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Film-Cooling Flowfields With
Trenched Holes on an Endwall
The leading edge region along the endwall of a stator vane experiences high heat transfer
rates resulting from the formation of horseshoe vortices. Typical gas turbine endwall
designs include a leakage slot at the combustor-turbine interface as well as film-cooling
holes. Past studies have documented the formation of a horseshoe vortex at the leading
edge of a vane, but few studies have documented the flowfield in the presence of an
interface slot and film-cooling jets. In this paper, a series of flowfield measurements is
evaluated at the leading edge with configurations including a baseline with neither film-
cooling holes nor an upstream slot, a row of film-cooling holes and an interface slot, and
a row of film-cooling holes in a trench and an interface slot. The results indicated the
formation of a second vortex present for the case with film-cooling holes and a slot
relative to the baseline study. In addition, turbulence intensity levels as high as 50% were
measured at the leading edge with film-cooling holes and a slot compared with the 30%
measured for the baseline study. A trench was shown to provide improved overall cooling
relative to the no trench configuration as more of the coolant stayed attached to the
endwall surface with the trench. �DOI: 10.1115/1.3068316�
Introduction
An endwall near the leading edge of a first stage vane experi-

nces high heat transfer coefficients and high fluid temperatures
rom the combustor as a result of the formation of a leading edge
ortex. As the flow in the endwall boundary layer approaches the
ane stagnation location it decelerates as it experiences an in-
rease in the local static pressure. This deceleration is greater
utside of the boundary layer, than in the near-wall region result-
ng in a pressure gradient in the radial direction along the vane.
he pressure gradients result in the flow separating from the end-
all and turning the flow toward the endwall. The motion of the
orseshoe vortex is one in which the less dense, higher tempera-
ure fluid convects toward the endwall causing an increase in the
ocal fluid temperature and convective heat transfer coefficient.

Past studies by Friedrichs et al. �1,2� showed that an endwall
eading edge is the most difficult region to cool. This is primarily
ecause the formation of horseshoe vortices lifts the coolant off
he surface, making it a challenge to cool the endwall. To date a
umber of studies have been carried out that have measured the
owfield at the leading edge but very few in the presence of
lm-cooling holes and an upstream slot.
This study is unique as flowfield measurements with film-

ooling holes and film-cooling holes placed in a two-dimensional
ransverse slot �trench� are presented. Recent studies by Bunker
3�, Waye and Bogard �4�, and Sundaram and Thole �5� have
hown that a trench enhances the adiabatic effectiveness levels
hen placed on a flat plate �3�, a vane surface �4�, or on an

ndwall �5�. Our study focuses on applying the trench geometry at
he leading edge and measuring the resulting flowfield. These

easurements illustrate the leading edge flowfields and the turbu-
ence levels that are modified in the presence of film-cooling holes
nd a trench.

The work presented in this paper compares three different lead-
ng edge endwall configurations including an endwall with neither
lm-cooling holes nor an upstream slot, an endwall with film-
ooling holes and an upstream slot, and an endwall with film-
ooling holes placed in a trench and an upstream slot.
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2 Relevant Past Studies
Due to the formation of horseshoe vortices, the endwall leading

edge is a region of high heat transfer thus making it a challenge to
cool with only film-cooling holes. To enhance film-cooling at the
leading edge, few past studies focused on developing alternate
methods in addition to placing film-cooling holes. These studies at
the endwall leading edge focused on understanding the effects of
coolant injection through continuous and discrete slots. Studies by
Blair �6�, Burd et al. �7�, Oke et al. �8�, and Zhang and Jaiswal �9�
showed that coolant flow from an upstream slot at the endwall
leading edge resulted in cooling only the suction side and not the
pressure side.

Kost and Nicklas �10� and Nicklas �11� were the first to carry
out an endwall study with coolant injection from an upstream slot
in addition to film-cooling holes. They confirmed that the adia-
batic effectiveness levels on the suction side were higher than the
pressure side due to the slot coolant migration. They also showed
that the slot flow intensified the horseshoe vortex as the ejection
through the slot occurred at the saddle point where the boundary
layer was already separated. Colban et al. �12,13� studied the ef-
fect of placing a backward facing slot at the combustor-turbine
interface. They showed that the slot flow enhanced the adiabatic
effectiveness levels on the suction side and eliminated the horse-
shoe vortex at the leading edge. Knost and Thole �14� studied the
effect of leakage flow through a slot at the combustor-vane inter-
face in the presence of film-cooling. They observed that the cool-
ant exited the upstream slot in a nonuniform fashion. This non-
uniformity was associated with the formation of a hot ring around
the stagnation region even in the presence of coolant ejection from
a row of film-cooling holes. A later study by Cardwell et al. �15�
showed that the size of this hot ring can be reduced by decreasing
the width of the upstream slot while maintaining a constant cool-
ant flowrate. This resulted in uniformly spreading the coolant due
to the higher momentum flux ratio associated with the jets.

Rehder and Dannhauer �16� studied the effect of tangential and
perpendicular ejections of leakage flow through a backward facing
slot placed upstream of a cascade. They observed that at a leakage
mass flowrate of 2%, the tangential ejection removed the horse-
shoe vortex and weakened the passage vortex, whereas the per-
pendicular ejection had an opposite effect of strengthening the
horseshoe and passage vortices. A recent study by Kost and Mul-
laert �17� showed that the horseshoe vortex is not intensified if the

upstream slot is placed away from the saddle point of the up-
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tream endwall boundary layer. They reported that a slot placed
urther upstream from the vane leading edge results in better at-
achment of the coolant to the endwall surface. Lynch and Thole
18� showed that there is a uniform distribution of the coolant
xiting the combustor interface slot when it is placed further up-
tream from the vane stagnation location. They observed that the
diabatic effectiveness levels downstream of the slot were higher
hen the slot was located at a distance of 0.32C from the vane

tagnation location relative to when it was located at a distance of
.13C. These studies of coolant flow through a slot showed that
ffective cooling could be achieved by injecting a two-
imensional layer of film-cooling over the surface.

Even though leakage flows through upstream slots improved
he effectiveness levels on the suction side, the leading edge es-
ecially along the pressure side was still devoid of coolant flow.
s such, better cooling designs have to be implemented to en-
ance adiabatic effectiveness levels at the leading edge. A study
arried out by Bunker �3� on a flat plate showed that discrete
lm-cooling holes placed within a trench gave improved film-
ooling effectiveness levels. Bunker �3� showed that the narrowest
ossible trench width relative to the interior cooling hole diameter
s most desirable. Lu et al. �19� investigated the effect of slot exit
rea and edge shape on film effectiveness measurements made on
flat plate. Their study showed that a straight edge exit performed

he best at a blowing ratio of M =1.0, whereas a ramped exit
nhanced the adiabatic effectiveness levels at lower blowing
atios.

As film-cooling holes in trenches modify the hole exit, there
ave been a few studies that have investigated this particular ef-
ect on actual turbine geometries. Waye and Bogard �4� applied
he trench configuration on the suction side of a first stage vane
ith varying slot exit configurations. They tested a narrow trench
here the trench wall was at the film-cooling hole exit, a wide

rench where the trench wall was at a distance of one cooling hole
iameter from the hole exit, and a trench with an angled exit.
imilar to Bunker �3� they also found that the narrow trench per-
ormed the best relative to a wide and angled exit trench and the
diabatic effectiveness levels peaked for blowing ratios beyond

=1.0.
Trenches were also tested on a vane endwall where the flows

re highly three dimensional with intense secondary flows.
undaram and Thole �5� studied the effect of trench and trench
epths for a row of film-cooling holes at the leading edge of a
ane endwall. They measured the adiabatic effectiveness levels at
ifferent blowing ratios for trench depths corresponding to 0.4D,
.8D, and 1.2D and found the adiabatic effectiveness levels to be
ighest at a depth of 0.8D. Dorrington et al. �20� also observed
hat a trench on a vane surface performs the best at a critical depth
f 0.75D. In addition, film-cooling holes in a trench were found to
educe the heat transfer to a surface. Harrison et al. �21� measured
he heat transfer coefficient augmentation on a film-cooled vane
urface with and without a trench. They reported that the heat
ransfer coefficient augmentations on the vane surface were simi-
ar for the cases with and without a trench. However, as a trench
esulted in higher adiabatic effectiveness levels, the net heat flux
eduction with a trench was higher than the case without a trench
hus indicating lower heat transfer to the surface.

This work focuses on measuring the flowfield at the leading
dge of a vane endwall with a row of film-cooling holes with and
ithout a trench. The purpose of these measurements is to gain a
reater physical understanding of why the trench design results in
uperior cooling performance.

Experimental Design and Measurements
Figure 1 shows the experimental set up for this study that con-

ists of a large-scale corner test section attached to a low-speed
ecirculating wind tunnel facility. Cardwell et al. �15� and
undaram and Thole �5� previously documented the wind tunnel

acility used in this study. The flow in the wind tunnel first passes
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through a primary heat exchanger to cool the bulk flow. Down-
stream of the primary heat exchanger is a transition section that
divides the flow into three passages including the primary main-
stream flow and two secondary coolant flows located above and
below the test section. Note that only the top secondary flow
passage was used in this study. Two different temperature settings
were maintained through the primary and secondary channels
while measuring the adiabatic effectiveness levels and flowfield
on the endwall. For the adiabatic effectiveness measurements, the
core flow was heated to 60°C and the secondary flow was cooled
to 20°C. However, for flowfield measurements, the mainstream
and coolant flows were both maintained at 30°C.

The scaled-up test section was attached to a corner of the wind
tunnel facility as shown in Fig. 1. The test section consisted of
two full passages with one center vane and two half vanes. De-
scriptions of the turbine vane geometry, cooling hole geometry,
and operating conditions are provided in Table 1. Kang et al. �22�
and Radomsky and Thole �23� previously documented the details
of the construction and development of the vane test section used
in this study. Similar to the current investigation, these studies
focused on measuring the endwall flowfield along a plane parallel
to the flow and intersecting the vane stagnation location. Kang et
al. �22� measured the flowfield at a freestream turbulence level of
0.6%, whereas Radomsky and Thole �23� measured the flowfield
at a turbulence level of 19.5%. The primary difference between
the current and the past studies �Refs. �22,23�� was the presence of
film-cooling and upstream slot flows at the endwall leading edge.
In addition, the boundary layer in the current study developed
over a 45 deg ramp that contracted the flow channel �refer to Fig.
1�. However, in the previous studies �Refs. �22,23��, the boundary
layer development occurred along a straight channel with no
contractions.

4 Endwall Geometry
The vane geometry in this study consists of top and bottom

endwall surfaces. Figure 2 illustrates the bottom endwall geom-
etry where the adiabatic effectiveness levels and the flowfields
were measured. The bottom endwall was made of low thermal
conductivity �0.033 W/mK� foam for measuring the adiabatic ef-
fectiveness levels and the top endwall was made of plexiglass to

Fig. 1 Illustration of the wind tunnel facility

Table 1 Geometric and flow conditions

Scaling factor 9
Scaled up chord length �C� 59.4 cm
Pitch/chord �P /C� 0.77
Span/chord �S /C� 0.93
Hole L /D 8.3
Hole P /D 3
Rin 2.1�105

Inlet and exit angles 0 deg and 72 deg
Inlet and exit Mach numbers 0.017 and 0.085
Inlet mainstream velocity 6.3 m/s
Upstream slot width 0.024C
Transactions of the ASME
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rovide optical access to measure the flowfield. Similar to
undaram and Thole �5�, the bottom endwall consists of a row of
ine axial film-cooling holes �P /D=3� placed four cooling hole
iameters �X /D=4D� from the vane stagnation location. An up-
tream slot was also placed at a distance of X /D=17 from the
ane stagnation location. Note that the vane stagnation is located
t the origin of the coordinate system shown in Fig. 2. The film-
ooling holes injected at an angle of 30 deg and the upstream slot
njected at an angle of 45 deg with respect to the endwall surface.

Measurements were carried out on three different endwall con-
gurations as shown in Figs. 3�a�–3�c�. Figure 3�a� illustrates an
ndwall with no film-cooling holes or an upstream slot and this
ill be referred to as the baseline. This leading edge endwall

onfiguration is similar to the study by Kang et al. �22�. Figure
�b� illustrates an endwall with film-cooling holes and an up-
tream slot and Fig. 3�c� illustrates an endwall with a row of
lm-cooling holes in a trench and an upstream slot. The trench
esign adopted in this study is similar to the row trench design
reviously described in Ref. �5�. The trenches on a surface can be
anufactured during the application of the thermal barrier coating

TBC�. In most land based gas turbines the TBC thickness on the
anes and the blades are on the order of 300 �m. In this study, a
hin piece of balsa wood �0.048 W/mK� was used to simulate a
BC of thickness 200 �m on the engine scale, corresponding to a

rench depth of h=0.4D.
Two separate plenums were used to control the coolant flowrate

hrough the upstream slot and the film-cooling holes. The flow
hrough the upstream slot was set by assuming a discharge coef-
cient of 0.6 taken as the value for flow through a sharp-edged

ig. 2 Illustrates the endwall design studied at the leading
dge

ig. 3 Illustrates the three-endwall configurations: „a… base-
ine, „b… film-cooling without a trench, and „c… film-cooling with
trench studied at the leading edge

ournal of Turbomachinery
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orifice. The flowrate through the film-cooling holes was controlled
by setting an inviscid blowing ratio �M� that was based on the
inlet mainstream velocity, Uin. To set the blowing ratio, an invis-
cid coolant jet velocity was calculated by measuring the difference
between total pressure in the plenum and the stagnation pressure
at the vane leading edge.

5 Endwall Adiabatic Effectiveness Measurements
The technique used in our study to measure the adiabatic effec-

tiveness levels has been previously explained in detail by
Sundaram and Thole �5�. A FLIR P20 infrared �IR� camera with a
spatial integration of 0.16 hole diameters �0.073 cm� was used to
spatially resolve the adiabatic temperatures on the endwall. Six
images were taken at each viewing location for averaging pur-
poses, and three viewing locations were required to completely
map the leading edge region on the endwall. The camera was
placed at a distance of 55 cm from the bottom endwall with each
image covering an area of 24�18 cm2 �320�240 pixel reso-
lution�. The infrared images were calibrated using temperatures
directly measured by thermocouples on the endwall. The cali-
brated images were then averaged and assembled using a MATLAB

program to obtain the temperature distribution around the leading
edge. To calculate the adiabatic effectiveness levels, freestream
temperatures were measured at multiple locations along the pitch
using a rake consisting of three thermocouples at span locations of
Z /S=0.25, 0.5, and 0.75. The adiabatic temperature data were
compiled after the system reached steady state, which typically
took 3 h.

To account for conduction losses, a one-dimensional conduc-
tion correction described by Ethridge et al. �24� was applied to all
adiabatic effectiveness measurements. At the entrance to the flow
passage a correction of 0.16 was typical for a measured value of
�=0.9, while along the pressure side a correction of 0.03 was
applied for a measured value of �=0.1. The partial derivative
method described by Moffat �25� was used to calculate the uncer-
tainty associated with the adiabatic effectiveness measurements.
As explained in Ref. �5�, to determine the total uncertainty asso-
ciated with the adiabatic effectiveness levels, individual uncertain-
ties related to the IR images, the thermocouples, and the data
acquisition system were calculated. For these measurements, the
total uncertainties were calculated to be �1.02°C for the images
and �0.62°C for the thermocouple measurements. Uncertainties
in adiabatic effectiveness were then calculated to be ��
= �0.032 for a � value of 0.2 and ��= �0.033 for a � value of
0.9.

6 Endwall Flowfield Measurements
Laser Doppler velocimetry �LDV� was used to measure the

three velocity components associated with the flow. Kang et al.
�22� and Radomsky and Thole �23� previously documented the
LDV system used for this study. The LDV system consists of a 5
W laser and a TSI 9201 Colorburst beam separator. The measured
velocity was processed using a digital burst correlator, which was
controlled using the TSI FIND software. To measure the flowfield,
the flow was seeded with 1 �m diameter olive oil particles. The
three velocity components were measured using a 750 mm focus-
ing lens with a beam expander. The length and diameter of the
probe volume were 850 and 46 �m for the 750 mm lens. A total
of 10,000 data points were measured at each location to compute
the mean and turbulent components of the velocity.

The streamwise �U� and the spanwise �W� velocity components
were measured from the side and the pitchwise �V� component
was measured through the top endwall. To allow measurements to
be made close to the stagnation location, the probe had to be
turned by 18 deg. The probe was also tilted by 7 deg downwards
to facilitate measurements close to the endwall. The tilting of the
probe resulted in transforming the measured spanwise component

by 7 deg in the W-V plane. As a result of turning and tilting the
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robe, the measured velocity components were corrected to obtain
he true velocities using the scheme previously described by Kang
nd Thole �26�.

Similar to the adiabatic effectiveness measurements, an uncer-
ainty analysis based on the partial derivative method described by

offat �25� was applied to the measured velocities. A 95% con-
dence interval and 10,000 data points were used to calculate the
ncertainties in the mean and fluctuating velocity components.
he estimate of the bias and precision uncertainties for the mean
treamwise velocity in the near-wall region were 1% and 0.44%,
espectively. In the midspan region, the bias uncertainty was 1%
nd the precision uncertainty was estimated to be 0.06% for the
ean streamwise velocity, and 1.0% for the mean pitchwise and

panwise velocities. In the measurements carried out at the near-
all region, the precision uncertainties of the fluctuating veloci-

ies were found to be 2% for urms, 1.9% for vrms, and 4.4% for
rms.

Inlet Flow Conditions
For every test condition, the vane static pressure distribution

as verified to ensure a periodic flow through the vane passage.
he inlet boundary layer was measured at an axial distance of
.6C upstream from the vane stagnation location. At this location,
easurements showed an incident turbulence level of 1.3% and a

urbulence length scale of 4 cm �0.07C�. Figure 4 compares the
treamwise velocity profiles between the current study and the
revious study by Kang et al. �22�. It is seen that in the current
tudy, the near-wall velocities are higher than the measurements
y Kang et al. �22�. Table 2 compares the inlet boundary layer
haracteristics between the current study and the study by Kang et
l. �22�. The boundary layer measured at X /C=−0.6 was �99 /S
0.25 and was thicker than �99 /S=0.10 measured by Kang et al.

22� at location X /C=−1. A thicker boundary layer was a result of

ig. 4 Boundary layer profiles comparing the current study
ith Kang et al. †22‡

Table 2 Inlet boundary layer characteristics

Current study Kang et al.a

easurement location, X /C �0.6 �1.0
reestream turbulence level 1.3% 0.6%
oundary layer thickness �� /S� 0.29 0.11
isplacement thickness ��� /S� 0.033 0.017
omentum thickness �� /S� 0.027 0.011

hape factor ��� /�� 1.25 1.54
omentum thickness 5318 2960
eynolds number �Re��
Reference �22�.
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the acceleration in the flow caused by the 45 deg ramp that was
located two chords upstream from the vane stagnation location
�refer to Fig. 1�.

Figure 5 shows the variation of the mainstream velocity as the
flow approaches the vane stagnation locations at different span-
wise positions. These measurements were made for the case hav-
ing neither film-cooling holes nor an upstream slot. It is observed
that the flow decelerates at all span locations as it approaches the
vane with the deceleration beginning at X /C�−0.35C. The decel-
eration at the midspan for the current study is compared with
Radomsky and Thole �23� and it is seen that there is a good
agreement between the two studies.

8 Adiabatic Effectiveness Measurements at the End-
wall Leading Edge Junction

The adiabatic effectiveness measurements presented in this sec-
tion were previously reported in Ref. �5�. The adiabatic effective-
ness levels on the endwall leading edge were measured to com-
pare the performance of film-cooling holes with and without a
trench. These measurements were made at varying film-cooling
blowing ratios while maintaining a constant coolant flowrate
through the upstream slot.

Figure 6�a� compares the contours of adiabatic effectiveness
levels for film-cooling holes without a trench at blowing ratios of
M =1.0, 2.0, and 3.0. From Fig. 6�a� it is seen that at a blowing
ratio of M =1.0, the adiabatic effectiveness levels are higher on

Fig. 5 Variation of the streamwise velocity approaching the
vane stagnation location

Fig. 6 Contours of adiabatic effectiveness levels comparing
the effect of „a… film-cooling holes without a trench and „b… film-

cooling holes with a trench

Transactions of the ASME
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the suction side of the endwall than on the pressure side. A lower
static pressure on the suction side forces more coolant to exit the
cooling holes near the suction side than on the pressure side. With
an increase in blowing ratio to M =2.0, the adiabatic effectiveness
levels gradually increase along the pressure and suction sides. A
further increase to M =3.0 results in an increase in effectiveness
levels on the pressure side with a subsequent decrease in the suc-
tion side when compared with M 	2. At high blowing ratios, high
jet momentum results in coolant lift-off from the surface. This
causes the temperature of the coolant to increase as the coolant
mixes with the hot mainstream gases, thereby degrading the adia-
batic effectiveness levels. However, at high blowing ratios, the
adiabatic effectiveness levels increase near the vane-endwall junc-
tion. The enhancements in the effectiveness levels are due to the
leading edge horseshoe vortex that pulls injected coolant back to
the endwall surface. As a result, at high blowing ratios there is an

d superimposed with the streamwise ve-
c… film-cooling holes without a trench at
ig. 7 Area-averaged effectiveness comparing the effect of a
rench on leading edge film-cooling
Fig. 8 Comparison of leading edge flowfiel
locity for „a… Kang et al. †22‡, „b… baseline, „
M=2.5
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ncrease in the adiabatic effectiveness levels at the vane-endwall
unction but a decrease in effectiveness levels downstream of the
lm-cooling holes when compared with low blowing ratios.
To enhance the adiabatic effectiveness levels with cylindrical

lm-cooling holes, new cooling hole exit designs have to be
mplemented. One such design is the placement of film-cooling
oles in a trench �refer to Fig. 3�c��. From Fig. 6�b� it is seen that
he adiabatic effectiveness levels are comparatively higher in the
resence of a trench than without a trench. This is because the
ownstream edge of the trench forms a wall at the cooling hole
xit, which forces the coolant to spread laterally within the trench
efore convecting over the endwall surface. It is observed that
ven at a high blowing ratio of M =3.0, adiabatic effectiveness
evels downstream of the trenched holes are higher than the case
ithout a trench.
Figure 7 compares the area-averaged effectiveness levels for

lm-cooling with and without a trench at different blowing ratios.
n area-averaged effectiveness value was calculated for the end-
all leading edge �boxed region in Fig. 6� by averaging the adia-
atic effectiveness levels extending from the suction side to the
ressure side. It is seen that for cylindrical film-cooling holes
ithout a trench, the adiabatic effectiveness levels plateau at high
lowing ratios. However, in the presence of a trench, the adiabatic
ffectiveness levels steadily increase with the maximum enhance-
ent occurring at a blowing ratio of M =2.5. At M =3.0 the effec-

iveness levels decrease due to possible jet lift-off associated with
igher momentum coolant flow. Overall film-cooling holes in a
rench outperform the case without a trench for a large range of
lowing ratios.

The aim of the work that followed the adiabatic effectiveness
easurements was to measure the leading edge flowfield and un-

erstand the flow physics behind the superior performance of
renched film-cooling holes. Flowfields were measured at a blow-
ng ratio of M =2.5 as the trench showed the highest adiabatic
ffectiveness levels at this blowing ratio and also to understand
he effect of jet lift-off that occurs in the absence of a trench.

Flowfield Measurements at the Endwall Leading
dge Junction
Flowfields were measured for each endwall configuration

hown in Fig. 3. First, the streamwise velocity contours superim-
osed with the flow vectors are compared for each endwall con-
guration. Next, the variation in the turbulence intensities and the

urbulence kinetic energy are compared at the leading edge and,
nally, the effects of film-cooling with and without a trench on the

eading edge vorticity are discussed.

9.1 Comparison of Mean Velocity Flowfield. The mean ve-
ocity flowfield was measured at the endwall leading edge along a
lane parallel to the incoming flow and intersecting the vane stag-
ation location. Figures 8�a�–8�d� compare the contours of the
ormalized mean streamwise velocity �U /Uin� superimposed with
he flow vectors for the three-endwall configurations with the

easurements by Kang et al. �22�.
From Figs. 8�a� and 8�b� it is observed that a horseshoe vortex

s formed at the endwall leading edge as the flow approaches the
ane stagnation location. In the study by Kang et al. �22�, the core
f the vortex is located at a spanwise location of Z /S=0.025 and
t a streamwise distance of X /C=−0.08. However, for our base-
ine case �Fig. 8�b��, the vortex core is located closer to the end-
all and the vane surface relative to the study by Kang et al. �22�.

n the baseline study, the vortex core is located at Z /S=0.015 and
t X /C=−0.05. The shift in the vortex location is because the
ear-wall velocities in the baseline study are higher than the ve-
ocities measured by Kang et al. �22�. It is also observed that the
ortex measured by Kang et al. �22� has a more complete roll up
nd is spread over a larger region. The contours in Figs. 8�a� and
�b� show that for both studies, the velocity gradients near the

ortex core are stronger than the gradients at locations upstream
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of the vortex. The contours also indicate that away from the wall,
the U-velocity profiles flatten out as they approach the vane. Note
that near the vane stagnation location there is a significant amount
of turning in the pitchwise direction.

Figure 8�c� shows the flow vectors at the leading edge with
coolant flows from the upstream slot and film-cooling holes. The
blowing ratio through the film-cooling holes was set at M =2.5
and the blowing ratio through the upstream slot was set at M
=0.3, which was based on the inlet mainstream velocity, Uin. At
M =2.5, there is a greater separation of the coolant jets from the
endwall surface when compared with M 	2. As a result, the ef-
fectiveness levels downstream of the film-cooling holes are lower
at M =2.5 than when the cooling holes are operating at M 	2 �see
Figs. 6�a��. The coolant injection results in the formation of dual
vortices located upstream �X /C=−0.07� and downstream �X /C
=−0.02� of the film-cooling holes. A vortex is formed downstream
of the holes as the high momentum jets impede the mainstream
flow creating a low-pressure region near the vane stagnation loca-
tion. The low-pressure region pulls the injected coolant back to
the surface, thus creating a vortex and increasing the effectiveness
levels along the vane-endwall junction �see Fig. 6�a��. It is also
seen that the downstream vortex is larger than the vortex formed
upstream of the film-cooling holes. From the streamwise velocity
contours it is observed that, in the presence of film-cooling, the
velocity gradients near the vane stagnation location are relatively

Fig. 9 Velocity profiles showing the spanwise variation of „a…
U- and „b… W-velocity components
higher than the gradients in the baseline study.
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Figure 8�d� shows the leading edge flow vectors superimposed
ith the streamwise velocity contours for film-cooling holes
laced in a trench. The flow vectors indicate that a trench causes
he coolant jets to stay attached to the surface compared with the
ets in the absence of a trench. Better jet attachment results in
igher adiabatic effectiveness levels, even at a blowing ratio of
=2.5 �see Fig. 6�b��. It should be noted that in the presence of a

rench the downstream vortex disappears. As the coolant jets ex-
ting a trench are better attached to the surface, they do not im-
ede the mainstream flow as much as the jets without a trench and
hus prevent the formation of a downstream vortex. However, be-
ause the boundary layer of the approaching flow separates before
he location of the trenched holes, an upstream vortex still exists
t X /C=−0.06.

Additionally, Figs. 8�c� and 8�d� show that the upstream slot
ow does not affect the mainstream flow approaching the vane
tagnation location. It was previously shown in Fig. 6 that the
oolant from the upstream slot is swept from the pressure side to
he suction side due to the secondary flow within the vane pas-
age. At low blowing ratios, the coolant flow from the slot is
ainly concentrated in the vane passage toward the suction side

nd not around the vane stagnation location. As there is minimal
oolant exiting the slot from upstream of the vane stagnation lo-
ation, the boundary layer stays undisturbed.

Figures 9�a� and 9�b� compare the spanwise variation of U- and
-velocity components measured at X /C=−0.025 and X /C=

0.075. X /C=−0.025 is located downstream of the cooling holes
nd X /C=−0.075 is located between the upstream slot and film-

Fig. 10 Comparison of „a… streamwise, „b… spanwi
leading edge
ooling holes. It is observed that the U-velocity profile for the
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baseline study and the study by Kang et al. �22� resembles a flat
plate turbulent boundary layer. This trend is seen for measure-
ments at both the streamwise locations. In the presence of film-
cooling, the approaching boundary layer is significantly different
than the baseline. At X /C=−0.025, the profiles with film-cooling
with and without a trench show inflection points. Near the leading
edge the coolant jets inject at velocities higher than the main-
stream flow velocities. This causes the near-wall U-velocities to
be higher than the velocities at the midspan and thus the inflection
points along the span. With trenched holes as the jets are better
attached to the surface, the inflection points are closer to the end-
wall. Upstream of the cooling holes at X /C=−0.075, the velocity
profiles for the three-endwall configurations are similar. This in-
dicates that the coolant injection affects the stagnation plane flow-
field only downstream of the cooling holes and the upstream slot
flow has insignificant effects on the approaching mainstream flow.

Another important feature as the flow approaches the stagnation
location is the spanwise variation of the W-velocities. Comparing
the spanwise variation of the W-velocities at X /C=−0.025, it is
seen from Fig. 9�b� that Kang et al. �22� measured higher negative
velocities in the near-wall region than the baseline case. This ex-
plains the higher flow turning observed at the leading edge in the
measurements by Kang et al. �22� relative to the baseline. Ap-
proaching the wall in the presence of film-cooling indicates low
negative velocities followed by an inflection point with a tendency
toward positive velocities. The negative velocities are a result of
the mainstream flow being pulled toward the wall whereas the
positive near-wall velocities are a result of coolant injection. At

and „c… pitchwise turbulence levels at the endwall
se,
X /C=−0.075, the W-velocities are nearly zero for all current stud-
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es, which shows a weak downward motion of the mainstream
ow. However, the measurements by Kang et al. �22� at X /C=
0.075 indicate slightly larger negative W-velocities than the
aseline study as the horseshoe vortex in their study was formed
urther away from the leading edge at X /C=−0.08.

9.2 Comparison of Turbulence Components. The velocity
rofiles at the leading edge show that film-cooling modifies the
ear-wall flow characteristics. This in turn causes a variation in
he mainstream turbulence levels at the leading edge. Figure 10
ompares the normalized turbulence components measured at
/C=−0.025 and X /C=−0.075 for the different endwall configu-

ations. The streamwise turbulence component at X /C=−0.025
refer to Fig. 10�a�� shows that the turbulence levels in the base-
ine study are higher than the levels measured by Kang et al. �22�
s the vortex in the baseline study is formed closer to the vane
urface. In the presence of film-cooling, the peak turbulence levels
ccur downstream of the cooling holes along the coolant jet tra-
ectory. This is observed for the endwall configurations with and
ithout a trench. Coolant injection results in the formation of a

hear layer along the interface line between the high velocity cool-
nt jet and low velocity freestream flow. As such, large velocity
radients exist along this interface line causing the turbulence
evels to be higher. In the presence of a trench as the coolant jets
re more attached to the surface, the peak turbulence levels are
loser to the near-wall region. The turbulence levels away from
he leading edge at X /C=−0.075 are constant along the span for
he three-endwall configurations compared with Kang et al. �22�.
igh turbulence levels at X /C=−0.075 were seen by Kang et al.

22� as they measured their vortex at X /C=−0.08.
For each endwall configuration, the turbulence components at

he leading edge are largely isotropic. Figures 10�b� and 10�c�

Fig. 11 Contours comparing the normalized turbu
line, „c… film-cooling holes without a trench at M=2
ompare the spanwise and pitchwise turbulence levels measured
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at two streamwise locations upstream from the vane leading edge.
Similar to the streamwise turbulence levels shown in Fig. 10�a�,
the pitchwise and spanwise turbulence levels at X /C=−0.025 are
higher for the baseline configuration than in the measurements by
Kang et al. �22�. For the streamwise turbulence levels at X /C
=−0.075, Kang et al. �22� measured higher spanwise and pitch-
wise turbulence levels than the levels measured in the current
study.

Figures 10�a�–10�c�, show that in the near-wall region a trench
causes the highest velocity fluctuations relative to the other cases
when measured at X /C=−0.025. This is because in the near-wall
region, low velocities and hence low fluctuations exist for all the
cases except for film-cooling holes in a trench. In the baseline
study, low velocities exist as the flow decelerates when it ap-
proaches the vane stagnation location. In the case with film-
cooling without a trench, as the coolant jets are detached from the
surface high turbulence levels occur away from the wall and not
in the near-wall region. As a trench results in better coolant jet
attachment, high turbulence levels are observed in the near-wall
region.

Fluctuations of the three velocity components were combined
to calculate the turbulent kinetic energy �TKE�. The results shown
in Figs. 11�a�–11�d� were normalized by the inlet velocity and
compared with the measurements of Kang et al. �22�. The con-
tours show that Kang et al. �22� �TKEpeak=0.076� measured peak
TKE levels similar to our baseline case �TKEpeak=0.07�. How-
ever, the study by Kang et al. �22� indicates that the vortex in their
study was larger than the baseline study. The contours in Figs.
11�c� and 11�d� show that the highest turbulent kinetic energy
levels occur at the exit of the film-cooling hole. Kinetic energy
levels along the jet-mainstream interface line are similar for stud-

ce kinetic energy for „a… Kang et al. †22‡, „b… base-
and „d… film-cooling holes with a trench at M=2.5
len
ies with and without a trench. However, the turbulent kinetic en-
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rgy levels decrease away from the endwall and the vane surface.
he spanwise variation of TKE levels was calculated at the two
treamwise locations and is shown in Fig. 12. The trends shown
y the TKE levels at the two streamwise locations were similar to
he trends shown by the turbulence components.

9.3 Comparison of Leading Edge Vorticity. The leading
dge vortex in each endwall configuration is formed at a different
ocation along the endwall. Calculating the vorticity aids in ascer-

ig. 12 Profiles comparing the normalized kinetic energy at
he endwall leading edge

Fig. 13 Comparison of normalized vorticity at th
line, „c… film-cooling holes without a trench at M

=2.5
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taining the strength of the vortex at the leading edge. A second
order central differencing scheme was used to calculate the vor-
ticity component normal to the stagnation plane �
y�. Figures
13�a�–13�d� show a comparison of the normalized vorticity com-
ponent for the three-endwall configurations with the previous
study by Kang et al. �22�.

In comparing the baseline study with Kang et al. �22�, it is seen
that the peak values of vorticity are similar for both studies. How-
ever, from Figs. 13�a� and 13�b�, it is observed that the vortex
measured by Kang et al. �22� has a more complete roll up and is
spread over a larger region. Figures 13�c� and 13�d� show that in
the presence of endwall film-cooling, the vorticity levels near the
endwall are higher than the baseline case. Figure 13�d� shows that
the highest vorticity levels occur downstream of the trenched
holes. These peak values with trenched holes occur in the near-
wall region at the location of coolant flow reversal as shown by
the secondary flow vectors. The flow reversals result in large ve-
locity gradients thus increasing the vorticity levels downstream of
the trench. The coolant flow exiting the trench reverses upon strik-
ing the vane leading edge and aids in enhancing the near-wall
effectiveness levels.

10 Conclusions
This study was unique in showing the stagnation plane flow-

field with film-cooling injection in the presence of coolant flow
from an upstream slot. Adiabatic effectiveness and flowfield mea-
surements were presented to understand the performance of film-
cooling holes in a trench. Film-cooling holes in a trench resulted
in enhancing the adiabatic effectiveness levels at all blowing ra-
tios compared with film-cooling holes without a trench. Even at a
high blowing ratio of M =2.5, a trench was found to spread the
coolant uniformly on both the suction and pressure sides, thereby
increasing the overall endwall effectiveness levels.

tagnation plane for „a… Kang et al. †22‡, „b… base-
.5, and „d… film-cooling holes with a trench at M
e s
=2
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In order to explain the better performance of a trench, flow-
elds were measured at a high blowing ratio of M =2.5 at the
ndwall leading edge. These measurements indicated some clear
ifferences in the flowfield characteristics at the leading edge. In
he presence of a trench, the coolant jets did not separate as se-
erely from the endwall surface compared with the configuration
ithout a trench. This explained the higher adiabatic effectiveness

evels caused by the trench. At a high blowing ratio of M =2.5, it
as found that without a trench the coolant penetrated further into

he mainstream flow, thereby rendering much of the coolant inef-
ective. Also, in the absence of a trench, a low-pressure region is
ormed closer to the vane stagnation location that results in the
ormation of a downstream vortex in addition to a horseshoe vor-
ex formed upstream of the cooling holes. However, placing a
rench caused the downstream vortex to disappear leading to bet-
er adiabatic effectiveness levels.

These measurements also showed an important result that the
eading edge turbulence levels were isotropic for all endwall con-
gurations. In general, film-cooling resulted in increased turbu-

ence levels compared with the baseline configuration. The near-
all turbulence levels with a trench were higher than without a

rench as the jets were closer to the endwall. Away from the end-
all, the turbulence levels were higher for film-cooling holes
ithout a trench due to the higher coolant trajectory. A trench also

esulted in flow reversals at the leading edge that resulted in high
orticity levels thereby enhancing the adiabatic effectiveness lev-
ls. Due to better coolant jet attachment, trenched holes resulted in
igher adiabatic effectiveness levels even at low blowing ratios
ompared with nontrenched holes. As such it can be said that the
se of trenched holes will improve the overall performance of a
as turbine engine.
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omenclature
C � true chord of the stator vane
D � diameter of the film-cooling hole

FC � film-cooling holes
M � blowing ratio based on inlet mainstream veloc-

ity M =� jUj /�inUin
P � vane pitch; hole pitch

Rein � Reynolds number defined as Rein=CUin /
S � span of the stator vane

stag � stagnation plane/point
T � temperature

TKE � turbulent kinetic energy
U and urms � local mean and rms velocities in the

X-direction
V and vrms � local mean and rms velocities in the

Y-direction
W and wrms � local mean and rms velocities in the

W-direction
X ,Y ,Z � fixed Cartesian coordinates

reek
�99 � boundary layer thickness
�aw � adiabatic effectiveness, �= �T�−Taw� / �T�−Tc�
�� aw � area-averaged effectiveness
 � kinematic viscosity
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y � pitchwise vorticity, �U /�Z−�W /�X

Subscripts
aw � adiabatic wall
in � inlet conditions
j � coolant flow through film-cooling holes

E � enhancement
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