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Abstract

Rising combustor exit temperatures in gas turbine engines necessitate active cooling for the downstream turbine section to avoid ther-
mal failure. Film-cooling has long been an integral part of turbine cooling schemes. Cooling the endwall of a turbine airfoil is particularly
difficult as much of the coolant is swept off the endwall by vortical flow patterns that develop in the passage. Although film-cooling has
potential cooling benefits, this cooling method also leads to increased aerodynamic penalties in terms of total pressures losses in the tur-
bine stage.

This study investigated the trade-off between the cooling benefit and aerodynamic penalties associated with cooling the turbine end-
wall region for two different cooling hole shapes. Two commonly used film-cooling hole geometries were investigated; cylindrical holes
and shaped holes.

Compared to the case without any film-cooling, results showed that film-cooling with either hole geometry increased the aerodynamic
losses through the turbine stage. Shaped film-cooling holes generated less total pressure losses through the turbine vane passage than
cylindrical holes as a result of the separation from cylindrical hole injection having increased mixing losses. Shaped holes also provided
better cooling to the endwall region than cylindrical holes, making them more effective both aerodynamically and thermally.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Increasing energy demands require more powerful and
more efficient industrial gas turbine engines. One means
of achieving this goal is to increase the combustion temper-
ature, resulting in higher temperatures at the inlet of the tur-
bine. Although this is beneficial in terms of power output, it
is anything but beneficial in terms of component life. Tur-
bine inlet temperatures are so high in today’s gas turbine
engines that in the absence of complex cooling schemes
the turbine components would completely melt. Ultimately,
engine designers aim to accomplish two seemingly opposed
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tasks; to provide better cooling to the critical surfaces
while at the same time minimizing the total amount of
coolant used. Coolant comes at a cost to an engine’s over-
all efficiency, as it is bled from one of the compressor
stages.

The most common cooling method used for turbine air-
foils is that of film-cooling. Film-cooling is a method
whereby the coolant is extracted from the compressor stage
and then injected through the airfoil surfaces through small
holes placed in the surface. While film-cooling significantly
helps to cool the part, the reintroduction of this coolant
flow into the hot external flow results in an increase
in the total pressure loss in a turbine stage. As such, an
important consideration for the use of film-cooling is the
cooling benefit relative to the aerodynamic penalties that
are incurred.
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Nomenclature

C true vane chord
D film-cooling hole diameter
I local momentum flux ratio, I ¼ qcoolU

2
cool=

qinU2
in

k thermal conductivity
_m mass flow rate
M local blowing ratio, M = qcoolUcool/qinUin

P pressure, vane pitch
PS pressure side
Re Reynolds number, Re = UinC/m
S distance along the surface of the vane, measured

from the vane stagnation
SS suction side
t hole breakout distance
T temperature
U velocity
Vn velocity normal to the streamwise direction,

Vn = Vssin(Wms � W)
Vs streamwise velocity
Vz spanwise component of velocity, Vn = Vssin(U)
X axial coordinate measured from the vane stag-

nation
Y pitchwise coordinate
Y0 total pressure loss coefficient,

Y0 = (P0,ref � P0,exit)/(P0,ref � Ps,exit)
Z spanwise coordinate

Greek

a inclination angle
d boundary layer thickness
m kinematic viscosity
g adiabatic film-cooling effectiveness, g =

(T1 � Tsurf)/ (T1 � Tcool)

q density
/1 lateral diffusion angle
/2 forward expansion angle
U pitch angle
W yaw/flow turning angle

Subscripts

1 freestream
base baseline case without any film-cooling
cool coolant
cyl cylindrical holes
exit exit plane
fs fan-shaped holes
in inlet condition
max maximum value
ms mid-span
no up no upstream injection
0 total, uncooled effectiveness for conduction cor-

rection
plen plenum
ps pressure side
ref reference value
s static
ss suction side
surf surface
up upstream injection

Overbar

– lateral/pitchwise average
= area average or mass average
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One region in particularly where high external flow tem-
peratures are detrimental is the endwall platform for the air-
foils. This region is particular important when one considers
that there are strong vortical patterns that develop, which
tend to sweep the film-coolant away from the surfaces and
generate much of the aerodynamic losses through a turbine
stage. These vortical patterns include a leading edge horse-
shoe vortex that wraps around either side of the airfoil.
The pressure side leg of the horseshoe vortex is then intensi-
fied by the cross-passage pressure gradient between adjacent
airfoils ultimately forming a much larger passage vortex.

Methods of reducing harmful secondary flows include
endwall profiling, upstream injection, and endwall contour-
ing. A reduction in secondary flows resulting from endwall
contouring can be achieved through ensuring that the air-
foil is more aft-loaded with the minimum static pressure
location located further downstream along the airfoil.
Another method that has been used to try and diminish
the strength of secondary flows is to implement coolant
ejection upstream of the first vane row. Coolant ejection
re-energizes the boundary layer and reduces the strength
of the pressure gradients that lead to the formation of pas-
sage secondary flows. Although the main purpose of
the high-momentum high-angle upstream injection is to
actively control the formation of secondary flows, that
injection can also provide some additional cooling benefit.

The purpose of this study was two-fold. The first goal
was to compare both the aerodynamic and cooling perfor-
mances of the two film-cooling hole geometries, cylindrical
and shaped film-cooling holes. The second objective was to
gain a better understanding of the vortical flow develop-
ment for these two different cooling hole shapes through
flow field measurements.

2. Past studies

Because of the absolute necessity of effective turbine
cooling in gas turbine engines, film-cooling has been



W. Colban, K. Thole / Int. J. Heat and Fluid Flow 28 (2007) 341–356 343
researched exhaustively for the last 50 years (Kercher,
2003, 2005). Among the topics studied are hole geometry
variations and internal and external conditions such as
blowing ratio, density ratio, turbulence level, surface curva-
ture, pressure gradient, cross-flow (internal and external),
surface roughness, and hole location. Two comprehensive
reviews on the development of film-cooling technology
over the years are offered by Goldstein (1971) and Bogard
and Thole (2006), with a third more specific review for
shaped film-cooling holes by Bunker (2005). In terms of
hole location, the endwall region is a particularly difficult
region for film-cooling designers, partly because of second-
ary flows, but also partly because of manufacturing
difficulties.

Perhaps the most difficult obstacle facing film-cooling
designers in the endwall region is the cross-passage flow.
The pressure gradient that develops across the passage
from the pressure to suction sides has severe cooling conse-
quences. Coolant is swept away from the near wall region,
exposing the endwall surface to hot gas flow. This effect has
been documented for upstream slot flow cooling by Blair
(1974), Granser and Schulenberg (1990), Friedrichs et al.
(1995, 1997), Colban et al. (2003), Knost and Thole
(2003, 2005). Other studies, such as those by Harasgama
and Burton (1992) and Nicklas (2001), have also verified
this effect for endwall film-cooling located in the vane
passage.

In addition to the thermal penalties associated with the
nozzle guide vane secondary flows, there are also aerody-
namic penalties that accompany secondary flows in the
form of total pressure losses and non-uniform flow turning.
Note that secondary flows are defined as the vortical pat-
terns that develop in the turbine airfoil passages. Langston
et al. (1977), in a study performed without endwall blow-
ing, showed a significant loss in total pressure correspond-
ing to the center of the passage vortex as it migrated
through the passage. They showed that at the exit plane,
the location of the passage vortex and the corresponding
loss core had migrated to the suction side of the vane
and had risen off of the endwall.

A number of studies, including Sieverding and Wilputte
(1981), Friedrichs et al. (1995), Kost and Nicklas (2001),
and Barigozzi et al. (2005) have reported aerodynamic ben-
efits associated with endwall film-cooling in the form of
reduction of the size and strength of the passage vortex
and a reduction in strength of the cross passage flow. How-
ever, there is an aerodynamic downside to film-cooling
injection, as Friedrichs et al. (1997) reported that film-cool-
ing ultimately increases the total pressure losses through
the passage. They showed that the additional losses gener-
ated within the hole and the losses generated by coolant
mixing with the freestream outweigh the reduction in losses
associated with a reduction in secondary flows.

Both passive and active solutions to the problems asso-
ciated with passage secondary flows are being implemented
into nozzle guide vanes. Passive solutions include endwall
contouring (Oke et al., 2000) and leading edge fillet designs,
such as those presented by Zess and Thole (2002), Let-
hander and Thole (2003), Becz et al. (2003), and Mahmood
et al. (2005). One active solution that is currently employed
in some designs is to inject high momentum coolant
upstream of the vane passage, in many cases in a double
row staggered configuration. Zhang and Jaiswal (2001)
measured endwall film-cooling effectiveness on an endwall
downstream of two staggered rows of 45� cylindrical holes
placed upstream of the vane passage. They showed that at
low injection rates the coolant was swept towards the suc-
tion side, indicating a strong cross-passage flow. As the
injection rate was increased, the cross-passage flow was
diminished, and a more complete cooling coverage was
seen on the endwall. Using 30� cylindrical holes upstream
of a contoured endwall, Zhang and Moon (2003) showed
similar results, showing less cross-passage flow at higher
injection rates.

A study comparing total pressure losses between an
uncooled endwall, a cooled endwall with cylindrical holes,
and a cooled endwall with shaped holes was performed by
Barigozzi et al. (2005). They reported that there was no sig-
nificant difference between the secondary flow field with
cylindrical holes versus conical diffuser shaped holes. They
showed that for low injection rates, the magnitude of the
total pressure losses in the loss core of the passage vortex
increased relative to the uncooled case. In addition, the
location of the center of the passage vortex and its associ-
ated loss core shifted positions. For higher injection rates,
the passage vortex migrated towards the pressure side and
nearly vanished at the highest injection rate, yielding a
nearly two-dimensional loss distribution at the exit plane.
Barigozzi et al. (2005) reported almost the same perfor-
mance in terms of film-cooling effectiveness for the two dif-
ferent hole shapes at low mass flow rates, but reported
significantly better cooling performance by the shaped
holes at high mass flow rates. Note that their study fea-
tured different hole patterns in each passage, which meant
that it was not a direct one-to-one comparison.

In a parallel study to this paper, Colban et al. (2006a)
compared the film-cooling performance of cylindrical holes
and fan-shaped holes on a turbine vane endwall. They had
the same experimental setup as the current study, with two
passages having the same layout, one with cylindrical holes
and the other with fan-shaped holes. The study of Colban
et al. (2006a) featured upstream injection from two stag-
gered rows of cylindrical holes. The additional contribution
of the present study was to give results without upstream
coolant injection. Colban et al. (2006a) reported an average
augmentation in film-cooling effectiveness of nearly 75%
for the fan-shaped passage over the cylindrical passage.
The coolant in the fan-shaped passage stayed attached to
the surface for the mass flow rates that were tested, while
the coolant in the cylindrical passage did not.

The missing element in the research that has been per-
formed is the investigation into the effect of high momen-
tum coolant injection using holes upstream of the vane
passage on the downstream endwall film-cooling. The



Table 1
Operating conditions and vane parameters

Scale 3X
C (m) 0.53
Smax,PS (m) 0.52
Smax,SS (m) 0.68
Uin (m/s) 9.41
Rein (–) 3.4 · 105

DT (�C) 20
P (m) 0.465
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studies so far have either looked at upstream injection
alone, or endwall passage film-cooling alone, but the inter-
action between the two has heretofore not been investi-
gated. This study presents total pressure losses for two
passages – one with cylindrical holes and the other with
fan-shaped holes – both with and without upstream cool-
ant injection. All four cases are compared to the solid end-
wall case with no film-cooling. In addition, film-cooling
effectiveness measurements on both endwalls are presented
at three different mass flow rates both with and without
upstream coolant injection.

3. Experimental facilities

All experiments were performed in the low-speed, large
scale, recirculating wind tunnel facility shown in Fig. 1.
The flow was split into three separate channels, with the
center channel being heated to represent the combustor
core flow using a 55 kW bank of strip heaters. The lower
channel was blocked for this study, while the upper channel
was cooled using a 44 kW chiller and used to provide film-
cooling for the endwall in the vane cascade test section. The
temperature difference between the heated mainstream and
the film coolant that was achieved for the heated flow adi-
abatic effectiveness tests was on the order of 20 �C. The
flow field measurements were unheated, with both the cool-
ant and the mainstream at the same temperature.

The relevant inlet conditions for the tests are listed in
Table 1, along with important geometric parameters. An
engine representative inlet Reynolds number of 3.4 · 105

based on the true vane chord and the inlet velocity was
maintained for all tests. The nozzle guide vanes were scaled
up by a factor of three from the engine. Inlet velocity and
total pressure profiles where taken at several pitch loca-
tions a distance of one chord length upstream of the vane
stagnation to ensure periodic inlet conditions and also to
measure the reference mass-averaged total pressure used
in the total pressure loss calculations. The mass averaged
inlet velocity was 9.4 m/s for all experiments. From the
velocity profile measurements, the boundary layer at one
Fig. 1. Diagram of the large-scale, low-sp
chord length upstream of the vane leading edge was deter-
mined to be 27% of the vane span. A hot wire anemometer
was used to measure the turbulence intensity at a distance
of one chord length upstream of the vane leading edge. The
turbulence intensity was measured at several span and
pitch locations and was found to be a uniform value of
1.2%. The heated tests were nominally incompressible, with
a coolant-to-mainstream density of nearly 1.06.

In the gas turbine community, aerodynamic penalties
are typically discussed in terms of total pressure loss
through the turbine cascade. The total pressure loss is typ-
ically referenced to the mass averaged value upstream of
the turbine inlet. Similarly, the cooling performance of a
given film-cooling design is typically reported in terms of
adiabatic film-cooling effectiveness, which is essentially
the temperature of the fluid just above the critical surface.
Adiabatic film-cooling effectiveness accurately describes
the behavior of the coolant on the surface.

3.1. Test section design

The test section, described in detail by Colban et al.
(2006a), was a two-passage linear vane cascade with one
contoured endwall and one flat endwall. The upper endwall
was contoured in order to match the non-dimensional sta-
tic pressure distribution at low speed test conditions to that
found in the engine at high speed operating conditions.
This was important because the static pressure distribution
around the vane has a strong influence on the development
eed, recirculating wind tunnel facility.



Table 2
Film-cooling hole parameters

Upstream Cylindrical Shaped

a (deg) 60 35 35
/1 (deg) 0 0 10
/2 (deg) 0 0 10
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of secondary flows through the vane passage, both on the
strength and location. The development and design of the
contoured endwall was also documented by Colban et al.
(2006b) and featured a 40% contraction of the span from
the leading edge to the trailing edge. Both experimental
results (Colban et al., 2006b) and computational predic-
tions (Colban et al., 2005) of the passage flow field show
a nearly two-dimensional pressure distribution below 40%
of the inlet span height.

The vane cascade featured two periodic passages, each
with an identical film-cooling hole pattern, but with a dif-
ferent film-cooling hole geometry. The film-cooling hole
layout is shown in Fig. 2, with a callout and details of each
cooling hole shape. The specific geometric parameters for
each cooling hole shape are given in Table 2. The diameter
of all the holes (including the entrance length for the fan-
shaped holes) was 2.6 ± 0.15 mm. The double rows of
upstream holes were oriented in a staggered array. The sur-
face angle of the upstream holes was 60� from horizontal
and each hole had an orientation angle that was directed
towards the center of the passage. All of the holes in the
passage had a shallower surface angle of 35� and were
angled nominally in the direction of the inviscid streamline
at that location. The holes in the fan-shaped passage also
featured a lateral diffusion angle of 10� and a forward dif-
fusion angle of 10�.

A single plenum, which provided coolant to supply the
entire endwall, was located beneath the test section. The
capability was available to block off each passage individ-
ually, as well as the rows of upstream holes, and measure
exactly the amount of coolant mass flow delivered to the
entire endwall using a laminar flow element. The amount
of coolant in this study was reported in terms of percent
difference from the baseline case, which was chosen to
reflect typical coolant flow rates in the first stage of an
industrial gas turbine.
Fig. 2. Film-cooling hole layout and specifications. Upstream injection holes ar
trailing edge.
The endwall was constructed from a medium density
foam material using a five-axis water jet for high geometri-
cal integrity of the hole design and pattern. The foam had a
low thermal conductivity (k = 0.028 W/m K) such that the
conduction losses laterally throughout the foam as well as
from the surface into the plenum were minimal. A manu-
facturing fillet was also implemented, circumnavigating
the vane at the vane/endwall junction. The fillet was an
elliptical design and extended a distance 12D up the vane
span and 10D normal to the vane.

3.2. Measurement techniques and data analysis

A five-hole total pressure probe with a 2.4 mm tip was
used to measure all three components of velocity and the
total pressure at the exit plane. The exit plane is shown
schematically in Fig. 2, and it extends from one trailing
edge to the other and covers the entire pitch at the exit.
The five-hole probe measured streamwise velocity, yaw
angle, pitch angle, and total pressure directly.

In order to get an accurate view of the secondary flow
vectors in the exit plane, the components were transformed
into the coordinates shown in Fig. 2. The streamwise veloc-
ity, Vs, was measured directly with the five-hole probe. The
horizontal velocity component, Vn, in the exit plane was
calculated normal to the streamline at the midspan accord-
ing to Eq. (1),

V n ¼ V s sinðWms �WÞ ð1Þ
e highlighted as well as the exit plane, which stretches from trailing edge to



346 W. Colban, K. Thole / Int. J. Heat and Fluid Flow 28 (2007) 341–356
where (Wms � W) is the deviation in flow turning angle
from the midspan. The vertical velocity component, Vz,
in the exit plane was calculated using the measured pitch
angle, U, according to Eq. (2),

V z ¼ V s sinðUÞ ð2Þ
Approximately 240 locations in the exit plane were taken
for each of the five cases presented in this study, with high-
er resolution in areas with larger gradients. At each loca-
tion, 4 s of data was taken at a sampling frequency of
1000 Hz. The measurement was repeated five times and
then averaged, resulting in 20,000 data points for each re-
ported value.

Total pressure loss coefficients were calculated accord-
ing to the method laid out by Friedrichs et al. (1997), where
the total pressure loss coefficient given by Eq. (3),

Y 0 ¼
P 0;ref � P 0;exit

P 0;ref � P s;exit

ð3Þ

where P0,exit and Ps,exit were the total and static pressures at
the exit. P0,ref was calculated using two different methods.
The first way of calculating P0,ref incorporates the addi-
tional total pressure and energy added to the passage flow
as a result of the addition of film-coolant. The mass-aver-
aged calculation of P0,ref is given by Eq. (4),

P 0;ref ¼
P 0;in _min þ P 0;cool _mcool

_min þ _mcool

ð4Þ

The second definition used for P0,ref in Eq. (4) was just to
set P0,ref = P0,in, the mass-averaged inlet stagnation pres-
sure. This definition was used for the uncooled case, in
which case Eq. (4) simplifies to that result, and was also
calculated for the other flowfield cases. The second defini-
tion neglects the total pressure additions from the film-
cooling flow, and can be misleading for that reason because
it typically yields lower Y0 values than by using the defini-
tion for P0,ref in Eq. (4).

Mass-averaged values of the total pressure loss coeffi-
cients were also computed in the exit plane in order to give
an overall comparison of each case in terms of complete
total pressure loss. The mass-averaging was done according
to Eq. (5),

Y 0 ¼
R

Z

R
Y Y 0V sqdY dZ

R
Z

R
Y V sqdY dZ

ð5Þ

although the density term cancelled out of Eq. (5) because
the tests were incompressible, being unheated and at low
speed.

Endwall surface temperatures were measured using an
infrared camera and converted to adiabatic film-cooling
effectiveness. Adiabatic film-cooling effectiveness was a
non-dimensionalized temperature, given in Eq. (6),

g ¼ ðT1 � T surfÞ
ðT1 � T coolÞ

ð6Þ

where T1 was the freestream air temperature, Tcool was
the temperature of the injected coolant, and Tsurf was the
measured surface temperature. Eight image locations were
necessary to map the entire endwall surface for each pas-
sage. Five images were taken and averaged at each loca-
tion. A FLIR P20 infrared camera was used with an
image resolution of 240 · 320 pixels, which gave an image
resolution of approximately 0.28D per pixel. Each
image was calibrated using thermocouples embedded flush
with the endwall surface, and then corrected for conduc-
tion losses. A one-dimensional conduction correction was
applied to the measured film-cooling effectiveness to give
the reported adiabatic film-cooling effectiveness. The un-
cooled effectiveness, g0, varied between 0.06 and 0.15,
and depended on the location on the endwall.

3.3. Experimental uncertainty

Uncertainty estimates were made using the technique
described by Moffat (1988), which is a partial derivative
and sequential perturbation method. The exit total pres-
sures were measured with a pressure transducer that had
a bias uncertainty of ±0.019% of full scale. At the exit
plane the precision error was found by averaging 20 inde-
pendent samples with each sample representing over
10,000 measurements over 90 s. The inlet total pressures
were measured with a transducer having a bias uncertainty
of ±0.079% of the full scale. The precision uncertainty at
the inlet was measured by taking the standard deviation
of 25 samples with each sample representing an average
of 10,000 measurements over 90 s. The bias, precision,
and total uncertainties of all the measured values were used
to ultimately calculate Y0. For a value of Y0 = 0.15 mea-
sured in the cylindrical passage with upstream cooling,
the uncertainty was calculated to be ±0.001.

The uncertainty in adiabatic film-cooling effectiveness
was also calculated for high and low reported values. The
bias error associated with type E thermocouples was taken
as ±0.2 K, which was the value listed by the manufacturer.
The precision uncertainty for the freestream and coolant
thermocouples was determined by taking a reading every
10 s while the images were being taken. The standard devi-
ation of those readings, during an assumed steady state for
the test section, was taken as the precision uncertainty. The
precision uncertainty for the freestream temperature was
±0.25 K, while the precision uncertainty in the coolant
temperature measurements was ±0.03 K. The surface tem-
peratures were measured with an infrared (IR) camera. The
temperature recorded by the IR camera was calibrated to
readings taken by type E thermocouples mounted flush
with the measurement surface. Because the IR images were
forced onto the measured thermocouple temperatures, one
can assume that the bias error for the IR data was the root-
sum-square of the thermocouple bias (±0.2 K) and the
average difference between the calibrated IR data and
the thermocouple measurement (±0.12 K). In this way,
the bias error for the surface temperature measurements
was ±0.23 K. The precision error for the IR surface tem-
perature measurements was found by taking the standard



Table 3
Test matrix (italicised values indicate exit plane flow field cases, and
upstream injection flow rates shown in parentheses)

Cylindrical passage Fan-shaped passage

Upstream 75% 100% 125% 75% 100% 125%
(75%) (100%) (125%) (75%) (100%) (125%)

No Upstream 75% 100% 125% 75% 100% 125%
(0%) (0%) (0%) (0%) (0%) (0%)
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deviation of the same points in 10 images taken at steady
state at the same location. From this method, the precision
error for the IR surface temperature measurements was
found to be ±0.27 K, which make the total uncertainty
for the IR surface temperature measurements ±0.35 K.
For a high value of g = 0.9, the uncertainty was ±0.012,
while a lower value of g = 0.2 had an uncertainty of
±0.011.

3.4. Test design

The test matrix is shown in Table 3 and includes a total
of 13 cases (baseline case with no blowing is not shown).
The cases that represent the baseline flow rates for an
actual engine are highlighted in Table 3. Note that actual
flowrates are not shown for proprietary reasons. Adiabatic
film-cooling effectiveness measurements were made for all
cases shown in Table 3. Flow field measurements were
taken at the exit plane for the highlighted baseline cases
in the test matrix. One other case was measured for the exit
plane, and that was a case with no blowing, which was
meant to be a baseline case for the flow field measurements.
The percentages shown in parentheses in Table 3 represent
the flow rate from the upstream rows of holes (as shown in
Fig. 2).

The flow rates for the six cases without upstream injec-
tion were determined by matching the pressure ratio
Fig. 3. Contours of calculated (a) blowing ratio and
between the endwall plenum total pressure and the vane
stagnation total pressure to the corresponding cases with
upstream injection. In this way, the passage endwall film-
cooling holes had nominally the same flow rates in both
the upstream and no upstream blowing cases.

Local inviscid blowing and momentum flux ratios were
computed for each hole. The local inviscid velocity was
used in the scaling, and the static pressure distribution on
the endwall was approximated using a 3D CFD prediction
without film-cooling in FLUENT 6.1.2. The experimental
total pressure measured in the plenum was then used to
predict the inviscid coolant velocity in the metering area
of the cooling holes. Local freestream velocities on the end-
wall were also calculated using the CFD static pressure dis-
tribution, and the mainstream and coolant densities were
measured during testing. The results are shown in terms
of a contour map in Fig. 3(a) and (b). One could also think
of Fig. 3(a) and (b) as design maps with which to predict
the blowing ratio and momentum ratio for a hole placed
at a given location on the endwall. The highest blowing
ratios were near the vane stagnation and resulted from
the relatively low local velocity at that location. The lowest
blowing ratios occurred in the vane passage at the throat
region, where local velocities were highest.

4. Aerodynamic results

The streamwise velocity distribution was nearly the
same for all five cases except near the wall, so it is shown
in Fig. 4 only for the uncooled case. The strong downward
velocity near the exit midspan was a result of the upper
contoured endwall contraction. Both the streamwise
velocity and the secondary flow vectors have been non-
dimensionalized by the mass-averaged inlet velocity to
the cascade. Fig. 4 shows that the streamwise velocity is
nearly two-dimensional across most of the exit plane.
There was a local minimum non-uniformity in streamwise
(b) momentum flux ratio for baseline conditions.



Fig. 4. Contour of streamwise velocity in the exit plane for the uncooled case with superimposed secondary flow vectors.
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velocity corresponding to the location of the center of the
passage vortex near the suction side at Y/P = 0.9 and Z/
P = 0.1. A strong cross passage flow was seen near the wall
from the pressure to the suction sides.

4.1. Total pressure loss measurements

Normalized total pressure losses are shown in Fig.
5(a)–(e). For the baseline uncooled case, the reference total
Fig. 5. Contours of total pressure l
pressure in Eq. (3) was taken as the mass-averaged inlet
total pressure, while for the other cases, the reference total
pressure was mass-averaged including the coolant flow to
incorporate the losses due to film-cooling addition. Upon
examining the uncooled case in Fig. 5(a), the most notice-
able feature was the loss core associated with the passage
vortex, located at Y/P = 0.9 and Z/P = 0.1. The passage
vortex was the most dominant loss generator in the
uncooled passage. As mentioned previously, the implemen-
oss measured at the exit plane.
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tation of a contoured endwall, which in the present study
was used to match the engine airfoil flow distribution,
has been shown to suppress the size and strength of passage
vortex. This phenomenon was verified by the current study,
which showed the size and strength of the passage vortex
was smaller than the commonly accepted secondary flow
model proposed by Langstion (1980).

As with the streamwise velocity shown in Fig. 4, the sec-
ondary flow vectors are superimposed onto the total pres-
sure loss contours in Fig. 5(a)–(e). There was also a region
of high losses near the endwall at the suction side corner.
Langston et al. (1977) noticed the same phenomenon for
an uncooled endwall and attributed it to the separation
of the endwall boundary layer.

Fig. 5(b) shows the total pressure losses in the exit plane
for the cylindrical passage with upstream injection. Two
major changes occurred from the uncooled case. First,
the location of the passage vortex shifted away from the
suction side, perhaps due to a reduction in strength of
the cross passage flow. Secondly, there was a region of high
total pressure loss near the endwall wall extending from
Y/P = 0.4 to Y/P = 0.7. These losses were undoubtedly a
result of film-cooling jets mixing with the freestream. It is
interesting to note that the secondary flow vectors along
the wall near Y/P = 0.5 appear to be cutting under the
mixed out film-cooling region and lifting it away from
the surface.

The total pressure loss contour and secondary flow vec-
tors for the cylindrical passage without upstream injection
are shown in Fig. 5(c). The same general trends as for the
case with upstream injection were seen, including the
change in location of the passage vortex and the high losses
near the wall from jet/freestream mixing. The main differ-
ence was that the mixing losses near the wall were not as
great for the case without upstream injection. This suggests
that the region of high mixing losses near the wall was
Fig. 6. Contours of change in total pressure loss coefficien
partly caused by the upstream injection, in addition to
the passage film-cooling.

Total pressure losses for the fan-shaped passage are
shown in Fig. 5(d) (upstream injection) and Fig. 5(e) (no
upstream injection). For the case with upstream coolant
injection, the position of the passage vortex remained
unchanged from the uncooled case. The total pressure
losses generated near the endwall for the fan-shaped pas-
sage had a strikingly different pattern than for the cylindri-
cal passage. In the region from Y/P = 0.5 to Y/P = 0.75,
the losses near the endwall in the fan-shaped passage
decreased with span up to a height of approximately
Z/P = 0.04. At that height, the losses increased again and
showed a relative maximum at Z/P = 0.06. This pattern
suggests that the film-cooling flow stays attached to the
surface, with less loss in that region. The losses centered
at Z/P = 0.06 would then be caused by the shear between
the coolant layer and the freestream. Again, as with the
cylindrical passage, some of the near wall losses appear
to be a result of upstream injection, as they were greater
for the case with upstream injection. The secondary flow
vectors in the fan-shaped passage, although they indicated
a stronger cross flow, did not seem to show the lift-off of
near wall flow as with the cylindrical passage.

It is also useful to examine the change in total pressure
losses that result from the addition of film-cooling.
Fig. 6(a)–(d) shows the change in total pressure loss coeffi-
cient from the uncooled case to each film-cooled case. Note
that a negative value of (Y0 � Y0,base) indicated a decrease
in total pressure relative to the uncooled case, while a posi-
tive value of (Y0 � Y0,base) meant there was an increase in
total pressure. For all film-cooled cases, the majority of
the passage shows virtually no change in total pressure loss
from the uncooled case. Both cylindrical hole cases showed
a large increase in total pressure in the region of the pas-
sage vortex. The increase was partially attributable to the
t from the uncooled case measured at the exit plane.
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shift in location of the loss core away from the suction sur-
face for the two cylindrical cases. However, it is likely that
the maximum loss associated with the passage vortex was
also enhanced. Barigozzi et al. (2005) also reported an
increase in total pressure loss generated by the passage
vortex for a similar flow rates with cylindrical hole film-
cooling relative to the uncooled case.

For the fan-shaped passage, (Y0 � Y0,base) values
increased for the upstream injection case in the shear layer
mixing region, as shown in Fig. 6(c). However, the upstream
injection seemed to reduce the losses associated with the
passage vortex for the fan-shaped case. The fan-shaped case
without upstream cooling was the most similar to the
uncooled case in terms of total pressure loss. There was very
little change in either magnitude or distribution of the total
pressure losses from the uncooled case to the fan-shaped
case without upstream injection, with only a slight reduc-
tion in losses associated with the passage vortex and a slight
increase in losses because of mixing and shear within the
passage.

Because the main purpose of the nozzle guide vanes is to
turn the flow as it enters the downstream first blade row,
which extracts energy from the expanding hot gases, the
exit angle of the flow through the passage is extremely
important. Secondary flows such as the near wall cross flow
decrease the overall efficiency of the engine because they
alter the exit flow angles. Engine designers would like to
have as uniform an exit flow angle as possible, or else the
blade design must include these flow angles. Fig. 7 shows
pitch-averaged flow angles at the exit plane for each of
the five cases as the difference from the midspan flow turn-
ing angle. The uncooled case had very little variation above
Z/Zmax = 0.1. Both fan-shaped cases had a similar distri-
bution of flow-turning angles along the span, with slightly
higher turning near the wall. The cylindrical cases had sig-
nificantly less turning in the near wall region, which means
that the endwall cross flow was reduced. This corresponds
to the shift in location of the passage vortex towards the
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Fig. 7. Pitch-averaged exit flow angles for each flow field case.
pressure side from the uncooled case (Fig. 5(a)–(c)).
Although the cylindrical passage cases had less endwall
cross flow, they did have a higher flow turning angle than
the uncooled case from Z/Zmax = 0.1 to Z/Zmax = 0.25.
The difference in flow turning angles between the uncooled
cases and the cases with film-cooling stresses the impor-
tance of incorporating the changes in flowfield that are
brought upon by film injection into the aerodynamic por-
tion of the airfoil design.

4.2. Mass-averaged total pressure loss

Total pressure losses were mass-averaged according to
Eq. (3) using the two different definitions of P0,ref, and those
values are shown in Fig. 8 for each flow case. The most
obvious conclusion from the mass-averaged total pressure
losses in Fig. 8 is that cylindrical film-cooling greatly
increased the total pressure losses through the vane passage,
both with and without upstream blowing. Friedrichs et al.
(1997) also noted an increase in overall total pressure loss
through the turbine cascade for cylindrical hole cooling.
The results from this study verify the findings of Friedrichs
et al. (1997) for cylindrical holes, but suggest something dif-
ferent for fan-shaped holes. The mass-averaged total pres-
sure losses through the turbine cascade for fan-shaped
holes were only slightly higher than the uncooled case for
the case without upstream injection. Even the fan-shaped
case with upstream injection had a lower mass-averaged
total pressure loss than the cylindrical case without
upstream injection. The main reason for this, despite the
added mixing losses generated from the upstream blowing,
was the reduction in losses associated with the passage vor-
tex. Because the fan-shaped holes did not separate from the
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Fig. 8. Mass-averaged total pressure loss for each flow field case.
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endwall surface as the cylindrical holes did, there was less
interaction with the freestream and subsequently less mix-
ing losses in the fan-shaped passage.

Using the inlet stagnation pressure as the reference stag-
nation pressure rather than Eq. (4) in the definition of the
total pressure loss coefficient resulted in lower Y0 values for
Fig. 9. Effectiveness contours with upstream coolant injectio
each film-cooled case (shown in Fig. 8). The reason is that
although Eq. (4) incorporated the additional energy being
added to the passage flow by the coolant, it also included
the losses that occur within the film-cooling holes.

The effect of upstream injection on the mass-averaged
total pressure loss through the cascade depends on the
n for the cylindrical (a–c) and fan-shaped passage (d–f).
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film-cooling hole shape. With cylindrical holes, only a
slight increase in Y 0 was seen. The reason was that the
cylindrical holes in the passage separate and generate a
large amount of mixing within the passage. Any additional
mixing caused by the upstream blowing does not signifi-
cantly add to the total pressure loss. The fan-shaped holes,
Fig. 10. Effectiveness contours without upstream coolant injec
on the other hand, do not separate and therefore do not
generate large mixing losses by themselves. For this reason
the mixing losses generated by the upstream blowing in the
fan-shaped passage were much more significant in terms of
raising the overall losses. The reduction in passage vortex
losses for the fan-shaped passage also contributed to the
tion for the cylindrical (a–c) and fan-shaped passage (d–f).
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lower mass-averaged Y 0 values than for the cylindrical pas-
sage. The study by Barigozzi et al. (2005) showed little dif-
ference between the losses generated for their fan-shaped
passage versus their cylindrical passage. This however,
was attributed to the different number of holes between
the two passages. At the same mass flow rate, fewer holes
in the fan-shaped passage caused higher jet velocities, lead-
ing to higher losses inside the hole than what would be seen
if there had been a one-to-one comparison.

5. Thermal results

The following sections discuss the effect of upstream
injection on the cooling performance of cylindrical and
fan-shaped holes on a gas turbine endwall. Results are
reported in terms of adiabatic film-cooling effectiveness,
as defined by Eq. (6).

5.1. Adiabatic film-cooling effectiveness measurements

Adiabatic film-cooling effectiveness measurements are
shown in Fig. 9(a)–(f) for the cases with upstream coolant
injection and in Fig. 10(a)–(f) for the cases without
upstream injection. The cases shown in Fig. 9(a)–(f) with
upstream injection were described in detail by Colban
et al. (2006a) and are shown in this paper for comparison
purposes. It is particularly interesting that the upstream
rows provided no immediate cooling benefit to the endwall
surface in any of the contours in Fig. 9. All of the coolant
ejected from the upstream holes was completely separated
from the surface, even at the lowest tested flow rates due
to the high surface angle.

In examining the differences between the cases without
upstream coolant (shown in Fig. 10) and the cases with
upstream coolant (shown in Fig. 9), it is immediately obvi-
ous that the overall levels of film-cooling effectiveness for
the cases without upstream injection were much lower. This
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Fig. 11. Laterally averaged effectiveness for the 100% case and augmentatio
cylindrical passage with no upstream cooling.
is interesting given the fact that the upstream holes offer no
visible cooling benefit themselves, one would not expect
levels further downstream to be greatly reduced in the
absence of upstream injection, although certainly some of
the improvement was probably due to a cooler near wall
fluid from the upstream blowing. Pressure ratios were
matched between cases shown in Figs. 9 and 10, so for
instance, the passage film-cooling flow in Figs. 9(a) and
10(a) are directly comparable. In Figs. 10(a) and 9(a), the
flow rate from the passage film-cooling holes was the same,
the only difference being that the case in Fig. 9(a) had addi-
tional upstream coolant flow. Considering the fact that the
amount of coolant issued from the film-cooling holes
within the passage was the same for the cases in both Figs.
9 and 10, it is suggested and confirmed by the flowfield
measurements that upstream coolant injection must alter
the passage flow field in such a way as to make downstream
endwall film-cooling more effective.

Fig. 11 shows the laterally averaged effectiveness in the
cylindrical passage for the baseline case without upstream
injection cooling. The general trend is increased �g through-
out the passage, indicating that film-cooling had a benefi-
cial compounding effect. Also shown in Fig. 11 is the
augmentation in laterally averaged film-cooling effective-
ness for the 75% and 125% cases with respect to the base-
line case. Just as for the case with upstream injection
(Colban et al., 2006a), �g decreased with increased coolant
flow rate. The reason for this was that the cylindrical jets
separated from the surface rendering inefficient endwall
cooling, and the separation got worse with increasing cool-
ant flow rate.

The laterally averaged film-cooling effectiveness and
augmentation are shown for the fan-shaped passage with
no upstream injection in Fig. 12. Again, �g increased
throughout the passage, with overall levels of �g being much
higher than the cylindrical passage without upstream injec-
tion (Fig. 11). The effect of increasing coolant flow rate on
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the fan-shaped passage was opposite to the cylindrical pas-
sage. Because the fan-shaped holes diffused the coolant jet
as it exited the hole, it was not prone to separation as was
the cylindrical hole jet. For this reason, �g increased with
increasing coolant flow rate, yielding the intuitive result
of increased cooling performance with increased coolant
flow rate.

Figs. 13 and 14 both show the reduction in �g without
upstream coolant injection versus with upstream coolant
injection. For both the cylindrical (Fig. 13) and the fan-
shaped (Fig. 14) passage, it is clear that upstream coolant
injection yielded a significant increase in �g. This effect
was seen fairly uniformly across all measured coolant flow
rates.

The augmentation in �g for the fan-shaped passage versus
the cylindrical passage without upstream coolant injection
is shown in Fig. 15. Just as with upstream coolant injection
(Colban et al., 2006a), the fan-shaped cooling holes offered
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significantly better film-cooling performance than their
cylindrical counterparts. The augmentation in �g increased
with coolant flow rate as a result of the opposite influence
of coolant flow rate on the �g performance between the two
passages.

5.2. Area-averaged film-cooling effectiveness

Area-averaged values of adiabatic film-cooling effective-
ness were calculated over the endwall from X/C = �0.25 to
X/C = 0.5 (the vane trailing edge) across one vane pitch.
Area-averaged effectiveness offered a sense of the benefit
gained by the entire endwall surface in any given cooling
configuration (geometry and flow condition). Fig. 16 shows
the area-averaged film-cooling effectiveness for each case
reported in Table 3. Please note that the cases without
upstream injection have less total coolant than the cases
with upstream injection. The trends of increasing effective-
ness with coolant flow rate for the fan-shaped passage, and
decreasing effectiveness with coolant flow rate for the cylin-
drical passage can be seen clearly. The trend between the
cases with and without upstream coolant injection was
not linear (although not shown clearly on this graph
because the actual coolant flow rates were proprietary),
which suggests that the upstream coolant injection altered
the flowfield in such a way as to allow the downstream
film-cooling to be more effective.

6. Conclusions

As mentioned previously, the goals of this study were to
evaluate the aerodynamic and cooling performance of
cylindrical and fan-shaped holes on an endwall for a tur-
bine airfoil. Although there is no conventional parameter
that combines both cooling benefits and aerodynamic
losses into one overall performance metric, the work pre-
sented in this paper evaluated each through the analysis
of experimental data. A five-hole total pressure probe
was used to measure the exit plane flowfield with and with-
out upstream injection for passages featuring cylindrical
and fan-shaped holes. An infrared camera was used to
measure adiabatic film-cooling effectiveness for both fan-
shaped and cylindrical passages with and without upstream
injection.

Cylindrical hole film-cooling increased the total pressure
losses generated by the passage vortex. Cylindrical hole
film-cooling did reduce the strength of the cross-passage
flow, shifting the location of the passage vortex towards
the pressure side. The coolant separation in the cylindrical
passage, which was evident from the effectiveness contours,
generated high mixing losses with the freestream. The fan-
shaped holes did not separate from the endwall, but the
shear layer between the coolant and the freestream still
generated significant losses.

Both passages showed increased mixing and shear losses
with upstream injection relative to no upstream injection.
Overall mass-averaged losses for the cylindrical passage
were much higher than the uncooled case because of the
increase in passage vortex losses and the added mixing
losses. Overall mass-averaged losses for the fan-shaped
passage were nearly the same as for the uncooled case
because the added shear layer losses were counteracted
by the reduction in losses generated by the passage vortex.
The flowfield results showed that fan-shaped holes gener-
ated less total pressure loss than cylindrical holes, espe-
cially with no upstream blowing.

The adiabatic film-cooling effectiveness measurements
showed that the coolant from the upstream holes had little
immediate cooling benefit to the endwall in the region just
downstream of the upstream injection, with the coolant
separating entirely from the endwall because of the high
injection angle. However, further downstream in the pas-
sage, effectiveness levels for the cases with upstream cool-
ant were much higher, the reason being that there was a
large amount of coolant in the passage region from the
upstream injection. This coolant mixed with the freestream
and lowered the temperature of the near-wall fluid, result-
ing in higher effectiveness levels downstream in the passage.
The flow field results also indicated an influence on the pas-
sage flowfield by the upstream coolant injection, which
could have also contributed to the higher effectiveness lev-
els. The effect of increased coolant flow rate was to decrease
�g in the cylindrical passage because of jet separation. In the
fan-shaped passage the effect of increased coolant flow rate
was to increase �g because the fan-shaped coolant jets stayed
attached to the surface.

The results of this study further illustrate the complexity
of the film-cooling design process. The addition of film-
cooling holes on a turbine endwall has aerodynamic conse-
quences in addition to the thermal benefit that might be
gained. Incorrect placement of film-cooling holes can also
prove wasteful. It is critical that engine designers be aware
of both the thermal and aerodynamic consequences of their
film-cooling hole designs. The results of this study are
clear in their recommendation of fan-shaped holes over
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cylindrical holes from both an aerodynamic and thermal
perspective. Fan-shaped holes performed better aerody-
namically than cylindrical holes, generating fewer total
pressure losses through the turbine cascade. Fan-shaped
holes also offered better cooling than cylindrical, both with
and without upstream injection. Clearly, from an overall
performance standpoint, fan-shaped holes were the supe-
rior cooling hole geometry.
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