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ABSTRACT 

The design and development of current and future gas 
turbine engines for aircraft propulsion have focused on 
operating the high pressure turbine at increasingly elevated 
temperatures and pressures.  The drive towards thermal 
operating conditions near theoretical stoichiometric limits as 
well as increasingly stringent requirements on reducing 
harmful emissions, both equate to the temperature profiles 
exiting combustors and entering turbines becoming less 
peaked than in the past.  This drive has placed emphasis on 
determining how different types of inlet temperature and 
pressure profiles affect the first stage airfoil endwalls.  The 
goal of the current study was to investigate how different 
radial profiles of temperature and pressure affect the heat 
transfer along the vane endwall in a high pressure turbine.  
Testing was performed in the Turbine Research Facility 
located at the Air Force Research Laboratory using an inlet 
profile generator.  Results indicate that the convection heat 
transfer coefficients are influenced by both the inlet pressure 
profile shape and the location along the endwall.  The heat 
transfer driving temperature for inlet profiles that are non-
uniform in temperature is also discussed. 
 

INTRODUCTION 
The performance and durability of the hot section within 

gas turbine engines are critical operational issues that present 
many design and research challenges.  The hot section of these 
engines includes both the combustion chamber and the high 
pressure turbine, the latter of which includes the endwall 
regions under investigation in this study.  Considering that the 
hot gas temperatures are well above the melting point of the 
metal turbine hardware, the heat transfer to and aerodynamic 
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loading of these platform regions is of great interest to engine 
designers.  Long exposure to these elevated temperatures can 
result in the hardware experiencing thermal and mechanical 
fatigue, which can be better managed if the true turbine inlet 
conditions are well known and understood.   

The spatial profiles of pressure and temperature that exit 
the combustor and enter the high pressure turbine play an 
important role in the operation of the engine.  These profiles 
can be nearly uniform or can possess significant gradients near 
the inner and outer diameter endwalls.  Some inlet pressure 
profiles have relatively high total pressure near the endwall 
compared to midspan, and some have relatively low total 
pressure near the endwall compared to midspan.  As the flow 
passes through the turbine passages, these inlet pressure 
profiles can result in flow migration from the endwall towards 
midspan or from midspan towards the endwall.  From a heat 
transfer perspective, the critical issue then is what part of the 
flow field affects a given region on the endwall or airfoil 
surface, and how does this influence change based on the inlet 
profiles.   

The radial shape of a typical turbulent boundary layer 
profile has decreasing total pressure from midspan to the 
endwall. This turbulent boundary layer profile has often been 
used as an inlet condition in designing turbine vane and blade 
hardware.  The behavior and influence, however, of more 
realistic inlet profile shapes needs to be examined in the 
endwall region.  The primary research objective for this paper 
was to investigate how different radial profiles of temperature 
and pressure affect the heat transfer along the vane endwall in 
a high pressure turbine.  Testing was performed in the Turbine 
Research Facility (TRF) located at the Air Force Research 
Laboratory using a turbine inlet profile generator.   
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P   pressure, or vane pitch 
q″ heat flux 
Re  Reynolds number,  Re = UAVE · C / νAVE
S   vane span, or total vane surface length 
T   temperature 
Tu turbulence intensity, Tu = URMS / UAVE
U   velocity 
X,Y,Z   axial, pitch, and span directions 

Greek 
ν kinematic viscosity 
ρ  density 
θ nondimensional temperature,  θ = (T – TAVE ) / TAVE 

Subscripts 
0 heat flux from gauge G1 for uniform inlet conditions 
∞ freestream or mainstream 
AVE mean or average conditions 
f film conditions 
MS mid-span 
RMS root-mean-square 
s flow static conditions 
t flow total conditions 
w wall surface 
x axial distance with respect to stagnation 

 
REVIEW OF RELEVANT LITERATURE 

Within the recent past, turbine design has focused on 
incorporating strategically placed cooling holes and slots that 
serve to directly reduce the heat transfer in certain regions 
along airfoil surfaces and their endwalls.  In addition, 
contouring the shape of the junction that joins the vanes to the 
endwalls was performed in studies by Zess and Thole [1] and 
Lethander et al. [2] to reduce the intensity of secondary flow 
circulation patterns that take place within the vane passage.  
Hermanson and Thole [3] showed that these secondary flows 
can redirect warmer fluid near the midspan towards the 
endwall, and can redirect the cooling flow along the endwall 
towards midspan, which in turn reduces the benefit of the 
coolant.   

There have been a large number of experimental and 
computational studies that have focused on turbine vane and 
blade endwall aerodynamics and heat transfer.  Early work 
performed by Munk and Prim [4], Lakshminarayana [5], and 
Langston [6] focused on improving the understanding of the 
secondary flow patterns that develop within airfoil turning 
passages.  It was shown that an inlet flow field consistent with 
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a turbulent boundary layer resulted in the production of 
secondary flows which have a direct impact on the primary 
passage flow by circulating it towards or away from the 
endwalls.  If the inlet total pressure is uniform, the streamline 
patterns remain unchanged and the secondary flow vortices do 
not develop.   

Several studies have further investigated the influence of 
the inlet flow field on the development of these secondary 
flows and vortices.  Computational studies by Hermanson and 
Thole [3] showed that the total pressure field is the driving 
force in the development of secondary flows and heat transfer 
present in turbine vane passages.  They also reported that a 
counter rotating vortex can exist, in addition to the passage 
vortex, within the vane passage that can drive fluid away from 
the endwall and toward midspan.  This counter rotating vortex 
was found for an inlet total pressure profile containing a 
positive inflection point in the spanwise direction near the 
endwall. Colban et al. [7, 8] experimentally confirmed the 
existence of this counter rotating passage vortex by studying 
the effects of varying the film cooling flow through the liner 
and exit junction slot in a large-scale combustor simulator.  
Their study documented the passage secondary flow vectors 
for different vane inlet total pressure profiles and reported a 
counter-rotating vortex located above the passage vortex for a 
vane inlet pressure profile containing a positive inflection 
point near the endwall.   

Kost and Nicklas [9] also found that coolant injected 
along the vane endwall significantly affected the secondary 
flow development by strengthening the formation of the 
leading edge horseshoe vortex.  The increased vortex strength 
depended on the axial location of the injection with respect to 
the leading edge stagnation point.  They also found that 
coolant injected through an upstream slot and endwall film 
cooling holes acted to reduce the endwall cross flow and 
passage vortex by altering the endwall boundary layer 
thickness.  In a study by Kang et al. [10] it was found that a 
relatively high vane exit Reynolds number (Re = 1.2 x 106) 
resulted in the vane passage vortex lifting off the endwall and 
onto the vane suction surface.  The same result was not found 
for a lower exit Reynolds number (Re = 6.0 x 105).  The 
vortex lift off resulted in a decrease in the endwall static 
pressure thus causing a different surface heat transfer pattern 
compared to the lower exit Reynolds number.  The high 
Reynolds number case resulted in the peak heat transfer 
occurring near the suction surface endwall interface, but for 
the low Reynolds number the peak occurred more towards 
midpassage.  The separation of the boundary layer occurred 
farther upstream of the stagnation point for the high Reynolds 
number case.   

The vane passage secondary flow development and 
endwall heat transfer were also found to be influenced by high 
freestream turbulence in a study by Radomsky and Thole [11].  
They reported a region of high heat transfer upstream of the 
vane stagnation point corresponding to the formation of the 
horseshoe vortex.  The center of this horseshoe vortex was 
found to be physically closer to the vane surface for high 
freestream turbulence (19.5%) compared to low freestream 
turbulence (0.6%). The difference in location was attributed to 
the elevated turbulence increasing the near wall approach 
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velocities resulting in the vortex being pushed closer to the 
vane.  Within the vane passage, relatively high Stanton 
numbers were found near the suction surface, while further 
downstream within the passage the Stanton numbers became 
aligned with the flow direction.  Elevated freestream 
turbulence levels were found to increase the heat transfer over 
the entire endwall, with the exception of near the trailing edge 
where there was little reported augmentation.  They reported 
that the secondary flows dominated the heat transfer near the 
trailing edge rather than freestream turbulence. 

Blair [12] reported that secondary flows direct coolant 
along the vane endwall across the channel from the pressure 
surface towards the suction surface.  This cross-passage 
pressure gradient results in increased cooling near the vane-
endwall junction along the suction side and reduced cooling 
near the vane-endwall junction along the pressure side.  The 
extent of the endwall cooling increased somewhat with 
increased coolant mass flow.  Data recorded near the pressure 
surface showed a more rapid decrease in the film effectiveness 
compared to the midpassage.  With no upstream coolant 
injection, the heat transfer was greater near the leading edges 
of both the suction and pressure surfaces than in the 
midpassage region.  This increase in heat transfer was 
attributed to the leading edge vortex distorting the endwall 
boundary layer.   

Haldeman and Dunn [13] performed heat transfer 
measurements in a full stage high pressure turbine.  For the 
vane inner endwall, the results showed that the Stanton 
number increased significantly through the passage with 
increasing axial chord.  In the pitch direction, the magnitude 
of the heat transfer was highest for gauge locations nearest to 
the pressure and suction surfaces compared to gauges located 
near midpassage.  They also reported that the vane endwall 
Stanton numbers were in a similar elevated range as the airfoil 
itself.  Similar results were found by Povey et al. [14] who 
studied the effects of radial inlet temperature distortion on 
vane and endwall heat transfer in a high pressure turbine 
facility.  Their results also showed that the endwall Nusselt 
numbers increased with increasing distance within the 
passage.  They also reported similar elevated Nusselt numbers 
along the endwall as the vane surface.  They reported a large 
decrease in heat transfer along the hub and casing endwalls 
with inlet temperature distortion compared to an inlet 
temperature profile that was nearly uniform.  The decrease in 
Nusselt number along the midpassage hub endwall was 
between 30 and 50 percent, while along the midpassage casing 
endwall it was between 25 and 35 percent.  This reduction in 
heat transfer was attributed to lower local total temperatures of 
the flow near the endwalls rather than a decrease in the heat 
transfer coefficient. They found that this reduction in heat 
transfer was similar for two different circumferential clocking 
positions of a hot streak, which suggested the relative 
circumferential position of the hot-streak and vane did not 
affect the endwall heat transfer.   

A study by Nicklas [15] reported that the front part of a 
transonic turbine vane passage without endwall film cooling 
experiences relatively constant levels of heat transfer 
coefficients.  Graziani et al. [16] found similar results for the 
inlet region of a large scale blade endwall. They reported the 
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area of influence of the horseshoe vortex is larger for a 
relatively thicker inlet boundary layer.  They reported elevated 
heat transfer along the endwall near the airfoil leading edge, as 
well as similar minimum and maximum Stanton numbers for 
the thick and thin inlet boundary layers.  The lowest values of 
Stanton number were reported near the pressure surface for 
both inlet boundary layers.  The highest values of heat transfer 
on the endwall were found in the blade wake region for both 
inlet boundary layer types.   

There are relatively few studies in the current literature 
that have investigated the effects of different realistic inlet 
temperature and pressure profiles on vane endwall heat 
transfer.  The temperature profiles exiting combustors and 
entering turbines are becoming less peaked than in the past 
and are becoming more spatially uniform.  This trend is 
primarily due to operating the engine hot section closer and 
closer to its stoichiometric theoretical limits.  As the 
combustor exit thermal fields become more uniform, the hot 
mainstream gases are in closer proximity to the vane endwall 
regions.  This has placed great emphasis on better 
understanding how different types of inlet temperature and 
pressure profiles affect the flow and thermal migration within 
the first stage turbine passages, especially near the endwalls.  
The goal of the current study is to examine several different 
turbine inlet profiles and their corresponding endwall heat 
transfer levels. 
 

TEST FACILITY AND INSTRUMENTATION 
All testing in the current study was performed at the TRF 

which is located in the AFRL at Wright Patterson Air Force 
Base.  This facility operates in a short duration blowdown 
manner in which several aerothermal engine parameters are 
matched.  These nondimensional parameters include Reynolds 
number, Mach number, pressure ratio, gas to metal 
temperature ratio, corrected speed, and corrected mass flow.  
A photograph of the facility is shown in Figure 1 and it 
consists primarily of a large supply tank, a turbine test section, 
and two large vacuum tanks.  The facility has been fully 
documented in Haldeman et al. [17].  

Figure 1.  Photograph of the TRF facility.  

Turbine Test Section
Combustor Simulator

Vacuum 
Tanks 

Supply
Tank 

The nitrogen gas working fluid is pressurized and heated 
within the supply tank prior to testing and the turbine section 
and vacuum tanks are evacuated.  Testing then begins by 
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activating the supply tank main valve, at which time the gas 
flows through the turbine test section and into the vacuum 
tanks.  The mass flow rate is set by controlling the turbine 
pressure ratio using a variable area isolation valve located 
downstream of the main test section.  The duration of the tests 
in the current study was approximately five seconds, which 
was dependent on the size of the turbine being tested.  Due to 
the short test duration, all instrumentation measurements were 
recorded simultaneously in real time onto data storage units.  
The data was simultaneously acquired across numerous 12-bit 
channels having a maximum frequency response of 100 kHz 
and several 16-bit channels having a maximum frequency 
response of 200 kHz.  Signal conditioning on each channel 
was performed using low pass filters and built-in amplifiers.  
All data reduction was performed at a later time.   

The turbine test section is a true scale, fully annular, 
single turbine stage and for this particular study, it was 
operated in a vane only configuration, as shown in the facility 
drawing in Figure 2.  The turbine inlet profile generator, 
documented in Barringer et al. [18], was used in the current 
study to allow turbine testing to be performed with inlet 
profiles of pressure and temperature representative of those 
exiting engine combustors including realistic turbulence 
intensities and length scales.  Several different radial and some 
circumferential profiles of temperature and pressure were 
obtained from General Electric, Pratt & Whitney Engines, and 
the Air Force Research Laboratory during the design phase of 
the inlet profile generator.  This engine profile data in 
conjunction with several combustor simulator exit pressure 
profiles documented in Colban et al. [7, 8] was studied to help 
determine the proper radial profile shapes that the simulator 
should be capable of producing.   

 
Figure 2.  Drawing of the TRF test rig in a vane only 
configuration with the inlet profile generator. 

The inlet profile generator can also be seen in Figure 2 
upstream of the test vane ring.  The generator operates by 

Inlet Profile Generator 

Upstream 
Traverse 

HP Turbine 
Vane Ring 

Downstream 
Traverse 
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mimicking an aero-engine combustor in which it injects 
several different flow streams at different temperatures into a 
central chamber via dilution holes and film cooling holes.  The 
injection flow rates, momentum flux ratios, and temperatures 
of the different flow streams are varied depending on the 
desired turbine inlet profile shapes. 

The turbine inlet and exit profiles were measured using 
several instrumentation rakes located on traverse rings 
upstream and downstream of the turbine section.   The rakes 
contain multiple thermocouples or multiple pressure 
transducers that are spaced to obtain measurements over equal 
annular flow areas.  The tests discussed in this study involved 
circumferentially traversing these rakes by approximately 90 
degrees during the blow down to obtain both radial and 
circumferential data.  For the turbine inlet profiles being 
analyzed in the current study a temperature rake was used that 
contained seven 0.0254 mm diameter thermocouple beads 
with a thermal time constant of approximately 1.1 ms.  Two 
pressure rakes were also used each containing nine miniature 
high frequency pressure transducers.  All flow and thermal 
measurements were sampled at 20 kHz.  The heat flux along 
the outer diameter (OD) endwall was measured using Oxford 
thin film heat flux gauges [19].  Heat flux measurements were 
not taken along the inner diameter (ID) endwall.  The layout 
of the individual gauges can be seen in the photograph in 
Figure 3.  Seven gauges were placed near the vane passage 
inlet, along the pressure side of the vanes, and near the 
passage exit as shown in the schematic in Figure 4.  

  

Figure 3.  Photograph of the turbine vane OD 
endwall instrumented with thin film heat flux gauges. 
 

 

Vane Vane Vane 

 
Figure 4.  Schematic of the OD endwall indicating 
the locations of the thin film heat flux gauges. 
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Based on the uncertainties in the measurement of the heat 
flux gauge resistance and the uncertainty in calibration from 
resistance to temperature, the surface temperature uncertainty 
for the heat flux measurement was calculated to be +/- 0.8 K 
for the heat flux gauges.  A jitter analysis, described in Moffat 
[20], was then performed through the reduction scheme to 
obtain the uncertainty in the surface heat flux.  This resulted in 
uncertainties in heat flux up to 2000 W/m2 depending on the 
gauge.  The uncertainty in flow temperature is approximately 
0.7 K.  The uncertainty in the endwall heat transfer coefficient 
was determined to be approximately 30 W/m2·K for the thin 
film gauges based on uniform inlet temperature profiles.  This 
corresponded to Nusselt number uncertainties between 5-9% 
depending on location.  The uncertainty in the endwall heat 
transfer coefficient for non-uniform inlet temperature profiles 
is discussed in the following sections.   

 
VANE INLET CONDITIONS 

The pressure and temperature profiles that are analyzed in 
this study were generated during a series of tests whose flow 
conditions are reported in more detail by Barringer et al. [18].  
To summarize the test conditions, the flow at the turbine inlet 
for all of the profiles presented in this study corresponds to a 
mean Reynolds number of Re = 2.1 x 105 and a mean axial 
Mach number of M = 0.1.  The turbulence intensity associated 
with these turbine inlet profiles was found to be in an elevated 
range between Tu = 20 to 30%.  The longitudinal integral 
length scale was found to be near 30% of the vane pitch which 
corresponds to 2.3 times the vane leading edge diameter. 

Several radial total pressure profiles at the turbine vane 
inlet are shown in Figure 5 from midspan (Z/S = 0.5) to the 
OD endwall (Z/S = 1.0).  The profiles are plotted in terms of a 
normalized total pressure coefficient Cp defined as the local 
total pressure subtracted by the midspan total pressure all 
divided by the average dynamic pressure at the vane inlet.  
Note that by this definition Cp = 0 at midspan.  These radial 
profiles have been circumferentially (spatially) averaged 
across one full vane pitch along lines of constant radius that 
are spaced at equal annular flow areas and represent the mean 
vane inlet conditions.  The test numbers are a numeric record 
of the facility settings used within the inlet profile generator 
and supply tank.  These settings were summarized in tabular 
form in Barringer et al. [18] for each test number.  Each test is 
different since the inlet profile generator settings are different 
for each test.  The settings within the inlet profile generator 
control the mass flow rate and temperature of the film cooling 
flow, dilution flow, and core mainstream flow.  These 
different settings result in different pressure and temperature 
profile shapes entering the vanes.  

A range of pressure profile shapes can be seen including 
some that contain sharp gradients near the OD endwall in 
Figure 5.  These gradients are the result of varying amounts of 
upstream film coolant being injected into the mainstream flow 
along the endwall.  The Cp values near the OD endwalls at 
Z/S = 0.95 were found to be directly related to the upstream 
film cooling momentum flux ratio where an increase in this 
ratio resulted in an increase in the maximum Cp value [18].  It 
is important to note that a negative Cp value does not mean 
that the flow is in the reverse upstream direction, it simply 
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means that the local total pressure is less than that at the 
midspan.  This behavior can be seen for tests 123 and 133 
which possess slightly less total pressure near the OD endwall 
(compared to the midspan).  This profile behavior is 
characteristic of a turbulent boundary layer in that the total 
pressure decreases with increasing proximity to the endwall.  
This is in contrast to the pressure profiles for tests 107, 108, 
109, 125, 134, and 135 all of which are characterized by 
positive Cp values at Z/S = 0.95 indicating that an increase in 
total pressure takes place near the endwall.  It is expected that 
all of these pressure profile shapes exhibit a similar trend close 
to the endwall in which a negative gradient should be present.     
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Figure 5.  Radial total pressure profiles measured at 
the vane inlet near the OD. 
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Figure 6.  Radial total temperature profiles 
corresponding to the pressure profiles in Figure 5. 

 
The radial total temperature profiles at the turbine vane 

inlet corresponding to the total pressure profiles in Figure 5 
are shown in Figure 6.  The temperature profiles are plotted in 
terms of a nondimensional total temperature coefficient θ 
defined in the nomenclature.  These radial temperature profiles 
have also been circumferentially averaged across one full vane 
pitch along lines of constant radius that are spaced at equal 
annular flow areas.  It can be seen that one of the temperature 
profiles is nearly uniform in the radial direction from midspan 
to the OD endwall, test 133.  The remaining thermal profiles, 
however, contain moderate to significant gradients near the 
endwall.  These endwall gradients were found to scale with the 
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upstream film cooling momentum flux ratio and the film 
coolant temperature [18].  The shapes of the pressure and 
temperature profiles near midspan are more uniform than near 
the endwall which is a result of the intense mixing of the 
dilution flow in the upstream inlet profile generator. 

 
SECONDARY FLOW PATTERNS 

There are several means by which the inlet total pressure 
profile can alter the vane endwall heat transfer.  It can change 
the local boundary layer thickness and turbulence intensity.  
The inlet pressure profile can also affect the secondary flow 
vorticity (rotation direction), turnover rate, vortex size, and 
vortex trajectory.  All of these physical mechanisms influence 
the convective heat transfer coefficients along the endwall.   

The different total pressure profiles at the vane inlet result 
in different secondary flow development within the vane 
passage.  The horseshoe vortex that forms at the vane leading 
edge junction will have a range of flow circulation patterns 
within the vane passage depending on whether the inlet total 
pressure profile near the endwall is consistent with a typical 
turbulent boundary layer (Cp < 0), has nearly uniform pressure 
(Cp ≈ 0), or contains a forward facing inflection point (Cp > 
0).  The schematic shown in Figure 7A illustrates the different 
circulation patterns within the vane passage near mid axial-
chord for these three pressure profile scenarios.   

For the turbulent boundary layer scenario (Cp < 0), a 
passage vortex (PV) and suction side corner vortex (CV) form 
near the endwalls circulating mainstream flow and endwall 
cross flow (ECF) along the endwall towards the suction side 
of the vane.  The PV is considerably larger than the CV and 
also directs flow from the endwall towards the midspan.  For 
the near uniform inlet condition scenario (Cp ≈ 0) with near 
uniform total pressure, there is no significant secondary flow 
patterns present within the vane passage.  For the inlet 
boundary layer scenario with an inflection point in total 
pressure (Cp > 0), the PV and CV will form as well as a 
counter rotating passage vortex (CRV) which is larger in size 
than the PV.  The CRV develops in this case since the inlet 
total pressure profile has an inflection point (IP) that is located 
near the endwall, typically somewhere between 0-15% of the 
vane span.  The span location where the PV and CRV become 
tangent corresponds to the general span location of the 
inflection point.  

The schematics shown in Figures 7B and 7C show 
conceptually that when the total pressure near the endwall at 
the vane inlet is less than the midspan total pressure, then the 
near endwall flow field contains both (1) the horseshoe vortex 
(HSV) that develops near the vane leading edge and (2) the 
PV which forms from fluid entering the vane inlet that passes 
over top of the HSV and then down into the relatively lower 
pressure region along the endwall behind the HSV.  The 
pressure side portion of the HSV combines with this PV into 
one vortex near mid-axial chord, and then finally this 
combined PV crosses over the passage towards the suction 
side of the adjacent vane where it continues until it reaches the 
vane passage exit.  The suction side portion of the HSV 
remains relatively small and close to the suction side endwall 
junction where it is eventually overcome by the PV.  Note that 
in Figure 7A, the passage vortex that is shown refers to the 
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combined passage vortex (PV).  When the total pressure near 
the endwall at the vane inlet is larger than the midspan total 
pressure and contains an inflection point near the endwall, 
then the near endwall flow field contains (1) and (2) just 
described but also contains the CRV.  The CRV develops from 
fluid entering the vane that is above the inflection point and 
rotates in an opposite direction compared to the combined PV.   

 

 

 

 
Figure 7.  Schematics illustrating secondary flow 
patterns that develop within the vane passage 
including (A) a cross-passage view near mid-axial 
chord looking downstream, (B)  a span view looking 
towards the endwall, and (C) an isometric view 
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The concepts that are illustrated in Figure 7 were 
developed based on the findings from both Hermanson and 
Tho

Figure 8.  Velocity contours within the vane passage 
(X/C = 0.35) from Colban et al. [8] showing 

endwall heat transfer.  Inlet temperature profiles that are 
near

 

le [3] and Colban et al. [8].  Experimental data from the 
Colban et al. [8] study is shown in Figure 8 including example 
secondary flow vectors within the vane passage for two 
different types of vane inlet pressure profiles.  Their study 
confirmed the presence of a counter-rotating vortex located 
above the passage vortex when the vane inlet pressure profile 
contains a slight forward facing inflection point near the 
endwall. This is illustrated in Figure 8 which shows secondary 
flow vectors within the vane passage at approximately X/C = 
0.35.  The turbulent boundary layer profile has lower total 
pressure near the endwall relative to midspan, and the 
inflection point profile has higher total pressure near the 
endwall at Z/S = 0.1 relative to midspan. 

 

 
 

secondary flow vectors and their corresponding 
vane inlet total pressure profiles for (A) a turbulent 
boundary layer and (B) a forward facing inflection 
point boundary layer near the endwall.  

 
The inlet total temperature profile can also alter the vane 

ly uniform in shape result in fluid temperatures near the 
endwall that are very similar to the hot midspan flow, which 
results in increased wall temperatures.  Inlet temperature 
profiles with  negative thermal gradients near the endwall have 
fluid temperatures near the wall that are cooler than the hot 
midspan flow, which results in reduced endwall metal 
temperatures for the same convection coefficient.  Depending 
on the corresponding inlet pressure profile shape, the fluid 
near the wall can be circulated towards midspan or the fluid 
near midspan can be circulated towards the endwall.   
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ENDWALL HEAT TRANSFER MEASUREMENTS 
The heat transfer measurements taken on the OD 

a
wn in Figures 5 and 6.  The heat transfer for each of th
n heat flux gauges is documented in Figure 9 and Figure 

10 in the form of Nusselt number, which is defined in the 
nomenclature.  The convective heat transfer coefficient was 
obtained by dividing the measured heat flux by an appropriate 
driving temperature.  The driving temperature associated with 
the local heat flux was defined as the difference between the 
measured wall surface temperature (Tw) and the total 
temperature of the freestream (T∞) in the vicinity of the heat 
flux gauge, which is now discussed. 

The issue of how to determine T∞ near the individual heat 
flux gauges is a challenging problem since detailed flow and 
thermal field data within the vane pa

the various inlet profiles.  Simply using the mean flow 
temperature that enters the turbine vane as a driving 
temperature for all endwall surface locations and regions has 
been done in many past studies involving turbine heat transfer 
but a better approximation of the true driving temperature 
must be estimated for realistic inlet conditions that are not 
uniform.   It was decided that the mean flow temperature at the 
vane inlet in the span range 0.75 < Z/S < 1.0 was a more 
accurate definition for T∞ since the flow field in this span 
region significantly affects the endwall region.  This definition 
is used consistently for all gauges and for all tests discussed 
below.  However, its applicability is also examined in this 
section at different locations along the endwall.   

For inlet flows where the near endwall total pressure has 
Cp < 0, the PV circulates fluid within approximately 20% of 
the vane span towards the endwall throughout 

.  Near the leading edge region, when Cp > 0 the fluid 
between the IP span location and endwall is circulated towards 
the endwall.  However, at axial locations within the passage 
where the edges of the PV and CRV vortices interact with one 
another, the endwall is not limited to the inlet profile flow 
temperatures between the endwall and the IP.  At these axial 
locations, the endwall can see temperatures from fluid that 
originated further away from the endwall at the vane inlet.  
For example, the CRV can circulate fluid near midspan 
towards the IP span location and then the PV can circulate a 
portion of this same fluid layer towards the endwall.  Note 
however that this overall circulation from CRV-to-PV-to-
endwall would take place over a finite streamwise distance, 
and this distance may change slightly depending on the size 
and strength of the vortices.  The secondary flow patterns 
emphasize that the endwall driving temperature is dependent 
on the location within the passage as well as the inlet pressure 
and temperature profile shapes.   

No matter how T∞ is defined, the convection heat transfer 
coefficient h at a given endwall location should be very 
similar for two inlet pressure p

e shape and Cp values, as long as they also both have 
nearly the same inlet Reynolds number and Mach number.  In 
other words, if two different tests have the same inlet Cp value 
near the endwall, for example tests 108 and 109 in which Cp ≈ 
1.3 at Z/S = 0.95, but one test resulted in θ = -0.02 (test 108) 
near the endwall and the other test resulted in θ = -0.07 (test 
                 Copyright © 2007 by ASME 
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109) near the endwall, then the convection coefficient h 
should be nearly the same value, since h itself is not a function 
of temperature.   

Figures 9A-D and Figures 10A-C compare the Nusselt 
number with the Cp value measured at Z/S = 0.95 near the OD 
endwall.  The ava
to th

ilable data points that are plotted correspond 

d at X/C = -0.12 (see 

e previously mentioned driving temperature definition for 
the convective heat transfer coefficients.  The plus and minus 
bands on each data point correspond to the Nusselt number 
that would occur at the maximum and minimum measured 
flow temperatures at the vane inlet in the span range 0.75 < 
Z/S < 1.0.  The plus and minus bands do not represent error 
bars.  The dashed curve represents the general trend in Nusselt 
number as a function of the Cp value near the endwall.  As the 
inlet total pressure profile near the endwall is changed, the 
pressure field that drives the local flow also changes, 
including a change in the secondary flow.  This will directly 
impact the convection heat transfer coefficients near the 
endwall.  The magnitude and sign of the change in h depends 
on the magnitude of the change in the inlet total pressure and 
the location within the vane passage.   

The heat transfer measurements taken near the vane 
leading edge stagnation region are shown in Figure 9A for 
heat flux gauge G1 that is positione
Figure 4).  This location should be close to the position where 
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e 9A and Figure 9B indicate that the 
heat

the horseshoe vortex begins to form.  It can be seen in Figure 
9A that the limit bands for test 133 are very small, which is 
due to the near uniform temperature profile near the OD for 
this particular test.  It can also be seen that the data points for 
tests 108 and 109 are very similar in Nu, which implies that 
the driving temperature definition mentioned previously is 
consistent (since the driving temperature value is different for 
these two test conditions).  The fact that tests 108 and 109 
have nearly identical pressure profiles near the OD endwall 
suggests that very similar convection heat transfer coefficients 
should be present, and this is the case.  Similar h values are 
also seen for tests 134 and 107 which have similar Cp values 
(Cp ≈ 3.5) at Z/S = 0.95.  The Nu data point for test 134 is 
slightly higher than for test 107 but agreement still occurs 
within the limit bands.   

The results in Figur
 transfer coefficient near the vane leading edge stagnation 

region is higher for an inlet profile with Cp less than but 
nearly equal to zero, as compared to an inlet profile with Cp > 
0.  Between -0.5 < Cp < 1.2 there is a clear reduction in Nu.  It 
is believed that this reduction in Nu is the result of the 
horseshoe vortex separation point moving in the axial 
direction, relative to the vane stagnation point, due to a change 
in the endwall inlet Cp value.  Both Figure 9A and Figure 9B  
side leading edge, (C) H1 at the passage inlet near midpitch, and (D) H2 near the passage inlet near midpitch. 

 
Figure 9.  Nusselt number scaling for heat flux gauge (A) G1 near vane stagnation, (B) G2 near the vane pressure 
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show that for inlet profiles with Cp > 0, as the total pressure is 
increased along the OD endwall the value of h increases, 
which is a result of the velocity increasing in magnitude. 

Figure 9B shows that the heat transfer results for heat flux 
gauge G2 are slightly lower but very similar to G1 (Figure 
9A).  Heat flux gauge G2 is positioned near the vane pressure 
side leading edge at X/C = 0.06 (see Figure 4).  The evident 
similarity in heat transfer behavior between gauges G1 and G2 
is due to their close endwall proximity.  It is believed that 
gauge G2 is only slightly influenced by the edge of the PV and 
HSV, and therefore the same driving temperature definition is 
applicable.  Again, there is good agreement in the Nusselt 
number values between tests 108 and 109 and between tests 
107 and 134. 

The results for gauge H1 located at the passage inlet near 
midpitch (see Figure 4) are shown in Figure 9C.  This gauge 
location is not significantly affected by the secondary flow 
development as one would expect.  As Cp is increased, the 
local streamwise velocity near the passage inlet increases and 
results in a continuous increase in the convection heat transfer 
coefficient.  Another important result is that the magnitudes of 
the Nusselt numbers for gauge H1 are comparable to those 
measured for gauges G1 and G2 which are also located near 
the passage inlet.  This finding is in agreement with the results 
reported by Nicklas [13] and Graziani et al. [14] in that the 
front part of the airfoil passage experiences near constant 
levels of heat transfer coefficients. 

  The Nusselt number results for gauge H2 at X/C = 0.12 
near midpitch (see Figure 4) are reported in Figure 9D.  The 
levels reported for this gauge are three to four times higher 
than those reported at the passage inlet for gauges G1, G2, and 
H1.  This increase is attributed in part to flow acceleration 
from the vane passage inlet to the gauge location, but it is also 
attributed to the HSV and PV passing over and circulating 
fluid into the endwall near the gauge location.  The general 
trend shown for gauge H2 is similar to that of gauge H1 in that 
an increase in the inlet profile Cp results in an increase in h.  
This similarity is expected.  Since the Nusselt numbers for 
tests 123 and 133 in Figure 9D are similar, this implies that the 
originally defined driving temperature is still applicable at this 
location for Cp < 0. For gauge H2, between -0.5 < Cp < 0.7 
there is a small reduction in Nu.  This reduction is similar to 
the reduction reported for gauges G1 and G2 between -0.5 < 
Cp < 1.2 and was attributed to the weakening of the HSV and 
the PV as the inlet total pressure profile near the endwall 
approaches uniform conditions (as Cp approaches Cp = 0.0).   

The heat transfer results for heat flux gauge G3 within the 
passage at X/C = 0.3 (see Figure 4) are shown in Figure 10A.  
The Nusselt numbers at this location are also nearly three to 
four times higher than those measured near the leading edge 
stagnation region.  This increase was again attributed in part to 
the flow accelerating between the passage inlet and X/C = 0.3 
but also because of the PV passing near the gauge in which 
freestream fluid is circulated toward the endwall gauge 
location.  Figure 10A shows the available data for this gauge 
which corresponds to only inlet pressure profiles with Cp > 0 
near the endwall.  This particular gauge was not operating 
properly during the other tests.  For the available data, it can 
be seen that the previously mentioned driving temperature 
                                                                                                          9 
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definition is not very accurate at this gauge location for the Cp 
values tested since the Nu values for tests 108 and 109 (C
1.3) as well as those for tests 107 and 134 (Cp ≈ 3.5) are 
considerably different.  However, the true Nu values for this 
set of tests should be within their overlapping bands. 

p = 

 
Figure 10.  Nusselt number scaling for heat flux 
gauge (A) G3 near the vane pressure side at mid 
axial chord, (B) H3 near the vane pressure side 
trailing edge, and (C) H4 near the vane passage exit. 
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The large limit bands in Figure 10A and Figure 10B are a 
result of the relatively higher heat flux values and higher wall 
temperatures measured at these two gauge locations.  The 
lower limit band is calculated by using the largest driving 
temp ture, which is between Tw and the maximum fluid 
temp

era
erature at the vane inlet between 0.75 < Z/S < 1.0.  The 

upper limit band is calculated by using the smallest driving 
temperature which is between Tw and the minimum fluid 
temperature at the vane inlet between 0.75 < Z/S < 1.0. 

The true Nu values for tests 108 and 109 in Figure 10A 
and Figure 10B as well as for tests 107 and 134 in Figure 10A 
may in fact never fall within their overlapping bands at this 
location.   This is due to the fact that within the vane passage 
the PV and CRV vortices complete more than one rotation 
(turn over cycle) and some of this fluid comes in contact with 
the lower temperature walls, which can change the true 
driving temperature to something other than the difference 
between the measured wall temperature and the average of the 
inlet temperature profile over a certain span region.  This is 
the reason that it is impossible to know for certain what the 
true T∞ is for the gauges downstream of the leading edge 
region within the passage without having well resolved flow 
field data within the passage or detailed accurate predictions 
from CFD.  This also emphasizes how difficult these heat 
transfer measurements are, but more importantly how difficult 
it is for the engine designer to estimate the right values and 
use them in their hardware life prediction tools.  Turbine 
designers must be made aware that this is a key reason why 
the turbine endwalls can see significant thermal fatigue and 
melting in real engine hardware.  An underestimation of the 
true driving temperature, which can easily take place as shown 
by the large limit bands, can cause significant hardware 
failure. 

The fluid that reaches gauge G3 is coming from a span 
location further away from the endwall than for gauges G1 
and G2.  In other words, the part of the vane inlet flow field at 
a span location consistent with the PV is being directed 
towards this endwall gauge location (see Figure 7C).  The PV 
is essentially circulating warmer fluid into this gauge location.  
For endwall inlet profiles having Cp > 0, as Cp is increased 
the PV and CRV increase in strength and are pushed 
somewhat closer to the vane pressure side (closer to G3) prior 
to crossing the channel to the adjacent vane, which takes place 
further downstream within the passage, as was illustrated 
conceptually in Figure 7.  This results in increased h values 
near this gauge location. 

The Nusselt numbers for gauge H3 within the passage at 
X/C = 0.68 near midpitch (see Figure 4) are reported in Figure 
10B.  Gauge H3 is experiencing the most elevated heat 
transfer coefficients.  This is a result of the gauge being 
located near the throat of the vane passage and therefore the 
fluid velocities are relatively high.  This gauge location should 
not be significantly influenced by the secondary flows, and the 
quantity of available data points shown in Figure 10B is not 
large enough to draw conclusive comments regarding a trend 
involving the inlet total pressure profile.    

The results for heat flux gauge H4 near the vane passage 
exit (see Figure 4) are shown in Figure 10C.  In general, this 
gauge is reporting that the heat transfer coefficients are larger 
                                                                                                          1
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een that as the Cp 
valu

er coefficient Nu0 determined in the 
endwall stagnation region measured with gauge G1 for test 
133, whic  endwall 
Cp =

let profile is nearly the same for 
gaug 1 and H1 with values ranging from Nu/Nu0 = 0.6 to 
1.0 

for inlet profiles with a total pressure coefficient Cp that is less 
than but nearly equal to zero.  It can be s

e is increased, the Nu values decrease and then level out.  
It is believed that as the inlet total pressure along the OD 
endwall is increased at the vane inlet, the secondary flow 
passage vortex trajectory is being shifted away from the heat 
flux gauge location and thus a reduction in the heat transfer 
coefficient is observed.   

 
HEAT TRANSFER AUGMENTATION 

The OD endwall heat transfer is presented in 
augmentation form in Figure 11.  The augmentation is with 
respect to the heat transf

h had near uniform inlet temperature and an
 -0.5 at Z/S = 0.95.  The data points connected with solid 

lines and solid symbols correspond to heat flux gauges G1, 
G2, and G3 that are positioned at a pitch location near the 
pressure side of the vane upstream of mid axial chord.  The 
data points connected with dashed lines and open symbols 
correspond to heat flux gauges H1, H2, H3, and H4 that are 
positioned at a pitch location closer to midpitch and are 
distributed from the passage inlet to the passage exit.  

 
Figure 11.  Nusselt number augmentation versus X/C 
for each heat flux gauge. 

 
It can be seen from Figure 11 that the heat transfer 

coefficient depends on both the location within the vane 
passage as well as the inlet profiles.  The augmentation near 
the passage inlet for a given in

es G
depending on the profile.  This helps illustrate that inlet 

profiles that have a total pressure coefficient Cp value less 
than but close to zero result in higher endwall heat transfer 
near the passage inlet than inlet profiles with Cp > 0.  It can 
also be seen that this Nu/Nu0 range is similar for gauge G2, 
which is a result of the similar heat transfer behavior between 
G1 and G2 that was shown in Figure 9.  These three gauges 
have Nusselt numbers consistent with the stagnation region 
Nusselt numbers on the airfoil surface as reported in Barringer 
et al. [22]. 

  Downstream of gauge G2 within the region 0.12 < X/C 
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significant rise in Nu/Nu0 for both pitch locations.  This 
increase in Nusselt number is due in part to the flow 
accelerating within the passage but also because of the 
seco

y lower augmentation levels than test 
133

y et al. 
[14]

eter endwall in a high pressure 
rbine vane ring.  The inlet profiles resulted in a wide range 

of Nusselt numbers at he endwall.  Near 
the 

into the passage.  The data also 
show

ndary flow vortices intensifying the local flowfield in the 
vicinity of the gauges.  The Nusselt number in this region is 
thus the highest experienced within the vane section.  It is 
important to note that since the driving temperature definition 
was not very accurate for gauge G3, the data points for tests 
108 and 109 at X/C = 0.3 should be nearly the same at an 
augmentation level just below 2.0, as indicated by the star (*) 
symbol in Figure 11.   

Near the passage exit at X/C = 0.93, test 133 resulted in 
elevated Nusselt numbers similar in magnitude to the other 
test data shown in Figure 11 between 0.12 < X/C < 0.68. 
However, at X/C = 0.93 tests 108, 109, 125, and 134 all 
resulted in significantl

, and it is interesting that these tests all include inlet 
pressure profiles with Cp > 0.  The decrease in augmentation 
that is seen from X/C = 0.68 to 0.93 can be explained by the 
flow decelerating from the vane passage throat to the passage 
exit.  But the decrease in augmentation at X/C = 0.93 between 
test 133 and tests 108, 109, 125, and 134 is an indication that 
as the inlet total pressure along the OD endwall is increased at 
the vane inlet, the secondary flow passage vortex trajectory is 
being shifted away from the heat flux gauge location and thus 
a reduction in the heat transfer coefficient is observed. 

An important result from Figure 11 is that relative to 
uniform inlet conditions (test 133) the heat transfer does 
decrease at the passage inlet and near the passage exit when 
non-uniform inlet conditions are present at the vane inlet.  
This finding is consistent with the results from Pove

.  The uniform inlet conditions result in warmer fluid 
being near the endwall surface as well as a reduction in 
secondary flow circulation.  
 

CONCLUSIONS 
Several different turbine inlet pressure and temperature 

profiles were investigated to determine their effect on the heat 
transfer along the outer diam
tu

 different locations on t
vane passage inlet as well as the passage exit, the inlet 

pressure profiles consistent with the shape of a standard 
turbulent boundary layer resulted in higher Nusselt numbers 
than inlet profiles with inflection points that have higher total 
pressure near the endwall relative to midspan.  At the passage 
inlet near midpitch, as the total pressure along the endwall was 
increased a continuous increase in the convection heat transfer 
coefficient was observed.   The endwall gauge locations near 
the passage inlet near mid-pitch are more influenced by 
changes in the inlet Reynolds number than changes in 
secondary flow patterns.   

Some other general trends that were found include 
relatively uniform heat transfer levels near the passage inlet 
for both the stagnation and mid-pitch regions.  Along the vane 
pressure surface the heat transfer levels increase significantly 
with increasing distance 

ed that near mid-pitch the rise in heat transfer with 
increasing distance into the passage occurred closer to the 
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  The authors would also like to thank Dr. 
Richard Anthony for the manufacture of the heat flux gauges 
and Robert Free x gauges.  The 
auth

 ASME Paper 2001-GT-
0404. 

[3]  nson, K. and Thole, K., 2000, “Effect of Inlet 

[4]  
amline Pattern,” 

passage inlet compared to further downstream for the gauges 
located near the pressure side surface of the vane. 

For realistic turbine inlet profiles that contain significant 
gradients near the endwalls in both pressure and temperature, 
the assumption of a constant freestream temperature 
throughout the passage as a heat transfer driving mechanism 
can lead to significant under prediction or over p

true local heat transfer coefficients.  The secondary flows 
that develop near the endwalls vary in strength, size, and 
trajectory depending on the inlet pressure profile.  This results 
in different driving temperatures for different locations along 
the endwall, especially in the front half of the passage.  
However, the secondary flow circulation patterns can be used 
along with the physical limits of the inlet temperature profile 
near the endwall as a guide in estimating the true driving 
temperature and heat transfer trends. 

The results from this study are considered useful to 
turbine engine designers since they show how different inlet 
profiles affect the convection heat transfer coefficient at 
several different locations along the outer diameter endwall of 
a high pressure turbine.  The heat tran

 allow better design and placement of film cooling holes 
and slots in the endwall region, both upstream of the vane as 
well as within the vane passage since they show the 
dependency of Nusselt number on the turbine inlet profile and 
location within the vane passage. This work also emphasizes 
how difficult this type of heat transfer measurement is, and 
how challenging it is to predict accurate convection heat 
transfer coefficients when non-uniform inlet conditions are 
present.  The under prediction of these coefficients and 
subsequent use in hardware life prediction tools can result in 
significant thermal fatigue and melting in real engine 
hardware.   
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