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The  chords of the  first  two  stages of an eight-stage axial-flow 
compressor  with  two  transonic  inlet  stages  were  doubled, and the  effects 
of  Reynolds  number on the over-all performance  were  investigated and 
canpared  with those of the original  compressor. This lnvestigation was 
conducted  at an inlet-air  temperature of approxFmately 40O0 R (with  the 
compressor  casing  insula3ed  with 4 in. of Fiberglas)  over a range of 
equivalent  weight flow at 90 and 100 percent of equivalent  design  speed 
for  Reynolds nmbers relative  to the first  rotor  tip  ranging f'rcm 
195,000  to 2,265,000. At  design  speed, the peak  adiabatic  efficiency 
decreased f r o m  0.82 to 0.78, the maximum equivalent  weight f l o w  from 
71.5  to 66.4 pounds per second, and the stall pressure ratio f'ram 10.8 
t o  9.4 as  the  chord  Reynolds nmber was decreased frcan 2,155,000to 
255,000. At  SO-percent  design  speed,  the  efficiency  decreased from 0.83 
to 0.73, the  weight flow fram 61.3 to 51.6 pounds per  second,  and  the 
stall pressure  ratio frcm 8.0 to 6.6 as the  chord  Reynolds  number was 
decreased fram 2,265,000 to 195,000. 

In campasing  the  aver-all  performance  characteristics of the long- 
and medium-chord  cmpressors at design  speed, the percent  decrease in 
stall  pressure  ratio  and maximum equivalent  weight f l o w  with decreasing 
Reynolds  number  index was found to be  approximately  the  same  for  both 
configurations.  The  long-chord  compressor  is more efficient than the 
medium-chord  canpressor at low values of Reynolds n&er index,  the  rel- 
ative  Fmprovement in efficiency increasing with decreasing  Reynolds num- 
ber index. At a Reynolds rimer index of 0.40 , the peak efficiency of 
each  configuration  is  approximately 0.823 st a Reyno-  number  index of 
0.054, the  peds  efficiency of the  long-chord  compressor  is  about 0.78 as 
compared  with 0.73 for  the  medium-chord  canpressor. 



2 

IXCRCIDUCTION 

NACA RM E57530 

. 
The  component of a turbojet powerplant most adversely  affected by 

low Reynolds nunibers encountered a t  very high altitudes is  the  cmpres- 
sor. In order t o  study the performance problems of multistage compres- 
sors with high-pressure-ratio, high Mach  number stages, an eight-stage 
axial-flow compressor heng t w o  long-chord transonic inlet stages was 
designed,’ fabricated, and tested at the NAclA LeMs laboratory. The  ob- 
gect of the  study  reported  herein was t o  evaluate the  influence which 
increasing  the chords o f t h e  first two stages has on low Reynolds n u -  
ber effects. The testing of this compressor is a contilluation of a pre- 
vious investigation  (ref. 1) of the effects of low Reynolds numbers on 
compressors. The difference between the canpressor of thls report ( l o n g -  
chord) and that of reference 1 {medium-chord1 is that the chord lengths 
of the  rotor and stator blades of both transonic  inlet  stages are approx- 
imately  doubled. The aerodynamic design details  are given in  references 
2 t o  4. The over-all performance characteristics of the medium-chord 
compressor st high and low Reynolds numbers are given i n  references 1, 
5, and.6. 

This report  presents  the  over-all performance characteristics of 
the long-chord ccmpressor over a range of weight flow f h m  maximum flow 
t o  incipient s t d l  at 90 and 100 percent of equivalent design  speed for 
a series of inlet-sir  pressures ranging from ll.l to  1.0 inch of mer- 
cury absolute a t  an inlet-air  temperature ofapproximately 4000 R. The 
present  report also contains,a compazLson.with same of the  results given 
i n  reference 1. 

A frontal  area, sq ft 

C chord length at  t i p  of first rotor, ft 

P absolute. t o t a l  pressure, in. Hg 
Re Reynolds number relative t o  first ro to r  t ip ,  pV’c/p 

T total temperature, 91 

V ’  velocity  re”tive  to first rotor  t ip,  ft/sec 

W weight flow, Ib/sec 

6 ratio of i n l e t   t o t a l  pressure t o  NAG4 standard sea-level pressure 
of 29.92 in. Hg ab6 
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c 

rl adiabatic  temperature-rise  efflciency 

e ratio of inlet  total temperature to XACA standard sea-level teru- 
perature of 518.70 R 

P VFScosity  based on totaltenpmture at  tip of first rotor,  
lb/Cft 1 (set 1 

P static  density  at  tip of *st rota, lbfcu ft 

cp ratio of inlet  absolute  viscosity  to  viscosity  at WCfA standard 
sea-level  conditions 

Subscripts: 

0 inlet  depression-tank  station 

1 campressor-Met measuring  station 

20 ccqressor-discharge measuring station 

Campressor 

A cross-sectional a e w  of the  compressor, the inlet beumoutb noz- 
zle, and the discbrge collector is shown in figure 1. The aeroaynamic 
design  details  for this cmpressor  -,presented in references 2 to 4. 
The. over-all  performaace  characteristics  at high Reynolds  number are  pre- 
sented in reference 4. A photograph of the first-stage rotor is shown in 
figure 2. 

The  major  compressor  desi@ values are: 

Total-pressure  ratio. . . . . . . . . . . . . . . . . . . . . . .  10.26 
Equivalent  weight flow, lb/sec. . . . . . . . . . . . . . . . . . .  72.4 
Equivalent  tip  speed, ft fsec. . . . . . . . . . . . . . . . . . . .  1218 
Relative  tip  Mach muiber. ..................... 1.25 
Inlet  hub-tLp  diameter  ratio. . . . . . . . . . . . . . . . . . . .  0.46 
Tip  diameter  at  Fnlet  to  first  rotor, in. . . . . . . . . . . . .  20.86 
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The canpressor of t h i s  report w i l l  be referred  to &e the long-chard 
campressor. The compressor of reference 1 will be referred  to  as the 
medium-chord compressor because the blade chard lengths of the first two 
stages are longer  than  those found in typical present-day c q r e s s o r s .  

Installation 

The campressor was driven by a 15,000-hmsepower variable-frequency 
electr ic  motor. The speed was maintained constant by an electronic con- 
t r o l  and was measured by both an electric  chronmetric tachometer - an 
electronic frequency-period  counter. A i r  entered the ccnnpressor through 
a submerged thin-plate  orifice; a butterfly  inlet  throttle  for  control- 
ling inle t  pressure, and a depression tank 6 feet   in diameter and approxi- 
mately 10 feet  long. Screens i n  the depression tank and a beUlnoluth 
faired into the  canpressor inlet were used t o  obtain a uniform distribu- 
t ion of air entering the campressor. A i r  was discharged frm the com- 
pressor  into a collector connected to  the  laboratory altitude exhaust 
system. A i r  weight f l o w  controlled by a butterfly valve  located in 
the exhaust  ducting. 

Instrumentation 

The axial locatione of the.instrumentmeasuring  stationa  are shown 
in  figure 1. The in le t  &pression-tank station and the ccanpressor- 
discharge statim had axial locations that were in  accordance  with ref- 
erence 7. The radial distribution of outlet total temperature was ob- 
tained frcan multiple-probe  rakes  located a t  the area centers of equal 
annular . The discharge .static  pressure was obtained *am six wall 
s ta t i c  taps. The instruments  used a t  each etation are similar t o  those 
i l lustrated in reference 5 . The m e t h o d s  of measurement  were as follows: 

(1) Temperature measurement: self-belancing  potentimeters 

(2) Pressure measurement:  mercury manmeters referenced t o  atmos- 
phere far inlet pressures greater than 3 inches of mercury abso- 
lute,  dibutylpthalatcmanometers referenced t o  pressure measured 
with a 0 t o  100-millimeter pressure gage for  inlet  pressures 
less than 3 inches of mercury absolute, and mercury manmeters 
Rferenced t o  atmosphere f o r   a l l  compressor-discharge pressures 

(3) weight-flow measurement:. thin-plate  su@er@;ed.orifice that 
was changed depending on inlet?volume flow so that the  pressure 
drop.across the orifice was generally maintained between 20 and 
80 inches of water 
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. 
This investigation of aver-all ccanpressor performnce at 1owRep~- 

olds numbers was carried out as follows: The long-chord  compressor was 
insulated  with 4 inches of Fiberglas, an inlet-air  temperature of ap- 
proximately 400° R (-60° F) was maintained, and the  Reynolds nulliber rela- 
tive  to  the  tip of the  first  rotor was varied frm appromtely 195,000 
to 2,265,000 by varying inlet-air pressure frm 1.0 to lL1inches of 
mercury  absolute.  The  canpressor was qeerated  at 90 and 100 percent of 
equivalent design speed, a range of airflows being investigated  at each 
inlet  pressur'e fram mRxfrmlm f low to incipient stall. 

The  over-all  compressor  performance characteristics were  calculated 
frm the  orifice  measurements,  the  dr2ve-motor  speed,  the  inlet total 
pressure and temperature, and the discharge  static  pressure and total 
temperature.  The  discharge total pressure was calculated  by the pro- 
cedure  recamended in reference 7 and wed in references I, 4, 5, and 6 .  

FPSTJLTS AND DISCUSSION 

Long-Chord-Canpressor  Performance 

H i g h  Reynolds  number. - Reference 4 discusses the  over-all  perform- 
ance  characteristics of the low-chord compressor  obtained  at a copstant 
Reynolds  number of approximately 2,250,0001 These  performance chracter- 
fstics  are  presented Fn figure 3. The uver-all  t-l-pressure ratio is 
plotted  as a function of equivalent  weight flow at varicrus values of 
equivalent  ,speed,  with  contours of constant  adiabatic  efficiency and the 
atall-limit line indicate&. This performmce is discussed in detail in 
reference 4. 

Variation  with  inlet  pressure. - The  variation of canpressor over- 
all total-pressure r a t i o  with equivalent weight flow is shown in figure 
4(a) for  canpressor  speeds bf 90 and 100 percent of equivalent  design 
speed (13,380 rpm) , an Met-air temperature of approximately 400' R, 
and inlet-air  pressures ranging fKnn U.1 t o  1.0 inch of mercury abso- 
lute. The stall limit obtained at high inlet  pressures (*can f'ig. 3) is 
also  Udicatea.  It can be  seen  that  the  Incipient stall points  obtained 
at  the various m e t  pressures  (Reynolds  lnrmbers) at 90 and 100 percent 
of equivalent  design  speed  appro-tely  coincide  with  the stall-limit 
line  obtained at high inlet  pressurea. This result is  the same as the 
trend  discussed in reference 1. The  variation of adiabatic taperstwe- 
rise  efficiency  with  over-sll  total-pressure r a t i o  st an inlet-air tem- 
perature of 40O0 R is shown in figure 4{b) for design speed and in fig- 
ure 4(c) for  90-percent  equivalent  design  speed.  Figures 4.(b) and (c) 

over-all total-pressure ratfo at which the peak adiabatic  temperature- 
rise  efficiency  occurs. 

* show  that  decreasing  the  inlet-air  pressure  decreases  the  compressor 
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Effect of Reynoldls Xumber on Canpressor Performance 

Adiabatic  efficiency. - Figure 5 shows the  variation of pealradia- 
batic  temperature-rise  efficiency xith Reynolds number based on first- 
rotor-tip chord and relative flow conditions at  the t i p  of the first 
rotor, a t  an inlet-air temperature of approximately 400° R at  90 &lo0 
percent  of-equivalent  design speed for  the long-chord ccanpressor. At 
design speed (fig.  5(a)), the peak adiabatic  efficiency decreases from 
approximately 0.82 a t  a Reynolds number of 2,155,000 t o  0.78 a t  a Reyn- 
olds number of  255,000. A t  90 percent of equivalent  design speed (fig. 
5(b 1 1, the  variation follows a similar trend. Fphe peak adiabatic effi-  
ciency  decreases  gradually from approximately 0.83 a t  a Reynolds number 
of 2,265,000 t o  0.82, at a Reynolds number of  800,000 and then  decreases 
more rapidly t o  0.73 at  a Reynolds nmiber of 195,000. 

. 

r 
7 

Equivalent  weight flow. - Figure  6 shows maximum equivalen-kweight 
flow as a f'unction of Reynolds number at  an inlet-air temperature of ap- 
proldmately 400° R at 90 and 100 percent of equivalent  design speed. A t  
design speed, the maximum equivalent weight flow decreases  gradually fk.m 
71.5 pounds per second a t  a R e y n o l d s  number of 2,l55,000 t o  70.8 pounds 
per second at  a Reynolds m e r  of 740,000 and then decreases more rap- 
idly t o  66.4 pounds per second at  a Reynolds number of 255,000. A t  90 
percent of  equivalRnt design speed, the  trend is similar. The weight 
flow decreases gradually .Pram 61.3 pounds per second at a Reynolb num- 
ber of 2,265,000 t o  61.0 paunds per second at a Reynolds number of 
990,000 and then  decreases more rapidly t o  51.6 pound8 per second a t  a 
Reynolds rider of 195,000. 

. 
Stall limit. - Figure 7 shows the variation of s t a l l  pressure 

r a t i o  with Reynolds mmiber &tan   i n l e t - a i r  temperature of approximately 
400° R a t  90 and 100 percent of equivalent  design speed. The design- 
speed stall  pressure  ratio  decreases gradually *can 10.75 a t  a Rem- 
number o f  2,155,000 t o  10.28 a t  a Reynolds number of 900,OOO and then t o  
9.36 at  a Reynolds nuniber of255,000. A t  90 percent of eqpivalent de- 
sign speed, the s t a l l  pressure  ratio again decreases  gradually frm 8.00 
at a Reynolds number of 2,265,000 t o  7.83 at  a Reynolds nuuiber o f  900,000 
and then t o  6.60 a t  a Reynolds number of 195,000. 

Comparison of Long- and Medium-Chord Cc~qpressar Performance 

Hiah Reynolds number. - The long- and medfum-chord ccmpressors are 
ccmmared in d e t a i l   a t  high Reynolds number in reference 4. Figure 8 
gives a ccanparison-of the performance characteristics of the two cm- 
pressor  configuratione a t  high Reynolds numbers. The increased  stable 
operating range of the long-chord cmpressor a t  intermediate speeds in- 
dicates that the first two stages  are able t o  operate over a wtder flow 
range. Increased range due t o  increased chord length i s  discussed in 
the  single-stage  investigation of reference 8. 
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Variation  with Reynolds number index. - Reynom mniber index is 
cammonly used as a parameter in comparing the relative altitude perform- 
ance of turbojet engine components. Figure 9 shows the varistion of 
stall sressure  ratio, peak adiabatic  temperatme-rise  efficiency, and 
m a x h m  equivalent weight f l o w  of both campressor configurations with 
Reynolds Ilumber index a t  design speed and an  inlet-air  te?@erature of 
approximately 400° R. 

In order .to make the following  discussion readily interpreted on 
the basis of'altitude, Reynolds number index is plotted  against flight 
Mach nunber with alt i tude 88  a parameter in figure 10. The Reynom ' 

m b e r  index  used is based on measured d a t a  at the   t i p  of the first 
rotor. 

Figure 9(a) shows the  variation of staU pressure ratio with Reyn- 
olds number index for  both cc~npressors. 'The decrease fn stall pressure 
ra t io  with  decreasing Reynolds nmiber index is approximately the same 
f o r  both compressors, the long-chord  cmpressor showing a sl ight  im- 
provement in  stall pressure r a t io  at  the l o w  vsluea of R e y n o l d s  number 
index. 

The variation of peak adiabatic +emperature-rise efficiency with 
Reynolds number -ex is given in w e  9(b) for both c ~ r e s s o r s .  The 
long-chord  canpressor is the m o r e  e f f ic ien t   a t  Low values of Reynolds 
number index,  the relative improvement In efficiency FncreasFng with 

the peak efficiency of each  conf'iguration is  approximately 0.82; at 8 
Reynolds number indei of 0.054, the peak efficiency of the long-chord 
compressor is about 0.78 as campared Vith 9.73 for the medium-chord 
ccmrpressor. 

s 

- decreasing Reynolds m e r  Fndex. At a Reynolds mmiber index of 0.40, 

The variation of maximum equivalent weight flow with Reynolds num- 
ber index is shown in figure 9(c) for both ccqressors. 'Phe decrease i n  
maximum ecpivglent weight flaw with  decreasing Reynolds number index l~ 
appro-tely the same f o r  both ccrmpressors, the lang-chord  canpressar 
s h o w  a slight improvement i n  Weight flow at the low value8 of Rem- 
olds number index. 

Although the improvement in   a l t i tude  performance was not propor- 
tional to  the  increase in  chord length of the first two stages, 'improved 
performance WE~B obtained at alt i tude by fncreasfng the chord lengths, 
In  order t o  give an example of the  difference in  al t i tude performance of 
the two ccaqpressors, a f l ight  M ~ c h  number of 1.5 ant3 a campressor effi- 
ciency of 0.79 were arbi t rar i ly  chosen. Figure 9(b) shows that 8 cm- 
pressor  efficiency of 0.79 corresponds to a Reynolds number index of 
0.07 for the long-chord  canpressor and 0.16 for  the medium-chmd can- 
pressor, U s i n g  these  values of Reynolds number fndex and a f l igh t  MEtch - 
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number of 1.5, figure 10 shows that this corresponds t o  aa alt i tude 
of appr0xFmatel.y  85,000 feet  for  the long-chord cmpressor as ccanpared 
with  approximately 68,000 feet  for the medium-chord canpressor. 

The following results were obtained fkm an investiga;tion of the 
effect of Reynolds n-umber on the over-all performance of an  eight-stage 
axial-flow ccrmpressor with two long-chord transonic  inlet  stages: 

1. With the ccrmpressor insulated and with an in le t  temperature of 
40O0 R, the design-speed peak adiabatic  efficiency decreased from approx- 
imately 0.82 a t  a Reynolds mber  of+?,l55,000 t o  0.78 a t  a Reynolds num- 
ber of 255,000, and the 90-percent-speed peak adiabatic  efficiency de- 
creased from approx3mteI.y 0.83 a t  a Reynolds m b e r  of 2,265,000 t o  0.73 
at- a Reynolds number of 195,000. 

2. The e equivalent weight f l o w  decreased frcan  71.5 t o  66.4 
pounds per second a t  design speed and from 61.3 to 51.6  pounds per sec- 
ond at 90-percent  design-speed for  the range of Reynolds numbers covered. 

3. The stall  pressure r a t io  decreased f’ram 10.75 t o  9.36 at  design 
speed and f’rm 8.00 t o  6.60 a t  90-percent aesign speed for  the range of 
Reynolds numbers covered. . 

4. The decrease in stall pressure  ratio and maximum equivalent 
weight f l o w  wlth  decreasing Reynolds number index at  design speed l e  
about the same for the long-chord andmedium-chord ccmrpressors. The long- 
chord compressor i s  more efficient- than the Ipedium-chord ccmpressor a t  
a l l  values of Reynolds number index below 0.40, 
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Figure 2. - First-stage rotor of long-chord compressor. 

. 



12 

k a 
0 
rl 
c1 

G 

1.3 

.30- 1 

8 

0 

0 
4 
c, 

1.28- 2 

1.26- k 
4 

3 

!5 

1.22- b 

1.24- 8 

m 

Q u 
1 .2  

0 NACA RM E57J30 

Equivalent Inlet 
speed. 

M e t  Apgrox. 
to ta l  total . Remold8 

percent  pressure, tempera- number 
design PO ture relat ive 

rotor tip, 
t o  first 

R e  

I 1.1 

1 .1  

5 10 .15 x) 25 30 35 
Equivalent weight flow, w f l / 6 A ,  (lb/aac)/sq f t  frontal area 

Figure 3.. - Over-all performance characteristics or elght-stage  axial-flow 
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(a) Pressure-ratio and equivalent-weight-flow  characteristics. 

Figure 4. - Effect of blet pressure on over-all performince., Long-chord can- 
pressor; W e t  temperature, 4000 R. 



Compressor  tutal-pressure ratio, P&PO 

(b) Efficiency and pressure-ratio  characteristics.  Equlvalent  speed, 
100-percent  design. 

Figure 4. - ContinueB. Effect.af.inlet pressure on over-all performance. 
Long-chord compreasor;  inlet  temperature, $OOo R. 



3 4 5 6 7 
Compressor  total-pressure ratio,  P~O/PO 

(c),Efficiency  and  pressure-ratio  characteristics. 
Equivalent  speed,  SO-percent  design. 

Figure 4. - Concluded.  Effect of inlet  pressure  on 
over-all  performance.  Long-chord  compressor;  inlet 
temperature, 400' R. 
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(a) Equivalent speed, 100-percent design. 
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(b) Equivalent sped ,  90-percent design. 

Figure 5. - Variation o f  ~ e a k  erflcicncy w i t h  Reynolds oumber. Long-ahord comprsssar; 
i n l e t  temperature, aoO' R. 
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Figure 6. - Vklation of m a x i m u m  equivalent  weight flow with Reynolds number. Long-chord 
compressor; inlet  temperature, 400 R. 
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Figure 8. - Comparison of over-all performance characteristics of' long- and 
medium-chord compressors. 
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( 0 )  weight-flow and Reynold6 number index  aharaateciatioa. 

Figure 9 .  - Variation of  peak over-all performance with Reynolds number index of long- and medium- 
ohord oanpressors at design speed. Inlet-temperature, approximately 4C@ R .  
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