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RESEARCH MEMORANDUM 

EFl%CT OF V M I O U S  BLADE MODIFICATIONS ON PERFORMANCE OF 

A 16 -STAGE AXIAL-FLOW COMPRESSOR 

I1 - EFFECT ON OVER-AIJL PERFORMANCE CHARACTERISTICS 

OF INCREASING TWEI;FTH TBROUGH FIFTEEMTH STAGE 

STATOR-BLADE A N G U S  3 O  

By James E. Hatch and Arth& A. Medeiros 

SUMMARY 

The stator-blade angles i n  the twelfth through f i f t een th  stages of 
a 16-stage axial-flow compressor were increased 30 i n  order t o  decrease 
the loading i n  these ex i t  stages. The performance of t h i s  compressor 
configuration i s  compared with tha t  of the same compressor with 
or ig ina l  blade angles. The peak efficiency was decreased by t h i s  modi- 
f i ca t ion  from 3 points a t  30 percent of the equivalent design speed t o  
12 points at 75 percent of the equivalent design speed. The peak e f f i -  
ciency w a s  79.5 percent f o r  both configurations a t  85 percent of the 
equivalent design speed. A t  design speed, the  peak efficiency w a s  
reduced from 80 t o  77 percent. 

In  order t o  evaluate the magnitude of the effect  of changes i n  
compressor performance on compressor-turbine matching character is t ics ,  
the equilibrium operating l ines  were calculated fo r  an engine having a 
compressor with or iginal  blade angles and a two-stage turbine, and f o r  
an engine having a modified compressor and the same turbine. The com- 
pressor modification so shif ted the operating l ine  and the surge l i m i t  
t ha t  the equilibrium operating l i n e  was deeper i n  the surge region a t  
intermediate engine speeds. 

A previous investigation has shown tha t  increasing the loading i n  
the ex i t  stages by decreasing the stator-blade angles i n  the twelfth 
through f i f t een th  stages 3 O  r e su l t s  i n  improved part-speed performance 
with no change i n  design-speed performance; it i s  thus indfcated tha t  
fur ther  improvement i n  the part-speed character is t ics  i n  t h i s  compressor, 
without too severe a penalty i n  design-speed performance, can be at ta ined 
by decreasing the exit-stage stator-blade angles beyond 3 O .  However, 
the changes i n  performance obtained by decreasing the exit-stage s ta tor -  
blade angles 3O was considerably l e s s  than tha t  obtained by increasing 
these s t a to r  angles by 30; the optimum loading i n  the e x i t  stages i s  
therefore approached by the 30 decreased stator-blade angze sett ings.  
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The ef fec t  of increasing the loading i n  the thir teenth through 
sixteenth stages on the over-all performance of a 16-stage axial-flow 
compressor i s  described i n  reference 1. The increased loading was  
accomplished by decreasing the  stator-blade angles (measured with 
respect t o  the axis  of the compressor) i n  the twelfth through f i f teenth  
stages 3'. The modification resulted i n  improved past-speed eff iciencies  
and an improved surge l imit  with no change i n  design-speed performance. 
This r e su l t  indicated tha t  par t  -speed performance could be considerably 
al tered by reasonably s l ight  changes i n  exit-stage stator-blade angles 
and tha t ,  i n  t h i s  compressor, fur ther  improvement i n  part-speed perfor- 
mance, without too severe a penalty at design speed, could be attained 
by some further  decrease i n  ex i t  -stage s ta tor  -blade angles . However, 
exit-stage s ta tor  blades with angle set t ings decreased more than 3O 
were not available at  the time; an existing se t  of twelfth through 
f i f t een th  stage s ta tor  blades with angle set t ings increased 3' was 
therefore ins ta l led  t o  determine the r a t e  of change of compressor per- 
formance with deviation i n  stator-blade angles from the optimum set t ing.  
The over-all performance of t h i s  modified compressor was obtained a t  
speeds of 30 t o  100 percent of the equivalent design speed over a flow 
range from maximum flow t o  surge a t  each speed except at design speed 
where the surge pressure r a t i o  was  not determined. The t e s t  conducted 
at the NACA Lewis laboratory was similar t o  that described i n  reference 1 
except tha t  a 15,000-horsepower motor was used i n  t h i s  investigation. 

DISCUSSION OF RESULTS 

The over-all  performance of the following three compressor config- 
urations i s  shown i n  figure 1: the compressor with or iginal  blade 
angles (configuration A) ,  the  compressor with the twelfth through 
f i f t een th  stage stator-blade angles decreased 3O (configuration B ) ,  
and the compressor with the twelfth through f i f teenth  stage stator-blade 
angles increased 3' (configuration c ) .  The performance of configura- 
t ions A and B i s  reported i n  reference 2 and i s  presented herein fo r  
comparison. A t  speeds below design, the angles of attack i n  the ex i t  
stages of configuration A become very low u n t i l  at some speed the ex i t  
stages are  turbining and limiting the weight flow through the com- 
pressor. This flow l imitat ion forces the i n l e t  stages t o  operate a t  
angles of at tack higher than those f o r  which they were designed. These 
deviations from design angle of attack i n  the i n l e t  and ex i t  stages a t  
speeds below design re su l t  i n  low part-speed over-all  eff iciencies .  

Unloading the ex i t  stages, as  was  done i n  configuration C ,  resu l t s  
i n  a more severe flow limitation; therefore, the deviation from design 
angle of at tack i n  the i n l e t  stages i s  greater,  at any speed, f o r  
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configuration C than f o r  configuration A. I n  addition, the  angles of 
a t tack  i n  the  e x i t  stages, which a re  lower than design at pa r t  speed, 
have been fur ther  decreased by increasing the s ta tor  blade angles i n  
the twelfth through f i f t een th  stages. The deviations from design angle 
of a t tack  a r e  therefore greater f o r  configuration C than f o r  configura- 
t i o n  A i n  both the i n l e t  and e x i t  stages, which r e su l t s  i n  lower par t -  
speed eff ic iencies  fo r  configuration C. The decreases i n  peak e f f i -  
ciency, as shown i n  figure 1, range from 3 points a t  30 percent of the 
equivalent design speed t o  12 points a t  75 percent of the equivalent 
design speed. A t  85 percent of the  equivalent design speed, the peak 
efficiency i s  79.5 percent f o r  both configurations A and C. A t  design 
speed, the peak efficiency i s  reduced from 80 t o  77 percent, The surge 
pressure r a t i o  was lower f o r  configuration C at a l l  speeds. However, 
because the weight flaw at surge was a l so  lower, the surge l i n e  i n  
f igure  1 f o r  configuration C i s  only s l igh t ly  lower than t h a t  f o r  con- 
f igurat ion A. 

I n  order t o  evaluate the magnitude of the e f fec t  of changes i n  com- 
pressor performance on compressor-turbine matching character is t ics ,  the 
methods of reference 3 were used t o  calculate the  equilibrium operatfng 
l i n e  f o r  an engine having compressor configuration A and a two-stage 
turbine, and f o r  an engine having compressor configuration C and the  
same turbine. The over-all  performance of the turbine i s  reported i n  
reference 4. These operating l ines  and the surge l i m i t  f o r  both con- 
figurations a re  presented i n  f igure 2. The surge l i n e  was shif ted t o  
higher values of the compressor flow parameter a t  a l l  speeds by 
unloading the e x i t  stages of the compressor, and the equilibrium opera- 
t i ng  l i n e  was shif ted t o  lower values of the compressor flow parameter 
because of the lower compressor efficiencies.  Both these e f fec ts  moved 
the operating l i n e  deeper in to  the surge region a t  intermediate engine 
speeds f o r  the  engine with the modified compressor, 

I n  configuration B, the loading i n  the e x i t  stages of the  com- 
pressor was increased over tha t  of configuration A; t h i s  resul ted i n  
increased weight flow a t  a l l  speeds below design and, therefore, a 
lesser  deviation with speed from design angle of attack i n  both the 
i n l e t  and ex i t  stages and a higher over-all  compressor efficiency a t  
par t  speed. The surge l i m i t  was also s l igh t ly  improved by the  increased 
loading. The performance at design speed was not changed by t h i s  modi- 
f icat ion,  which indicates tha t ,  i n  t h i s  compressor, fur ther  improvement 
i n  part-speed efficiency and surge l i m i t ,  without too severe a penalty 
i n  design-speed performance, could be at ta ined by decreasing the s ta tor -  
blade angles i n  the  e x i t  stages beyond 3O. However, the changes i n  per- 
formance achieved by decreasing the  exit-stage stator-blade angles 3O 
was l e s s  than tha t  obtained by increasing these blade angles 3O. Thus, 
the optimum loading i n  the ex i t  stages i s  approached when stator-blade 
angles a re  decreased 3O, 
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SUMMARY OF RESULTS 

Increasing the stator-blade angles 30 i n  the twelfth through 
f i f t een th  stages of a 16-stage axial-flow compressor produced the 
following re su l t s  as  compared with tha t  of the compressor with or ig ina l  
blade angles: 

1. Peak efficiency was decreased from 3 points a t  30 percent of 
the  equivalent design speed t o  12 points at  75 percent of the equiva- 
l e n t  design speed. A t  85 percent of the equivalent design speed, the 
peak efficiency w a s  79.5 percent f o r  both configurations. The peak 
efficiency at design speed was  reduced from 80 t o  77 percent. 

2. Calculated compressor-turbine character is t ics  indicated tha t  
the modification shif ted the compressor surge l i m i t  t o  higher values 
of compressor flow parameter and the equilibrium operating l i n e  t o  
lower values than those f o r  an engine tha t  had the or ig ina l  compressor- 
blade angles. The equilibrium operating l i n e  f o r  an engine with the 
modified compressor would therefore l i e  deeper i n  the surge region than 
t h a t  fo r  an engine with the compressor with or iginal  blade angles. 
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Figure 1. - Effect  on over-all performance of changing twelfth through f i f t een th  stage s ta tor -  
blade angles. 
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Figure 2. - Effect on matching characteristics of increasing twelfth through fifteenth 
stage stator-blade angles 3O. (Compressor weight flow, We, lb/sec; compressor speed, 
N, rpm; ratio of compressor outlet pressure to NAGA standard sea-level pressure, 62.) 
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Abstract 

The stator-blade angles in the twelfth through fifteenth stages 
of a 16-stage axial-flow compressor were increased 3O. The over-all 
performance of this modified compressor is compared to the performance 
of the compressor with original blade angles. 

The matching characteristics of the modified compressor and a two- 
stage turbine were obtained and compared to those of the compressor 
with original blade angles ar,d the same turbine. 
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