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NATIONAL ADVISORY COMMITEZ FOR AERONAUTICS 

RESEARCH MEWRANDUM 

INVESTIGATION OF A supERsONIC-COMpRESSOR ROTOR WITH TURNING TO AXIAL 

DIRECTION. I1 - R W R  COMPONENT OFF-DESIGN AND STAGE PERFORMANCE 

By Melvin J. H a r t m a n n  and Edward R. Tysl 

The aerodynamic design and the  design-point performance  of a 16-inch 
impulse-type  supersonic-cmpreesor  rotor component w i t h  t u rn ing   t o   t he  
axial direction were investigated  in p a r t  I of this series. The pmsi- 
b i l i t y  of good stage performance was indicated;  therefore,   in  this  report  
the  off-design and the  stage performance axe analyzed. The analysis of 
the  stage performance wae made with a set of d i f f w i n g   s t a t o r s  designed 
from consideratiom of the  off-design performance. 

a The characterist ics of t h i s   ro to r  were such that  the  rotor-discharge 

I of 1.94 t o  about 1.65 without a large drop in performance. But closing 
Mach  number could  be  reduced from that  obtained a t  the  design  condition 

the throttle f a r t h e r   t o  reduce  the  discharge Mach nuniber resul ted in a 
considerable  decrease Fn rotor component performance. This rotor char- 
a c t e r i s t i c  resulted in the peaking of computed stage performance at an 
intermediate Mach  number (about 1.55) when the   s ta tor  losses w e r e  assumed 
similar to  those  previously  obtained. Thus, the  computed best stage- 
performance point i s  obtained a t  this intermediate  rotor-discharge Mach 
number rather  than a t  the  design  condition  for  the  rotor. The computed 
stage-performance  curves  indicate  the  rather  critical nature of the 
matching  problem  between the  rotor and s ta tor  performance characteris- 
t i c s  and the  possibi l i ty  of improving the  stage performance by decreasing 
the  losses in the  diffusing  stators.  

The s ta tors  set at the design  angle  limfted the rotor  operation at 
97.5-percent  design  speed t o  a point below the best  computed stage- 
performance point. Under these conditions,  the  stage  total-presaure 
r a t i o  was about 4.0 and the stage adiabatic  efficiency w-ae about 0.66. 
Reducing the e ta tor  angle 6O below the design  angle  increased the stage 
performance at 77.9-percent  design  speed frm a total-pressure  ra t io  
of 2.5 t o  2.7 and from an adiabatic  efficiency of 0.70 t o  0.77. T h i s  
increase wa8 a re su l t  of improved rotor  performance  and a180 improved 
stator  total-pressure  recoveries. The reduction i n  stator  angle im- 
proved stator  total-pressure  recoveries at Mach numbers below 1.25 but 

. 
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seemed t o  have l i t t le  effect   on.the  total-pressure  recoveries above t h i e  
value. These stator  recoveries  are  slightly  higher  than  those  obtained 
in  the  previous  stator  investigation. 

Impulse-type  supersonic-campressor rotors .are  designed t u  impart 
energy to   t he   f l u id  by a large amount of turning  with a relat ively small 
amount of diffusion  (static-pressure  r ise) in  the  rotar  passage. In 
these  design  configurations,  the  flow  relative  to  both the rotor  blade 
row and the  diffusing  stators is supersonic.  Considerable  deceleration 
i s  then  required in the stators .   to   obtain useful flow velocit ies.  Sev- 
e ra l  compressor rotors of t h i s  type have  been eqerimenI+lly  investiga- 
ted  and are  rep.orted i n  references 1 t o  4. I b .  references 1 t o  3, 
impulse-type  supersonic-c.otnpresgor rotor component total-pressures  ratios 
of 3.6 and 6.6 w e r e  bbtained a t .  adiabatic  efficiencies of 0.80 and 0.78, 
respectively.  In  reference 4 (part  I Or th ie   se r ies )  a total-pressure 
r a t i o  of 5.7 was reported. .at a a .  adiabatic efficiency of about 0.89. 

The compressor rotor of reference 4 represents a considerable im- 
provement over  previous rotors f o r  design,-or impulse, operation. Also, 
there was only a moderate  drop jn efficiency  with  reduced  discharge Mach 
numbers (i.e.,  increased back pressure). This contrasted markedly with 
previous  impulse-type compressor rotors, where appreciable  reductions t n  
efficiency were observed  with  increased back pressure. These characteris- 
t i cs   a re   a t t rac t ive   wi th   respec t   to  the use of t h i s   m t o r  with  diff'using 
s ta tors  as a stage.  Before a satisfactory  stage can be  designed,  the 
problems associated  with  diffusing stators must be  considered. 

. .. 

References 3 and 5 indicate t h a t  the  losses in  diffusing  stators 
increase very rapidly  with  stator-entrance  (rotor  absolute  discharge) 
Mach  number. (For the  rotor  ofIref..4  the  design  absolute  discharge Mach 
number i s  about 1.93.) However, as stated  previously,  the  rotor of ref- 
erence 4 operated a t  somewhat reduced Mach nunibers without a large drop 
i n  performance. The reduced  losses in   the  s ta tors ,   ar is ing from opera- 
t i o n   a t  t h e  lower entrance Mach  number obtainable by increasing the back 
pressure on the  rotor,  appear  to more t h a n  offset   the   s l ight  drop i n  
rotor performance,.  Consequently, the optimum combination for  operation 
with  stators may occur  with  the  rotor  operating at an off-design condi- 
t ion.  This report  presents  the.more complete analysis of the  off-design 
performance of the compressor rotor that was a necessary  preliminary  in 
determining  the  rotor  operational point f o r  the  best stage performance. 
The stage performance w a s  then  analytically  determined  with  the assump- 
t ion of the  stator  recoveries  obtained in a previous  stator  investigation 
(ref.  3). After these  considerations, a desirable  rotor  operational  point 

w a s  selected for the design of diffusing stators,  with  particular a t t e n -  
t i on  given to   t he  flow area. Performance data  obtained  for  the  stage and 
the stators a t  the  design  setting  angle as well as a t  3O and 6O below de- . ' . 

sign are included in   t h i s   r epor t .  The data were obtained a t  the MACA 
mi6 laboratory; Freon-12 was dsed as t he   t e s t  nedium. - 

. 
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APPARATUS 

Impulse-Tyye Supersonic-Compressor  Rotor 

Diffusing Stators 

The s ta tors  were designed t o  allow suff ic ient   area so that they 
would not   res t r ic t   the   ro tor  weight flow. The flow-area  considerations 
hcluded an allowance f o r  losses by noting  that   the change in c r i t i c a l  
flow area is dependent on the  losses by 41 

0 

4 'b 
" 

where A* is the   c r i t i ca l  flaw area; P is  the   to ta l   p ressure j  a is 
the  upstream  condition; and b is the minimum-area section. The change 
in area from the  upstream condition t o  the min imum section is defined as 
the  contraction  ratio Cr, or 

where A is the flow area. 

Equations (1) and (2) can be combined  by 
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A point was selected at 97.5-percent  design  speed of t he   ro to r   a t  
which the  s ta tor- inlet  Mach  number was about 1.55 and the flow angle was 
about 57 .Po. (The reason for the  selection of t h i s  desigp  point w i l l  be 
discussed  in  the  off-desim  analysis of the  data for the compressor rotor 
component.) BY set t ing Pb/Pa at a  value  near normal shock losses at  
t h i s  Mach nurdber, C r  was determined t o  be about 1.11. With t h i s  con- 
t r ac t ion   r a t io  and the  precedug.allowance for losses,  the  area a t  the 
minimum section was found t o  be  suitable  to allow the rotor t o  operate 
a t  its maximum weight-flow point a t  a l l  speeds above about  70-percent 
desi@  speed. Ei 

The blading was designed so ,that the minimum-area section  occurred 
a t  tile  entrance to   t he   s t a to r  passage,  with  a crn.6tan-t area fo r  a distance 
equal t o   t h e  passage  wldth. The.-nmiber of stator  blades was set a t  31; 
flow di rec t ion   a t   the  minimum-area section was set equai to the  entrance 
flow direction; area Fncrease  behind the minimum section was set equiva- 
l e n t   t o  a 5O cone with an initial area  equal  to  the min imum area$ and 
ex i t  flow direction was set a t  4 7 O ,  and trailing-edge  thickness a t  0.03 
inch. The length of the  subsonic  portion of the blade was then computed 
t o  be 1 . 7  inches to  obtain  the  desired change in area a l m g  a straight 
circular cone. Thus, with  these-specifications,  the m i n i m u m  area,  the 
blade Length, and the flow direction  at  the  entrance, minimum-area, and 
exit   sections were flxed. The blade  surfaces were f a i r ed   t o  meet these 
requirements. This blade  section was used at the  root and ti sections, 
with  straight-l ine  fairlng between these  tyo  sections and a 5' twist 
From roo t   t o   t i p .  The leamg-edge wedge angle was about loo and waa 
rounded t o  a leading-edge t h i c h e s s  of 0.015 -la&. %e design se t t ing  
resulted in a suction-surface  angle of about 64.3O and a pressure-surface 
angle of about 54.3O a t  the mean-radius section. A photograph of the 
s ta tors  is shown in figure 2 .  

m 

Variable-Component Test Rig 

The data used i n  this analyeie were obtained w i t h  the   rotor   inetal led 
in the variable-component  compressor t e s t   r i g  adapted t o  use Freon-12 88 
the   tes t ing medium. This t e s t   r f g  is shown schematically in f igure  l (b)  
and is  described in de ta i l  in reference 4 .  The rotor  component data were 
obtained  with  both a straight- aqd an expanding-discharge annulus (see 
f i g .  l(b) and r e f .  4)  . The diffusing  stators used in the.  stage  investiga- 

t ion  were instal led i n  the  straight-discharge annulus about  inches 
behind  the compressor rotor-. 

1 

Instrumentation 

The r d o r  component data with  the  expanding-discharge EIXUIU~US were 
obtained w i t h  instrumentation a t  s ta t ion 2 ( f i g .  l ( b ) ) .  A cone-type 

. 
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survey  instrument was used t o  measure total   pressure and flow direction, 

inside and outside w a l l  taps were used to   obtain  the  s ta t ic   pressure 
(ref. 6). The survey instruments were s l ight ly   different   for   the 
s t ra ight-discharge-aulus  data, in tha t  a claw-type total-pressure in- 
strument w a s  used t o  determine the flow angle and total   pressure at sta- 
t ion  2, and the   t o t a l  temperature was obtained from a stagnation-type 
thermocouple. A photograph  of  these  survey  probes is shown in  f igrrre 3. 

The stage data were obtained at s ta t ion  3 (fig. l ( b ) ) ,  0.5 inch  be- 

- and t o t a l  temperature was obtained  with a double-stagnation-type  probe; 

w 
VI 
P 
P 

hind the  s ta tors .  The previously  described  flow-angle and temperature 
probes were used a t  this instrument stat ion along with a 24-tube to t a l -  
pressure  survey  rake  (fig. 3).  The 24 total-pressure  tubes 011 this   rake,  
which were equally  spaced  and  sufficient  to cover approximately one sta- 
t o r  passage, were inc l ined   to  the mean-radius section and mean blade 
angle.  The rake was rotated to  the flow direction according t o  a claw- 
t o t a l  survey  instrument a t  t h i s  survey station. . Static  pressures a t  the 
survey stations w e r e  averaged from several  taps on the  inside and autside 
walls. 

- In order t o  keep the  closed Freon-12 c i rcu i t   as  small as possible, 

e termined the t o t a l  pressure and temperature a t  this   locat ion  [s ta t ion 0) .  

the  entrance  nozzle  to the compressor was cal ibrated  to  determine the 
flow rate through  the  compressor.  Fixed  probes in the entrance taslr de- 

PROCEDURE 

Operational  Procedure 

The compressor rotor  component was operated in Freon-12 over a range 
of speeds From 48.7 t o  97.5 percent of design. The design rotor speed in 
Freon-12 was computed so tha t   the  design relative  entrance Mach number 
would be obtained at the   ro tor   t ip .  The inlet temperature w a s  mabtained 
constant a t  100°21 .Oo F and the lnlet pressure a t  3O.Oddl.1 .inches of 
mercury absolute by the  automatic  controls of the test r i g .  The back 
pressure was varied from the  open-throttle  conditian t o  audible  surge by 
the   s l iding  throt t le  installed in the  collector  (f ig.  l(b)). 

The rotor component data included in par t  I of this ser ies   ( re f .  4)  
were obtained  with a discharge  annulus of increasing area, which allowed 
the  rotor  to  opffate near i ts  design  condition. These data are included 
in the  present  analysis  along  with  the data obtained  with  the  straight- 
discharge annulus. The stage  Fnvestigation was made with  the impulse 
rotor and diffusing  stators  previously  described installed in the 
stra-t-discharge annulus. - 
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Computational  Procedure 

The compressor rotor performance data are based on the flow condi- 
t ions measured in the depression'task and the survey data obtained di- 
r ec t ly  behind the  rotor  (station.2).   Stage performance was obtained 
from measurements in the depression tanb and a t  s ta t ion 3. The t o t a l  
pressures  obtahed from the 24-tube total-pressure  rake a t  statim 3 were 
averaged  arithmetically a t  each  survey  position and mass-averaged along 
the radtus. The computational  procedure is  described in appendix B of 
reference 1 for  experimental data obtahed in hson-lil. A n  approximate 
air equivalent w e i g h t  flow can be obtained by the methods described 
therefn . 

rl 

M 
3 

The consistency of the data:  at  design  conditions m a  indicated in 
reference 4, where the change i n  angular-hentum work input  agreed w i t h  
the measured temperature-rise work input within  about 2 percent, and the 
measured e lec t r ica l  power varied from the measured temgerature-rise work 
b p u t  by 4 percenk. The survey data at stat ion 2 indicate  a weight flow 
1 .6  percent  greater than tha t  measured by the inlet calibrated  nozzle. 
This agreement is typical  of all open-throttle data. As the back pres- 
sure is applied, the absolute  discharge"ach nuniber remains  supersonic, 0 

but the axial component becomes bubsonic. .This change resul ts  i n  sub- 
stantial disagreement in the previously mentioned "mE, .probably  largely 
a s  a r e s a t  of erroneous angle zdeasurements. general,  total  pressure, " 
t o t a l  temperature, wall s t a t i c  pressure, and nozzle w e i g h t  flow are con- 
sidered  essentially  correct ayld :are  used in this report. (The calibrated 
nozzle i s  relat ively  c lose  to   the  rotor ;  however, static-pressure pro- 
f i l e s  along the outside wall indicate that the rotor does notmeasurably 
affect  the nozzle  calibration.) 

RESULTS AND DISCUSSION 

Examination of the  1imited.maunt of data presented in reference 4 
and some preliminary data indicates that good stage p e r f o k c e  m i g h t  be 
obtained by operating this impulse-type rotor a t  a reduced flow point. 
A t  this  point,  the rotor  absolute  discharge Mach number decreased con- 
stderably wi th  respect t o  the design value, with only a small reduction 
in rotor  efficiency and total-pressure  ratio.  Before  the  best  rotor and 
stator  matching point  could  be  determined, however, it was necessary t o  
analyze the rotor component performance  over the entire w e i g h t - f l o w  
range. 

Rotor Component Perf cmmnce 

Rotor  over-all performance. - The data of reference 4 were obtained 
with an expanding annulus behind  the rotor, w i t h  which operation  near 
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design  impulse uas possible. With t h i s  expanding annulus,  there w e r e  

between the  open-throttle  point and  'audible  surge. The data of reference 
4  and  those  obtained  with  the  straight-discharge annulus are  both s h m  
in figures 4 to 7 (the solid symbols represent  data  obtained f o r  the 
constant-area  annulus). A much wtder range of  equivalent weight f low 
was obtained when the  straight-discharge annulus was used; however, t h i s  
Increased  range was at the low-weight-flow  end of the performance cwve, 
and  impulse operation  could  not  be obtained ( f ig .  4(a)) .  The f ac t  that 
fmpulse operation is  not  possible must be due t o  choked flow resulting 

pealr total-pressure  ratio of 5.7 is obtained a t  as equivalent weight flow 
of 48.55 pounds per second  of  Freon-32; a min imum pressure  ra t io  is ob- 
tained a t  an equivalent w e i g h t  flow of 41.5 pounds per  secand. Closing 
the  discharge  thrott le  farther  results in decreasing weight flaw and in- 
creasbg  total-pressure  ra t io .  The curve  obtained a t  87.6-percent  design 
speed shows a similar trend.  Continuously  decreasing  performance  values 
are   obtained  a t  the lower rotational  speeds. 

L only small reductions In total-pressure  ratio and equivalent  weight flow 

w 
G I  
P from losses in the  discharge  annulus. At 97.5-percent design speed, a 

The variation of adiabatic  efficiency  for  this ro tor  is shown in - f igwe  4(b) .  A t  97.5-percent  design  speed, a peak adiabatic  efficiency 

- flow. As the weight flow is decreased, the efficiency  falls  off  rapidly. 

of  0.89 is  obtained. As the discharge t h r o t t l e  is closed,  the adia- 
bat ic   eff ic iency is reduced  a few percentage points at constant w e i g h t  

A minimum efficiency of about 0.71 is obtafned a t  40.0 pounds per  second 
equivalent weight flow. Closfng the  discharge  thrott le  to  the  point of 
audible s t a l l  results in a reduction in weight  flow t o  about 34.2 pounds 
per second and an increase in adiabatic  efficiency t o  about 0.745. Thus, 
the  variation of adiabatic  efficiency is very s i m i l a r  to  the  variation 
of total-pressure  ratio.  A t  lower rotational  speeds,  the peak adiabatic 
efficiency remains high a t  or  near  the  open-throttle  condition. However, 
closing  the  discharge  throttle to the  point of audlble stall resu l t s  in a 
large drop in adiabatic  efficiency. Some sca t te r  in  the data occurs a t  
the lower-weight-flow end of the  curves a t  the lower rotational  speeds. 

The variation of mass-averaged absolute  dfscharge Mach nmiber a t  each 
of the six rotat ional  speeds  used in this  investigation is shown in f ig-  
ure 4(c).  The da ta   a t  97.5-percent  design  speed  indicate a rapid  drop in 
Mach nmiber from 1.93 to  about 1.63 with a change in t o t a l - p r e s m e   r a t i o  
of only 5.7 t o  5.5. However, as the Mach nmiber is decreased from 1.63 
t o  about  1.40,  the  total-pressure  ratio  decreases much  more rapidly t o  a 
value of 4.60, the minimum total-pressure  ratio and Mach nudber occurring 
a t   t h e  same point. As the   th ro t t le  is closed  farther,  the Mach nmiber asld 
total-pressure  ratio  both -Increase. The fact that  these data double  back 
along the same curve is a resu l t  of  the use of mass-averaged  values of 
total-pressure  ratio and absolute  discharge Mach number. The data at 
other  rotational  speeds  indicate  similar  curves of absolute  discharge 
Mach nuniber. 

- 
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The ad-batic efficiency is plotted against the mass-averaged. abso- 
lute  discharge Mach nmber i n  figure 4(d) .  The variation in efficiency 
a t  desi@  speed is  similar to  the  vaziation in total-pressure  ratio, 
decreasing  gradually f r o m  about 0.89 at a n  absolute  discharge Mach number 
of 1.93 t o  0.85 a t  an absolute  discharge Mach  number of 1.65. As the  
absolute  discharge Mach  number is decreased  further,  the  decrease in 
adiabatic  efficiency is much  more rap id   to  a value of about  0.71 a t  an 
absolute  discharge liIach rider of about 1.40. Similar  curves are obtahed 
at each  speed,  with a slight  variation in  the  value of peak efficiency, 
and the lower speeds movFng progressively  to lower Mach numbers. A 
doubling  back of data points similar t o  that noted in figure  4(c) OCCUTB 
in figure 4(d). 

Static-pressure  profiles over rotor.  F .The static-pressure  profiles 
over the compressor rotor  for  several  of the Ckta p o b t s  a t  97.5-percent 
design  speed-are shown in f igure.5.  The equivalent  weight flow a& mass- 
averaged  absolute  discharge Mach  number a re  given fo r  each data point. 
For the impulse c o n U i o n  (plz = 1.93), the  static  pressure rises over 
about the first 20 percent of the rotor and remains constant  over  the 
rest of the rotor.  As the back  pressure is  increased (Mach  number de- 
creased) the  static-pressure rise over the  rotor  increases  appreciably, 
occurring from the  leading edge back  over most of the  rotor.  A t  the m i n -  
imum Mach number (% = 1.40, W @/6 = 42.5 lb/sec) , the static  pressure I 

ahead of the  rotor is not  affected; however, t he  maximum static-pressure 
rise is  obtained a t  this point.  Clbsing  the  throttle farther cauBe8 a 
considerable  reductian in weight. flow but  &n increase in discharge Mach 
number, with a result ing  substantial   static-pressure  r ise ahead of the 
rotor and a lower static-pressure  r ise over the  rotor. 

Performance measurements along  rotor-discharge  radius. - The radial  
variation  ofperformance  parameters at the  rotor  discharge a t  97.5-percent 
design  speed is shown i n  figure 6.  A t  the  impulse  condition,  the  total- 
pressure  ratio peaks  near the hub portion of the  rotor passage and de- 
creases  toward  the  tip. As the  . thrott le is closed,  the  total-pressure 
raMo  peaks (at a lower value)  near  the t ip   sec t ion  and decreases towar& 
the hub.  The data point a t  the  larestweight  flow indicates that the Fn- 
crease in pressure  ratio over the  previous point is obtained  Largely  over 
the midpassage and t i p  regions. 

Far the impulse o r  open-throttle condition, the  adiabatic  eff-lciency 
(f ig .  6 )  i s  very high (0.98) near  the hub but decreases  rapidly toward the 
t i p   ( t o  about 0.80) . The main effect as the  discharge tlzoktle is closed 
is a large  decrease in adiabatic  efficiency  near  the hub; whereas, the 
variation in efficiency at the  6ip  section is appreciably less. A t  the  
lowest  weight-flow  point shown in figure 6, the  adiabatic  efficiency in- 
creases as indicated Ln figure d(b) . 
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The distribution of absolute  discharge  Wch n-er for  these  data 
points  at  97.5-percent  design  speed  vasies in a manner similar to   t he  
total-pressure-rat i o  and adiabatic-eff  iciencg  distributions,  the  largest 
change in absolute  discharge Mach nmiber occurring a t  the  rotor  hub ( f ig .  
6) . The unit weight  flow, however, has a somewhat different  trend, in 
that it continues t o  decrease  as  the  discharge  throttle i s  closed. The 
largest   unit  weight flow is obtained  near  the tip  section,  with  the  slope 
of the unit mass-flow curve  increasing as the  discharge  thrott le is closed. 
The enthalpy  r ise over the ro tor  is larger at the t i p  than a t  the  rotor 
hub section f o r  the impulse  condition,  as  indicated in figure 6. As the 
discharge  thrott le is closed,  the work input a t  the  t ip  section  increases;  
whereas, the work input at the hub section  remains n e a l y  constant. 

Discussion of Rotor  Performance 

If  an  impulse-type  supersonic-cqressor  rotor is t o  perform a t   t h e  
design  condition,  the  discharge  annulus must not limit the weight flow. 
In reference 4, it was necessary t o  use  an  expanding-discharge  annulus t o  
obtain  the design condition.  (This was not  necessary in the  case of  sim- 

pressor  rotors  operate  with  supersonic  relative  velocities, a change in 
static-pressure rise over the  ro to r  does not  result  in a change in weight 

subsonic  axial  upstream flow. Audible stall may occur before  propagation 
of this static-pressure  r ise can be f e l t  upstream and thus  prevent  the 
r o t o r  from operating at reduced  weight flows. Some of the ro tors  of t h i s  
type  reported in the  references have operated  with  reduced  weight flows; 
whereas, others have indicated  audible  stall   before m y  noticeable  re- 
duction of weight flow was obtained. It was noted  that changing the  dis- 
charge  annulus had a considerable  effect on the  point of audTble stall of 
this compressor rotor. 

-tu ilar rotors  reported in the  references of %his report.)  Since  these com- 

b 
1 

c flow unt i l   the   s ta t ic -pressure   r i se  has  propagated  Wstream to   a f fec t   the  

With the  previously mentioned considerations,  the measured per- 
formance characterist ics of t h i s  compressor r o t o r  can be examined. As 
diffusion i s  first obtained in the compressor rotor,  there i s  a smll de- 
crease i n  adiabatic  efficiency and total-pressure r a t i o  with no measurable 
change in  equivalent weight f l o w .  W i t h  the f irst  measurable  change in 
equivalent  weight flow, a slight  static-pressure rise is noted a t   t h e  
leading edge of the  rotor.  As addltional  diffusion  (static-pressure rise) 
is obtained on the  rotor,  the  total-pressure  ratio,  adiabatic  efficiency, 
and equivalent  weight flow a l l  decrease  rapidly. These  changes i n  per- 
formance are obtained  with m increasing  static-preesure  r ise at the  
leading edge of the rotor; however, this s ta t ic-pressure  r ise  does not 
propagate  very far upstream of the  ro to r  (fig.  5). N e a r  the  point of 
audible stall, however, the  static-pressure  r ise is apparently fe l t  some 

pressure  ratio and adiabatic  efficiency and a considerable  reduction in 
equivalent  weight  flow. 

- distance  upstream of the  rotor and resul ts  in an  increase i n  t o t a l -  
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These decreases i n  compressor  performame. amear   t o  result mainly 
from deterioration of the flow dear the compressor-.hub section. In- 
creasing  the  diffusion  over  the:rotor  resulted Fn a definite  decrease hi 
total-pressure  ratio and aaiabatic  efficiency a t  the  rotor hub section 
from their  values measured at the  open-throttle;  condition, whereas the 
change in performance a t   t he   t i p   s ec t ion  is comparativeiy small. The 
mass-flow distribution at the cgmpressor rotor  discharge: a t  the points of 
high diffusion on the  rotor  (new  audible stall) indicates that a larger 
percentage of the mass flow is present a t  t h e  rotor   t ip   sect ion.  While 
this   redis t r ibut ion of .  the  flowltoward  the tip section at low weight 
flows may have beea  mused  by  flow  separatian  along  the  rotor hub, the 2 
mass distribution at the  discharge  could  @..be measured close enough t o  
the hub section  to determine whether the  flow  separation  existed a t  the 
rotor  discharge. 

. .  

- . . . -. . . . . 
" 

rl 

.- . 

The supersonic-compressor  rotor of thie investigation was designed 
w i t h  turning  to  the axial direction. Thus,-for Ideal flow, operation with 
diffusion on the  rotor would-not change the work"input to-the  f luid,   since 
t h e  absolute  discharge  whirl w i l l  be  very  nearly  equal to   the  wheel speed 
a t  a l l  times. For this reason,.the  total-pressure  ratio and the  adiabatic 
efficiency of the compressor rotor at a fixed wheel speed and radius would - 
vary  only as the  losses on the  rotor.  In this  case,  however, (with no 
inlet   whir l  component) there isi-some variation in work input  along  the 
rotor-discharge  radius.  Therefore, a red-istribution of the mass flow a t  
the  rotor  discharge may result in some change in the  mass-averaged 
performance . . -  

- 

Thus, a par t  of the  perforpace  character is t ics   ( that  is, the  in- 
creasing  total-presswe  ratio +d adiabatic  efficiency at reduced  weight 
flows) can be  explained by the  increased mass-averaged  performance a v a i l -  
able  as a larger  percentage of the mass is distributed toward the com- 
pressor  rotor t ip. .  Besides th i s   e f fec t ,  however, as the diffusion over 
the  rotor was increased,  the w-k h p u t  (enthalpy rise) was increased at 
the compressor rotor  eip  section. AB pointed  out  with  turning  near  the 
axial   d i rect ion,   th is  could have been obtained  only  by  increased  turning 
in the  rotor  passage. As repor$ed in reference 4, the   t ip   sect ion ob- 
tained a turning of about 7O less  than  the axial direction a t  the open- 
throt t le   point .  Thus, increasing  the  diffusion over the rotor appears 
t o  cause a deterioration of the,flow along  the  rotor hub section and re- 
s u l t s   i n  improved flow over  the.rotor  t ip  section, s o  tha t  some increase 
in   e f fec t ive  turning i s  obtained. The data indicate an increase i n  en- 
thalpy rise of about 14 percentjas  the  rotor is thro t t led  from  impulse t o  
audible stall. Increasing  the  turning by these 7' would account f o r  8 t o  
10 Percentage Poin ts .& thi8  ingrease. 

. . . . . . . . . 

.. 

Stage  Considerations. for Rotor Performance 

The performance characterist ics of t h i s  compressor rotor component ln- 
dicate that, as some difTusion i s  obtained on the  rotor,  the  absolute dis- 
charge Mach  number can be reduced t o  about 1.63 (from 1.93 near the impulse ____. 
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condition)  with only a small loss in   to ta l -pressure   ra t io  and adiabatic 

references l t o  3. AB previously  noted, f o r  this rotor  the work input 
would be  expected to,  and  does,  remain essentially  constant,  since  the 
rotor   turns   to   the axial directionj and thus  the  total-pressure r a t i o  
would not  vary  appreciably  with diffusion on the  rotor.  The efficiency 
trend, however, must resu l t  from the  relatively  gmd flow condition 
over  the compressor ro to r  even when some W f u s i o n  is obtained across 
the rotor .  

- efficiency. This  character is t ic  was not  exhibited by the rotors  of 

Previous  investigations  indicate  that  stator losses are  largely a 
function of the  stator-entrance Mach number.  The f ac t   t ha t   t he   bes t  
stage-performance  point may occur f o r  this r o t o r   a t  some other  than  the 
best  rotor-performance point is  sham  in   f igure  7. The rotor component 
total-pressure  ratio and adiabatic  efficiency  are  plotted  against  the 
absolute  discharge Mach number f o r  a rotational  speed of 97.5 percent 
(reproduced from f ig .   4 (c ) ) .  The  two performance curves w e r e  computed 
f o r  the  stage by  applying normal shock recoveries and previously meas- 
ured  stator  recoveries  (ref. 3). Computed stage-performance  values 
(fig.  7)  peak at an intermediate Mach nuniber. A peak efficiency of 
about 0.75 is obtdned  a t  a  discharge Mach number of abaut 1.6 when 
normal-shock recoveries  for  the measured fn l e t  Mach zIumber are con- 
sidered. For the measured losses of a previous  investigation,  the  stage 

=A 

3 
A Computed total-pressure ratios f o r  these two performance points would 
N curves peds a t  an efficiency of 0.64 f o r  a Mach rider of about 1.5. 

u 
be  about 4.84 and 4.0, respectively. Peak total-pressure  ratios  occur 
a t   s l i g h t l y  lower Mach numbers than  the computed peak adiabatic effi- 
ciencies. These cu~ves Lndicate  the  gain  in performance that may be 
obtained by increasing  the  recoveries In the  dAffusing s ta tors  88 w e l l  
as  the  necessity of  matching the  rotor  and s ta tors  a t  their  best  opera- 
t i o n a l  point. It should be pointed out that these  stage  curves do not 
represent  operational..curves  but  rather  the peak  values that may 'be ob- 
tained by matching a t  the  assumed conditione. The data  points  previously 
described a t  very low weight flows (below minimum total-pressure ratio) 
w i l l  not be considered,  because  they must have  been obtained  with some 
f l o w  separation and  unsteady flow, and f o r  this reason  the flow out of 
the r o t o r  may not  be  suitable  for  effici-ent  diff'usion in stators. 

Stage  Performance 

Performance with stators a t  deslgn  setting  angle. - The diffusing 
stators described were designed t o  operate  approximately a t  the  best  
computed stage-performance  point (M2 = 1.55). The stage  total-pressure 
r a t i o  and adiabatic  efficiency  for  these  stators and ro to r  are shown i n  
figure 8 a t  77.9, 87.6, 92.5, and 97.5 percent of design  speed. A stage 
total-pressure r a t i o  of about 4.0 i s  obtained a t  an adiabatic  efficiency 
of about 0.66. The weight-flow  range f o r  97.5-percent design speed is 
between 42 and 44 pounds per second. As the   rotat ional  speed is reduced, 
the range of weight flaw i s  increased,  the  stage  total-pressure r a t i o  is 
decreased, and the  peak stage  adiabatic  efficiency  increases  slightly t o  

- 

- 
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a  value of about 0.69 at 77.9-percent  design  speed. The measured  weight 
flows indicate  that  the  rotor  tsjbeing  operaked  near  the  point of minimum 
total-pressure  ra t io  and adiabatlic  efficiency  (see  figs.  4(a) and (b ) ) .  
Computations of stage  efficiency  (fig. 7 )  indicate  that  the  rotor is 
operating a t  a Mach nuniber lower: than  desirable for best  atage perform- 
ance. In th i s   s t a to r  design, t h e  flow area through the   s ta tors  seemed 
t o  be large enough, even in   the  presence of considerable  losses.  Since 
the  axial-flow component is eubsonic,  the flow angle  approaching the 
stator  blade row w o u l d  be c o n t r U e d  by the  slope of the  suction  Surface Fl 

of the stator  blade  along  the  entrance  secticm (as described in  r e f .  6) .  m 
Thus, if' this  portion of the  blade is  not parallel to   t he  discharge flow 

r( m 
dlrection from the  rotor, an adjustment in  the flow will be  necessary be- 
tween the  rotor and stators  similar t o  that  described Fn the  reference. 
This adjustment must reach some stable  coqdition where the flow angle out 
of the  rotor,   the flow angle set by  the  stator  blades, and the  losses and 
adjustment in the  space between the  rotor and s ta tors   are  compatible. 
This adjustment of the flow  probably  accounts for  some  of the  dFfficulty 
of making measurement6 in this  region and the sometimes apparent change 
between rotor-performance as measured in component and  stage  investiga- 
tions even though the same instrumentation is used. 

The suction  surface of these  stators was a t  an  angle  greater  than 
the  destrable flow f r om the  rotor a t  the  stage  design  point. Thus, the 
adjustment would resu l t  in a reduct  ion in the  axial  component ahead of 
the  stators.  This, in turn, wogld cause the rotor  to  operate  with a 
lower discharge Mach  number than that desired far the design  point. 

Stage  performance WLth s ta tors   se t  a t  reduced  angles. - Previous 
considerations  indicate  that improved stage- performance  might be obtained 
(improved rotor performance in the stage) if the  rotor  could be operated 
a t  a somewhat higher  discharge Mach number. This was attempted fn two 
steps by  decreaslng  the  stator  blade  angles 3' and 6O below the  design 
angle and  measuring the change in stage performance. As the s ta tor  
angles are  decreased,  the flow &rea in the stators  increases and probably 
becomes excessive. The length and shape  of the  entrance  section of the 
s ta tor  blades vary as the  blades  are  set   to  lowerngles.   Since  both 
the  area  effect and  blade  slope  tend t o  match the  rotor and s ta tor  a t  a 
lower rotational speed  than  design when the  stator  angles  are  decreased, 
only the Intermediate-speed data w e r e  taken. 

The over-all  stage  data  for the reduced stator  angles are shown i n  
figure 8 along with  the  design  angle  setting. Whereas the  stage  adia- 
batic  efficiency seems to   be somewhat higher for   the 3O-reduced s ta tor  
angle,  the  range of total-pressure  ratio and weight flow seem to  be l i t t l e  
af fec ted   a t  77.9  and  87.6  percent of design  speed. However, for  the 6O- 
decreased  stator  angle a t  77.9-9ercen-h design  speed,  the  equivalent 
weight flow Increased-from  about 30.5 t o  about 33.5 pounds per  second. 
A t  87.6-percent design speFd, the  equivalent weight flow increased from 
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about 39.5 t o  about 43.1 pounds per second. The stage  total-pressure 
ratios  increase  only  sl ightly;  however, the  stage  adiabatic  efficiency 
increases from  about  0.70 t o  &out 0.77 and fram about 0.70 t o  0.74 f o r  
77.9 and 87.6 percent of design speed, respectively. Thus, the  two best  
stage-performance  points measured f o r  87.6  and  77.9 percent of design 
speed would be a t  a total-pressure  ra t io  of 3.4  and an  adiabatic effi- 
ciency of 0.74, and at  2.7 and 0.77, respectively. P a r t  of the  increase 
i n  performance was obtained  by moving the   ro to r   t o  a more favorable 
operating  point. Some improvement in   s tage  performance also may have 
resulted from a reduction of losses i n   t h e  stators. Flow conditions 
over the   s ta tors  w i l l  be  considered  in  the  following  section. 

CN 
P cn 
P 

Stator Performance 

The performance of t he  s t a t o r s  a t  t he  three settings i s  compared i n  
figure 9, i n  which stage  absolute  discharge Mach  number i s  used  as  the 
abscissa. The data of f igure 9 are f o r  77.9-percent d e s i g n  speed, where 
complete data were obtained  for  each of the three stator angles. The 
minimum absolute  discharge Mach  number from the  design and the  3'- 
decreased  setting of the  s ta tore  is about 0.62. When the  s ta tor   angles  
were decreased by 6O, however, the  discharge Mach  nuniber could  be re- 
duced only t o  0.75  without stage s ta l l ing .  The reason f o r  this small 
change i n  minimum permissible  stator-discharge M a c h  nuniber is not ob- 
vious; however, the  changes in  entrance  conditions and area  variation 
through the  stators in   r e se t t i ng   t he   b l ade  Eingles apparently  affect   the 
s ta l l ing   charac te r i s t ics  of the  stage. 

For the  design setting angle of the  stators,   the  equivalent weight 
flow varied from about 22.5 t o  about 30.5 pounds per second. I n  this 
case,  the  static-pressure rise could  apparently be f e l t  through. the  
s ta tors  and thus affected the  performance  of the  rotor .  For the 3 O -  
reduced stator  blade angle, the  equivalent weight  flow  varied  only  be- 
tween 28.05 and 29.95 pounds per second  over t he   en t i r e  range of back 
pressure;  for  the 6O-reduced setting, the w e i g h t  flow w a s  a h 0 6 t  con- 
s tan t  at 33.8 pounds per second. No obvious reason f o r   t h i s   e f f e c t  of 
stator  blade-angle  sett ing on stage-weight-flow  range can be g iven .  

Reducing stator-discharge  angles by 3O resu l t s  in a peak adiabatic 
efficiency (0.71) at about the  same discharge Mach  number as the  design 
sett ing,  and the  decrease from t h i s  peak value i s  very gradual. For the  
se t t ing  of the stators 6' below the  design angle, the  adiabat ic   eff i -  
ciency is  increased  to  a value  of  about  0.78 and  remains essent ia l ly  
constant  over  the  range of  discharge M a c h  numbers. 
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The stage  total-pressure-rat;lo  curves f o r  each of the  three  config- 
urations are also shown in  f igure .9. The total-pressure  ratio at the 
3O setting  angle is  very close  to  jthat at the  design  setting  except  near 
the low discharge Mach numbers, when the design set t ing seems t o  decrease 
from the  near-conetant  value of 2.4. However, for the data  obtained  with 
the  stator  angles reduced 6O, the.stage  total-pressure  ratio i s  fncreased 
t o  about 2.7. 

With the measurements taken at instrument  stations ahead of and be- 
hind  the  stators,  total-pressure  recoveries  over  the  stators were com- 
puted (fig. 9) .  For the design and 3O-reduced sett ings of the  stators,  
the  total-pressure  recovery i s  about the same and p&ks a t . a  recovery of 
about 0.87. A s  the  stator  angles i are  decreased  by 6O from the design 
angle,  the  total-pressure  recoveries are increased t o  about  0.93. De- 
creasing  the  stator angles resu l t s   in  im'proved operation of the  stators 
as well as the  rotor. The increased  recovery  in  the  stator may be due 
to   t he  improved flow conditions  epltering  the  stators,  since  the  rotor 
operational  point is changed t o  a more favorable  condition. 

- - 
The stator-entrance Mach Tlumber was obtained from the  pressure meas- 

urements  between the  rotor  and s ta tors  (fig.  9 ) .  The variation  in meae- 
ured Mach  number  seem8 t o  be about the same far each of the  configurations 
described. The equivalent weight flow varied from about 30 t o  34 pounds 
per  second as the  stator  angles were varied from design  sett ing  to 6O lese  - 
than design. The rotor component data  indicate that the  absolute  rotor- 
discharge  (stator-entrance) Mach number shquld  increase from about 1.23 
to about 1.33 over t h i s  range of weight flow; the measured values f a l l  
within this range (fig.  9 ) .  The pleasurements are probably  subject t o  
some error  because of the flow  aqustment  necessary in   this   region.  

. 

The stage performance  values- fo r  the three  etator blade-angle sett ings 
were compared at 77.9-percent  design  speed. . The coxputed best  performance 
point  with  the assumption of normal-shock recoveries for this speed i s  
shown in   f igure  10. (This curve i s  comparable t o   t h a t  for 97.5-percent 
design  speed shown i n  fig. 7 . )  The previous  section  indicates that the 
discharge Mach  number could not  be  increased above 1.28. Thus, figure 10 
indicates  that  the  rotor and stator could not  be  operated a t  the i r   bes t  
match points, which would be at  & Mach  number of about 1.4. Several  per- 
centage  points in stage  efficiency and some increase in  total-pressure 
r a t i o  may be  obtainable  by moving the  rotor and s ta tors   to  this operational 
poinl;. It can  be  noted that the :comput-ed"-stage-performance curves a t  this 
speed (Mach  number .range) are   re la t ively f la t  compared with  those a t  
97 .S-perceat  design  speed. Thus,: it might be expected that matching the 
rotor and s ta tors  at this  intermediate  speed w o u l d  not  be as c r i t i c a l  as 
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at the  higher ro t a t iona l  speeds. A comparison of the  total-pressure re- 
covery obtained  with  these statars and that obtained  with  the  stators of 
the  investigation of reference 3 is shown in   f igure 11. The peak t o t a l -  
pressure  recovery for the  available speeds is  plotted  against   the  stator- 
i n l e t  Mach  number along  with  the  curves  obtained in the  reference and 
normal-shock recoveries f o r  the  given Mach number. Indications  are that 
the  total-pressure  recovery is improved somewhat over that previously 
obtained. Also, wh i l e  reducing  the e ta tor  angle improved the  recoveries 
somewhat  a t  Mach mmibers  up t o  1.25, a t   t h e  higher Mach numbers the 
stators seem to  operate  equally  as  well  at  the  design  setting. It must 
be remembered, hmever,  that  the  design  setting  points  are  obtained  at 
a somewhat higher rotat ional  speed. The range of stator-entrance Mach 
number is  rather  small,  but it does seem t o  indicate   that   the   total-  
pressure  recovery in these  stators may not  decrease a t   t h e  same rate   with 
increasing Mach  number w a s  indicated  in  the  previous  investigation. 

Concluding Remarks 

Analysis of the  complete  performance  range of this 16-inch  impulse- 
type  supersonic-compressor  rotor and the  probable  stator  perfonnasce as 
indicated  by  previous  Investigations shows that the  beet  stage perform- 
ance would be  obtained  with  the  rotor  operated a t  some intermediate dis- 
charge Mach  nuniber rather  than  the  rotor  design  condition. This best 
stage performance would probably  be  obtained a t  an absolute  discharge Mach 
number of about 1.55 f o r  the  design r o t o r  speed.  Because of the  rapid 
decrease in rotor performance below this  absolute  discharge Mach nuniber 
and  because of the  rapid  increase in stator   losses  above t h i s  Mach number, 
the matching of the   s ta tors  and rotor  is ra ther   c r i t i ca l .  The analysis 
further  indicates  that  considerable  gain in stage performance  can be ob- 
tained if the  total-pressure  recovery  in  the  stators can be improved in  
the  range of stator-entrance Mach numbers of 1.4 t o  about  1.65,  since 
matching the  rotor and s ta tors  in t h i s  range would then allow some improve- 
ment in  rotor  as w e l l  as   s ta tor  performance. 

The 16-inch  impulse-type  supersonic-compressor rotor  wfth  turning 
t o  the  axial   direction w a s  investigated as a single component and as a 
stage. The rotor  design and  design  performance w e r e  reported i n  par t  I. 
In this  report ,   a more complete analyeis W&B made of the r o t o r  component 
off-desigu performance, which was necessary t o  determine how t h i s  r o t o r  
m i g h t  be  used t o  best  advantage in a cumpressor stage. A set of diffusing 
s ta tors  was then  used  with th i s   ro tor  t o  investigate  the  stage performance. 
The following  results were obtained: 
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1. Considering  the  range  obtained  with  both  discharge  annuli, this 
rotor as a separate component-had a very wide range of' equivalent  weight 
flow (48.5 t o  34.1 lb/sec a t  97.5-percent design speed). A t  97.5-percent 
design speed, the  adiabatic  efficiency was 0.89 at a total-pressure  ratio 
5.7  and an absolute  discharge Mach nuniber of 1.93. This  rotor  allowed a 
reduction in Mach  number t o  about 1.65 with a relat ively small reduction 
in  adiabatic  efficiency and total-pressure  ratio. Beyond this point, 
however, both  the  adiabatic  efficiency end the  total-pressure  ratio de- 
crease  very  rapidly. 

2. By using  the  curve of pe& total-pressure  recovery  against  etator- F/ 
i n l e t  Mach  number of reference  3'and  the  rotor component data of this re- 
port, a best  stage-performance  point would be  obtained a t  some inter-  
mediate  stator-entrance Mach number (1.55 for  97.5-percent  design  speed). 
Since  there is  a rapid.decrease In rotor performance a t  lower  discharge 
Mach nuribers and a rapid  increase  in  stator  losses  aehigher Mach nunibere, 
a rather narrow range  ofcomputed good stage-performance  values  resulted. 

M 

3. With the   s ta tors   se t  a t  the  design angle,the stage  total-pressure 
r a t i o  is  about 4-.O and the  stage. adiabatic efficiency is about 0.66 at 
97.5-percent  design  speed. The range of equivalent  weight flow is  about- 
42 t o  44 pounds per second, which indicates that the  rotor is operating 
at the  point of minimum efficiency and  pressure ratio  rather  than near 
the  point- of best  stage performance. 

4. By adjust ing  the  s ta tors   to  6O less than the  design  setting  angle, 
the  stage  perfoqnce..was improved at 77.9-percent design speed from a 
stage  total-pressure  ratio of 2.5 t o  2.7 and a stage  adiabatic  efficiency 
of 0.70 t o  0.77. A 3 O  reduction.  in  stator  angle seemed t o  have a rela- 
t ively small effect.  This  gain in stage performance resulted because of 
improved rotor performance as w e l l  as improved s ta tor  performance. A t  
77.9-percent  design speed, the  total-pressure  recovery  in t h e  s ta tors  
increased from about 0.87 t o  0.93 as the  stator  angle was r e k c e d  from 
design  angle  by 6'. 

5. The total-pressure  recoveries  through  these  stators  are somewha,t 
improved over  those of the previous investigation a t  corresponding Mach 
numbers. Reducing the stator angle improved the  recoveries somewhat up 
t o  a Mach number of 1.25j a t   t h e  higher Mach numbers obtained, however, 
the  stators seem t o  operate  equally w e l l  at the  design  setting. 

L e w i s  F l igh t  Propulsion  Laboratgyy 
National Advlsory Committee f o r  Aeronautics 

Cleveland, Ohio, Deceniber 10, 1953 
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(a) Rotor installation. 

Figure 1. - 16-Inch impulee-tgpe supereonlo-ccmrpreeeor rotor lnatalled in variable-  
component test rig. . .  
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. 

Claw-tm  total-  S t ap t ion - type  
pressure probe thermooouple p b e  
Figure 3. - Instruments used in atage  inveetigation of aupersonio-oompeser rotor with 

turning to  axial   d i reot ion.  
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(b) Adiabatic efficiency against weight flow. 

Figure 4.  - Performance characteri.stFce of 16-inch iEqulae-typc supersonic-comprcesor 
rattor with turning t o  axial dirertion. 
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Figure 4. - Continued. Performance characteristics of 16-inch Impulse-type 
supersonic-ccqressor rotor  with turning t o  axial direction. 

0 

N w 

. . . . . . . . . . . . . . . . . . . . .  



-. . - .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - . . . . . . 
" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 

.6 .8 1 .o 1.2 1.4 1.6 1.8 2 .Q 
kea-averaged  absolute  discharge Mach number, $ 

(a) &ea-averaged adiabatic  efflclency against absolute discharge Mach number. 

Figure 4. - Concluded. Performance characterletics of 16-inch impulse-type supersonic- 
compreaeor rotor wlth turning t o  ax ia l  dlrectlon. 
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Figure 5. - Btatic-presaure pro f i l e  over 16-inch impulse-type  sqermnic-ccmrpresaor 
rotor KLth turning to axial direction. Speed, 97.5-percent design. 
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F i g u r e  6 .  - Variation of performance  parameters along radius of 
E-inch  impulse-type  aqersonic-compressor  rotor  with turning 
to axial direction. Gpead, 97.5-percent  design. 
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V Measured rotor component  perfarmance 
"" Computed stage performance asaumlng 

stator losses equal to normal shock 
losses 

stator losses equal to those obtained 
in ref.  3 

-" Computed stage performance assuming 
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Figure 7 .  - Computed stage performance for 16-inch 
impulse-type supersonic compressor. Speed, 97.5- 
percent deslgp. 
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(e) Total-pressure ratio.  

22 26 x) 34 38 42 
Equivalent- weight f lou  of Freon-=, W-/8 , lb/sec 

(b) Adiabatic  efficiency. 

Figure 8. - S t a g e  characterietics of 16-inch  impulee-type  eupereonfc-compreaaor 
rotor with dif’fusing a t a t a r e .  
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Mass-averaged absolute discharge Mach number, M2 

Figure 10. - Computed stage performance for 16-inch impulse- 
type supersonic compressor. Speed, 77.9-percent  design. 
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Figure ll. - Peak total-preesure  recovery  over  stators when installed bebind 
16-inch  supereonic-compressor  rotor  with  turning  to ax ia l  direction. 
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