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Abstract

Film cooling effectiveness on a flat plate was
measured with pressure sensitive paint. The pressure
sensitive paint (PSP) changes the intensity of its
emissive light with pressure and the characteristic was
used in film cooling effectiveness measurement. The
film coolants were air and nitrogen, and by comparing
the intensity of PSP coated surface with each coolant,
the film cooling effectiveness was calculated. Three
blowing ratio of 0.5, 1, and 2 were tested with two
mainstream turbulence intensities. Results clearly
showed the effect of blowing ratio and mainstream
turbulence intensity. As the blowing ratio increases,
the film cooling effectiveness was decreased near the
film cooling holes. However, the film cooling
effectiveness far downstream from the injection hole
was higher for higher blowing ratio. As the
mainstream turbulence intensity increased, the film
cooling effectiveness was decreased at far downstream
from the injection hole.

1. Introduction

The turbine inlet temperature of modern gas turbine
engines has been increased to achieve higher thermal
efficiency. However, the increased inlet temperature
can result in material failure of the turbine system due
to the higher heat load and induced thermal stress. The
engine cooling system must be designed to ensure that
the level of thermal stress induced by temperature
gradient is compatible with the maximum allowable
stress of turbine components. Various cooling
techniques are applied to the gas turbine blade. Figure
1 shows the cooling technique used in the modern gas
turbine blade. In the gas turbine blades, rib turbulated
cooling, pin-fin cooling, and impingement cooling are
applied in blade’s internal coolant passage in order to
remove heat from the blade inside. On the blade
external surface, film-cooling method is employed in
order to protect the blade surface from the hot
combustion gas. In a film cooled component,
relatively cooler air is injected through several discrete
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Fig. 3 Schematic of a luminescent PSP



They used three tip clearances (1.0%, 1.5% and 2.0%
of blade span) along with three blowing ratio (0.5, 1.0
and 2.0). Ahn and Han® measured the film cooling
effectiveness using pressure sensitive paint technique
on turbine blade tip. They used same test section and
flow loop used by Kwak and Han?.

Pressure sensitive paint technique wused for
measuring film cooling effectiveness is mass transfer
analogy and no heating of the test section or coolant is
required. Also, the tests are performed under steady
flow conditions. Thus, conduction errors at the test
section and initial temperature errors, which causes
problems in the film cooling effectiveness
measurement by the liquid crystal technique, can be
avoid.

Several papers are available in literature, which
discuss the application of pressure sensitive paint
technique. Morris,5) Mclaclan and Bell6) applied PSP
to aerodynamics. Zhang et al7), 8) and Jaiswal9)
studies the film cooling effectiveness on the flat plate
using PSP technique. They also applied PSP technique
to measure the film cooling effectiveness distributions
on the turbine nozzle end-wall region.

In this study, PSP was used to measure the effect of
turbulence intensity and blowing ratio on the film
cooling effectiveness on a flat plate. Two turbulence
intensities (0.5% and 7.2%) and three blowing ratio
(0.5, 1.0, and 2.0) were tested.

2. Experimental Setup

A schematic of the test section is shown in Figure 2.
The test section consists of turbulence generating grid,
a flow meter for coolant, 14bit CCD-camera, LED
lightings. A turbulence generating grid with a porosity
of 50% was placed 1500mm upstream from the
injection hole and the turbulence intensity measured
by hot-wire anemometry (KANOMAX). The
turbulence intensity with and without the grid was
7.2% and 0.5%, respectively. The mainstream velocity
was fixed as 20m/s. 14bit CCD camera measured the
emitting light of the PSP and the captured images
were stored in computer. Six film cooling holes of
diameter of 5mm were fabricated with 30 degree angle
with respect to the measurement surface. Tests were
performed for two turbulence intensities of 0.5% and
7.2%. for each turbulence intensity, three blowing
ratios of 0.5, 1.0, and 2.0 were tested. The blowing
ratio was defined as (1).

M = Pl
PUy,

M

In Eqg.(1), M is blowing ratio, p, and p, are the
densities of coolant air and mainstream, respectively,
U, and U, are the velocities coolant air and
mainstream, respectively.
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3. Film cooling Effectiveness Measurement Theory

3.1. Pressure sensitive paint

Pressure sensitive paint is a photo-luminescent
material that emits light with intensity proportional to
the surrounding partial pressure of oxygen.” Figure 3
shows a schematic of a luminescent pressure sensitive
paint layer emitting radiation under excitation by an
incident light. Pressure sensitive paint is divide into
base coat layer and mixture layer of polymer bind with
luminophore molecule. The polymer binder for PSP is
oxygen permeable, which allows oxygen molecules to
interact with the molecules in the binder. The
interaction between luminophore molecule and
oxygen molecule is called as oxygen quenching. The
main photophysical process in PSP is oxygen
quenching, i.e. decrease of the luminescent intensity
as the partial pressure of oxygen or pressure increase.
Hence, the luminescent intensity is a decreasing
function of air pressure. The relationship between the
luminescent intensity and pressure(oxygen
concentration) can be Expressed as Eq.(2)
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Fig. 4 Calibration curve for PSP
In Eq. (2), I, and P, are the luminescent

intensity and air pressure at a reference condition,
respectively. P and | are the air pressure and
luminescent intensity at the pressure. Coefficients A,
B, and C depend on the type of PSP and should be
determined by calibration.

3.2 PSP Measurement Theory

PSP is a photo-luminescence material that changes
emitting light intensity inversely proportional to the
surrounding partial pressure of oxygen. In the film
cooling measurement, air and nitrogen are used as
coolant and emitting light intensities of each case are
compared in order to calculate the film cooling
effectiveness. For each case, the partial pressure of
oxygen can be calculated by Egs. (3) and (4).
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Where |, 1, , I, and | are reference
image, air image, black image,,, and mixture

(air/nitrogen) image, respectively. The test conditions
for each image are listed in Table 1. The reference
image is taken without any mainstream flow but with
coated surface illuminated. The air image is taken with
the mainstream flow, air as coolant, and illuminations.
The black image is taken without any flow or
illumination in order to consider the noise of camera
itself. The mixture image is taken with the mainstream
flow, nitrogen as coolant, and illuminations.

Table 1. Images required for film cooling measurement by PSP

Images Light tm Egl coolant
black image OFF | OFF OFF
reference image ON OFF OFF
air image ON ON air

Fig. 5 Distribution of film cooling effectiveness ( TI=05% )

fay M=0.5

Fig. 6 Distribution of film cooling effectiveness ( TI=7.2% )
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| air/nitrogen image | ON | ON | nitrogen

(PO2 )air a'nd (POZ)

pressures which were obtained form the result of
calibration in Figure 4. The film cooling effectiveness
can be calculated by comparing the oxygen partial
pressure of two coolant cases.

For the case of nitrogen as a coolant, oxygen partial
pressure is 0 and the film cooling effectiveness is 1 if
the surface is fully covered by the coolant (nitrogen).
In other case, if the oxygen partial pressure is same for
two coolant cases, there is not effect of the injected
nitrogen and the film cooling effectiveness becomes 0.
Hence, the film cooling effectiveness can be
expression as a ratio of oxygen concentrations
measured by pressure sensitive paint as shown in Eq.

OF

were the oxygen partial

mix

n= Coair _Comix _ (PoZ )air - (Po2 )mix (5)
Ogir (PO2 )air
Where, 7 is
film cooling OF L
effectiveness,

Co, and C, are

the oxygen
concentrations of
air injected case
and nitrogen
injected case,
respectively.
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The  relation
between pressure
and the emitting
intensity of PSP
was determined
by separate
calibration  test.
PSP coated
aluminum  plate
was placed in the
vacuum chamber
and the pressure
of the vacuum
chamber was
varied from 0 atm ; -
to 1 atm. Since 0
the PSP is also x/a
sensitive to
temperature, the
temperature  of
the plate was
controlled by attached thermoelectric element. The

Fig. 10 Span averaged film cooling effectiveness ( TI=7.2%)
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Fig. 7 Film cooling effectiveness along the center of the
injection hole (TI=05%)
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Fig. 8 Film cooling effectiveness along the center of the
injection hole (TI=7.2%)

temperature during calibration was kept same as the
film cooling measurement condition. Same CCD
camera and lightings were used in the calibration and
film cooling measurement test. Figure 4 presents the
relation between pressure ratio and intensity ratio of
the PSP.

4. Experimental Result

Two turbulence intensities of 0.5% and 7.2% were
tested and three blowing ratios of 0.05, 1.0, and 2.0
were used for each turbulence intensity case. Figure 5
shows the distribution of film cooling effectiveness for
turbulence intensity of 0.5%. Results clearly show the
trace of the coolant. For the blowing ratio of 0.5(Fig.
5(a)), the film cooling effectiveness is the highest near
the injection hole and decreases toward downstream
from the injection hole. For lower blowing ratio, the
coolant stays within the boundary layer of the
mainstream due to the low momentum of the coolant,
which results in higher film cooling effectiveness near
the injection hole. However, as the x/d increases,
coolant with low momentum(low blowing ratio) can
be easily diluted with the mainstream and in
consequence, the film cooling effectiveness far
downstream from the injection hole becomes lower.
As the blowing ratio increases to M=1.0 and 2.0, the
momentum of the coolant also becomes higher and the
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ratio case. Figure
6 presents the
film cooling
effectiveness for
the  turbulence
intensity of 7.2%. As the turbulence intensity
increases, the injected coolant is easily dispersed,
which results in lower film cooling effectiveness at far
downstream from the injection hole. The decreases in
the film cooling effectiveness can be seen clearly in
the blowing ratio of 0.5 cases.

Figures 7 and 8 show the film cooling effectiveness
along the centerline of injection hole for two
turbulence intensity cases. For both cases, film cooling
effectiveness near the injection hole decreases as the
blowing ratio increases. However, the film cooling
effectiveness at far downstream is higher for the
higher blowing ratio case. For blowing ratio of 0.5
case, the film cooling effectiveness is the highest near
the injection hole and rapidly decreases as the distance
from the injection hole increases. Because of low
momentum of coolant for M=0.5 case, the coolant is
easily disturbed by the mainstream flow with high
turbulence intensity and result in low film cooling
effectiveness at far downstream from the injection
hole. For M= 2.0 case, the film cooling effectiveness
near the injection hole is the lowest, but the level of
the film cooling effectiveness is almost constant after
x/d=20. Both turbulence intensity cases show similar
trend, but the film cooling effectiveness at far
downstream is higher for the lower turbulence
intensity case (Fig. 7).

Fig. 12 Span averaged film cooling effectiveness along the
center of the injection hole
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Fig.11 Film cooling effectiveness along the center of the injection
hole

Figures 9 and 10 present the spanwise averaged
film cooling effectiveness for different turbulence
intensity case. The figures show similar trend with
Figures 7 and 8.

Figures 11 and 12 show the effect of turbulence
intensity on the film cooling effectiveness along the
center of injection hole and spanwise averaged
effectiveness, respectively. For M=0.5 case, the film
cooling effectiveness for all distance from the
injection hole is higher for the lower turbulence
intensity case. Since the most coolant near the
injection hole stays near the surface, the increased
mixing with the coolant and mainstream decreases the
film cooling effectiveness. However, for M=1.0 and
2.0 cases, the effectiveness near the injection hole is
higher for the high turbulence intensity case. For
higher blowing ratio case, the coolant lifts off from the
surface and the increased mixing with coolant and
mainstream flow puts more coolant near the surface
for high turbulence intensity case. Thus, the enhanced
mixing due to increased turbulence intensity of the
mainstream flow improves the film cooling
effectiveness near the injection hole. However, as the
x/d increases, the momentum of coolant becomes
lower and easily dispersed by the increased turbulence
intensity of the mainstream, which results in lower
film cooling effectiveness for higher mainstream
turbulence intensity case.

5. Conclusion
In this study, pressure sensitive paint (PSP) was

used to measure the film cooling effectiveness on a
flat plate. Two mainstream turbulence intensity of
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0.5% and 7.2% cases were tested and three blowing
ratio of 0.5, 1.0, and 2.0 for each turbulence intensity
case were tested. Results showed that PSP technique
successfully evaluated the distribution of the film
cooling effectiveness. The major findings based on the
measured results are as followings:

As the blowing ratio increased, the film cooling
effectiveness near the injection hole decreased,
however, the effectiveness increased at far
downstream from the injection hole.

As the turbulence intensity increased, the film
cooling effectiveness with low blowing ratio
decreased.

For higher mainstream turbulence intensity, the
film cooling effectiveness near the injection hole
is higher for high blowing ratio due to the effect
of enhanced turbulence mixing.

At far downstream from the injection hole, all
blowing ratio cases showed lower film cooling
effectiveness for the higher mainstream
turbulence intensity case.
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