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The necessity of performing an unsteady simulation for the purpose of predicting the heat
transfer on the endwall surfaces of a turbine passage is addressed. This is measured by
the difference between the two solutions obtained from a steady simulation and the time
average of an unsteady simulation. The heat transfer coefficient (Nusselt number) based
on the adiabatic wall temperature is used as the basis of the comparison. As there is no
film cooling in the proposed case, a computed heat transfer coefficient should be a better
measure of such difference than, say, a wall heat flux. Results show that the effect of
unsteadiness due to wake passage on the pressures and recovery temperatures on both
hub and casing is negligible. Heat transfer on the endwalls, however, is affected by the
unsteady wake; the time-averaged results yield higher heat transfer; in some regions, up
to 15% higher. The results for the endwall heat transfer were compared with results in
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Introduction
Gas turbine heat transfer remains an important topic of concern

s turbine inlet temperatures continue to rise and combustor exit
rofiles continue to flatten with the goal of maximizing power
utput and efficiency. This in turn means higher gas-side heat
ransfer to the hot gas path components, including the vane and
lade and, in particular, the endwalls, which are now experiencing
emperatures nearly as high as the peak temperatures near the

idspan.
Of importance to understanding the endwall heat transfer is

escribing and characterizing endwall flows. As early as 1976,
angston et al. �1� wrote that “the literature is certainly not lack-

ng in experimental studies of endwall flows in turbine cascades”
ut is lacking a “complete analytical solution” of the endwall
ows. In this 1976 paper, Langston et al. �1� cited the potential of
umerical models to fill in that gap, which, one can argue, has yet
o be entirely filled, which, that is, where the present research and
ther papers on computational fluid dynamics �CFD� modeling of
ndwall flow and heat transfer continue to play an important role
n our understanding of this critical region of the turbine passage.

Langston et al. �1� used ink to visualize flow near the endwalls
f a cascade and measured pressures and velocities at axial loca-
ions within the passage. Gregory-Smith et al. �2� presented the
ow visualization of the endwall and made measurements in a
ascade with the goal of calculating the vorticity in the passage.
here have also been several review papers �3–5� that survey

iterature on secondary flows in turbine passages and that high-
ight results of turbine endwall aerodynamics and heat transfer
tudies. The dominant secondary flow structures highlighted in-
lude the cross-passage flow that crosses from the pressure side to
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the suction side and what is commonly referred to as the horse-
shoe vortex that forms at the stagnation point on the leading edge,
where the flow separates into a pressure side and a suction side
leg. There are additional forms of secondary flow, including cor-
ner vortices. There are three “corners”: the first is between the
pressure side surface and the hub, the second is between the suc-
tion side surface and the hub, and the third is between the leading
edge surface and the hub.

Near the blade tip, the dominant secondary flow feature is the
tip leakage vortex that manifests itself along the suction side of
the airfoil. The losses due to tip leakage flow can account for up to
1/3 of the total stage losses, as suggested by Boyle et al. �6�,
making them important from an aerodynamics perspective as well
as their impact on heat transfer. Research in the topic of near-tip
flows and heat transfer started with basic research using very basic
geometry to represent flat and grooved rectangular tip models
�7–9�. These studies, among other things, established that the ef-
fect of relative motion between the blade and casing on heat trans-
fer is negligible, which was consequently followed by a series of
linear cascade tests using three-blade, four-blade, and five-blade
cascades to measure static pressure and local heat transfer distri-
bution on the airfoil, tip, and casing surfaces for a variety of tip
geometries �10–15�. Experimental data obtained in stationary cas-
cades offer detailed measurements; however, results may not scale
to the actual engine conditions or be truly representative of a true
rotating blade in an engine. Therefore, experimental data have
also been obtained at engine conditions in rotating rigs. Haldeman
and Dunn �16� at the Ohio State University Gas Turbine Labora-
tory measured the heat transfer for the vane and blade of a rotating
high pressure turbine stage operating at design corrected condi-
tions using a large shock-tunnel facility. For the blade, Stanton
number is reported at 20% and 96% spans at the blade tip and on
the shroud. Polanka et al. �17� also made pressure and heat flux
measurements on the tip and shroud under rotating conditions at
the U.S. Air Force Turbine Research Facility, which is a full scale

rotating rig. These test setups �16,17� are far more representative
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f engine conditions, however, the test data are sparse and a lim-
ted number of discrete measurements are available as compared
ith the cascade tests.
In addition to the experimental research on endwall aerodynam-

cs and heat transfer, there have been a number of computational
tudies on the subject, several of which complement the experi-
ental work. The 9H tip heat transfer experiments of Bunker et al.

10� were modeled using in-house Reynolds-averaged Navier–
tokes �RANS� codes �18,19� and the OSU tests were modeled
sing the commercial CFD code STARCD �17� and an in-house
E-developed code Tacoma �20,21�. Polanka et al. �22� presented
comparison between numerical predictions and experimental re-

ults of Polanka et al. �17�. The conclusions were that the agree-
ent between the test and the CFD is “very good” on the airfoil

nd “moderately good” on the endwalls and tip �21�; the tip heat
ransfer in Ref. �18� was overpredicted by the CFD and although
he shroud pressure distribution was accurately predicted with the
D RANS solver, the heat transfer there was overpredicted by a
actor of 2 �22�.

Wake effects and unsteadiness were investigated by Pullman
23�, who used test measurements to show the vortex formation at
he stator exit and their development within the rotor passage to
he rotor exit. Using the experimental measurements at the stator
xit as boundary conditions to a rotor CFD model, the predictions
f the aerodynamic losses �using steady and unsteady analyses�
re calculated and the flow field at the rotor exit is predicted and
ompared with test data. The steady simulation predicted 10% less
oss in the rotor row than the unsteady simulation.

The present work focuses on the effect of unsteadiness due to
ake passage on the endwall heat transfer as well as pressures and

emperatures as predicted using an unsteady 3D RANS solver.
he vehicle for this computational study is the E3 high pressure

urbine blade, which has been reported extensively in literature
24–28�. Time-resolved test measurements are not available for
he E3 HPT blade; therefore, qualitative comparisons of the CFD
esults will be made with HPT data in open literature, including
efs. �29–31�, to serve as a check on the CFD results. The pri-
ary question this research seeks to answer is whether an un-

teady analysis gives the same answer as a steady analysis. For
his size model ��2�106 nodes�, it takes 500 clock hours to
each a converged steady state solution. Also, it takes the same
odel 25,000 clock hours to converge the unsteady simulation.
he question is: Is the added time and complexity of running
nsteady worth it?

Computational Method
A 3D RANS code developed at the NASA Glenn Research

enter has been used to predict pressures, temperatures, and heat
ransfer in a single blade passage of the GE-E3 gas turbine. The
ode was Glenn-HT and was described in detail by Ameri et al.
32�. It uses a finite volume discretization scheme and is second
rder accurate in time and space. The turbulence model used in
he calculations was the low Reynolds number k-� model by Wil-
ox �33�, which is integrated to the wall; a nondimensional grid
pacing y+ of near 1 is maintained on all wall surfaces, including
he blade and endwalls. The code was run on 48 processors of a
eon Linux Cluster using message passing interface for parallel
rocessing.

The E3 gas turbine has 46 vanes and 76 blades and the blade
otates at 8400 rpm. The blade tip clearance is 2% of the blade
pan. The present research focuses on the effect of the upstream
ane wake on the blade. The domain of this computation is re-
tricted to a single blade passage; this simplification of using a
ane/blade ratio of 1 is based on a separate preliminary study �23�,
hich showed that for purposes of computing average heat trans-

er, the wake frequency for a 1:1 ratio produces a very similar
esult as compared with a 2:3 ratio. The 2:3 ratio is an approxi-

ation to the actual vane/blade count, which was 46:76.

31010-2 / Vol. 133, JULY 2011
The inlet of the domain is located at 15% axial chord upstream
of the blade leading edge �midway between the vane trailing edge
and the blade leading edge� and the exit of the domain is at 50%
axial chord downstream of the blade trailing edge. To create the
multiblock structured grid needed for the solver GRIDPRO

™, com-
mercially available software for generating structured meshes was
used. Figure 1 shows the surface mesh on the solid airfoil and
hub. Figure 2�a� shows the grid on the casing surface highlighting
the multiblock structure of the grid blocks. Figure 2�b� shows the
grid structure on the hub surface. The grid consists of 164 blocks
and a total of 1.8�106 nodes. There are 65 nodes across the tip
clearance gap in the radial direction and 101 nodes from the hub
to tip of the blade. The grid independence of the solution was
established �24,26�.

A dimensionless time step of 0.005 was used based on earlier
investigations in which the time step was varied from 0.001 to
0.01. For the selected time step of 0.005, 320 steps were required
to complete one period �i.e., the passing of a wake across a single
blade passage�, which is sufficiently fine, a resolution for purposes
of this study. Based on the selected time step, blade count, and
RPM, there were 320 time steps over the period of one wake
passage.

2.1 Boundary Conditions. A separate computation of the
vane flow was used to establish the inlet boundary conditions used
in the present blade analysis. The total pressure and temperature at
the vane exit were calculated using the same code and methodol-
ogy and the wake profile is taken from the midspan of the vane
computation and used for the entire span of the inlet section to the
blade. The total pressure in the vane wake was approximated with
a trigonometric function

P0�t,�� = P0−bg�1 − 0.15�sin�n�/2 + �t/���10� �1�
Likewise, the total temperature wake behind the vane was ap-

proximated using a second trigonometric function

T0�t,�� = T0−bg�1 − 0.05�sin�n�/2 + �t/���10� �2�
Figure 3 shows the normalized inlet total temperature and total

pressure wakes as applied to the blade inlet.
The wake turbulence and length scale were similarly obtained

and approximated with trigonometric functions and specified at
the blade inlet. The background level for turbulence intensity was

Fig. 1 The grid on the solid surfaces of the geometry
2% and the amplitude was 5% for a peak value of 7%, i.e.,

Transactions of the ASME
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Tu�t,�� = Tubg + Tuamp�sin�n�/2 + �t/���6 �3�
The wake turbulence length scale was also fitted with the same

unction, where the background length scale was set to 10% axial

ig. 2 „a… Casing surface mesh showing multiblock structure
nd „b… hub surface mesh showing multiblock structure

ig. 3 Total temperature „T0… and total pressure „P0… at the

lade inlet
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chord and the peak length scale was set to 25% axial chord.
To simulate the nearwall boundary layer effects, a boundary

layer profile for the inlet total pressure and temperatures is applied
at the inlet section that extends to 1% span from the hub and
casing.

At the exit of the domain, a constant static pressure boundary
condition is applied at the hub and a radial equilibrium is en-
forced. No-slip boundary conditions are applied to all solid sur-
faces in the domain, including airfoil, hub, and casing.

The heat transfer coefficient is defined as

h = Qw/�Taw − Tw� �4�

where Qw is the wall heat flux, Tw is the wall temperature, and Taw
is the adiabatic wall temperature. Therefore, in order to calculate
heat transfer coefficient defined as such, it is necessary to run two
separate analyses; one in which the walls have zero heat flux in
order to determine the adiabatic wall temperatures and a second
with a prescribed wall temperature in order to calculate the heat
flux. For the runs with a prescribed wall temperature, a constant
temperature of 0.7 �normalized using inlet total temperature� is
applied to all walls.

The steady state boundary conditions are based on the average
of the unsteady computations.

3 Results and Discussion
Figure 4 shows the instantaneous pressure distribution on the

hub surface at equal times over the period of one wake passage.
The image outlined with the dashed line shows the time-averaged
pressure distribution. These time-averaged results are compared
with a steady simulation in which there is no wake at the inlet.
The inlet boundary condition for the steady simulation is the area
average of the unsteady boundary condition in Fig. 3.

The instantaneous pressure distributions in Fig. 4, particularly
the position and extent of the low pressure region on the suction
side, illustrate the effects of the wake passage. This region of
minimum pressure is indicative of a vortex that is traveling along
the suction side �perhaps the suction side �SS� leg of the horse-
shoe vortex�. As time passes from t=0 to t=T /4, this low pressure
region moves along the SS edge and extends in the blade to blade
direction. As it approaches the trailing edge �TE�, it appears to
move away from the SS edge toward the pressure side �PS� trail-
ing edge and begins to diffuse. At sometime between T /4 and
3 /8T, a second low pressure region emerges near the leading edge
before the high point of curvature �high-C� that also moves along

Fig. 4 Instantaneous and time-averaged „dashed… hub surface
pressure for a wake passing
the SS edge extends and diffuses as before. The periodic growth,

JULY 2011, Vol. 133 / 031010-3
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iffusion, and movement of this low pressure region indicate an
nteraction between the endwall secondary flows and the upstream
ake.
Likewise, the instantaneous heat flux images in Fig. 5 suggest

n interaction between the wake passage and the endwall heat
ransfer on the hub. In discussing the pressure, we focused on the
ow pressure region along the suction side and noted the presence
f two low pressure regions at the same time during part of the
eriod: one region is diffusing into the passage near the trailing
dge and one is beginning to grow as it moves along the SS edge
ear the leading edge. In Fig. 5, let us focus our attention on the
igh heat transfer regions shown in red. At the leading edge, there
s high heat transfer due to stagnation that extends along the PS
dge and grows. There is a low heat transfer region between the
assages that moves along the SS edge and grows then diffuses
cross the passage to PS edge. In doing so, it mixes with the high
eat transfer fluid and reduces the heat transfer, resulting in what
ppears to be a break in the high heat flux zone along the PS edge.
he latter piece of the high heat transfer region along the PS edge
hrinks in extent and decreases in magnitude as it diffuses and
ppears to “shed” at the trailing edge.

The pressure distribution on the casing and hub surfaces is plot-
ed in Figs. 6 and 7, respectively, nondimensionalized by the inlet
otal pressure. Figure 7 is actually a repeat of the time-averaged

ig. 5 Instantaneous and time-averaged „dashed… hub heat
ransfer distribution for a wake passing
Fig. 6 Time-averaged casing pressure

31010-4 / Vol. 133, JULY 2011
contour plot in Fig. 4 outlined with a dashed line. The airfoil
outline shown in Figs. 6 and 8 and other casing images to follow
is the projection of the tip surface on the casing.

On the casing surface, there is a region of high pressure in the
forward part of the passage above the pressure side surface of the
airfoil whose outline is shown in Fig. 6. This high pressure cor-
responds to the stagnation region of the airfoil near the tip. There
is a low pressure region near the trailing edge of the airfoil, which
likely corresponds to higher tip flow speeds.

On the hub surface �Fig. 7�, the stagnation region at the leading
of the airfoil results in a high pressure zone that extends into the
passage along the pressure side. On the suction side is a low
pressure region just past the high-C �curvature� of the airfoil that
increases along the passage likely to correspond with the suction
side leg of horseshoe vortex forming at the leading edge and
growing as it moves through the passage and interacts with the
cross-passage flow.

Contour plots of pressure on the casing and hub surfaces were
also obtained from a steady state CFD model and compared with
the time-averaged distributions. There was no discernable differ-
ence between the time-averaged and steady state contours that
could be identified from the contour plots. Therefore, the differ-
ence between the time-averaged and steady state local pressures is
plotted instead in Figs. 8 and 9.

Figure 8 shows the difference between the time-averaged and
steady state pressure results on the casing surface as a percentage
of the time-averaged results. Clearly, there is negligible difference
between the two solutions; the largest difference is on the order of
2% and is located slightly forward of the high-C point on the

Fig. 7 Time-averaged hub pressure

Fig. 8 Difference in casing pressure distribution between the

time-averaged and steady results

Transactions of the ASME
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asing surface and further aft at the high-C point on the hub sur-
ace. However, a 2% difference is not significant enough to
ustify/warrant a transient CFD analysis.

Figures 10 and 11 show the adiabatic wall temperature distri-
ution on the casing and hub surfaces, respectively, nondimen-
ionalized by the inlet total temperature. Note that the two figures
re not plotted at the same scale to illustrate trends and enable
iscussion. In Fig. 10, the adiabatic wall temperature on the cas-
ng surface exceeds the inlet total temperature �i.e., the dimension-
ess Taw exceeds 1�; this occurs at the stagnation region and along
he pressure side edge of the airfoil tip. The rise in adiabatic wall

ig. 9 Difference in hub pressure distribution between the
ime-averaged and steady results

Fig. 10 Time-averaged casing adiabatic wall temperature
Fig. 11 Time-averaged hub adiabatic wall temperature

ournal of Turbomachinery
temperature can be attributed to work processes in the near-tip
region, where energy is imparted from the rotating fluid in the tip
gap to the stationary casing, thereby increasing the total tempera-
ture at the casing surface.

The rise in adiabatic wall temperature on the casing surface was
noted by Thorpe et al. �30� experimentally and numerically: “In
the tip gap, the stagnation temperature is shown to rise above that
found at stage inlet by as much as 35% of stage total temperature
drop.” A similar finding is ascertained from Fig. 10, which shows
the maximum adiabatic wall temperature to be 1.06 and the exit
adiabatic wall temperature to be 0.84; therefore, the rise in adia-
batic wall temperature 0.06 is about 1/3 of the total temperature
drop for the rotor passage.

On the hub surface �Fig. 11�, there are no regions where the
dimensionless adiabatic wall temperature exceeds unity since
there are no rotating/stationary frames of references in the hub
wall unlike the casing. The adiabatic wall temperature decreases
along the flow passage because work is extracted from the stage.
The low pressure region of Fig. 7 discussed earlier as being at-
tributable to recirculation in the horse shoe vortex results in a
region of minimum adiabatic wall temperatures at the high-C
point and aft.

The adiabatic wall temperature results in Figs. 10 and 11 are
obtained through the time-averaging of the transient CFD solu-
tions and are compared with steady state results. Figures 12 and
13 use the same scale and show the difference between the time-

Fig. 12 Difference in casing adiabatic wall temperature distri-
bution between the time-averaged and steady results

Fig. 13 Difference in hub adiabatic wall temperature distribu-

tion between the time-averaged and steady results

JULY 2011, Vol. 133 / 031010-5
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veraged and steady state adiabatic wall temperatures as a per-
entage of the temperature difference between the adiabatic wall

nd the isothermal wall, i.e., T̄aw−Taw / T̄aw−Tw.
This is a more physical representation of the difference as the

enominator is indicative of the driving temperature for heat
ransfer. Figure 12 shows that the time-averaged casing surface
diabatic wall temperatures are about 4–6% lower than the steady
esults. For the hub surface, Fig. 12 shows that the time-averaged
ub surface adiabatic wall temperatures are up to 8% lower than
hose predicted by a steady state simulation. The region of largest
ifference is in the forward region of the hub surface.

The dimensionless wall heat flux, as defined in the nomencla-
ure, is plotted in Figs. 14 and 15. Figure 14 shows the time-
veraged wall heat flux distribution on the casing surface. The
rea of highest heat transfer is the region of the casing above the
ressure side edge of the airfoil tip due to the entry of tip leakage
ow into the clearance gap, consistent with Fig. 10.
The heat transfer rates at the hub surface shown in Fig. 15

repeat of the dash-outlined image in Fig. 5� are lower than those
ound on the casing surface �Fig. 14�. The area of highest heat
ransfer is on the hub surface near the leading edge in the stagna-
ion region and penetrates at a lower magnitude along the pressure
ide surface aft toward the trailing edge.

The heat transfer rate on the end walls obtained through time-
veraging is compared with the steady state-predicted heat fluxes
nd the difference between the time-averaged and steady results
or the casing and hub are shown in Figs. 16 and 17, respectively.
n the casing surface �Fig. 16�, the time-averaged solution pre-
icts up to 10% higher heat transfer in some regions, specifically
n the region above the SS edge of the tip. The streaks of large

Fig. 14 Time-averaged casing heat transfer rate
Fig. 15 Time-averaged hub heat transfer rate

31010-6 / Vol. 133, JULY 2011
positive and large negative differences past the trailing edge in the
wake of the blade can be neglected; they likely indicate a slight
offset in the distribution rather than a fundamental difference in
the prediction.

On the hub surface �Fig. 17�, the unsteadiness increases the heat
transfer by up to 10%; the largest difference is at the leading edge
and along the pressure side edge into the passage. Generally, there
are larger differences in the local heat transfer prediction on the
hub surface than on the casing surface with the effect on the
casing being highly localized to the region past the suction side
and nearly zero difference everywhere else.

Figures 18 and 19 show the Nusselt number distribution on the
casing and hub surfaces, respectively, while Figs. 20 and 21 show
the difference between the time-averaged and steady state Nusselt
numbers.

The region of highest Nusselt number on the casing surface is
also the region of highest heat transfer �Fig. 14� and highest adia-
batic wall temperature �Fig. 10�, which is above the pressure side
edge of the blade tip. Not surprisingly, the region showing signifi-
cant difference in the effect of time-averaging is at the same lo-
cation, where there were significant differences in the heat flux
predictions �Fig. 16�; the effect of the wake on adiabatic wall
temperature for the casing surface was shown to be negligible
�Fig. 12�.

Fig. 16 Difference in casing heat transfer rate between the
time-averaged and steady results

Fig. 17 Difference in hub heat transfer rate between the time-

averaged and steady results
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On the hub surface, the region of highest Nusselt number is at
he stagnation region along the airfoil leading edge, as shown in
ig. 19; this was also the region of highest heat flux per Fig. 15.
hereas the casing surface adiabatic wall temperatures were un-

ffected by the wake; the hub surface temperatures were lower
hen the unsteadiness due to wake passage was considered. The
eat flux distribution on the hub was also influenced by the wake
assage. Therefore, one finds that the Nusselt number, which is
riven by heat flux and temperature difference, is influenced by
ake passage, as shown in Fig. 19.

Fig. 18 Time-averaged casing Nusselt number

Fig. 19 Time-averaged hub Nusselt number

ig. 20 Difference in casing Nusselt number between the time-

veraged and steady results

ournal of Turbomachinery
The largest effect unsteadiness due to wake passage has on
Nusselt number is along the leading edge of the airfoil but also
along the pressure side surface. The unsteadiness increases the
local Nusselt numbers by up to and above 10%.

3.1 Heat Transfer Comparison With Open Literature. As
previously mentioned, there are no experimental results for end-
wall pressures, temperatures, or heat flux for the GE-E3 HPT
blade. However, there are other results for other engine blades in
open literature that can serve as a qualitative comparison to ensure
that the trends predicted by the CFD are sensible.

3.1.1 Comparison of Casing Heat Flux With Epstein et al..
Epstein et al. �29� measured the time-resolved static pressure and
heat flux to the casing wall in a blow down turbine test rig. The
turbine tested was a transonic high pressure turbine scaled from a
Rolls Royce engine. A detailed quantitative comparison with the
casing measurements of Epstein et al. can be found in Ref. �26�.

A key finding of that research �29� is that a large percentage of
the total casing heat flux, nearly 45% of the total heat load, comes
from the flow over the rotor blade tip; the tip area represents about
30% of the total casing area and contributes 45% of the total heat
flux. Similarly, the present results for the E3 show that the above-
rotor tip region constitutes about 12% of the total casing surface
area and contributes about 22% of the total heat casing heat load.

A comparison of Fig. 22 showing the experimental results for
the casing heat flux on data from Ref. �29� and Fig. 14 showing

Fig. 21 Difference in hub Nusselt number between the time-
averaged and steady results
Fig. 22 Measured heat flux on casing surface †29‡

JULY 2011, Vol. 133 / 031010-7
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he CFD-predicted nondimensional heat flux for the E3 show simi-
ar trends; the region of high heat transfer is in the overtip region
bove the pressure side edge and decreases toward the trailing
dge. A region of slightly higher heat flux extends from the lead-
ng edge toward the inlet. The heat flux decreases along the pas-
age and reaches a minimum at the rotor wake region.

3.1.2 Comparison of Hub Heat Transfer With Tallman et al.
allman et al. �21� presented contour plots of the hub Stanton
umber using a RANS solver. Figure 23 shows the CFD-predicted
tanton number. The test data are shown in Ref. �21�; however,

he measurements are sparse on the hub surface and insufficient to
enerate a contour plot. Therefore, the CFD results will be used
or comparison.

Notable features in the Stanton number distribution include the
igh heat transfer region at the leading edge and the moderate to
igh heat transfer along the pressure side edge of the passage.
igure 24 presents the time-averaged Nusselt number distribution
or the hub surface of the E3 blade; the data is identical to Fig. 19
resented earlier; however, the range has been modified to better
ighlight features and draw comparisions to the Stanton number
istribution for the hub in Fig. 23. The contours in Figs. 23 and 24
re similar: The heat transfer peaks at the leading edge due to
tagnation and decreases with a relatively high heat transfer re-
ion along the PS edge. There is a much narrower low heat trans-
er region along the suction side, similar to the blade analyzed in
ef. �21�.

ig. 23 Predicted Stanton number on hub surface of Tallman
t al. †21‡

ig. 24 Predicted Nusslet number on the hub surface of E3
lade „similar to Fig. 19…
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4 Conclusions
The endwall pressures, temperatures, and heat transfer have

been computed using an unsteady RANS calculation, time-
averaged, and compared with steady state predictions to evaluate
the effect of unsteadiness due to wake passage.

Results obtained using the k-omega turbulence model show that
the effect of unsteadiness on the average endwall pressures on
both hub and casing is negligible; the unsteadiness increases the
pressure prediction in some areas by up to 2%. The area, where
the pressure is most affected by unsteadiness, is on the suction
side part of the passage for both hub and casing and the effect of
unsteadiness seems to extend over a slightly larger area on the hub
than the casing.

The contribution of unsteadiness due to wake passage on the
recovery temperature on the casing is negligible over most of the
surface. On the hub surface, the time-averaged results yield lower
recovery temperature predictions in the forward region of the pas-
sage.

Heat transfer on the endwalls is affected by the unsteady wake
more than the pressures and temperatures. The time-averaged re-
sults yield higher heat transfer; in some regions, the increase is up
to 15%. On the casing surface, the increase in heat transfer is
more localized and appears on the suction side region of the pas-
sage, where the peak pressure difference between the time-
averaged and steady results occurred. The effect on the hub sur-
face is less localized and the increase in heat transfer predictions
can be seen all along the pressure side edge and penetrate well
into the passage.

As there are no experimental data available to validate the CFD
results for the E3, the results for the endwall heat transfer were
compared with results in open literature. For the casing, the results
were comparable to experimental measurements of Epstein et al.
�29� quantitatively in terms of the influence of the above-rotor tip
area to the overall shroud heat flux and qualitatively in terms of
the pattern of heat transfer on the surface. For the hub surface, the
results were compared with results from Tallman et al. �21� and
were also found to be similar, thereby verifying the unsteady
Reynolds-averaged Navier-Stokes �URANS� calculations of the
present work.
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Nomenclature
C � axial chord
h � heat transfer coefficient=Q / �Taw−Tw�
k � thermal conductivity

Nu � Nusselt number=hC /kinlet
P� � dimensionless pressure= P / Pinlet
Q� � dimensionless heat flux=Q / �kinletT0 /C�

t � time
T� � dimensionless temperature=T /Tinlet
y+ � dimensionless distance from the wall

� � tangential angle
� � time period for one wake passage

Subscripts
0 � absolute total value

aw � adiabatic wall
bg � background value
w � wall

x � axial value
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