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Abstract: In applying Pressure-Sensitive Paint (PSP) to low-speed flow wind tunnel testing, it is
important to minimize any measurement uncertainties. There are various error sources such as
camera noise, misalignment of images due to model displacement and temperature distribution
over the model. Among these factors, the effects of temperature distribution change during tests
on pressure measurement accuracies were studied in the present paper. Pressure and
temperature distributions over a simplified car model (1/10 scale Ahmed model) were measured
using PSP and Temperature-Sensitive Paint (TSP). Sequential images were acquired at the same
intervals over the entire test period, including for the conditions before and after the tunnel run.
As a result, it was found that the measurement error caused by temperature distribution over
the model could be reduced using a single-point temperature measurement. In addition, by
measuring surface temperature distributions on the model using TSP, it was proved that the
most accurate pressure measurement could be made by rationing the wind-off image acquired
immediately after shutting down the tunnel to the wind-on image acquired immediately before
shutting down the tunnel. Using the present measurement technique, complicated pressure
fields over the Ahmed model were successfully visualized.

Keywords : Pressure-Sensitive Paint (PSP), Low-speed wind tunnel, Ahmed model, Oil flow.

1. Introduction

Recently Pressure-Sensitive Paint (PSP) has been applied to various research fields (Bell et al., 2001).
In recent years, the automobile industries have become aware of this new technique and expect to
use PSP as a working tool for aerodynamic design and for validating CFD codes. However it is
difficult to apply PSP to low-speed flow regions, because the pressure changes around a model in
low-speed flow are very small. For example, in the case of the freestream velocity U = 50 m/s, the
dynamic pressure is as small as 1.5 kPa, which is comparable to the measurement accuracy of
current PSP techniques.

To resolve such slight pressure changes, it is necessary to minimize various measurement
errors, such as optical noise, model displacement and deformation, temperature distribution over the
model and so on (Sant et al., 2001; Engler et al., 2002; Mebarki et al., 2002). Optical noise, i.e.,
shot-noise of CCD camera, can be reduced by ensemble averaging, and the effects of model
displacement and deformation can be corrected by image registration techniques. Thus, the
dominant remaining error source is that of errors caused by temperature distribution over a model.
In a closed-circuit wind tunnel, the flow temperature usually changes with time, causing a change in
model surface temperature during a test. Brown (2000), Bell (2004) and Mitsuo et al. (2005) showed
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that errors due to temperature change can be minimized when the model was placed in a flow for an
extended period to enable an equilibrium state in the model surface temperature and the wind-off
image was then acquired immediately after stopping the tunnel is shut down. However, it is not
certain whether this approach would be effective over the entire model surface, since an in-situ
calibration method was used in the previous studies.

In the present research, a simplified car model known as the Ahmed model was tested in a
low-speed wind tunnel. Sequential images of its top surface were measured during the same run to
evaluate the effects of temperature change on PSP measurement. The pressure field obtained using
an a-priori calibration method and a single-point measurement of model temperature was compared
with the pressure tap measurements. In addition, Temperature-Sensitive Paint (TSP) was applied to
measure the temperature distribution over the model in order to justify the correction method
employed in this study. Finally the flow structures over the Ahmed model will be discussed by
comparing PSP images with oil flow visualizations.

2. Sensors

2.1 Pressure-Sensitive Paint

PSP is a coating-type sensor that consists of luminescent molecules and a polymer binder. The sensor
molecules in PSP are excited electronically to an elevated energy state, when illuminated with light
at an appropriate wavelength. The excited molecules return to the ground state through several
photochemical mechanisms; radiative decay (luminescence), non radiative decay (release of heat)
and oxygen quenching. The principle of PSP is based on oxygen quenching. In the presence of oxygen
molecules, the excited energy of sensor molecules is transferred to oxygen molecules, so that no
luminescence is emitted. As a result, the luminescence intensity is reduced with increasing oxygen
concentration or, in other words, oxygen partial pressure that is proportional to air pressure.

Theoretically, the relationship of the luminescence intensity 7 and the pressure Pis expressed
by the following relation, known as the Stern-Volmer relation:

I(P,,.T)

P
1P.T) = A(T)+ B(T)P— (6h)

ref

where the subscript ref represents the reference conditions, and A(7) and A7) are calibration
coefficients. Note that these coefficients are functions of temperature 7. Using Eq. (1), the surface
pressure P can be calculated from the ratio of luminescence intensity images between the wind-on
and wind-off (reference) conditions.

In actual practice, however, the temperature at the wind-on condition (7) is different from that
at the wind-off condition (7}.). Since PSP is dependant not only on pressure but also on temperature,
it is necessary to carry out temperature correction to calculate the surface pressure. In such cases, Eq.
(1) can be transformed into the following expression.

I(P,,.T,,
Lf) =a(T) | A(T)+ B(T)i ©
I(P,T) P,

where a(7) = K Pret, Tred! K Prer, T). The factor of7) is called the temperature correction factor.

In the present study, BF405 supplied by Innovative Scientific Solutions, Inc., is used as PSP.
This paint emits phosphorescence with a peak wavelength of 650 nm, when excited by 405 nm light.
The results of calibration tests of BF405 are shown in Fig. 1. It can be seen that the coefficients A and
B of BF405 are independent of temperature. This is the characteristic known as “ideality” of PSP
(Bell, 2004; Gouterman et al., 2004). Therefore, for BF405 paint, only the effect of temperature on «
in Eq. (2) should be taken into account. In the following sections, the case for o =1 is termed ‘without
temperature correction,” while the case, where « is calculated using a single-point measurement of
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model surface temperature, is termed ‘with temperature correction.’

2.2 Temperature-Sensitive Paint

TSP is a sensor coating that consists of sensor molecules and a polymer binder. In contrast to PSP,
TSP uses sensor molecules showing no oxygen quenching but having a relatively high activation
energy for non-radiative decay. The luminescence intensity of TSP changes according to the
Arrhenius equation and decreases with increasing temperature. For practical purposes, the paint
characteristics can be expressed by the following polynomial equation:

i

I & (7
(1) “Ya| - ®

I(Tmf) =0 . Tre_f

where a; are the coefficient determined by calibration test.

The formulation of TSP used in the present work is as follows;
- Luminophore: Dichlorotris (1,10-phenanthroline)-ruthenium(Il) hydrate (Ru(phen)+3)
- Binder: Polyacrylic Acid
- Solvent: Ethanol

The characteristic of Ru(phen)-based TSP is shown in Fig. 2 (Ohmi et al., 2006).
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Fig. 1. Pressure and temperature sensitivities of BF405.

3. Experimental Setup

3.1 Model

The model used in this study was a 1/10 scale Ahmed model (Ahmed et al., 1984). A sketch of the
model is shown in Fig. 3 (length: L= 104.4 mm, width: D= 38.9 mm, height: A= 28.8 mm). The model
was made of aluminum alloy, and had a hollow structure. Eight pressure taps were provided along
the center line of the model to compare with PSP results, and one thermocouple was mounted on the
inner surface of the model to measure model substrate temperature. PSP and TSP were applied
using an ordinary airbrush over a white base coat (T-6 041, Musashi Holt®) applied beforehand. Ten
black dots (markers) were put on the top surface of the model for image registration.

3.2 Wind Tunnel

Experiments were conducted in the closed-circuit low-speed wind tunnel at the Institute of Fluid
Science, Tohoku University. In the present experiment, an open-type test section with an octagonal
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Fig. 2. Temperature sensitivity of Ru(phen)-based TSP.  Fig. 3. Sketch of 1/10 scale Ahmed model.

cross section was used. The width of the test section was 293 mm and the length of test section was
940 mm. The model was installed on a flat plate (length: 600 mm, width: 296 mm, thickness: 15 mm)
representing the ground plane. A rotary table was used to change the model yaw angle ¢ from 0 to 20
degrees. The freestream velocity was set at 50 m/s. The turbulence level of streamwise velocity was
below 0.3 %. The Reynolds number Re, with respect to the length of the model L, was 3 X 105. The
flow temperature was measured in the settling chamber of the tunnel using a resistance
thermometer bulb. The typical temperature rise during a test was about 10 degrees Celsius.

3.3 Optical Measurement System

A schematic and a picture of the optical setup are shown in Fig.4. For PSP measurement, the
excitation light source was two UV-LED units of which the peak wavelength was 395 nm. A
band-passed filter (A = 40050 nm) was placed in front of the illumination unit in order to cut
undesirable infrared emission from UV-LEDs. For TSP measurement, the excitation light source was
a blue LED of which the peak wavelength is 470 nm. No filter was installed for the blue LED.

A luminescent intensity image was acquired using a 16-bit cooled CCD camera (HAMAMATSU,
C4742-98). The spatial resolution was 1024 x 1024 pixels. Either a band-passed filter (1= 650+20
nm) or a high-pass filter (1> 580 nm) was placed in front of the camera lens for PSP and TSP
measurements respectively to cut the excitation lights from LEDs.

3.4 Image Acquisition and Processing

In this study, PSP and TSP measurements were made only on the top surface of the model. The yaw
angle was set either at ¢ =0 or 20 deg. In both cases, several image sets were acquired during the run
in the following sequence. Before starting the wind tunnel, a set of wind-off images ‘Lefbetore Was
acquired. After starting the wind tunnel, several sets of wind-on images, which were designated ‘1,
‘ho and ‘ho’, were acquired at 10-minute intervals. Finally immediately after the tunnel was shut
down, a set of wind-off images ‘Lrefatter’ was acquired. Each image set comprised 64 images. It took
about 5 minutes to acquire one image data set. In calculating the ratio between the wind-off
condition and the wind-on condition, the six combinations shown in Table 1 were evaluated. A7 in
Table 1 indicates the temperature difference between the wind-on and wind-off conditions. Here the
temperature difference A7 was calculated using the model substrate temperature measured by a
thermocouple mounted on the inner surface of the model.

For TSP measurement, the obtained image data sets were designated as ‘[7refvetore’, ‘L 70, ‘I 110,
‘I720 and ‘I 7retatter’ in the same way as PSP measurement. In calculating the temperature from TSP
data, it was assumed that the temperature over the model was sufficiently uniform before the wind
tunnel was started.

The PSP and TSP images were processed through a sequence of the following steps:

- Subtraction of dark images
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- Ensemble averaging of 64 images

- Registration of the wind-on and wind-off images

- Calculation of luminescence intensity ratio

- Calculation of pressure and temperature using a-priori method

Correction of temperature by multiplying the temperature correction factor ¢, calculated from
temperature measured by a thermocouple (in the case of PSP only).

CCD
|_| ) camera

Flat

Plate

Front view Side view
Fig. 4. Experimental setup.

Table 1. Combinations of wind-on and wind-off image sets.

Designation Wind-off image Wind-on image AT [deg C]
Casel b 2.9
Case2 Lret vetore 1o 7.1
Case3 Lo 9.0
Case4 b 6.2
Caseb Lretatter o 2.0
Case6 Lo 0.1

4. Results and Discussions

4.1 Evaluation and Temperature Correction Method

The pressure profiles along the center line of the model are shown in Fig. 5 and Fig. 6 for six different
combinations of the wind-off and wind-on images (Table 1). Figure 5 is the results for without
temperature correction (o = 1) and Fig. 6 for with temperature correction. It can be seen in Fig. 5 that
temperature has a considerable effect on calculated pressure distribution (particularly in the
absolute value). On the other hand, it can be seen in Fig. 6 that PSP data with temperature
correction are in fairly good agreement with pressure tap data, compared to those without
temperature correction. This agreement indicates that the proposed correction method using a
single-point temperature measurement is effective, although it is not perfect. When the profiles in
Fig. 6 are compared more carefully, it can be noticed that the shape of each profile is slightly different.
In Region A (upstream), surface pressure at the immediate downstream of a suction peak, is
flattened for cases 1 to 3, where Iremefore is used as the wind-off image, but are decreasing for cases 4
to 6, where Liefatter is used as the wind-off image. Also, in Region B (middle), the pressure profile is
different in each case. For cases 4 to 6, the pressure distribution is more uniform than that for cases 1
to 3. It can also be noted that, in Region C (downstream), the pressure profile near the trailing edge is
leveling off for cases 1 to 3, but is increasing for cases 4 to 6 (more realistic). It seems that these
differences in pressure distribution are caused by the effect of local temperature distribution.
Figure 7 (images) and Fig. 8 (profiles) show surface temperature distribution on the model as
measured by TSP. It can be seen that the model surface temperature increases monotonically with
time during the test and varies in accordance with the flow pattern around the model. The high
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temperature region at the front part of the model is considered to correspond to the region with the
separation bubble. Spohn et al. (2002) showed that the vortex structure in the separation region is
strongly unsteady, increasing the heat transfer rate and surface temperature. Likewise, the high
temperature regions along the edges of the top surface correspond to the regions with high sharing
forces.
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Fig. 5. Pressure profiles without temperature correction (—: PSP data for each cases,
e: Pressure tap data).
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Fig. 6. Pressure profiles with temperature correction (—: PSP data for each cases,
e: Pressure tap data).
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Fig. 7. Temperature distribution over the model in time.
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Fig. 8. Temperature profiles along the center line of the model.

Figure 9 compares the distribution of the temperature correction factor « along the center line
of the model during the test time. It can be seen that the temperature correction factor « is constant
over the model for Case 6, but not for the other cases. Additionally, the distribution of the
temperature correction factor « over the top surface of the model for Case 6 is shown in Fig. 10. These
figures show that temperature correction factor « is uniform over the model top surface. This means
that the temperature correction method using a single-point temperature sensor can be justified only
for Case 6. This is consistent with the experiences reported in the previous studies (Bell, 2004; Brown,
2000; Sant et al., 2001).
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4.2 Analysis of Flow over the Ahmed Model

Pressure field images and corresponding oil flow visualization are shown in Fig. 11 and Fig. 12,
respectively, for the cases of the yaw angle ¢= 0 and 20 deg. It can be seen that PSP images capture
the complex flow structure over the Ahmed model.
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Fig. 9. Profiles of temperature correction factor along the center line of the model.
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Fig. 12. Visualization in the case of ¢ = 20 [deqg].

In the case of ¢ = 0 deg, a suction peak and a separation bubble are visualized near the front
part of the model. On the other hand, counter rotating cone-like trailing edge vortices can be seen
along the two side edges of the slant surface. The existence of such vortex structures on the slant has
also been reported in previous studies (Spohn et al., 2002; Krajnovic et al., 2004).

In the case of ¢ =20 deg, a complex vortex structure, similar to the leading edge separation of a
delta wing, can be seen on the right-hand side of the model. Similar to the case of ¢= 0 deg, the low
pressure region at the front part of the model is caused by flow separation that is open at the
left-hand side of the model, suggesting a vortex is shed downstream from this point. The flow field
near the intersection between the roof and the slant is more complicated due to vortex-vortex
interaction. The negative pressure region at the front edge of the slant is probably caused by a strong
vortex, but the detailed flow structure is not clear in the oil flow. It would be necessary to combine
PSP and other visualization techniques like PIV or laser light sheet to understand the flow field on
the slant in more detail.

5. Conclusions

The effects of surface temperature on PSP measurement were investigated in an attempt to develop
a correction method for temperature in low-speed tests. An experiment was conducted using a
simplified car model known as the Ahmed model and PSP and TSP images on the model top surface
were acquired over the entire test period including the cases before and after the run. The
conclusions drawn from this experiment can be summarized as follows;

1. The errors caused by model temperature distribution can be reduced using the temperature
correction factor () calculated from a single-point measurement of model temperature.

2. From the results of TSP tests, it has been justified that the most accurate result is obtained
by using the wind-off image acquired immediately after the tunnel is shut down and the
wind-on image acquired immediately before the tunnel is shut down.

3. Using the present measurement technique, the complex pressure fields over the Ahmed
model, caused by flow separation, reattachment and vortices, were successfully visualized.
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