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Profiles Through High Pressure
Turbine Vanes
The high pressure turbine stage within gas turbine engines is exposed to combustor exit
flows that are nonuniform in both stagnation pressure and temperature. These highly
turbulent flows typically enter the first stage vanes with significant spatial gradients near
the inner and outer diameter endwalls. These gradients can result in secondary flow
development within the vane passage that is different than what classical secondary flow
models predict. The heat transfer between the working fluid and the turbine vane surface
and endwalls is directly related to the secondary flows. The goal of the current study was
to examine the migration of different inlet radial temperature and pressure profiles
through the high turbine vane of a modern turbine engine. The tests were performed
using an inlet profile generator located in the Turbine Research Facility at the Air Force
Research Laboratory. Comparisons of area-averaged radial exit profiles are reported as
well as profiles at three vane pitch locations to document the circumferential variation in
the profiles. The results show that the shape of the total pressure profile near the endwalls
at the inlet of the vane can alter the redistribution of stagnation enthalpy through the
airfoil passage significantly. Total pressure loss and exit flow angle variations are also
examined for the different inlet profiles. �DOI: 10.1115/1.2950076�
ntroduction
The performance of gas turbine engines is highly dependent on

he operation and durability of the hot section, which includes the
ombustor and high pressure turbine. The vanes and blades of the
igh pressure turbine must operate in a very harsh flow environ-
ent that includes elevated turbulence and significant spatial gra-

ients of pressure and temperature. The flow and thermal field
radients are most prevalent at the turbine inlet along the inner
iameter �ID� and outer diameter �OD� endwalls. Their shape and
omplexity originate from intense flow interactions that take place
ithin the upstream combustor section. The spatial variations in
ressure and temperature at the turbine inlet result in nonuniform
eat transfer to the vanes and blades that can damage the compo-
ents. The high turbulence typically found at the exit of an
eroengine combustor acts to intensify this heat transfer by in-
reasing local convection heat transfer coefficients.

The mean radial flow and thermal profiles that enter the high
ressure turbine can have gradients near the ID and OD endwalls
hat are either positive or negative. This means that the local total
ressure or total temperature near the endwalls can be larger or
maller than that near midspan. Typically, turbine durability engi-
eers prepare for the worst case when designing the high pressure
anes and blades without knowing specifically how the combustor
xit profiles are redistributed from vane inlet to blade inlet. For
xample, designers often use a radial pressure profile consistent
ith a flat plate turbulent boundary layer as the inlet condition to

he turbine and assume a temperature drop across the vane due to
ooling for a given combustor exit temperature variation. A tur-
ulent boundary layer is characterized by decreasing total pressure
ith increasing proximity to the endwall. However, more realistic

ombustor exit flows can result in turbine inlet profiles that are
ignificantly different than that. For example, some turbines expe-
ience inlet conditions where there is an increase in total pressure
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near the endwall that is caused by a combination of combustor
liner film cooling and a contraction at the combustion chamber
exit. Additionally, the one dimensional analyses often used to
assess temperature redistribution are known to be lacking. So,
what is needed are accurate experimental studies with realistic
vane inlet profiles and modern turbine geometries coupled with
Reynolds-averaged Navier–Stokes �RANS�-based numerical
analyses.

Relevant Past Studies
Computational and experimental studies have been performed

that have investigated certain effects of turbine inlet profiles. One
of the earliest studies was performed by Munk and Prim �1� in
1947 who showed mathematically that streamline patterns would
remain unchanged in a vane passage with respect to variations in
inlet total enthalpy provided the inlet total pressure field was con-
stant. This finding is applicable to a hot streak propagating
through a vane passage. The presence of the hot streak does not
affect the pressure field in the vane passage provided the inlet total
pressure field remains unchanged. Langston �2� showed in 1980
that a flat plate turbulent boundary layer at the inlet of a turbine
vane separates near the endwall and forms a horseshoe vortex.
The part of the vortex proceeding to the pressure side of the vane
develops into a passage vortex, and the portion that proceeds to
the suction side of the vane develops into a relatively smaller and
weaker counter-rotating vortex. This counter-rotating vortex is
sometimes referred to as a corner vortex since it is restricted to the
endwall junction region along the vane suction side. These sec-
ondary flow vortices have a direct impact on the migration of the
primary flow by circulating it toward or away from the endwalls
and vane surfaces.

Studies by Hermanson and Thole �3� have shown that the total
pressure field is the driving force in the development of secondary
flows and heat transfer present in turbine vane passages. Colban et
al. �4� studied the effects of varying film cooling flow through the
liner and exit junction slot of a large-scale, low speed combustor
simulator on the adiabatic effectiveness and secondary flow devel-
opment within a downstream turbine cascade. Their study docu-

mented the vane passage secondary flow vectors for different vane
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nlet total pressure profiles and reported a counter-rotating vortex
ocated above the passage vortex for a vane inlet pressure profile
ontaining an inflection point near the endwall.

Computational studies performed by Boyle and Giel �5� and
orney and Schwab �6� as well as experimental studies performed
y Cattafesta �7�, Shang et al. �8�, Chana et al. �9�, and Povey et
l. �10� have all showed that heat transfer to turbine vanes and
lades is affected by the presence of a nonuniform inlet tempera-
ure profile. The heat load to the vane and endwall regions is
ypically reduced when a nonuniform temperature profile consis-
ent with a combustor exit is present at the inlet of the turbine
tage, relative to a uniform turbine inlet temperature profile. The
eat load to the rotor blades, however, typically increases espe-
ially along the pressure side. This result was first determined
rom studies performed by Butler et al. �11� and later verified by
axer and Giles �12�.
The current literature to date suggests that certain heat transfer

rends within the turbine section are due to nonuniform inlet tem-
erature and pressure conditions. Studies including Barringer et
l. �13�, Shang et al. �8�, Chana et al. �9�, Butler et al. �11�, and
axer and Giles �12� have reported significant augmentation of
eat transfer along the suction side of the vanes and the pressure
ide of the blades in both the hub and tip regions using nonuni-
orm inlet temperature profiles. The literature, however, contains
ittle experimental data that documents the effects of realistic total
ressure profiles at the turbine inlet.

An improved understanding of how these realistic turbine inlet
rofiles affect the flow development and heat transfer within the
urbine is needed. This can, in part, be accomplished by studying
ow different radial profiles of total pressure and temperature are
edistributed as the flow passes through the high pressure vane
assages. The goal of the current study is to examine the migra-
ion of different turbine inlet profiles by analyzing both the vane
nlet and corresponding exit profile shapes. The results from this
tudy will aid turbine designers by providing them with an im-
roved picture of what blade inlet profiles they should anticipate
or certain combustor exit profile shapes.

xperimental Facility
The experimental facility used in this study is the Turbine Re-

earch Facility �TRF� located within the Air Force Research Labo-
atory �AFRL� at Wright Patterson Air Force Base. This facility
perates in a short duration blowdown manner in which several
erothermal engine parameters are matched. These nondimen-
ional parameters include Reynolds number, Mach number, pres-
ure ratio, gas to metal temperature ratio, and corrected mass flow.
he facility consists primarily of a large supply tank, a turbine test
ection, and two large vacuum tanks. The facility is described in
ore details in Haldeman et al. �14�; however, a brief summary of

ts operation is provided here.
The working fluid �nitrogen gas� is pressurized and heated

ithin the supply tank prior to testing while at the same time the
urbine section and vacuum tanks are evacuated. Testing then be-
ins by activating the supply tank main valve, at which time the
as flows through the turbine test section and into the vacuum
anks. The mass flow rate of the working fluid is set by a variable
rea isolation valve located downstream of the main test section,
hich controls the turbine pressure ratio. The duration of the tests

n the current study was approximately 5 s, which was dependent
n the size of the turbine being tested. Due to the short test dura-
ion, all measurements were recorded simultaneously in real time.
he data were simultaneously acquired across multiple 12 bit
hannels having a maximum frequency response of 100 kHz and
ultiple 16 bit channels having a maximum frequency response

f 200 kHz. Signal conditioning on each channel was performed
sing low pass filters and built-in amplifiers. All data processing
as performed at a later time.
The turbine test section is a true scale, fully annular, single
urbine stage consisting of vanes and blades. The tests in the cur-
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rent study were performed using a vane only configuration, as
shown in the facility drawing in Fig. 1. The turbine inlet profile
generator, documented in Barringer et al. �15�, was used in the
current study to allow turbine testing with inlet profiles of pres-
sure and temperature representative of those exiting engine com-
bustors as well as realistic turbulence intensities and length scales.
The inlet profile generator can also be seen in Fig. 1 upstream of
the test vane ring. The generator operates by mimicking an
aeroengine combustor in which it injects several different flow
streams at different temperatures into a central chamber via dilu-
tion holes and film cooling holes. The injection flow rates, mo-
mentum 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 are measured using multiple
instrumentation rakes located on traverse rings upstream and
downstream of the turbine section. The rakes, shown in Fig. 2,
contain multiple thermocouples or pressure transducers that are
spaced to obtain measurements over equal annular flow areas. The
tests discussed in this study involved traversing these rakes by
approximately 90 deg during the blowdown to obtain both radial
and circumferential data. For the turbine inlet profiles being ana-
lyzed in the current study, a temperature rake was used containing
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 pressure transducers were calibrated in situ prior to each
test using a Ruska standard. A typical calibration uncertainty for

Fig. 1 Drawing of the TRF test rig in a vane-only configuration
with the inlet profile generator

Fig. 2 Instrumentation rakes mounted in the upstream „left…

and downstream „right… traverses

Transactions of the ASME
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he transducers was less than 0.05% of full scale. The overall
ncertainty for these transducers was raised 0.40% due to the
hort term drift known to exist between time of calibration and
ime of the run. The thermocouple wire used to manufacture the
eads was calibrated in a Kaye temperature bath against a plati-
um RTD standard accurate to 0.01 K. The 0.0254 mm beads in
he rakes were calibrated to an accuracy of 1.5 K.

est Conditions and Measurements
The pressure and temperature profiles that are analyzed in this

tudy were generated during a series of tests whose flow condi-
ions are reported in more details in Barringer et al. �15�. To
ummarize, the mean flow conditions at the turbine inlet for all of
he profiles presented in this study correspond to a mean Reynolds
umber of Re=2.1�105 and a mean axial Mach number of M
0.1. The turbulence intensity associated with these turbine inlet
rofiles was also documented during testing and was found to be
n an elevated range between Tu=20–30%. For a baseline test
ase with nearly uniform inlet pressure and temperature, the tur-
ulence intensity was determined to be approximately 21% and
he longitudinal integral length scale was approximately 30% of
he vane pitch or 2.3 times the vane leading edge diameter.

To study the migration of the flow in both the radial and cir-
umferential directions as it passes through the vane passage,
hree pitch regions are considered. The schematic shown in Fig. 3
ighlights the locations of the three different flow pitch regions.
he uppermost streamline is centered at Y / P=0.05 and is indica-

ive of the flow conditions present near the suction side of the
ane between 0.00�Y / P�0.10. The flow path region in the
iddle is centered at Y / P=0.50 and is representative of the flow

onditions that are present near the midpassage between 0.45
Y / P�0.55. The lowermost streatmline is centered at Y / P

0.95 and is indicative of the flow conditions that are present near
he pressure side of the vane between 0.90�Y / P�1.00.

The vanes have a nominal exit flow angle of �=72 deg and the
ownstream traverse rakes are aligned according to this same

ig. 3 Schematic showing the three different flow path re-
ions and measurement locations
ngle. The axial distances from the trailing edge of the vanes to
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the downstream rake measurement location and from the leading
edge to the upstream rake measurement location are both approxi-
mately equal to one vane axial chord length. During rotation, the
traverses move from the suction side of the vane toward the pres-
sure side.

Computational Techniques
In an effort to supplement the experimental data obtained in this

study, the flow through the turbine vane was analyzed via the 3D
time-accurate RANS solver of Dorney and Davis �16�. The flow
solver is itself a further development of the Rai code �17,18�. The
solver is second order accurate in time and third order accurate in
space, and numerical closure is obtained via a modified version of
the Baldwin–Lomax algebraic turbulence model �16�.

In a previous study, Praisner et al. �19� demonstrated the grid
counts as well as the viscous and cooling model details necessary
to predict the redistribution of stagnation quantities in turning
ducts as well as modern high pressure turbine stages. The results
of that previous study were used as a guide for the simulations
performed here both in terms of grid-count and turbulence-model
selection. Accordingly, an O–H grid was employed with counts
for the O-grid of 161�40�49 in the axial, circumferential, and
radial directions, respectively. For the H-grid, the grid counts were
100�41�49. The near-wall grid spacing was set at 0.25 �m to
minimize the local grid Reynolds number based on wall units,
which was everywhere less than unity. As regards to the viscous
model employed here, Praisner et al. �19� noted that the redistri-
bution of 1D profiles was as adequately captured with an algebraic
turbulence model as it was with more computationally expensive
two equation turbulence models. So, the use of the Baldwin–
Lomax turbulence model �16� is justified given the goals of the
current study.

A pair of simulations was performed, and experimentally deter-
mined boundary conditions consistent with Profiles B and D �to be
discussed in the next section� were used to obtain flow solutions.
These profiles were selected for code validation because they rep-
resented the extreme variation of the profiles tested in the experi-
ment. The experimental data used for boundary conditions in-
cluded the inlet total pressure and temperature, the inlet flow
angle, and the vane exit static pressure. Additionally, an isother-
mal wall thermal boundary condition was employed, and the wall
temperature was set at a level consistent with time-averaged mea-
surements made with thin-film heat flux gauges on the vane and
endwall surfaces. Results of the simulations were postprocessed in
a manner consistent with the experimental measurements via tools
available in the AFRL Turbine Design and Analysis System,
which has been previously described �20,21�.

Turbine Vane Inlet Flow
Four radial profiles of total pressure measured at the turbine

vane inlet are shown in Fig. 4. Each profile that is shown repre-
sents the mean conditions across three vane pitches. The pitchwise
uniformity of the four inlet total pressure profiles in the circum-
ferential direction was found to be excellent from vane to vane.
This uniformity revealed that the radial profiles measured up-
stream of the vane were nearly the same for each of the three pitch
regions. This is important in making comparisons of the exit pro-
files because it ensures that the same inlet conditions are present
for each pitch. The total pressure has been normalized by use of
the total pressure coefficient Cp, which references the local total
pressure to the midspan total pressure and divides the result by the
mean dynamic pressure of the flow entering the vane passage. A
positive value of Cp indicates that the local total pressure is larger
than that measured at the midspan, and a negative value of Cp
indicates that the local total pressure is smaller than that measured
at the midspan. This pressure normalization is helpful in illustrat-
ing the important gradients that are typically found in turbine inlet

pressure profiles near the endwalls.

APRIL 2009, Vol. 131 / 021010-3
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The first total pressure profile in Fig. 4 to be considered is Inlet
rofile A, which is characterized by a parabolic shape with a
aximum total pressure at Z /S=0.43 near midspan and lower

otal pressures near both the ID and OD endwalls. Inlet Profile A
s characteristic of flow having a turbulent boundary layer profile
n both the ID and OD endwalls. Inlet Profile B is characterized
y near uniform total pressure over the majority of the vane span
ith slightly lower total pressure near the OD endwall. Inlet Pro-
le C possesses near uniform total pressure over the majority of

he vane span but has higher total pressure near both the ID and
D endwalls. Inlet Profile D is also characterized by near uniform

otal pressure over the majority of the vane span but has much
igher total pressure near the ID and OD endwalls.

This set of four inlet pressure profiles was considered important
or the current investigation, since it included both lower and
igher total pressure scenarios near both endwalls relative to mid-
pan. The difference in total pressure near the endwalls was the
esult of varying amounts of film cooling that entered the turbine
long the endwalls. The near uniform pressure that is present near
he midspan region is the result of intense dilution mixing that is
resent upstream and typically found in combustor exit flows.

The corresponding total temperature profiles measured up-
tream of the vanes are shown in Fig. 5. These radial profiles are
lso spatial averages of the temperature conditions in the circum-
erential direction across the inlet of three vane pitches. The total

Fig. 4 Radial profiles of total pressure at the vane inlet

ig. 5 Radial inlet profiles of total temperature corresponding

o the pressure profiles in Fig. 4

21010-4 / Vol. 131, APRIL 2009
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temperature has been normalized by the use of a temperature co-
efficient �, which references the local total temperature to the
average temperature measured upstream of the vanes. These span-
wise thermal profiles were also found to be near uniform in the
pitch direction. The thermal Inlet Profiles A and C are almost
identical with warmer fluid near midspan and cooler fluid near the
endwalls. The thermal Inlet Profile B is more uniform across the
span, and the thermal Inlet Profile D is a near symmetric profile
about midspan with warmer fluid near midspan and cooler fluid
near the endwalls.

Turbine Vane Exit Flow
The relative position of the upstream and downstream traverse

rakes with respect to the vanes was verified by comparing their
rotational timing to the wake profiles measured downstream of the
vanes. Figure 6 shows an example of a wake profile measured
downstream of multiple vanes for Inlet Profile B �near uniform
inlet conditions� at a span location of Z /S=0.19. The total pres-
sure loss, defined in the Nomenclature, is plotted versus traverse
rotation angle for several vane pitches.

A low value of loss ��� implies that the total pressure measured
downstream of the vane is nearly the same as the total pressure
measured upstream at the vane inlet. A low value of loss, there-
fore, takes place near midpitch �Y / P=0.50� in which the flow
experiences a little pressure drop as it passes through the vane
passage. A higher loss corresponds to a lower total pressure rela-
tive to that measured upstream of the vane at the same pitch
location. Higher values of loss exist in pitch regions in the vicinity
of the vane airfoil trailing edge, for example, near the vane suc-
tion side �Y / P=0.05� or near the vane pressure side �Y / P
=0.95�. The three flow path pitch regions are also indicated near
the top of Fig. 6 for one of the vane passages to illustrate how the
vane wake profile shape corresponds to each region. The total
pressure loss across the vanes at this span location �Z /S=0.19�
was found to be within 0���3% with a mean value of �̄
=1.25%.

The total pressure loss across the vanes was also investigated
for Inlet Profile B as a function of vane span location for multiple
vane pitches, as shown in Fig. 7. Figure 7�a� indicates that the
wake profile shape is more evident near the ID compared to the
midspan region and near the OD. This result was also found for

Fig. 6 Total pressure loss across the vanes at Z /S=0.19 for
Inlet Profile B
each of the four inlet pressure profiles studied. This is explained
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y the fact that the vane exit velocities near the ID are higher than
t the midspan and OD. These higher exit velocities were verified
y both measurements of the vane exit static pressure and the
esults of RANS simulations. The higher exit velocities near the
D are a consequence of radial equilibrium considerations at the
xit. Therefore, the wake profile should be more noticeable near
he ID.

It can also be seen in Fig. 7�a� that the wake profile at Z /S
0.06 is nearly 180 deg out of phase with the wakes near mid-

pan. This phase shift can be verified by examining the alignment
f the wake peaks and valleys at 6% span versus 19% span. It was
etermined that this phase shift in wake profile was due to a
hange in the vane exit flow angle � of approximately ��
5.0 deg between midspan and the ID endwall. The solid line in
ig. 7�a� is an estimate of the radial profile shape of the exit flow
ngle from the ID endwall to the OD endwall.

Figure 7�b� is a comparison of the total pressure loss across the
ame vane ring when testing with uniform inlet conditions but
ith low freestream turbulence near 1%. This low freestream tur-
ulence data was taken during a study by Urbassik et al. �22�, and
hen it is compared to the data in Fig. 7�a� from the current study,

t can be seen that the high freestream turbulence is resulting in
ess total pressure being recovered downstream of the vanes. This
s evident by first examining the region of the data traces near �
0% at each span location. For the low freestream turbulence
ase, the data traces exhibit zero loss over a larger range of cir-
umferential traverse rotation than the high freestream turbulence
ase. Second, integrating the total pressure loss over both the vane

�

ig. 7 Total pressure loss �„%… across the vane for Inlet Pro-
le B with high freestream turbulence 21% „a… and low

reestream turbulence 1% „b…, shown for three vane pitches
itch and radius yields an overall mean loss of �=1.20% for the

ournal of Turbomachinery
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high turbulence case �Inlet Profile B� and �� =0.81% for the low
turbulence case. The higher turbulence is resulting in the exit flow
loss profiles being more mixed out. In addition, when comparing
Fig. 7�a� to Fig. 7�b�, it can be seen that the rms of the loss traces
is much less for the lower turbulence case. This is consistent with
the lower level of random unsteadiness expected in the low tur-
bulence case.

All of these results are consistent with the findings by Ames et
al. �23� who reported that high freestream turbulence acted to
enhance the mixing downstream of a turbine vane as well as
broaden the wakes and increase the losses. They also reported that
as the flow developed from 1

4 to 1
2 axial chord downstream of the

vane, the wakes spread and decreased in amplitude and that this
spreading was more pronounced at a high freestream turbulence
condition ��15% � relative to a low freestream turbulence condi-
tion ��1% �.

It is also evident from Fig. 7�a� that the total pressure loss in the
vicinity of the OD endwall at 95% span is much higher than the
loss measured at all other span locations. Note the scale used at
this span location �Z /S=0.95� is 0���10% loss, while the scale
used at all other span locations was 0���5% loss. This differ-
ence in plot was included to fully display the larger loss measured
at Z /S=0.95 while also ensuring that the wakes at the other span
locations were identifiable. It was determined that the large pres-
sure loss near the OD corresponded to the same span region in
which a sharp change in the vane exit flow angle was predicted.
Since the loss profiles are mixed out circumferentially from mid-
span to the OD, the shift in exit flow angle is not clearly evident
from the wake profiles in Fig. 7�a�. However, a prediction of the
exit flow angle as a function of span location for Inlet Profile B is
presented in Fig. 8. The prediction of the overall shift in exit flow
angle between 0.06�Z /S�0.54 for Inlet Profile B is approxi-
mately ��=5 deg, which compares well with the data in Fig.
7�a�. In the span region 0.50�Z /S�0.85, � is predicted to be
uniform near �=74 deg, which is also consistent with the data. At
span locations above Z /S�0.85, a large positive gradient is
present, which is believed to correspond to the large pressure loss
measured near the OD.

A comparison is also made in Fig. 8 between the exit flow
angles for Inlet Profiles B and D, which have very different pres-
sure profile shapes. Inlet Profile B has near uniform total pressure
across the span and Inlet Profile D has uniform total pressure near
midspan but has much higher total pressure near both the ID and
OD endwalls. Figure 8 shows that the exit flow angle experienced
for Inlet Profile D near the ID endwall is several degrees lower

Fig. 8 CFD prediction of the exit flow angle as a function of
vane span
than that corresponding to Inlet Profile B. This reduction in exit

APRIL 2009, Vol. 131 / 021010-5
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ow angle is physically explained in the schematic shown in Fig.
. As the total pressure is increased at the vane passage inlet near
he ID endwall, the momentum of the fluid entering the passage
lso increases. At these higher inlet pressures, the momentum of
he fluid becomes large enough to overcome the cross passage
ressure gradient from pressure side to suction side. This results in
he flow not following the curvature of the suction side of the vane
ear the passage exit as closely as it would at lower inlet pressures
lower inlet momentum�, thus reducing the exit flow angle. In
ddition, the relatively high pressure region near the passage exit
long the pressure side increases as the passage inlet total pressure
ncreases. This forces the flow leaving the passage along the vane
ressure side to turn more in the axial direction into the relatively
ower pressure region along the suction side.

Near the OD within the span region 0.85�Z /S�0.95, both
nlet profiles are predicted to have large positive gradients in the
xit flow angle. This implies that the large total pressure loss
xperienced near the OD at the vane exit is not associated with the
ane inlet flow conditions. The loss is more likely due to the vane
nd endwall geometry in this span region producing strong sec-
ndary flows. In general, this high pressure turbine vane results in
n exit flow angle that increases with increasing span location due
o the vane metal angle slightly increasing from hub to tip. The
mportant result is that the different inlet pressure profiles result in
ifferent exit flow angle profiles by altering the fluids inlet
omentum.
The average total pressure loss across the vanes at each mea-

ured span location is plotted in Fig. 9 for each inlet pressure
rofile. It can be seen that the loss is higher near the endwalls
ompared to midspan for each inlet profile. This is a result of the
ow near the endwalls interacting with three wall surfaces �vane
ressure side, vane suction side, and endwall� as compared to the
idspan flow that interacts with only two wall surfaces �vane

ressure side and vane suction side�. The endwall acts to reduce
he fluid momentum by increasing its aerodynamic drag. The pres-
nce of secondary flow vortices near the endwall and vane hub
nd tip surfaces also contributes to the higher loss experienced
ear the platforms.

The mean loss measured near the OD endwall at Z /S=0.95 is
onsiderably higher than that measured near the ID endwall at
/S=0.06 for each inlet profile. However, the simulation results,
lso shown in Fig. 9, for Inlet Profile B shows that the mean loss
lso becomes large at span locations close to the ID endwall. The

ig. 9 Average total pressure loss as a function of span loca-
ion for the different inlet profiles
greement between the simulation and the data for Inlet Profile B
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in Fig. 9 is relatively good, and it is believed that the measured
data would also show an increase in near wall mean loss if data
were taken at spans between 0�Z /S�0.06.

The inlet profile shape does not significantly affect the mean
loss values near the ID endwall at Z /S=0.06 but does affect the
mean loss values near the OD endwall at Z /S=0.95. Table 1
shows that the mean loss measured near the OD endwall at Z /S
=0.95 scales well with the value of the total pressure coefficient
Cp measured at the vane inlet at the same span location. An in-
crease in the inlet Cp coefficient value leads to an increase in the
mean total pressure loss. It is believed that the loss at Z /S=0.95 is
minimized when the inlet total pressure Cp=0. It is also believed
that a similar relationship exists near the ID endwall below the
span location Z /S=0.06, where it is believed that the effect be-
tween different inlet profiles becomes more pronounced.

Pressure Profile Migration
The redistribution of total pressure for Inlet Profile A as the

flow passes through the vanes is shown in Fig. 10�a�. The pressure
profile measured downstream near midpitch has a similar shape to
that of the inlet profile from 0.06�Z /S�0.75; however, it pos-
sesses a large total pressure loss near the OD endwall. The two
pressure profiles measured downstream near the suction and pres-
sure sides of the vane are very similar in shape to one another and
each have similar large total pressure losses near the OD endwall
as does the midpitch profile. This implies that the flow is nearly
uniform in the circumferential direction as it exits the vane near
the OD but at a lower total pressure compared to the upstream
OD. This pitchwise uniformity is consistent with the relatively
weak wake formation shown near the OD in Fig. 7�a�.

A similar negative total pressure gradient very close to the ID
endwall within the span region 0.0�Z /S�0.06 was observed in
the results of the simulations �Fig. 9�. The pitchwise uniformity
near the OD was not found between 0.0�Z /S�0.55. In this span
region, rather, the midpitch exit profile shows relatively high pres-
sure compared to the two exit profiles near the vane surfaces. This
behavior is consistent with the stronger wake formation present
near the ID in Fig. 7�a� and the gradual decrease in wake strength
that is present with increasing span location.

The subsequent effect of changing the radial shape of Inlet
Profile A by increasing the total pressure near both the ID and OD
endwalls and how this influences the shape of the downstream
pressure profiles are shown in Figs. 10�a�–10�d�. As the upstream
total pressure is increased along the endwalls, there is a general
shift to the right toward increasing total pressure values for each
of the downstream exit profiles. In addition, the three downstream
profiles tend to become more uniform in the pitch direction over
the majority of the vane span. For example, this is evident in the
reduction of the wake strength near the ID at Z /S=0.20 when
comparing the results for Inlet Profile A to the results for Inlet
Profile D. It is clear from Fig. 10 that obtaining a relatively uni-
form exit pressure profile for this vane as an inlet condition to the
downstream blade may not be possible, at least not without a very
large total pressure near the endwalls at the combustor exit and
vane inlet. This large total pressure at the inlet would be needed to
overcome the large pressure loss experienced near the endwalls as

Table 1 Average total pressure loss near the OD as a function
of the inlet total pressure coefficient

Inlet profile Cp �̄ �%�

A −0.72 4.05
B −0.51 3.90
C 0.64 4.35
D 3.61 5.77
the flow passes through the vane passage.
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Another important finding was that Inlet Profiles C and D,
hich possess high total pressure near the endwalls at the inlet,

esult in fluid near the endwall migrating toward midspan, which
s at a relatively lower total pressure. This migration is evident in
omparing the exit profile Cp values and shapes in the span region
.06�Z /S�0.30 as well as near Z /S=0.75 between Inlet Profiles
, B, C, and D. In the case of Inlet Profile D, this is resulting in

otal pressures at Z /S=0.75 that are actually slightly higher for the
xit profiles than for the vane inlet profile. Near the ID within the
pan region 0.0�Z /S�0.30, in going from Inlet Profile A to Inlet
rofile D, the total pressure gradients of the exit profiles have
eversed direction from a decreasing Cp trend to an increasing Cp
rend. In general, over the majority of the vane span, the pressure
rofiles at the vane exit within the pitch regions 0.0�Y / P�0.1
nd 0.9�Y / P�1.0 are similar for each of the inlet pressure pro-
les, except near the OD. In the OD endwall region, the secondary
ow losses are stronger along the vane pressure surface for Inlet
rofiles A, B, and C. Figure 10�d� indicates that when the inlet

otal pressure near the OD endwall is very large, these secondary
ow losses are similar along both vane surfaces �both pitch re-
ions close to the vane surfaces�.

The strength and size of these secondary flows near the end-
alls are dependent on the inlet pressure profile shape near the

ndwall as well as the physical shape of the endwall and vane.
ince the measurements were made one axial chord downstream
f the vane passage exit, then the data are representative of vortex
ehavior �shape and size� near the passage exit. This means the
ortices have already felt the influence of the endwall shapes and
he vane turning, as well as the slight twist in vane metal angle.
he larger the total pressure along the endwall �relative to mid-
pan� at the vane inlet, the stronger these vortices become.

emperature Profile Migration
The thermal migration of the inlet total temperature profiles as

he flow passes through the vanes is now discussed using Fig. 11.
he first temperature profile to be considered is that correspond-

Fig. 10 Radial total pressure profiles measured at the vane
and „d… Inlet Profile D
ng to Inlet Profile A, which is shown in Figure 11�a�. This inlet

ournal of Turbomachinery
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temperature profile has warmer fluid near midspan and cooler
fluid near the endwalls. The three corresponding exit temperature
profiles are nearly identical to one another across most of the
span, which implies that almost uniform thermal conditions exist
in the circumferential direction at the vane exit. It is believed that
this pitchwise uniformity is the result of the elevated freestream
turbulence and secondary flow mixing that occurs within the pas-
sage, which was also evident in the pressure and wake profiles
discussed earlier. The similarity between the three exit profiles is
an observation that is also present for Inlet Profiles B, C, and D
shown in Fig. 11�b�–11�d� In addition, it is evident from Figs.
11�a�–11�d� that the mean flow temperature, Tave, upstream at the
vane inlet is larger than the mean flow temperature downstream at
the vane exit. The difference between the two average flow tem-
peratures is a measure of the total heat that is lost from the flow
into the vane and endwall metal surfaces.

The three exit temperature profiles resulting from inlet Profile C
are very similar to each other, and they are also similar to the exit
temperature profile shapes for inlet Profile A. This is a result of
Inlet Profiles A and C having similar temperature and pressure
profile shapes over most of the vane span. The only noteworthy
difference for Inlet Profile C takes place near the OD endwall
where the reduction in flow temperature across the vane is larger
for Inlet Profile C than for Inlet Profile A. This difference is at-
tributed to Inlet Profile C having a positive Cp value of approxi-
mately Cp=1.0 near the OD endwall, as compared to Cp=−1.0 for
Inlet Profile A. The positive Cp value means that the turbine inlet
pressure profile near the OD contains a forward facing pressure
profile inflection point near the endwall. This results in a second-
ary flow structure that is different than for a typical turbulent
boundary layer, in that it circulates flow toward both the endwall
and midspan. As the flow passes through the turbine vane, this OD
high pressure region directs colder fluid near the endwall toward
the relatively lower total pressure midspan. This redistribution of
colder fluid significantly reduces the fluid temperature from the
OD endwall and into the midspan region.

it for „a… Inlet profile A, „b… Inlet Profile B, „c… Inlet Profile C,
ex
A small increase in flow temperature is observed from the vane

APRIL 2009, Vol. 131 / 021010-7

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



i
t
u
n
w
t
a
p
i
t
i
l
b
w

n
P
1
o
o
d
fl
T
t
t
c
s
m
T
b
c
p
0
C
d
d

t

0

Downlo
nlet to the vane exit near the ID for each of the inlet profiles, with
he exception of Inlet Profile B. Since Inlet Profile B has near
niform inlet pressure near the ID, the exit temperature profile
ear the ID should be similar to the inlet temperature profile,
hich is also near uniform, and the results in Fig. 11�b� verify that

o be true. This result is consistent with the predictions of Munk
nd Prim �1�. Results of the simulations of the mean temperature
rofile at the vane exit plane for inlet Profiles B and D are also
ncluded in Fig. 11. In the simulation, a small increase in flow
emperature is observed near the ID for inlet Profile B and a larger
ncrease in flow temperature is seen for inlet Profile D. It is be-
ieved that the increase in flow temperature near the ID is caused
y a migration of warmer fluid near midspan toward the ID end-
all via secondary flow circulation within the vane passage.
Secondary flow vectors are plotted in Fig. 12 over contours of

ormalized exit temperature for the flow simulation with inlet
rofiles B and D. The cutting plane was taken at an axial plane at
2% axial chord downstream of the vane trailing edge. The sec-
ndary flow vectors were calculated by subtracting the component
f the local velocity parallel to the midspan, midpassage flow
irection from the local flow vector �24�. Then, these secondary
ow vectors were resolved into components on the cutting plane.
hese figures clearly show the wake regions. Within these wakes,

he secondary flow vectors show a large movement of flow from
he OD to the ID. The color contours indicate that this flow is
arrying cold fluid from the OD wall down toward the ID. As
hown in Figure 12�a�, inlet Profile B results in far less thermal
igration toward the ID than in inlet Profile D �Figure 12�b��.
his is consistent with the exit temperature profiles determined
oth experimentally and computationally. This migration is
aused by secondary flow development as the remnants of the
assage vortices are still readily discernible at span locations of
.1 and 0.9 percent in this wake region, as shown in the figure.
onsequently, it is believed that these passage vortices, which
evelop from the vane leading edge horseshoe vortices, are more
ominant within the passage.

The same increase in fluid temperature from the vane inlet to

Fig. 11 Radial total temperature profiles measured at the va
C, and „d… Inlet Profile D
he vane exit is not seen near the OD endwall, but rather a reduc-
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tion in temperature occurs for all four measured inlet profiles.
Again, this is consistent with secondary flow migration toward the
ID endwall. The differences in the measured exit temperature pro-
files with changing inlet profile are consistent with variations in
the level of migration of OD flow toward the ID. Again, this is
related to differences in the severity of the secondary flows. Since
secondary flows are driven by radial and circumferential gradients
in static pressure within the passage, it is instructive to consider
the change in airfoil loading resulting from one profile versus
another. Figure 13 is a plot of the static pressure on the vane
normalized by the upstream total pressure �P1�. Both the pressure
and suction surfaces are shown for both Inlet Profiles B and D.
Clearly, it can be seen that the loading changes from ID to OD.
This pressure variation has a profound effect on the radial and
circumferential gradients in the velocity vectors within the pas-
sage. Again, this is consistent with the general conclusions of
Munk and Prim �1�. Also note that the difference in static pressure
between inlet Profiles B and D is significantly different near the
OD driving even more flow down the vane span for inlet Profile
D.

Conclusions
Several different radial profiles of pressure and temperature

were analyzed at the inlet and exit of a fully annular high pressure
turbine vane ring. The redistribution of the inlet profiles as the
flow passed through the vane passages was examined and several
important results were found. As the upstream total pressure is
increased along the endwalls, there is an increase in total pressure
loss across the vanes. The downstream pressure profiles taken
within different vane pitch regions also tend to become more uni-
form in the pitch direction over the majority of the vane span. This
result suggests that the secondary flow vortices are becoming
stronger and are affecting a larger span and pitch region within the
vane passage.

A temperature decrease was noticed near the OD and into the
midspan region for each of the inlet profiles studied. As the total

exit for „a… Inlet Profile A, „B… Inlet Profile b, „c… Inlet Profile
ne
pressure near the OD endwall was increased, this temperature
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reduction grew larger. This was caused by relatively cool fluid at
a relatively high total pressure near the OD endwall being circu-
lated toward the warmer and lower pressure midspan region. A
temperature increase was observed near the ID for three of the
four inlet profiles examined in this study. The one case in which
there was no temperature increase was for a uniform inlet pressure
field with uniform inlet temperature, and therefore no change in
temperature was expected. For the other three cases, the increase
in fluid temperature was attributed to the vane passage secondary
flows directing the warmer core flow toward the ID endwall. The
difference between the ID and OD exit temperature profile behav-
ior is believed to be caused by the difference in the vane airfoil
aerodynamic loading near the ID versus the OD. This spanwise
difference in aerodynamic loading resulted in a different vane pas-
sage fluid migration and therefore changed the secondary flow
circulation pattern.

Another important result from this study is that an increase in
the total pressure along the endwalls at the vane inlet results in a
decrease in the vane exit flow angle near the endwalls. This re-
duction in exit flow angle caused the flow to be oriented more in
the axial direction. A relatively large pressure loss and change in
exit flow angle were experienced near the OD for all of the inlet
pressure profiles that were considered. This was attributed to large
secondary flow vortices present within this span region. The exit
flow angle results from this study are important when considering
the design of a film cooling pattern located on the endwall plat-
forms downstream of the vane. The results from this study are
also important for considering the design of the downstream
blade, which is heavily dependent on an accurate accounting of

f nondimensional exit temperature � near the
Fig. 12 Secondary flow vectors over contours o
ig. 13 Static pressure, normalized by P1 of the vane airfoil for
nlet Profiles B and D on the pressure surfaces and suction
thermal conditions entering the airfoil row.
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omenclature
C 	 axial chord length of vane

Cp 	 pressure coefficient,
Cp= �P− PMS1

� / �1 /2�
AVEUAVE
2 �1�

P 	 total pressure, or vane pitch
Re 	 Reynolds number, Re=Uave ·C /�ave

S 	 vane span, or total vane surface length
T 	 total temperature

TDC 	 top dead center of turbine vane ring
Tu 	 turbulence intensity, Tu=Urms /Uave
U 	 velocity

X ,Y ,Z 	 axial, pitch, and span directions

reek
� 	 vane exit flow angle
� 	 circumferential location with respect to TDC
� 	 kinematic viscosity

 	 density
� 	 nondimensional temperature,

�= �T−Tave1
� / �Tave1

�
� 	 percent total pressure loss, �=100·�P1− P2� / P1

�̄, �� 	 mean and overall loss, �̄=��=0
�=P�d�,

�� =�r=ID
r=OD��=0

�=P�d�dr

ubscripts
1 	 upstream of vane
2 	 downstream of vane

ave 	 mean, or average conditions across vane pitch
or span

ms 	 midspan
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