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An Application of 3-D Viscous Flow

Analysis to the Design of a

Low-Aspect-Ratio Turbine

H. C. LIU	 T. C. BOOTH	 W. A. TALL

■

ABSTR ACT

Previously reported cascade test results verified and
provided a calibration of the 3-D viscous flow analysis. This
paper describes the subsequent AFAPL-sponsored technol-
ogy program in which the 3-0 viscious flow computer
program was used to optimize the low-aspect-ratio stator of
a high-work turbine stage. The optimization procedure, in
conjunction with the radial distribution of energy extrac-
tion, led to innovative-but-realistic blading for advanced gas
generator turbines. A turbine stage was tested with this
stator, in conjunction with an appropriate rotor design. The
total-to-total design-point efficiency -- 92 percent at I-
percent tip clearance -- was achieved at 31.83 Btu/Ibin
specific work. In addition to stage tests, separate stator
tests were conducted including a measurement of total
pressure loss and stator reaction torque, which provided
baseline data to assess interaction effects during stage
testing with stator reaction measurements "in vivo".

NOMENCLATURE

a' r	= absolute critical speed of sound, m/sec,
(ft/sec)

h	= specific enthalpy, J/kg, (Btu/lbm)

i	= incidence angle, deg.

N	= rotational speed, rprn

P	= absolute pressure, N/cm 2 , (lbf/in. 2 )

PR = pressure ratio

R	= radius, cm, (in.)

T	= absolute temperature, deg K, (deg R)

V	= absolute velocity, m/sec, (ft/sec)

W	= relative velocity, m/sec, (ft/sec)

W = mass flow rate, kg/sec, (lbm/sec)

a	= absolute gas flow angle measured from axial
direction, deg

13	= relative gas flow angle measured from axial
direction, deg

Y	= ratio of specific heats

A	= increment

S	= ratio of inlet total pressure to U.S. standard
sea-level pressure

c	= function of Y used in relating parameters to
those using air inlet conditions at U.S. stan-
dard sea-level conditions.

2
E	= kinetic energy loss coefficient, 1 - V 2

V.

73	= efficiency

Bcr = squared ratio of critical velocity at turbine
inlet temperature to critical velocity at U.S.
standard sea-level temperature.

w	= total pressure loss coefficient, w = (P - P')/(P'
- P), P' and P are the local total land static
pressures, respectively.
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Subscripts

cr	= condition corresponding to Mach number of
unity

id = ideal

in = inlet

T-T = Total-To-Total

x = axial component

u = tangential component

1 = station at stator inlet

2 = station at rotor inlet

3 = station at rotor exit

Superscripts

= absolute total state

= relative total state

INTRODUCTION

The development of low-aspect-ratio turbine (LART)
technology has been an important aspect of AiResearch
R&D efforts for several years. The LART Program evolved
primarily from annul^r divergence studies of an in-house
R&D turbine program and the parallel developmentpf a 3-
D computer solution to the Navier-Stokes equations . The
objectives of this program were to investigate secondary
flow phenomena pertinent to low-aspect-ratio blading, and
develop a design-system for such blading based on newly-
developed computer programs.

While Phase I3 '4 of the LART Program focused on
calibration of the 3-D flow computer program, Phase II was
a direct application of this program to the design optimiza-
tion of a low-aspect-ratio stator. The stator was tested
both alone and as part of a stage.

An extensive test gave both basic performance
information and a better understanding of the flow mecha-
nisms within the turbine. In addition to extensive stator and
rotor exit surveys, a stator reaction mechanism was
designed into the rig to measure stator torque in the
presence of a rotor, thus allowing stator-rotor interaction
effects to be measured.

II. TURBINE DESIGN AND VELOCITY DIAGRAMS

The turbine design point was selected for an advanced
gas generator cycle. The rotational speed of 24,863 rpm
was derived from a design-point trade-off study, in which
realistic cooling flow, blade life, disk bore, and allowable
stresses were imposed as mechanical design constraints.
Other pertinent turbine design parameters are listed in
Table 1.

The concept of radially distributing the stage energy
extraction to minimize end-wall effects was the key ele-
ment in the velocity diagram optimization. The velocity
diagram was selected on the basis of the measured stator
loss distribution from the Phase I cascade tests. The
resulting stator exit angle distribution is shown in Figure 1.
An equivalent free-vortex angle distribution is shown for
reference.

The other important part of the velocity diagram
optimization was rotor reaction. Since the rotor-exit condi-
2

tion affects the downstream losses, the optimiza.
included consideration of an interstage duct and downstream
stator with both co-rotating and counter-rotating LP turbine
configurations. Results showed that, for either co-rotation
or counter-rotation, the higher hub reaction configuration
yielded higher overall efficiency until the downstream losses
for the duct and the high turning of the co-rotating stator
became dominant. The rotor-hub reaction selected was 27
percent. The velocity diagrams for the tip, hub, and 50-
percent streamline are shown in Figure 2.

III. STATOR DESIGN OPTIMIZATION

A conventional two-dimensional airfoil design and
analysis was performed to evaluate the solidity requirement,
vane loading, and possible underturning. Two stators, ident-
ified as Models IIA and IIB and differing primarily by solidity
(IIB has a reduced axial chord), were designed and analyzed.
The solidity of the Model IIA stator was selected using the
incompressible Zweifel tangential loading criterion, which is
derived from 2-D cascade testing. The Model IIA stator was
designed with a midspan value for the Zweifel loading
coefficient of 0.859, whereas the Model IIB stator was
designed with a Zweifel loading coefficient of 0.932. Both
vanes, which were designed with 9 degrees of downstream
turning, have an acceptable loading. (The profiles and theo-
retical loading distributions are given in Reference 3.)
However, these 2-D results alone were not used for making
a design selection. The 3-D viscous analysis techniques
were applied both to select a final profile and to evaluate the
effects of end-wall contour and vane-stack for reducing the
secondary flow and associated losses.

The Phase II stator design drew upon the prior testing
and analysis of Phase I, but also recognized the effects of
reduced end-wall solidity and vane-profile lean. During
Phase I, radial distribution of flow was shown to have an
influence on end-wall flows in low-aspect-ratio stators
where a relatively uniform radial distribution of flow was
achieved. This is contrary to what would be expected from
an analysis of the stator-parabolic-exit angle distribution
with radially constant losses. In that instance, flow would
be increased on the end walls and reduced at the mid-span.
Phase I test results indicated and the subsequent 3-D viscous
analysis confirmed that, due to the higher end-wall losses,
the parabolic-stator angle distribution compensated for the
otherwise low end-wall flow conditions that would exist with
linear stator-exit angle distribution. This factor results in a
more uniform radial distribution of flow at the stator exit.

The following configurations, illustrated in Figure 3,
were analyzed for the Model IIA stator. The first was a
belimouth shroud and hub contour (Type Cl), with a baseline
stack at the center of the throats. The second was an
inflection shroud contour with an opened hub inlet (Type
C2), with a baseline stack at the center of the throats. The
third and final was a 20-degree leaned stack with the
bellmouth end-wall contour (Type Cl).

The effect of tangential lean on the radial distribution
of losses is shown in Figure 4. In addition, da^a generated
by Northern Research Engineering Corporation which sup-
ports the predicted trends is shown.

Results of the Model IIA vane analysis show that the
bellmouth contour has high losses from the hub to two-thirds
of the vane span. The inflection contour reduces loss
significantly across the span, except for the top 15 percent
of the vane span. The leaned vane generates an inverse
radial loss distribution from that of the baseline-stack vane
with the same end-wall contours. The improvement at the
hub region is offset by the increased losses at the tip region.
The integrated losses for these three configurations are
tabulated in Table 2 for comparison.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/G

T
/p

ro
c
e
e
d
in

g
s
-p

d
f/G

T
1
9
7
9
/7

9
6
7
2
/V

0
1
A

T
0
1
A

0
5
3
/2

3
9
2
4
9
8
/v

0
1
a
t0

1
a
0
5
3

-7
9
-g

t-5
3
.p

d
f b

y
 g

u
e

s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



The strong effects of vane lean and end-wall contour
were shown in analyses of the Model IIA stator; the impact
of solidity on this optimization matrix was studied with 3-D
flow analyses employing the Model IIB stator. However, to
increase the stator reaction and reduce the losses, the
stator-inlet area was increased utilizing a larger bellmouth
end-wall contour designated as contour C3. The contours
employed for the IIB studies are shown in Figure 5. The
reduced chord of the Model IIB stator precluded the use of
an inflection contour since the design philosophy was both to
shape all contouring upstream of the throat and to avoid
excessive flow path curvature.

The success of the dihedral in redistributing the losses
suggested this to be an effective tool for shaping the three-
dimensional flow. Therefore, borrowing from the single-axis
lean in which tip end-wall flows were apparently concentra-
ted at the tip, compound lean was investigated whereby the
IIB vane was restacked by moving the mid-section tangen-
tially so that the suction surface is concave at the trailing
edge. The compound lean angle between the vane surface
and a radial line is approximately 13.5 degrees, both at tip
and hub. This lean combined with the C3 contour was
analyzed.

Table 2 summarizes the integrated loss for the several
vane configurations analyzed. It is immediately apparent
that the low-solidity baseline case offers superior stagna-
tion-pressure loss performance relative to the high-solidity
vane with the same end-wall contour. Furthermore, the
basic end-wall contour (Cl) has a distinct advantage over
the large bellmouth contour (C3) in terms of loss level.
Radial loss distributions showed that the use of contour (Cl)
results in lower end-wall losses.

The compound lean effects also revealed an improve-
ment in the loss distribution and level. The introduction of
13.5-degree compound lean resulted in a decrease in loss
from 0.062 to 0.055. The mixed-out radial distribution of
loss indicated a reduction at both end walls, which is
consistent with the Model IIA stator results with a 20-
degree vane lean in one direction. Therefore, to determine
if a further shift in the stack might reduce the losses, a
second restack of the Model IIB vane was defined with a
compound lean of 26 degrees (configuration 4). In summary,
the effects of the various stacks of the Model IIB vane are
that increasing suction-surface concavity reduces losses
near the end wall and increases mid-span losses, while
maintaining the same overall loss. Since the 26-degree
compound lean has both significantly lower end-wall losses
and a relatively flat cross-passage loss profile, this stack
configuration was chosen.

To determine the effect of end-wall bellmouth con-
touring on a compound-lean vane, configurations 5 and 6
were defined and analyzed. This comparison revealed that
increased end-wall convergence (contour C3 has the great-
est convergence) reduces end-wall losses. However, mid-
span losses are increased to the extent that the overall loss
remains essentially the same for all three contours. A
bellmouth with an intermediate rate of convergence (con-
tour C4) was finally analyzed with the full 26-degree
compound lean. For this, configuration 7, the trend of reduc
ing end-wall losses with increasing convergence is notice-
able; however, a significant increase in mid-span losses was
also noted. Consequently, contour (Cl) was selected to
combine with the Model IIB stator stacked with a 26-degree
compound lean to form the final design of the Phase II
stator.

The effects on the radial distribution of loss of end-
wall contour, solidity, and compound lean are compared in
Figures 6 and 7.

To summarize the design effort, three-dimensional
viscous analyses of the Model IIA stator design (high end-
wall solidity) with bellmouth and inflection-contoured end
walls indicated that the inflection contour reduced average
losses. However, end-wall losses remained high. The
observation that radial components of vane force must
affect radial flows in the vane-surface boundary layers
suggested the need for investigation of the effects of vane
lean on end-wall losses. Carter and Lenherr tested leaned
2-D cascades wherein the hub suction-surface corner angle
was increased beyond 90 degrees. These tests showed
improved hub losses but increased tip losses. A similar lean
(20 degrees) was incorporated in the Model IIA stator, and
similar results were predicted by a 3-D viscous analysis.
Thus, vane lean was shown to have an important effect on
end-wall losses.

In order to determine the effect of end-wall solidity
on end-wall losses, the Model IIB stator was designed and
analyzed with the configuration 1 end wall without lean.
This design achieved lower overall losses compared with the
high end-wall solidity vane on the Model IIA stator.
Increased end-wall convergence, applied to the Model IIB
stator vane, resulted in increased losses.

To further improve loss distributions of the Model IIB
stator vane, it was observed that, due to the parabolic-exit
angle distribution, a compound lean could be introduced into
the Model IIB stator vane. A compound lean would tend to
force vane boundary-layer flows to a mid-span position,
thereby reducing end-wall loss gradients. This lean is
achieved by stacking the Model IIB stator-vane sections on a
radial line upstream of the trailing edge. This results in a
hub lean angle similar to the Model IIA stator configuration,
but with an opposite lean at the shroud. Analysis of this
configuration confirmed the expected reduction of end-wall
losses. An increase in compound lean resulted in a further
loss reduction, and achieved uniform glow over 80 percent of
the vane-exit span. Fillipov, et al, published test results
showing similar compound-lean effects on vane end-wall
losses which adds confidence to the validity of the computed
results.

IV. ROTOR DESIGN

The rotor blade design for a high-work turbine
deserves at least as much attention as the stator vane, since
the three-dimensional flow field is considerably more com-
plex than that of the stator. There are several reasons for
the added complexity. First, rotor inlet conditions are
affected by the 3-D flow from the stator, which appears
unsteady in the relative frame-of-reference due to tangen-
tial nonuniformity. Second, the rotating frame-of-
reference imparts centrifugal and Coriolis forces that
affect the flow distribution. Finally, for an unshrouded
rotor, the flow disturbances due to the tip leakage cannot
yet be predicted. None of these effects are currently taken
into account in the 3-D viscous flow analysis, so the rotor
was designed using conventional techniques -- i.e., a design
procedure based on an iterative application of an axi-
symmetric analysis and the blade-to-blade analysis.

For a cooled, high-work rotor blade, the tendency to
decrease the aspect ratio and reduce solidity is inevitable
just as for the stator. The Phase II rotor design, however,
was not intended to establish the trade-offs or the limits of
these two important geometrical parameters. Instead,
Phase II design aspect ratio and solidity levels were selected
based on current technology and in-house design experience.

TEST APPARATUS

Instrumentation for the rig was designed both to
measure basic stage performance with Kiel probes, thermo-
couples, a sonic nozzle, dynamometer, and shaft torque-
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meter and to supply fundamental aerodynamic data includ-
ing stator- and rotor-exit surveys, flow-path pressure dis-
tribution, and vane pressure distribution. The stator test
configuration was accomplished with the turbine rotor
removed and a pressure-rake carrier installed. The carrier
was equipped with an indexing mechanism which permitted
the twenty-one element total-pressure rake to traverse one
and one-half vane passages at 0.5-degree increments.

VI. STATOR PERFORMANCE

Stator performance was ascertained from circum-
ferential surveys with a twenty-one element total-pressure
rake (mounted in the rotor leading-edge location) and three
conventional radial surveys. The rake data was used to
generate contour plots (illustrated in Figure 8) to interpret
radial survey results by superimposing the survey locations,
and to provide circumferentially-averaged loss distributions
and overall integrated loss information.

The three cobra-survey probes were located in three
different passages. These positions were translated to a
single stator passage, as shown in Figure 8, which shows the
traverse location superimposed on a contour plot of total-
pressure loss. This composite figure clearly demonstrates
the need for multiple-probe surveys in conducting stator
exit measurements. The stator wakes are strongly curved,
so that a single probe traverse does not remain in a flow
wake pattern.

A summary of calculated and measured stator perfor-
mance is given in Table 3. To show the technical progress
achieved in the new design, analytical predictions from the
3-D viscous analysis and data from the LART Phase I Model
D stator are also presented in the table. Note that the
optimization at low Mach numbers focused on a uniform loss
distribution. However, at high Mach numbers, a reduction
of from 0.0636 to 0.0586 was achieved.

Comparing Phase II loss contours with Phase I data as
illustrated in Figure 9, it was found that the Phase II stator
flow is much cleaner at the end walls. This showed that the
design objective was met, since an attempt was made to
reduce both the end-wall secondary flow and the surface
boundary-layer flow accumulation at the end walls. In this
way, stator-exit flow uniformity was enhanced to improve
rotor performance.

Radial distributions of the total pressure-loss coeffi-
cient, w , are given in Figure 10. For comparison, the
analytical prediction for the distribution is also presented.
A comparison of experimental radial distributions of loss
reveals that a loss peak occurs at about 75-percent span at
the lower Mach number, and moves to the 47-percent span
position at the higher Mach number. This shift was presum-
ably due to a larger radial pressure gradient, forcing the
losses to mid-span at the high Mach number. However, at
high Mach number, the design objective of a flat loss dis-
tribution was achieved.

Vane surface static pressure distributions were also
measured during Phase II testing. The subsonic distribu-
tions, given in Reference 3, compare favorably with
the analysis completed with the subsonic 3-D viscous flow
analysis. Predictions of the design-point pre^sure distribu-
tions were presented subsequently by Dodge in the final
report of the AFAPL-sponsored program in which compressi-
bility effects were added to the 3-D flow analysis.

VII. STAGE PERFORMANCE

Turbine work was measured by both the temperature
drop and the shaft torque. The turbine performance is rated
in terms of temperature drop. However, the work output
was computed by both methods, each serving as a check on

the other. Measurement of exit total pressure was compli-
cated by the highly-curved stator wakes. Therefore, a
contour map of the rotor-exit total-pressure field was
generated from a composite of Kiel probe data at the rotor
exit and the two cobra- probe surveys. All data points were
translated to a single vane spacing from which a contour
plot was synthesized. Computed rotor-exit total pressures
were found by area-averaging the contour plots. This
analysis, carried out at the design point, verified the Kiel
probe data, which was subsequently used alone to rate
off-design turbine performance.

The design point efficiency for the LART stage is
0.920. Stage performance obtained during Phase II of the
LART program is summarized in Table 4. At the design
pressure ratio, the turbine exhibited an optimum efficiency
level at 100- and 110-percent speeds. However, at
90-percent speed, the efficiency is 2.4 points lower than at
the design speed due to the increased positive incidence in
conjunction with a higher-than-design inlet relative Mach
number. This is a typical condition for the hub region of a
high-work rotor with both a thick leading edge for internal
cooling and a high inlet relative Mach number. Under these
conditions, blade blockage at the beginning of the guided
channel drives the suction-surface Mach number to an
excessive level where it is followed by a shock and associ-
ated separated boundary-layer losses. Such a situation was
anticipated during the design phase. Even at the design
condition, where the incidence and inlet relative Mach
number were lower, the calculated loading was extremely
sensitive to the leading-edge geometry.

VIII. TORQUE MEASUREMENTS

Phase II of the LART program applied the analytical
and design methods, developed in Phase I, to the design of a
low-aspect-ratio turbine stage. Progress was demonstrated
through both a stator and a stage test. Since the program
stressed stator design, it was particularly important to
assess stator performance. To this end, the stator was
installed in the test rig so that its reaction torque could be
measured during testing. The obvious benefit of such a
measurement is to subsequently establish stator effects on
performance when rotor is in place.

The test objective was to relate, with and without the
rotor, the stator expansion ratio to the angular momentum
imparted by the stator to the fluid. Measured torque values
were incorporated into an analysis that gave stator-exit
mean-velocity diagrams and losses. A mean-line velocity
diagram at stator exit was determined from corrected
torque, corrected flow, stator-exit pressure, and various
geometric information.

The measurements were accomplished by suspending
the stator assembly from four elastic beams, and measuring
the beam stress field with strain gauges during operation.
The strains were correlated with stator torque by use of a
dead-weight calibration test. To ensure that the stator was
freely suspended and not touching any adjacent rig part,
outside-inside air sealing was accomplished by an air-
buffered labyrinth seal arrangement. The entire stator
assembly was electrically isolated from the main portion of
the rig, thereby permitting friction-producing mechanical
contact to be detected by use of an ohmmeter. To
eliminate thermal effects, the strain gauges were tempera-
ture compensated with respect to the beam material, and
cooling air was directed over them to minimize any temper-
ature gradients. Due to interaction of axial and twisting
loads on the beam deformations, the gauges were positioned
to measure each type of deformation.

Torque measurements were recorded during a baseline
stator-only test. The corrected torque for each expansion
ratio was numerically averaged over several data scans, and
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a torque curve was generated. As a check on the measured
results, the torque was calculated from the data measured
at the design pressure ratio with the three stator-survey
probes. The calculated corrected torque was within 0.5
percent of the measured corrected torque.

To obtain a meanline velocity diagram from the torque
and flow data, the stator exit static pressure must be
determined. Analysis reveals that the stator total-pressure
losses are very sensitive to the number selected to represent
the stator-exit static pressure, which is extremely non-
uniform. Moreover, the stator- exit pressure distribution
varied during the testing, making it difficult to select a
single number typifying the pressure distribution. For
example, circumferential pressure distributions for the
stator end walls at the trailing edge for the design-point
condition measured during the stage and stator tests are
shown in Figure 11. For comparison, the downstream (tip)
reference static pressure ratio is also included in the figure
(This reference pressure was measured on the stator tip just
downstream of the trailing edge on a central "streamline").
The presence of the rotor is clearly seen; the reference tap
data suggests the stator "exit pressure" is the same with or
without the rotor. The distribution clearly shows an effect
of the rotor on the flow.

It is clear that no single pressure tap gives a pressure
representative of the stator-exit pressure distribution. Sev-
eral schemes for picking a static-pressure value were ex-
plored; these included scaling the pressure from a single
pressure tap, using the unscaled pressure from a single tap,
and area-averaging the static pressures. Each technique
was used to generate performance data for the stator-only
test and compared with the results of the rake survey. An
analysis of the velocity diagrams, derived from the torque
data, was conducted over the range of tested pressure ratios
from the stator testing. The total-pressure results are
presented in Figure 12. The area-averaged pressure tech-
nique yielded an accurate loss value at the survey pressure
ratio. Moreover, it was later found that a similar definition
for the hub and shroud end-wall static pressure led to an
axisymmetric simulation of the test points consistent with
the torque analysis. The results of the torque analysis are
given in Table 5 along with results of the axisymmetric
analysis.

The philosophy adopted for the axisymmetric analysis
was to match inlet conditions, rotor exit surveys, stator-
exit static pressure values, and the total pressure loss
distribution. The level of the loss distribution was adjusted
to match the stator-exit stator pressure. Such a procedure
led to stator and rotor loss coefficients 0 of 0.0650 and
0.1486 respectively.

IX. SUMMARY AND CONCLUSIONS

The primary objective of the LART Program has been
to develop new design methods for low-aspect-ratio tur-
bines, the performance of which as previously been
degraded by end-wall secondary flows. The approach taken
was to use newly developed analytical tools.

Phase II of the program, was an application of the
analytical tools calibrated with cascade data in Phase I to
design a high-work, low-aspect-ratio turbine. The success
of the approach is measured by the 92-percent total-to-
total design-point efficiency achieved in the test. An
important element contributing to the high stage efficiency
is the stator design; its end-wall shape, solidity, and stack-
ing configuration were optimized with the three-
dimensional viscous flow analysis. The Phase II stator
achieved a design-point total-pressure-loss coefficient,aw, of

0.059. The technical progress may be measured by compari-
son with the Phase I stator which was designed with a
similar velocity diagram and achieved a performance level
of 0.064.

Program Conclusions

o	The three-dimensional viscous flow analysis has
demonstrated capability to predict performance
changes properly in response to geometric
changes.

o	A parabolic turning distribution in conjunction
with a properly contoured and stacked stator can
produce a low-loss stator with a uniform loss
distribution. Application of this principle led to
excellent stage performance in Phase II of the
LART program.

o	Stator solidity, established on the basis of a
two-dimensional loading criterion, may be re-
duced with decreased overall stator loss. This is
illustrated by the LART Phase II design, in which
the average solidity was reduced by 8 percent
and the overall loss was decreased by 22 percent,
based on three-dimensional analysis results.

o	The feasibility of measuring stator reaction
torque has been demonstrated. The technique is
believed to have sufficient sensitivity to detect
interaction effects.
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TABLE I. TURBINE DESIGN POINT.

P.	= 116.4 psia	(80.255 N/cm 2 )
In

T.	=29'60°R	(1644°K)
In

P	=3.09
R T-T

TABLE 3. COMPARATIVE SUMMARY OF STATOR PERFORMANCE FOR

BOTH LART PHASE I AND PI IASE II PROGRAMS.

high Mach No.

Low Mach No. Point (0.3)	 Design Point (1.06)

Ok'/1'	 .,

(Analytical)

LART Phase I	0.0038	0.0637	0.0745	0.0337	0.0636

Model D

LART Phase 11	0.0027	0.0453	0.0520	0.0305	0.0556

t.u,u n. i--vIr•r i i is I1rvawr I It aivt.\i , i.

V	I II	(111'.:	)' -r-	,.,,.	7	 1.	 1

r7T-T =0.893 at 0.013 in. (0.033cm) Clearance

Corrected To Standard Air Condition

N	= 10,571 rpmc r

cr = 6.559 Ibm/sec (2.975 kg/sec)

a

6h	- 32.59 Btu/lbm (75804 3/kg)
O cr

P R	- 3.371
T-T

- -^ r z,s
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Fig. 2 LART vector diagram

TABLE 2. INTEGRATED 3-D LOSS COMPARISON FOR PHASE II STATOR

DESIGN OPTIMIZATION.

Phase II

Stator Config u rat i o n End-Wall Contour Stack Loss (e)

IIA I Rellmouth (CI) flaseline 0.068

2 Intic- tion ((2) Baseline 0.056

3 Rellmouth (CI) Tangential 200 0.0(8

lean

lllt I Rellmouth (CI) (Baseline 0.053
2 Large Vaseline 0.062

bellmouth (C3)

3 Large Compound 13.50 0.055
bellrnouth (C3) Can

Dell non th (C 1) Compound 26 0 0.052

Iean

5 Cylindrical Compound 13.5° 0.05(,

lean

6 Itellrnouth (C U Compound 13.5 0.055

Ican

7 Intermediate Con pourid 26 0 0.054

bellrnouth (C4) lean

'Final configuration
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TABLE 5. ROTOR INLET CONDITIONS.

CYLINDRICAL --

Cl ---

C3
C4 -- —Parameter Design

Torque

Analysis

Axi-Symmetric

Analysis

(Mass-Averaged

Values)

SP'/P 0.0328 0.0323 0.0364

1 70.74 69.52 71.26

iS 41.41 35.55 40.59

i 8.74 2.89 7.93

V/V
Cr

1.076 0.998 1.022 

V /V
x	cr

0.357 0.352 0.326

V /V
U	Er

1.015 0.934 0.968

U 22

21

20

< 19
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15

26

25	
STACKING

24C2 ----	AXIS
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22 
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Fig. 5 Meridional view of Model IIB flow
path
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Fig. 3 End-wall contours for Model IIA stator
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Fig. 6 Effect of end-wall contour and
solidity on stator vane losses
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Fig. 4	Effect of tangential lean on stator
vane losses
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Fig. 7 Effect of compound lean on stator
vane losses
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Fig. 8 Total pressure loss contours:
Phase II stator
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Fig. 11 End-wall pressure distributions
measured at the stator trailing-edge plane
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Fig. 9 Total pressure loss contours:
Phase I/Model D stator
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Fig. 10 Radial loss distribution
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Fig. 12 Stator total pressure loss computed
from baseline stator-reaction test
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