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RESEARCH MEMORANDUM 

EFFECT OF ROTOR- AND SWOR-BLADE MODIE'ICATIONS ON SURGE PEKFORMANCX 

OF AN 11-STAGE AXIAL-FLOW COMPI(ESS0R 

I - ORIGINAL PRODUCTION COMPRESSOR OF XJ40-WE-6 E S G m  

By Harold B. Finger,  Robert H. Essig, and E .  Williain Conrad 

An investigation t o  increase  the compressor surge-limit  pressure 
ratio of the XJ40-WE-6 turbojet  engine a t  high  equivalent  speeds wa6  
conducted a t  the NACA Lewis a l t i t ude  wind tunnel. This report  evaluates 
the compressor modifications which were r e s t r i c t ed  t o  (I) twisting  rotor 
blades ( i n  place) t o  change blade section  angles and (2) inserting new 
s ta tor  diaphragms with  different b l a h  angles. Such configuratfon 
changes  could  be incorporated  quickly and eas i ly  in existing  engines at  
overhaul  depots. 

It was found tha t   s l igh t  improvements.in the campressor surge limit 
- were possible  by compressor blade  adjustment. However,  aome of the mod- 

i f icat ions also reduced  the  engine a i r  flow and  hence penalized  the 
thrust. A mixer  assembly  designed and supplied  by  the  engine  manufacturer 

appreciable thrust penslty. 
- was used at the compressor out le t  and improved the  surge l i m i t  with no 

INTRODUCTION 

Preliminary performance tests of the XJ40-WE-6 turbojet  engine in 
the NACA L e w i s  a l t i tude  wind tunnel  revealed a severe compressor surge 
l imitation at high  equivalent  engine  speeds.  This  surge limit imposed a 
thrust  reduction on the  engine of approximately 20  percent below the 
expected  value. Almost simultaneously  the same d i f f i cu l ty  was reported  by 
an airframe  manufacturer using t h i s  engine in a prototype  airplane. The 
problem had not been  encountered  previously,  because  the  engine W a c -  
turer did  not have f a c i l i t i e s  for supplying  the  cold air required  for 
high  equivalent  engine  speeds. 



i;i 2 NACA 5M E52G03 

A program t o  increase the  surge-limit  pressure  ratio of the 
xJ40-WE-6 engine was immediately ini t ia ted.  In  view of t he   f ac t  that 
production had been star ted and a small  number of engines were  already 
i n  the f i e l d ,  the objectives of the surge program were twofold: (a) t o  
remove the thrust limitation  result ing frum compressor surge on existing 
englnes  by compressor modifications which could be .quickly and con- 
veniently  incorporated on engines i n  the f i e l d  and (b) t o  provide,  for 
future  production engines, a campressor configuration  with good e f f i -  
ciency and sir-flaw characterist ics which would operate  without  surge 
a t  all flight conditions. In  objective (a) s l igh t   sacr i f ices  in 
efficiency and air flar were permissible i f  the  high-altitude  operation 
required  by the prototype-airplane programs dependent upon t h i s  engine 
could be obtained. 

The methods considered for  imprwing the surge lMt without majar 
r m r k  of the cmpresscw were as follows: 

(I) Twisting rotor  blades  ( in  place)  to change blade  section angles 

(2) Inserting new s t a to r  diaphragms with  different  blade  angles 

(3) Increasing the turbine-nozzle flaw mea t o  permit the conpressor 
t o  operate at lower pressure  ratios 

The ef fec t  of increasing  turbine-nozzle area will be conaidered in 
a later report. The results. of blade-angle changqs (I) and (2) are 
presented in the  present  report. Each campressor configuration is 
evaluated p r h a r i l y  by its surge limit over a range of equivalent  engine 
speeds,  but  consideration is also given t o  air flaws and efficiencies. 

Description  of Engine 

The engLne discussed  herein was deslguated as an xJ40-WE-6 engine 
as received; hawever, it must be regarded as a prototype  because of 
modifications  included l a t e ra s  a r e su l t  of this  study. The design 
s'tattc sea-level performance was 7500 pounds thrust  at an engine speed 
of 7260 r p m  and a turbine-inlet gas temperature of 1425O F. Compressor 
pressure  ra t io  was 5 t o  1 at an air weight flow of 140 pounds per second. 
Main components of the  engine  (fig. 1) were an ll-stage  axial-flaw 
compressor, a single-annular combustor, a two-stage  turbine, an exhaust 
collector,  and a continuously  variable  clam-shell-type  exhaust  nozzle. 
Over-all length of the  engine was 186  inches;  height and width of the 
engine,  including  accessories, were 45.5 inches and 42.4 inches,respec- 
t ively; and the  dry w e i g h t  was 2981 pounds. Prhumy  control of the 
engine was accomplished electronically, with an hydraulic  control  pro- 
viding emergency protection. 
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- 
A i r  ducting t o   t h e  compressor consisted of two e l l i p t i c a l  engine - 

inlets, one on either s ide  of the  accessory  gem case as shown i n  

2 inches ahead of the inlet guide  vanes. A view of the compressor with 
the  top half of the  casing removed is shown i n  figure 3. The Il-stage 
rotor  was followed by two r m  of outlet  guide vanes t o  provide axial 
flow into  the combustor.  During part of this   invest igat ion a. "mixer" 
section,  suppliedby  the  engine  manufacturer, w a s  subst i tuted  for  the 
second row of outlet  guide  vanes. The mixer consisted  essentially of 
twisted  guide  vanes where adJacent blades were twisted in opposite 
directions. The purpose  of the mixer was t o  intermix  the high-energy 
air a t   t he   ro to r   t i p   w i th   t he  low-energy air a t  the root in an e f fo r t  
to  control  radial   temperature  distribution at the  turbine inlet. 

. figure 2. The air passages  joined t o  form an annulus  approximately 

A variable-area  first-stage  turbine-nozzle diaphragm ( f ig .  4) was 
also  supplied by the manufacturer. The diaphragm  proved t o  be an 
excellent research  tool in  that it permitted  steady-state  operation 
at  campressor pressure  ra t ios  up t o   t h e  surge limit Mthout  exceeding 
turbine temperature l i n i t a t ions  . Thus, surge limits of t h e   w i o u s  
c q r e s s o r  configurations  could be obtained  rapidly and accurately. 
It also provided a means of evaluating  directly  the  effect  of increasing 
turbine-nozzle area and hence  rematching the compressor and the  turbine. 

Ins ta l la t ion  - 
As shown in figure 1, the  engine was mounted on a wing spanning 

the   t es t   sec t ion  of the   a l t i tude  wind tunnel. Dry refrigerated air 
was supplied t o   t h e  engine from the  tunnel mke-up air systems  through 
a duct  connected t o  the engine in l e t .  Manually controlled  butterfly 
valves in this   duct  were  used t o   ad jus t  t o t a l  afr pressures at  the 
engine inlet. A s l ip   jo in t   wi th  a f r ic t ion less  seal w&8 used in the 
duct, which made possible  the measurement of thrust and  drag  with the 
tunnel  scales . 

Instrumentation fm  measuring pressures and t a p e r a t u r e s  was 
i n s t a l l e d  at  various  stations in the  engine  (fig. 5) t o  determine  the 
steady-state  performance. A schematic diagram showing location of 
typical  instrumentation  in  the ccmrpressor is given in figure 6. A 
t raverse   meckism comprising 10 sonic-type  thermocouples  (reference 1) 
was supplied by the  engine  mufacturer  to  determine  the gas-temperature 
pattern at the turbine inlet. Transient  instrumentation similar t o  
the  type  described  in  reference 2 was ins ta l led  in order  to  observe  the 
nature of the  surge. 
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Procedure 
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Symbols and methods of calculation  are e v e n  in appendixes A and 
B, respectively. The air flow through the make-up air duct was 
throt t led from.approxfmately  sea-level  pressure t o  a total   pressure 
a t  the engine inlet corresponding to   the   des i red   f l igh t  Mach number - 

a t  a given  altitude. The s t a t i c  pressure i n  the tunnel test section 
was maintained t o  correspond t o  the desired  altitude. Engine inlet-air 
temperatures were held a t  approximately NACA standard  values  correspond- 
fng t o  the simulated flight conditions,  except for high  altitude8 and 
low flight Mach numbers. N o  =et-afr temperatures below about -ZOO F 
were obtained. 

The first engine  configuration had surge  characteristics  such 
that it was necessary t o  operate a t  turbine-outlet  temperatures below 
mil i tary a t  high equivalent  engine  speeds t o  avoid compressor surge. 
Consequently, it was possible   to  determine the campressor surge limits 
simply by closing the exhaust nozzle at constant engine.  speed u n t i l  .. 

surge  occurred.  For later configurations where the surge limit was 
above the limiting temperature operating  line with the standard  turbine 
area, the variable-area turbfne nozzle was used t o  a l l o w  operation up 
t o  the surge limit without  encountering  limiting turbine temperature. 
The effect  ofchanges  in  turbine area on the relat ion between  compressor 
pressure  ratio and turbine-inlet  temperature is given in   f igure 7. 

Most of the surge  data were obtalned a t  equivalent  engine  speeds 
between 4800 and 8000 rpm at an a l t i tude  of.30,000 f ee t  and a flight 
Mach nmber of 0;64. In addition,  surge data  were obtain& on several 
configurations at a l t i tudes of 15,OOO and 45,000 feet and flight Mach 
nunibers of 0.53 and 0.21, respectively, t o  determine  the  effects of 
varying flight conditions. " 

Compressor Design  Analysis 

The canpressor of the XJ40-WE-6 turbojet  engine is an Il-stage 
uni t  having  an inlet hub-tip  ratio of 0.6. It was i n i t i a l l y  designed 
t o  handle air w e i g h t  fluw of 136.2 pounds per second at a pressure 
r a t i o  of 4.6 and a.speed of 7260 r p m .  Mismatching  between the com- 
pressor and the turbine was encountered a t  the start of the develapment 
progran, and the compressor s ta tor  and rotor  blades were rese t  by the 
manufacturer s o  as t o  shift the design  point t o  a pressure  ratio of 5 
and the air flow t o  140 pounds per  second. The typical  stage of the 
compressor was designed for  a symmetrical  velocity diagram at all radii. 

u) 
d 
u) cu 
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A 

The axial velocity  distribution6 assumed throughout the compressor  were 
based on experimental data previously  obtained  by  the  manufacturer. 

a work gradient from root  to  t ip.   This  increase i n  enthalpy from hub t o  
t i p  is gradually  equalized  through  the  compressor by reversing  the work 
dis t r ibut ion i n  the  stages beyond the  second stage. 

. T h i s  flaw dis t r ibut ion is set up i n  t h e  S f ra t  two stages, which impart 

The design  axial-velocity  distributlons a t  the inlet t o  each ro tor  
row in   the  compressor are presented i n  figure 8. The design axial 
velocity  decreases  rapidly  in  the f i rs t  two stages, which have a con- 
stant  annular area, and then  decreases  gradually  through  the  remainder 
of the compressor. 

The design of the first three and last three stages  neglects 
simple radial-equilibrium  requirements. Inlet guide-vane investigations 
(reference 3) and unpublished  single-stage compressor d a t a  have indi- 
cated that simple  radial-equilibrium  conditions are sa t i s f ied ,  at least 
at  the inlet t o   t h e  f irst  rotor.  Therefore  the  actual  incidence-angle 
distributions d i f f e r  appreciably f r a m  the  desi- d u e s .  Conditions 
dawnstream of the f i rs t  rotor have  been found to   approxbate  a condi- 
t i on  between s t ra ight  through-flow and s3mple radial equilibrium 
(reference 41, and recent  single-stage  results have indicated a condi- 
tion  closer  to  simple  equilibrium  than  to  straight through-flow behind 
the  rotor.  

- In  order  to determine the  general effect  of neglecting s-le 
radial  equilibrium on the  operation of the first rotor,  calculations 
of axial velocity and rotor  angle of a t tack were made in which it was 
assumed that the flow left the inlet guide vanes a t  the guide-vane 
trailing-edge  angle and that simple radial equilibrium vas sa t i s f ied .  
These velocity  calculations w e r e  based on the origiaal  design w e i g h t  
flow of 136.2 pounds per second.  Compxison  of the   resu l t s  of these 
calculations  with  the  design d a t a  I s  presented i n  figure 9 .  The 
canrputed axial velocity is lower than the  design  velocity over the.  
m a j o r  portion of the flow passage  with the exception  of  the  region 
new  the  hub where-the  calculated axial v e l m i t y  is higher  than  design. 
AB a re su l t  of the  distribution of axial velocity,   the  calculated  rotor 
angle of attack is approximately loo higher  than  the  design  value at- 
t h e   t i p  and approxFmateLy ao lower at the  hub. These da ta   l ead   to   the  
conclusion that the   t i p   s ec t ion  may be  s ta l led a t  design  speed, and 
the hub section may be  approaching a turbining  condition. 

Redesign of the inlet stages of the compressor more nearly  to 
approximate radial equilibrium is therefore  essential ,  i f  improved 

the first r o t o r   t i p  should improve low-speed performance characterist ics 
.) performance is t o  be obtained.  Reduction in the  angle of attack at  
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of the compressor because of the high angles  encountered a t  speeds 
below design.  The interstage data which w e r e  obtained during the 
investigation  fnd'icated the cr i t ical   operat ion of the hub section of 
the inlet stages over the entfre  range of conditions  investigated. 

Because the exit-stage blade heights were sn+l and because 
conditions a t  the inlet to  these  stages were not  accurately deter- 
minable by the design method, it w&s f e l t  that the errors  involved 
as a result of neglecting radial equilibrium  in. these stages were 
small. This belief has been substantiated by preliminary  velocity 
calculations  in the exit stages. 

Compressor Modifications 

When the i n i t i a l  co~upressor  design point was shifted t o  a higher 
pressure  ratio and w e i g h t  flow, the margin that existed between the 
high-speed e t a b l e . o p e e t i w   l i n e  and t h e  surge  limit was apparently 
eliminated.  Several quick methods f o r  Increasing the surge limit of 
the compressor  without  major modification were considered. The 
analysis of reference 5 indicates that slight-changes may be made in 
the low-speed  performance of  a high-pressure-ratio compressor  by 
reset t ing blade angles.  Extension of the analysis   to  the present 
high-speed  surge problem indicated that compressor surge above design 
speed  generally  results from stall  caused by high angle of attack at 
the exit stages. In an attempt t o  unload  the exit stages, Westinghouse 
and NACA personnel mutually agreed t o  limit compressor modifications t o  

" 

(1) Twisting  rotor  blades  (in  place)  to change blade section  angles 

(2)  Inserting n e w  s ta tor  diaphragms w i t h .  .different blade angles 

On the basis of the analy-afs of reference 5 and the experimental 
results obtained w i t h  the  standard compressor, a series of succeseive 
blade modifications w a s  made. The resulting  configurations are l isted 
i n  the following table,which  indicates changes i n  blade-angle settings 
from the standard  compressor. A description of the  various compressor 
conffgurations, all with the discharge mixer installed,  and the objective 
ofeach  modification  follow: 

Configuration A. - For configuration A, designated as standard, 
the comgressor as received  from-the  manufacturer W&B ins ta l led  in the 
engine w i t h  the mixer assenibly  and the  variable-area  turbine-nozzle 
diaphragm. . . .  . 

Configuration B. - In  configuration B, standard blade angles were- 
used  throughout w i t h  the  exception of the ninth and eleventh  rotor I 

rows. These blade rows were twisted closed Prom the t ip   by   the  amounts 
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I b 

Radial 

t ion  Inlet   First  
guide rotor 
vane 

posi- 

Eub 
Mean 
Tip 

Blade-angle modAf ications 
( deg) 1 

Firs t  Second 
stator rotor  stator  stator stator stator  stator  rotor 
Ninth Ninth Eighth Seventh Third Second 

Hub Std Std 
C Mean Std Std 

Tip Std sta 
Hub Std sta 

D Mean Std -3.5 
Tip Std -7 

Hub Std Std 
E Mean Std -3.5 

‘PIP Std -7 

Std 
sta 
Std 

1.8 
-2.5 
-3.4 

1.8 
-2.5 
-3.4 

SWARD2 

Std 

Std sta -3 Std Std Std sta Std 
Std Std -1.5 Std sta Std Std Std 
sta Std  Std Std  Std sta Std 

Std sta Std -3 -3 Btd 

-3 -3 -3 -3 -3 Std Std  Std 
-3 -3 -1.5 -3 -3 Std Std  Std 
-3 -3 

sta 0.3 -1.6 -3 -3 Std -3 -3 
-1.5 - .2 

-3 -3 ’ -3 -3 -3 -2.3 -2.0 -3 
-3 -3 -1.5 -3 -3 1.6 

Std 0.3 -1.6 -3 -3 sta -3 -3 
-1.5 - .2 1.6 -3 , 

-3 
-3 -2.3 -2.0 -3 

-3 -3 sta 
-3 sea -3 -3 

Std 
-3 
-6 

Std 
-3 
-6 

Std 
-3 
-6 

Std 
Std 
sta 

‘Negative angles  indicate  decreasing  angle between the  blade chord and the  tangential  direction. 
‘Original blade  settings  with  discharge mixer installed, designated  standard in  this  table.  
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indicated in the table. The objective of  th i s  modification was t o  
unload these exit stages a t  the  t i p  by the direct   effect  of the twisting 
and a t  the hub by the indirect   effect  of sh i f t ing  the flow inward. It 
was a lso  fe l t  that the r a d i a l  equilibrium  relation, which effect  is 
believed t o  be small for  these short blades, would be somewhat bet ter  
satisfied‘ in the exit stages by such a modification. 

Configuration C.  - Configuration C was the  same as configuration B, 
except that the  s ta tors  in the seventh to   the   t en th  stages were closed 
3O, a modification wfiich unloaded these stators a d  the following rotors. 
A preliminary ELnalysis bas indicated that reset t ing a row of stator 
blades a constant  mount f’rom hub t o  t i p  alters the angle of attack on 
the following  rotor a greater amuunt a t  the hub than at the  t ip   sect ion.  
It was expected that such a modFfication would increase  the problems 
associated with acceleration and operation at speeds below design. 

Configuration D. - Configuration D was the same as configuration C 
with the exception of the inlet stages. The t ip   sect ions of the first 
three r o t m s  &e unlcaded and the hub sections  ofthe second and third 
rotors were loaded in  order t o  approximate more closely  the  angles 
required for the  radia3-equilibrium  condition, which was found t o  have 
an appreciable  effect on the  velocity diagrams in  these inlet stages. 
It was expected that this modification would appreciably improve per- 
formance i n  the range of speeds nem design  speed as a result of 
se t t ing  the blade sections in  the inlet stages  closer  to the peak 
efficiency  points. It should be emphasized that t h i s  modification d i d  
no t   a l te r  the angle of attack ar blade-angle set-tiing at the hub of 
the first rotor,  which was found t o  be turbining in the design analysis. 

Configuration E. - For configuration E, the rotor  blades  in the  
ninth and eleventh stages.were retwisted t o  the settings in   the  s tandard 
compressor (configuration A ) .  This change was based upon the  results 
of the  investigati’on of configuration B.  

In   addi t ion  to  the changes made in  the  blade-angle  settings, 
configurations A and E were run with various  cmbinations of the 
compressor-dischmge m i x e r ,  standard  outlet  guide  vanes, and the 
standard fixed-mea turbine-nozzle diaphragm. The modifications which 
were used t o  investiga.te the effects  of-these auxiliary blade rows 
a re   l i s t ed  in the following table: 

Configuration Turbine  nozzle Outlet  guide vane 
I I 

A 
Al 
E 
El 
E2 

Mixer 
Standard 
Mixer 
Standard 
Mixer 

Variable-area 
Standard 
Varfable-area 
Standard 
Standard 

c 
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- 
Configuration Al had the same compressor blade angles as  those 

of configuration A .  Configurations E l  and E2 had the same blade-angle 
specifications as configuration E. Thus comparison of the performance 
of the E configurations  presents the effects of the  discharge mixer 
and the variable-=ea  turbine  nozzle,  while cmrrparison of  configura- 
t ions A l  and E l  presents the inrpravements made in the compressor as a 
result of the blade-angle adjustments. 

RESULTS AND DISCUSSION 

Effect of Surge L imi t  on Engine Performance 

The severe thrust limitation jmposed  upon the engine  by  campressor 
surge at high  equivalent  speeds is illustrated graphically  by figure 10. 
The mili tary operating line intersects the  surge limit, which is  shown 
as a shaded area because it could not be obtained m o r e  precisely. The 
surge limit is unusual in that it occurs a t  an essentially  constant 
pressure  ra t io  over a wide range of equivalent engine speeds.  Altitude 
has l i t t l e  e f fec t  on the  surge  lfmit; and below about 35,000 feet, 
Reynolds number e f fec ts  on the engine  operating line are small. Hence 
figure 10 represents  the  relation between the operating l lne and the 
surge limit for  a l l  a l t i t u d e s   t o  approxfmateiy 35,000 feet. n u s  the 
increase in equivalent engine speed as the a l t i t ude  is increased from 
sea level  causes the aperatFng point at military power t o  approach 
and f ina l ly  encounter  surge.  For the original  engine,  therefore, it 
was possible   to  maintain mil i tary power only at equivalent  engine  speeds 
below approximately 7600 r p m  or at stagnation air temperatures above 
loo F. Further  increases fn corrected  speed  caused by reductions  in 
ambient-air temperature  required that the exhaust  nozzle be opened t o  
avoid  surge. Opening the exhaust  nozzle  reduced the turbine-inlet  
temperature and hence the th rust  ava-ble. The surge limit might a lso  
be avoided  by  reducing  actual  engine  speed a t  constant  exhaust-nozzle 
area; however, thrust losses would still be high. 

- 

Performance Map of Original Compressor with Mixer 

In an e f f o r t   t o  avoid adverse tewera ture   p rof i les  at  the  turbine 
inlet during  the program t o  improve the surge limit, both  the mixer 
assembly and the variable-area turbine-nozzle diaphragm were instal led 
i n  the engine. U s e  of the mixer resulted i n  a substantial ,  though 
unexpected, improvement in the surge limit at high equivalent  engine 
speeds.  Because of the urgency of the surge program, an  evaluation of 

obtained for the  original  configuration (Al) without m i x e r .  
I the m i x e r  e f fec t  was postponed; as a resu l t ,  rather limited data w e r e  
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A map of the compressor perfommce  with  the mixer (configura- 
t i on  A) is presented in f igure 11 foropera t ion  at an a l t i tude  of 
30,000 fket and a f l i g h t  Mach  number of 0.64= The compressor surge 
l imi t  is given by the   sol id   l ine.  The change in  slope  of  the  surge 
l i n e  between 6740 and 7300 r p m  is characterist ic of high-pressure-ratio 
c q r e s s o r s .  The f a c t  twt the weight flow is almost  constant a t  speeds 
of 7310 and 7710 rpm indicates that the W e t  stage of the compressor 
is approaching choked flow. 

N 

0, 

Interstage performance. - The interstage  pressure and tenperatwe 
data  obtained  in  the first, fourth,  eighth, and eleventh  stages were 
used t o  determine the performance  curves far the first,  middle, and 
rear sections of the  standard compressor (configuration A ) .  The data 
were a r i thmet ica ly  averaged  across  the  passage and correlated by 
plott ing  the  pressure  coefficient TiY/Ukz against   the flow panmeter 

3%- "/", which is proportional  to  the  ratio of volume flow based on 

stag?WtiOn d e n s i t y   t o   t i p  speed a t  the   i n l e t  of each of the compressor 
sections. These  curves are  presented in figure 1 2  for the  standard 
engine. The flow parameter is indicative of the  reciprocal of the angle 
of attack. The interstage d a t a  w e r e  computed i n  t h i s  f o r m  i n  order t o  
determine the  region In the compressor  which was instigating  the 
high-speed  surge  problems in   t h i s   pwt i cu lax  campressor. The d a t a  of 
figure 1 2  indicate that increases in  engine speed resu l t .   in  shifts in . 
the  operating  points. of the front  and mid-dle sections away from stall 
toward reduced  angles of a t tack and therefore in increased  values of 
the flow parameter. In the  exi t   sect ion of the compressor, however, - 
increases  in speed resu l t   in  a s h i f t  in the  point of operation toward 
the stall region, as evidenced by the  decreasing flow parmeter  and 
increasing  pressure  coefficient.  It-appears,  therefore, that the 
highdpeed s ta l l  problew .sncountq.ed i n  this. ccanpressor were the   resu l t  
of  the stall in the exit stages. 

. .  

-" 

The slightly  posit ive  slope of the high-flow end of the  performance 
curve for   the   in le t   sec t ion  of the compressor is the   resu l t  of an 
approaching  choking  condition in the inlet stage of the compressor. 
This  choking  condition is m o r e  cleazly  indicated in figure 13, in  which 
the  stage  pressure  coefficient is plotted against the flow parameter 
f o r  the first, fourth,  eighth, and eleventh  stages. The data of 
figure 13 indicate that neither  the first nor the  fourth  stage8 a r e  
seriously  stalled f o r  the range of speeds  investigated, as evidenced 
by the   fac t  that the pressure  coefficlents  for  these  stages do not drop 
off a t  reduced  values of flow parameter. The values of pressure  coef- 
f ic ien t   for   the  inlet stage include  the  effect of losses  i n  the  ducting 
Worn the  engine inlet t o   t h e  compressor. inlet. However, the extremely 

s 
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low values of pressure  coefficient at high  speeds ( in  the   v fc in i ty  of 
design  speed)  indicate the hub turbining  condition. Thus, increasing 
the hub angle of attack is a requbxraent  for improved operation of hhe 
inlet stage a t  high  speeds. The eighth  stage-appems  to  be  operating 
a t  approximately the same point   for   the  ent i re   range of conditions 
investigated. AB has been pointed out in reference 5, t h i s  is t o  be 
expected of a stage i n  the rem half of an axial-flaw c q r e s s o r .  It 
is this  region of the compressor that should be highly  loaded,  because 
a wide range of operation is not  required. The exit stage of the 
compressor operates similarly t o  the exit section  presented in figure 12; 
that is, an  increase in the  engine speed r e su l t s  in  a shift in the stage 
operating  point  towards  the stall region. Thus, the  surge problems at 
high  speed are the   resu l t  of stall  in the  exit stages. 

Although the  interstage  pressure and tenlperature data were a r i th -  
metically averaged  a long  the  radius   for   cqutat ion o f  the  stage and 
section performance  curves of figures 12 and 13, analysis of the r ad ia l  
distributions of the flow conditions  within  the compressor helps t o  
point  out  specific  regions  of flaw breakdown which axe not  indicated by 
the  average  stage  curves.  Typical  total-pressure-ratio  distributions 
a t  each of the interstage measuring s ta t ions me presented in figure 14 
for an equivalent  engine  speed of 7198 rpm. Also shown fo r  comparison 
are  the design  total-pressure-ratio  distributions. In general, agree- 
ment between design and measured d a t a  was good. However, i n   t h e  W e t  
stages,  both  the hub and t ip   sec t ions  produced less pressure  r ise  than 

probably  the  result of the  high angles of attack computed at t h e   t i p  
section of the f i r s t  ro tor  and the low angles at  the hub section. The 
greater effect is that of the low hub angles of attack as indicated by 
the greater difference between design and actual  pressure  ratios at  
the hub sections. The experimental  pressure  ratios  hclude the 
fr ic t ion  pressure drop in  the M e t  duct ahead  of the compressor.  This 
pressure loss varies from- t o  1~ percent of the  engine-inlet   total  

pressure and effects a reduction in measured pressure  ra t io  of approxi- 
mately the same msgnltude. The e f fec t  of the boundary-layer growth 
along  the walls of the double inlet duct on the angles of a t tack and 
pressure rise of the M e t  stages  cannot be accurately  evaluated  because 
of the lack of data on the d e n t  of the boundary-layer  growth. 

L the  design  values. The lap pressure  ra t ios  at these sections were 

1 1 
2 

As is indicated in  figure 14, the  hub sections of the seventh and 
eighth  stages  appear t o  be stalled  out,  probably as a re su l t  of the  
poor flow Conditions at the hub of the inlet stages. Although the hub 
sections  of  the  seventh and eighth  stages we  stalled,   pressure condi- 
t ions at  the exit of the  tenth  stage  satisfy  design  requirements  almost 
exactly. The indication is, therefore, that between the  eighth and 
tenth  stages,  the hub stall region is eliminated and flow conditions 

I 
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recover to  the  design  values.   Similar  results have  been noted in other 
investigations, which indicate  that  poor flaw conditions set up in  sev- 
eral   s tages  of a conservatively  designed  multistage compressor may be 
smoothed out i n  later stages so as t a  give a sat isfactory  dis t r ibut ion 
at-the compressor  discharge. 

Effect  of  Blade  Modifications on Surge  Line 

The ef fec t  of  modifying the original  XJ40-We-6 compressor, by blade- 
angle  adjustments, on the  posit ion of the  surge  l ine is  indicated i n  
figures 15 and 16 by  curves of  compressor pressure  ratio at i ts  surge 
points  against   eqivalent  engine speed. The data of f igure 15 show the 
f l a t  portion of  the  surge-limit  curve which w a s  also  characterist ic of 
the compressor without mixer. Although this configuration  indicated an 
effect   of altitude on the  surge limit, the  other  configurations showed 
no consistent altitude effect  within  the  accuracy of the  experimental 
data. The surge  l ines  for  the  different compressor configurations are 
superimposed in  figure 16. 

The surge  l ine  for the- standard compressor with mixer  (configura- 
t i on  A) is seen to   l eve l   o f f   rap id ly  at a speed of approximately 7400 rpm 
and then  increase  only  slightly up to the maxFmum speed  iqvestigated 
(8000 r p m )  . When the   t i p s  of the ninth and eleventh  rotors w e r e  closed 
by 3O and.6O r e s p e c t i v e l y - ( c o n f i g ~ ~ i o n  B) ,  there  resulted a noticeable 
drop in  the  surge  Umit  over  the  entire speed. r-e. The analysis of 
reference 5 and  prevlous  experimental  results  indicated  that unloading 
the   exi t  stages of a compressor would result fn a decrease i n  surge-point 
pressure  ratio at.any gtven  engine  speed below the deeign Bpeed. Along 
with  this  decrease  in  pressure  ratio,   these  resulte  indicated a decrease 
i n  w e i g h t  flow, which causes  the  position of the  surge line t o  be slmost 
une9feeted on a pressure-ratio  against weight-flow  curve. The engine 
data obtained  indicated that the weight flow was actually reduced for  
configuration B at speeds below design  speed.. Although application of 
the  analysis of reference 5 indicated  that  unloading  the ex i t  stages 
should  increase  the  surge  pressure  ratio a t  speeds above design,  the  fact 
that   the  pressure  ratio was s l igh t ly  reduced  by this  modification  in 
the  high-speed  operating range indicated that the  t ip   sect ions of the 
exit stages were not  operating  cri t ically i n  the  or iginal  compressor. 
Because  high-speed  surge is the result of s t a l l i ng   i n   t he  exit  stages, 
it appears that the  hub.sections of the exit stages were the   c r i t i ca l  
sections which were s t a l l i ng  a t  the speeds above design. This conclueion 
wa6 also corroborated by preliminary data obtained i n   t h e   i n i t i a l  run6 
o F  the  engine. 

In  an attempt t o  unload the hub sections of the  exit   stages,   the 
s ta tor  blades of stages 7 t o  10 were closed  by 3O (configuration C ) .  
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On the  basis of the results of the stage-matching  analysis of reference 5 
and eqerimental   resul ts ,  it was q e c t e d  that such a modification would 
have a de t rben ta l   e f f ec t  on the  surge  condition below design speed but 
t ha t  an improvement  would result  at speeds above design. The actual  
result i s  indicated In f igure 16- The pressure  ratio at surge was 
reduced  appreciably at speeds below 7650 rpm, but  the  surge  pressure 
ratio increased  continuously  with  speed and did not  level  off at the 

Eo high  speeds. Thus, unloading  the hub sections  resulted in  a def ini te  
P Fnrprovement in  the  general shape of the  surge  line;  but  the  large  reduc- 
(3, t ion  in pressure  ratio at speeds below 7650 r p m  might ins t iga te   acce lea-  
(3, 

t ion  and take-off problems. 

Therefore, a s h i f t  in the  surge line t o  increased  pressure  ratio 
a t  a given  operating  speed i s  required i n  order t o  achieve  satisfactory 
stable aperation  over the entfre  range of engine  speeds. As has been 
discussed in the Compressor Design Analysis section,  the  design of the  
f i r s t   th ree   s tages  of the compressor neglected  the  requirement of r ad ia l  
equilibrium. As a result, the angle of attack at t h e   t i p  of the first- 
stage  rotor was approximately loo higher  than  design, and the hub angle 
w a s  4 O  l o w e r  than  design. The extremely  high  angle of a t tack at the 
t i p  would be  expected to cause the M e t  stages of the compreseor to 
s t a l l  a t  a comparatively  high  speed. Thus, improvement in  flow  condi- 
t ions  in the   inlet   s tages  of the compressor t o  approach more nearly 
those  conditions  required t o  sa t i s fy   r ad ia l  equilibrium should result 
in a noticeable improvement in the  compressor surge  characteristics, 
especially at speeds below design. The blade  ad&stments of configura- 
t i on  D were directed toward satisfying this  objective.  The adjustments 
did not, however, a l t e r  flow conditions at the first rotor h a  section. 
The effect  of this  modification on the surge-line  pressure  ratio i s  
shown in   f igure 16 to be large at a l l  equivalent  speeds  between 5400 
and 7800 rpm. The surge  curve of configuration C is shifted  to  higher 
values of pressure  ratio at any given  speed  within  this  range  by  the 
adjustments In the blade angles in configuration D. In the high-speed 
range which w-as causing the d i f f i cu l t i e s  in the  operation of the 
original  engine,  the  surge  pressure  ratio has been increased  appreciably. 

The fact   that   the  surge  pressure r a t f o  remained  almost constant 
for configurations C and D a t  speeds below 5400 r p m  may be explained 
by  considering  the performance of the  inlet   s tage of the compressor. 
As i s  indicated  by  the performance  curves f o r  the highly cambered 
single stage  with  modified guide vanes presented  in  reference 6 and 
by  the  single-stage m e  presented in reference 5, the  stage  pressure 
r a t i o  remains essentially  constant at the low f l o w s  o r  high  rotor 
angles of attack.  This fact i s  the  result  of a t i p  stall  condition 
which causes a recireulating f low a t  the   t i p  of the first rotor and a 
displacement of the f low inward. The increased flow at the h& section 
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of the rotor  permits this section of the  blade row t o  operate a t  
satisfactory angles of attack and reasonable pressure ra t ios .  The f a c t  
that  the t i p  section has pract ical ly  no through-flow velocity component 
( a l l  of the velocity is recirculatory) results in a constant  value of 
mass-averaged pressure  ratio as the weight flow is reduced. Such a 
phenomenon WE believed  to exist i n  the present compressor.  Therefore, 
it appeared that the inlet   stages of the  present compressor were oper- 
ating on the f la t  portion of the stage-pressure-ratio  curve a t  speeds 
below 5200 rpm for  both  configurations C and D, so that the change i n  
the surge l i ne  below this speed i s  negligible. 

Becawe the blade  adjustments of configuration B resul ted  in  a 
reduced  surge pressure r a t i o  from that obtained  for. the or iginal  
compressor, it was decided t o  t w i s t  the  ninth and eleventh  rotor blades 
back to   t he i r   o r ig ina l  angle sett ing.  The effect of t h i s  configura- 
t ion E, as shown in   f igure  16, is small but i n  t h e  desired  direction 
for  equivalent engine speeds over 6600 r p m .  

Comparison of the surge line  for  configuration A with that obtained 
by  configuration E indicated a decrease i n  pressure r a t i o  over the range 
of speeds below 7500 r p m  with a noticeable improvement achieved at 
s p e e a  above 7500 rpm. 

Effect of Mixer on Surge Limit  

Inasmuch as configuration E appeased t o  be the best  poeeible solu- 
t i on   t o   t he  compressor surge problem without  major compressor rework, 
it w~1s decided to evaluate the performance of the engine w i t h  a 
production-turbine diaphragm, and w i t h  the mixer repbced.-by  the  standard 
out le t  guide vane (configuration E l ) .  The latter step wa6 taken  because 
of difficult ies  in  obtaining  rapid  production of mixer assenibliea. As 
shown by the data of f igure 17, the surge limit was reduced  markedly at 
high equivalent  engine speeds when the mixer was removed and the atandard 
turbine  nozzle  installed. For example, at a corrected  speed of 7800 rpm 
the surge llmit was reduced  from  about 5.68 t o  5.41. This unexpected 
result led t o  the conjecture that a difference  in the radial variation 
in flow resistance  afforded  by  the mixer as compared w i t h  the  standard 
out le t  vane  assembly  might redistribute the flow i n  the latter compres- 
sor s t a g e s .  Accordingly the total-pressure  profiles at the   in le t  and 
out le t  of both asseniblies were compared; however, the differences 
noted  appeared to be  too smsll t o  be considered a suitable explanation. 
To ver i fy  this ef'fect of the mixer, It was reinstalled  (configuration E2) 
and the surge limit was again raised. This sene result was obtained 
w i t h  configuration A; however, it may be noted  by comparing figures 16 
and 1 7  that the ef fec t  of the mixer on the surge limit was slightly 
greater for configuration E than for  configuration A. 
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Effects of Compressor Modifications on Performance 

The merits of the  various compressor configurations  cannot be 
properly  evaluated  without  consideration of the  effects  of the modi- 
f icat ions on over-all  ehgine performance.  Accordingly, the   e f fec ts  
of these  modifications on air flow,  compressor  efficiency, and surge 
pressure r a t i o  are smmarized i n   t h e  following table for  qperation at 

N 811 a l t i tude  of 30,000 f e e t  and a f l i g h t  Mach  number of 0.64, which 
02 corresponds t o  an eqyivalent  engine  speed of 7830 rpm: 
Y 

&dif icat ion 

Al 
A 
B 
C 
D 
E 
El 
E2 

A i r  flow 

~ 

143.9 
144.2 
143.6 
144.3 
141.8 
142.3 

141.5 
* 

Compressor 
adiabatic 
ef f icieney 

0.755 
.766 
.758 
.768 
.758 
-763 

.763 
* 

Surge pres- 
sure   ra t io  

5.4* 
5.58 
5.51 
5.65 
5.66 
5.68 
5 -41 
5.68 

%ese  values w e r e  not  accurately  established. 

It is  apparent  from a comparison of the re~ul ts  of  configuration Al 
(the or ig ina l  engine as received) and A (the  standard  engine w i t h  the 
mixer and the  variable-area  turbine-nozzle  installed) that the effect of 
the mixer w a s  to   increase the efficiency and the high-speed  surge  pres- 
sure ratio of the compressor. The exact magnitudes of the fncrease were 
not  determined,  because on ly  meager data were obtained  for the or iginal  
engine  configuration. In addl t ion  to  a  reduction  in the high-speed 
surge  pressure  ratio,  configuration B (unloading the   t ips  of the ninth 
gnd eleventh  rotors)  caused a slight decrease i n  compressor efficiency. 
Configuration C resu l ted   in  an aDreciable  Improvement i n  the high-speed 
surge  pressure  ratio  but, as mentioned earlier, had a detrimental  effect 
on the lower speed p e r f o m c e .  As was expected,  configuration D caused 
a decrease in the high-speed weight flow and efficiency. It is t o  be 
expected that if the hub section of the f i r s t  rotor  had been  loaded by 
e i ther  guide-vane  adjustment o r  rotor  resett ing,   then the performance 
at high  speed would probably  have  remained  the same as for  the C con- 
figuration. The ef fec t  of twist- the ninth and eleventh r o t o r  t i p s  
back t o  the i r   o r ig ina l  settings (configuration E)  was as expected: 
the  surge  pressure r a t i o  and the efficiency were increased  slightly. 
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The effect  of the mixer on the  surge limit is again  demonstrated by 
comparison of configuration E and E l .  Although  instnunent icing con- 
ditions  prevented the determination of complete and accurate  weight- 
flow data for  configuration E l ,  it is apparent that the surge  pressure 
r a t i o  w a s  decreased  appreciably as was the compressor efficiency when 
the mixer was removed. 

The over-all   effect  of the modifications made to the compressor i s  
indicsted €R figure 18, -re curves of the r a t io s  of both  calculated 
net t-t (appendix B)  and measured w e i g h t  flow for the  final  configura- 
t ion  w i t h  mixer (E and E2) and the original  compressor wfthout  mixer (Al) 
are presented as a function of equivdlent  engine  speed. A single curve 
was faired through the data of configurations E and E2. These data are 
for  operation a t  an  alt i tude of 30,000 fee t  and a flight Mach  number 
of 0.64; however, becalms the Reynolds nmiber effects  are small below 
35,000 feet, these data may be considered t o  apply at sea-level  condi- 
t ions as well. It w i l l  be noted that the air flow of configuration E 
w a s  less  than that of the  original  configuration  for the range of  speed8 
investigated. As a result, the thrust w&s also lower a t  equivalent 
engine speeds below the approximate value at which the original  compres- 
sor became surge limited. A t  equivalent  speeds above 7680 rpm, the 
thrust of the original engine w a s  lower than that of configuration E 
because of the influence of the surge limit. 

As a result of the  investigation  reported  herein, it was shown 
that s l igh t  improvements i n  the coqressor  surge limit and the operation 
margin were possible  by mEtlring minor, easily incorporated changes in 
the compressor. However, some of the changes also reduced  engine air 
flow and hence reduced the thrust. It was also found that the use of 
a mixer at the compressor out le t  improved the surge limit with no 
appreciable thrust penalty. 

Lewis Flight  Propulsion  Laboratory 

Cleveland, Ohio 
Rational Advisory Committee f o r  Aeronautics 
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PSPENDM a 

SyMBOLs 

The following spibols are  used in   t h i s   r epor t :  

specific  heat of a b ,  0.24 Btu/( Ib) (%) 

specific heat of exhaust gas, B tu / ( lb )  (%) 

net  thrust ,  lb 

f uel-air  r a t i o  

gravitational  constant, 32.2 f t /sec2 

constants 

engine  rotational  speed, r p m  

sea-level  equivalent speed, rpm 

t o t a l  pressure, lb/sq f t  abs 

&Lent altitude  pressure,. ~ b / s q  f t  abs 

radius, in. 

t o t a l  temgerature, 91 
sea-level  equivalent  total  temperature, 91 

blade  speed, ft/sec 

effective Jet velocity,   f t /sec 

axial velocity,  ft/sec 

f l i g h t  speed, ft /sec 



WEl air weight flow, D/sec 

W, f l , S  eea-level  equivalent  weight flow, lb/sec 

a angle of attack, deg 

Y isentropic exponent 

53 r a t i o  of specific heats f o r  air 

Yk3 ratio of specific heats f o r  e&aust gas 

f i C  enthalpy  rise  through compressor, mu/= 

hht enthalpy drop through turbine, B t u / l b  

6 r a t i o  of to ta l   p ressure   to  standaxd sea-level pressure 

VC 
compressor-adiabatic  efficiency 

q t  turbine  adiabatic  efficiency 

0 r a t i o  of .total  temgerature t o  standard sea-level  teqperature 

Subscripts : 

a air 

C c q r e s s o r  

Q exhaust  gas 

i inlet of stage or sec t ion  

3 Jet  
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n net 

0 out le t  of stage o r  section 

t ro tor  t i p  section, turbine 

0 ambient 

1 cowl inlet 

2 engine inlet 

3 coqressor  inlet 

4 compressor discharge 

5 turbine inlet 

6 turbine out le t  

7 e h u s t  nozzle 
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During i n i t i a l  performance t e s t s  of the  original  configuration, 
unexpected.  compressor  surge at high equivalent  engine  speeds  resulted 
i n  minor damage t o  the tunnel scales. Hence the thrust readings  could 
not be considered  reliable. In l a t e r   t e s t s  of other compressor  con- 
l igurations,   thrust  data were not  obtained at rated performance  because 
limiting turbine-inlet  temperatures  could not be maintained. 

I n  order   to  compare impartially  the performance of various con- 
figurations  at   rated  conditions it was necessary t o  r e ly  on calculated 
values of net thrust. Although the magnitude of such calculated thrusts 
may be in   e r ror  , the use of r a t io s  f o r  a comparison I s  probably  reliable. 

The ideal  net thrusts of the original and final compressor  con- 
figurations,  which are presented in figure 18 as a ratio, were obtained 
by the following method of calculation. 

When choked flow  through  the  turbine nozzle is assumed f o r  equiva- 
lent- engine speeds greater  than 7000 r p m ,  the  continuity  equation may 
be  used t o  obtain  the following re lat ion:  

If the pressure drop  through the codnst ion chamber is  considered 
constant,  equation (1) may be expressed in terms of equivalent air 
weight flow, turbine-inlet  temperature, and compressor pressure r a t i o  as 

Since engine performance i s  evaluated from stat ion 2 (engine i n l e t ) ,  
the compressor pressure  ratio is considered t o  be f rom s ta t ion 2 t o  
s ta t ion  4.  
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An average  value of the constant K was determined  from e q e r i -  
mental data obtained at several high equivalent  engine  speeds, A t  
actual  rated  engine  speed N of 7260 rpm, 8 was calculated f o r  eqpiv- 
d e n t  engine  speeds X/* of 7000, 7200, 7400,  7600, 7800, end 8000 rpm. 
Values of equivalent w e i g h t  flow Wa@/S a t  the above equivalent  engine 
speeds were obtained from faired  curves of experiments1 data. The 
turbine-inlet  temperature T5 w a s  assumed limiting at 1885 OR (manu- 

N rn facturers * specification),  and the compressor pressure  ratio P*/P2 
G w a s  calculated from equation (2). 

When the pressure  ratio I s  known, the enthalpy rise, which is the 
actual work of compression per unit  weight flow, may be  calculated from 

where compressor efficiency q, is obtained from experimental data. 

When the  enthalpy rise across compressor is assumed equal t o  the 
enthalpy drqp across turbhe, the  turbfne-outlet  temperature T6 may 
be  calculated f r o m  

where Wg/Wa = (1 + f/a), and the fuel-air r a t i o  is assumed equal t o  
0.015. 

The turbine-out le t   to ta l  pressure P6 may then  be  cslcuhted as 

f o l l o w s  : 

P6 = P5 r q t  J 
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where the  turbine  efficiency qt is obtained from experimental data, 
and the turbine-inlet   total   pressure Pg is assumed t o  be 95 percent 
of compressor-discharge total   pressure.  From P6 the effective jet 
velocity Vj,eff was calculated  for full expansion t o  ambient a l t i tude  
pressure (628 lb/sq ft abs at 30,000 f t )  for a r of 1.3. PO g 

Actual w e i g h t  flow Wa was calculated from the equivalent weight 
f l o w  Wa .@-/6, where 6 corresponds t o  engine-inlet  conditions a t  a 
flight Mach  number of 0.64 a t  an al t i tude of 30,000 feet ;  and 8 W&B 

determined a t  e a  actual engine  -speed OP 
speeds of 7000, 7200, 7400,  7600;  7800, 

The net  thrust  was then  calculated 
from the  Jet  thrust 

7260 rpm f o r  equivalent  engine 
and 8000 r p m .  

by subtracting inlet momentum 
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Figure 1. - XJ40-W-6 engine inetalled In altitude w l n d  tunnel. 
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~igm. 2. - Cmpreesor-inlet duct sectiaa. 
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F i g u r e 4 .  - Schematic  sketch  of  variable-area-turbine-nozzle 
actuating  mechanism. 



Figure 5. - Croes-eection drawing of engine ah- inatrment stations. 
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Figure 6 .  - Schema.tic diagram showing location of instrumentation 

at several compressor stations. 
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Figure 7. - Effect of changing area  of"hrbine-nozzle diaphragm on compressor 
pressure  ratio.  Altitude, 30,OOO feet; flight Mach  nuniber 0.64; equivalent 
engine speed N e  of 7710 rpm. 
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Figure 8. - Design  axial-velocity  distribution at rotor inlet, 
on XJQO-WE-6 compressor. 
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Figure 9. - Flow conditions at first rotor inlet for 
XJM-WE-6 compressor. 
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Figure 10. - Relation qf military parer opera t ing   l ine  and surge limit 
of or ig ina l  compressor configuration (u). 
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Figure 11. - Operating map of standard compressor with mixer installed 
(configuration A) .  Altitude, 30,000 feet; f l i gh t  Mach number, 0.64. 
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Figure 12. Operating points of f r o n t ,  middle,  and rear sections of 
standard -40-WE-6 ccanpressar for various equivalent engine speeds 
in rpm. 



36 MACA RM E52G03 

.04 .06 .08 .10 -12 .14 .16 

Figure 13. - Stage operating points for several stages of standard XJ40-WE-6 
conpressor for various equivalent. engine  speede in rpm. 
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Figure l&. - Total-pressure-ratio  di6tzibutions at several stator stations 
a t  an  equivalent  engine speed N / f l  of 7198 rpm. 
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Figure 16. - Cougarison of surge lines far the vaxious compressor configurations 
investigated. 
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Figure 18. - Ratios of calculated  net thrust and measured eqpivalent 
air flow for  final and original compreseor configurations. Altitude, 
30,000 feet3 flight Mach nuriber, 0.64. 
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