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Film-Cooling Effectiveness on Squealer Cavity
and Rim Walls of Gas-Turbine Blade Tip
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Effects of shaped holes on the tip pressure side, coolant jet impingement on the pressure side squealer rim from
tip holes, and varying blowing ratios for a squealer blade tip were examined on film-cooling effectiveness. The film-
cooling effectiveness distributions were measured on the blade tip, near tip pressure side, and the inner pressure
side rim wall using pressure-sensitive-paint technique. Air and nitrogen gas were used as the film-cooling gases,
and the oxygen concentration distribution for each case was measured. The film-cooling effectiveness information
was obtained from the difference of the oxygen concentration between air and nitrogen gas cases by applying the
mass-transfer analogy. The internal coolant-supply passages of the squealer tipped blade were modeled similar to
those in the GE-E3 rotor blade with two separate serpentine loops supplying coolant to the film-cooling holes. A
row of compound angled cylindrical film-cooling holes was arranged along the camber line on the tip and another
row of compound angled shaped film-cooling holes was arranged along the span of the pressure side just below the
tip. The average blowing ratio of the cooling gas was controlled to be 0.5, 1.0, and 2.0. Tests were conducted in a five-
bladed linear cascade in a blowdown facility with a tip gap clearance of 1.5%. The freestream Reynolds number,
based on the axial chord length and the exit velocity, was 1.48 ×× 106, and the inlet and the exit Mach number
were 0.23 and 0.65, respectively. Turbulence intensity level at the cascade inlet was 9.7%. Numerical predictions
were also performed using Fluent to simulate the experiment at the same inlet flow conditions. Predictions for
film cooling are presented. Results show a good correlation between experimental and predicted data. The shape
and location of the film-cooling holes along with varying blowing ratios can have significant effects on film-cooling
performance.

Nomenclature

C = tip clearance gap (1.5% span)
CD = discharge coefficient
Cx = axial chord length of the blade (8.61 cm)
Co = oxygen concentration
d = diameter of film-cooling holes
I = pixel intensity for an image
M = average blowing ratio (=ρcVc/ρm Vavg)
Mi = Local blowing ratio (=ρc,localVc,local/ρm,localVm,local)

P = local static pressure
PO2 = partial pressure of oxygen
Pt = total pressure
Tc = temperature of coolant at loop inlet
T u = turbulence intensity level at the cascade inlet
x = axial distance, cm
Vavg = averaged velocity of mainstream air at cascade

inlet and exit
Vc = averaged velocity of coolant air from all film-cooling

holes in each loop
y+ = dimensionless distance from wall
η = local film-cooling effectiveness
θ = dimensionless temperature

= (Tfilm − Tcoolant)/(Tmainstrm − Tcoolant)
ρc = density of coolant air
ρm = density of mainstream air
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Subscripts

air = mainstream air with air as coolant
blk = image without illumination (black)
mix = mainstream air with nitrogen as coolant
ref = reference image with no mainstream and coolant flow

Introduction

T HE concept of cooling a surface subjected to high mainstream
temperatures by perforating the surface with several discrete

holes and passing cold air (film cooling) through them is a popular
technique used in several applications. The surface under test can
be maintained at a cooler temperature caused by formation of a thin
protective film of relatively colder air on the surface. This technique
has been successfully employed for cooling of gas-turbine blades
subjected to very high mainstream gas temperatures. A high and
uniform film-cooling effectiveness on the blade surface will ensure
superior performance and thermal fatigue life for the blade, thus
making it an important parameter in its design.

Hot gases from the combustor enter the turbine, resulting in a sig-
nificant heat load on the turbine components. One of the components
more susceptible to thermal failure is the blade-tip region because
of its severe environment and difficulty in cooling. Large leakage
flow occurs on the tip as a result of a high pressure differential from
pressure to suction side. This leakage mass flow can be reduced by
using a labyrinth-like recessed cavity also known as the squealer tip.
Presence of film cooling on the tip further reduces heat transfer from
the mainstream gas to the blade tip. A comprehensive compilation
of the available cooling techniques used in the gas-turbine industry
has been encapsulated by Han et al.1

Experimental investigations performed in the general area of film
cooling on a blade tip are limited with few papers available in open
literature. Film cooling on a blade tip was first studied by Kim and
Metzger2 and Kim et al.3 by using a two-dimensional rectangular
tip model to simulate leakage flow between the tip and the shroud.
Various film-cooling configurations were examined using a transient
liquid crystal technique, and the results for heat-transfer coefficients
and film-cooling effectiveness were reported. Kwak and Han4,5 stud-
ied the local heat-transfer distribution and film-cooling effectiveness
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using hue-detection-based transient liquid crystal technique on the
blade tip for plane and squealer tip geometry. A GE-E3, five-blade
linear cascade was used similar to the one used in the present pa-
per. They used three tip gap clearances (1.0, 1.5, and 2.5% of blade
span) along with three average blowing ratios (0.5, 1.0, and 2.0)
for the coolant. Increasing blowing ratio increased film effective-
ness, but overall heat-transfer coefficients decreased. Their results
also showed that the squealer geometry showed higher film-cooling
effectiveness and lower heat-transfer coefficients compared to the
plane tip geometry because of its smaller leakage flow.

Ahn et al.6 presented film-cooling effectiveness results using the
Pressure-Sensitive-Paint (PSP) technique on a plane and squealer
blade tip with one row of holes on the camber line and another
row of angled holes near the pressure-side tip. They used the same
high flow cascade as the present study and investigated the effects
of tip gap clearance (1.0, 1.5, and 2.5% blade span) and blowing
ratio (M = 0.5, 1, and 2). They noted that higher blowing ratios give
higher effectiveness. Results with plane tip showed clear traces of the
coolant path, whereas for squealer tip, coolant accumulation effects
were observed on the cavity floor. Christophel et al.7,8 studied film
cooling and heat transfer using the infrared technique on a plane tip
under low-speed conditions. They used four different coolant flow
rates (0.47, 0.58, 0.68, and 1.0% passage flow) for two tip gaps. A
row of holes was located on the pressure side just below the tip with
two more dirt purge holes on the tip itself. They found that a smaller
tip gap and larger coolant flow showed better cooling. They also
found that higher blowing ratios resulted in higher augmentations
on tip heat transfer but with an overall net heat-flux reduction when
combined with adiabatic effectiveness measurements.

Some experimental investigations have also been performed to
study heat transfer on the blade tip under rotating conditions. Heat-
transfer coefficients on the blade tip and the shroud were measured
by Metzger et al.9 using heat-flux sensors in a rotating turbine rig.
Dunn and Haldeman10 measured time-averaged heat flux at a re-
cessed blade tip for a full-scale rotating turbine stage at transonic
vane exit conditions. Their results showed that the heat-transfer co-
efficient at the mid and rear portion of the cavity floor is of the same
order as the blade leading-edge value.

There are many papers available in open literature, which dis-
cuss heat-transfer coefficients on the blade-tip and near-tip regions.
Several of these papers present results under engine representative
mainstream flow conditions. Local heat-transfer coefficients on a
turbine blade-tip model with a recessed cavity (squealer tip) were
studied by Yang and Diller11 in a stationary transonic linear cascade.
Based on measurements at a single point on the cavity floor, they re-
ported that heat-transfer coefficients were independent of the tip gap
height. Bunker et al.12 utilized a hue-detection based liquid crystal
technique to obtain local heat-transfer distributions on a plane blade
tip in a stationary cascade. They studied the effects of tip gap clear-
ance and freestream turbulence intensity levels. Azad et al.13,14 used
transient liquid crystal technique to study heat transfer. They com-
pared squealer-tip and plane-tip geometry and concluded that the
overall heat-transfer coefficients were lower for squealer tip case.
Bunker and Bailey15studied the effect of squealer cavity depth and
oxidation on turbine blade-tip heat transfer. Azad et al.16 and Kwak
et al.17 investigated the heat transfer on several different squealer
geometries. They found that a suction-side squealer tip gave the
lowest heat-transfer among all cases studied. Heat-transfer coeffi-
cient distributions for plane- and squealer-tip and near-tip regions
were presented by Kwak and Han18,19 in two papers. By using a
squealer tip, heat transfer was found to decrease on the tip and near-
tip regions.

A few of the many papers on blade-tip heat/mass transfer per-
formed under low-speed conditions are also discussed. Investiga-
tions comparing a rotating and stationary shroud were performed
by Mayle and Metzger.20 They noted that the effect of shroud rota-
tion could be neglected to measure the blade-tip heat transfer over
the entire range of parameters considered in the study. Heyes et al.21

studied tip leakage flow on plane and squealer tips in a linear cascade
and concluded that the use of a squealer tip, especially a suction-side
squealer tip, was more beneficial than a flat tip. Heat-transfer coeffi-

cients and static-pressure distributions of a large-scale turbine blade
tip were measured by Teng et al.22 in a low-speed wind tunnel facility
using a transient liquid crystal technique. Mass-transfer technique
was used by Papa et al.23 to study local and average mass/heat-
transfer distributions on a squealer tip and winglet-squealer tip in a
low-speed wind tunnel. Jin and Goldstein24,25 also used this tech-
nique on a simulated high-pressure turbine blade-tip and near-tip
surfaces. They concluded that the average mass transfer from the
tip surface was much higher than that on pressure-and suction-side
surfaces. Saxena et al.26 investigated the effect of various tip seal-
ing geometries on blade-tip leakage flow and heat transfer of a
scaled-up high pressure (HP) turbine blade in a low-speed wind-
tunnel facility using a steady-state hue saturation intensity (HSI-)
based liquid crystal technique. They noted that the trip strips placed
against the leakage flow produce the lowest heat transfer on the tips
compared to all of the other cases.

Some numerical investigations have also been carried out to study
heat transfer and film-cooling effectiveness on blade tip. Effects of
tip clearance and casing recess on heat transfer and stage efficiency
for several squealer blade-tip geometries were predicted by Ameri
et al.27 Ameri and Rigby28 also calculated heat-transfer coefficients
and film-cooling effectiveness on turbine-blade models. Numerical
results for heat transfer and flow obtained by Ameri et al.29 were
compared to the experimental results from Bunker et al.12 for a
power-generation gas turbine.

Numerical techniques were also utilized by Yang et al.30,31 to
study flow and heat transfer past a turbine blade with plane and
squealer tip. Film-cooling effectiveness for a flat and squealer blade
tip with film-cooling holes on tip pressure side were predicted by
Acharya et al.32 Hohlfeld et al.33 predicted film-cooling flow from
dirt purge holes on a turbine blade tip. They found that the flow ex-
iting the dirt purge holes helped in blocking the leakage flow across
the gap. As the blowing ratio increased for a large tip gap, tip cooling
increased only slightly, whereas film cooling on the shroud increased
significantly. Effects of different hole locations on film-cooling ef-
fectiveness and heat transfer were predicted by Yang et al.34

The main focus of the present study is to investigate the effects of
film cooling on the squealer rim walls and the squealer cavity floor.
The pressure-side rim wall is prone to high heat-transfer coefficients
because of the large leakage flow, comparable to the leading edge
of the blade. This can result in oxidation of the blade-tip rim as
a result of high metal temperatures, as it is difficult to cool the
entire blade tip uniformly. Rubbing of the tip with the shroud can
cause further erosion of the squealer rim, thus increasing the tip
gap and leakage flow, which will further increase the heat-transfer
coefficients. Continued operation under these severe conditions can
make the blade more susceptible to failure. By using film cooling,
contact of the hot gases with the rim wall surface can be reduced,
thus reducing the overall net heat flux into the blade. Currently, no
data are available in open literature for film-cooling effectiveness
on the pressure-side outer and inner rim walls. Heat-transfer data
are also limited in this region mainly because of large experimental
uncertainty because of heat-conduction errors in the thin rim wall.

A scaled-up blade-tip model of a first-stage rotor blade (GE-E3)
of a modern aircraft gas turbine was used in a five-blade linear cas-
cade with the center blade tip coated with PSP. In this study, the
presence of a row of nine-compound angled, shaped film-cooling
holes on the near-tip pressure side and another row of eight com-
pound angled cylindrical holes on the cavity floor were studied on
film-cooling effectiveness. Serpentine passages similar to those for
a GE-E3 HP turbine rotor blade were modeled to supply coolant to
these film-cooling holes. The hole location, shape, orientation, and
internal coolant flowpath are different from Ahn et al.6and much
closer to a real gas-turbine blade-tip design. Film-cooling effective-
ness was studied on the rim, cavity floor, inner cavity walls, and
the near-tip pressure side. Moreover, the PSP technique is based on
mass-transfer analogy, which eliminates any heating/conduction er-
rors present in other measurement techniques such as liquid crystal,
infrared (IR) camera, or foil heater. Experiments were carried out
to study pressure and effectiveness for squealer blade tip for a tip
clearance of 1.5% of blade span with the average blowing ratios of
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Fig. 1 Schematic of test section and blowdown facility.

0.5, 1.0, and 2.0. The experimental data have also been compared
to numerical predictions from a commercial computational-fluid-
dynamics (CFD) code mainly to understand the flowpath of the
coolant and its interaction with the mainstream. Numerical investi-
gations were performed using Fluent by resolving the domain into
about 1.5 million grid points. The experimental results for pressure
and effectiveness will aid future engineers to design more efficient
turbine blades and help to calibrate CFD codes.

Experimental Setup
The test section consisted of a five-blade linear cascade with

blade-tip profiles placed in a blowdown loop. A schematic of the
test section and the blowdown loop is shown in Fig. 1. Inlet cross
section of the test section was 31.1 cm (width) × 12.2 cm (height).
A turbulence-generating grid (rectangular bar mesh type) with a
porosity of 57% was placed before the inlet. Turbulence intensity
was recorded 6 cm upstream of the middle blade (or 20.7 cm down-
stream of the grid) using a hot-wire probe. Turbulence intensity T u
at this location was found to be 9.7% because of the presence of
the grid, and turbulence length scales were estimated to be 1.5 cm,
which is slightly larger than the grid bar size. The bottom and sides
on the test section were machined out of 1.27-cm-thick polycar-
bonate sheets, whereas a 1.27-cm-thick acrylic plate was used for
the top for better optical access to the blade tip. The top plate also
acted as a shroud for the blades. A 12-bit, scientific grade charge-
coupled-device (CCD) camera, which could maintain a constant
CCD temperature (−15◦C), was mounted above the test section and
was used to record the images. Flow conditions in adjacent pas-
sages of the center blade were ensured to be identical by adjusting
the trailing-edge tailboards for the cascade. A comprehensive dis-
cussion on the flow conditions, including flow periodicity in the
cascade and pressure distribution along the blade, has been reported
by Azad et al.13,14 and Kwak and Han.18,19

During the blowdown test, the cascade inlet air velocity and exit
velocity were 80 and 220 m/s, respectively. The Reynolds number
based on the axial chord length and exit velocity was 1.48 × 106.
Overall pressure ratio (Pt/P) was 1.28 (where Pt is inlet total pres-
sure and P is exit static pressure), and inlet and exit Mach numbers
were 0.23 and 0.65, respectively. The pressure ratio and exit Mach
number are higher than those reported by Kwak and Han.18,19 The
blowdown facility could maintain steady flow in the cascade for
about 40 s. Compressed air stored in tanks entered a high flow pneu-
matic control valve, which could maintain steady flow by receiving
downstream pressure feedback. The control valve could maintain a
velocity within ± 3% of desired value.

A 3X scaled model of the GE-E3 blade was used with a blade span
of 12.2 cm and an axial chord length of 8.61 cm. Because the blades
were placed in a linear cascade, they were machined for a constant
cross section for its entire span corresponding to the tip profile of the
actual GE-E3 blade. Figure 2 shows the blade profiles, the inlet and
exit angles for air, and the blade tip and shroud definitions. The test
blade was made using stereolithography as conventional machin-
ing methods were unsuitable for such a complicated geometry. The
four guide blades placed in the test section were made of aluminum.
Figure 3 shows the film-cooling measurement blade with the inter-

Fig. 2 Definition of blade tip and
shroud.

a) Section view at midspan

b) Section view along Camber Line

Fig. 3 Internal passage geometry of test blade.

Fig. 4 Orientation of tip and pressure-side (PS) holes.

nal passage geometry. The passages are numbered from 1 to 6 with
passage 1 closest to leading edge and passage 6 closest to trailing
edge. A squealer tipped blade with a recess of 4.22% of blade span
(0.508 cm) was used. Coolant was supplied to the test blade through
two loops with three serpentine passages with a 3-mm wall thick-
ness in each loop as shown. The design of the passages was based
on the E3, stage 1, HPT rotor-blade cooling system as discussed by
Halila et al.35 The leading-edge impingement wall in their design
was removed to simplify the passage flow analysis. Figure 4 shows
the geometry and orientation of the film-cooling holes on the pres-
sure side and on the squealer blade tip. Eight cylindrical tip holes
with a diameter of 1.1 mm (L/d = 5.78) were provided on the tip
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Fig. 5 Tip hole orientation.

Fig. 6 Detail geometry of PS-shaped hole.

such that they break out along the camber line of the blade on the
internal passage top wall. The thickness of the wall between the
internal passages and the cavity floor was 0.45 cm. Figure 5 shows
tip hole orientation with respect to the radial axis. The first tip hole
near the leading edge was drilled at 60 deg to the cavity floor giving
a length of diameter ratio (L/d) of 4.7. The remaining seven holes
were drilled at 45 deg to the cavity floor with an L/d = 5.8. The an-
gles with respect to the radial axis are shown in Fig. 5. The location
and arrangement of the tip holes was similar to that described by
Halila et al.35 for the HP turbine rotor blade. The first five tip holes
were connected to loop 1 (near the leading edge) and the remaining
three to loop 2 (near the trailing edge). Nine film-cooling holes with
a diameter of 1.27 mm and a hole spacing of 0.89 cm were provided
for coolant to pass through on the airfoil pressure side. The pressure-
side holes were located 0.7 cm below the tip surface at a compound
angle of 45 deg to the blade span and 45 deg with respect to the airfoil
pressure surface with L/d = 4. Figure 6 shows the detail views of
the shaped holes. A laidback and fan-shaped design was employed
for these nine holes with the holes expanding by 10 deg in the three
directions (10-10-10) with the expansion starting from the middle
of the hole length. The complete blade geometry including the blade
profiles, cooling holes and passage design can be provided by the
authors to researchers or turbine-blade designers for CFD validation.

This study was performed for a tip gap of 1.5% of blade span
(12.2 cm), which was maintained on the middle three blades.
Coolant injection through tip and pressure-side holes TP as well
as pressure-side holes P only was studied. Experiments were per-
formed with three different average blowing ratios M of 0.5, 1.0,
and 2.0. During testing, it was observed that actual velocity of the
leakage flow and coolant air could vary with the location and mass
flow rate of the coolant. For this reason, the average blowing ratio
was defined as M = ρcVc/ρm Vavg. If the density is same, the ratio is
reduced to a velocity ratio.

Discharge Coefficients and Local Blowing Ratios
The discharge coefficients, CD as discussed by Gritsch et al.,36

were assumed to be the constant for all open holes in a loop for
tip and pressure-side coolant injection (TP cases) as well as only
pressure-side coolant injection (P cases). Figure 7 shows average

Fig. 7 Average CD for TP and P cases.

Fig. 8 Local M for tip holes for TP cases.

discharge coefficients for each loop for TP and P cases as calculated
by using Eq. (1). It can be observed that for TP cases CD is higher for
loop 2 as compared to loop 1. This could be because of the presence
of four shaped holes on pressure side and five straight holes on the
tip for loop 1, whereas for loop 2 there are five shaped holes on
the pressure side and three straight holes on the tip. The discharge
coefficient for shaped holes is higher, which results in a higher
average CD value for loop 2. Discharge coefficients for shaped holes
(P cases) are high with an average value of 0.82. The constant CD

assumption for all holes in the loop might not be true as CD depends
on not only the geometry but also the external and internal flow
conditions. Average CD values just provide a representative means
to understand the coolant flow through the film-cooling holes. By
knowing total mass flow rate of the coolant, discharge coefficient,
and pressure differential for each hole, the local blowing ratio Mi

was calculated:

CD = ṁhole

/{(
π

4
d2

)[
Pt,passage

(
Pblade

Pt,passage

)(γ + 1)/2γ
]

√√√√ 2γ

(γ − 1)RTc

[(
Pt,passage

Pblade

)(γ − 1)/γ

− 1

]}
(1)

To better explain the results for effectiveness, local blowing ratios
through each hole on the tip and airfoil pressure side have been
plotted in Figs. 8 and 9, respectively. Local mass flux on the surface
of the blade was found using the inlet total pressure and local static
pressure. The local surface static-pressure distribution for the tip
was found using PSP, whereas static-pressure taps located at 97%
of blade span were used to measure static pressure on the near-tip
pressure side. The static pressure in the passages inside the blade was
measured using 14 static pressure taps on the pressure- or suction-
side inner passage wall located 3.18 mm below the passage top wall.
Local blowing ratio was calculated by using the pressure differential
for each hole.

From Fig. 8, for coolant injection for tip holes, the blowing ratio
shows a more or less uniform distribution with slightly lower values
for the fourth and fifth holes. This is mainly caused by lower passage
pressure in the turn region from passage 3 to 2. Pressure in passage 1
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Fig. 9 Local M for PS holes for TP and P cases.

closest to leading edge is higher because of stagnation of the coolant
causing slightly higher local blowing ratio for tip holes 1, 2, and
3. This also results in a high local blowing ratio for the first two
pressure-side holes located on passage 1 as can be observed from
Fig. 9. The local blowing ratio gradually decreases with increasing
chord because of the increase in the mainstream mass flux on the
pressure side as the flow approaches the throat region. A nonuniform
coolant distribution exists between the tip and pressure-side holes
for TP cases. The average coolant mass flow per hole through the
pressure-side holes is higher for higher blowing ratios as compared
to tip holes, but at lower blowing ratios average coolant mass flow
per hole is higher for tip holes.

Film-Cooling Effectiveness Measurement Theory
and Data Analysis

PSP was used to measure the film-cooling effectiveness on the
blade tip. PSP technique has also been used by other researchers
to measure film-cooling effectiveness. Zhang et al.37 conducted ex-
perimental work by applying PSP technique to measure the local
film-cooling effectiveness distribution on a turbine nozzle endwall
by using air and nitrogen as coolants. The accuracy of this tech-
nique for measuring film-cooling effectiveness has been compared
by Wright et al.38 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 ratio and show reasonable agreement with
each other with IR, TSP as well as PSP giving effectiveness results
within 15% of each other. Larger uncertainties for heat transfer tech-
niques such as IR and TSP methods were observed due to lateral
heat conduction in the flat plate as corrections for heat conduction
were not included in the presented results.

PSP is a photoluminescent material that emits light with inten-
sity proportional to the surrounding partial pressure of oxygen. Any
pressure variation on the PSP-coated surface causes emitting light
intensity to change as a result of an oxygen-quenching process. A
CCD camera measures this change of intensity. A calibration per-
formed for intensity ratio to give pressure ratio gives pressure in-
formation. To measure the film-cooling effectiveness and to obtain
the intensity ratio from PSP, four kinds of images are required: a
reference image (with illumination, no mainstream flow, surround-
ing pressure uniform at 1atm), an air image (with illumination and
mainstream flow, air used as coolant), an air/nitrogen image (with
illumination and mainstream flow, nitrogen gas used as coolant),
and a black image (no illumination and no mainstream and coolant
flow) to remove noise effects from the camera.

Oxygen partial pressure information is obtained from the intensity
ratio and calibration curve. This oxygen partial pressure information
can be directly converted into static-pressure distribution for the case
with air coolant injection. Intensity ratio for air and air/nitrogen
mixture is calculated using Eqs. (2) and (3), respectively.

Iref − Iblk

Iair − Iblk
= f unc

[(
PO2

)
air

]
or f unc(P) (2)

Fig. 10 Calibration curve for PSP.

Iref − Iblk

Imix − Iblk
= f unc

[(
PO2

)
mix

]
(3)

where I denotes the intensity obtained for each pixel for reference
(re f ), black (blk), air and air/nitrogen (mix) images, and f unc(P)
is the relation between intensity ratio and pressure ratio obtained
after calibrating the PSP. (PO2)air and (PO2)mix are the partial pres-
sures of oxygen on the test surface for air and air/nitrogen mixture
images, respectively.

The film-cooling effectiveness can be expressed as a ratio of oxy-
gen concentrations measured by PSP and is calculated using the
following equation:

η = Coair − Comix

Coair
= (PO2)air − (PO2)mix

(PO2)air
(4)

where Coair 15 and Comix are the oxygen concentrations of main-
stream air and air/nitrogen mixture on the test surface, respectively.
By assuming the molecular weights of air and nitrogen as the same,
effectiveness can be expressed as a ratio of partial pressures of
oxygen due to proportionality between concentration and partial
pressure.

The PSP-coated blade tip was illuminated by a strobe light fitted
with an optical filter. Light emerging from this filter was green light
with a center wavelength of 520 nm and a bandwidth of 20 nm. A
12-bit scientific-grade CCD camera (high-speed Sensicam with
CCD temperature maintained at −15◦C using two-stage peltier
cooler) with an exposure time of 1 ms was employed to mea-
sure emitting light intensity. An optical 610-nm long-pass filter was
placed in front of the camera to record red light emitted from the
PSP. Optical filters were chosen to match the wavelengths for ex-
citation (green) and return (red) signals for the PSP. Special care
was taken in choosing the wavelength range of the filters to avoid
any overlap of the ranges, so that the camera could detect only the
excited light from PSP and not the reflected light from the light
source. The camera and the strobe light were triggered at the same
time by a 20-Hz trigger signal. The image resolution obtained from
the camera was 1.41 pixels/mm.

The PSP-coated blade-tip surface was constructed by layering it
with PSP using an airbrush. Calibration for the PSP was conducted
inside a vacuum chamber. Air was removed from the chamber by
a vacuum pump, and the intensity from the PSP-coated test plate
was recorded at different pressures (P < Pref = 1 atm). Pressure was
varied from 0 to 1 atm. The same optical components, strobe light
and camera, were used in the calibration. There is a temperature
dependency of PSP. However, if the intensity is normalized by that
of the reference image (at 1 atm), the calibration curves, at different
temperatures, fall into one curve. Figure 10 shows the calibration
curve of intensity ratio vs pressure ratio. During testing, it was en-
sured that temperatures of mainstream air, coolant, and test section
were the same while taking reference, air, and nitrogen images to
minimize uncertainty. Thermocouples (T-type) located upstream of
the test section and in the coolant flow recorded temperatures of air
and nitrogen gas. Experiments were conducted in an air-conditioned
room (20◦C), and temperatures of mainstream air, coolant air, and
nitrogen gas were maintained at 20◦C.
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Coolant mass flow to each loop was set using two separate Rota-
meters to a flow rate corresponding to the blowing ratio. A pneumatic
valve was opened, and the pressure controller was set to the desired
flow rate for the mainstream air. A function generator was used to
generate transistor transistor logic (TTL) trigger signal for camera
and strobe light. The images were taken when the mainstream flow
was fully developed, that is, after the initial developing time for flow
(∼15 s). After the images were captured, the pneumatic valve was
closed. The duration of a single experiment was about 30 s.

Images obtained from the camera were saved, and a program
created to calculate the average intensity value at each image pixel
was executed. Two-hundred images (10 s at 20 Hz) were captured
for each case, and the average pixel intensity was calculated from
these images. Another program was used to convert the intensity
magnitudes to partial pressure of oxygen and then to film-cooling
effectiveness. Results obtained for each pixel were plotted as contour
plots and are presented.

Uncertainty calculations were performed based on a confidence
level of 95% and are based on the uncertainty analysis method of
Coleman and Steele.39 Lower effectiveness magnitudes have higher
uncertainties. For an effectiveness magnitude of 0.3, uncertainty was
around 2%, whereas for an effectiveness magnitude of 0.07 uncer-
tainty was as high as 10.3%. Uncertainties for very low effectiveness
magnitudes can be higher. This uncertainty is the result of uncer-
tainties in calibration (4%) and image capture (1%). Uncertainties
for the blowing ratios are estimated to be 4%.

Computational Methodology
Computations were performed for the blade-tip flow and film

cooling for the same blade-tip geometry using a commercial soft-
ware package FLUENT. This code solves compressible Reynolds-
averaged Navier–Stokes equations using the finite volume method
to discretize the equations. The GAMBIT grid-generation software
was used to generate unstructured tetrahedral grids, with fine-grid
clustering in the near-wall and tip film-cooling regions. Numeri-
cal study has been undertaken primarily to understand the flowpath
of the coolant and its interaction with the mainstream and also to
calibrate the CFD code by comparing with experimental data. Nu-
merical predictions were made only for TP cases.

The computational domain consisted of a single blade with pe-
riodic conditions imposed along the boundaries in the circumfer-
ential (pitch) direction. The inlet boundary was placed at one-half
chord length upstream of the blade so that the simple uniform in-
flow boundary conditions could be employed. The total temperature
(293 K) and total pressure (147.39 kPa) were specified along with
the inlet flow angle (32 deg) and turbulence intensity level (9.7%).

Fig. 11 Numerical predictions of coolant pathlines on the blade tip and inside the coolant loops colored with dimensionless temperature.

The corresponding Mach number at the inlet was 0.25. The exit
boundary was located at one chord length downstream of the blade
trailing edge to provide appropriate resolution of the tip leakage flow
and passage vortices. On the blade surface, a no-slip condition with
adiabatic temperature was specified. The coolant temperature was
set 50◦C higher than the mainstream so that adiabatic effectiveness
could be calculated.

For blade-tip leakage flow and heat-transfer simulations, Yang
et al.30,31 have showed that the Reynolds-stress model of Hanjalic40

performed slightly better than the high-Reynolds-number k–ε
model41 and renormalization group (RNG) k–ε model.40 In all cases,
a nonequilibrium wall function was employed to handle the near-
wall turbulence. The y+ value is adjusted iteratively to about 30 by
splitting or merging the near-wall grids to satisfy the requirement of
nonequilibrium wall function. All of the cases presented converged
to residual levels of the order of 10−5 and to less than 0.01% error
in the mass flow rate between the inlet and exit of the computational
domain. About 1.5 million nodes were applied in these calculations
with the grid resolution based on the grid-independence study per-
formed by Yang et al.30,31 Typically, 1000 iterations were required
for convergence.

Film-Cooling Effectiveness Results
Pathlines of the coolant colored with dimensionless temperature

θ obtained from numerical predictions are shown in Fig. 11 on
the blade tip and inside the serpentine passages. Rapid change in
coolant temperature can be observed as it comes into contact with
the mainstream flow. The 180-deg turning effect in the serpentine
passages can also be noticed on the flowpath of the coolant. Large
recirculating zones can be spotted in passages 1 and 6 as a result of
the flow orientation and their large cross-section area.

Film-Cooling Effectiveness Results for Tip and
Pressure-Side Coolant Injection (TP)

Figure 12 shows film-cooling effectiveness distribution for a
squealer blade tip for coolant flow from tip as well as from the
pressure-side holes. The first row in the figure shows the result on
the tip for the three blowing ratios of M = 0.5, 1.0, and 2.0 arranged
in column-wise fashion while the second row shows the effective-
ness data obtained on the near-tip pressure side.

Film-cooling effectiveness is found to increase with increasing
blowing ratio on the tip. It can be discerned from the contour plots
from Fig. 12 that the coolant trace from the tip holes moves to-
wards the pressure-side trailing edge. This is probably because of
a recirculation zone induced by the squealer rim. Presence of this
recirculation zone can be confirmed in Fig. 13, which shows the
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Fig. 12 Film-cooling effectiveness distribution on tip and near-tip pressure side for TP cases.

Fig. 13 Stream vectors along with dimensionless temperature con-
tours for three cross sections along tip.

stream vectors of the flow as obtained from numerical predictions
for M = 1 along with the dimensionless temperature θ at three dif-
ferent cross sections on the blade tip cut normal to the chord with
the first cutting plane closer to the leading edge (20% chord), the
second in the middle (50% chord), and the third closer to the end
of the cavity near the trailing edge (65% chord). Development of
the tip vortex on the suction side can also be discerned from the
stream vectors. Lower temperatures caused by mixing of the colder
jet with the mainstream can be observed near the pressure-side inner
and outer rim walls implying good film coverage.

From Fig. 12, effectiveness immediately downstream of the tip
holes is very high with the magnitude dropping rapidly further down-
stream. Liftoff of the jets can be observed for the holes on loop 2
(tip holes 5, 6, 7, and 8) for higher blowing ratios while higher
effectiveness magnitudes downstream of the holes on loop 1 can
be observed as the coolant jets stay closer to the cavity surface.
Some coolant coverage can also be observed on the cavity floor
towards the suction-side/trailing-edge inner rim wall. This is prob-
ably because of some coolant being trapped and recirculated inside
the squealer cavity. The pressure-side rim shows relatively high ef-
fectiveness magnitudes as a result of carryover of the pressure-side
coolant. Some coolant shooting from the tip holes for high blowing
ratios can also penetrate the mainstream leakage flow to provide ad-
ditional film coverage on the pressure side rim. Some traces can also
be observed near the trailing edge and on the suction-side rim. The
effectiveness magnitudes immediately downstream of the tip holes

show higher magnitudes as compared to Ahn et al.6 They presented
data with coolant injection at 90 deg to the blade-tip surface, which
is more prone to dilution with the mainstream flow, thus lowering
effectiveness. In the present study, coolant is injected at 45 deg to
the blade-tip surface. Though the contour levels show a maximum
effectiveness of only 0.6, the effectiveness in the hole and near hole
region is very high. Magnified views for three tip holes and three
pressure-side holes are shown in Fig. 14 for M = 1. Effectiveness
inside the hole was recorded to be about 0.9. Liftoff of the coolant
jet can be noted for tip holes 5 and 8, indicating that the high jet
momentum causes direct impingement on the pressure-side inner
rim wall. The sudden decrease in effectiveness immediately down-
stream of these holes is a result of the coolant jet losing contact with
the cavity surface indicating liftoff.

Numerical prediction of the results for the same cascade flow
conditions and the three blowing ratios is presented in Fig. 15. The
first row shows numerical results on the tip while the second row
shows the predictions on the near-tip pressure side. Film-cooling ef-
fectiveness on the inner rim walls is also shown in the third row. The
numerical predictions show similar trends as experimental results.
Figures 12 and 15 are plotted for the same contour level. Relatively
good comparisons for the tip can be observed for M = 0.5 and 1. The
effectiveness levels from numerical simulation for M = 2 though are
found to be higher. These higher magnitudes can be caused by an
inability of the CFD code to capture the flow unsteadiness of the
high-momentum jet around the hole region leading to less mixing
of the coolant with the mainstream.

Film-cooling effectiveness on the pressure side is very low for
the holes near midchord region for M = 0.5. Nearly equal pres-
sures in the passage and on the outer blade surface cause very little
coolant to come out through these holes. The last two pressure-
side holes though show much higher effectiveness because of lower
static pressures on the blade surface. More spreading of the coolant
coming from the last four holes can be observed for M = 1 as com-
pared to M = 2 resulting in higher effectiveness. For M = 2, the
high-momentum coolant jet shoots towards the tip gap with little
spreading. On the other hand, coolant coming out from the first five
pressure side holes for M = 1 and 2 show little spreading and rela-
tively lower effectiveness owing to liftoff of the jet from the surface
because of very high local blowing ratios for these holes. Magnified
views for pressure-side holes 2, 5, and 8 shown in Fig. 14 visibly
indicate the bending of the coolant jet as a result of decreasing local
blowing ratio as the mainstream flow moves towards the trailing
edge. When compared to results from CFD analysis (Fig. 15), for
a blowing ratio of 1, there is good agreement between the two sets
of data. For M = 0.5 and 2 though, the CFD code used overpredicts
the effectiveness magnitudes. Some effectiveness was observed up-
stream of the pressure-side holes by Mhetras et al.42 for higher
blowing ratios, which is unusual. This can be because of reflection
error on the near-tip P S surface. In the present study, the test blade
was first coated with a nonreflective black paint before layering it
with PSP to minimize light reflection from the test surface.

Film-cooling effectiveness results for the pressure-side inner rim
wall and suction-side inner rim wall have been shown in Fig. 16.
The tip film-cooling holes are designed so that the high-momentum
coolant jet will impinge on the pressure-side inner rim wall. Coolant



896 MHETRAS ET AL.

Fig. 14 Magnified view of effectiveness levels near some typical tip and PS holes for M = 1 for TP case.

Fig. 15 Numerical predictions for film-cooling effectiveness on tip, near-tip PS, and inner cavity rim walls for TP cases.

Fig. 16 Film-cooling effectiveness distribution on inner rim walls for PS and Suction Side (SS) for TP cases.

Fig. 17 Film-cooling effectiveness distribution on tip and near-tip pressure side for P cases.

jets will remove heat from the tip rim wall by increasing the heat-
transfer coefficients. Additional coolant coverage will decrease the
surface temperature difference by preventing the mainstream hot
gas coming into contact with the blade tip. Almost uniform film
coverage is obtained on the pressure-side inner rim wall with effec-
tiveness magnitudes increasing with higher blowing ratios. Higher
magnitudes (∼0.25) can be observed where the coolant jet impinges
on the rim wall. Some remnants of the coolant can also be discerned
from traces on the suction-side inner rim wall, which can be at-
tributed to some coolant from the tip holes getting trapped inside
the recirculation vortex in the squealer cavity. Similar observations
can be made from the numerical predictions indicating that CFD
code is able to capture the flow physics inside the cavity. The effec-
tiveness magnitudes compare well for M = 0.5 and 1, whereas they
are overpredicted for M = 2 especially on the pressure-side inner
rim close to the leading edge.

Film-Cooling Effectiveness Results for Only
Pressure-Side Coolant Injection (P)

Figure 17 depicts the contour plots for effectiveness obtained on
the tip and on the near-tip pressure side, whereas Fig. 18 shows the
effectiveness plots for the inner rim walls for three blowing ratios
with coolant injection through only pressure-side shaped holes. The
tip holes were sealed for these cases. From Fig. 17, some traces
of coolant can be observed on the cavity floor of squealer tip for
blowing ratios of 1 and 2 near the trailing-edge side. This could be
caused by entrainment of the coolant coming from the pressure side
into the recirculating vortex region. The effectiveness magnitudes
though are very low (∼0.1). Some coolant traces can also be dis-
cerned on the pressure-side rim, which is caused by the coolant car-
rying over into the tip gap. Higher effectiveness magnitudes can be
noted near the trailing-edge rim. Effectiveness magnitudes though
are generally much lower than those for TP cases.
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Fig. 18 Film-cooling effectiveness distribution on inner rim walls for PS and SS for P cases.

Fig. 19 Averaged film-cooling effectiveness from experimental results for all cases.

As observed for TP cases, more spreading of the coolant can
be observed for M = 1 on the near-tip pressure side as compared
to M = 0.5 and 2 for holes near the trailing edge. Weaker jet mo-
mentum from these holes for M = 0.5 restricts the spreading of
the coolant. The effectiveness on the pressure side though is much
higher for M = 0.5 as compared to TP case mainly because in the
latter case more coolant was diverted to the tip holes. This effect can
also be discerned from the local blowing ratio plot in Fig. 9. M = 0.5
shows more spreading near the first few holes close to the leading
edge than M = 1.0 and 2.0. High-momentum jets for M = 2.0 on the
other hand do not smear as much as for M = 0.5 and 1.0 resulting
in a relatively straighter coolant trace. Liftoff of the coolant jet can
also be observed for the holes closer to the leading edge and mid-
chord. This effect is similar to that observed for TP cases and can be
attributed to the very high local blowing ratios for these holes. Some
minor traces of the coolant can also be observed for the inner rim
walls from Fig. 18 on the pressure and suction side of the squealer
cavity with higher magnitudes for higher blowing ratios.

Averaged Film-Cooling Effectiveness Results
Figure 19 shows the variation of averaged film-cooling effective-

ness along the axial chord for the plane and squealer blade tip for
all cases. The averaged values are obtained by averaging the ef-
fectiveness magnitudes at a given x/Cx location. For the near-tip
pressure-side holes, the averaged results were obtained by averaging
from the base of the hole to the tip. Data are shown for all six surfaces
for each case. The trends indicate that effectiveness increases with
blowing ratio. High peak values for effectiveness can be noted for
the near-tip pressure-side surface with each spike representing the
presence of a hole. This is mainly because of higher effectiveness
on this surface as a result of the presence of shaped holes. The peak
values near the hole locations on the cavity floor though are much
lower as the area closer to the suction-side inner rim wall shows Fig. 20 Area averaged film-cooling effectiveness.
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low effectiveness magnitudes. Hence, after averaging, the peak val-
ues are muted. Almost uniform effectiveness of about 0.2 can be
observed for the pressure-side rim and inner wall for TP cases. For
P cases, effectiveness values are very low (< 0.1) for the cavity
floor and inner rim walls. Average values for the near-tip holes are
similar to those for TP case. Figure 20 shows the area-averaged
film-cooling effectiveness results. For the near-tip pressure side, a
blowing ratio of M = 1 shows best performance for TP and P cases
as a result of spreading of the coolant. For the other surfaces on the
tip though, M = 2 shows highest effectiveness.

Conclusions
A parametric study has been performed for measuring film-

cooling effectiveness on a squealer blade tip. Effectiveness was
measured on the cavity floor, rim, cavity rim walls, and near-tip
pressure side. Effects of coolant injection from pressure side and
tip and pressure side and varying blowing ratio have also been stud-
ied. Major findings from the experimental and numerical results are
listed next.

1) In general, higher blowing ratios give higher effectiveness on
the tip rim, cavity floor, and inner rim walls. For the near-tip pressure
side, M = 1 shows best results.

2) The pressure-side rim and inner and outer squealer rim walls
show high and uniform effectiveness because of the combined effect
of tip and pressure-side coolant injection.

3) Entrainment of coolant in the squealer cavity recirculation
vortex can help in providing film coverage on the suction side rim
and inner rim wall.

4) Coolant injection from only pressure side gives poor film-
cooling performance on the cavity floor and inner rim walls.

5) Presence of serpentine passages to supply coolant to the holes
results in a large variation of local blowing ratios, which can have a
significant impact on film-cooling performance.

6) Greater control of local blowing ratios for holes on the near-tip
pressure side can provide more uniform film coverage.
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