fig. 6) and other
is a clipped delta wing (Fig. 7). The bump model cross section is
a 14% circular arc, and the chord length is 50 mm. This model is

Fig. 5 Schematic diagram of experimental setup at the NAL 0.1-m
TCWT.

Fig. 6 Aluminum 14%-thick circular-arc bump model.

Fig. 7 Stainless steel 65-deg sweep delta wing with sharp leading edge.

Fig. 8 Schematicofthe opticalmeasurement system for the NAL 0.1-m
TCWT tests.

made of aluminum and consists of one center strip having 16 static
pressure taps and 4 removable strips 8 mm in width. Two strips
were coatedwith poly(TMSP)-PSP usingan airbrush.The other two
strips were anodized using the Sakaue et al. method (AA-PSP).11

In this experiment, Mach number was set at either 0.4 or 0.82. The
temperatureand the pressurewere maintainedat 100 K and 190 kPa,
respectively.The oxygen concentrationwas varied up to 1000 ppm.

The delta wing model has a 65-deg sweep angle and a sharp
leading edge. The planform of this model is the same as that of the
well-known Euler model. The model chord length c is 60 mm and
eight pressure taps were locatedon the portsidewing at x=c D 80%.
The model was strut mounted on the sidewall at an angle of attack
of 20 deg. This model is made of stainless steel (SUS304), and
poly(TMSP)-PSP was applied using a standard airbrush.

Optical Equipment

Figure 8 is a schematic of the optical setup. The model was
mounted on the sidewall, and optical access was gained through
a 70-mm-diam observation window on the opposite sidewall. We
used a 300-W xenon lamp with a bandpass � lter (400 § 50 nm) for
excitation light. A dichroic mirror (550 nm) was used to separate
paint emission from excitation light. The emission from the coating
was detected by a cooled CCD digital camera with 14-bit intensity
resolution. A bandpass � lter (650 § 20 nm) was placed in front of
the camera lens.

Data Reduction

The images acquired by the digital camera were processedusing
MATLAB®. To cancel the undesirable effects of spatial nonunifor-
mities in illumination and coating thickness, we took the ratio of
luminescent intensity I with respect to the intensity at a reference
condition, Iref.

In conventionalwind tunnels,an image taken at a no-wind condi-
tion is usually used as the reference.Note, however, that a wind-off
(still) condition cannot be attained in a cryogenic wind tunnel be-
cause the tunnelis beingoperatedby a continuousinjectionof liquid
nitrogen. Therefore we use an image taken at low speeds, for ex-
ample, Mach 0.1, as an alternative reference, where the dynamic
pressure is so small that distribution of oxygen concentration over
the model surface can be neglected.In this particularexperiment,an
image takenat Mach 0.4 was usedas the reference.This is the lowest
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Mach number at which the tunnel can keep stable operation.A vari-
ation of oxygen concentrationon the model cannot be neglected at
this Mach number. Thus, we assumed here that the pressure distri-
bution at M D 0:4 was known to be constant. This assumption does
not containany approximation,but paint calibrationresults are valid
only when they are applied pixel by pixel.

To calculate pressure from measured intensity ratio, we have to
determine the paint calibration coef� cients by experiment. There
are two calibration approaches, in situ and a priori.

The in situ method is performed during the run condition on
a model equipped with pressure taps, by � tting the luminescent
intensity data and the pressure tap data at spatially corresponding
locations.The isothermal assumption is valid because a variation in
model surface temperature is negligible in a cryogenicwind tunnel.
This means we can apply the coef� cients obtained locally by the
in situ method to entire model surfaces.

The a priori method is a calibration procedure without using any
pressure taps. The a priori method is usually performed in a cali-
bration chamber on a sample plate coated with the same paint as
applied on the model. The a priori calibration also can be carried
out in a tunnel by changingoxygen concentrationin the � ow. Using
this approach, a calibration of PSP coating on the model surface
can be performedpixel by pixel.The a priori calibrationis desirable
because no pressure tap measurements are required.

Results and Discussion
Bump Model Test

Figure 9 shows the luminescence intensity pro� les of
poly(TMSP)-PSP at two differentMach numbers, M D 0:4 and0:82.
Both data were takenat the same temperature(Tt D 100 K) and oxy-
gen mole fraction ([O2] D 1000 ppm). The difference between the
two intensities is about 20% of the reference value.

Figure 10 is a plot of the ratio of the Mach 0.82 image with the
Mach 0.40 reference image. It is evident that the intensity ratio is

Fig. 9 Luminescent intensity pro� les of poly(TMSP)-PSP for Mach
0.40 and 0.82, Tt = 100 K and [O2] = 1000 ppm.

Fig. 10 Luminescent intensity ratio of high-speed and low-speed (ref-
erence) images.

a) [O2] = 150 ppm c) [O2] = 505 ppm

b) [O2] = 250 ppm d) [O2] = 1000 ppm

Fig. 11 Effects of oxygen concentration in � ow on the signal-to-noise
ratio of intensity ratio data.

Fig. 12 In situ calibration curve of poly(TMSP)-PSP for the case of
[O2] = 1000 ppm.

representing a chordwise variation in surface pressure on a typi-
cal transonic airfoil. Flow accelerates from the leading edge to the
maximum-thickness position and causes an abrupt pressure jump
due to shock at about x=c D 0:65. Pressure did not recover at the
trailing edge due to the occurrence of shock-inducedseparation.A
pair of intensity spikes observed at the foot of a shock wave is not a
real pressure change, but a shadow of a shock wave projected onto
the model surface by excitation light (same as shadowgraph).

Figures 11a–11d show the intensity ratio images taken for
[O2] D 150, 250, 505, and 1000 ppm, respectively. Note that the
spatial noise dramatically reduces as the oxygen concentration is
increased. As already discussed, this is because poly(TMSP)-PSP
maintains oxygen sensitivity at higher oxygen concentrations.The
optimal oxygenconcentrationshould be determinedby tradeoff be-
tween a loss in luminescent intensity and a gain in oxygen concen-
tration.

Figure 12 is a plot of measured intensity ratio vs pressure tap
measurements (in situ calibration). A least-squire � t (solid line) as
well as the error bands (2¾ , broken lines) are also shown in Fig. 12.
As is evident, the relation between Iref=I and P=Pref is practically
linear. Also noted is that the calibration curve passes through the
point (1,1) as suggested by the Stern–Volmer relation. From these
results, it is con� rmed that the model surface is fairly isothermal in
a cryogenic � ow, and we can use a single calibration curve for the
entire surface of the model.
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Fig. 13 Pressure distribution reconstructed from PSP data and an
in situ method, compared with pressure tap measurements.

Fig. 14 A priori calibration curve of poly(TMSP)-PSP for 18 different
chordwise positions from x/c = 5 to 95%.

Fig. 15 Pressure distribution reconstructed from PSP data and an
a priori method, compared with pressure tap measurements.

Figure 13 is pressuredata convertedfrom Iref=I using the calibra-
tion line in Fig. 12. The main source of error comes from errors in
the calibration.Other sources such as camera shot noise and image
registrationerror are much smaller. The uncertaintyof PSP data was
estimated from the calibration line and is shown by gray lines. It is
seen that PSP-derived data are in excellentagreementwith pressure
tap measurementsexcept for a small differencein the separated� ow
region. From these results, it is con� rmed that we could employ the
in situ calibration for more complicated aircraft con� gurations and
using a smaller number of taps.

Figure14 shows luminescenceintensityvariationwith oxygenfor
18 different chordwise positions from x=c D 5 to 95% at low-speed
condition (a priori calibration). It is seen that the calibration curve
is almost the same for different locations. A fourth polynomial � t
was suf� cient to provide an accurate description of each curve.

Figure 15 is the pressure distribution obtained using the a priori
calibrationcurvein Fig.14ona pixel-by-pixelbasis.Theuncertainty

of PSP data was estimated from the calibration line and is shown
by gray lines in Fig. 15. The main source of error comes from the
accuracy of a ZiO2 sensor to monitor oxygen concentration (2% of
the reading in the low oxygenconcentrationrange). This introduces
errors in calibrating PSP by changing oxygen concentration and in
matching the mol fraction of oxygen between low-speed and high-
speed � ow conditions.

Note, in Fig. 15, that the a priori calibration data did not agree
with pressure tap data. Comparing the calibrationcurves in Figs. 12
and 14, one notices that the slope of the a priori calibration curve
is twice as large as that for the in situ curve. This difference causes
a signi� cant change in pressure level. The similar results were also
reported for AA-PSP.9¡11 This error might be related to unknown
phenomena such as adsorption of oxygen and nitrogen gases at
cryogenictemperatures.Furtherstudyis requiredto fullyunderstand
the underlying physics.

Delta Wing Model Test

The imageprocessingsequencefor thedeltawingmodel test is the
sameas that for thebumpmodel test.Figure16 shows the raw images
(Figs. 16a and 16b) taken at two different Mach numbers (M D 0:4
and 0.75) and at the same temperature (Tt D 100 K) and oxygen
mole fraction ([O2] D 997 ppm). These intensity images show poor
spatial uniformity because no optical undercoat was applied on the
model in this experiment.

Figure 17 shows the ratio of the high-speed image and the low-
speed reference image. It is evident that the effects of nonuniformity
of paint thicknesswere factored out by the ratioingprocess, and the
complex � ow structures including leading-edge separationvortices
were clearly visualized.

Fig. 16 Raw intensity images for delta wing model tests, a) M = 0:40
(ref) and b) M = 0:75.

Fig. 17 Processed image for delta wing model, M = 0:75, Tt = 100 K,
Pt = 190 kPa, and [O2] = 997 ppm.
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a) x/c = 20%

b) x/c = 40%

c) x/c = 60%

d) x/c = 80%

Fig. 18 Spanwise intensity-ratio distributions at different chordwise
positions.

Variations of spanwise I=Iref distributionswith respect to chord-
wise location are shown in Fig. 18. Evidently, these pro� le data
represent a typical evolution of leading-edgeseparationvortices on
a deltawing.The primaryand secondaryseparationsare clearlyseen
at x=c D 20 and 40%. The secondaryvortex starts to burst at x=c D
60%, and the both vortices are completely broken down at x=c D
80%. These intensityplots have a fairly large spatial noise probably
because there was not suf� cient intensitychange between Mach 0.4
and 0.75 images. We plan to conduct more tests with optimized test
parameters to evaluate the accuracy of poly(TMSP) paint.

Conclusions
A novel PSP formulation for cryogenic and unsteady tests has

been developed. This new paint is based on poly(TMSP), a high
polymer with an extremely high diffusion coef� cient. This PSP
is sprayable on model surfaces using an airbrush and is suitable
for three-dimensionalmodels with complicatedcon� gurations.Un-
like the conventionalpolymer-basedPSPs, poly(TMSP)-PSP works
even at cryogenictemperaturesand exhibits very fast response time.
In this study, the properties of poly(TMSP)-PSP were examined by
sample tests as well as wind-tunnel tests in NAL 0.1-m TCWT. The
results obtained can be summarized as follows.

1) Poly(TMSP)-based PSP has a higher pressure sensitivity and
a lower temperature sensitivity than conventional polymer-based
PSPs. Because of its high quenching constant, this coating is most
suitable for use in the low-pressure range.

2) The response time for a step change in pressure from vacuum
to atmosphere is a few milliseconds. This coating can be applied to
short-duration tests in a shock tunnel.

3) Poly(TMSP)-based PSP has an extremely high oxygen sensi-
tivity at cryogenic temperatures. Poly(TMSP) PSP maintains high
sensitivity to oxygen over a wide range of oxygen concentrations.
This is in contrast to AA-PSP, which loses its sensitivity to oxygen
as oxygen concentration increases.

4) When poly(TMSP)-PSP was used, surface pressure distribu-
tions over the circular-arc bump model were clearly imaged in a
cryogenic wind tunnel. It was shown that poly(TMSP)-PSP could
provide high signal-to-noisepressure distributiondata at an oxygen
concentrationof 1000 ppm.

5) It is demonstrated that poly(TMSP)-PSP works on a stainless
steel three-dimensionalmodel. The complex � ow� eld on a clipped
deltawing model has been clearly visualized,includingprimary and
secondary separation vortices and their breakdown.

6) The in situ calibration works in a cryogenic wind tunnel. The
measured intensity ratio and pressure tap measurements can be � t
on a single straight line. On the other hand, there still exist unknown

problems with the a priori calibration. Further study is required to
attain absolute pressure accuracy.
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