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Effect of Film-Hole Shape on Turbine-Blade Heat-Transfer
Coef� cient Distribution
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Detailed heat-transfer coef� cient distributions on the suction side of a gas turbine blade were measured using
a transient liquid crystal image method. The blade has only one row of � lm holes near the gill-hole portion on
the suction side of the blade. Studies on three different kinds of � lm-cooling hole shapes were presented. The hole
geometries studied include standard cylindrical holes and holes with a diffuser-shaped exit portion (i.e., fan-shaped
holes and laidback fan-shaped holes). Tests were performed on a � ve-blade linear cascade in a low-speed wind
tunnel. The mainstream Reynolds number based on the cascade exit velocity was 5:3 £ £ 105 . Upstream unsteady
wakes were simulated using a spoke-wheel-type wake generator. The wake Strouhal number was kept at 0 and
0.1. The coolant-to-mainstream blowing ratio was varied from 0.4 to 1.2. The results show that unsteady wake
generally tends to induce earlier boundary-layer transition and enhance the surface heat-transfer coef� cients.
When compared to the cylindrical hole case, both the expanded hole injections have much lower heat-transfer
coef� cients over the surface downstream of the injection location, particularly at high blowing ratios. However,
the expanded hole injections induce earlier boundary-layer transition to turbulence and enhance heat-transfer
coef� cients at the latter part of the blade suction surface.

Nomenclature
Cx = blade axial chord length (17 cm)
D = � lm-hole diameter
d = wake generator rod diameter
h = local heat-transfer coef� cient
k = thermal conductivityof blade material (0.159 W/m¢ ±C)
kair = thermal conductivityof mainstream air
L = � lm-cooling hole length
M = coolant-to-mainstreammass � ux ratio

or blowing ratio, ½c Vc=½m V
N = speed of rotating rods
Nu = local Nusselt number based on axial chord, hCx =kair
NNu = spanwise-averagedNusselt number

n = number of rods on wake generator
P = � lm-hole pitch
Re = Reynolds number based on exit velocity

and axial chord, V2Cx =º
S = wake Strouhal number, 2¼ Ndn=.60V1/
SL = streamwise length on the suction surface (33.1 cm)
Tc = coolant temperature
Ti = initial temperature of blade surface
Tm = mainstream temperature
Tw = liquid crystal color change from green to red
T̄u = mean turbulence intensity
t = liquid crystal color change time
V1 = cascade inlet velocity
V2 = cascade exit velocity
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X = streamwise distance starting from � lm-hole centerline;
streamwise distance measured from leading edge to
� lm-hole centerline

Y = perpendiculardistance from blade surface
® = thermal diffusivity of blade material (0:135 £ 10 6 m2/s)
±2 = local momentum thickness
º = kinematic viscosity of cascade inlet mainstream air
½c = coolant density
½m = mainstream � ow density

Introduction

A CONTINUING trend toward highergas-turbineinlet tempera-
tures has resulted in higher heat loads on turbine components;

therefore, sophisticatedcooling techniquesmust be used to cool the
components to maintain the performance requirements. Some tur-
bine blades are cooled by ejecting cooler air from within the blade
through discrete holes, which provides a protective � lm on the sur-
face exposed to the hot gas path. Cooling jet injection can result in
higher heat-transfer coef� cients downstream of the injection loca-
tion. However, the heat-transfer rates can still be substantially re-
duced because of a decreased � lm-to-wall temperature difference.
Many studies have presented heat-transfer measurements on tur-
bine blades with � lm cooling. Nirmalan and Hylton,1 Abuaf et al.,2

Ames,3;4 and Drost and Bölcs5 studied � lm-cooling heat transfer
on � lm-cooled turbine vanes. Camci and Arts6 and Takeishi et al.7

studied � lm-cooling heat transfer on � lm-cooled turbine blades.
Ito et al.8 and Haas et al.9 studied the effect of coolant density on
� lm-cooling effectivenesson turbine blades under low mainstream
turbulence levels.

The effect of unsteadywakes producedby upstream vane trailing
edges has a strong effect on rotor blade surface heat-transfer coef-
� cient distributions. Several studies have focused on the effect of
unsteady wakes on the downstream blade heat-transfer coef� cient
distributions without � lm cooling. They all reported that unsteady
wakes enhanced turbine-blade heat transfer and caused earlier and
longer laminar-turbulent boundary-layer transition on the suction
surface. Few studies have focused on the effect of unsteady wakes
on � lm-cooled turbineblades.Abhari and Epstein10 conductedheat-
transfer experiments on a � lm-cooled transonic turbine stage in
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a short-duration turbine facility. They measured steady and time-
resolved, chordwise heat-� ux distributions at three spanwise loca-
tions. They concluded that � lm cooling reduces the time-averaged
heat transfer by about 60% on the suction surface compared to the
uncooled rotor blade. However, the effect is relatively low on the
pressure surface. Ou et al.11 and Mehendale et al.12 simulated un-
steady wake conditions over a linear turbine-blade cascade with
� lm cooling. They studied the effects of unsteady wake on a model
turbine blade with multiple-row � lm cooling using air and CO2 as
coolants.They measured heat-transfercoef� cients and � lm-cooling
effectiveness at discrete locations using thin foil heating and mul-
tiple thermocouples.They concluded that heat-transfercoef� cients
increase and � lm-cooling effectivenessvalues decrease with an in-
crease in unsteady wake strength. Du et al.13;14 used a transient
liquid crystal technique to measure the detailed heat-transfercoef� -
cient and � lm effectivenessdistributionsover a � lm-cooled turbine
blade under the effect of upstreamunsteadywakes. They concluded
that unsteady wake slightly enhances Nusselt numbers but signif-
icantly reduces � lm-cooling effectiveness on a � lm-cooled blade
surface as compared to a � lm-cooled blade without unsteady wake.
Teng et al.15 studied unsteady wake effect on � lm temperature and
effectiveness distributions for a gas turbine blade with one row of
cylindrical � lm holes near the suction side gill-hole region. They
concluded that unsteady wake reduces � lm-cooling effectiveness.
They also found out that � lm injection enhances local heat-transfer
coef� cient, whereas the unsteady wake promotes earlier boundary-
layer transition.

To improve the cooling effectiveness and thus increase the life-
time of gas turbine blades, an attempt has recently been made to
contour the � lm-hole geometry. Film-cooling holes with a diffuser-
shaped expansion at the exit portion of the holes are believed to
improve the � lm-cooling performance on a gas turbine blade. The
increased cross-sectional area at the hole exit compared to a stan-
dard cylindrical hole leads to reduction of the coolant velocity for
a given blowing ratio. The momentum � ux of the jet exiting the
hole and the penetration of the jet into the mainstream will be re-
duced accordingly,which results in an increased cooling ef� ciency.
Furthermore, lateral expansion of the hole provides an improved
lateral spreading of the jet, which leads to a better coverage of the
airfoil in the lateral direction and a higher laterally averaged � lm-
cooling ef� ciency. A few previous studies have shown that expand-
ing the exit of the cooling hole improves � lm-cooling performance
in comparison to a cylindrical hole. Goldstein et al.16 reported that
overall improvements in adiabatic effectivenesswere found for the
� at-plate � lm cooling with laterally expanded holes. Makki and
Jekubowski17 reported that the same improvements were found for
forward-expanded holes. Haller and Camus18 performed aerody-
namic loss measurements on a two-dimensional transonic cascade.
Holes with a spanwise � are angle of 25 deg were found to offer
signi� cant improvements in � lm-cooling effectivenesswithout any
additional loss penalty. Schmidt et al.19 and Sen et al.20 compared
a cylindrical hole to a forward-expanded hole, both of them hav-
ing compound angle injection for the � at-plate � lm cooling. Al-
though the spatially averaged effectiveness for the cylindrical and
forward-expandedholes was the same, a larger lateral spreadingof
the forward-expanded jet was found. Gritsch et al.21;22 performed
detailed measurements of the � at-plate � lm-cooling effectiveness
and heat-transfer coef� cients for single holes with expanded exits.
They reported that, compared to the cylindrical holes, the two ex-
panded holes in their study show signi� cantly improved thermal
protection of the surface downstream of the ejection location, par-
ticularly at the high blowing ratios. Bell et al.23 studied � lm cooling
from shaped holes on a � at plate and found out that the amount of
expansion is critical to the improvement of thermal protection.

All of the preceding studies have proven that � lm-cooling holes
with a diffuser-shapedexpansionat the exit portionof the hole have
improved � lm-cooling performance in comparison to cylindrical
holes. It is of great interest to understandthe effect of the hole shape
on turbine-blade heat transfer under turbomachinery � ow condi-
tions, that is, consideration of the effect of surface curvature and
pressure gradient that exists on a real turbine blade. However, most

of the just-mentioned shape hole � lm-cooling studies are for � at-
plate geometry.There are very few studies present in open literature
examining the effects of hole shape on turbine-blade heat transfer
under steady and unsteady wake conditions. This study focuses on
only one row of � lm holes near the suction-side gill-hole portion in
order to investigatethe hole shape effect on the curved blade surface
under strong � ow acceleration conditions. Film-cooling holes with
and without exit expansionsare studied and compared under steady
and unsteadywake conditions.In the present studya transient liquid
crystal method is used to measure the detailed heat-transfer coef� -
cient and � lm-cooling effectivenessdistributions. The high resolu-
tion of the liquid crystal technique provides a clear picture of how
the heat-transfercoef� cient and � lm-cooling effectivenessdistribu-
tions vary along the blade surface with different � lm hole shapes.
The results also provide a good database for � lm-cooling compu-
tational model development. This paper focuses on the results of
the detailed heat-transfercoef� cient distributions.The correspond-
ing results of the detailed � lm-cooling effectiveness distributions
and � lm-cooling performance are presented in an accompanying
paper.24

Experimental Apparatus
Figure 1a shows the schematic of the test section and camera lo-

cations.The test apparatusconsists of a low-speedwind tunnel with
an inlet nozzle, a linear turbine-bladecascade with the test blade in
the center, and a suction-typeblower.The wind tunnel is designedto
accommodatethe 107.49-degturn of the bladecascade.The cascade
inlet mean velocity is about 20 m/s. The mean velocity increases2.5
times from the inlet of the cascade to the exit. The test apparatuswas
described in detail by Ou et al.11 A spoked-wheel-typewake gener-
ator, similar to the one used by Ou et al.,11 simulated the upstream
unsteady wake. The wake generator has 32 rods, each 0.63 cm in
diameter, to simulate the trailing edge of an upstream vane. The
wake Strouhal number is adjusted by controlling the rod rotation

Fig. 1a Five-bladecascade with center bladecoated with liquidcrystal
and viewed by two cameras.

Fig. 1b Two-dimensional view of the � lm-cooled blade model.
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speed N . The error caused by using nonparallelrotating rods with a
linear blade cascadewas small and was discussedby Ou et al.11 The
blade con� guration, scaled up � ve times, producesa velocitydistri-
bution typical of an advanced high-pressureturbine-bladerow. The
cascade has � ve blades, each with an axial chord length of 17 cm
and a radial span of 25.2 cm. The blade spacing is 17.01 cm at the
cascadeinlet,and the throat-to-bladespan ratio is 0.2.Du et al.13 pre-
sentedthe local-to-exitvelocityratio distributionaroundthe bladeas
well as the instantaneousvelocity, ensemble-averagedvelocity, and
ensemble-averagedturbulencepro� les at the cascade inlet under the
effect of upstream unsteadywakes. The velocityon the suction side
accelerates to about X=SL D 0:5 .V=V2 D 110%) and then deceler-
ates slightly until the exit. In the present study a row of � lm holes is
located near the suction-side gill-hole region X=SL D 0:12, where
V=V2 is about68%, the momentumthickness±2 is about9 £ 10 4m,
and the momentum thickness Reynolds number is about 2 £ 102

for steady � ow. The unsteady wakes are actually velocity de� cits
caused by the blockageof mainstream� ow by the rotatingrods.The
ensemble-averagedturbulenceintensity pro� les at the cascade inlet
show that intensity could be as high as 20% inside the wake, but the
time mean-averaged turbulence intensity is about 10.4%. For cases
without unsteady wake effect, that is, without the rotating rods in
the mainstream � ow, the time mean-averaged turbulence is about
0.7%.

The present � lm-cooled turbine-blade model is the same as the
one used by Teng et al.15 Figure 1b presents a two-dimensionalview
of the � lm-cooled turbine-blademodel. There is one cavity used to
supply coolant to the row of � lm holes on the suction side. The � lm
holes, 1.905 mm in diameter and 10.16 mm apart from one another
.P=D D 5:3/, have a radial angle of 90 deg and a tangentialangle of
40deg.The � lm hole lengthis 15mm .L=D D 7:9/. Flow rate is con-
trolled by a � ow meter. The unheatedcoolant � ow is passed through
a solenoid-controlledthree-waydivertervalvebefore the � ow enters
the coolant cavity inside the blade. The solenoid-controlledvalve is
connected to a switch that triggers the coolant � ow into the cavity
at the instant the transient test is initiated.

The liquid crystal coated surfacearea is 7.2 cm wide, and the data
acquisitionarea is 2.5 cm wide along the midspan region of the test
blade. In heat-transfermeasurements the test blade surface is heated
uniformly using a heater box.15 The heater box has the blade shape
and is slightly larger than the test blade.The insidesof the heaterbox
are instrumented with thin foil heaters and controlled using several
variacs to provide a near uniform surface temperature. The heater
box is lowered to completely cover the test blade during heating.
The heater box is raised completely to expose the test blade to the
mainstream during the transient test. The blade surface temperature
is monitored using embedded thermocouples during heating. The
uniformity of surface temperature with heating is within §1:2±C.
An interpolationscheme was used to further reduce the temperature
variation in the initial surface temperature to within §0:2±C. In the
present study the blade surface is heated to a temperature above
liquid crystal blue color (37:2±C). The mainstream air is turned
on by starting the suction-type blower. When the blower reaches
the stable test � ow conditions, the heater box is raised to expose
the hot blade to the room temperature mainstream air within 0.1 s.
When the heater box completely clears the blade height, the liquid
crystaldataacquisitionsystemis automaticallytriggered.The liquid
crystal color change time is measured using a high-precisionimage-
processingsystem. The transient tests last about 60–90 s in average.
The system consists of two cameras individually connected to a
color frame grabber board in the personal computer and a monitor.
Software is used to measure the time of color change of liquid
crystals. During one test, only one camera is operational. Hence,
we require two different runs with two different camera locations to
measureone set of data on the suction side for a particularcondition.
Details on the image-processing system were presented by Teng
et al.15 The image-processing system consists of an RGB camera,
monitor, and a personal computer with color frame grabber board.

Figure2 presentsthe three typesof holegeometriesstudied:cylin-
drical hole, fan-shapedhole, and laidback fan-shapedhole.The hole
geometries are similar to those used by Gritsch et al.21 They have

Fig. 2 Film-cooling hole geometries.

shown that, in � at-plate geometry, expanded holes show signi� -
cantly improved thermal protection of the surface downstream of
the ejection location as compared to the cylindrical hole. In the
present study a row of nine holes of each shape located near the
blade suction-side gill-hole region (X=SL D 0:12) has been em-
ployed. The diameter of the cylindrical hole D and diameter of the
cylindrical inlet section of the expanded hole is 1.91 mm. For all
geometries the inclinationangle is 40 deg, the pitch-to-diameterra-
tio is P=D D 5:3, and the length-to-diameterratio L=D is 7.9. The
lateral expansion angle of both expanded holes is 7.24 deg. The
exit forward expansion angle of the laidback fan-shaped hole is 25
deg. For the fan-shaped and laidback fan-shaped hole the calcula-
tion of the blowing ratio was based on the inlet cross-sectionalarea
of these holes, that is, the same as the cylindrical hole. In this study
this means that the same blowing ratio provides the same amount
of coolant ejected under the same mainstream condition. Thus, the
blowing ratio of the shaped holes can be directly compared to those
of the cylindrical hole, which makes it more convenient to evaluate
the effect of the hole exit shape.

Data Analysis
A transient liquid crystal technique was used to measure the de-

tailed heat-transfer coef� cients and � lm-cooling effectiveness on
the blade suction surface. The technique is similar to the one de-
scribed by Teng et al.15 A one-dimensional transient conduction
model into a semi-in� nite solid with convectiveboundarycondition
is assumed. The solution for surface temperature is obtained as
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where Tw is the wall temperature when liquid crystals change to
red from green (32:7±C) at time t . The heat transfer coef� cient is
obtained from Eq. 1. The preceding equation is solved at each point
on the blade surface (16,600 points) to obtain the detailed heat-
transfer coef� cient distributions.

The average uncertainty in heat-transfer coef� cient measure-
ment was estimated to be §6:5%. The individual uncertainties in
the measurement of the time of color change (1t D §5%), the
mainstream temperature (1Tm D §1:3%), the initial temperature
(1Ti D §0:6%), the color change temperature (1Tw D §3%), and
the wall material properties (1®=k2 D §2%) are included in the
calculation of the overall uncertainty in the measurement. The un-
certainty in the immediate vicinity of the hole (less than 1 diameter
around the hole) could be higher as a result of invalidation of the
one-dimensional semi-in� nite model assumption.
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a) S = 0:0, no � lm hole and M = 0:6; 0:8; 1:2

b) S = 0:1, no � lm hole and M = 0:6; 0:8; 1:2

Fig. 3 Detailed Nusselt-number distributions of cylindrical holes for
cases at different blowing ratios, with and without wake effect.

Results and Discussion
Experiments were performed at a cascade exit Reynolds number

of 5:3 £ 105. The corresponding � ow velocity at the cascade exit
was 50 m/s. Air as coolant was tested at blowing ratios of 0.4, 0.6,
0.8, and 1.2 for the no-rod, no-wake cases (S D 0, NT u D 0:7%) and
cases with wake (S D 0:1, NT u D 10:4%).

Detailed Heat-Transfer Coef� cient Distributions

Figures 3–5 present the detailedheat-transfercoef� cient distribu-
tions for cylindrical, fan-shaped, and laidback fan-shaped cooling
holes, respectively. Figures labeled (a1–a5) are for the cases with-
out wake effect and � gures labeled (b1–b5) are for the cases with
wake effect. Additionally, (a1) and (b1) are for the cases without
� lm holes, and the others in each group have blowing ratios ranging
from 0.4 to 1.2.

For a no � lm-holebladewithoutwakeeffect case (a1), theNusselt
numbersdrop rapidlyfrom the leadingedge to about X=SL D 0:5 on
the suctionsurface,and then increaseagainbecauseof theboundary-
layer transitionto turbulent� ow. The Nusseltnumbersalso decrease
along the streamwise direction for a no � lm-hole blade with wake
effect (case b1), but the boundary-layertransition occurs much ear-
lier (X=SL D 0:25) for this case than for case a1. Also, the Nusselt
numbers for case (b1) are higher than case (a1) before the transition
begins.

Film injection through cylindrical holes (Fig. 3) causes the
Nusselt numbers at locations immediately downstream of the � lm
holes to increase signi� cantly as a result of the mainstream and
coolant jet interaction. Traces of high Nusselt numbers are formed
immediately downstream of the � lm holes. The higher the blow-
ing ratio, that is, the more mixing between the mainstream and the
coolant jet, the longer this trace of highly increased Nusselt num-

a) S = 0:0, no � lm hole and M = 0:4; 0:6; 0:8; 1:2

b) S = 0:1, no � lm hole and M = 0:4; 0:6; 0:8; 1:2

Fig. 4 Detailed Nusselt-number distributions of fan-shaped holes for
cases at different blowing ratios, with and without wake effect.

bers. The � lm injection disturbs the boundary layer, which causes
transition to occur slightly earlier for cases (a2–a4) than case (a1).
As soon as the boundary-layer transition begins, the Nusselt num-
bers increaseat about the same rate as case (a1) and keep increasing
further down the blade before beginning to decrease. The same is
true for the cases with both � lm cooling and unsteady wake effect,
as seen by comparingcases (b2–b4) with case (b1). However, notice
that, with or without � lm cooling, the additionof unsteadywake has
caused the boundary-layer transition to occur signi� cantly earlier
than thecaseswithoutunsteadywake.This is becauseunsteadywake
interacts with the boundary layer; thus causingan earlier boundary-
layer transition and enhancing the surface heat transfer. Also, the
cases with wake effect show that streaks of high Nusselt numbers
immediately downstream of the � lm holes are a little shorter when
compared to the cases without wake effect. This is caused by the
unsteady wake, which causes the cooling jet to dilute faster along
the streamwise direction than in the cases without unsteady wake.

For � lm injection through fan-shaped holes (Fig. 4), the Nusselt
numbers immediately downstream of the � lm ejection location are
signi� cantly reduced when compared with the no � lm-hole case
(a1). Traces of low Nusselt number are formed immediately down-
stream of the fan-shaped � lm holes. This is because � lm injection
throughthe fan-shapedholeshas a lower momentumcomparedwith
a cylindrical hole case with the same blowing ratio. The lower mo-
mentum coolant jets from the fan-shaped holes tend to stay closer
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a) S = 0:0, no � lm hole and M = 0:4; 0:6; 0:8; 1:2

b) S = 0:1, no � lm hole and M = 0:4; 0:6; 0:8; 1:2

Fig. 5 Detailed Nusselt-number distributions of laidback fan-shaped
holes for cases at different blowing ratios, with and without wake effect.

to the blade surface, which reduces interaction (mixing) with the
mainstream. Nusselt numbers downstream of the injection loca-
tion increase along the streamwise direction as the mainstream be-
gins to interact with the coolant jet. The Nusselt numbers also in-
crease with the increase of blowing ratio as a result of the increased
jet-to-mainstreaminteraction. Similar to the cylindrical hole cases,
the boundary-layer transition for fan-shaped holes (a2–a5) occurs
slightlyearlier than the no � lm-hole case (a1) becauseof the � lm in-
jection.As soonas the boundary-layertransitionbegins, the Nusselt
numbers increaseat a slower rate than the no � lm-hole case (a1) and
keep increasingfurtherdown the bladebefore beginningto decrease
again.The same is true for caseswith both � lm coolingand unsteady
wake effect, as seen by comparingcases (b2–b5) with case (b1). The
addition of the unsteady wake effect causes boundary-layer transi-
tion to occur signi� cantly earlier than in the cases without unsteady
wake. Also, for cases with wake effect, the streaks of low Nus-
selt region immediately downstream of the � lm holes are reduced
compared with cases without wake effect, which is caused by the
interaction between the unsteady wake and the boundary layer.

Traces of low Nusselt number form immediately downstream of
the � lm holes for cases of laidback fanshaped holes (Fig. 5). The
Nusselt numbers are slightly higher, and the boundary-layertransi-
tion occurs slightly earlier in comparison with their corresponding
cases for fan-shaped holes. The wide traces of low Nusselt number
immediatelydownstreamof the fan-shapedand laidbackfan-shaped

a)

b)

Fig. 6 Spanwise-averagedNusselt-numberdistributionsof cylindrical
holes for a) steady � ow, S = 0:0 and b) unsteady � ow with wake effect,
S = 0:1.

� lm holes, especially for the cases without wake effect, indicate a
low heat-transfer rate between the blade surface and the cooling
jet, and thus a much improved thermal protection in comparison
to the standard cylindrical hole � lm cooling. However, � lm injec-
tion through fan-shaped and laidback fan-shaped holes induce ear-
lier boundary-layertransition compared with cylindrical holes. The
Nusselt number after boundary-layer transition is also higher for
fan-shaped and laidback fan-shaped hole injection.

Spanwise-Averaged Heat-Transfer Coef� cient Distributions

Figure 6–8 present the spanwise-averaged Nusselt number dis-
tributions of cylindrical, fan-shaped and laidback fan-shaped holes
for 1) steady � ow and 2) unsteady � ow with wake effect. The small
arrows on the horizontal coordinate indicate the location of � lm in-
jection (X=SL D 0:12). The results for the no � lm-hole blade with
and without wake effect agree with those for the same cases from
Ou et al.,11 who used the thin-foil-thermocouple technique to study
the heat-transfercoef� cient over the same turbine-blademodel.

Figure 6 presents the spanwise-averagedNusselt number distri-
butions for � lm injection through cylindrical holes. The spanwise-
averaged Nusselt number shows a peak increase right downstream
of the jet ejection location. It then decreases along the streamwise
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a)

b)

Fig. 7 Spanwise-averaged Nusselt-number distributions of fan-
shaped holes for a) steady � ow, S = 0:0 and b) unsteady � ow with wake
effect, S = 0:1.

direction until it reaches the boundary-layer transition location,
where it begins to increase again to reach its second peak value.
The second peak value is higher than the � rst one. For the cases
with wake effect, however, the spanwise-averagedNusselt numbers
do not drop as low as the cases without wake effect before they
begin to increase again as a result of a much earlier boundary-layer
transition. Figure 6 shows that the Nusselt numbers downstream
of the injection location increase with blowing ratio. This is be-
cause an increased blowing ratio causes more interaction (mixing)
between the coolant jet and the mainstream and, thus, increase the
heat-transfer coef� cients. For a high blowing ratio of 1.2, the Nus-
selt numbers downstream of the injection location can increase up
to 60%. The spanwise-averagedNusselt numbersdo not show much
differencebetween differentblowing ratios after the boundary-layer
transition. The addition of the unsteady wake effect promotes ear-
lier boundary-layer transition for all blowing ratios. In comparison
to cases without wake effect, the spanwise-averagedNusselt num-
bers do not drop much before the boundary-layer transition occurs.
The blowing ratio effect is very small compared with the effect of
unsteady wake as far as the boundary-layer transition location is
concerned.

Figure 7 shows that the spanwise-averagedNusselt numbers also
increasewith the increaseof blowing ratio for � lm injectionthrough

a)

b)

Fig. 8 Spanwise-averaged Nusselt-number distributions of laidback
fan-shaped holes for a) steady � ow, S = 0:0 and b) unsteady � ow with
wake effect, S = 0:1.

fan-shapedholes.However, the spanwise-averagedNusseltnumbers
immediatelydownstreamof the � lm ejection locationare lower than
that of the no � lm-hole case. The Nusselt numbers downstream of
the injection location can decrease up to 40% for a low blowing
ratio of 0.4. Boundary-layer transitionoccurs earlier as the blowing
ratio increases.With the additionof unsteadywake, boundary-layer
transition occurs even earlier, but distinguishes the blowing ratio
effect on boundary-layer transition.

Film injection through laidback fan-shaped holes (Fig. 8) has
spanwise-averagedNusselt-numberdistributionsthat are insensitive
to blowing ratios, either under steady or unsteady � ow conditions.
At the locations immediately downstream of the � lm injection, the
spanwise-averagedNusselt numbers are slightly lower than that of
no � lm-hole case when there is no wake effect, whereas they are
much lower (up to 25–30%) than when there is wake effect. Un-
steady wake effect also promotes earlier boundary transition for
� lm injection through laidback fan-shaped holes.

Effect of Hole Shape

Figure 9 presents the effect of hole shape on spanwise-averaged
Nusselt-number distributions for cases at a low blowing ratio of
M D 0:6. For � lm injection through fan-shaped and laidback fan-
shaped holes, the spanwise-averagedNusselt numbers immediately
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a)

b)

Fig. 9 Effect of hole shape on spanwise-averaged Nusselt-number dis-
tributions for M = 0:6: a) steady � ow, S = 0:0 and b) unsteady � ow with
wake effect, S = 0:1.

downstream of the � lm ejection location are much lower than that
for the cylindrical hole case. This implies that, for fan-shaped and
laidback fan-shaped hole injection, the coolant jet with reduced
momentum tends to attach to the blade surface and thus reduces the
interaction with mainstream at locations immediately downstream
of the � lm injection. However, the low-momentum jet may stay in
but disturb the laminar boundary layer along the blade surface.This
causes an earlier boundary-layertransitionfor both fan-shapedhole
injectionsin comparisonwith the cylindricalhole injection.Because
of earlier boundary-layertransition, the spanwise-averagedNusselt
numbersof both fan-shapedand laidbackfan-shapedholes are much
higher than that of the cylindrical hole case in the latter part of the
blade surface.The additionof unsteadywake has led to an increased
Nusselt-number difference in the front part of the blade surface:
the region downstream of injection where the spanwise-averaged
Nusselt numbers of fan-shaped and laidback fan-shaped holes are
less than that of the cylindrical hole case is more than doubled in
the streamwise direction. However, the boundary-layer transition

a)

b)

Fig. 10 Effect of hole shape on spanwise-averaged Nusselt-number
distributions for M = 1:2: a) steady � ow, S = 0:0 and b) unsteady � ow
with wake effect, S = 0:1.

location is almost the same for the three types of � lm hole injection
and the no � lm-hole case when there is unsteady wake effect.

Figure 10 presents the effect of hole shape on spanwise-averaged
Nusselt-number distributionsfor cases with a high blowing ratio of
M D 1:2. The general trend is almost the same as the cases with
M D 0:6. For the cases under steady � ow condition, the spanwise-
averaged Nusselt number is higher than that of no � lm-hole case
for all three kinds of holes. Film injection through cylindrical
holes produces the highest spanwise-averaged Nusselt numbers in
the region immediately downstream of the � lm injection location,
whereas fan-shaped and laidback fan-shaped hole injection have
higher spanwise-averagedNusselt numbers at the latter part of the
blade surface. With the addition of unsteadywake, the hole effect is
intensi� ed at the front part of the blade. In the region immediately
downstream of � lm injection, the spanwise-averagedNusselt num-
bers for fan-shapedand laidbackfan-shapedhole injectionare much
lower than that of cylindrical hole injection. The differences of the
spanwise-averagedNusselt numbers for different hole injection are
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reduced at the rear part of the blade surface. The boundary-layer
transition location is almost the same for the three types of � lm hole
and the no � lm-hole case when there is an unsteady wake effect.

Conclusions
Detailed measurements of heat-transfercoef� cients on a gas tur-

bine blade are presented. The � lm-hole geometries studied include
standardcylindricalholes and holes with a diffuser-shapedexit por-
tion (i.e., fan-shaped holes and laidback fan-shaped holes). The re-
sults show that the cooling hole shape has an important impact on
the heat-transfer coef� cient distribution.The conclusions based on
the experimental results are the following:

1) For � lm injection through cylindrical holes, the Nusselt num-
bers downstream of the injection location increase with an increase
in blowing ratio. The Nusselt numbers downstream of the injection
location can increase up to 60% for a high blowing ratio of 1.2 as
compared with no � lm-hole case. Unsteady wake promotes earlier
boundary-layertransitionregardlessof the in� uencesof the blowing
ratio.

2) For � lm injection through fan-shaped holes, the Nusselt num-
bers downstream of the injection location increase with an increase
in blowing ratio; however, they are lower than that of the no � lm-
holecase.The Nusseltnumbersdownstreamof the injectionlocation
can decrease up to 40% for a low blowing ratio of 0.4. However,
fan-shaped hole injection promotes earlier boundary-layer transi-
tion as the blowing ratio increases. Unsteady wake causes earlier
boundary-layer transition regardless of the blowing ratio effect.

3) The Nusselt numbers are insensitive to blowing ratios for � lm
injection through laidback fan-shaped holes. Unsteady wake again
causes an even earlier boundary-layer transition regardless of the
blowing ratio effect.

4) For steady � ow, when compared with cylindrical holes, both
fan-shapedand laidback fan-shapedholes have much lower Nusselt
numbers immediately downstream of the � lm injection location.
However,theycausehigherheat-transfercoef� cientsin thelatterpart
of the blade surface as a result of earlier boundary-layertransition.

5) For unsteady� ow, when comparedwith cylindricalholes, both
fan-shaped and laidback fan-shaped holes also have much lower
Nusselt numbers immediately downstream of the � lm injection lo-
cation. They have almost the same boundary-layer transition loca-
tion as the cylindricalhole case, yet their Nusseltnumbersare higher
after transition into the turbulent region.
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