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Effects of Combustor Exit Profiles
on Vane Aerodynamic Loading
and Heat Transfer in a High
Pressure Turbine
The flow and thermal fields exiting gas turbine combustors dictate the overall perfor-
mance of the downstream turbine. The goal of this work was to investigate the effects of
engine representative combustor exit profiles on high pressure turbine vane aerodynamics
and heat transfer. The various profiles were produced using a nonreacting turbine inlet
profile generator in the Turbine Research Facility (TRF) located at the Air Force Re-
search Laboratory (AFRL). This paper reports how the pressure loading and heat trans-
fer along the vane surface was affected by different turbine inlet pressure and tempera-
ture profiles at different span locations. The results indicate that the inlet total pressure
profiles affected the aerodynamic loading by as much as 10%. The results also reveal that
the combination of different total pressure and total temperature profiles significantly
affected the vane heat transfer relative to a baseline test with uniform inlet total pressure
and total temperature. Near the inner diameter endwall, the baseline heat transfer was
reduced 30–40% over the majority of the vane surface. Near the outer dimeter endwall,
it was found that certain inlet profiles could increase the baseline heat transfer by 10–
20%, while other profiles resulted in a decrease in the baseline heat transfer by 25–35%.
This study also shows the importance of knowing an accurate prediction of the local flow
driving temperature when determining vane surface heat transfer.
�DOI: 10.1115/1.2950051�
ntroduction
The desire to continuously improve the performance and work-

ng life of aircraft gas turbine engines has led to the need for more
dvanced engine hardware that is capable of surviving in very
ntense flow and thermal environments. Improvements in engine
erformance can come in the form of increasing thrust production
hile increasing the working life of the individual engine compo-
ents. Increasing the thrust can be accomplished by increasing the
as working temperature of the turbine section. As a result of the
ush for higher temperatures, the gas temperatures exiting com-
ustors of modern engines are well above the melting point of the
etal alloy engine components. The durability and maintainability

f these engine parts are therefore primary concerns of gas turbine
ngine designers. Of particular interest is the interface between
he combustor and turbine sections where the high pressure tur-
ine vanes are subjected to the very harsh, highly turbulent, and
onuniform flow fields exiting the combustor.

The complexity of the combustor exit flow stems from the in-
ense flow interactions that take place within the central chamber
f the combustor. This chamber consists primarily of inlet flow
wirlers, fuel nozzles, inner diameter �ID� and outer diameter
OD� annular liners, and an overall exit contraction. The annular
iners typically contain primary holes and dilution holes that inject
arge amounts of air into the central chamber to first help stabilize
ombustion and then to dilute the combustion products to reduce
he overall gas temperature to a level acceptable for the turbine
ardware. The liners also contain film cooling holes and slots that
nject cooling air along the liner walls to form a protective layer of
nsulating air that shields the metal from the relatively hot com-
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bustion gas. As the individual flow streams travel down the length
of the chamber, they combine and interact with one another, re-
sulting in a highly nonuniform flow structure at the combustor
exit. The spatial variations in temperature impose nonuniform heat
transfer on the high pressure turbine vanes and blades that can
result in local melting and cracking of the metal and can thus
permanently damage strategic cooling features. The elevated tur-
bulence levels act to intensify this heat transfer by increasing local
convection heat transfer coefficients to the vane surface. The spa-
tial variations in the pressure at the combustor exit can result in
nonuniform aerodynamic loading that can increase local thermal-
mechanical stresses.

Turbine engine designers have been forced to prepare for the
worst case when designing the high pressure vanes and blades
without knowing exactly how the combustor exit profiles affect
the hardware. For example, some designers currently use a radial
pressure profile consistent with a standard turbulent boundary
layer as the inlet condition to the turbine while designing their
vanes and blades. However, more realistic combustor exit flows
can result in turbine inlet profiles and secondary flow develop-
ment that is significantly different from what has been used as a
design condition. A better understanding of how the combustor
exit flow alters the flow development and heat transfer within the
downstream turbine is needed. This understanding can be accom-
plished by studying how different combustor exit profile shapes
impact the downstream turbine components.

The primary research objective of this paper was to study the
effects of several radial pressure and temperature profiles on high
pressure turbine vane aerodynamic loading and heat transfer. The
profiles analyzed in this study were produced by the nonreacting
inlet profile generator �combustor simulator� that is located in the
Turbine Research Facility �TRF� at the Air Force Research Labo-

ratory �AFRL� and described in Barringer et al. �1�.
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elevant Past Studies
Several studies have been performed to analyze and model the

ow and thermal fields within aircraft engine combustors and tur-
ines. Few studies, however, have focused on how the combustor
xit environment affects the performance of the downstream tur-
ine. Rather, most studies have been isolated to analyzing either
he combustor section or the turbine section alone. Studying the
nteraction of the combustor exit flow with the turbine is crucial to
ully understanding how the vanes and blades are influenced by
ifferent realistic inlet conditions. This understanding will help
urbine designers improve their own research and development
ork. The following is a review of some past and recent studies

hat have focused on the interface between the combustor and
urbine sections.

The effect of different inlet radial temperature profiles on the
erodynamic performance of a transonic turbine stage was inves-
igated by Cattafesta �2� using the MIT blow-down Turbine facil-
ty. Tests with similar corrected flow conditions but with different
emperature profiles changed the overall turbine efficiency by 2%.
hang et al. �3� conducted similar tests using a full turbine stage

n the same facility to study the influence of inlet temperature
istortion on rotor blade heat transfer. It was found that changing
he stage inlet turbulence intensity from 0.5–8% did not influence
he rotor blade surface heat flux. Radial thermal distortions near

idspan, with peak temperatures 10% larger than the mean, re-
ulted in significant augmentation of local blade heat transfer
long the pressure side �PS� in the tip and hub regions. This radial
emperature distortion resulted in Nusselt numbers 10% higher
han those measured with uniform conditions within the tip region
nd 50% higher within the hub region. The Nusselt numbers mea-
ured at midspan were nearly the same with and without the radial
emperature distortion.

Chana et al. �4� conducted research using a nonuniform inlet
emperature generator at the QinetiQ transient turbine research
acility. Cold gas was injected upstream of the turbine section at
he hub and tip to shape the temperature profile in the radial di-
ection and through turbulence rods inserted into the main flow to
hape it in the circumferential direction. Results showed that vane
eat transfer was affected by the presence of the nonuniform tem-
erature profile on the suction surface of the turbine nozzle guide
anes. Povey et al. �5� conducted similar research in the same
inetiQ facility and outlined a thorough review of recent and past

tudies involving high pressure experimental facilities used to
imulate and study combustor exit flows, some of which are men-
ioned in this literature review. An important finding from their
tudy was the significant augmentation to the vane heat transfer
hen comparing uniform turbine inlet temperature profiles to the
ane heat transfer measured when the inlet temperature profile
ossessed maximum nonuniform conditions of T /Tav near 10%.
heir study also discussed a method to determine the vane surface
nd endwall heat transfer driving temperature based on knowledge
f the Nusselt number with uniform inlet temperature and inlet
emperature distortion. Their method assumes that the heat trans-
er coefficient is unchanged with and without the inlet temperature
istortion.

Krishnamoorthy et al. �6� investigated the effect of combustor
xit turbulence on a downstream turbine vane cascade. Their re-
ults indicated that the effect of high turbulence at the combustor
xit was to reduce the cooling effectiveness on the vane by 10%.
t was also shown that the effect of temperature nonuniformities at
he combustor exit was to reduce the overall cooling effectiveness
n the vane by as much as 21%. Van Fossen and Bunker �7�
tudied heat transfer augmentation in the stagnation region of a
at plate with an elliptical leading edge. The test article was lo-
ated downstream of an arc segment of a dual-annular combustor.
he swirl driven combustor flow produced turbulence intensities

p to approximately 32% with length scales near 1.3 cm. Aug-
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mentation of heat transfer was found to be very significant in the
range of 34–59%. No effect of circumferential position with re-
spect to the upstream swirlers was found.

There have been few investigations into the effects of inlet
profiles on endwall secondary flow development. These are im-
portant as they distribute the temperature field and generate tur-
bulence. As shown in the literature, the secondary flows present
within turbine vane passages originate at the leading edge vane–
endwall junction. The horseshoe vortex that forms at this leading
edge junction splits into two vortices, one of which progresses to
the vane PS and one to the suction side �SS�. The PS leg of the
horseshoe vortex travels down the endwall along the upstream
portion of the PS of the vane during which it merges with and
becomes the passage vortex. This passage vortex crosses over the
channel along the endwall toward the SS of the adjacent vane. It
then travels down the endwall along the latter portion of the SS of
this adjacent vane. The SS leg of the horseshoe vortex is much
smaller in size relative to the PS vortex and passage vortex. This
SS leg travels along the endwall corner of the vane suction surface
until it is overcome by the passage vortex.

Studies by Hermanson and Thole �8� have shown that the total
pressure field is a 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 vor-
tex was found for an inlet total pressure profile containing a posi-
tive inflection point in the spanwise direction near the endwall.

Colban et al. �9� studied the effects of varying FC flow through
the liner and exit junction slot in a large scale, low speed com-
bustor simulator on the adiabatic effectiveness, and secondary
flow development within a downstream turbine cascade. Results
showed that varying the coolant injection through the liner led to
different total pressure profiles entering the downstream turbine
section. Measurements showed that the coolant exiting the liner
and slot accumulated along the SS of the vane and endwall and
that increasing the FC flow through the liner did not result in a
continual increase in adiabatic effectiveness values.

Their study also documented the vane passage secondary flow
vectors for different vane inlet total pressure profiles and con-
firmed the presence of a counter-rotating vortex located above the
passage vortex when the vane inlet pressure profile contains a
slight forward facing peak near the endwall. This is illustrated in
Fig. 1, which shows secondary flow vectors within the vane pas-
sage �at approximately X /C=0.35� for two different vane inlet
pressure profiles. The type A profiles, shown in Fig. 1�a�, possess
the typical shape of a turbulent boundary layer with lower total
pressure near the endwall relative to midspan, and the type B
profiles, shown in Fig. 1�b�, contain a forward facing inflection
point. This inflection point is caused by the injection of high flow
out of the cooling liner holes resulting in a high total pressure
region near the endwall at Z /Sp=0.1 relative to midspan. The size
and location are dependent on the amount of coolant ejected.

To summarize, the current research to date suggests that certain
heat transfer trends within the turbine section are due to nonuni-
form inlet temperature and pressure conditions. Studies have re-
ported significant augmentation of heat transfer along the SS of
the vanes and the PS of the blades in both the hub and tip regions
with insignificant changes noted near midspan. Also, the literature
contains few experimental data that document total pressure pro-
files at the combustor exit. The goal of this work is not only to
verify some of the important trends found in the literature but,
more importantly, to enhance the understanding of the impact of
more realistic turbine inlet profiles. In addition to representative
combustor exit temperature profiles, realistic pressure profiles are
also studied to quantify the effects of both on high pressure tur-
bine vane heat transfer and aerodynamics. This study will provide

some new insight to further enhance future turbine development.
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xperimental Facility and Instrumentation
The experimental facility used in this study is the TRF at the

FRL at Wright Patterson Air Force Base in Dayton, Ohio. The
RF, documented in Haldeman et al. �10�, is a short duration
low-down test facility that can match engine Reynolds number,
ach number, pressure ratio, gas to metal temperature ratio, cor-

ected speed, and corrected mass flow. The facility is shown in
ig. 2, and it consisted primarily of a large supply tank, a turbine

est section, and two large vacuum tanks. The turbine test section
as a true scale, fully annular, half turbine stage, consisting of
igh pressure vanes.

Fig. 1 Velocity contours within the
et al. †9‡ showing secondary flow vec
total pressure profiles for „A… a turb
facing inflection point near the endw
Fig. 2 Photograph of the TRF facility
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Prior to testing, nitrogen gas was pressurized and heated within
the supply tank, while the turbine section and vacuum tanks were
evacuated. Testing began by activating the main valve located in
the supply tank, at which time the gas flowed from the supply tank
through the turbine test section and into the vacuum tanks. The
mass flow rate was set by controlling the turbine pressure ratio
using a variable area isolation valve that was located downstream
of the main test section. The duration of a typical test was nomi-
nally 5 s. Due to the short test duration, all instrumentation mea-
surements are recorded simultaneously in real time onto data stor-
age units. The TRF facility was capable of simultaneously
acquiring data across 200 12 bit channels with a maximum fre-
quency response of 100 kHz and 200 16 bit channels with a maxi-
mum frequency response of 200 kHz. Signal conditioning on each
channel took place using low pass filters and built-in amplifiers.
All data reduction was performed at a later time.

The turbine inlet profile generator �combustor simulator� that
was used in this study was designed and installed into the TRF
facility to allow turbine testing to be performed with more realis-
tic turbine inlet profiles of pressure, temperature, and turbulence
intensity. Prior to installing the simulator, the temperature and
pressure profiles at the inlet of the turbine section were nearly
uniform in the radial and circumferential directions. The design of
the simulator is documented in Barringer et al. �11�. The simulator
essentially divides the supply tank flow into multiple concentric
annular flow paths and directs each flow stream to a central annu-
lar chamber, similar to an actual aeroengine combustor. A magni-
fied view of this central annular chamber is shown in Fig. 3 which
highlights the general paths for the flow streams that inject flow
into the chamber. These include the flow passing through the inlet,
two rows of in-line opposed dilution holes �D1 and D2�, and six

e passage „X /C=0.35… from Colban
s and their corresponding vane inlet
t boundary layer and „B… a forward
van
tor

ulen
staggered rows of film cooling �FC� holes. The influence of a
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articular flow stream over the turbine inlet profile can extend
ver a large radial range or it can be concentrated to a small local
egion. The effects of the film cooling flow were found to be
vident in radial regions near the ID endwall at 0.0�Z /S�0.2
nd near the OD endwall at 0.8�Z /S�1.0. The effect of the inlet
ore flow and dilution flows were found to be present over a larger
pan region of 0.2�Z /S�0.8.

The turbine inlet and exit conditions were measured using mul-
iple instrumentation rakes located on traverse rings upstream and
ownstream of the turbine section. The rakes, shown in Fig. 4,
ontained multiple thermocouples or multiple pressure transducers
hat were spaced to obtain measurements over equal annular flow
reas. Most of the tests discussed in this study involved circum-
erentially traversing these rakes by approximately 90 deg during
he blowdown to obtain both radial and circumferential profiles.
owever a few tests were performed in which the rakes were

raversed by only 32 deg to allow a larger number of data points
o be taken across multiple vane pitches. For the turbine inlet
rofiles being analyzed in the current study, a temperature rake
ontaining seven 0.0254 mm diameter thermocouple beads with a
hermal time constant of approximately 1.1 ms was used. Two
ressure rakes were also used, each containing nine pressure

ig. 3 Drawing of the combustor simulator central chamber
ndicating the general flow paths

ig. 4 Instrumentation rakes mounted in the upstream „left…

nd downstream „right… traverses
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transducers. Note that no boundary layer measurements were
taken as these probes were fixed radially. All flow measurements
were sampled at 20 kHz.

The pressure along the surface of several uncooled turbine
vanes was measured using the 700 kPa miniature Kulite pressure
transducers shown in Fig. 5. The transducers were mounted
flushed with the vane surface along both the suction and pressure
surfaces. Two vane span locations were selected for making sur-
face pressure measurements including Z /Sp=0.5 near midspan
and Z /Sp=0.9 near the OD. The Kulite transducers were also
used to take static pressure measurements on the ID and OD end-
walls at the vane inlet and exit. The total uncertainty associated
with these measured pressures is at most 0.40% full scale.

The heat flux along the pressure and suction surfaces of several
uncooled vanes was measured using thin film Oxford heat flux
gauges �HFGs� �12� that are also shown in Fig. 5. Three span
locations were selected for taking surface heat flux measurements
including Z /Sp=0.24 near the ID, Z /Sp=0.60 near midspan, and
Z /Sp=0.90 near the OD. The gauges at Z /Sp=0.24 and 0.60 had
a spanwise extent of �Z /Sp=0.15, while the spanwise extent of
the gauges at Z /Sp=0.90 was �Z /Sp=0.03. Thermocouple beads
with a diameter of 0.0254 mm were embedded into the vane metal
directly beneath each HFG such that the beads were flushed with
the vane surface.

By utilizing a semi-infinite solid analysis, the heat flux to the
vane surface was calculated. The convection heat transfer coeffi-
cient, h, was then determined by dividing the local measured heat
flux by the driving temperature. The driving temperature associ-
ated with the local heat flux was defined as the difference between
the local vane surface temperature, Tw, and the adiabatic wall
temperature, Taw, in the vicinity of the gauge. The adiabatic wall
temperature was calculated using the recovery factor and was
based on the flow total temperature at the vane inlet at the same
span location as the gauge. Typical values for this driving tem-
perature difference were approximately 50–60 K. This driving
temperature was then used to determine the local convection heat
transfer coefficient on the vane surface. With h known, the length
scale chosen for the Nusselt number was the vane axial chord
length. The local Nusselt number was then obtained with the gas
properties as taken from the local film temperature. This tempera-
ture was defined as the linear mean of the local vane surface
temperature and the total temperature of the flow at the vane inlet
at the same span location as the gauge.

Based on the uncertainties in the measurement of the HFG re-
sistance and the uncertainty in calibration from resistance to tem-
perature, the surface temperature uncertainty for the heat flux
measurement was calculated to be + /−0.8 K for the HFGs. A jitter
analysis described by Moffat �13� was then performed through the
reduction scheme to obtain the uncertainty in the surface heat flux.
This resulted in uncertainties in heat flux between 700 W /m2 and

2

Fig. 5 Photographs of TRF vanes that were instrumented with
pressure gauges „left… and HFGs „right…
2000 W /m depending on the gauge. The heat transfer coefficient
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ncertainty was determined to be about 30 W /m2 K for the thin
lm gauges based on an uncertainty in flow temperature of 0.7 K
long with the hysterises in the measurement. This resulted in
usselt number uncertainties between 5% and 9% depending on

he location. The repeatability of these runs had a similar variation
f 8–10%.

est Conditions
The turbine inlet profiles that were analyzed for this study were

enerated during a series of benchmark tests to verify that the
nlet profile generator operated as desired. The flow conditions
orresponding to the verification tests are presented in Barringer
t al. �1�, which documents the overall operating range of the
urbine inlet profile generator. The mean flow conditions at the
urbine inlet for all of the profiles presented in this study corre-
pond to Re=2.1�105 and a Mach number of 0.1. The turbulence
ntensity associated with these turbine inlet profiles was also
ocumented during the verification tests and was found to be in an
levated range between 20% and 30%, while the length scales
ere found to be between 1.5 cm and 1.9 cm. The longitudinal

ntegral length scales were determined to be approximately 30%
f the vane pitch or 2.3 times the vane leading edge diameter.

To document the effects of different turbine inlet profiles on
urbine vane aerodynamics and heat transfer, a baseline test case
as selected to make comparisons. The baseline that was chosen

s test 126, which is characterized by both a relatively uniform
adial pressure profile and a relatively uniform radial temperature
rofile. The turbulence intensity of the flow entering the turbine
ane near midspan was at an elevated level near 21% for the
aseline test 126. Comparisons of heat transfer and pressure load-
ng are reported relative to those measured for the baseline case.
he maximum percent deviations above and below the baseline

esults are also reported.

erodynamic Measurements at Midspan and in the
uter Diameter Region
Several radial pressure profiles at the turbine vane inlet are

hown in Fig. 6. The profiles are plotted in terms of a normalized
otal pressure coefficient Cp defined as the local total pressure
ubtracted by the midspan total pressure all divided by the average
ynamic pressure at the vane inlet. Note that by this definition
p=0 at midspan. These radial profiles have been circumferen-

ially �spatially� averaged across one full vane pitch along lines of
onstant radius that are spaced at equal annular flow areas and
epresent the mean vane inlet conditions. As shown in a previous
nvestigation �1� there is about a 1% variation in the pressure and
emperature profiles in the pitch variation, so essentially these

ig. 6 Plot of several radial pressure profiles at the turbine
ane inlet
rofiles are circumferentially uniform.

ournal of Turbomachinery

aded 29 Jul 2009 to 130.203.215.83. Redistribution subject to ASME
A wide variety of radial profile shapes can be seen, including
some that contain sharp gradients near the ID and OD endwalls.
These gradients were the result of varying the amount of upstream
film coolant being injected into the mainstream flow along the
endwalls. As discussed in the previous paper �1�, real engines
exhibit Cp’s in the range of −0.5�Cp�2.0, and this investigation
covers a range somewhat larger than that. The peak Cp value near
the ID and OD endwalls was found previously �1� to be directly
related to the film cooling momentum flux ratio where an increase
in this ratio resulted in an increase in the peak Cp value. It does
have to be noted that the exact location and peak value of Cp is
unknown as the rakes represent only specific discrete points.
However, as discussed in a previous work �1�, real engines exhibit
Cp’s in the range of 0.5�Cp�2.0, so this investigation clearly
covers that range and furthermore gives the designer some insight
into whether any benefit could be obtained from utilizing even a
larger range. It is also important to note that a negative Cp value
does not indicate that the flow is in the reverse �upstream� direc-
tion; it simply means that the local total pressure is less than that
at the midspan. This behavior can be seen for the baseline test 126
that possesses slightly less total pressure near the ID and OD
endwalls �compared to the midspan� due to an absence of film
coolant along the ID and OD endwalls for this particular test.

The corresponding pressure along the surface of the turbine
vanes for these radial inlet pressure profiles is plotted in Fig. 7 at
Z /Sp=0.50 and Z /Sp=0.90. Surface pressure measurements were
not taken in the near ID endwall region. The ratio of the local
vane surface static pressure, PS, to the total pressure of the flow at
the vane inlet, PT, is plotted versus the vane surface distance, X /S,
along both the SS and PS. Note that the normalizing total pres-
sure, PT, used in Fig. 7 is the surface pressure measured at the
leading edge of the vane at X /S=0.0 at the same corresponding
span location. In Fig. 7 it can be seen that the effect of the surface
pressure loading due to the inlet pressure profiles was less signifi-
cant at the midspan than at the OD region location at Z /Sp
=0.90. This was due in part to small changes in the midspan Cp

(a)

(b)

Fig. 7 Plot of the vane surface pressure at „a… Z /Sp=0.50 and
„b… Z /Sp=0.90
for these cases, coupled with the fact that the vane geometry in the

APRIL 2009, Vol. 131 / 021008-5
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idspan region is nearly two dimensional. Therefore limited sec-
ndary flow changes are expected at midspan. The maximum per-
ent deviation of PS /PT from the baseline test that was observed
t Z /Sp=0.50 was approximately 3.0% for test 107, which oc-
urred on the PS of the vane near the trailing edge at X /S
−0.89.
More significant differences occur at Z /Sp=0.90. The data on

he vane SS indicate that the different inlet pressure profiles had a
ignificant impact on the surface pressure from X /S=0.35 to the
railing edge. Figure 7�b� indicates that the most significant effect
f the different inlet pressure profiles occurs on the vane suction
urface near X /S=0.35, which is close to the minimum passage
rea for this vane geometry. At this location, test 115 �containing
large Cp peak value near 4.5� resulted in a maximum PS / PT

eviation of 9.1% below the baseline test �over three times the
aximum at midspan�, and test 133 �containing a negative Cp

eak value near −0.5� resulted in a maximum deviation of 0.7%
bove the baseline test. These two tests resulted in a PS / PT pres-
ure ratio range of approximately 9.8% at this X /S surface loca-
ion, thus illustrating that the local aerodynamic loading of the
ane can change as much as 10% depending on the inlet total
ressure profile.

At 90% span, Fig. 7�b� also shows that the percent deviation
rom the baseline test was relatively small on the PS of the vane
similar to most locations on the PS at midspan�. In general, an
ncrease in the pressure profile Cp peak along the endwall resulted
n a decrease in the ratio of PS / PT. These results indicate that
igher momentum fluid along the OD endwall results in an in-
rease in the aerodynamic loading of the vane at this span. It is
elieved that the secondary flows are moving lower pressure fluid
rom the lower span into this region on the SS consistent with the
ork of Colban et al. �8�. One additional comment is that the total
ressure at the 90% span stagnation location, used as the reference
or determining the loading, is at a lower level than midspan,
iving rise to a higher loaded airfoil.

eat Transfer Measurements in the Inner and Outer
iameter Regions
Several different radial temperature profiles at the turbine vane

nlet are shown in Fig. 8. The profiles are plotted in terms of a
ondimensional temperature coefficient � defined as the local total
emperature subtracted by the average total temperature entering
he turbine, all divided by the same average temperature. These
adial profiles have been circumferentially averaged across one
ull vane pitch along lines of constant radius that are spaced at
qual annular flow areas. The average temperature at the simulator
xit was determined by integrating the spanwise profile from the
even headed rake from hub to tip. To obtain a better approxima-
ion of this average temperature, the temperature data were ex-

ig. 8 Plot of several radial temperature profiles at the turbine
ane inlet
rapolated to the endwalls using a constant slope between the out-
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ermost and second outermost data points. The actual average
temperature varied for each test but was in the range of
380–435 K.

The inlet temperature profiles include some that contain consid-
erable gradients along the endwalls �tests 107 and 108� and some
that are nearly uniform over the entire span �baseline case test
126�. Figure 8 shows that the most significant differences occur in
the two span regions 0�Z /Sp�0.25 and 0.75�Z /Sp�1.0.
Again this was attributed to the varying amounts of upstream film
coolant being injected along the ID and OD endwalls at different
momentum flux ratios and different temperatures relative to the
core flow. The midspan region indicates more uniform tempera-
ture distributions compared to the ID and OD regions, with the
variations resulting from differing upstream dilution flow injec-
tions. The shape of the profiles are consistent with engine com-
bustor profiles, as discussed in an earlier work �1�, with the over-
all minimum to maximum magnitude variation in � being slightly
less in this investigation than in the engine.

The corresponding heat transfer distribution along the vane sur-
face for the different inlet temperature profiles is shown in Fig. 9
in terms of the Nusselt number, which is a dimensionless tempera-
ture gradient at the wall surface. The Nu distributions near the ID
at Z /Sp=0.24 are shown in Fig. 9�a�, while Fig. 9�b� shows the
Nu heat transfer distributions near the OD at Z /Sp=0.90. The
results in the ID and OD regions only are presented to focus on
the locations where the heat transfer was significantly altered as
Fig. 9 shows. The midspan gauges showed similar trends as seen
at 24%. It can also be seen in Fig. 9 that the overall heat transfer
variations and levels are higher at Z /Sp=0.24 compared to
Z /Sp=0.90. This can be explained in part by recognizing that the
HFGs located at the Z /Sp=0.24 span position extend from ap-
proximately Z /Sp=0.20 to 0.35, and therefore their measure-
ments were influenced by the higher turbulent flow that dominates
the midspan region. In addition the location of the passage vortex
exiting the vane row could be contributing to the higher levels.

(a)

(b)

Fig. 9 Nusselt number distribution along the vane surface in
the ID region at „a… Z /Sp=0.24 and in the OD region at „b…
Z /Sp=0.90
For all of the tests, the Nu distributions showed elevated levels
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ear the leading edge stagnation region where the flow was within
he laminar flow regime. The Nu levels then decreased with in-
reasing distance from the leading edge on both the pressure and
uction surfaces. It is evident from Fig. 9 that transition to a tur-
ulent boundary layer begins on the suction surface near X /S
0.3 at both span locations. This transition region extended over

he majority of the suction surface toward the trailing edge. The
u distribution on the PS of the vane from X /S=−0.3 to the

railing edge was indicative of a turbulent boundary layer.
The heat transfer along the surface of the vane for the baseline

est 126 is also illustrated in Fig. 10 in the form of Stanton number
ersus Reynolds number based on surface distance from the lead-
ng edge, Rex. The data in Fig. 10 correspond to PS gauges be-
ween −1.0�X /S�−0.2 and SS gauges at 0.3�X /S�1.0. The
ane leading edge region data were not included in the figure. The
elocity scale used for both the Stanton and Reynolds numbers
as the local freestream velocity. For the 24% gauges the Mach
umber at 50% span was used to aid this calculation as the Mach
umber at 24% span was unknown. The thermodynamic fluid
roperties were evaluated at the local film temperature. Data are
lotted for both span locations at Z /Sp=0.24 and 0.90 and both
he PS and SS of the vane. Also plotted in this figure are the
tanton number correlations for laminar and turbulent flows over
flat plate. Figure 10�a� compares the baseline test results to the

eat transfer results from tests 107 and 133, which were selected
o illustrate the full St range of the data at Z /Sp=0.24. Figure
0�b� compares the baseline test results to the heat transfer results
rom tests 109 and 122, which were also selected to illustrate the
ull Stanton number range of the data at Z /Sp=0.90.

The results shown in Fig. 10 are important for two reasons.
irst, they show that on the PS the Stanton numbers follow the
eneral slope of the turbulent correlation. Therefore, although the

(a)

(b)

ig. 10 Plot of the Stanton number versus Reynolds number
long the vane surface at „a… Z /Sp=0.24 and „b… Z /Sp=0.90
evels of heat transfer differ at the two spans, both pressure sur-
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faces are fully turbulent. Second, they show that on the SS the
Stanton numbers appear to make a transition from a laminar be-
havior to a turbulent behavior, and this agrees with the Nu distri-
bution for the SS.

The overall variation in Nu from test to test is considerable at
both span locations and was attributed to the different vane inlet
profiles effect. This will be discussed more in the next section.
Near the ID, at Z /Sp=0.24, it can be seen that the Nu distribution
along the vane surface for the baseline case is consistently higher
than the other test cases on both the pressure and suction surfaces.
It was found that at this span location the different inlet profiles
reduced the baseline heat transfer by 30–40% over the majority of
the vane surface with a maximum reduction of 48% for test 107,
which has a Cp=1.0 and a �=−0.05. At 90% span, it was found
that certain inlet profiles could increase the baseline heat transfer
by 10–20% over the majority of the vane surface, for example,
test 122 which has a Cp=0.75 and �=−0.002. While other inlet
profiles resulted in a decrease in the baseline heat transfer by
25–35% over the majority of the vane surface, for example, test
109 which also has a Cp=1.0 and a �=−0.007 but on the OD side.

Influence of Inlet Profiles
Returning to the results shown in Fig. 9�a�, an investigation was

performed into the effects on the vane heat transfer due to tem-
perature profiles shown in Fig. 8. As the temperature profile shifts
from a flat profile like the baseline test 126 to a slightly shaped
profile like test 123, to a higher gradient profile like test 122, to
the largest gradient shape tested like test 108, the Nusselt number
clearly decreases across the majority of the airfoil. Creating the
greatest thermal profile is clearly beneficial in reducing the heat
transfer for this span. This phenomenon occurred on both sur-
faces, leaving the baseline test �126� as the highest heat loaded
case.

The isolated effect of the turbine inlet pressure profile on the
vane surface heat transfer was determined by comparing the Nus-
selt number curves in Fig. 9 for tests having similar inlet tempera-
ture profiles but different inlet pressure profiles. For example, in
the ID region near Z /Sp=0.24, Fig. 8 shows that tests 126 and
134 had very similar inlet temperature profiles that possessed
moderate gradients near the endwalls, but Fig. 6 shows that these
same two tests had inlet pressure profiles with different positive
Cp peak values. In Fig. 9�a� it can be seen that test 135 �with a
higher Cp� resulted in lower Nusselt numbers at this span loca-
tion. A similar result was also found when comparing test 123 to
125, test 122 to 135, and also test 108 to 107. This led to an
important conclusion that at Z /Sp=0.24 the test possessing a
larger peak Cp value near the ID endwall resulted in lower Nusselt
numbers for tests with similar inlet temperature profiles. This de-
crease was readily apparent along the entire PS. It also occurred
on the SS but was most prevalent aft of X /S�0.4.

This observation is consistent with previous findings in the lit-
erature. For example, it was found within the work of Hermanson
and Thole �8� and Colban et al. �9� that the turbine vane inlet
pressure profile near the endwall directly affects the development
of the secondary flows that exist within the turbine vane passage.
The secondary flow vectors shown in Fig. 1 dictate the heat trans-
fer along the vane surface and endwall region. The forward facing
peak in the radial inlet pressure profile produced two vortices as
the flow approaches and reached the leading edge of the vane. The
span location that separated these two vortices was dictated by the
span location of the Cp peak in the inlet pressure profile. It is
believed that the relative size and strength of these two vortices
directly depend on both the peak Cp value and the spanwise thick-
ness of the forward facing region of the pressure profile. For this
set of experiments it was not possible to determine the exact lo-
cation of the peak in the spanwise total pressure at the inlet, but it
is believed to be less than 10% span from either endwall due in
part to the results of the computational fluid dynamics �CFD�

work documented in Kunze et al. �14�. Due to the fact that the ID

APRIL 2009, Vol. 131 / 021008-7

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



a
s
v
r

a
p
l
v
o
h
i
n
2
t
t
v
f
o
s
s
F

a
N
O
l
e
h
H
c
k
h
f
t
T
t
f
i
s
t

s
1
p
i
r
c
t
t
o
s
g
t

d
W
t
t
w
t
v
t
o
m
e
r
i
w

0

Downlo
nd OD endwalls possess different contraction geometries, the
econdary flow development will be slightly different on the ID
ersus the OD. However it was the overall flow changes with
espect to a typical boundary layer behavior that was significant.

For a test case without utilizing the simulator film coolant jets
long the endwall, like the baseline test 126, the turbine vane inlet
ressure profile took the shape of a standard turbulent boundary
ayer profile �type A�. In Fig. 1 it can be seen that the passage
ortex for these inlet pressure profiles would have a slight impact
n the flowfield at the Z /Sp=0.24 span location. Therefore, the
eat transfer measurements taken at this span were only slightly
mpacted by the passage vortex structure and therefore the domi-
ant driver for heat transfer was the temperature found at about
4% span. However for a test similar to 134 that had a similar
emperature profile �as shown in Fig. 8� but a significant peak in
he pressure profile �type B�, the existence of the counter-rotating
ortex will directly impact the development of the passage vortex,
or example, by confining it to a span region closer to the endwall
r by reducing its vorticity, as seen in Fig. 1. This change in flow
tructure will have a definitive change in the heat transfer at 24%
pan as indicated in the reduction of the Nusselt number shown in
ig. 9�a�.
Focusing next on the OD region, examining the temperature

nd pressure profiles at 90% span helps to understand why the
usselt number increased in some cases and decreased in others.
n the SS, the cases with higher Nusselt numbers than the base-

ine case were those that have negative Cp values near the OD
ndwall. Again this does not imply that an inlet profile that has a
igher midspan total pressure causes a reverse flow at the endwall.
owever it infers that this condition would result in a more typi-

al turbulent boundary layer. What these results suggest is that to
eep the Nusselt numbers relatively low near the endwall, some
igh total pressure fluid is desirable to buffer the hot flow away
rom the endwall to avoid this increase in heat transfer. In prac-
ice, the cases with negative Cp result in strong type A profiles.
hese cases thereby generated a larger and stronger passage vor-

ex, as indicated in Fig. 1, and thus increased the 90% heat trans-
er levels particularly aft of X /S�0.4, as shown in Fig. 9�b�. By
ncreasing the near wall Cp, the passage vortex is broken up
omewhat and the hottest midspan gases were not able to reach
he endwall region.

On the PS, the low Cp cases also resulted in elevated PS Nus-
elt numbers but are joined by the very high Cp cases �tests 135,
07, and 134�. These latter cases correspond to the type B inlet
ressure profiles, but due to the very high Cp values, they resulted
n the formation of a stronger passage vortex and a larger counter-
otating vortex system. It is believed that these two vortices
aused the elevated heat transfer in the 90% region particularly on
he PS. This is further enhanced by the stagnation region in be-
ween the vortices, as indicated in Fig. 1. While the exact location
f the stagnation line was unknown, it can be expected that the
trength of the vortices �as well as the size of the stagnation re-
ion� would increase with increasing Cp values and thus heat
ransfer.

The position of these vortices helps to explain some of the
ifferences in trends between the 90% and 24% span locations.
hile at 24%, the higher Cp peaked pressure profile resulted in

he lower Nu, this trend did not hold true at the 90% span. Clearly
he highest Cp profiles caused an increase in the heat transfer,
hich suggests that there may be an optimum profile. In Fig. 9�b�,

est 108 displayed the lowest Nusselt number along the entire
ane surface at 90%. This run was characterized by having a
emperature profile with large radial gradients, which was previ-
usly shown to benefit the heat transfer at 24% as well. It further-
ore has a high, but not extremely high, Cp value along the OD

ndwall. Its value is closer to 1.0, and while there are not enough
uns within this Cp range to determine the exact optimum, clearly
ncreasing the value to a Cp of 3.0 �test 107� is detrimental. This

as also consistent with the results at the 24% span as the ID Cp
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profiles were all less than 2.0. So for the ID profiles, increasing
the Cp was still a benefit as they did not reach this “peak” benefit
value. Since tests at higher Cp were not run on the ID, it is un-
certain if these Nu levels would subsequently decrease, but it is
believed that they would.

As the pressure profile increases from a case like test 122 to-
ward test 126, the strength of the passage vortex decreases.
Clearly there is some condition where the strength of this vortex
will be near zero. This would be the ideal condition for reducing
the secondary flows but not necessarily for achieving the lowest
Nu. As the Cp value continues to increase, the passage vortex will
form again as a pressure gradient was established as the flow
approached the wall. Now, however, at the spanwise position of
the peak Cp value, an inflection point was created, serving to swirl
the rest of the flow back toward midspan. This served to circulate
the hot flow away from the endwall, keeping the endwall cooler.
As shown in Fig. 1, between these two vortices there was also a
stagnation region formed, which served to increase the heat trans-
fer in this region. At the highest Cp, this stagnation region can be
expected to be large, elevating the local heat transfer. Likewise the
strength of the two vortices would be expected to increase, further
enhancing the Nusselt number.

Influence of Driving Temperature
Utilizing the velocity vector trends shown in Fig. 1 and keeping

in mind that the inflection points for the inlet profiles examined in
this study are believed to be slightly closer to the endwall, a range
of span locations that influence the local driving temperature was
developed in Table 1. This table was built by determining where
the secondary flow circulation patterns would bring the flow based
on the velocity vector distribution shown in Fig. 1. It is under-
stood that the values given in Table 1 are not exact, but they can
be used as a general method to help determine how significant the
impact of driving temperature is for the predicted Nusselt num-
bers. For example, for a type A profile at 24% there was relatively
minimal secondary flow so the inlet profile at 24% would continue
through the vane uninterrupted. The single point values indicate
that a span range to average over was unnecessary, and the inlet
total temperature at that same span location may be used as a good
indicator of the true driving temperature. However at the 90%
span Fig. 1 indicates a vortex with size in the 85–100% span
moving fluid down the SS and up the PS of the airfoil.

For nonuniform vane inlet temperature profiles, a relatively
warmer or cooler flow circulated from one span location to an-
other span location changes the value of the driving temperature
that should be used to determine the local values of h and Nu. The
method of determining this driving temperature discussed in
Povey et al. �5� could not be used in the current study since the
technique assumed that the convection heat transfer coefficient
was unchanged with and without vane inlet temperature distor-
tion. In the current study, the inlet total pressure profiles vary
significantly from one test to the next. This variation affects the
secondary flow patterns within the vane passage and therefore
also changes the local convection heat transfer coefficient from
test to test.

To illustrate the effect of the secondary flow circulation patterns
on the driving temperature, the Nusselt number distributions at

Table 1 Range of span locations that influence the driving
temperature at Z /Sp=0.24 and Z /Sp=90

Side of vane

Range of span locations �%�

Suction side Pressure side

Profile type A B A B
24% Span 24 24–35 24 10–24
90% Span 90–100 85–90 85–90 90–95
both span locations are plotted in Fig. 11 for a test with a type A
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nlet pressure profile �Test 126� and a type B inlet pressure profile
test 135�. The Nusselt number distribution is plotted for two dif-
erent driving temperatures. The first driving temperature, desig-
ated as “Drive Temp 1,” is the original driving temperature de-
ned in the nomenclature and used in Fig. 9. The second driving

emperature, designated as “Drive Temp 2,” is also the original
riving temperature definition but utilizes Taw based on the mean
ow temperature within the vane span range described in Table 1.
Figure 11 shows this comparison for the baseline test 126,

hich had nearly uniform inlet profiles of both pressure and tem-
erature. As expected for a case where the vane inlet flow tem-
erature does not vary significantly in the span direction, the
hange in driving temperature was small and the impact on the
redicted Nusselt number was also small at both span locations.
owever, the combination of a significant pressure profile causing
ore secondary flow circulation coupled with a significant ther-
al gradient in the temperature profile will affect the true driving

emperature. Figure 11 also shows this comparison for test 135,
hich exhibited these types of profiles. The effect of the two
ifferent driving temperatures on Nu for test 135 was noticeable
ver the majority of the vane surface at both span locations. At
/Sp=0.90 these changes were on average near −4% on the SS
nd +4% on the PS. At Z /Sp=0.24 the changes in Nu were on
verage near −2% on the SS and +12% on the PS. This indicates
hat the SS Nusselt number would have been overpredicted by
pproximately 3% had the more correct driving temperature not
een taken into account, and the PS Nu was substantially under-
redicted without accounting for the secondary flow effects.

onclusions
Several different temperature and pressure radial profiles repre-

entative of those exiting aeroengine combustors were investi-
ated to determine their effects on high pressure turbine vane heat
ransfer and aerodynamic loading. The profiles were generated
sing a turbine inlet profile generator located in the TRF at the
FRL. Surface pressure measurements were analyzed at two span

ocations including midspan at Z /Sp=0.50 and near the OD at
/Sp=0.90. Heat flux measurements were analyzed near the ID
nd OD endwalls at Z /Sp=0.24 and 0.90.

The surface pressure measurements showed that increasing the
p at the inlet to 4.5 increased the baseline aerodynamic loading
s much as 9% near the OD endwall. This percentage was defined
s the local deviation of the quantity PS / PT from the baseline test,

Fig. 11 Plot showing the effect of d
at the Z /Sp=0.24 and Z /Sp=0.90 m
pressure profile corresponding to ty
hich was characterized by a nearly uniform inlet pressure. These
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same profiles had far less effect at midspan, only resulting in
increases of 3%. The different inlet temperature and pressure pro-
files altered the vane surface heat transfer significantly along both
the PS and SS of the vanes. Near the ID endwall at Z /Sp=0.24,
increasing the Cp of the inlet profile reduced the baseline heat
transfer up to 30–40% over the majority of the vane surface. Near
the OD endwall, at Z /Sp=0.90, it was found that negative Cp
inlet profiles could increase the baseline heat transfer by 10–20%
over the majority of the vane surface, while profiles with moder-
ate Cp values of around 1.0 resulted in a decrease in the baseline
heat transfer by 25–35%. The isolated effect of the inlet pressure
profile on vane heat transfer showed that the pressure profile plays
an important role in the vane heat transfer. In general, an increase
in the pressure profile Cp peak value for similar inlet temperature
profiles leads to a reduction in the Nusselt number distribution
over large portions of the pressure and suction surfaces of the
vanes up to some optimum value. It is suggested that there is an
ideal pressure profile somewhere around a Cp of 1.0 for reducing
the secondary flows and thus the heat load to the turbine. It is also
suggested that the temperature profile with the largest radial gra-
dients provides the greatest heat transfer benefit.

The authors recommend that traditional models of passage vor-
tex evolution developed for typical boundary layer profiles �type
A� should not be applied for turbine vane inlet flows that contain
forward facing pressure regions with inflection points near the
endwalls �type B profiles�. The heat transfer within the vane pas-
sage will be significantly different between type A and B inlet
profiles due to the different secondary flow development, vortex
strength, and vortex size within the passage.

The vane inlet pressure profile near the endwalls will directly
influence the secondary flow circulation patterns that exist within
the vane passage. The size and strength of the vortices within the
passage will dictate the thermal migration in the spanwise direc-
tion, which will in turn affect the heat transfer driving temperature
at the surface of the vanes and endwalls. This paper provided a
description of this thermal migration process for different inlet
pressure profile types and showed that very close attention must
be paid to the driving temperature being used when predicting the
Nusselt number distribution along the vane surface and endwalls.
Otherwise, turbines operating with inlet profiles similar to those
considered in this study could be exposed to local heat transfer

ing temperature on Nusselt number
urement locations for a vane inlet

A „test 126… and type B „test 135…
riv
eas
significantly different from that intended or expected.
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omenclature
C � vane axial chord length

Cp � pressure coefficient, Cp= �Pt− Ptms
� /1 /2�avUav

2

d � hole diameter
h � convection heat transfer coefficient, h=q� / �Taw

−Tw�
Nu � Nusselt Number, Nu=hlocalC /kf

P � pressure or vane pitch
PS � pressure side
q� � heat flux
Re � Reynolds number, Re=UavC /vav

S � total vane surface length
Sp � vane span
SS � suction side
St � Stanton number, St=hlocal / �� fCpUlocal�
T � temperature
U � velocity
X � axial direction or surface distance
Y � pitch direction
Z � span direction

reek
� � kinematic viscosity
� � density
� � nondimensional temperature, �= �T−Tav� /Tav

ubscripts
av � mean or average conditions
aw � adiabatic wall

f � film conditions
FC � film cooling
21008-10 / Vol. 131, APRIL 2009
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MS � midspan
S � flow static conditions
T � flow total conditions
w � vane wall surface
x � surface distance along vane
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