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Abstract

Detailed film cooling measurements are presented on a turbine blade leading edge model with three rows of showerhead holes. Exper-
iments are run at a mainstream Reynolds number of 19,500 based on cylindrical leading edge diameter. One row of holes is located on the
stagnation line and the other two rows are located at 615° on either side of the stagnation line. The three rows have compound angle
holes angled 90° in the flow direction, 30° along the spanwise direction, and the two holes on either side of the stagnation row have
and additional angle of 0°, 30°, and 45° in the transverse direction. The effect of hole shaping of the 30° and 45° holes is also considered.
Detailed heat transfer coefficient and film effectiveness measurements are obtained using a transient infrared thermography technique.
The results are compared to determine the advantages of shaping the compound angle for rows of holes off stagnation row. Results show
that, the additional compound angle in the transverse direction for the two rows adjacent to the stagnation row provide significantly
higher film effectiveness than the typical leading edge holes with only two angles. Results also show that, the shaping of showerhead holes
provides higher film effectiveness than just adding an additional compound angle in the transverse direction and significantly higher effec-
tiveness than the baseline typical leading edge geometry. Heat transfer coefficients are higher as the spanwise angle for this study is larger
than typical leading edge geometries with an angle of 30° compared to 20° for other studies.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction called the showerhead. Effective cooling of the leading edge

region of the airfoil is extremely critical due to the presence

With increases in needs for global energy production,
the modern gas turbine engines are focused on improving
performance and efficiency. Higher turbine inlet tempera-
tures increase the thermal efficiency of these engines result-
ing in a need for more effective cooling schemes. In
practice, relatively cool air from the aft compressor stages
is injected through holes in the walls of hollow turbine air-
foils in an effort to isolate the metal surface from the hot
mainstream. The highest thermal load occurs at the leading
edge of the airfoil, and failure often occurs in this region
due to burn off or loss of material. Film cooling is typically
applied on the leading edge through an array of hole rows
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of the highest thermal load in that region. The flow envi-
ronment near the leading edge is extremely complex with
a stagnation mainstream, strong pressure gradients and
curvature, and interaction between multiple rows of film-
cooling holes. With the addition of film cooling in regions
of thin boundary layers, the interactions between main-
stream and coolant jets become increasingly complex.
Increases in film effectiveness in the leading edge will lead
to significant benefits in life and efficiency of the turbine
blade.

There have been several studies in the past two decades
focused on the leading edge area of an airfoil with film
cooling. Majority of the literature has been covered in
the book by Han et al. (2000). There have been several
studies on leading edge showerhead film cooling in the
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Nomenclature

C, specific heat (kJ/kg K)

D film hole diameter at inlet (m)

A leading edge diameter (m)

DR coolant to mainstream density ratio, p./psc
k thermal conductivity of test section material
L length of film hole (m)

M blowing ratio p.U/pocUso

Re free stream Reynolds number (U,.d/v)

Pe coolant density (kg/m?)

Poo mainstream density (kg/m?)

T, coolant temperature (K)

film temperature (K)

mainstream temperature (K)

free stream mean turbulence intensity (%)
local wall temperature (K)

coolant velocity (m/s)

mainstream velocity (m/s)

streamwise distance along the test plate (m)
thermal diffusivity of test section material
shaped hole flare angle (°)

film cooling effectiveness

kinematic viscosity of mainstream (m?/s)

= = ™ R kf(g;ﬁgﬂﬁ

past. Mick and Mayle (1988), Karni and Goldstein (1989),
Mehendale and Han (1992), Ou et al. (1992), Salcudean
et al. (1994), Ekkad et al. (1998), Funazaki et al. (1997),
Cruse et al. (1997), Ou and Rivir (2001) experimentally
studied the leading edge showerhead film cooling problem
and provided fundamental results that has helped designers
provide better protection for the high heat load region.
Recently, York and Leylek (2002a,b) studied leading edge
film cooling using CFD. They compared their predictions
with experiments by Cruse et al. (1997). In all the above
studies, the holes were angled in two directions, one along
the spanwise direction and another orthogonal to the flow
direction. These hole geometries ensure that the coolant
will exit along the spanwise direction and get pushed away
along the surface downstream. The hole geometry is good
for the stagnation row. However, the rule of thumb does
not apply for the rows on either side of stagnation region
as holes can be angled in the transverse direction resulting
in possibly improved coverage.

Hole shaping has extensive benefits and seems like a nat-
ural extension towards a more slotlike behavior in film hole
rows (Bunker, 2005). Bunker (2005) provided an extensive
literature survey of shaped hole technology and provided
examples and showed benefits of this design. However,
shaped holes have been used along the suction and pressure
surfaces downstream of the leading edge and not on the
leading edge as shown in Bunker, 2005. Mouzon et al.
(2005) presented an experimental study on leading edge
film cooling with different shaped hole configurations.
They had five rows of holes places at stagnation, 620°,
and 640°. They had laidback fan shaped holes with wid-
ened exits clearly indicating higher cooling performance.
They indicated that laterally expanded holes did not per-
form as well as laid back fan shaped holes. There was
one more recent study by Reiss and Bolcs (2000) on possi-
ble hole shaping on leading edge hole rows. The holes were
laid-back shaped type holes. They however did not have
the additional transverse shaped holes. The present study
focuses on hole shaping the side rows of the showerhead
array. Since hole shaping the typical baseline holes where
the film flow is along the spanwise direction at the leading

edge is not possible, hole shaping of holes with an
additional transverse angle of 30° and 45° only is
considered.

In the present study, a transient infrared thermography
technique is used for obtaining both heat transfer coeffi-
cient and film effectiveness from a single test. The transient
IR technique is based on the two-equation, single test pro-
posed by Vedula and Metzger (1991) and was demon-
strated successfully by Ekkad et al. (2004). In this test,
two images with surface temperature distributions are cap-
tured at two different times during the transient test. The
test is typical of a transient liquid crystal technique exper-
iment wherein the test surface at ambient is suddenly
exposed to a hot mainstream and cold coolant jet. The sur-
face temperature response is captured by the IR camera at
different time instants during the transient test. Both # and
h distributions are investigated and presented, on the lead-
ing edge of a blunt body, for various blowing ratios for
cylindrical compound angle holes.

2. Test facility

Fig. 1 shows the facility used for the present study. The
test setup consists of a blower connected to a 12 kW heater
that heats the air to a free-stream temperature of 50 °C.
The air is then routed through a section with baffles to
ensure adequate mixing of the hot air to obtain a uniform
temperature across the cross-section. The presence of the
baffles inadvertently contributed to the high free-stream
turbulence in the mainstream. A thermocouple was tra-
versed across the test section to check for uniformity of
the inlet thermal field. The air is then passed through a 2-
D 4:1 converging nozzle. The hot air is effectively sealed
such that no air leaks into the test section and affects the
initial temperature condition of the test surface. The open
gate allows the flow into a test section made of ABS plastic
and has a cross-section of 33-cm width and 8.89-cm height.
The components upstream of the test section are covered
with insulation to minimize the heating time. The coolant
air is provided from a separate compressed air supply
and is metered for flow measurement.
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Fig. 1. Illustration of the test facility.
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Fig. 2. Illustration of the test model.

As seen in Fig. 2, the test model is a blunt body with a
semi-cylinder leading edge and a flat after-body. For uni-
form approaching flow and turbulence, the leading edge
of the test model was positioned at a distance of 33-cm
downstream of the exit of the converging nozzle. The test
model with ABS material (x=7.157* 10 ¥ m?%/s; k=
0.15W/m K) in a 3D printing machine (Dimension™).
The test model was 8.89-cm in height and the leading edge
diameter was 3.81-cm. Film holes were located at stagna-
tion line and 4+15° from stagnation and spaced 4 film hole
diameters in the spanwise direction. Each film hole was
0.254-cm diameter.

Fig. 3 shows the frontal views of the leading edge of the
bluff body. The test surface had eighteen holes (3 rows of 6
holes each) and all film holes inclined 30° to the test surface
in the spanwise direction and 90° to the flow direction.
There were three cases considered here: the film hole
inclined 0°, 30° and 45° to the test surface in the transverse
direction, respectively. The hole to leading edge diameter
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Fig. 3. Schematic of film holes arrangements (all dimensions in cm).

ratio (D/4) is 0.067 and hole length to diameter ratio (L/D)
at the stagnation row is 4.51 and longer for the rows adja-
cent to the stagnation. The shaped holes geometries are
also shown. The shaped holes are designed based on
defined geometries as shown in Fig. 4. In our study, the
hole angle is compounded on the surface with 30° to the
test surface in the spanwise direction and 90° to the flow
direction and an additional 30° and 45° to the test surface
in the transverse direction. The shaped-hole flare angle f is
5° in the present geometry.

The infrared thermography system used is a FLIR Sys-
tems ThermaCAM SC 500. The camera offers a high qual-
ity, non-intrusive method for obtaining thermal data
through a commercially available software package for
data analysis. The camera has a range of —40°C to
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Fig. 4. Define shaped hole geometry (Bunker, 2005).

500 °C. The ThermaCAM 500 utilizes uncooled microbolo-
meter longwave detectors to sense IR radiation. This
makes it ideal for general thermal measurement applica-
tions. The SC 500 system features real time 14-bit digital
output, a 320 x 240 pixel detector, precision temperature
measurement, internal data storage, and outstanding ther-
mal sensitivity. The camera has following specifications:
the field of view and minimum focus distance are
24°%18° and 0.5m, respectively, the spectral range is
7.5-13 pm and accuracy is £2% or 2 °C. The test surface
is viewed through a stretched polyurethane sheet of thick-
ness at 5 um. The sheet is thin enough to cause very little
effect on IR transmissivity. The system calibration is con-
ducted using a thermocouple placed on the black painted
test surface to act as the benchmark. This 36-gage thermo-
couple is used to estimate the emissivity of the test surface.
The emissivity of the black painted test when viewed with-
out the window is 0.96. The calibrated transmissivity for
the polyurethane sheet was 0.75. Transmissivity and emis-
sivity were checked over a range of temperatures from 25—
50 °C. All calibration is in situ.

3. Procedure and analysis

The mainstream air is heated to approximately 50 °C
and is bypassed away from the test section. When the
bypass air temperature reaches the set temperature, the
air is suddenly switched into the test section and the IR
camera is triggered to take data at the same instant. The
wall temperature monitored by the thermocouple used
for emissivity estimation rises as the outside surface is
heated during the transient test at a more gradual rate than
mainstream temperature. The inside wall temperature is
unaffected by the heating on the opposite side confirming
the usage of the semi-infinite solid assumption under the
test conditions. The test surface was modeled as a semi-infi-
nite solid medium imposed by a sudden transient heating.
The entire solid medium was initially at a uniform temper-
ature before the transient test. During the transient heating
test, each point on the surface will respond with different
temperature at different time due to different heat transfer
rate. Faster time of temperature change in response to

the prescribed temperature during the transient test will
produce higher heat transfer coefficient and vice verse.
Typically the mainstream temperature increases from the
initial temperature to about 90% of the set temperature
in the first five seconds and then during the next 10-15s
reaches the maximum and then steadies. The coolant tem-
perature is, however, maintained at the initial temperature.

Vedula and Metzger (1991) presented a method wherein
two color change times can be obtained from a single tran-
sient test at every location. If during the transient, the
liquid crystal coating indicates one surface temperature
(Tw1) at time, #; and another surface temperature (7,) at
time, 7,. Basically, two events are measured at every point
leading to the solution of both / and Tt from the simulta-
neous solution of the two equations:

Twi — T; hzoctl hey/aty
ﬁ:1—exp<sz erfc 2

— . 2 /
7TW2 T =1-—exp (hka;Q) erfc (hf koct2>

Ty —T;
The wall temperatures are captured at set instants of
time over the entire surface. Several events are recorded
and stored and the wall temperatures at every surface loca-
tion are obtained from the IR images. The camera however
can provide images at 60 images/second but only selected
events are stored for processing. Other events are used
for visualization of the jet-mainstream interaction and also
provide valuable understanding of the processed heat
transfer results. The choice of selection of separate event
times was based on the analysis of the validity of Duha-
mel’s integration. The short times have high uncertainty
and large times will create possible violation of the semi-
infinite solid assumption. The two times should have far
enough apart to satisfy the two extremes. Any other
choices (20 and 50 s) or a regression analysis of the mea-
sured wall temperatures will also produce the same results.
The mainstream temperature response is also measured
and the inner wall temperature was also measured to
ensure the application of semi-infinite wall assumption.
The minimum thickness of the wall is where the coolant
cavity is and is 0.635 cm which is reasonably sufficient for
experimental test durations under 2 min. The two equa-
tions shown above are then solved simultaneously with
the two known wall temperatures at the same locations
and both unknowns / and 7 are determined. This has been
demonstrated successfully by Ekkad et al. (2004) for a sin-
gle hole injecting coolant on to a leading edge model.
Uncertainty in the calculation comes from measurement
of initial, mainstream and coolant temperatures. Estimated
uncertainty in initial and wall temperature (AT;) is +1.1 °C,
mainstream temperature (A7T,,) is +1.1 °C, and coolant
temperature (AT,) is 1.1 °C. The camera frame rate is
60 Hz resulting in a time error of +1.6% and the test sur-
face property uncertainty is estimated at +3%. The result-
ing average uncertainty using the methodology proposed
by Kline and McClintock (1953) for heat transfer coeffi-

(6)
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cient and film effectiveness is +8.5% and +11.2%, respec-
tively. However, uncertainty for local film effectiveness
depends on the local value. Uncertainty for effectiveness
measurements is +0.05.

4. Results and discussion

Tests were conducted in the low speed wind tunnel at a
free-stream Reynolds number of 19,500 based in leading
edge diameter (4) and incident mainstream velocity (U,, =
9.2 m/s). Free-stream streamwise turbulence intensity in
the test duct was around 9% and the calculated integral
length scale for turbulence was 1.09-cm. Heat transfer coef-
ficient normalized as Frossling number (Nu/Re"’) and film
effectiveness distributions are presented for three blowing
ratios of 0.5, 1.0 and 1.5 and a coolant-to-mainstream den-
sity ratio of 1.0 (air).

4.1. Effect of blowing ratio

Fig. 5 shows the effect of blowing ratio on film effective-
ness distributions for the baseline case (0°). Both detailed
distributions (contour plots) and spanwise averaged (line
plot) distributions are presented. The contour plots are dis-
played only for the region 0 < x/D < 10 where the majority
of the variations occur. Results show the high effectiveness
immediately downstream of injection with two clear peaks
downstream of the two rows of holes. The first peak occurs
at stagnation as the coolant is injected along the span of the
leading edge. The second peak also sees very little direc-
tional change due to the mainstream. Film effectiveness
increases with increasing blowing ratio with a somewhat
level off in increases as blowing ratio approaches 1.5. These
results are consistent with results presented by Funazaki
et al. (1997) with similar hole geometry.

Fig. 6 presents the effect of blowing ratio on Frossling
number for the baseline (0°) case. Immediately downstream
of the holes the Frossling numbers are greatly enhanced.
The enhancement over an uncooled surface with the pres-
ence of high free-stream turbulence for this geometry will
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Fig. 5. Effect of blowing ratio on film effectiveness distributions for Case
1.
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Fig. 6. Effect of blowing ratio on Frossling number distributions for Case
1.

be around 1.75-2.0 just downstream of the stagnation
holes. The effect of blowing ratio is minimal compared to
the overall increases caused by injection of film. These
results are also consistent with previous studies on leading
edge film cooling geometry. The present study just down-
stream of the hole shows higher Frossling numbers than
previous studies Mouzon et al. (2005, 2000) primarily
because of the different spanwise angle used for the present
hole geometry. The spanwise angle in the present study is
30° compared to a shallow angle of 20° in the previous
studies. This causes increased interaction between main-
stream and coolant jets resulting in significantly higher
Frossling numbers immediately downstream of injection
than for the shallow angle case. The values immediately
downstream are 3.0-3.5 for the present study whereas there
are 2.0-2.75 for the shallow angle cases.

Fig. 7 presents the effect of blowing ratio on film effec-
tiveness distributions for Case 2 (30°). The second peak
of high effectiveness is farther downstream due to the com-
pound angle and is significantly enhanced compared to the
baseline case. The effect is even more significant at M = 0.5
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Fig. 7. Effect of blowing ratio on film effectiveness distributions for Case
2.
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and 1.0 farther downstream of injection where the film
effectiveness is around 0.2 compared to 0.1 for Case 1. With
increasing blowing ratio up to 1.5, the drop-off is signifi-
cant leading to a conclusion that jet lift-off may be enabled
at higher blowing ratio with the additional compound
angle.

Fig. 8 presents the effect of blowing ratio on Frossling
number distributions for Case 2 (30°). The detailed distri-
butions show immediate high enhancement downstream
of injection. In this case, it appears that heat transfer is
enhanced more for M = 1.0. However, the increases are
more near and around injection region and there is very lit-
tle effect of blowing ratio downstream.

Fig. 9 presents the effect of blowing ratio on film effec-
tiveness distributions for Case 3 (45°). For this case, the
blowing ratio effect is more significant than for Cases 1
and 2. The lower blowing ratio of 0.5 is clearly the highest
effectiveness. Effectiveness decreases with increasing blow-
ing ratio. The effectiveness is almost up to 0.25 far down-
stream of injection for M =0.5 and 1.0. Jet lift-off at
M =1.5 may be causing less interaction between main-
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Fig. 8. Effect of blowing ratio on Frossling number distributions for Case
2.
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Fig. 9. Effect of blowing ratio on film effectiveness distributions for Case
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stream and the jets resulting in low film effectiveness down-
stream around the curved surface.

Fig. 10 presents the effect of blowing ratio on Frossling
number distributions for Case 3 (45°). Heat transfer coeffi-
cients are slightly higher at M = 1.0. The presence of
attached jets at lower blowing ratio leads to enhanced heat
transfer coefficients at M =0.5 and 1.0 compared to
M =1.5. It appears that the strong compound angle can
produce local mixing variations compared to smaller com-
pound angle or baseline cases.

Fig. 11 presents the effect of blowing ratio on film effec-
tiveness distributions for the shaped hole Case 4 (30°). The
two peaks of high effectiveness are broader due to stronger
diffusion of the film due to hole shaping along the leading
edge surface. The film effectiveness downstream of second
row with the additional compound angle is significantly
enhanced compared to the baseline case. The effect is even
more significant at M = 1.0 and 1.5 farther downstream of
injection where the film effectiveness is around 0.2 com-
pared to 0.1 for Case 1. It appears that the increase in

Blowing Ratio 0.5 45 Degree Cylindrical Holes
5 T T
45 ® Blowing Ratio 0.5
® Blowing Ratio 1.0
4 ¢ Blowing Ratio 1.5
35

(5]

Nu(D)/Re(D)°2
(o]
[2*] (4]

15 Blowing Ratio 1.5 15
"

0 2 7 5 5 10

Fig. 10. Effect of blowing ratio on Frossling number distributions for
Case 3.
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Fig. 11. Effect of blowing ratio on film effectiveness distributions for Case
4.
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blowing ratio from 1.0 to 1.5 produces only a small benefit
compared to increase from 0.5 to 1.0.

Fig. 12 presents the effect of blowing ratio on Frossling
number distributions for Case 4 (30°). The detailed distri-
butions show immediate high enhancement downstream
of injection. In this case, it appears that heat transfer is
enhanced for an increase in blowing ratio from 0.5 to 1.0.
However, the increases are more near and around injection
region and there is very little effect of blowing ratio
downstream.

Fig. 13 presents the effect of blowing ratio on film effec-
tiveness distributions for Case 5 (45°). For this case, the
film effectiveness after the second row is significantly higher
than for Cases 1-4. Effectiveness increases with increasing
blowing ratio. The effectiveness is almost up to 0.25 far
downstream of injection for M = 0.5 and 1.0. There is no
indication of jet lift-off at higher blowing ratios.

Fig. 14 presents the effect of blowing ratio on Frossling
number distributions for Case 5 (45°). Heat transfer coeffi-
cients are slightly higher at M =1.5. The presence of
attached jets at lower blowing ratio leads to enhanced heat
transfer coefficients at all blowing ratios with increasing
blowing ratio.

4.2. Effect of hole geometry

Fig. 15a presents the effect of hole geometry on film
effectiveness distributions for M =0.5. Results clearly
show the benefit of adding the third compound angle and
shaping the second rows of film cooling. The highest effec-
tiveness is clearly for the shaped hole with a transverse
angle of 45°. The second peak shifts downstream with the
increased compound angle creating a slightly lower effec-
tiveness area between the two rows. However, this decrease
in effectiveness in the region between the holes is clearly
compensated by the significant gains downstream. There
is almost a 400% increase in effectiveness in region 3 < x/
D <10 and a more than 100% increase far downstream.
The further shaping of the hole exit with the additional
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Fig. 12. Effect of blowing ratio on Frossling number distributions for
Case 4.
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Fig. 14. Effect of blowing ratio on Frossling number distributions for
Case 5.

compound angle clearly improves the overall effectiveness
of the coolant film. The flat surface behind the half cylinder
starts at x/D = 11. Beyond this point, the effect of blowing
ratio is negligible.

Fig. 15b presents the effect of hole geometry on film
effectiveness distributions for M =1.0. At this blowing
ratio, all the other geometries are relatively close to each
other farther downstream but the shaped hole with com-
pound angle of 45° is significantly superior in performance.
It appears that once blowing ratio increases, a stronger
compound angle is not sufficient to produce significant
increases and hence shaping the exit reduces lateral
momentum and thus spreading the jets on the surface.

Fig. 15c presents the effect of hole geometry on film
effectiveness distributions for M =1.5. The baseline case
clearly outperforms the compound angle cases for this
higher blowing ratio. It appears that the lift-off phenomena
is causing jets to detach from the curved surface when
injected through the compound angled holes resulting in
lower film effectiveness both near and downstream. This
result is interesting as it indicates that the baseline case
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Fig. 15. Effect of hole geometry on film effectiveness distributions.

keeps the coolant adhered to the surface as the injection
holes are more closely packed. However, the exit shaping
of the compound angle holes helps to reduce this jet lift-
off and decrease the lateral momentum and thus signifi-
cantly enhance film effectiveness over the baseline case. It
appears that hole shaping is also beneficial at higher blow-
ing ratios compared to just adding the compound angle.
Fig. 16 presents the effect of hole geometry on Frossling
number distributions for all blowing ratios. It appears that
the hole angle effect is negligible except in the region imme-
diately downstream of the compound angle hole row where
30° angle with shaped exit produces slightly lower heat
transfer coefficients. It appears that the boundary layer
undergoes transition around x/D = 10 as a sudden increase
in heat transfer is seen downstream of that point. The heat
transfer coefficient continues to increase until x/D =15

Nu(DIRe(D0s

Fig. 16. Effect of hole geometry on Frossling number distributions.

where transition to turbulent boundary is complete and
heat transfer coefficient begins to decrease downstream.

Fig. 16b presents the effect of hole geometry on Fros-
sling number distributions for M = 1.0. The results are
similar to that for M = 0.5. Again, boundary layer transi-
tion effects are seen between x/D of 10 and 15. Although,
the transition region appears to be smaller for Case 2 com-
pared to Case 1.

Fig. 16¢c presents the effect of hole geometry on Fros-
sling number distributions for M = 1.5. The results are
similar to that for M = 0.5. It appears that the 45° angle
hole with shaped exit produces overall higher heat transfer
coefficient as expected with the higher effectiveness. How-
ever, the heat transfer increases are not significant com-
pared to the advantages of the higher cooling effectiveness
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obtained. The attached jets for shaped holes lead to local
turbulence increases directly impacting heat transfer coeffi-
cients and also seem to produce a stronger boundary layer
transition downstream.

Fig. 17 presents the overall averaged film effectiveness,
Frossling number, and heat flux ratio distributions. The
entire measured region was averaged to obtain a single
value. It is interesting to note that the baseline case shows
a monotonous increase in effectiveness as blowing ratio
increases. Both Cases 2-3 are higher than baseline at
M = 0.5 but decrease with increasing blowing ratio to val-
ues below baseline at M = 1.5. The shaped holes show a
peak at M =1.0 and decrease at higher blowing ratios
although the values are still higher than the baseline case
for Case 5 (shaped 45°). The Frossling numbers are almost
similar for Cases 1-3 but Case 4 shows lower overall aver-
aged Frossling number at lower blowing ratios. Case 5
shows the highest values due to increased mixing as
explained earlier.

Fig. 18 presents the effect of blowing ratio on overall
area-averaged heat flux ratio (¢”/qg) for all five cases. This
ratio indicates the reduction in heat flux obtained by intro-
duction of film cooling over the surface. If the value is
below 1.0, the effect is positive. If the value is greater than
1.0, then the presence of film cooling is detrimental. The
heat flux ratio is calculated based on the formulation pre-
sented by Ekkad et al. (1997). The overall averaged heat
transfer coefficient without film holes (hg) was estimated
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distributions.

based on the correlations presented by Mehendale and
Han (1992). The heat transfer ratio with and without film
injection (//hy) and the local film effectiveness are used to
calculate the local heat flux ratio.

q_”zﬁ(l_ﬁ)
g5 ho ¢

The term ¢ is the overall cooling effectiveness and ranges
between 0.5 and 0.7 for typical blade cooling systems. In
this study, a typical value of 0.6 is chosen. It is clear that
the shaped hole cases perform very well at low blowing
ratios compared to other geometries. However, the baseline
case performs as well as the shaped hole cases for M = 1.5.

5. Conclusions

A detailed study on the effect of an additional com-
pound angle and hole shaping on leading edge rows adja-
cent to stagnation row was studied. The film cooling hole
angles were varied from no additional angle to 30-45°.
Results show that the addition of the third compound
angle on these rows increases film effectiveness significantly
at lower blowing rations with increases up to 200% in cer-
tain regions. The additional compound angle induces jet
lift-off at higher blowing ratios resulting in lower film effec-
tiveness for the compound angle holes. Overall, the film
effectiveness distributions are significantly altered by add-
ing the third compound angle especially at lower blowing
ratios. The heat transfer coefficient is very slightly affected
by introducing this additional angle which is a positive
result. Shaping the hole exit for the compounded angle sig-
nificantly enhances film effectiveness over the baseline and
the unshaped compound angle holes. Effectiveness
enhancements are up to 150% over baseline. However, heat
transfer coefficients are unaffected at lower blowing rations
and although some enhancement is seen at higher blowing
ratios for shaped holes. The study proves that higher cool-
ing effectiveness can be obtained by designing more com-
plex holes for film cooling especially in critical regions
such as turbine blade leading edge region.
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