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ABSTRACT
The temperature gradient along the turbine vane can lead to significant uncertainty when the Pressure Sensitive Paint 

(PSP) technique is applied to film cooling measurements in compressible flow conditions. The current study presents a 

calibration surface based on temperature ratio to correct the temperature-induced errors using single-luminophore PSP. An 

endoscope-based PSP system and thermocouples were adopted to investigate the cooling performance and temperature 

over a turbine vane pressure side (PS) surface in a transonic wind tunnel. Carbon dioxide (DR =1.53) as coolant was 

discharged into the flow passage through seven rows of holes (i.e., three rows of circular holes and five rows of 7-7-7 

shaped holes) with the mass flow ratio (MFR) of 0.6%, 0.9%, 1.06% and 1.21%. The errors of PSP results were greatly 

reduced at different temperature ratios with the assistance of temperature corrections. This method makes it more suitable 

for film cooling diagnosis using PSP in compressible flow conditions. 
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1 INTRODUCTION
The efficiency of a high-pressure turbine can be improved by increasing the turbine inlet temperature. Film cooling is 

an important method which forms a low-temperature film over the blade to separate the exposed surface from the high-

temperature flow. Multiple experimental methods can be used to measure and evaluate the film cooling effectiveness. 

Measurement techniques based on Mass-Transfer Analogy are commonly used to avoid heat loss and lateral conduction 

effects. Pressure Sensitive Paint (PSP), a non-contact method that presents a full-field measurement with high spatial 

resolution has already been well-established and used in turbine blade film cooling researches. Zhang and Fox (Zhang et 

al., 1999) proposed a mass transfer analogy based on PSP and obtained the cooling effectiveness distribution over the 

turbine surface. Furthermore, methods have been proposed by Charbonnier (Charbonnier, Ott, Jonsson and Strasse, 2009)

to fit the density ratios between coolant and mainstream under engine conditions based on PSP mass transfer analogy. By 

keeping the secondary gas (usually CO2 and N2) at the same temperature as the main flow, this method can eliminate the 

error caused by heat conduction, thereby satisfying the ideal adiabatic condition. With the images of the PSP irradiated by 

a continuous excitation light source under normal pressure serve as the reference, the ratio of test images (gas-jet and air-

jet) and reference images can be correlated to calculate the effectiveness value through a calibration curve obtained before 

the experiment.

Uncertainties may occur when adopting the PSP technique to compute film cooling effectiveness. Han and Rallabandi

(Han and Rallabandi, 2010) provided a comprehensive discussion of the determination of effectiveness values via the PSP 

method over a flat plate and blade surface. This review had demonstrated the related errors and uncertainties, including the 

issues of mass transfer analogy, calibration, displacement of models, optical access and temperature sensitivity. The last 

issue exists because of the difference of temperature between the images taken during wind tunnel on and off especially 

when the mainstream flow is in high-speed conditions. Therefore, many researchers conducted experiments in low-speed 

conditions (Wright et al., 2005) (Yang and Hu, 2011) (Wong, Ireland and Self, 2016) to focus on the cooling effectiveness 

over the surface with low temperature differentials. However, when it comes to compressible flow conditions, the 

temperature-induced error cannot be ignored because of the evident temperature differential. Zhou et al. (Zhou, Johnson 

and Hu, 2015) tested the cooling performance of a flat plate with circular holes using PSP under the mainstream Mach 

number of 0.7, proposing that the test surface has a temperature gradient of about 5 K at a high Mach number. Furthermore, 

it is difficult to ensure that the temperature of the jet is consistent with the mainstream, which exacerbates the temperature 

effect.
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2

Some scholars have proposed the Binary PSP technology (Khalil et al., 2004) to correct the temperature-induced error. 

This paint includes probe molecules (based on pressure and temperature) and reference Molecule (based on temperature). 

By obtaining the light intensity reflected by the excitation light of the two molecules, a more accurate test result can be 

obtained. Barigozzi et al. (Barigozzi et al., 2018) proposed a detailed analysis of the temperature impact on PSP results and 

applied the Binary PSP technology to compute the film cooling effectiveness. This technique was then utilized to 

investigate the vane pressure side cutback film cooling (Abdeh and Barigozzi, 2018). The current study presents a 

correction method for temperature-induced errors of PSP measurement on film cooling effectiveness using single-

luminophore PSP. Considering the different temperatures of the wind tunnel-on and the wind tunnel-off scenarios during 

the experiment, a calibration surface based on temperature ratio was utilized to correct the measured adiabatic film cooling 

effectiveness of the PS surface with MFR of 0.6%, 0.9%, 1.06% and 1.21% in a transonic wind tunnel. The proposed 

method provides a realizable correction method for film cooling diagnosis using PSP technique in compressible flow 

conditions.

2 CORRECTION METHOD FOR TEMPERATURE-INDUCED ERROR OF PSP

2.1 The PSP technique
Multiple experimental techniques can be applied to test and evaluate the film cooling effectiveness. Heat-transfer-

based methods were widely used by scholars, which lets a secondary air of lower temperature injected into the mainstream 

to obtain the coolant trace on the surface. Some researchers have used Thermochromic Liquid Crystals (TLCs) (Wang et 

al., 1996) or Infrared (IR) Thermography (Blair, 1974) to measure and analyze the temperature as well as film cooling 

effectiveness distribution on models manufactured with low thermal conductivity materials. However, the adiabatic 

condition is hard to meet especially for complicated cooling geometries in engine conditions. In regions close to film 

cooling holes, the measurement results are inevitably subject to the heat conduction errors caused by a thermal gradient.

Measurement techniques based on Mass-Transfer Analogy Techniques are commonly used. Several techniques have 

been used by researchers in experiments such as the gas-chromatography-based technique (Nicoll and Whitelaw, 1967), 

Ammonia–Diazo Technique(Friedrichs, Hodson and Dawes, 1995) and Naphthalene Sublimation Technique (Goldstein 

and Jin, 2001). Pressure Sensitive Paint (PSP), a non-contact method that presents a full-field measurement with high 

spatial resolution has already been well-established and used in turbine blade film cooling researches.

Under appropriate excitation light, the PSP emits light of a certain wavelength, which can be received by a signal 

detector (CCD camera) and converted into light intensity information. The pressure information of the measured surface 

can be obtained by comparing the light intensity-pressure relationship curve calibrated in advance (Bell et al., 2001). The 

light intensity I and the concentration of oxygen can then be correlated. The characteristic of PSP allows its application on 

cooling performance measurements, which is typically quantified by the effectiveness as depicted in Eq. (1).

𝜂 =
𝑇∞ − 𝑇𝑎𝑤

𝑇∞ − 𝑇𝑐
    (1)

Based on the theory of Charbonnier et al. (Charbonnier, Ott, Jonsson, Cottier, et al., 2009), the effectiveness can be 

defined as Eq. (2), where subscript [on] and [off] represent the test condition of the wind tunnel-on and wind tunnel-off.

𝜂 = 1 −
1

[
(𝑝𝑂2)𝐴𝑖𝑟 𝑗𝑒𝑡[𝑜𝑛] (𝑝𝑂2)𝑟𝑒𝑓[𝑜𝑓𝑓]⁄

(𝑝𝑂2)𝐺𝑎𝑠 𝑗𝑒𝑡[𝑜𝑛] (𝑝𝑂2)𝑟𝑒𝑓[𝑜𝑓𝑓]⁄
− 1] 𝑀𝑊 + 1

   (2)

2.2 The temperature-induced error of PSP
Typically, a calibration process for PSP is conducted by keeping the temperature as a const and vary the pressure. The 

images under the same temperature and different pressure are recorded. For each temperature, the relationship between the 

ratios of pressure and intensity can be expressed as Eq. (3), where C1, C2, and C3 are parameters decided by temperature. 

Assuming that the temperature during wind tunnel-on is consistent with that during wind tunnel-off, we were able to obtain

the effectiveness values via the equation extracted from the calibration curve.

𝑝

𝑝ref 

= 𝐶1(𝑇) + 𝐶2(𝑇) ⋅
𝐼𝑟𝑒𝑓

𝐼
+ 𝐶3(𝑇) ⋅ (

𝐼𝑟𝑒𝑓

𝐼
)

2

  (3)

For film cooling effectiveness measurements, each testing condition consists of four images. 

① Background: i.e., images that taken when the wind tunnel off & the light source off;

② Reference: i.e., images that taken when the wind tunnel off & the light source on;

③ & ④ Air and gas jet: i.e., images that taken when the wind tunnel on & the light source on;

However, calculating the pressure ratios using a single PSP calibration curve leads to inaccurate results. The errors 

can derive from three respects. First, chordwise temperature differential exits due to the Mach number change along the 
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cascade, especially for compressible flow conditions. Therefore, a single calibration curve cannot meet the temperature 

along the entire test surface, which means calibration curves under different temperatures are needed. Second, due to the 

difference between the temperature of wind on and off conditions, the single calibration curve obtained under a constant 

temperature leads to temperature-induced error. Furthermore, the temperature of the jet differs from that of the mainstream 

flow, which exacerbates the above temperature effects. Although recording the reference images immediately after the air 

jet and gas jet images could partly reduce temperature difference, the entire film cooling effectiveness values are affected 

by the temperature-induced errors.

2.3 The calibration surface based on temperature ratios
Since the main error comes from the temperature effect, we added the temperature information into the relationship 

between ratios of the pressure and intensity, which means the pressure ratio can be a function of intensity ratio and 

temperature ratio as depicted in Eq. (4):

𝑓 (
𝑃[𝑜𝑛]

𝑃𝑟𝑒𝑓[𝑜𝑓𝑓]
) = 𝑓 (

𝐼[𝑜𝑓𝑓]

𝐼𝑟𝑒𝑓[𝑜𝑛]
,

𝑇[𝑜𝑓𝑓]

𝑇𝑟𝑒𝑓[𝑜𝑛]
)   (4)

where the subscripts [on] and [off] represent the test condition during the wind tunnel-on and off respectively. The

pressure of the wind-off test condition was set to be 1 atm. During the calibration process, the images under different 

pressures and temperatures were recorded. Various temperature ratios could be obtained by combining the measured 

different temperatures, i.e., each pressure ratio was decided by one specific intensity ratio and one temperature ratio. The 

calibration process was performed by catching images of a metal slice sprayed with PSP under the pressure ranging from 

0 to 101.32 kPa and a constant temperature ranging from 293 to 311 K in a custom calibration chamber. The measurement 

setup was kept the same as that of the actual experiments. The only difference was that endoscope was not installed during 

the calibration process. The reference pressure was set to be 101.32 kPa, with temperature ranging from 293 to 311 K.

Since the temperature of the wind-on condition is lower than that of wind-off condition for a typical experiment scenario, 

the temperature ratios were set to be less than 1. Let x-axis be the temperature ratio 𝑇 𝑇𝑟𝑒𝑓⁄ , y-axis be the intensity ratio 

𝐼 𝐼𝑟𝑒𝑓⁄ , the relationship among the pressure, temperature and intensity ratios can be fitted by a polynomial equation shown 

as Eq. (5). The calibration surface based on different temperature and intensity ratios is shown in Fig. 1. Note that the 

surface was forced to pass through (1,1,1). 

𝑃 𝑃𝑟𝑒𝑓⁄ = ∑ 𝑐(𝑖,𝑗) (𝑇 𝑇𝑟𝑒𝑓⁄ )
𝑖
(𝐼 𝐼𝑟𝑒𝑓⁄ )

𝑗
            (𝑖, 𝑗 = 0,1, ⋯ ,5 and 𝑖 + 𝑗 ≤ 5)      (5)

Figure 1 The calibration surface of different temperature and intensity ratios.

3 THE FULL-COVERAGE FILM CASCADE TEST CASE 

3.1 Test section and model
The experiments were carried out in a single-passage transonic wind tunnel as depicted in Fig. 3. The shape of the 

main channel of the wind tunnel is consistent with the geometry of the previously studied turbine blade proposed by the 

VKI (LS-89) (Arts, Lambertderouvroit and Rutherford, 1990). Two outlet bleeds (PS bleed and SS bleed) were carefully 

designed to discharge the extra mainstream flow, thereby establishing the periodic condition according to the single-

passage layout proposed by Blair (Blair, 1974), who used a single-channel model for film cooling measurements. The 

specific information of the wind tunnel can be found in Fig. 2 (b) and the previous publication (Qenawy et al., 2020).
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The full-coverage film cooling design consists of eight rows of staggered holes (D = 0.7 mm) on the PS, fed by two 

chambers with honeycomb structures fixed inside. Plenum 1 supplies the gas to four rows of holes that were arranged close 

to the LE (LE1~3) and the PS (PS1). Plenum 2 supplies the gas to the rest of four rows of holes (PS2~PS5). All the holes 

located in the leading edge (LE1~3) are circular holes with an injection angle α = 25° and a compound angle of β = 90°.

While the rest holes (PS1~PS5) have an injection angle of α = 35°. The hole spacing pitch P was set to be 5 mm for all the 

holes. The mass flow ratio (MFR = 𝑚𝑐 𝑚∞⁄ ) of both plenums were set to be the same. Detailed test conditions and the 

location of film cooling holes is shown in Fig.2 and Table 1, with the positions of s/C = 3.0%, 7.9%, 13.1%, 25.4%, 32.8%, 

40.3%, 47.6% and 55.1%.

a) The positions of pressure taps and thermocouples b) Blade parameters list

Figure 2 The Von Karman Institute nozzle guide vane (VKI LS-89) and its geometrical characteristics
(Arts, Lambertderouvroit and Rutherford, 1990).

Row s/C (%) Count α β L/D 𝑃/𝐷 D (mm) MFR (%)

LE1 3.0 7

25° 90° 8.5

5 0.7

0.60

0.90

1.06

1.21

LE2 7.9 8

LE3 13.1 7

PS1 25.4 8

35° 0° 6.5

PS2 32.8 7

PS3 40.3 8

PS4 47.6 7

PS5 55.1 8

Table 1 Geometry of film cooling holes and test condition.

3.2 Experimental setup for endoscope system and PSP technique
A 132-kW compressor was utilized as the source of mainstream flow, with filters installed to keep the incoming air 

dry and clean. Through a pressure-reducing valve and a chamber with honeycomb inside, the mainstream was separated 

into SS Bleed, PS Bleed and outlet. The static pressure and temperature along the pressure and suction side were measured 

by a pressure transducer and thermocouples respectively. A high-power ultraviolet light emitting diode lamp (405 nm UV-

LED) was utilized as an excitation light source. A low-speed CCD camera (PCO.1600) was used as the light emission

detector, with the sampling rate and the exposure time set to be 5 Hz and 150 ms, respectively. The images were recorded 

and then averaged for each step of the test conditions: background (100 images), reference (150 images), air-jet (200

images), and gas-jet (250 images).

An endoscope was inserted into a channel created in the inlet upper side model with a round hole and an expanded 

opening cutting through the model surface. A flat optical quartz window (30×60 mm2) was fixed to match the removed 

portion, which provides optical access for the endoscope. With a viewing angle of 35°, the endoscope could easily cover 

the interest surface (white region) as shown in Fig.3. A specially designed 35 mm focal length camera lens was used to 

connect the endoscope, with a 570nm long-pass filter installed before it to exclude the excitation light. A high-pressure 

CO2 (DR = 1.53) cylinder served as the coolant supplier. A water-submerged heat exchanger which can be adjusted to 

maintain constant temperature was used to keep the temperature of the coolant close to that of the mainstream flow. The 

flow rates of the two plenums were monitored by two flowmeters (OMEGA FMA-1610A) and were successively set to

meet the test conditions of MFR = 0.60%, 0.90%, 1.06% and 1.21%. The experiments were conducted at a constant 

mainstream temperature of 302 ± 0.5 K.

  1  2    PS1 PS2 PS PS PS 

S a na i n 

  in  1  2
    

  

  

P  n   1 P  n   2
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Figure 3 Experimental setup for PSP measurements.

4 RESULTS AND DISCUSSIONS

4.1 Data processing
The measured temperature information was depicted in Fig. 4. Overall, the temperature under wind-off test conditions

shows a higher value (0.8 K~1.5 K) than that under wind-on test conditions. The temperature at the blade leading edge 

under wind-on test conditions is around 299.5K, which represents a difference in temperature of 1.5 K relative to the 

ambient. The static temperature of the test surface decreases quadratically from a maximum value in the leading edge to a 

minimum value in the trailing edge of the test PS surface, which can be attributed to the Mach number change over the 

surface.

Figure 4 Temperature distributions of the vane under different MFR.
Since VKI-LS89 vane is a two-dimensional cascade, it is possible to estimate the chordwise temperature distribution 

from the obtained thermocouples temperature. As shown in Fig. 5, for each test condition, a 2D temperature field was 

generated through interpolation, i.e., the temperature ratios of wind-on and wind-off images could be calculated. With the 

temperature ratio revealing the temperature information, we were able to utilize the temperature ratio and intensity ratio to 

calculate the effectiveness values over the test surface via the calibration surface as proposed in Fig. 1.
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Figure 5 Temperature filed under the wind-off condition.

4.2 Film cooling effectiveness distribution
The measured arithmetic-averaged film cooling effectiveness results of the full-coverage film test surface at MFR of 

0.6%, 0.9%, 1.06% and 1.21% are shown in Fig. 6. The region of holes was blanked to better show the coolant spreads. As 

depicted in Eq. (6), the arithmetic-averaged effectiveness was obtained by taking the average of the effectiveness of the 

integral time. The streamwise and spanwise coordinates were defined as s and z, respectively.

�̅�(𝑠, 𝑧) =
1

𝑡
∫  

𝑡

0

𝜂(𝑠, 𝑧, 𝑡)𝑑𝑡            (6)

𝛿𝜂(𝑠, 𝑧) =  �̅�𝑐𝑢𝑟𝑣𝑒 − �̅�𝑠𝑢𝑟𝑓𝑎𝑐𝑒      (7)

For the MFR of 0.60% and 0.90% (Fig. 6), the coolant from circular and shaped holes both cover well over the tested 

surface. This is attributed to the relatively low flow momentum at lower blowing ratios, which results in the even distributed 

film. In general, differences in the effectiveness values are small and both provide similar results because the coolant 

remains well covered on the PS surface at low MFR. As the MFR was increased to 1.06% and 1.21%, the coolant patterns 

of the first three circular holes began to narrow, while those of the shaped holes continued to present increasing coolant 

coverage. The area near the PS2 hole shows unevenness in the streamwise direction since the coolant of the PS2~PS5 hole 

was supplied from the same plenum, which means lower differential pressure for the PS2 hole. The difference between the 

effectiveness values calculated using the calibration surface and curve are also depicted in Fig. 6 to quantify the impact of 

temperature correction. The blue areas indicate negative effectiveness, which means the effectiveness calculated by the 

calibration curve (the uncorrected one) is lower than that calculated by the calibration surface (the corrected one). In 

general, the temperature-induced effect on the calculated results is stronger when η is low and is weaker when η approaches 

0.8 or higher value. The corrected effectiveness value is higher near the hole’s region, while the value is lower in the area 

with poor cooling performance. Overall, the temperature-induced error mainly derives from the chordwise temperature 

differential exits due to the Mach number change along the cascade and the difference between the temperature change of 

wind on and off condition. It can be concluded from the opposite trend of the coolant-covered and uncovered area that the 

major temperature-induced error was the result of the mismatch temperature between the coolant jet and mainstream flow.

(a) MFR = 0.60%
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(b) MFR = 0.90%

(c) MFR = 1.06%

(d) MFR = 1.21%

Figure 6 Film cooling effectiveness distribution calculated via calibration surface (left) and its 
difference from the calibration curve (right) for various MFRs.

Fig. 7 compares the laterally-averaged effectiveness as well as the centerline (at z/D = 10) effectiveness value 

calculated using calibration surface and its difference compared with calibration curve to better assess the measured results.

According to Eq. (7), the δη (absolute effectiveness) distribution was obtained by making the difference between the 

effectiveness calculated by calibration curve and calibration surface to quantify the impact of the correction method.

Overall, the shaped hole obtains higher effectiveness values than the circular hole, especially for higher MFR. Besides, 

when increasing the MFR, higher effectiveness values for shaped holes whereas lower values for circular holes were 

obtained. The influence of the correction method shows different behaviour in two specific regions: well-cooled area and 

poorly cooled area. Moving to the region with high effectiveness values, the cooling performance was generally 

underestimated by the traditional calibration process (calibration curve). As depicted in Fig. 7 (d), the biggest difference 

of centerline effectiveness value occurs at s/c = 0.55, where the result calculated by calibration curve provided a 0.05 

(absolute effectiveness) decrease as compared with that calculated via calibration surface. 

The difference mainly relies on the unequal temperature between the mainstream flow and the coolant, which results

in an overestimation of the pressure ratio when injecting CO2. While the corrected effectiveness value is lower than the 

uncorrected one in the uncooled or poorly cooled areas. According to Fig. 7 (c), the difference between the two calibration 

methods for the circular hole is around 0.08, which is about twice bigger than that for the shaped hole.
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4.3 Uncertainties of measurement and calculation 
The uncertainties come from the measurement and calculation. The measuring accuracies of the instruments are as 

follows: thermocouple (± 0.5 K), OMEGA flowmeters (± 1%), SMC flowmeters (± 2%), and high-pressure sensor (± 

0.1%). The uncertainties of the PSP process were mainly caused by the flow conditions of the coolant jet and mainstream 

flow, quality of captured images (low SNR of endoscope), and PSP calibration procedures. Following the uncertainty 

analysis proposed by Johnson and Hu (Johnson and Hu, 2016), the mean and maximum of the absolute uncertainties for 

each MFR were estimated as Table.2. Note that the temperature increase due to the heat transfer between the secondary 

flow and mainstream was ignored when calculating the film cooling effectiveness using the calibration surface.

MFR 0.60% 0.90% 1.06% 1.21%

Mean 0.0057 0.0053 0.0053 0.0052

Max 0.0226 0.0219 0.0233 0.0240

Table 2 The absolute uncertainties for different test conditions.

(a) (b)

(c) (d)

Figure 7 Laterally-averaged effectiveness and centerline effectiveness calculated using calibration 
surface (a) (b) and its difference compared with calibration curve (c) (d).

5 CONCLUSIONS
In this paper, a calibration surface based on the temperature ratio for PSP measurement on film cooling effectiveness

was proposed and applied to a single-passage wind tunnel. The temperature-induced errors caused by the temperature 

differential of the wind-on and wind-off scenarios during the experiment were corrected. By implementing an endoscope-

based PSP system, experiments were carried out to evaluate the adiabatic film cooling effectiveness of a full-coverage film 
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pressure side with three rows of circular holes and five rows of shaped holes. The influence of the correction method shows 

different behaviour in the area with different film cooling effectiveness. The cooling performance was generally 

underestimated by the traditional calibration process (calibration curve) in the well-covered area (δη ≈ -0.04), whereas was 

overestimated in the poorly cooled area (δη ≈ 0.08). Overall, the obtained film cooling effectiveness near the leading edge 

seems to be deeper influenced by the temperature effect than that at the downstream region due to the temperature decrease 

along the pressure side surface. Through the proposed temperature correction method, more accurate results can be obtained 

to better analyse the cooling performance of the cascade. While the current study providing a realizable calibration method 

to deal with the temperature effect on PSP measurement, it is vital to further consider the temperature differential caused 

by the mismatch of the secondary flow and mainstream.

NOMENCLATURE

Abbreviations
C Blade chord length

D Hole diameter

I Intensity

L Hole length 

LE Leading edge

Ma Mach number

MFR Mass flow ratio (coolant / mainstream)

MW Weight ratio (coolant / mainstream)

m Mass flow

P Hole spacing

PSP Pressure sensitive paint

PS Pressure side

SNR Signal noise ratio

SS Suction side

s/C Vane span length to chord length ratio

T Temperature

U Velocity

x, y, z Cartesian coordinate

η   Adiabatic cooling effectiveness

δη η (curve) - η (surface)

Subscripts
aw Adiabatic wall

b Background

c Coolant jet

ref Reference

∞ Mainstream flow

wind-on Measured during the wind tunnel on

wind-off Measured during the wind tunnel off
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