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Turbines are designed to operate with high inlet temperatures to improve engine perfor-
mance. To reduce NOx resulting from combustion, designs for combustors attempt to
achieve flat pattern factors that results in high levels of heat transfer to the endwall of the
first stage vane. Film-cooling is still one of the most effective cooling methods for many
component features including the endwall. This paper presents results from a computa-
tional study of a film-cooled endwall. The endwall design considers both an upstream
slot, representing the combustor—turbine junction, and a midpassage slot, representing
the mating between the adjacent vanes. The focus of this study is on comparing adiabatic
effectiveness levels on the endwall with varying leakage flowrates and gap widths. Re-
sults indicate reasonable agreement between computational predictions and experimental
measurements of adiabatic effectiveness levels along the endwall. The results of this study
show that the midpassage slot has a large influence on the coolant coverage. It was also
shown that by raising the combustor relative to the downstream vane endwall, better
coolant coverage from the combustor-turbine slot could be achieved.
�DOI: 10.1115/1.4001135�
Introduction
The Kyoto Protocol came into effect in February 2005 indicat-

ng that global warming must be prevented by developing envi-
onmentally friendly power plants. Industrial gas turbines play a
ajor role in power generation with modern high temperature gas

urbines being applied in the gas turbine combined cycle �GTCC�.
urrently, the 1500°C class gas turbines �1� are introduced in
ommercial operation of GTCCs. Moreover, increases in gas tur-
ines’ thermal efficiencies are highly desirable with a near term
arget thermal efficiencies for the GTCC at 62% at a 1700°C class
as turbine �2�. As such, the first vane row in the turbine continues
o be exposed to increasingly severe conditions resulting from the
oals of increasing the turbine power output and reducing exit
Ox levels. As a result of these severe conditions, sophisticated

ooling methods are necessary. The endwall of the first vane row
s generally cooled by high pressure compressor air that has by-
assed the combustor.

The assembly of individual turbine components results in leak-
ge gaps that allow for thermal expansions. The pressure differ-
nce between the combustor shell and turbine gas path produce
hese outflow leakages into the gas path. Gas temperatures are not
niform in the combustor and vane sections, which lead to addi-
ional thermal expansion issues. To absorb the thermal expansion,
here is an adjustable gap designed to be between the turbine and
he combustor. The size of the gap grows and contracts as a result
f the thermal expansion during operation. Because vanes are cast
n either singlets or doublets, which are mounted onto the rotor
heel, there are also gaps between adjacent vanes where leakage
f high pressure coolant can occur. The metal temperature of each
ane may vary due to the circumferential pattern factor of the
ombusted gas. These variations in vane-to-vane temperatures
ead to airfoil endwalls that can be misaligned.
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Although cooling is absolutely necessary, the leakage air from
gaps and from film-cooling results in overall parasitic losses in
terms of the overall gas turbine performance. It is imperative,
then, that design engineers use the leakage flow to one’s advan-
tage for cooling the endwall with the intention of being able to
reduce film-cooling. The work presented in this paper shows in-
fluences of leakage flows on endwall adiabatic effectiveness cov-
erage and levels. In addition, this paper describes the effect that
the midpassage gap geometry and alignment have on endwall film
effectiveness.

2 Summary of Past Literature
There have been turbine endwall studies in the literature that

have documented the effects of an upstream slot, discrete film-
cooling holes, and combined upstream slot and film-cooling.
There have been relatively few studies on the effect of a midpas-
sage gap that represents the vane-to-vane leakage and on aligned
and misaligned endwalls.

Some of the earliest work related to this leakage effect on the
vane endwall was performed by Blair �3� who used a two-
dimensional flush slot located at the upstream slot of vane geom-
etry. Increases in cooling effectiveness along the endwall were
observed as the flow through the slot was increased. One of the
key findings was that the endwall adiabatic effectiveness distribu-
tions showed extreme variations across the vane gap. Much of the
coolant was swept across the endwall toward the suction side
corner resulting in reduced coolant near the pressure side. Yamao
et al. �4� investigated the film effectiveness and the convective
heat transfer on the endwall of upstream slot and adjacent vane
leakage flow. They showed that the effect of the passage gap
leakage on the endwall is limited to the rear and suction side
section of the endwall. Burd and co-workers �5,6� studied the
effects of an upstream flush, 45 deg slot and found by using cool-
ant flows as high as 6% of the total passage flow, good cooling
was observed over the endwall and both sides of the vanes.

Colban and Thole �7� simulated a backward-facing step at the
combustor-turbine interface and showed that coolant exiting the

slot was not uniform. Their results indicated coolant injection
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Downloa
rom the upstream combustor liner caused a different total pres-
ure profile entering the vane passage, relative to a turbulent
oundary layer without the combustor-turbine interface, which in
urn changed the secondary flow field.

Detailed endwall film-cooling studies by Friedrichs and co-
orkers �8–10� with no upstream slot at the combustor-turbine

uncture indicated a strong influence of the secondary flows on the
lm-cooling and an influence of the film-cooling on the secondary
ows.
Studies that combined an upstream slot with film-cooling holes

n the passage of the vane were those of Zhang and Jaiswal �11�,
icklas and co-worker �12,13�, and Knost and Thole �14,15�. One
f the most interesting results from Nicklas and co-worker �12,13�
as that they found that for the slot flow alone the horseshoe
ortex became more intense causing the slot coolant to be lifted
ff the endwall surface. Measured adiabatic effectiveness levels
ndicated higher values near the suction side of the vane due to the
lot coolant migration. Results also showed heat transfer coeffi-
ients were over three times that measured for no slot flow injec-
ion. Knost and Thole �14,15� reported a significant change in the
treamlines in the near endwall region resulting from the upstream
lot flow. Their results also indicated that the momentum flux ratio
as an important parameter in predicting the film-cooling jet be-
avior.

Using a flat plate geometry with no turbine airfoils, Yu and
hyu �16� studied the influence of gap leakage downstream of
iscrete film-cooling holes. They observed that the combined
resence of the gap and moderate levels of film-cooling promoted
etter coolant film protection. However, as the film-cooling flow
as increased, the coolant from the gap appeared to lift the slot
ow coolant from the wall resulting in decreased adiabatic effec-

iveness.
Known studies of flow from a slot within the midpassage of

djacent airfoils are that of Aunapu et al. �17�, Ranson and Thole
18�, Piggush and Simon �19,20�, Reid et al. �21�, and Cardwell et
l. �22�. Aunapu et al. �17� used blowing through a passage gap in
n attempt to reduce the effects of a passage vortex. They hypoth-
sized endwall blowing in the blade passage could reduce the
ffects of the passage vortex but instead found that the increased
lowing caused higher turbulence levels and higher aerodynamic
osses. Ranson and Thole �18� used an aligned midpassage gap in
heir blade design for their combined experimental and computa-
ional studies. Their results indicated that the flow leaving the gap
as directed toward the blade pressure side, as a result of the

ncoming velocity vector, and then crossed-over toward the suc-
ion side of the adjacent airfoil. In their aerodynamic studies; Pig-
ush and Simon �19,20� and Reid et al. �21� found that the mid-
assage gap has about 1% loss on the aerodynamic performance if
here was no net seal leakage. Piggush and Simon also showed the
eat transfer distribution was dependent on leakage flowrate from
he midpassage gap. The only known study of adiabatic effective-
ess levels on the endwall with combined endwall film-cooling,
pstream slot, and an adjacent vane gap leakage was performed
y Cardwell et al. �22�. Their experimental study showed how a
isaligned endwall can influence the adiabatic effectiveness of

he endwall. The key finding of their research was that the cascade
etting, which is a configuration where the suction side is below
he pressure side would be the most desirable endwall alignment

ode. One of the contributing reasons for this improved perfor-
ance of the adiabatic effectiveness, as will be shown in this

aper, is that a particular upstream slot and midpassage gap com-
ination is more effective than other misalignment modes.

In summary, there are few studies of the endwall dealing with
he upstream slot, the film holes and midpassage gap. These fea-
ures, however, all exist in the actual machines. In this sense, it is
mportant to see how the leakage flow of the upstream slot
combustor-turbine interface� and midpassage gap �vane-to-vane
nterface� on the endwall interact. This interaction is important for

alculations related to the durability of the components as well as
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providing insights on how better designs could be achieved. In
addition, the misaligned endwall should be investigated in more
detail to ensure durable designs. The designs often consider ther-
mal expansions for structural purposes but these expansions could
also be considered for achieving better cooling from the gap leak-
ages.

3 Endwall Film-Cooling Design
The vane used in this study is a first stage stator vane that was

originally described in a number of publications such as Knost
and Thole �14,15�. The vane was two-dimensional with the mid-
span geometry modeled along the entire span. The endwall simu-
lated for these studies has four realistic features based on most
manufacturing constraints of an endwall for a first row turbine
vane: an upstream slot for the combustor to turbine interface, an
endwall film-cooling, a midpassage gap with a strip seal, and an
endwall alignment/misalignment. For clarity, in the remainder of
this paper, “slot” will refer to the upstream combustor-turbine
interface while “gap” will refer to the midpassage interface. The
endwall film-cooling pattern, which was originally designed and
tested by Knost and Thole �12,13� without a midpassage gap, is
shown Fig. 1. Also shown in Fig. 1 are locations for the midpas-
sage gap and the upstream slot. The slot is a two-dimensional slot
located 30% of the axial chord upstream. The slot was considered
to be forward-facing with an injection angle of 45 deg with re-
spect to the endwall surface. The gap is also two-dimensional and
contains a strip seal with the gap being 90 deg with respect to the
endwall surface, as shown in Fig. 2. Table 1 provides a summary
of parameters relevant to the endwall film-cooling and upstream
slot geometries.

The interface between the adjacent vanes has three distinct
modes that were considered: flush, dam, and cascade. The flush
mode, which is shown in Fig. 3�a�, represents no disparity in
height between adjacent vanes and the combustor. The cascade
endwall refers to a condition where the suction surface of one
vane is lower than the pressure side of the adjacent vane, which is
shown in Figs. 3�b� and 3�c�. This configuration is referred to as a
cascade because the secondary flow from the pressure to the suc-

Fig. 1 Directions of the coolant hole injection, the upstream
slot location, the midpassage gap location and investigated
planes for secondary flow analysis
tion side experiences a waterfall or cascade effect. Also shown are
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he possible differences between the combustor and turbine up-
tream slot in Figs. 3�b� and 3�c�. In Fig. 3�b�, the suction side is
ower than the combustor exit while the pressure side is at same
eight as the combustor exit. In Fig. 3�c�, the pressure side is
igher than both the combustor surface and suction surface. Fig-
re 3�d� shows another configuration where the combustor exit is
igher than both the pressure and suction sides of the turbine
ndwall with both the pressure and suction sides being at the same
eight. The endwall configuration referred to as the dam geometry
s where the suction surface of one vane is raised relative to the
ressure side of adjacent vane with the combustor being at the
ame height as the pressure side, as shown in Fig. 3�e�. This
onfiguration is referred to as a dam because, as the secondary
ows are driven from the pressure side of one vane toward the
uction side of the adjacent vane, the flow faces an upward step.
ll misalignment heights were held constant at 1.2% of vane

pan.

Computational and Experimental Methods
Computations were performed assuming incompressible and

iscous flow conditions with an exit Reynolds number of Reex
1.2�106. The simulation was conducted using the FLUENT com-
ercial software package �23�. FLUENT/UNS is a pressure based

ncompressible flow solver for unstructured meshes. The Rey-
olds averaged Navier–Stokes equations as well as the energy and
urbulence equations were solved using second-order upwind dis-
retization. The turbulence model that was used an RNG k-�
odel with nonequilibrium wall functions. FLUENT/UNS allow for

nstructured meshing capability and also allows solution adaptive
esh refinement in order to resolve regions of high gradients.
ermanson and Thole �24� were able to show good agreement
etween computational and experimental measurements of the

Table 1 Summary of endwall gap/slot features

Parameter
Computation

�nine times scale�

Reexit 1.2�106

Cax—Axial chord length �mm� 293
C—chord length �mm� 594
P—vane pitch �mm� 457
S—vane span �mm� 549

idpassage gap W1—passage gap width �mm� 6.35
H1—seal strip thickness 0.5W1
B—passage gap depth 10H1
H2—seal strip gap 2H1
W2—seal strip width 16.8H1
W3—passage gap plenum width 28H1
L—midpassage length �mm� 670

pstream slot W4—upstream slot width �mm� 14.3
Slot length to width 1.88

ilm-cooling D—hole diameter �mm� 4.6
Length to diameter 8.3

ig. 2 Cross section view of the midpassage gap plenum and
ccompanying seal strip „see Table 1…
ournal of Turbomachinery
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secondary flows using this same modeling technique. Knost and
Thole �14� showed good overall agreement with predictions of the
coolant path along the endwall.

The computational mesh is a shown in Fig. 4. The vane and
upstream contraction were modeled for these studies as shown in
by Knost and Thole �15�. As most combustor geometries include a
contraction upstream of the turbine section, these calculations also
considered a contraction, which was only in the spanwise direc-
tion. The start of the contraction was 1.5C upstream of the vane
stagnation at an angle of 15.6 deg. This contraction was designed
to match wind tunnel experiments in which comparisons were
made for this study.

The vane was divided at the stagnation point and the trailing
edge with a single passage being modeled. The vane was modeled
from the endwall to the midspan whereby a symmetry boundary
condition was applied at the midspan. Periodic boundary condi-
tions were placed along the pitchwise boundaries. Uniform veloc-
ity and temperature profiles were assumed at the inlet to the com-
putational domain while an outflow boundary condition was
placed 1.5C downstream of the trailing edge. Low freestream tur-

Fig. 3 Endwall configurations showing the four alignment
modes for two adjacent vane platforms: „a… case where all sur-
faces are flush, „b… cascade case „the suction surface is lower
than pressure and combustor surfaces…, „c… cascade case „the
suction surface is lower than the pressure surface but at the
same length height as the combustor surface…, „d… combustor
surface is higher than the suction and pressure surfaces, and
„e… dam case „suction surface is higher than pressure and com-
bustor surfaces…

Fig. 4 Computational mesh including the coolant cavity, the

upstream contraction area, and the exit area
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Downloa
ulence levels were considered for this study, the free stream tur-
ulence intensity and dissipation length were 1% and 0.1m, re-
pectively. Mass flow boundary conditions were applied for the
lot, the film-cooling holes, and the midpassage gap. The coolant
ass flow for each were independently controlled whereby the

oolant supplies were placed at the entrance to large supply ple-
ums for each of the leakage features as the boundary condition.

The momentum, energy and turbulence equations were com-
uted until the residual values of the computations converged. The
onvergence of residuals for continuity, x-momentum,
-momentum, z-momentum, k and � were resolved to levels of
0−4 with the exception of the energy equation which was set to a
evel of 10−7. Typical computations required 1000 iterations for
onvergence to be met. Increasing the number of iterations by
0% resulted in a negligible change in effectiveness levels. After
onvergence, the mesh was then adapted based on y+ values, to
nsure values between 30�y+�60. Typical unstructured mesh
izes consisted of 1.2�106 cells with the cells concentrated near
he surfaces. Constraints on the y+ values were held along the
urfaces in the passage. After adapting, mesh size was increased
ypically from 1.2�106 cells to 1.5�106 cells and another 1000
terations was needed to ensure convergence. Beyond the near-
all adaptations, additional adaptations were completed based on

he temperature gradients. The temperature gradient adaptation re-
ulted in another 20% increasing of the mesh size. After adapting,
he area averaged effectiveness of the endwall was found to vary
y only less than ��= �0.005 at a level of �=0.11.

To validate the computational results, comparisons were made
o adiabatic effectiveness temperatures for the case simulating the
oolant flow leakage through a flush slot between the combustor
nd turbine. The vane and slot geometries were scaled up by nine
imes to allow for good measurement resolution and, as such, that
ame scaling factor was applied for the computations. The experi-
ents for this study were performed in a low speed, closed-loop
ind tunnel facility previously described by Barringer et al. �25�,
nost and Thole �15� and Cardwell et al. �22�. This facility in-

luded three channels, representing the main gas path, and the two
ymmetric secondary flow channels. An infrared camera was used
o measure spatially resolved adiabatic wall temperatures on the
ndwall surfaces. The results from these experiments were previ-
usly published by Cardwell et al. �22�.

Discussion of Results
The cases that were considered for this study are shown in

able 2. First, the effect of the midpassage gap was examined. The
esults from these computations were compared with an existing
ase having no midpassage gap. Second, the effect of the midpas-
age leakage flow and effect of the seal strip gap width on were
nvestigated. Finally, four different misalignment patterns are
ompared and investigated. In all cases, the film-cooling flow and

Table 2 Compu

Geometry

Upstream slot Mid

Case1 Nominal
Case2 Nominal
Case3 Nominal
Case4 Nominal Contrac
Case5 Nominal Contrac
Case6 Nominal Cascade, S
Case7 Nominal Cascade,
Case8 Cascade �Fig. 3�d�� Nominal-
Case9 Nominal Dam, S
he upstream slot flow were kept at 0.5% and 0.75%, respectively.

11024-4 / Vol. 133, JANUARY 2011
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5.1 Cooling Effectiveness With and Without a Midpassage
Gap. The nominal film-cooling cases with and without midpas-
sage gap for 0.75% upstream slot flow, 0.5% film-cooling flow,
and 0.0125% midpassage gap flow are shown in Figs. 5�a�–5�d�
�cases 1 and 2�. Note that the percentage refers to the coolant flow
relative to the hot gas in the passage and that the experimental
results for the case with a midpassage gap was done with a rough
surface on the endwall while the case without midpassage gap has
a smooth endwall. The roughness effects in the experimental mea-
surements, however, are small when considering the entire end-
wall coolant pattern.

Figures 5�a� and 5�b� show the experimental results �22� while
Figs. 5�c� and 5�d� give the computational results. Also, Fig. 6
shows the pitch-averaged adiabatic effectiveness for these four
cases shown in Figs. 5�a�–5�d�. As can be seen from Figs.
5�a�–5�d�, there is general agreement between the experimental
results and predicted results. Figure 6 shows that the averaged
effectiveness levels can be predicted by the computation.

In looking closely at the contours, however, there are some
discrepancies between the measured and predicted effectiveness
levels. For the measured results without the midpassage gap, the
coolant covers much of the stagnation region �A� while the case
with midpassage slot shows relatively little coverage. The compu-
tational results show nearly no differences in the stagnation re-

ional test cases

Midpassage gap flowrates
�based on hot gas path flow�

�%�sage gap

gap -
inal 0.0125
inal 0.3
gap-33% C 0.3
gap-11% C 0.3
own �Fig. 3�b�� 0.75
Up �Fig. 3�c�� 0.75
h midpassage 0.75
p �Fig. 3�e�� 0.75

Fig. 5 Contours of adiabatic effectiveness on the endwall for
experimental results „a… and „b… without midpassage gap †19‡
and for computational results „c… with „d… without midpassage
tat

pas

No
Nom
Nom
ted
ted
S D
PS
flus
S U
gap
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Downloa
ion. In addition, measurements show that the film coolant from
he leading edge pressure side �B� is less effective in the case with
he midpassage gap than in the case without midpassage gap
hereas the computation shows about the same level of adiabatic

ffectiveness. Except for these two discrepancies, there is rela-
ively good agreement between computation and experiment.

oreover, it is important to note that the trailing edge cooling can
e observed in the computational results, which was not available
rom the experimental results due to the optical access.

When comparing the cases with and without midpassage gap
onfigurations in Figs. 5�a�–5�d�, both computations and experi-
ents indicate some noticeable differences. First, the midpassage

ap restricts the spreading of the coolant from the upstream slot to
defined area �A�. This defined area is located along the suction

ide portion of the platform whereas in the case with no gap, the
pstream slot coolant spreads across the endwall. Second, it is
nteresting to see that on the pressure side of the gap midway into
he passage there is a hot streak along the midpassage gap �C�.
his hot streak is derived from the fact that the coolant from the
rst row of holes located on the pressure side of the endwall is no

onger being swept by the upstream slot flow toward the suction
ide of the vane. As a result of this hot streak further downstream,
here is a warm region that appears as if it is exiting the midpas-
age gap along the suction side of the vane. Third, there is the
ifference in the film-cooling effectiveness in the region at the
railing edge along the suction side �D�. In the case with a mid-
assage gap, the leakage from midpassage gap helps to cool the
ndwall as compared with the case with no midpassage gap.

Figure 7 shows the adiabatic effectiveness along the stream
race which is shown in Fig. 1. This stream trace is located at 0.5P,
hich is the center position between two vane stagnations. The

tream trace goes over the midpassage gap twice with one being
n the region from the leading edge suction side to the pressure
ide and the other being in the region from the pressures side to
uction side. Figure 7 indicates that the adiabatic effectiveness is
ower in the case with the midpassage gap from xa /Cax=0.4–1.0.
rom xa /Cax=1.0, the effectiveness is higher with the midpassage
ap, which is a result of the coolant being exhausted from the gap.

Figure 8 shows that the velocity distribution inside of the mid-
assage gap for case 2 with a 0.0125% net mass flow out of the
idpassage gap. It is shown in Fig. 8 that almost 50% of the

pstream portion of the midpassage gap experiences hot gas in-
estion from the main gas path to the cavity plenum. In the down-
tream portion of the midpassage gap, there is coolant flow exiting
rom the gap to main gas path. In addition to the computational
esults, a one-dimensional inviscid calculation, which is based on

ig. 6 Computational and experimental pitch-averaged effec-
iveness with and without midpassage gap
he pressure difference, is shown in Fig. 8. The location of Vz

ournal of Turbomachinery
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=0 is slightly shifted in the CFD calculation because the leakage
flows rearward inside of the midpassage gap. As a result of the
pressure differences, the adiabatic effectiveness on the endwall in
the upstream portion of the passage with the midpassage gap is
worse than in the case without midpassage gap. This decrease in
effectiveness is because coolant coming from the suction side is
ingested into the gap and cannot convect over the midpassage gap
toward pressure side portion. On the contrary, in the aft suction
side portion due to the exhaust of the gap leakage flow better
average cooling effectiveness results.

Secondary flow fields were analyzed at a number of locations
throughout vane passage and will be highlighted in two selected
planes �as shown in Fig. 1�. The secondary flow fields are plotted
using vectors of Vn and Vz, as defined in �24�, thereby represent-
ing the deviation of the flow relative to that for the midspan in-
viscid flow. Figures 9 and 10 show the secondary flow field com-
parison between the cases with and without a midpassage gap.
Figures 9�a� and 9�b� indicate the secondary flow vectors at x /L
=40% where the hot gas is ingesting into the midpassage gap.
Figures 10�a� and 10�b� are the secondary flow vectors at x /L
=60% where the flow is exiting the midpassage gap.

In Fig. 9�a�, the passage vortex is clearly confirmed while Fig.
9�b� indicates a much different secondary flowfield with no clearly
defined passage vortex due to the strong ingestion into the mid-

Fig. 7 Computational results of the adiabatic effectiveness
along the streamtrace „0.5P… shown in Fig. 1 without and with
midpassage gap flowing at 0.0125% „case 2…

Fig. 8 The exiting velocity distribution along the midpassage

gap for an aligned endwall „case 2…

JANUARY 2011, Vol. 133 / 011024-5
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assage gap. The midpassage gap is located at the center of the
lane and flow into the midpassage gap from both sides �pressure
ide and suction side�. In Fig. 10�a� and 10�b�, the downstream
egion shows the same situation except with the leakage exiting
rom the midpassage. At x /L=60% plane, the vortex formation is
isturbed by the leakage jet from the midpassage gap. At both
ocations, the temperature contours are quite different between the
ases with and without the gap because of the secondary flow
ormation.

5.2 Effect of the Midpassage Gap Leakage Rates. Several
ases were computed to verify the effect of the midpassage leak-
ge flowrates. First, the midpassage gap flow was increased from
.0125% to 0.3%, whereby 0.3% is a typical seal leakage value
or industrial gas turbines. Second, the midpassage gap plenum
ressures were increased by decreasing seal strip distance from
H1 to that of 0.67H1 �0.33 of the original width� and 0.22H1
0.11 of the original width� defined in Fig. 2. In the actual engine
ondition, the pressure ratio is maintained constant so this latter
ondition of changing the strip seal is more relevant. Leakage
ow amounts were kept constant at 0.3% for cases 3–5.
Figures 11�a� and 11�b� are comparisons of the adiabatic effec-

iveness of the endwall with that of the original case �0.0125%
idpassage gap flow� to that of a 0.3% midpassage gap flow with

he original seal gap geometry. Figures 11�c� and 11�d� are com-
arisons at 0.3% midpassage gap flow with 0.33 and 0.11 gap
idths. The contours indicate that there is almost no difference
etween Figs. 11�a� and 11�b� except for the downstream portion
f the passage near the suction side �A�. This hot streak is due to
he carry-over of the pressure side hot streak in the case of
.0125% midpassage flow case while the hot streak region does
ot appear as a result of the increased leakage flow for the case of
.3%.

Figure 11�c� indicates the same trend of improved cooling if
ne decreases the seal gap from the original to 0.33 gap width
eeping the same leakage flow from the midpassage gap. In addi-

ig. 9 Secondary flow vector and non dimensional thermal
eld for the secondary flow plane „x/L=40%… for „a… no midpas-
age gap and „b… with midpassage gap
ion to the same trend, there is more uniform coolant coverage at
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the pressure side edge �B� due to less ingestion into the midpas-
sage gap compared with the former cases. Figure 11�d� shows the
adiabatic effectiveness of the endwall with the case of 0.11 seal.
Figure 11�d� shows essentially no hot region on the edge of the

Fig. 10 Secondary flow vector and nondimensional thermal
field for the secondary flow plane „x/L=60%… for „a… no midpas-
sage gap and „b… with a midpassage gap

Fig. 11 Contours of adiabatic effectiveness on the endwall for
computational results for „a… 0.0125% midpassage gap flow, „b…
0.3% midpassage gap flow, „c… 0.3% midpassage gap flow with
0.33 seal strip gap, and „d… 0.3% midpassage gap flow with 0.11

seal gap
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ressure side with very good film coverage for the case with the
.11 seal. It is also noticeable that the hot streak from leading edge
f the pressure side �C� indicates a different trend from the other
ases with midpassage. The film trace in the case with 0.11 seal is
imilar to the case without a midpassage gap, which is shown in
ig. 5�d�.
Figure 12 shows the normalized velocity component inside at

he exit of the midpassage gap for the various cases while Fig. 13
hows the nondimensional temperature inside the midpassage gap
t the depth inside the gap of 0.0125W �refer to Fig. 2�. As the
idpassage gap coolant is increased from 0.0125% to 0.3%, the

elocity distribution along the gap is nearly the same because of
he large midpassage gap area. In the downstream portion of the
ap, the nondimensional temperatures inside the gap for the 0.3%
eakage case are lower than the 0.0125% case. This decreases in
ap temperature results in increased adiabatic effectiveness levels
long the downstream portion of the suction side. As the seal strip
ap is reduced, the midpassage plenum pressure is increased for a
xed coolant flow resulting in a gap velocity distribution that is
hanged. Corresponding to the velocity distribution difference, the
ondimensional temperature along the gap is also changed. In the
pstream portion �for example, x /L�0.5�, temperature is reduced

ig. 12 Nondimensional velocity distribution at the exit of the
idpassage gap for cases 2–5

ig. 13 Nondimensional temperature comparison along mid-

assage gap for cases 2–5
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because of less hot gas ingestion into the gap in the case with 0.11
seal. In the downstream portion, temperature is reduced and non-
dimensional temperature is almost larger than 0.8.

Figures 14�a� and 14�b� show the flow field and nondimen-
sional temperature contours inside the midpassage gap for the
original and 0.11 gap width cases �2 and 5�. In both cases, the hot
gas ingestion into the gap is observed. Note that the endwall
height is z /S=0 and seal strip is located at z /S=−0.068. In Fig.
14�a�, the main gas flow goes inside of the gap in the upstream
region. Where x /L�0.5, flow exits from the midpassage gap.
Figure 14�b� shows a dramatic difference in the gap flow field
whereby the temperature is decreased dramatically for the 0.11
seal strip gap. In the upstream portion of Fig. 14�b�, the hot gas
ingestion is small compared with Fig. 14�a� because of the high
pressure of the plenum giving gap temperatures that are decreased
due to the small ingestion of the main passage flow.

5.3 Effect of the Endwall Alignment. Cardwell et al. �20�
investigated the effect of a misaligned endwall on the endwall
adiabatic effectiveness. In their paper, it was concluded that the
cascade geometry in which the suction side endwall was lower
relative to the combustor and to the pressure side endwall, gave
averaged film effectiveness levels that were about 20% higher
than a flush �aligned� endwall for the same coolant flow condi-
tions. It is also important to realize that in the Cardwell et al. �20�
study, they always maintained the pressure side at the same height
at the combustor exit. For example, when they simulated the dam
case �suction side raised� they raised the suction side above the
combustor exit. When they simulated the cascade case �pressure
side raised�, they actually lowered the suction surface below the
combustor exit.

The work presented in this paper includes predictions for a
misaligned endwall to determine which geometry might perform
best in terms of cooling the downstream platform using the leak-
age flow from the upstream slot. For these comparisons, the film-
cooling was set to be 0.5% and upstream slot flow was set to be
0.75%. Figures 15�a�–15�d� correspond to cases 6–9 in Table 2. In
comparing the flush case �case 2, shown in Fig. 3�a�� to the cas-
cade case �case 6, shown in Fig. 3�b��, the endwall cooling per-
formance of case 6 is only slightly better than case 2. This slight
improvement primarily happens in the upstream region of the suc-
tion side �A�. For the configuration in Fig. 3�b�, the suction side is
lower than both the combustor exit and pressure side endwall. The
results indicate that the coolant from the upstream slot covered the
suction side endwall very well as a result of the misalignment.

In Fig. 15�b� �case 7, shown in Fig. 3�c��, the adiabatic effec-
tiveness at the pressure side �B� is the lowest among the four

Fig. 14 Velocity contour and nondimensional thermal field in
the midpassage gap for „a… 0.0125% midpassage gap flow with
original seal strip gap „case 2… and „b… 0.3% with 0.11 seal strip
gap „case 5…
misalignment cases because of the lack of the upstream slot
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eakage.
In comparing the two cascade cases in Figs. 15�a� �case 6,

hown in Fig. 3�b�� and 15b �case 7, shown in Fig. 3�c��, the
diabatic effectiveness in the leading edge region where the suc-
ion side is down �Fig. 15�a�� was predicted to be better than when
he pressure side is raised �case 7, shown in Fig. 3�c��. These
esults indicate better cooling is achieved when there is a mis-
lignment of the combustor exit and vane endwall.

Figure 15�c� shows adiabatic effectiveness levels for a cascade
ase, in which the combustor is higher than vanes and the two
ating vane has the same level �case 8, shown in Fig. 3�d��. The

diabatic effectiveness shown in Fig. 15�b� is lower than the cases
n Figs. 15�a� and 15�c� in the leading edge suction side �A� and
ressure side edge �B�. These results indicate that the endwall
diabatic effectiveness is indicated to be a strong function of the
isalignment of the vane and combustor, more so, than that of the
isalignment of the two adjacent vanes.
Figure 15�d� shows the results for the dam configuration.

mong these four misalignment modes, this may be worst in
erms of endwall durability except for the pressure side �C�. These
esults are consistent with that indicated by the experimental re-
ults presented by Cardwell et al. �20�.

Figures 16�a� and 16�b� show the pitch-averaged adiabatic ef-
ectiveness for four misalignment cases and flush case for the
uction side and pressure side. In the case of the dam configura-
ion, the adiabatic effectiveness is worst among five cases for both
ndwall sides except for the leading edge of the pressure side. For
he pressure side, the adiabatic effectiveness for the pressure side
p case is about 0.05 less than the other cases. The cascade case of
ombustor-up is the most desirable for the turbine durability.

Conclusions
Computational predictions of endwall adiabatic effectiveness

ith midpassage gap and upstream slot were conducted. Compari-
ons indicate that the computational predications agree relatively
ell with measured adiabatic effectiveness levels on the endwall,
articularly in terms of the coolant footprint. In both experiments

ig. 15 Contours of adiabatic effectiveness on the endwall for
a… case 6—cascade with suction side down „Fig. 3„b……, „b… case
—cascade with pressure side up „Fig. 3„c……, „c… case
—cascade with combustor-up and midpassage flush „Fig.
„d……, and „d… case 9—dam with suction side up „Fig. 3„e…, note
hat U� refers to raised side and D� refers to lowered side…
nd computations, the effect of the midpassage gap on the endwall
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adiabatic film effectiveness is important especially downstream of
the suction side. It was found that the flow field inside of the
midpassage gap strongly depends on the pressure difference be-
tween the midpassage gap plenum and main gas path. The flow
field inside of the gap also affects the endwall film effectiveness.

The results of this paper show important effects of the endwall/
combustor alignment. Clearly, the case with a raised combustor
relative to the downstream endwall is desirable for the purpose of
better coolant coverage from the upstream slot. The worst case
occurs when a dam configuration occurs, which agrees with pre-
viously presented experimental results. This paper has illustrated
the importance of considering these important design features and
how designers may be able to use these features to their advantage
in increasing the overall performance of a gas turbine.
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Nomenclature
B � passage gap depth
C � chord length

Cax � axial chord of stator vane
D � diameter of film-cooling hole

H1 � seal strip thickness
H2 � seal strip gap

k � turbulent kinetic energy

Fig. 16 „a… Suction side and „b… pressure side pitchwise aver-
age of the adiabatic effectiveness for flush and four misalign-
ment cases
L � length of midpassage gap
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P � vane pitch; hole pitch
Po or p � total and static pressures

Rein � Reynolds number defined as Re=CU	 /
 based
on inlet velocity

Reexit � Reynolds number defined as Re=CU	 /
 based
on exit velocity

S � span of stator vane
T � temperature

W1 � midpassage gap width
W2 � seal strip gap
W3 � Passage gap plenum width
W4 � Upstream slot width

x, y, z � local coordinates
xa � local coordinates from the upstream slot
y+ � wall coordinate
Vn � normal velocity to the secondary flow
Vz � spanwise velocity

reek
� � turbulence dissipation rate
� � adiabatic effectiveness, �= �T	-Taw� / �T	-Tc�

 � kinematic viscosity
� � nondimensionalized temperature,

�= �T	-T� / �T	-Tc�

ubscripts
aw � adiabatic wall

c � coolant conditions
in � inlet conditions
	 � freestream condition
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