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Combustor Turbine Interface
Studies—Part 1: Endwall
Effectiveness Measurements
Improved durability of gas turbine engines is an objective for both military and comm
cial aeroengines as well as for power generation engines. One region susceptib
degradation in an engine is the junction between the combustor and first vane give
the main gas path temperatures at this location are the highest. The platform at
junction is quite complex in that secondary flow effects, such as the leading edge v
are dominant. Past computational studies have shown that the total pressure profile
ing the combustor dictates the development of the secondary flows that are formed
study examines the effect of varying the combustor liner film-cooling and junction
flows on the adiabatic wall temperatures measured on the platform of the first v
The experiments were performed using large-scale models of a combustor and
guide vane in a wind tunnel facility. The results show that varying the coolant in
tion from the upstream combustor liner leads to differing total pressure profiles ente
the turbine vane passage. Endwall adiabatic effectiveness measurements indica
the coolant does not exit the upstream combustor slot uniformly, but instead acc
lates along the suction side of the vane and endwall. Increasing the liner cooling co
ued to reduce endwall temperatures, which was not found to be true with increasin
film-cooling from the liner. @DOI: 10.1115/1.1561811#
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Introduction
Today’s world heavily depends on gas turbine engines for m

tary and commercial propulsion as well as for industrial appli
tions. This dependence demands engines that are both durabl
produce large amounts of power-two requirements that are so
what conflicting. The reason for this conflict is that high tempe
tures are needed at the entrance to the rotor, which in turn c
reduced component life. One critical region in an engine is
combustor-turbine junction. Combustor designs, particularly
aeroengines, typically have film holes or slots that provide coo
along the liner of the combustor. The coolant that is injected ou
the liner produces highly nonuniform temperature and press
radial profiles as it exits the combustor and enters into the turb
These nonuniformities typically span 10–15% of the inner a
outer radii at the platforms of the first vane. In addition, mo
combustor-turbine interfaces include, depending on the desig
backward-facing slot, a forward-facing slot, or a flush slot throu
which coolant leaks into the main gas path. The interaction
tween the liner and slot flows as well as interaction with t
highly turbulent mainstream, which is produced from combus
dilution holes, dictates the total pressure profile coming in to
passage of the first vane. In turn, this total pressure profile in
near-platform region dictates the development of the secon
flow through the vane passage. Moreover, these secondary fl
dictate the heat transfer to the platform of the first vane and
exit flow angles for the rotor.

To improve the understanding of this complex flow, highl
resolved measurements were taken using a combined large-
combustor simulator and first vane. The combustor simulator
cludes large dilution holes, film-cooling holes along the approa
ing liner, and a backward-facing slot at the combustor-turb
interface. Although this simulator does not include the effects
combustion, these studies were directed at understanding th
fects of representative combustor flow fields on the second

Contributed by the International Gas Turbine Institute and presented at the I
national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam,
Netherlands, June 3–6, 2002. Manuscript received by the IGTI January 16, 2
Paper No. 2002-GT-30526. Review Chair: E. Benvenuti.
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flow development in the first vane passage. The combustor si
lator produces non-uniformities in both the span~radial! and pitch
~circumferential! directions through the use of the liner film
cooling, insuring representative near-platform flows, and dilut
jets, insuring the appropriate levels of mainstream turbulence

This paper is the first of a two-part series that investigates
effects of different combustor liner flows on adiabatic effectiv
ness levels on the downstream vane platform. Part 1 presen
discussion of the inlet conditions that were simulated as wel
measured adiabatic wall temperatures along the vane platfo
Part 2 presents flow and thermal field measurements for sele
cases of interest. In general, the objectives for the work prese
in this paper were the following: i! to evaluate the effect of vari-
ous liner flows on the exit total pressure profiles and ii! to quantify
adiabatic wall temperatures as a function of different liner cool
flows and different slot flows.

Summary of Past Literature
Many past studies have led to a range of secondary flow mo

in turbine airfoil passages. Secondary flows refer to velocity co
ponents not aligned with the inviscid flow through the passa
Driving the secondary flows are two pressure gradients: the in
ent pressure gradient from turning the flow and the pressure
dient resulting from nonuniform inlet conditions along the rad
span of the airfoil passage. Langston@1# proposed an accurat
representation of the secondary flows for a vane with an appro
ing two-dimensional turbulent boundary layer along the endw
A horseshoe vortex is formed by a downturning of the flow as
approaches the vane leading edge. The pressure side leg o
horseshoe vortex turns into the passage vortex while the suc
side leg of the horseshoe vortex is suppressed by the pas
vortex as it convects through the passage. It is question
whether or not the secondary flows in today’s engines behav
this manner because the inlet conditions to the first vane are m
different than the turbulent boundary layer assumption made
Langston and others.

While there are no studies that have accounted for mult
rows of inclined film-cooling holes placed in a combustor lin
upstream of a backward-facing slot, there have been a few stu

ter-
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002.
003 by ASME APRIL 2003, Vol. 125 Õ 193

cense or copyright, see http://www.asme.org/terms/Terms_Use.cfm



l
c
u
n
v
v

i
a

t

d

A
o
u
r

r
e
3
h
r

n

n

l

a

d

s

o
s

h
t
n
h
i
b

i-
sur-
the

ant
the

g
cts

rd
r an

ed,
tion

bed
e
so-
this
pro-

l
wn-
that
ary
sec-
the
ly
pres-
ec-
rfo-
ow

a
om-
d,

W.
ow
ec-
ge
is
tion
an

, is
ing
rs in
the
dy

nts,
tly
ex-
ich
e
sup-

ot

Downlo
that have measured endwall heat transfer as a result of injec
from a two-dimensional, flush slot just upstream of the vane. B
@2# measured adiabatic effectiveness levels and heat transfer
ficients for a range of blowing ratios through a slot placed j
upstream of the leading edges of his single passage flow cha
One of the key findings was that the endwall adiabatic effecti
ness distributions showed extreme variations across the
pitch. Much of the coolant was swept across the slot toward
suction side corner resulting in reduced coolant near the pres
side. As the blowing ratio was increased, he found that the ex
of the coolant also increased. Measured heat transfer coeffic
were similar between no slot and slot injection cases. In a l
study by Granser and Schulenberg@3#, similar adiabatic effective-
ness results were reported with higher values occurring near
suction side of the vane.

A series of experiments have been reported for various injec
schemes upstream of a nozzle guide vane with a contoured
wall by Burd and Simon@4#, Burd et al.@5#, Oke et al.@6,7#. In
the studies in@4,5,7# coolant was injected from an interrupte
flush slot that was inclined at 45 deg just upstream of their va
Similar to others, they found that most of the slot coolant w
directed toward the suction side at low slot flow conditions.
they increased the percentage of slot flow to 3.2% of the exit fl
however, their measurements indicated better coverage occ
across the pitch of the airfoil endwall. Their flow field measu
ments indicated that as the bleed flow was increased the secon
flow structure moved from the pressure surface toward the suc
surface for the contoured endwall. Above 3.2% their results in
cated no increased thermal benefit. In contrast, the study by
et al. @6# used a double row of film-cooling holes that we
aligned with the flow direction and inclined at 45 deg with resp
to the surface while maintaining nearly the same optimum
bleed flow of their previously described studies. They found t
the jets lifted off the surface producing more mixing thereby
sulting in a poorer thermal performance than the single slot.

Similarly, Zhang and Jaiswal@8# made comparisons betwee
the thermal performance of a slot and two rows of film-cooli
holes upstream of a vane along the endwall. They also repo
migration of the coolant towards the suction side of the va
Their results indicated uniform coverage was achieved at high
flows ~rather than film-cooling jet flows!, while higher effective-
ness levels at the trailing edge were achieved at high film-coo
flows.

Roy et al.@9# compared their experimental measurements
computational predictions for a flush cooling slot that extend
over only a portion of the pitch directly in front of the vane sta
nation. Contrary to the previously discussed studies, their a
batic effectiveness measurements indicated that the coolant
grated toward the pressure side of the vane. Their measurem
indicated reduced values of local heat transfer coefficients at
leading edge when slot cooling was present relative to no
cooling.

Kost and Nicklas@10# and Nicklas@11# combined an upstream
slot with film-cooling holes in the downstream vane passage
examine the effects of each on the secondary flow field and p
form heat transfer at transonic conditions. One of the most in
esting results from this study was that they found for the slot fl
alone, which was 1.3% of the passage mass flow, the horse
vortex became more intense. This increase in intensity resulte
the slot coolant being moved off of the endwall surface and h
transfer coefficients that were over three times that measured
no slot flow injection. They attributed the strengthening of t
horseshoe vortex to the fact that for the no slot injection
boundary layer was already separated with fluid being tur
away from the endwall at the injection location. Given that t
slot had a normal component of velocity, injection at this locat
promoted the separation and enhanced the vortex. Their adia
effectiveness measurements indicated higher values near the
tion side of the vane due to the slot coolant migration.
194 Õ Vol. 125, APRIL 2003
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All of the studies involving interface slot coolant flows prev
ously discussed used a slot that was flush with the endwall
face. In many modern engine designs, a step exists at
combustor-vane interface that provides a flow path for cool
leakage. In addition, these past studies have not considered
effects of coolant injection from the multiple rows of coolin
holes from the upstream combustor liners. The combined effe
of upstream film-cooling holes and slot flow from a backwa
facing step make this study unique as well as necessary fo
improved understanding of the combustor-turbine interface.

Experimental Facilities and Instrumentation
The experiments for this study were performed in a low spe

closed-loop wind tunnel. The development of the vane test sec
was previously described by Radomsky and Thole@12# while the
development of the combustor simulator was previously descri
by Barringer et al.@13#. The geometric scaling factor for the van
and combustor was 9X, which allows for good measurement re
lution in the experiments. Measurements that are presented in
paper include adiabatic endwall temperatures, total pressure
files, and mean and turbulent velocities.

Experimental Facilities. Figure 1 illustrates the wind tunne
containing the combustor simulator and vane test section. Do
stream of a primary heat exchanger is a transition section
divides the flow into three channels that include a heated prim
channel, representing the main gas path, and two symmetric
ondary channels, representing the coolant flow paths. Within
transition section of the primary channel, the flow immediate
passes through a perforated plate that provides the necessary
sure drop to control the flow splits between the primary and s
ondary passages. At a distance 3.5 m downstream of the pe
rated plate, the flow passes through a thermal and fl
conditioning section containing a bank of heaters followed by
series of screens and flow straighteners. The heater section c
prises three individually controlled banks of electrically powere
finned bars supplying a maximum total heat addition of 55 k
Downstream of the flow straighteners, the heated primary fl
enters the combustor simulator. In the combustor simulator, s
ondary coolant flow is injected into the primary flow passa
through liner panels and dilution holes. In addition, the flow
accelerated prior to entering the turbine section. The contrac
was designed to match the flow acceleration through that of
aeroengine combustor.

The flow in the secondary passages, also shown in Fig. 1
first directed through heat exchangers. In addition to heat be
rejected from the primary heat exchanger, the heat exchange
the secondary passages provide additional heat rejection for
coolant flow. The experiments generally required 3–4 h for stea
state conditions to be achieved. Throughout the experime
which took nominally 1 h, all of the temperatures were constan
monitored. Room conditions were maintained throughout the
periment through the use of an air conditioning system, wh
insured thermal equilibrium with the environment. The flow in th
secondary passages is then directed into a large plenum that
plies combustor liner coolant, dilution hole flow, and exit sl

Fig. 1 Schematic of the wind tunnel facility
Transactions of the ASME
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coolant. The cooling hole pattern in the liners, the dilution hol
and the slot exit are illustrated in Figs. 2~a! and~b!. To insure the
correct coolant flow splits among the liner panels and diluti
rows, separate supply chambers with adjustable shutters were
structed for each liner panel and row of dilution jets. The coola
flow for the exit slot at the end of the combustor panels w
maintained by providing the required pressure in the large sup
chamber. The mass flow exiting the film-cooling holes was set
applying the appropriate pressure ratio between the supply ple
and the exit static pressure. Using measured discharge coeffic
@13#, the mass flows through the panels were determined.
mass flows exiting the dilution holes were set by measuring
velocity across the dilution holes. The geometry for t
combustor-turbine interface slot, shown in Fig. 2~b! includes
feeder holes, two rows of staggered pin fins, followed by t
backward facing slot. As will be discussed in the next section
this paper, a range of slot flow conditions were studied. The
flows were controlled by changing the diameter and spacing of
feeder holes. Figure 2~c! shows the film-cooling hole configura
tion for the liner panels, while the callout below gives the film
cooling hole geometry for each of the four liner panels. The fil
cooling hole diameter for the liners was 0.76 cm, while the lin

Fig. 2 Illustration of the film-cooling holes relative to the vane
location „a…; slot geometry „b…, and film cooling-hole configura-
tion „c…
Journal of Turbomachinery
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thickness was 0.9 cm. The diameters of the dilution holes were
cm and 12.1 cm for the first and second rows, respectively.

The vane test section was designed to model a sector of
turbine. The correct inlet Reynolds number based on chord
set at 2.33105 for the vane by insuring that the correct mass flo
exited the combustor simulator. Exit tailboards were used to
sure periodicity for the two passages, which was verified throu
flow field measurements and static pressure measurements a
vane mid-span. Setting these tailboards required an iterative
cess during which measurements of the static pressure distribu
were compared with computational, inviscid flow predictions u
ing pitchwise periodic boundary conditions. The upstream lin
endwall platform, and vane itself were constructed from ureth
foam that had a low thermal conductivity~0.037 W/mK! to allow
for measurements of adiabatic surface temperatures. Note tha
culations were done to determine whether any heat would
transferred by the warmer fluid above the step to the coolant fl
below the step. These calculations indicated a negligible temp
ture rise (;1024 K) for the coolant fluid.

Instrumentation and Measurement Uncertainty. An infra-
red camera was used to measure adiabatic wall temperature
the endwall surface. Measurements were taken at thirteen diffe
viewing locations to insure that the entire endwall surface w
mapped. Each picture covered an area that was 19.4 cm by
cm with the area being divided into 255 by 206 pixel location
The spatial integration for the camera was 0.37 cm~0.0062
chords!. At each viewing location five images were averaged w
each image being averaged over 16 frames, which provided a
of 80 data points that were averaged at each pixel location. O
lapping images were also averaged as the complete picture
assembled. Small shiny thumbtacks were embedded in the
wall as location markers to determine the orientation of the pict
in a global coordinate system. Each picture was transformed
the global coordinate system and meshed together to obtain
complete temperature representation of the endwall.

Calibration of the infrared camera was made using therm
couples embedded in the endwall along the passage. The
couples were also used to monitor freestream, coolant, and
wall temperatures. The coolant temperature and the tempera
downstream of the heater were monitored with thermocouple
transform endwall adiabatic temperatures into adiabatic effect
ness levels according to the following equation:

h5~Taw2Tave!/~Tcool2Tave! (1)

whereTave is the mass-averaged temperature exiting the comb
tor simulator. This mass-averaged temperature was calculated
ing the coolant temperature weighted with the flow rate in
secondary channels and the heated air temperature weighte
the primary flow rate. The heated air temperature was meas
with several thermocouples upstream of the combustor simula

Total pressure measurements were taken with a small
probe having a head diameter of 1.6 mm. A small probe diam
was used to insure good measurement resolution for the exit
which had a height of 16 mm. The Kiel probe reduced the eff
of probe orientation relative to the velocity angles for a yaw an
range between652 deg and pitch angle range between645 deg.
A 0.64 mm H2O pressure transducer converted the pressure
ference to a voltage which was digitized with an a/d board hou
in a personal computer.

Velocities were measured using a two-component laser Dop
velocimeter~LDV !. The LDV was a fiber optic system whereb
the probe volume was set by the focusing lens~350 mm! to be 1.3
mm in length and 90 microns in diameter. The flow was see
with 1 micron diameter olive oil particles. Measured velociti
were corrected for bias errors using the residence time weigh
correction scheme.

The partial derivative and sequential perturbation methods,
scribed by Moffat@14#, were used to estimate the uncertainties
the measured values. Precision uncertainties were calcul
APRIL 2003, Vol. 125 Õ 195
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based on a 95% confidence interval. The velocity measurem
that were made to quantify the inlet flow conditions were ma
using a laser Doppler velocimeter. These measurements includ
sample size of 15,000 data points. The precision uncertainty
the streamwise rms velocities was62.6%, while the bias uncer
tainty for the mean velocity measurements was61%. Each total
pressure measurement used 60,000 data points to comput
mean values. The estimate of bias and precision uncertaintie
the mean pressures, which were presented in non-dimens
form was 61.6%. The bias and precision uncertainties on
adiabatic effectiveness values, using the five-averaged pictu
was 60.04 giving an uncertainty of64.5% at h50.9 and
612.6% ath50.3.

Influences of Panel and Dilution Flows on Combustor
Exit Conditions

Prior to making endwall adiabatic effectiveness measurem
on the vane platform, a number of measurements were mad
determine the sensitivity of the liner and slot panel flows on
exiting total pressure profiles of the combustor simulator. Af
analyzing these results, a test matrix was designed to deter
the sensitivity of the endwall adiabatic effectiveness levels to
panel and slot flows.

The total pressure profiles along the span were measured a
the top of the step just upstream of the vane at a pitchwise lo
tion in line with the vane stagnation. These total pressure pro
were measured for a range of flow rates exiting the first pane
the combustor liner and are shown in Fig. 3~a!. For these tests, the
per cent flows exiting the three downstream panels remained
same as the design conditions, which were 3.5%, 2.2%, and 1
respectively. The measured total pressures are presented re
to that occurring at the centerline and are normalized by the lo
dynamic pressure. Figure 3~a! shows that the pressure is peak
near the top of the slot, becomes a minimum at 20% of the s
and then increases near midspan. The peak near the liner
result of the film-cooling from the liner panels while the increa
near the midspan is a result of the added dilution flow. The m
sured total pressure results indicate that there is no effect of
increased liner flow on the exit total pressure profile of the co
bustor simulator. Conversely, Fig. 3~b! shows that the exit tota
pressure profile is highly dependent on the flow from the fou
panel. As the mass flow from the fourth panel is increased fr
1.5 to 3.5% the peak nondimensional total pressure increases
0.25 to 1.25. Although these results are not shown here, the
pressure was also found to be quite sensitive to the flow
exiting the third panel.

Experiments were conducted to determine the sensitivity to
dilution flows by measuring the total pressure profiles at the
of the combustor above the step on the bottom half of the c
bustor simulator. Figure 3~c! shows total pressure measureme
as a function of only the top dilution row as compared with inje
tion from both the top and bottom dilution holes. Note that t
mass flows exiting both the third and fourth panels were increa
for these experiments as compared with that shown in Fig. 3~b!.
The peak in the near wall region exists for both dilution flow ca
even though the dilution injection was changed. Further aw
from the endwall, the data in Fig. 3~c! indicates that there are
higher total pressure values for the top dilution only case as c
pared with the top and bottom dilution case. These higher t
pressures may be attributed to the penetration of the higher
pressure dilution jet closer to the bottom endwall without the
sistance of the opposing jet.

Given that there are nearly an infinite number of test cases
could be identified using the combustor simulator, it was impe
tive to identify a select number that would provide the most
formation on the effects of the liner cooling and slot cooling. Fi
different test cases were chosen for the endwall adiabatic e
tiveness measurements as indicated in Table 1. Note that the
centage flows are given for the bottom set of liner panels o
196 Õ Vol. 125, APRIL 2003
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The top set of liner panels were set at the same conditions. A
note that the momentum flux ratios for each of the panels
given. Given that the density ratios are nominally 0.97, the m
flux ratios can be calculated by taking the square root of the m
mentum flux ratios. These five cases were identified based on
total pressure profiles previously described. For the first th
cases, the panel flows alone were varied to include a relativ
uniform total pressure field, a nominally peaked profile, and
very peaked profile. The total pressure fields above the slot
shown in Figs. 4~a, b, andc! for these three cases. For the last tw
cases, the film-cooling flow through the panels remained the s

Fig. 3 Total pressure profiles measured on top of the step at
the exit of the combustor indicating the relative effect of the
panel flows „a and b… and the dilution holes „c…
Transactions of the ASME
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Table 1 Percentage of coolant based on exit mass flow „jet momentum flux ratios are in parentheses …

Case 1 2 3 4 5

Panel 1 1.5~15.6! 1.5 ~17.3! 1.5 ~19.7! 1.5 ~16.8! 1.5 ~18.4!
Panel 2 3.5~12.3! 3.5 ~13.7! 3.4 ~15.1! 3.5 ~13.3! 3.5 ~14.5!
Panel 3 3.4~7.7! 4.5 ~13.9! 5.4 ~21.6! 4.5 ~13.6! 4.5 ~14.4!
Panel 4 1.6~2! 2.7 ~5.5! 3.7 ~10.3! 2.7 ~5.4! 2.7 ~5.6!

Dilution 1 8.8 ~130! 8.3 ~128! 7.9 ~128! 8.3 ~125! 8.3 ~136!
Dilution 2 8.8 ~33! 8.5 ~33! 8.2 ~33! 8.5 ~32! 8.5 ~34!

Slot 0.63 0.63 0.63 0.315 1.26
n
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as that for the nominally peaked pressure profile while the flo
rate from the slot was either halved~half-slot case! or doubled
~double slot case!.

Figures 4~a, b, andc! show the effect of increased liner flow o
the total pressure exiting the combustor. There is a large effec
to Z/S50.15. There is also a noticeable difference in the ma
stream that can be related to the influence of the dilution flow
order to keep the same mass flow rate exiting the combustor w
increasing the panel flow, the dilution jets are slightly decrease
the total mass injected~Table 1!. This reduced dilution mass flow
and momentum flux ratio results in less overall mixing there
giving a total pressure footprint in the mainstream. The lower to
pressure areas are aligned with the second row of dilution
because these jets act as a flow resistance due to the jets
placed in the contraction section injecting in the upstream dir
tion.

The total pressure profiles measured in the slot were hig
non-uniform due to the interaction of the flow from the feed ho

Fig. 4 Total pressure contours across the vane passage „mid-
pitch to midpitch … measured at combustor exit
Journal of Turbomachinery
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and the pin fins. To determine the total pressure in the slot do
stream of the pin fins, profiles were measured across the he
and pitch directions of the slot and spatially averaged with resp
to the pitch. Pitchwise-averaged profiles measured at the com
tor exit below and above the slot are shown in Fig. 5 for all fi
cases. Figure 5 shows the flat~case 1!, nominally peaked~case 2!,
and highly peaked~case 3! profiles above the slot while the tota
pressure inside the slot remained the same for each of the t
three cases. For the variation in slot flows, the data for the low
flow ~case 4! indicates lower total pressures in the slot than for t
case for the high slot flow~case 5!.

Turbine Inlet Flow Field Conditions
To insure that periodic flow fields occurred for both turbin

vane passages, two-component laser Doppler velocimeter m
surements were made across the two vane passages~inside and
outside passages in Fig. 2~a!! at an axial location of the vane
stagnation and at a spanwise location at the midspan. Both m
and turbulent velocity fluctuations were analyzed. Figure 6~a!
shows the mean velocity measurements made for the inside
outside passages with and without the simulator@12# as compared
with a two-dimensional, inviscid computation assuming period
ity. Note thatY/P50 refers to the stagnation location and asY/P
decreases to21 one is moving toward the pressure surface of t
vane. The computation was made using FLUENT~1998! @12#
using periodic boundary conditions. The measurements indic
that equal flow rates exist between the inside and outside pass
for the case with the combustor simulator.

Figure 6~b! compares the turbulence levels exiting the combu
tor simulator as compared with those measured using an ac
grid turbulence generator@12#. The turbulence values were nom
nally the same for the inside and outside passages with the c
bustor simulator. In comparing these measurements to those
the active grid case, similar profiles were obtained with on

Fig. 5 Total pressure profiles measured at the combustor exit
for the five cases investigated in this study
APRIL 2003, Vol. 125 Õ 197
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slightly higher values near the pressure side. These results ind
the effect of the dilution jets in generating high levels of turb
lence at the entrance to the vane. The pitchwise average tu
lence level at this location was 25% based on the inlet, incid
velocity of 6.3 m/s.

Pressure distributions at the vane midspan were also reco
for all of the five cases and are shown in Fig. 7 as compared w
the two-dimensional, inviscid computation. As seen by the figu
the pressure distribution remained nearly the same for all of
five cases that were tested.

Endwall Adiabatic Effectiveness Measurements
The endwall adiabatic effectiveness levels for the five cases

were previously discussed are shown in Figs. 8–12. The stra
vertical lines on these plots indicate the downstream edge of
backward-facing step. Upstream of this line, the adiabatic w
temperatures were measured on top of the step for the combu
liner. Figure 8 shows the endwall effectiveness measurements
case 1, which was the design flow for the slot and film-cooli
panels. Figure 8 indicates that a large portion of the slot flow
exiting near the suction side of the vane, thereby providing m
of the cooling in this region. As the flow progresses through
passage, the coolant continues to be swept towards the su

Fig. 6 Flow uniformity of the mean and turbulent velocities
measured at the midspan across both the inside and outside
vane passages
198 Õ Vol. 125, APRIL 2003
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side of the vane by the cross passage flow. It is clear that
combined liner and slot coolant is not effective at the leading e
region. A warm ring~low effectiveness! is present around the van
particularly at the vane stagnation. The endwall region near
pressure side of the vane sees very little effect from the slot fl
Note that the effectiveness levels are between 0.2 and 0.3 in
downstream passage as a result of the film-cooling from the c
bustor liner.

In determining the effect of increased film-cooling from th
liner, comparisons of Fig. 8 can be made with Figs. 9 and 10.
would be expected, there is a slight increase in adiabatic effect
ness on top of the step as the combustor liner film cooling
creases. This effect is important because the top of the step
critical area where there are often durability issues. It is import
to keep in mind that not only is the amount of available coola
increasing from 10 to 14% for cases 1 to 3, the total press
profile has been altered. While the overall effectiveness pat
remains quite similar between these cases, there are several a
ent differences. As the peak total pressure increases in the n
wall region, the driving pressure between the flow above the

Fig. 7 Static pressure distribution along the vane midspan for
the five cases investigated

Fig. 8 Adiabatic effectiveness contours for case 1
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and below the slot also increases~Fig. 5!. As a result of this
increase in driving pressure, a larger portion of the liner cool
flow on top of the slot is pulled toward the endwall at the va
stagnation region. In comparing Fig. 8 with Fig. 10, it can be s
that the region just upstream of the vane stagnation for case 3
the higher panel flows has slightly cooler adiabatic wall tempe
tures. This can be attributed to two effects. First, there is a la
driving potential between the flow above the step and flow in
slot. Second, there is cooler fluid on top of the step with the hig
panel flow~case 3! as compared with the design panel flow~case
1!.

Fig. 9 Adiabatic effectiveness contours for case 2

Fig. 10 Adiabatic effectiveness contours for case 3
Journal of Turbomachinery
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The effect of the larger driving potential is not only evident
the stagnation region of the vane, but is also evident for the
flow in general. Even though the same slot flow is exiting f
cases 1 and 3, the coverage of the coolant flow from the slot
been reduced for case 3. This reduction occurs due to the fact
there is ingestion of flow from above the step into the slot t
mixes with the slot coolant prior to the coolant exiting the sl
Although the ingested flow is relatively cool, it is still warme
than the slot flow itself. The ingestion of the flow from above t
step into the slot itself was predicted by a CFD simulation~FLU-
ENT! done by Stitzel@15#. The results of this CFD simulation ar

Fig. 11 Adiabatic effectiveness contours for case 5

Fig. 12 Adiabatic effectiveness contours for case 5
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shown in Fig. 13 for case 1 flow conditions. The strong ingest
into the slot will be illustrated in Part 2 of this paper through flo
and thermal field measurements.

The larger amount of film-cooling flow present for case 3 giv
only slightly increased effectiveness levels on the downstre
endwall surface as compared with case 2. These results su
that there is an optimal amount of combustor liner film cooli
that will benefit the downstream vane platform. One plausi
reason for this limit in improvement is that by increasing the lin
flow, the inlet total pressure profile is also changed. With
creased liner coolant, there is an increase in the peak total pre
resulting in stronger secondary flows. A peak in total pressure
cause a flow split along the vane span above which flow will
transported up the vane and below which flow will be transpor
toward the endwall~similar to that shown in Fig. 13!. Even
though more cooling is available, much of it will be transport
up the vane span.

The effect of increasing the slot flow may be determined
comparing Figs. 11, 9, and 12~in order of increasing slot flow!.
Note that the effectiveness levels on top of the step were no
nally the same for each case. Adiabatic effectiveness levels fo
design and half slot flow cases~Figs. 11 and 9! are similar near the
vane leading edge and along the suction side. The two cases
similar wedge-shaped slot-cooled regions. However, near
pressure side and in the passage the effectiveness levels fo
half slot flow are noticeably lower than the design slot flow ca
As the amount of slot flow is doubled~Fig. 12!, the effectiveness
levels near the leading edge are as much as 0.15 higher tha
design slot flow case. The wedge shaped region that is coole
the slot is clearly larger for case 5. The double slot flow cas
also more effective near the stagnation region as well. At a
tance ofX/C50.25 down the passage, the effectiveness levels
nearly the same for both the double and design slot flow cas

The measured effectiveness values were pitchwise-averag
a number of axial locations along the vane. Figure 14 shows
pitchwise averages for each of the five cases. Effectiveness le
are initially high, due to the injection of coolant onto the endw
by the slot. The first location presented is on top of the step an
a result of the liner cooling. The highest value occurs for cas
given that this condition is the highest liner cooling. Just dow
stream of the slot, the highest value occurs for the highest
flow. The values drop off sharply near the leading edge and t
decline uniformly throughout the passage for all cases. It is in

Fig. 13 Flow field prediction for case 1 indicating injestion of
flow above the step into the slot †13‡
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esting to note that the case with the most combustor panel
has the lowest pitchwise effectiveness level at the leading e
This is because of the effect that the increased panel flow ha
the slot flow by increasing endwall secondary flow.

Figure 15 shows the area-averaged effectiveness values (h% ) for
each of the flow cases that have been presented. Note tha
percentage mass flow only includes the film and slot flows fr
one side of the combustor panels and does not include the dilu
flow. The percentages of the mass flow shown in Fig. 15 are ba
on the total exit mass flow of the combustor simulator~inlet flow
to the vane section!. The data on this figure shows the trade-o
between increased film-cooling flow relative to increased s
cooling flow. The area-averaged effectiveness slightly increa
with increased film-cooling flow before leveling off to a value th
is 0.45 for film-cooling flows of more than 12.5% of the total ex
flow.

In contrast to increased film-cooling flow, Fig. 15 indicates th
there is a continual increase~over the small range investigated! in
endwall effectiveness levels associated with increasing the
flow. These results suggest that it is more beneficial for endw
heat transfer to increase the slot flow rather than the combu
panel flow. One plausible reason for the larger increase in ef
tiveness for increased slot flow is because of the reduced inge
into the slot. The near-slot region dictates the relative differen
between the slot flow cases.

Fig. 14 Pitchwise-averaged adiabatic effectiveness levels

Fig. 15 Area-averaged adiabatic effectiveness levels
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Figure 16 addresses the effects of dilution flow and second
flows on the degradation of the cooling from the backward fac
slot and from the film-cooling holes. Plotted in Fig. 16 are ad
batic effectiveness values downstream of the same combusto
ometry operating at the same conditions for cases with and w
out the turbine vane. Without a turbine vane or dilution flow, t
effectiveness levels are extremely high downstream of the c
bustor. Adding dilution flow considerably reduces the effectiv
ness levels downstream of the combustor. In the case where
turbine vane is present, the secondary flows significantly red
the pitchwise-averaged effectiveness values as compared to
case when the turbine vane is not present. These results indic
large thermal benefit is achieved by eliminating the second
flows in the first vane.

Conclusions
The experimental results that were presented in this paper

cate the importance of understanding the inlet total pressure
file upstream of the first vane. The difference in total press
between the fluid above the backward-facing step and below
backward-facing step caused ingestion into the slot that ultima
reduces the coolant temperature as it exited the slot. As the
flow was increased, the total pressure of the fluid in the slot a
increased thereby decreasing the driving potential between
main gas path and slot fluid. This reduction in driving potent
was indicated by the adiabatic effectiveness values measure
the downstream vane endwall. Increasing the slot flow over
range that was investigated increased the area-averaged effe
ness values on the downstream endwall. Alternatively, meas
effectiveness values indicated that increased film-cooling fl
from the liner did not result in a continual increase in are
averaged effectiveness values.

The nonuniformities that occur at the inner and outer diame
regions of the combustor exit in a gas turbine engine have a l
impact on the durability of vane and endwall. Much of the co
bustor liner coolant is swept toward the vane suction-endw
juncture. Secondary flows that occur in the vane stagnation re
as well as those that develop in the vane passage further de
rate an effective usage of the coolant.
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Fig. 16 Comparison of pitchwise-averaged effectiveness
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Nomenclature

Ahole 5 area of film-cooling hole
C 5 true chord of stator vane

Cd 5 discharge coefficient,
Cd5ṁ/AholeA2r(Po,c2p`)

J 5 momentum flux ratio,J5rcUc
2/r`U`

2

kcond 5 thermal conductivity
ṁ 5 mass flow rate
P 5 pitch of stator vane

Po , p 5 total and static pressures
Re 5 Reynolds defined as Re5CU` /n

s 5 surface distance along vane measured from
flow stagnation

S 5 span of stator vane
Tave 5 mass-averaged freestream temperature
Tu 5 turbulence level defined asurms/U

u8, v8, w8 5 root mean square of velocity fluctuations
U 5 local, mean streamwise velocity component

X,Y,Z 5 global coordinates defined at combustor exit
and endwall

h 5 adiabatic effectiveness,
h5(Tave2Taw)/(Tave2Tcool)

DP 5 nondimensional pressure,
DP5(Po2Po,ms)/(0.5rUave

2 )
r 5 density
n 5 kinematic viscosity

Subscripts

1,2 5 dilution rows 1 and 2
— 5 pitchwise average at given axial location
v 5 area average over entire endwall
aw 5 adiabatic wall

cool 5 coolant conditions
ms 5 midspan conditions
ave 5 mass-averaged freestream conditions~primary

flow!
inlet 5 inlet incident velocity
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