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Abstract

The film cooling effectiveness on the surface of a high pressure turbine blade is measured using the pressure sensitive paint (PSP) tech-
nique. Four rows of axial laid-back, fan-shaped cooling holes are distributed on the pressure side while two such rows are provided on
the suction side. The coolant is only injected to either the pressure side or suction side of the blade at five average blowing ratios ranging
from 0.4 to 1.5. The presence of wakes due to upstream vanes is simulated by placing a periodic set of rods upstream of the test blade.
Effect of the upstream wakes is recorded at four different phase locations with equal intervals along the pitch-wise direction. The free-
stream Mach numbers at cascade inlet and exit are 0.27 and 0.44, respectively. Results reveal that the tip leakage vortices and endwall
vortices sweep the coolant film on the suction side to the midspan region. The film cooling effectiveness on the suction side is usually
higher than that on the pressure side except the regions affected by the secondary vortices. The presence of upstream wakes results in
lower film cooling effectiveness on the blade surface. The moderate blowing ratios (M = 0.6 or M = 0.9) give higher film cooling effec-
tiveness immediately downstream of the film cooling holes. Further downstream of the holes, higher blowing ratios cover wider surface
area.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The ability of today’s gas turbine engines to withstand
increasingly higher turbine-inlet temperatures has been lar-
gely due to the advancement in cooling technology. One of
commonly used cooling techniques in modern high pres-
sure and high temperature gas turbine engines is film cool-
ing. Among the variety of film cooling hole designs, four
kinds of hole configurations are generally considered:
cylindrical holes, laterally-diffused (fan-shape) holes,
forward-diffused (laid-back) holes, and laterally- and
forward-diffused (laid-back fan-shape) holes. Fig. 1 shows
the four kinds of hole configurations, of which the cross-
section view is cut along the hole axis. Depending on the
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angle (b) of the projected hole axis on the surface with
respect to the mainstream direction, a film cooling hole
can be identified as an axial hole (if b = 0) or a compound
angle hole (if b 6¼ 0). The film cooling effectiveness distribu-
tion produced by the various hole configuration is also con-
ceptually indicated in Fig. 1 with the dashed lines. In
general, the compound angle holes give better effectiveness
as the coolant is deflected by the mainstream and covers a
larger surface area. The shaped holes perform better than
the cylindrical holes because the expanded hole exit surface
area reduces the jet momentum and curbs jet lift-off.

Many researchers quantitatively assessed axial shaped
hole configurations on flat plate. Goldstein et al. [1] com-
pared film cooling effectiveness for straight round holes
and axial shaped holes with lateral diffusion of 10�. The
axis of both the hole geometries were inclined 35� from
the test surface. They reported a significant increase in
the film cooling effectiveness immediately downstream of
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Nomenclature

Cx axial chord length
d film cooling hole diameter of the cylindrical part
H blade height
M average blowing ratio
P static pressure on the blade surface
Pt total pressure upstream of the blades
P O2

partial pressure of oxygen
PS abbreviation for ‘‘pressure side”

s hole spacing in spanwise direction
SS abbreviation for ‘‘suction side”
Tc coolant temperature
Tf local film temperature
Tm mainstream temperature
Vc average velocity of coolant from the film cooling

hole
Vm average mainstream velocity at the hole row

location
V1 freestream velocity
x axial distance from blade leading edge
y distance along blade span measured from hub

Greek symbols

a film cooling hole incline angle to the surface
b film cooling hole incline angle to the streamwise

direction
c lateral expansion angle of a film cooling hole
d forward expansion angle of a film cooling hole
g local film cooling effectiveness
�g spanwise averaged film cooling effectiveness
qc coolant density
qm density of mainstream air

Subscripts

air mainstream air with air as coolant
mix mainstream air with nitrogen as coolant
ref reference image with no mainstream and cool-

ant flow
blk image without illumination (black)

Fig. 1. Film-cooling hole configurations.
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the shaped holes as well as increased lateral coolant cover-
age. They attributed this effect primarily on the reduced
mean velocity of the coolant at the hole exit causing the
jet to stay closer to the surface. Thole et al. [2] carried
out flow field measurements using LDV at the exit of three
different hole geometries. The hole geometries included a
cylindrical hole, a fan-shaped hole, and a laid-back hole,
all oriented at an angle of 30� from the surface. Their find-
ings showed that the shaped holes have less shear mixing of
the injection jet with the mainstream and greater lateral
spreading of the coolant compared to that of the round
hole. Additionally, the laid-back hole has relatively lower
film effectiveness than the fan-shaped hole due to excessive
diffusion of the coolant and subsequent mainstream inter-
action. Gritsch et al. [3] studied the same cooling hole con-
figurations as Ref. [2] with a density ratio of 1.85. Their
film cooling effectiveness measurements were confined to
x/D = 10 in order to focus in the near field of the cooling
holes. As compared to the cylindrical hole, the shaped
holes present significantly improved thermal protection
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on the surface downstream of the ejection location, partic-
ularly at high blowing ratios. Along similar lines, Yu et al.
[4] studied the film cooling effectiveness and heat transfer
distributions on a flat plate with cylindrical holes with
10� forward diffusion, and an additional 10� lateral diffu-
sion. In each case, the holes were inclined 30� to the sur-
face. The laid-back fan-shaped hole provides the highest
film cooling performance as well as overall heat transfer
reduction. All of the above studies were performed for axi-
ally oriented holes. Schmidt et al. [5] examined film cooling
performance of 60� compound angled holes on a flat plate
surface, with and without forward expanded shaped exit,
and compared that with axial cylindrical holes. Both com-
pound angle holes have significantly greater effectiveness at
larger momentum flux ratios. The compound angle holes
with expanded exits have a much improved lateral distribu-
tion of coolant near the hole for all momentum flux ratios.

Dittmar et al. [6] conducted measurements on a modeled
suction side of turbine guide vanes inside a wind tunnel.
Four different cooling hole configurations – double rows
of cylindrical holes, double rows of discrete slots, a single
row of axial fan-shaped holes, and a single row of com-
pound angle fan-shaped holes were chosen to study the adi-
abatic film cooling effectiveness and heat transfer
coefficient. The streamwise injection angle (a) was 45� for
all cases with an additional lateral angle (b) of 35� from
the mainstream direction for the compound angle shaped
holes. According to their study, fan-shaped holes provide
good effectiveness values at moderate and high blowing
ratios unlike the cylindrical holes which suffer from jet sep-
aration. In another study involving pressure and suction
side models inside a wind tunnel, Chen et al. [7] investi-
gated both axial and compound angle laid-back, fan-
shaped holes. The compound angle (b) in their study was
45�. On the concave surface, improvement in laterally-aver-
aged effectiveness due to the addition of compound angle is
found at high blowing ratio of 2. On the convex surface,
significant improvement in effectiveness is seen at both
low and high blowing ratios.

Hole shape studies in linear cascades are fewer in com-
parison to those on flat plates and model airfoils. Teng
and Han [8] studied one row of film holes near the gill-hole
portion of the suction side. The hole geometries considered
in their study were same as those in Refs. [2,3] but with a
slightly higher inclined angle (a = 40�). They reported that
spanwise-averaged film effectiveness of shaped holes can be
about two times higher than that of cylindrical holes. In
addition, fan-shaped holes perform better than laid-back,
fan-shaped holes. More recently, Mhetras et al. [9]
observed the excellent coolant coverage offered by com-
pound shaped holes near the tip region of the pressure side.
Their study showed that the shaped holes on the pressure
side of the blade can be utilized in cooling the cut-back
region of the tip cavity floor.

Effect of unsteady wakes on film cooling effectiveness
and heat transfer coefficient on the suction side of a turbine
blade were investigated by Han’s group [10–13] in a low
speed cascade. A spoked-wheel mechanism was used to
generate the upstream wakes. Air and CO2 were used to
simulate the effect of density ratio. They found that the
local heat transfer coefficients immediately downstream
of the holes increase by as much as 60% due to film injec-
tion. The heat transfer coefficients increase and film cooling
effectiveness values decrease with an increase in unsteady
wake strength. However, the additional increases in Nus-
selt numbers due to unsteady wake and density ratio are
only secondary when compared to the dramatic increases
in Nusselt numbers only due to film injection over the no
film cooling case. Detailed heat transfer measurements on
transonic film-cooled blade with and without NGV (nozzle
guide vane) shock waves and wakes were made by Rigby
et al. [14]. They found that there is a significant change
of film cooling behavior on the suction surface when the
simulated NGV unsteady effects are introduced. Heidmann
et al. [15] studied the effect of passing wakes on showerhead
film cooling performance in an annular cascade with a row
of upstream rotating cylindrical rods. A high wake Strou-
hal number is found to decrease effectiveness but it also
diverts the coolant towards the pressure side resulting in
slightly better cooling on the pressure side.

Most of the experimental studies of the blade film cool-
ing were focused on the mid-span region only, the endwall
effect and tip leakage effect were not captured. By using the
pressure sensitive paint (PSP) techniques, Mhetras and
Han [16] obtained detailed film cooling effectiveness distri-
bution on a fully film cooled blade surface including show-
erhead blowing. The film cooling holes on the blade
surfaces were compound angle cylindrical holes. They
showed the coolant on the suction side is swept substan-
tially to the mid-span region; the highest effectiveness is
obtained at M = 0.9. Mhetras and Han [17] also studied
the film accumulation effect on the downstream film cool-
ing using superposition method. Results showed that the
superposition of film cooling effectiveness from individual
film cooling rows is in good agreement with experimental
data. More recently, Gao et al. [18] studied the film cooling
on the blade surface with compound angle (b = 45�)
shaped holes. The shaped hole diffusion angles, hole loca-
tions and flow conditions in their study were the same as
the current study. The coolant was discharged from one
side of the blade – either pressure side or suction side. They
showed that the film cooling effectiveness increases with the
increase of blowing ratio. No optimal blowing ratio was
observed in the range of blowing ratio from M = 0.4 to
M = 1.5.

Having investigated the film cooling effectiveness on
fully film-cooled blades with compound angle (cylindrical
and shaped) holes, this paper is focused on the film cooling
effectiveness from axial laid-back, fan-shaped holes. Axial
shaped holes are commonly used in modern high tempera-
ture and high pressure blades; however, the film effective-
ness distribution on the blades from axial shaped holes is
very limited in the open literature, particularly, for highly
film-cooled blades with multiple rows of cooling holes. In
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this study, four rows of axial laid-back, fan-shaped holes
are distributed on the pressure side, while two rows are
arranged on the suction side of a high pressure turbine
blade. The internal coolant supply passages are modeled
similar to typical blade designs used in commercial gas tur-
bines. To control the coolant mass flow, the coolant ejects
from one side of the blade surface – either the pressure side
or the suction side. Experiments are performed in a five-
blade linear cascade with relatively high freestream Mach
numbers, 0.27 at the cascade inlet and 0.44 at the exit.
The upstream wake effect is simulated by placing stationary
rods at different phase location upstream of blade along the
pitch direction. The film cooling effectiveness is measured
using the PSP technique. Five average blowing ratios from
M = 0.4 to M = 1.5 are examined.
2. Experimental setup

The measurements were conducted in a five-blade linear
cascade facility as shown in Fig. 2. The inlet cross-section
of the test section is 19.6 cm (width) � 12.7 cm (height)
while the exit cross-section is 12.9 cm (width) � 12.7 cm
(height). The top plate, which acts as the shroud for the
blades, and the outer side walls of the test section were
machined out of 1.27 cm thick acrylic sheets for optical
access. The mainstream air is supplied by a centrifugal
compressor that can deliver a volume flow rate up to
6.2 m3/s. A honeycomb mesh, 7.62 cm long and a cell size
of 1.27 cm, is placed 1.78 m upstream of the blade leading
edge to make the flow uniform. Flow conditions in adja-
cent passages of the center blade are ensured to be identical
by adjusting the trailing edge tailboards for the cascade.
The cascade inlet and exit velocities are set to be 96 m/s
and 156 m/s corresponding to inlet and exit Mach numbers
of 0.27 and 0.44, respectively. The Reynolds number, based
Fig. 2. Schematic of the cascade with film cooled blade.
on the axial chord length and exit velocity, is 750,000 and
the overall pressure ratio Pt/P (where Pt is inlet total pres-
sure and P is exit static pressure) is 1.14. Turbulence inten-
sity and boundary layer thickness are recorded 6.3 cm
upstream of the middle blade. Turbulence intensity
(1.75%) is measured in the middle of channel and the
boundary layer thickness is 25 mm.

All the five blades in the cascade have a span of 12.64 cm
and an axial chord length of 8.13 cm. The test blade, placed
in the middle of the cascade, is made using Stereo lithogra-
phy (SLA). The test blade has a squealer tip with a recess of
2.4% (2.84 mm) of blade span while the two adjacent
blades have a flat tip. The tip gap clearance for the test
blade and the two adjacent guide blades is 1% of the blade
span. The leading edge of the blade can be approximated as
an arc with a radius of 2.4 mm. Fig. 3 shows the film cool-
ing hole configurations on the test blade with the internal
coolant passage geometry. During the testing, coolant
ejects to one side of the blade; the holes on the other side,
which is not being tested, are sealed. For the case of pres-
sure side coolant ejection, four rows of axial laid-back, fan-
shaped holes are arranged on the pressure side at axial
locations of 1.24 cm (PS1, 23 holesl), 3.62 cm (PS2, 22
holes), 5.01 cm (PS3, 23 holes) and 6.1 cm (PS4, 22 holes).
For suction side coolant ejection, two such rows are pro-
vided at axial locations of 0.38 cm (SS1, 23 holes) and
3.56 cm (SS2, 22 holes). The hole diameter (d) of the meter-
ing part (cylindrical part) is 0.65 mm. All these holes hold
an angle (a) of 45� to the blade surface. The laid-back,
fan-shaped holes have a lateral diffusion angle (c) of 10�
from the hole axis and a forward expansion angle (d) of
10� to the blade surface. The total length of the hole is
6.8d. The hole expansion starts at 3.9d, which results in
an area ratio of 3.7 between exit cross-section and the
metering part cross-section. The holes are staggered; there-
fore, PS2, PS4 and SS2 have one hole less than PS1, PS3
and SS1. The spanwise spacing is kept constant at 8.2d.
Coolant is supplied to the film holes via four cavities num-
bered from 1 to 4. The cavity cross-sections are modeled
similar to the internal cooling passages in turbine blades
with coolant injection through the bottom of the blade.
The coolant flow rate in each cavity is monitored by a ded-
icated rotameter. The row PS1 and SS1 are fed by the first
cavity; likewise, the row PS2 and SS2 are fed by the second-
ary cavity. The remaining two cavities supply coolant to
the row PS3 and PS4, respectively. Metal rods are inserted
periodically upstream of the cascade inlet to simulate sta-
tionary upstream wakes. A rod diameter of 4.8 mm is
selected to simulate typical airfoil trailing edge thickness.
They are placed upstream of the blades at a distance equal
to 50% of axial chord. The rods are placed at four equally
spaced intervals corresponding to the blade pitch and their
locations are shown in Fig. 4. The rod directly upstream of
the leading edge is indicated as phase 0% and is 6.3 cm
upstream of the leading edge in the flow direction. Rod
locations for phase 25%, 50% and 75% are progressively
located along the blade pitch. The periodically placed



Fig. 3. (a) Film cooling holes and cavities (b) axial shaped hole configurations.

Fig. 4. Wake rod phase locations and conceptual view of wake effect on the test blade.
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upstream rods may be thought as a progressing wake in a
rotating turbine. Four sets of experiments were conducted
to cover all phase locations.
3. Film cooling effectiveness measurement theory and data

analysis

Data for film cooling effectiveness are obtained using the
PSP technique. PSP is a photo-luminescent material that
emits light when excited. The intensity of the emission light
is inversely proportional to the partial pressure of oxygen.
This emission intensity is captured using a 12-bit, scientific
grade CCD (charge-coupled device) camera. The emission
intensity is normalized with a reference image intensity
(Iref) taken under no-flow condition. Background noise in
the optical setup is removed by subtracting the intensities
of the image obtained under no-flow conditions and with-
out light excitation Iblk. The resulting intensity ratio can be
converted to pressure ratio using a pre-determined calibra-
tion curve and expressed as:

I ref � Iblk

I � Iblk

¼ f
ðP O2
Þair

ðP O2
Þref

� �
¼ f ðP ratioÞ ð1Þ
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where I denotes the intensity obtained for each pixel and
f(Pratio) is the relationship between intensity ratio and pres-
sure ratio.

Calibration of PSP system is performed using a vacuum
chamber at several known pressures varying from 0 to
1.8 atm. The same optical setup that is used during exper-
iments is chosen for calibration. The calibration curve is
shown in Fig. 5. PSP is also sensitive to temperature with
higher temperatures resulting in lower emission intensity
as shown in Fig. 5a. Hence, the paint is also calibrated at
different temperatures. It is observed that if the emitted
light intensity at a certain temperature is normalized with
the reference image intensity taken at the same tempera-
ture, the temperature sensitivity can be minimized as shown
in Fig. 5b. Hence, during experiments, the coolant was
heated to the same temperature as the mainstream (about
35 �C). The reference (Iref) and black (Iblk) images were
acquired immediately after stopping the mainstream and
coolant flow so that the test blade surface temperature
did not change appreciably.

To obtain film cooling effectiveness, air and nitrogen are
used alternately as coolant. Nitrogen, which has nearly the
same molecular weight as air, displaces the oxygen mole-
cules on the surface causing a change in the emitted light
intensity from PSP. By noting the difference in partial pres-
sure between the air and nitrogen injection cases, the film
cooling effectiveness can be determined using the following
equation

g ¼ Cmix � Cair

CN2
� Cair

¼ Cair � Cmix

Cair

¼ ðP O2
Þair � ðP O2

Þmix

ðP O2
Þair

ð2Þ
Fig. 5. (a) PSP calibration at single reference temperature (b) PSP
calibration at corresponding reference temperature.
where Cair, Cmix and CN2
are the oxygen concentrations of

mainstream air, air/nitrogen mixture and nitrogen on the
test surface, respectively. The definition of film effectiveness
in Eq. (2) based on mass transfer analogy assumes similar
form as that of adiabatic film cooling effectiveness given in
Eq. (3).

g ¼ T mix � T m

T c � T m

ð3Þ
The accuracy of the PSP technique for measuring film
cooling effectiveness has been compared by Wright et al.
[19] on a flat plate with compound angled ejection holes
using steady-state infra-red (IR) technique and steady-state
temperature sensitive paint (TSP) technique. Results were
obtained for a range of blowing ratios and showed an
agreement within 15% of each other. Larger uncertainties
for heat transfer techniques such as IR and TSP methods
are due to lateral heat conduction in the flat plate as correc-
tions for heat conduction were not included in the pre-
sented results.

The center test blade under investigation is coated with
PSP using an air brush. It is then excited using a strobe
light fitted with a narrow band-pass interference filter (opti-
cal wavelength 520 nm). A flexible dual fiber optic guide is
used to get a uniform incident light distribution on the test
surface. Upon excitation, the PSP coated surface emitts
light with a wavelength larger than 600 nm. A 12-bit scien-
tific grade CCD camera (Cooke Sensicam QE with CCD
temperature maintained at �15 �C using 2-stage peltier
cooler) is used to record images and is fitted with a
35 mm lens and a 600 nm long-pass filter. The filter
mounted on the camera does not allow any reflected light
from the illumination source to pass through. The camera
and the strobe light are triggered simultaneously using a
TTL (transistor–transistor logic) signal from a function
generator. A total of 200 TIFF (tagged image file format)
images are captured and ensemble-averaged to get the indi-
vidual intensities. The spatial resolution of each image is
0.6 mm/pixel. A computer program is used to convert these
pixel intensities into pressure using the calibration curve
and then into film cooling effectiveness. A schematic of
the optical component setup and camera positions is
depicted in Fig. 6. Due to the blade curvature, images are
captured from five camera positions; two positions on the
pressure side and three on the suction side. The effective-
ness data obtained at each individual camera position are
projected onto a radial plane passing through the axial
chord of the blade and combined to form a complete pic-
ture for pressure side or suction side.

Uncertainty calculations are performed based on a con-
fidence level of 95% and are based on the uncertainty anal-
ysis method of Coleman and Steele [20]. Lower
effectiveness magnitudes have higher uncertainties. For an
effectiveness magnitude of 0.3, uncertainty is around ±1%
while for effectiveness magnitude of 0.05, uncertainty is
as high as ±8%. This uncertainty is the result of uncertain-



Fig. 6. Optical component setup.
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ties in calibration (4%), image capture (1%), and blowing
ratio (4%).
4. Mach number and local blowing ratio distribution on the

blade surface

Fig. 7 shows the Mach number distributions at three
span locations – 50%, 75% and 94% of blade height with-
out the presence of wake rods and film cooling holes.
The Mach numbers were calculated from the pressure
ratio, which was obtained by normalizing the blade inlet
total pressure with the static pressure on the blade surface.
The static pressure was measured using pressure taps
instrumented on a separate blade. The inlet total pressure
was measured using a pitot tube placed 6.3 cm upstream
Fig. 7. Mach number distributions without upstream wake.
of the center blade. The pressures were recorded with a
48-channel Scanivalve System coupled with LabView soft-
ware. Every pressure measurement was repeated at least
three times to reduce data uncertainty and verify data
repeatability. The Mach number distributions for all three
span locations on the pressure side are more or less similar.
There is a gradual decrease in Mach number till x/Cx � 0.6
after which there is a sharp rise. On the suction side, the
Mach number distribution shows a steady increase till x/
Cx � 0.65, beyond which it starts falling. The point of
inflection on the suction side corresponds to the throat
region where the mainstream reaches its maximum veloc-
ity. The interaction of the mainstream and tip leakage vor-
tex can be clearly observed from this plot, with an
appreciable reduction of Mach number for the 94% span
case in the first half of the blade axial chord.

Fig. 8 shows the Mach number distribution under the
influence of stationary wakes at all phase locations. Data
is shown for the same three blade span locations. It is inter-
esting to find that the mid-span region is most affected by
the upstream rods followed by 75% and 94% span loca-
tions. This is indicative of the fact that the strong endwall
vortices and tip leakage vortices override any small distur-
bance created by the wake rods. In the midspan region, the
influence of endwall vortices is negligible, the effect of wake
rods becomes apparent. It has to be noted that the pressure
measurements were carried out on a blade without cooling
holes. With the presence of film cooling, the boundary
layer attached to the blade surface is disturbed. This is par-
ticularly true at higher blowing ratios. In general, on the
pressure side, the wake rods at phase 0% show the highest



Fig. 8. Mach number distributions under the influence of upstream wake rods.
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influence on the Mach number distribution followed by
phase 75%. The other two wake rod phases show little or
no effect. On the suction side, rod phase 25% followed by
rod phase 0% shows the highest influence in the midspan
region. On the suction side near tip region (75% and 94%
of blade span), the wake rod effect on Mach number is
not substantial as the tip leakage flow is predominant.

Experiments were performed with five different average
blowing ratios (M) of 0.4, 0.6, 0.9, 1.2 and 1.5. As men-
tioned earlier, the coolant was discharged from only one
side of the blade. The average blowing ratio is defined as
M = qcVc/qmVm, where Vm is mainstream velocity at 50%
of the blade span in the hole row location. In the current
study, the density of coolant and mainstream is the same;
the blowing ratio is reduced to velocity ratio. By knowing
the local mainstream velocity, total coolant mass flow rate
for a cavity is pre-determined for the required blowing
ratio and set using a dedicated rotameter connected to
the coolant loop for each cavity. The coolant velocity Vc

is calculated based on the round cross-section area of the
cylindrical part of the film cooling hole. The actual or local
blowing ratio Mlocal = qc,localVc,local/qm,localVm,local for the
holes in a hole row can vary due to the pressure variation
in the coolant cavity and on the outer surface of the blade
in spanwise direction. To check the coolant distribution,
the local blowing ratio has been examined. The discharge
coefficients, CD as discussed by Gritsch et al. [21], is calcu-
lated and the mass flow rate from each hole is determined.
The local blowing ratio distribution among the holes in a
hole row is relatively uniform except for the case of pres-
sure side coolant ejection at M = 0.4.

5. Film cooling effectiveness on the blade surface

Figs. 9a and b shows the film cooling effectiveness distri-
bution for the case of the pressure side coolant ejection and
suction side coolant ejection, respectively. The upstream
wake rods are not presented. In the contour plots, the
abscissa and the ordinate are normalized with the axial
chord length and the blade height, respectively. Although
these film cooling holes are oriented in axial direction,
the coolant jets are re-directed by the mainstream. The
tip leakage flow drives the coolant upward towards the
tip on the pressure side near the tip region, while the pres-
sure side horseshoe vortex and corner vortex drag the cool-
ant to the hub on the pressure side near the hub region.
Starting at x/Cx � 0.3 on the suction side, the coolant is
swept towards the mid-span by the spiraling motion of
the passage vortex and the tip leakage vortex. It is well
known that the passage vortex drifts from the pressure-side
leading edge towards the suction-side trailing edge of the
adjacent blade and climbs on to the suction surface with
an upwash motion [22,23]. The tip leakage vortex, how-
ever, creates a downwash motion on the suction surface.
These vortices acting on the suction surface result in a well
defined converged coolant trace toward the mid-span and
result in two unprotected triangular zones near the tip
and the hub. The effects of secondary vortices on effective-
ness distribution are also observed in Refs. [17,18]. Com-
pared with pressure side film cooling, the coolant trace
on the suction side is longer and effectiveness level is
higher. The suction side convex surface produces favorable
pressure gradient and flow acceleration, making it easier
for coolant to stay close to the suction surface. On the con-
trary, coolant jets tend to separate from the pressure sur-
face due to flow deceleration. In general, the film
coverage on the suction surface is better than that on the
pressure surface. The pressure side is hard to be cooled
by the film cooling; the multiple rows of film hole design
helps the pressure side get uniform film coverage, particu-
larly at higher blowing ratios.

As shown in Fig. 9a, the film cooling effectiveness from
PS1 row is lower than the other PS rows (except PS2 at low
M) and the coolant from PS1 row barely reaches PS2 row.
Due to the big curvature coupled with the flow decelera-
tion, the coolant jets from PS1 row tend to lift off from
the surface, resulting in poor film coverage. The highest
effectiveness from PS1 row is achieved at M = 0.6. As the
jet momentum increases with blowing ratio, the coolant
penetrates the freestream and mix with the freestream,
therefore very limited coolant protection remains on the
surface. For the downstream PS rows (PS2, PS3 and



Fig. 9. Film cooling effectiveness distribution for varying blowing ratios without wake (a) pressure side coolant ejection (b) suction side coolant ejection.
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PS4), the film cooling effectiveness increases when the
blowing ratio increases from M = 0.4 to M = 1.2. The film
cooling effectiveness magnitude are comparable for
M = 0.9 and M = 1.2. Further increasing the blowing ratio
to M = 1.5, the effectiveness magnitude drops due to jet
lift-off. The coolant no longer stays attached to the surface.
In general, the effectiveness in the downstream is better
than that in the upstream at moderate and high blowing
ratios (M = 0.9. 1.2 and 1.5) because more coolant from
upstream is carried over to downstream. In addition, the
flow acceleration and reduced curvature in the downstream
region are also favorable to the elevated effectiveness. At
low blowing ratio M = 0.4, the internal pressure may not
be high enough to drive the coolant out through the holes,
therefore, the coolant jets are not observed from some of
the PS2 holes.

It can be seen in Fig. 9b, the highest effectiveness occurs
at M = 0.6 immediately downstream of SS1 row. The effec-
tiveness near the holes drop when the blowing ratio is
greater than M = 0.6. The higher jet momentum causes
jet penetration and the mixing with the freestream is
enhanced. This leads to a thinner coolant trace and lower
magnitude in effectiveness. The coolant from SS1 row
extends beyond SS2 row. This leads to an elevated effective-
ness downstream of SS2 row. The highest effectiveness
immediately downstream of SS2 row is achieved at
M = 0.9. Because of flow acceleration on the convex suc-
tion side, the dispersed coolant re-attach to the surface.
This leads to widened coolant traces in the downstream
of both SS1 row and SS2 row. When the blowing ratio
increases, more coolant will be convected downstream
and covers a wider area on the surface.

The spanwise averaged effectiveness versus normalized
axial chord length for the case of no wake is presented in
Fig. 10. The sharp peaks in the plot correspond to the
row locations. On the whole, film cooling effectiveness on
the pressure side decays faster than that on the suction side
because jet lift-off. In general, blowing ratio M = 0.6 gives
the highest film cooling effectiveness for the first rows (PS1
or SS1); while M = 0.9 offers highest effectiveness for the
other rows immediately downstream of film cooling holes.
Due to the jet lift-off, the effectiveness in these near hole
regions is lower for higher blowing ratios. However, fur-
ther downstream of film cooling holes, higher blowing
ratios provide higher effectiveness because more coolant
is dispersed and convected back to the surface.

The comparison of spanwise averaged effectiveness
between the axial shaped holes in the current study and
the compound angle shaped holes by Gao et al. [18] for
the case of no wake is presented in Fig. 11. Usually, the
coolant jets from compound angle shaped holes are
deflected by the mainstream, and cover a wider surface



Fig. 10. Spanwise averaged film cooling effectiveness for the case of no wake.

Fig. 11. Comparison of spanwise averaged film cooling effectiveness for axial shaped holes (current study) and compound angled shaped holes [18]. (a)
pressure side coolant ejection (b) suction side coolant ejection.
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area. On the other hand, the coolant jets from axial shaped
hole follow the mainstream directions and the jet coverage
is confined to the axial direction. Therefore, the compound
angle shaped holes perform better than axial shaped holes.
In addition, the hole exit area for the compound angle
shaped holes is larger than the axial shaped hole. The jet
momentum from those compound angle shaped holes is
further reduced. Coolant stays closer to the surface with
the reduced jet momentum. On the pressure side, the com-
pound angle shaped holes and axial shaped holes show
comparable effectiveness for the moderate blowing ratio
M = 0.6 and M = 0.9. At higher blowing ratio M = 1.2
and M = 1.5, the compound angle holes show better effec-
tiveness. On the suction side, a clear rise in effectiveness is
observed for compound angled shaped holes. As the blow-
ing ratio increases, the advantage of compound angled
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shaped hole becomes more evident. However, the com-
pound angle shaped holes might cause higher heat transfer
coefficients and losses due to coolant jets deflection by
mainstream, as compared to the axial shaped holes.

To understand the nature of influence exerted by the
wake rods at each phase location, the effectiveness distribu-
tion for M = 0.9 at four wake rod phases is presented in
Fig. 12. Compared with the case of no wake, the wake pro-
duced by the rods reduces the film cooling effectiveness.
Fig. 12. Film cooling effectiveness distribution for M = 0.9 at varying wake ro

Fig. 13. Film cooling effectiveness distribution for p
The mixing between the coolant and mainstream is
enhanced by the wakes. The wake rods at phase 0% and
25% exhibit more adverse effect on film cooling effective-
ness. The conceptual view in Fig. 4 may help to understand
the influence of wake rod phases. Vortex shedding from the
wake rods brings additional turbulence in the mainstream
resulting in more mixing of the mainstream with the cool-
ant, thereby, the coolant trace is shortened. The wake rods
at phase 0% show more degradation of coolant trace on the
d phases (a) pressure side coolant ejection (b) suction side coolant ejection.

ressure side coolant ejection at wake phase 0%.
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pressure side. The downstream propagation of the wake is
evident from the short coolant traces near the PS4 row. On
the suction side, it appears that wake rods at phase 25%
have relatively higher impact. The wake propagation along
the suction surface can be gauged by the coolant trace deg-
radation near the trailing edge. An interesting observation
can be made by looking at the suction side effectiveness
contours. It appears that the secondary vortices shield the
coolant from SS2 row holes to some extent from the incom-
ing mainstream, as a result, the coolant traces close to the
tip and hub regions propagate downstream in comparison
to those near the midspan region.
Fig. 14. Film cooling effectiveness distribution for s

Fig. 15. Spanwise averaged film cooling effectiveness (wake rod effect)
Fig. 13 shows the effectiveness distribution on pressure
side at wake phase 0% for varying blowing ratios. It can
be seen that the effectiveness on pressure side dramatically
decreases at this rod location for all the blowing ratios. The
enhanced mainstream turbulence produced by the wakes
rapidly mixes the coolant with mainstream when the cool-
ant ejects from the holes. The pressure surface is barely
protected by the film cooling at this wake phase location.

Fig. 14 shows the effectiveness distribution on the suc-
tion side at phase 25%. As can be seen, not only is the effec-
tiveness reduced, but also the coolant trace is much
narrowed and shortened at this rod phase location. The
uction side coolant ejection at wake phase 25%.

(a) pressure side coolant ejection (b) suction side coolant ejection.



Fig. 16. Spanwise averaged film cooling effectiveness (blowing ratio effect) (a) pressure side coolant ejection (b) suction side coolant ejection.
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coolant has mixed with mainstream before it reaches SS2
row. Similar to the case of no wake, the best effectiveness
is achieved at M = 0.6 immediately downstream of SS1
row; blowing ratio M = 1.5 gives better coverage further
downstream of SS2 row near the trailing edge. As shown
in Fig. 8, the secondary flow is predominant in the tip
region and the hub region. The wake effect is more pro-
nounced in the midspan region.

Fig. 15 shows the wake rods effect on the spanwise aver-
aged effectiveness for varying blowing ratios. Wake rods at
phase 0% have the maximum detrimental effect on pressure
side film cooling. The film cooling effectiveness for the other
wake rod phases is comparable. For the suction side film
cooling, phase 25%, followed by 0%, shows the largest effect.
The effectiveness at the other two wake rod phase locations
(50% and 75%) is comparable to the case of no wake.

The blowing ratio effect on the spanwise-averaged film
cooling effectiveness at different wake rod phases is pre-
sented in Fig. 16. In general, M = 0.4 provides the lowest
effectiveness for both the pressure side coolant ejection
and the suction side coolant ejection. For the pressure side
coolant ejection, the impact of blowing ratio was reduced
at wake rod phase 0%. As aforementioned for the case of
no wake, the film cooling effectiveness immediately down-
stream of the holes is reduced at high blowing ratios
(M = 1.2 and M = 1.5) due to increased jet momentum.
Further downstream of the holes, a high blowing ratio pre-
sents a higher effectiveness because more coolant is dis-
persed and convected back to the surface. The
effectiveness decays faster with x/Cx for pressure side film
cooling than suction side film cooling as the coolant tends
to lift off from the pressure surface. A sharp drop for the
suction side film cooling appears for wake phase 25%.

6. Conclusions

Experimental tests were performed on a high pressure
turbine rotor blade with axial laid-back, fan-shaped holes.
The shaped holes are featured with a 10� expansion in the
lateral direction and an additional 10� in the forward direc-
tion. The coolant is discharged from either pressure side
cooling holes or suction side cooling holes. The effect of
blowing ratios and the presence of upstream wakes are
examined on blade film coverage. Pressure sensitive paint
(PSP) technique is used to measure the film cooling effec-
tiveness. PSP technique enables us to clearly visualize the
impact of the passage vortex, corner vortex and tip-leakage
vortex on film coolant distribution over the blade surface.
Some of the main highlights from the present study are pre-
sented below:

(1) The axial angled laid-back fan-shaped holes provide
uniform and wide coolant coverage over a large por-
tion of the suction side blade surface. The moderate
blowing ratio (M = 0.6 and M = 0.9) shows better
film cooling effectiveness on either pressure side or
suction side immediately downstream of the film
cooling holes. Further downstream of the film cool-
ing holes, high blowing ratios provide wider film
coverage.

(2) Comparison between the compound angle shaped
hole and axial shaped hole designs shows higher effec-
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tiveness values for compound angle shaped holes on
both pressure side and suction side, particularly, at
higher blowing ratios.

(3) An upstream wake can have a severe detrimental
effect on film coverage depending on the wake rod
phase locations. Wake phase 0% and 25% signifi-
cantly decrease the film cooling effectiveness magni-
tudes. Phase 50% and 75% do not attach to the
blade surfaces and hence the adverse impact is
reduced.

(4) The upstream wakes have more influence in midspan
region for suction side film cooling. The tip leakages
vortices and endwall vortices are predominant in near
tip and near hub region; the upstream wake effect is
overridden by the secondary vortices.
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