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A modified method is proposed to evaluate film cooling 
performance utilizing high-frequency response polymer 
ceramic pressure sensitive paint (PSP). This paint offers 
unique possibilities for measuring the unsteady behavior of 
cooling jets due to its negligible signal attenuation up to a 
frequency of 1 kHz and a -3 dB attenuation at 10 kHz, however 
it is also quite sensitive to temperature variations. It is 
therefore necessary to correct the results according to the paint 
surface temperature as well as the gas temperature above the 
painted surface. Surface temperature is measured with an 
infrared (IR) camera, and to account for the change in oxygen 
concentration due to gas temperature the paint is calibrated to 
density instead of pressure. The ultimate goal of the method 
under development is to obtain high-speed film cooling 
measurements in a full-stage transonic turbine tested at design 
corrected conditions in a short-duration facility. To simulate 
this, the current study utilizes a medium duration blowdown 
wind tunnel to investigate the impact of large temperature 
variations. 

The film cooling effectiveness is measured for a baseline 
case of five 7-7-7 diffuser-shaped film cooling holes installed 
on a flat plate. The flow provided by the blowdown facility is 
characterized by large changes in total pressure and total 
temperature, and it provides a challenging trial of the 
measurement technique before it is subject to the turbine test 
environment. Unsteady characteristics of the diffuser shaped 
holes in this experiment, including the tendency of the jet to 
oscillate and periodically detach from the surface, are captured 
with a high-speed camera, and the time-averaged film 
effectiveness is shown to agree well with the performance 
documented in previous studies for the same geometry.  

In the ongoing effort to increase the efficiency of gas 
turbine engines for power generation and aircraft propulsion, 

there has been a push to improve the thermodynamic 
efficiency of engines by increasing the overall pressure ratio 
and the corresponding turbine inlet temperature. Modern 
designs operate above the temperature limits of their materials 
and inject cool air through hundreds of small holes in the 
surface of high pressure turbine (HPT) components to create a 
protective film over the metal surface.  

The turbine environment produces a very complex flow 
field, and the strong secondary flows have a tendency to sweep 
film cooling away from the surface and mix it into the hot 
main stream flow. In recent development, cooling schemes 
have been evaluated in several ways. Stationary and low-
speed rotating experiments have measured the film cooling 
effectiveness for different configurations, while high-speed 
facilities utilize a direct measurement of heat-transfer to 
calculate the effect of cooling. Dunn provides a review of 
advances up to 2001 in experimental and predictive 
computation abilities  (Dunn, 2001), and cooling technology 
has been reviewed on many occasions  (Bunker, 2005; Bogard 
and Thole, 2006). While CFD models have become capable of 
predicting pressure loadings for turbine components, they are 
still unable to accurately quantify the heat transfer for a film 
cooled and rotating blade. Nickol et al. compared heat transfer 
measured with double-sided heat-flux gauges to 
computational results and showed that good agreement can be 
obtained for most of the airfoil, but the aft portion of the 
pressure surface remains a challenge  (Nickol et al., 2015). 
These double-sided heat-flux gauges provide accurate high 
frequency measurements, but they can only provide 
information at discrete locations. As more refined 
comparisons and improved understandings require more 
complete tracking of cooling jet behavior, the need for 
additional measurement techniques has become clear. 

Pressure-sensitive paint provides a new option for 
tracking film cooling effectiveness across the surface of a vane 
or blade. Jones provided a theoretical proof to show that 



2 

cooling gasses can be simulated by other species (Jones, 
1999), and Zhang and Fox presented a method for determining 
the film cooling effectiveness using a heat and mass transfer 
analogy  (Zhang and Fox, 1999). Charbonnier et al. describe 
the method for calculating the film cooling effectiveness as a 
function of apparent pressure on the surface measured with 
PSP on corresponding tests using air and then nitrogen as 
cooling gas  (Charbonnier et al., 2009). This method is 
commonly named the foreign gas method. 

Film cooling effectiveness has been measured with PSP 
on a flat plate, in cascades, and on low-speed rotating turbine 
components. Vinton et al. measured film effectiveness on a 
flat plate to measure the effect of freestream pressure gradients 
and density ratio on round and shaped cooling holes  (Vinton 
et al., 2017). They observed that the shaped holes produced a 
higher effectiveness. Vane end wall film effectiveness was 
measured in a cascade, held at uniform temperature, by Shiau 
et al., who determined that higher density ratios produced 
better film cooling coverage  (Shiau et al., 2016). Turbine 
rotor platform cooling was examined in a rotating rig by 
Suryanarayanan et al., who measured the time averaged 
cooling performance on a turbine platform held at uniform 
temperature  (Suryanarayanan et al., 2010). Film effectiveness 
was measured on a rotating research turbine blade held at a 
constant temperature by Ahn et al. Even at a rotational speed 
of 3000 RPM, it was determined that speed is a critical factor 
of film effectiveness on rotating equipment due to the change 
in incidence angle of the mainstream flow  (Ahn et al., 2007). 
Very recently, the unsteady characteristics have been 
examined by Khojasteh et al., who observed effects on film 
cooling of vortex structures typical to turbine applications 
using a PSP technique imaged at 2 Hz in a flat plate 
experiment  (Khojasteh et al., 2017). To the author’s 
knowledge, Khojasteh et al. are the first to perform an 
unsteady analysis of film cooling with fast response PSP, and 
no study has yet been done involving non-uniform 
temperature or high frame rate.  

Many studies have found methods of dealing with the 
temperature sensitivity inherent to PSP. Vinton et al., Shiau et 
al., Suryanarayanan et al., Ahn et al., and Khojasteh et al. all 
kept gas and metal temperatures uniform to eliminate any 
temperature effect  (Ahn et al., 2007; Suryanarayanan et al., 
2010; Shiau et al., 2016; Khojasteh et al., 2017; Vinton et al., 
2017). Peng et al. outlines the development of a dual-
luminophore temperature compensation method, where a 
pressure-insensitive molecule is used to measure the surface 
temperature and correct the PSP measurement  (Peng et al., 
2013). The temperature-sensitive, pressure-insensitive paint is 
typically called TSP. This method was used by Peng et al. to 
measure the surface pressure of a model in a hypersonic wind 
tunnel  (Peng et al., 2016). Gregory et al. discuss the 
limitations of the dual luminophore technique; if both paints 
are applied to a test article, the overlapping emission spectrum 
of the luminophores can cause fluorescent resonance energy 
transfer, distorting the data  (Gregory et al., 2014).  

Recently, fast-response pressure sensitive paint (PSP) has 
emerged as a flow diagnostic tool. As an optical technique, 
PSP provides complete coverage of the measurement surface, 

and the spatial resolution is only limited by the camera 
capabilities. Gregory et al. provide a concise summary of the 
development of high-speed PSP measurement capabilities, 
including the mechanics enabling PSP to work, the selection 
of rough or porous basecoat for better frequency response, 
calibration methods, and temperature sensitivities  (Gregory et 
al., 2008). 

The sensitivity of PSP to temperature makes it an 
especially challenging technique in turbine testing 
applications. In order to explore the full physics, including 
Coriolis and buoyancy effects, metal and gas temperatures 
cannot be held constant. Additionally, the paint frequency 
response and camera frame rate must be fast enough to capture 
the flow on rotating pieces. In light of this goal, the present 
study seeks to formulate a method for collecting accurate, high 
speed PSP data in a facility characterized by large changes in 
total temperature and total pressure. Film cooling 
effectiveness is observed on a flat plate, and unsteady jet 
characteristics will be imaged at 2500 frames per second. To 
achieve this, surface temperature measurements are collected 
directly from the PSP coated surface with infrared 
thermography, and a temperature compensation will be 
applied to the data. This will eliminate the possibility of 
fluorescent resonance energy transfer in the luminophore 
molecules, and it will eliminate the need to assume symmetric 
heating of the test object. An unsteady characterization of 
shaped cooling holes measured with fast response PSP will 
hopefully lead to a better understanding of the flow physics of 
film cooling. 

Pressure sensitive paint is sensitive to the oxygen in the 
gas above the painted sample. The general mechanics of the 
reaction are described in Figure 1,  (Gregory et al., 2014). 
When the valence electrons of luminophores, the active 
molecules in the paint, are excited by ultraviolet light, they 
either release a photon, give their energy to an oxygen free 
radical in an oxygen quenching process, or give off heat 
through a thermal quenching process. Traditional PSP 
experiments maintain a constant temperature so that any 
change in photo emission can be related to a change in the rate 
of oxygen quenching, which correlates to the concentration of 
oxygen and can therefore be tied to the pressure of the air.   
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PSP exhibits a high sensitivity to both the paint 
temperature and the temperature of the gas above it. As the 
paint temperature increases, the thermal quenching process 
becomes an increasingly favorable method for the 
luminophores to return to ground state. This increase in 
quenching due to thermal effects will cause the paint to 
overestimate the air pressure if a constant temperature is 
assumed. Likewise, changes in the air temperature will affect 
the PSP response through changes in air density. PSP directly 
measures oxygen concentration, in studies where temperature 
is held constant, concentration, density, and pressure are 
directly proportional. However, once the gas temperature 
variation is significant, the air density and concentration 
become a function of both the pressure and temperature. By 
examining the ideal gas law in Equation 1, it can be seen that 
the percent change in air temperature during a PSP experiment 
will cause the same percent error in the measured density if 
the paint is calibrated with pressure alone. 

 
 

 
(1) 

 
This experiment utilizes a two-coat polymer ceramic PSP 

(PC-PSP). A rough, porous polymer-ceramic slurry is first 
applied to the test object with an airbrush, and then a platinum 
based luminophore solution is airbrushed onto the top. PC-
PSP was chosen for this application due to its frequency 
response characteristics. The frequency response of this 
particular formulation has negligible attenuation up to 1 kHz 
and -3 dB at 8 kHz  (Pandey and Gregory, 2016).  

Instead of calibrating with pressure, image intensity data 
in this study is correlated to the air density. This correlation 
takes the form of Equation 2, where , , and  are 
empirically determined calibration coefficients. The intensity 
is obtained using the single-shot method. Density and intensity 
are both normalized by a reference density-image pair. These 
reference values are taken from images acquired for a known 
density before the start of the experiment to account for non-
uniformities in the application of the luminophores and in the 
illumination field, as well as an observed run-to-run drift in 
the camera data acquisition. 

 
 

 
(2) 

 
Plate temperature is measured with an infrared camera, 

and the temperature data is used to correct the PSP 
measurements. For this correction, the paint emission intensity 
is assumed to be a function of the air density times a function 
of the plate temperature. To achieve this, the room 
temperature calibration, Equation 2 is multiplied by an 
empirically determined function of plate temperature, 
producing Equation 3. 

  
 

 
(3) 

The function of temperature will be approximated with a 
third order polynomial of the form shown in Equation 4. 

 
 
  

(4) 

 
Experiments using PSP are also affected by the photo-

degradation characteristics of the luminophores. When 
exposed to ambient light for too long, the luminophores 
become less responsive to the excitation light, and the sample 
must be repainted. The lifetime of the paint can be preserved 
by storing the painted sample in a dark location. Small 
changes due to this degradation are accounted for through the 
reference images acquired before each experiment. 

Charbonnier et al. present a method for measuring film 
cooling effectiveness with PSP using a heat and mass transfer 
analogy  (Charbonnier et al., 2009). Two corresponding runs 
are performed, one using air as cooling gas and one using a 
non-oxygen foreign gas, such as nitrogen. This foreign gas 
method uses the foreign gas to act as a tracer to measure how 
effectively the cooling hole displaces the mainstream air at the 
plate surface downstream of the hole. The film cooling 
effectiveness is calculated by taking the ratio of PSP measured 
pressures in the two corresponding runs in Equation 5. 

 
 

 
(5) 

 
This formulation has been adapted in this study to work 

in conjunction with the density calibration and account for the 
effect of changing fluid temperature on the amount of oxygen 
present, producing Equation 6. This is accomplished by 
utilizing the ideal gas law to replace the pressures with 
densities and static gas temperatures. 

 
 

 
(6) 

 
Calculations of effectiveness are performed for each pixel 

for every frame of video. This calculation requires three 
images: a reference image from before the start of the 
experiment, an image from an experiment performed with air 
as the cooling gas, and an image from an experiment 
performed with nitrogen as the cooling gas. 

The test article used in this study consisted of a flat plate 
with a single row of fan shaped cooling holes. The plate, 
shown in Figure 2, is printed with stereo lithography resin and 
features a row of five 7-7-7 cooling holes, meaning that the 
holes have a forward expansion angle and two lateral 
expansion angles, all 7°. Schroeder and Thole developed this 
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baseline geometry and describe it in detail  (Schroeder and 
Thole, 2014). The plate also connects to a cooling gas supply 
with the cooling plenum and connections on the back.  

 

The plate was installed in the test section of a medium 
duration blowdown facility, described by Nickol and pictured 
in  Figure 3 (Nickol, 2008). The facility consists of a high-
pressure supply tank connected through a test-section to a 
large vacuum dump tank. A fast-acting valve between the 
supply tank and test section initiates the run by opening to 
allow high-pressure air to flow through the test-section into 
the dump tank. An interchangeable choke is used to regulate 
the mass flow rate. The experiments reported in this paper 
were performed with a choke sized to achieve a test section 
Mach number of 0.3. The air in the supply tank can be heated 
to change the inlet total temperature, but the current 
experiments were performed with air at ambient temperature. 
A separate supply tank is used to provide the coolant gas, and 
an electronic timing system is used to control the air flow from 
the main tank and cooling tank.  
 

 
 

The test section is instrumented with a rake to measure 
total temperature, total pressure, and static pressure. The main 
supply tank contains six air-temperature resistance 
temperature devices (RTDs) to record the initial temperature 
with a high accuracy, an Omegadyne pressure transducer with 
an accuracy of ± 0.6 kPa, and a fast-response Kulite pressure 
transducer that is calibrated to the Omegadyne prior to each 
set of runs. The cooling supply tank has one RTD and an 
Omegadyne pressure transducer. These measurements are 
recorded with a National Instruments PCI-6255 card.  

The test section features multiple access ports for optical 
measurement, as illustrated in Figure 4. An ISSI high-intensity 
ultraviolet light source illuminated the region of interest with 
a wavelength of 400 nm through a transparent acrylic window. 
A high-speed Edgertronic SC1 camera looked through this 
same window to record the intensity of the PSP emission. The 
grayscale CMOS camera had a resolution of 480 by 608 pixels 
and a maximum frame rate of 22,000 frames per second. 
Images were recorded at 2500 frames per second and a 
resolution of 480 by 452 for this experiment. 

 

A FLIR A655sc longwave infrared camera was setup to 
view the test article through a separate Zinc Selenide (ZnSe) 
window located upstream of the main acrylic window. The IR 
camera recorded the surface temperature of the test plate at 50 
frames per second and a resolution of 240 by 640. It has a 
temperature accuracy of ± 2 ˚C. The emissivity of the 
pressure-sensitive paint was measured in a separate set of 
experiments and determined to be 0.98 for the temperature 
range and view angle range of interest for this study. 
Reflections were minimized by covering the entire test section 
in a black cloth, and the inside surfaces of the test section are 
held at a nearly uniform ambient temperature so that there is 
very little radiation heat transfer to the plate. 

Each blowdown run follows a similar timeline, with data 
acquisition starting before the cooling flow and main flow, as 
shown in the timeline in Figure 5. The main valve opens at 
zero seconds and remains open through the end of data 
acquisition three seconds later. The main data window used 
for analysis starts just after the main flow establishes and lasts 
until the throat downstream of the test section un-chokes. 
During this period of about 800 ms, an isentropic blowdown 
model can be used. Additional data is collected after the end 
of the blowdown to capture the recovery of the paint. 
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During the isentropic blowdown, the mass flow of the 
mainstream and cooling air is calculated with Equation 7 
(Nickol,  2008).  

 

 

(7) 

 
The blowing ratio, , and momentum flux, , ratio can 

then be calculated with equations 8 and 9, respectively (  was 
chosen so as to avoid confusion with intensity ). The mass 
fluxes ( ) are determined by dividing the mass flow rate by 
the appropriate flow area. For the main flow, this is the cross-
sectional area at the axial position of the cooling holes, and for 
the cooling flow, this is the flow area from the cylindrical 
section of the cooling holes. 

 
  (8) 

 
 

 
 

(9) 

 
Experimental uncertainty for the pressure-sensitive paint 

is determined by calculating the standard deviation of the data 
and propagating according to partial derivative propagation 
guidelines  (Kline and McClintock, 1953). Uncertainties due 
to noise in the PSP measurements dominate measurement 
uncertainties, producing an uncertainty in measured density of 
approximately ± 12% of full scale. Uncertainty in density 
measured with the rake was calculated by combining the 
uncertainties in the static pressure transducer and the 
thermocouple, and it had a total of approximately ± 0.2%. This 
uncertainty was dwarfed by the uncertainties in the optical 
methods.  

Measuring the film effectiveness of the plate requires 
three main steps, as shown in Figure 6. First, the pressure-
sensitive paint is first calibrated at room temperature, then a 
temperature correction is determined from dynamic 
blowdowns, and then the results are used to determine the film 
effectiveness. 

 

The room temperature calibration is achieved by slowly 
increasing the pressure of the test section from near vacuum 
to 400 kPa. Pressure measurements from the data acquisition 
system are synchronized to images collected with the high-
speed camera. A calibration is performed for each individual 
pixel to relate the intensity of that pixel to the pressure (and 
therefore density). Figure 7 shows the static calibration results 
for a typical pixel. 

 

Next, a series of six blowdown runs are conducted to 
observe the paint behavior in a transient temperature 
environment. The six runs consist of pairs of runs with low 
(100 kPa), moderate (170 kPa), and high (240 kPa) initial main 
tank pressures but a consistent starting temperature near to 
ambient. This creates three different relationships between the 
total pressure and total temperature. A temperature 
compensation function is determined by curve fitting the PSP 
data for the run experiencing the largest plate temperature 
variation to the test section density measured by the rake. This 
produces the empirical function of plate temperature present 
in Equation 3. The validity of the compensation function is 
determined by applying it to the remaining five runs and 
comparing the density determined based on a surface pixel 
upstream of the cooling holes to the density reduced from the 
rake. 

The pressure, static temperature, density, and plate 
temperature histories are shown in Figure 8. As described in 
the timeline in Figure 5, the data acquisition and camera 
signals are aligned at a time of zero when the signal is sent to 
open the main fast-acting valve. The latency of the valve 
causes a short delay in the data, followed by a sharp rise in all 
quantities with the start of the airflow. After quickly reaching 
a peak value, the density and static pressure decay over the 
duration of the run as the pressure of the supply tank 
decreases. The static fluid temperature, reduced from the 
measured total temperature with a Mach relation, shows a 
sharp spike at the start of the experiment due to compression 
heating, but after this clears away, there is an isentropic 
decrease in temperature from the initial value due to the 
change in tank pressure. The plate temperature reflects the 
static temperature measurement, but it lags behind due to the 
thermal inertia of the material. It can be seen to rise slightly as 
the shockwave moves through the test section immediately 
following the main valve opening.  
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The plots in Figure 8 show data from the six runs of 
interest. As noted earlier, each run condition contains a pair of 
runs that are intended to be repeats of each other that will be 
used together to determine the film effectiveness.  For 
example, the effectiveness for the low-pressure condition (LP 
Run) is determined with data from the low-pressure 

blowdowns, LP-1 and LP-2. Likewise, the moderate-pressure 
effectiveness (MP Run) uses data from MP-1 and MP-2, and 
the high-pressure effectiveness (HP Run) draws from HP-1 
and HP-2.   

Based on the temperature changes observed in runs HP-1 
and HP-2, not including the gas temperature in the paint 
calibration would introduce an error of roughly 17%. This is 
why it is important to determine effectiveness based on 
density instead of pressure. Figure 9 shows the change in 
calculated density with time for the six blowdown runs. The 
blue line represents the density determined using static 
temperature and static pressure from the rake, the red line 
shows the density determined based on the raw PSP signal 
without temperature compensation, and the orange line shows 
the density calculated from the PSP with the temperature 
compensation function included. As expected, even after the 
fluid temperature effects are accounted for in the density 
calculations, the decrease in thermal quenching due to the 
decrease in plate temperature during the experiment results in 
a lower indicated density for the raw PSP measurements. Run 
HP-2 is therefore used to determine the empirical temperature 
compensation function, of the form given in Equation 4, and 
this function is applied to the other five runs.  

 
 

 
 

The coefficients of the temperature compensation 
function are given in Table 1. 
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COEFFICIENT VALUE 
 2883 

 -8405 

 8154 

 -2631 

 
Figure 9 shows that the temperature compensation 

method reduces deviations from the expected values 
considerably. Prior to plate temperature compensation, the 
density from the raw PSP signal differed from the air density 
measured by the rake by up to 48%. After compensation, this 
deviation is reduced to a maximum of 10%, which is smaller 
than the experimental uncertainty. The temperature 
compensated density data is adopted for the following film 
effectiveness analysis. 

Mass flows from the main and cooling lines are then 
calculated using the isentropic blowdown model described 
earlier. The resulting blowing ratios and momentum flux 
ratios are shown in Figure 10.  

 

One advantage of a transient facility is the capability to 
study a cooling geometry on a wide spectrum of blowing ratios 
and momentum flux ratios due to the pressures in the main and 
cooling tanks falling at different rates. To examine 
performance at a particular blowing ratio, video frames are 

selected corresponding to a time range near the desired 
blowing ratio. An example of these are the boxed ranges in 
Figure 10a. Each data range is chosen to last 20 ms or 50 
frames, lasting roughly 20 ms, so as to not deviate too far from 
the desired blowing ratio. Time averaged film effectiveness 
for a given blowing ratio is calculated by averaging these 
frames together. Windows for blowing ratios of 2.0, 2.5, and 
3.0 are represented by the boxes in in Figure 10a. The 
following analysis uses data extracted from the MP run set.  

Figure 11 presents contour plots of the film effectiveness 
surrounding the cooling holes for these three blowing ratios. 
High values of effectiveness are observed inside the holes, but 
the wake quickly diminishes as mixing with the freestream 
dissipates the coolant. The circular shape of these images is a 
result of the limitation of the test-section window on the view 
area of the camera. 

 

The effectiveness behavior with blowing and momentum 
flux ratios can be seen more clearly by plotting the quantitative 
performance of the cooling hole at its centerline. Figure 12 
shows the centerline effectiveness plotted against the distance 
downstream of the hole exit normalized by the hole diameter. 
The data extracted for this plot are indicated in Figure 11.  

 

Because the blowing ratios are so high in this study, it is 
expected that the flow has separated downstream of the 
cooling holes, producing generally low values of 
effectiveness. Figure 12 shows that the lower blowing ratios 
provide slightly higher effectiveness, as one would expect 
based on previous studies. 
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Because this is a blowdown tunnel, multiple variables are 
always changing simultaneously, including the freestream 
Reynolds number and the coolant to freestream density ratio. 
While these factors will have some impact on the measured 
film effectiveness, it is possible to isolate their influence by 
comparing data from three different runs with different initial 
conditions. Figure 13 compares the centerline performance 
from the LP, MP, and HP runs for a constant blowing ratio of 
3.0. By varying the initial conditions so that the runs reach a 
blowing ratio of 3.0 at different times and with slightly 
different flow conditions, it is possible to isolate the impact of 
momentum flux ratio. 

 

 
Figure 13 illustrates effect of high momentum flux ratios. 

Due to higher density ratios on the LP run, the momentum flux 
ratio is higher, leading to a significant drop in film 
effectiveness at the lip of the cooling hole, indicating 
separation from the surface. The jet appears to reattach further 
downstream and the three runs have fairly similar 
effectiveness values after the LP reattachment point.  

One of the main advantages of the fast-response pressure-
sensitive paint is that it makes it possible to study the unsteady 
motion of the cooling jets. Even in this low turbulence 
environment without complications such as rotor-stator 
interaction that will be present in an operating turbine, film 
effectiveness plots show significant changes in the position of 
the cooling jet. Figure 14 shows the time-varying position of 
a cooling jet over 4 ms for a blowing ratio of 2.0. The jet 
produced by the cooling hole does not spread like the time 
averaged measurement would suggest, but it oscillates 
laterally, creating the illusion of good spreading coverage. The 
unsteadiness also appears to be three-dimensional with an 
unsteady tendency to detach and reattach to the surface. A 
Fourier analysis performed on the effectiveness for a single 
pixel located on the centerline seven diameters downstream of 
the hole did not reveal a dominant frequency. 

 

Figure 15 shows the magnitude of time-accurate variation 
in the centerline film effectiveness blowing ratios of 2.0, 2.5 
and 3.0. The time-averaged centerline effectiveness is 
represented by the red lines, and the other plots show the 
maximum and minimum centerline effectiveness observed for 
that condition over the 20-ms time window. Some variation is 
due to pixelated noise in the image, but the large difference 
between the maximum and minimum values is clearly related 
to the motion of the jet. 

Significant variation about the mean can be seen for all 
three blowing ratios, and it increases with blowing ratio. For 
this blowdown facility, larger blowing ratios occur later in the 
test duration when the test section pressure is lower. The 
cooling supply tank is much smaller that the main tank, and its 
pressure falls at a much slower rate. The blowing ratio 
therefore grows with the difference between cooling pressure 
and mainstream pressure. The results of this study indicate that 
the magnitude of unsteady characteristics scale with the 
pressure difference in cooling and mainstream flows. 
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Figure 16 compares the laterally and time-averaged 
effectiveness measured for a blowing ratio of 3.0 in the current 
experiment against measurements for the same hole geometry 
with smooth walls and with in-hole surface roughness  
(Schroeder and Thole, 2016). The current measurements 
capture the decay in effectiveness well but undershoot the 
expected performance near the exit of the hole. Figure 13 
demonstrates the tendency of jets with high momentum flux 
ratio to separate from the surface and reattach further 
downstream. Due to the high momentum fluxes in the current 
study, the laterally averaged film effectiveness was drastically 
reduced near the hole exit.  

Another difference between the current study and the 
comparison data is the location of the surface roughness. In 
the comparison data, the surface of the plate is nearly smooth, 
but there is a roughness of 0.02 normalized by the cooling hole 
diameter applied inside the diffusing section of the cooling 
hole  (Schroeder and Thole, 2016). 

 

The current study applies roughness nearly uniformly 
over the plate surface and in-hole geometry. Roughness is 
created both by the porous surface of the fast-response PSP, 
which is needed to obtain high-frequency measurements, and 
by the surface preparation needed to ensure good adhesion of 
the paint. Surface roughness of the paint used in this study was 
documented by Pandey and Gregory to have a typical surface 
roughness of approximately 3 microns (Pandey and Gregory, 
2016). The test object was prepared by sandblasting the plastic 
surface prior to painting. The roughness of the sandblasted 
material was measured to be approximately 5 microns, both 
in-hole and on the plate surface, leading to a roughness of 
0.005 non-dimensionalized by the hole diameter. Even though 
the plate is less rough in these regions than the Schroeder and 
Thole study, it should be noted that Goldstein et al. observed 
a 10 to 20% decrease in area-averaged effectiveness due to 
increased roughness on the surface of the plate (Goldstein et 
al., 1985). This explains in part the decrease in measured 
effectiveness near the hole exit seen in Figure 16. Figure 17 
provides visual descriptions of the test object surface 
roughness with a contour plot and cross-sectional profile. 
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Area averaged effectiveness is calculated over the region 
visible to the camera, covering a range of x/D=0 to x/D=10. 
The results are plotted against blowing ratio and momentum 
flux ratio in Figure 18. 

 

Results show effectiveness falling off with both blowing 
ratio and momentum flux ratio, as expected. The maximum 
effectiveness of the blowing ratios considered in this study is 
observed for M=1.5. Previous studies have shown that this is 
approximately where flow separation begins, and further 
increasing the momentum of the jet can lead to a growing 
region of separated flow and a reduction in area averaged 
effectiveness. 

Fast-response pressure-sensitive paint is used to measure 
film effectiveness in a transient facility with significant 
temperature variations, and a novel method is proposed to 
compensate for the temperature sensitivity of the paint.  In 
order to account for changes in both the surface temperature 
and mainstream air temperature, the PSP is calibrated with 
density instead of pressure, and a surface temperature 
dependency is determined using temperature data from an 
infrared camera.  

Density calibration of the paint eliminates errors of up to 
17% that would be caused by a 60 K drop in mainstream air 
temperature. The surface temperature compensation method 
accounts for a change in plate temperature of up to 25 K, 
reducing the maximum deviation from an initial value of 48% 
to 10%. The resulting laterally averaged film effectiveness 

values present reasonable agreement to a benchmark data set 
for a blowing ratio of three. Because the values of blowing 
ratio studied tend to be rather high, the film cooling 
performance is seen to benefit from lower blowing ratios and 
lower momentum flux ratios. 

The polymer-ceramic PSP captures the unsteady motion 
of the film cooling jets thanks to a response rate up to 8 kHz 
and a camera frame rate of 2.5 kHz. Jet motion is observed to 
be three-dimensional and non-periodic. The amplitude of the 
unsteadiness scales with the ratio of cooling pressure to 
mainstream pressure.  

The results of this study provide confidence that by 
calibrating with density and formulating a surface temperature 
correction, it is possible to measure unsteady film 
effectiveness in a transient facility with large changes in air 
and paint surface temperature. Future experiments can be 
performed without holding all model and gas temperatures 
constant, opening the door to the possibility of full-stage 
transonic turbine experiments where engine operating 
parameters are accurately matched and significant 
temperature variations occur through the stage. 
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Letters 
D – Diameter of Cooling Hole 
  – Intensity 
  – Mass Flow Rate 
  – Blowing Ratio 
  – Momentum Flux Ratio 
  – Pressure 
  – Ideal Gas Constant 
  – Temperature 
  – Velocity  
  – Volume  
  – Molecular Weight 

X  – Downstream Distance 
Greek 

  – Ratio of Specific Heats 
  – Film Cooling Effectiveness 
  – Density 

Subscripts 
Air – Air  
FG – Foreign Gas. 
cool – Cooling Gas 
main – Mainstream Gas 
ref – Reference 
0 – Initial Value 



11 

Ahn J., Schobeiri M. T., Han J.-C. and Moon H.-K. (2007). 
Effect of rotation on leading edge region film cooling of a gas 
turbine blade with three rows of film cooling holes. 
International Journal of Heat and Mass Transfer. 50 (1–2): 15–
25. https://doi.org/10.1016/j.ijheatmasstransfer.2006.06.028. 
Bogard D. G. and Thole K. A. (2006). Gas Turbine Film 
Cooling. Journal of Propulsion and Power. 22 (2): 249–270. 
https://doi.org/10.2514/1.18034. 
Bunker R. S. (2005). A Review of Shaped Hole Turbine Film-
Cooling Technology. Journal of Heat Transfer. 127 (4): 441. 
https://doi.org/10.1115/1.1860562. 
Charbonnier D., Ott P., Jonsson M., Cottier F. and Köbke T. 
(2009). Experimental and Numerical Study of the Thermal 
Performance of a Film Cooled Turbine Platform. In: Volume 
3: Heat Transfer, Parts A and B. Orlando, Florida: ASME. 
1027–1038. 
Dunn M. G. (2001). Convective Heat Transfer and 
Aerodynamics in Axial Flow Turbines. Journal of 
Turbomachinery. 123 (4): 637–686. 
https://doi.org/10.1115/1.1397776. 
Goldstein R. J., Eckert E. R. G., Chiang H. D. and Elovic E. 
(1985). Effect of Surface Roughness on Film Cooling 
Performance. Journal of Engineering for Gas Turbines and 
Power. 107 (1): 111. https://doi.org/10.1115/1.3239669. 
Gregory J. W., Asai K., Kameda M., Liu T. and Sullivan J. P. 
(2008). A review of pressure-sensitive paint for high-speed 
and unsteady aerodynamics. Journal of Aerospace 
Engineering. 222 (2): 249–290. 
https://doi.org/10.1243/09544100JAERO243. 
Gregory J. W., Sakaue H., Liu T. and Sullivan J. P. (2014). 
Fast Pressure-Sensitive Paint for Flow and Acoustic 
Diagnostics. Annual Review of Fluid Mechanics. 46 (1): 303–
330. https://doi.org/10.1146/annurev-fluid-010313-141304. 
Khojasteh A. R., Wang S. F., Peng D., Yavuzkurt S. and Liu 
Y. (2017). Structure analysis of adiabatic film cooling 
effectiveness in the near field of a single inclined jet: 
Measurement using fast-response pressure-sensitive paint. 
International Journal of Heat and Mass Transfer. 110: 629–
642. 
https://doi.org/10.1016/j.ijheatmasstransfer.2017.03.069. 
Kline S. J. and McClintock F. A. (1953). Describing 
Uncertainties in Single Sample Experiments. Mechanical 
Engineering. 75: 3–8. 
Nickol J. (2008). Heat Transfer Measurements And 
Comparisons For a Film Cooled Flat Plate With Realistic Hole 
Pattern In A Medium Duration Blowdown Facility, The Ohio 
State University. 
Nickol J. B., Mathison R. M., Malak M. F., Rana R. and Liu 
J. S. (2015). Time-Resolved Heat Transfer and Surface 
Pressure Measurements for a Fully Cooled Transonic Turbine 
Stage. Journal of Turbomachinery. 137 (9): 91009. 
https://doi.org/10.1115/1.4029950. 
Pandey A. and Gregory J. W. (2016). Frequency-Response 
Characteristics of Polymer/Ceramic Pressure-Sensitive Paint. 
AIAA Journal. 54 (1): 174–185. 
https://doi.org/10.2514/1.J054166. 
Peng D., Jensen C. D., Juliano T. J., Gregory J. W., Crafton J., 

et al. (2013). Temperature-Compensated Fast Pressure-
Sensitive Paint. AIAA Journal. 51 (10): 2420–2431. 
https://doi.org/10.2514/1.J052318. 
Peng D., Jiao L., Sun Z., Gu Y. and Liu Y. (2016). 
Simultaneous PSP and TSP measurements of transient flow in 
a long-duration hypersonic tunnel. Experiments in Fluids. 57 
(12). https://doi.org/10.1007/s00348-016-2280-z. 
Schroeder R. P. and Thole K. A. (2014). Adiabatic 
Effectiveness Measurements for a Baseline Shaped Film 
Cooling Hole. In: Volume 5B: Heat Transfer: ASME. 
V05BT13A036. 
Schroeder R. P. and Thole K. A. (2016). Effect of In-Hole 
Roughness on Film Cooling From a Shaped Hole. Journal of 
Turbomachinery (c): 1–11. 
https://doi.org/10.1115/1.4034847. 
Shiau C.-C., Chen A. F., Han J.-C., Azad S. and Lee C.-P. 
(2016). Full-Scale Turbine Vane Endwall Film-Cooling 
Effectiveness Distribution Using Pressure-Sensitive Paint 
Technique. Journal of Turbomachinery. 138 (5): 51002. 
https://doi.org/10.1115/1.4032166. 
Suryanarayanan  a., Ozturk B., Schobeiri M. T. and Han J. C. 
(2010). Film-Cooling Effectiveness on a Rotating Turbine 
Platform Using Pressure Sensitive Paint Technique. Journal of 
Turbomachinery. 132 (4): 41001. 
https://doi.org/10.1115/1.3142860. 
Vinton K. R., Watson T. B., Wright L. M., Crites D. C., Morris 
M. C., et al. (2017). Combined Effects of Freestream Pressure 
Gradient and Density Ratio on the Film Cooling Effectiveness 
of Round and Shaped Holes on a Flat Plate. Journal of 
Turbomachinery. 139 (April): 1–11. 
https://doi.org/10.1115/GT2016-56210. 
Zhang L. J. and Fox M. (1999). Flat plate film cooling 
measurement using PSP and gas chromatograph techniques. 
In: 5th ASME/JSME Thermal Engineering Joint Conference. 
San Diego, CA: ASME. 

 


