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ABSTRACT 
The use of pressure sensitive paint (PSP) to measure film cooling 

effectiveness on a turbine nozzle surface was demonstrated in a high 
speed wind tunnel. Film cooling effectiveness was measured from a 
single row of holes located on a turbine vane suction surface with a 
shaped exit. Nitrogen gas was used to simulate film cooling flow as 
well as a tracer gas to indicate oxygen concentration such that film 
effectiveness by the mass transfer analogy could be obtained. Three 
blowing ratios were studied for each of the five freestream conditions: 
a reference condition, a reduced and an increased Reynolds number 
condition, and a reduced and an increased Mach number condition. 
The fmestream turbulence intensity was kept at 12.0% for all the tests. 
The NP was calibrated at various temperatures and pressures to 
obtain better accuracy before being applied to the airfoil surface. The 
film effectiveness increased with blowing ratio for all the freestrtam 
conditions. The effects of secondary flow and freestream Mach 
number and Reynolds number on turbine nozzle suction surface film 
cooling are also discussed. 

NOMENCLATURE 

Symbols 

chord length, cm 
film hole diameter, cm 
light intensity 

Lu 
	

turbulence energy length scale, cm 
mass flow rate, kg/s 
blowing ratio, peWp.V., 
pressure, kPa 
pitch value between film holes, cm 

PSP 
	

pressure sensitive paint 
SS 
	

suction surface 
temperature, 9( 

Tu 
	

turbulence intensity 
velocity, mis 
stream wise distance, cm  

span wise distance, cm 
film effectiveness 
dynamic viscosity, Ns/M2  
density, kg/m3  
turbulence integral length scale, cm 

cascade inlet 
cascade exit 
coolant condition 
reference condition 
freestream condition 
mixture condition 

INTRODUCTION 
Discrete-hole film cooling is an effective method of reducing the 

heat load to a turbine airfoil and, when combined with internal 
cooling, meets the airfoil cooling requirements. As gas turbine 
efficiency and performance are getting higher, combustor exit 
temperature increases, and the demand on film cooling air heightens. 
To optimize film cooling design, a better understanding of film 
cooling physics is always in need. As discussed by Goldstein (1971), 
the reference temperature for calculating film cooling is usually the 
adiabatic wall temperaturer. This temperature is usually reported 
in non-dimensional form as the adiabatic film effectiveness 

T — Too  
Tc  —T 

T. is the hot gas temperature, and 71. is the coolant temperature. 
While both I and the heat transfer coefficienth must be known to 
calculate the heat transfer, this study will focus on a technique to 
obtain tr. 

Due to difficulties associated with numerically obtaining film 
effectiveness, an extensive effort has been made to obtain it 
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Subscripts 

1 
2 

mix 

(1) 
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experimentally. The turbine airfoil film cooling measurement is 
characterized by the airfoil geometry and the complexity of the flow 
field and operating parameters. Various experimental methodologies 
have been employed to obtain the film effectiveness and the heat 
transfer coefficients from a turbine airfoil surface. Among others, 
Takeishi et al. (1989) performed film cooling measurements on 
turbine nozzle pressure and suction surfaces with double row injection 
using thin film heater and thermocouple techniques. On the suction 
surface, the film effectiveness at the 83% span dropped quickly 
compared to those at the mid-span due to the secondary flow effect A 
similar method was used by Ames (1997a, 1997b) to obtain both the 
film effectiveness and the heat transfer coefficient from a linear 
turbine nozzle cascade. The effect of turbulence intensity and 
pressure gradient was studied. Though the tests were performed at 
multiple Reynolds numbers, the effect of Reynolds number on film 
cooling was not clearly indicated. A slightly different approach was 
employed by Abuaf et a/. (1995). The film effectiveness and the heat 
transfer coefficient were measured from a turbine nozzle surface using 
steady-state and transient mode testing on a thermocouple 
instrumented nozzle airfoil in a high speed cascade. Another 
traditional method to measure the film effectiveness is the tracer 
gas/gas chromatography technique (Goldstein, 1971 or Pederson, 
1977). Using this method, Taktishi et al. (1991) measured film 
effectiveness from a rotating rotor blade in a air turbine. On both the 
pressure and the suction surface, the film effectiveness decreased 
quickly in the streamwise direction Recently, the transient liquid 
crystal technique has been used to obtain the film effectiveness and 
the heat transfer coefficient (Vedula and Metzger, 1991; Wang et al., 
1994). Recently, Du at al. (1997) studied the unsteady wake effect on 
turbine blade film cooling using the transient liquid crystal technique. 
They indicated that under unsteady wake conditions, the film 
effectiveness increased with blowing ratio for shaped hole injection. 
Drost and Bales (1998) performed detailed film cooling measurement 
on a turbine airfoil surface through single and double injection using 
the transient liquid crystal technique. Considering only the suction 
surface results, for both single and double row round hole injection, 
the film effectiveness increased with the blowing ratio, though lift-off 
was indicated by the data The ammonia and diazo technique was 
used by Friedrichs at al. (1995) to measure the turbine nozzle endwall 
film effectiveness distribution. The technique is based on an 
established surface flow visualization technique and makes use of the 
reaction between ammonia gas and the diazo surface coating. Using 
the mass transfer analogy, the distribution of film cooling 
effectiveness on the endwall surface was determined. A similar 
method was used by Haslinger and Heimecke (1996) to obtain film 
effectiveness on a flat plate through single row injection. 

Pressure sensitive paint (PSP), a relatively new technology, is 
already well-established and is widely used in the aerospace industry 
to measure the surface pressure (Mach number) distribution (Morris at 
al., 1992, Crites, 1993 and Lepicovsky, 1998). Mang and Fox (1999) 
utilized the oxygen concentration sensitivity of PSP to measure the 
film effectiveness on a flat plate. Nitrogen gas was used as the film 
cooling flow as well as a tracer gas. The oxygen concentration of the 
mixture downstream from the injection was measured by the PSP. 
Film effectiveness was obtained by the heat and mass transfer 
analogy. Test results were compared with the traditional gas 
chromatography method. The PSP method to obtain film 
effectiveness was validated and the test data indicated that the method 
had higher potential due to its better spatial resolution, two-
dimensionality and easy of use. 

In this paper, film effectiveness results on a turbine nozzle surface are 
reported using the PSP technique. The tests were performed in a high 
speed turbine nozzle linear cascade, which correctly simulates engine 
operating conditions such as Reynolds number, Mach number and 
turbulence intensity. There are seven rows of film cooling holes on 
the nozzle surfaces. Only the data for injection from a suction surface 
single row of shaped holes are presented. Three blowing ratios were 
tested for each of the five freestream conditions: a reference condition, 
an increased and a reduced Reynolds number condition, and an 
increased and reduced Mach number condition. 

The main objectives of this study are summarized below: 
1. To measure film cooling effectiveness on turbine nozzle suction 
surface with single row injection using the PSP technique. 
2. To study the effects of blowing ratio and freestream Reynolds and 
Mach numbers on the suction surface film effectiveness distribution. 

TEST FACILITY AND INSTRUMENTATION 
The tests were performed in the high speed wind tunnel apparatus 

as shown in Figure 1. The high speed warm cascade test facility was 
discussed by Mang and Fox (1999). The mainstream air is filtered 
and pressurized by a four-stage centrifugal compressor, which is 
mounted on the roof. The compressed air goes through a control valve 
that can divert the flow to the exhaust and divert it back in the 
transient mode. It then passes through a veaturi meter, a flow 
straightener, a converging nozzle and into a rectangular duct before it 
goes to the linear cascade test section. A turbulence grid is installed 
between the converging nozzle and the rectangular duct, which 
resulted in a turbulence intensity (Tu) of about 12.0% at the nozzle 
cascade inlet, as measured by a hot-film anemometer. The turbulence 
integral length scale (Ad was 533 cm and energy length scale (Ljwas 
14.3 cm. 

TO ECROLIST 

Figure 1. Schematic of Scaled Cascade Test Rig. 

Based on turbulence measurements performed in a high pressure 
turbine (Deng and Glezer, 1995), a 12.0% turbulence intensity is 
representative for a turbine nozzle inlet (The effect of freestream 
turbulence on film cooling distribution is not studied in this paper.) 
The raws4 test section is made of stainless steel, with transparent 
windows located on the top and one side of the cascade, to view the 
suction surface of the nozzle airfoils. The airfoil resembles that of a 
newly developed industrial gas turbine first-stage turbine nozzle. The 
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linear cascade consists of three airfoils and two curved sidewalls, for a 
total of four flow passages. The top endwall is flat and the bottom 
erutwall is contoured, which resembles the actual engine geometry. 
There are four transparent windows on the rectangular duct to view 
the pressure surface, leading edge and part of the suction surface of 
the instrumented airfoils. Downstream from the cascade, the flow 
passes through a diffuser and a control valve and is discharged 
through an exhaust. 

Table 1. Free-stream Flow Conditions, 

Condition VI, m/s Mal  Re l Plis 
mPa 

M112 

Reference 37.7 0.11 283,000 0.119 0.72 

Increased Ma 45.1 0.121 283,000 0.121 0.792 

Decrease Ma 33.9 0.10 283,000 0.148 0.648 

Increased Re 37.7 0.11 311,000 0.148 0.72 

Decreased Re 37.7 0.11 255,000 0.121 0.72 

The mainstream flow rate can be as high as 4 kg/ and the 
pressure as high as 0.16 mPa. The temperature of compressed skis 
about 350°K. The freestream flow conditions that simulate various Re 
and Ma numbers are listed in Table I. The rig was validated by 
extensive flow measurements which include inlet/exit flow condition, 
airfoil surface pressure/Mach number measurements, periodicity, and 
turbulence intensity and length scale. Some of the flow measurement 
results will be discussed in a later section. 

The instrumented two time linear size nozzle along with film 
cooling holes are shown in Figure 2. It was based on a current mid-
size industrial gas turbine stage one nozzle design, which has a four 
row shower head arrangement, a single row of round holes on the 
pressure surface and two rows of shaped holes on the suction surface. 
In this paper, only the data for injection from the second row on the 
suction surface was presented. 

•111001X011111 

Figure 2. Film Cooling Instrumented Vane — Reference 
Geometry. 

There are 13 shaped film cooling holes with a diameter of 1.12 mm. 
The hole pitch is 3.8 mm, resulting in a P/D of 3.4. The length of the 
hole is about 3.5 times the hole diameter. The shaped exit starts at 
1.75 P/D with a 10 spanwisc expansion on both sides and a 10° 
layback on the streamwise direction. The hole has an injection 
(streamwise) angle of 35° and no compound (spanwise) angle. 
Nitrogen gas or compressed air was used for the film cooling flow and 
was supplied by pipelines. It was introduced through a pressure 
regulator, a heater, and turbo meters and then was brought into four 
distribution plenums, a shower head plenum, a forward suction surface 
plenum, a backward suction surface plenum, and a pressure surface 
plenum. Each plenum is individually controlled and monitored by an 
Allen Bradley PLC-5 programmable controller by turbo meters. 
Pressure taps and thermocouples were mounted in each of the plenums 
to measure and to control the cooling air/nitrogen supply temperatures 
and pressures. To reduce the heat losses through the plumbing, rubber 
heaters were used to maintain the temperature of the pipes and flow 
meters. The temperature difference between the maintlow and the 
secondary flow can be kept below 0.5°K. 

EXPERIMENTAL TECHNIQUE AND DATA REDUCTION OF 
PRESSURE SENSMVE PAINT (PSP) 

PSP techniques are based on oxygen quenched 
photoluminescence. Photoluminescence is the property of some 
compounds (active part of NP) to emit light after being illuminated 
by a suitable light source. The intensity of the emitted light depends 
on the oxygen partial pressure and directly relates to the pressure of a 
surrounding gas which contains oxygen. In this study, 450 nm light 
was used to excite the active molecules with the return signal in the 
600 nm wavelength. To detect and record the emitted light, which 
contains both pressure and concentration information, a filter and a 
CCD camera were used. A data reduction program was used to 
analyze the data. In addition to measuring the static pressure 
distribution on the test surface, this oxygen sensitivity is used to 
indicate the oxygen concentration in the gas mixture. Nitrogen gas 
was heated to the temperature of the freestream to eliminate any 
temperature effect It was then injected through the film cooling holes 
into the main flow. The mass concentration of the nitrogen/air 
mixture downstream from the point of injection can be measured to 
obtain film effectiveness using the so-called mass transfer analogy. 
The mass fraction of the tracer gas in the mixture near the wall surface 
is related to the adiabatic wall temperature for the analogous heat 
transfer situation. In the current study, the mainstream contained 
approximately 79% nitrogen and the cooling flow contained 
approximately 100% nitrogen. The film effectiveness can be 
expressed by oxygen concentrations, which can be measured by the 
NP: 

C —c . 
co mix 

C 
co 

where Co  is the oxygen concentration of the mainstream (about 21%) 
and Cmix is the oxygen concentration of the air/nitrogen mixture 
(between 0 to 21%). Hence., the film effectiveness is between 0% (far 
downstream) and 100% (inside the hole). 

A test setup of the NP application to obtain film effectiveness 
includes a test vane, a CCD camera and light sources. The test vane 
was made of stainless steel and was coated with PS?, which can be 
mounted at the middle (for viewing the leading edge and the suction 
surface) or at the mid-left position • in the five vane cascade. 

(2) 
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Transparent windows were located immediately in front and 
downstream of the estrade. The CCD camera was mounted in front 
of these windows to view the vane surfaces from four positions: two 
for viewing the pressure surface, one for viewing the leading edge, 
and one for viewing the suction surface. In this study, only the suction 
surface view was used. Three halogen lamps were located around the 
camera to provide light sources. Figure 3 shows the setup for the PSI' 
film cooling measurement viewing the suction surface. The images of 
juminewnwe  intensity distribution from the nozzle surfaces, recorded 
by the CCD camera, were originally gray scaled. These images were 
saved as .tif files and then calculated by the data reduction program 
which compared ratios of the recorded intensity values with the 
calibration data to obtain the surface pressure and film effectiveness 
distributions. For the PSP film cooling test, four images were 
required: a dark image (light off, wind off), a reference image (wind 
off, light on), an air injection image (wind on, light on, hot air 
injection), and a nitrogen injection image (wind on, light on, hot 
nitrogen injection). The air injection image is necessary to eliminate 
the effect of surface pressure variation. Hot means the temperature of 
the mainstream, about 350°K, and cold means the reference 
temperature, controlled at 29411 

An uncertainty analysis was performed on the film effectiveness 
measurement using the PSP based on the method by Kline and 
McLintock (1953). The uncertainty of the pressure distribution was 
5.8% and the uncertainty of film effectiveness at the nominal 
condition was 12.0%. The net film effectiveness variation (An) was 
0.06 for the wont case. 

PSP CALJI3FtA1ION 
The PSP was calibrated regularly before testing. A sample 

coupon made of copper and coated with PSP was used for the 
calibration. Three thermocouples were installed underneath the front 
surface of the coupon to measure the surface temperature. The sample 
coupon was located inside a pressure chamber which was connected to 
both a vacuum pump and a compressed air source. A heater, located 
in close contact to the back side of the sample coupon, hated the 
coupon surface to the desired temperature with an accuracy of less 
than 0.591 The camera was mounted in front of a transparent  

cascade rig operation was at a pressure of approximately 136 kPa at 
the ragnele  inlet and at a temperature of approximately 350°K, the 
PSP was calibrated to a temperature between 344°K and 356°K and 
pressure from vacuum to 150 kPa. Atmospheric pressure was used as 
a reference pressure for each of the calibrated temperatures. The 
results are presented as the reverse intensity ratio to the pressure ratio 
and were curve fitted and gored in the data reduction program which 
can automatically adjust temperature if the test temperature varied 
from the reference temperature. 

FLOW MEASUREMENT RESULTS 
To meet the critical flow condition requirements and to guarantee 

a correct simulation of the engine operating parameters in the cascade, 
extensive flow measurements were performed before heat transfer and 
film cooling ItStitlg was initiated. At the inlet of the cascade, mean 
velocity, turbulence intensity and turbulence length scale were 
surveyed horizontally and vertically across the rectangular duct, using 
the hot-film anemometer and surface pressure taps. Flow uniformity 
and periodicity were achieved at the inlet At the exit of the cascade, 
although a great effort was made, flow uniformity and periodicity 
were not attained due to an uneven diffusion effect of the downstream 
side walls. Surface Mach number measurements were performed for 
various freestream conditions at all three airfoil locations. The results 
directly correspond to exit Mach number measurements. Without a 
tail board, a correct simulation of surface Mach number can only be 
achieved in the mid-left flow passage, which is a combination of the 
suction surface of the middle airfoil and the pressure surface of the 
mid-left airfoil as viewed from the cascade inlet. Figure 4 shows the 
pressure tap locations on the instrumental airfoil which were used to 
measure the airfoil surface static pressure. There are 12 pressure taps 
on the pressure surface and 15 on the suction surface, all located at the 
mid-span position. Figure 5 shows the measured surface Mach 
number distributions from the mid-left flow passage for the five 
freestream conditions studied. The Mach number distributions for the 
reference flow condition and increased and reduced Reynolds number 
conditions collapse into one line and match the CFD prediction by the 
Dawes code. The Mach number distributions for the Mach number 
increased and reduced flow conditions lie above and below the 
respective CFD prediction. 

Figure 3. PSP Test Setup — Vowing the Suction Surface from 
Downstream of the Cascade. 0716/3400314 

.1 

window facing the sample coupon. Two halogen lamps with filters 
	

Figure 4. Pressure Tap Locations on the Instrumented Nozzle 
were located on both the left and right sides of the camera. Since the 

	
Airfoil. 
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Figure 5. Surface Mach Number Distributions for the Five 
Mainstream Flow Conditions. 

FILM EFFECTIVENESS MEASUREMENTS RESULTS 
Repeatability tests were performed to validate the BP 

technique, particularly for the film injection presented in this paper. If 
the same (PSP) paint and same painting process are used, as the tests 
performed in this papa, the difference in average film effectiveness is 
less than 2%. If different paint or different painting processes are 
used, the difference of film effectiveness for different tests can reach 
4%. For each of the freestream flow conditions, film effectiveness 
was measured at three blowing ratios, M = 0.5, 1.0 and 1.5, defined 
based on coolant and local freestream parameters, representative of 
typical cooling designs. The film cooling holes in this study are 
located at an X/C of 0.34, just upstream of the nozzle throat. The 
injection is followed by a mild acceleration, a fairly stable velocity 
region and a mild deceleration (Figure 5). 

Effect of Blowing Ratio 
The experimental results of film effectiveness distributions for 

blowing ratios 0.5, 1.0 and 1.5 using the PSP method are shown in 
Figure 6. A qualitative evaluation of the results indicated that there is 
a considerable uneven cooling flow distribution among the cooling 
holes. This is a result of the uncertainty of the manufacturing process 
(EDM). The length for each of the cylindrical part of the boles is not 
the same, causing a difference in discharge coefficient. As a result the 
film effectiveness is not evenly distributed among the holes. At a 
blowing ratio of 0.5, the film cooling jets were attached to the suction 
surface. At the center lines downstream of the injection, a high film 
effectiveness was observed. Between the holes near the point of 
injection, the film effectiveness was low, about 0.1, while the film 
effectiveness at the center line downstream of the injection was quite 
high. This indicated that the jet flow was comparatively attached to 
the surface. Although the frcestream turbulence intensity was about 
12.0% at the cascade inlet, the local turbulence intensity near the 
suction surface could be much lower due to acceleration and high 
mean velocity. This kind of turbulence feature cannot be reproduced 
in a low speed wind tunnel. The spanwise average film effectiveness 
decayed quickly to about 0.1 at an X/D close to 25. At a blowing ratio 
of 1.0, the difference in film effectiveness between the center line and 
the line between holes became smaller. This indicated that the mixing 
between the film jet and the freestream was enhanced, but no film jet 
lift-off was observed. This trend of film effectiveness improving with  

the blowing ratio continued up to a blowing ratio of 1.5. Close to the 
trailing edge, the average film effectiveness is about 0.2. The effect of 
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Figure 6. Film Effectiveness Distributions on the Suction Side — 
Effect of Blowing Ratio. 

secondary flow on suction surface film coverage is also demonstrated 
by the results for blowing ratios of 1.0 and 1.5. The film effectiveness 
decreased quickly closer to an endwall as compared to that at the mid 
span, swiped any by the up-wash passage vortex . As a result, two 
triangular regions were formed near the trailing edge and the endwall 
corner where the film effectiveness was almost zero. 

I. 

Figure 7 shows the average and center line film effectiveness 
distributions for the reference flow condition. As a comparison, film 
effectiveness results measured by Giebert et al. (1997) and Ames 
(19976) are plotted in the average distribution figure. Current film 
effectiveness distributions lie slightly below those by Giebert et al. 
and Ames. At a blowing ratio of 0.5, both the average and center line 
film effectiveness decreased quickly downstream of the injection. At 
an X/D of about 25, there was essentially no difference between the 
average and center•line values. There was a significant increase in 
film effectiveness, however, when the blowing ratio was increased to 
1.0. From X/D = 20 to the trailing edge, the film effectiveness values 
were almost double those of M*3.5. When the blowing ratio 
increased to 1.5, both the average and center line effectiveness was 
lower close to the injection point then those for M=1.0, an indication 
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of partial separation of the film jets from the wall (lift-off). 
Downstream of X./E10, the effectiveness curves are higher than that 
of M=1.0 due to the reattachment of the film jets to the surface. 
Considering that the coolant mass flow rate was proportional to 
the blowing ratio, the increase in film effectiveness value from 
M=I.0 to M=1.5 was not as significant as that from 14.1.5 to 
M=1.0 until near the trailing edge, where the effectiveness was 
almost directly proportional to the introduced cooling mass 
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Figure 7. 	Center Line and Average Film Effectiveness 
Distributions — Effect of Blowing Ratio. 

Figure 8 shows the spanwise film effectiveness distributions at 
two ND locations. The flow rate between the film holes was not 
evenly distributed due to the manufacturing uncertainty. But the 
secondary flow effect on the suction surface film cooling is clearly 
indicated by the results at X/170, including that for M4.5 which is 
not as clearly seen in Figure 6. 

Effect of Freestream Re Number 
The film effectiveness distributions for three Reynolds numbers 

and a blowing ratio of 1.0 are shown in Figure 9. All three Reynolds 
numbers were controlled by changing both the mainstream and film 
cooling flow densities to maintain the freestream Mach number at the 
same value. The reason for a lower film effectiveness at a higher 
Reynolds number is probably due to a higher density of both the 
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Figure 8. Spanwise Film Effectiveness Distributions at Various 
X/D Locations — Effect of Blowing Ratio. 

mainstream and the film jets, resulting in a higher momentum 
exchange between the film jets and the mainflow. The location of the 
film injection also played an important role in the density dependence 
of the film coverage. The film cooling holes are located at the mid-
chord on the suction surface, where a turbulent boundary layer is more 
likely to be developed. Higher density enhances turbulent momentum 
exchange in the turbulent boundary layer. The effect of the secondary 
flow on the film effectiveness was enhanced by a higher Reynolds 
number, particularly near the curved endv.rall (bottom endwall). 

Figure 10 shows the average film effectiveness distributions for 
three Reynolds number conditions and three blowing ratios. At a 
blowing ratio of 0.5, the average film effectiveness distribution for the 
reference freestream condition lies between that for the reduced 
Reynolds and increased Reynolds number conditions. The difference 
between the increased Reynolds 
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Figure 9. Film Effectiveness Distributions - Effect of Re 
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number condition and the reference condition was more pronounced 
than those between the reference and the decreased Reynolds number 
conditions. When the blowing ratio is increased to 1.0, the average 
film effectiveness distributions for the reduced Reynolds number and 
for the reference conditions collapse into one line, while the 
distribution for the increased Reynolds number condition lies 
considerably below them, although not as significant as that for 
M=0.5. At M=1.5, the average film effectiveness distributions for 
three Reynolds number conditions collapse into one curve. This 
indicated that the film effectiveness on the suction surface through 
shaped hole injection is no longer dependent on the freestream 
Reynolds number when the blowing ratio is high. 

Effect of Freestream Mach Number 
The experimental results of film effectiveness distributions for 

the three Mach numbers and for a blowing ratio of 1.0 are shown in 
Figure II. In a qualitative sense, the film effectiveness was higher for 
the reference flow condition than for both the increased and decreased 
Mach conditions. All three Mach numbers were controlled by 
simultaneously changing the mainstream density and velocity to keep 
a constant freestream Reynolds number. A lower film effectiveness at 
lower Mach number was expected due to the density effect which was 
partially supported by the test results at the reduced Mach condition.  
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Figure 10. Average Film Effectiveness Distributions - Effect of 
Reynolds Number. 

At the increased Mach number condition, the effectiveness was 
lower than that for the reference condition. This is considered to be 
due to the fact that the film holes were located directly upstream of the 
nozzle throat. At the higher Mach number condition, the Mach 
number near the throat was close to one. The film jets could be 
partially damaged by an unsteady shifting of the local Mach number 
from one to less than one. The film effectiveness is sensitive to the 
mainstream acceleration which is related to the Mach number change 
upstream and downstream of the injection, as can be seen in Figure 5. 
A small change results in a significant change in acceleration near the 
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injection. Considering the effect of the secondary flow on the film 
effectiveness, it is stronger at a lower Mach number due to a higher 
freestream density, which is consistent with varying the Reynolds 
number cases 
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Figure 11. Film Effectiveness Distributions — Effect of Mach 
Number, M=1.0. 

Considering the Mach number effect on the average film 
effectiveness distribution in Figure 12, at a blowing ratio of 0.5, the 
average film effectiveness distribution of the reference freestream 
condition lies significantly above that of the decreased and increased 
Mach flow conditions. Downstream of the injection, the reduction of 
average effectiveness by increasing and decreasing the Mach number 
was about 40% of that at the reference condition. The difference of the 
average film effectiveness between the increased Mach number and 
reduced Mach number conditions was quite small. As the blowing 
ratio increased to 1.0, the average film effectiveness distributions of 
the decreased and increased Mach number conditions collapsed into 
one line downstream of X/I:20 and both lie significantly below that 
of the reference condition. From the injection point to JUI:20, where 
the nozzle throat is located, the distribution of the increased Mach 
number lies below those for the decreased Ma number. At M=1.5, the 
average film effectiveness distributions of the increased and reduced 
Mach number conditions lie below and above, respectively, that of the 
reference condition upstream of X/1:*25 and both lie below that of the 
reference condition downstream from Xf1M5. The better film  

coverage near the injection for the reduced Mach number condition 
could probably be explained by the higher density which helps the 
mixing of the film jets with the mainstream. 

M4.5 

'Id 

M=I.0 

10 	10 	30 
	

40 	60 
	

60 	70 	60 	SO 

M=1.5 

Figure 12. Average Film Effectiveness Distributions — Effect of 
Mach Number. 

CONCLUSIONS 
The film effectiveness was measured on the suction surface of a 

high pressure gas turbine nozzle surface using the PSP technique and 
the mass transfer analogy. The main conclusions were: 

I. For suction surface shaped hole injection, the film 
effectiveness increased with the blowing ratio from 
M4.5 to 1.5. At M=1.5, a partial lift-off was indicated 
by the results, while the downstream film effectiveness 
was high. 

2. Even though the freestream turbulence is 12.0% at the 
nozzle inlet, a significant spanwise variation of the film 
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effectiveness was observed due to the effect of the 
secondary flow, uneven distribution of the cooling film 
and insufficient mixing on the suction surface. 

3. The film effectiveness on the suction surface shaped-
hole injection was affected by the freestream Reynolds 
number and decreased with an increase in Reynolds 
number. The effect was less pronounced at a higher 
blowing ratio. 

4. The film effectiveness on the suction surface shaped-
hole injection decreases with a decrease in Mach 
number. When the nozzle throat Mach number was 
near one, the film coverage was also reduced. The 
effect was less pronounced at a higher blowing ratio. 
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