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By Antonio Ferr i  

A supersonic campressor &si@ having supersonic veloci ty   a t  the 
entrance of the etator  is analyzed on the  ass~unption of two-dlmeneional 
flow. The rotor and stator  loeses as&umed in t he  analysis are based o n .  
the  resulte of prelfmtmry eupereonic  cascade teats .  The results of 
the analyeis show that  comp~~essim ratfoe per stage of 6 to 10 can be 
obtahed with adlabstic efficiency between 70 and 80 percent. 

Consideratian is a U o  given in t he  analysis t o  the  starting, 
stabil i ty,  and range of efficient performance of t h i s  type of cm~reseo r .  
The desirabil i ty of mgloyfng variable-geometry eta tor^ and adjustable 
in le t  guide vanes ie indicated. Although either supersonic  or eubmnic 
&a1 camponant of velocftg at the  etator  entrance can be wed, the 
cascade t e a t  results euggest that  higher preesure recovery can be 
obtaked ff the a x i a l  cprponent is supereonic. 

A detailed  discussion of a supersonic a x i a l - f l o w  campreseor design 
in which deceleration of the f l o w  f'ra supersonic to  subsanic velocity 
occurred in the rotor was presented by A. gahtrowitz Fn reference 1. 
This paper also  b~cluded a brief discussion of a type of supersonic 
campressor in which the deceleration of the f l o w  frm supersonic t o  
SUbElOniC velocity occurred b the stator, and the pO88ibility of 
obtaining high caqreesion  ratio per stage  with  this tspe of campressor 
-was realized. However, t h i s  tBpe was not investigated in detail because 
of Lack of Infornation pertaking t o  the problem of supersodc  turnlng 
Emd diffueion and of interference  effects. An analysis of the velocity 
dia@?am of such a comgressclr w a 8  presented in reference 2; however, the 
anaus is  wa8 not extended t o  ranges of cnmpressicm ratio considered in  



the present  analysis, and no a t t q t  was made t o  solve any of t h e  
design, problems. 

Recent  prellmFnary eupersonic t ee t s  of two-dfmemional dld’fueerer 
and turning  passages have fndicated  that,  the  basic flow probleme of 
crrmpressor design uti l iz ing supersonic flow at the stator  entrance can 
be aolved. Information bearing on the problem of efficient  diffueion 
in   the   s ta tor  with i n l e t  Mach numbers in the range of 2 t o  3 is con- 
tained in  reference 3 .  T h r e e - d h m a i a n a l  diffusers are & o w  in refer- 
ence 3 t o  be capable of a preseur+recovery r a t io  of 0.75 a t  M = 2 
f o r  aerodynamic d e s i p  in which the compmesion  of the  a i r   enter ing 
the diffueer inlet does not interfere with t h e  external flow. In theee 
diffusers tbe st&ing  limitations were eliminated by use of external 
compression during starting. Because ert,ernal campression cannot be 
med Fn the s ta tor  of a canpressor, a variable.-geametry s ta tor  is 
necessary if pressure recovery  values BB high as thoee  achieved in  the 
three-dimeneional M e t  diff’ueera of reference 3 m e  t o  be obtained. 
Recent  unpublished preliminary tests of a tm-dimensimal  variable- 
geomstry diffueer model representin@: a etator paseage indicated a 
preeeure-recovery r a t i o  of 0.74 a t  M = 2.51, a value WfiLch is  about 
equal t o   t h a t  obtained in the  three-dimensional  cam. The problem S 
turning the air efficiently through large angles in the rotor ie 
discussed in reference 4 which s h m ~  that a preesure-recovery r a t io  of 
about 0 . 9  is obtainable in a goo turn a t  M = 1.71. 

The purpooe of this  paper is t o  analyze we performance and t o  
diocws  the  blade *sign problemEl of the si lperadc s ta tor  type of 
conpressor in the light of the information  low available regarding 
the  performance of supersonic t h g  passages and supersonic  diffusers. 
The analysie and the experimental work both involve, for the most part,  
only  two-dimsnflional flow and, therefore, are preliminary In character. 
No attempt  has been made as get t o  solve the three-iUmt3naioaal flow 
problem. For example, the presence of large- centrifugal forces  could 
appreciably moaify the results  predicted by the preeent  analyflis. 

turming angle in rotor 

turning angle in entrance vanea (fig.  1) 

Mach number in f roa t  of rotor 

rotationailMach  nmber a t  entrance of rotor . 
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W '  rotational Mach number a t   e x i t  of rotor 

M3 

M4 relative Mach nmber at  exit of rotor 

relative Mach nmber a t  entrance of rotor 

MS absolute Mach  number a t  exlt of rotor and a t  entrance of 
s ta tor  

M6 

M7 number a t  e d t  ~f stator  (less than 1) 

-a1 Mach number a t  entrance of stator 

PmR compression r a t io  f o r  etage 

rl adiabatic  efficie&y 

m increase in etagnation  temperature  across cnmpressor 

TO stagnation temperature Fn front of entrance vanes 

*% 
stagnatim pressure a t  Mach number & where n represents 

condftione from I to 7 Indicated in  figure 1 

Consider a compressor design in which the tangential speed of the 
rotor is supersonic and the entrance velocity in the stator is also 
eupersonic (fig. 1) . T w  different types of euch campressors can be 
desieped t o  oorrespand t o  tw different tries of velocity diagrams: 
a velocity  diaeam In which the vel0 ity relative t o  the rotor is 
supersonic a t  the rotor  exit  (M4 7 lJ, and a velocity diagram in which 
this velocity is subsonic  wlth respect to the rotor (Mq C f) but still 
supersonic  respect t o  the stator  [% > 1). ~ 0 t h  types of 
compressors present good poss ib imiea  f o r  practical  appltcations and 
present s l m i l a r  p r o b l a  of aero-amic design. . 
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These compressor t3-pe0 consiet of the fo l lowhg three parts 
(fig.  1) : 

(I) Entrance vanes which  change the direction of the flow through 
an angle I3 (positive when the a l r  is turned agalnst the directioa of 
rotation of the rotor). 

(2) Rotor blades wbich turn  the flow through a large angle. The 
stream Mach nunher antering the rotor is M1 and the rotational Mach 
number of the ro to r  bQ is larger than 1-09; therefore, the entranco 
relative Ma,ch  number M is larger than 1.00 The f l o w  velocity i n  
the ro to r  changes direc 2 ion and -tude, but remaizlo sapersmic in 
the   Sirs t  type CG-idemdj whereas, it becams0 subsonic fn t h e  eecmd 
type. The absolute  velocity  leavinr;the  rotor i s  supersonic for both 
t,qes 

(3 )  Stator  blades which act as suprtlanic diffueers in which the a i r  
enters  at   the Maoh number Ms corresponding t o  the absolute erl t  Mach 
nmber from the r o t o r .  The epeod of the   a i r  is reduced t o  a subaonic 
value and then  turned in the axial d€rection. 

Important variables in this desi@ are the entrance Mach  number ML 
the angle f3 of the  turnlng in the entrance vanes, the rotatianal speed 
of the rotor &, the turnine; angle in  the r o t o r  8 ,  and t h o  variation 
of the Mach number in  the  rotor M4/M3. 

In  order t o  determine the effects of different parametera of the 
velocity diagram, sane values of stagnation pre~l0ure losses m w t  be 
-msumd for the rotor and for the  stator. Losflee occur also in the 
entrance vanes but m e  amurnnd t o  be mall and have been mglected in 
t h i s  prellmlnary analgsie. 

Cornproseor having supersonic'relative  velocity at e f i t  of ro to r  - 
type  1.- Tho assuneod values of the losses in stagnation prsasure in the 
rotor &e based on the preliminary t ee t s  of turning pamagoo discusoed 
in reference 4. Tests of a passage t b t  turned the air go st an 
entrance Mach nmber M3 of 1.71 indicated that a p e a s u r e  recovery 
of 0.95 i e  poeeible far a ra t io  M4/M3 near 1. The pressure recove.cy 
decreased f o r  lower values of M4/M3. The test Reynolds number 
(abzmt 9.16 x 10 6 with respect t o  the chord) wa8 appreciably h i a o r  
t;5m aght be expected in the usual eupersonic cornpromor. Tho ra t io  
of blads span to chord (2: 5 )  was relatively law. 

No t e s t  data axe available  for turnFng angles other than Po and 
entrance Mach num3er~  other than 1-71. The l o s ~ o f l  in tho passage have 
baon assumed In the analysis t o  b3 independent of tho  turning angle and 
of the entrance Mach  number M3- Actually, the 108SeB probably Increase 
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somewhat with the Fncrease of turning angle. Also, the p036ible  pr6- 
seace of detached shocke and of local  subsonic zones can change tibe 
value of t he  losses when the  value of M becarnee maaller than 1-71. 
The value of M3 in the analysis is of 2 he order of L7l  for  = 1.25 
and M1 of the order of 0 -85. The value of M3 changes when the 
entrance Mach  number and the rotatianal  velocity change (for X1 = 0 -4.0 
and rp = 1.25, M3 = 1-41, and fo r  M1 = 1.20 and + = 1.30, M3 = 1.98). 
The values assumed for the pressure recovery P041P03 in the ro to r  ara 
shown Fn figure 2. The values assumed f o r  the prassure-recovery r a t io  
In the  rotor (sh-c~wn Fn f ig .  2) are sameaat lower t h e n  the  highest 
values given In reference 4. The data of reference 4 are considered 
samewhat pess.imistfc  became of the low values of aspect  ratio; hmver ,  
other losses not considered in the analysie can be  expected Fn t h e  
actual  rotating machine. 

The two-d3mmaional experimental results for the  stator ahow that  
values of pressure  recovery 
for  % = 2.01 and 0.74 fo r  % = 2.51 are obtainable. Values of 
pressure  recoverr of 0.87 and 0 -71 have been assumed a t  Ms = 2.00 
and 9 = 2.50 f o r  the s ta tor ,  and a linear miat ion  of prassure 
recovery w i t h  Mach number has been assumed fn t he  analysis (fig.  3)  . 

p91p05 of the order of 0 -88 

Xith  these asstmrptiona, canpression  ratfoe and adiabatic  efficiency 
were determined for  systematic  variations in the velocity diagram. With 
We ccanpressicm ratio P.R. defined  as  the  ratio between staguation 
pressure a t  the ext t  of the etator and stagnation pressure a t  the 
entrance of the caqrmsor ,  the adiabatic efficiency was dete-ed 
from the equatfcm 

where M! is the increase in stagnation 
canpressor. 

temperature across  the 

Some resulte of the analysis are ahown in figure 4, in wbich the 
conpression ratio and the adiabatic  efficiency a m  presented as 
fnc t ione  of the rotor  turning angle f o r  different turnfnb in the guide 
vanes The rotational Mach nmber chosen for the cnmpressor 
is bQ = 1.25 and th4  entrance Mach number is MI = 0 .e For this 
Mach  number, the  entering mass f l d w  is .  only 2 percent less than  the 
maximtnn, but it is believed  possible to design noncholdng guide vanes 
f o r  this condition. A small compression is assumed Fn the ro tor  corre- 
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turning angle in the rotor  increaeee, and the increase is of the eeme 
order as t h e  bcreaEIe of the turning &e onmpression ra t io  
increases also If guide-vane turning is used. For the preesure  recovery 
assumed for the r o t o r  and the stator,  the  adiabatic  efficiency decreaeres 
somawhat when the compression r a t i o  increases. The decreaee in 
adiabatic  efficiency due t o  the turning in  the guide v m e ~  ( f ig .  4) 
2robably is emaller than should be expected, especially f o r  large angles 
of turning in the guide vanes became in the  calculatione no losees are 
considered in the guide vanes. 

In figure 5 ,  the carpression  ratio and the adiabatic  efficiency 
are shown a8 function8 of the entrance Mach number f o r  different  values 
of rotational speed. The turning angle in the guide vanes is assumed 
equal t o  15O end Fn the  rotor, loOo. The a8sumed cnmpreseion in the 
rotor   correspmu  to  9 = o -6. m e  mrm ompreeeion ra t io  is 

obtained in the range of MI betmen 0.8 and 1.0, and the m u h u m  
efficiency is obtained Ln the range of low antrance velocity. The 
compression ratio increams with increasing  rotational speed. 

M3 

In figure 6, the crimpressTon ratio and aAiabatic  efficiency aa 
function8 of the turning in the guide van88 for different Value8 of 
cmpression  ratio in the  rotor are given. The entrance Mach nlmiber 
is 0 -85 and t h e  rotatianal Mach number, 1.25, ana the t u rnhg  
angle, loOo. The compreesion ratio incremes when the turning Fn the 

guide vanes increaees. So- compression in the rotor - e 1 is 

desirable. The optlmum amount of campression depends on the magnitude 
of the losses in the r o b ?  and in  t he  stator and for the assumed valWB 
correepon5.s t o  a value of q Z  0.gO. The efficiency decreaeea 

elightly when the turning in the guide vanes increases. The decrease 
probably is larger -than shorn i n  t h e  figure,  became the lossee in the 
guide vanes have been neglected. 

( 2  
M4 

Thia analysis is prel.lmAmq i n  character  but  indicates that with 
a correct  'choice of the  differant pmametere, adiabatic  efficiency of 
t he  order of 70 t o  90 percent and c q r e s s i o n   r a t i o  of the order of 6 
t o  10 can probably be expected in thie aerodynamic design. 

Compressor having  subsonic relative  velocity  at  exit of r o t o r  - 
ty" 2.- This cmpreeeor is geomstricaLly eimila3.to the design previ- 
OUHQ discussed (typ 1) . ~ u i d e  vanes can be used front of the rotor. 
The stream entering tbe r o t o r  hae supersonic  velocity  relative t o  the 
ro to r  ( f ig .  1) The rotor passage changes the d$?ection of the entering 
stream t h r o w  a large a n g e  (of  the  or& of g~ ) . The passage 18 a 
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converglng-dLiverghg  channel similar to the passage cansidered far 
type 1, but In t h i s  cam, t rami t ion  f rcen  supersonic t o  subsonfc 
velocity occurs in the r o t o r  and, therefore, the exit   relative 
Velocity M,$ i S  sUb6oniCo 

The absolute velocity M5 i5 supersanic and the stator  is a 
supersonic  dfffuser e h i l ~ r  t o  trhe diffuser considered for the preceding 
case. However, the value of the entering Mach number is l o w r  thaa the 
value  considered In t,vpe 1; therefore,  the prelssure recmery that can be 
expected in the s ta tor  fs Larger than for the type-l design. The 
tangential ccrllrponent of the  absolute  velocity at the e a t  i e  amaller 
and, therefore,  the.  centrifugal  forces are reducea wit31 reepect t o  tha 
centrifugal  forces  existing In t h e  type-1 case. 

A f e w  unpublished preIArhary tea ts  of the turning passage ,mdel 3 
of reference 4 (fig. 7) with subsonic erLt  velocities have been made. 
Subsoaic velocity a t   the   ex t t  wa8. obtained bg Increasing the back 
presslxre, and pressure-reco~ery r a t io  of the order of 0.84 was ~ne%R~rad 
for an entrance Mach number of 1-71. 

A pressure-recovery r a t i o  of' the order of 0.90 is considered 
possible far the stator in d e w  of the relatively l o w  e t a h r  entrance 
Mach numbers M5 < 2;OO for the type-2 ccrmpressor. 

Same values of possible compression ratio and efficieacy have bean 
calculated by mernn.fl.lg 0.80 and 0 pressure recovery in the rotor 
and 0.88 in the stator.  The exit relative velocfty in the rotor has 
been a rb i t r a r i l y  a e s i ~ e d  equal-to 0.37 of the value of the antrance 
relative  velocity. The resul ts  are shorn Fn figure 8. The results of 
these  calculations (fig.  8) indicate that value8 of the  canpression 
r a t io  of t h e  order of 7 and efficiency of the order of 0.a t o  0.85 can 
be expected for a turnfng angle of Ic)Oo and presaure r e c o n q  in the 
ro to r  of 0.80. The entrance  velocity  relstive t o  the. r o t o r  
for Ml = 0.85 is of the order of 1.70, and the entrance Mach n&er 
in front of the stator f m = 1.25 is of t he  order of 1.50. 

A ro tor  blade for the case in which the e x i t  veloc i tyzeht ive  t o  
the  rotor is supersonic can be designed a8 follows.. Consider first a 
two-dimansional  passage fn which -the relative  entrance  velocity is 
eupersoaic. By a e a ~ l ~  of the chsracteristice syetem, a turning passage 

I 
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thzt  pennits the f l o w  t o  tam wtthotlt formation of strong shocks and 
without large loeees can be designed (reference 4). In the dsaiga of 
t h a  wave pattern, a gradual  docrease Ln speed can be obtained along the 
C h m e l j  however, the dimeneime of the channel in the  directioa of the 
rotational velocity a t  the entrance and a t  the exit of the m"ur must be 
t he  a m  in order t o  obtain a blade with sharp leading and t r a i l i ng  
edge8 (fig. 8) When the channel is  assumed t o  be two-dimensional, a 
given value of the r a t i o  M41M3 corresponde to 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 io  bf41M3 with a given 
velocity diagram, a contraction of the channel In the radial   direction 
must be ueed. Contracting the channel radially permits t h e  desired 
value of the r a t io  M4M3 t o  be chosen without alter- the velocity 
diagram. 

The rotor blade cannot have ze ro  thickness in the  region of tho 
leading edge and, therefore, a ehock wave of same intensity must b3 
accepted a t  a e  lea- edge. The necessity of a wedge of finite 
dimension a t  t h e  leading edge requires also that the reLstive entrance 
velocity be hi& enough to give an attached Elhock, in order t o  avola 
introduc.'mg additive besee associated w i t h  the detached ehock. The 
presence of the detached Elhock would reduce the efficiency samewhat b J t  
wd.5  not  radically change t h e  general performance of the ccnqpressor* 
In t h e  teste ascueeed in de ta i l  in reference 4, a uo wsdge m e  used 
far the blade, and the r a t io  of t h e  average e x i t  Mach nlmiber Ml+ wLth 
respect to the enter- Mach number changed in t h e  range between 0.85 
and 1-05 when tha shape of t h e  paesage changed. A pressme  recovery 
of 0.83 t o  0 wae obtaFn0d for M3 = 1.71 and a turming angle of the 
order of goo The blade considered in  referance 4 haa a thicknese ratio 
of about 0 -12 .and a shspe which is practical for the structural 
requirements ( f ig .  7) 

. . . . . . . 
" . .  " "  

The velocity leaving the rotor of the ty-p-1 design is supersonic, 
but the cmpnent  in the direction of the &e of the rotor can be 
supersonic QT eubsmic dependFng on the velocity diagram. The axial  
component of the exit  velocity is supersonic for the lower range OF 
turPFng angles in the  rotor and becomes aubeonic fop t h s  higber range 
of turning arg lea .  For M1 = 0.85 and W = 1-23, the &a1 cmpnent  
becams8 Bizpersonic for a turning angle of about &lo. If b Q  increasee, 
the  axial  component tends t o  become supersonic 00 for high values of 
turning angles. 
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zone of separation near the convex surface in this case larger than 
f o r  the case of supersonic flow a t  the exit  of we paesage (Mq > 1000). 
The presence of a large wake a t  the exi t  of the ro tor  would probably 
produce other losses in the etator and couLd poeeibly have qaor tan t  
effects in  an actual nachFne in which three-dimensional phenomana 
exist .  

The previous analysis-ahow that  large pressure ratios  per  stage 
and practical  values of adiabatic  efficiency can be obtaFned for  this 
ccqpessor &en operating at desi- condltians. Howwer, the C a U p r e 8 -  
sor, in  order t o  be practical  and stable, must operate f o r  f l o w  condi- 
tions on either  side of tp design point. The effects of variation of 
the rotational speed and of the entering Mcah number mt therefore be 
considered. In addition, it Ezet be & o m  that  the machine is capable 
O f  8kmtiIlg and establiElhlng the  d88i@l CmditiQIlS. 

For the analysis of the phenamena r e l a h d  t o  s t ab i l i t y  and t o  
startlng of the  rotor, the velocity -am considered i e  one for vbich 

(f ig .  1) . The turnFng passage corresponde t o  the design of figure 7 
and consists of tm  walls, one of which ie parallel in t h e  region of the 
leadlng edge t o  the deeign stream direction.  First,  the  turn+g passage 
is assumed t o  .be a channel in which no contraction exist6 and the 
mlnimum cross  sectian is at the entrance. 3X the entrance Mach nm- 
ber Ml is reduced and the rotational  velocity  ia  not changed, the 
relative  velocity  decreases and change8 direction (M ‘j f ig .  g(a) 1 
Aa ahown In referaace 1, an eqansion produced a t  B ? f ig .  g(a))  travels 
upstream  because the &al c0mpoTIen-b of the  velocity is  subsonic. The 
expansfon produced a t  B changes the direction and. velocitg of the 
stream as it moves outside of the passage. A family of expansion waves 
from the rotor blade8 thue changes the direction and maetude of the 
stream from OL1 t o  OL, the desi- canditian for which no wave8 occur. 
The reduction of axLal speed is thus neutralized by the expamion waves 
that are produced by -the rotor; We f l o w  ten& t o  return t o  the condi- 
tions fixed by the r o t o r  design. Ip a similar way, if the entrance Mach 
nmber MI fs Inoreased, 8 cmpreseian wave is produced at B (fig. 9( b) 1, 
and the f l o w  tends to return  to  the  canditione fixed by the rotor deefga. 
This stable  charaoteristic depende on the expansion o r  conpression waves 

- the axial copponent of the entgring Mach num3er Ml is subsonic 

fra point B e  

When t h e  dal velocity is decreased, t he  shock at the l i p  of the 
surface of the blade incUned to the stream  increases In strangth and 
for low values of axLal velocity may became detached. For this cmdi- 
t ian,  further analysis is necessary to determine *ether it i e  still 

0 



possible f o r  expansion waves frcan the l i p  t o  t ravel  ahead of the rotor, 
thereby stabilizin@; the f l o w .  The problem may be approached by can- 
sfderlng  schematically a wadge in a supersanic etream at a large angle 
of attack (fig.  10) The detached shock produces eubsonic flow behind 
the ehock. A t  the upper surface X, behind the leading edge By the 
f low produces a vortex and local  separation. The flm in the upper 
zone,  however, expands and the velocity  outside of the  zone of separa- 
tion  increams  again  to a supersonic value. If the separation is 
localized near the leading edge, the Mach nlzmber along the eurface Bc 
behlnd the region of s e p a t i m  aiffere only s l i & t l y  f r o m  the Mach 
ntmiber that would erLet If no detached shock were present and the flow 
had expanded fra the direction of the undisturbed stream t o  the 
direction BC (see references 4 and 5 . )  III t h i e  cam, expansion wave0 
are produced in the region of the leading edge which neutralize the 
shock and then extend t o  in f in i ty  and turn the undisturbed velocity  to 
the direction X. When the angle between the direction of t h e  undis- 
turbed  velocity and the surface Bc is vem large, the  separation of the 
f low a long  BC is no longer localized n&ar the leading edge but extends 
downstream. Ln this case, the f low does not asslllp~ the directian BC, 
and expansion waves t rmmit ted u2)etream are weaker or may be nonexistent. 
The possibility of large separation  incremee when an adverse preeeure 
@-adient exists along the surface BC. However, ae long as the detached 
shock is not accomganied  by extensive separation over  a large part  of 
the ro to r  blade, expansion waves will be produced and the mechanism by 
which etable operation  occurs Vill be the ~ a m e  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 inteneity of the expansion waves 
tends t o  dewemej and when no exgarmion wave0 a r e  tranermitted upstream, 
the f l o w  ten* to rnmRtn of subsanic tspe Wide the  palsaage. The te&s 
of references 4 and 5 ahow that  expansion wavw axe produced even for 
anglee of attack a8 high a8 4.0' Thm, t he  meohaniam required for 
s tab i l i tg  will exist even when the entering Mach number MI haa very l o w  
values 

ADY reduction Fn rotational speed of the rotor produce6 a change in 
direction of the entrance  velocity. Compreeslon waves are produced a t  
the l i p  of the blade which travel upe-keam 8nd reduce the velocity. 
(See reference 1.) P m  steady  conditions, the relative  velocity 
decreases and  becames OL1 (f lg. g(b) ) . The camgreesion  wave^^, there- 
fore, tend t o  reduce  both the relative  entrance  velocity and  the axial 
velocity 0 

If the  reduction of rataticcnal speed fs amall, and the  entrance 
Mach number OLl is large enough, the shock produced at B by the BUT- 
face BA is still  attached; f o r  a large reduction of rotational speed, 
howlever, a  detached shock occurs at B *  The eteady  conditione 
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correspond, 88 nlth the attached shock, to OL1 because far th ie  condi- 
t ion o i l y  can the expansion waves produced a t  B neutralize the detached 
S h O C k j  that is, th ie  1s the 0- condition  for which no are 
t r m m i t t e d  upstream. 

In order to a l l o w  a reductian of rotational  velocity without a 
decrease in efficiency due t o  ahock detachment, the wedge at B should 
be emaller than the angle of maxlmm deviaticm corresponding to t h e  
design condlltion. For example, if the wedge angle is loo, the minimum 
M a c h  number that p e d t a  ~LI attached shock is 1-43. If, then, the  
relative Mach nuniber is 1.70 and the rotational speed corresponb t o  
Mach ntmiber 1.25, the rotational  velocity can be reduced 15 percent 
before a ateadg detached &ock is produced in  front of the blade. 

The rotor can be designed with passages havFng the minimum cross 
section at the entrance, in which case no particular problam exists In 
regard to st&lng the supersonic f l o w .  Reference 4 ahare, however, that 
the use of a canverging-diverging passage In the rotor is preferable 
When a contraction existe lu the passage, s"ting problem sFmilar t o  
those of supersonic  diff'uaers  exfst for t h e  rotor and, therefore, the 
mechanism of establiehlng  supersonic flow in  the pafleage must be 
analyzed. 

C o n s i d e r  first that t h e  rotatianal  velocity of the rotor is being 
gradually increased.  For low subsonic speeds, W e  increaee in  rota- 
t ional  velocity causes an fncrease In the velocity within the rotor 
passages. This increase  continuee 88 the rotational  velocity advances 
until  sonic  veloofty is reached at the mlnjmum section of the rotor 
paesage. For higher  rbtatianal speeds, the direction of the lnlet 
velocity relatfve to the rotor c-t be parallel  to the upper m a c e  
of the rotor  blade un t i l  the flow at the entrance of the rotor becomes 
supersonic because fo r  this conditfon the contlnufty  requiramant can- 
not be satisfied.  The axial campanent in this case must be smaller 
than for  the case in hfch the stream flows parallel to. the rotor blade 
and, therefore, the stream directton tends t o  produce expanetone a t  the 
lea- edge of the blades (reference 1) . The expansions a t  the 
leading edge of the blade t a d  t o  increase the stream velocity. E the 
velocity could be increased by this me8118 until the flow became paral le l  
t o  the  antrance of the blade, the Mach number after eqansion would be 
larger than the Mach number M3 which correspande t o  the  same rota- 
tional  velocity of the rotor and to an axial velocity f o r  W c h  the 
entering stream is paral le l  t o  the upper surface of the rotor  blade. 

. .  



In t h i s  condition,  the expansion waves tend t o  increase the Mach  number 
of the stream  entering the r o t o r  and also the cram section of the 
stream  tube  entering  the ro tor .  If the  contraction of the rotor  ie  too 
large t o  a l l o w  paseage of the Fncreased fhw, cnmpression wave8 would 
move upstream from the ro to r  throat  cancel the expension waves 

en*ance velocity  relative t o  the rotor must actually remain incUned 
wlth respect t o  the  rotor blade, and start ing could  not  occur. If the 
speed is  further  Increased t o  a suf'ficiant3.y  high  supereonic  value eo 
that  the  continuity law is sat isf ied  for  the ro to r  contraction  ratio, no 
compression waves could be t r R n t t e d  upstream, and the expaneion wave8 
from the leading of the blades  could then increme the velocity of 
the incom3ng flow until the  relative velocit'g is parallel t o  the upper 
surface of the b l a h ,  and the start ing o f  the supersonic f l o w  would 

. prqduced a t  the leading edge of the blade. In this case, then, the 

thus occwo 

The mschanim of star t ing as previouely  deecribed i e  complicated 
by the presence of local  separation of '  the flow at  the  leading edge 
and by detached Elhock. The actual  etart ing  rotational Mach nmber f o r  
a given contraction  ratio and passage .deeign is affected by the.losses 
due t o  the cmpression waves fYam the throat  and fram the l O s S e 8  due 
t o  f r ic t ion and separation. In general, the losees due t o  cnmpressim 
wavea and erhock  'waves b3hlnd the eqpanaion of the blade from the leadFng 
edge are less than the losses that  correspond-to a normal ehock In front 
of the pamage, but  the  differences can be amall, especially if the 
wedge of the blade at  the  leading edge producee a detached ehock and 
local  separation at the lea- edge. 

The foregoing  discmeion  indicates that starblng of the  eupersonic 
f l o w  in the rotor would occur for a.cantraction  ratio Larger than the 
theoretical limiting contractian r a t i o  given by one-dimensional theory 
f o r  an inlet diffuser for which a normal shock occur8 ahead of the M e t  
prior t o  starting. The results  discussed in reference 3 and p r e l h h a r y  
reaults fran variable-geometry stator-blade tester however, ahow that, 
although the starting  limitation can be avoided by w e  of variable 
geometry, supersonic f l o w  cannot be maintafned for throat Mach  number8 
close  to  1.00. Disturbances fram the downstream flow and fran .t;he 
boundary layer have a destabilizing effect which came8 the entrance 
f low t o  become subsonic if an attempt is made t o  operate with throat 
Mach numbere near  unity. Experiments a t  M = 1.65 for a particular 
variable-geometry model in &ich  appreciable  dieturbancee were lmown t0 
exiet flhowed that  the maximum contraction  ratio f o r  stable flow wa~ less 
thsn  the  theoretical  contraction  ratio for the fixed-geametry cam. 
These experiment8 alrro ahowed that  the advantages of variable g6ometry 
decreaee  rapfdly with decreasing Mach num3er. Thm it can be concluded 
that,  for  the  relatively low supereonic Mach numbers comidered for the 
rotor, any appreciable gain in contraction  ratio ?ver the  theoretical 
value8 f o r  the one-dimensional fixed-geometry M e t  diffuser is improbable. - 



For Mach numbera less than the starting salua, losses exist 
because of the waves fn front of the rotor .  For them conditione, 
a m t a b l e  &de vanes In front of  the rotor are desirable. If the 
rotational  velocity is too l o w  f o r  starting, the axial component of the 
entering veloci ty   ie  amsl l  and, therefore, an appreciable m u n t  of 
turning can b8 obtained  without shock losaee, especially if the guide 
vanes are  in  zone ahead of the ro tor  in which the &al  velocity is 
lower than that hmediataly Fn f’rant of the ro tor .  The &de vanes 
can Fntroduce a favorable  rotation in  the stream and thus  decrease or 
e7”Iate  the loeees due t o  t h e  wave8 in front of .-the rotor. Adjustable 
guide vanes also offer the possibility of e-tiq the geometrical 
start ing urnitations Fnpasee where these  Umitatians  actually  conkrol 
the star t ing prosess rather than tkte limitations  lntmduced by the 
fnstabi l i ty  of the  supersonic f l o w  inside the passage. 

I n  supersonic canpressore, when the axial ccqanent of the 
enterFng Mach nmber MI is subsonic and the flow a i d e  the rotor is 
supersonic (M3 > 11, the magnitude of the enterkg  velocity is deter- 
b e d  by the rotational speed. Bo regulation of the mas8 f l o w  enter- 
the cmpreeeor is poesible by me8118 of throt t l ing the f l o w  downatrean 
of the cmpreseor. For the supereonic comprassor dth mbsonic a-al 
crrmponent of the entzance Mach number M b  the regulation of tbe mss 
f l o w  can be accomplished by changing the  direction of the enter- 
velocity by meane of adjustable @de vanes. T m n h g  the guide vaneg 
al lows the VaLUe of the turn- angle B of-figures g(a) and g(b) t o  
be changed; f o r  a c&tant  rotational Mach number Mp, the dfrection of 
the enterFng stream M3 can thw be changed. Exganeion maves or 
cmpression wave8 are then produced a t  the leading edge of the compressor 
blades and comespond to an Fncreaae o r  t o  a decrease of the value of p .  
The  waves change the smplitude of the entering Mach number Ml Etnd 
thereby change the volums of flow enter- the rotor. 

If the axial ccanpanent of the enter- Maoh num3er M1 is super- 
sonic,  the waves prpduced a t  the leading edge of the rotor blades are  
contained Wide  the parreage. Ln t h i s  case the m e  f l o w  is established 
by the geametry of the passage ahead of the cnmpreeeor and remins 
unaffected bg any variatiane in t he  &&-vane eettinge.  Regulation of 
the volume flow, however, can be obtained by ad.Justment of the guide 
vanee, which are now of the  supersonic tspe, because t h e  coatraction 
ra t io  in 3 Ie  guide vanes changes with blade eetting. If it 58 desired 
t o  vary ma68 flow *ere MI is supereonic, t h i e  result can be 
accmpliahed by means of a  variable-geometry inlet duct ahead of the 
cmpreseor shilar t o  the one dfscuElsed in  reference 3.  
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The tests of the inlets  of reference 3 indicated  that preesure 
recwery hi&er than the pressure recovew that can be expected Fn a 
convergent-divergent dif-er can be obtained f o r  stream Mach numbers 
between 2 and 3 if the starting limitations are avoided by w e  of 
variable geometry. Ln.some of the lnlets of reference.3, compression 
OCCUTE in front of the entrance and the ex%ernal f low does not Fnter- 
f ere trith the lnternal f low;  theref ore, ccmditiona similar t o  those 
required Fn a. diffuser for supereanic cnmpreesore  have bean obtalned. 
The steady  conditione in t h e m  diFPueers are similar t o  the condltians 
of the f l o w  in a convergent-divergent diffuser; homver, the mschaniflm 
of starbing is different. The stream-tube  contraction rat io  w e d  in 
the W e t s  of reference 3' is larger than the stream-tube  contraction 
rat io  - w e d  in a convergent-dLvergent diffuser. Although the  etarting 
mechanism used In a conical inlet cannot be used directly in a diffuser 
of the  stator of a supersonic  cmpressor, values of preeeure recovery 
eimilar t o  those obtained for t h e  conioal inlets CEJR be exgected in a 
diffuser with internal cnmpreseitin, if the contracbion r a t i o  is 
higher than that detemdned by the fixsd-geometry starting conditions 

Consider a two-dimensional W e t  such aa that ahown in figure ll. 
A t  first, the f l o w  component normal t o  the entrance AB of the diffuser 
is a s s m d  ko  be.eupereonic, in which-caa-e, the diffuser can be designed 
88 follows: The upper surface AD of the l o w r  blade is fncUned a t  an 
angle t o  the stream Mach  number M5 and produces a ahock =Ye. Aa an 
alternate t o  the hock wave from A, a family af campreseian waves can 
be substituted by using a surface AD that etarte a t  A parallel to the 
incamFng f l o w  and curves gradually. For the design conditions,  the 
shock wave o r  the Mach wave from A hits  the lower surface of the other 
blade BE be- the le- edge B and is reflected. The contraction 
ra t io  of the paseage can be decreased by t u rnhg  the f'ront"p&t of each 
blade that constitute6 the stator a8 ahown in figure U. The ahock 
frm A become weaker,  and the reflected shock f'rm the surface BE 
becomss weaker.. For the poeit ion A ' ' of figure II, the mmface AD pro- 
duces an expaneion, and the lnternal contractian is very mall. 

If, f o r  the design conditione,  the blades are turned i n  a direction 
opposite t o  the  direction a h o w  in  figure 11, the shock wave or the 
campresBion waves from the lower blade move h- front of the upper blade 
and, therefore, 8 famlly of canpression waves tends to move upstream i n  
front of the stator. T h i s  famils of compression wave8 ten& t o  decrease 
the  entrance  velocity and, therefore, tends  to change the volume of the 
f low entering  the  stator. In this ewe, interfereme occur6 betwen 
etator and ro tor .  In order t o  avoid such interference, the shock A 
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d the 
uz)e AB; therefore, the  caponart of the stream.Mach number Ms normal 
to AB must be mpereonic (ahock at A) . If this carrpment i e  subsonic, 
the interference disappears o d y  the smface AD at the leadtng 
edge A is parallel t o  the direction of t h e  b c a i q  f l o w  and the 
compression mves along AD originate far enou& behhd the leading 
edge so tha t  the wave6 are c.onfined inside the paasage. 

When compression WBVBB or expansia waves mve in front of the 
s ta tor  and reach the exit of the r o t o r  ther change the -tude and 
direction of the stream leaving the rotor and, therefore, the veloaitg 
diagram is changed. For ~ m a e  ranges of intaneitg of the wave8 moving 
upstream f'ran the stakr, the equilibrium  condition is obtained a t  the 
exi t  of the rotor, and the velocity  distrfbution Wide the rotor does 
not change. k this range, the waves mving upstream fram.the s ta tor  
becams steady w a m B  at tachedto the e a t  of the rotor. 

C o l l s i d e r  a cnmpressiaa wave mvlng upstream f'roan the s t a t o r  
(fig. X?( a) ) The cnmpmseian ten& to rehce the velocity cnmponent 
in a normal direction t o  the wave and, In fixsd coordlnBte8, ten& t o  
change the velocity from the vector 0s t o  the vector OB'. Beckme the 
rotational  velocity is conetant, the velocity Fn rotor coordinatss 
must change from OC t o  02'. Whenthe ccmpressian wave reaohes the exi t  
of each  passage it ten& t o  move Wide (wave EF) and is ref lected  a t  
one of the surfaces of the blades and, therefore, another  carpreasion 
wave ED is produced that changes the direction of the velocity O S '  to 
the direction OG . a n d .  increases t h e  pressure in  the zone behind the 
wave A t  the   t rhi l ing edge T of the blade, equflibriam of pressure 
and direction must eldst; therefore, an expansion wave is also produced 
at t h e  trai l lng edge of each blade ubich neutralizes the reflected 
c q r e s s i o n  wave ED- This wave pattern cannot move upstream lnside the 
passage because, In order t o  move upstream, the wve EF muet be strang 
enough to develop l n t o  a nom1 ahock correapandlng t o  the velocity 02. 
Furthermore, no m m s  a m  reflected downatream. This wave pattern, 
therefore, beCCm.106 steady and the steady condltfon correspan& to the 
velocity oc ' . 

A similar phenamenan occurs if expamian uBv6B are considered 
(fig.  12(b)). whep either expansfon waves o r  conpeasion waves ara  
produced by tfie stator- and mve upstream, the flow conditione at the 
end of the rotor oh- and steady waves a r e  produce& at the end of the 
ro to r  that   stabil ize the flow. 

The equilibrium  conditione be'tween rotor and stator  and the  
m x l ~ ~ u m  Fnteneity of the c-ssion wave8 that can be trapped at the 
end of the rotor can bs determined for  each configuration from the 
preceding  consideratiom. For evew vahe of the vector oc (fig.  =(a)) 
representing the  e a t  Mach nmiber in  rotor coordinates for the condition 



of zero Interference,  the line C 'CC ' can be determined by comldering 
that Fncoming  waves have werent, Fntensity and by detemaining the 
intensity of the reflected waves. Ilkam the diagram C 'CC I ', the 
diagram B 'BB in stationary  coordlnatee can be determined. For the 
case of elcpansion  waves moving upetream, the condition of equilibrium 
corresponde t o  a vector OB pa ra l l e l   t o  the entrance region of the 
stator  PQ ( f ig .  =(a)). The sarm cansideratlm is valid for 
compression waves 

When the caponent of the  entering  velocity n o m 1  t o   t h e  entrance 
of the s ta tor  €'R is supersonic, another condition of equilibrium can 
exist that correspondfl t o  a shock wave at P along PR or  inside the 
passage. This  second condition is possible only for the velocity 
vector OB became if shock wave8 travel  outside of the s ta tor  passage 
they  tend t o  reduce t he  component in no-1 direct ion  to   the wave t o  
subeonic  values. When the axial  cmponent of the  velocity OB is 
supersonic, a shock a t  P can be uti l ized in the diffmer t o  increase 
the  pressure  recovery. However, if the shock i e  along the llne PR a t  
the  entrance of the passage, the condition of equilibrium is not  stable 
because if the shosk is dieturbed fram its original  position and moves 
outside of the passage, the  velocity normal t o  the lFne PR became8 
eubsonic and the original  condition is not  established  again. Jn order 
t o  obtaln  stability, the shock should .be sl ight ly   Imide the passage. 
Because the entering Mach  number is usualJy large, the angle between 
the shock and the entrance of the passage requfred is maU. Assume, 
for example, that  the  Mach number entering the s ta tor  $€I 2.30 and a 
shock corresponding to- a 10' deviation of the flow is $produced a t  t h e  
t i p  of the blade. The angle of the shock is 34-0 ' . If an angle of eo 
is chosen between the front of the duock and the lfne pfi in figure X ? (  a) 
the shock is stable for a variation of tangential velocity of 10 percent. 
If the  rotational camponent corresponde t o  M = 1.25, the ehock is 
stable far a variation from M = 1.25 t o  1.10. The shock will remain 
in   the  Bt8ble posit ion  for a larger decrease in  tgngantiaf  velocity if 
a correspondFng decrease in normal velocity cnmpment also O C C U ~ E I .  
However, i n  order t o   u t i l i z e  a diffuser having a 8hock at the  leading 
e m  of the bla&, a variable-geometry stator  is necessary t o  start the 
phegomnon. A variable-geometry s ta tor  is e o  required in order t o  
have the possibil i ty of adapting the diffuser t o  different values of the 
rotational speed. 

For  every @van value of the  velocity OC fneide the rotor, a 
maximum value of the  deviatfan 8 exists f o r  which the wave pattern 
previously  considered i e  possible. when 8 FncreaBes, the  poseibility 
of reflection of the wave EF at E (fig.  =(a)) becomes  more cr i t ical ,  
and fo r  8 larger than a maximum value depending on the intensity 
of OC the  reflection ie no longer possible. The .waves El? and ED form a 
lamda shock with a normal ehock at E if the inten8ity of the campreeeion 
waves from the 6tator  continues  to increme. The phenomena are similar 
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t o  those found in supersonic dlffueers U the inmi- of the 
cnmpression waves iacreaees, W e  strong ehock moves upstream aide the 
rotor. 

If the passage of the rotor is a diverging o r  a converging- 
diverging  channel,  the stran@; ehock can be pushed upstream sad- 
by changing the geometry of the -mer and imreaslng the intensity 
of the caqressian waves. If the passage does not have a cantraction, 
the strong shock  cannot be stabilized inside t he  passa@;e; the dieturb- 
mce moves fn front of the rotor, changes the conditions In front of 
the rotor, and decreaeee the entrance a d d  velocity and, therefore, 
decrewes the flow. 

When t h e  normal shock moves upstrearg in the rotor, the velocity OC ' 
becomes subsonic and again has the direction ,W . 'Po eve= positian of 
the shock inside %he rotor there corresponds a even value of the 
velocity in front of the stator and, therefore, the correepandlng 
stator conffguratione that push the shock new the mlnlmum sectfon can 
be determined. The a-al velocity in front of the stator is subsonic, 
and the  entrance  velocity is pecrallel t o  the 8urfa.m FQ. 

In athis analysis, several s.fmnHfying wsumgtiane b e  been made 
For example, the distance betmen rotor and stator  is aeaumed t o  be 
sufficiently Wge t o  permit neutralization of the cnmpression and 
expansion w 8 v 8 ~  In Front of' the  stator.  The possibility of neutraliza- 
tion of waves i m i d e  the stator, however, could not  greatly change the- 
phenomena coneidered  became the neutralization w o u l d  occur autamti-  
caUy a6 a consequence of the relative motion between s ta tor  and rotor. 

In the discussion it is assumed d o  that  the f l o w  fnside the ro to r  
is not changad *en mve8 exist at the exLt of the mtor passage. 
Actually, however, t h e  preeence of the boundary layer and of a zone of 

t ravel  upstream In the rotor and -to change t o  acme extent the magaftude 
of the vector OC. 
88paratiOIl h i &  the passage prmite t he  pressure disturbances t0 

Teste of .tm-dimnsianal  varfable-geamlzy dffpueers W c h  can 
be wed i n  supersonic campressors of the tgpe considered in the  present 
paper are In progress a t  the Langley Laboratory. Frelhlnary  resul ts  
are presented in figures 13, 14, e& 15 f o r  Mach numbere of 2.51 and 2.01 
f o r  diffusers having  supersonic and sonic axial entrance  velocity 
components. In the inlets coneidered, no limitations of contraction 
r a t i o  eldst became variable geometry is  used; therefore, if it fs 
&BsUlUed that no interference exists between t he  boundary layer the  



supersonic stream, COnfiguratiOnB can be designed f o r  which the losses 
due t o  supereonic compression are theoretically very a m a X L e  W i t h  t h i s  
assumption, diffuser canfigurations  having gradual ompression might be 
expected t o  yield higher pressure recovery. These and other experi- 
mental rea+ts ( re ferace  3), however, indicate that the presence of 
the boundary lager af'fects the caqression inside the diffuser t o  a 
large extent; therefore, in order t o  obtain a canfiguration that gives 
high pressure  recovery, a ccmprmlse u t  be made between shock losses 
and loeses due to boundmy-layer  separation. 

For M = 2.50, in order t o  have hi& preeeure recovery, cnmpresslon 
ra t ios  of the  order of 12 or 15 are required in the stream. When the 
compression occurs  gradually Wide the inlet the boundary layer i8  
subjected t o  lmge adveree pressure gradient8 and, therefore, it ten& 
t o  sepmate. Ln order t o  avoid large pressure gradients it i a  more 
e f f i c i en t   t o   cnmp~e~e  t he  flow to sme extent with shock8 i n  front of 
the  inlet  before the boundmy layer is formed than t o  ccmpress the f l o w  
gradually entirely  inside  the inlet. In either case, the amount  of 
compression tha t  can be obtained by m e a n s  of variable g e m t r y  is deter- 
mined  by the boundmy-layer phenamena. The test results lead   to  the 
conclusion that large c a y e s s i o n   a t   t h e  stator entrance can be used 
efficiently anly if t h e  ax ia l   cownen t  of the velocitr  in front 'of the 
stator is supersonic. In this case, the oompression can be obtained by 
produokg a shock a t  the leadfig edge A of WB of the blades and by 
reflecting the ehook near the leading edge of the other blade B 
(f  i@. 13 and 14) The t e s t s  show tha t  when the reflected shock hits 
the surface AL: of the d i f f u e r  it ten& t o  produce separation and, 
therefore, it is desirable t o  reduce the  inbrmity of the reflected 
ehock t o  emall v a l u e e .  The minimum value of the intensity of the 
reflected wave is detemnined by the s t ructural  requiremen.t;e of the 
blades  became the wedge angle of t b e  blade at the  leading edge controls 
the intensity of the  reflected shock. For e q l e ,  if the shock f r a m  
the leading edge A corresponds t o  a desiatip4 _of. l 4 O .  and the reflected 
ehock .to a deviation of go, the blade weage is goa 

Tests have  been made a t  M5 = 2.51 f o r  the diffwer shown in 
figure 13(a) a t   d i f fe ren t  anglee of attack in order t o  change the 
intensity of the compression in  f ront  of the passage. The results of 
these  test8 show tha t  when the shock in front of the M e t  Increases, 
the preseure recovery increases. The maxirmrm persure recovery  has 
been obtaFned a t  the highest angle of attack of the model tested 
( f i g .  l3(a)) ,  for a i c h  t h e  shock from the leading edge A of the blade 
correspcnde t o  a deviation of 14'. For th ie  condition, the upper 
surface has a direction that gives a go wedge angle f o r  the blade 
(f ig .  l3(b)). The blade tested has a 2-inch span and the boundary 
layer was removed from the side walle tn perpendicular  direction  to  the 
stream 1 Fnch in front of the blade AC. The maxiram pressure  recovery 
obtained for   the diffwer canfiguration  shorn Fn figure u ( a )  is of 
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the order of 74 percent. Tests were &de a t  
a diffuser havlng gradual curvature along AC, 
pressure recovery  could not be obtained. 

the same Mach  number d t h  
but  satisfactory  values of 

The inlet of figure l4( a ) .   a t  3 = 2.01 had a  pressure  recovery 
of about 0.88. Figure l4(b) ahom  a  possible  blade shape f o r  the  stator 
that  corresponds t o  t h i e  t e s t  model.. When sonic o r  sribsonic axial 
entrance  velocity at the stator is considered, the blade mmt have the 
surface AC pmallel in the zone near the.  leadlng edge t o  the stream 
direction if all disturbances  are t o  be confined in the stator passage. 
Therefore, in order t o  have a practical  wedge angle at  the  leadkg edge 
of the blade, 8 me froan the  other  surface mzLBt be produced of the same 
strength as in the case of the. supersonic axial component.  The cMILpTes- 
sion in this case occurs in a zone  between the warn h which boundary 
layer  exists; whereas, in the supersonic  case, the  cnmpredsion across 
the first shock occurs  without  adverse effects fram the w a l l  boundary 
layers. In the subsonic  axial-campanent cwe, a diffueer of the tBpe 
shown in figure 15 can be used. The Wfueer in the zone ABCD is 
sFmi laz  t o  the diffuser of figure 13 except f o r  a surface AA', paral le l  
t o  the incaming stream, that is added t o  the adzance. I n  th i s  inlet, 
however, the inc lha t ion  of the  surface ED with reapect t o  the Fncomlng 
stream must be larger than in the inlet of ffgure 13 because Fn the 
inlet of figure 13 the wedge a t  the leading edge of the blade is fixed 
by the i nc lha t i an  between the surface8 AC and HDj whereas, in %is 
inlet it is given by the  inclfnation between the line BD and AA' . As 
the subson3.c axial cangonent of the  velocitg  entering the stator  is 
decreased the length AIL' will obviously increme. In order t o  keep 
the leading-edge section  practical  structurally it wil l  probably be 
essential  t o  lncreaae t h e  wedge angle aa the a x i a l  velocity component 
decreases. 

Tests have been performed at M = .2 -51 for the diffuser ahown in 
figure 15( a) In which the surface AA ' was omitted (the diffuser is the 
8ame as the dfFPuser of fig.  -(a),  but has a smaller angle of attack 
such that the  &a1 ccmponant is  sonic, and the mvable 5O f l a p  is 
adjusted so that its upper surface is p a r a l l e l  t o  the  entering flow) 
For the configuration of figure 15(a), the mR*frmrm value of pressure 
recovery obtained w i t h  variable gearnew was of the order of 0 -59- 
When the  inteneity of the shock from A was increased,  higher pressure 
recovery WBB ob.t;ained; hovever, the wedge angle at the leading edge 
necessarily  decreases as the hock  fram A increa~ee in  strength. For 
example, f o r  the configuration of figure 13 (a), the wedge would have 
negative  values The l o w  values of pressure reoovery f o r  the  sonic 
axial-cmponent  configuratfon (fi$. l5(a)) can be attributed to  the 
increased  intemity of the shock from ED .which increases  the  sepqatian 
at the  surface AC and, therefme, Increases the  loaeee and Fnetability 
of the diffuser- 
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Bo tests have been performed f o r  the l o w  Mach numbers with sub- 
sonic axial component  which are required for the stator of t h e  type-2 
cmpeseorO In this Case, the entering Mach number Ms is amall (of  
the arder of 1.50) and hi& pressure recovery can be expected. 

The Reynola number of these tests m~ canrriderab hi@er  than 
u s u a ~ ~  found in compressors (of the order of 3.7 X 10 iF per inch) uith 
the model blade spacings of the order of 1 lnch. Because of the 
importance of the boundary layer ae, it affects difFupler performance, 
t he  t e s t  Reynolds n'mdber and aspect  ratio are parameters which ahould 
be Investigated in future  tests.  

These results are pre- but seean to   indicate   that  in the 
velocity diagram a supersonic  axial-velocity corqonent in front of the 
stator  is  preferable to  subsonic components. Advantages can be expected 
by the mmval  of' the boundmy mer almg the upper and lower surfaces 
of the annulus in front of the stator.  

A superrronic cmpressor design having supersonic  velocities  at  the 
inlet t o  the stator  waa analyzed on the assumption of tm-dimensional 
flow. Pre" supersonic cascade t e s t s  of the rotor and stator  
blades are deecribed from whiah values of the rotor and stator  losses 
were determined for w e  Fn the analysis The results of the calcula- 
tions  indicated  that stage compression ratioe betwean 6 and u> can be 
obtained for this design dth adiabatic  efficiency between 70 and 
80 percant. 

The 8 ~ a r t h . g  conditione and s t ab i l i t y  of the flow in rotor and 
stator are diacuased, and the desirability of variable-geametry stator8 
and adjustable guide vanes is indicated. These devices Fncreased the 
ranges qf entrance  velocitg and rotational speed for  hi& efficiency. 
Although either supersonic o r  subsonic mid entrance  velocity to the ' 

stator  can be used in this desigu, the prelimhary cascade tests 
indicated that supersonic velocity  reeulte In higher presaure recovery. 

Langley Aeronautical Laboratorg 
National Advisory Committee f o r  Aeranautics 

LRngley Air Force Base, Va. 

. 
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Figure 2 .- T o t a l  preeeure recovery aeeumed f o r  t h e  tmnlng -passage as a 
function of the ra t io  of the relative Mach nwnter at the exit and at 
the entrance of the pasaage. 
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Figure 5 . -  Variatian of the compreesion r a t io  and adiabatic  efficimcy with the mtraace Mach 
number M1 for  blfferent values of rotatlomil. Mach nmbr %. Turning angle in the entrtmce 

vanes, p = 13O; tumtrg m e  in the rotor, 0 = 100'; ccmrpreeafan in the  rotor, - M4 = 0.6. 
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Figure 9 .- Stability of the rotor (MI coa < I) 
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Figure 10.- Detached shock at the leading edge of the rotor blade. 
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Figure 11.- Variable-geometry stator blade. 
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(a) Compression waves moving upstream from the stator. 

\ - 
(b) Expansion waves mmng upstream from the stator. 
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(b) Stator passage corresponding to model of f l w e  13(a). 

ff P i m e  13 .- Stator for &, = 2.51. a 
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(a) Model of stator blade tested at Mg - 2.91. 
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Figure 15.- Stator f o r  = 2.51 (I46 - I). 
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