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B N I O N A L  ADVISORY C O I N l ' E B E  FOR AERONAUTICS 

PRE-ARY AKALYSIS O F  AXIAL-FLOW COMPRESSORS 

H A r n G  SrJPERSONIC VELOCDY AT THF, 

EaTRANCE O F  m S P N O R  

By Antonio F e r r i  

A supersonic compressor design having supersonic velocity a t  the  
entrance of the s t a to r  is analyzed on the assumption of two-dimensional 
flow. The ro tor  and s t a t o r  losses assumed in the  analysis are  based oil 
the  r e su l t s  of preliminary supersonic cascade t e s t s .  The r e su l t s  of 
the aaalysis show tha t  compression r a t i o s  per stage of 6 t o  10 can be 
obtained Fjith adiabstic efficiency between 70 and 80 percent. 

Consideration is a lso  given i n  the analysis t o  the s tar t ing,  
s t ab i l i t y ,  and range of e f f i c i en t  performance of t h i s  type of compressor. 
The des i rab i l i ty  of employing variable-geometry s t a to r s  and adjustable 
i n l e t  guide vanes is indicated. Although e i the r  supersonic or  subsonic 
ax ia l  coqonent 'of velocity a t  the  s t a t o r  entrance can be used, the  
cascade t e s t  r e su l t s  suggest t h a t  higher pressure recovery can be 
obtained i f .  the axial component is supersonic. 

INTROrnCT I O N  

A c~eta i led  discussion of a supersonic axial-flow compressor design 
i n  which deceleration of the flow froin supersonic t o  subsonic velocity 
occurred in the ro to r  was presented by A.  Kantrowitz i n  reference 1. 
This paper also included a brief discussion of a type of supersonic 
compressor i n  which the deceleration of the flow from supersonic t o  
subsonic velocity occurred i n  the s ta tor ,  and Vne poss ib i l i ty  of 
obtaining high compression r a t i o  per stage with t h i s  type of compressor 
-was realized. However, t h i s  type was not investigated in d e t a i l  because 
of lack of information pertaining t o  the problem of supersonic turning 
and diffusioli and of interference ef fec ts .  An analysis of the velocity 
diagram of such a compressor was presented in reference 2; however, the 
analysis was not extended t o  ranges of compression r a t i o  considered i n  
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the present analysis, and no attempt was made t o  solve any of the 
design pro3 lems . 

Recent preliminary supersonic t e s t s  of two-dimensional diffusers  
and turning passages have indicated tha t  the  basic flow problems of 
compressor design u t i l i z i n g  supersonic flow a t  the sta-tor entrance can 
be solved. Wormation bearing on the  problem of e f f ic ien t  diffusion 
i n  the s t a to r  with i n l e t  Mach numbers i n  the  range of 2 t o  3 is con- 
tained i n  reference 3. Three-dimensions1 diffusers  are  shown i n  re fer -  
ence 3 t o  be capable of a pressure-recovery r a t i o  of 0.75 a t  M = 2.50 
f o r  aerodynmic designs i n  which the  compression of the a i r  entering 
the diffuser  in l e t  does nok in te r fe re  with the  external flow. Ln these 
diffusers  the s t a r t i n g  l imitations were eliminated by use of external 
compression during s ta r t ing .  Because external compression cannot be 
used i n  the s t a t o r  of a compressor, a variable-geometry s t a to r  is 
necessary i f  pressure recovery values as high a s  those achieved i n  the  
three-dimensional i n l e t  diffusers  of reference 3 are  t o  be obtained. 
Recent unpublished preliminary t e s t s  of a two -dimensional variable - 
geom~try diffuser  model representing a s t a to r  passage indicated a 
pressure-recovery r a t i o  of 0.74 a t  M .= 2.51, a value which is  about 
equal t o  tha t  obtained i n  the three-dimensional case. The problem 3f 
turning the a i r  e f f ic ien t ly  through large angles in the rotor  is 
discussed i n  reference 4 which shows t h a t  a pressure-recovery r a t i o  of 
about 0.95 is obtainable i n  a 90' tu rn  a t  M = 1.71. 

The pur2ose of t h i s  paper is t o  analyze the  performance and t o  
discuss the blade design problems of Yne scipersonic s t a to r  type of 
compressor i n  the  l i g h t  of the information now available regarding 
the performance of supersonic t m i n g  passages and supersonic diffusers .  
The analysis and the experimental work both involve, f o r  the most part, 
only two-dimnsional flow and, therefore, a re  preliminsry i n  character. 
N o  attempt has been made as  yet t o  solve the  three-dimensional flow 
problems. For example, the presence of large centrifugal forces could 
appreciably modify the r e s u l t s  predicted by the present analysis. 

8 turning angle i n  ro tor  

P turning angle i n  entrance vanes ( f ig .  1 )  

M1 Mach number i n  f ront  of ro to r  

1% ro ta t iona l  Mach number a t  entrance of r o t c r  
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M2 ' rotational Mach number at exit of rotor 

M3 relative Mach number at entrance of rotor 

M4 relative Mach number at exit of rotor 

Ms absolute Mach number at exit of rotor and at entrance of 
stator 

% axial k c h  number' at entrance of stator 

M7 Mach number at exit of stator (less than 1) 

P.R. comDression ratio for stage 

11 adiabatic efficiency 

M' increase in stagnation temperature across compressor 

To stagnation.temperature in front of entrance vanes 

'on 
stagnation pressure at Mach number M, where n represents 

Lil conditions from 1 to 7 indicated in figure 1 

'. C~ 
specific heat at constant pressure 

L 

' R  gas coilstant 

6 deviation of velocity arection at exit of rotor 

ANALYSIS OF VELOCITY DIPI=RAM 

Consider a compressor design in which the tangential speed of the 
rotor is supersonic and the entrance velocity in the stator is also 
supersonic (fig . 1) . Two different types of such compressors can be 
designed to correspond to two different types of velocity diagram: 
a velocity diagram in which the velocity relative to the rotor is 
supersonic at the rotor exit (Q > l), and a velocity diagram in which 
this velocity is subsonic with respect to the rotor (M~ < 1) but still 

supersonic with respect to the stator (% > 1). Both types of 
compressors present good possibiliities for practical applications and 
present similar problems of aerodynamic design. 
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These compressor types consist  of the following three parts  
( f ig .  1 ) :  

(1) Entrance vanes which change the  direct ion of the flow through 
an angle (posi t ive when the  a i r  is turned against the d i r e c t i m  of 
ro ta t ion  of the ro to r ) .  

(2) Rotor blades which2urrn the  flow through a large angle. The 
stream Mach num3er entering the ro tor  is  M 1  and the ro ta t iona l  Mach 
number of the  ro tor  is larger  -.- .. than 1.00;' therefore, the entrance 
r e l a t ive  Mach num3er M3 i s  larger  t'nan 1.00. The flow velocity i n  
the  ro tor  changes direction and magnitude, but remains sdpersonic i n  
the  f i r s t  type ccnsidered; whereas, it becomes subsonic i n  the second 
type. The absolute velocity leavicy; t h e  ro tor  is supersonic f o r  both 
t,ypes. 

(3) S ta tor  blades which a c t  as  supersonic diffusers  in which the a h  
enters  a t  the Mach number M5 corresponding -to the absolute e x i t  Mach 
nmber Prom the ro tor .  The speed of tne a i r  is  reduced t o  a subaonic 
value and then turned i n  the ax ia l  direction. 

Important variables i n  t h i s  design are  the entrance Mach number M1, 
the  angle P of the turning i n  the entrance vanes, the ro ta t iona l  speed 
of the ro tor  M2, t'ne turning angle i n  the  ro to r  8, and the var iat ion 
of the Mach number i n  the ro tor  M4/M3. 

, I n  order t o  determine the  e f f ec t s  of different  parametera of the 
\ve loc i ty  diagram, some values of stagnation pressure losses must be 
assumtxl f o r  the ro to r  and f o r  the s t a to r .  Losses occur also in the 
entrance vanes but a re  assumd t o  bo smsll and have been neglected in 
t h i s  preliminary analysis.  

Compressor having supersonic r e l a t ive  velocity at  e x i t  of ro tor  - 
type 1.- Tho assumcd values of the losses i n  stagnation prassure in the  
ro tor  ake based on the  preliminary t e s t s  of turning passages disclased 
i n  reference 4. Tests of a passage t b a t  turned the  air 90' st an 
entrance Mach number M3 of 1.71 indicated t'nat a pressure recovery 
of 0.95 is  possible f o r  a r a t i o  M /M3 near 1. The pressure recovery 
decreased f o r  lower values of %fj7k5: ' E e  t e s t  Reynolds numbor 

6 (ab9u.t 9.16 x LO 115th respect t o  the  chord) was appreciably higher 
t;han might be expected i n  the usual supersonic comgressor. The ra'tio 
of blade spa t o  c h o ~ d  ( 2 : 5 )  was re l a t ive ly  low. 

No t e s t  data a re  available f o r  turning angles other than 90' annd 
entrance Mach num3ers other than 1.71. The losses in tbe passage have 

- 1 _ 1 1 _ 1  

been assumed in t'ne analysis-%g b-i independent of t'ne turning angle and 
of the entrance Mach number M3. Actually, the losses probably increase . - 
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somewilat with the increase of turning angle. Also, Vhe possible pre- 
sence 09 detached shocks and of loca l  subsonic zones can change tbe 
value of the losses when the  value of M3 becomes smaller than 1.71. 
The value of M3 i n  the analysis is  of the order 02 1.71 f o r  = 1.25 
and i M 1  of the  oraer of The value 3f M3 changes when the .. <--- ,- . ,,, .__ ."X -.- 
entrace Mach number and the  rotat ional  velocity change ( f o r  HI- = 0.40 
and @ = 1.25, M3 = 1.41, and f o r  M 1  = 1.20 and M2 = le30, M3 = 1.98). 

The values assumed f o r  the pressure recovery Po4/Po3 in the rota? are 

shown i n  f igure 2. The values assumed f o r  the pressure-recovery r a t i o  
i n  the  ro tor  (shown i n  f i g .  2)  are  somewhat lower than the highest 
values given i n  reference 4. The data of reference 4 are considered 
somewhat pessimistic because of tile low values of aspect rat io;  ho-wever, 
other losses not considered i n  t ae  analysis can be expected i n  the 
actual  rotat ing machine. 

The two-dtmnsional emerimental r e su l t s  fo r  the s t a to r  show tha t  .. 
values of pressure recovery 

'05 
of the order of 0.88 

f o r  Mg = 2.01 and 0.74 f o r  3 = 2.51 are obtainable. Values of 

pressure recovery of 0.87 and 0.71 have been assumed a t  M 5  = 2.00 
and M5 =2 .50  f o r  the s tator ,  and a l inear  variation of prassure 
recovery w i t h  Mach number has been assumed i n  the  analysis ( f i g .  3 ) .  

With these assumptions, com~ression r a t i o s  and adiabatic efficiency 
were determined f o r  systematic variations i n  the velocity diagram. With 
the comyression r a t i o  P.R. defined as  the r a t i o  between stagnation 
pressure a t  the  ex i t  of the s t a t o r  and stagnation pressure a t  the 
entrance of the compressor, the adiabatic efficiency 7 was determined 
from the equation 

where BJ! is the increase in stagnation temperature across the 
compressor. 

Some resu l t s  of the analysis are shown i n  figure 4, i n  which tne 
com~ression r a t i o  and the adiabatic efficiency axe presented as 
f ~ i c t i o n s  of the ro tor  turmhg angle f o r  different turnings i n  the guide 
vanes. The ro ta t ional  Mach number chosen f o r  the compressor 
i s  MeLg5 and the  entrance Mach number i s  
Mach number, the entering mass fldw is only 2 p 
maximum, but it is believed possible t o  design nouchoking gyide vanes 
f o r  t h i s  condition. A small compression is assumed 1?3. tlne rotor corre- 

sponding t o  !% = 0 .go. The compression r a t i o  increases when the 
M? 
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turning angle i n  the ro to r  increases, and the increase is of the  same 
order as the  increase of the turning angle. The compression r a t i o  
increases also i f  guide-vane turning is  used. For the pressure recovery 
assimed f o r  the ro to r  and the s tator ,  the  adiabatic efficiency decreases 
somewhat when the compression r a t i o  increases. The decrease i n  
adiabatic efficiency due t o  the turning i n  the guide vanes ( f ig .  4) 
probably is  smaller than should be expected, especially f o r  large angles 
of turmitig in the guide vanes because i n  the calcifiations no losses a re  
considered i n  the guide vanes. 

In f igure  5, t'ne compression r a t i o  and the adiabatic efficiency 
a re  shown as functions of the antrmce Mach number f o r  different  values 
of ro ta t iona l  speed. The turning angle i n  the  guide vanes is assumed 
equal t o  15' pnd in the rotor,  1 0 0 ~ .  The assumed campression i n  the 

ro tor  corresponds t o  - M4 - - 0.85. The maximm compression r a t i o  is 
M3 

obtained i n  the range of M 1  between 0.8 and 1.0, and the  maxlmum 
efficiency is obtained i n  t'ne range of low entrance velocity. The 
compression r a t i o  increases with increasing ro ta t iona l  speed. 

In  f igure  6, the compression r a t i o  and adiabatic efficiency as 
functions of the turning i n  the guide vanes f o r  different  values of 
compression r a t i o  i n  the ro to r  a re  given. The entrance Mach number 
i s  0.85 and the r o t a t i m a 1  Mach numbar, 1.25, and the turning 
angle, 1 0 0 ~ .  The compression r a t i o  increases when the turning i n  the 

gdide vales increases. Sme compression i n  the  ro to r  - < 1 is (2 
desirable. The optimim mount of compression depends on the magnitude 
of the losses i n  the  rotor  and in t'ne s t a t o r  and f o r  the assumed values 

M4 corresponds t o  a value of - 0.90. The efficiency decreases 
M3 

s l igh t ly  when the t inning i n  the guide vanes increases. The decrease 
probably is larger  than shown i n  the figure,  because the losses in the  
guide vanes have been neglected. 

This analysis is  preliminary i n  character but indicates tha t  with 
a correct choice of the  differant  parameters, adiabatic efficiency of 
tne order of 70 t o  90 percefl and conyression r a t i o  of tne  order of 6 
t o  10 can probably be expected i n  t h i s  aerodynamic design. 

Compressor having subsonic r e l a t ive  velocity at e x i t  of ro to r  - 
type 2.- This campressor is geonetrically similar t o  the desiga previ- 
ously discussed (type 1 ) .  Guide vanes can be used i n  f ront  of the ro to re  
The stream entering the ro tor  has supersonic velocity r e l a t ive  t o  the 
ro tor  ( f ig .  1) The ro tor  passage changes the direction of the entering 
s t r e m  tlnrough a large angle (of tha order of 900). The passage is  a 



NACA RM ~ g ~ 0 6  

converging-diverging channel similar t o  the passage considered f o r  
type 1, but i n  this case, t rans i t ion  from supersonic t o  sibsonic 
velocity occurs i n  the ro tor  and, therefore, the e x i t  r e l a t ive  
velocity M 4  is  subsonic. 

The absolute velocity M 5  is supersonic and the s t a t o r  is a 
supersonic diffuser  s i m i l w  t o  the  diffuser  considered f o r  the preceding 
case. However, the value of the entering Mach number is  lower thm the 
value considered in type 1; therefore, tlie pressure recovery tha t  cm be 
exgected i n  the s t a t o r  is lmger  than f o r  the  type-1 design. Tha 
tangent ial  component of the absolute velocity at the e x i t  is smaller 
and, therefore, the-  centrifugal forces a re  reduced with respect t o  the 
centrifugal forces  exis t ing i n  type-1 case. 

A few unpublished preliminary t e s t s  of the  turming passage aodel 3 
of reference 4 ( f ig .  7)  with subsonic e x i t  veloci t ies  have been made. 
Subsonic velocity a t  the e x i t  was obtained by increasing the back 
presslne,  and pressure-reco-rery r a t i o  of the order of 0.84 was masurad 
f o r  an entrance Mach number of 1.71. 

A pressure-recovery r a t i o  of the order of 0 . 9  is  considered 
possible f o r  the  s t a to r  i n  view of the re la t ive ly  low s t a to r  entrmce 
Mach numbers M 5  < 2.'00 f o r  the type-2 compressor. 

Sme values of possible compression r a t i o  and efficieacy have been 
calculated by assuming 0.80 and 0 pressure recovery in the  ro to r  
and 0.88 i n  the s ta tor .  The e x i t  r e l a t ive  velocity i n  the ro tor  has 
been ar 'bi t rar i ly  assilmed equal t o  0.37 of the value of tne entrance 
r e l a t ive  velocity. The r e s u l t s  axe shown i n  f igure 8. The r e su l t s  of 
these calculations ( f ig .  8) indicate tha t  values of t'ae compression 
r a t i o  of the order of 7 and efficiency of the order of 0 .% t o  0.85 can 
be expected f o r  a tmning  angle of 100' and pressure reco-rem i n  the 
ro to r  of 0.80. The entrance velocity r e h t i v e  t o  the ro tor  
f o r  M 1  = 0.85 is of the order of 1.70, and t h e  entrance Mach number 
i n  f ront  of the s t a t o r  for & = 1.25 is of the  order of 1.50. 

ROT023 BLADE DESIGN 

The previous analysis indica-tes tha t  large tusning angles of the 
order of 90' a re  required i n  the ro tor  and tha t  some deceleration of 
the flow i n  the ro to r  is  desirable. 

A ro tor  blade f o r  the case i n  which the ex i t  velocity r e l a t ive  t o  
the ro tor  is supersonic can be designed as Consider f i r s t  a 
two-dimensional passage in which .the re la t ive  entrance v e l ~ c i t y  is 
s u p e r s ~ ~ i c .  By means of the chwacter i s t lcs  system, a t - i i n g  passage 
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t hz t  permits the flow t o  t l m  withoxt formation of strong shocks and 
withol~t large losses can be designed (reference 4) .  In the design of 
the wave pattern, a gradual decrease i n  speed can be obtained along the 
ch-elj however, the  dirnensions of the  channel in t'ne direct ioa of the  
ro ta t iona l  velocity a t  tha entrance and a t  the e x i t  of the  ro tor  must be 
the same in order t o  obtain a blade with sharp leading and t r a i l i n g  
edges ( f i g .  8). When the channel is assumed t o  be two-dimensional, a 
given value of the  r a t i o  M4/M3 corresponds t o  a given velocity diagram 
and t o  a given value of the pressure recovery. 

In order t o  vary the value of the  r a t i o  M4/M3 w3th a given 

velocity diagram, a contraction of t'ne channel in t i e  r ad ia l  direction 
must be used. C o ~ t r a c t i n g  the channel rad ia l ly  permits the desired 
value of the r a t i o  M4/M3 t o  be chosen without a l t e r ing  the velocity 

The ro tor  blade cannot have zero thickness i n  the region of Yne 
leading edge and, therefore, a shock wave of some in tens i t2  must bs 
accepted a t  the leading edge. The necessity of a wedge o;" f i n i t e  
dimension a t  the leading edge requires also tha t  the  relqt ive entrance 
velocity be high enough t o  give an attached shock, in order t o  avoid 
introducing additive losses associated with the detacliad shock. The 
presence of the detached shock wo7lld reduce the efficiency somewhat b;~t 
would not radical ly  change the general Ijerformnce of the conpressor. 
I n  the t e s t s  discussed in d e t a i l  i n  reference 4, a 10' wedge was used 
f o r  the blade, and the r a t i o  of the average e x i t  Mach nmber M 4  with 
respect t o  the extering Mach number changed i n  the range between 0.85 
and 1.03 when tha shape of the passage changed. A presswe recovery 
of 0.85 t o  0.95 was ob%ained f o r  M3 = 1.71 and a turning angle of the 
order of 90'. The blade considered i n  reference 4 has a t l~ickness  r a t i o  
of about 0.12 and a shape which i s  prac t ica l  f o r  the s t ruc tura l  
requirements ( f ig .  7)  . 

The velocity leaving the ro tor  of tile type-1 design is sugersonic, 
but the com2onen t i n  the  direc'sion of the -2s of the ro to r  can be 

- supersonic or subsonic depending on the  velocity diagram. The ax ia l  
component of the  e x i t  vslocity is supersorlic f o r  the lower range of 
turning angles i n  the ro tor  and becomes subsonic f o r  t h s  higher range 
of turning angles. For MI = 0.83 and @ = 1.27, the ax ia l  component 
becomes supersonic f o r  a turning angle of a3out 800. I f  M2 increases, 
the axjlal compo~lent tends t o  become supersonic also f o r  high values of 
turning angles. 

A s m l a r  design can be used f o r  .the ro tor  passage of the  compres- 
sor  of the second type. As previously mentionsd, reasonable presswe 
recovery (0.84) was measured in preliminerj  t e s t s  of a possible ro tor  
passage when the  e x i t  velocity was subsonic ( M ~  c: 1.00). However, the 
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zone of separation near the convex surface in t h i s  case was larger  than 
f o r  the case of supersonic flow at  the e x i t  of the passage ( ~ 4  > 1.00). 
The presence of a large wake a t  t he  e x i t  of the  ro tor  would probably 
produce other losses  in the  s t a t o r  and could possibly have important 
e f f ec t s  i n  an ac tua l  machine i n  which three-dimensional phenomena 
e x i s t .  

STABILITY OF FLOW CONDITIONS I N  A ROTOR WITHOUT CONTRACTION 

The previous analysis shows tha t  large i ressure r a t i o s  per stage 
and prac t ica l  values of adiabatic efficiency can be obtained f o r  t h i s  
compressor when operating a t  design conditions. Homver, the compres- 
sor, in order t o  be prac t ica l  and stable, must operate f o r  flow condi- 
t i ons  on e i the r  s ide of the  design point. The e f fec t s  of variation of 
the ro ta t iona l  speed and of the entering Mach number must therefore be 
considered. In  addition, it must be shown t h a t  the machine is  capable 
of s t a r t ing  and establishing. the design conditions. 

-- - 

of the phenomena re la ted  t 
, the velocity diagram cons 
f the  e m  Mach number i 
g passage corresponds t o  the design of f igure  7 

and consists of t w o  walls, one of which i s  pa ra l l e l  in the region of the 
leading edge t o  the  design stream direction. F i r s t ,  the  turning passage \ 
is assumed t o  be a channel i n  which no contraction ex i s t s  and the 
minimum cross section is a t  the entrance. I f  the entrance Mach nunt- 

\ 
I 

ber M 1  is reduced and the  ro ta t iona l  velocity i s  not cha,nged, the  
r e l a t ive  velocity decreases and changes direction (M ' j  f i g .  g (a ) )  
As  shown i n  reference 1, an expansion produced a t  B 9 f i g .  g (a ) )  t rave ls  
upstream because the ax ia l  component of the velocity is subsonic. The 
expansion produced a t  B changes the  direction and velocity of the  

I 
stream as it moves outside of the  passage. A family of expansion waves 

I I 

1 
from the ro to r  blades thus changes the direction and maeitude of the  i 
stream from OL1 t o  OL, t he  design condition f o r  which no waves occur. 
The reduction of axial speed is thus neutralized by the expansion waves 
t h a t  a re  produced by the rotor; the  flow tends t o  return t o  the condi- 
t ions  f ixed by the  ro tor  design. lh a similar way, i f  the entrance Mach 
number MI is increased, a campression wave is produced at B ( f ig .  g(b) ), 
and the  flow tends t o  return t o  the  conditions f ixed by the ro tor  design. 
This s table  character is t ic  dependEl on the  expansion o r  compression waves 
from point B. 

When the axial velocity is  decreased, the shock at the l i p  of the 
surface of the  blade inclined t o  the  stream increases i n  strength and 
f o r  lot7 values of ax ia l  velocity may become detached. For t h i s  condi- 
t ion,  fur ther  analysis is necessary t o  determine *ether it is  s t i l l  
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possible fo r  expansion waves fromthe l i p  t o  t ravel  ahead of the rotor, 
thereby stabilizing the flow. The problem may be approached by con- 
sidering schematically a wedge in  a supersonic stream at a large angle 
of attack ( f ig .  10) . The detached shock produces subsonic flow behind 
the shock. A t  the upper surface BC, behind the leading edge B, the 
flow produces a vortex &d local separation. The flow in the upper 
zone, however, expands and the velocity outside of the zone of separa- 
t ion increases again t o  a supersonic value. If the separation is 
localized near the leading edge, the Mach number along the surface BC 
behind the region of separation differs  only sl ightly from the Mach 
number that  would exist  i f  no detached shock were present and the flow 
had expanded *om the direction of the undisturbed stream t o  the 
direction BC . (see references 4 and 5 .  ) I n  t h i s  case, expansion waves 
are produced in the region of the leading edge which neutralize the 
shock and then extend t o  infini ty and turn the undisturbed velocity t o  
the direction BC. When the angle between the direction of the undis- 
turbed velocity and the surface BC is very large, the separation of the 
flow along BC is no longer localized near the leading edge but extends 
downstream. In t h i s  case, the flow does not assume the direction BC, 
and expansion waves transmitted upstream are weaker or may be nonexistent. 
The possibility of large separation increases when an adverse pressure 
gradient exists along the surface BC . However, as long as the detached 
shock is not accompanied by extensive separation over a large part of 
the rotor blade, expansion waves w i l l  be produced and the mechanism by 
which stable operation occurs wi l l  be the sa;lae as that  described for  the 
attached shock conditions considered in the preceding paragraph. 

When the separation is not localized but occurs along all the 
upper surface BC of the blade, the intensity of the expansion waves 
tends t o  decrease; and when no expansion waves are transmitted upstream, 
the flow tends t o  remain of subsonic type inside the passage. The t e s t s  
of references 4 and 5 show that  expansion waves are produced even for  
angles of attack as high as 40°. Thus, the mechanism'required fo r  
s tab i l i ty  w i l l  exist  even when the entering Mach number M1 has very low 
values. 

Any reduction i n  rotational speed of the rotor produces a change in  
direction of the entrance velocity. Compression waves are produced a t  
the l i p  of the blade which travel  upstream and reduce the velocity. 
(see reference 1.) Por steady conditions, the relat ive velocity 
decreases and becomes OL1 ( f ig .  g(b) ) . The compression waves, there- 
fore, tend t o  reduce both the relat ive entrance velocity and the axial  
velocity. 

I f  the reduction of rotational speed is small, and the entrance 
Mach number 0L1 is large enough, the shock produced a t  B by the sur- 
face BA is s t i l l  attachedj fo r  a large reduction of rotational speed, 
however, a detached shock occurs a t  B.  The steady conditions 



correspond, as w i t h  the attached shock, t o  OL1 because f o r  t h i s  condi- 
t i o n  only can the  expansion waves produced at B neutralize the detached 
shockj tha t  is, t h i s  is the only condition f o r  which no waves a re  
transmitted upstream. 

In  order t o  allow a reduction of ro t a t iona l  velocity without a 
decrease i n  efficiency due t o  shock detachment, the wedge at B should 
be smaller than the angle of maximum deviation corresponding t o  the  
design condition. For example, if the wedge angle is lo0, t he  minimum 
Mach number t h a t  permlts an attached shock is 1.43. I f ,  then, the  
r e l a t ive  Mach number is  1.70 and the  ro ta t iona l  speed corresponds t o  
Mach number 1.25, the  ro ta t iona l  velocity can be reduced 15 percent 
before a steady detached shock is produced in f ront  of the  blade. 

PROBLEM OF STrnING SUPERSONIC Fm m A ROTOR 

HAS'ING A COJYVERGING-DIVERGING PASSAGE 

The ro to r  can be desimed with passages having the minimum cross 
section at the entrance, i n  which case no par t icu lar  problem exis t s  i n  
regard t o  s t a r t ing  the supersonic flow. Reference 4 shows, however, t ha t  
the  use of a converging-diverging passage i n  the  ro tor  is preferable. 
When a contraction exis t s  Fu the  passage, s t a r t i n g  problems s imilar  t o  
those of supersonic diffusers  e x i s t  f o r  the  r o t o r  and, therefore, the 
mechanism of establishing supersonic flow i n  the  passage must be 
analyzed. 

Consider f i r s t  t h a t  the  ro ta t iona l  velooity of the  ro to r  i s  being 
gradually increased. For low subsonic speeds, the increase i n  ro ta-  
t i o n a l  velocity causes an increase in the  velocity within the  ro to r  * 

passages. This increase continues as the  ro ta t iona l  velocity advances 
u n t i l  sonic velocity is reached at the minimum section of the  ro tor  
passage. For higher ro ta t iona l  speeds, the direction of the  i n l e t  
velocity r e l a t ive  t o  the rotor  cannot be pa ra l l e l  t o  the upper surface 
of the  rotor  blade u n t i l  the  flow a t  the  entrance of the ro to r  becomes 
supersonic because f o r  t h i s  condition the  continuity requirement can- 
not be sa t i s f ied .  The axial component i n  t h i s  case must be smaller 
than f o r  the case i n  which the stream flows p a r a l l e l  t o  the ro tor  blade 
and, therefore, the stream direct ion tends t o  produce expansions a t  t he  
leading edge of the blades (reference 1 ) .  The expansions a t  the . 
leading edge of the  blade tend t o  increase the stream uelocity. I f  the 
velocity could be increased by t h i s  means u n t i l  the flow became p a r a l l e l  
t o  the  entrance of the  blade, the  Mach number a f t e r  expansion would be 
larger  than the  Mach number M3 which corresponds t o  the same ro ta-  
t i o n a l  velocity of the ro tor  and t o  an a x i a l  velocity f o r  which the 
entering stream is pa ra l l e l  t o  the  upper surface of the ro tor  blade. 
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I n  t h i s  condition, t he  expansion waves tend t o  increase the Mach number 
of the  stream entering the  ro tor  and also the  cross section of the  
stream tube entering the rotor .  If the  contraction of the ro to r  is too 
large t o  a l l o ~ ~  passage of the increased flow, compression waves would 
move upstream from the  rotor  throat  and cancel the  expansion waves 

. produced a t  t he  leading edge of the blade. Ln this case, then, the 
entrance velocity r e l a t ive  t o  the ro tor  must actual ly  remain inclined 
with respect t o  the ro tor  blade, and s t a r t ing  could not occur. I f  t he  
speed is fur ther  increased t o  a suf f ic ien t ly  high supersonic value so 
t h a t  t he  continuity law i s  s a t i s f i e d  f o r  the  ro to r  contraction ra t io ,  no 
compression waves could be transmitted upstream, and the expansion waves 
from the  leading edge of the blades could then increase the velocity of 
the  incoming flow u n t i l  the  r e l a t ive  velocity i s  pa ra l l e l  t o  the  upper 
surface of the blade, and the s t a r t i n g  of the supersonic flow would 
thus occw 

The mechanism of s t a r t ing  as previously described is complicated 
by tbe presence of loca l  separation of the  flow a t  the leading edge 
and by detached shock. The actual  s t a r t i n g  rotatioiial  Mach nmber f o r  
a given contraction r a t i o  and passage design is affected by the  losses 
due t o  the compression waves f romthe  throat  and f romthe  losses due 
t o  f r i c t i o n  and separation. I n  general, the losses due t o  compression 
waves and shock waves bahind the exgansion of the  blade f r ~ m  the leading 
edge are  l e s s  than the  losses tha t  correspond t o  a normal shock i n  f ron t  
of the passage, but the  differences can be small, especially i f  the 
wedge of the blade a t  the  leading edge produces a detached shock and 
loca l  separation at the  leading edge. 

The foregoing discussion indicates t h a t  s t a r t ing  of the supersonic 
flow i n  the ro to r  would occur f o r  a contraction r a t i o  larger  than the 
theore t ica l  l imiting contraction r a t i o  given by one-dimensional theory 
f o r  an i n l e t  diffuser  f o r  which a normal shock occurs ahead of the i n l e t  
pr ior  t o  s ta r t ing .  The r e su l t s  discussed i n  reference 3 and preliminary 
r e s u l t s  from variable-geometry stator-blade t e s t s  however, show tha t ,  
although the s t a r t ing  l imitat ion can be avoided by use of variable 
geometry, supersonic flow cannot be maintained f o r  throat Mach numbers 
close t o  1.00. Disturbances from the downstream flow and from the 
boundary layer have a destabilizing ef fec t  which causes the entrance 
flow t o  became subsonic i f  an attempt is  made t o  operate with throat  
Mach nwnbers near unity.  Experiments a t  M = 1.65 f o r  a par t icu lar  
variable-geometry model i n  which appreciable disturbances were known t o  
ex i s t  showed t h a t  the  maximum contraction r a t i o  f o r  s table  flow was l e s s  
thm t'ne theore t ica l  contraction r a t i o  f o r  the  fixed-geometry case. 
These experiments a l so  showed tha t  the advantages of variable geometry 
decrease rapidly with decreasing Mach nmber. Thus it can be concluded 
tha t ,  f o r  the re la t ive ly  low supersonic Mach numbers considered f o r  the 
rotor ,  any appreciable gain i n  contraction r a t i o  aver the theore t ica l  
values f o r  the one-dimensional fixed-geometry i n l e t  diffuser  is improbable. 



For Mach numbers l e s s  than the s t a r t ing  value, losses ex is t  
because of the  waves in f ront  of the rotor .  For t'nese conditions, 
adjustable guide vanes i n  f ront  of the rotor  a re  desirable. I f  the 
ro t a t iona l  velocity is too low fo r  s tar t ing,  the ax ia l  component of the 
entering velocity i s  s m s l l  and, therefore, an appreciable amount of 
turning can bs obtained without shock losses, especially i f  the guide 
vanes a re  i n  a zone ahead of the  ro tor  in which the ax ia l  velocity is 
lower than tha t  Fmmediately i n  f ront  of the rotor .  The guide vanes 
can introduce a favorable ro ta t ion  i n  the stream and thus decrease or 
el-ate the  losses due t o  the waves i n  f ront  of the ro tor .  Adjustable 
guide vanes also of fer  the poss ib i l i ty  of eliminating the geometrical 
s t a r t i n g  l imitat ions i n  cases &ere these l imitat ions actually control . the  s t a r t i n g  process ra ther  than the l imitat ions introduced by the 
i n s t a b i l i t y  of the supersonic flow inside the  passage. 

REGULATION OF MASS FLOW 

In supersonic compressors, when the  a x x o f  the 
enter* Mach number M 1  isC-sp&&q and the flow inside the ro tor  i s  - 
supersonic ( ~ 3  > 1) , the magnitude of the entering velocity i s  deter- 
mined by the  ro ta t iona l  speed. No regulation of t l e  mas6 flow entering 
the compressor is  possible by means of th ro t t l i ng  the flow downstream 
of the compressor. For the  supersonic compressor with subsonic ax ia l  
component of the entrance Mach number M1, the  regulation of the mass 
flow can be accomplished by changing Yne direction of the entering 
velocity by means of adjustable guide vanes. Turning the guide vanes 
allows the value of the turning angle P of fi-oures 9(a) and g(b) t o  
be changed; f o r  a constant ro ta t iona l  Mach number Mp, the  direction of 
the  entering stream M3 can thus be changed. Expansion waves or 
compression waves are  then produced a t  the leading edge of the compresscr 
blades and correspond t o  an increase or  t o  a decrease of the  value of P .  
The waves change the  amplitude of the entering Mach nmber M 1  and 
thereby change the  volums of flow entering the rotor .  

I f  the to~pp2,ent of the  enterin& Mach number NFJ- is  g u ~  - 
sonig, the waves producer"at the  leading edge of the  ro tor  blades a re  
*d# P 
contained inside the  passage. In  t h i s  case the mass flow i s  established 
by the  geometry of the passage ahead of the compressor and remains 
unaffected by my variations i n  the guide-vane set t ings.  Regulation of 
the volume flow, however, can be obtained by adjustment of the guide 
vanes, which are  now of the superso-nic type, because the contraction 
r a t i o  i n  the  guide vanes 'changes with blade set t ing.  I f  it i s  desired 
t o  vary mass flow &ere M 1  is supersonic, t h i s  r e su l t  can be 
accomplished by means of a variable-geometry i n l e t  duct ahead of the 
compressor s h i l a r  t o  the one discussed i n  reference 3. 
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BElIWEEN ROTOR AND STATOR 

The t e s t s  of the i n l e t s  of reference 3 ind ica ted tha t  pressure 
recovery higher than the pressure recovery that can be expected i n  a 
convergent-divergent diffuser  can be obtained f o r  stream Mach numbers 
between 2 and 3 i f  the  s t a r t i n g  lhni tat ions a re  avoided by use of 
variable geometry. I n  some of the i n l e t s  of reference 3, compression 
occurs i n  f ront  of the entrance and the  external flow does not in te r -  
f e r e  w i t h  the in te rna l  flowj therefore, conditions similar t o  those 
required in a diffuser  f s r  supersonic compressors have been obtained. 
The steady conditions i n  these diffusers  a re  s imilar  t o  the  conditions 
of the flow i n  a convergent-divergent diffuser; however, the mechanism 
of s t a r t ing  is  different .  The stream-tube contraction r a t i o  used i n  
the  i n l e t s  of reference 3 is  larger  than the  stream-tube contraction 
r a t i o  used i n  a convergent-divergent diffuser .  Although the s t a r t ing  
mechanism used in a conical i n l e t  cannot be used d i rec t ly  i n  a diffuser 
of the s t a to r  of a supersonic compressor, values of pressure recovery 
similar t o  those obtained f o r  the  conical i n l e t s  can be expected i n  a 
diffuser  with a l l  in te rna l  compression, i f  the contraction r a t i o  is 
higher than tha t  determined by the fixed-geometry s t a r t ing  conditions. 

Consider a two-dimensional i n l e t  such as t h a t  shown i n  f igure  11. 
A t  f i r s t ,  the flow component normal t o  the entrance AB of the diffuser 
is  assumed t o  be supersonic, i n  which case, the diffuser  can be designed 
as  follows: The upper surface AD of the  lower blade is inclined a t  an 
angle t o  the stream Mach number M5 and produces a shock wave. A s  an 
al ternate  t o  tne  shock wave from A, a family of compression waves can 
be substi tuted by using a surface AD t h a t  starts a t  A para l l e l  t o  the 
incoming flow and curves gradually. '  For the  design conditions, the  
shock wave or the Mach wave from A h i t s  the lower surface of the  other 
blade BE behind the lesding edge B and is ref lected.  The contraction 
r a t i o  of the  passage can be decreased by turning the f ront  par t  of each 
blade t h a t  consti tutes the s t a to r  as  shown in f igure  ll. The shock 
f r o a  A becomes weaker, and the re f lec ted  shock from the surface BE 
becomss weaker. For the position A '  of f igure ll, the surface AD pro- 
duces an expansion, and the in te rna l  contraction is  very small. 

I f ,  f o r  the design conditions, the  blades axe turned i n  a direction 
opposite t o  the direction shown i n  f igure  11, the shock wave or the 
compression waves from the  lower blade move i n  f ront  of the upper blade 
and, therefore, a family of compression waves tends t o  move upstream i n  
f ront  of the s t a to r .  This family of compression waves tends t o  decrease 
the entrance velocity and, therefore, ten& t o  change the volume of the 
flow entering the s t a to r .  Ln t h i s  case, interference occurs between 
s t a t o r  and ro tor .  I n  order t o  avoid such interference, the shock A 
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and a l l  the  compression waves produced along AD must l i e  behind the  
l i q e  P;Bj therefore, the c q o n e n t  of the  stream Mach number M5 normal 
t o  AB must be supersonic (shock at A). If t h i s  component is  subsonic, 
the  interference disappears only when the surface AD at the  leading 
edge A is p a r a l l e l  t o  the  direction of the  incoming flow and the 
compression waves along AS) originate f a r  enough behind the lesding 
edge so t h a t  the waves a re  confined inside the  passage. 

When compression waves or expansion waves mope i n  f ron t  of the  
s t a t o r  and reach the  ex i t  of the  ro to r  they change the  magnitude and 
direct ion of the  stream leaving the  ro tor  and, therefore, the velocity 
diagram is changed. For some ranges of intensi ty  of the waves moving 
upstream from the  s ta tor ,  the equilibrium condition i s  obtained a t  the 
e x i t  of the rotor,  and the  velocity dis t r ibut ion inside the ro tor  does 
not change*. I n  t h i s  range, the  waves moving upstream from the s t a t o r  
become steady waves attached t o  the e x i t  of the rotor.  

Consider a compression wave m~ving upstream from the s t a to r  
( f i g  . 12(a) ) . The compression tends t o  reduce the velocity compoiient 
in a n o d  direction t o  the  wave and, i n  fixed coordinates, tends t o  
change the velosity from the vector OB t o  the vector OB'. Because the 
ro ta t iona l  velocity is  constant, the  velocity i n  ro tor  c o ~ r d i n a t s s  
must change from OC t o  O C ' .  When the compression wave reaches the  ex i t  

L. of each passage it tends t o  move inside (wave EF) and is ref lected a t  
one of the  surfaces of the  blades and, therefore, another compresqion 
wave ED is produced tha t  changes the  direction of the  velocity OS5to 
the  direction OC and increases the  pressure i n  the zone behind the 
wave. A t  the  t r a i l i n g  edge F of the blade, equili.brium of pressure 
and direction must e x i s t j  therefore, an expansion wave is a lso  produced 
a t  the  t r a i l i n g  edge of each blade which neutralizes the  re f lec ted  
compression wave ED. This wave pattern cannot move upstream inside the 
passage because, i n  order t o  move upstream, 
enough t o  develop in to  a normal shock come 
Furtheracme, no waves a re  re f lec ted  downstream. This wave pattern, 
therefore, becomes steady and the  steady condition corresponds t o  the 
velocity OC '. 

A shi lar  phenomenon occurs if expansion waves are  considered 
( f i g .  12(b)). When e i the r  exgas ion  waves or  compression waves a re  
produced by the s t a t o r  and move upstream, the flow conditions a t  the 
end of the ro to r  change and steady waves are,produced a t  the  end of the 
ro tor  tha t  s t ab i l i ze  the flow. 

The equilibrium conditions be'tween rotor  and s t a to r  and the 
maximum intensi ty  of the compression waves t h a t  can be trapped a t  the 
end of tne  ro tor  can bs determined f o r  each configuration f r s m  the 
preceding considerat ions. For every value of the vector OC ( f i g  . 12 (a )  ) 
representing the e x i t  Mach number in ro tor  coordinates f o r  the condition 
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of zero interference, t h e  l i n e  C 'CC ' ' can be determined by  ons side ring 
tha t  incominqwaves have different  in tens i ty  and by determining the 
in tens i ty  of the ref lected waves a From the diagram C 'CC ' ', the  
diagram B'BB" in stationary coord.inates can be determined. For the 
case of expansion waves moving upstream, the  condition of equilibrium 
corresponds t o  a vector OB pa ra l l e l  t o  the entrance region of the 
sttitor P& ( f ig .  12(a) ) . 9 h e  same consideration is val id  f o r  
compression waves. 

When the component of the entering velocity normal t o  the  entrance 
of the s t a t o r  PR is supersonic, another condition of equilibrium can 

. e x i s t  t ha t  corres2ond.s t o  a shock wave a$ P along PR or  inside the 
passage. This second condition is  possible only f o r  the velocity 
vector O B  because i f  shock waves t r a v e l  outside of the s t a t o r  passage 
they tend t o  reduce the  component i n  normal direction t o  the wave t o  
subsonic values. When the a x i a l  component of the  velocity OB is  
supersonic, a shock a t  P can be u t i l i zed  i n  the diffuser  t o  increase 
the pressure recovery. However, i f  the  shock is along the l i n e  PR a t  
the entrance of the passage, the condition of equilibrium is not s table  
because i f  the s h o ~ k  is disturbed from its or ig ina l  posit ion and moves 
outside of the passage, the  velocity normal t o  the  l i n e  PR becomes 
subsonic and the or iginal  condition i s  not established again. I n  order 
t o  obtain s t ab i l i t y ,  the shock should be s l igh t ly  inside the passage. 
Because the entering Mach number is usually large, the angle between ' 

the  shock and the entrance of the passage required i s  small. Assume, 
f o r  example, t ha t  the Mach number entering the s t a to r  is 2.30 and a 
shock corresponding t o  a 10' deviation of the flow is produced a t  the 
t i p  of the blade. The angle of the shock is 3J.t020'. If an angle of 2' 
is  chosen between the f ront  of the shock and the l ine  PR i n  f igure 12(a) - 
the shock is s table  f o r  a variation of tangential  velocity of 10 percent. 
If the ro ta t iona l  component corresponds t o  M = 1.25, the shock is 
s table  f o r  a variation from M = 1.25 t o  1.10. The shock wi l l  remain 
i n  the s table  posit ion f o r  a larger  decrease i n  tangential  velocity if 
a corresponding decrease i n  normal velocity component a lso occurs. 
However, i n  order t o  u t i l i z e  a diffuser  having a shock a t  the leading 
edge of the blade, a variable-geometry s t a to r  is  necessary t o  start the 
phenomenoa. A variable-geometry s t a t o r  is also required i n  order t o  
have the poss ib i l i ty  of adapting the  diffuser t o  different  values of the 
ro ta t iona l  speed. 

For every given value of the velocity OC inside the rotor, a 
naximum value of the  deviation 6 exis t s  f o r  xhich the wave pattern 
previously considered is  possible. When S increases, the poss ib i l i ty  
of ref lect ion of the wave EF at E ( f ig .  12(a))  becomes more crit ical . ,  
and f o r  6 larger  than a maximum value depending on the intensi ty  
of OC the  re f lec t ion  is no longer possible. The waves EF and ED f o m  a 
lamda shock wlth a normal shock a t  E if the  intensi ty  of the compression 
waves from the s t a t o r  continues t o  increase. The phenomena are  similar 
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t o  those found in supersonic diffusers. If the intensity of the 
compression waves increases, the strong shock moves upstream inside the 
rotor.  

I f  the paasage of the rotor is a diverging or a converging- 
diverging channel, the strong shock can be pushed upstream gradually 
by changing the geometry of the diffwer and increasing the intensity 
of the compression waves, If the passage does not have a contraction, 
the strong shock cannot be stabilized inside the passage; the disturb- 
ance moves in front of the rotor, changes the conrtitions in front of 
the rotor, and decreases the entrance axial  velocity and, therefore, 
decreases the mass- flow. 

When the normal shock moves upstream in  the rotor, the velocity O C '  
becomes subsonic and again has the direction OC. To every position of 
the shock inside the  rotor there corresponds a given value of the 
velocity i n  front of me  stator  and, therefore, the corresponding 
s ta tor  configurations that  push the shock near the minimum section can 
be determined. The axial  velocity in front of the stator  is subsonic, 
and the entrance velocity is paral lel  t o  the surface FQ. 

In t h i s  analysis, several shp l i fy ing  assmptions have been made. 
For example, the diatance between rotor and s ta tor  is assumed t o  be 

- .  sufficiently large t o  permit neutralization of the compression and 
expansion wave8 in front of the stator .  The possibility of neutraliza- 
tion of waves inside the stator,  however, could not greatly change the 

I* phenomena considered because the neutralization would occur automati- 
cally as a consequence of the relat ive motion between s ta tor  and rotor. 

In the discussion it is assumed also that  the flow inside the rotor 
i s  not changed when waves exist a t  the exit  of the rotor passage. 
Actually, however, the presence of the boundary layer and of a zone of 
separation inside the passage permits the pressure disturbances t o  
t ravel  upstream in . the  rotor and t o  change t o  some extent the magnitude 
of the vector OC. 

PRELIMINARY TESTS OF STATOR PASSAGE . I 

Tests of two-dimensional variable-geometry diffusers which can 
be used i n  supersonic compressors of the type considered in the present 
paper are i n  progress a t  the Langley Laboratory. Preliminary resul ts  
are presented i n  figures 13, 14, and l5 fo r  Mach numbers of 2.51 and 2 .OX 
for  diffusers having supersonic and sonic axial  entrance velocity 
components. In the in le ts  considered, no limitations of contraction 

- t ra t io  exist because variable geometry i s  usedj therefore, i f  it is 
assumed that  no interference exists  between the boundary layer and the 
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supersonic stream, configurations can be designed f o r  which the losses 
due t o  supersonic compression are  theoret ical ly  very amall. With t h i s  
assumption, diffuser  configurations having gradual compression might be 
expected t o  y ie ld  higher pressure recovery. These and other experi- 
mental r e s u l t s  (reference 3)) however, indicate t h a t  the presence of 
the  boundary'layer a f fec ts  the compression @side the diffuser  t o  a 
large extent; therefore, in order t o  obtain a configuration t h a t  gives 
high pressure recovery, a compromise must be made between shock losses 
and losses  due t o  boundary-layer separation. 

For M = 2.50, i n  order t o  have h i& pressure recovery, compression 
r a t i o s  of the order of 12 or 15 are  required i n  the  stream. When the  
compression occurs gradually inside the i n l e t  the boundary layer  is 
subjected t o  large adverse pressure gradients and, therefore, it tends 
t o  separate. In  order t o  avoid large pressure gradients it i s  more 
e f f i c i en t  t o  compress the flow t o  some extent w i t h  shocks i n  f ront  of 
the i n l e t  before the boundary layer  is  formed than t o  compress the flow 
gradually en t i re ly  inside the i n l e t .  In e i the r  case, the amount of 
compression tha t  can be obtained by means of variable geometry is  deter- 
mined by the boundary-layer phenomena. The t e s t  r e su l t s  lead t o  the 
conclusion tha t  large con3ression a t  the s t a t o r  entrance can be used 
e f f i c i en t ly  only i f  t he  ax ia l  com2onent of the velocity i n  f ront  of the  
s t s t o r  is supersonic. In t h i s  case, the compression can be obtained by 
producing a shock a t  the leading edge A of one of the blades and by 
ref lec t ing  the shock near the leading edge of the other blade B 
( f i g s  13 and 1 The t e s t s  show t h a t  when the  ref lected shock h i t s  
the surface AC of the diffuser  it tends, t o  produce separation and, 
therefore, it is desirable t o  reduce the  intensi ty  of the ref lected 
shock t o  small values. The minimuin value of the intensi ty  of the  
re f lec ted  wave is determined by the  s t ruc tu ra l  requirements of the 
blades because the wedge angle of the blade at  the leading edge controls 
the  in tens i ty  of the  re f lec ted  shock. For example, i f  -the shock from 
the leading edge A correspoads t o  s deviation of l 4 O  and the  ref lected 
shock t o  a deviation of go, the blade wedse is  9'. 

Tests have been made a t  M5 = 2.51 f o r  the diffuser  shown i n  
f i g w e  13(a) a t  different  angles of a t tack  i n  order t o  change the 
in tens i ty  of the  compression i n  f ront  of the  passage. The r e su l t s  of 
these t e s t s  show tha t  when the shock i n  f ront  of the  i n l e t  increases, 
the  pressure recovery increases. The maximma pressure recovery has 
been obtained a t  the highest angle of a t tack  of the  model t e s t ed  
( f i g  . 13 (a)  ) , f o r  Ghich the shock from the leading edge A of the blade 
corresponds t o  a deviation of 14O. For t h i s  condition, the  upper 
surface has a direction tha t  gives a go wedge angle f o r  the blade 
( f i g .  13 (b ) ) .  The blade tes ted  has a 2-inch span and the boundary 
layer  was removed from the s ide walls i n  perpendicular direction t o  the  
stream 1 inch i n  f ront  of the blade AC. The maximum pressure recovery 
obtained f o r  the diffuser  configuration shown i n  f i g m e  13(a) is of 
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the order of 74 percent. Tests were made at the  same Mach number with 
a diffuser  having gradual curvature along AC, but sat isfactory values of 
pressure recovery could not be obtained. 

The i n l e t  of f igure 14(a) a t  M? = 2.01 had a pressure recovery 
of about 0.88. Figure 14(b) shows a possible blade shape f o r  the s t a t o r  
t h a t  corresponds t o  t h i s  t e s t  model. When sonic o r  subsonic ax ia l  
entrance velocity a t  the s t a to r  is  considered, the blade must have the 
surface AC p a r a l l e l  i n  the zone near the leading edge t o  the stream 
direction i f  a l l  disturbances a re  t o  be confined i n  the s t a t o r  passage. 
Therefore, i n  order t o  have a prac t ica l  wedge angle at  the leading edge 
of the blade, a wave from the  other surface must be produced of the  same 
strength as  i n  the case of the supersonic ax ia l  component. The compres- 
sion i n  t h i s  case occurs i n  a zone between the  walls i n  which boundary 
layer exists;  whereas, i n  the supersonic case, the compression across 
t h e  f i r s t  shock occurs without adverse e f fec ts  from the w a l l  boundary 
layers.  In the subsonic axial-component case, a diffuser  of the type 
shown i n  f igure 15 can be used. The diffuser  i n  the zone ABCD is 
similar t o  the  diffuser  of f igure 13 except f o r  a surface AA', pa ra l l e l  
t o  the  incoming stream, t h a t  is added t o  the  entrance. I n  t h i s  in l e t ,  
however, the incl inat ion of the surface BD with respect t o  the  inconing 
stream must be larger  than i n  the  i n l e t  of f igure 13 because i n  the  
i n l e t  of f igure 13 the wedge a t  the  leading edge of the blade i s  f ixed 
by the  incl inat ion between the surfaces AC and ED; whereas, i n  this 
i n l e t  it is given by the incl inat ion between the  l ine  BD and AA' .  A s  
the subsonic ax ia l  component of the  velocity entering the s t a to r  is  
decreased the  length AA' w i l l  obviously increase. In order t o  keep 
the leading-edge section prac t ica l  s t ruc tura l ly  it w i l l  probably be 
essent ia l  t o  increase the  wedge angle as  the a x i a l  velocity component 
decreases. . 

Tests have been performed at M = 2.51 f o r  the  diffuser  shown i n  
f igure  15(a) in which the surface AA' was omitted ( the  diffuser  is the 
same as  the diffuser  of f i g .  13(a), but has a smaller angle of a t tack  
such. t ha t  the  ax ia l  component i s  sonic, and the movable 5' f l a p  is  
adjusted so t h a t  its upper surface is  pa ra l l e l  t o  the  entering flow) 
For the configuration of f igure 15(a), the maximum value -of pressure 
recovery obtained with variable geometry was of the order of 0.59. 
When the  intensi ty  of the shock from A was increased, higher pressure 
recovery was obtained; however, the wedge angle a t  the  leading edge 
necessarily decreases a s  the  shock from A increases i n  strength. For 
example, f o r  the configuration of f igure 13(a), the wedge would have 
negative values. The low values of pressure recovery f o r  the sonic 
axial-component configuration ( f ig .  l ? (a ) )  can be a t t r ibuted  t o  the 
increased in tens i ty  of the shock from BD which increases the  separation 
at the  surface AC and, therefore, increases the  losses and i n s t a b i l i t y  
of the  diffuser.  
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No t e s t s  have been performed f o r  the lower Mach numbers with sub- 
sonic axial. component which a re  required f o r  the  s t a t o r  of the  type-2 
compressor. In t h i s  case, t he  entering Mach number M 5  is s m a l l  (of 
the  order of 1.50) and high pressure recovery can be expected. 

The Reynolds number of these t e s t s  was considerably higher than 
usually f ound in compressors (of the  order of 3.7 x 106 per inch) with 
the  model blade spacings of the  order of 1 inch. Because of the  
importance of the  boundary layer a s  it a f fec t s  diffuser  performance, 
t he  t e s t  Reynolds number and aspect r a t i o  a re  parameters which should 
be investigated i n  fu ture  t e s t s .  

These r e s u l t s  a re  preliminary but seem t o  indicate t h a t  in the 
veloci ty  diagram a supersonic axial-velocity component in f ron t  of the  
s t a t o r  is preferable t o  subsonic components. Advantages can be expected 
by the removal of the  boundary layer  along the upper and lower surfaces 
of the  annulus i n  f ront  of the  s t a to r .  

CONCLUDING REMARKS 

A supersonic compressor design having supersonic ve loc i t ies  a t  the  
i n l e t  t o  the  s t a t o r  was analyzed on the  assumption of two-dimensional 
flow. Preliminary supersonic cascade t e s t s  of t h e  ro tor  and s t a to r  
blades a re  described from which values of the  ro tor  and s t a t o r  losses 
were determined f o r  use i n  the  analysis.  The r e su l t s  of the calcula- 
t i ons  indicated t h a t  stage compression r a t i o s  between 6 and 10 can be 
obtained f o r  t h i s  design with adiabatic efficiency between 70 and 
80 percent. 

The s t a r t i n g  conditions and s t a b i l i t y  of the  flow in ro tor  and 
s t a t o r  a re  discussed, and the  des i rab i l i ty  of variable-geometry s t a to r s  
and adjustable guide vanes is indicated. These devices increased the  
ranges qf entrance velocity and ro ta t iona l  speed f o r  high efficiency; 
Although e i the r  supersonic or  subsonic ax ia l  entrance velocity t o  the 
s t a t o r  can be used in t h i s  design, the  preliminary cascade t e s t s  
indicated t h a t  supersonic velocity r e s u l t s  in higher pressure recovery. 

Langley Aeronautical Laboratory 
National Advisory Comnittee f o r  Aeronautics 

Lmgley A i r  Force Base, Va . 



1. Kantrowitz, Arthur : The Supersonic Axial-Flow Compressor. 
NACA ACR ~6~02, 1946. 

2 Wright, Linwood C . , and Klapproth, John F . : Performance of Super- 
sonic Axial-Flow Compressors Based on One-Dimensional Analysis. 
NACA RM ~ 8 ~ 0 ,  1949. 

3 .  Ferri, Antonio, and Nucci, Louis M.: Theoretical and ExperFmsntal 
Analysis of Low Drag Supersonic Inlets Having a Circular Cross 
Section and a Central Body at Mach Numbers of 3 .30, 2.75, 
and 2 .45 . NACA RM L8813, 1948. 

4 Liccini, Luke L. : Analytical and Experimental Investigation of 
90' Supersonic Turning Passages Suitable for Supersonic Compres - 
sors or Turbines. NACA RM L9G07, 1949. 

5. Ferri, Antonio: Experimental Results with Airfoils Tested in the 
High-Speed Tunnel at Guidonia . NACA TM 946, 1940. 



Entrance vanes I I Rotor I I Stator 

\ 
Figure 1.- Velocity diagram for a supersonic compreseor having supersonic flow at the entrance 

of the stator. 



Figure 2.- Total pressure recovery aasumed for  the turning passage as  a 
function of the ra t io  of the relat ive Mach number a t  the exit and a t  
the entrance of the passage. 









Figure 6.- Variation of compression r a t i o  and adiabatic efficiency with the turning angle in the 
entrance vanes p f o r  d i f fe rent  value8 of compression in the rotor .  Turning angle i n  the 
rotor,  6 = 100'; rotat ional  Mach number, M2 = 1.25; entrance Mach number, MI = 0 .@ . 
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ations of the entrance Mach number MI. 
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(b ) Variation of rotational velocity. 

Figure 9.- S tabi l i ty  of the rotor  (MI COB P < 1). 
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Figure 10.- Detached shock a t  the leading edge of the ro tor  blade. 





- +-- Expansion waves 
Compression waves 

(a)  Compression waves moving upstream from the stator. 

(b ) Expansion waves moving upstream from the stator. 

Figure 12.- Interference between ro tor  and s t a to r .  
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(a) Model of stator blade tested at M5 = 2.51. 
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(b)  Stator passage correspond~ng to model of figure 13(a). 1 

Figure 13.- Stator f o r  Mg = 2.51. 
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