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Abstract

Pressure Sensitive Paints (PSP) are one of thekthreagh
technologies for the measurement of aerodynamiaicsdrom
automobiles. Potential problems in applying Presssensitive
Paints to automobiles are low time resolution a®$ laccuracy
in the low-speed flow field. In this investigatiome attempted to
improve the accuracy of PSP in a low-speed flovsuétion-type
wind tunnel, which has a square test section ofmns by 150
mm, was developed to remove the influence of teatpes
differences during the wind tunnel experiments. aretully
selected array of ultraviolet LEDs was utilised adighting
system to match the effective excitation wavelengththe
developed PSP (390 nm). The surface pressure ajuares
cylinder was measured at velocities ranging fromn85 to 75
m/s with PSP and a conventional pressure sensoe Th
experimental data were compared with the results of
conventional pressure measurements and numerioalations.
The experimental results showed that the accurdahe PSP
was about 10% at the velocities of 65 m/s or highfibe pressure
profiles can be clearly observed at the unifornoe#y of 75 m/s.
Conversely, accuracy within the 35 m/s to 55 m/ecigl range
was not high enough because of insufficient CCD camer
resolution. Despite large error values, the coldepths of the
luminescence images were almost identical for tlanes
experimental conditions. This indicated that thdibeation
coefficients of the Stern-Volmer relation were athaconstant
during the experiments. It revealed that the soetype wind
tunnel is suitable for PSP measurements.

Introduction

Recently, Pressure Sensitive Paint (PSP) has beefoged as a
breakthrough technology enabling flow measuremdmig2].
Time-series Particle Image Velocimetory and PSPehbgen
developed following advances in chemical science aptical
technologies. Two or three dimensional flow-fieléasurements
are now possible utilising these new technolodié® flow-field
data help us to understand flow structures and ilslets
complicated flows, such as flow separations.

The information obtained from pressure measuremests
important to industries keen to improve producfganance. For
example, in the case of drag reduction in autoresbiine details
of pressure profiles on body surfaces are usuaflgsured using
piezoresistive pressure sensors. A large numbepre§sure
sensors are required. Moreover, conventional pressu
measurements also require pressure ports or taffeecsurfaces
of models. The data acquired is limited to fixedng® The
pressure distributions on the surface are themagtid by the
point-source measurements. The quality of such rerpats is
dependent upon the predesign of the pressure jstribdtion.

Since the Pressure Sensitive Paint (PSP) is coadngors with
luminescence molecules, the pressure ports or &psnot

required to measure the surface pressure profiRressure
sensitivity based on the oxygen quenching proce$s o
luminescence molecules, gives a much higher rahgeessure
measurements than the dynamic pressure range gémonal
measures. The pressure range is suitable for megshigh-
speed flow such as the supersonic flow around emaét. Since
the PSP is the absolute pressure sensor, measusenfelow
pressure regions, such as the flow around autoemhdre quite
difficult to obtain. In this paper, we attemptedrprove the PSP
measurements at the low-speed region with a lovwpéeature
drift wind tunnel and array of ultraviolet LED aket lighting
system for the PSP.

Experimental Methods

wind tunnel

Since the accuracy of PSP depends upon temperatsings|l as
pressure, the temperature drift of wind tunnels ukhobe
minimised. For this reason, a suction-type wincheinwhich has
square test section of 75 mm and 150 mm, was deseldo
remove temperature difference trends during thedwtimnel
experiments. Figure 1 shows the low-temperaturé dvind

tunnel. The temperature difference was only 0.2refeg during
the experiments at the flow velocity of 75 m/s. sTtemall
temperature drift eliminated the temperature swityitof the

PSP measurements. As a result, the experimentditmoms and
calibration coefficients were kept constant in éxperiments.

The air leak from the insertion sensors of the westtion is
known to be a drawback of suction-type wind tunnelewever,

in the case of PSP measurements, insertion semseraot
required. The suction-type wind tunnel is therefsuitable for
PSP measurements. The non uniformity of the uniftbom was

less than 0.1% and the intensity of turbulence less than 0.7%
at a uniform velocity of 75 m/s.

Figure 1 Low-temperature difference wind tunnel



The experiments were conducted from uniform velesiof 35
m/s to 75 m/s. The surface pressure was also meshduy
conventional piezoresistive pressure. Sensors lrdlg pressure
ports mounted on the surface of the experimentalaio

PSP Technique
Pressure Sensitive Paint is a chemical sensor tipgridarough

oxygen quenching of luminescence molecules. The RSP
constructed of luminescence molecules held in grpei binder
as shown in Figure 2. When the luminescence matscate
exited with an ultraviolet LED / Blue LED, the engrgtate of
the molecules rises. To return to the original gpestate,
luminophores are emitted from the luminescence oubds. The
wavelength of the emission is longer than thathef éxcitation.
Therefore, the intensity of the emission and ekoitalight can
be measured independently. The intensity of thessiom
depends on the intensity of the excitation and éfffect of
oxygen quenching. Since the excited energy of th@rlescence
molecules is transferred to surrounding oxygen,itibensity of
the emission is reduced. This phenomenon is knowrtha
oxygen quenching process. If the intensity of extiwn is
constant, the intensity of the emission dependghenoxygen
concentration, or the oxygen partial pressure. Ehike principle
of the static pressure measurement of the PSP.

The relationship between the intensity of lumineseeand static
pressure of the air (oxygen) can be formulated hyy $tern-
Volmer equation as follows;

(R T) _ P
W = A(T) +B(T) P , 1)

where thel denotes the intensity of the emissiéhdenotes the
static pressure anldenotes the temperature. The subscrigit *
denotes the reference conditiol(T) and B(T) are calibration
constants with the function of temperature.

The calibration coefficientsA and B, strongly depend on the
temperature. Therefore, the temperature corrediomecessary
when the temperature is not constant during thed wimnel
experiments. In this investigation, we used a lemqterature
drift wind tunnel to avoid temperature drift as simoin Figure 1.

Since the effective excitation wavelength of thesent PSP was
390 nm, the LED array of ultraviolet rays (UV-LE@as utilised
as a lighting system. However, as the intensityhef UV-LED
was not so high, a LED array of blue light (waveign470 nm,
BLUE-LED) was also used as an excitation sourceureid3
shows the UV-LED and BLUE-LED. The intensity of LED
depends upon the electric current of the circuithaf lighting
system. To keep the electric current constant,resteat current
power supply was used and the lighting systems werded
with axial fans.

PtTFPP was used for the luminescence sensor oP8f and
Poly-IBM-co-TFEM was used for the binder. The PtPF&nd
Poly-IBM-co-TFEM were mixed using toluene.
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Figure 2 Schematic diagram of PSP measurements

In order to obtain a luminescence image of the RSRP-bit
CCD camera (SONY SharpVision) was utilised. The spati

resolution was 1024x 1024 pixels. Since the effective

wavelength of emission of the present PSP was 680 the
band-pass filter\ = 650 + 20 nm) was installed. The ensemble
average was 32.

Figure 3 Ultraviolet LED array (wavelength = 375)namd BLUE LED
array (wavelength = 470 nm)

Experimental Setup

Figure 4 shows the experimental setup for PSP mewmsunts.

The square cylinder with a diamet&r,= 20 mm, was placed in
the test section of the wind tunnel. The origintleé coordinate
system was set at the centre of the square cyliawerthe flow

direction is as shown in Figure 4.

The test cylinder was made of aluminium and sixsguee holes
were fabricated on the surface of the cylinder. sehpressure
holes and piezoresistive pressure sensors wereectath with
pressure tubes. The surface of the test cylinder also coated
uniformly by the developed PSP.

The surface pressure was measured with PSP andacednpith
conventional piezoresistive sensors. The experiahergsults
were also compared with results of a numerical kitran. The
simulation was calculated using an incompressiltadgi®t-Stokes
equation and the sub-grid scale model for turbidenc

The experiments were conducted at velocity ranges 85 m/s
to 75 m/s. The angle of attack of the square ceglindas set from
0 degrees to 45 degrees.

Direction t

Figure 4 Experimental setup



Experimental Results

Figure 5 shows the intensity of luminescence imagesthe
surface of the square cylinder placed in the unifdtow at
velocity ranges of 35 m/s to 75 m/s. The colouthaf upstream
region (the upper side in the picture) was chanfgech light
green to orange with increasing uniform velocityn Ghe
downstream region (the lower side in the pictutte}, colour was
green. The colour differences in the image datthheflow-speed
region were weak. However, its intensity changéghtly. The
errors within the PSP measurements are shown imé&ig In the
case of the low-speed region, at velocity rangesmfB5 m/s to
45 m/s, surface pressure cannot be measured BSReutilised
here. In the case of 55 m/s velocity, the measunemeor was
about 80%. One of the reasons for this large esemms to be
insufficient camera resolution. The resolutionte CCD camera
was only 10 bit. This not enough to capture thaitlend subtle
differences among luminescence images resultingh femall
pressure differences. On the other hand, in the céshigher
velocity ranges (from 65 m/s to 75 m/s), the ewas about 10%.
The pressure profiles can be captured as showigirds 7 and
8. The discrepancy among pressure profiles atrdifteangles of
attack can be seen in these figures.

The PSP results obtained from the higher velo@gians were
in agreement with conventional measurements andethdts of
the numerical simulation.

Discussion

The pressure distributions of the average velocétgges of
automobiles are too low to be measured by the RS8R
utilised here due to high error values. Sufficieegolution can
only be obtained at velocities over 65 m/s (234 Hmin
commercial automobile development, velocity ranffesn 60
km/h to 120 km/h are important. The dynamic pressure less
than 700 Pa. The accuracy of the PSP was almotteofame
order obtained utilising a 16 bit CCD camera. Themfo
measurements of these low pressures are diffica@thieve.

In our experiments, pressure measurements couldenobtained
successfully in the low-speed region. However, ai#é
reproduction of images was obtained. This indicateat the
calibration coefficient of the Stern-Volmer relatiovas almost
constant during the experiments. The temperatuffereince of
the wind tunnel was kept constant (within 0.2 degjeThis low
temperature drift improved the PSP measurement$elcase of
the velocity ranges from 65 m/s to 75 m/s, therewas about
10%. The pressure profiles on the surface of thmrggcylinder
were reasonably well in agreement with those ofcthesentional
measurements and the numerical simulation.

These results revealed that the suction-type winthdls are
suitable for the PSP measurements. Moreover, ail€®@D
camera is required to measure the low-speed flatv thie PSP.

Conclusions

In order improve the accuracy of Pressure Sendiaiats (PSP)
at the low-speed flow, a suction-type , low-tempaedrift wind

tunnel and array of ultraviolet LEDs were develapéthe

pressure distributions of the square cylinder wewasured at
velocity ranges from 35 m/s to 75 m/s. The expeni@eresults
showed that changes in the PSP utilised here cootdbe

measured accurately in the low-speed region. Howyetree

reproduction of images produced was fine. The ratiitn

coefficients were almost constant during the expents. The
error of the pressure measurements at velocitiés ofi/s and 75
m/s was about 10%. The pressure profiles on tHacimwere in
agreement with that of the conventional measuresnant the
numerical simulations.

Results indicated that the calibration coefficieafsthe Stern-
Volmer relation were almost constant during the egipents.
They revealed that the suction-type wind tunnesugable for
PSP measurements.
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Figure 5 Pressure distribution on the surface efja@are cylinder placed
in uniform flow (PSP measurement)



Measurement Error [%0]

Figure 6 Relationship between uniform flow velo@tyd measurement
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Figure 8 Comparison of pressure distributions amgleaof attack of the
square cylinder
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