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ABSTRACT 

A two-dimensional i n l e t  and J85-GE-13 t u r b o j e t  engine were placed i n  
a Mach 0.4 stream so as t o  i n g e s t  the t i p  v o r t e x  of a forward mounted 
wing. Resul ts  show t h a t  i nges t ion  of a wing t i p  v o r t e x  by a t u r b o j e t  
engine can cause a l a r g e  reduction i n  engine s t a l l  margin. The l o s s  i n  
s t a l l  compressor p re s su re  r a t i o  was p r i m a r i l y  dependent on v o r t e x  loca- 
t i o n  and r o t a t i o n a l  d i r e c t i o n  and not on to t a l -p re s su re  v a r i a t i o n s  ac ross  
the compressor face.  
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EFFECT OF INLET INGESTION OF A WING TIP VORTEX ON TURBOJET STALL MARGIN 

by Glenn A. Mitchell  

L e w i s  Research Center 

SUMMARY 

A two-dimensional i n l e t  and J85-GE-13 t u r b o j e t  engine w e r e  placed i n  
a Mach 0.4 stream i n  t h e  L e w i s  10- by 10-Foot Supersonic Wind Tunnel so  
as t o  i n g e s t  t h e  t i p  v o r t e x  of a forward mounted wing. The v o r t e x  w a s  
i nges t ed  a t  va r ious  v e r t i c a l  l o c a t i o n s  ac ross  t h e  i n l e t  en t r ance .  Wing 
ang le  v a r i a t i o n s  were u t i l i z e d  t o  produce v o r t i c e s  of maximum s t r e n g t h  
that r o t a t e d  e i t h e r  w i t h  o r  opposite t o  t h e  engine r o t a t i o n .  

Resul ts  show t h a t  i n g e s t i o n  of a wing t i p  v o r t e x  by a t u r b o j e t  en- 
g ine  can cause a l a r g e  r educ t ion  i n  engine s t a l l  margin. S t a l l  occurred 
a t  a compressor p re s su re  r a t i o  t h a t  w a s  as much as 33 pe rcen t  (along a 
l i n e  of constant  co r rec t ed  speed) c l o s e r  t o  t h e  nominal normal ope ra t ing  
l i n e  than the und i s to r t ed  in f low s t a l l  l i n e .  Vortex l o c a t i o n  a t  t h e  com- 

l-l p r e s s o r  f a c e  and v o r t e x  r o t a t i o n a l  d i r e c t i o n  had a s i g n i f i c a n t  e f f e c t  on 
0 s t a l l  compressor p re s su re  r a t i o .  Vortex induced s t a l l  p r e s s u r e  r a t i o s  
I d i d  n o t  c o r r e l a t e  w i t h  to t a l -p re s su re  v a r i a t i o n s  a c r o s s  t h e  compressor 

Q\ 

a0 

w face.  

INTRODUCTION 

Some a i r c r a f t  r e q u i r e  the use of forward mounted s t u b  wings f o r  sta- 
b i l i t y  and con t ro l  purposes.  
would generate  a s t r o n g  t i p  vortex.  
o r  c l o s e  t o  t h e  fuselage,  i t  i s  probable that c e r t a i n  combinations of 
a i r p l a n e  p i t c h  and yaw would cause the vortex t o  t r a i l  a f t  i n t o  t h e  engine 
a i r  in le t .  
characteristics are unknown b u t  may b e  degrading enough t o  cause engine 
stall. 

A t  l a r g e  angles  of attack, such a wing 
With propuls ion systems mounted on 

The e f f e c t s  of such a vo r t ex  i n g e s t i o n  on engine ope ra t ing  

A s tudy of t h e s e  phenomena was conducted i n  t h e  Lewis 10- by 10-Foot 
Supersonic Wind Tunnel with t h e  tes t  s e c t i o n  o e r a t i n g  a t  a subsonic  
speed of Mach 0.4.  Reynolds n u d e r  w a s  7 . 5 ~ 1 0  p e r  meter. A wing w a s  
mounted in the test s e c t i o n  forward of a two-dimensional i n l e t - eng ine  
combination s o  that t h e  t i p  vo r t ex  t r a i l e d  a f t  i n t o  t h e  i n l e t  and i m -  
pinged on the 58543-13 engine compressor f ace .  
u s i n g  the i n l e t  w i th  a coldpipe ( r e f .  1) found t h a t  t h e  s t r o n g e s t  vo r t ex  
w a s  c r e a t e d  by t h e  wing at  11 degrees angle  of a t t a c k .  The m a x i m u m  tan-  
g e n t i a l  v e l o c i t y  of t h e  vo r t ex ,  j u s t  p r i o r  t o  i t s  e n t e r i n g  t h e  i n l e t ,  was 
57 pe rcen t  of t h e  l o c a l  stream ve loc i ty .  Tangent ia l  v e l o c i t i e s  a t  t h e  
s imula t ed  compressor face were as high as 25 percen t  of t h e  l o c a l  stream 
v e l o c i t y .  This r e p o r t  p r e s e n t s  t he  e f f e c t  o f  t h i s  v o r t e x  i n g e s t i o n  on 
the stall limits of t h e  J85-GE-13 t u r b o j e t  engine. 

A,prel iminary s tudy 
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U.S. Customary Units were used i n  t h e  design of t he  test  model and 
t h e  recording of experimental  da t a .  
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S u b s c r i p t s  : 

i v  

SYMBOLS 

wing t i p  chord, cm 

v e r t i c a l  dis tance from c o w l  l i p  t o  ramp edge, cm 

vertical distance from cowl l i p  t o  i n i t i a l  p o s i t i o n  
w h e r e  vo r t ex  impinged on cowl l i p ,  cm 

engine speed, rpm 

r a t e d  engine speed, 16 500 rpm 

percent  corrected engine speed 

2 t o t a l  p re s su re ,  N/m 

t o t a l  temperature, K 

engine a i r  flow, kg/sec 

engine co r rec t ed  a i r  flow, W 6 / 6 ,  kg/sec 

streamwise (ax ia l )  d i s t a n c e  a f t  from wing t i p  t r a i l i n g  
edge, cm 

2 l o c a l  co r rec t ed  t o t a l  p re s su re ,  P/101 325 N/m 

l o c a l  co r rec t ed  t o t a l  temperature,  T/288.2 K 

i nges t ed  v o r t e x  

und i s to r t ed  

compressor f a c e  

compressor e x i t  

S u p e r s c r i p t  : 
- 

average 
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APPARATUS AND PROCEDURE 

In le  t 

The i n l e t  used i n  t h i s  i n v e s t i g a t i o n  w a s  a two-dimensional, e x t e r n a l -  
compression type designed f o r  operat ion a t  a Mach number of 2.2. The in- 
l e t  w a s  a t t ached  t o  a n a c e l l e  0.635 meter i n  diameter i n  which a J85-GE-13 
t u r b o j e t  engine or  a cold-pipe choked-exit plug assembly could be  in -  
s t a l l e d .  For t h i s  s tudy t h e  J85-GE-13 engine w a s  used. The i n l e t ,  w i th  
the cold-pipe assembly as used i n  r e fe rence  1, is  shown i n  f i g u r e  1 
mounted i n  the  tunnel  t es t  sec t ion .  The i n l e t  he igh t  (ramp edge t o  cowl 
l i p )  w a s  0.408 meter and t h e  ramp width w a s  0.369 meter, 

The i n l e t  geometry was varied by movable ramps. The first ramp w a s  
a f i x e d  one, having an angle 5 f  3 degrees with t h e  i n l e t  a t  ze ro  degrees 
ang le  of at tack, The second and t h i r d  ramps were v a r i a b l e  and t o g e t h e r  
w i t h  t h e  f i r s t  ramp accomplished e x t e r n a l  compression during supersonic  
operat ion.  The fou r th  ramp w a s  a backward f ac ing  ramp which i n i t i a t e d  
i n t e r n a l  flow d i f f u s i o n .  
t o  a maximum by s e t t i n g  t h e  ramps as f l a  5 as p o s s i b l e .  
second and t h i r d  ramp angles  o f  53- and 7 7  degrees measured r e l a t i v e  t o  
t h e  i n l e t  a t  zero degrees angle  of a t t a c k  are shown i n  f i g u r e  1. A b l eed  
s l o t  between t h e  t h i r d  and fou r th  ramp w a s  a v a i l a b l e  f o r  boundary l a y e r  
con t ro l .  

For t h i s  tes t  t h e  i n l e t  t h r o a t  area w a s  opened 
The r e s u l t i n g  

A l l  b leed and bypass systems were closed f o r  t h i s  test.. 

Three b a s i c  v a r i a t i o n s  e x i s t  between t h e  i n l e t  conf igu ra t ion  shown 
i n  the f i g u r e  and t h e  configurat ion used during t h i s  test .  
gene ra to r s  shown i n  f i g u r e  1 on t h e  ramp and s i d e  w a l l s  were not  p re sen t  
f o r  this test. 
shown. The lead ing  edge of t h e  s ide f a i r i n g s  were blunted w i t h  a r ad ius  
of 0.42 centimeter.  
w i t h  a 3 t o  1 e l l i p s e .  

The v o r t e x  

Also the s i d e  f a i r i n g s  and cowl l i p  w e r e  n o t  sha rp  as 

The cowl l i p  w a s  0.76 cent imeter  t h i c k  and b lun ted  

Engine 

The J85-GE-13 engine c o n s i s t s  of an eight-s tage axial-f low com- 
p r e s s o r  coupled d i r e c t l y  t o  a two-stage tu rb ine .  
t r o l l e d  compressor i n t e r s t a g e  bleed and v a r i a b l e  i n l e t  guide vanes,  a 
through-flow annular  combustor, and an a f t e r b u r n e r  (not  used i n  t h i s  
test) wi th  a variable area primary exhaust nozzle.  
i s  shown i n  f i g u r e  2. 

It inco rpora t e s  con- 

Engine i n s t a l l a t i o n  

A t  sea-level cond i t ions  and m i l i t a r y  power ope ra t ion ,  t h e  e i g h t -  
s t a g e  compressor develops an o v e r a l l  s t a t i c  p res su re  r a t i o  of 7.0. 
p r e s s u r e  r a t i o  pe r  s t a g e  averages out t o  1.275. 

The 

The compressor i n t e r s t a g e  bleed va lves  ( loca t ed  a f t e r  t h e  t h i r d ,  
f o u r t h ,  and f i f t h  compressor s tages)  are mechanically l i nked  t o  t h e  var- 
i a b l e  i n l e t  guide vanes so t h a t  when t h e  b l eed  valves are f u l l y  open, t h e  
g u i d e  vanes are f u l l y  c losed.  The i n l e t  guide vanes are l inked  toge the r  
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and scheduled by t h e  main f u e l  control  as a funct ion of c o r r e c t e d  speed. 
This provides  t h e  normal i n t e r s t a g e  bleed schedule. 
during t h i s  t es t  and for a l l  comparison d a t a  presented h e r e i n ,  t h e  guide 
vanes were computer con t ro l l ed  on a nonstandard schedule p rov id ing  the 
maximum allowable bleed c l a su re  for safe engine ope ra t ion  as d i c t a t e d  by 
compressor b l ade  v i b r a t i o n  l imits ,  This procedure w a s  r e q u i r e d  t o  ob- 
t a i n  t h e  maximum assurance D f  engine s t a l l  a t  co r rec t ed  speeds below 
94 percent  of r a t e d  speed, 

For s t a l l  a t t empt s  

Corepressor s ta l l s  were i n i t i z r e d  by c l o s i n g  the exhaust nozzle In 
o rde r  t o  lower tu rb ine  temperatures du r ing  t h i s  procedure, t he  f i r s t  
s t a g e  t u r b i n e  nozzle was replaced by a u n i t  approximately 14 percent  
smaller i n  area. This rematched the  t u r b i n e  t o  the  ccmpressor at a lower 
than normal turbine i n l e t  temperature ~ 

A t  engine speeds below 90 percent of r a t e d  speed, manual c losu re  
the standard exhaust nozzle r e su l t ed  i n  minimum nozz le  areas t h a t  w e r e  
too l a r g e  t o  cause compressor s t a l l .  To o b t a i n  smaller nozzle  areas (and 
h ighe r  cornpressor p re s su re  r a t i o s ) ,  s i x  a i r f l o w  blockage p l a t e s  were i n -  
s t a l l e d  i n s i d e  t h e  nozzle l eaves .  

Steady s ta te  operat ion of the J85-GE-13 engine,  while  coupled t o  an 
axisymmetric mixed-compression i n l e t  i s  r epor t ed  i n  r e fe rence  2 * Refer- 
ence 3 r e p o r t s  t r a n s i e n t  i n t e r a c t i o n s  between the  engine and t h e  same 
i n l e t  . 

Wing 

Details of t h e  wing are shown i n  f i g u r e  3. The wing had a s l i g h t  
a f t  sweep of t h e  l e a d i n g  edge and a forward sweep of t h e  t r a i l i n g  edge. 
Also, t h e  wing w a s  symmetrical with p a r a l l e l  upper and lower s u r f a c e s  
over much of t he  chord. The leading edge w a s  a 4.52 t o  1 e l l i p s e  and t h e  
t r a i l i n g  edge w a s  formed by a 25 degree included angle  and f a i r e d  i n t o  
the  s t r a i g h t  s i d e s  of t h e  wing. 

The wing w a s  mounted i n  the  tunnel  test s e c t i o n  forward of t he  i n l e t  
and extended v e r t i c a l l y  down from a c i r c u l a r  i n s e t  i n  the tunne l  c e i l i n g  
( f i g .  4 ) .  Wing angle  of a t t a c k  was v a r i e d  by r o t a t i n g  t h e  c i r c u l a r  i n s e t .  
The i n l e t  l o c a t i o n  a f t  of t h e  wing ( f i g .  5) placed t h e  ramp edge 8.2 
wing-tip chord l e n g t h s  downstream of the  wing-tip t r a i l i n g  edge. A typ- 
i c a l  v o r t e x  pa th  from t h e  wing t o  the i n l e t  i s  shown i n  f i g u r e s  5 and 6 .  
This pa th  was produced by t h e  wing a t  +11 degrees angle  of a t t a c k  ( r e f .  1). 
The i n l e t  i s  shown a t  zero degree angle of a t t a c k .  The i n l e t  w a s  placed 
a t  v a r i o u s  v e r t i c a l  l o c a t i o n s  r e l a t i v e  t o  t h e  v o r t e x  t r a i l i n g  a f t  from 
t h e  wing by p i t c h i n g  the  i n l e t  t o  var ious angles  of a t t a c k .  
angle-of-attack v a r i a t i o n  during t h e  test w a s  from ze ro  t o  -7 degrees .  
As i n d i c a t e d  i n  f i g u r e  5 ,  p o s i t i v e  angle  of a t t a c k  was oppos i t e  t o  t h e  
normal convention. This w a s  because t h e  i n l e t  was mounted upside down i n  
t h e  tunne l .  

Maximum 
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Instrument at i o n  

The compressor f a c e  pressure in s t rumen ta t ion  i s  shown i n  f i g u r e  7 .  
The 36 t o t a l -p re s su re  probes were a r e a  weighted i n  the  fol lowing manner, 
The cornpressor face a rea  w a s  divided i n f o  s i x  equa l  area r i n g s ,  Long 
rakes were placed 60 degrees apar t  arcund t h e  duct with t h r e e  t o t a l  
probes i n  each rake.  Probes were centered a t  t he  mid a r e a  l o c a t i o n s  of 

. the  f i r s t  r i n g  (innermost),  t h i r d  z i n g ,  and f i f t h  r i n g .  Short rakes  w e r e  
centered between the  l s n g  rakes The t o t a l  p re s su re  probes sf t h e  sho r t  
rakes we-e centered a t  t h e  mid s:ea I r c a t i z n s  of t h e  Fecond, f o u m h ,  and 
s i x t h  r i n g s .  The comprr;ssc?s discharge p res su re  w a s  measured by the e i g h t  
z a d i a l l y  area weighted total-pressure probes shown i n  f i g u r e  8. 
engine speed was measuxed by a magneriz pickup which sensed s-he t o o t h  
passage of a r c t a t i n g  gee?r which wzzs a t t ached  t3 t h e  custcmer power rake- 
of f  s h a f t  from the  engine ge;rbcx The engine co r rec t ed  a i r f l o w  w a s  n c t  
measured d i r e c t l y  bu t  w 3 s  determined from t h e  compressor ope ra t ing  map 
previously determined f o r  t h i s  engine i n  connected p ipe  t e s t s  ( r e f  4 )  
S p e c i f i c a l l y ,  t h e  corrected a i r f l ew  w a s  picked from t h e  compressor map t o  
correspond t o  the  measured compressor pres su re  r a t i o  and engine c a r r e c t e d  
speed. This procedure required a l i n e a r  i n t e r p o l a t i o n  between the e a s t -  
i n g  constant  co r rec t ed  speed l i n e s .  
w a s  c a r e f u l l y  monitored during a l l  engine s t a l l  a t t e m p t s  and w a s  measured 
by e i g h t  thermocouples, which were i n s t a l l e d  by t h e  engine manufacturer 
and wired i n  p a r a l l e l  t o  give an average reading. 

The 

The t u r b i n e  discharge temperature  

Test Procedure 

S t a l l  a t tempts  were made w i t h  t h e  wing set  a t  11 degrees angle  of 
attack t o  produce a vo r t ex  of maximum s t r e n g t h  ( r e f .  4) e 

bo th  p o s i t i v e  and nega t ive  angles  of a t t a c k  were i n v e s t i g a t e d .  
t i ve  angle  of a t t a c k  (defined i n  f i g .  9)  produced a counterclockwise 
r o t a t i n g  vo r t ex  when viewed from ups t ream which r o t a t e d  i n  t h e  same d i r e c -  
t i o n  as t h e  engine.  Conversely, a nega t ive  ang le  of a t t a c k  produced a 
clockwise r o t a t i n g  vo r t ex  which rotated counter  t o  t h e  engine r o t a t i o n .  

The e f f e c t s  of  
A posi-  

With a given wing angle  of attack, a series of s t a l l  a t tempts  were 
made at each s e l e c t e d  engine corrected a i r f low.  
the series occurred with the vortex e n t e r i n g  t h e  i n l e t  a t  a d i f f e r e n t  
ver t ical  l o c a t i o n  between t h e  cowl l i p  and t h e  i n l e t  ramp edge. Prior t o  
each series, a v e r t i c a l  l o c a t i o n  reference p o i n t  w a s  obtained by p i t c h i n g  
t h e  i n l e t  and using t h e  tunnel  s c h l i e r e n  system t o  v i s u a l l y  impinge the  
c e n t e r  of t h e  t r a i l i n g  v o r t e x  on the cowl l i p .  

Each s t a l l  a t tempt  of  

A l l  s t a l l  a t tempts  were i n i t i a t e d  a t  t h e  lowest compressor p re s su re  
r a t i o  a v a i l a b l e  at t h e  s e l e c t e d  engine co r rec t ed  a i r f l o w ,  The i n i t i a l  
c o n d i t i o n  w a s  achieved by c o n t r o l l i n g  t h e  t h r o t t l e  t o  set  t h e  s e l e c t e d  
c o r r e c t e d  a i r f l o w  while  keeping the exhaust nozz le  open. 
w a s  approached by c l o s i n g  t h e  nozzle t o  i n c r e a s e  t h e  compressor p r e s s u r e  
ra t io  whi l e  manually b i a s i n g  t h e  t h r o t t l e  t o  keep a constant  compressor 
f a c e  s ta t ic-  t o  to t a l -p re s su re  r a t i o  ( i . e* ,  a constant  co r rec t ed  a i r f l o w ) .  

The s t a l l  p o i n t  
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S t a l l s  were attempted a t  a constant co r rec t ed  a i r f l o w  r a t h e r  t han  a con- 
s t a n t  engine speed i n  o r d e r  t o  keep t h e  e n t e r i n g  v o r t e x  a t  a constant  
p o s i t i o n  as s t a l l  w a s  approached. Reference 1 r e p o r t s  t h a t  t h e  v o r t e x  
path i n  the v i c i n i t y  of t he  i n l e t  w a s  a f f e c t e d  by t h e  a i r f l o w  s t r eaml ines  
approaching t h e  i n l e t  i n  a manner such t h a t  t h e  ver t ica l  p o s i t i o n  of t h e  
vo r t ex  a t  the i n l e t  en t r ance  var ied with i n l e t  mass flow r a t i o ,  i . e . ,  
corrected a i r f low.  

Steady s ta te  d a t a  p o i n t s  presented la ter  i n  t h i s  r epor t  as t h e  
po in t s  of s t a l l  were obtained at a compressor p re s su re  r a t i o  as close t o  
s t a l l  as p o s s i b l e  wirhout s t a l l  occurring during the d a t a  scan.  
of these p o i n t s  s t a l l  occurred after the  d a t a  scan;  f o r  o t h e r s  the pres- 
s u r e  r a t i o  w a s  w i th in  0.04 of t h e  p re s su re  r a t i o  where s t a l l  occurred. 
When no s t a l l  occurred, d a t a  po in t s  were taken a t  t h e  h ighes t  p re s su re  
r a t i o  ob ta inab le  without exceeding t h e  t u r b i n e  discharge temperature 
l i m i t  of 1017 K. 

For most 

c 

RESULTS AND DISCUSSION 

Figure 10 p r e s e n t s  t h e  compressor performance t h a t  was obtained with 
t h e  inges t ed  vo r t ex  r o t a t i n g  counter t o  t h e  engine r o t a t i o n .  Data were 
taken, up t o  the p res su re  r a t i o  at s t a l l  o r  t h e  t u r b i n e  temperature l i m i t ,  
a t  three nominal co r rec t ed  a i r f lows  and are p l o t t e d  on a compressor map 
which was obtained with und i s to r t ed  inf low t o  t h e  engine i n  a connected 
p ipe  test  ( r e f .  4 ) .  Both t h e  current  d a t a  and t h e  d a t a  of  r e fe rence  4 
w e r e  obtained wi th  the  same i n l e t  guide vane and compressor i n t e r s t a g e  
bleed schedules.  The maximum corrected a i r f l o w  w a s  l i m i t e d  t o  18 k i l o -  
grams per second because higher  a i r f lows  would have r equ i r ed  t h e  engine 
t o  exceed i t s  r a t e d  mechanical speed when operated n e a r  t h e  u n d i s t o r t e d  
s t a l l  l i n e .  

The d a t a  i n  f i g u r e  10  a r e  shown f o r  va r ious  values  of t h e  inges t ed  
v o r t e x  v e r t i c a l  p o s i t i o n  parameter. 
ver t ica l  p o s i t i o n  of t h e  vo r t ex  r e l a t i v e  t o  t h e  i n l e t  (see s k e t c h ) .  

This parameter gives  the  approximate 

Vortex path I n l e t  p o s i t i o n  a t  
to  cowl l i p  with 
i n l e t  posi t ioned 
a t  r e fe rence  point, 

test point- ,  

I 
I 

I 
L I n l e t  p o s i t i o n  a t  

r e fe rence  po in t  
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The numerator of  the parameter (h) i s  t h e  v e r t i c a l  d i s t ance  of  t h e  cowl 
l i p  from t h e  previous ly  mentioned re fe rence  p o i n t  (vor tex  on l i p )  as cal- 
cu la ted  by geometric r e l a t i o n s  and t h e  i n l e t  change i n  p i t c h  angle  from 
t h e  re ference  p o i n t .  The denominator (H) i s  simply the  v e r t i c a l  d i s t ance  
from t h e  cowl l i p  t o  t h e  i n l e t  ramp edge. The r a t i o  (h/H) would then  de- 
termine the v e r t i c a l  d i s t ance  of the e n t e r i n g  v o r t e x  from t h e  cowl l i p  i n  
r e l a t i o n  t o  t h e  i n l e t  he igh t ;  but only i f  t h e  vor tex  pa th  w a s  unaf fec ted  
by i n l e t  v e r t i c a l  pos i t i on .  This w a s  probably not  t r u e  a t  the  axial lo- 
ca t ion  of t h e  cowl l i p  when t h e  vor tex  was near  t h e  ramp and a f f e c t e d  by 
t h e  flow tu rn ing  induced by the ramp angles .  This  could not  be  v i s u a l l y  
observed because of t h e  i n l e t  side f a i r i n g s .  

As shown by f i g u r e  10, l a rge  reduct ions  i n  stall  margin from t h a t  
obtained wi th  undis tor ted  inf low were observed when t h e  inges t ed  vo r t ex  
r o t a t e d  counter  t o  t h e  engine ro t a t ion .  
were obtained when t h e  inges t ed  vortex v e r t i c a l  p o s i t i o n  parameter w a s  
near  0.5 ( f i g .  10 (e ) ) .  
16.5, nea r ly  h a l f  o f  the undis tor ted  inf low s t a l l  margin ( v e r t i c a l  d i s -  
t ance  from normal ope ra t ing  l i n e  t o  s t a l l  l i n e )  was l o s t  due t o  t h e  en te r -  
i n g  vortex.  

The l a r g e s t  s tall  margin l o s s e s  

And f o r  a nominal engine co r rec t ed  a i r f l o w  of 

Figure 11 is  a r e p l o t  of t h e  d a t a  of f i g u r e  10. Compressor p re s su re  
r a t i o s  are p l o t t e d  aga ins t  cor rec ted  engine speed. 
u re s  10  and 11 i l l u s t r a t e s  t h e  f ac t  that the  s t a l l  p re s su re  r a t i o s  caused 
by tEe en te r ing  vo r t ex  are nea re r  t o  the p res su re  r a t i o s  of t h e  undis- 
t o r t e d  inf low s t a l l  l i n e  a t  a constant cor rec ted  speed than they  are a t  
a cons tan t  cor rec ted  a i r f low.  Thus the method chosen f o r  p re sen t ing  t h e  
d a t a  can s i g n i f i c a n t l y  a f f e c t  t h e  computed 1068 %XI a ta l l  preagurc r a t i o .  

Figures 12 and 13 present  the s t a l l  d a t a  obta ined  wi th  the inges t ed  
v o r t e x  r o t a t i n g  i n  the same d i rec t ion  as t h e  engine r o t a t i o n .  
compressor maps ( f i g .  12)  and the compressor pressure  r a t i o  a g a i n s t  cor- 
r e c t e d  engine speed p l o t s  ( f i g .  13) show (when compared t o  f i g s .  10 
and 11) t h a t  the vor tex  r o t a t i o n a l  d i r e c t i o n  had a s i g n i f i c a n t  e f f e c t  on 
t h e  s t a l l  pressure  r a t i o .  
u r e  12 (e ) .  A t  16.5 kilograms p e r  second nominal co r rec t ed  a i r f l o w  t h e  
compressor s t a l l e d  a t  a p res su re  r a t i o  of 5.63 when t h e  vo r t ex  r o t a t e d  
counter  t o  t h e  engine and at  a pressure r a t i o  of  6.19 when t h e  vo r t ex  
r o t a t e d  i n  t h e  same d i r e c t i o n  as the engine.  

A comparison of f i g -  

Both t h e  

For example, compare f i g u r e  10(e)  t o  f i g -  

The d a t a  t h a t  are presented  i n  f i g u r e s  10  t o  13 are l ack ing  somewhat 
i n  completeness due t o  t h e  f a c t  t h a t ,  a t  t h e  h igher  and lower co r rec t ed  
a i r f l o w s ,  t h e  tu rb ine  temperature l i m i t  prevented engine opera t ion  up t o  
t h e  p re s su re  r a t i o s  of  t h e  undie tor ted  inf low stall  l i n e .  A t  t h e  h igher  
c o r r e c t e d  a i r f low,  s t a l l  sometimes occurred below t h e  temperature l i m i t  
adding  t o  the d a t a  completeness; but a t  the  lower correc ted  a i r f l o w  stalls 
were never obtained. 

It w a e  decided t h a t  t h e  most p e r t i n e n t  method of p re sen t ing  t h e  loss 
i n  stall compressor p re s su re  r a t i o  wae at  a cons tan t  cor rec ted  engine speed 
because t h e  engine cannot s i g n i f i c a n t l y  change speed during t h e  few m i l l i -  
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seconds spanning t h e  occurrence of s tall .  
f i g u r e  14. 
ingested v o r t e x  was computed from f i g u r e s  11 and 13 a t  a cons t an t  t o r -  
r e c t e d  engine speed and p l o t t e d  i n  a nondimensional form a g a i n s t  t he  in- 
gested vo r t ex  v e r t i c a l  p o s i t i o n  parameter. 
ure  14 f o r  t h e  cases where t h e  tu rb ine  temperature l i m i t  w a s  reached 
be fo re  s t a l l  occurred, 

S t a l l  d a t a  are summarized i n  
The l o s s  i n  s t a l l  compressor p re s su re  r a t i o  caused by the  

Data are a l s o  shown i n  f i g -  

The l a r g e  l o s s e s  i n  s t a l l  compressor p re s su re  r a t i o  caused by t h e  
inges t ed  vo r t ex  are i l l u s t r a t e d  well  i n  f i g u r e  14. 
s t a l l  compressor p re s su re  r a t i o  caused by the  inges t ed  vo r t ex  r o t a t i n g  
counter  t o  t h e  engine r o t a t i o n  was l a r g e r  than t h e  maximum loss i n  s ta l l  
p re s su re  r a t i o  caused by t h e  vortex r o t a t i n g  with t h e  engine.  When the 
v o r t e x  r o t a t e d  counter t o  t he  engine,  t he  maximum nondimensional less i n  
s t a l l  pressure r a t i o  w a s  0.058 ( f i g .  1 4 ( a ) ) ;  whereas when t h e  v o r t e x  r 3 -  
t a t e d  with t h e  engine r o t a t i o n  the m a x i m u m  nondimensional l o s s  i n  s t a l l  
p re s su re  r a t i o  w a s  0.026 ( f i g .  14 (b ) ) .  A b e t t e r  pe r spec t ive  of t h e  s i g -  
n i f i c a n c e  of t hese  numbers i s  gained by t h e  r e a l i z a t i o n  t h a t  t h e  0.058 
nondimensional l o s s  i n  s ta l l  pressure r a t i o  r e p r e s e n t s  a s t a l l  p re s su re  
r a t i o  t h a t  w a s  33 percent  n e a r e r  t o  t h e  nominal normal ope ra t ing  l i n e  
(along a l i n e  of constant  corrected speed) than t h e  u n d i s t o r t e d  inf low 
s t a l l  l i n e .  
by t h e  v o r t e x  r o t a t i n g  with t h e  engine w a s  15 pe rcen t  n e a r e r  t o  t h e  nom- 
inal normal ope ra t ing  l i n e  than the und i s to r t ed  inf low s t a l l  l i n e .  

The maximum less i n  

The 0.026 nondimensional l o s s  i n  s t a l l  p re s su re  r a t i o  caused 

Figure 15 p resen t s  a c o r r e l a t i o n  of t h e  inges t ed  vo r t ex  v e r t i c a l  
p o s i t i o n  parameter with t h e  measured r a d i a l  p o s i t i o n  of t h e  v o r t e x  at she 
compressor face.  Although t h e  radial  p o s i t i o n s  of  t h e  vo r t ex  t h a t  are 
presented i n  the  f i g u r e  are f o r  a s p e c i f i c  vo r t ex  r o t a t i o n a l  d i r e c t i c n  
and eng ine  co r rec t ed  a i r f l o w ,  they are t y p i c a l  i n  t h a t  t h e  r a d i a l  posi-  
t i o n s  do n o t  vary s u b s t a n t i a l l y  with engine cond i t ions  o r  vo r t ex  rota- 
t i o n a l  d i r e c t i o n .  
a n a l y s i s  of compressor-face to t a l -p re s su re  p r o f i l e s  t h a t  are n o t  pre-  
s e n t e d  he re in .  
w a s  de t ec t ed  by t h e  to t a l -p re s su re  probes and t r a c e d  from probe t o  probe 
as t h e  v o r t e x  p o s i t i o n  v a r i e d  across  t h e  i n l e t  en t r ance .  

The r a d i a l  p o s i t i o n s  of t h e  v o r t e x  were obtained from 

The v o r t e x  co re  contained a lower t o t a l  p re s su re  whish 

It is  clear from f i g u r e s  1 4  and 15 t h a t ,  when t h e  inges t ed  v o r t e x  
w a s  r o t a t i n g  counter  t o  t h e  engine r o t a t i o n ,  t he  maximum l o s s  i n  s t a l l  
compressor p re s su re  r a t i o  occurred a t  t h e  higher  co r rec t ed  a i r f l o w s  when 
t h e  v o r t e x  w a s  l o c a t e d  nea r  t h e  engine hub. When the  v o r t e x  r o t a t e d  with 
the engine r o t a t i o n  t h e  maximum l o s s  i n  s ta l l  p re s su re  r a t i o  occurred 
a g a i n  at the  higher  co r rec t ed  a i r f lows  bu t  the v o r t e x  w a s  approximately 
midway between t h e  hub and t i p  on the  cowl s i d e  of t h e  duct .  
n o t  only show an e f f e c t  of v o r t e x  r o t a t i o n a l  d i r e c t i o n  on t h e  s t a l l  pres- 
s u r e  r a t i o  b u t  a l s o  t h a t  t h e  vortex p o s i t i o n  a t  t h e  compressor f a c e  
g r e a t l y  inf luenced t h e  s t a l l  pressure r a t i o .  However, t h e  d i s s i m i l a r  
p o s i t i o n  e f f e c t s  of t h e  clockwise and counterclockwise v o r t i c e s  s t r o n g l y  
sugges t  t h a t  the e f f e c t  of vo r t ex  p o s i t i o n  alone cannot be  i n t e r p r e t e d  
wi thou t  a l s o  consider ing t h e  inf luence of t h e  r o t a t i o n a l  d i r e c t i o n  of t h e  
v o r t e x  and i t s  e f f e c t s  on t h e  engine. 

These d a t a  
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A t  t h e  lower engine corrected a i r f l o w  where no s ta l ls  were obtained 
the t u r b i n e  temperature l i m i t  l i n e  i n  f i g u r e  14 i n d i c a t e s  that t h e  non- 
dimensional l o s s  i n  s ta l l  pressure r a t i o  could no t  have exceeded about 
0.03; roughly h a l f  of the maximum loss i n  s t a l l  p r e s s u r e  r a t i o  incu r red  
a t  t h e  h ighe r  co r rec t ed  a i r f l o w s  with the  vo r t ex  r o t a t i n g  counter  t u  t he  
engine ( f i g .  1 4 ( a ) ) ;  b u t  about the same as t h e  maximum l o s s  i n  s t a l l  pres- 
s u r e  r a t i o  incu r red  a t  the higher co r rec t ed  a i r f l o w s  wi th  t h e  v o r t e x  PO- 
t a t i n g  with t h e  engine ( f i g .  14(b)).  Because of the d i f f e r e n t  s t a l l  re- 
sults between t h e  h ighe r  and lower engine co r rec t ed  a i r f l o w s  ( f i g ,  l t ( a > )  
it  seems t h a t  the v o r t e x  induced s t a l l  c h a r a c t e r i s t i c s  of t h e  engine 
changed considerably a t  lower a i r f lows .  

The compressor-face total-pressure p r o f i l e s  generated du r ing  t h i s  
test revealed t h a t  at each ingested v o r t e x  p o s i t i o n  t h e  p r o f i l e s  obtained 
with clockwise and counterdoskwise r o t a t i n g  v o r t i c e s  were, with small 
v a r i a t i o n s ,  mi r ro r  images of  each o t h e r ,  e s p e c i a l l y  those a t  t h e  same 
engine co r rec t ed  a i r f low.  This f a c t ,  coupled wi th  t h e  above d i s s i m i l a r  
e f f e c t s  of  v o r t e x  r o t a t i o n a l  d i r e c t i o n  on stall ,  m a k e  i t  clear t h a t  no 

7 - t -  r-e- i n t e r p r e t a t i o n  of t h e  total-pressure v a r i a t i o n s  a c r o s s  the  compressor 
I face could c o r r e l a t e  them with vortex induced s t a l l  compressor p re s su re  

r a t i o s .  

The v o r t e x  s t a l l  e f f e c t s  reported h e r e i n  must then be dependent on 
the r o t a t i o n a l  p r o p e r t i e s  of the vortex.  The m a x i m u m  r o t a t i o n a l  v e l o c i t y  
of t h e  vo r t ex  a t  the  compressor face w a s  as l a r g e  as 25 pe rcen t  of t h e  
l o c a l  stream v e l o c i t y  ( r e f .  l), with a diameter of about 4.5 cen t ime te r s ;  
less than  h a l f  t h e  compressor hub diameter.  The probable s t r e a m l i n e  of 
tk v o r t e x  maximum r o t a t i o n a l  v e l o c i t y  as i t  expanded and wrapped around 
the engine hub when t h e  vortex was loca ted  near  t h e  hub is shown i n  the 
sketch. 

Streamline o f  
maximum r o t a t i c n a l  
v e l o c i t y  of clock- 
w i s e  v o r t e x  

The r e s u l t i n g  l a r g e  r o t a t i o n a l  v e l o c i t i e s  near t h e  hub and t o t a l l y  around 
its circumference e x p l a i n  the l a r g e  loss i n  s t a l l  p re s su re  r a t i o  t h a t  oc- 
c u r r e d  when t h e  v o r t e x  w a s  near the hub and r o t a t i n g  counter  t o  t h e  
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engine. 
t o  t h e  compressor b lades  as a cont inual  l a r g e  inc rease  i n  angle  of a t t a c k  
near  t h e  hub and thereby increase  t h e  l i k e l i h o o d  of s t a l l .  A c o n t r i b u t i n g  
f a c t o r  t o  t h i s  increased  s t a l l  p o t e n t i a l  may be due t o  a c h a r a c t e r i s t i c  of 
t he  engine reported i n  re ference  4; when t i p ,  mid-span, and hub r a d i a l  
d i s t o r t i o n  p a t t e r n s  were imposed upon the  compressor, t he  hub reg ion  WBS 
found t o  be the  most s e n s i t i v e  t o  d i s t o r t i o n .  

With such a condi t ion  f l u i d  r o t a t i o n a l  v e l o c i t i e s  would appear 

SUMMARY OF RESULTS 

A two-dimensional inlet-engine combination w a s  placed i n  a Mach 0.4 
stream i n  t h e  L e w i s  10- by 10-Foot Supersonic  Wind Tunnel s o  as to i n g e s t  
the t i p  vca-tex of a wing mounted a t  a forward l o c a t i o n  i n  the  test sec- 
t i o n .  I n l e t  angle-of-attack v a r i a t i o n  was used t o  cause v o r t e x  i n g e s t i o n  
t o  occur a t  s e l e c t e d  v e r t i c a l  l o c a t i o n s  ac ross  t h e  i n l e t  en t r ance ,  Wing 
angle  of a t t a c k  w a s  s e l e c t e d  t o  produce the  maximum vor t ex  s t r e n g t h ,  and 
p o s i t i v e  and negat ive  angles  were u t i l i z e d  t o  genera te  v o r t i c e s  t h a t  rc- 
t a t e d  with and oppos i te  t o  the  d i r e c t i o n  of t u r b o j e t  engine r o t a t i o n ,  
The e f f e c t  of these v a r i a b l e s  on the  s t a l l  margin of t he  J85-GE-13 turbo- 
jet engine  w a s  determined a t  th ree  co r rec t ed  a i r f lows  with the  fol lowing 
r e s u l t s .  

1. Inges t ion  of a wing t i p  vor tex  by a t u r b o j e t  engine can cause a 
l a r g e  reduct ion  i n  engine s t a l l  margin. 

2 .  Vortex l o c a t i o n  at  the  compressor face  and vo r t ex  r o t a t i o n a l  d i -  
r e c t i o n  had a s i g n i f i c a n t  e f f e c t  on t h e  compressor pressure  r a t i o  a t  
w h i c h  s t a l l  occurred. 

3 .  Vortex induced s t a l l  compressor p re s su re  r a t i o s  d id  no t  c o r r e l a t e  
w i t h  t o t a l -p re s su re  v a r i a t i o n s  across  t h e  compressor face .  

4. With the  vo r t ex  r o t a t i n g  opposi te  t o  t h e  engine r o t a t i o n  and lo -  
ca t ed  near  t h e  compressor hub, the  engine s t a l l e d  at a compressor pres -  
s u r e  r a t i o  that w a s  c l o s e r  t o  t h e  normal ope ra t ing  l i n e  than t h e  undis- 
t o r t e d  inf low p res su re  r a t i o  by as much as 33 percent  a long a l i n e  of 
cons t an t  co r rec t ed  speed. 

5 .  With t h e  vo r t ex  and engine r o t a t i n g  i n  t h e  same d i r e c t i o n ,  t he  
maximum l o s s  i n  s t a l l  p re s su re  r a t i o  w a s  smaller and occurred when t h e  
v o r t e x  w a s  l oca t ed  on t h e  cowl s i d e  of t h e  duct  about midway between the  
hub and t i p .  
t o  the normal ope ra t ing  l i n e  than the und i s to r t ed  inf low s t a l l  l i n e ,  

The s ta l l  p re s su re  r a t i o  w a s  as much as 15  percent  c l o s e r  
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Fiqure 1. - Inlet model installed in  10- by 10-Foot Supersonic Wind Tunnel. 
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