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A three-hole-branch geometry for film cooling is proposed. Each branch is made up of a streamwise 30°-angled circular hole with
a circular hole of the same diameter on each side of it. These three holes share the same inlet area on the coolant supply side. Three
side hole inclination angles of 30°, 37.5°, and 45° and three branch angles (the angle between the main and side holes) generated
nine configurations that were tested for four blowing ratios of 0.5, 1, 1.5, and 2. To their benefits, these straight-through circular
holes could easily be laser drilled on the airfoils or other gas turbine hot section surfaces. For comparative evaluation of these film
hole geometries, the commonly used 7°-7°-7° diffusion hole geometry with the same inlet hole diameter was tested as a baseline
under otherwise identical conditions. The pressure-sensitive paint (PSP) technique was utilized to test these geometries for
their film cooling effectiveness. Depending on the branch geometry, for the same amount of coolant, some configurations were
found to be superior to the baseline case for stream- or spanwise film cooling distributions while for the steeper side hole
angles, these branched holes did not perform as well as the baseline case. The main conclusion is that the three holes with the
same inclination angle of 30° exhibited the best film cooling effectiveness performance including the baseline geometry.

1. Introduction

Gas turbines are widely used in the industry to provide
power for electric generators, aircrafts, trains, and ships.
To maximize the power output and improve the efficiency,
the turbine inlet temperature has been consistently
increased. However, the increasing high inlet temperature
may cause elevated thermal loads on the components that
will damage the turbine airfoils and other hot sections,
which reduces the durability of the whole system. Several
features are in use to protect the turbine hot sections. Airfoil
designs in modern gas turbines may include rib-roughened
cooling cavities, pin banks, impingement holes and inserts,
film holes and slots, thermal barrier coatings, and other fea-
tures for thermal protection against the combustor gases.

Cooling of the airfoil external surfaces is often accom-
plished by drilling film holes of various geometries at strate-

gic spots on the airfoil surfaces. The ejected coolant creates a
cooling blanket over the targeted surface. The main objective
in designing the airfoil circuits, including the film cooling
scheme, is gaining maximum coolant coverage with mini-
mum spent air and minimum aerodynamic losses. Numer-
ous research studies, experimental as well as numerical,
encompassing many aspects of film cooling, including
branched hole geometries, have been reported in the open
literature over the past several decades.

To go over the details of each study is well beyond the
allotted space in this manuscript. We, however, would like
to refer the reader to the work of pioneers such as Goldstein
et al. [1], Eriksen and Goldstein [2], and Pedersen et al. [3]
in this field who investigated the effects of main parameters
such as hole geometry, density ratio, and blowing ratio on
three-dimensional film cooling. Bogard et al. [4] and Sen
et al. [5] reported adiabatic film cooling effectiveness values
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and heat transfer coefficients downstream of compound
angle holes. One major conclusion was that adding a com-
pound angle to the baseline round hole geometry signifi-
cantly improved film effectiveness at high momentum

flux ratios, and the combination of compound angle and
forward expansion provided further improvement. Bunker
[6] presented a thorough review of shaped hole turbine
film cooling technology. Among his conclusions were the
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Figure 1: Test rig, associated accessories, and data collection equipment.
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shaped holes outperformed the circular holes and the fact
that as manufacturing methods progress, other unconven-
tional shapes of film holes will become viable and could
lead to even better performance and less cooling air
requirements.

This paper focuses on the geometric parameters of the
antivortex holes that can help improve the film cooling per-
formance. Heidmann and Ekkad [7] reported a numerical
study on a novel antivortex film hole geometry. Two side
holes with half the diameter of the primary hole were angled
in spanwise direction and normal to streamwise direction.
The side holes provided a strong vortex against the detri-
mental vortices produced by the primary hole. They showed
that the geometry with the side holes originating near the
primary hole inlet improved the overall film cooling effec-
tiveness. Dhungel et al. [8] continued the experimental study
of this antivortex geometry by changing both the originating
and ending locations of the side holes. The best result was
achieved when the side hole ending locations were in line
with the primary hole. Yao et al. [9] performed a numerical
study on film cooling mechanisms and characteristics of
cylindrical holes with branched jet injections. Their geome-
tries were very similar to the previous study and could serve
as a CFD complementary for comparisons. Repko et al. [10]
confirmed the advantage of antivortex holes and used a sim-
ilar geometry on their study of freestream turbulence levels.
The sister-shaped single-hole geometry in the study of Kha-

jehhasani and Jubran [11] was also a member of the antivor-
tex family, but with the originating locations of the side
holes at the ending location of the main hole. This geometry
had remarkable performance in the distant downstream
region at the high blowing ratios of 1 and 1.5.

Different from the studies above, the antivortex geom-
etry in the current study is tripod shaped, with side holes’
diameter and originating location the same as those of the
primary hole. LeBlanc et al. [12] investigated, experimen-
tally and numerically, the film cooling performance of an
antivortex hole and a trenched antivortex hole on a flat
plate. Their case (b), antivortex/tripod, hole was a typical
shape with its side and main holes having the same diam-
eter and inlet location. Ravi et al. [13] investigated the film
cooling performance of tripod holes on the endwall
upstream of a first-stage nozzle guide vane. Three geome-
tries were tested: purge slot, cylindrical, and tripod holes.
They concluded that slot ejection gave the highest effec-
tiveness amongst the three tested configurations and the
tripod holes outperformed the cylindrical holes. Ramesh
et al. [14, 15] reported the film cooling effectiveness values
of tripod antivortex injection holes over the pressure and
suction surfaces of a nozzle guide using infrared thermog-
raphy. They examined cylindrical, shaped, tripod, and
shaped–tripod holes for a blowing ratio range of 0.5 to
4. Their major conclusions were that shaping improves
the film cooling effectiveness at low coolant flow rates
and shows no significant change at higher coolant mass
flow rates, and tripod holes were better than shaped and
cylindrical holes. A similar tripod hole geometry was used
as one of the cases in the current study.

Besides the studies of the basic geometries above,
researchers developed some complex geometries over the
years. Chi et al. [16] performed geometrical optimization
and experimental validation of a tripod film cooling hole
with asymmetric side holes. Design of the experimental tech-
nique was used to determine an optimum tripod geometry,
and it was concluded that an optimum configuration of the
asymmetric tripod film hole can achieve equal to higher
average film cooling effectiveness compared with a well-
designed, shaped hole. Abdelmohimen [17] performed a
numerical study on improving compound angle film hole
performance by adding secondary branches to the main
hole. He reported a maximum enhancement in overall film
cooling effectiveness of about 208% at a blowing ratio of 2
due to the addition of the secondary holes. Park et al. [18]
studied film cooling effectiveness of three antivortex hole
geometries at three mainstream turbulence levels. Their con-
clusion was that all antivortex film hole cases showed higher
film cooling effectiveness than the cylindrical hole, and as
the mainstream turbulence intensity increased, the film

d = 3.81mm 

𝛼 1 =
 30°

= 9.53 mm 11.43 

𝛽fwd = 7°

𝛽lat = 7°

mm

L

l

Figure 3: Schematics of the branched film hole geometries (top)
and 7°-7°-7° diffusion hole baseline (bottom).

Table 1: Geometric parameters (lengths in mm).

d P P/d L L/d ℓ α1 α2 βfwd βlat Dh

3.81 22.86 6 22.86, 18.78, 16.16 6, 4.93, 4.24 9.53 30° 30°, 37.5°,45° 7° 7° 61
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Figure 4: Details of the film cooling hole geometries. (a) Case of the three holes with the same inclination angle of 30°. (b) Case of middle
(primary) hole with an inclination angle of 30° and the two side holes with an inclination angle of 37.5°. (c) Case of middle (primary) hole
with an inclination angle of 30° and the two side holes with an inclination angle of 45°.
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cooling effectiveness for the antivortex holes decreased. They
also showed that, among the tested hole configurations, the
antivortex hole with a 15° angle between the primary and
auxiliary holes had the highest film cooling effectiveness at
all tested conditions.

Recent studies such as Zhu et al. [19], Cao et al. [20],
Kiani and Mazaheri [21], Al-Zurfi et al. [22], Zhou et al.
[23], Grine et al. [24], Al-Zurfi et al. [25], Mazaheri et al.
[26], Naidu et al. [27], and Balaji et al. [28] reported on
the film effectiveness results of tripod or sister antivortex
holes on flat or curved surfaces. Positions and diameters of
the side holes are the two key parameters that affect the
overall performance at a given blowing ratio. Major conclu-
sion of these investigations was that with the increase of the
blowing ratio, the film cooling effectiveness in tripod or sis-
ter antivortex holes increases.

Schroeder and Thole [29] measured adiabatic film
cooling effectiveness values for a shaped film cooling hole
with an inclination angle of 30°, expansion angles in the
forward and lateral directions of 7°, hole length to diame-
ter ratio of 6, hole exit-to-inlet area ratio of 2.5, and hole
lateral spacing to diameter ratio of 6. For this geometry, a
major conclusion was that the peak effectiveness for all the
cases with different density ratios occurred near a blowing
ratio of 1.5. This laidback fan-shaped film hole geometry,
which is known as the “7°-7°-7° diffusion hole”, is used
in this investigation as our baseline with which our results
are compared.

The current study focuses on the influence of the loca-
tion of the tripod side holes. Primary and side holes share
the same inlet. The distance between the primary and side
holes exits is controlled by varying the inclination and
branch angles. The ending position of side holes is chan-
ged in both streamwise and spanwise directions.
Pressure-sensitive paint is used on the test surface down-
stream of film holes. Nitrogen is used as the coolant
against the air mainstream, which creates a density ratio
of 0.97. Nine geometries with different branch and inclina-

tion angles are tested for the blowing ratios of 0.5, 1, 1.5,
and 2. The results are compared with the baseline 7°-7°-7°

diffusion geometry.

2. Experimental Setup

Figure 1 shows the overall assembly of the test rig and asso-
ciated accessories as well as data collection equipment. The
main flow (Re = 87200) was supplied by an air compressor.
The secondary flow, simulating the coolant, however, was
nitrogen gas, supplied from a commercially available tank.
Precision pressure dials and k-type thermocouples were used
to measure the pressures and temperatures at strategic
points. The experimental setup simulating the main and
cooling flows is shown in Figure 2. The main channel, made
with 1.27 cm thick clear acrylic plastic slabs, had a cross-
section of 7.62 cm by 5.08 cm and a length of 61 cm. The
two plenums were fabricated with 2.54 cm thick clear acrylic
plastic slabs. A removable test plate on the main channel
floor accommodated the testing of different film hole geom-
etries. Each plenum was equipped with a honeycomb flow
straightener.

3. Film Hole Test Plate

For each film hole geometry, a test piece made out of a
11.43mm thick rectangular clear acrylic plastic with dimen-
sions of 17.78 cm by 7.62 cm mas machined. Three film
holes with a center-to-center (pitch) distance of 2.29 cm
were drilled in each test plate. Table 1 shows the geometric
parameters. The pertinent nondimensional parameters such
as P/d and L/d are in the practical range of gas turbine hot

Figure 5: A typical CNC-machined test piece before testing.
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section designs. The baseline film hole geometry with which
all proposed new geometries were compared was a 7°-7°-7°

diffusion hole shown in the bottom of Figure 3. Nine sets
of branched-hole geometries, each made of a 3.81mm diam-
eter circular hole with an inclination angle of α1 = 30°, and
two side holes were tested. The three holes in each case
shared the same inlet. It should be noted that all branched-
hole geometries can be envisioned in space as three tripods
with the angle between the primary and side holes being
10, 15, or 20 degrees, as shown on top of Figure 3. The only
difference between them was the side hole inclination angles
with the exit plane (30°, 37.5°, and 45°). However, for
manufacturing purposes and to uniquely define the holes,
we used the exit plane as the reference plane and projected
all holes on that plane. The given angles in Figures 4(a)–4(c)

are the projected angles on the exit plane. A combination of
three inclination angles and three branch angles, shown in
Figure 4, were the nine geometries that were tested. Figure 5
shows a typical machined test piece before being installed in
the test rig. On each test piece, three identical hole sets were
machined and the reported film effectiveness data, streamwise
or spanwise, correspond to all measurements on the middle
hole set to eliminate any side effects.

4. Pressure-Sensitive Paint and Calibration

The use of pressure-sensitive paint in film cooling measure-
ments was introduced by Navarra [30]. Compared with the
temperature-sensitive paint (TSP) and infrared (IR) tech-
niques, the pressure-sensitive paint (PSP) technique showed

7°-7°-7° Baseline, BR = 0.5, 1.0, 1.5, 2.0 
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a remarkable improvement in measurement accuracy
because the PSP method is performed under isothermal
ambient conditions; thus, there is no heat transfer of any
kind between the coolant and main flow to misrepresent
the extracted data. The traditional method of film cooling
effectiveness measurement during the past decades made
use of thermocouples for their low cost, acceptable accuracy,
and relative ease of installation. They were, however, limited
in numbers at discrete points and could not produce a con-
tinuous thermal image of the target surface. Furthermore,
the experimentalists often had to deal with large numbers
of leads passing through the target surface and take into
account the conduction heat loss through the thermocouple
wires. In contrast, a continuous image of the light intensity
(film cooling effectiveness) of the entire surface under inves-

tigation is recorded in the PSP technique. This special paint
compound is sensitive to the partial pressure of oxygen in
the air-coolant mixture. When a UV light source is cast on
the painted surface, the paint illuminates with varying inten-
sity depending on the surrounding oxygen partial pressure.
This property of the paint is exploited to measure the film
cooling effectiveness. The analogy between the mass and
energy transport equations under identical boundary condi-
tions reveals that film cooling effectiveness can be recast into

η = Caw − C∞
Cc − C∞

= 1 − 1
1 + PO2,air/PO2,mix

� �
− 1

� �
MN2

/Mair
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Figure 9: Film cooling effectiveness distributions downstream of the branched holes, α2 = 30°, θ = 17°.
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The intensity ratio, which is a function of the oxygen
partial pressure, can be modelled as

IR = Iref − Iblack
I − Iblack

= f
P
Pref

� �
= f PO2

� �
: ð2Þ

In this study, we used UniFIB™ pressure-sensitive paint
with a FIB (fluoro/isopropyl/butyl) basecoat, acquired from
the ISSI Innovative Solutions, Inc. The paint has been opti-
mized to provide a maximum luminescence signal while it
maintains high pressure sensitivity and low temperature
sensitivity, which is a quality that is of prime importance
in our experiments.

Before the start of the film cooling effectiveness tests, the
pressure-sensitive paint was calibrated to identify a func-
tional relation between the luminescence and partial pres-
sure of the oxygen. A small test piece, sprayed with the
same paint following the manufacturer’s procedure, was
placed in a sealed chamber connected to a vacuum pump.
Air pressure inside the enclosure was reduced from the
atmospheric pressure (101.3kPa) to about 3kPa. Five thermo-
couples at different locations measured the temperature inside
the chamber. A precision vacuum gauge measured the pressure
inside the compartment. Throughout the calibration process,
the same lighting and camera arrangement was used to excite
and record the light intensity on the test piece. The calibration
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Figure 11: Film cooling effectiveness distributions downstream of the branched holes, α2 = 37:5°, θ = 12:5°.
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test was repeated for four different test piece temperatures of
22.3, 25, 30, and 35°C. Details of the calibration setup are given
in Baldino and Taslim [31]. The results from the calibration
tests, shown in Figure 6, indicate that the functional dependence
of luminescence with the partial pressure of oxygen remained
the same in that range of surface temperature. The 5th-degree
polynomial (Figure 6) representing the best fit to the data was
used throughout this study to determine the film cooling
effectiveness.

5. Film Cooling Effectiveness Tests

For a given film hole geometry, a typical test started with set-
ting the targeted main flow (air) without any coolant flow,

adjusting for proper lighting on the target surface and focus-
ing the camera. Once the system reached equilibrium, a
baseline photo was captured to serve as the reference light
intensity to which all captured photos during a film cooling
effectiveness test were compared. The next step was to turn
the cooling flow (nitrogen) on and set the blowing ratio,
BR = ðρUÞN2

/ðρUÞair = ðm� N2
/ðπ/4Þd2Þ/ðm� air /AchannelÞ, to

the targeted value. It should be noted that two critical flow
venturies (choked at all conditions) measured the main
and cooling flow mass flow rates. These mass flow rates were
then divided by the main channel and the film hole inlet
cross-sectional areas to determine the ðρUÞair and ðρUÞN2

,
respectively. This procedure was consistently followed for
all tested geometries. According to the pressure gauge data
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sheet, the accuracy of the device depends on the measured
pressure. The maximum uncertainty in film cooling effec-
tiveness, following the method of Kline and McClintock
[32], was calculated to be about ±5%. Details of the uncer-
tainty analysis are discussed in Baldino and Taslim [31].
The freestream turbulence intensity in the main channel
was measured to be 3.86%.

6. Results and Discussion

The experiment was conducted at the constant temperature
of 72 F (22.2°C). Figures 7 through 16 show the film cooling
effectiveness contours for the baseline case and the nine

branched-hole geometries for a range of blowing ratios.
For each geometry, the blowing ratio increases from left to
right corresponding to the values from 0.5 to 2, respectively.
The slight tilt of the contours to the left is attributed to the
machining tolerances. A visual comparison of these geome-
tries shows that when the side and main holes have the same
inclination angle of 30o (α1 = α2 = 30°, Figures 8–10), better
coverage is achieved. In particular, when the side holes make
a 17° angle with the main hole for the blowing ratio of 1.5 to
2 (Figure 9), the streamwise and spanwise distributions of
coolant on the target area is superior to all other geometries
including the 7°-7°-7° diffusion hole baseline case i.e., for
the same amount of coolant, a branch of three circular
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BR = 0:5.
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Figure 18: Streamwise (laterally averaged) film effectiveness variations for α1 = α2 = 30° and different branch angles for blowing ratio of
BR = 1.
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Figure 19: Streamwise (laterally averaged) film effectiveness variations for α1 = α2 = 30° and different branch angles for blowing ratio of
BR = 1:5.
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Figure 20: Streamwise (laterally averaged) film effectiveness variations for α1 = α2 = 30° and different branch angles for blowing ratio of
BR = 2:0.
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holes performs better than the 7°-7°-7° diffusion hole. As
for the manufacturing of these holes, the three circular
holes are easier to laser drill than the shaped holes. As
the side hole inclination angle increases to 37.5° and 45°,
the film cooling effectiveness distribution deteriorates with
the lowest effectiveness exhibited for α2 = 45°, θ = 26:5°
and blowing ratio of 2 (Figure 16). The combination of
large inclination angle and large blowing ratio causes lift-
off of the coolant.

Film effectiveness contours of Figures 11–13 show that
most of the coolant exits from the side holes and the film
coverage deteriorates as the blowing ratio increases. The side
and primary holes share the same inlet, and the coolant
makes no turn entering the side holes. With the longer pri-
mary hole, the pressure gradient becomes larger in the pri-
mary hole. This explains the larger mass flow rate fraction
in the side holes. We were not able to measure the coolant
mass flow rate through individual holes. However, we per-
formed a visual strings test to confirm that the side hole
mass flow rate was greater than that in the primary hole
for those cases that the flow footprints on the PSP showed
this imbalance. As the side holes are further inclined to α2
= 45°, the film coverage is further reduced, as shown in
Figures 14–16. Again, not much coolant finds its way
through the primary hole and better film coverage is evi-
denced for the smallest blowing ratio of 0.5 for the three
branch angles.

Figures 17–20 show the laterally averaged streamwise vari-
ation of film cooling effectiveness downstream of selected film
hole geometries. The cases of α1 = α2 = 30° are compared with
the baseline case for their high performance and hole interac-
tions according to the contours. It should be noted that the film
effectiveness at each streamwise location is the spanwise-
averaged film cooling effectiveness along a horizontal line
drawn on the area downstream of the middle set. As observed
in Figure 17, the baseline case overperformed the tripod cases
at the low blowing ratio of 0.5 and beyond x/d ~ 6. However,
it gradually lost its advantage when the blowing ratio increased.
For θ = 11:5°, as the exits of the primary and side holes are very
close to each other, the geometry can be seen as a laterally dif-
fused hole with an expansion angle of 11.5°. Because of its high
expansion angle, the case of θ = 11:5° was expected to produce
better cooling effectiveness. The θ = 17° geometry shows the

highest streamwise values with a film effectiveness of about
20% at x/d of 25 in Figure 19. This performance is not
observed for any other film cooing hole geometries, including
the baseline shaped-hole geometry. The case of θ = 22:5° with
the largest distance between the primary and side holes is the
typical tripod shape that is studied by other investigators
[12–15]. In this geometry, the three cylindrical holes flow sep-
arately, and the cooling flows do not have many interactions.
The kidney vortex strength is reduced but not as much as
the case of θ = 17°. The 7°-7°-7° diffusion hole data of Schroe-
der and Thole [29] are shown in Figures 18 and 20. Consider-
ing their measurement technique (infrared camera) and a
density ratio of 1.2, the agreement is good. A noticeable advan-
tage of these three geometries is that the area-averaged effec-
tiveness increases with the blowing ratio, a feature that is not
observed in other geometries (Table 2 below). A 3-fold exit
area increase, for the same amount of coolant, reduces the
coolant exit velocity, suppresses the formation of kidney vorti-
ces and consequently provides a more extended surface cover-
age. The overall level of film effectiveness is higher than that
for the baseline case.

Cross-geometry comparisons of cases of α1 = α2 = 30°,
θ = 11:5°, 17°, 22:5°, and the baseline case are presented
next in Figures 21–24. What we present is the spanwise
film effectiveness variation at x/d = 5 across the width of
the middle set. Like the streamwise distributions, the span-
wise distributions for larger side hole inclination angles
deteriorate due to jet lift-off at the side-hole exits and little
to no flow through the middle hole. These three-hole
geometries show a more uniform film coverage, compared
with that of the baseline geometry which has a pointed
maximum downstream of the hole exit but quickly drops
to much less coverage on areas between the adjacent holes.
Once again, the branch geometry with the three holes at
the same inclination angle (α1 = α2 = 30°) generated the
best spanwise film coverage.

Area averaged film effectiveness for these three geome-
tries as well as the baseline in the region x/d = 0 to 25, y
/d = −3 to +3 are shown in Table 2. The case of θ = 17°,
with interacting coolant flow from the primary and side
holes, supresses the formation of kidney vortices, creates
a more uniform cooling layer on the target surface, and
has the best performance over all other cases at all blow-
ing ratios.

Six more film hole geometries with side hole inclina-
tion angles of α2 = 37:5° and 45° were also tested. These
six geometries had inferior performance compared to the
four geometries discussed above due to larger inclination
angles that resulted in jet lift-off. Because of space limita-
tion, we have presented all tested geometries in
Figures 25–28, each for a blowing ratio. Each color repre-
sents an inclination angle, and, within that inclination
angle set, three-line thicknesses represent the three branch
angles. The red color lines representing the 30° inclination
angle showed the superior performance, even better film

Table 2: Area-averaged film effectiveness for x/d = 0-25, y/d = −3
to +3.

α1 = α2 = 30° BR = 0:5 BR = 1:0 BR = 1:5 BR = 2:0
θ = 11:5° 0.1396 0.2326 0.2489 0.2475

θ = 17° 0.1794 0.2661 0.2902 0.3025

θ = 22:5° 0.1591 0.2067 0.1998 0.1888

Baseline 0.1828 0.2369 0.2233 0.1973
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Figure 22: Spanwise (streamwise-averaged) film effectiveness variations at x/d = 5 for α1 = α2 = 30° and different branch angles and blowing
ratio of BR = 1.
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Figure 24: Spanwise (streamwise-averaged) film effectiveness variations at x/d = 5 for α1 = α2 = 30° and different branch angles and blowing
ratio of BR = 2.
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Figure 23: Spanwise (streamwise-averaged) film effectiveness variations at x/d = 5 for α1 = α2 = 30° and different branch angles and blowing
ratio of BR = 1:5.
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Figure 26: Comparison of streamwise (laterally averaged) film effectiveness variations for all geometries at BR = 1.
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Figure 25: Comparison of streamwise (laterally averaged) film effectiveness variations for all geometries at BR = 0:5.
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Figure 28: Comparison of streamwise (laterally averaged) film effectiveness variations for all geometries at BR = 2.
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Figure 27: Comparison of streamwise (laterally averaged) film effectiveness variations for all geometries at BR = 1:5.
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coverage than the conventional 7° -7° -7° diffusion geome-
try for most parts. The green color lines representing the
45° inclination angle produced the least film coverage as
expected.

7. Conclusion

This study, along with the previous investigations [12–15],
showed the influence of side hole locations on tripod hole
film cooling. Pressure-sensitive paint was used to measure
the film cooling effectiveness for nine branched hole geome-
tries at four blowing ratios of 0.5, 1, 1.5, and 2. Major con-
clusions of this study are as follows: (a) branched holes
with an inclination angle of 30° showed much better cover-
age than the 7°-7°-7° diffusion holes for all blowing ratios.
Reduction in coolant velocity at the holes’ exits as well as
suppression of kidney vortices are believed to be responsible
for this superior performance, (b) the case of main and side
holes with the same inclination angle of 30°, and branch
angle of 17° produced the highest film cooling effectiveness
in both streamwise and spanwise directions. For this geom-
etry, the film cooling effectiveness increased with the blow-
ing ratio. (c) Increasing the inclination angle beyond 30°

caused a remarkable decrease in film coverage.

Nomenclature

Apassage: Main flow passage area (38.71 cm2)
BR: Blowing ratio, ðm� N2

/ðπd2/4ÞÞ/ðm� air /ApassageÞ
C: Chemical concentration (%)
d: Film hole inlet diameter (3.81mm)
Dh: Main channel hydraulic diameter (60.96mm)
I: Light intensity (pixel intensity value)
IR: The ratio of reference light intensity and measured

intensity
L: Total axial length of each film hole (Figures 3 and

4)
ℓ: Feed (entrance) hole length (Figure 3, 9.53mm)
Mc: Coolant molecular weight (28 kg/kmol)
M∞: Mainstream (air) molecular weight (28.97 kg/kmol)
m� N2

: Nitrogen flow rate in each tripod (kg/s)
m� air: Main channel air mass flow rate (kg/s)
p: Hole pitch (22.86mm)
P: Pressure (Pa)
PSP: Pressure-sensitive paint
PO2,air: Oxygen partial pressure in main channel approach

air (Equation (1), 21 kPa)
PO2,mix: Oxygen partial pressure at a given point down-

stream the film holes (Equation (2), kPa)
Re: Reynolds number based on the main channel

hydraulic diameter (ðρUDh/μÞ = 87200)
TSP: Temperature-sensitive paint
U : Main channel air velocity (m/s)
α1: Middle (primary) hole inclination angle (Figures 4)
α2: Side hole inclination angle (Figures 4)
βfwd: Shaped (diffusion) hole forward angle (Figure 3)
βlat: Shaped (diffusion) hole lateral angle (Figure 3)
θ: Side holes branch angle (Figures 4)
η: Film cooling effectiveness

μ: Air dynamic viscosity (kg/(m·s))
ρ: Air density (kg/m3).

Subscripts

aw: Adiabatic wall
blk: Black
c: Coolant
O2: Diatomic oxygen
ref: Reference
∞: Channel mainstream.
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Raw as well as compiled data will be available upon request.
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