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EXPERIMENTAL INVESTIGATION OF A LOW REYNOLDS NUMBER 

PARTIAL-ADMISSION SINGLE-STAGE SUPERSONIC TURBINE 

by Louis J. Goldman 

Lewis Research Center  

SUMMARY 

Turbine performance character is t ics  were obtained fo r  a single-stage partial-  
3 admission supersonic turbine operating a t  a Reynolds number of approximately 75x10 . 

The turbine was tested over a range of p re s su re  rat ios  from 20 to  150 and equivalent 

speeds from 20 to 100 percent of design. In addition, the performance of the s ta tor  

operating alone was obtained. 

Testing of the s tator  alone indicated good agreement with theory for  the divergent 

section of the nozzle. On the straight section, however, expansion and shock wave for-  

mation resulted in the pressure  deviating from the theoretically constant design value. 

The equivalent turbine specific work a t  a design pressure  rat io  of 63 and equivalent 
3 design speed was 78. 1x10 joules per  kilogram (33.6 Btu/lb) at a static efficiency of 

0. 390. This  efficiency is considerably lower than that predicted by boundary layer  

calculations, which do not take into consideration losses  due to shock wave formation 

( a s  were found t o  occur in  the nozzle exit section). The performance, however, is in 

reasonable agreement with previous experimental results.  

Increasing the turbine pressure  rat io  above the design value resulted in only a 

smal l  increase in specific work, indicating that the turbine was operating near limiting 

loading. The maximum turbine efficiency obtained a t  any given speed occurred at o r  

near  the design pressure  rat io  and dropped off rapidly a t  off -design p re s su re  ratios.  

INTRODUCTION 

Interest in supersonic turbines a r i s e s  from their possible use in turbopump and 

open-cycle auxiliary space power sys tems,  where high-energy fluids a r e  used and high 

pressure  rat ios  a r e  available. To obtain the highest practical efficiency for this type 

of turbine, proper design methods must be  used. 



The design of both the supersonic nozzle and rotor blades can be accomplished by 

using the method of character is t ics  a s  applied to the isentropic flow of a perfect gas.  

Computer programs for  these designs a r e  presented in references 1 and 2. Analytical- 
l y ,  blade losses  a r e  accounted for  by correcting the isentropic profiles for  the boundary 

layer  displacement thickness.  Methods fo r  accomplishing this a r e  described in ref- 
erences 3 and 4. 

In order  to verify the losses  predicted by the analytical methods, experimental 

data a r e  required. Experimental resu l t s  for  single- and two-stage supersonic turbines 
5 operating a t  Reynolds numbers around 4x10 have been reported in references 5 to 7. 

For  the low Reynolds number range encountered in some  of the auxiliary space power 

systems of interest,  l i t t le if any experimental data exists. 
This  report  presents  experimental performance character is t ics  fo r  a single-stage 

partial-admission supersoilic turbine operating at a Reynolds number of approximately 

7 5 x 1 0 ~ .  The turbine was  tested over a range of p re s su re  rat ios  from 20 to 150 and 

equivalent speeds f rom 20 to  100 percent of design. In addition t o  obtaining overall  tur-  

bine performance, the stator was  tested alone and the resu l t s  a r e  a l so  presented. 

TURBINE DESIGN 

General  Charac te r i s t i cs  

The single-stage supersonic turbine was aerodynamically designed to operate using 

hydrogen-oxygen combustion products a t  a turbine inlet temperature of 1389 K (2500' R) 

and a mean blade speed of 73 1. 5 me te r s  per  second (2400 ft/sec). The turbine was 

tested using room-temperature a i r .  The equivalent design conditions were 

Specific work, A ~ / B ~ ~ ,   kg ( ~ t u / l b )  . . . . . . . . . . . . . . . . .  1 0 . 5 6 ~ 1 0 ~  (45.44) 

. . . . . . . . . . . . . . .  Mean blade speed, u m ; d G ,  m/sec (ft/sec) 136.9 (449.0) 

Mass flow, w<t/6, kg/sec (lb/sec) . . . . . . . . . . . . . . .  0.00336 (0.00739) 
Cf P r e s s u r e  ratio, pO/p2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63.0 

In the design procedure, a turbine efficiency level of 50 percent was determined 

from boundary layer  calculations for the s tator  and rotor.  It i s  realized that other fac- 

t o r s  such a s  shock wave formation and flow separation would, if they occurred, decrease 

the predicted efficiencies. These other factors  were not considered in the determination 

of the design velocity diagrams and specific work. 

The turbine had a mean diameter of 0. 218 meter  (8.6 in. ) and a hub-tip radius rat io  

of 0.923. The a r c  of admission was 9.2 percent and the design a i r  Reynolds number 
3 Re was approximately 75x10 based on blade height ( see  ref. 8). A sketch of the stator 

and rotor  blade shapes together with the velocity diagram is  shown in figure 1. 
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Figure 1. - Design velocity diagram 



Stator Design 

The stator was designed with a sharp-edged throat so a s  to produce uniform parallel 

flow at  the exit in the minimum possible distance. As seen in figure 2, the stator pas- 

sage consisted of three sections: (1) a converging section, (2) a diverging section, and 

(3) a straight section on the suction surface. The converging section produced the flow 

turning with small losses. The diverging section accelerated the flow to the desired 

free-stream Mach number a t  the exit. The straight section on the suction surface com- 

pleted the nozzle profile. The stator mean-section coordinates a r e  given in table I. 

The diverging section of the blade was  designed by using the computer program de- 

scribed in reference 3. The program f i rs t  calculated the isentropic nozzle profile for 

the given exit Mach number by using the method of characteristics. Boundary layer 

characteristics (momentum and displacement thicknesses) for the ideal nozzle were then 

obtained, and the nozzle profile was corrected to include the effect of the displacement 

thickness. The aftermixing conditions (Mach number, flow angle, pressure, etc. ) were 

calculated by assuming that the flow mixes to uniform conditions downstream of the 

stators, a s  described in references 9 and 10. 

The stator was designed for a free-stream Mach number before mixing of 3.65. 

The mixing calculations resulted in a 12.0 percent loss in kinetic energy and a 56. 5 per- 

cent loss in total pressure. The aftermixing Mach number was 2.85. The stator con- 

sisted of two nozzles whose throat dimension was 0. 112 centimeter (0.044 in.).  

Figure 2. - Design of supersonic nozzle blade passage. 
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Figure 3. - Design of supersonic rotor  blade passage. 
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Figure 4. - Surface Mach number d ist r ibut ion for 
rotor blade. 

Rotor Design 

The design of the rotor was based on establishing vortex flow within the blade pas- 

sage. The rotor passage, shown in figure 3, consisted essentially of three major parts: 

(1) inlet transition arcs,  (2) circular arcs,  and (3) outlet transition arcs. The inlet 

transition a r c s  (lower and upper) converted the uniform parallel flow at  the passage inlet 

into vortex flow. The concentric circular a rcs  turned and maintained the vortex flow 

conditions. The outlet transition a r c s  reconverted the vortex flow into uniform parallel 

flow at the passage exit. Straight-line segments parallel to the inlet and outlet flow di- 

rection completed the passage. The rotor blade mean-section coordinates a r e  given in 

table 11. 

The rotor blades were designed by using the procedure described in reference 4. 
The isentropic profile was first calculated by the method of characteristics for an outiet 

spacing less  than the inlet spacing. Boundary layer parameters were then obtained and 

the rotor profile was corrected to include the effect of the displacement thickness. The 

aftermixing conditions were obtained a s  described previously. The rotor was designed 

for the surface Mach number distribution shown in figure 4. The rotor consisted of 

170 blades whose solidity was 3.2. 



Figure 5. - Vacuum tank facility. 

APPARATUS AND INSTRUMENTATION 

Apparatus 

The apparatus consisted of the single-stage turbine, a flywheel to  absorb the power 

output of the turbine, and an inlet and outlet exhaust piping system. The experimental 

investigation was conducted in the vacuum tank shown in figure 5. 
Pressur ized  a i r  was used as the working fluid. The air, which was dr ied and f i l -  

tered, passed through a p re s su re  regulator before entering the stator.  The s tator  was 

choked for  all tes t  conditions investigated and was flow calibrated p r io r  to installation. 

After leaving the turbine, the air was exhausted into the laboratory low-pressure ex- 

haust system. With a fixed exhaust pressure ,  the inlet p re s su re  was remotely regulated 

to obtain the desired p re s su re  rat io  ac ros s  the turbine. 

A sketch of the turbine tes t  assembly i s  shown in figure 6. The turbine shaft was 
vertical.  The shaft was stationary and hollow to facilitate cooling of the bearings. The 
cooling a i r  was provided by means of a vortex tube which converted compressed a i r  into 



Cooling a i r  

Flow 

~ e a r i n g s ~ '  

F igure 6. - Cross-sectional v iew of supersonic tu rb ine .  

Figure 7. - T u r b i n e  test assembly. 



a cold and a hot airstream. Because of the vacuum environment, the bearings were 

solid lubricated. Standard bearings were modified by replacing the ball retainers with 
ones fabricated from a self-lubricating high-strength plastic material. The test assem- 

bly, stator, and rotor blade assemblies a r e  shown in figxres 7, 8, and 9, respectively. 

Instrumentation 

The turbine was instrumented so  that overall turbine performance data could be ob- 
tained. Pressures  were measured by using electronic transducers at the turbine inlet 

and in the vacuum tank. The turbine exhaust pressure was taken to be equal to the 
vacuum tank pressure. Temperatures were measured a t  the turbine inlet and on the 

bearing inner races. The rotational speed of the turbine was obtained by use of a Hall 
generator in conjunction with a small magnet embedded in the flywheel. Rotation of the 

flywheel caused the Hall crystal to generate ser ies  of pulses, whose frequency was pro- 
portional to the rotational speed of the turbine. 

Figure 8. - Stator. 



Figure 9. - Rotor. 

PROCEDURE 

The experimental tests  were conducted by operating the turbine at  constant pres-  
sure  ratios. The turbine speed was allowed to vary from zero to slightly over equivalent 

design speed, a t  which point the airflow was shut off. Data were taken over a range of 
total- to static-pressure ratios from 20 to 150. The nominal exhaust pressure was 

2 8300 newtons per square meter (173 lb/ft ). 

The equivalent specific work of the turbine was calculated from the equa- 
tion 

Ah - r w  --- 

'cr wJecr 



The torque 7 was obtained from the relation 

The determination of the moment of inertia I and the acceleration rate dw/dt a r e  dis- 
cussed subsequently. The static efficiency was obtained from 

and 

where p2/pb is the static- to total-pressure ratio across the turbine. 
The moment of inertia I of the rotating assembly was determined experimentally. 

The assembly was placed on a knife-edge, as shown in figure 9. Small oscillations about 
the knife-edge were initiated and the period of the oscillations measured. The moment of 
inertia about the knife-edge was then calculated from the equation for a compound pendu- 

lum. Use of the parallel-axis theorem enabled the moment of inertia about the axis of 
rotation to be determined. 

The turbine acceleration rate dw/dt was determined from the slope of the turbine- 
speed-against-time plot. A typical plot is shown in figure 10 and consists of two regions: 

(1) an accelerating region (region a) in which the turbine is producing work over and 
above that lost due to bearing friction and windage; and (2) a deceleration region (re-  
gion b) in which there i s  no flow through the turbine, the deceleration being caused by 

the bearing friction and windage losses. If ma and mb a r e  the slopes in regions a 
and b, respectively, then the turbine acceleration rate was calculated by 

This procedure, in effect, does not penalize the turbine for the windage losses. For 
certain space applications of interest, the turbine would operate in a hard vacuum and 

there would be negligible windage losses. Since the unactive portion of the rotor i s  not 
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the same on acceleration and deceleration, the windage losses on acceleration and de- 

eeleratior1 a r e  not equal. However, because the a r c  of admission is small, this differ- 

ence i s  felt to be small  enough to be within the accuracy of the measurements. 

RESULTS AND DISCUSSION 

Stator Performance 

The performance of the stator was measured prior  to testing the full turbine. 

Static-pressure taps were provided along the divergent and straight sections of the noz- 

zle. The instrumented nozzle is shown in figure 11. The nozzles of the full turbine were 

not instrumented. 

Figure 11. - Instrumented stator. 

The pressure  variations in the nozzles were obtained at design and off-design condi- 

tions and a r e  shown in figure 12. At the design pressure  ratio there i s  good agreement 

between theory and experiment for the divergent portion of the nozzle. Along the straight 
section, where the pressure should be theoretically constant, the pressure first decreases 

below design and then increases.  This behavior, which is apparently caused by expansion 

and shock waves forming on the straight section, would be  expected to adversely affect 

rotor performance if it persisted in the full turbine. At off-design pressure ratios, the 

pressure increases sharply within the nozzle passage. As i s  well known, this behavior 

i s  typical and i s  caused by shock wave formation within the nozzle passage. 



Figure 12. - Var iat ion of nozzle static- t o  total-pressure ra t io  w i t h  axial distance in nozzle, for 
constant pressure ratios. 

Overall Performance 

Weight flow. - The equivalent weight flow for the investigation was about 2. 5 percent 
lower than the design value. This resulted from slight deviations in the stator throat 
openings from the design value. The flow rate was constant since the stators were 

choked for all test  conditions investigated. 
Specific-work and efficiency. - The specific work of the turbine is shown in figure 13 

a s  a function of speed for constant pressure ratios. The static efficiency is shown in 

figure 14 a s  a function of blade-jet speed ratio for constant speeds. The total- to static- 

pressure ratio was varied from 20 to 150 while the speed was varied from 20 to 100 per- 
cent of design. For design pressure ratio and equivalent speed the specific worh 
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Figure 13. -Equivalent  specif ic-work output  of t u r b i n e  as func t ion  of speed, for  constant  pressure ratios. 

3 obtained was 78.lxlO joules per  kilogram (33.6 Btu/lb), which is 26 percent lower than 

the design value. The corresponding static efficiency was 0.390, which is 11 percentage 
points lower than the design value. 

As  indicated previously the design procedure was based on boundary layer  calcula- 

tions, which do not take into consideration losses  due t o  shock wave formation (as  were 

found to  occur in the nozzle exit section). The boundary layer  was a l so  assumed to b e  

turbulent throughout the rotor. A laminar  boundary layer would b e  expected to  give 

higher losses ,  as would separation of the flow. The efficiency, however, is in reason- 

able agreement  with that obtained from a similar  type of turbine (ref. 5). This  i s  dis-  
cussed fur ther  in the next section. 

Increasing the pressure  rat io  above the design value resulted in only a smal l  in- 

c r ease  in specific work, indicating that the turbine was operating near  limiting loading. 



The maximum efficiency obtained at any given speed is seen from figure 14 to occur a t  

or near the design pressure ratio. The rapid dropoff of the efficiency at off-design 

pressure  ratios i s  typical of supersonic turbines and similar  to trends found in refer- 

ence 7. 

Com parison wi th Other Experimental Resu Its 

In this section the subject turbine and the turbine described in reference 5 a r e  com- 

pared. The single-stage supersonic turbine of reference 5 was designed for a blade-jet 

speed ratio v of 0.174 and had a Reynolds number Re, based on blade height, of around 

4 x 1 0 ~ .  The measured static efficiency qs obtained at design conditions was 0.414. 
3 These values can be  compared with the subject turbine values of v = 0.216, Re = 75x10 , 

and = 0.390. Since decreasing the Reynolds number tends to decrease the efficiency 

and increasing the blade-jet speed ratio tends to increase the efficiency, a comparison 

between the two turbines is difficult. However, a comparison can be made using the 



performance estimation techniques of reference 8, By using these methods, it is esti- 
5 mated that increasing the Reynolds number of the subject turbine to 4x10 would increase 

the efficiency by approximately 5 percentage points, while decreasing the blade-jet 

speed ratio would decrease the efficiency by approximately 5 percentage points. It is 

concluded, therefore, that the subject turbine should have about the same efficiency as  
the turbine of reference 5, which i t  does. 

SUMMARY OF RESULTS 

Turbine performance characteristics were obtained for  a single-stage partial- 
3 admission supersonic turbine operating a t  a Reynolds number of approximately 75x10 . 

The turbine was tested over a range of pressure ratios from 20 to  150 and equivalent 

speeds from 20 to 100 percent of design. In addition, the performance of the stator 
operating alone was obtained. The following results were found: 

1. Testing of the stator  alone indicated good agreement with theory for  the diver- 
gent section of the nozzle. On the straight section, however, apparent expansion and 

shock wave formation resulted in the pressure deviating from the theoretically constant 
design value. 

2. The equivalent turbine specific work at design pressure  ratio (63) and equivalent 
3 speed was 78. 1x10 joules per  kilogram (33.6 Btu/lb) at a static efficiency of 0.390. 

These values a r e  considerably lower than those predicted by the boundary layer calcula- 
tions, which do not take into consideration losses due to shock wave formation (as were 
found to occur in the nozzle exit section). The performance, however, is in reasonable 

agreement with previous experimental results.  
3. Increasing the turbine pressure ratio above the design value resulted in only a 

small  increase in specific work, indicating that the turbine was operating near limiting 
loading. 

4 .  The maximum turbine efficiency a t  any given speed occurred at o r  near  the de- 
sign pressure ratio and dropped off rapidly at off-design pressure  ratios. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, June 17, 1971, 

120-34. 



speed of sound, rn/sec; ft/sec 

specific heat at constant pressure, ~/(kg)(K);  ~ t u / ( l b ) ( ' ~ )  

specific enthalpy, J/kg; Btu/lb 

moment of inertia about axis of rotation, N-m-sec2; ft-lb-sec 2 

mechanical equivalent of heat, 778. 2 ft-lb/Btu 

Mach number 

slope of speed-against-time curve, rad/sec 2 

2 absolute pressure, N/m ; lb/ft 2 

radius of turbine, m; f t  

Reynolds number, wf/pR, 

temperature, K; OR 

time, sec  

blade speed, m/sec; ft/sec 

velocity corresponding to isentropic expansion from turbine inlet total pressure to 
turbine exit static pressure, m/sec; ft/sec 

mass-flow rate, kg/sec; lb/sec 

specific-heat ratio 

specific-heat ratio a t  U. S. standard a i r  conditions, 1. 4 

ratio of turbine inlet total pressure to U. S. standard sea-level pressure of 
lo. 1325x10~ ~ / m ~  (2116.22 lb/ft2) 

* 
E function of y, X- 

Y 

qs static efficiency 

'cr squared ratio of the critical velocity a t  turbine inlet to the critical velocity at U. S. 

standard sea-level a i r  temperature of 288. 15 K (518. 7' R) 

p viscosity, kg/m-sec; lb/ft-sec 

v blade-j et speed ratio, u,/v. 
J 



torque, N-m; ft-lb 

w rotative speed, rad/sec 

Subscripts: 

a region of speed-against-time curve where turbine is accelerating 

b region of speed-against-time curve where turbine is decelerating 

f full admission 

id ideal 

L lower 

m mean 

r relative to rotor 

U upper 

0 stator inlet 

1 rotor inlet 

2 rotor exit 

Superscript: 

7 total state 
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TABLE I .  - STATOR MEAN-SECTION COORDINATES 

1 .588  cm R.---, 
(0.625 in . )  

"ll. 905 cm R (0. 75 in. ) 

X Y 

cm 

1.666 

1.928 

2.162 

2.433 

2.748 

3.073 

cm 

0. 561 

. 582 

. 594 

.605 

.615 

.625 

in. 

0.656 

.759  

. 851 

. 958 

1 .082 

1 .210 

Y 

in. 

0. 221 

,229 

,234  

.238 

.242 

.246 

cm 

0.056 

.213 

.310 

. 3 9 1  

.462 

. 513 

X 

in. 

0.022 

. 0 8 4  

. 122 

. 154 

. 182 

.202 

c n ~  

3. 503 

3.886 

4.686 

5.486 

6.287 

7.206 

pp 

in. 

1.379 

1.530 

1.845 

2. 160 

2.475 

2.837 



Leading-edge 

diameter ,  

0 .013 cm 

(0. 005 in. ) -' 

Trailing-edge 

diameter ,  

0.015 c m  

(0.006 in. ) 

Y~ I( Yu Yu 
cm 

0.616 

.608  

. 589 

. 570 

. 540 

.498  

.474  

.445  

.413 

.376 

.335 

.290 

,242  

. 193 

. 151 

cm 

0.012 

. 0 4 1  

. 0 7 1  

. 102 

. 132 

. 163 

. 193 

, 2 2 4  

.254  

.285  

,346  

,407  

. 468 

, 5 2 9  

.590 

.650  

Y~ 

em 

0.920 

.909 

.888  

.854  

.807 

.742 

.695 

.637 

. 572 

. 504 

.438 

.372 

. 306 

,242  
. 190 

cm 

0.045 

. 129 

.223  

. 312 

.404  

,495  

,587 

, 6 6 1  

.717 

.757 

,817 

.860 

,890  

.912 

.923 

.925 

X 

in. 

0 .243  

.239 

,232  

.224 

.213  

. 196 

. 187 

. 175 

. 163 

. I 4 8  

. 132 

. 114 

.095  

.076 

.059  

in. 

0 .005 

.016 

.028  

.040  

.052 

.064  

,076 

. 088 

. 100 

. 112 

. 136 

. 160 

. 184 

.208 

,232  

,256  

cm 

0.004 

.078 

. 157 

,229 

,292 

.346 

.395 

. 431 

.465 

.489 

.532 

,564 

.588 

.604 

.615 

.620 

in. 

0.362 

.358 

.350 

.336 

.318  

.292 

.274  

. 2 5 1  

.225  

. 199 

. 172 

. 146 

. 121 

.095  
, 0 7 5  

in. 

0.018 

. 0 5 1  

. 088 

. 123 

. 159 

. 195 

. 231 

.260 

.282 

. 298 

. 322 

.338  

. 350 

.359  

.363  

. 364 

cnl 

0 .711 

.772 

.833 

.894 

,955  

1.016 

1.047 

1.077 

1. 108 

1. 138 

1. 169 

1. 199 

1.230 

1.260 
1.284 

in. 

0.002 

. 0 3 1  

.062 

.090  

. 115 

. 136 

. 155 

. 170 

. 183 

. 193 

.209 

.222 

, 2 3 2  

, 2 3 8  
. 242 

, 2 4 4  

in. 

0 .280 

.304  

.328  

.352 

.376 

.400 

.412 

,424  

.436 

.448 

.460 

.472 

.484 

,496 

. 506 
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