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EFFECTS OF SPECIFIC SPEED ON EXPERIMENTAL PERFORMANCE

OF A RADIAL-INFLOW TURBINE
by Milton G. Kofskey and William J. Nusbaum

Lewis Research Center

SUMMARY

An experimental cold-air investigation was made to determine the effect of specific
speed on the performance of a 12,62-cm (4.97-in. ) tip diameter radial-inflow turbine.
The range of specific speeds investigated, 0.28 to 0.73 (36 to 94 (rpm)(ft3/4)/(sec)1/2)
at equivalent design speed and pressure ratio, was obtained by changing the volume flow
using stators with different throat areas. The stators were used with the design rotor,
with a rotor extension that reduced rotor throat area, and with a cutback of the rotor
exit, which increased the rotor throat area.

Results showed that total efficiencies of 0. 90 and greater can be obtained over a
large specific speed range of 0.37 to 0. 80 (48 to 104). Similarly, static efficiencies of
0. 85 or greater can be obtained over the specific speed range of 0.34 to 0.72 (44 to 94).
The results indicated that, if high efficiency is desired over a large range of specific
speeds, optimum stator-rotor throat area ratio should be maintained when stator throat
area is changed.

A maximum total efficiency of 0.925 was obtained over the specific speed range of
0. 42 to 0.65 (55 to 85). The maximum static efficiency of 0.91 was obtained at a spe-
cific speed of about 0. 43 (56).

Rotor exit flow angle surveys along with calculated blade surface velocities indi-
cated possible flow separation in the rotor hub region with the 20-percent stator con-
figuration.

INTRODUCTION

The development of high-speed turbomachinery for long life and high reliability is
a long and expensive process, especially in the case of gas bearing machines for space-
power application. It is, therefore, desirable to use a given basic machine for a variety
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of systems and system power levels. The desired flexibility of operation can be accom-
plished by varying system pressure level, by varying flow areas in the compressor and
turbine, or by some combination of these. Variation of flow area has advantages in
duct sizing, packaging, and system pressure drops because system pressure level can
be maintained at a maximum value for a range of power levels.

The operation of a radial inflow turbine with various stator throat areas has been ex
amined previously; the experimental results are published in reference 1. This investiga
tion indicated that efficiency is highest over a narrow range of specific speeds, and it the:
decreases toward both ends of the range investigated. It was stated in the reference
that use of the same rotor for all stator configurations investigated could have resulted
in the efficiencies decreasing toward the exiremes of the specific speed range.

The work described herein employed the 12. 62- centimeter (4.97-in.) tip diameter
turbine of reference 2. The specific speed range investigated covered values well above
and below the design value. Stators with throat areas from 20 to 144 percent of design
were used with the rotor as designed. In addition, an extension of the rotor exducer,
which reduced the rotor throat area to 53 percent of design, and a cut-back rotor to
provide a rotor throat area of 137 percent of design were employed in order to better
match the stator and rotor throat areas at the extremes of the specific speed range.
Performance was measured at design speed and over a range of pressure ratio. Inlet
pressure for each configuration was selected to provide design Reynolds number at
design speed and pressure ratio. Rotor channel velocities were calculated for each
configuration to provide an indication of changes in blade loading with changes in geom-
etry at design speed and pressure ratio. Also, a loss breakdown was determined for
several configurations.

TURBINE DESCRIPTION

The 12. 62-centimeter (4.97-in.) tip diameter radial inflow turbine used in this in-
vestigation is described in reference 2. Equivalent design requirements are as follows
(the symbols are defined in appendix A):

Mass flow, 6\".’\/_9;/5, kg/sec; Ib/sec . . . . . . . . . . . . . . . 0.2204, 0.4860
Specific work, Ah/()cr, J/g; Btu/Ib . . . . . . . . . . . .. ... . 34.50; 14.82
Rotative speed, N m, TPIM . v &« v . e e e e e e e o e .. ... 29687
Total- to static-pressure ratio, p’l/p3 1415
Blade-jet speed ratio, v . . . . . . 0.690
Specific speed, Ng = NQ1/2/ H' )3/4 dimensionless; (rpm)(ft3/4)/ sec /2 . . 0.59, 78
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(8} Scroll-stator assembly. (b) Stator configuration.

Figure 1. - Scroll-stator assembly and typical stator configuration.

The range of specific speeds at equivalent design speed and pressure ratio was
obtained by changing volume flow, using stators of different throat areas. This was done
by using the same blade profile and changing the blade setting angle and blade number.
Five additional stators having throat areas of 20, 42, 66, 125, and 144 percent of design
were used to cover a specific speed range of 0.28 to 0.73 (39 to 94). Along with these
stator modifications, modifications of the rotor were also investigated. An extended
rotor exducer was designed to provide 53 percent of the design rotor throat area. This
extension would provide a better match of the stator and rotor throat areas for the
66-, 42-, and 20-percent stator configurations. When tests with these configurations
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(a} Design rotor. (b} Rotor with exducer extension.
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(¢) Cutback rotor.

Figure 2. - Rotor configurations investigated.



were completed, the rotor exducer was cut back to provide 137 percent of the design
rotor throat area. This rotor configuration would provide a better match of stator and
rotor throat areas for the 125- and 144-percent stator configurations.

Figure 1 shows the scroll-stator assembly and a typical stator configuration. The
144-, 125-, and 100-percent stator configurations have 13 blades; the 66-percent stator
has 15 blades; and the 42- and 20-percent stators have 17 blades each. Figure 2 shows
the design rotor, the exducer extension attached to the rotor, and the rotor with the
exducer section cut back. The rotor has 11 blades and 11 splitter vanes. These splitter
vanes are used over the initial two-thirds of the design rotor. The splitter vanes were
used to prevent low or negative blade-surface velocities, particularly at the rotor hub.

APPARATUS, INSTRUMENTATION, AND METHODS

The test facility, the instrumentation, and the method of calculating performance
parameters were the same as those described in reference 2, except that air was used
as the working fluid. Figure 3 shows the turbine test facility. The insulation has been
removed from the turbine in order to show details of the test setup. Figure 4 shows a
cross-sectional sketch of the turbine test section with the instrument measuring stations.
The centerbody was used at the rotor exit in order to obtain measurements of hub static

Figure 3. - Turbine test rig.
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Figure 4. - Turbine instrumentation stations.

pressure and to provide a flow area at the measuring station equal to the flow area at the
rotor passage exit. Tip static pressures were also measured at this station. In addi-
tion, radial surveys of total pressure, total temperature, and flow angle were made at
the rotor exit.

The design or 100-percent stator configuration with design rotor was tested at inlet
conditions of 11. 0 newtons per square centimeter (16.0 psia) and 306 K (550° R). A
mass flow of 0.237 kilogram per second (0.522 1b/sec) was obtained at equivalent design
speed and pressure ratio for these inlet conditions. In order to eliminate the effects of
changes in Reynolds number on turbine efficiency, this value of mass flow was held
approximately constant for all configurations at equivalent design speed and pressure
ratio. The inlet total pressure was adjusted until a mass flow of approximately 0. 237
kilogram per second (0. 522 1b/sec) was obtained. Table I shows the values of inlet
total pressure and temperature as well as the pressure ratio range over which the tur-
bine was investigated for each configuration.



TABLE I. - EXPERIMENTAL OPERATING CONDITIONS

'Rotor configuration

Stator configuration,

Inlet total pressure

Inlet total temperature

Pressure-ratio range,

percent of design P : 5 p}/py
throat area N/em psia K R

Design rotor 144 8.5 12,3 308 555 1.40 to 2. 16
(design throat area) 125 9.1 13.2 208 555 1.40to0 2.12
100 11.0 16.0 306 550 1.41t02.13

66 15.6 22.7 306 551 1.41t0 2.12

42 21.9 31.8 306 551 1.46 to 2. 05

20 40.3 58.4 306 550 1.55t0 2.12

With exducer ex- 100 13.7 19.9 205 549 1.40t0 2.25
tension (53 percent 66 17.4 25,2 304 548 1.41to 2.16
of design throat 42 24,6 35.7 305 549 1.41 to 2.10
area) 20 41.6 60.3 305 549 1.53 to 2.19
Cutback rotor (137 144 7.8 11.3 206 550 1.40to 2. 09
percent of design 125 8.7 12.7 305 549 1.40to 2. 09
throat area) 100 10.0 14.5 306 550 1.39t02.10

oyt



Thus, the effect of specific speed variation was evaluated at constant Reynolds
number. Reynolds number as defined in this report is equal to the mass flow divided
by the product of the gas viscosity and the rotor inlet tip radius.. Mass flow would be
varied in order to operate at different power levels in the actual space-power package.
The Reynolds number effects, for this type of operation, could be calculated using fig-
ure 14 of reference 2.

RESULTS AND DISCUSSION

Performance results are presented in four sections. The first section describes
the resulis that were obtained by using the rotor as it was designed with the six stators
of different throat areas. The second section shows the results that were obtained by
using the rotor with the extension and four stator configurations (100, 66, 42, and 20
percent of design throat area). The third section shows the results that were obtained
with the cutback rotor and with the 100-, 125-, and 144-percent stator configurations.
All data presented are for operation at equivalent design speed and with cold air as the
working fluid. The performance data are shown in terms of equivalent mass flow for a
range of pressure ratios and turbine efficiency over the range of specific speed. There
follows a discussion of the internal flow characteristics as determined from radial sur-
veys of angle, total pressure, and total temperature that were made at the rotor exit
and the static pressure measurements throughout the turbine. The fourth section then
compares efficiency as a function of specific speed for the three rotor configurations in
order to determine the stator-rotor combinations that give the highest efficiencies at
various specific speeds.

Results of an analysis made to determine the magnitude of the various turbine
losses for each stator-rotor combination are shown in appendix B. Velocity diagrams
and blade-surface velocities for each stator-rotor combination are presented and dis-
cussed in appendixes C and D, respectively.

Performance with Design Rotor

Mass flow. - Figure 5 shows the variation of equivalent mass flow ewﬁ;/ 0 with
equivalent inlet-total to exit-static pressure ratio (pi/p3)eq. Equivalent mass flow in-
creased with an increase in pressure ratio for all stator configurations. This variation
in mass flow with pressure ratio indicates subsonic flow over the range of pressure
ratios covered. It can be seen that the slope of the curves decreases with a decrease

in stator throat area. The slope of the curve for the 20-percent configuration is near
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Figure 5. - Variation of equivalent mass flow with pressure
ratio and stator throat area at equivalent design speed;
design rotor.

zero at pressure ratios greater than 2. 0. In this region of operation, a near-choked
flow condition exists. Equivalent mass flows of 0.050, 0.105, 0.158, 0.224, 0.267,
and 0. 297 kilogram per second (0.111, 0.231, 0.348, 0.494, 0.589, and 0. 655 1b/sec)
were obtained for the 20-, 42-, 66-, 100-, 125-, and 144-percent configurations, re-
spectively, at an equivalent design pressure ratio of 1.695. The mass flow for the 100-
percent configuration was about 1. 6 percent larger than the design value of 0.2204 kilo-
gram per second (0. 486 1b/sec).

Figure 6 shows the effect of the change in stator throat area on stator-exit static
pressure. As stator throat area is increased, there is an increase in the stator pres-
sure ratio p2/p’1. This increase in stator pressure ratio results in a decrease in veloc-
ity level through the stator and will, therefore, have an effect on the mass flow rate.
The figure also shows that rotor reaction increased with increasing stator throat area.

Figure 7 shows mass flow as a function of stator throat area. The mass flow ob-
tained for each stator configuration at equivalent design pressure ratio (1.695) is ex-
pressed as a percentage of the mass flow obtained with the 100-percent configuration.
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The dashed line in the figure represents an equivalent mass flow that is directly propor-
tional to the stator throat area. There is a difference in the slopes of the two lines.
The difference in mass flow variation is due to the previously shown change in stator-
exit static pressure with the change in stator throat area. Calculated mass flows based
on the measured static pressures and a constant total pressure agreed with the meas-
ured mass flow. This indicates that there was no measurable change in loss upstream
of the stator throat and that the mass flow was affected only by the change in stator

throat area and pressure ratio.
Efficiency. - Figure 8 shows the variations of total and static efficiencies with spe-

cific speed for each of the six stator configurations. Use of the six stators resulted in
covering a specific speed range from 0.25 to 0.77 (32 to 99). The short-dashed line
shows the variation of efficiency with specific speed at the design blade-jet speed ratio
of 0.690. The heavy line is the envelope of the efficiency curves for all configurations.
A peak total efficiency of 0.925 (fig. 8(a)) was obtained for both the 66-percent and the
100-percent configurations. The figure shows that a total efficiency value of 0.90 or
higher could be obtained over a specific speed range of 0. 43 to 0.71 (55 to 91). The fig
ure also shows that the design blade-jet speed ratio curve passes through the peak effi-
ciency point for the 100-, 125-, and 144-percent stator configurations. As the stator
throat area is decreased, the peak efficiency points continue to shift to lower values of
blade-jet speed ratio. This shift indicates that optimum velocity diagrams were not
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Figure 8. - Variation of efficiency with specific speed at equivalent design speed; design rotor.
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obtained at design blade-jet speed ratio. It should be noted that the design rotor was
used with each stator for this series of tests. The end result was an increasing mis-
match between stator and rotor throat areas as the stator throat areas were reduced.
The mismatch also increased progressively with the oversized stator configurations.

Figure 8(b) shows the variation of static efficiency with specific speed. Both the
66-percent and the 100-percent stator configurations gave a peak efficiency value near
0.88. The heavy solid line curve shows that a maximum value of 0. 89 could be obtained
at a specific speed of about 0.51 (66). There is a rapid decrease in efficiency at both
ends of the specific speed curve. The peak efficiency point shifts to lower values of
blade-jet speed ratio as the specific speed is decreased from the 100-percent stator
configuration.

Internal flow characteristics. - The results of a radial survey of exit flow angle
taken at equivalent design speed and pressure ratio are shown in figure 9. As stator
throat area was reduced, the exit flow angle became more positive over the entire pas-
sage height. This trend in exit flow angle with stator configuration is to be expected
since the rotor exit relative velocity decreases with decreasing stator throat area as
seen from the velocity diagrams of appendix C.

Stator throat
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percent of
design
144
125

IZOT

100

Exit flow angle, as, deg
8

Outer wall

Inner wall

gL l I I
s 6 .1 .8 .9 L0

Radius ratio, rIrW

Figure 9. - Variation of exit flow angie with
radius ratio at equivalent design speed and
pressure ratio; design rotor.
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For the 20-percent stator configuration, exit flow angles greater than 90° from axial
were obtained from the hub to a radius ratio of 0.70. A one-dimensional calculation
of mass flow using the results of the survey did not agree with the measured mass flow
for the 20-percent stator. This indicates that either the flow angle measurements were
incorrect or that a one-dimensional flow solution was inadequate for this stator-rotor
combination. Figure 26 of appendix D shows calculated rotor blade surface velocities
for all stator-rotor configurations investigated. The figure shows negative pressure
surface velocities for the hub, mean, and tip sections when the 20-percent stator was
used with the design rotor. Negative pressure surface velocities, especially at the inlet
portion of the blade, could have resulted in flow eddy. It would appear that the angle
measurements for the 20-percent stator configuration were not correct and that the
radius ratio at which flow angles greater than 90° were obtained were nearer the hub
section than is shown by the figure.

The results of a radial survey of rotor exit flow angle, total pressure, and tempera-
ture are shown in figure 10 as a variation of turbine loss with radius ratio. Turbine loss

Stator throat

.28 area,
T percent of
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A 144
24— [} 125

O 100

o 66

@) 42

a) 2
A

Turbine foss, (1.0 - n

Inner wall Outer wall

1 I [ I
.5 .6 T .8 .9 Lo
Radius ratio, riry,

Figure 10. - Variation of turbine foss with radius ratio at equivalent
design speed and pressure ratig; design rotor.
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is defined as 1.0 minus the local total efficiency. The curve for the 20-percent stator
configuration does not have a faired line for the radius ratio range of 0.52 to 0.'72 be-
cause the inlet tangential momentum could not be computed accurately since exit flow
angles greater than 90° were obtained in this region. The figure shows comparable
losses for the 66-, 100-, 125-, and 144-percent stator configurations. This was to be
expected since the turbine efficiency was about the same at equivalent design speed and
pressure ratio. The losses for the 20- and 42-percent stator configurations were large
over the entire passage height. Maximum losses were obtained in the tip region for all
configurations.

Performance with Rotor Extension

Mass flow. - Figure 11 shows the variation of equivalent mass flow ew@/&
with equivalent inlet-total to exit-static pressure ratio (p'l/ p3)eq' The shapes of the curves
obtained with the rotor extension are similar to those obtained with the design rotor
(fig. 5). There is a difference, however, in the level of the curves for the two cases. The
rotor throat area was reduced to 53 percent of the design value with the addition of the
rotor extension. This resulted in a reduction in equivalent mass flow for the three larger
area stators. There was no change for the stator with the 20-percent throat area since
it was operating near the choked condition (as shown by the slope of the mass flow curve
in fig. 5).
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Figure 11. - Variation of equivalent mass flow with pressure ratio and stator throat
area at equivalent design speeg; with rotor extension.
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The variation of stator-exit static pressure with a change in stator throat area is
shown in figure 12 for operation with the rotor extension. The static-pressure variation
for operation with the design rotor is also shown for comparison. The stator-exit pres-
sure with the extended rotor is greater than that for the design rotor. There was, there-
fore, a decrease in velocity level through the stator and an associated decrease in mass
flow rate when compared with the results obtained with the design rotor. Rotor reaction
is larger over the entire stator throat area range for the case with the roter extension.

s 0 [ —O— With rotor extension

5 —{3— Design rotor

4 —— —— Rotor exit

5 .80
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= w0 l I l | I | l | |
10 2 30 40 50 60 70 A 90 100

Stator throat area, percent of design

Figure 12. - Variation of stator-exit static pressure with stator throat area at
equivalent design speed and pressure ratio; with rotor extension.

Figure 13 shows the variation of equivalent mass flow with stator throat area for
operation at equivalent design speed and pressure ratio. Mass flow is expressed as a
percent of that obtained with the 100-percent stator throat area and with the design rotor.
The dashed line represents an equivalent mass flow that is directly proportional to the
stator throat area. The difference between the dashed and experimental curves is due
to the stator-exit static pressure variation indicated in figure 12. The experimental
curve intersects the dashed curve at a stator throat area value of about 57 percent of
design. This indicates that design velocities as well as design rotor reaction would be
obtained in this region.

Efficiency. - Figure 14 shows the variations of total and static efficiencies with
specific speed for each of the four stator configurations. The short-dashed line repre-
sents operation at the design blade-jet speed ratio of 0.690. The heavy curve is the
envelope of the efficiency curves for all configurations. A peak value of total efficiency
(fig. 14(a)) of 0.92 was obtained with the 66-percent stator configuration at a specific
speed of 0.45 (58.0). The heavy curve shows a maximum total efficiency of 0.925 at a
specific speed of about 0.43 (55.4). The value of about 0.92 or higher can be obtained
within the specific speed range of about 0. 41 to 0.46 (53 to 58). Variation from this range

15
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results in a rapid decrease in efficiency. A peak value of static efficiency of 0. 90

(fig. 14(b)) was obtained with the 66-percent stator at a specific speed of about 0. 45 (58).
The heavy curve shows that the maximum static efficiency of 0.91 falls within the same
specific speed range of 0. 41 to 0. 46 (53 to 59).

Internal flow characteristics. - The results of a radial survey of exit flow angle
taken at equivalent design speed and pressure ratio are shown in figure 15. As stator
throat area was reduced, the exit flow angle became more positive over the entire pas-
sage height. This trend in exit flow angle with stator configuration is to be expected
because the rotor exit relative velocity decreases with decreasing stator throat area as
seen from the velocity diagrams of appendix C.

For the 20-percent stator configuration, exit flow angles greater than 90° were
obtained from the hub to a radius ratio of 0.630. One-dimensional calculations of mass
flow, using the results of the survey, were in good agreement with the measured mass
flow for the 20-percent stator with the rotor extension. This would indicate that the
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rotor flow angle measurements were good for this survey. Figure 27, appendix D,
shows that there was considerable negative rotor surface velocities for the 20-percent
stator with the rotor extension. Negative suction surface velocities occurred on the hub
and mean sections of the rotor blade. Considerable suction surface deceleration
occurred at the hub section. This could result in the flow separation indicated by the
angle survey.

The variation of exit flow angle and exit total and static pressure with radius ratio
indicated that there was a nonuniform work distribution from hub to outer wall for all
configurations.

Turbine loss (1. O-nt) as a function of radius ratio is shown in figure 16. The loss
data were not faired for the radius ratio range of 0.52 to 0.72 for the 20-percent con-
figuration because of the possible flow separation and backflow in this region. Except
for the 100-percent stator configuration, the losses were lowest near the hub region
and increased with increasing radius ratio.
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Performance with Cutback Rotor

Mass flow. - Figure 17 shows the variation of equivalent mass flow ewﬁ;/ﬁ
with equivalent inlet total to exit static pressure ratio (pi/p3)eq. The shapes of the
curves obtained with the cutback rotor are similar to those obtained with the design
rotor (fig. 5). The difference is in the magnitude of the mass flow between the two
cases. The rotor throat area was increased to 137 percent of the design value. There
was, therefore, an increase in mass flow for the three stator configurations investi-
gated with the cutback rotor.
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Figure 17. - Variation of mass flow with pressure ratio at equivalent design speed;
cutback rotor.

Figure 18 shows the change of stator-exit static pressure with percent stator throat
area at equivalent design speed and pressure ratio. Stator exit velocity decreases and
rotor reaction increases with increasing stator throat area. The solid curve from fig-
ure 7, shows the variation of stator-exit static pressure with percent stator throat area
for the tests with the design rotor configuration. Rotor reaction is smaller over the
entire stator throat area range for the case with the cutback rotor. This is to be
expected because the larger rotor throat area would require a greater flow rate (at a
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Figure 18. - Variation of stator-exit static pressure with stator throat area
at equivalent design speed and pressure ratio; cutback rotor.

given turbine inlet pressure) to obtain equivalent design speed and pressure ratio. The
higher flow rate is reflected in the lower stator-exit static pressure for the data obtained
with the cutback rotor. The figure shows that the combination of the 137-percent stator
area configuration with the cutback rotor would be required to give approximately the
same rotor reaction as that obtained with the 100-percent stator configuration and the
design rotor. This is to be expected since the cutback rotor was 137 percent of design
rotor throat area. The long-dashed curve from figure 12 shows the variation of stator-
exit static pressure with percent stator throat area for the tests with the rotor extension.
Comparison of the static pressure for the three rotor configurations shows that the
stator-exit velocity was the lowest for the rotor extension configuration over the range
of stator throat areas investigated. The figure also shows that design velocity diagrams
would be obtained with a 53-percent stator throat area and the rotor extension as well

as with a 137-percent stator throat area with the cutback rotor.

Figure 19 shows the variation of equivalent mass flow with stator throat area for
operation at equivalent design speed and pressure ratio. Mass flow is expressed as a
percent of that obtained with the 100- percent stator throat area and with the design rotor.
The dashed line represents an equivalent mass flow that is directly proportional to the
stator throat area. The difference between the dashed and experimental curves is due
to the stator-exit static pressure variation indicated in figure 18. Figure 19 shows that
the experimental curve intersects the dashed curve at a stator throat area value of about
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Figure 19. - Variation of equivalent mass flow with stator throat
area at equivalent design speed and pressure ratio; cutback
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130 to 135 percent of design. This indicates that design velocities and approximately
design rotor reaction would be obtained in this region.

Efficiency. - Figure 20 shows the variations of total and static efficiencies with
specific speed for each of the three stator configurations. The heavy curve is the en-
velope of the efficiency curves for the three configurations. The short-dashed curve
represents operation at design blade- jet speed ratio of 0. 690. Figure 20(a) shows total
efficiency as a function of specific speed. Design blade-jet speed ratio points are on the
envelope curve. The figure shows that a peak efficiency of 0.915 is obtained for the
125- and 144-percent configurations. This is slightly higher than that obtained with the
100-percent configuration. The main point that the figure shows is that the envelope
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(a) Total efficiency. (b) Static efficiency.

Figure 20. - Variation of efficiency with specific speed at equivalent design speed; cutback rotor.
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curve is flat and that total efficiencies of 0.90 and greater can be obtained over a speci-
fic speed range of 0.57 (73) to 0.80 (102).

Figure 20(b) shows the variation of static efficiency with specific speed. The fig-
ure shows that the peak efficiency decreases with increasing stator throat area. This
results from the increasing rotor exit velocity as a result of the increasing mass flow
with increasing stator throat area. The figure shows that peak static efficiencies of
0. 845, 0.840, and 0. 830 were obtained with the 100-, 125-, and 144-percent stator con-
figurations, respectively.

Internal flow characteristics. - Figure 21 shows the variation of rotor exit flow
angle with radius ratio. The figure shows that as the stator throat area was increased,
the exit flow angle became less positive. This results from the increased rotor rela-
tive velocity through the rotor with increasing stator throat area. The wheel speed was
constant for all configurations investigated.

Figure 22 shows the variation of turbine loss with radius ratio for the three stator
configurations. The data were obtained at equivalent design speed and pressure ratio.
Local values of total efficiency were calculated on the basis of the change in tangential
momentum through the rotor and the radial distribution of total pressure at the rotor
exit., The figure shows that minimum losses were obtained with the 144-percent stator
configuration. The largest losses were obtained with the 100-percent stator configura-
tion. This was to be expected as the total efficiency plot of figure 20(a) indicated in-
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Figure 21. - Variation of exit flow angle with radius ratio at equiva-
lent design speed and pressure ratio; cutback rotor.
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creased efficiency with increasing stator throat area. The figure also shows minimum
losses near the hub region with the losses increasing with increasing radius ratios for

the three stator configurations investigated.

Comparison of Efficiencies for the Three Rotors

A comparison of the performance of the turbine with the rotor configurations inves-
tigated is best shown by replotting some of the curves already presented. The total
efficiency envelope curves of figures 8(a), 14(a), and 20(a) are shown in figure 23(a).

In addition, the envelope of these three curves is also shown. A maximum total effi-
ciency of 0.925 is obtained over the wide range of specific speeds from 0. 42 to about

0.65 (55 to 85). The figure also shows that total efficiencies of 0.90 and greater can be

obtained over the large specific speed range of 0.37 to 0.80 (48 to 104). The figure

indicates a slight decrease in performance in the high specific speed range (above 0.70
(91)). It is to be expected that the efficiency would drop off more rapidly in the specific
speed range below 0.40 (52). In this lower range, excessive stator losses due to trail-
ing edge blockage would cause the rapid decrease in turbine efficiency.

The figure also shows that the same maximum total efficiency of 0.925 is obtained

for the design rotor and the rotor with the exducer extension. Operation with the cut-

back rotor resulted in only about one point drop in maximum total efficiency.

Figure 23(b) shows the comparison between maximum static efficiencies for opera-
tion with the rotor configurations investigated. These curves are the epvelope curves
of figures 8(b), 14(b), and 20(b). The envelope of these curves is also "\shown. A max-
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Figure 23. - Variation of efficiency with specific speed at equivalent design speed with best stator-rotor combination.
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TABLE II. - STATOR-ROTOR COMBINATIONS FOR MAXIMUM EFFICIENCY_

Rotor configuration

Stator configuration, | Maximum | Specific speed at maximum total efficiency | Maximum Specific speed at maximum static e_fficiency_
percent of design total ] 4 1/2 static - E
throat area efficiency Dimensionless (rpm)(ft3/ )/sec / efficiency Dil:l‘lzens_ionl:Q_SS (r_pm)(fts/‘%)/s_ecl/.2
Design rotor 66 0.925 0.49 63.2 0.880 0.48 :61.9
(design throat area) 100 .925 .60 7.4 .880 .59 76.1
With exducer ex- 66 0.920 0.45 '58.0 0.900 0.45 58.0
tension (53 percent : ’
of design throat
area)
Cutback rotor (137 w0 | ----- ---- ---- 0.845 0.59 . ., 181
percent of design 125 0.915 0. (_57 86.4 | e---- - e
throat area) 144 .915 .16 98.0 | =e--- -—— ———-




imum static efficiency of 0. 91 is obtained at a specific speed value of about 0. 43 (56).
The figure also shows that the maximum static efficiency was obtained with the rotor
extension. The higher static efficiency results from a lower-exit kinetic energy level
for operation with the rotor extension when compared with that obtained with the design
and cutback rotor configurations. The figure also shows that a static efficiency of 0. 85
and greater can be obtained over a large specific speed range of 0.34 to 0.72 (44 to 94).
The decrease in static efficiency with increasing specific speed resulis from the increas-
ing rotor exit kinetic energy level with increasing specific speed.

Table II lists the stator-rotor combinations that gave the maximum static and total
efficiencies for the specific speed range investigated. Figure 23 and table II indicate
that, if high efficiency is desired over a wide range of specific speeds, optimum stator-
rotor throat area ratio should be maintained when stator throat area is changed.

SUMMARY OF RESULTS

An experimental cold-air investigation was made to determine the effect of specific
speed on the performance of a 12. 62-centimeter (4.97-in.) tip diameter radial-inflow
turbine. The range of specific speed values was obtained by changing volume flow
through the turbine by changing stator throat area. Tests were made with stator throat
areas of 20, 42, 66, 100, 125, and 144 percent of design with the design rotor. In addi-
tion, a rotor exducer extension that reduced rotor throat area to 53 percent of design
and a cutback rotor configuration that increased rotor throat area to 137 percent of de-
sign were used with some of the stator configurations. Results are presented for oper-
ation with the 13 combinations of stator and rotor configurations at equivalent design
speed and over a range of pressure ratios. These results can be summarized as fol-
lows:

1. Results using the best stator-rotor configurations investigated showed that total
efficiencies of 0.90 and greater can be obtained over a large specific speed range of
0.37 to 0.80 (48 to 104). Similarly, static efficiencies of 0. 85 and greater can be ob-
tained over the comparatively large specific speed range of 0.34 to 0.72 (44 to 94).

2. A maximum total efficiency of 0.925 was obtained over the specific speed range
of 0.42 to 0.65 (55 to 85). The maximum static efficiency of 0.91 was obtained at a
specific speed of 0.43 (56).

3. If high efficiency is desired over a large range of specific speeds, optimum
stator-rotor throat area ratio should be maintained when stator throat area is changed.
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4. Rotor exit flow angle surveys indicated possible flow separation in the rotor hub
region when operated with the 20-percent stator configuration. This was substantiated
by calculated rotor-blade-surface velocities, which indicated negative pressure surface
velocities and considerable flow deceleration.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Obhio, September 17, 1971,
112-27,
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- . APPENDIX A.

SYMBOLS -

isentropic specific work (based on
total pressure ratio), J/g;
ft-1b/1b

specific work, J/g; Btu/lb
turbine speed, rpm

specific speed, NQl/%H'):;/‘l,

dimensionless; rpm (ft3/ 4)/

(secl/z)

2

pressure, N/cm® abs; psia

volume flow (based on exit condi-
tions), m3/sec; ft3/sec

Reynolds number, w/ ury
radius, m; ft
blade velocity, m/sec; ft/sec

absolute gas velocity, m/sec;
ft/sec

ideal jet speed corresponding to
total- to static-pressure ratio
across turbine, m/sec; ft/sec

weight flow, kg/sec; lb/sec

absolute gas flow angle measured
from axial direction, deg

ratio of specific heats

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

py/p*

€ function of y used in relating
parameters to those using air’
“inlet conditions at U.S. standard
sea~level conditions;
0.740 |fy + 1\[/ 1)
v 2

7 turbine efficiency

g static efficiency (based on inlet-
total- to exit-static-pressure
ratio)

un total efficiency (based on inlet-
total- to exit-total-pressure
ratio)

0 er squared ratio of critical velocity at
turbine inlet to critical velocity
at U.S. standard sea-level tem-
perature, (Vcr/ Vzr)z

i gas viscosity, kg/(m)(sec); 1b/
(ft)(sec)

v blade-jet speed ratio (based on
rotor-inlet tip speed), Ut/Vj

Subscripts:

cr condition corresponding to Mach 1

eq equivalent

w outer wall

t tip

1 station at turbine inlet (fig. 4)



2 station at stator exit

3 station at rotor exit
Superscripts:

' absolute total state

*

U.S. standard sea-level conditions
(temperature = 288.15 K
(518.67°.R), pressure = 10.13
N/cm2 (14.70 psia))
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APPENDIX B

LOSS ANALYSIS

An analysis was made to determine the magnitude of the various losses for each
configuration investigated. The method described in reference 1 involved the deter-
mination of the velocity diagrams for each configuration at design speed and pressure
ratio (design blade-jet speed ratio). The diagrams were determined from measured
work, mass flow, inlet pressure and temperature conditions, speed, stator throat area,
and the results of rotor-exit surveys of total pressure and flow angle. Design loss dis-
tribution between the stator and rotor was used to proportion the measured overall tur-
bine loss for the 100-percent configuration. Stator losses for the other configurations
were then assumed to vary in proportion to the average of the inlet and outlet kinetic
energy levels as determined from the velocity diagrams. Included in the stator losses
are the trailing-edge blockage losses, which increase as the stator throat area was de-
creased, and the scroll loss. The rotor incidence loss is assumed, as in the case of
axial-flow turbines, to be equivalent to the kinetic energy of the relative velocity com-
ponent normal to the blade at the rotor inlet. The nondimensional constants used in
determining stator and rotor viscous loss was determined by the procedure described
in reference 3.

Figure 24 shows the results of the calculations for all of the stator-rotor configura-
tions investigated for operation at design blade-jet speed ratio.

Figure 24(a) shows the results of these calculations for the cases with the design
rotor. The various losses, expressed in terms of efficiency, are shown as functions of
specific speed. The magnitude of the exit kinetic-energy loss is shown by the difference
between total and static efficiency values obtained at design blade- jet speed ratio for
each stator configuration. The figure shows that the scroll-stator losses increase with
decreasing specific speed. The increase in losses results from the increase in stator
gas velocity as well as from increased trailing-edge blockage as stator throat area was
decreased. Rotor losses decrease with decreasing specific speed at the high end of the
specific speed range. The decrease in loss results primarily from the decrease in
velocity level through the rotor as specific speed was decreased. Rotor incidence loss
was essentially constant over most of the range of specific speeds covered in the inves-
tigation. Figure 24(b) shows the variation of turbine losses with specific speed for the
tests with the rotor exducer extension. Scroll-stator losses increase with decreasing
specific speed. Again, the losses increased because of the increase in stator gas veloc-
ity as well as the increased stator trailing-edge blockage as specific speed or stator
throat area was decreased. Rotor losses increased as specific speed was increased
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from about 0. 42 to 0.53 (54 to 69). This would indicate an increase in relative velocity
level through the rotor as specific speed was increased in this speed range. Rotor inci-
dence losses were zero in the specific speed range of about 0.42 to 0.49 (54 to 63).

Figure 24(c) shows the variation of turbine losses with specific speed for the tests
with the cutback rotor. For these tests the 100-, 125-, and 144-percent stators were
used with the cutback rotor having a throat area 137 percent of design.

Comparison of the losses determined from the test results for the rotor configura-
tions investigated illustrates the effect of stator-rotor throat area match. Scroll-stator
loss was predominant with the rotor extension in the lower specific speed range. Rotor
loss was the predominant loss over the entire specific speed range for operation with the
cutback rotor configuration.
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APPENDIX C

VELOCITY DIAGRAMS

Figure 25 shows the calculated velocity diagrams for all stator-rotor configurations
investigated. These velocity diagrams were calculated at equivalent design speed and
pressure ratio and using the results of the rotor exit surveys.

Figure 25(a) shows the velocity diagrams for the stator configurations investigated
with the design rotor. The figure shows the expected flattening of stator exit velocity
diagram as the stator throat area was decreased. It should be remembered that the same
blade profile was used and that the blade setting angle was changed to obtain the vari-
ous stator throat areas. The rotor velocity diagrams show a decrease in relative veloc-
ity through the rotor as stator throat area was decreased. The decrease in rotor-exit
relative velocity with a constant wheel speed resulted in rotor-exit absolute flow angle
becoming more positive with decreasing stator throat area. This was shown by the rotor
discharge angle surveys discussed previously. The relative exit velocity level, for a
given stator throat area, was higher for the rotor extension than for the design rotor or
the cutback rotor. This was to be expected since the rotor extension gave a rotor throat
area that was about 53 percent of design throat area.
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APPENDIX D

BLADE SURFACE VELOCITIES

Figures 26 to 28 show the hub, mean, and tip rotor blade surface velocities for all
stator and rotor configurations investigated. The rotor blade surface relative velocities
were calculated by the method deseribed in reference 4.

All rotor configurations showed negative pressure surface relative velocities for
the 20-, 42-, and 66-percent stator configurations. Negative pressure surface veloci-
ties were obtained over the entire blade hub surface for the 20-percent stator configura-
tion with the design rotor and the rotor extension case. Although the 42- and 66-percent
stator configurations showed negative pressure surface velocities, which indicate a
flow eddy, there were no large losses as evidenced by the high turbine performance with
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Figure 26. - Blade surface velocities at equivalent design speed and pressure ratio, design rotor.
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Figure 26. - Concluded.

these stator configurations. Negative pressure surface velocities over the entire blade
hub surface for the 20-percent stator configuration could have resulted in flow separa-
tion for this stator configuration. This is evidenced by the rapid drop in turbine per-
formance as well as the measurement of rotor exit flow angles greater than 90° from
axial. The flow angles would indicate flow separation with backflow in the hub region
for the 20-percent stator configuration. Although the best rotor throat area was not
obtained for the 20-percent stator configuration, we feel that the large drop in turbine
performance cannot be entirely attributed to the poor stator-rotor throat area ratio.

The figures show no significant change in blade loading in comparing the results of
the stator configurations for a given rotor configuration. Generally, the level of the
relative velocities increased with increasing stator throat area.
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Figure 27. - Blade surface velocities at equivalent design speed and pressure ratio; rotor extension.
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