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RESEARCH m o m m  

 TIG GAT ION OF SUPERSONIC-COMPRESSOR ROTORS 

DESIGNED WITH COMPRESSION 

By Lawrence Jc Jahnsen and Melvin J. Hartmann 

SUMMARY 

Since the  shock-in-rotor type supersonic compressor must reduce the  
r e l a t i v e  veloci ty  t o  a Mach number of 1.0, the p o s s i b i l i t y  of u t i l i z i n g  
t he  r e l a t i v e l y  good charac te r i s t i cs  of the  spike-type d i f fuser  i n  t he  
supersonic compressor was considered. The p r i n c i ~ l e  of the  spike-type 
di f fuser  (external  compression) was applied t o  a 16-inch compressor ro to r .  
The ex te rna l  com]?ression w a s  t o  a Mach number of 1.0 i n  t he  passage en- 
trance region. With t h i s  compressor ro to r ,  t he  design entrance conditions 
could not be established.  The compressor ro to r  blade was therefore  mod- 
i f i e d  t o  decrease the  external  compression and the  area contract ion 
r a t i o ,  The modified compressor ro to r  more nearly achieved the  design 
entrance conditions, a s  indicated by a decrease i n  deviation from design 
i n l e t  r e l a t i v e  angle from 6 -6' f o r  the  o r ig ina l  ro to r  t o  3.3' f o r  the  
modified compressor ro to r .  

The modification t o  t he  compressor ro to r ,  which r e su l t ed  i n  a some- 
what c lose r  approach t o  t he  design entrance conditions, resu l ted  i n  atz 
increase i n  design-speed maximum tota l -pressure  r a t i o  from 2-20 t o  2-27 
and i n  adiabat ic  e f f i c iency  from 0.72 t o  0-76. The maximum equivalent 
weight flow increased from 21.4 t o  23,2 pounds per  second. An analysis  
of the off-design performance indicated t ha t  i n  nei ther  conffguration 
was the  minimum area  u t i l i z e d  e f fec t ive ly ,  Apparently, flow separation 
due t o  the  rap id  change i n  d i rec t ion  of the  suction surface was encoun- 
tered i n  the  o r ig ina l  r o to r .  Whereas t h i s  change i n  d i rec t ion  was r e -  
duced i n  the modified ro tor ,  the  Mach number at which a normal-shock - 
boundary-layer in te rac t ion  was  encountered at t h e  off-design value was 
increased and may have resu l ted  i n  flow separation,  

The design of compressor s tages  with h-igh flow capacity and high 
stage pressure r a t i o  r e s u l t s  i n  high i n l e t  a x i a l  Mach number and high 
wheel. speed, which combine t o  give supersonic ve loc i t i es  r e l a t i v e  t o  the  
ro tor  blade row. Compressors which u t i l i z e  r e l a t i v e  supersonic veloci- 
t i e s  a r e  re fe r red  t o  a s  supersonic compressors, One method of u t i l i z i n g  



these supersonic r e l a t i v e  ve loc i t i es  i s  t o  decelerate t he  flow i n  the  
ro to r  passages. Each passage may then be considered a supersonic d i f -  
fuse r .  This type of compressor has been referred t o  a s  t he  shock-in- 
ro to r  type supersonic compressor. 

I n i t i a l  consideration of shock-in-rotor type supersonic compressors 
was  made by the NACA i n  reference 1. Experimental performance of sever- 
a l  ro to r s  of t he  shock-in-rotor type w a s  reported i n  references 2 t o  4. 
The observed performance has generally given pressure r a t i o s  of about 
2,O and e f f i c i enc i e s  from 0.75 t o  0.80 fo r  the  ro tor  alone. The pres-  
sure  r a t i o s  t ha t  were a t t a ined  were considerably below the  design value 
of about 3.0, I n  addit ion,  the  e x i t  flow d i s t r i bu t i on  was generally 
unsat is factory.  

The f a i l u r e  t o  approach the  design pressure r a t i o  has been a t t r i b u t e d  
i n  p a r t , t o  the  l ack  of e f f i c i en t  subsonic di f fus ion.  Possible reasons 
f o r  the  l ack  of d i f fus ion were considered t o  be a severe r ed i s t r i bu t i on  
of the  flow caused by r a d i a l  pressure gradients behind the  shock and a 
flow separation caused by a shock - boundary-layer in te rac t ion .  An in -  
ves t igat ion i n  which the  unbalanced r a d i a l  pressure gradients were r e -  
duced was conducted ( re f .  4) .  The reduction of r a d i a l  pressure gradient  
d id  not appreciably improve e i t he r  the  subsonic di f fus ion or t he  flow 
d i s t r i bu t i on ,  The pr inc ip le  cause of t he  poor performance was then at- 
t r ibu ted  t o  separation caused by the  shock - boundary-layer in te rac t ion ,  

To reduce the tendency of the  flow t o  separate  a t  t he  shock - 
boundary-layer in teract ion,  t he  Mach number ahead of the  shock should 
be made as close  t o  1.0 as poss ible  ( r e f .  5 ) .  One method of reducing 
t he  Mach number a t  which the  strong shock occurs i n  the  compressor blade 
passage i s  t o  incorporate the  spiked-diffuser p r inc ip le .  Besides r e -  
ducing the  Mach number, such a design may be expected t o  reduce t he  flow 
veloci ty  with a r e l a t i v e l y  high to ta l -pressure  recovery, To apply t h i s  
p r i nc ip l e  of external  compression t o  compressor blades, the suct ion sur-  
face  near the  leading edge should be contoured t o  produce weak compres- 
s ion  waves ahead of t he  ro tor  passage entrance i n  a manner analogous t o  
t h e  spike of a spiked d i f fuser ,  The design of compressor blading incor- 
porating t h i s  p r inc ip le  i s  considered i n  reference 6 along with t h e  exper- 
imental performance i n  Freon-12 of a r o to r  u t i l i z i n g  the  spiked-diffuser 
p r inc ip le .  The design flow conditions i n t o  the ro to r  of reference 6 were 
not obtained, and the  performance showed l i t t l e  if any improvement over 
previous ro tors .  The f a i l u r e  t o  e s t ab l i sh  the  design entrance flow con- 
d i t ions  was a t t r i bu t ed  t o  t h e  e f f ec t  of t h e  leading-edge thickness. 

The subject  r o to r  was invest igated t o  obtain fu r ther  information 
concerning t he  entrance flow ln to  blading incorporating t he  spiked- 
d i f fuser  pr inciple .  Experimental performance was obtained with a i r  as  
t h e  t e s t  medium, f i r s t  with an external  wave system designed t o  give 
isentropic  compression t o  a Mach number of 1.0 at the  passage entrance, 
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The entrance sect ion of t he  suct ion surface w a s  then recontoured t o  re-  
duce t he  amount of ex te rna l  compression t o  values es tabl ished i n  r e f e r -  
ence 6 f o r  t h e  glven wedge angle. The modification a l s o  incorporated an 
allowance f o r  the  blade leading-edge thickness.  This repor t  presents t h e  
performance of t he  two ro to r  configurations and an ana ly t i c a l  investiga- 
t i o n  of t he  off-design losses  and operation of these  configurations.  

APPARATUS 

Blade Design 

Tne app l ica t ion  of the  spiked-diffuser p r i nc ip l e  t o  t h e  entrance 
sec t ion  of a compressor blade is i l l u s t r a t e d  i n  f igure  1. (symbols used 
i n  t h i s  repor t  a r e  defined i n  appendix A . )  The entrance f low d i r ec t i on  
i s  determined by the  region of the  suct ion surface  (a-b),  which l i e s  
ahead of the Mach l i n e  o r ig ina t ing  on the suct ion surface and ' in te r sec t -  
ing the  leading edge of the  following blade ( r e f .  1); Weak compressions 
a r e  then formed by contouring the suct ion surface  (b-c) behind t h i s  Mach 
wave (from b t o  d ) ,  

For the  design condit ion of t he  ro to r ,  a  t i p  speed of 1600 f e e t p e r  
second and.a hub-tip rad ius  r a t i o  of 0,75 were se lected.  The entrance 
a x i a l  Mach number at the t i p  was se l ec t ed  a s  0,73. 

The ve loc i ty  diagrams f o r  t he  o r i g ina l  compressor r o t o r  a r e  given 
i n  f i gu re  2. I n l e t  guide vanes were incorporated i n  order t o  obta in  
simple r a d i a l  equilibrium f o r  a Mach number of 1 . 0  i n  t he  passage 
minimum-area sect ion.  This r e su l t ed  i n  a guide-vane turning va r i a t i on  
of 3' t o  26' from the  ro to r  t i p  t o  hub sect ion.  The r e l a t i v e  entrance 
Mach number varied from 1.71 a t  t h e  ro to r  t i p  t o  1 .61 a t  t h e  ro to r  hub 
sec t ion .  The design weight flow was 26.77 pounds per second and t he  
design to ta l -pressure  r a t i o  was 2.79 with an assumed ad iaba t ic  e f f i c iency  
of 0.85 and with a deficiency i n  e x i t  a rea  of 1 0  percent .  

With the  entrance vector diagram thus determined, the  blade entrance 
shape was obtained by the method of cha r ac t e r i s t i c s .  The r o t o r  was de- 
signed with 29 blades.  The sbct ion surface was contoured t o  obta in  isen-  
t rop ic  compression t o  a Mach number of 1.0 a t  t he  passage entrance region. 
Figure 3 (a )  shows a sketch of the  design flow configuration and the  blade 
coordinates at the  p i t c h  sect ion,  The blades a r e  thickened near t he  
leading edge t o  obta in  the  necessary mechanical s t reng th  without a l a rge  
wedge angle (between suct ion surface  and pressure su r face) .  This r e -  
s u l t s  i n  a compression wave and subsequent expansion waves of small 
magnitude. After t he  minimum-area region, t he  suct ion surface  of t h e  
blade was f a i r e d  with an area  va r i a t i on  corresponding t o  a cone of 6' 
included angle.  The blade t ra i l ing-edge thickness w a s  0.025 inch. The 
blade sect ions  a r e  constructed f o r  t h e  t i p ,  p i tch ,  and hub r a d i i .  The 
blade-section centers  of g rav i ty  were a l ined i n  t h e  r a d i a l  d i rect ion,  
and t he  blade surfaces were f a i r e d  between th ree  sect ions .  
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The o r i g i n a l  compressor r o t o r  was modified by reducing the  maximum 
change i n  angle of the  compression ramp t o  

as given i n  reference 6. The veloci ty  diagram f o r  the  modified compres- 
sor  is given i n  f i gu re  2, and a sketch of t he  design flow configuration 
and the  blade coordinates a t  the  p i t c h  sect ion a r e  shown i n  f i gu re  3(b) .  
The suct ion surface  was a l t e r e d  by removing the  thickened por t ion  near 
the  leading-edge sec t ion  so  t h a t  from the  leading edge t o  the  s t a r t  of 
the  compression wave system was a s t r a i g h t  l i n e  (along a-b, f i g .  1) . 
The s m a l l  leading-edge thickness was considered t o  r e s u l t  i n  a s l i g h t  
angle of incidence and a corresponding wave system a t  the  leading edge 
of the  r o t o r  blade (not shown on i l l u s t r a t i o n )  as indicated i n  reference 
4. I n  the  modificat ion a boundary-layer allowance of 0,010 inch per  
inch was considered t o  start a t  the  compression ramp (b-c, f i g .  1) and 
was removed from the  blade thickness i n  constructing t he  blade p r o f i l e .  
The modification of the  ex te rna l  wave system resu l ted  i n  a reduction of 
r e l a t i v e  Mach number from 1.62 t o  1.43 at the  ro to r  p i t c h  sect ion.  The 
minimum area  was then determined by modifying the  isentropic  a rea  r a t i o  
by the l im i t i ng  contract ion r a t i o  f o r  a Mach number of 1.43. The sub- 
sonic por t ion  was then f a i r e d  t o  the  ex i s t i ng  blade sect ion.  Blade sec- 
t i ons  were determined f o r  t he  hub, p i t ch ,  and t i p  sect ions  of ,  the  r o to r  
and were f a i r e d  r ad i a l l y .  The modified configuration r e su l t ed  i n  a de- 
s i gn  flow of 25,64pounds per second. A photograph of the  r o t o r  with 
the  o r i g i n a l  blades is  shown i n  f i gu re  4. 

Variable-Component Test Rig 

The compressor t e s t  r i g  of references 7 and 8 was modified so t ha t  
the  compressor r o to r  could be invest igated with air a s  t he  t e s t  medi- 
um. The weight flow w a s  measured by a 21.5-inch th in -p la te  open-end 
o r i f i c e .  The i n l e t  p iping system was revised t o  permit operation of t he  
ro to r  i n  r e f r i ge r a t ed  air from the  service  system with an adjus table  
o r i f i c e  t o  measure the  weight flow. The r o t o r  was driven by a 3000- 
horsepower variable-frequency motor with a speed con t ro l  through a speed- 
increaser  gear t o  provide t he  design speed of approximately 20,000 rpm. 
A sketch of the  t e s t  r i g  i s  shown i n  f i gu re  5. 

Instrumentation 

The pressure  drop over t he  open-end o r i f i c e  was measured by a 
micromanometer, and the  i n l e t  temperature was measured by two fron- 
constantan thermocouples. For t h a t  por t ion  of the  inves t iga t ion  i n  which 
the  adjus table  o r i f i c e  was used, the pressure drop was measured with a 
water U-tube and the  i n l e t  temperature was measured by two iron-constantan 
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thermocouples, The temperature of the  i n l e t  depression tank (4  f t  i n  
diameter by 6 f t  i n  length)  was measured by s i x  iron-constantan thermo- 
couples a t  the  centers  of equal annular areas,  and the  pressure was ob- 
ta ined by t he  average of four equally spaced s t a t i c  taps.  

Survey data  were obtained a t  three  a x i a l  s t a t i ons  with the  i n s t ru -  
ment probes shown i n  f igure  6. The guide-vane turning w a s  obtained by 
a minature claw at instrument s t a t i o n  1, located 0.8 inch ahead of the  
1eading.edge of the ro tor  t i p  a s  shown on f igure  5. The r o t o r  perform- 
ance was obtained at s t a t i ons  2 and 3, located distances of 1.6 and 
7.25 inches, respectively,  behind the  ro to r - t i p  t r a i l i n g  edge. Each 
s t a t i o n  had temperature, to ta l -pressure  claw, and s ta t i c -pressure  probes 
( f i g .  6 ) .  The temperature probes were spike-type iron-constantan ther-  
mocouples combined with di rect ion-sensi t ive  pressure tubes or  a s imilar  
probe including a to ta l -pressure  tube.  The r a d i a l  surveys were taken 
a t  10  r a d i a l  s t a t i ons  with automatic survey actuator  equipment. 

PROCEDURE 

The compressor ro to r  was operated over a range of speed from 50 t o  
100 percent design speed. ~ n l e t  pressure was maintained between 25 and 
28 inches mercury absolute f o r  a l l  runs. The compressor ro to r  perform- 
ance w a s  obtained from open t h r o t t l e  t o  audible surge fo r  each speed by 
adjust ing the  dis.charge t h r o t t l e .  The design speed por t ion of t he  ro to r  
performance curves was obtained i n  re f r igera ted  air t o  reduce the  ro -  
t a t i o n a l  speed of the  ro tor ,  The ro to r  performance was computed by the  
survey data  at s t a t i o n  3. The computational method was similar t o  t ha t  
of reference 3 ,  

\ 

EXPER- RESULTS 

The 16-inch supersonic-compressor ro to r  with external  compression 
t o  a Mach number of 1,O.was exper imentdly  Invest igated over a range of 
speed from 50 t o  100 percent design speed. The over-a l l  performance 
data ( f i g .  7(a))  indicated t ha t  the  weight flow was somewhat lower than 
the  design weight flow and t ha t  t h e  performance w a s  r e l a t i v e l y  poor. 
Thug, from these  over-a l l  data  it can be assumed tha t  the  design en- 
trance conditions were not established.  The compressor ro to r  was mod- 
i f i e d  as described i n  a preceding sec t ion  and operated over the  same 
range of conditions as the  o r i g i n a l  compressor ro to r .  The data  f o r  t h e  
two configurations w i l l  be presented together i n  the  following sec t ion  
so t ha t  the  two configurations can be compared as the  data a r e  presented. 

Over - A l l  Performance 

The mass-averaged tota l -pressure  r a t i o ,  adiabat ic  eff ic iency,  and 
equivalent weight flow a r e  presented i n  f igures  7(a) and (b) f o r  the  
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o r i g i n a l  and modified compressor ro to rs .  The o r i g ina l  compressor r o to r  
obtained a peak to ta l -pressure  r a t i o  of 2.20 and an ad iaba t ic  e f f i c iency  
of 0.72 at the  design speed. Modifying the  compressor r o to r  r e su l t ed  
i n  an increased to ta l -pressure  r a t i o  of 2.27 and adiabat ic  e f f i c iency  of 
about 0.76. The modification a l so  resu l t ed  i n  an increase i n  maximum 
equivalent weight flow from 21.4 t o  23.2 pounds per second. The modified 
ro to r  obtained approximately a 5-percent reduction i n  weight flow a s  the  
back pressure was increased a t  design speed. Such compressor charac- 
t e r i s t i c s  have been obtained i n  other supersonic-compressor r o to r s  
( r e f .  9 )  and a r e  a t t r i bu t ed  t o  the  occurrence of a strong shock ahead 
of t he  compressor blade passage. 

The ro to r  cha r ac t e r i s t i c  of the  shock-in-rotor compressor usually 
approached a constant weight flow near design speed ( r e f s .  2 t o  4 ) .  
Rotors similar t o  open-throat convergent-divergent d i f fu se r s  exhibi ted  
t h i s  near-ver t ica l  cha r ac t e r i s t i c  ( r e f .  1) . I n  t h i s  case, forc ing a 
shock ahead of the  passage from the  minimum sec t ion  would produce a d i s -  
cont inui ty  i n  performance. The ro to r  i n  t h i s  inves t iga t ion  should follow 
more c lose ly  the  cha r ac t e r i s t i c  of the  spike dt f fuser ,  which does not 
exh ib i t  a discont inui ty  i n  performance a t  the  point  where the  m a s s  flow 
begins t o  decrease. Thus, the  s l i g h t  decrease i n  weight flow was an t i c -  
ipa ted  f o r  t h i s  type of supersonic-compressor r o to r .  

For both r o t o r s  the  maximum r o t o r  e f f i c iency  at each speed was 
near ly  constant ,  with a s l i g h t  tendency toward increased e f f i c iency  at 
low speeds. The range of equivalent weight flow increases a s  t he  speed 
is  decreased, with t he  increase  i n  range being s l i g h t l y  l a rge r  f o r  the  
modified compressor r o to r .  

I n l e t  Conditions 

The measured i n l e t  condit ions f o r  the  two ro to r  configurations a t  
the  point  of highest  to ta l -pressure  r a t i o  obtained at t h e  maximum weight 
flow (points  A and B of f i g s  . 7(a) and (b) ) along with the  i n l e t  design 
condi t ions  a r e  indicated i n  f i gu re  8. This i s  considered the  point  which 
most c lose ly  approaches the design flow configuration. The o r i g i n a l  com- 
pressor r o to r  operated with a devia t ion from design r e l a t i v e  i n l e t  flow 
angle of approximately 6.60 at  the  p i t c h  sect ion.  This discrepancy be- 
tween measured and design values does not  change appreciably from hub 
t o  t i p  sect ion.  The design r e l a t i v e  i n l e t  angle was  increased s l i g h t l y  
i n  the  modified ro to r ,  and t he  measured angle i s  about 3.3' higher than 
the  design value a t  the  ro to r  p i t c h  sect ion.  

The measured i n l e t  a x i a l  and r e l a t i v e  Mach numbers a r e  indicated i n  
f igure  8. The design a x i a l  Mach number at  the  p i t c h  sec t ion  of the  or ig-  
i n a l  compressor r o to r  w a s  0.72 and t he  measured value was 0.49. The 
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modification r e su l t ed  i n  a reduction i n  the  design a x i a l  Mach number t o  
0.65 and an increase  i n  observed a x i a l  Mach number t o  0.53 at the  ro to r  
p i t c h  sect ion.  The r e l a t i v e  i n l e t  Mach number r e su l t i ng  from the  i n l e t  
flow angle and a x i a l  i n l e t  Mach number i s  a l s o  shown i n  f i g u r e  8. The 
design r e l a t i v e  i n l e t  Mach number at  the  p i t c h  sec t ion  of t he  o r i g i n a l  
r o to r  was about 1.64 compared with a measured value of 1.47. The mod- 
i f i c a t i o n  changed the  design value t o  1,56, and a measured value of 
1.50 was obtained. Thus, the  values given i n  f igure  8 ind ica te  the  
l a rge  discrepancy between the  design and t he  measured i n l e t  condit ions 
and the  f a c t  t h a t  t he  modification described improved s l i g h t l y  the  agree- 
ment between the  design and measured values. 

Outlet  Conditions 

The performance parameters f o r  the  two compressor configurations 
measured at the  ro to r  discharge at  design speed and at  the  point  of 
highest  to ta l -pressure  r a t i o  obtained at  maximum weight f low (points  
A and B of f i g s  . 7 (a) and (b) ) a r e  shown i n  f i g u r e  9. The t o t a l  pres-  
sure i s  the  highest  f o r  the  t i p  sec t ion  f o r  both ro to r s .  For the  o r ig -  
i n a l  r o to r  the  to ta l -pressure  r a t i o  a t  t he  ro to r  hub section is 1.98 
and a t  the  t i p  sec t ion  is about 2.17, whereas t he  modified compressor 
r o to r  va r ies  from about 1-99 t o  about 2.21. The adiabat ic  e f f i c iency  
f o r  the  o r i g ina l  compressor r o to r  va r ies  from 0.76 near t h e  ro to r  hub 
t o  0.62 near the  r o t o r  t i p .  The modified compressor r o to r  obtained an 
ad iaba t ic  e f f i c iency  of 0.79 near t he  hub t o  0.64 near the  ro to r  t i p .  
Thus, the  modification has r e su l t ed  i n  improved performance along the  
complete ro to r  blade.  The un i t  mass flow over the  compressor rad ius  is 
indicated i n  f i gu re  9 f o r  bath  configurations.  Similar t o  o ther  
supersonic-compressor r o to r s  of t h e  shock-in-rotor type, t h e  o r i g ina l  
r o to r  indicated a very low un i t  mass flow a t  t he  ro to r  t i p  sect ion.  
The modified compressor r o to r  obtained a higher weight flow over t h e  
e n t i r e  r o to r  passage with a l a rge r  percentage of the  mass flow passed 
through t h e  ro to r  t i p  sect ion.  

The r e l a t i v e  discharge condit ions a r e  shown i n  f igure  10 .  The r e l -  
a t i v e  discharge flow angle f o r  the  o r i g ina l  compressor r o to r  varied 
from about 61.0' t o  about 77.5O, The excessively high flow angle a t  t he  
ro to r  t i p  i s  t yp i ca l  of experimental r e s u l t s  f o r  shock-in-rotor type 
supersonic-compressor r o to r s .  The modified r o t o r  shows the  same tend- 
ency of high r e l a t i v e  flow angles at t he  ro to r  t i p  with the  measured 
t i p  f low angle being about 75'. The modification r e su l t ed  i n  very l i t t l e  
change i n  r e l a t i v e  flow angle at t he  hub. 

The r e l a t i v e  to ta l -pressure  recovery f o r  the  two configurations is  
shown i n  f i gu re  LO, For the  o r i g i n a l  compressor r o to r  the  recovery bs 
about 0.84 at t he  ro to r  hub sec t ion  and decreases t o  about 0.69 a t  the  
ro to r  t i p  sect ion.  The modified r o t o r  configuration r e su l t ed  i n  a 
to ta l -pressure  recovery of about 0,84 a t  t he  hub and is reduced t o  about 
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0.72 at  the  r o t o r  t i p  sect ion.  Thus, t he  to ta l -pressure  recovery f o r  the  
two configurations is about t he  same a t  the  ro to r  hub sec t ion  and i s  
improved s l i g h t l y  at t he  r o t o r  t i p  sect ion.  

The r e l a t i v e  discharge Mach number f o r  the  two r o t o r  configurations 
is  shown i n  f i gu re  10. For the  o r i g i n a l  configuration the  r e l a t i v e  d i s -  
charge Mach number var ies  from about 0.75 t o  about 0.64 from the  hub t o  
t i p  section.  The modified r o t o r  obtained a r e l a t i v e  discharge Mach num- 
ber  range of about 0.74 t o  0-67. Thus, the  modified compressor r o to r  
has a r e l a t i v e  discharge Mach number s l i g h t l y  higher at t he  t i p  sect ion 
than the  o r i g i n a l  compressor r o to r .  

DISCUSSION OF RESULTS 

Entrance Flow Conditions 

The design entrance conditions were not es tabl ished with t he  
external-compression supersonic-compressor r o to r s  used i n  t h i s  inves- 
t i ga t i on .  Similar  d i f f i c u l t y  w a s  experienced with the  compressor r o to r  
of reference 6. When the  compressor is  operating o f f  design, the  l o s se s  
a t  the r o t o r  entrance sect ion may be qu i te  large ,  preventing t he  design 
mass flow from passing through the  minimum area,  o r  condit ions may e x i s t  
causing flow separat ion i n  t he  r o t o r  passage and thus rendering a por- 
t i o n  of the  flow passage unavailable. One o r  both of these  f ac to r s  may 
prevent t he  r o t o r  from es tab l i sh ing  i t s  design entrance condition. 
Local flow separat ion on ' the  suct ion surface may a l so  prevent the  estab- 
lishment of the  design compression-wave system. A study of t he  losses  
and the  accompanying u t i l i z a t i o n  of the  passage minimum flow a rea  w i l l  
be considered i n  the  following discussion.  

Equivalent supersonic cascade operation. - The influence of flow 
separation was invest igated ana ly t i c a l l y  by computing t he  performance 
of the  cascade. The cascade geometries were equivalent t o  the  ro to r  
p i t c h  sect ions  used i n  t h i s  invest igat ion.  No r e l i a b l e  information 
concerning the  extent  of the boundary-layer build-up o r  the  p o s s i b i l i t y  
of flow separat ion a t  the  passage minimum-area sect ion is  ava i lab le .  
As a consequence, the  flow a rea  required f o r  a flow Mach number of 1 .0  
expressed as  a f r a c t i o n  of t h e  geometric area  was considered a var iable  
and was termed t h e  e f fec t ive  minimum area.  

Operation of the  cascade at incidence angles other than design 
would requ i re  an extended wave system (bow waves). The to ta l -pressure  
recovery through the  wave system and the  required e f f ec t i ve  minimum 
a rea  can be approximated f o r  any given incidence angle and entrance 
Mach number as given i n  appendix B, The r e s u l t s  of t h i s  computation f o r  
the  cascades representing the  o r i g i n a l  and modified compressor r o to r s  
a r e  presented i n  f i gu re  11. Curves of constant Mach number a r e  p lo t t ed  
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over a range of suction-surface incidence angle agains t  e f f ec t i ve  minimum 
area .  Calculated total-pressure-recovery contours a r e  a l s o  shown on t h i s  
f i gu re  . 

Operation with the design wave configuration would requ i re  an i n c i -  
dence angle of s u f f i c i e n t  magnitude t o  account f o r  t he  leading-edge th ick-  
ness ( the  o r i g i n a l  cascade would requ i re  about 2 .OO and t h e  modified 
cascade would requ i re  about O.lO), A deficiency i n  minimum a rea  would 
i n  general  r e s u l t  i n  an increased incidence flow angle and would be accoz- 
panied by a bow wave. The cascade of the  o r i g i n a l  compressor r o t o r  blades 
operating a t  a Mach number of 1.65 would requ i re  an e f f ec t i ve  minimum area  
of 1 . 0  t o  achieve a suction-surface incidence angle of 0.9'. The modified 
cascade, on the  other  hand, ind ica tes  t h a t  t he  design entrance conditions 
could be achieved a t  an entrance Mach number of 1.65 with an e f f ec t i ve  
miniaum a r ea  of 0.98. The reason f o r  t h i s  d i f ference i s  t he  allowance 
made f o r  boundary l ayer  i n  the  design of the  modified blade sect ion.  
A deficiency i n  e f f ec t i ve  minimum area  i n  the  modified cascade r e s u l t s  
i n  a smaller incidence angle than with the  o r i g i n a l  cascade f o r  given 
i n l e t  Mach number, The ca lcu la ted  to ta l -p ressure  recover ies  f o r  the  
modified cascade r e s u l t  i n  curves of d i f f e r en t  s lope than f o r  the  o r i g i n a l  
cascade; t h i s  i s  a r e s u l t  of the  change i n  magnitude of t h e  l o s se s  com- 
bined t o  ob ta in  the  ca lcu la ted  total-pressure-recovery var ia t ion  with 
incidence. The e f f ec t  of decreasing the  i n l e t  Mach number f o r  a f i xed  
e f fec t ive  a rea  r a t i o  i s  t o  increase  the  required incidence angle f o r  
both cases.  The o r i g i n a l  r o t o r  tended t o  decrease the  to ta l -pressure  
recovery s l i g h t l y  a t  lower Mach numbers and f i xed  e f fec t ive  areas,  while 
the  modified ro to r  tended t o  increase  the  recovery s l i g h t l y .  I n  s p i t e  
of the  change i n  s lope df the  total-pressure-recovery contours, at a 
given i n l e t  Mach number and incidence angle, t he  entrance-region t o t a l -  
pressure  recovery i s  always higher i n  the o r i g i n a l  than i n  the  modified 
cascade. 

Rela t ion of constant-speed r o t o r  operation t o  cascade. - The ro to r -  
i n l e t  r e l a t i v e  Mach number f o r  a given incidence angle was computed with 
the  design r o t o r  speed and guide-vane turning.  The r e l a t i o n  between 
design-speed ro to r  and cascade operat ion is shown i n  f i gu re  11. The 
compromise made i n  t he  modificat ion can be i l l u s t r a t e d  by comparing t he  
ro to r  performance l i n e s -  The o r i g i n a l  r o t o r  would obta in  a very high 
to ta l -pressure  recovery (0.975) provided i t s  entrance condit ions could 
be es tab l i shed ,  Since it was not poss ib le  t o  obta in  the  s m a l l  design 
angle of inc-idence, t he  r o t o r  contract ion r a t i o  was  reduced by t he  de- 
scr ibed modification. I n  so doing, the  entrance-section to ta l -p ressure  
recovery would be reduced a t  t he  design incidence t o  about 0.928. 
However, a t  increased incidence angles the  calcula ted l o s se s  i n  the  i n l e t  
sec t ion  do not increase a s  r ap id ly  f o r  the  modified ro to r  as the  l o s se s  
computed f o r  t he  o r i g i n a l  r o to r .  With e f f ec t i ve  minimum areas  l e s s  than 
0.97, t he  i n l e t  to ta l -pressure  recovery i s  higher f o r  the  modified r o t o r  
than f o r  the  o r i g i n a l  r o t o r ,  , 
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The wximum and minimum weight-flow data  po in t s  f o r  t h 6  two ro to r  
configurations a r e  shown i n  f i g u r e  11. The maxlmum weight-flow point  
represents  t h e  c lo se s t  approach t o  the  design entrance flow. The mod- 
i f i c a t i o n  t o  the  ro to r  r e su l t ed  i n  a reduction i n  incidence angle from 
6.65' t o  3.3'. The e f f ec t i ve  minimum a rea  f o r  both configurations w a s  
low and approximately the  same (o r i g ina l  0.89, modified 0.90) . These 
maximum weight-flow po in t s  a r e  obtained i n  the  region where t h e  t o t a l -  
pressure  recovery f o r  the  modified ro to r  would be higher than t h a t  ob- 
ta ined f o r  the  o r i g i n a l  r o t o r  ( o r i g ina l  0.86, modified 0.91). This i s  
subs tan t ia ted  by the  s l i g h t l y  higher performance l e v e l  of the  modified 
compressor r o t o r .  

Flow separat ion e f f ec t s .  - The e f fec t ive  minimum areas  obtained i n  
t h i s  inves t iga t ion  ind ica te  a r ea  def ic iencies  greater  than those ex- 
pected from normal boundary-layer build-up. 1t can be assumed t ha t  sep- 
a r a t ed  flow regions e x i s t  near the  minimum-area sect ion.  With the  flow 
assumed t o  fol low the  blade surface  near t he  leading edge, the  gradients  
near t h e  suct ion surface  of t h e  blade were computed and a r e  shown i n  
f i gu re  12. For the  o r i g ina l  r o to r  configuration a gradual reduction i n  
Mach number occurs. For the  est imated bow-wave pos i t ion  ( fo r  the  maxi- 
mum weight-flow operat ional  point  at maximum pressure  r a t i o ) ,  the  ind i -  
ca ted suction-surface Mach number i s  about 1.23. This Mach number i s  
lower than' those usually associa ted with boundary-layer shock separations 
f o r  turbulent  boundary l ayers .  The modified compressor r o t o r  near i t s  
operation point  r e s u l t s  i n  a higher Mach number at  the  bow wave, which 
i s  above the Mach number associa ted with boundary-layer separat ion.  This 
boundary-layer separation assoc ia ted  with the  bow wave may be the  cause 
fo r  the low e f f ec t i ve  a rea  f o r  the  modified compressor r o to r .  

It w a s  indicated t h a t  f o r  the  o r ig ina l  r o to r  the flow probably d id  
not separate  a t  t he  bow wave. However, t he  l a rge  amounb of ex te rna l  com- 
press ion i n  the  o r i g ina l  compressor r o to r  resu l t ed  i n  a very rapid  change 
i n  blade suction-surface d i rec t ion  at the  minimum-area pos i t ion .  Thus, 
the  low e f f ec t i ve  a rea  obtained f o r  the  o r i g i n a l  r o to r  may be due t o  flow 
separat ion a t  the  minimum-area sec t ion  because of the  r a p i d  change i n  
blade surface  d i rec t ion .  

The preceding considerat ions r e su l t ed  by assuming t h a t  the  flow 
followed the  suct ion surface  of the  blade near t he  leading edge. Similar  
t o  the e f f e c t s  observed i n  spike-type d i f fuse rs  of the  double-cone va r i e t y  
( r e f .  l o ) ,  the  flow may separate  from the  suction surface  ahead of the  
compress io~~wave system, thus causing t he  compression waves t o  f a l l  ahead 
of the  passage entrance and t o  r e s u l t  i n  an increase i n  incidence angle.  
The magnitude of t h i s  e f f e c t  can not be determined from these data,  a l -  
though by considering the  blade shape the e f f e c t  may be more pronounced 
i n  the  o r i g i n a l  compressor r o t o r .  



Estimated Performance of Subsonic Port ion of Rotor Passage 

The measured over-a l l  recovery at the  p i t c h  sect ion i s  tabula ted 
i n  f i gu re  11. Since t h i s  f i gu re  ind ica tes  the  computed recovery over 
the  r o t o r  i n l e t  sect ion,  i t  i s  poss ib le  t o  est imate t he  recoveries i n  
the subsonic d i f fuses  sect ion.  A comparison w i l l  be made a t  the audible 
s t a l l  point  f o r  each r o t o r ,  The o r i g i n a l  r o to r  obtained a measured over- 
a l l  recovery of 0.81 a t  t h i s  point ,  at an incidence angle of about 8.2', 
f o r  which the  computed i n l e t - s ec t i on  recovery was about 0.835. Thus, 
the  subsonic d i f fuse r  sec t ion  of the  ro to r  must be operating with a t o t a l -  
pressure  recovery of 0.97. These values a r e  t o  be compared with the  
modified ro to r  where a measured over-a l l  recovery of 0.82 was obtained 
at an incidence angle of about 4.5'. The c o q u t e d  in le t - sec t ion  t o t a l -  
pressure  recovery was about 0.89 and t he  recovery i n  t he  di f fus ion sect ion 
was about 0.92. Thus, at the peak to ta l -pressure-ra t io  point ,  modifica- 
t ion  t o  the  ro to r  has r e su l t ed  i n  a decrease i n  the  performance of the  
subsonic d i f fuse r  sec t ion  of the  r o t o r  passage. This r e s u l t  might be  
expected s ince ,  a s  indicated i n  t h e  previous discussion, t h e  boundary- 
l ayer  build-up o r  flow separation was increased by the  modification t o  
the  r o t o r .  A t  the point  where each ro to r  approaches neares t  the  design 
point  ( ~ o i n t s  A and B, f i g .  7) ,  a similar computatior, ind ica tes  t h a t  the  
subsonic sec t ion  recovery was about 0.90 and 0.87 f o r  the  o r i g i n a l  and 
modified configurations,  respect ively .  

CONCLUDING REMARKS 

The analys is  of t h t s  inves t iga t ion  indicated that nei ther  the  o r ig -  
i n a l  nor the  modified compressor r o t o r  u t i l i z ed  the  minimum-area por t ion  
of the  ro to r  passage e f fec t ive ly .  I n  the  case of the  o r i g i n a l  r o t o r  
t h i s  may be the  e f f e c t  of the  rap id  change i n  d i rec t ion  of t he  blade suc- 
t i o n  surface at the minimum section.  The modification t o  the  ro to r  con- 
s iderably  reduced the  change i n  d i rec t ion  required a t  the  minimum sec- 
t ion;  however, i t  r e su l t ed  i n  an increase i n  the  Mach numbe~ at which 
the  normal shock encountered the suction-surface boundary l ayer .  Appar- 
en t l y  both  condit ions r e su l t ed  i n  extensive flow separation, wlth t he  
o r i g i n a l  configuration u t i l i z i n g  t he  minimum area  s l i g h t l y  more e f fec t ive -  
l y .  Thus, t h i s  type of modification t o  improve the  entrance condit ions 
has not r e su l t ed  i n  an appreciable improvement i n  performance. It might 
be expected t ha t  the  be s t  compromise Setween these  con f l i c t i ng  conditions 
would r e s u l t  i n  only a s m a l l  improvement i n  r o to r  performance, 

The data  have indicated t ha t ,  as applied t o  the  r o t o r s  of t h i s  in -  
ves t igat ion,  the  p r i nc ip l e  of ex te rna l  compression could probably not be 
improved t o  any l a rge  extent  by blade modifications of the  type used. 
I f  the  f low separat ion i s  assumed t o  take  place mainly on the  blade suc- 
t i o n  surface,  the  d e s i r a b i l i t y  of reducing the  number of blades might be 
considered. For example, t he  bes t  improvement t h a t  might be considered 
by reducing the  number of blades by hal f  would be  t ha t  the  deficiency 
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i n  minimum area  might be decreased by ha l f .  This would be accompanied 
by an increase  i n  in le t - sec t ion  to ta l -pressure  recovery. Of course, 
t h e  three-dimensional e f f e c t s  were not considered i n  ch i s  case and the  
blade chord would of necess i ty  be longer.  

The preceding discussion has indicated the '  d i f f i c u l t  problem of 
improving the  performance of the  external-compression-type cotnpressor 
r o to r .  (on a two-dimensional bas i s ,  a bas ic  d i f f i c u l t y  e x i s t s  i n  the  
idea  of ex te rna l  compression i n  t h a t  the compression of the  stream i n  
the  passage entrance region must be accomplished by turning the  flow i n  
t he  d i rec t ion  opposite t o  r o t o r  r o t a t i on .  This i s  opposite t o  the  d i -  
r e c t i o n  of adding energy t o  t h e  z lu id  and r e s u l t s  i n  the  l a r g e  change i n  
d i rec t ion  of t he  blade suct ion surface  a t  the  minimum passage sec t ion ,  ) 
The e f f e c t  of ex te rna l  compression i s  t o  decrease the streamline a r ea  
i n  the  blade i n l e t  region by a s e r i e s  of compression waves, thus e f -  
f e c t i ng  a reduction i n  flow Mach number a t  the  passage-inlet  c losure  
l i n e .  The same e f f e c t  on Mach number could be obtained by a r a d i a l  r e -  
duction i n  streamline area;  t h i s  would apparently achieve the  des i red 
r e s u l t s  without turniag the  f low counter t o  the  d i r ec t i on  of r o t a t i o n  
and without the  accompanying undesirable fea tu res .  Although no quant i ta-  
t i v e  statements can be made, i t  appears t h a t  t h i s  external-compression 
design on a three-dimensional ba s i s  may be more des i rab le  than the  two- 
dimensional design considered i n  t h i s  invest igat ion.  

SUMMARY OF RESULTS 

The r e s u l t s  of t h i s  inves t iga t ion  of two configurations of ex te rna l  
compression appl ied  t o  a 16-inch supersonic-compressor r o t o r  can be 
summarized a s  follows: 

1. With design ex te rna l  compression t o  a Mach number of 1.0,  the  
compressor r o to r  w a s  not ab le  t o  achieve t he  design entrance condit ions.  
The reason f o r  t h i s  angle of incidence of 6.6' t o  8.2' a t  the  ro to r  
p i t c h  sec t ion  a t  design speed could not be ascer ta ined from the  experi-  
mental data.  

2. The modificat ion <o t he  ro to r  blades which reduced the  ex te rna l  
compression and decreased t he  design contract ion r a t i o  was made t o  com- 
promise the  design performance i n  order t o  improve the  entrance condi.: 
t i on s .  This r e su l t ed  i n  an increase  i n  peak to ta l -pressure  r a t i o  from 
2.20 t o  2.27 and a corresponding increase i n  adiabat ic  e f f i c iency  from 
0.72 t o  0.76, accompanied by an increase i n  equivalent weight flow from 
21.4 t o  23.2 pounds per second and a decrease i n  devia t ion from design 
i n l e t  r e l a t i v e  angle from 6.6' t o  3.3O. The modified external-compression 
ro to r  more near ly  achieved t he  design i n l e t  r e l a t i v e  flow angle. 
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3, The analysis  indicated t h a t  neither the  o r ig ina l  nor the modified 
ro tor  u t i l i z e d  the minimum-area sect ion effect ively,  indicat ing the pres- 
ence of extensive boundary-layer build-up or flow separation. 

4. The invest igat ion indicated t h a t  t h i s  type of modification might 
be expected t o  r e s u l t  i n  only a l imi ted  improvement i n  performance. 
This type of modification increases the Mach number a t  which a normal- 
shock - boundary-layer , in teract ion occurs and thus reduces the advantage 
of external  compression. 

5. The analysis  indicates  t ha t  a t  l e a s t  p a r t  of the reason f o r  
f a i l u r e  t o  e s t ab l i sh  the entrance conditions is probably the lack of 
knowledge of the losses  accompanying the boundary-layer build-up and 
flow separation in the  entrance and minimum-area sections of the compres- 
sor ro tor  passage during of f  -design operation. 

Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Ju ly  27, 1954 
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APPENDIX A 

SYMBOLS 

following symbols are used i n  t h i s  repor t :  

area ,  s q  f t  

c r i t i c a l  a rea  r a t i o  

contract ion r a t i o ,  i n l e t  area/ throat  area,  (design) 

d is tance  from blade leading edge along chord, i n .  

d is tance  from blade'chord t o  upper surface,  i n .  

incidence angle, deg 

dis tance  from blade chord t o  lower surface,  i n .  

Mach number 

Mach number r e l a t i v e  t o  r o to r  

r o to r  speed on b a s i s  of Mach number 

number of r o to r  blades 

t o t a l  pressure,  i n .  Hg 

t o t a l  pressure  r e l a t i v e  t o  r o to r  

s t a t i c  pressure 

rad ius ,  f t  

s por t ion of passage sp i l l ed  (s tagnat ion streamline displacement 
f o r  an i n f i n i t e  cascade), ~ ~ / ( 2 n r / n ) c o s  Be 

t blade thickness,  i n .  

U r o to r  speed, f t / s ec  

v flow veloci ty ,  f t / s e c  

~ , / 8 / 6  weight flow a t  s tandard sea- level  entrance condit ions,  lb/sec 

x dis tance  along abscissa  i n  coordinate ax i s  of cascade 



s displacement of stagnation streamline from blade t i p  

Y distance along ordinate  i n  coordinate ax i s  of cascade 

P angle of air flow measured by instruments from r i g  axis ,  deg 

P '  angle of air flow r e l a t i v e  t o  blade measured from r i g  ax i s ,  
deg 

6 angle of blade suct ion surface from coordinate ax i s  i n  cas- 
cade, deg 

a blade leading-edge wedge angle, deg 

'ad 
adiabat ic  e f f i c iency  

0 angle of in f in i t es imal  Mach wave measured from coordinate 
ax i s  of cascade, deg 

8 compression wave angle, deg 

Y Prandtl-Meyer angle, deg 

P density,  lb/cu f t  

9 maximum change i n  blade angle at ramp section,  deg 

Subscripts:  

a condit ions ahead of cascade blade 

b e f f ec t i ve  conditions immediately behind bow wave 

c conditions a t  blade minimum sec t ion  

e conditions between blade leading edge and blade ramp of cas- 
cade 

i inc idenc e 

n point  along blade ramp of cascade 

u t angent ia l  component of r o to r  

z a x i a l  component 

0 upstream stagnation condit ion i n  depression tank 

1 instrument survey s t a t i o n  1 between guide vanes and ro tor  
( f i g .  5) 
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instrument survey st'ation 2 immediately behind rotor (fig. 5) 

instrument survey station 3 downstream of rotor (fig. 5) 
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APPENDIX B 

COMPUTATION OF APPROXIMATE LOSSES AT ROTOR 'E;NTRAMCE SECTION 

Considerable d i f f i c u l t y  has been encountered i n  es tab l i sh ing  t h e  
des i red  entrance condit ions t o  the  external-compression supersonic- 
compressor r o t o r s .  Reference 6 d e a l t  with these  problems and indicated  
t h a t  t h e o r e t i c a l l y ,  f o r  t h e  supersonic cascade being considered, the  
des i red  entrance condit ions could be  es tabl ished.  Methods s imi la r  t o  
those of t h e  reference  w i l l  be appl ied  t o  the  o r i g i n a l  and modified 
compressor r o t o r s  used i n  t h i s  inves t igat ion.  

A cascade of blades opera t ing at  supersonic v e l o c i t i e s  and with- 
out  back pressure  o r  choking f i x e s  t h e  upstream flow d i r e c t i o n  p a r a l l e l  
t o  the  blade suc t ion  surface  a t  t h e  c losure  l i n e .  The c losure  l i n e  may 
be defined a s  t h e  Mach l i n e  generated on t h e  suct ion surface  and i n t e r -  
sec t ing  t h e  leading edge of t h e  adjacent  blade. (!Chis condit ion has 
been discussed i n  r e f s .  11 and 12) .  Lowering t h e  back pressure  o r  rais- 
ing i t  s l i g h t l y  a s  long a s  i t  does not a f f e c t  the  c losure  l i n e  w i l l  not 
a l t e r  the  upstream condit ions.  If the  back pressure  i s  increased u n t i l  
i t  a f f e c t s  the  flow (by d i f fus ion  t o  subsonic v e l o c i t i e s  or  over the  en- 
t i r e  region) a t  or  ahead of t h e  c losure  l i n e ,  the  i n l e t  flow configura- 
t i o n  ' w i l l  be changed. The r e s u l t  w i l l  be an increased f low angle i n t o  
the  cascade. I n  order t h a t  t h e  f low may en te r  a t  t h i s  increased angle, 
expansion waves must pass upstream of t h e  cascade and they must be ac- 
companied by a bow wave t o  support them i n  t h e  s teady s t a t e  (see f i g .  13).  
This off-design entrance configurat ion,  supported by the  app l i ca t ion  of 
back pressure  on the  cascade, determines t h e  magnitude of t h e  losses  
encountered. I n  view of these  losses ,  the  minimum flow a r e a  may not be  
s u f f i c i e n t  t o  pass  the  m a s s  flow. I n  t h i s  case t h e  s t r eng th  of t h e  bow 
wave must be increased t o  support f u r t h e r  adjustment of t h e  upstream 
flow. On t h e  o ther  hand, i f  t h e  l o s s e s  a r e  such t h a t  t h e  minimum-area 
s e c t i o n  can pass  t h e  mass flow a t  a Mach number of  1 . 0  o r  l e s s ,  the  o f f -  
design conf igura t ion described can e x i s t  as a somewhat s t a b l e  opera t ing 
condit ion.  I n  t h e  case of the  compressor r o t o r ,  i t  must be poss ib le  t o  
obta in  t h e  design entrance condit ions by reducing the  back pressure .  
This can be done only a s  long as the  Mach number at t h e  minimum sec t ion  
is  l e s s  than 1.0.  To determine t h e  off-design c h a r a c t e r i s t i c s  and the  
flow condit ions at t h e  minimum-area sect ion,  a knowledge of t h e  entrance- 
sec t ion  to ta l -p ressure  recovery i s  necessary. I n  t h e  following discus-  
s ion,  t h e s e  losses  a r e  approximated. 

Me tho ds 

The assumed flow configurat ions f o r  t h i s  off-design 02era t ion of 
a cascade of blades i s  shown i n  f i g u r e  13. I n  t h i s  case the  flow is 
assumed r e s t r i c t e d  by t h e  t h r o a t  area ,  which caused t h e  bow wave a t  t h e  
passage entrance (designated d-f i n  f i g .  13). After  passing through t h e  
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bow wave, the  flow i s  turned t o  the  suct ion surface of the  blade by a 
s e r i e s  of expansion waves (o r ig ina t ing  a t  a ) .  The flow between t he  
blade suct ion surface  and t h e  stagnation streamline must pass through a 
s e r i e s  of compression waves (region b-d-e) and a normal shock near t he  
passage entrance (e-d).  The normal shock i s  considered as an extension 
of the  bow wave t o  the  blade suct ion surface .  The bow wave (d-f)  and 
the  normal shock extension (e-d) a r e  the  two sources of  l o s s  t h a t  a r e  
t o  be considered. The l o s s e s  i n  t he  bow wave have been invest igated i n  
references 12 and 13. Suf f ic ien t  equations a r e  ava i l ab le  t o  determine 
by a r e i t e r a t i o n  process values f o r  the  angle of incidence, t he  displace- 
ment of t he  s tagnat ion streamline (or sp i l l age ) ,  to ta l -pressure  recovery, 
and the  e f f ec t i ve  Mach number behind the  bow wave a t  a given upstream 
Mach number. To determine the  to ta l -pressure  recovery over t he  normal 
shock, it  is necessary t o  determine t he  var ia t ion  of Mach number ahead 
of the  normal shock. After  t he  va r ia t ion  i n  Mach number is  determined, 
increment l o s se s  a r e  summed over t he  passage entrance. The t o t a l -  
pressure recoveries i n  the bow wave and t he  normal-shock extension are 
combined such t h a t  the  normal shock and t he  bow wave a r e  spaced t he  
same dis tance  from the  blade leading edge. The following discussion 
deals  with the  d e t a i l s  and r e s u l t s  of t h i s  computation. 

Bow-Wave Tot &-Pressure Recoveries 

The to ta l -pressure  recovery of the  assumed bow wave is r e l a t e d  t o  
the  magnitude of the  sp i l l age  s and t o  the  upstream flow d i r ec t i on  by 
t he  following two equations derived from the  requirement f o r  continuity:  

a C O s  Pe cos $ 
( ~ 1 )  

n 
V 
I 

(eq. ( ~ 2 ) ~  r e f .  6) . Equation (Bl) can be solved f o r  s , which 
2m - cos pe 
n 

was defined a s  t he  sp i l l age  s, s ince  (ACr/A),, cos pa, and cos Be a r e  
known from the  geometry and t h e  s e t  upstream conditions, (ACr/~), can 

be  computed from the  required expansion from pa t o  per and P~/P,  is 

i n i t i a l l y  assumed equal t o  1,0. The to ta l -pressure  l o s s  pb/pa across  

the  bow-wave configuration i s  determined from the  sp i l l age  and Mach 
number M, according t o  t h e  equation (eq* (3), r e f .  12) : 
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m e  term - d is  a funct ion of the  Mach number M, only 

(M, = MI of r e f .  1 2 )  and has been evaluated over the  des i red range 
of Mach numb& ( r e f .  12 ) .  Since s was calcula ted from equation ( ~ 1 1 ,  
pb/pa can be obtained from equation ( ~ 2 ) .  The computation procedure 

can then be repreated using the  recovery f o r  the  bow wave. The e f f e c t  
of the  recovery through the  bow wave i s  considered by assuming t h a t d h e  
e f f ec t i ve  Mach number behind t he  bow wave can be  obtained from the  r a t i o  
(A,,/A)~ a s  given i n  t he  following equation: 

The b condit ions a r e  considered as t he  e f f ec t i ve  ~ o n d i t i o n s  behind t he  
bow wave, and i sen t rop ic  expansion from pb t o  pe is  used t o  determine 
t he  flow condit ions a t  e .  

This  computational procedure may be  repeated u n t i l  t h e  value of 
sp i l l age ,  to ta l -pressure  recovery, and Mach number on t h e  suct ion sur- 
face  a r e  a l l  s a t i s f i e d  i n  the  equation used. This computation was 
ca r r i ed  out  f o r  a range of suction-surface incidence angle andMach 
number . 

An example of these  computations is shown i n  f i gu re  1 4  where the  
to ta l -pressure  recovery, sp i l l age ,  and suction-surface Mach number 
a r e  p l o t t e d  agains t  suction-surface incidence angle i ( i  = pa - pel 
fo r  an i n l e t  Mach number of 1.5 and a design entrance flow angle of 
pe = 63.35'. The to ta l -pressure  recovery i s  1 .OO at the  design flow 
angle ( i  = 0)  and f a l l s  o f f  very r ap id ly  as the  suction-surface incidence 
angle increases  (being about 0.923 at i z 6 .oO) . The sp i l l age  s var ies  
from 0 t o  0.125 over the  previously considered range ( i  = O0 t o  6 .oO) . 
The Mach number on the  suct ion surface  of t he  blade increases  from 1.5 
t o  about 1,552 at an incidence angle of about 4,65'. A t  t h i s  point ,  
however, the  l o s se s  i n  the  bow wave become l a r g e  enough t o  o f f s e t  the  
e f fec t  of the  expansion, and the  suction-surface Mach number no longer 
increases.  This po in t  may represent  t h e  l i m i t  of r e l i a b i l i t y  of t he  
assumptions made i n  t h i s  computation, 

Total-Pressure Recovery Over Normal Shock Near Passage Entrance 

Besides the  to ta l -pressure  recovery i n  the  bow wave, the  l o s se s  i n  
the  assumed normal shock near the  passage entrance sec t ion  must be de- 
termined, This normal shock w i l l  be considered as an extension of t he  
bow wave as indicated i n  f i gu re  13. With the  type of blade (compression 
ahead of the  passage c losure)  used i n  t h i s  invest igat ion,  t he  Mach 
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number along t h i s  normal shock wave var ies  from t h e  suction-surface Mach 
number Ma t o  some r a the r  low value. To approximate t h e  losses  over 
t h i s  normal shock, t he  d i s t r i bu t i on  of Mach number i n  t h i s  region w i l l  
be  determined. 

To map t h e  Mach number d i s t r i b u t i o n  i n  t he  entrance region,  a 
coordinate system was es tab l i shed  wi th  t h e  x-axis coincident with t h e  
suct ion surface  of the  blades ,  From the  blade coordinates a curve of 
blade thickness could then be p l o t t e d  above the  coordinate a x i s  t 
and t he  s lope of the  suct ion surface  6 r e l a t i v e  t o  t h e  coordinate ax i s .  
Increments of the  blade surface  s lope were then se lec ted  (1.0' i n  t h i s  
case) at which the  compression wave angle 8 could be determined fo r  
the  Mach number at the  given point .  The Mach number can be  determined 
and i s  constant  along t h i s  wave f ron t ,  which has an absolute  slope 
O n  = (en + 6n-1) a t  the  given i n t e rva l s .  The equation f o r  these  com- 

press ion waves then can be  expressed a s  

This equation can then be solved f o r  x at the  des i red values of y. 
This process w a s  c a r r i ed  out  f o r  jncrements of blade s lope 6 and f o r  
y, and the  Mach number d i s t r i bu t i on  w i t h  a suction-surface Mach number 
M, of 1.5 i s  shown f o r  t he  o r i g i n a l  r o t o r  blades used i n  t h i s  invest iga-  
t i o n  i n  f igure  15. The change i n  Mach number near t h e  compression ramp 
(y  = 0 .1  i n . )  i s  very gradual from the  upstream Mach number M, t o  the  
Mach number a f t e r  the  compression ramp ( i n  t h i s  case, M, i s  decreased 
t o  near 1.0) . However, t he  change i n  Mach number i s  very r ap id  near 
the next blade ( i  .e . , y = 0 - 6  in . )  . The f a c t  t h a t  these  curves become 
v e r t i c a l  ind ica tes  coalescence of t h e  waves and a r e su l t an t  s trong 
shock. 

The to ta l -pressure  recovery over t h i s  assumed normal shock can then 
be determined at any des i red value of x by summing the  incremental 
to ta l -pressure  recoveries.  It was noted above t ha t  the  Mach number curves 
became v e r t i c a l  a t  some po in t s  and t h a t  t h i s  ind ica tes  coalescence. For 
these  condit ions the  normal-shock recovery was obtained f o r  t he  increased 
Mach number a t  the  point  a t  which coalescence was obtained. 

The to ta l -pressure  recovery i s  p l o t t e d  agains t  d i s tance  f o r  severa l  
values of s p i l l a g e  f o r  the  o r i g i n a l  r o t o r  i n  f i gu re  16 ,  For zero s p i l l -  
age t he  to ta l -p ressure  recovery over t h i s  region var ies  from 0.9915 a t  
x = 1.35 inches t o  about 0.9575 a t  x = 1 .0  inch. As t he  percent  s p i l l -  
age s i s  increased, the  recovery over t h i s  region i s  increased a s  a 
r e s u l t  of removing a por t ion  of the  f i e i d  over which low recovery i s  
obtained. 



Total-Pressure Recovery of Entrance Sect ion and Flow ConditicPns at 

Minimum-Area Section 

Tm contr ibut ing f ac to r s  t o  the  to ta l -pressure  recovery (bow-wave 
recovery and the  extending normal shock near t he  passage entrance) have 
been considered separa te ly  and were computed over the  des i rab le  range of 
condit ions.  It was necessary t o  combine these  two so lu t ions  at  the  
proper condit ions t o  determine t he  cascade performance. The assumptions 
per ta in ing  t o  the  bow wave r e l a t e  the  sp i l l age  value t o  t he  dis tance  the  
bow wave may extend ahead of t he  ro to r  blades and a r e  given on f igure  3 
of reference 13. It was assumed t h a t  the  bow-wave so lu t i on  then loca ted  
the  normal shock and t h a t  the  coalescence was not appreciably a f f ec t i ng  
the  l oca t i on  of t he  shock system. Thus, by picking an i n l e t  f low eondi- 
t i o n  and determining the  l o s s  i n  the  normal shock near t h e  entrance sec- 
t i o n  f o r  the  Mach number on the  suct ion surface  of t he  blade and the  
shock l oca t i on  indicated,  the  to ta l -pressure  recovery over t h e  normal 
shock was computed and combined with the  bow-wave to ta l -pressure  r e -  
covery t o  obta in  t h e  to ta l -pressure  recovery over t h e  entrance region of 
the cascaae. With t h i s  to ta l -pressure  recovery, the  flow condit ions at 
the  minimum-area sec t ion  of the  r o t o r  can be determined by t he  following 
equation (eq. ( ~ 3 )  of r e f .  6) : 

From this equation, (A,,/A), can be determined. I f  the  ca lcu la ted  value 

of ( A ~ ~ / A ) ~  i s  g rea te r  than 1.0, the  l o s se s  a r e  such t h a t  the  f low can- 
not pass  through t he  minimum sect ion,  and, consequently, t h e  assumed 
upstream condit ions could not be es tabl ished.  On the  other  hand, if 

( A C r / A c  i s  l e s s  than 1.0, two i n t e rp r e t a t i ons  a r e  poss ible :  (1) i t  
can be assumed t h a t  the  t o t a l  minimum a rea  is  e f fec t ive ,  and thus 
( A ~ / A )  can be used t o  determine the  minimum sec t ion  Mach number. 
(2)  It might be  assumed t h a t  t he  minimum-area sec t ion  is not being 
u t i l i z e d  completely because of boundary-layer build-up o r  f l o v  separa- 
t i o n  and t h a t  the  flow Mach number a t  the  minimum sec t ion  i s  very near ly  
1.0. Then t he  term (A,~/A), can be  considered as the  f r a c t i o n  of the  

minimum area  t h a t  is e f f ec t i ve .  True condit ions undoubtedly l i e  some- 
where between these  two cases, but  f o r  the  purpose of t h i s  ana lys i s  the  
l a t t e r  case seems t o  be  t h e  b e t t e r  assumption, 
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Figure 1. - Application of spiked-diffuser principle t o  cascade of blades. 
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Figure 2. - Design veloci ty djlagrams f o r  16-inch externa l -cmress ion  cam- 
pressor rotor .  

Ml 

u 
M; 
@1 

@; 

M2 

Mz, 2 

@2 

Original 

WP 

0.732 

0,730 
1600 f t / sec  

1.71 

3'0 ' 
64O4 2 ' 
0.830 

0.497 

0.242 

73O3 ' 
60'54 ' 

Modified 

n~ 
0.661 

0.659 
1600 f t / sec  

1.67 

3O0 

66'27 ' 
0 627 

0.500 

0,243 

72'52 " 
60054 

Pi tch 
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0.719 
1400 f t / sec  

1.64 

12930 ' 
64OO ' 
0.693 

0.522 

0.264 

67'38 ' 
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Root 

0.752 

0.676 
1200 f t / sec  

1.61 

26'0 ' 
65O9 ' 
0.597 

0.472 

0,252 

65*2 ' 
57O46 ' 

Pitch 

0.656 

0.646 
1400 f t / sec  

1.56 

10~11~ 

65'33 

0.691 

0.539 

0,278 

66'46 

5g041 ' 

Root 

0.680 

0.621 
1200 f t / s ec  

1.52 

. 24O0 

65O5 7 " 
0.582 

0.505 

0.269 

62'28 

57O46' 



(a) Original configuration. 

Figure 3. - Sketch of design flow configuration and blade coordinates for 16-inch 
external-compression supersonic-compressor rotor at pitch section. 



(b) Modified configuration. 

Figure 3. - Concluded. Sketch of design flow configuration and blade coordinates for 
16-inch external-compression supersonic-caugressor rotor at pitch section. 



- 
Figure 4, - 16-Inch supersonic-compressor rotor with external compression. 



Station 0 

Air f 

Figure 5. - Schematic diagram of 16-inch supersonic compressor rotor with external compression installed 
in variable-component test rig, showing instrument stations and guide vanes. 
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Figure 6. - Pressure and temperature instruments. 
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Equivalent weight flow, v, lb/sec 

(a) Original configuration. 

Figure 7. - Performance characteristics of 16-inch shock-in-rotor 
t m  supersonic-compressor rotor camponent with external cam- 
pression. 
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wire Equivalent weight flow, -, lb/sec 

(b) Modified entrance section. 

Figure 7 .  - Concluded. Performance characteristics of 16-inch shock-in-rotor 
type supersonic-compressor rotor component with external compression. 



(a) OP-rginal  rotor. (b) Modified rotor. 

Figure 8, - M e t  conditions for original and modified external-compression rotors at design 
speed and maximum pressure ratio at maximum weight flow (points A and B of fig. 7). 
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(a) Original rotor. (b) Modified rotor  

Figure 9. - Performance of 16-inch external-campression rotor a t  design speed and 
maximum pressure r a t i o  a t  maximum weight flow (points A and B of f i g .  7 ) .  
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( a )  Original  r o t o r .  (b) Modified r o t o r .  

Figure 10. - Rela t ive  o u t l e t  condit ions f o r  o r i g i n a l  and modified external-compression 
r o t o r s  a t  design speed and maximum pressure  r a t i o  a t  maximum weight flow ( p o i n t s  A 
and B of f i g .  7 ) .  



~uction-surface incidence angle, i, deg 

(a) Original rotor. 

Figure 11. - Calculated inlet performance for original and modified 16-inch external-compressl 

\ 

0 1 2 3 4 5 
Suction-surface incidence angle, i, deg 

(b) Modified rotor. 

.on supersonic-compressor rotor cascades at pitch section. 
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Distance from blade leading edge, x, in. 

Figure 12. - Mach number gradient near suction surface of original and modified external- 
compression supersonic-compressor rotor with inlet conditions at maximum pressure ratio 
at maximum weight-flow points (points A and B of fig. 7). 



e-d Normal shock at 
passage entrance 

d-f Bow wave 

Ya 
Spillage 

Figure 13. - Sketch of orr-design performance configuration ss used far ccrputation of entrance section loases for 
originsl 16-inch external-campression superrsonic-ca~tpreeeor rotor. 
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Suction-surface incidence angle, i, deg 
I 

Figure 14. - Computed conditions for bow wave over range of suction- 
surface incidence angle for original 16-inch external-compression 
supersonic-compressor rotor. Enlet Mach number, 1.5; design 
entrance flow w l e ,  63.35'. 



Distance fram blade leading edge, x, in. 

F f l.5, - Mach number distributfon near entrance section of original rotor blade profile, 
Suction-smface Mach number, 1.5. 
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Distance from blade leading edge, x, in. 

Figure 16. - Variation in calculated normal-shock 
total-pressure recovery at entrance section of 
16-inch external-ccrmpression supersonic-compressor 
rotor. Suction-surface Mach number, 1.5. 






