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Abstract

Secondary flows that result in turbomachines from inherent pressure gradients in airfoil passages, are the main
contributors to aerodynamic losses and high heat transfer to the airfoil endwalls. The endwalls present a challenge
to durability engineers in maintaining the integrity of the airfoils. One means of preventing degradation in the turbine
is to film-cool components whereby coolant is extracted from the compressor and injected through small cooling holes
in the airfoil surfaces. In addition to film-cooling, leakage flows from component interfaces, such as the combustor and
turbine, can provide cooling in localized areas but also provide a change to the inlet boundary condition to the passage.
This paper presents measurements relevant to the endwall region of a vane, which indicate the importance of consid-
ering the inlet flow condition.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Gas turbine engines have become an integral part of
our daily lives through propelling aircraft, tanks, and
large naval ships and providing power to the electrical
grid. To continue the growth of this industry through
improvements in engine efficiencies and reducing pollu-
tants, knowledge is needed on how to further designs
of the cooling schemes for the hot turbine section. The
power output and efficiency of a turbine engine are a di-
rect function of the fluid temperature entering the hot
turbine section. Having an optimal cooling scheme for
the turbine section reduces the need to extract com-
pressed air from flow that could have been used as hot
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserv
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working fluid for the turbine or can allow even hotter
temperatures to enter the turbine.

Turbine inlet conditions in a gas turbine engine gen-
erally consist of temperature and velocity profiles that
vary in the spanwise and pitchwise directions resulting
from combustor exit conditions. These non-uniform
profiles have a strong influence on the nature of the sec-
ondary flows in the endwall region. Secondary flows re-
fer to velocity components not aligned with the inviscid
flow through the airfoil passages. Driving the secondary
flows are two pressure gradients: the inherent pressure
gradient from turning the flow and the pressure gradient
resulting from non-uniform inlet conditions along the
radial span of the airfoil passage. The primary compo-
nents of these secondary flow patterns include a leading
edge horseshoe vortex and a passage vortex. The leading
edge horseshoe vortex is formed as the incoming bound-
ary layer approaches the stagnation region of the vane.
This horseshoe vortex separates into pressure-side and
ed.
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Nomenclature

C true chord of stator vane
Ca axial chord of stator vane
I momentum flux ratio
_m mass flowrate
M mass flux ratio
P vane pitch; hole pitch
P0, p total and static pressures
Re Reynolds number
s surface distance along vane measured from

flow stagnation
S span of stator vane
St Stanton number
T temperature
x, y, z local coordinates
u, v, w local velocity components

U velocity magnitude

Greek symbols

g adiabatic effectiveness, g = (T1 � Taw)/
(T1 � Tc)

q density
m kinematic viscosity

Subscripts

aw adiabatic wall
c coolant conditions
inlet inlet conditions
s streamline distance
1 freestream conditions
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suction-side horseshoe vortex legs. The passage vortex,
having the same sense of rotation as the pressure side
horseshoe vortex, develops as the flow is turned by the
turbine vane or rotor blade. Secondary flows cause aero-
dynamic losses, high convective heat transfer, and make
it difficult to film-cool the endwall.

One method of combating the high convective heat
transfer rates for turbine components is through the
use of film-cooling holes whereby the air that has been
extracted from the compressor, bypasses the combustor,
and is injected through discrete holes in the turbine air-
foils. One of the more difficult regions to cool is the end-
wall because of the previously described secondary flow
pattern that develops in the airfoil passages. Film-cool-
ing hole placement, particularly in the endwall region,
has traditionally been based upon designer experience.
Another consideration when designing an effective cool-
ing hole pattern for the endwall of an airfoil is the cool-
ant coverage that can occur from leakage flows at the
combustor-turbine interface. These leakage flows are
inherent to most turbine systems and do represent a po-
tential cooling source for endwalls, but also represent a
change to the inlet boundary condition for the passage
and as such these leakage flows need to be assessed in
terms of their overall impact to the secondary flows that
develop in the turbine endwall region.

The goal of this research was twofold. The first goal
was to compare the effects of injecting different coolant
flow rates through a two-dimensional slot upstream of
an endwall with a turbine vane design. This flow rate
represents the leakage flow through a combustor-turbine
interface. The second goal was to compare what effect
the leakage flow has on the downstream film-cooling
injection. This second goal is particularly relevant for
those designing film-cooling hole patterns who need to
know whether the leakage flow should or should not
be considered in their design. This paper contains a sum-
mary of relevant past literature, a description of the two
different endwall film-cooling hole patterns and experi-
mental set-up used to measure endwall effectiveness
levels, and then a summary of the results.

1.1. Relevant factors for endwall flowfield development

An understanding of passage secondary flows has
been the subject of research in the gas turbine industry
for many years [1]. In an original study, Hawthorne [2]
used the vorticity equation, or what is commonly re-
ferred to as the Helmholtz equation, to describe how
the secondary streamwise vorticity relates to the span-
wise (or radial in the case of an annular cascade) total
pressure gradient. Flow models that have been proposed
from experiments done with uniform temperature pro-
files and turbulent endwall boundary layers have in-
cluded the formation of a passage vortex. In the flow
model by Langston [3], he depicted a horseshoe vortex
that is split into two legs with one on the suction and
one on the pressure sides of the airfoils as shown in
Fig. 1. Langston indicated a pitchwise pressure gradient
in which there is a crossflow from the pressure towards
the suction side of the airfoil. In the inviscid limit, this
crossflow will occur because of the difference in pressure
across the pitch. The spanwise total pressure gradient,
resulting from the boundary layer, along with the cross
flow promotes the pressure side leg of the horseshoe vor-
tex into forming a passage vortex. The suction side leg
exits the blade row as a counter-rotating vortex inside
the passage vortex.

Sharma and Butler [4] showed a similar flow model
with the primary difference being that the suction side



Fig. 1. Secondary flow model presented by Langston [3].
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horseshoe vortex begins to lift off the endwall at the min-
imum pressure along the blade and orbit about the pas-
sage vortex. Goldstein and Spores [5] showed that the
suction leg remains distinct rising along the span of
the turbine blade above the passage vortex. In general,
there are some slight disagreements in the different flow
models that have been proposed but, for the most part,
these flow models, which are primarily based on uniform
inlet profiles except for the turbulent endwall boundary
layers, agree on the existence of the leading edge and
passage vortices.

Experimental flowfield data presented by Bailey [6],
Moore et al. [7], Gregory-Smith and Cleak [8], and Kang
et al. [9] have all quantified some aspects of the second-
ary flows. All of these studies, however, have had an in-
let boundary condition of a uniform flow except for a
turbulent endwall boundary layer such as that shown
in Fig. 2. Fig. 3a shows the secondary flowfield vectors,
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Fig. 2. Comparisons of total pressure profiles of a turbulent boun
combustor prior to entering the turbine section.
as reported by Kang and Thole [9], for a case with a uni-
form temperature field and a turbulent boundary layer
that had a thickness which was 9% of the span and a
momentum Reynolds number of 3340. These measure-
ments, where the location is illustrated on the turbine
vane inset, agree with the Langston model. The presence
of the passage vortex is quite clear as well as remnants of
the leading edge horseshoe vortex on the suction side of
the airfoil. The passage vortex also has an effect on the
streamwise velocities as shown by the contours.

As previously discussed, combustor exit profiles
(first-stage turbine stator vane inlet profiles) are far from
uniform in temperature, pressure, and velocity. Some
typical profiles are given in the literature by Suo [10],
Halls [11], and computed by Crocker et al. [12]. As
shown in the literature, downstream of dilution jets,
which are typically used to promote mixing in a combus-
tor design, distinct radial and circumferential variations
in the velocity field, and total pressure field can be
expected. The effect of non-uniform inlet profiles was
first considered by Lakshminarayana [13] who gave a
generalized expression for secondary vorticity of flows
having gradients of temperature, pressure or velocity.
Lakshminarayana [13] showed that when considering a
uniform temperature profile and a varying velocity pro-
file (such as a turbulent boundary layer), one obtains a
passage vortex with a clockwise rotation when looking
towards the downstream of the vane passage (similar
to the data shown in Fig. 3a). Alternatively, when
considering a uniform velocity profile and a varying
temperature profile with a maximum temperature at
the midspan, Lakshminarayana proposed that one
0 1 2 3

 / 0.5 ρ U2

dary layer with that representative of leaving a gas turbine



Fig. 3. (a) Measured secondary flows in a turbine vane passage with a two-dimensional turbulent boundary layer [9] and (b) for a case
simulating the upstream effects of a combustor liner with combustor-turbine leakage flow [15].
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would obtain a passage vortex with a counter-clockwise
rotation. This change in rotation results from a change
in the sign of the pressure gradient.

While effects of temperature and velocity profiles
were shown theoretically by Lashminarayana [13], a
change in rotation of the passage vortex was shown
computationally by Hermanson and Thole [14]. The
computational results for a case with an isothermal flow
and turbulent boundary layer were directly comparable
to the experimental results given in Fig. 3a with the clas-
sic clockwise rotation of the passage vortex. For a vary-
ing temperature profile with a maximum temperature at
the mid-span location, the lower fluid density results in a
lower total pressure at the mid-span when considering a
constant static pressure. For this latter case, the rotation
of the passage vortex was predicted to be counter-clock-
wise since the total pressure was lower towards the mid-
span. The experimentally measured secondary flows by
Colban et al. [15] in Fig. 3b shows what one might ex-
pect for an actual turbine where the upstream boundary
layer is film-cooled in the combustor section and there is
a backward facing slot flow at the combustor-turbine
interface. Note that the inlet total pressure profile for
a film-cooled combustor is also indicated in Fig. 2 with
a total pressure peak (caused by the combustor film-
cooling) that is at approximately 10% of the span. The
peak in the total pressure causes flow to be directed both
downward, towards the endwall, and upward, towards
the vane mid-span. As a result a tertiary vortex is formed
that convects through the passage.

The above effects are important as one considers the
work presented in this paper whereby there is a flush slot
present upstream of the turbine endwall with coolant
flowing from it. This coolant is referred to as a leakage
flow since it represents the leakage that occurs between
the combustor-turbine interface.

1.2. Endwall heat transfer resulting from secondary

flows

While secondary flows lead to increased aerodynamic
losses in the turbine section, surface heat transfer in-
creases resulting from secondary flows is equally as
important. Data reported by Kang et al. [16], as well
as others, show that the peak heat transfer on the end-
wall sweeps from the pressure side of the airfoil to the
suction side of the adjacent airfoil as the passage vortex
moves in that direction. Flow field and heat transfer
measurements indicate that the peak in heat transfer
coincides with the peak value of the downward velocity
vector associated with the vortices that are present.
Fig. 4a shows contours of Stanton numbers measured



Fig. 4. (a) Measured heat transfer coefficients in terms of Stanton numbers based on the inlet velocities on the endwall [16] and (b)
local augmentations of Stanton number for three streamlines along the vane passage.
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along the endwall where Stanton number is defined
using the incident velocity at the inlet. A region of high
heat transfer is observed in front of the vane stagnation
location as a result of the formation of the horseshoe
vortex. The passage vortex shown in the flowfield mea-
surements in Fig. 3a, causes high heat transfer levels
along the vane endwall. Moving into the passage, the
heat transfer contours show that the peak Stanton num-
ber contours are swept toward the suction surface. Far-
ther into the vane passage, the Stanton number contours
become aligned parallel to the direction of flow.

To gain an appreciation for how high the heat trans-
fer coefficients are, Fig. 4b compares the heat transfer
augmentation on the endwall induced by the secondary
flows. The numerator in the augmentation plot is values
taken along streamlines in the mid-passage, near the
pressure side, and near the suction side of the vane.
These streamline locations were defined through a
CFD prediction of an inviscid flow through the vane
passage. The denominator, StRes, is the Stanton number
predicted from a correlation for a flat plate boundary
layer for that given Reynolds number. For this analysis
the inlet velocity is used as the scaling velocity. Given
the flow acceleration through the passage, one would ex-
pect a higher Stanton number to occur as one progresses
through the passage. Taking this acceleration into ac-
count, the increase in Stanton number would only be a
factor of 1.4 given the acceleration through the passage
was 5.5 times in the inlet velocity. As noted by Fig. 4b
for the three different streamlines (pressure side, mid-
span, and suction side), the augmentation in heat trans-
fer is on the order of eight times what one would expect
from a flat plate correlation. It is also expected that the
endwall heat transfer would be severely underpredicted
based on this analyses if one were to apply a simple
two-dimensional boundary layer code along the stream-
lines through the passage. As is expected, the pressure
and suction side augmentations are similar at the inlet
to the vane passage, but as the passage vortex moves to-
ward the suction side, there are higher augmentations
near the suction side of the passage.

1.3. Endwall cooling studies

There have been a number of studies documenting
endwall cooling from the leakage gap at the turbine-
combustor junction and fewer studies that have ad-
dressed endwall film-cooling. There have been only
two studies presented in the literature that has combined
endwall film-cooling with coolant leakage from an up-
stream slot.

Blair [17] was the first to measure adiabatic surface
temperatures and heat transfer coefficients for a range
of blowing ratios through a flush slot placed just up-
stream of the leading edge of his single passage channel.
Adiabatic surface temperatures are generally used in gas
turbine heat transfer problems where there is a coolant
temperature, freestream temperature, and wall tempera-
ture. Quantifying the adiabatic surface temperature pro-
vides an exact measure of the driving temperature
difference present at that surface location. One of the
key findings was that the endwall adiabatic effectiveness
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distributions showed extreme variations across the vane
gap with much of the coolant being swept across the
endwall toward the suction side corner. Granser and
Schulenberg [18], Colban et al. [15], and Zhang and
Moon [19] all reported similar adiabatic effectiveness re-
sults in that higher values occurred near the suction side
of the vane relative to the pressure side. Based on their
measurements, Roy et al. [20], however, indicated that
the coolant migrated toward the pressure side of the
vane. Their measurements indicated reduced values of
local heat transfer coefficients at the leading edge when
slot cooling was present relative to no slot cooling.

A series of experiments have been reported for vari-
ous injection schemes upstream of a nozzle guide vane
with a contoured endwall by Burd and Simon [21], Burd
et al. [22], and Oke et al. [23]. In the studies presented by
Burd and Simon [21], Burd et al. [22] and Oke et al. [23]
coolant was injected from an interrupted, flush slot that
was inclined at 45� just upstream of their vane. Similar
to others, they found that most of the slot coolant was
directed toward the suction side at low slot flow condi-
tions. As they increased the percentage of slot flow to
3.2% of the exit flow, their measurements indicated bet-
ter coverage occurred between the airfoils.

Detailed endwall film cooling results have been con-
ducted by Friedrichs et al. [24–26] and Knost and Thole
[27,28]. The results of the studies by Friedrichs et al.
indicated a strong influence of the secondary flows on
the film cooling and an influence of the film-cooling on
the secondary flows. Their data showed that the angle
at which the coolant leaves the hole did not dictate the
coolant trajectory except near the hole exit. Furthermore
the endwall cross-flow was altered so that the cross-flow
was turned toward the inviscid streamlines, which was
an effect of the film-cooling injection.

The only studies to have combined an upstream slot
with film-cooling holes in the passage of the vane were
those of Kost and Nicklas [29] and Nicklas [30], a
CFD study [27] and an experimental study [28] by the
same authors as this paper. One of the most interesting
results from the Kost and Nicklas [29] and Nicklas [30]
studies was that they found for the slot flow alone,
which was 1.3% of the passage mass flow, the horseshoe
vortex became more intense. This increase in intensity
resulted in the slot coolant being moved off of the end-
wall surface and heat transfer coefficients that were over
three times that measured for no slot flow injection.
They attributed the strengthening of the horseshoe vor-
tex to the fact that for the no slot injection the boundary
layer was already separated with fluid being turned away
from the endwall at the injection location. Given that
the slot had a normal component of velocity, injection
at this location promoted the separation and enhanced
the vortex. Their adiabatic effectiveness measurements
indicated higher values near the suction side of the vane
due to the slot coolant migration.
Knost and Thole [27,28] reported that the slot cool-
ant flow adequately cooled portions of the endwall
and that near the suction side of the vane, the film-cool-
ing holes were redundant in these regions. Measure-
ments also showed two regions were very difficult to
cool that included the leading edge region and the pres-
sure side-endwall junction region. As the momentum
flux ratios were increased for the film-cooling jets in
the stagnation region, the coolant was shown to impact
the vane and wash back down onto the endwall surface
as a result of the horseshoe vortex. Along the pressure
side of the vane in the upstream portion of the passage,
the cooling jets were shown to separate from the surface
rather than penetrate towards the pressure surface. In
the downstream portion of the passage, the jets along
the pressure side of the vane penetrated to the vane sur-
face thereby eliminating any uncooled regions at the
junction. The measurements were also combined with
computations to show the importance of considering
the trajectory of the flow in the near-wall region, which
was highly influenced by slot leakage flows.
2. Experimental methodology

For the results presented in this paper, adiabatic sur-
face temperatures were spatially-resolved and are pre-
sented in non-dimensional adiabatic effectiveness levels.
Adiabatic surface temperatures indicate the location of
the coolant and are useful in assessing the cooling perfor-
mance of film-cooling designs. These adiabatic surface
temperatures were measured for a range of experimental
conditions for a scaled up vane endwall having film-cool-
ing holes and a upstream slot. The advantage of a large
scale test rig is that it provides the possibility to achieve
highly-resolved spatial data. The experiments for this
study were performed in a low speed, closed-loop wind
tunnel facility, shown in Fig. 5a that has previously been
described by Barringer et al. [31] and Colban et al. [15].
The flow in the wind tunnel is driven by a 50 hp axial
vane fan, which is controlled by a variable frequency in-
verter. Downstream of the fan, the flow is turned by a 90�
elbow and passes through a primary flow, finned-tube
heat exchanger used to cool the bulk flow. After being
turned by another 90� elbow, the flow encounters a
three-way flow split. This flow split is controlled by a per-
forated plate that was designed to obtain the proper pres-
sure drop in the main gas path thereby forcing some of
the air into the bypass legs. The core flow then passes
through a heater bank, a series of screens used for flow
straightening, and finally into a two-dimensional con-
verging section. In the vane cascade, two full passages
were modeled with three vanes. A bleed is positioned
on either side of the two-passage cascade to remove edge
effects from the side walls while tailboards insure period-
icity of the flow in the two passages.



Fig. 5. (a) Illustration of wind tunnel facility. The flow is split into the primary channel and secondary channels before passing through
the combustor simulator section and the vane cascade. (b) Cooling air from the bypass channel passes into the supply plenums through
holes at the end of the combustor bypass. The cooling air is then injected into the passage through the slot or the holes where it
interacts with the hot mainstream gases.
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As was stated, this facility included three channels: a
heated primary channel, representing the main gas path;
and two symmetric secondary channels, representing the
coolant flow paths. A 35–40 �C temperature differential
between the coolant and mainstream was achieved by
using the heaters in the primary channel and heat
exchangers in the secondary channels. While the top sec-
ondary flow channel was closed off for these experi-
ments, the bottom secondary flow channel was used
for supplying the coolant to the slot and hole plenums,
as seen in Fig. 5b. These two plenums were constructed
to provide independent control of the slot and film-cool-
ing flow rates. The front plenum supplied the slot flow
while the rear plenum supplied the film-cooling flow.
Typical times to achieve steady-state conditions were
3 h. As these experiments were to be relevant to indus-
trial gas turbines where freestream turbulence levels
can be lower than for aero-derivative engines, freestream
turbulence effects were not the focus. The inlet turbu-
lence level and length scales were measured, however,



Table 2
Summary of endwall cooling hole and slot geometry

Feature 9X Scale

Cooling hole diameter (cm) 0.46
Cooling hole L/D 8.3
Hole injection angle 30�
P/D for leading edge holes 4/3
P/D for passage holes 3
Slot width (cm) 1.48
Slot length to width 1.8
Upstream slot location of vane �0.35Ca

Slot injection angle 45�
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to be 1.3% and 4 cm, respectively. The boundary layer
approaching the slot was turbulent and measured to
be 9% of the vane span. Note that the contraction just
upstream of the vane is representative of that found in
an actual gas turbine combustor section.

2.1. Cooling hole pattern and coolant flow settings

The vane geometry itself is described in Table 1. The
cooling hole pattern that was considered for this study
was one that was derived by industry and is representa-
tive of that for a first vane. This pattern is given in
Fig. 6, which also indicates the location of the upstream
slot between the combustor and turbine. In this study,
coolant flow is also injected into the mainstream from
this upstream flush slot. Specifics of the endwall and
vane geometry are given in Table 2. All of the cooling
holes have a 30� inclination angle while the arrows
shown indicate the direction of the cooling jet injection.
Fig. 6 also shows a gutter (marked with a G) that is
located near the mid-passage of the endwall. This gutter
Table 1
Summary of turbine vane geometry

Scaling factor 9
Scaled-up true chord length 59.4 cm
Pitch/true chord 0.77
Span/true chord 0.93
Rein 2.3 · 105

U1 5.85 m/s
T1 20 �C
Inlet flow angle 0�
Trailing edge metal angle 72�

Fig. 6. Illustration of the upstream slot and film-cooling hole
pattern. Note that the blue lines indicate the provision for a
future study, but for this study was not included.
was not considered for the current study but is there
merely to indicate some of the rationale for locating
the cooling holes. The gutter represents the mating loca-
tion for adjacent vanes, which are generally cast in dou-
blets or singlets with their associated platform.

For every test condition, the dimensionless pressure
coefficient distribution was verified to insure periodic
flows were set through the passages. Film coolant flow
rates for each cooling hole could not be controlled since
one plenum provided coolant to the entire endwall cool-
ing hole pattern and the local static pressure field varied
greatly from hole to hole. Friedrichs et al. [25] suggested
that a global blowing ratio based on the inlet flow con-
ditions could be characterized by the blowing ratio of a
loss-free hole injecting into inlet conditions as calculated
from:

M ideal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qc

qin

�
P 0;c � ps;in
P 0;in � ps;in

s
ð1Þ

A modification of this approach was taken for this study
in that a global discharge coefficient, CD, was derived so
that the cumulative flow rate through the cooling holes
could be characterized. The CD values were obtained
from CFD studies and have been previously reported
by Knost and Thole [27]. Measurements of the inlet
velocity, average inlet static pressure, and coolant total
pressures were obtained which then allowed the fraction
of coolant flow relative to the inlet core flow to be calcu-
lated from:

_mc

_mcore

¼ M ideal � CD � Ahole

Ain

�#holes ð2Þ

A discharge coefficient of CD = 0.6 was used for the slot
flow. Note that for all of the experiments, the density
ratio (jet-to-mainstream) was held fixed at 1.12.

2.2. Instrumentation and measurement uncertainty

The endwall test plate had a foam thickness of 1.9 cm
(0.75 in), which was chosen because of its low thermal
conductivity (0.033 W/m K) thereby providing nearly
an adiabatic surface. To insure the precision and integ-
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rity of the cooling hole pattern, the holes were cut with a
five-axis water jet. An Inframetrics P20 infrared camera
acquired the spatially-resolved adiabatic temperatures
on the endwall. Measurements were taken at thirteen
different viewing locations to insure that the entire end-
wall surface was mapped. From a camera distance of
55 cm, each picture covered an area that was 24 cm by
18 cm with the area being divided into 320 by 240 pixel
locations. The spatial integration for the camera was
0.715 mm (0.16 hole diameters). The camera images
were post calibrated using directly measured tempera-
tures on the endwall by thermocouples that were in-
stalled. Thermocouple data was continuously acquired
during image collection. The thermocouple measure-
ments had a maximum to minimum range of approxi-
mately 0.8 �C with a standard deviation of 0.17 �C
during the image collection time, which required about
30 min. For the post calibration the emissivity and back-
ground temperature were adjusted until the tempera-
tures from the infrared camera images were within
1 �C of the corresponding thermocouple data. Typical
emissivity values and typical background temperatures
were 0.89 and 45 �C. Once the images were calibrated,
the data was exported to an in-house Matlab program
that was written for image assembly.

Three thermocouples were also located in both the
slot and film-cooling plenums with one thermocouple
beneath each of the passages and one beneath the center
vane. These thermocouples allowed gradients in the
coolant supply to be documented. Variation within the
plenums was generally less than 0.3 �C. Voltage outputs
from the thermocouples were acquired by a 32 channel
Fig. 7. Contours and pitchwise averages of adiabatic effectiveness for
and (c) 1.0%.
data acquisition module that was used with a 12-bit dig-
itizing card.

An uncertainty analysis was performed on the mea-
surements of adiabatic effectiveness using the partial
derivative method described at length by Moffat [32].
The precision uncertainty was determined by taking
the standard deviation of six measurement sets of IR
camera images with each set consisting of five images.
The precision uncertainty of the measurements was
±0.014 �C. The bias uncertainty was ±1.0 �C based on
the calibration of the image. The bias uncertainty of
the thermocouples was ±0.5 �C. The total uncertainty
was then calculated as ±1.0 �C for the images and
±0.51 �C for the thermocouples. The uncertainty in adi-
abatic effectiveness, g, was then found based on the par-
tial derivative of g with respect to each temperature in
the definition and the total uncertainty in the measure-
ments. An uncertainty of og = ±0.0825 at g = 0.2 and
og = ±0.0292 at g = 0.9 were calculated.
3. Results for slot injection of coolant

It is seen from Fig. 7a–c that increasing the amount
of slot flow has a dramatic effect on the endwall adia-
batic effectiveness levels (non-dimensional adiabatic sur-
face temperatures). At the low 0.5% slot flow rate shown
in Fig. 7a, the slot flow only exits in the middle of the
passage with no coolant exiting just upstream of the
vane leading edge. Note that these percentages refer to
the coolant flow relative to the mainstream hot flow.
As the slot flow is increased from 0.50% to 0.75%, shown
the cases of slot flow without film-cooling (a) 0.5%, (b) 0.75%,
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in Fig. 7b, the coolant exits across the entire width of the
slot still in a non-uniform manner. In both Fig. 7a and b,
however, a large uncooled ring is left around the vane.
This warm ring is especially evident in the stagnation re-
gion and along the pressure side. At the low slot flow the
minimum effectiveness level is approximately 0.1 which
corresponds to the measured near-wall dimensionless
air temperature. This slight cooling effect of the near-
wall fluid results from the long 4m, unheated boundary
between the heater bank used to condition the core flow
and the test section. At the increased blowing rate
(Fig. 7b and c), the minimum effectiveness level is nearly
zero. Increasing the slot flow results in the coolant exit-
ing across the entire width of the slot and it then funnels
towards the suction surface. The larger levels of near-
wall coolant pulls the hotter mainstream gases onto
the surface leading to a measured adiabatic effectiveness
level of zero.

When the slot flow is doubled from the 0.5% to 1.0%,
as shown in Fig. 7c, the coolant pattern is seen to be
quite similar to the 0.75% case. The coolant, however,
does slightly decrease the uncooled zone in the stagna-
tion region, pushing the saddle point of the horseshoe
vortex closer to the vane and narrowing the hot ring
along the pressure side. The coolant at the highest flow
rate also appears to impact the vane suction side slightly
further upstream than in the 0.75% case. In all cases the
slot flow exits in a non-uniform manner and is funneled
between the legs of the horseshoe vortex towards the
suction side.

Previous studies by Knost and Thole [28] indicated
that the streamlines in the nearwall region, rather than
the mid-span region, represent well the coolant flow
paths. Predicted streamlines at the 2% vane span loca-
tion for both the low and high slot flow cases are super-
imposed on the cooling hole pattern in Fig. 8 indicating
Fig. 8. Differences in near-wall streamlines for a range of slot
flow condition.
the expected path traversed by jets emerging from the
holes. It is seen that especially along the upstream por-
tion of the pressure side and the upstream portion along
the suction side to a lesser extent, the streamlines can be
dramatically altered depending upon the slot flow rate.
At a high slot flow rate, the streamlines are drawn to-
wards the suction side of the vane more than at the
low slot flow rate. This is apparent from the coolant con-
tours in Fig. 7c, where for the high flow rate the coolant
is convected closer to the vane.
4. Results for film-cooling studies

To assess the effect that the slot flow has on the film-
cooling flow as well as the reverse, it was necessary to
evaluate the adiabatic effectiveness levels for the film-
cooling with no slot flow. The first row of cooling holes
in the array of endwall film-cooling holes downstream of
the slot will be referred to as the first row while the holes
located immediately upstream of the vane will be re-
ferred to as the leading edge holes. This reference is illus-
trated in Fig. 9a.The two rows of holes located near the
suction surface (near the top of the picture downstream
of the leading edge holes) will be referred to as the suc-
tion side holes while the remainder of the rows of holes
(near the pressure surface) will be referred to as the pres-
sure side holes.

For the low blowing rate, shown in Fig. 9a, the most
noticeable problem area is the large hot streak through
the center of the passage. As was discussed previously,
the minimum effectiveness levels are g = 0.1 for all cases
because of the slightly cooler approaching boundary
layer. The first row of holes inject with the streamlines
despite being directed towards the top of the passage,
although the local effectiveness levels are relatively low
indicating partial jet separation. The first row of holes
that are closer to the pressure surface (bottom of pas-
sage) inject in a merged group rather than individual
jets. These merged jets are swept into the center of the
passage providing some cooling to the center of the pas-
sage. The leading edge row of holes near the suction sur-
face for this blowing rate provides relatively good
cooling to the stagnation region where effectiveness lev-
els are nominal values of 0.5. The pressure side holes in
the passage do not appear to cool the region close to the
vane-endwall junction resulting in a heated zone be-
tween the cooling holes and the vane.

The results of increasing the film-cooling flow rate
are shown in Fig. 9b. Increasing the coolant flow for
the same diameter cooling hole results in increased jet
momentum that can lead to a separation from the sur-
face in particular regions in the endwall. Separation of
the jet is an undesirable condition because of the re-
duced cooling benefit on the wall that can result. This
reduction is evident in comparing the effectiveness levels



Fig. 9. Contours of adiabatic effectiveness for cases: (a) 0.5% film-coolant, (b) 0.75% film-coolant.
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downstream of the first row of jets in Fig. 9a and b. The
jet detachment in the first row of holes results in a stark
reduction of cooling effectiveness.

Increasing the coolant for the leading edge row of
holes produces an interesting result in Fig. 9b. Just
downstream of the holes in the leading edge region,
there are low levels of effectiveness which are then fol-
lowed by high levels of effectiveness. This effectiveness
pattern results from high momentum jets that separate
from the wall, impinge upon the vane, and then are
washed back onto the endwall surface. In comparing
the momentum flux ratios for the jets in the leading edge
regions for Fig. 9a and b, the low coolant flow case has a
momentum flux ratio of 0.5 (Fig. 9a) to 2 (Fig. 9b).
Except for the pressure side rows where there is an
improvement of the cooling for the higher coolant flow
conditions, Fig. 9a and b indicate a reduced cooling ben-
efit for the higher coolant flow condition.
5. Results for combined slot flow and film-cooling

When placing film-cooling holes, a designer would
like to predict the film-coolant trajectory to insure that
the cooling needs of critical areas are met. A first
approximation might be made by using a 2-D inviscid
CFD prediction of the streamlines to predict the path
of the coolant. This first approximation would not be
correct as was indicated in Fig. 8 showing the large
differences when comparing the flow turning angles for
the two different slot flow conditions (2-D would imply
mid-span values rather than near-wall values which
can vary widely). Further examination of these turning
angles indicate the cross flows that are induced in the
near wall region for a high slot flow have deviations
from the midspan by as much as 40� near the stagnation
location.

Predicted streamlines in the near wall region (2%
span) with slot flow but without film-cooling are shown
superimposed on adiabatic effectiveness measurements
in Fig. 10a–c for a range of slot flow conditions (0.5%,
0.75%, and 1%) at a given film-cooling flow (0.5%).
Comparing these contours allows one to assess the effect
that the slot flow has on the film-cooling flow.

As the slot flow is increased while the film-cooling
flow is maintained at 0.5%, it is seen from Fig. 10a–c
that the slot coolant coverage is dramatically increased
as was the case with no film-cooling. At the 1% condi-
tion, coolant exits across the entire width of the slot,
but is still funneled towards the suction side. Adiabatic
effectiveness levels across much of the upstream portion
of the endwall are nearly unity indicating overcooling by
the slot. The leading row of holes over a large portion of
the pitch appears to be unnecessary for endwall cooling.
Therefore, the coolant emerging from these holes could
be redistributed to more advantageous locations.

The film-coolant trajectories in Fig. 10a–c follow the
predicted streamlines quite well in a number of loca-



Fig. 10. Contours of adiabatic effectiveness for (a) 0.5% film-cooling and 0.5% slot, (b) 0.5% film-cooling and 0.75% slot flow, (c) 0.5%
film-cooling and 1% slot flow, and (d) 0.75% film-cooling and 0.5% slot flow.
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tions. The coolant from the holes in the stagnation re-
gion is swept around the suction side and the jets along
the pressure side of the vane follow the predictions. The
largest difference between the streamlines and the cool-
ant trajectory is in the leading row of holes near to the
pressure side of the vane, which is outside of the slot
coolant flow but is clearly being affected by the slot flow.
This location shows that the holes are directed in a
strong cross-pitch direction than the predicted stream-
lines would indicate. The trend, however, is predicted
correctly with the higher slot flows resulting in these jets
being directed more towards the suction surface. The
adiabatic effectiveness contours for the leading edge
row of holes near the pressure side also show that these
jets are being entrained increasingly as the slot flow
increases.

To address whether the film-cooling flow has an effect
on the slot flow, compare Fig. 10a (0.5% film-cooling
and 0.5% slot flow) and 10d (0.75% film-cooling and
0.5% slot flow). The contours do not indicate strong ef-
fects of the increased film-cooling flow on the slot flow,
but there is a widening of the uncooled region between



Fig. 11. Thermal field data was acquired in (a) a plane normal to the pressure surface at s/Ca = �0.77. Contours of non-dimensional
temperature are shown for (b) 0.5% slot flow without film-cooling, (c) 0.5% slot flow with 0.5% film-cooling, and (d) 0.5% slot flow with
0.75% film-cooling.
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the jets as the jets become more directed. To further
examine this trend, comparisons were made of the
measured thermal fields in a plane shown in Fig. 11a.
This measurement plane is normal to the pressure side
at s/C = �0.77 and extends across the passage to the
adjacent vane. The plane is viewed from downstream
as indicated by the arrow so that the pressure side is
on the left at y/P = 0 and the suction side of the adjacent
vane is on the right.

For the 0.5% slot flow case without film-cooling,
shown in Fig. 11b, the coolant is entrained in the pas-
sage vortex and transported across the passage to the
suction side. The core of the coolant is located above
the endwall at 2% span with some coolant extending
down to the endwall. The combined low slot and film
case is shown in Fig. 11c. Once again the core slot flow
is entrained in the passage vortex and transported across
the passage. A slightly cooler center is seen most likely
resulting from the additional coolant added by the cool-
ing jets. The slot core is also lifted slightly and shifted
further towards the suction side by the stronger second-
ary flows resulting from coolant injection. The pressure
side jets are seen at approximately y/P = 0.04 (near the
suction surface). These jets adhere relatively well to the
endwall surface. Finally, the increased blowing rate with
the 0.5% slot flow is shown in Fig. 11d. The slot flow, as
seen before, is entrained in the passage vortex and trans-
ported towards the suction side. The passage vortex,
indicated by the thermal field contours, result in a
skewed shape, as a result of the increased blowing with
less convection of the passage vortex towards the suction
surface. The pressure side jets indicate that the coolant is
climbing onto the vane surface with the higher film-
cooling flow. It is also evident from comparing the ther-
mal field contours in Fig. 11b and d that the hot streak
along the endwall has widened given the more directed
jets.
6. Conclusions

Measurements of adiabatic effectiveness were pre-
sented for an extensive test matrix combining both cool-
ant from a flush slot and film-cooling distinct cooling
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holes in the endwall of a turbine vane. The most impor-
tant conclusion that can be drawn from this work is the
influence that upstream condition has on the secondary
flows that develop in a turbine passage. This is particu-
larly important when considering slot leakage flows,
which are inherently present when mating the turbine
and the combustor.

With upstream slot cooling alone, there were many
regions that remained uncooled along the endwall as
was indicated by a ring around the entire vane with no
coolant present. The coolant flow was found to exit
the slot in a non-uniform manner with most of the flow
exiting at the mid-passage between the vanes. Predicted
streamlines at 2% span that included slot flow were com-
pared and it was found that as the slot flow rate was in-
creased the near-wall streamlines indicate a stronger
turning toward the suction surface. These results show
it is even more critical as to the inclusion of the slot flow
at the high coolant flowrates.

With the combined film-cooling and slot flow cases, it
was noted that a large portion of the mid-passage region
along the endwall required no additional cooling holes
since it was sufficiently cooled in many of the cases with
the slot flow alone. Effects that the slot flow had on the
film-cooling were shown to primarily be the effect de-
scribed previously with stronger crossflows at the higher
slot flows. For the same slot flow with increased film-
cooling flow, thermal field measurements indicated that
there was a change in the passage vortex. As the film-
cooling flowrates were increased, the jets became more
directed widening the uncooled portion of the endwall.
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