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e The performance and flow distributions i n  the first, f i f th ,  and 

3 mined a t  design and part speed in order t o  study the val idi ty  of the 
2 

tenth stages of a 10-stage axial-flow research campressor were deter- 

campressor design  assumptions and to show the  effects of prt-speed 
compressor operation on stage performance. The f i f t h  and tenth stages 
prowced  design  total-pressure  ratio a t   their   respect ive design inlet 
f l o w  coefficients, wbereas the first stage produced less-than-design 
total-pressure r e t io  because of overturning by the , in l e t  guide vanes. 
The correlation of the lneasured r o t o r  and stator  turning angles of the 
three  stages  investigated  with two-dimensional  cascade data indicated 
that  these  data me ap-plicable to the design of subsonic  multistage 
axial-flow  campressors such as the one investigated  herein. The adia- 
batic  efficiencies of the  three  stages  indicated, i n  general, lower 
peak values i n  the first and tenth stages than in the fif th  stage, 
whereas the compressor design assumption u t i l i zed  a constant value of 
efficiency  for all stages. The tenth  stage  exhibited  the lowest peak 
efficiency of the three stages investiga*d. 

Design matching of the three  stages was not  obtained a t  any one 
campressor operating  condition a t  design speed. At the  operating 
condition where t h e   f i f t h  and tenth  stages were properly mtched,  the 
first stage was miamatched because of a combination of inlet-guide-vane 
overturning and greater-than-design pressure ratio  across the second 
through the fourth stages. The stage matching characteristics of the 
three  stages  indicated that neglecting  area-correction  factors i n  
deterrmining the design area  ratios through the compressor was compensated 
fo r  by t h e   a t t a i m n t  of values of stage efficiency in the  intermediate 

r stages that were higher than the 'assumed design values. 

The ro tor  t i p  diff'usion  factor  across the f i f t h  rotor exceeded a 
* value of 0.5 with no rapid decrease i n  element efficiency, which indicates 
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that this value of rotor-tip  diffusion  factor  apparently would not be 
applicable  as a design l i m i t  in  the middle stages of this compressor. 

The ,measured axial-velocity  distributions at design speed entering 
the first- and fifth-stage  rotors agreed very  weU  with the distributions 
predicted from the simple radial equilibrfum assumption used in , the  design 
method except at a n a l l  regions near the  cmpressor w a l l s .  The simple 
radial equilibrium  assunption, however, was inadequate i n  the prediction 
of the  axial-velocity  profile  entering the tenth-stage rotor at design 2 
speed because of the effect  which the large  entropy or loss gradient K )  

associated  with a high hub-tip radius ratio  stage has on the  axial-velocity 
distribution. In order t o  match properly the radtal  blade elements i n  
the campressor design to obtain optimum stage performance, the losses 
i n  the  blade-end regions must be known, approximated from boundary-layer 
loss studies, or  taken in to  account through the use of a suitable rad ia l  
var ia t ion   in  blade-element efficiency,  particularly  in  the latter stages. 

FXIXODUCTION 

The attainment of design-point performance i n  a multistage axial- 
flow compressor i s  dependent upon the satisfaction of the assrnnptions 
required  in the compressor design. The puxyose of this investiga- 
t ion was t o  study i n  a qualitative  sense some of the assumptions 
used i n  the design  procedure  reported i n  reference 1, with particulaz 
reference to applicabili ty of two-dimemfond low-speed cascade data 
to multistage compressor design, assumed stage efficiencies, simple 
radial  equilibrium prediction of axial-velocity  distributions, and area- 
correction  factors. The evaluation of these assumptions f o r  the present 
investigation, which w a s  conducted at the RAW Lewls laboratory, waa  
confined t o  a study of the performance and f l o w  dist r ibut ions  in  the 
first, fifth, and tenth stages of the IO-stage txdal-flar research cam- 
pressor  reported in references 1 t o  5. These particular  stages were 
chosen for the  investigation because the range of operation  required 
of these three stages i s  representative of the limits of aperation of 
any s t a g e  i n  the canpressor. The wer-fi performance and flow distribu- 
tions of' the first, fif th,  and tenth  stages are presented f o r  both design 
and part-speed campressor operation i n  order to obtain a ccmrparison with 
the design values and to indicate  the effect of part-speed compressor 
operation on the performance of the individual stages. 

It was found i n  this investigation that the inlet-guide-vane turning 
w a s  higher  than  the  design  value. I n  a subsequent investigation, the 
guide vanes were reset t o  approximate more closely  the  design flow 
angles, and the  flrst-stage performance was redetermined. These results 
are presented i n  reference 5 and aze u t i l i z e d   i n  the evaluation of first- 
stage performance presented i n  this report. 
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The 20-inch-tip-dimeter,  10-stage  &al-flow  research ccmrpressor 
reported i n  references 1 to 5 and schematically shown in   f igure 1 was 
used for this investigation. The campressor was designed to produce a 
total-pressure  ratio of 6.45 with an equivdent weight flow of 57.5 
pounds per second at an equivalent t i p  speed of 869 feet  per second. 
The t e s t   i n s t d l a t i o n  and instrmentation f o r  the  determination of the 
mer-a l l  campressor perfornmce are the same as those presented i n  

04 
N reference 2. 
2 

%e design blade d velocity-diagram data f o r  the first, f'ifth, 
and tenth  stages me .given i n  reference 1. The design blade data are 
repeated in   t ab l e  I f o r  convenience. 

Radial survey instrumentation was located &s sham i n  figure 1 at 
axial stations 1, 2, and 3 f o r  the first-stage imestigationj 9, 10, 
and ll for the   f i f th-atage  iwest igat ion~ and 19, 20, and 22 for the 
investigation of the tenth stage. These s ta t ion numbers are  consistent 
with  those used i n  previous investigations of this ccnrrpressor 

a x i a l  station  consisted of a  cambination claw probe (fig. Z(a)) for 
measuring flow angle and total pressure and an L-shaped static-pressure 
wedge (fig.  2(b) ) . In addition t o  the  survey  instrunentation,  total 
'temperatures were obtained at the inlet and outlet  msasuring stations 
of each of the three stages with a single spike-type radial themcouple 
rake  (fig. ~ ( c )  ) . The interstage imtnrmentation was located  circmfer- 
ent ia l ly  SO that  the f low measurements were obtaiped  approximately 
.midway between the leading o r  trailing edges of adjacent  blades i n  the 
succeeding or  precedfng stator row, respectively. The radial measuring 
stations were located at area  centers of e q d  annular m a s .  Ffve 
radial. measuring stat lons w e r e  employed i n  the investigations of the 
first and f i f t h  stages,  but  because of the d passage height  {less 
than 1 i n . )   i n  the  tenth stage only three radial stations were used. 

4 
$ 
rl reported i n  references 1 t o  5. The survey  instrumentation at each 

8 
* I  

The radial  themcouple  rakes were calibrated over a range of W h  
number from 0 to 1.0. The static-pressure probes were calibrated f o r  
w a l l  and s k  immersion effects over the 8- range of Mach number. 

The radial  survey  pressure measurements were referenced t o  wall 
static-pressure  taps  at  the same axial measuring station on U-tube 
,manmeters. The measuring fluid used were water and tetrabramoethne. 
The total temperature at each radial statlon was measured different ia l ly  
with the total temperature a t  a x i a l  stat ion 0 on a self-balancing 

L calibrated  potentiometer. 
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The investigation of the first, f i f th ,  and tenth  stages was separated 
into three phases i n  order t o  simplify the interstage  instrumentation 
problem. A t  each selected campressor operating  point,  differential 
stage  temperatures were obtained at   the  inlet and exit of the  stage along 
with sFrmzltaneoue 8urveys of flow angle, t o t a l  pressure, and s t a t i c  
pressure at the inlet and exit of the rotor and the exit of the  stage. 
After the stage had been investigated over a range of weight flow at 
speeds from 50 t o  100 percent of design, the  interstage  instnmrentation 
was removed and reinstalled on the next stage chosen for investigation. 
The process waa repeated u n t i l  the performance of each of the three 
stages had been determined over the ccmpresaor performance map. The 
compressor-inlet  conditions at each  speed were v e e d   i n  order t o  obtain 
a Reynolda number of approxFmately 0 .2x106 relative to  the first rotor 
at the t ip .  The  over-8.l.l canrpressor performance data are presented i n  
figure 3 to  indicate  the range of weight flow and speed investigated. 
These data were evaluated frcrm a calculated  diechsrge t o t a l  pressure 
obtained fram the average dische3.ge w a l l  s t a t i c  presaure, t o t a l  tempera- 
ture, and orif ice  weight flow v i t h  use of the method recamended i n  
reference 6. 

The total-pressure  ratio and adiabatic temperature-rise efficiency 
of the three stages  investigated were determined fram a r i t b t i c  averages 
of the t o t a l  pressures and t o t a l  temperatures a t  the rotor-inlet  and 
stator-discharge =amring  stations. Because no.measurements were ob- 
tained after the  tenth-stage  stator row, the  evaluation of the tenth- 
stage performance includes the total-pressure loss across the ex i t  guide 
vanes. The stage performance i s  presented i n  term of equivalent t o t a l -  
pressure r a t i o  plotted  against inlet flow coefficient o r  the ra t io  of 
mean axial   velocity  to wheel sgeed, which resul ts  i n  a single performance 
curve that is essentially independent of speed. These stage performance 
parameters are  derived i n  reference 7 and are used in the f o l l w i n g  form 
i n  this report: 

Flow coefficient: 

(ALL symbol6 are  defined in. the aspendix. 1 The Mach number i n  equa- 
t i o n  (1) Was determined from a r a t io  of the.average t o t a l  and s t a t i c  .. 

pressures  obtained f'rom survey measurements. 
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Equivalent  total-pressure  ratio : 
Y - a 

<P0/Pi), = (Ye + 1.o)T-l 

wfiere 

The mer-all performance i n  term of the previously discussed 
parameters is  presented for   the  first, f i f t h ,  Etnd tenth  stages i n  
figures 4(a) , (b), and (c),  respectively. The stage design  points are 
sham for  cmparison. A t  the design Inlet flow coefficient  to the 
first, fifth, and tenth stages, the equivalent  totabpressure  ratio was 
1.08, 1.21, and 1.23 cmgmed with the design  values of 1.145, 1.205, 
and 1.240, respectively. The pea efficiency of all three stages  occurred 
at lower-than-design flow coefpicient and very nearly coincided with the 
nwcimm total-pressure-ratio flow point of each  stage. The fact tha t  
peak stage  efficiency occurred at a stage flow coeflicient lower than 
design might be exgected,  because the compressor blading was selected  for 
approximately minimum loss and not maximum l i f t -drag  ra t io ,  which occurs 
at a higher angle of attack and hence at a lower f l o w  coefficient than 
design. The peak efficiencies  obtained were approximately 0.89, 0.94, 
and 0.83 f o r  the first, f i f th ,  and tenth stages, respectively. It should 
be noted that the  tenth  stage has been penalized  for any l o a s  across the 
exit guide vanes, and consequently the  total-pressure  ratio and efficiency 
of this stage as defined. by a rotor and single s ta tor  row would probably 
be s l i & t l y  higher. Rowever ,  the low efficiency of the  tenth stage may 
a l so  be par t ia l ly   a t t r ibuted t o  the  inherent high losses associated with 
exit  stages of high  hub-tip radius ratio and low aspect  ratio. 

2 

The equivalent  total-pressure-ratio curyea shown i n  figure 4 
indicate tht at   the  design  stage-inlet flow condition the f i f t h  and 
tenth stages produce very close t o  design  stage  total-pressure 

pressure ra t io .  The low inlet-stage  total-pressure  ratio  obtdned at 
design inlet flaw coefficient caqbe attributed to an inlet-guide-vane 
turning greater than design. A subseqwnl; investigation  in w u c h  the 

- ra t io ,  w h i l e  the f irst  stage produces less  than  design  stage t o t a l -  

1 
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guide-vane setting  with  respect  to the campressor a x i s  was reduced by 
50 t o  compensate for   the approximately  constant 4' overturning along 
the rag- i s  reported i n  reference 5. The firet-stage performance 
determined with the design guide-vane turning i s  compared with that  
obtained i n  this investigation and with the  stage  design  point i n  f i gwe  
5. The equivalent  total-pressure  ratio of the f irst  stage at the design 
inlet flow coefficient m s  increased to a value of 1.16 with the reset 
guide vanes, a s  ccaapased with the *sign Vdue of 1.145. This c m p ~ s o n  
indicates the importance of accurately  predicting the inlet flow angle 
(stator  dischmge angle) to   the  rotor ,  pasticularly for  large values 
of f l o w  angle, in order t o  obtaLn design angle of attack at design 
inlet flow coefficient  for the individual stages. 

2 cu 
M 

The importance of accurately  predicting the s ta tor  discharge  angle 
may also be  seen from a consideration of the following equation, which 
expresses the stage-inlet flow coefficient  in terms of  the relative 
and absolute inlet flow  angles to  the rotor: 

U+/Q = t an  p i  + tan pi 

In  order t o  obtain design angle of attack on the  rotor, which correepands L 

to design relative inlet flow angle pi ,  any error  i n  absolute flow 
angle pi must be scccfmpanied by a change i n  flow coefficient. The 
change in flow coefficient  in turn alters the rotor  velocity diagram 
so t h a t  the work input  t o  the stage must  also change. In summary, 
a stator  discharge  angle that is too high HI&asplace the stage  per- 
formance curve toward lower values of flow coefficient and to ta l -  
pressure  ratio as shown in  f igure S9.  . w h i l e  .the  conyerse_-o+d be t r u e  
for   s ta tor  discharge  angles lower than  design. 

.~ 

. . -" - - "i- 

Design-point over-all campressor performance not only necessitates 
the attainment of design-point performance of the indivfdual stages but 
also requires the proper matching of the stage design points at a 
specific  campressor-inlet w e i g h t  flaw. The proper matching of the 
stages at design .speed i s  .determined by the flow  coefficient o r  the 
mean axial  velocity  entering each stage.  Since the axial  velocity mus t  
satisfy  continuity, the stage matching is determined by the effective 
area and density  ratios at the  entrance t o  each stage. The effective 
area  ra t io  is obtained  through the use of area-correction  factors  to 
account for  boundary-layer displacement.  thickness and area blockage due 
t o  blade wakes, while the densFty r a t i o  is dependent upon the assumed 
stage  efficiencies and the  stage energy addttion. Consequently, the 
design matching of the  individual  stages i s - h g e l y  dependent upon the 
validity o f  the design  assumptions as corroborated by experimental 
information. " . . .  . . -. . . . - . . - "" 

Y 

" 



The aerodynamic design of this campressor (ref. 1) uti l ized an 
a s s m d  polytropic  stage  efficiency of 0.90 fo r  a l l  stages i n   t h e  com- 
pressor. The corresponding design stage  adfabatic  efficiency d d  be 
only slightly  less  than this value  because of the m d l  pressure r i s e  
obtdned  across a single  stage. The adiabatic  temperature-rise  efficiency 
data  presented i n  figure 4 indicate i n  a re la t ive sense that the first- 
and tenth-stage peak efficiencies are sanewhat lower  than  the  values 
obtained i n   t h e   f i f t h  stage, with  the  tenth  stage  exhibiting the larest 
peak efficiency of the three. This efficiency trend is  i n  contrast t o  
the  design  asmmption previously stated wbich ut i l ized  a  constant  value 
of efficiency  for all stages. 

The a~mdyaamic  design also made no allowance f o r  boundary-mr 
or area blockage because of the Laclr of infomation  available  at  the time 
of the design. Neglecting  the  effects of mea blockage i n  the campressor 
design would affect  the stElge matching so that each  successive  stage 
would be forced t o  operate at f l o w  coefficients  that are increasingly  higher 

4 indicate  the  relative matching of the  three stages at a even   cm-  
pressor operating  point  (point A, f ig .  3). The lower-than-design f low 

design inlet flow coefficient  to the first  stage  (point A, f ig .   4(a))  
indicates that the low total-pressure  ratio  obtained across the f irst  
stage and the design  area-ratio e a t i o n ,  both of which tend t o  in- 
crease  the flow coefficient, muat he c-nsated for by a cambination 
of higher-than-design enerm  addition and efficiency of the  stages be- 
tween the first and the  f i f th .  This fac t  is substantiated by the over- 
a l l  performance investigation (ref. 2) and the  individud. atage 
performance investigation  (ref, 4), both of which indicated  higher-than- 
design  loading of the second, third, and fourth stagea. BE reason 
for  the increased loading i n  the second  through the fourth atages 
contradicts  the trend that would be expected, a d  consequently an 
explanation w o u l d  require  further  experimental  fnformation on the stages 
involved.’ The flow coefficient  entering  the  tenth  stage  at  point A 
on figure  4(c) i s  considerably  lower than the design value. This low 
flow coefficient is caused by the  higher-than-design  energy addition 
of the  preceding  stages, which successively  reduced  the  flow  coeffictent 
entering  the  tenth  stage t o  the value indicated. 

- than  the  design  values. The sol id  design-speed symbols shown i n  figure 

d coefficient to the f i f t h  stage {point A, f ig .  4 (b) 1 at approxhately 

The design-speed  data  points B on figures 4 (b) and (c)  coincide 
with the  design inlet flow coefficient t o  the f i f th  and tenth  stages, 
respectively, and are  obtained at approximately the s a m e  over-all  com- 
pressor pressure ra t io  as shown by point B i n  figure 3. A t  this 
point the f irst  stage is  also obviously  operating very  near design f l o w  
coefficient. However, because of  the guide-vane overturning,  the t o t a l -  
pressure  ratio and efficiency  are both lower than  design,  causing t h i s  
stage t o  be  mismatched with the f i f t h  and tenth  stages with respect 
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t o  pressure  ratio. The attainment of design stage flow coefficient and 
design  stage tota.l-pres.sure r a t io  at a single conlpressor operating 
candltion at design speed indicates that design  mtching of t he   f i f t h  
and tenth stages was actually obtaLned. Since design matching of the 
f i f t h  and tenth stages w a s  obtained, the area-correction  factors that  
were neglected i n  the design must have been campensated for  by the 
at ta iment  of higher  than the as,suzned due of design stage efficiency 
i n   t h e  intellmediate stages. 

I- 
d 
cu 
M STAGE F L O W  DISTRIBUTIONS AND EXEKENT I?ERFOT(MANcE 

The previous  discussion  has  presented the stage perf'ormance on 
the baais of the average f low conditions  entering and leaving the stages. 
In order t o  study  the performance of the  individual stages more 
thoroughly, it is necessary t o  present  the radial distributions of flow 
entering  each  stage and the resultant element performance obtalned. 
In the  following  sections  the inlet flow  distributions and the element 
performance across each of the three stagels investigated are presented 
at three compressor operating  points. The three.points  selected 
correspond t o  approximately peak over-all c ~ r e s s o r  efficiency at  
50, 80, and 100 percent of design speed. These points were chosen i n  
order t o  present a comparison with the design flow distribution at 
design and part speed  and also t o  indicate the relative matching of 
the flow distributions in the three stages at a given  compressor-inlet 
w e i g h t  flow. The three  points chosen fo r  further study of the first, 
f i f t h ,  and tenth stages a r e  designated by solid symbol8 on the figures. 
The design-speed  point is the point A discussed i n  the  preceding 
section. 

t 

Fi r s t  Stage 

Inlet  flow distributions. - The radial variation of flow conditions 
entering  the first m t a r  row is presented in ftgure 6 as plots of 
absolute flow angle, axial veloc i ty   to   t ip  speed ratio,  angle of attack, 
and relative inlet Mach number at the three selected compressor operating 
conditions  designated by the  solid symbols i n  figure 3. The design 
radial variations  obtained f r o m  the tables of reference 1 are also shown 
i n  figure 6. The absolute flow angles entering the first rotor are 
higher than design at all speeds (fig.  6(a)) because of the &ore- 
mentioned overturning by the i n l e t  guide vanes. The rapid  increase i n  
magnitude  of the flow angles i n  the  tfp  region at the low-speed operating 
condition (50 percent OS design speed) indicates  the presence of a e t a l l  
of the t i p  section of the first rotor. Hot-wire-anemometer traces  obtained 
on the  subject compressor, which are pregented i n  reference 3, indicate 
the presence of rotating s t a l l  in the t i p  region of the first stage at 
50 percent of' design speed. The flow-angle measurements, therefore, c 
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. indicate a correlation between blade stall obtained from flow . m e a s u r e -  

znents and rotating stall as determined by hot-wire anemometers. 

The axial-velocity  distribution shuwn in  figure 6(a) at design 
speed indicates good agreement with the  design radial variation except i n  
the  blade end regions. The design radial distribution was d e t e d n e d  
through the use of the assumgtion that simple radial equilibrium of 
pressures and centrifugal  forces i s  sa t i s f ied  after each blade row. An 
analysis of radial equilibrium  applied t o  the h t a  obtained on a number of 
campressors including this 10-stage compressor and presented i n  reference 

4 8 indicates that simple radial equilibrium is  a good assumption after the 
inlet guide vanes, provided that passage curvature and free-stream 
entropy  gradients are small. The high absolute flow angles (fig.  6(a)), 
when combined with the axial-velocity  distribution  entering  the first r o t o r  
at the design-speed  operating  condition, which fs point A 'on fFgure 
$(a),  r e s u l t  i n  lower-than-desi@  angle of  attack and relative in le t  
Mach number on the first rotor, as shown f n  figure 6(b).  "he low angle Of 

stage energy addition and total-pressure  ratio below the design  value. 

w 
fo 

+ 

_I attack and relative inlet Mach  number both  tend t o  decrease the first- 

23 flow at design speed (fig. 31, the first rotor will always op ra t e  at 
cu 
0 
1 Because the compessor operates over a very smal l  range of inlet w e i g h t  

lower-than-design angle of attack and total-pressure r a t i o  at design 
speed, as indicated  in  figure 4(a>. 

Rotor turning angles. - The variation of rotor turning angle with 
angle of attack at f ive  radial poeitions is presented i n  figure 7 f o r  
all flow conditions  investigated. The design  rotor  turnfng angle 
obtained from reference 1 and the turning-angle  variation  predicted 
from the data of reference 9 are also shown. The end p i n t s  of the 
dashed l ine  do not  represent a two-dimensional prediction of blade stall 
but rather represent  the limits of interpolation and extrapolation of 
the cascade data of reference 9. Since these cas& data were not 
available a t  the time of the compressor design, the design  rotor  turning 
angles shown in  f igure 7 were obtained fram available low-speed cascade 
data  presented i n  chart form in reference 1. The agreement of these 
data wLth those of reference 9 indicates that the  charts of reference 1 
could  be applied t o  compressor designs euqloying 65-series  10-percent- 
thick blades within  the same range of camber, solidity, and relat ive 
inlet f l o w  angles  as  the  design of the subject compressor. 

The cascade data are determined f o r  constant axial  velocity  across 
the blade  eleEnts; however, i n  the campressor, the axial-velocfty 
distribution does not d n  f w d .  The measured angle of attack and 
turning angle can be approximately  corrected f o r  this effect by using 
an equivalent  velocity diagram. This equivalent diagram is formed by 
using  the mean value of the entering and l e a s h g  axial yelocity  for a 
given blade element and the measured t a n g e n t i a l   v e ~ c i t y .  A comparison 
a t  the design-speed operating  point  (point A) is made i n  table I1 between 
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the measured  and equivalent values of angle of attack and turning angle 
for.  the  rotors and stators of the three stages  investigated. From table 
11, it can be seen that  the angle of attack an& turning angle, when 
calculated on the  equivalent  basis, change in ~e same direction; 
consequently, l i t t l e  improvement i n  the correlation wlth the cascade 
data of reference 9 colild be obtained. For this reason and because the 
equivalent diagram masks the effects of axid-velocity changes across 
a blade row, only the ,measured values of angle of attack and turning 
angle are presented. 

The ta i led  symbols in  f igure 7 indicate the data points  obtained 
i n  the range of cotgpressor operation  affected by rotating stall.  This 
range was determined from the results of  reference 3, which indicated 
the  presence of ro ta t ing   s ta l l  for  a l l  f l o w  conditions a t  50 and 60 
percent of design speed.and for alJ equivalent inlet weight flows below 
approximately 30 pounds per second a t  70 percent of design speed. The 
data obtained by time-averaging instruments  are  questionable i n  th i s  
region because of .the pulsating  nature of the flow and are presented 
only fo r  the sake of completeness. 

The estimated accuracy of the mertsured flow angles i s  approximately 
lo klz . The relative flow angles, however, are also dependerit on the 

measured velocities, and conseqyently the rotor a n g l e s  of attack and 
turning  angles may be i n  greater error  than the absolute flow angles. 
In view  of these limitations,  the agreement  between the ,measured rotor 
turning angles with the two-dimensional cascade data (fig. 7 )  i s  con- 
sidered good at all radii. The trend of the exper-ntal rotor turning 
angle data, i n  general, parallels the interpolated cascade data at all 
radial positions  with  the  absolute  values of turnfng angle  being sollBewh&t 
higher than  predicted at the  outer radii. The curves show thkt design 
angle of attack on all blade elements of the first rotor occurs i n  the 
flow range obtsined at 90 percent of design speed. The design-speed 
data p o b t s  on figure 7 fall belaw design angle of attack at all radial  
positions. TBe lower-than-design angle of attack is' i n  agreemnt with 
the stage performance data discussed  previously and results f m  inlet- 
guide-vane overturning. 

Stator  turning angles.  - The variation of f irst-stage  stator  turn- 
ing angle with angle of attack is shown in figure 8 at five r a d  
positions. The data points  dfected by rotating stall are designated by 
tailed symbols at each radial position. Excluding these points,  the 
f i r a t   s t a t o r  operates Over a very nsrrow range of angle of' attack i n  
comparison with  the f i rs t  rotor on all blade elenbznts except t h e   t i p  
element (fig. 8 (a) ) . De8ign angle of attack  occurs i n  the flow range 
obtained a t  design speed on all elements. However, at design angle of 
attack the observed stator  turning anglee-appear t o  be slightlq low but 
i n  general  agree fairly well with the cascade prediction. 
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The  combined  effect  of  the low stator  turning  and  the  excessive 
guide-vane  turning  would be to  decrease  the  arigle of attack on the 
succeeding  rotor.  The  lower-than-design  density  ratio across the  first 
stage will increase  the axial velocity  entering  the  second  stage  and a l s o  
tend  to  decrease  the  angle  of  attack  entering  the  second  rotor row. 
The individual  stage  performance  investigation  (ref. 4), however,  shows 
that  the  second-stage  total-pressure  ratio u&8 s l igh t ly  higher than  the 
design value (1.18 compared  with the design  value  of 1.16) at design 
and  higher-than-design flow coefficfents.  The  explanation for this 
apparent  inconsistency.between  the  angle-of-attack trend and  second-stage 
total-pressure  ratio is beyond  the  scope  of  the  subject report, since 
complete radial surveys  such as those  obtained  for  the  first,  fifth, 
and  tenth  stages  would  be  required. 

Element  performance. - The  element  performance &cross the  first 
stage  is  presented  in terms of adiabatic  temperature-rise  efficiency 
and dinensionless  temperature-rise  coefficient in fFgure 9 at  the  three 
points  designated by solid symbols in  figures 3 and  4(a). The radial 
distribution of efficiency  indicates  that  the  element  efficiencies  in 
the  hub  region remain relatively constant over a wide rmge of campressor 
operating  conditions, whereas the  tip-element  efficiencies are extremely 
sensitive  to  changes i n  compressor  operating  conditions.  Consequently, 
the peak efficiency  of  the  first  stage  appears to be uniquely  determined 
by the  angle of attack  entering  the  first-stage  rotor in the  tip  region. 

The low efficiency  of the first  stage  at  design  speed shown in 
figure &(a) appears  to be caused by the  very low efficiency of the  tip 
elements  of this stage, as indicated  in  figure 9. The diffusion  factor, 
a blade-loadlng  parameter  developed  in  reference 10 that  correlates 
single-stage  blade-element  efficiency  data,  is presented for  the  first- 
stage  rotor at design speed in figure 10. The  calculated  design values 
m e  also shown. The results  of  reference 10 indicate  that the blade- 
element  efficiency  at  optimum  incidence in the  tip region decreases 
rapidly  at  diffusion  factors abwe 0.5. The ffrat-stage  rotor  appears  to 
operate simficantly belm thts value in the  tip region 88 s h m  in 
figure 10, thus probably  eliminating this factor as a caue of the low 
tip-element  efficiency, even though the  first  rotor  is  operating below 
optim incidence in the  tip  region  at  this  particular  operating  point. 
The low tip-element  efficiencies  could  possibly be attributed  to 
separation of the flow from  the blade pressure  surface  caused  by a 
combination  of low angle of attack and high relative inlet Mach  number 
to  the  first  rotor  at  design  speed.  The  angle of attack and relative 
inlet  Mach  number shown in fiWre 6(b) i n  the  tip region, however, 
appear  to  be in the low-loss region  for  this blade section,  as sham in 
reference 9. Nevertheless,  it is felt  that  local  disturbances may be 
instigating  separation  and  associated high losses, thus  causing  the 
low tip-element  efficiencies. 
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The dimensionless  temperature-rfse  coefficient, which i s  a measure 
of the actual energy addition t o  the campressor, increases with de- 
creasing speed (fig.  9 )  primarily because of the increased angle of 
attack on the first rotor as shown i n  figure 6(b).  A t  design  speed 
the average v a m  of the energy addition  (fig. 9)  was lower than the 
design value as a result of the lower-than-design angle of attack on 
the first-stage rotor. 

The effect  of the lower-than-design energy addition and efficiency 
(fig. 9) on the axial velocity  leaving  the  rotor is indicated  in figure 
10. The low density  ratio  across the first-stage rotor at design  speed 
resul ted  in  an increase i n  axial velocity  across  the  entire flow passage 
i n  order to  satisfy  continuity after the rotor. A part of t h f B  axial- 
velocity  increase . m a y  be attributed  to  effective area reduction caused 
by boundary-layer growth along the compressor w a l l s ,  which w a s  not 
accounted f o r   i n  determining the design area ratios.  

Fifth Stage 

Inlet flow distributions. - The flow dfstrlbutions at the entrance 
to   t he   f i f t h   ro to r  are presented in  f igure ll at the compressor operating 
p i n t a  designated by the sol id  symbols i n  figure 3. A t  the peak cam- 
pressor  efficiency  point at design speed (point A, f ig .  4(b)) , the flow 
conditions  entering the f i f t h  stage match the  design  variations  very 
closely  except i n  the blade end regions (fig. ll). The low axial  
velocity  in  these  regions (fig. l l ( a > )  will reduce the mean sxial 
velocity and  hence the  stage-inlet  flow  coefficient below the design 
value. Because the  design  flow distributions  entering the f i f th  stage 
are obtained  over the main portion of the passage height at a reduced 
flow coefficient,  design performance of this stage would not be obtained 
at the  over-all campressor design  point. I n  order t o   o b t d n  design 
performance of the middle stage of the compressor a t  the over-all 
compressor desi& point, it would be necessary t o  know the  losses i n  the 
blade end regions and incorporate this howledge in the design by 8 
method such &a that presented in reference 8. The simple design method 
used i n  reference 1, however, is fairly adequate i n  the prediction of the 
axial-velocity  distribution  across the main portion of the passage height 
at this point in   the  compressor. 

The corresponding f l o w  conditions  entering the f i f t h  rotor at the 
lower campressor speeds (50 and 80 percent of design) sham in  f igure ll . 
show the extent to which the upstream flow disturbances  introduced i n  
the inlet stages have dissipated  in reaching  the f i f t h  stage. The 
increase i n  angle of attack in t h e   t i p  region and decrease i n  axial 
velocity at 50 percent of design  speed  indicate  that the stall condition 
i n   t h e  first stage i s  affecting the performance of at least the next four 
stages. This f s c t  is corroborated by the hot-wire-anemometer data of 
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reference 3, which indicated that the flow fluctuations caused by ro- 
t a t ing  s t a l l  were very  noticeable through the f i rs t  five  stages and 
then  diminished  quite  rapidly. 

- 
Rotor tu rn ing  angles. - The fifth-rotor t u r n i n g  angles are plotted 

agaLnst angle of attack at five radial positions  in  figure 1 2  for all 
flow conditions  investigated. The design  rotor  turning  angle and th& 
two-aizlhensional cascade predicted turning angles  (ref. 9) ere shown 
f o r  comparison. The observed data axe subject to the sam? sources of 
error as imposed on the first-stage data. In addition, a U  the up- 
stream disturbances generated by the preceding four stages may affect 
the downstream reasurement so that considerable  scatter Of data 
points may be expected  over the range of speed and flow investigated. 
The data points that may be affected by rotating stall are  indicated 
by ta i led  symbols i n  f i g u r e  12. The data points at all speeds overlap, 
since  approximately the same range of flow coefficient and hence  of 
angle of attack (figs. 4 (b) and 12)  is obtained i n  the middle stage 

figure 12, the angle-of -attack range on all blade elements of the f i f t h  
rotor i s  approximately loo excluding the lowest speed i n  the t i p  region. 

- of the compressor over the range of speed investigated. As sham in 

- 
In d e w  of these fac ts  and the f ac t  that the scale factor for   the 

f i f th-rotor  turning angles (fig.  12)  i s  % times that for  the first- 
rotor turning angles ( f ig .  7) ,  the data correlate  design and predicted 
values  reasonably w e l l ,  although  the observed values are slightly low. 

1 

Stator  turning angles. - The fifth-stator turning ssgles are 
presented in  f igure 13. The major portion of the data shown .in figure 
13, excluding  those  points  affected by rotating s t a l l ,  agree with the 
two-dimensional. cascade prediction within the experimental accuracy 
of the data. In the t i p  region (fig.  13(a)), the very high angles  of 
attack are probably  caused by the low axial velocities  entering  the 
f i f t h  rotor  (f ig.   =(a)).  At design  equivalept speed, design  angle 
of  attack and predicted  turning angles were obtained on all blade elements 
of the f i f t h  s ta tor  except at the t i p  ( f ig .  13). 

Element perfomnce. - The stage element efficiency  variation and 
dimensionless temperature-rise coefficient are presented f o r  the f i f th  
stage i n  figure 14 at the three points designated by solid symbols i n  
figures 3 and 4 (b) . . T h e  blade-element efficiencies  indicate a general 
trend toward increasing  efficiency with increasing speed at the peak 
over-all compressor efficiency  operating points. The diffusion  factor 
across  the f i f t h  rotor at design speed (fig. 15) exceeds the value of 0.5 
i n  the t i p  region  designated i n  reference 10 as the value above which 
the  tip-elemnt  efficiencies  decrease  rapidljr. Since the element 
efficiency  in the t i p  region remains high ( f ig .  14), it appears that this 
value of diffusion  factor  apparently would not be appllcable as a .design 
l i m i t  i n  the middle stage of this compressor. The calculated design 
values of diffusion factor are also shown in figure 15. 
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The dimnsionless temperature-rise coefficient  acrom the f i f t h  
stage (f ig .  14) i n  general follows  the same trend as that found f o r  
the angle of attack  entering the f i f th   ro tor   ( f ig .  =(a)). A t  design 
speed the dimensionless  temperature-rise  coefficient  or  energy  addition 
was higher than the design value across the entire blade passage, even 
though design angle of attack was obtained over most of the passage a0 
shown i n  figure Il(b). Since  the  rotor turning angles were sl ight ly  
low (f ig .  12), the higher-than-design  energy  addition must be attributed 
.to the axial-velocity change across the rotor. The axial-velocity  ratio w 
across t he   f i f t h   'm to r  at design speed is presented in  figure 15. The 53- 

'data indicate that the axial velocity decreased  acrosa  the f i f t h  rotor M 
so that  the observed  value 0f.thi.s r a t to  -6 less than the design value 
at all radii. These low axial velocit ies at the  exit  of the  f i f th   rotor ,  
when  combined with  the high elenrent efficiencies of this stage, produced 
greater-than-design  dimensionless  temperature-rise  coefficients and 
total-pressure ratios,   as shown i n  figures 14 and 4(b) (point A)  . The 
low axial  velocity  leaving the f i f t h  rotor and the higher-than-design 
density r i s e  across   the  f i f th  stage will increase  the angle of attack 
on succeeding s.tages so that at this particular compressor operating 
point  the exit stages will operate at lower-than-design flow coefficient 
and therefore will be mimatched x i t h  the front and middle stages. 

Tenth Stage 

Inlet flow distributions. - The inlet flow distributions  to the 
tenth  stage are presented i n  f i W e  16 a t  the compressor operating  points 
designated by the solid symbols i n  figure 3. The absolute  flow angles 
entering  the  tenth  rotor 8gree fa i r ly   c losely with the design values. 
The velocit ies at all speeds show a tendency t o  decrease i n  the hub and 
t i p  regions, as shown in. f i g u r e  16. This devia t ion  from the  nearly  linear 
design  axial-velocity  distribution can be at t r ibuted  to  the fact that 
this i s  a very high hub-tip radius ra t io  stage = 0.91) , and 
consequently the  losses that tend to  accumUate.in  the blade end regions . ... 

i n  passing through the campressor will seriously  affect the radLal flow 
distributions. The radid extent of these losses increases  considerably 
as a percentage of passage height i n  the tenth stage, a0 evldenced by 
a comparison of the axial-velocity  distributions entering the f i f t h  and 
tenth  rotors  (figs. U(a) and 16(a)). 

. " 

The design  distribution of axial velocity wss.determined from a 
consideration of simple radial equilibrium; however, the measured data 
indicate  the inadequacy of this desfgn assumption i n  predicting  the 
axial-velocity  profile i n  the tenth  stage of this compressor. The 
radial equilibrium analysis of the flow enterlng  the  tenth  rotor 
presented in reference 8 indicates that the deviation of the measured 
axial-velocity  distribution fram the simple radial equilibrfum  prediction 
using measured flow angle and t o t a l  energy gradient i s  due almost ent i re ly  
t o  the entropy  or loss gradient  across the passage. 

. .. . - - 
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A reproduction of figure 27 (a> of reference 8 is presented i n  figure 
17 t o  show a camparison of the observed axial-velocity  distribution wlth 
those carqeuted by assumLng simple radial equilibrium and simple radial 
equilibrium i n c l a n g  entropy  gradient. The deviation i n  shape of the 
simple radial equilibrium  prediction of axial-velocity r a t io  from the 
design  distribution, which also uti l lzed  the simple radial equilibrium 
assumption, i s  due to the fact that the measured flow e distribution 
did not agree exactly  with  the  design  flow angles {fig. 16(a)) and also 
%o the fact that the masured t o t a l  energy  gradient  enterfng the tenth 
rotor was not constant fram hub to   t i p ,  as established i n  the design 
method. Since  the  deviation f ram design  absolute  flow angle i s  relatively 
timall, the difference i n  these two curves primarily indicates  the effect 
of inconstant  total energy on the axial-veloclty  distribution.  Since 
the  absolute flow angle can be predicted  reasonably well f’ram the two- 
dimensional cascade data and since the t o t a l  enerw gradient is umzally 
prescribed i n   t h e  design, the axial-velocity  distribution could be more 
accurately predicted if the losses i n   t h e  blade end regiom were known. 
or  might be more easily taken  into account through the use of a suitable 
assumption of a radial variation of blade-element efficiency. 

- Tbis again would reqyire a knowledge of the flow i n  the boundary layer 

- 
The lower-than-design velocity and hence flow coefficient 

obtalned at design speed, as shown in f i g u r e s  l6 (a)  grid 4( c)  (point A) 
may be at t r ibuted  to  a higher-than-design  density at the entrance  to 
the tenth stage. The analysis of the fif th-stage performance at the 
peak compressor efficiency  point at design speed  indicated a higher 
stage loading and efficiency and hence higher-than-design  density i n  
the latter stages of the compressor. As a result of the low axial  
velocity, the angle of attack at the tenth-stage rotor (fig. 16(b)) at 
the design-speed  operating  pdint is considerably  higher  than the design 
values, par t icular ly   in  the hub region. The angle-of-attack  distribution 
a t  peak over-all compressor efficiency at 50-percent  speed is very  uni- 
form and w e l l  above the  high-loss  region of operation where negative  blade 
stall would be  encountered.  Consequently, i t  can be seen that this  
particular compessor is not penalized  by  windmilling of the  exit  stages 
even at the low speeds investigated, as shown by the pressure rise obtained 
across the tenth stage in f i g u r e  4(c) at these speeds. 

Rotor turning angles. - The tenth-rotor turning angles a b m  i n  
figure 18 at three r&al positions for a. l l  flow conditions  investigated 
agree very w e l l  with the design values and with the cascade prediction 
of reference 9. These data indicate that the blade hub section of the 
tenth  rotor  operates over the widest range of angle of attack, i n  
contrast  to  the  operation of the first rotor, which experienced a much 

The b1ad.e t i p  sections of the inlet stages appeared t o  initiate rotating 
stall a t  low compressor speeds (ref. 3). However ,  because the  flow is 

* wider range of angle of attack i n   t h e   t i p  region, as shown i n  figure 7. 

a probably very nearly two-dimensional in hfgh hub-tip radius r a t i o  exit 
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stages, it i s  f e l t  that stall  of the blade hub section  or of any blade 
section of the  tenth stage will cause complete stall af the  blade row 
and will r e su l t   i n  surge of the  canpressor when operating at high speeds. 

Because of the wide range of angle of attack  obtained at the  tenth 
rotor between  choke and surge oreight flow a t  each speed, this rotor will 
operate  close t o  design angle of attack at same flow  condition a t  each 
speed investigated. A s  a resul t ,  t h i s  stage  operates  close t o  peak 
efficiency  near surge at low speeds {fig.  4(c) ) and tends t o  campensate 
fo r  the law efficiency of the inlet stage  indicated  in figure 4(a), thus 
kending t o  maintain high peak  compressor effic-Ie-ncy at part speed as - 

shown in figure 3. 
. .  .. 

Element performance. - The dimensionless temperature-rise  coefficient 
obtaised  across the tenth  stage is  presented"in-figure 19 a t  the  three 
points  designated by solid symbols i n  figures 3 and 4(c) . The radial 
variation of element efficiency  across  the  tenth  stage i s  not presented 
because of the inconsistency of the  total-pressure .measuranents obtained 
after  the exit guide  vane^.. Th$s inconsistency was probably  caused by 
the  effects of the wakes of two succes&6 Tow; 'of "stator blades on 
the .masuing instrument.  Efficiencies  calculated by use or circumfer- 
en t i a l  averages of t o t a l  pressure  obtained f&m. C~preSSOr-di6Charge 
total-pressure  rakes  indicated low efficiency  at   the hub measuring 
station arid increasing element efficiencies t o w d  the t i p   a t   t h e  
design-speed operating  point  (point A, f ig .  4(c)) .  The l o w  efficiency 
of the  tenth  stage  near the hub at design sped ,may be attributed t o  
an increase  in blade losses caused by the high angle of' attack  entering 
the tenth  rotor  in the hub region. The diffusion  factor calculated across 
the  tenth rotor  at design speed i s  shown i n  figure 20 i n  order t o  indicate 
tbe .magnitude of thts blade -loading parapeter i n  %he tenth  stage of tlrils 
campressor i n  comparison with the  calculated  design  value. It should 
be noted that the  tenth rotor operates a t  higher  than optimum 
incidence at t h i s  point, and hence the d u e s  of measured dif'fusion 
factor are not too significant. - - . " . .  . . .. 

The observed &himmionless tempratwe-rise  coefficient at design 
speed (f ig .  19) i s  cmsiderably higher than  the  design  distribution, be- 
cause the tenth stage is operating a t  iower-than-design flow coefficient, 
a s  shown by point A i n  figure 4{c), and c0mequentl.y at higher-than- 
design  angle of attack  as shown in  figure 16(b) . The measured aFmension- 
less temperature-rise  coefficient  or enera   addi t ion at design speed 
does not follow the  trend to& very high energy input i n   t he  hub region, 
xhich i s  indicated by the high angle of attack in this regLon. !Be 
dedat ion of the observed energy-addition  variation frau the angle-of- 
attack  distribution  in  the hub region can be attr ibuted  to  the axial- 
velocity change across  the  tenth r o t o r ,  which is shown i n   f i g u r e  20. 
The large  increase i n  qxial veloci ty   in  the hub region decreases  the 
energy addition so that the effect of the high angle of  attack  On 

' the energy addition is .cancelled. The greater-than-deaign axial- 
velocity  fncrease  across  the  entire passage will also tend t o  decrease 
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the peak total-pressure r a t i o  attafnable Fmm the tenth  stage. As sham 

than the  design value. 
- i n  figure 4(c), the peak total-pressure  ratio i s  only slightly greater 

The resul ts  of‘ an  investigation of the performance and flow dis- 
tributions in the first, fifth, and tenth  stages of a 10-s tqe  axial- 

tH flow research campressor may be s-zed as follows : 
2 

1. Design total-pressure  ratio was obtained across  the fifth and 
tenth  stages at their respective design in le t  flow coefficients. The 
first stage produced less  than  design  total-pressure r a t i o  at i t s  
design in l e t  flaw coefficient because of werturnfng by the inlet guide 
vanes. 

2. The peak adiabatic  efficiencies of the  three  stages  indicated 
J? higher  efficiency i n   t h e  fifth stage than in t h e   f i r s t  and tenth  stages, 
0 u whereas the design aswrmption ut i l ized a constant  vdue of efficiency 

for all stages. Tkre tenth  stage was the least   eff ic ient  of the three 
stages  investigated. - 

3. The two-dimensional  low-speed  cascade data  predicted the s ta tor  
discharge  angles and rotor turning angles i n  the  three  representative 
stages  investigated  with  reasonable  accuracy, thus indicating  the 
applicability of the cascade data to the design of subsonic multistage 
axial-flow ccmrpressors. 

4. Design matching of the  three  stages  investigated was not ob- 
tained at any one compressor operating  condition at design speed. A t  
the  operating  condition  mere  the fifth and tenth  stages were properly 
matched, the first atage was .mimatched  because of a  cambination of 
inlet-guide-vane overturning and greater-than-design  pressure r a t i o  
across  the second through the fourth stages. 

5. The stage  matching  chazacteristics of the  three  stages  in- 
vestigated  indicated that neglecting  area-correction  factors i n  
determining the design mea r a t i o s  through the campressor was ccanpensated 
for  by the attainment of higher than  the assumed design values of stage 
efficiency i n  the intermediate stages. 

6. The diffusion  factor in the tip region of the f i f th   ro tor  ex- 
ceeded the value of 0.5 previously  designated as the  value above  which 
tip-element  efficiencies  decrease  rapidly.  Since the e-nt efficiency 

ly would not be applicable as a  design limit i n  the middle  stage of 
this campressor. 

- in  the t i p  region remained high, this value of diffusion  factor agparent- 

I 
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7. The measured &al-velocity  dietributions a t  d e a i g n  speed 
entering the first- and fifth-stage ro tors  m e d  very well with the - 
dfstributions  predicted fm the siq.k. radial e@li.bxLw. assuqption 
used i n  the  design method, except at small regions near the compressor 
walls. The simple radial  equilibrium assunrption, however, wa6 inadequate 
in the  prediction  of-the  axial-velocity profile enter,ing  the  tenth-stage 
rotor at design speed because of the  effect WkLch the large entropy 
or loss gradient associated with a high hub-tfp r a d i u s  ratio stage 
has on the axial-velocity  distribution. 

r- 
N 

d( 

Lewis Flight Propuleion Laboratory 
National Adviaory Cammittee for  Aeronautics 

Cleveland, Ohio, June 23, 1954 
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APPENDM - SYmOLs 

The following symbols are used i n  this report: 

annulus area, sq ft 

specific heat at constant  pressure, ~tu/(lb) (OF) 

diffusion factor 

acceleration due to gradty, ft;/sec' 

change i n  t o t a l  enthalpy, Btu/lb 

mchauical  equivalent of heat, ft-lb/Btu 

radius r a t io  

angle of attack, deg 

air &e, angle between colnpressor &a and aLr velocity, deg 

turning angle, deg 

r a t io  of specific heats 

ratio of total  pressure  to  standard  sea-level pressure 
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rl adiabatic  temperature-rise  efficiency 

e r a t io  of total temperature t o  atandard sea-level  temperature 

Subscripts: 

d 

e 

h 

i 

i s  

m 

0 

t 

0 

1,9,19 

2,10,20 

3,n 

22 

design conditione 

equivalent,  indicates that the.parameter  to xhich it i s  
&fixed has been corrected t o  design speed 

hub 

stage in l e t  

isentropic 

mean 

stage  outlet 

tip 

inlet depression tank 

entrance maSuring Stat ion t0  first-, f i f th - ,  and tenth-stafp 
rotors,  respectively 

discharge measuring station from first-, fifth-, and tenth-stage 
rotors,  respectively 

discharge measuring station from fLrst- and fifth-stage statars, 
respectfvely 

measuring station at dischage of  exit guide v&neB 

Super scripts : 

1 relative t o  r o t o r  blade row 

1. Johnsen, Irving A. : Investigation of a 10-Stage Subeonic Axial-Flow 
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2. Eudinger, Ftay E., and Thanson, Arthur R.: Investigation of a 10-Stage 
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of Over-All PerSomaance. NllCA RM E52C04, 1952. 
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TABLE I* - BwlDE DATA 

Stage B l a d e  Number Hub radius B l a d e  
at entrance, chord, of blades 

I I  I in* - 
1 

1.380 39 7.838 Stator 5 
1.380 37 7 639 Rotor  5 
1 550 27 . .  5.822 Stator 1 
1- 550 25 5 - 500 Rotor 

10 Rotor 9 -085 56 1.120 

MACA FM ES4F28 

. 
Design kW 
camber 

percent of 
thickness, 

Chord 

0.91 

10 1-12 
10 1.12 
lo 91 
10 

10 1.30 

TABLE 11- - COMPARISON OF MEASURED AND EQWAI;ENT VALUES OF ANGLE 

OF ATTACK AMD TURNING ANGLE AT DESIGN SPEED (point A) 

2 a 

1 
4.2 -89 
4.1 0.96 

-81 

12.4 -61 
8.6 -71 
5.9 

5 

10 i 
0.98 20.2 
-93 14.0 
-89 14.6 
-84 14.9 
.79 19.5 

0.98 21.2 
-95 24.0 
-92 31.1 

T Stator f 
" 

2 

0.97 
.90 
.82 
.73 
64 

0.98 
-94 
.90 - 85 
81 

a, 

8.2 9.9 
9.7 
12.1 

u.0 

14.7 14.2 
12.3 u . 4  
12.8 

23.6 

14.8 14.8 
14.8 35.4 
14.6 15.4 
20-2 

16.5 16.3 

.. . .. - 

- 
4 

9.1 
11.0 
14.8 
12.3 
15.2 

24.3 
20- 3 
20.2 
20.9 
23.0 

. . .  

16.0 

19.0 
20.9 
23.4 

-., . . " 
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L I 

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

"Depression tank 

m 
Firs t  stage Fif th  stage Tenth stage 

Jnstrumentation 

" 1CbStage compressor 

Figure 1. - Schematic d i w m  of l&sstage compressor ehoving axial location of instrument measuring stations. 
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4 

C-34846 

(a) C l a w -  (b)-Wedge (c)  Spike-type 
total- s ta t ic -  radial themo- 
pressure . preseure couple rake. 
probe. probe. 

Figure 2. - Interstage in8trumenbtion. 

c 
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M 
k. 

NACA RM E54328 - 
percent of design 

Equivalent uelght flow, W2/8/6, lb/sec 

Figure 3. - Over-all compressor performance f o r  three phases 
of the  investigation. 
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L 1 

bo 
e . 
i 

(a )  Radial position, e - 0.96.  

2 

( c )  Radial position, e - 0.81. 

(b) Radial position, z - 0.89. 

I I I I I I I  
Ewlvalent speed, 
percent of deEign 

50 
60 
70 

90 
ao 

---Predicted frm r e f .  9 
100 

- @ Design point 
Sol id symbols Lndicate 

radial aurvey data 

tatlng stall 

1 Tailed symbols indioate 
data  affected by PO-  

Angle of attack, u, deg 

(d) Redial position, e - 0.71. (e )  Radial pos l t iw ,  e - 0.61. 
~ i g u ~ e  7 .  - Variation of first-rotor turning angle wltb angle of attack at fLve ra42al gosibiona. 
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. .  

Equivalent SDeed. 
L percent of' d&i& 1 

50 
60 
70 
80 

0 

- 5  
- 3  

A 
90 
100 

" - "Predicted from ref.  9 - 

- Solid symbols ind ica te  - 
radial survey data - TaFled symbols ind ica te  - 
data   a f f ec ted  by ro- 
ta t ing  stall 

@ Design po int  

(b) Radial   posit ion,  z - 0.90. 

(a) Radial  position, z = 0 . 9 7 .  

(a) Radltal pos i t ion ,  z - 0 . 7 3 .  
30 

20 

10 
0 10 20 30 40 

Angle of attack,  a, deg 

(c )   Radia l   pos i t ion ,  z = 0.82. ( e )  Radial pos i t ion ,  z = 0 . 6 4 .  

Figure 8 .  - V a r i a t i o n  of f i r s t - s t a t o r  turning angle  with angle of at tack at 
f i v e   r a d i a l   p o s i t i o n s .  
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lb/sec 
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R W u s  ratio, e 

Figure lo. - Radial varlation of f i r s t - ro to r  performance at 
des- speed. 
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Angle of attack, a, des 

( c )  Radial pmltion, e - 0.89 .  (e )  Radial poaitlon. P - 0.79. 

Figure 12. - Varistlon of fifth-rotor turnlng angle with angle of attsEk et f i v e  radlal pcaltlons. 
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percent of design might flow, 

lb/eec 

0 50 17.2 
A ao 38.6 

100 55.4 
80 

"- Design 
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. 4  
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380 .84 .88 .92 a96 1:OO 

I 
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Radiue ratio, z 

Figure 15. - Radial variat ion of f i f th-rotor  performance at aeeign speed. 
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17.0. 

55.5 

20 

10 

.8 

.6 

. 4  
.90  .92 .94 .96 1 .oo 

Radlus ratio, x 

(a) Abaolute flar angle and adal-wloclty  dlatributlon. (b) W e  of attack and relative  Inlet Mach number. 

Figure 16. - Radial variation of flow c o n d l t i m  entering  tenth  rotor rw. 
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Figure 17.  - S4mple radial equllibrlum~aamparimn of axial- 
veloolty distribution entering  tenth rotor.  
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(c)  Radial position, z - 0.92. 

Figure 18. - Variatlan of *tenth-rotor turning angle with eagle 
of attack at three radial positions. 
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Radiu8 ratio, Z 

Figure 19. - Radial vaxiation of tenth-stage energy 
addition. - 
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Radius ratio, z 

n g w e  20. - Radial variatllon of tenth-rotar performanoe at 
design ~peed. 
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