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ABSTRACT

Results are shown for a three-dimensional Navier-
Stokes analysis of both the flow and the surface
heat transfer for turbine applications. Heat transfer
comparisons are made with the experimental shock-
tunnel data of Dunn and Kim, and with the data
of Blair for the rotor of the large scale rotating tur-
bine. The analysis was done using the steady-state,
three-dimensional, thin-layer Navier-Stokes code de-
veloped by Chima, which uses a multistage Runge-
Kutta scheme with implicit residual smoothing. An
algebraic mixing length turbulence model is used to
calculate turbulent eddy viscosity. The variation in
heat transfer due to variations in grid parameters is
examined. The effects of rotation, tip clearance, and
inlet boundary layer thickness variation on the pre-
dicted blade and endwall heat transfer are examined.
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Pressure coefficient (P — P{y)/(Piy — PexiT)
Pressure

Unit Reynolds number

Chord

- Fractional surface distance

Stanton number based on inlet conditions
- Fractional chordwise distance

Distance normal to surface

- Normalized distance from surface

- Full boundary layer thickness

Kinematic viscosity

- Density
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Subscripts
g - Gas total
v - Blade row inlet
gxiT - Blade row hub exit

w - Wal
1 - First grid line from surface
Superscript
! - Total
INTRODUCTION

Accurate heat transfer predictions are needed in
turbomachinery designs for advanced propulsion sys-
tems. Improved heat transfer prediction capability al-

- lows for reduced coolant requirements for given heat

loads to the turbine blades. Alternately, improved
heat transfer predictions would allow for an increase
in turbine inlet temperature for a given amount of
coolant. Even if the blades are uncooled, accurate pre-
dictions are needed to determine blade temperatures
during transients, since these temperatures determine
thermal stresses. Experimental data show three-
dimensional heat transfer patterns on the blade and
the endwall surfaces.!~7) These three-dimensional
heat transfer patterns were observed in data from
both cascade facilities and on rotating turbine blades.
Blair(®) showed heat transfer on the rotor surface in
the tip region nearly double that in the midspan re-
gion, indicating the importance of clearance in de-
termining blade heat transfer. Two-dimensional heat
transfer analyses are unsuitable for predicting endwall
heat transfer distributions, and do not account for
clearance effects. The three-dimensional nature of the
experimental data show the need for three-dimensional
heat transfer analyses.

Comparisons have been made between predicted
and measured vame and rotor heat transfer using
three-dimensional Navier-Stokes analyses,(8-1% typi-
cally for cases where neither tip clearance nor rotation
were present. This paper shows comparisons between
predicted and measured heat transfer for individual



blade rows of turbine stages. Comparisons are shown
with the heat transfer data of Dunn and Kim(?), and
with the data of Blair(®). Dunn and Kim measured
vane and rotor heat transfer in a shock tunnel for the
Space Shuttle Main Engine(SSME), high pressure fuel
turbine(HPFT), operating at the design turbine pres-
sure ratio. Measurements were made at three spanwise
locations for the stator and rotor of the first stage, and
at midspan for the stator of the second stage. Blair
measured heat transfer for the rotor of a low speed
turbine in a large scale rotating rig over a range of
Reynolds numbers and flow coefficients. Full span heat
transfer data were obtained on both surfaces of the ro-
tor, and on the hub endwall.

The heat transfer analysis was done using the
steady-state three-dimensional analysis developed by
Chima(11-12), " This is an explicit, finite-difference,
thin-layer Navier-Stokes analysis. An algebraic tur-
bulence model is used to calculate the turbulent eddy
viscosity. One question which arises with respect to
the clearance flow region is the degree of detail needed
for calculating the flow in the gap between the top
of the rotating blade and the stationary shroud. It
is possible to generate a grid for the region on top of
the blade in this gap, and a grid would be necessary
to calculate the heat transfer on the top surface of
the rotor. However, a simpler approach is to average
the flow variables for the blade surface grid line when
the grid is extended into the clearance region. Since
part of the motivation for this work was to determine
an efficient approach which gives accurate results, the
simpler approach was used.

DESCRIPTION OF ANALYSIS

Chima()), and Chima and Yokota(!?) give de-
tails of the three-dimensional, thin-layer Navier-Stokes
analysis. Briefly, the code uses an explicit time march-
ing algorithm, employing implicit residual smoothing.
A four-stage Runge-Kutta scheme was used. A spa-
tially varying time step along with a CFL number of
5 was used to speed convergence to the steady-state
solution.

The analysis was done to determine if a simple,
and therefore relatively fast, approach to tip clearance
modeling would correctly predict the effect of clear-
ance on rotor heat transfer. In the clearance region,
above the rotor, the flow variables at the projected
surface of the blade were averaged. The values for a
point on the extended suction surface were averaged
with a corresponding point on the extended pressure
surface. Because of the distribution of points in the C
grid, the averaged points were approximately the cor-
responding point normal to the mean camber line. In
this region the relative velocities at the projected sur-

face of the blade were not set equal to zero. Rather,
they were calculated in the same way as in the wake
region. In the clearance region there is no pressure
differential across the rotor. Fluid is induced to flow
from the high pressure region adjacent to the pressure
surface into the low pressure region adjacent to the
suction surface.

The transition locations were calculated using the
midspan transition criteria. The start of transition
and the length of transition in terms of distance from
the stagnation point were determined using the pro-
cedure described in reference 13 for the midspan flow
conditions. As discussed in reference 13, the transi-
tion prediction used the procedure recommended by
Mayle,(1%) in which the transition location is a func-
tion of Reynolds number, freestream turbulence, and
the blade passing frequency of the upstream blade row.
In the course of this work the effects of variation in the
turbulence model were examined. Changing the model
resulted in different heat transfer levels. However,
the same relative three-dimensional patterns were ob-
served. A model was chosen for the three-dimensional
heat transfer calculations, and it is expected that other
models would yield similar three-dimensional effects.
The turbulence model employed near wall damping,
and wall functions were not used. All cases were run
with a specified wall temperature.

C-type grids, which facilitate obtaining accurate
flow and heat transfer solutions in the leading edge re-
gion, were used. The leading edge region is a region
of high heat transfer on both the blade surface and on
the endwall in front of the blade. Grids were gener-
ated using the code TCGRID developed at Lewis by
Chima, Kirtley, and Tweedt,(}5) with the blade and
endwall geometry defined as in the MERIDL program
of Katsanis('®). The TCGRID program interpolates
this information to generate input data for a relatively
small number of two-dimensional blade-to-blade grids.
The subroutine within the TCGRID program that is
used to generate these two-dimensional grids is based
on Sorenson’s GRAPE code(17). After the blade-to-
blade grids were generated, the resulting grids were
interpolated to give grids for each spanwise grid plane.

When generating the grids it was necessary to de-
termine the spacing of the first grid line from the sur-
face. It is not the physical spacing, y;, but rather
the normalized spacing y;, that should be specified
to obtain accurate heat transfer results. An a priori
estimate of y* was calculated as given by Boyle(®),
except that the gas-to-wall temperature ratio was ex-
plicitly accounted for. The expression used for the
reference yt is:

vier = 0.17y R(T, /Ty, ) -2/ CO! (1)



where Re is the unit Reynolds number based on
freestream conditions at the blade row exit. y; is the
distance from the first grid line to the wall, and C is
the axial chord. The ratio T;/T,, is important only
when the gas total temperature to wall temperature
ratio is large, as it was in some of these comparisons.
An exponent of 1.5 was used to account for the effect of
temperature on both density and viscosity. The tem-
perature ratio term was included because it improved
the agreement between the yipr used in generating
the grid, and the maximum value of y{ calculated
from the Navier-Stokes solution. In all of the cases
presented, the spacing of the first grid line from the
hub and shroud was maintained at the same value as
the spacing of the first grid line from the blade.

RESULTS and DISCUSSION

Because of the relatively long computational
times involved in three-dimensional Navier-Stokes cal-
culations, it is necessary to determine the smallest grid
size that results in accurate predictions. First, the
grid size parameters and the near wall spacing, along
with the endwall boundary thickness will be examined
to show their relative importance in calculating accu-
rate turbine blade heat transfer. Next, the heat trans-
fer and pressure distribution comparisons with experi-
mental data will be made for the individual blade rows.
Grid parameter results. The first stage stator of the
SSME high-pressure fuel turbine was used to deter-
mine the appropriate grid parameters. The flow con-
ditions are those of the low Reynolds number case of
Dunn and Kim.(") The grid sensitivity study was done
assuming fully turbulent flow. Figure 1 shows the ge-
ometry and a typical grid used for the heat transfer
predictions, with the grid clustered near each of the
solid walls. The chord is shorter at the hub than at
midspan, which results in an underturning of the flow

at the hub. Figure 2 shows the effects of grid parame- - -

ters primarily on Stanton number, but also on the sur-
face pressure distribution, and on the calculated value
of yi. Results are shown for a combination of five dif-
ferent grids, and Table I summarizes the parameters
for the different grids. The choice of grid parameters
was influenced by the grid sensitivity results presented
by Boyle(la) for a two-dimensional Navier-Stokes heat
transfer analysis. Note that grids D and E were gen-
erated with different grid input parameters, which re-
sulted in locally different grids. These two grids dif-
fered in terms of grid spacing around the blade, and
in orthogonality to the vane surface, but had the same
number of grid lines and near-wall spacing. Both were
felt to be acceptable grids, but neither was felt to be
superior to the other in an overall sense.

Figure 2a shows Stanton number results for two

cases which differ in the number of streamwise grids by
comparing grids A and B. The number of streamwise
grids is the total number of grid lines which extend
out from the blade surface or from the C-grid cut line
in the wake region. Grid A had 214 streamwise grid
lines, of which 68 were in the wake; grid B had 145
streamwise grid lines, of which 40 were in the wake.
The coarser grid with 145 lines had nearly the same
Stanton number distribution as the finer grid, showing
that a relatively sparse grid could be used around the
blade for the heat transfer predictions.

Figure 2b shows the effect of varying the near-
wall spacing on Stanton number using grids C and D.
Increasing yg gy from 1.2 to 2.3 had little effect on the
blade surface Stanton number.

Figure 2¢c shows the effect on the Stanton number
of grid stretching in the spanwise direction. Grids B
and E, used for the comparisons, had the same spacing
for the first grid line off each endwall. Because grid B
had only 43 spanwise grid lines, it was stretched con-
siderably more. The ratio of Ay, to Ay; was 1.6 for
grid B, and this ratio was 1.3 for grid E. Ay is the
distance between adjacent grid lines in the radial di-
rection, with Ay; being the distance between the hub
or tip and the first grid line off the wall. The effect
of grid stretching is very noticeable on vane surface
heat transfer. This is somewhat surprising since the
grid variation is only in the spanwise direction, and
not in a direction normal to the blade. The span-to-
pitch ratio for this case is 1.1, so that the grid outward
from the blade was stretched about the same as grid E
was stretched in the spanwise direction. With C-type
grids, the grid extends from the blade surface only to
the midchannel, and there is no clustering near the
midchannel. The same number of lines in the span-
wise and blade-normal directions results in far greater
stretching in the spanwise directions for all but very
low span-to-pitch ratios.

Generating grids for turbine blade geometries in-
volves compromises. Because of the highly turned ge-
ometry, no one grid is optimum over the entire flow
field. Sensitivity of heat transfer to choice of grid op-
timization can be seen by comparing results in figures
2b and 2¢ for the same grid parameters. The Stanton
number results do not differ significantly between grid
D in figure 2b and grid E in figure 2c. :

Figure 2d shows the effect on surface pressures
comparing grids B and E. The differences are smaller
than one might expect based on the differences in the
surface heat transfer. These almost contradictory re-
sults suggest that the heat transfer is influenced by
the analysis’s ability to calculate the secondary flows
across the endwall.

Figure 2e shows calculated y; values on the blade



surface for grids C and D. For both values of ygpyr
the maximum value calculated from the Navier-Stokes
analysis is only slightly in excess of the a priori es-
timate give by equation 1. Because this example is
for a gas-to-wall temperature ratio of 1.9, neglecting
the gas-to-wall temperature ratio term in calculating
yigr would reduce the value by nearly a factor of 3. If
the gas-to-wall temperature ratio term was neglected
in calculating yg gy, the value of yfgr would be signif-
icantly less than the maximum value of y* calculated
using the Navier-Stokes analysis.

Grids of 400,000 points took approximately 2.5
seconds of CPU time on a Cray YMP computer per
iteration. Typically, heat transfer converged within
2500 iterations, even if not initialized with a similar
flow field. Less than 8MW of core were required for
this number of grid points.

Figure 3 shows the effect of grid stretching on
the endwall heat transfer. After examining the results
shown in figure 2c it is not surprising that this effect
is very large. Viewing these differences as uncertain-
ties in comparisons with experimental measurements
shows that coarse spanwise grids result in unaccept-
able computational errors. The strong sensitivity of
the heat transfer to grid stretching, coupled with the
relatively weak sensitivity to the near-wall spacing,
suggest that the effect of trading increased near-wall
spacing for reduced stretching be further examined.
Inlet boundary layer effect. Figure 4 shows the blade
and endwall heat transfer assuming an inlet bound-
ary layer on each endwall equal to 30 percent of
the full span. This inlet boundary layer thickness
was chosen arbitrarily large to illustrate its effect on
blade and endwall heat transfer. Inlet boundary layer
thicknesses of the same order as 30 percent of span
have been reported measured in endwall heat transfer
experiments.(1'4) While the effect of an inlet boundary
layer on the heat transfer distribution is not as great
as the effect of grid stretching, this effect is noticeable.
If a boundary layer is present in the test, it should be
included in the analysis.

Experimental data comparisons. Figure 5a compares
predicted surface pressures with the data of Hudson,
Gaddis, Johnson, and Boynton(19) taken at the NASA
Marshall Space Flight Center(MSFC) turbine test fa-
cility. It was felt to be appropriate to compare pressure
predictions with the MSFC data, because these tests
were aimed at obtaining accurate steady-state pres-
sures. Data are shown at 10, 50, and 90% of span.
The Navier-Stokes analysis considers only an isolated
blade row. The inlet total pressure and blade row
pressure ratio for this and subsequent blade rows were
obtained from the quasi-three-dimensional flow anal-
ysis code MTSB(29), using the experimental overall

two-stage turbine pressure ratio. Grid C was used for
the Navier-Stokes analysis. The Navier-Stokes analy-
sis predicted the surface pressures at 50 and 90% of
span reasonably well, but not as well at 10% of span.
This may be due to the circumferential nonuniformity
of the stator cutback. The analysis used the average
cutback, but the instrumented vanes might have been
in a passage with a different amount of cutback.

Figure 5b shows heat transfer comparisons for the
low Reynolds number data of Dunn and Kim.(") The
low Reynolds number cases are compared so as to
minimize uncertainties associated with grid spacing.
Experimental and predicted Stanton numbers for all
blade rows were based on the first stator inlet density
and velocity. Each endwall had an inlet boundary layer
thickness of 8% of span, based on the flow and geome-
try upstream of the stator. Both pressure and suction
surface data indicate a longer than predicted transi-
tion length. This accounts for the overprediction of the
Stanton number near a third of the suction surface dis-
tance. The analysis is in reasonably good agreement
with the data for the rearward portion of the pres-
sure surface, and both show little spanwise variation
in heat transfer. On the suction surface the analy-
sis agrees reasonably well with the data in the fully
turbulent region at 10% of span, and underpredicts
the heat transfer at 50% of span close to the trailing
edge. The data show the lowest suction surface heat
transfer at 90% of span. The analysis predicts the
correct trend in spanwise heat transfer variation, but
predicts a somewhat higher heat transfer at 90% of
span. The disagreement between the analysis and the
heat transfer data does not appear to be due to the
disagreement between the the analysis and the surface
pressure data. The poorest agreement in surface pres-
gures was at 10% of span, where the agreement in heat
transfer is as good as at the other spanwise locations.
The results in this figure and in figure 2 further in-
dicate the importance of spanwise stretching. On the
suction surface the data show greater spanwise varia-
tion in heat transfer than was predicted. The results
in figure 2c show lower heat transfer at 10 and 90% of
span in the rearward portion of the suction surface for
the finer spanwise grid.

Figure 6 shows the predicted heat transfer for the
first stage rotor of the SSME high pressure fuel tur-
bine. The analysis was done assuming a smooth blade
surface based on the analysis presented in reference
18, which concluded that the blades are hydraulically
smooth at this Reynolds number. Heat transfer distri-
butions are shown on both the unwrapped surface of
the rotor, and on the hub endwall The analysis was
done using a 145 x 40 x 65 grid, with a y{gp of 2.,
and a rotor tip clearance of 2.2% of span. The inlet



radial profile for the rotor analysis was obtained using
the circumferential average of the stator exit results.
The highest heat transfer occurs just in front of the
leading edge, and is very localized. The second high-
est heat transfer in the blade region is in the throat
region. Dunn and Kim(?1) gave two measurements of
endwall Stanton numbers. The values were 0.0065 and
0.007 at 20% and 60% of the rotor chord, respectively.

Figure 7 compares predicted and measured heat
transfer at 10, 50, and 90 percent of span. The anal-
ysis underpredicts the leading edge heat transfer, but
this was expected since the turbulence model did not
account for any augmentation in heat transfer due to
free stream turbulence prior to transition. Depending
on the correlation used, an increase in the leading edge
heat transfer of up to 40% could be expected. The pre-
dicted heat transfer agrees well with the experimental
data along the pressure surface. On the suction sur-
face the analysis agrees well with the data, except in
the transition region, and near the trailing edge at 90%
of span. The disagreement with the data in the tran-
sition region may not be the fault of the transition
model, but rather the defining of stagnation points
from which boundary layers are calculated to deter-
mine the start of transition. In a three-dimensional
flow field there are ambiguities associated with the de-
termination of the stagnation line. The analysis shows
a smaller variation in heat transfer between 50 and
90% of span than the experimental data. However, in
the clearance model there is no flow resistance at the
top of the blade, and this assumption would result in
higher than actual flow in the tip region.

To better understand the behavior of the calcula-
tions, it is useful to show results for different assump-
tions; comparing results for the different assumptions
should clarify the factors determining the heat trans-
fer. Figure 8 shows the blade heat transfer assuming
a shrouded rotor. The outer casing rotates with the
rotor, and there is no clearance gap. These results can
be compared with those shown in figure 6. Close to
the trailing edge on the suction side, the heat transfer
is higher without clearance. Everywhere else in the
tip region, the Stanton number is lower when there is
no clearance. Based on these data alone the assump-
tion made for flows in the clearance gap appears to
underestimate the effect of tip clearance, does give the
correct trend in heat transfer.

Figure 9 shows the vane surface Stanton numbers
for the second stage stator. This stator is similar to
the first stage stator, but there is no cutback at the
trailing edge. The heat transfer is similar to that for
the first stage vane. The three-dimensional effects on
the vane heat transfer are noticeable, and show greater
spanwise symmetry than for the first vane. This result

is essentially due to the absence of the cutback for the
second stage vane. Figure 10a compares midspan heat
transfer predictions with the data of Dunn and Kim(").
Except at the leading edge, where, as expected, the
predicted heat transfer is lower than measured, the
analysis overpredicts the blade surface heat tramsfer.
Figure 10b compares pressure distributions at 10, 50
and 90% of span with the data of Hudson et al.(1%),
This comparison agrees better with the data than the
pressure distribution for the first stage vane. Since the
second stator has no cutback, there is less passage-to-
passage variation in its exiting flow field. The absence
of a cutback could account for the better agreement
with the data for the second stage vane.

Figure 11 shows the rotor surface heat transfer
comparisons for the data of Blair. The analysis was
done with a 145 x 40 x 65 grid. The rectangular shape
of unwrapped blade the plot is the result of using a nor-
malized surface distance, where the normalization fac-
tor is a function of span. Comparisons for the suction
and pressure surfaces show that in both the predic-
tions and experimental data there are very high heat
transfer rates in the tip region on the suction surface.
Because this high heat transfer is in the tip region,
one is likely to assume that this high heat transfer
is the result of clearance flows. However, it should
be noted that there is high heat transfer in the hub
region at almost the same surface distance. The suc-
tion surface heat transfer in the hub region is higher
than at midspan, but not as high as in the tip region.
The analysis correctly predicts this three-dimensional
pattern. Figure 12 shows a calculation for the same
conditions as the prediction in figure 11, except that
there is no clearance and the shroud rotates with the
rotor. In the tip region the suction surface heat trans-
fer is significantly lower than in figure 11, showing the
relative importance of these phenomena.

CONCLUSIONS

The results of this work showed that a three-
dimensional thin-layer Navier-Stokes analysis was able
to predict heat transfer with reasonable accuracy. This
result was true for cases with and without rotation. A
relatively simple, and therefore computationally effi-
cient, tip clearance model gave useful results. This
model resulted in good agreement with experimental
data with respect to the heat transfer on the surfaces
of the blade in the tip region for the data of Blair, but
underpredicted the tip clearance effect for the data of
Dunn and Kim. However, this model, in which the
flow variables were averaged at the extended surface
of the blade in the tip region, gives no information
with respect to the heat transfer on the tip surface
of the blade. Nonetheless, it a useful tool for three



dimensional heat transfer analysis, and this approach
warrants further investigation.

Grid sensitivity studies showed that heat transfer
was most sensitive to the grid stretching. Both blade
and endwall heat transfer were highly dependent on
spanwise grid stretching. Heat transfer was more sen-
sitive to this parameter than to variations in near wall
spacing, streamwise grid density, or local optimization
of the grid. These results show that, while it is desir-
able to maintain a close near wall spacing, this param-
eter might be relaxed in favor of less grid stretching in
the interest of obtaining accurate and economical heat
transfer predictions.

The results of the analysis showed that in a multi-
blade row analysis, the results of the upstream calcu-
lation should be used as the inlet condition for suc-
cessive blade rows. Because of the relative motion of
the blade rows, circumferential averaging of the flow
variables was done. Although the averaging does not
completely preserve the flow field, the boundary layers
on the endwalls are maintained between blade rows.
The effect of neglecting the inlet endwall boundary
layers was not large in terms of the blade surface heat
transfer. However, the inlet boundary layer thickness
was important in accurately predicting endwall heat
transfer.
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Table | - Characteristics of first stage stator grids

Grid A B C D E

Streamwise No. | 214 145 145 145 145

Pitchwise No. 43 43 43 43 43
Spanwise No. 43 43 65 65 65
Y ner 2.3 2.3 1.2 2.3 2.3




Grid D - 145x43x65
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Figure 2b. Effects of near-wall grid spacing on vane heat transfer.
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Figure 2c. Effects of spanwise grid stretching on vane heat transfer.
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Figure 2d. Effects of spanwise grid stretching on vane surface pressure.
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Figure 2e. Variation of y* with near-wall grid spacing.
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Figure 3. Effects of spanwise grid stretching on endwall heat transfer.
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Figure 5a. Stator | Pressure Distribution (data of Hudson et al.).
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Figure 5b. Stator 1 Heat Transfer (data of Dunn and Kim).
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Figure 6. Rotor 1 Heat Transfer Prediction with Clearance.
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Figure 7. Rotor 1 Heat Transfer (data of Dunn and Kim).
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Figure 8. Rotor 1 Heat Transfer Calculation. Zero Clearance,
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|-
<
w
Q
w
w
w
Q
o
w
oo
2
n
(2]
w
ot
o
o 10% SPAN
O ---=-- 50% SPAN
A —-—.- 9%SPAN
_2 0 i 1 H J
0.00 0.25 0.50 0.75 1.00

CHORDWISE DISTANCE
Figure 10a. Stator 2 Pressure Distribution (data of Hudson et al.).
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Figure 10b. Stator 2 Midspan Heat Transfer (data of Dunn and Kim).
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