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By Marvin I. Kussoy and Daniel Bachkin 

The  performance  of two &eroQpmicaUy ~ i m i h r  single-stage rotors 
of different  chord length was ccmpared. The  short-chord  rotor was of a 
design typical for a last stage of a multistage  compressor. The long- 
chord  rotor, with a chord 2.5 times that of the short-chord  rotor, 
achieved  a  higher  pressure  ratio and operated Over a greater equivalent- 
weight-flow  range tban the short-chd ro to r  at every speed fnvestigated. 
"he  equivalent  weight flow of the long-chord rotor was lower  at the peak- 
pressure-ratio end and higher at the  low-pressure-ratio esd.of the  per- 
forPlance  curves. The two rotors  had approxFnrately the  sane  peak  effi- 
ciencies. The stall and surge  charakteristics were &Alar, both  rotors 
eqeriencing abrupt stall as the flow was decreased. The pressure ratio 
af'ter stall decreased to the same value for both rotors. 

In the  range of Reynolds nutubers  lavestigated, there was same effect 
on performance as Reynolds number was decreased,  but t h i s  effect accounted 
,for only a small part of the difference in the performance of the two ro- 
tors  at  the same Inlet pressure. An analysis of various diffusion pram- 
eters indicated that the better performance of the lmg-chord rotor could 
be due to either 8 chord  or an aspect-ratio effect. 

The  rear  stages of a  multistage axial-flow ccanpressor must  operate 
over a wide ra.nge of cunditions. For a fixed-gemetry compressor at 
part-speed  operation,  choking can occur in the rear stages that may even- 
tmlly lead to stall in the inlet stages. During overspeed  operation, 
stall ma.y occur Fn the rear stages. Thus it appears that a rear  stage 
designed to have a wider  range of stall-free and choke-free  aperatfan 

A would  alleviate  undesirable  influences on the &-design  performance of a 
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multistage compressor.  Consequently, a part of the c q r e s s o r  research 
program a t  the MCA Lewis laboratory i s  directed toward a seach   fo r  com- 
pressor designs having these favorable  characteristics. The object of 1 

t he  study reported.herein was t o  determine the effect  of chord length on 
the performance of a rotor designed t o  be representative of a rear  etage 
of a multistage compressor. 

The facil i t ies  available placed some limits on permissible blade 
chord lengths. Considering these limits, the representative  rotor was 
designed for a blade chord length of 0.67 inch, and the second rotor was 
designed with a chord of 1.67 inches (2.5 times that of the  representa- * 
t ive   ro tor ) .   ~hese  chord length correspond to  aspect  ratios of 2.09 and x 
0.84. The solidity of both  rotors i s  the.saine. 

.. 

L 

Both rotors were tested a t  f ive speed6 from 53 t o  100 percent of de- 
sign equivalent speed, with an EdbsOlUte i n l e t  pressure of 25 inches of 
mercury. Some additimal data were taken at  lower We% pressures  for 
the long-chord rotor  at the two highest speeds and for the short-chord 
rotor at  design speed. At each speed, performance data were obtained 
for  a range of w e i g h t  flows from the minimum obtainable with the throt- 
t l ing system to  the flow  required f o r  a pressure  ratio  near 1.0. This 
report  presents and compares the over -d l  performance, stall character- 
i s t ics ,  and blade-element  parameters of the two rotors. 

ROTOR DESIGN 

A rotor was designed that would be representative of a ty-pical ro- 
t o r   i n  the rear stages of a multistage axial-flow compressor. The design 
values are as follows: 

Hub-tip radius ra t io  . . . . . . . . . . . . . . . . . . . . . . . .  0.8 
Aspect r a t i o .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.1 
Tip diffusion factor . . . . . . . . . . . . . . . . . . . . . . . .  0.4 

Equivalent t i p  speed, ft/sec . . . . . . . . . . . . . . . . . . . .  850 
Relative inlet-air angle at  t ip ,  deg . . . . . . . . . . . . . . . .  65 
Adiabatic  temperature-rise  efficiency . . . . . . . . . . . . . .  0.88 

l P i p 8 0 1 i d j t y . . . . . . . . . . . . . . .  . . . . . . . . . . . .  11.0 

A 14-inch t i p  diameter was specified i n  order to util ize  existing 
fac i l i t i es .  

A straight passage with no hub or t i p  curvature was specified  to 
eliminate any radial-flow  effects due t o  curvature.  6ince no whirl was 
used at the inlet t o  the rotor, the axial velccity was considered con-' 
stant from hub to   t ip .  Neglecting the  effects of entropy  gradients, the 
axial velocity at  the rotor  outlet was constant w5th respect t o  radius, 
because radially constant..energy addition was used  through the rotor. 

I 
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These specifications and a s s w t i a n a  provided sufficient i n f ' om-  
t ion t o  perform all calculations required by the method. described i n  ref- 
erence 1 (ch. =) t o  determine the discharge velocity diagram. The com- 
puted dLscharge axial velocity  resulted  in 811 axial velocity  ratio across 
the  rotor of slightly less than 1.0. It was then possible t o  coqpute the 
discharge relative air angle at  any radial position. The  method given in 
reference 1 ich. '(TII) was used t o  obtain  design  incidence and deviation 
angles.  Double-circular-arc blades with canstant chord frm hub t o  t i p  
were used. 

I 
I 

All blade  coordFnates were scaled up 2.5 times t o  obtain a second 
rotor with a blade chord length 2.5 times that of the representative ro- 
tor. Only the values of chord, aspect r a t io ,  and spacing were different 
for the long-chord rutor. The  two rotor assaiblies &re shown in figure 
1. Long- and short-chord blades are shown i n  figure 2. The pertinent 
design  details for both  rotors are listed i n  table I. 

Test Facili ty 

4 
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 he t e s t   f a c m t y  used in thia investigation (fig. 3) i s  s m  t o  
that described in reference 2. 

Over-All Performance Instrumentation 

Radial survey data were taken at instrumentation  stations 1 and 2 
(fig.  3) . Station 1 was appraxinstely 1/2 inch upstream of the ro tor  
leadtag edge, and station 2 wss approximate- 1/2 chord length downstream 
of the ro to r  t ra i l ing  edge. A ccanbination probe for m e a s u r f n g  total 
pressure,  total.  temperature, and flow angle, and a probe for  measuring 
static  pressure were used at s t a t i a n s  1 and 2. The probes were installed 
in actuators that were autamatically self-alimlng so that the probe8 were 
always oriented i n  the -flow- e e c t i m .   S t a t i c  pressure was also neasured 
at  the casing inner and outer walls before  and after the  rotor. 

Rotating-Stall. a d  Surge Instrmen%ation 

Constant-temperature  hot-wire anemometers were used for detectFng 
rotating stall and surge. Hot-wire probes with 0.0002-inch-diameter 
tungsten  wires mounted parallel  t o  the axis of the probe and an effective 
length of 0.080 inch were used. The probes  could  be traversed so that 
the ra-1 extent of the stall zones could be ascertafned. Detailed de- 
scriptions of the equipment 'and techniques  involved are presented in  ref- 
erences 3 and 4. An audiof requency osciUator was used i n  coqjunction 
with an oscilloscqpe t o  determine the frequency of rotating stall or surge. 
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Each  rotor was tested at  equivalent t i p  speeds  of 850,  750,  650, 
550, and 450 feet  per  second (100, 88.2, 76.5, 64.7, and 52.9 percent of 
design  equivalent  speed,  respectively) . At  each  speed,  performance data 
were  obtained f o r  a flaw range  between  the minimum obtainable with the 
throttling system to a f low required  for a pressure  ratio  near 1.0. 
These  performance data were for  an absolute  inlet  pressure of 25 inches 
of  mercury. The long-chord  rotor was also operated  at  the  two  highest 
speeds  at  lower  inlet  pressures  to  give a Reynolds  number  range ccaqpara- 
ble  to  that  encountered with the short-chord  rotor. In addition, some 
data were  obtained  over a range of inlet  pressures  at  design  speed  to 
ascertain  the  effect of Reynolds nuuiber on the  performance  of  both  rotors. 

Total and static  pressure,  total  temperature, and flow angle  were 
measured  at  stations 1 and 2 at  the  tip,  mean,  and  hub (0.2, 0.7, and 
1.2 in. f r m  the  outer  casing; 85.7, 50.0, and 14.3 percent of the pas- 
sage  height frcun the  inner wall, respectively) . 

During stall operation,  hot-wire  anemometers  were  used to examine 
surge and stall flaw characteristics  over  the  entire  passage.  Inaudible 
high-frequency  surge was distinguished  from  rotating stall by  the in- 
ability  to  detect any phase  shift by the  method  described in reference 
5. The  instruments  indicated  the  changes in flow characteristic8  that 
occurred when rotating stall or surge was encountered  or  when stall or I 

surge  frequencies  changed. Obsemtions were made as flow was increased 
and  decreased.  The  hot-wire signals were  photographed  before and after 
the flow changes. 

t 

The  over-all  performance data at an inlet  pressure of 25 inches of 
mercury are presented  first fo r  each  rotor, and these data are  ccrmpared. 
The  effect on rotor  performance of operating  at various M e t  pressures 
is then discussed, and blade-element data, for the two  rotors  are cam- pared. Finally, separation  criteria are analyzed  for a possible expla- 
nation of the differences in rotor  performance. 

Short-Chord-Rotor  Perfomname 

Over-all  perfomname. - The d a t a  obtained  for  the  short-chord  rotor 
at  an  inlet  pressure of 25 inches of mercury  are  presented in figure 4(a) 

~ 

as a plot of nrass-averaged  adiabatic  tenperatwe-rise  efficiency and 
mass-averaged  total-pressure  ratio  against  equivalent  weight flow. A 
mEudmLlm mass-averaged  pressure  ratio of 1.21 was achieved at the  design 
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tip  speed.  The  equivalent  weight  flow  and  the  mass-averaged  adiabatic 
efficiency a t  this point were 9.75 pounds  per  second  and 0.833; - respectively. 

0 

The  peak  efficiency  for design speed was 0.88 at a pressure r a t i o  
co 
rr) In 
dt 

of about 1.15. At desiga speed, the  weight-flow  range  from p e k  pressure 
r a t i o  to a pressure  ratio  near 1.0 was 2.57 pounds per second. 

A flow-range  parameter can be  defined as follows: 

" 1 
P+ 

& 

Percent flow range = L 

(Symbols  are  defined in appendix A.)  Using this definition  of  range,  the 
percent  flow rmge increased from 20.9 percent  at  design speed to 37.2 
percent a t  the  lowest  speed  tested.  For a U  speeds, the rotor  efficien- 

I cies  were  greater 55 percent of the  weight- 

f low range frm 0 

stall 

Stall. - An abrupt  change in performance  occurred  at a l l  speeds when 
rotating stall was encountered. The magnitude of the  pressure drop and 
of the  decrease in efficiency  is  evident i n  figure 4(a). An initial ro- 
tating stall of one zone  extending  from  tip to hub  occurred at all speeds. 
As the flow was reduced,  the  number of zmes increased  to a maximum of 
two zones  for  the  two  highest speeda and  progressed t o  a maximum of four  
zones  for  the  other  speeds.  Further  decrease in f low resulted in surge 
for all but  the  lowest  speed.  Because of the  inaccuracy of data obtained 
in surge  operation,  these  points  are  not  presented Fn figure 4(a). The 
number of stal l  zones was determined  by  the  method  described in reference 
5. For  the  lowest  speed,  after  rotating stall was encountered, It was 
necessary  to  increase  the flow to a value  above  that of the  incipient- 
stall point  before  rotating stal l  was elhinated; the hysteresis loop was 
thus produced.  For a l l  other  speeds, stalling and u n s t a u l n g  occurred at 
about the same weight  flaw. 
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Over-all performance. - The mass-averaged adiabatic tempemture- 
rise efficiency and mass-averaged total-pressure  ratio are plotted 
against  equivalent weight flow f o r  the long-chord rotor at  an absolute 
inlet  pressure of 25 inches of mercury i n  figure 4(b). A t  the maximum 
pressure  ratio of 1.24 for the  design speed, the  equivalent weight flow 
and efficiency were 8.9 pounds per second and 0.833, respectively. The 
peak efficiency  for the design speed was 0.887 a t  a pressure r a t i o  of 
1.20. A t  design speed, the flow range from peak pressure r a t i o  t o  8 
pressure  ratio near 1.0 was 4.10 pounds per second. The percent flow 
range increased from 31.5 percent a t  design speed t o  44.4 percent a t  the 
lowest speed tested. For m o r e  than 55 percent of the weight-flow range 

from pp) t o  k?)F - the  rotor  efficienciee were 
Incipient 2 

stall - = 1  
P1 

greater .than 85 percent  for all speeds. 

Stall. - An abrupt change i n  perf'ormance occurred when rotating 
stall or  surge was detected by  means  of hot wires. A noticeable drop In 
pressure rat io  and efficiency occurred f o r  a l l  speeds as. rotating stall 
or surge was encountered ( f ig .  4(b)). A single-zone  total-span  rotating 
stall occurred initia- fo r   a l l   bu t  the highest speed. The  number of' 
rotating-stall zones first increased from me zone t o  two zones as the  
flow was decreased. Surge was eventually encountered st a l l  speeds as 
the flow was further decreased. It was not  possible to  detect any rotat- 
ing stall a t  the highest speed; only surge was encountered as the flow 
was decreased below the  Fncipient-stall  point. Only the three lowest 
speeds produced the  characteristic of a hysteresis 10- as the flow was 
increased when rotating stall was present. 

Comparison of Over-All Performance 

Inlet  pressure of 25 inches of mercury. - Curves faired through the 
unstalled  portion of the performance data in figures 4(a) and (b) are 
presented in   f igure 5 to   f ac i l i t a t e  comparison of the performances of the 
long- and short-chord rotors. A t  all speeds for both rotors,  the  point 
just  before-rotating stall or  surge was gncountered (the  incipient-stall 
point) is also the point of peak pressure  ratio.  his IS a t m i c a l  char- 
acter is t ic  described i n  reference 6 f o r  a stage with high.hub-tip radius 
ra t io  . . . .  . .  

The curves in figure 5 show that the long-chord rotor has a higher 
pressure r a t i o  for  any given equivalent weight flow a t  a l l  speeds. A t  
design speed, and at the weight flow for w h i c h  the short-chord  rotor 

V 
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produces  its peak pressure  ratio of 1.21 ( 9  . 75 lb/sec) , the long-chord 
rotor  attains a pressure  ratio of 1.22 and  still has not reached  its 
peak of 1.24. The  efficiency of the long-chord  rotor  at t h i s  point  is 
3.4 percentage  points  higher  than  that of the short-chord  rotor (0.867 
for  the  long-chord  and 0.833 f o r  the short-chord rotor).  

The flow at a pressure  ratio of 1.0 is higher f o r  the  long-chord 
than  for  the  short-chord  rotor,  and  the  long-chord mtor can also op- 
erate  at  lower flows before  rotating stall or surge  is  encountered. 
Brcept  at  the  lowest  speed,  the  long-chord  rotor bas a percent  flow 
mnge between peak pressure  ratio an5 a pressure  ratio near 1.0 that  is 
frm 48 to 72  percent  greater  than  that  of  the  short-chord  rotor. At 
the  lowest  speed  the  percent flow range of the  long-chord  rotor  is  about 
20 percent  greater than that of the  short-chord rotor. For the speeds 
of 55U-d 650 feet per second,  about 60 percent of the  increased  weight- 
flow raqe is at  the  low-pressure-ratio  end of the  performance  curves, 
while for the lowest speed 75 percent of the  increased  range  is at the 
low-pressure-ratio  end of the  performance  curves.  The  gain fn w e  at 
the  low-pressure-ratio end of the  flow range is Fmportant,  since rear- 
stage  choking  strongly  influences  the Ilow-handUng capacity of a multi- 
stage conpressor during part-speed qperation.  For  the  speeds of 750 
and 850 feet  per  secaud,  about 53 and 57 percent,  respectively, of the 
increased  weight-flow  range is at the stall end of  the flow range. Thus, 
undesirable  Fnfluences of a rear stage  operating in or very near stall 
during  high-speed operation of a multistage  cozapressor  could  be  reduced 
by the  use of the  long-chord  rotor. 

Both  rotors  at-  appraxinrately  the  same peak efficiency  (fig. 5). 
However,  the long-chord rotor maintains bLgher values of efficiency over 
a greater  weight-flow  range. 

An investigation of the  effect of chord length on mer-all  coqpres- 
sor performance of a multistage  ccmrpressor is reported in reference 7. 
Over-all  cornpressor  performance data are compared in reference 7 for two 
configurations  that are identical  except that the  chord lengths fn the 
first  two  stages of one &re twice  those in the other. Essent%lly,  the 
dlfference In aver-all performance  maps  for  the two configurations indi- 
cates a change in performEbnce of the first two stagee. W s  indicated 
change (v i z  . , a greater  stall-free flow range  for  the long-chord inlet 
stages)  is  consistent  with  the  results  obtained from a ccanpa;rison of the 
performance of the  two  rotors in the  present  report. 

Effect of VarylnR inlet  pressure. - At the same M e t  pressure,  the 
two rotors  operate at different R e y n o l d s  nmibers because of their dif- 
ferent  chord  lengths.  Therefore,  it  might  be  concluded  that the iqprove- 
ment in perfonmnce  obtained  with the long-chord  rotor  is due to  increased 
Reynolds  numbers.  Consequently, a comparison of performance at canpara- 
ble  Reynolds nunibers was desirable. For an inlet  pressure of 10 Inches 

a 

- 
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of mercury, the Reynolds  nmiber range for the long-chord rotor based on 
inlet   relative  velocity and chord length i s  2 .OXl@ t o  2.2X105 for  the 
two highest speeds. This campares with the Reynolds number range of 
Z.OXl@ t o  2.3)(1& for the short-chord ro tor  at  the two highest speede 
at  an inlet  pressure of 25 inches of mercury. 

The unstalled portion of the performance data. for the long-chord 
rotor at  an inlet  pressure of 10 inches of mercury €8  plotted in figure 
6 f o r   t i p  speeds af 750 and 850 feet  per secand. !Be mass-averaged adi- 
abatic  temperature-rise  efficiencies and mass-averaged pressure  ratios 
are  plotted against integrated  equivalent weight flow. Since  the  orifice 
was not changed during the entire investigation,  the  pressure drqp acros8 
the  orifice at  the lower inlet pressure was i n  the range of values that 
might be questionable and could result  in inaccurate  values of equivalent 
weight flow. Therefore, htegrated  equivalent weight flows obtained a t  
station 1 for  the  low-inlet-pressure long-chord data are plotted in fig- 
ure 6 .  The data obtained a t  an in l e t  pressure of 25 inches of mercury 
for  the two rotors are also  plotted  against  integrated  equivalent weight 
flow a t  station 1 i n  this figure t o  evaluate  the effects of Reynolds 
number. 

It is  evident from figure 6 that there  are sane differences i n  the 
perfommace of the long-chord rotor a t  different Reynolds  nmibers. How- 
ever,  canparing the performance of the two rotors i n  the same Reynolds 
number range shows that the long-chord rotor s t i l l  attains a higher  pres- 
sure ratio and has a greater flow range between the peak- and low- 
pressure-ratio ends of the perforzlaance c w e   ( i n  both  lb/sec and % range). 
It i s  apparent that only part of the  difference in p e r f o m c e   f o r  the 
long- and short-chord  rotors can be attributed t o  a Reynolds nmber 
effect . 

Some supplementary d a t a  were obtained in  order t o  exaxnine  more fully 
the extent of Reynolds number effect on both  rotore. Peak mass-averaged 
adiabatic  temperature-rise  efficiency points were determined for  both 
rotors a t  various inlet pressures  for the design t i p  speed. These peak- 
efficiency  points are plotted against Reynolds nrmiber in   f igure 7. It 
i s  evident that there is only a slight Reynolds number effect on peak ef- 
ficiency until the very low Reynolds numbers are encountered. A more de- 
tailed  investigation and analysis of  Reynolds number effect  i s  made i n  
reference 8, which covers a Reynolds number range of' 8,000 t o  50,000. 
Another investigation, using a single-stage  free-vortex machfne with an 
incompressible working fluid, covers a Reynolds number range of 2,ooO t o  
150,000 (ref . 9) . Although a direct ccrmparisan m o t  be made between 
the data presented in figure 7 and the  results  presented in references 8 
and 9, a qualitative comparison indicates that the long- and short-chord 
rotors  operate in the range where Reynolds number has very Uttle effect 
on single-stage ccrmpressors. 
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Blade-Element  PerforPrance 

9 

- The  conventional  blade-element perfommce data are  presented Fn 
figures 8 and 9 for  the  short-  and long-chord rotor  blades,  respectively. 
The var ious parameters  plotted in W s  figure  are  discussed in refer- 
ace 1. 3 

A faired  curve of the  total-pressure-loss  coefficient ET agafnst 
incidence angle i is presented in figure 10. Tbis plot  shows  that st 
the  mean and hub the  level of zL for both  rotor  blades  is  about  the ame. At  the  tip,  the minimum c u t  is  about 0.04 for both  blades. This 
value of & occurs st an fncidence  -le of 2O f o r  the  short-chord 
blade  and  about -3.5O for the long-chord  blade. For the  short-chord  rotor 
blade,  increases on both  sides of the minhum-loss incidence  angle; 
whereas for  the  long-chord  blade,  it  increases as incidence  angle is in- 
creased. ,It should  be noted that,  at  incidence  angles higher than 2' at 
the  tip, 0' for  the  short-chord  blades  increases more k-apidly until it 
encounters  rotating stall. The maxFmum CUI at the tip far the long- 
chord  blade is  higher  than  that  for  the  short-chord  blade,  because  ro- 
t a t ing  stall or surge i s  delayed  with'the long-dhord blade, and thus  the 
long-chord  blade  covers a wider  Fncidence-angle  range. 

- 
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The  incldence  angles  obtained  at  peak  pressure  ratio and at a pres- 
sure  ratio near 1.0 at  each  speed and inlet  pressure  investigated  are 
presented In figure ll. The faired  curves of figure l l  represent  the 
withmetic  average of the  incidence  angles at the  hub, mean,  and  tip. 
At all speeds  and at all radial positions,  the  incidence  angle  for  the 
long-chord  blade  is lower at  the  low-pressure-ratio  end  and  higher  at 
the  peak-pressure-ratio end of the performance curves than the inci- 
dence  angle  for  the  short-chord blade. At  every  speed and radial posi- 
tion  the  incidence-angle range of the long-chord blade at the  inlet  pres- 
sure  of 25 inches of mercury  is  from  about 4 O  to 6O wider  than  the mnge 
for  the  short-chord  blade.  The  same  trend  is  found  for  the  incidence- 
angle range  of the long-chord  blade  at the two  higher  speeds at &11 inlet 
pressure of 10 inches  of m e r c u r y  carpared with the short-chord  range  at 
25 inches  of  mercury.  At  this  lower  inlet  pressure  the  incidence-angle 
range  for  the  long-chord  blade is 00 extended at both the peak- 
pressure-ratio  and  low-pressure-ratio ends of the  curve  and is about 
3 to 4 O  wider tplan that of the  short-chord blade. The =@tudes of 
the  "average"  incidence  angles  measured at the low inlet  pressure are 

within io to l$' of the  values  for  the  long-chord  blade  at  the M e t  
pressure af 25 inches of mercury. Thus, lowering the Repol& nuuiber 
of  the  long-chord blade to  that of the  short-chord  bl&de.daes  not  account 
for  all  the Wference in the  incidence-angle  range of the long- and 
short-chord  blades  at  the  same  inlet  pressure. !IWs is in agreement  with 
the  over-all  performance data. 

10 

* 
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The pertinent  facts  concerning  the stall characteristics  for  the L 

two  rotors  are  listed in table 11. Presented  in  the  table are the  surge 
frequencies,  the  number of rotating-stall  zones  detected,  and  the  order 
in which they were encountered. The absolute  propagation  rate  used in 
this  table  is  the r a t i o  of the  absolute  rotative  speed of one zone dl- 
vided by the  rotative  speed of m e  rotor  blade. In this  table,  the  ob- !$ 
servatiana are numbered in sequence Z'or unique  operating  points.  These 
numbered  points  do  not  necessarily  correspond  to  the  solld spibols pre- 
sented in figure 4, which  are  shown only to  indicate  the  trend in rotor 
performance as the flow rate  is wried after  rotating stall or  surge is 
encountered. At each  speed, a larger  pressure drop occurs f o r  the lang- 
chord  rotor than for the  short-chord  rotor as rotating  stall or surge is 
encountered. D u s ,  for  the same speed, both rotors  are  at  about the same 
pressure  ratio  at  flows  lower than thdr respective  incipient-stall  points. 
It  appears  that  the  stall  characteristics for both  rotors  are  essentially 
the  same. 

+ 

Sewation-Parameter Analysis 

Various  theories  were  investigated in order  to expl8i.n the  fact  that c 

the  short-chord  rotor  consistently  went  into  either  rotating stall or 
surge  at a higher  weight flow than the long-chord  rotor.  Since It has - 
been  prevtously  shown  that  the Reynolds nlmiber  effect on these  particular 
rotors  accounts for only a part of the  difference in stalling weight  flaw, 
it  is  hypothesized that any effect would be due to  the change in aspect 
ratio or chord or a ccanbination of both of these.  Bpacing was ala0 
changed;  but,  since s = c/U, any spacing  effect  can  be  expressed  as a 
constat times  chord,  since u was held  constant. 

Two sep8ratim parameters,  and DT, are  presented in references 
10 and 11, respectively.  These  parameters,  wfiich  indicate  the  tendency 
of a flow with  adverse  pressure  gradients  to  separate,  are  associated 
with incapressible  two-dimensional  laninar and turbulent  boundary  layers. 
They  are  functions of the  velocity gradient along the  flaw  surface, the 
boundary-layer  momentum  thickness,  and  the  Reynolds  number  based on mo- 
mentum  thickness. In order  to  use  these  parameters in the  analysis of 
flow separation  from  the  suction  surface of the  subject  blading,  it waa 
assumed  that the velocities  and  the  velocity  distributions on both  blades 
at a given  incidence  angle  were  correspondingly  the same. A l l  analytical 
work with these  parameters  gave  results  that  were  not  consistent with al l  
the  data  presented i n  t h i s  report. ! B i s  may have  been  due  to  several 
factors.  These  parameters  are  for  two-dimensional  incompressible  flow 
only and  evidently  cannot  be  used to describe  three-dimensional 9 

compressible-flow  phenomena. Also, it was tacitly  assumed  that  the  blade 



r o w  that q e r i e n c e s  flow separaticn or  stall f i r s t  will probably also 
encounter rotating stall o r  surge first. Sufficient data are not avail- 
able to prove o r  disprove this asamption. Also, reattachment of the 
boundary layer was not considered. Thus, it i s  conceivable that the 
lcmg-chord blade may experfence boundary-layer separation first, but also 
reattachment, w h i l e  the short-chord blade row encounters rotating stall 
shortly after the boundary layer separates. 

Another method of attack is to mnk of subsonic diffusion  occurring 
whenever there is an increase in through-flow area per unit length in  the 
direction of flow. If a blade  passage is "equated" t o  a gecrmetrically 
simple  configuration  such as a truncated cone, a dimensionless equivalent 
diffusion parameter Deq can be obtained.. Then the  "rate" of diffusion 
can be likened t o  a change in an equivalent length perpendicular t o  the 
flow direction  per unit length in the  direction of flow. Pram appendix 
B, the equZva1ent diffusion parameter is 

- 
B e  quantities  involved in  Deq are  defined Fn appendixes A and B and 
in figure 12. 

I 

Considering @ and correspondingly the sane for both blade 
designs under consideration  gives 

Thus, in the three-dimensional analyeis, Areq/Al will be higher f o r  the 
hi&er-aspect-ratio  blade. In reality,  the flow will separate frm the 
suction  surface only. However, this parameter considers only an 
"average" diffusion frcm the  suction and pressure  surfaces and fram the 
inner and outer casing. An equivalent cone i s  sketclied in figure 13. 
From the  figure,  the "equivalent-cone"  average diffusion  angle can 
be considered equal to the  arc tangent of Areq/AZ. It I s  w e l l  h o r n  
that, *en e0 ~n a conical  diffuser exceeds a given value (depending 
upon area  ratio),  separation will take  place along the w a l l s  of the dif- 
fuser. The A r e q / a Z  should indicate the tendency of a given  blade row 
t o  experience  separation at a given operating point. However, until 
more &ta are  correlated, Areq/AZ cannot  be considered as sqpplying a 

i quantitative '%mitingrr equivalent-cane  angle. 
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A plot 09 eo against w O f i / 6 ,  is  given in figure 14. At  each 
L 

speed, @ has been camputed  for  the  three  points  nearest  rotating stall. 
The  angle (30 for  the  short-chord  rotor  is  about 4' higher  than  that  for 
the  long-chord  rotor  at  the  point  nearest stall. According  to  the theory, 
@ at  stall should  be  the  same for both  blade rows. This discrepancy $ 
can be  explained  by the fact  that  the  theory  considers an "average" dif- 8. 
f'usian from all four surfaces of the  blade  passage. 

Consistent  correlation  between the experimenlxd data  and  the  theories 
investigated  could  not  be  obtained.  However, the theories do indicate 
that  aspect  ratio and chord  can  affect the parameters  considered, and a 
better  understanding of the  canplicated  three-dimensional flow that is 
present in rotating machines is required  before  these  effects  can  be ex- 
amined mare fully and separated frm each other. 

SUMMARY OF RESULTS 

The  performance of two  aerodbmamfcally  sintilar  single-stage  rotors 
of Uferent chord length has been cmpred. The  short-chord  rotor was 
of a design  typical  for a last  stage of a multistage  campressor.  The 
following  results  were  obtaFned; 

c 

1. At any equivalent  weight flow the  long-chord  rotor has a higher 
mass-averaged  total-pressure  ratio  than  the  short-chord  rotor. 

2 .  Maes-averaged peak temperature-rise  efficiencies  were  eseen- 
tially  the  same  for  both  rotor  designs. 

3. The stall- and  surge-free  equivalent-weight-flow  range of the 
long-chord  rotor is greater  than  that of the  short-chord  rotor  for all 
speeds. 

4. The stall and  surge  characteristics of both  rotors  are  essen- 
tially t h e  same.  Abrupt stall is  experienced  with a corresponding low- 
ering of pressure ratio to  the  same  value  for  both  rotors. 

5. A small Reynolds number effect  accounted  for only a part of the 
difference in performance in the  range of Reynolds nmibers  examined. 

6. An analysis of various diffusion  parameters  indicated  that  the 
better  performance of the  long-chord  rotor  could be due to either a chord 
or an aspect-ratio  effect.  More data are needed  before  the  effects of 
chord and aspect  ratio  can  be  separated frm each  other. 

Lewis Flight  Propulsion  Iaboratory , 

National Advisory Ccmnnittee  for  Aeronautics 
Cleveland, Ohio, November 1, 1957 
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A 

b 

C 

D 

DT 
H 

i 

K 

1 

M 

P 

r 

v 
W 

area 

aspect  ratio,  ratio of blade span t o  chord length 

blade span 

chord length 

diffusion factor 

equivalent  diffusfon parameter 

separation  Brameter f o r  laahar boundary layer 

separatim parameter for turbulent boundary layer 

total enthalpy 

incidence angle, angle between inlet-&  direction and tangent to 
blade mean amber -e at leading edge, deg 

constant 

projected  length of blade along a x i s  of mtatim 

Mach number 

total pressure 

radius 

equivalent radius 

blade  spacing 

rotor blade speed, ft/sec 

air velokty,   f t /sec 

weight-flow rate, lb/sec 

axial coordinate 

air angle, angle between air velocity and axial direction, deg 
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air-turning  angle, B 1  - &, deg 

blah-chord  angle, angle between blade chord and &al direction, 
dek3 

r a t i o  of t o t a l  pressure t o  IYAGA standard  sea-level pressure of 
29.92 in.  Hg abs 

deviation angle, angle between outlet-air   directim and tangent t o  
blade m e a n  camber Une at  t ra i l ing edge,  deg 

adiabatic  temperature-rise  efficiency 

r a t i o  of t o t a l  temperature to NACA standard  sea-level temperature 
of 518.7O R 

equivalent cone angle, deg 

blade  solidity, r a t i o  of chord t o  spacing 

total-pressure-loss  coefficient 

If- 
UT w m 

Subscripts : 

C compressor 

eq  equivalent 

h hub 

m mean " . " 

0 stagnation  conditions  (orifice) 

t t i p  

z axial  direction 

1 inlet   s ta t ion 

2 outlet  station 

Superscripts : 

1 relative t o  rotor 

- mss or radial  averltge 
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. 

m e  equivalent diffusion parameter i s  given by 

A ty-picalblade passage is shown in  f lgure 12 .  If i s  the radial 
average  spacing between the limiting streamlines  defining a blade 
passage, s is the  radial  average  blade  spacing, and the other quantities 
are  as defined in figure 12 and appendix A, an expression f o r  the 
through-flow area o f  blade passage a t  entrance and exit i s  as follows: 

- 

The area of an equivalent three-dimensional conical diffuser I s  

2 
%q,3-D = eq 

Equat ing  fB2) and (B3) and solving for res yield 
I 

Ex-panding (B1) by finite differences and using (E4) give 

or 
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Now, since = Zfi and = bp, 
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- 
Since dl = J"z and crl = u2 for-the  configurations  under study, 

" 

c 

1. Members of the Campressor and Turbine  Research  Division:  Aerody- 
na3nic Design of Mal-Flow Caurpressora. Vol. 11. HACA RM E56BO3a, 
1956. 

2. Graham, Robert W., and Prian, Vasily D. : Ekperimental and Theoretical 
Investigation of Rotating-Stall  Characteristics of Single-Stage 
Axial-Flow  Compressor with Hub-Tip  Ratio  of 0.76. XWX RM E53109, 
1953. 

3. Ossofsky, Eli: C o n s t a n t  Teqperature Operatian of the Hot-wire Anemom- 
eter at ELgh Frequency.  Rev.  Sci.  Instr., vol. 19, no. 12, Dec. 
1948, p ~ .  881-889. 

4. Laurence,  James C., and ISEiies, L. Gene: Auxiliary  Equipment and 
Techniques  for  Adapting the Constant-Temperature  Hot-wire  Anemmeter 
to Specific  Problems  in  Air-Flaw Measurements. NACA TN 2843, 1952. 

5. Huppert,  Merle C.: Preliminary Investigation of Flow Fluctuation6 
Wingsurge and Blade  Row Stall in Axial-Flow Compressors. NACA 
RM E52E28, 1952. 

6. Huppert, Merle C., and Benser,  William A.: Sane S t a l l  and Surge 
Phencnnena in -1-Flow Compressors. Jour. Aero. Sci., vol.  20, 
no. 12, D e c e  1953, pp. 835-845. 

7. Sievers,  Gilbert K., Geye,  Richard P., and Lucas, James G.: Prelimi- 
nary Analysis of  Over-All  Performance of an Eight-Stage Axial-Flow 
Research Cmnpresmr with Two Long-Chord Transonic  Inlet  Stages. 
NACA RM E57H14, 1957. 



- 
8.  Eckert, B.: Axfalkcmpressoren uad Radialkcsnpressoren. Ch. TT, secs. 

3, 4, and 5, Springer-Verlag (Berlin), 1953. - 
9. Neustein,  Joseph: g’qperiments st Low Reynolds Nmibers.  Pt. 11. 

Axial Flow Turbamacbine . Rep. No. 6, Hydroaynamics and Mech Eug. 
Iabs., C.I.T., Mar. 1957. (Navy Cantract Nonr-220(23), IiR 097-001.) n 

10. Loitsianski, L. G.: Appr-te Method of ktegrat ion of Laminar 
Boundary b y e r   i n  hcmpressible Fluid. NACA !tM 1293, 1951. 

ll. KkliJ&man, L. E. : A New Method for Chlcuhting the Turbulent Bound- 
ary Layer and D e t e m m  the Separation  PoFnt. Camptee Rendus  
(Doklady), de I’Acad. des Sci. de l’URSS, vol. XXXVIII, no. 5-6, 
1943, pp. 165-169. 



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

chord length, c, Fn. 
Aapect ratio, d 

hnber of blades 

Tip solidity, u t  

Hub radzu~, in. 
Tip radius, rt, in. 
Hub-tip radiuS ratio, %/rt 

Passage height, In. 
Eub thiclmess-to-chord ra t io  

Tip tblckness-to" ra t io  

LaUng- and trailing-edge W, in. 
F i l l e t  radius, In. 
Tip speed, ut/fi, f i /sec 

Shart- 
chard 

0.67 

2.09 

66 

1.005 

5 -60 

7.00 

0.8 

1.80 

0.12 

0.10 

0.ou 

0.125 

850 

- m- 
chcad 

1.67 

0.84 

26 

0.987 

- 

5 -60 

7.00 

0.8 

1.40 

0.12 

0.x) 

0.010 

0.125 

850 - 

Relative Inlet& angle, e;, deg 
r =, 5.6!' 
r = 6.3" 
r = 7.0'' 

Incidence angle, I, deg 
r E 5.6'' 
r = 6.31 
r = 7.0" 

Deviation W ,  6O, deg 
r = 5.6'' 
r = 6.3'' 
r = 7.0" 

m-turnlng angle, 43, *I3 
r = 5.6" 

1" = 7.0'' 
r 6.3" 

Approx. blade BolidI*, u ' 

r = 5.6" 
r = 6.3" 
r = 7.0" 

Both 
rotors 

60.7 
62 e 6  

65.0 

7.6 
5.9 
3.4 

5.3 
3.8 
2 .a 

10.8 
9.8 
8.5 

1.3 
1.1 
1.0 

I 5 

. .  
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(a) Short-chord rotor. 

Flgure 1. - Single-stage compressor rotors  investigated. - 
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+ m e  2. - Long- anb &&-chord blades. 
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(a) Short-chord rotor. 

Figure 4. - Over-all performanoe of rotore. 
Inlet  preaaure, 25 laohes of meroury 
absolute. 
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Rotor  Reynolds number 
at mean rad ius  

Short-chord -2.0 - 2.3x1O5 

'5.0 - 5 . 5 X 1 0 5  
Solld LoW-ChWd 
Half Solid  Lq-ChorC1 

-2.0 - 2.2~105 
Inc ip ien t  s t a l l  o r  surge 

. 
0 

(a) UJ@, 750 f e e t  (b) U t / f l ,  850 feet 
per  second.  per  second. 

Figure 6 .  - Comparison of performance of short- and 

Long-chard rotor at two Reynold8 number ranges. 
long-chord  rotors   during  unstal led  operat ion.  
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1.00 

o Short-chord 
Long-chord 

.90 

.80 
.8 1 

Reynolds number at mean radius 

Figure 7. - Design-speed peak efficiencies of short- 
and long-chord rotom for various in l e t  pressures. 
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1 

-32 

.24 

.16 

.08 

0 

Angle of fncldeme. 1. deg 

(a) Tip radlw. 

P W r e  8 .  - Blade-element perrormance tor short-ohord rotar. Inlet preesum, 25 laches of mercury 
absolute. 
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-10 or  inaidence. I, deg 
(b) Mean radius. 

Figure 8. - Continued.  Blade-element perroreance for short-chord rotor. Inlet ppoomIre. ZS inchem 
of mercury  absolute. 
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(b) ~ e a n  raaue. 

Figme 9. - Continued. Blade-element performance for long-chord rotor. 
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Mean 1 
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Angle of incidence, i, deg 

Figure 10. - Comparison of total-pressure-loss coefficients for long- 
and short-chord rotors .  
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Figure 11. - Incidence  angle a t  end points of unstalled performance data for 
long- and short-chord  rotors at apeeds tested. 
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Figure 14. - Variation of eqdva lent  cone 
angle with equivalent  weight flow. 

NACA - Langley FIP!d. Vn. 
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