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EFFECT OF A REDUCTION IN BLADE THICKNESS ON PERFORMANCE OF A
SINGLE-STAGE 20.32-CENTIMETER MEAN-DIAMETER TURBINE
by William J. Nusbaum and Milton G. Kofskey

Lewis Research Center

SUMMARY

~ Modifications and tests were made on the blading of the first stage of a two-stage,
20.32-centimeter (8.00-in.) mean diameter, axial-flow turbine designed for a small,
low-cost turbofan engine. Results of studies indicated a substantial reduction in cost
and manufacturing time if the turbine blades were coined. Therefore, both stator and
rotor blades were reduced in thickness to simulate profiles that could be coined more
easily. The pressure surfaces of the blades were modified to give near uniform blade
thickness from leading to trailing edge. The diameter of the blade leading edge was
chosen as the value of maximum thickness. First-stage performance results are pre-
sented for operation with the four possible combinations of original and modified stator
and rotor blades. The working fluid was air at nominal inlet total conditions of 297.2 K
(535°°R) and 13. 8 newtons per square centimeter (20.0 psia). Data were obtained at
equivalent design speed and over a range of inlet-total to exit-static pressure ratios
from 1.8 to 3.8.

Modification of the blading had little effect on the performance of the first stage.
Total efficiency increased from 0.93 to 0.94 when the thin stator blades were used with
either the thin or original rotor. The static efficiency also increased from 0.80 to 0. 81
when the thin stator blades were used instead of the original blades.

The mass flow for the four configurations did not differ by more than 1.0 percent at
any pressure ratio. The equivalent mass flow for the original first stage stator and
rotor was 2.00 kilograms per second (4. 41 lb/sec) at equivalent design speed and
pressure ratio.

INTRODUCTION

Gas turbine engines are very attractive for use in light aircraft because of their
small size and weight. At the present time, however, the high cost of these engines



greatly restricts their use. The Lewis Research Center is currently conducting studies
of methods for reducing the manufacturing costs of the small gas turbine engine. Ref-
erence 1.presents a description of the work being done. Results of the studies indicated
a substantial reduction in cost and manufacturing time if the blades for the turbine were
coined instead of machined. The coining process would be Simplified if the blades were
of near uniform thickness from leading to trailing edge. The question arises as to the
effect on turbine performance of the change in blade profile and loading distribution when
the conventional blade is replaced by a blade having near uniform thickness from lead-
ing to trailing edge.

In order to determine the effect of the change in blade profile and loading distribu-
tion on turbine performance, the first stage of the turbine of reference 2 was modified
and used for this investigation. The stator and rotor blades were made with suction-
surface profiles identical to those of reference 2. The pressure surfaces of both stator
and rotor blades were modified to give a maximum blade thickness equal to the leading-
edge diameter. This thickness was tapered to blend into the trailing edge. In order to
eliminate the effect of differences in surface finish on turbine performance, the modified
blades were machined to the same surface finish as the conventional blades.

Turbine tests were conducted on single-~stage units under the same operating condi-
tions and over the same range of pressure ratios (at equivalent design speed) as those
used in the first-stage investigation reported in reference 2. Turbine performance was
first determined with the modified rotor in combination with the original stator. The
modified stator was then used in combination with the original rotor. Finally, both
modified blade rows were tested together.

This report presents a brief description of the blade modification, blade loading
diagrams, and the performance results obtained in the three series of tests. Compari-
son is made with the data presented in reference 2 for first-stage operation using both
original blade rows. Test results are presented in terms of equivalent torque, mass
flow, and efficiency. The report also includes the results of a radial survey of rotor
exit total pressure and flow angle.

SYMBOLS
A area, cm2; in.2
. . cN2
Dp  pressure-surface diffusion parameter, (blade inlet relative velocity)
(minimum pressure-surface velocii:y)2
: . . R
Ds suction-surface diffusion parameter, (MaXimum suction-surface velocity)

(blade outlet relative velocity)2



uQ

dimensional constant, SI = 1.0; 32.174 ft/sec2

Ah specific work, joules/gram; Btu/lb
J mechanical equivalent of heat, SI = 1.0; 778.2 ft-1b/Btu
N turbine speed, rpm
p pressure, newtons/cmz; psia
R gas constant, joules/(kg)(K); ft-1b /(1b)(°R)
R, reaction, (blade outlet velocii:y)2 - (blade inlet velocity)2
(blade outlet velocity)2
r radius, m; ft
T absolute temperature, K; °R
U blade velocity, m/sec; ft/sec
\' absolute gas veiocity, m/sec; ft/sec
Vj ideal jet speed corresponding to total- to static-pressure ratio across turbine,
m/sec; ft/sec
\ relative gas velocity, m/sec; ft/sec
w mass flow, kg/sec; 1b/sec
| a absolute gas flow angle measured from axial direction, deg
v ratio of specific heats
) ratio of inlet total pressure to U.S. standard sea-level pressure, p'l/p*
€ function of ¥y wused in relating parameters to those using air inlet conditions at
U.S. standard sea-level conditions, (0.740/y)[(y + 1)/2]7’/'}’_1
N static efficiency (based on inlet-total- to exit-static-pressure ratio)
M total efficiency (based on inlet-total- to exit-total-pressure ratio)
ecr squared ratio of critical velocity at turbine inlet to critical velocity at U.S.
standard sea-level air, (Vcr/V:;r)2
Y work-speed parameter Ulzn/gJAh
v blade-jet speed ratio, Um/Vj
T torque, N-m: ft-1b
Subscripts:
cr condition corresponding to Mach 1
m mean radius



outer wall

w

1 station at turbine inlet
2 station at stator exit

3

station at rotor exit
Superscripts:
! absolute total state

* U.S. standard sea-level conditions (temperature, 288.15 K (518.67O R);
pressure, 10.13 N/cmz (14.770 psia))

TURBINE DESIGN
Design Requirements and Velocity Diagrams

The turbine used for the investigation had the same design requirements as those
of the first stage of a two-stage axial flow turbine that was designed for a small, low-
cost turbofan engine. Design information as well as performance results of this 20.32-
centimeter (8.00-in.) mean diameter turbine are given in reference 2. The design re-
quirements for the first stage (subject turbine) aregiven in tableI The work-speed
pérameter value of 0.582 is conducive to good aei'odynamic efficiency because turbine
work or blade loading is not excessive with respect to the mean blade speed.

The free-stream velocity diagrams for the first stage are shown in figure 1. These
diagrams were computed to meet the design requirements and are based on the follow-
ing assumptions:

(1) A stator total pressure loss of 4.0 percent of inlet-total pressure. This value
was chosen because stator losses are generally from 3 to 4 percent of the inlet-
total pressure.

(2) A total efficiency of 0.87. This value was based on material presented in refer-
ence 3, which shows efficiency as a function of the work-speed parameter X.

(3) A constant mean diameter of 20.32 centimeters (8.00 in.).

(4) Free vortex flow.

Figure 1 shows that all velocities are subsonic with near sonic conditions existing
at the exit of the stator at the hub. The relative velocity increases through the rotor,
which results in a reaction that is conducive to good efficiency. There was 91. 20 of
turning through the rotor at the mean section. The figure also shows that there was a
substantial amount of negative rotor exit whirl at all sections. This exit whirl was re-
coverable when operated with the second stage.



Stator Blades

The original stator blade row was designed to satisfy the velocity diagrams. The ‘
selection of the blade number of 35 was based on the results of an optimum solidity study
reported in reference 4. The blade solidity at the hub; mean, and tip sections were
1.35, 1.43, and 1. 39, respectively. The stator had a constant blade height of 3. 363
centimeters (1.324 in.).

For this investigation the blade thickness was reduced to simulate a blade profile
that could be coined more easily. The reduction of blade thickness was accomplished
by changing the pressure surface. Maximum blade thickness was set equal to the
leading -edge diameter, and the thickness was tapered to blend into the trailing edge.
This method was selected because the throat dimension would be unchanged. Since the
original blades were machined, the thin blades were also machined instead of coined in
order to eliminate any possible effect of blade surface finish on performance.

Figure 2 shows the comparison of the original and thin stator blade profiles. Note
the substantial reduction in thickness for all three blade sections. Inspection of the thin
stator flow passages shows that there was no abrupt change in flow area and that the flow
passage width was converging satisfactorily.

Figure 3 shows the calculated blade-surface velocities for both stator configurations
for the hub, mean, and tip sections. The blade surface velocities were calculated by the
computer program described in reference 5. The results of the computer program in-
clude velocities on the blade surface and throughout the passage. The transonic solution
is obtained by a velocity-gradient method using information obtained from a finite~
difference stream-function solution at a reduced mass flow. The trends of the suction-
and pressure-surface velocities were very similar for both configurations (see fig. 3).
The velocity level was noticeably lower for the thin-blade configuration and was pri-
marily a result of the larger passage width, with the exception of the throat or minimum
area. Table II, which lists the aerodynamic parameters, shows that the suction-surface
diffusion was the same for both stator configurations at all three blade sections. The
pressure-surface diffusion for the thin blade design is considerably larger than that for
the original stator configuration. It is felt that the higher pressure-surface diffusion
near the leading edge will not have any large detrimental effect on turbine performance
because of the large acceleration of the flow over the remainder of the pressure surface
(fig. 3). Also, a flow separation on the pressure surface will tend to shift the loading
diagram closer to the original diagram. The larger acceleration that follows the large
pressure-surface diffusion will mitigate any increase in losses. Therefore, there is no
reason for the performance of the thin stator blade design to be significantly different
from that of the original design.



Rotor Blades

The procedure used in the design of the stator blades was also used for the original
rotor blade design. There were 42 blades with a solidity of 1.71 at the mean section.
The inner and outer walls diverge equally with the average blade height being 3.66 centi-
meter (1.44 in.).

The original rotor blade shape was also altered so that the maximum thickness was
equal to the leading-edge diameter. Figure 4 shows the rotor-blade profiles and pas-
sages for both rotor configurations investigated. The channel width formed by the thin
blade profiles at the hub and mean section diverges and then converges.

Figure 5 shows the calculated blade surface velocities for both rotor configurations.
The main difference between rotor configurations is the level of the surface velocities.
The suction-surface velocities are noticeably lower for the thin blade at the hub and
mean sections. Pressure-surface velocities are noticeably lower for the thin blade at
all three sections than the surface velocities obtained with the original blade. Table II,
which lists the diffusion values, shows that the suction-surface diffusion was the same
for both rotor configurations at all three blade sections. The pressure-surface diffu-
sion, however, was considerably larger for the thin blade than that obtained with the
original rotor configuration. Using the same reasoning as used for the stator, there is
no reason for any significant difference in performance for the thin rotor blade design.

All other aerodynamic parameters listed in table II were the same for the four con-
figurations with the exception of the rotor blade tip clearance. Tip clearance was 0.030
.and 0.025 centimeter (0.012 and 0.010 in.) for the original and thin blade configura-
tions, respectively. The difference in tip clearance was due to fabrication.

Table III gives the stator- and rotor-blade coordinates for both original and thin
blade profiles. A photograph of both rotor-blade configurations is shown in figure 6.

APPARATUS, INSTRUMENTATION, AND PROCEDURE
Apparatus

The apparatus (described in ref. 2) consisted of the turbine, a cradled gearbox, and -
a cradled dynamometer to absorb the power output of the turbine and to control turbine
speed. In addition, there was inlet and exhaust piping with flow controls for setting
turbine-inlet and exit pressures. The arrangement of the apparatus is shown sche-
matically in figure 7. High-pressure dry air was supplied from the laboratory air sys-
tem. The air passed through a filter, through a mass-flow measuring station consist-
ing of a calibrated flat-plate orifice, through a remotely controlled turbine-inlet valve,



through an inlet plenum, and into the turbine. After going through the turbine, the air
was exhausted through a system of piping and a remotely operated valve into the labora-
tory low-pressure exhaust system. A 300-horsepower dynamometer cradled on trunion
ball bearings was used to absorb the turbine power. The dynamometer was coupled to
the turbine shafting through a gearbox cradled on hydrostatic bearings. Figure 8 shows
the turbine test apparatus. Steam was injected into the exhaust downstream of the
turbine in order to keep the exhaust above freezing to protect a hydraulically operated
isolation valve.

Instrumentation

A torque arm attached to the dynamometer transmitted the turbine torque to a com-
mercial strain-gage load cell.

Turbine performance was determined by measurements taken at the stator inlet and
at the rotor exit. The following instrumentation at the turbine inlet (station 1) was lo-
cated approximately one chord length upstream of the stator blades: three static-
pressure taps equally spaced circumferentially at both hub and tip, and three total-
temperature rakes each containing three thermocouples. There were three tip static-
pressure taps equally spaced in a plane just downstream of the stator trailing edge (sta-
tion 2). Station 3, located approximatély one axial chord length downstream of the rotor
exit, had the following instrumentation: six static-pressure taps eqﬁally spaced cir-
cumferentially (three each at the inner and outer walls) and a self-alining prdbe for flow
angle, total-temperature, and total-pressure measurements. There were also five '
total-temperature rakes, each containing three thermocouples, at a downstream station
about 50.8 centimeters (20.0 in.) from the rotor trailing edge. In the calculation of
pressure ratio across the turbine, the pressure at station 3 was determined from the
average of the static pressures at the inner and outer walls. The values of the pres-
sures at the various stations were measured by unbonded type strain-gage transducers.

Procedure

Data were obtained at nominal inlet total conditions of 297.2 K (5350 R) and 13.8
newtons per square centimeter (20.0 psia). Data were obtained over a range of inlet-
total- to exit-static-pressure ratios from 1.8 to 3.8 at equivalent design speed.

In order to minimize the error due to a change in torque calibration from day to
day, the torque calibration was obtained before and after each series of runs. Accuracy
of torque measurement (as stated in ref. 2) is +0.5 percent of the value obtained at
equivalent design conditions.



The turbine was rated on the basis of both total and static efficiency. The total
pressures were calculated from mass flow, static pressure, total temperature, and

flow angle from the following equation:

9 1/2 '}’/(')"1)

1 11+2(y-1)11 wyT
2 2 v g \pPA cos «

In the calculation of turbine-inlet total pressure, the flow angle was assumed to be zero.

RESULTS AND DISCUSSION

Performance results are presented for a 20. 32-centimeter (8.00-in.) mean diam-
eter; single-stage turbine operating at the equivalent design speed of 15 336 rpm. A
comparison is made between results obtained with the four possible combinations of
original and thin stator blades with the original and thin rotor blades. The first section
of the discussion includes the overall performance in terms of equivalent torque, equiva-
lent mass flow, and efficiency. A second section presents the internal flow characteris-
tics as determined from the measured static-pressure variation through the turbine and
the rotor-exit radial survey of flow angle and total pressure.

Overall Performance

Turbine torque output (at equivalent design speed) is shown in figure 9 as a function
of turbine pressure ratio for each of the four stator-rotor combinations. The thin-
stator - thin-rotor combination appears to be slightly better than the other three. How-
ever, the difference in torque among the four configurations is less than 2 percent at all
pressure ratios covered in the investigaﬁon. - ,

"Values of measured mass flow for each of the four blade configurations are plotted
in figure 10. Equivalent mass flow is shown as a function of inlet-total to exit-static
pressure ratio. Mass flow for the four configurations did not differ by more than
1.0 percent at any pressure ratio. However, the mass flows for both the original stator
configurations are slightly larger than those for the thin stator configurations. This dif-
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ference is attributed to a larger stator throat area in the original stator assembly. The
difference in throat areas was due to fabrication. Choked flow conditions exist in all
configurations at pressure ratios greéter than 3.0. ’

A comparison of the efficiencies obtained with the four configurations is shown in
figure 11. The maximum difference in total efficiency among the four cases was not
more than two points at any pressure ratio included in the tests. The best performance,
however, was obtained with the two configurations using the thin stator profiles. At de-
sign total- to static-pressure ratio, the curves for the two thin stator configurations
show an efficiency of about 0.94 as compared with about 0.93 for the original stator con-
figurations. From these results it is apparent that there was very little change in tur-
bine performance when the stator and rotor blades were thinned by altering the pressure
surface of the blade. The reason for the slight improvement in performance when using
the thin stator blades is not known at this time. As indicated previously, suction-
surface diffusion was the same for both stator configurations. The only difference was
in pressure-surface diffusion. The thin blade configuration had considerably higher dif-
fusion (table II) than the original blade. However, it is felt that this would have little,
if any, effect on blade performance. ' : :

‘'The curves showing the variation of static efficiency with inlet-total to exit-static-
pressure ratio (fig. 11) agree very well with those presented for total efficiency, in that
there was little change in performance for all configurations investigated. The maxi-
mum difference in static efficiency among the four configurations is not more than
1.5 points over the entire range of pressure ratios. At design total- to static-pressure
ratio, the static efficiency for the two thin stator blade configurations is about 0.81.

The curves show a value of 0.80 for the other two cases at the same pressure ratio.
Table IV lists the pertinent performance values at equivalent design speed and pressure
ratio for the four configurations. A

It is believed that the small differences in performance are actual because the same
instrumentation was used for all tests and several configurations were rerun to insure
reproducibility of test results. Table II shows a slight difference in tip clearance be-
tween rotor configurations. The tip clearance for the thin rotor was 0.0051 centimeter
(0.002 in.) smaller than that for the original blade. This difference would amount to
about 0.3 percent change in turbine work or about 0.3 of a point in total efficiency.

Internal Flow Characteristics

A description of the internal flow characteristics is based on measured stator-exit
static pressures and a rotor-exit radial survey of total pressure and flow angle.

The variation in tip static pressure with axial station for operation at design pres-
sure ratio is shown in figure 12. Curves are presented for experimental results ob-



tained with each of the four blade configurations, together with the design curve. It is
apparent that the stator-exit static pressure was practically the same for all cases.

The throat areas of the two rotors differed very little. However, the throat area of the
thin stator was smaller thanthat of the original stator. These different stator throat
areas would be conducive to unequal stator -exit static pressures. The equality of these
pressures in the tests is attributed to small differences in weight flow and losses. Since
the stator-exit static pressure was practically the same for all cases, the small differ-
ences in efficiencies cannot be attributed to differences in rotor reaction.

The results of rotor exit radial surveys of total pressure for the four configurations
at design pressure ratio are shown in figure 13(a). The design value is also shown on
the figure. Values of total pressure for the four cases are greater than design over the
greater part of the blade height and do not differ by more than 2 percent. However, in
all cases the pressure drops sharply near the tip to widely separated values much lower
than design. This drop in total pressure is greatest for the two configurations with the
thin rotor blade.

The radial variation of rotor exit flow angle at design pressure ratio is presented in
figure 13(b) Design values at the hub, mean, and tip sections are also shown. The ex-
perimental values for the four configurations show similar trends over the greater part
of the blade height and do not differ by more than about 5. 0° from the design values. In
some radial positions there is overturning of the flow; in others there is underturning.

CONCLUDING REMARKS

Results of the investigation have indicated that a substantial reduction in both stator
and rotor blade thickness from the design case can be made without a penalty in turbine
performance if the blade pressure surface is altered to obtain the reduction in thickness.
The results indicated that there was a slight improvement in both total and static effi-
ciencies of about 1 point when the thin stator was used with either the original or thin-
rotor configuration. Comparison of blade-surface diffusion showed that the suction-
surface diffusion was the same for both stator configurations. The pressure-surface
diffusion was considerably higher for the thin blades than that for the original blades.
This higher pressure surface diffusion apparently did not result in any penalty in blade
performance. Additional tests will be required to determine the cause of the apparent
increase in turbine efficiency with the thin stator blades.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 13, 1972,
501-24.
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TABLE I. - TURBINE EQUIVALENT DESIGN VALUES

Mass flow, ew @/5, kg/sec; 1b/sec 1.989; 4.385
Specific work, Ah/ecr, J/g: Btu/1b 45.834: 19.690
Torque, 7¢/5, N-m; ft-1b 56.1727; 41.840

Rotative speed, N/’/ec_r, rpm 15 336
Rotor mean section blade speed, Um/'/b"c_i_, 163.17; 535.33

m/sec; ft/sec

Total- to static-pressure ratio, p'l/p3 2.298
Total- to total-pressure ratio, p'l/p.:3 2.018
Blade-jet speed ratio, v 0. 466
Work-speed parameter, 2 0.582

TABLE II. - TURBINE AERODYNAMIC PARAMETERS

Turbine | Blade | Section | Blade-surface diffusion| Blade Blade chord | Solidity | Reaction® Aspect | Number | Tip clearance
biading row parameter® turning. mliob of
des cm in. blades cm in.
Suction Pressure
surface, surface.
Ds Dp
Original | Stator Tip 1.232 1.241 68.7 2.946 1 1.160 1.39 0.873 .
profile Mean 1.233 1.309 65.0 2.616{ 1.030 1.43 .900 1.29 35 | seeenfaeean
Hub 1.284 1.032 61.5 2.400 945 1.35 .927
Rotor Tip 1.302 1.892 63.9 2.654 | 1.045 1.50 0.855
Mean 1.180 2.176 91.2 2.606 | 1.026 1.7 L1178 1.39 42 0.030|0.012
Hub 1.213 2.267 111.0 2.756| 1.086 2.18 .512 .
Thin Sutor | Tip 1.232 5.635 68.7 2.946 | 1.160 1.39 0.873
profile Mean 1.233 5.531 65.0 2.616| 1.030 1.43 .900 1.29 35 | -----|-----
Hub 1.284 5.742 61.5 2.400| .945 1.35 .927
Rotor Tip 1.302 4.223 63.9 2.654 1.045 1.50 0.855
Mean 1.180 6.108 91.2 2.606| 1.026 1.71 .18 1.39 42 0.025]0.010
Hub 1.213 8.675 111.0 2.758] 1.086 2.18 .512

35ee section SYMBOLS for definition.
ansed on average blade height and mean chord.




[Trailing-edge radius, 0.025 cm; all coordinate dimensions are in cm. |

TABLE III. - BLADE SECTION COORDINATES

(a) Stator; leading-edge radius, 0.127 centimeter

Y
Yy L

' Parallel to axis
s+ of rotation

P

Leading-edge radius ~

X

AY
(pg, <" - Trailing-edge radius

X Original blade profile Thin blade profile
Hub Mean Tip Hub Mean Tip
Radius, r, cm
8.479 10.160 11.844 8.479 10.160 11.844
Orientation angle, ¢, deg
43.65 43.03 39.97 43.65 43.03 ~ 39.97
Yo | Yo [ Yy (Yo | Yu | Yo | Yu [ YL |Yu | YL | Yu | YL
0.000]0.127 {0.127|0.127 [0.127 §0.127 |0.127 {0.127) 0,127 |0.127 [0.127 | 0.127 §0.127
127 .445 | .000| .424| .000 | .427 | .000 .445| .000 | .424 | .000 | .427 ] .000
.254| .559 | .056| .538 | .043 | .549 | .036 | .559 | .109 ) .538 % .109 | .549 | .109
. 381 .615 | .119 ] .599 | .094 | .625 | .081 .615| .340| .599 | .315| .625 | .323
.508 | .643 | .173| .632 L1351 .671 | .124 | .643| .386 | .632 | .373| .671 .404
.635 .653 | .2I11| .650 | .170 [ .696 { .15C | .653 [ .401 .650 | .394 | .696 | .437
.762 | .648 | .241| .653 | .198 | .706 | .191 .648 | .404 | .653 | .399{ .706 | .452
.889 | .632 | .259| .648 | .216 | .706 | .218 | .632| .391 .648 | .391 .706 | . 449
1.016 | .610 | .267| .632| .224| .696 { .236 | .610| .371 .632 | .373 | .696 | .439
1.143} .579 | .267| .612 | .229 | .681 .249 | .579 | .345| .612 | .350| .681 .422
1.270 | .544 | .257| .584 | .226 | .658 | .257 | .544| .310} .584 | .320| .658 | .399
1.397| .503 | .241| .549 | .221 .630 | .262 | .503| .277{ .549 | .289 | .630 | .371
1.524 . 457 .221 .511 .211 . 602 .257 .457 .241 .511 .259 . 602 .338
1.651 .406 | .196 | .467 | .196 | .564 | .249  .406| .203 | .467| .229 | .564 } .307
1.778| .351 .165 | .422 L1795 .523 | .234 | .351 .168 | .422 .195 ) .523 L2717
1.905| .295 | .132 373 150 483 218 | .295| .132] .373| .165| .483 | .246
2.032 | .234 | .097| .320 ¢ .122 .439 | .196 | .234| .096 | .320| .135] .439 | .216
2.159 ] .173 | .061| .264 | .094| .394 | .170| .173| .061 .264 | .104f .394| .183
2.286| .104 | .025( .203 | .069 | .343 | .142 .104| .025] .203| .074} .343 | .152
2.400 | .025] .025)| --=-= | ~=mmm | m=mmm | ~---- 025 L0255 —meen | memmn ) e | aee-
2.413 | ----- | -=--- 145 | .038 | .287 | .11% | ----=] ----- .145 | .043 | .287( .122
2.540 | ===~ | ==--- .084 | .010| .231 089 | -~---| ~---- .084| .010 | .231 .091
2.616 | ----- | ~~--- L025 | .025 | ----- |- | meemm | == 025 025 —-eem | -----
2.667 | -~~-v | ~meme | === | ~-=-- 78 | L0861 | ---em | mmmee | mmeem | memes .178 | .061
2.794 | === | ====]| =mmmm | ~omm- 117 ] .030 | === ==~ =o==n | -==-~ 117 | .030
2.921 | -==-= | cmeca | mmmem [ ~eee- .058 | .000 | ---~=[ -====] -==== [ ===~ 056 | .000
2.946 | ----- | ~==== | ===~ [ ~-=-- 025 | L0285 | ---o- | mmmem | mmmem [ mmems .025| .025
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TABLE II. - Concluded. BLADE SECTION COORDINATES

[Trailing -edge radius, 0.025 cm all coordinate dimensions are in cm. |

(b) Rotor
Y Parallel to axis
Yy L +7 of rotation
f ,/ x///\\\_
Trailing-edge radius
Leading-edge radius -7 X ¢ ing-edge radiu
X Original blade profile Thin blade profile
Hub Mean Tip Hub Mean Tip
Radius, r, cm
8.4171 10.160 11.839 8.4171 10.160 11.839
Orientation angle, ¢, deg
17.07 31.05 42.00 17.07 31.05 42.00
Leading-edge radius, cm
0.097 0.081 0.064 0.097 0.081 0.064
Yy | Yo [ Yo Yo | Yu | YL {Yu | Y. |Yv | YL | Yu [V
0.00 0.097 {0.097 | 0.081 |0.081 }0.064 [0.064 |0.097 |0.097 [0.081 |0.081 [0.064 |0.064
1127 . 396 .005 . 366 .018 . 312 .030 . 396 .005 . 366 .018 .312 . 046
.254 .607 .142 .531 .112 . 431 .124 .607 .229 .531.| .267 L4317 .262
. 381 .162 .279 .632 .196 .511 .196 .62 . 455 .632 . 432 .511 . 363
.508 . 874 . 389 .704 .257 . 559 .244 .874 .6117 .704 .526 .559 . 422
.635 | .955 | .472 | .744 | .310 | .587 | .282 | .955 | .734 | .744 1 .579 | .587 | .452
.762 |1.011 .533 L7617 .343 . 599 .305 (1.011 . 805 .767 .604 .599 . 465
.889 |1.039 .574 L172 .368 . 594 .318 |1.039 . 846 772 .612 .594 .465
1.016 |1.049 . 599 .165 .381 .584 .320 [1.049 . 858 .765 .604 .584 . 452
1.143 |1.044 .615 .142 .389 .564 .315 [1.044 . 851 .742 .584 .564 . 432
1.270 |1.021 .620 LT11 .381 .538 .307 {1.021 . 825 LT11 . 556 .538 . 404
1.397 .988 .610 .671 L3173 . 508 .292 .988 .87 .671 .521 .508 L3171
1.524 | .940 | .592 | .627 | .358 | .470 | .274 | .940 | .742 | .627 | .477| .470 | .333
1.651 . 884 . 564 .572 .335 .432 .251 . 884 .686 .572 .432 .432 .295
1.778 .818 .533 .513 .305 . 391 .224 .818 .620 .513 .383 .391 .254
1.905 .744 .493 .450 L2617 .348 .193 .744 .551 .450 .330 . 348 .216
2.032 .655 L4317 .386 .226 .302 .163 | .655 .475 . 386 .272 .302 .118
2.159 .561 .373 .320 .180 .254 .130 .561 .394 .320 .213 .254 .140
2.286 .462 . 302 .251 127 . 206 .097 .462 .310 .251 .152 .206 .102
2.413 .358 .224 L1170 071 .152 .056 .358 .226 .170 .086 .152 .064
2.540 .246 L 137 .086 .013 .097 .025 .246 .137 .086 L0201 .097 . 025
2.606 |~--o- [--=-- 025 | 025 | ----~ | mmmem [ mmmem | m---- 025 | .025] ~=--- | -----
2.654 |--cem |ooeee | mmmim e .025 025 | —-—-- | mmmoo | mmeee | 2 .025 .025
2.667 .12 .046 | ----- p - | mm== | === L1217 N e Il Tl R
2.758 .025 025 | --——- | === | -~ | mmm-- .025 025 c-mem ] memmm | emeem | -




TABLE IV. - EXPERIMENTAL PERFORMANCE VALUES

Configuration Efficiency Equivalent specific | Equivalent mass | Equivalent torque,
work, Ah/6 [ 7€/6
Total, | Static, cr flow, ew Bcr/5

% (3 J’g Btu,/1b kg/sec | Ib/sec N-m ft-1b
Original stator, | 0.93 0.80 49.3 21.2 2.00 4.41 61.3- 45.2
original rotor
Original stator, { 0.93 0.80 49,2 21.1 1.99 4.38 60.7 44.8
thin rotor
Thin stator, 0.94 0.81 49.9 21.4 1.98 4.37 61.6 45.4
original rotor
Thin stator, 0.94 0.81 50.1 21.5 1.98 4.37 61.6 45.4
thin rotor
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Surface critical velocity ratio, VIVcr

1.2

[ —————— Origina! rotor blade
—— — — Thin rotor blade

Exit free-stream
velocity

[Trlet free-stream

velocity
-
- e —— -
0 | I | |
(a) Hub.
L2—
Exit free-stream
a— velocity
-4 Thilet free-stream
velocity
-
e -
0 | | |
(b) Mean,
12—
8= Suction surface—, Exit free-

44—
Inlet free-stream velocity

"~ stream velocity

J——
/
74

“Pressure surface

~
-
-
— e —-—
| I I | |
.2 .4 .6 .8 L0

Fraction of axial chord

(¢} Tip.

Figure 3. - Design stator-blade surface velocities.
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Surface critical velocity ratio, W/W,,

L2— ————— Original stator blade
~— — — Thin stator blade

Exit free-stream
velocity

Exit free-stream
velocity

[=]

{b) Mean.

il

Suction surface—\‘
\

Exit free-
stream
velocity

L Pressure surface

.4
— — - /
| | | | |
0 .2 4 .6 .8 1.0
Fraction of axial chord
(c) Hub,

Figure 5. .- Design rotor -blade surface velocities.



Thin blade —~. LL § n - Original blade

. C-3I

Figure 6. - Rotor-blade configurations investigated.
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pressure T
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To burst T
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Turbine-inlet pressure
control valve
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Figure 7. - Experimental equipment.
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B .Y
Exhaust
heater lines

Equivalent torque, et/6, ft-Ib

)

3

8

3

Figure 8. - Turbine test apparatus.
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&
xz
< 10—
v
) O Original stator, original rotor
g 60— O Original stator, thin rotor
P <& Thin stator, original rotor
s A Thin stator, thin rotor
s 50—
>
- 4 Design value
— | L | | | |

1.4 1.8 2.2 2.6 3.0 3.4 3.8
Inlet-total - to exit-static-pressure ratio, p'llp3

Figure 9. - Variation of equivalent torque at equivalent design speed.
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Equivalent mass flow, ew

Ib/sec

g 206r
8. 5—=
o
o5 2.0—
443
E 1.98— .
— S O Original stator, original rotor
ﬁ O Original stator, thin rotor
4.3—g <& Thin stator, original rotor
g L A Thin stator, thin rotor
= Design value
gL

1.4 1.8 2.2

Intet-total - to exit-static-pressure ratic, pyip3

Figure 10. - Variation of equivalent mass flow at equivalent design

speed.

Ratio of local tip-static- to inlet-total-pressure, p]p‘l

2.6 3.0 3.4 3.8

Efficiency, m-3

.6

O Original stator, original rotor
O Original stator, thin rotor

& Thin stator, original rotor

2 Thin stator, thin rotor

Design value

1.8

2.2

2.6 3.0 3.4 3.8
Inlet-total - to exit-static-pressure ratio, pj/p;

Figure 11. - Variation of efficiency at equiva-
lent design speed.

Station 1 2 3
|

O

Stator = -Rotor

8 .
~———Design
—--— Thin stator, original rotor
{Original stator, original rotor
T Original stator, thin rotor
N\~ Thin stator, thin rotor
L6—
L5

2
Station

Figure 12. - Variation of tip static pressure with axial station

at equivalent design speed and design total- to static-
pressure ratio.
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Exit- to inliet-tota|-pressure ratio, p'3/p'1

52— 0—
~ O Original stator, original rotor
O Original stator, thin rotor
O Thin stator, original rotor
50}— 10— A Thin stator, thin rotor
& @ Design value
Design value =
&
e
. 48— £ -0
<
=
2
E
46— -30—
Inner wall Outer walh\! 'lnner wall ) Outer wa"“\i
[ | [ - | | |
.60 .70 .80 .90 1.00 .60 .70 .80 .90 1.00
Radius ratio, r/ry,
(a) Exit total pressure. (b) Exit flow angle.

Figure 13. - Variation of rotor-exit total pressure and flow angle with radius ratio at equivalent design speed and pres-

sure ratio. ’
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