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A five-blade linear cascade is used to experimentally investigate turbine-blade platform cooling. Three slot

configurations placed upstream of the blades are used tomodel advanced seals between the stator and rotor. The seal

configurations include vertical injection of the coolant onto the platform, a redirection of the coolant onto the

platform, and a labyrinthlike configuration between the stator endwall and rotor platform. The coolant flow rate

through the seals varies from 0.5 to 2.0% of the mainstream flow. The film-cooling effectiveness is measured on the

platform using pressure-sensitive paint. The upstream slots cover 1.5 passages with the coolant exiting the slot

3.87 cm upstream of the leading edge of the blades. ThemainstreamReynolds number is 3:1 � 105 based on the inlet

velocity and the chord length of the scaled high-pressure turbine blade. With the pressure-sensitive-paint

measurement technique, the effect of the passage-induced secondary flow on the film-cooling effectiveness is easily

captured, as the distribution of the film effectiveness is very nonuniform through the passage. In addition, the more

advanced seal configurations, considered in the present study, yield reduced film-cooling effectiveness compared

with the more fundamental inclined slot configurations.

Nomenclature

C = true chord length of the blade
Cax = axial chord length of the blade
Cmix = oxygen concentration of the mainstream-coolant

mixture
C1 = oxygen concentration of the mainstream
Iair = light intensity measured with air injection
IN2

= light intensity measured with nitrogen injection
Iref = light intensity measured at the reference condition (no

mainstream, no coolant flows)
ls = slot length
Ms = slot injection blowing ratio, �sVs=�mVm1 � Vs=Vm1
ms = slot injection mass flow ratio (percentage of the

mainstream flow)
PO2

= partial pressure of oxygen
PO2ref

= partial pressure of oxygen at the reference condition
(no mainstream, no coolant flows)

Re = mainstream flow Reynolds number based on the inlet
velocity and axial chord length

s = slot width, m
Vm1 = mainstream velocity at the cascade inlet, m/s
Vm2 = mainstream velocity at the cascade exit, m/s
Vs = slot injection velocity, m/s
w = slot width, m

x = axial distance from the cascade leading edge, m
� = film-cooling effectiveness
�m = density of the mainstream, kg=m3

�s = density of the slot coolant, kg=m3

I. Introduction

A SECONOMIES across theworld continue to grow, the demand
for power also continues to increase. Commercial, industrial,

and residential customers have come to expect uninterrupted
electrical service required to meet a variety of needs; however, the
demand for power is growing faster than the power supply. Mean-
while, the commercial airline industry is facing numerous hurdles
and the military is facing new challenges. The common bond be-
tween land-based power generation and aircraft propulsion is gas
turbine engines. With gas turbines also being used for marine
propulsion and scores of other specific industrial applications, it is
vital that these engines operate efficiently. The efficiency of a gas
turbine engine can be increased by raising the temperature of the hot
gases at the inlet of the turbine. However, increasing the temperature
of the mainstream gas must be done cautiously, because additional
problems can develop. Themetallic turbine componentsmust be pro-
tected to survive prolonged exposure to the hot gases. The life of the
turbine airfoils can be increased by implementing any of a variety of
cooling techniques. As presented by Han et al. [1], air is extracted
from the compressor and used to cool the airfoils. This coolant air is
injected into the hollow airfoils and circulates through internal
cooling passages of the blades and vanes. The coolant is discharged
through discrete holes in which it forms a protective film on the outer
surface of the airfoil. Many investigations have focused on increas-
ing the heat transfer enhancement within the blades via rib turbu-
lators, jet impingement, and pin fins. Also, film cooling has been
studied for many years to determine the optimal hole configuration
and flow conditions to maximize the protection of the coolant.

With the increasing temperature of the mainstream gases exiting
the combustor, the stator vanes and rotor blades must be protected so
that they can survive the extreme temperatures. Recently, the blade
platform has received renewed attention for an adequate cooling
scheme. The vane endwall and the blade platforms comprise a large
percentage of the area exposed to the hotmainstreamgases. There is a
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strong potential for “hot spots” to form on the endwalls and
platforms. Over this large area, it is vital to have accurate heat transfer
distributions so that efficient cooling schemes can be developed. The
cooling schemes should adequately protect the platforms while
minimizing the amount of coolant.

A general review of platform (endwall) flow, heat transfer, and
film cooling has been completed by Han et al. [1] and Chyu [2].
Several of the papers reviewed by these sources will be considered
alongwith other papers to develop a foundation for platformflowand
heat transfer. The secondary flow in a turbine passage is very
complex and varies based on the blade profile being considered.
Langston et al. [3,4] performed flow measurements to gain insight
into this complex secondaryflow. They showed that at the inlet of the
passage, the boundary splits at the leading edge of the blade. A
horseshoe vortex forms,with one leg on the pressure side of the blade
and the other leg on the suction side of the blade (in the adjacent
passage). The pressure-side leg of the horseshoe vortex travels from
the pressure side of the passage to the suction side; this pressure-side
leg of the horseshoe vortex becomes known as the passage vortex.
This passage vortex will eventually meet the suction-side leg of the
horseshoe vortex that has remained near the junction of the suction
surface and endwall. Goldstein and Spores [5] also studied the flow
through a blade passage. They identified multiple “corner” vortices
that developed throughout the passage.Apressure-side corner vortex
develops just downstream of the leading edge, and the vortex carries
about one-third of the chord length. Two suction-side corner vortices
develop along the suction surface in the latter half of the passage.
After the passage vortex carries to the suction side of the passage, it
lifts from the endwall surface. Below the passage vortex, along the
junction at which the suction surface meets the endwall, suction-side
counter-rotating corner vortices form.

The highly complex, three-dimensional flow has a strong
influence on the heat transferred from the mainstream flow to the
blade platform. Blair [6] pioneered the study of endwall heat transfer.
He found significant variation of the heat transfer coefficient across
the passage and downstream to the trailing edge of the vane, due to
the secondaryflow along the endwall. Graziani et al. [7] also reported
large variations in the endwall heat transfer coefficients. They
showed that the heat transfer coefficients on the suction surface of the
blade are also influenced by the secondary flow through the passage;
however, the heat transfer coefficients on the pressure surface are not
affected by the strong secondary flows. Using a mass transfer
technique, Goldstein and Spores [5] showed that as the boundary
layer splits to form the two legs of the horseshoe vortex near the
leading edge of the blades, the heat transfer coefficients increase, and
the greatest heat transfer enhancement on the endwall occurs near the
leading edge. Other variations are present on the endwall, due to the
path of the passage and corner vortices. In addition, near the trailing
edge of the blade, the heat transfer coefficients are elevated as the two
flows from the two passages meet at the trailing edge. The heat
transfer coefficients were also measured on the endwall of a vane
passage [8–10]. Similar variations were found, because the heat
transfer continues to be dominated by the secondary flow. When the
effect of freestream turbulence was considered [9,10], it was found
that increasing the turbulence intensity increases the heat transfer
coefficients on the passage endwall. However, the effect of the
freestream turbulence intensity was minimal near the leading edge
and near the suction surface, on which the horseshoe and passage
vortices dominate the heat transfer behavior.

With the local areas of high heat transfer identified, film cooling
can be implemented on the blade platform to reduce the heat load in
these areas. Takieshi et al. [11] obtained heat transfer and film-
effectiveness distributions on a vane endwall with discrete film-
cooling holes placed at three locations in the passage. They found
that the effectiveness is very low near the leading edge on the suction
side; with the rollup of the horseshoe vortex, the film coolant lifted
from the surface and offered little or no protection. The path of the
coolant was also influenced by the passage vortex transporting the
coolant from the pressure to the suction side of the passage.
Harasgama and Burton [12] used film cooling near the leading edge,
just inside the passage, with the film-cooling holes located along an

iso-Mach line. Although the row of film-cooling holes was evenly
distributed to span the passage, no coolant reached the pressure side
of the passage. The film-cooling configuration used by Jabbari et al.
[13] consisted of discrete holes placed on the downstream half of the
passage. Similar to the upstream design [12], the film-cooling
effectiveness varied significantly through the passage, with the
coolant moving to the suction side of the passage.

Friedrichs et al. [14–16] studied the film-cooling effectiveness
using the ammonia and diazo technique. They found that a simple
layout of the film-cooling holes throughout the passage can result in
areas being overcooled (or undercooled), due to the secondary flow.
With their proposed “improved design,” the film holes were placed
so that the strong secondary flow could be used advantageously.
Using the same amount of coolant, they were able to provide
improved coolant coverage. Recently, Barizozzi et al. [17] compared
the film-cooling effectiveness on a passage endwall with cylindrical
or fan-shaped film-cooling holes. With their cooling designs, they
showed that by increasing the blowing ratios, the passage vortex is
weakened and the passage cross flow is reduced; therefore, coolant
coverage is more uniform across the passage. Similar to flat-plate
film cooling, shaped film-cooling holes offer better protection than
cylindrical holes.

A similarity between the vane endwall and the blade platform is
the existence of a slot (or gap) upstream of the airfoil leading edge. A
gap is commonly in place in the transition from the combustion
chamber to the turbine vane (stator). Similarly, a gap exists between
the stator and rotor, and so the turbine disk can rotate freely. To
prevent ingestion of the hot mainstream gases, it is a common
practice to inject coolant air through these slots. If this preventive
measure is used properly, unnecessary discrete film holes can be
eliminated so that coolant is not wasted by overcooling areas on the
rotating platform. Blair [6] also measured the film-cooling
effectiveness with upstream injection in his pioneering study; he
showed large variations in the film-cooling effectiveness over the
entire passage, due to the strong secondary flow. Roy et al. [18]
placed coolant slots upstream of their vane. They showed the heat
transfer near the leading edge was reduced, due to the secondary air
injection. Because the slots were placed directly upstream of the
blades, a large area in the center of the passage did not receive
adequate film-cooling coverage. Slot injection has been the focus of
many studies performed at the University of Minnesota [19–21].
They found that using slots, which span the majority of the passage
upstream of their vanes, can provide film coverage over most of the
passage to the trailing edge of the vane [19,20]. They also found that
increasing the amount of coolant through the slot can reduce the
effect of the secondary flow. In addition, strategically blocking the
slot so that the coolant does not exit the slot uniformly provides
thermal advantages (and disadvantages) [21].

The heat transfer coefficients and the film-cooling effectiveness
were measured on an endwall of a vane passage with film cooling
combinedwith upstream slot injection byNicklas [22]. He found that
in the upstream region, the film-cooling effectiveness was elevated,
due to the large amount of cooling flow from the slot. However, the
effectiveness near the discrete holes located near the center of the
passages suffered, due to the passage vortex. Liu et al. [23] used a
high volume of discrete holes upstream of their vanes to emulate the
effect of upstream slot injection. They determined that the film-
cooling effectiveness was primarily affected by the blowing ratio of
the injection; in addition, as the blowing ratio increases, the
uniformity of the coverage increases.

The film-cooling effectiveness has beenmeasured using pressure-
sensitive paint (PSP) by Zhang and Jaiswal [24] and Zhang and
Moon [25]. They first measured the effectiveness with two upstream
injection geometries: two rows of discrete holes and a single-row
slot. The effect of a backward-facing step was also considered with
the discrete hole configuration. They confirmed that increasing the
coolant flow can significantly increase the effectiveness, and they
reported that the use of a backward step significantly decreases the
effectiveness within the passage. Knost and Thole [26] showed that
with increased slot flow, the critical areas of the leading-edge and
pressure-side junction can be adequately cooled.
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Wright et al. [27] recently applied the PSP technique to measure
the film-cooling effectiveness on the blade platform with combined
upstream injection (through an inclined slot) and downstream
discrete film-cooling holes. They concluded that using the available
purge flow coupled with limited discrete film cooling downstream
can significantly reduce the amount of coolant required to protect the
platform. The PSP technique proved satisfactory in capturing the
effect of the passage-induced secondary flow on the film-cooling
effectiveness.

As designers strive to push the limits to more efficient engines,
more studies of the vane endwall and blade platform have emerged.
Although significant effort has been directed to obtaining heat
transfer coefficient and film-effectiveness distributions on the
endwalls and platforms, the majority of investigations have only
considered idealistic geometries. Although incline and vertical slots
may be simple to replicate in a laboratory environment, they do not
model the advanced seals designed to prevent ingestion of the hot
mainstream gases into the engine cavity. Therefore, it is vital to
provide designers with detailed film-cooling-effectiveness distribu-
tions that are obtained from more advanced seal configurations.

From previous studies, pressure-sensitive paint has proven to be a
valuable tool to obtain detailed film-cooling-effectiveness dis-
tributions. This technique will again be used to measure the film-
cooling effectiveness on turbine-blade platforms with three different
stator–rotor seal configurations. A seal that injects the coolant
vertically through the platform, a seal that redirects the coolant onto
the platform, and a labyrinthlike seal will be used to obtain detailed
film-cooling-effectiveness distributions on a blade platform within a
linear cascade.

II. Experimental Facility

A. Low-Speed Wind Tunnel

An existing low-speed wind-tunnel facility was used to study the
platform film-cooling effectiveness, and a schematic of the facility is
shown in Fig. 1. Modifications were made to the endwall of the wind
tunnel that was previously used byWright et al. [27]. The open-loop
wind tunnel operates in suction with two mesh screens located at the
inlet of the wind tunnel. To produce uniform flow entering the
cascade, a 4:5:1 contraction nozzle guides the flow to the linear

cascade. The test area is 25.4 cm high by 75.0 cm wide and has a
107.49-deg turning angle to match the turning of the five-blade
cascade. Head- and tailboards guide the flow into the cascade. The
cascade inlet velocity was maintained at 20 m=s and was set using a
variable frequency controller attached to the 15-hp (11.2-kW)
blower. The inlet velocity was measured (and continuously
monitored) using a pitot tube placed inside the wind tunnel. The
mainstream accelerates through the cascade, and so the mainstream
velocity at the cascade exit is 50 m=s.

B. Linear Cascade Design

Figure 2 shows the typical advanced high-pressure turbine blade
used for this study. The blade, which was scaled up five times, has a
107.49-deg turning angle with an inlet flow angle of 35 deg and an
outlet flow angle of �72:49 deg. The chord length of the blade is
22.68 cm and the height of the blade is 25.4 cm. The blade-to-blade
spacing at the inlet is 17.01 cmwith a throat-to-span ratio of 0.2. The
mainstreamflowaccelerates from 20 m=s at the inlet to 50 m=s at the
outlet of the cascade. The inletflowperiodicity and uniformity for the
blade design have been measured and reported by Zhang and Han
[28]. In addition, the velocity (pressure) distributions along the
pressure and suction surfaces of the blades have also been measured.
The mainstream Reynolds number (based on the inlet velocity and
blade chord) is 3:1 � 105, and the turbulence intensity at the inlet of
the cascade is 0.75% [28].

C. Stator–Rotor Seal Configurations

To study the film-cooling effectiveness on the blade platform, the
platform was altered so that the advanced seal configurations could
be considered upstream of the blades. Three separate seals are
considered in the present study. The complexity of the seals
gradually increases to the most complex design, which most closely
models actual engine seals. For all cases, the upstream seal shown in
Fig. 2 covers 1.5 passages, and the seals are located 3.87 cmupstream
of the blades (Fig. 3).

The first seal injects the coolant vertically into the mainstream
flow, as shown in Fig. 3a. The slot width is 0.44 cm, and the coolant
travels 1.91 cm through the slot, and so ls=w� 4:34. The second seal
actually redirects the coolant just before it is injected onto the

Fig. 1 Overview of the low-speed wind tunnel used to study platform cooling.
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platform. As shown in Fig. 3b, the coolant is not directly injected into
the mainstream flow. This redirection gives a slot length-to-width
ratio of 4.84. The third configuration is the most advanced seal
configuration. Figure 3c shows a configuration that models a
labyrinth seal, which is the most likely configuration encountered in
actual engines. The coolant is actually turned 180 deg before it is
expelled onto the platform. In this case, the distance the coolant
travels through the seal increases, and so the length-to-width ratio
increases to 6.84. Although the length of the flow path increases, due
to the redirection of the labyrinth seal, the length of the seal is not
sufficient to allow the fluid to hydrodynamically develop.

Coolant (air or nitrogen) is metered through a square-edged orifice
flow meter by the American Society of Mechanical Engineers and
piped to a plenum located directly beneath the slot. The plenum is
sufficiently large enough to ensure that the coolant is uniformly
distributed at the exit of the slot. The flow rate of the slot coolant can
be varied so that the film-cooling effectiveness can bemeasured over
a range of flow rates varying from 0.5 to 2.0% of the mainstream
flow.

III. Pressure-Sensitive-Paint Measurement Technique

The film-cooling effectiveness has been measured using an array
of measurement techniques over several decades. Thermocouples,
thermochromatic liquid crystals, infrared thermography, and
temperature-sensitive paint have been used for surface-temperature
measurements that can be converted to the film-cooling effectiveness
with knowledge of themainstream and coolantflows.Although these
techniques can be used to obtain the film-cooling effectiveness, the
accuracy near the film-cooling holes is questioned. Near the holes,
the test material can very thin, and therefore heat conduction through
the test surface can give false representations of the film-cooling
effectiveness. This is a problem that is an inherent to heat transfer
experiments.

Numerical correction of the film-cooling data is one alternative for
producing more accurate film-cooling data. Another alternative is to

avoid heat transfer experiments. This approach was used by Zhang
et al. [24,25] as they used PSP to measure the film-cooling
effectiveness on a cascade endwall. Wright et al. [29] used PSP to
film the cooling effectiveness on a flat plate with compound-angle
film-cooling holes, and they provide a detailed review of the PSP
theory and application. In addition, PSP has also been used to
measure the effectiveness on a cylinder placed in a low-speed wind
tunnel [30]. Both of these studies demonstrate the superiority of PSP
measurements compared with other traditional measurement
techniques, including steady-state liquid crystal thermography,
steady-state infrared thermography, and transient infrared
thermography. The PSP technique has also been applied by Ahn
et al. [31,32] tomeasure thefilm-cooling effectiveness on the leading
edge of a rotating blade placed in a three-stage research turbine.
Additional film-cooling-effectiveness distributions have been
obtained in a blowdown facility on the blade tip [33,34].

The premise behind PSP is an oxygen-quenching effect. As the
oxygen partial pressure of the gas in direct contact with the surface
increases, the intensity of light emitted by the PSP decreases (hence,
oxygen quenched). The PSP can be calibrated to determine the
relationship between the emission intensity of the paint and the
surrounding oxygen pressure. A test plate is sprayed with the Uni-
FIB PSP (UF470-750) supplied by Innovative Scientific Solutions,
Inc. and placed inside a vacuum chamber. At each measurement
point, the PSP sample was excited using a strobe light equipped with
a 500-nm broadband pass filter. A charge-coupled device (CCD)
camera with a 630-nm filter records the intensity emitted by the PSP.
Figure 4 shows a typical calibration curve relating a known pressure
ratio to a measured intensity ratio (for which the reference conditions
are taken at atmospheric pressure). At the reference condition, the
intensity of light typically measures approximately 90, whereas the
maximum intensity measured in the calibration and actual test is 650
and 530, respectively.

After the PSP has been properly calibrated, the film-cooling
effectiveness can bemeasured on the desired test surface. Because of
the size of the endwall passage, two sets of images are required to

Fig. 2 Low-speed wind-tunnel and turbine-blade details.
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capture the entire passage. The procedure to measure the
effectiveness on both the upstream and downstream halves of the
passage are identical, and the results are combined to give a complete
picture of the film-cooling effectiveness on the platform. The film-
cooling effectiveness is measured based on a mass transfer
technique. Two similar tests are required to calculate thefilm-cooling
effectiveness: one with air as the coolant and onewith nitrogen as the
coolant. The film-cooling effectiveness can be calculated based on
the concentration of oxygen,which is related to the partial pressure of
oxygen. Therefore, the film-cooling effectiveness can be calculated
using Eq. (1):

�� C1 � Cmix

C1
�
�PO2
�air � �PO2

�N2

�PO2
�air

� 1 � Iair
IN2

(1)

To accurately determine the film-cooling effectiveness, a total of
four images are required: 1) a black image to remove any background
noise from the optical components (no mainstream flow, no coolant
flow, no excitation light), 2) a reference image to establish the
intensity at the reference atmospheric pressure (no mainstream flow,
no coolant flow, PSP is excited with the strobe light), 3) an air image
to measure the partial pressure of oxygen with air as the coolant
(mainstream flow, air as coolant flow, excitation by strobe light), and
4) a nitrogen image to measure the partial pressure of oxygen with
nitrogen as the coolant (mainstream flow, nitrogen as coolant flow,
excitation by strobe light). As shown in Fig. 4, in the presence of
oxygen, the emission intensity falls and the intensity ratio Iref=I
increases, as shown by representative point for film cooling with air

injection. When nitrogen is injected as the coolant, the emission
intensity increases (due to the lack of oxygen), and the intensity ratio
decreases, as shown by the point for nitrogen injection. The partial
pressure of oxygen with air or nitrogen injection is determined based
on the calibration of the emission intensity and pressure. The film-
cooling effectiveness can be determined at every pixel, giving a
detailed film-cooling-effectiveness distribution on the passage
endwall.

Experimental uncertainty was considered using a 95% confidence
level, as presented by Coleman and Steele [35]. The uncertainty of
the film-effectiveness measurements varies depending on the
intensity level measured by the CCD camera. The experimental
uncertainty is less than 2% for film-effectiveness measurements
greater than 0.5. However, as the effectiveness begins to approach
zero (where the measured light intensities are relatively low), the
uncertainty rises. For a film-cooling effectiveness of 0.07, the
uncertainty is approximately 10% and continues to rise as the
effectiveness approaches zero. Although the results presented in the
upcoming figures represent single experiments, all of the
experiments were repeated to confirm the repeatability of the data.
The data proved to be repeatable for the entire range of film
effectiveness that was measured.

IV. Results and Discussion

As previously described, the film-cooling effectiveness is
measured on a blade platform with three different stator–rotor seal
configurations. The detailed film effectiveness is presented for each
configuration over the range of coolant flow rates. Following the
discussion of the detailed effectiveness distributions, the seal
configurations will be compared, based on the laterally averaged
film-cooling effectiveness through the passage. The film
effectiveness obtained from the present three configurations will
also be compared with the film effectiveness resulting from more
simplistic (or fundamental) seal configurations.

A. Vertical Injection

The film-cooling effectiveness measured on the platform with
vertical coolant injection upstream of the blades is shown in Fig. 5.
As Fig. 5a shows, at the lowest coolant flow rate of 0.5%, coolant
exits over the entire length of the slot; however, the coolant does not
exit the slot uniformly. In addition, the film-cooling effectiveness
quickly decays from the seal through the passage. From the PSP
measurement, the strong effect of the passage-induced secondary
flow on the film-cooling effectiveness is seen. The coolant is carried
from the pressure side of the passage to the suction side with the
passage vortex. At this low flow rate, a large area of the passage, both
along the pressure side and trailing edge, is left unprotected and
exposed to the mainstream gas. Similar trends have been observed
with other cooling configurations.

Increasing the coolant flow rate increases the coverage area in the
passage. As Fig. 5b shows, more area near the pressure side of the
passage is covered by the coolant. However, the same behavior of the

Fig. 3 Stator–rotor seal configurations.

Fig. 4 Pressure-sensitive paint calibration curve.
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coolant being forced to the suction side is still observed. Further
increasing the flow rate to 1.5% of the mainstream flow (Fig. 5c)
yields increased film-cooling effectiveness on the upstream half of
the passage with the film penetrating further downstream. Increasing
the coolant flow rate also reveals how nonuniformly the coolant exits
the slot. As shown in Fig. 5d, a large area of relatively low
effectiveness develops near the pressure side of the passage.With the
coolant being injected into the mainstream upstream of the blades,
the path of the coolant is heavily influenced by the formation of the
horseshoe vortex. As Friedrichs et al. [14] showed from oil and dye
surface visualizations, the horseshoe vortex forms in the stagnation
region upstream of the blade. With this vertical injection of the
coolant, there is strong interaction between the coolant and the
mainstream. With the formation of the horseshoe vortex, the
pressure-side leg becomes the passage vortex as it moves from the
pressure to the suction side of the passage. This passage-induced
flow carries the majority of the coolant from the pressure side of the
passage to the suction side. Downstream of the passage vortex, near
the pressure side of the passage, a large area of relatively low film-
cooling effectiveness is present. With the large amount of coolant
from the seal, 100% of the coolant is not swept to the suction side of
the passage. Although the effectiveness is less near the pressure side,
the film-cooling effectiveness is not zero.

At the largest flow rate of 2.0% of the mainstream flow, the
passage is completely covered from the leading edge to the trailing
edge. However, if the present results are compared with an inclined
slot [27], the effectiveness near the trailing edge is much lower for
this vertical injection at a given flow rate. This should be expected,
because with the present vertical injection, the coolant tends to blow
off the platform, and the cooling advantage is minimized. Whereas
when the coolant is injected at an angle to the mainstream flow, the
coolant is more likely to remain attached to the platform.

With this vertical injection, there is a strong interaction of the
coolant flow with the mainstream flow (including the passage-
induced secondary flow). The formation and migration of the
passage vortex across the passage is clearly seen by the measured
film-cooling effectiveness. Because of this strong interaction of the
coolant with the mainstream, the film-cooling-effectiveness
distribution through the passage is very nonuniform from the
leading edge to the trailing edge of the passage.

B. Redirected Injection

The film-cooling effectiveness measured on the platform with the
upstream seal redirecting the coolant is shown in Fig. 6. As with the
previous geometry, the film effectiveness is measured on the
platform with four different coolant flow rates. The general behavior
of the coolant being carried by the passage vortex from the pressure
side to the suction side of the passage is still apparent. However, with
the present configuration, the coolant exits the seal more uniformly
than with the previous case. At the lowest flow rate of 0.5%, the
protection offered by this seal redirecting the coolant is equitable to
the seal that injects the coolant vertically onto the platform.

At the increased coolant flow rates, the effectiveness trends vary
significantly from those of the vertical injection. The film-cooling
effectiveness is more uniform across the passage, but the
effectiveness decays rapidly through the passage. Almost
immediately downstream of the slot, the effectiveness drops from
1.0 to approximately 0.6. The coolant exits the slot more uniformly,
at the expense of the effectiveness rapidly decaying. With this more
advanced flow configuration, the severe effects of vertical injection
are reduced, and so the coolant more readily remains attached to the
platform.

C. Labyrinth Injection

Figure 7 shows the film-effectiveness distributions measured with
the most advanced stator–rotor seal: a labyrinthlike seal. The
effectiveness distributions for this most complex seal configuration
are very similar to those with the coolant redirection (Fig. 6). This
might be anticipated, because the two configurations are identical
near the exit of the seal. The effect of the passage-induced secondary
flow remains very obvious, most notably at the lower flow rates.
However, with themore complex labyrinthlike seal, the film-cooling
effectiveness is reduced through the passage.

As it is likely anticipated, increasing the complexity of the seal
configuration reduces the film-cooling effectiveness on the blade
platform (Figs. 5–7). The point is reiterated by comparing the present
configurations to the more idealistic inclined slot [27]. With all three
of the present configurations, the effectiveness immediately
downstream of the slot quickly decays; this is due to the injection
of the coolant nearly perpendicular to the mainstream flow.

Fig. 5 Measured film-cooling effectiveness with vertical upstream

injection. Fig. 6 Measured film-cooling effectiveness with redirected upstream

injection.
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Depending on the amount of coolant through the seal, the passage
vortex strongly influences the behavior of the coolant remaining near
the platform. With lower flow rates (less momentum flows), the
coolant is carried by the passage vortex from the pressure side of the
passage to the suction side. When the coolant flow rate is increased,
the effect of the passage vortex is weakened, and the coolant covers a
larger area of the passage, extending nearly to the trailing edge of the
blades.

D. Laterally Averaged Effectiveness

For more direct comparisons of the different seal configurations,
the laterally averagedfilm-cooling effectiveness is plotted in Figs. 8–
11. The three configurations of the present investigation are
considered, along with the fundamental inclined slot from Wright
et al. [27] (in which themainstream and coolant flows are identical to
those of the current study). Figure 8 shows the effect of the coolant
flow rate on the film-cooling effectiveness for each seal
configuration. The leading edge of the blades is located at x� 0.
As shown in Fig. 3, the seals of the present study are located upstream
of the leading edge, and thus the effectiveness is plotted upstream of
x� 0. As shown in Fig. 8, increasing the coolant flow rate increases
the effectiveness through the passage for all seal configurations. The
film-cooling effectiveness for the three current geometries decays
rapidly from the initial injection, and this was clearly shownwith the
previously discussed contour plots.

Figure 9 shows the effect of the seal configuration at each of the
given flow rates. These plots clearly indicate how the effectiveness
on the platform decreases with themore advanced geometries. At the
lowest coolant flow rate of 0.5%, the three current configurations
produce the same level of cooling protection. The film effectiveness
quickly diminishes as the coolant is whisked away by the passage
vortex. Increasing the coolant flow rates produces marginal
variations between the present seal configurations. However, for all
four coolant flow rates, the film effectiveness for these advanced
configurations is significantly lower than for the incline slot. This
plot also clearly shows why the incline slot is advantageous: as the
film effectiveness decreases through the passage, the decline is not as
severe as with the advanced seals. Although the effectiveness
decreases quickly from the seal, it should be noted that with the seals
located upstream of the blades, more area is covered by the coolant.

At the highestflow rates, the purge gas covers the entire passage from
upstream to the trailing edge of the blades.

Figures 10 and 11 show the laterally averaged film-cooling
effectiveness plotted versus x=Mss. It must be noted that coordinates
for the current configurations were adjusted, and so the exit of the
seal is considered the starting point (x� 0). This was for a more
direct comparison with other slot configurations. As Fig. 10 shows,
the flow rate (blowing ratio) effect is eliminated from the laterally
averaged effectiveness. In addition to the three present con-
figurations and the previous inclined slot [27], the measured
effectiveness is also compared with the most ideal case of tangential
slot injection over a flat plate [36]. As explained byWright et al. [27],
the averaged effectiveness near the slot collapseswith the established
correlation near the slot (Fig. 10a). However, downstream of the slot,
the effectiveness on the platform drops quickly, due to the

Fig. 7 Measured film-cooling effectiveness with labyrinth upstream

injection.

Fig. 8 Laterally averaged film-cooling effectiveness on the passage
endwall for different seal configurations (coolant flow rate effect).

Fig. 9 Laterally averaged film-cooling effectiveness on the passage

endwall for different coolant flow rates (seal configuration effect).
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passage-induced secondary flow. Comparing the three current seals,
even near the seal, the effectiveness is significantly lower than with
the tangential injection. This is understood to be due to the nearly
vertical injection of the coolant into the mainstream. Finally, the
effect of each seal configuration can be seen in Fig. 11. As the figure
clearly shows, the vertical, redirected, and labyrinth seals yield the
same level of protection, and thefilm effectiveness from these seals is
much lower than the inclined slot and the tangential slot.

V. Conclusions

Pressure-sensitive paint has again proven to be a valuable tool to
obtain detailed film-cooling-effectiveness distributions. The PSP
technique was used to measure the film-cooling effectiveness on a
turbine-blade platform (within a five-blade linear cascade) for three
different stator–rotor seals. The seals were chosen as a move away

from idealistic configurations tomore enginelike configurations. The
effectiveness was measured for vertical coolant injection, coolant
redirection, and injection from a labyrinthlike seal. In addition to
changing the seal configuration, the coolantflow ratewas also varied.

The more advanced configurations of the current study yield
reduced film-cooling effectiveness compared with more idealistic
configurations (i.e., inclined and tangential slot configurations).
Increasing the coolant flow gives more uniform film-effectiveness
distributions for the most advanced redirection and labyrinth
configurations. However, increasing the flow rates leads to increased
nonuniformity of the film-cooling effectiveness on the platform with
vertical injection upstream of the blades.

Although the effectiveness is reduced through the passage with
these more realistic designs, the flow of the coolant from the seal is
more uniform across the length of the seal. In otherwords, the coolant
exits over the entire length of the slot, which was not observed with
the previous inclined slot (most notably at low flow rates); this
contrasting exit behavior is the combined impact of both the seal
geometry and the location of the seal relative to the leading edge of
the blades. This offers positive information for designers, because
the likelihood of ingestion is reduced with the seal located further
upstream of the blades. To make a more fair comparison, the
effectiveness distributions should be obtained with an inclined slot
located further upstream of the blades.

This experimental study has attempted to close the gap between
idealistic laboratory investigations and actual engine designs.
However, more work is needed to further close the gap. The current
study focused only on the protection offered by upstream injection,
whereas most platform-cooling schemes consist of upstream
injection combined with downstream discrete film-cooling holes.
Future studies will include the combined effect of purge flow from
advanced seal configurations and downstream discrete film cooling.
In addition, the effect of increased freestream turbulence will be
considered to more closely replicate actual platform-cooling
conditions.
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