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NATIONAL ADVISORY COMMImE FOR AERONAUTICS 

RFSEARCH MEMORANDUM 

DESIGN AND EXPERIMENTAL INVESTIGATION OF A SINGLE-STAGE TURBINE 

WITH A ROTOR ENTERING RELATIVE MACH NUMBEH OF 2 ”  

By Thomas P. Moff i t t  

SUMMARY 

The design and experimental inves t iga t ion  of a s ingle-s tage super- 
sonic turb ine  a r e  presented herein.  
en te r ing  r e l a t i v e  Mach number of 2. 

The turb ine  was designed f o r  a r o t o r  

The maximum equivalent spec i f ic  work output of t he  turbine a t  de- 

This s t a t i c  e f f ic iency  
s ign speed and approximately design o v e r - a l l  pressure r a t i o  w a s  32.9 
Btu per  pound a t  a s t a t i c  e f f ic iency  of 0.414. 
gave good v e r i f i c a t i o n  t o  an independent reference t h a t  ind ica ted  theo- 
r e t i c a l  s t a t i c  e f f i c i enc ie s  f o r  similar s ing le l s t age  turbines  within the  
range 0.40 t o  0.45. 

An experimental r a t i o  of effect ive r o t o r  blade momentum thickness 
t o  mean camber length was determined t o  be 0.0114, which compares favor- 
ab ly  with t h e  r e s u l t s  obtained from several  t ransonic  and subsonic t u r -  
bines ,  The design procedure f o r  t h i s  tu rb ine  would have been improved 
by allowing f o r  more ro to r  losses  by assuming a value of this momentum 
parameter comparable with those obtained from transonic  turbines.  

Removing a la rge  port ion of the  r o t o r  suct ion surface enabled a 
lower s t a t i c  pressure t o  be f e l t  at the s t a t o r  exit a t  the  expense of 
higher r o t o r  losses .  
output of about 3 percent a t  design s e t t i n g  conditions. 

The ne t  r e s u l t  w a s  an improvement i n  turbine work 

No problems associated with supersonic s t a r t i n g  were encountered 
even under the worst conditions of turbine operation with respect  t o  
t h i s  problem. 

INTRODUCTION 

I n  recent  years there  has been an increasing i n t e r e s t  i n  tu rb ines  
appl icable  t o  rocket-pump drive.  
of the  turb ine  research e f f o r t  a t  the NACA Lewis laboratory has been 

I n  view of t h i s ,  a considerable a m o b t  - * T i t l e ,  Unclassified. 



.a .e. 0.. . .e 0 .  . . . 0.. .e 0 .  0 .  0 .  . 0 . .  . . e  ... 
e .  0 . .  e . .  . . 0 .  . e .... 
0 .  . . . . e .  0 .  0 .  . . e  0 .  . ...- 0.. . e .  

2 NACA I?M E58FZOa 
L 

directed toward turbines s u i t a b l e  f o r  t h i s  purpose. Because a rocket 
must carry a l l  t h e  f u e l  and oxidant required f o r  propulsion, including 
the  turbopump driving f l u i d ,  problems associated with t o t a l  gross weight 
a r e  necessarily encountered. From a weight standpoint, two of t h e  de- 
s i r a b l e  c h a r a c t e r i s t i c s  of a turbine desigaed f o r  rocket-pump appl ica t ion  
are t o  use a minimum amount of dr iving f l u i d  and t o  be l ight  weight. P 

CI 
CA w One type of turbine that appears a t t r a c t i v e  f o r  t h i s  appl ica t ion  

would be a supersonic turbine u t i l i z i n g  a high pressure drop across  a 
minimum number of stages.  
r o t o r  blades designed f o r  a high turning angle t h a t  would r e s u l t  i n  a 
high specif ic  work output per stage.  
t h i s  type of turbine would require  only a small amount of working f l u i d  
t o  drive it. The expected eff ic iency from such a turbine would be con- 
siderably lower than t h a t  of more conservative turbines  because of higher 
leaving losses .  However, the desirable  c h a r a c t e r i s t i c s  of being a simple, 
lightweight, high spec i f ic  work output, low mass flow turbine might e a s i l y  
outweigh the disadvantage of a low eff ic iency.  

Such a turbine would be l i g h t  w e i g h t  and have 

For a given power appl icat ion,  then, 

Very l i t t l e  information i s  ava i lab le  regarding the  performance of 
supersonic turbines.  Cascade r e s u l t s  of s t a t o r  blade rows and r o t o r  blade 

t i o n  concerning the  performance of the  two operating together as a turbine 
uni t .  The purpose of this invest igat ion,  then, i s  t o  gain a b e t t e r  under- 
standing of the  general  performance c h a r a c t e r i s t i c s  of supersonic turbines .  

rows a r e  ava i lab le  (e.g., r e f s .  1 and 2 ) ,  bu t  a need e x i s t s  f o r  informa- F ,  

.. 
A single-stage turbine with a r o t o r  enter ing r e l a t i v e  Mach number of 

2 was designed, constructed, and experimentally invest igated a t  t h e  Lewis 
laboratory. 
over-al l  turbine performance, s ta t ic -pressure  taps  were provided i n  the  
outer  housing across  t h e  blade rows i n  an e f f o r t  t o  gain an understanding 
of t h e  major t rends encountered within t h e  flow passages as t h e  turbine 
went through off-design conditions of operation. 

I n  addi t ion t o  the  instrumentation required t o  determine 

The performance of the turbine i n  terms of s t a t i c  e f f ic iency  i s  com- 
pared with t h e  r e s u l t s  of reference 3, which includes t h e o r e t i c a l  s t a t i c  
e f f ic ienc ies  of single-stage turbines  with similar design c h a r a c t e r i s t i c s .  

P C 

D 

Ah' 

SYMBOLS 

specif ic  heat a t  constant pressure, Btu/lb-OF 

Velocity a f t e r  d i f fus ion  
Velocity before d i f fus ion  

blade surface d i f fus ion  parameter, 1 - 

specif ic  work output J Btu/lb 
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length of blade mean camber l ine ,  f t  

Mach number 

pressure,  lb/sq f t  

temperature, OF 

blade speed, f t j s e c  

absolute  gas veloci ty ,  f t / s e c  

weight-flow rate, lb/sec 

s t a t o r  stacking poin t  

r a t i o  of spec i f i c  heats  

r a t i o  of i n l e t  air t o t a l  pressure t o  NACA standard sea- level  pres- 
sure, Pb/P* 

-P funct ion of y, y 

s t a t i c  eff ic iency,  based on s t a t i c -  t o  to ta l -pressure  r a t i o  across  
turbine,  p4/p6 

squared r a t i o  of c r i t i c a l  veloci ty  a t  turb ine  i n l e t  t o  c r i t i c a l  ve- 

l o c i t y  a t  NACA standard sea-level temperature, ('cr,O /v* cr  ) 2  

e f fec t ive  r o t o r  blade momentum thickness based on turbine over -a l l  
performance, f t  

Sub s c r i p t s  : 

c r  conditions a t  Mach number of 1.0 

m mean sec t ion  

R r e l a t i v e  t o  ro to r  blade 



S static-pressure-tap measuring s t a t i o n  

t o t  sum of suction- and pressure-surface quant i t ies  

X axial component 

0 turbine i n l e t  

1 s t a t o r  e x i t  before mixing 

NACA RM E58F20a 

2 s t a t o r  exit  after mixing, also r o t o r  i n l e t  

3 rotor  e x i t  before mixing 

4 rotor e x i t  a f t e r  mixing, a l s o  turbine o u t l e t  

Superscripts : ' 

I absolute t o t a l  state 

if NACA standard conditions 

TUFBINE DESIGN 

General Design Charac te r i s t ics  

The single-stage turbine invest igated had a 10.3-inch mean diameter 
with a hub-tip radius  r a t i o  of 0.9 a t  the  rotor i n l e t  with the  blade . 
heights increased t o  a hub-tip radius r a t i o  of 0.87 a t  t h e  r o t o r  o u t l e t .  
The turbine w a s  designed f o r  a ro tor  enter ing r e l a t i v e  Mach number of 2.0. 

The design equivalent parameters se lec ted  are as follows: 

Specific work, Btu/lb . . . . . . . . . . . . . . . . . .  39.0 
- 

Weight flow, 6 .. ' Ib/sec . . . . . . . . . . . . . . . . . .  0.585 - 
Mean blade speed, U m / K r ,  f t / s e c  . . . . . . . . . . . . . . . .  342 

General Design Procedure 

A l l  the calculat ions used i n  determining t h e  design ve loc i ty  dia- 
grams, s t a t o r  blade shape, and ro tor  blade shape were based on conditions 
a t  the  mean blade radius.  It w a s  assumed that no s i g n i f i c a n t  Change i n  
flow charac te r i s t ics  would occur r a d i a l l y  because of the  high hub-tip 

c 

radius  r a t i o  which resu l ted  i n  blade heights  of approximately 1/2 inch. * 
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Velocity diagrams. - The after-mixing ve loc i ty  diagrams together  
with a sketch of a t y p i c a l  blade channel showing the  s t a t i o n  nomencla- 
ture used a r e  shown i n  f i g u r e  1. The s t a t o r  and r o t o r  blade configura- 
t ions  were designed t o  match these af'ter-mixing conditions.  

Stator design. - The stator. w a s  dzsignec? as th ree  sect ions:  a con- 
verging sect ion t h a t  turned the flow and accelerated the  gas from a Mach 
number of 0.28 a t  the s t a t o r  entrance t o  sonic conditions a t  t h e  throa t ,  
a diverging sect ion t h a t  acceierated the f l m  frm sonic a t  the  t h r o a t  
t o  a Mach number of 2.54 a t  t h e  ex i t  of the guided channel, and a s t r a i g h t  

1 suction surface from the e x i t  of the  guided channel downstream t o  the  
P blade t r a i l i n g  edge The calculated losses decreased t h e  free-stream 

-I 
-a 

Mach number from 2.54 a t  the s t a t o r  exit  ( s t a t i o n  1, f i g .  1) t o  an after- 
mixing Mach number of 2,43 ( s t a t i o n  2, f ig .  1). 

The converging free-stream sect ion was designed by use of the  
stream-filament technique as described i n  reference 4. All the  turning 
of the free-stream flow (72.6') wits accomplished i n  t h i s  section. 

The method Gsed i n  designing the sharp-cornered diverging f r e e -  
stream sect ion t o  acce lera te  the  flow from the t h r o a t  t o  the  e x i t  of the  
guided channel w a s  the  sane as t h a t  described i n  reference 1. This type 
of design represents  the  shor tes t  possible expansion passage capable of 
yielding a uniform, shock-free, para l le l ,  e x i t  flo-,J. The resu l t ing  var ia-  

of percent a x i a l  chord. 
- t i o n  i n  design blade surface ve loc i t ies  i s  sho-m i n  f i g u r e  2 as a function 

Boundary-layer Srovth along the suction surface,  pressure surface,  
and end walls was calculated on the basis of 32 blades by t h e  method de- 
veloped i n  reference 5. The boundary-layer growth was then added t o  t h e  
respect ive free-stream surfaces and end walls and r e s u l t e d  i n  t h e  f i n a l  
s t a t o r  blade shape. 

Table I shows the coordinates of the mean sec t ion  template used i n  
the  fabr ica t ion  process. 
ments i n  order t o  keep the t h r o a t  openings as c lose  t o  rectangular as 
possible.  

The aluminum blades were made up of radial e le -  

Calculations based on the  design procedure r e s u l t e d  i n  a 14-percent 
drop i n  t o t a l  pressure across  t h e  stator blade row. 

Rotor design. - The free-stream rotor  passage was designed using the 
supersonic-vortex-flow theory as described i n  reference 6. The passage 
consis ted of three sections:  an entering t r a n s i t i o n  sect ion where the  
ve loc i ty  increased on the  suct ion surface and decreased on t h e  pressure 
surface; a c i r c u l a r  a r c  sect ion where the ve loc i ty  remained constant on 
each respective surface; and an e x i t  t r a n s i t i o n  sec t ion  where t h e  ve loc i ty  
increased on the  pressure surface, and, i n  t h i s  case, remained constant on 

I: 
.I 
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t h e  suction surface.  The design va r i a t ion  i n  blade surface r e l a t i v e  Mach 
numbers i s  shown i n  f igu re  2 as a funct ion of percent axial chord. 
Boundary-layer growth w a s  ca lcu la ted  on the  basis of 48 blades and was 
added t o  the  free-stream surfaces  i n  t h e  same manner as w a s  used i n  the  
s t a t o r  design. 

c 

Table I1 shows the  r o t o r  blade coordinates used i n  the  f ab r i ca t ion  
process. 
t ions ,  which allowed the  blades t o  be machined from a continuous piece 
of aluminum stock. Running clearance between the  ro to r  blades and the  
outer housing was provided f o r  by cu t t i ng  a recess  i n  the  outer  housing 
( inse t ,  f i g .  3) r a the r  than cu t t i ng  off  t he  outer  t i p s  of t h e  r o t o r  
blades. The e f f e c t  of t h i s  sharp break i s  discussed i n  t h e  sec t ion  en- 
t i t l e d  Outer-Wall Stat ic-Pressure Variation. 

The same coordinates were used f o r  t he  hub, mean, and t i p  sec- 

Calculations based on t h e  design procedure r e su l t ed  i n  an expected 
of 0,504 a t  an ove r -a l l  s t a t i c -  turbine over -a l l  s t a t i c  e f f ic iency  qs 

t o  total-pressure r a t i o  pq/p; of 0,0333. This e f f ic iency  appears high 

when compared with that which could be expected from the  r e s u l t s  of r e f -  
erence 3. This reference ind ica tes  t h e o r e t i c a l  s t a t i c  e f f i c i e n c i e s  i n  
t h e  neighborhood of from 0.40 t o  0.45 f o r  a s ingle-s tage turb ine  under 
s imilar  design conditions.  

- 

APPARATUS 

The experimental inves t iga t ion  of t he  turb ine  w a s  conducted i n  the  
same turbine t e s t  f a c i l i t y  used i n  reference 7. The apparatus consis ted 
primarily of t he  turb ine  configuration, su i t ab le  housing t o  give uniform 
turb ine- in le t  flow conditions,  and a cradled dynamometer t o  absorb tu- 
bine power output.  A diagrammatic sketch of t h e  turbine t e s t  sec t ion  i s  
shown i n  f i g u r e  3. Photographs of t h e  s t a t o r  and ro tor  blade configura- 
t i o n s  are shown i n  f i g u r e  4. 
can be noted from t h i s  f igure.  

The sharp-cornered s t a t o r  t h r o a t  openings 

The turbine w a s  operated with dry pressurized a i r  from the  labora- 
t o r y  combustion-air system. 
ers, a hydraul ical ly  operated i n l e t  con t ro l  valve, and an ASME f l a t - p l a t e  
o r i f i c e ,  and then went t o  the  tu rb ine - in l e t  air  co l lec tor .  After the  air 
passed through t h e  turbine,  it w a s  d i r ec t ed  t o  the  laboratory a l t i t u d e  
exhaust system. 

The a i r  passed through a f i l t e r  tank, heat-  

INSTRUMENTATION 

Instrumentation w a s  provided on t h e  turb ine  apparatus t o  obtain & 
over-al l  turbine performance and outer-wall  s t a t i c -p res su re  va r i a t ion  
across  the s t a t o r  and r o t o r  blade rows. w 
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Over-All Turbine Performance 

The actual specific work output was computed from weight-flow, 
torque, and speed measurements. 
tne calibrated A W E  orifi-ce. 
with a commercial self-balancing torque cell and mercury aanoiiieter. 
Turbine rotative speed was measured with an electronic events-per-unit- 
time meter. 

The air weight flow was measured from 
The turbine output torque was measured 

Turbine-inlet measurements were taken in the annulus upstream of 
Four static-pressure taps were the stator inlet (station 0, fig. 3). 

installed on each of the inner and outer walls and placed on four radial 
lines 90' apart. Two thermocouple rakes with two bare-wire thermocouples 
placed at centers of equal annular areas and two total-pressure probes 
alined axially were mounted in the same plane as the static taps. 

Turbine-outlet static pressures were measured in the annulus down- 
stream of the rotor outlet (station 4, fig. 3) from four static-pressure 
taps spaced 90' apart on each of the inner and outer walls. 

Outer-Wall Static-Pressure Variation 

A sketch of the location of the static-pressure taps used to measure 
the outer-wall variation in static pressure across the stator and rotor 
blade rows is shown in figure 5. 
spaced in the center of the stator passage from a position just down- 
stream of the stator throat to a position just inside the stator-exit 
plane. 
placed across the rotor-inlet and -exit planes as indicated by the 
figure . 

Five static-pressure taps were equally 

An axial line of 11 equally spaced static-pressure taps was 

EXPEXUMENTAI; PROCEDURF: 

The experimental investigation was conducted by operating the tur- 
bine at constant nominal inlet conditions of 75 pounds per square inch 
absolute and 340' F and at constant speeds of 20, 40, 60, 80, and 100 
percent of design speed. For each speed investigated, a range of static- 
to total-pressure ratios across the turbine 
imately 0.5 to the minimum that could be obtained, which was about 0.030. 

p4/pt) was set from approx- 

FXSULTS AND DISCUSSION 

Over-All Turbine Performance 

Weight flow. - The investigation was conducted with a weight flow 
3.4 percent less than design. The flow remained constant throughout the 
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en t i r e  i nves t iga t ion  because sonic conditions were es tab l i shed  a t  the  
stator t h r o a t  a t  an over -a l l  s t a t i c -  t o  to ta l -pressure  r a t i o  across  the 
turbine p4/p1) grea te r  than t h e  maximum used t o  obtain data. This re -  
duction i n  weight flow was accepted pr imar i ly  because it represented a 
discrepancy i n  s t a to r - th roa t  opening, which was spec i f ied  as being 0.109 
inch, of only 0.003 inch per  blade passage. This i s  within t h e  accuracy 
of adjustment. 

Turbine work output and s t a t i c  e f f ic iency .  - The over -a l l  perform- 
ance of t h e  turb ine  i s  presented i n  f i g u r e  6. 
work output i s  shown as a funct ion of ove r -a l l  pressure r a t i o  f o r  se lec ted  
values of percent  design speed. A g r i d  of s t a t i c  e f f ic iency  i s  a l s o  shown 
on the f i g u r e  and r e s u l t s  d i r e c t l y  from t h e  ordinate  and absc issa  param- 
e t e r s  se lec ted  and the  use of t he  following expression: 

The equivalent spec i f i c  
I 

The maximum work output was 32.9 Btu pe r  pound and occurred a t  de- 
s ign  speed and approximately design pressure r a t i o .  
maximum work output a t  design conditions 15.6 percent l e s s  than the  de- 
s ign  value of 39.0 Btu per  pound. The s t a t i c  e f f ic iency  a t  t h i s  condi- 
t i o n  was 0.414, which i s  9 po in ts  below the  design value of 0.504. 
wide discrepancy i s  believed t o  have r e su l t ed  from ca lcu la ted  lo s ses  i n  
the  r o t o r  during t h e  design procedure that were considerably smaller than 
indicated by t h e  experimental inves t iga t ion .  This w i l l  be discussed i n  a 
subsequent por t ion  of t h i s  report .  

This represents  a 

This 

Figure 6 ind ica tes  a sharp break i n  the  operating curve of each speed 
selected.  Because the  t rend  i s  the  same f o r  a l l  speeds, t h e  remainder of 
t he  discussion w i l l  be l imi ted  t o  design-speed considerations only, s ince 
the  same discussion would apply t o  any speed. 
e x i t  pressure p4 
creases  with a corresponding increase i n  both work and ef f ic iency  u n t i l  
t h e  sharp break i n  t h e  curve i s  reached. A t  t h i s  condition t h e  minimum 
s t a t i c  pressure and the  maximum whir l  that could be es tab l i shed  a t  the  
s t a t o r  e x i t  have been reached. 
l imi ted  by the  flow conditions within the  r o t o r  passage. A s  t he  turbine-  
exit  pressure i s  decreased fu r the r ,  t h e  work output continues t o  increase 
bu t  a t  a slower r a t e  because of an increase i n  only the  ro to r - ex i t  whirl, 
with the s t a t o r - e x i t  whir l  remaining constant .  

It i s  noted t h a t  as the  
i s  decreased the  slope of t h e  work output curve i n -  

T h i s  minimum s t a t o r - e x i t  pressure i s  

b 

c 

. 
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Comparison with theo re t i ca l  r e su l t s .  - A s  discussed previously,  the  
theo re t i ca l  r e s u l t s  of reference 3 indicate  that s t a t i c  e f f i c i e n c i e s  
within t h e  range 0.40 t o  0.45 should be expected from single-s tage tur- 
bines with operating c h a r a c t e r i s t i c s  similar t o  t h i s  turbine.  
campares f a ~ o r ~ b l y  with the  obtained eff ic iency of 0.414. 

This range 

The design-point e f f ic iency  of 0.504 f o r  this turb ine  r e su l t ed  from 
losses asszczated w i t i n  ca lcu la ted  boundary-layer growth. 
layer  equations used may or may not have been v a l i d  i n  detemining the 
growth i n  boundary layer  along the  blade surfaces .  
mined. However, an e f f ic iency  based on t o t a l  losses  r e s u l t i n g  from t h e i r  
use does not  appear s a t i s f ac to ry  f o r  a turbine of t h i s  type. 

The boundary- 

This w a s  no t  deter-  

No d i s t i n c t i o n  was made between the s t a t o r  and the  r o t o r  i n so fa r  as 
boundary-layer equations were concerned. However, reference 3 indica tes  
t h a t  r o t o r  l o s s  coe f f i c i en t s  twice as great  as s t a t o r  l o s s  coe f f i c i en t s  
a r e  more reasonable i n  determining turbine losses .  Therefore, it i s  
f e l t  t h a t  a l a r g e r  a rea  allowance should have been made i n  t h e  design of 
t he  r o t o r  blades t o  account f o r  these higher losses .  For the  same over- 
all pressure r a t i o  t h i s  would, i n  e f fec t ,  decrease both the  design-point 
work and design-point e f f ic iency  t o  more r e a l i s t i c  values.  I n  view of 
t he  c lose  agreement between the  experimental and t h e o r e t i c a l  values of 
eff ic iency,  t he  design procedure would have been improved by assuming a 
s t a t i c  e f f i c i ency  based on the  theo re t i ca l  results of reference 3. 

Outer-Wall Stat ic-Pressure Variation 

Experimental results. - The var ia t ion  i n  outer-wall  s t a t i c  pressure 
across  t h e  turbine i s  presented i n  f igure 7(a). The r a t i o  of s t a t i c  
pressure a t  any s t a t i o n  t o  the  turb ine- in le t  t o t a l  pressure i s  shown as 
a func t ion  of outer-wall s ta t ic-pressure- tap measuring s t a t i o n s  f o r  
var ious over -a l l  pressure r a t i o s  s e t  a t  design speed. The s t a t i c -  
pressure- tap measuring s t a t i o n s  indicated correspond t o  those shown i n  
f i g u r e  5. 

Figure 7 (a )  shows that impulse conditions e x i s t  across  t h e  ro to r s  
as the  e x i t  pressure i s  decreased f rom an over -a l l  pressure r a t i o  of 0.511 
t o  0.198. 
s ta t ic -pressure  var ia t ion  of f i g u r e  7 ( a )  that a system of oblique shocks 
passed downstream through the  diverging port ion of t he  s t a t o r  passage 
with an increase i n  both s t a t o r -  and ro to r -ex i t  w h i r l s  and a correspond- 
ing  increase  i n  work output. As the turb ine-exi t  pressure was decreased 
t o  an over -a l l  pressure r a t i o  somewhere between 0.198 and 0.132 (approxi- 
mately 0.173 from f i g .  6) ,  t he  minimum s t a t i c  pressure t ha t  could be ob- 
t a ined  a t  t h e  s t a t o r  e x i t  was established. This, then, l imi ted  the  
amount of whir l  t h a t  could be obtained from the  s t a t o r  and corresponded 
t o  t h e  condition ind ica ted  by the  sharp break i n  t h e  operating curve of 

During t h i s  off-design condition it can be seen from t h e  
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f igu re  6.  A s  the  turb ine-exi t  pressure was decreased f w t h e r ,  a system 
of oblique shocks passed through the  ro to r  passages with a corresponding 
increase i n  ro to r - ex i t  whir l  and, hence, an increase i n  work output. The 
maximum work output occurred when the  turb ine-exi t  pressure w a s  decreased 
t o  the  ind ica ted  over -a l l  pressure r a t i o  of 0.030. 

- 

Comparison with design. - A s  ind ica ted  previously,  t he  design of t he  
turbine included the  assumption of no s i g n i f i c a n t  change i n  flow charac- 
t e r i s t i c s  r a d i a l l y  f r o m  hub t o  t i p .  However, t he  design va r i a t ion  i n  
outer-wall s t a t i c  pressure w a s  ca lcu la ted  including the  radial va r i a t ion  
i n  s t a t i c  pressure required t o  s a t i s f y  simple radial equilibrium within 
the  f low passages. This design va r i a t ion  i n  outer-wall  s t a t i c  pressure 
i s  compared i n  f igu re  7(b) with the  experimental r e s u l t s .  The v a r i a t i o n  
obtained from the  minimum over -a l l  pressure r a t i o  of f i g u r e  7(a)  

i s  repeated i n  f igu re  7(b) f o r  comparison purposes. 
exists a t  a l l  s t a t i o n s  except a t  the  rotor i n l e t ,  where the  experimental 
pressure i s  seen t o  be considerably higher than design. However, as 
pointed out  i n  the  sect ion TURBINE DESIGN, a sharp recess  w a s  cut  i n  t h e  
outer  housing between the  s t a t o r  and ro to r  blade rows t o  provide r o t o r  
blade running clearance ( in se t ,  f i g ,  3).  This recess  could cause a radi- 
a l l y  outward flow of the  streamlines i n  t h i s  region t h a t  would cont r ibu te  
t o  the  indicated r i s e  i n  s t a t i c  pressure above design. 

p4/p;) 
Very c lose  agreement 

P 
U 
0 
I- 

It i s  noted from f igu re  7(b) that the  s t a t i c  pressures  a t  the  s t a t o r  
and rotor  o u t l e t  are both s l i g h t l y  above t h e i r  design values, and both 
would tend t o  reduce the  work output below design because t h e  ex i t  whir ls  
would be l e s s  than design. If the  s t a t o r - o u t l e t  s t a t i c  pressure,  which 
i s  l imited by the  flow conditions within t h e  ro tor ,  could be decreased 
below the minimum value obtained experimentally, a r e s u l t a n t  increase  i n  
work output should be r ea l i zed  because of an increase  i n  s t a t o r - e x i t  
w h i r l .  
passage. This modification and i t s  e f f ec t  on turb ine  performance a r e  
discussed i n  the  sec t ion  e n t i t l e d  Effec t  of Rotor Modification. 

c 

One method of accomplishing t h i s  would be t o  modify the  r o t o r  flow 

Momentum-Loss Considerations 

It has previously been ind ica ted  that the  design procedure provided 
an a rea  allowance f o r  boundary-layer growth i n  the  r o t o r  passage t h a t  
w a s  too  small. This a rea  allowance w a s  based on the  boundary-layer equa- 
t i ons  used i n  the  design procedure. 

I n  order t o  obtain an ind ica t ion  of t he  actual momentum-loss charac- 
t e r i s t i c  encountered as compared with that r e s u l t i n g  from t h e  design pro- 
cedure, an  experimental r a t i o  of e f f ec t ive  r o t o r  momentum thickness t o  0 
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- 
mean camber length 
ing  experimental conditions exis ted:  

B t o t / Z  was calculated by assuming that the  follow- 

(1) design flow conditions a t  the  ro to r  i n l e t  ( s t a t i o n  2, f i g .  1) 

(2)  design free-stream flow angle a t  t he  r o t o r  e x i t  before iidxizg 
( s t a t i o n  3 ,  f i g .  1) 

( 3 )  negl ig ib le  ro to r  blade trail ing-edge thickness 

(4) t he  same r a t i o  of three-dimensional t o  two-dimensional momentum 
thickness  as was used i n  the  design 

These assumptions resu l ted  i n  an experimental r a t i o  of e f f e c t i v e  ro to r  
momentum thickness t o  mean camber length Btot/2 of 0.0114, which i s  
comparable i n  magnitude t o  t h e  r e s u l t s  obtained from s i x  t ransonic  tur- 
bines  reported i n  reference 8 and three subsonic turbines  reported i n  
reference 9. Figure 8 shows t h e  r e su l t s  of t h e  reference turb ines  as 
- t he  r a t i o  of e f f ec t ive  ro to r  momentum thickness t o  mean camber length 

p l o t t e d  aga ins t  design t o t a l  surface d i f fus ion  parameter 
The experimental point  f o r  the  subject tu rb ine  i s  shown a t  a design t o t a l  
d i f fus ion  parameter of 0.27. 
suction-surface d i f fus ion  and a pressure-surface d i f fus ion  of 0.27, it i s  
f e l t  t h a t  the  t o t a l  d i f fus ion  was considerably higher than 0.27 because 
the  ro to r - ex i t  ve loc i ty  was less than design. O f  major i n t e r e s t  i s  the  
f a c t  t h a t  t he  general  l e v e l  of 
subjec t  turbine,  the  subsonic turbines, and the t ransonic  turbines .  
Apparently, t h e  se lec ted  parameters m y  be cor re la ted  as done by the  
co r re l a t ion  curve of f igu re  8 without regard t o  the  Mach number l e v e l  of 
each ind iv idua l  turbine.  

- 

Not. 

Although the  turbine w a s  designed f o r  zero 

- 
Btot/Z i s  approximately the  same f o r  t h e  

The previous considerations lead t o  two important observations: 

(1) The e f f e c t  of Mach number level,  if any, on the  r a t i o  of effec-  
t i v e  r o t o r  momentum thickness t o  mean camber length i s  s m a l l .  

( 2 )  The design procedure f o r  a turbine of t h i s  type would be im-  
proved by ca lcu la t ing  losses  based on an assumed value of 

than basing the  losses  on the  boundary-layer equations t h a t  were used i n  
t h i s  design. 

B t o t / Z ,  r a t h e r  

Ef fec t  of Rotor Modification 

A la rge  por t ion  of t he  suct ion surface of the r o t o r  blades was re- 
moved i n  an e f f o r t  t o  decrease t h e  minimum s t a t i c  pressure t h a t  could be 
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f e l t  a t  the  s t a t o r  e x i t .  This removal of metal from the suct ion surface 
i n  e f fec t  produced a free-streamline passage through t h e  ro tor .  As 
pointed out i n  reference 2, one of the advantages of a free-streamline 
passage i s  t h a t  the e f f e c t  of a change i n  turbine-exi t  pressure can 
propagate i t s e l f  upstream through the r o t o r  passage even though the ve- 
l o c i t i e s  r e l a t i v e  t o  the r o t o r  are supersonic. A sketch of the amount 
of surface removed i s  shown i n  f i g u r e  9. 

The e f f e c t  of the r o t o r  modification on turbine performance a t  de- 
s i g n  speed i s  shown i n  f igure  10, The data points  a t  design speed from 
the  basic turbine performance curves of f i g u r e  6 a r e  repeated i n  f i g u r e  
10 f o r  comparison with the r e s u l t s  of the  modified ro tors .  It can be 
seen from the f igure  t h a t  a s l i g h t  improvement i n  performance w a s  ob- 
tained. A t  design over -a l l  pressure r a t i o ,  the  improvement i n  spec i f ic  
work output amounted t o  about 3 percent.  

Figure 11 shows the  e f f e c t  of t h e  r o t o r  passage modification on 
outer-wall s t a t i c  pressure. It can be seen from the f i g u r e  t h a t  t h e  a t -  
tempt t o  lower the  minimum s t a t o r - o u t l e t  pressure was successful.  How- 
ever, i n  so doing, the minimum s t a t i c  pressure t h a t  could be obtained a t  
the rotor exit was increased because of a detrimental  change i n  the  flow 
p a t t e r n  within the ro tor  t h a t  resu l ted  i n  higher ro tor  losses .  This, i n  
turn,  would tend t o  decrease the  maximum work output. The n e t  e f f e c t  of 
the two counteracting tendencies was the  s l i g h t  improvement previously 
discus sed. 

I n  view of the f a c t  that the over -a l l  turbine performance w a s  s l i g h t -  
l y  improved by removing a la rge  port ion of the  o r i g i n a l  suct ion surface 
of the  rotor blades, the inference might be made t h a t  a de ta i led  aerody- 
namic design of the  ro tor  passage f o r  such a turbine i s  unimportant. 
This i s  not soo  The r o t o r  losses  of both the  subject  turbine and the  
cascade work of reference 2 increased when the  blades were modified. It 
therefore appears that thorough aerodynamic design techniques are neces- 
sary t o  a t t a i n  s a t i s f a c t o r y  r o t o r  performance from supersonic turbines.  

P co 
w w 

Supersonic S t a r t i n g  

The problems associated with supersonic s t a r t i n g  of the  r o t o r  flow 
passages as described i n  reference 6 (cascade tes ts)  were not encountered 
during the e n t i r e  experimental invest igat ion.  The design procedure used 
f o r  t h i s  turbine resu l ted  i n  r o t o r  passages t h a t  were c r i t i c a l  i n  nature 
with respect t o  s t a r t i n g .  
passage a t  the  r o t o r  i n l e t  was such t h a t  the passage could j u s t  s tar t  a t  
the design en ter ing  r e l a t i v e  Mach number of 2.0. 

t e r i n g  r e l a t i v e  Mach number must have been below the design value Of 2.0. 

In  other  words, the  contract ion of the  flow 

I n  view of the  f a c t  
t h a t  the  s t a t o r  produced s l i g h t l y  less than design whirl, the  r o t o r  en- 0 

& - 
-~ 
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This should have r e su l t ed  i n  r o t o r  passages that would not  start super- 
sonical ly .  Apparently, t he  in t e rac t ion  of t h e  flow between t h e  s t a t o r  
e x i t  and t h e  r o t o r  i n l e t  was such t h a t  the normal shocks spanning t h e  
ro to r  i n l e t  as described i n  reference 6 did not e x i s t .  This l ack  of both 
n z , ~ ~ l  am3 strong oblique shocks can be noted from f igu re  8. 

- 

The s t a t o r  throats were opened and closed t o  see i f  t h e  s t a r t i n g  
prob lm cniuld gurposely be encountered. 
e r a t ion  a t  off-design conditions w a s  varied i n  ali a t t e q t  tc! set. an un- 

Also, t he  method of tu rb ine  op- 
i 
) 
I 
i started r o t o r  condition. However, t h e  ro tors  s t a r t e d  i n  every instance.  

SUMMARY OF RESULTS 

The design and experimental inves t iga t ion  of a s ingle-s tage super- 
sonic turb ine  are presented herein.  
enter ing r e l a t i v e  Mach number of 2. 
be summarized as follows: 

The turb ine  was designed f o r  a r o t o r  
The results of t h e  inves t iga t ion  can 

1. The equivalent spec i f i c  work output obtained a t  design speed and 
approximately design over-al l  pressure r a t i o  w a s  32 .9  Btu per  pound at a 
s t a t i c  e f f i c i ency  of 0.414. 
v e r i f i c a t i o n  t o  the  theo re t i ca l  r e s u l t s  of an independent reference t h a t  
predicted s t a t i c  e f f i c i enc ie s  within the range 0.40 t o  0.45 f o r  s ing le-  
stage turb ines  w i t h  similar design charac te r i s t ics .  

This obtained s t a t i c  e f f i c i ency  gave good 

2. An experimental r a t i o  of e f fec t ive  ro to r  momentum thickness  t o  
mean camber length was determined t o  be 0.0114. 
with the  r e s u l t s  obtained from several  t ransonic  and subsonic turbines ,  
which ind ica t e s  t h a t  t he  Mach number e f f ec t  on this se lec ted  parameter 
i s  s m a l l .  

This compared favorably 

3. The loss calculat ions based on the  boundary-layer equations used 

More area allowance f o r  higher r o t o r  losses  should have been used 
i n  t h e  design procedure r e su l t ed  i n  a design-point s t a t i c  e f f i c i ency  of 
0.504. 
with a r e su l t i ng  e f f ic iency  and work output a t  design conditions lowered 
t o  more reasonable values. 
dure by assuming a value of the  r a t i o  of e f f e c t i v e  r o t o r  momentum thick-  
ness t o  mean camber length comparable t o  those determined t o  e x i s t  i n  
t ransonic  turbines .  

This could be done during t h e  design proce- 

4. The minimum s t a t i c  pressure t h a t  could be obtained a t  t h e  s t a t o r  
e x i t  was l imi ted  by flow conditions within the  ro tor .  
por t ion  of t he  r o t o r  suct ion surface enabled t h i s  minimum pressure a t  
the  s t a t o r  e x i t  t o  be reduced a t  t h e  expense of higher r o t o r  losses .  
n e t  effect  was about a 3-percent improvement i n  turb ine  work output a t  
design speed and design over-al l  pressure r a t i o .  

Removal of a la rge  

The 
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5. No problems associated with supersonic s t a r t i n g  were encountered 
during the  e n t i r e  invest igat ion,  even when the  worst conditions of t u r -  
bine operation with respect t o  t h i s  problem were imposed on the  turbine.  
Apparently, t he  in te rac t ion  of flow between the s t a t o r  exit and r o t o r  
i n l e t  w a s  such t h a t  normal shocks or  strong oblique shocks were not  en- 
countered. This was indicated by the s t a t i c  taps placed across  t h e  blade 
rows i n  the  turbine outer housing. 

Lewis Fl ight  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 2, 1958 
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TABLE I. - STATOR BLADE MEAN SECTION 

NACA RM E58F20a 

COORDrnTES 

+X 

t 
Point z 

+( 

- y -  i 
-X 

0.200 
,150 
.loo 
.050 

' 

0 -. 050 -. 100 -. 150 -. 189 -. 1 9 3  -. 250 -. 298 -. 300 -. 350 -. 400 -. 450 -. 483 -. 487 -. 492 

Y S J  in. 
0.299 -. 387 -. 400 
-. 395 -. 385 -. 364 -. 326 -. 264 -. 044 -. 168 

.323  

.488 

.647 

.812 

.978 

1 .125  
1.120 

----- 

---- 

TfP, in. 
0.273 

. 3 6 1  

.374 

.378  

.387 

.405 

.436 

.486 
---- 
_--- 
. 6 7 1  
.816 
.a18 
.884 
.960 

1.048 
1.122 
1 .125  
----- 

LTrailing - 
edge radius, 
0.005 in. 
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TABU 11. - ROTOR BLADE SECTION COORDINA'l3S 

Leading- 
edge radius,  
0.010 in.- 

r o t  at ion  

x, 
in.  

.loo 

.zoo 

.300 

.400 

.500 

.600 

.700 

.800 

.goo 
1.000 
1.100 
1.200 
1.300 
1.400 
1.500 
1.595 

0 

YLJ in. 

.193 

.350 

.444 

.503 

.537 
,550 
.543 
.521 
.488 
.442 
.388 
.324 
,253 
.172 
,083 
.005 

0 c p =  9.6 

?U? in. 
0.010 
.502 
.830 
.951 
1.002 
1.020 
1.010 
.967 
.885 
.777 
.667 
.557 
.446 
.336 
.226 
.115 
.005 

.Trailing-edge 
radius,  0.005 in. 
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Figure 2. - Design blade surface ve loc i t i e s .  
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Figure 3. - Diagrammatic sketch of turbine tes t  sect ion.  
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Figure 4. - Concluded. Supersonic turbine blading. 
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Station 

Figure 5. - Location of static-pressure taps on outer w a l l .  
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Figure 8. - Comparison of r a t i o  of e f f e c t i v e  rotor blade momen- 
tum thickness t o  mean camber length of subject  turbine with 
reference transonic and subsonic turbines.  
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Figure 9. - Modification of rotor blade suction surface. 
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Figure 10. - Effect of rotor  modification on turbine work output. 
Design speed. 
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