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SUMMARY 

A s u r v e y  i s  p r e s e n t e d  o f  e x p e r i m e n t a l  and a n a l y t i c a l  e x p e r i e n c e  o f  t h e  NASA L e w i s  

o s t a n d i n g  o f  t h e  e f f e c t s  o f  i n l e t  d i s t o r t i o n  on e n g i n e  pe r fo rmance ,  p a r t i c u l a r l y  on t h e  
I compress ion  s y s t e m  pe r fo rmance .  R e s u l t s  o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s  and a n a l y t i c a l  

model ing w o r k  a t  NASA a r e  r ev iewed  t o g e t h e r  w i t h  a d e s c r i p t i o n  o f  t h e  hardware and t h e  
t e c h n i q u e s  employed. D i s t o r t i o n  d e v i c e s  s u c c e s s f u l l y  s i m u l a t e d  i n l e t  d i s t o r t i o n ,  and 
knowledge was g a i n e d  on compress ion  system r e s p o n s e  t o  d i f f e r e n t  t y p e s  o f  d i s t o r t i o n .  
A l ist  o f  NASA r e s e a r c h  r e f e r e n c e s  is inc luded .  

Resea rch  C e n t e r  i n  e n g i n e  r e s p o n s e  t o  i n l e t  t e m p e r a t u r e  and p r e s s u r e  d i s t o r t i o n s .  T h e r e  
h a s  been a c o n t i n u i n g  NASA e f f o r t  o v e r  t h e  past  d e c a d e  and a h a l f  t o  improve t h e  unde r -  
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INTRODUCTION 

A p e r s i s t e n t  problem i n  t h e  development o f  a i r b r e a t h i n g  p r o p u l s i o n  sys t ems  f o r  new 
a i r c r a f t ,  b e  t h e y  t u r b o j e t ,  t u r b o f a n  or t u r b o s h a f t  e n g i n e s ,  is t h e  d e t r i m e n t a l  e f f e c t  of 
nonuniform i n l e t  f l o w  on e n q i n e  s t a b i l i t y .  When r o t a r y - w i n g  a i r c r a f t  a r e  o p e r a t i n g  n e a r  
t h e  ground ( i . e . ,  i n  ground e f f e c t ) ,  engine e x h a u s t  c a n  be  c o n t a i n e d  by t h e  r o t o r  down- 
wash and r e c i r c u l a t e d  t o  t h e  e n g i n e  i n l e t  ( F i g .  1, Ref .  1) .  With v e r t i c a l / s h o r t  t a k e o f f  
and l a n d  (V/STOL) a i r c r a f t  t h e  j e t  s t r eam impinges  on t h e  g round ,  f l o w s  outward from t h e  
impingement p o i n t s ,  and e v e n t u a l l y  r eaches  t h e  e n g i n e  i n l e t .  T h i s  l e a d s  t o  h o t  g a s  
i n g e s t i o n .  O the r  p o t e n t i a l  s o u r c e s  o f  i n l e t  f l ow d i s t o r t i o n  a r e  gun- o r  r o c k e t - e x h a u s t  
g a s  i n g e s t i o n ,  wakes from o t h e r  a i r c r a f t ,  a i r c r a f t  maneuvers ,  i n t e r a c t i o n  of a i r f r a m e  
and i n l e t ,  and o f f - d e s i g n  o p e r a t i o n  o f  the i n l e t .  

The e f f e c t  o f  t h i s  i n l e t  d i s t o r t i o n ,  b e  i t  a p r e s s u r e  o r  t e m p e r a t u r e  d i s t o r t i o n  o r  
a c o m b i n a t i o n  o f  t h e  t w o ,  is t h a t  t h e  power a v a i l a b l e  is reduced  a l o n g  w i t h  t h e  e n g i n e -  
compress ion - sys t em s u r g e  margin ( i . e . ,  the d i f f e r e n c e  between t h e  o p e r a t i n g  l i n e  and 
s u r g e  l i n e ) .  The c o n f i d e n t  p r e d i c t i o n  of i n g e s t i o n  l e v e l s ,  or i n l e t  d i s t o r t i o n  p a t -  
t e r n s ,  f o r  any  a r b i t r a r y  a i r c r a f t / e n g i n e  d e s i g n  and  t h e i r  e f f e c t  on compress ion  sys t em 
pe r fo rmance  r e q u i r e s  a comprehensive s e t  of d e s i g n  d a t a  n o t  e a s i l y  o b t a i n e d .  Ground- 
l e v e l  e n g i n e  t e s t s  and f l i g h t  t es t s  a r e  r e q u i r e d  t o  measure t h e  magnitude and t h e  
e f f e c t s  o f  i n l e t  d i s t o r t i o n  on  t h e  eng ine  i n  q u e s t i o n .  

A c o n t i n u i n g  e x p e r i m e n t a l  and  a n a l y t i c a l  program h a s  been i n  p r o g r e s s  a t  t h e  L e w i s  
Resea rch  C e n t e r  f o r  more t h a n  a d e c a d e  t o  f u r t h e r  t h e  u n d e r s t a n d i n g  o f  i n l e t  d i s t o r t i o n  
and its e f f e c t s  on e n g i n e  s t a b i l i t y ,  p a r t i c u l a r l y  t h a t  o f  t h e  compress ion  system. T h i s  
work i n c l u d e s  i n v e s t i g a t i o n s  u s i n g  t u r b o j e t ,  t u r b o f a n ,  and t u r b o s h a f t  e n g i n e s  s u b j e c t e d  
t o  d i s t o r t i o n s  o f  i n l e t  p r e s s u r e ,  t e m p e r a t u r e ,  and a combina t ion  o f  p r e s s u r e  and temper-  
a t u r e .  A s  b y p r o d u c t s  o f  t h e s e  i n v e s t i g a t i o n s ,  d e v i c e s  t o  g e n e r a t e  s t e a d y - s t a t e  and t i m e -  
v a r i a n t  p r e s s u r e  and t e m p e r a t u r e  d i s t o r t i o n s  were d e v e l o p e d .  

The e f f e c t s  o f  i n l e t  f l o w  d i s t o r t i o n s  a s  d e f i n e d  by t o t a l  p r e s s u r e  v a r i a t i o n s  were 
e x t e n s i v e l y  i n v e s t i g a t e d  by NASA's p r e d e c e s s o r ,  t h e  N a t i o n a l  Adv i so ry  Committee f o r  
A e r o n a u t i c s  ( N A C A ) ,  i n  t h e  1 9 5 0 ' s .  R e l a t i v e l y  s i m p l e  a n a l y t i c a l  models  and i n d i c e s  were 
d e v e l o p e d  t o  p r e d i c t  t h e  e f f e c t s  o f  pressure d i s t o r t i o n  on e n g i n e  s t a b i l i t y .  However, 
i n  t h e  1960's, h i g h e r  s p e e d  a i r c r a f t  encoun te red  s t a b i l i t y  p rob lems  n o t  p r e d i c t e d  by 
t h e s e  models .  I t  was d e t e r m i n e d  t h a t  t h e s e  p rob lems  were t h e  r e s u l t  o f  t ime-va ry ing  
i n l e t  t o t a l  p r e s s u r e  d i s t r i b u t i o n s .  A t  t h a t  time it  was deemed d e s i r a b l e  t o  a l s o  i n v e s -  
t i g a t e  t h e  e f f e c t  o f  nonuniform i n l e t  t empera tu re  on  e n g i n e  s t a h i l i t y .  Although temper-  
a t u r e  d i s t o r t i o n  c a u s e d  s e v e r a l  known a i r c r a f t  i n c i d e n t s ,  i t  had n o t  been examined 
e x c e p t  f o r  a few i n v e s t i g a t i o n s  i n  t h e  1950 ' s  ( R e f s .  2 t o  4 ) .  

I n  t h e  mid-1960's  NASA r e t u r n e d  t o  the  i n v e s t i g a t i o n  o f  e n g i n e  s t a b i l i t y  and i n l e t  
f l o w  d i s t o r t i o n .  P r ime  i n t e r e s t  was i n  t i m e - v a r i a n t  p r e s s u r e  d i s t o r t i o n  and b o t h  s t e a d y -  
s t a t e  and t i m e - v a r i a n t  t e m p e r a t u r e  d i s t o r t i o n s .  The r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  were 
i n c o r p o r a t e d  i n t o  a n a l y t i c a l  models  and  t h u s  p r o v i d e d  a b a s e  f o r  a b e t t e r  u n d e r s t a n d i n g  
o f  t h e  phenomenon. 

S t e a d y - s t a t e  and t i m e - v a r i a n t  d e v i c e s  t o  c r e a t e  i n l e t  t e m p e r a t u r e  and p r e s s u r e  d i s -  
t o r t i o n s ,  and combined t e m p e r a t u r e  and p r e s s u r e  d i s t o r t i o n  were r e q u i r e d  t o  s i m u l a t e  t h e  
i n l e t  f l ow d i s t o r t i o n  o c c u r r i n g  i n  t h e  f i e l d .  NASA L e w i s  deve loped  t h e  d e v i c e s  which 
a r e  d e s c r i b e d  i n  t h i s  r e p o r t .  H i g h l i g h t s  o f  r e s u l t s  o f  t h e  NASA work w i t h  t h e s e  d i s t o r -  
t i o n  d e v i c e s  o v e r  t h e  p a s t  decade  and a h a l f  a r e  a l s o  p r e s e n t e d .  

o n  e n g i n e  pe r fo rmance ,  and t h e  l a r g e  amount o f  d a t a  g e n e r a t e d  i n  t h e s e  programs,  some 
l i m i t  t o  t h e  i n f o r m a t i o n  p r e s e n t e d  is r e q u i r e d .  T h i s  r e p o r t  r e v i e w s  NASA i n v e s t i g a t i o n s  
i n t o  t h e  e n g i n e  r e s p o n s e  t o  d i s t o r t e d  i n l e t  c o n d i t i o n s  and c o v e r s ,  b r i e f l y ,  t h e  r e s u l t s  
o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s ,  some a n a l y t i c a l  model ing work, and ha rdware  and t e c h -  
n i q u e s  used  t o  s i m u l a t e  i n l e t  p r e s s u r e  and t e m p e r a t u r e  d i s t o r t i o n s .  

Because o f  t h e  l a r g e  number o f  programs i n v o l v i n g  i n l e t  d i s t o r t i o n  and i ts  e f f e c t s  



The presentation of experimental results is divided into three Sections: 

(1) Steady-state and time-variant temperature distortion 
( 2 )  Steady-state and time-variant inlet pressure distortion 
( 3 )  Steady-state combined inlet pressure and temperature distortion 

Analytical modeling work and comparisons with experimental work are also presented. The 
devices used to create these distortions included screens, both stationary and rotata- 
ble, and a pressure jet system capable of injecting air counter to the inlet flow, thus 
Canceling inlet air momentum, to create both dynamic and steady-state pressure distor- 
tions. Temperature distortions were created by using hydrogen-fueled temperature dis- 
tortion generators of two different designs; the larger for experimental work involving 
turbojet and turbofan engines, and the smaller for turboshaft engine investigations. 

TEMPERATURE DISTORTION 

Temperature Distortion Generators 

Gaseous hydrogen burners were used to develop inlet temperature distortion. 
Because of the larger flows required, the inlet temperature distortion tests involving 
turbojet and turbofan engines required a different temperature distortion generator 
design than that used for the turboshaft engine tests. In addition the power output 
shaft in the center of the turboshaft engine inlet ducting and bellmouth imposed dif- 
ferent design requirements on the generator for that installation. 

The qaseous hydrogen burner (Figs. 2 and 3 )  used for tests with the turbojet and 
turbofan engines was installed upstream of the inlet bellmouth (Ref. 5). Hydrogen was 
used because it is cleaner burning--generating water vapor rather than pollutants--and 
requires a lower fuel-to-air ratio for a given temperature rise than other fuels that 
were considered. Therefore, its effects on engine performance parameters are of much 
less concern. Also, the low flammability limits of hydrogen permitted low levels of 
temperature rise. In addition, flame propagation is faster than other fuels considered. 
This was borne out in early investigations, which showed that temperature rise rates Of 
10 000 K/sec could he generated (Fig. 4 and Ref. 6 )  and that the distortion pattern 
remained nearly constant as flow approached the engine inlet (Fig. 5 and Ref. 7 ) .  In 
Fig. 4 the indicated, or measured, temperatures were corrected for time lag, Mach num- 
ber/pressure recovery, and radiation by using the procedures and equations found in 
Ref. 8 .  For the larger burners used with the turbofan and turbojet installations, the 
distance from the burner to the engine inlet was three to six duct diameters, while in 
the case of the generator for the turboshaft engine this distance was two duct diameters. 
A later version of the burner used for turbojet and turbofan testing (Fig. 6 )  has the 
capability of being remotely rotated f30° from the center position (Ref. 9). Each of 
the four quadrants, or circumferential extents, is individually controlled so that many 
combinations are possible. In addition, each gutter, or radial extent, in a quadrant is 
controllable. An added feature is that one quadrant is designed so that a 30' Sector 
can be inserted if an extent smaller than 90° is desired. Rotating the burner distor- 
tion pattern past the engine instrumentation permits mapping of the distortion and its 
effect through the compressor by using minimal instrumentation. 

There are additional features of the burners shown in Figs. 2,  3 ,  and 6 which are 
worthy of note. Each quadrant of the burner has five swirl-can pilot burners. A l s o  in 
each quadrant is an ignition source for the hydrogen, five annular flameholder gutters, 
one radial qutter, and tubes to supply the hydrogen to the proper location for ignition. 
The control system is capable of fast response for temperature transients by way Of a 
high-speed valve. For the time-variant temperature distortions, the desired hydrogen 
pressure is established in a trapped volume upstream of the flow control valve and a 
high-speed valve for the specified quadrants (Fig. 7 ) .  The swirl-can pilot burners at 
those quadrants are lit, and the engine-inlet temperature distortion pattern is set 
prior to each transient. At each engine condition, circumferential extents of the fan 
inlet can be exposed to a range of peak temperature magnitudes and/or temperature rise 
rates. The rate and magnitude are functions of the pressure and quantity of trapped 
hydrogen, respectively. The pressure of the trapped hydrogen can be changed and the 
process repeated until a compressor stall limit is reached. For steady-state distor- 
tions the valves for the quadrants of interest are opened slowly until the desired tem- 
perature level is reached at the engine inlet. 

The temperature distortion generator for turboshaft engine application can Create 
both steady-state and time-variant temperature distortion at the engine inlet by using 
gaseous hydrogen. It is an adaptation of a device described in Ref. 10. The burner 
(Fig. 8 )  consists of eight individually controlled sectors, with three swirl-cup combus- 
tors (Fig. 9) per sector. These swirl cups for the turboshaft engine distortion genera- 
tor are the same size as the swirl-can pilot burners used for the turbojet and turbofan 
engine temperature distortion generator. Many sector combinations, or temperature dis- 
tortion patterns, were possible. The hydrogen distribution system from the fuel supply 
point to the swirl-cup combustors and its operation are described in detail in Ref. 11. 

In a typical operation to find the response of the turboshaft engine to inlet tern- 
perature distortion, the swirl cups in those sectors where the temperature distortion 
was being imposed were lit (there were no pilots) while the engine was at idle. The 
hydrogen flow was adjusted, and the engine power was increased to the desired operating 
level. Once conditions were stabilized, the hydrogen flow was either increased to a 
fixed level to produce the desired steady-state distortion or, if a transient distortion 
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was desired, pulsed at increasingly greater pressures until stall occurred. Each pulse 
produced a unique combination of temperature rise and temperature rise rate at the 
engine inlet. 

Temperature Distortion Results 

The results of the temperature distortion investigations are categorized in terms 
of the effects of sensor location, distortion extent, distortion magnitude, and Reynolds 
number index (i.e., altitude operation) changes. 

Inlet temperature distortion can have a significant effect on engine stability, 
especially when it causes the engine control to operate at an incorrect equivalent rotor 
speed (i.e., the equivalent speed under standard sea-level-static inlet conditions). 
When the inlet temperature sensor detects either the cold or hot part of the distorted 
flow, the control adjusts variable geometry accordingly and changes the compressor stall 
margin differently than if the sensor detects the warm average inlet temperature. 
Therefore the location of the sensor is critical to engine stability and to the analysis 
of temperature distortions. 

As the extent of the distortion increased to a certain level, the engines tested 
were less tolerant of circumferential distortion at a fixed operating condition. More- 
over, the results from an investigation involving steady-state temperature distortion 
and a turbojet engine revealed that between 90 and 180' extent there was no significant 
change in compression system response (Ref. 12). This was also true for time-variant 
distortion testing with a turboshaft engine, even though it had an integral inlet parti- 
cle separator (Fig. 10 and Ref. 1 3 ) .  Figure 10 shows a leveling off of temperature rise 
with increasing extent as 180° is reached. 

shown in Fig. ll(a) have less effect on the compression system than single distorted 
sectors such as that shown in Fig. l l ( b )  (Ref. 12). While this was noted for a turbojet 
engine, it is also in agreement with results of temperature distortion experiments for 
the turboshaft engine with inlet particle separator (Fig. 12 and Ref. 13). The engine 
compression system was more tolerant not only of a balanced distortion such as 180' 
opposed distortion cells but also of such patterns as a four-per-revolution distortion 
uniformly spaced. 

the magnitude of the distortion and its effect on compressor performance were investi- 
gated. It was determined in Refs. 5 and 14 that, for the turbofan engine tested, the 
time-variant circumferential temperature distortion required to produce stall was inde- 
pendent of the rise rate (Fig. 13) and was a function of the equivalent steady-state 
distortion in the critical stage in the compressor. Thus the temperature distortion at 
the compressor face was greater than steady-state for increasing rise rates because of 
the time required for the flow (distortion) to reach the critical stage. In Fig. 13 it 
should be noted that below approximately 1000 K/sec the burner design did not permit 
high enough temperature rises for determining whether stall would occur at those condi- 
tions. However, since the steady-state threshold for stall was shown to be the same as 
that for the available time-variant data, it is assumed that the critical temperature 
rise is the same for the temperature rise rates between steady state and 1000 K/sec. 

In general, diametrically opposed circumferential distortion sectors such as those 

In addition to tests to determine the effect of circumferential distortion extent, 

Attempts were made to measure the magnitude of the steady-state distortion required 
to surge the turboshaft engine. None of these attempts were successful because the dis- 
tortion levels that could be imposed were limited by an engine-inlet hardware temperature 
limit. Another consideration was the engine-inlet particle separator. A simplified 
analysis of the compressor operating point of the turboshaft engine during these steady- 
state distortion tests indicated that the particle separator desensitized the engine to 
the extent of circumferential temperature distortion possibly by mixing the heated and 
unheated inlet air to produce a more uniform temperature profile at the compressor face. 

Figure 14 shows a plot of the uniform-inlet-flow compressor map generated experi- 
mentally. It should be noted that the map was constructed by using inferred compressor 
inlet conditions because space limitations made it impossible for truly representative 
temperatures and pressures to be measured at that station. Plotted on the compressor 
map is a steady-state data point where a 180° circumferential temperature distortion was 
created at the particle separator inlet (solid triangle). The engine did not surge for 
these conditions up to the steady-state temperature limit for the engine inlet hardware. 
If it is assumed that the compressor inlet will see the 180' circumferential distortion 
imposed at the separator inlet, experience shows that the average compressor operating 
point will be on the normal operating line, as shown by the solid triangular symbol. 
This represents the compressor speed equated to standard sea-level-static conditions by 
using the average engine inlet temperature. From parallel-compressor-theory assumptions 
(Refs. 15 and 16), the two sectors of the compressor operate at the same pressure ratio 
but at different equivalent speeds, as indicated by the solid diamond symbol for the hot 
sector and the solid cone symbol for the cold sector. As shown, the hot-sector opera- 
ting point is considerahly to the left of the surge line, and the compressor should have 
surged. Since no surge occurred, it may be assumed that the compressor inlet did not 
see the pure 180" distortion pattern hut probably saw a more homogeneous temperature 
leaving the particle separator. 

Finally, with inlet temperature distortion present, it was also found that the 
Reynolds number index (RNI) affected the stall margin. As an example, for the turbojet, 
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e v e n  w i t h  a moderate d i s t o r t i o n ,  t h e  s t a l l  margin d e c r e a s e d  a s  t h e  R N I  d e c r e a s e d  from 
0.65 t o  0 .30  ( F i g .  15  and Ref.  1 2 ) .  However, t h i s  w a s  n o t  as  pronounced a s  f o r  t h e  t u r -  
b o f a n  e n g i n e  (Ref .  1 7 ) .  

PRESSURE DISTORTION 

P r e s s u r e  D i s t o r t i o n  G e n e r a t o r s  

S t e a d y - s t a t e  p r e s s u r e  d i s t o r t i o n s  were g e n e r a t e d  by two methods.  The f i r s t ,  and 
o l d e r ,  method i n v o l v e d  s c r e e n s  o f  d i f f e r e n t  d e n s i t i e s .  The second  method o f  g e n e r a t i n g  
s t e a d y - s t a t e  and, i n  a d d i t i o n ,  t i m e - v a r i a n t  d i s t o r t i o n s  o f  t h e  i n l e t  t o t a l  p r e s s u r e  used  
a NASA-developed a i r  j e t  d e v i c e  ( R e f s .  18 and 1 9 ) .  The d e v i c e  and i t s  p o s i t i o n  r e l a t i v e  
t o  t h e  e n g i n e  i n l e t ,  a p p r o x i m a t e l y  one d u c t  d i a m e t e r  ups t r eam,  a r e  shown i n  F i g .  16 .  
T h i s  d e v i c e  produces t o t a l  p r e s s u r e  d i s t o r t i o n  p a t t e r n s  by t h e  c a n c e l l a t i o n  o f  i n l e t  
a i r f l o w  momentum. T h i s  is accompl i shed  by i n j e c t i o n  o f  s e c o n d a r y  a i r  i n t o  t h e  i n l e t  
d u c t  i n  t h e  d i r e c t i o n  o p p o s i t e  t o  t h e  p r imary  f low.  The d e v i c e  c o n t a i n s  54 i n d i v i d u a l  
j e t s  d i v i d e d  i n t o  s i x  60° s e c t o r s  o f  n i n e  j e t s  e a c h .  A r e m o t e l y  c o n t r o l l e d ,  h y d r a u l i -  
c a l l y  d r i v e n  v a l v e  g o v e r n s  t h e  f low t o  e a c h  s e c t o r  i n d e p e n d e n t l y .  The d e g r e e  o f  p r e s -  
s u r e  d i s t o r t i o n  i s  c o n t r o l l e d  by t h e  amount o f  t h i s  f l ow.  

P r e s s u r e  D i s t o r t i o n  R e s u l t s  

D i s c u s s i o n  o f  t h e  p r e s s u r e  d i s t o r t i o n  r e s u l t s  i n c l u d e s  h i g h l i g h t s  o f  t h e  e f f e c t s  o f  
b o t h  s t e a d y - s t a t e  and t i m e - v a r i a n t  d i s t o r t i o n s .  These  h i g h l i g h t s  i n c l u d e  t h e  e f f e c t s  O f  
t h e  d i s t o r t i o n  q e n e r a t o r  on  i n l e t  c o n d i t i o n s ,  t h e  e f f e c t s  o f  a t o t a l  p r e s s u r e  d i s t o r t i o n  
a s  i t  t r a v e l s  t h rough  t h e  e n g i n e  compress ion  s y s t e m ,  t h e  e f f e c t s  o f  a d i s t o r t i o n  r o t a t -  
i n g  w i t h  o r  opposed t o  e n g i n e  r o t a t i o n ,  t h e  e f f e c t s  o f  t h e  f r e q u e n c y  o f  t h e  d i s t o r t i o n  
p a t t e r n ,  and t h e  r e l a t i o n  between s t e a d y - s t a t e  and t i m e - v a r i a n t  d i s t o r t i o n s .  

s o u r c e  t h a t  produced i t  t o  t h e  e n g i n e  f a c e  ( F i g .  1 7 ) .  The s t a t i c  p r e s s u r e  d i s t o r t i o n ,  
however ,  i n c r e a s e d  e x p o n e n t i a l l y  f rom t h e  s o u r c e  t o  t h e  l e a d i n g  edge  o f  t h e  compressor  
f i r s t - s t a g e  r o t o r  b l a d e s  ( F i g .  1 8  and Ref s .  20 and 2 1 ) .  The b e h a v i o r  o f  t h e  S t a t i c  
p r e s s u r e  d i s t o r t i o n  i s  t h e  key t o  s a t i s f y i n g  t h e  i n l e t  f l o w  c o n d i t i o n  f o r  t h e  a n a l y t i c a l  
model,  a s  i s  e x p l a i n e d  i n  t h e  s e c t i o n  MODELING. For a s i n g l e  d i s t o r t i o n  zone I n  a 
c o n s t a n t - a r e a  d u c t ,  t h i s  s t a t i c - p r e s s u r e - d i s t o r t i o n  a x i a l  d i s t r i b u t i o n  c a n  be  r e p r e -  
s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n  ( R e f s .  2 2  and 2 3 ) :  

The t o t a l  p r e s s u r e  d i s t o r t i o n  d i d  n o t  change s i g n i f i c a n t l y  when t r a v e l i n g  from t h e  

where 

DPS maximum - minimum s t a t i c  p r e s s u r e  a t  a l o c a t i o n  x 

(DPS)IGV m a x i m u m  - minimum s t a t i c  p r e s s u r e  a t  mean r a d i u s  o f  I G V  

I GV i n l e t  g u i d e  vane  assembly 

X d i s t a n c e  ups t r eam o f  I G V  

R mean r a d i u s  o f  I G V  

The r a t e  a t  which t h e  t o t a l  p r e s s u r e  d i s t o r t i o n  i s  a t t e n u a t e d  w i t h i n  t h e  compresso r  
i n c r e a s e d  w i t h  i n c r e a s i n g  r o t o r  s p e e d  ( F i g .  1 9  and Ref .  2 4 ) .  A t o t a l  t e m p e r a t u r e  d i s t o r -  
t i o n  was g e n e r a t e d  by t h e  two u n e q u a l  p r e s s u r e  r a t i o s  c r e a t e d  by  t h e  p r e s s u r e  d i s t o r t i o n  
and was maximum a t  t h e  e x i t .  S i n c e  t h e  compressor  f l o w  e x i t s  i n t o  a plenum ( c o m b u s t o r ) ,  
t h e  s t a t i c  p r e s s u r e  i s  uniform.  A l s o  t h e  e x i t  Mach number i s  low, and t h e r e f o r e  t h e  
t o t a l  p r e s s u r e  d i s t o r t i o n  is  s m a l l .  

An i n l e t  t o t a l  p r e s s u r e  d i s t o r t i o n  r o t a t i n g  a b o u t  t h e  e n g i n e  a x i w i n c r e a s e d  s t a l l  
margin when t h e  d i s t o r t i o n  p a t t e r n  r o t a t e d  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  compresso r  
r o t a t i o n  b u t  d e c r e a s e d  t h e  s t a l l  marg in  when t h e  d i s t o r t i o n  r o t a t e d  i n  t h e  same d i r e c -  
t i o n  a s  t h e  compressor  r o t a t i o n  (see F i g .  2 0  and Ref .  2 5 ) .  The i n c r e a s e  and d e c r e a s e  i n  
s t a l l  marg in  a r e  r e l a t i v e  t o  t h e  s t e a d y - s t a t e  c o n d i t i o n ,  where t h e r e  i s  no r o t a t i o n  o f  
t h e  d i s t o r t i o n .  The d e c r e a s e  o f  s t a l l  margin is a l s o  a f u n c t i o n  o f  t h e  r o t a t i o n a l  
v e l o c i t y  o f  t h e  d i s t o r t i o n  a s  a f r a c t i o n  o f  t h e  r o t o r  s p e e d .  

s i n u s o i d a l  t o t a l  p r e s s u r e  v a r i a t i o n s  and 180" c i r c u m f e r e n t i a l  d i s t o r t i o n s ,  where (1) 
o n l y  t h e  d i s t o r t e d  s e c t o r ,  o r  t h e  s e c t o r  w i t h  its p r e s s u r e  below t h e  a v e r a g e  preSSUrer 
v a r i e d ,  and ( 2 )  b o t h  t h e  d i s t o r t e d  and u n d i s t o r t e d  s e c t o r s  v a r i e d  s i n u s o i d a l l y  b u t  180' 
o u t  of  phase .  A s  would be  e x p e c t e d ,  t h e  e f f e c t , o n  t h e  compresso r  was g r e a t e r  when b o t h  
t h e  d i s t o r t e d  and u n d i s t o r t e d  s e c t o r s  were a c t i v e .  

O the r  t i m e - v a r i a n t  i n l e t  t o t a l  p r e s s u r e  d i s t o r t i o n s  i n v e s t i g a t e d  were f u l l - f a c e -  

D i s c r e t e  i n l e t  p r e s s u r e  v a r i a t i o n s  c o v e r i n q  a v a r i e t y  o f  c i r c u m f e r e n t i a l  e x t e n t s t  
a m p l i t u d e s ,  and d u r a t i o n s  ( o r  f r e q u e n c i e s )  f o r  a g i v e n  r o t o r  s p e e d  were a l s o  i n v e s t i -  
g a t e d  ( R e f .  2 6 ) .  An example o f  t h i s  work is p r e s e n t e d  i n  F i g .  21 ,  a p l o t  o f  r e l a t i v e  
i n l e t  t o t a l  p r e s s u r e  a m p l i t u d e  a s  a f u n c t i o n  o f  p r e s s u r e  p u l s e  d u r a t i o n ,  which shows t h e  
c o n d i t i o n s  t h a t  induced compressor  s t a l l  f o r  e x t e n t s  from 60 t o  360°.  Depending on t h e  
e x t e n t  o f  t h e  p r e s s u r e  d i s t o r t i o n ,  t h i s  t h r e s h o l d  was from a p u l s e  d u r a t i o n  O f  5 t o  
1 4  rnsec, o r  a f r equency  of  a p p r o x i m a t e l y  1 0 0  t o  35 Hz, r e s p e c t i v e l y .  These  d a t a  

4 



indicate that stall is most likely to occur over a particular low frequency range, and 
the probability of it occurring above this range is low. A possible explanation for 
this behavior is that there is a finite time interval required for a rotor blade to 
stall in response to a total pressure distortion. During shorter durations, or higher 
frequencies, the distortion is too brief for a rotor blade to respond. The results 
showed that stall tolerance is a function of not only the instantaneous distortion 
level, but also the rate of change of the inlet pressure and the dwell-time of the 
fan-compressor rotor blading in an engine-inlet distortion. 

It is possible to relate time-variant pressure distortions to steady-state distor- 
tions (Fig. 2 2 )  by using instantaneous distortion theory as presented in Ref. 21. 
Pressure distortions were observed with proper frequency filtering, or elimination of 
extraneous frequencies above and below the range of interest, or the critical frequency 
range. However, the effects of a given distortion pattern are a function of the partic- 
ular geometry of an engine, such as combustor volume dynamics and compressor discharge 
conditions, and the results presented should only be used to show trends. 

was (max - min)/average. This can be related to individual and average compressor pres- 
sure ratios and their position on compressor maps. 

Overall it was found that a convenient descriptor for total pressure distortions 

COMBINED PRESSURE AND TEMPERATURE DISTORTTON 

Combined Pressure and Temperature Generators 

To avoid undue complexity in analyzing the results, the study of  combined tempera- 
ture and pressure distortion was limited to a steady-state investigation of various 
combinations of  180° circumferential temperature and pressure patterns. The effect of 
combined pressure and temperature distortion on compressor stability limits was deter- 
mined by slowly increasing the temperature in a 180° sector with a 180° extent dis- 
tortion screen in place until stall was reached. Since the screen could be indexed 
independently of the temperature distortion generator, the effects of  the relative posi- 
tions of the pressure and temperature distortions could be investigated. A different 
approach was followed for the experimental investigation reported in Ref. 12. Stall 
data were obtained once an inlet distortion was established by reducing the exhaust noz- 
zle area while maintaining constant equivalent engine speed. 

Combined Pressure and Temperature Results 

It was discovered that, when pressure and temperature patterns were fully over- 
lapped, the distortion created in the compression system resulted in the greatest loss 
of stall margin (Refs. 21 and 2 8 ) .  If the combined pressure and temperature distortion 
were properly oriented, one distortion could counteract the other and actually increase 
stall margin. This occurred when there was no overlap of the distortions. Varying the 
amount of overlap resulted in a proportional loss in stall margin. Again, there was a 
minimum extent of combined distortion that reduced the stall margin. 

tortion patterns, it was found that an operating envelope for an engine could be devel- 
oped that defined the distortion sensitivity limits. For example, Soeder (Ref. 2 1 )  found 
that a distortion sensitivity map relating pressure and temperature distortion could be 
developed relatively easily by using a rotatable screen 3f approximately 50 percent den- 
sity and a temperature distortion generator to cover both the full overlap and no over- 
lap conditions for the pressure and temperature distortions (Fiq. 2 3 ) .  

By using the techniques involved in creating combined pressure and temperature dis- 

MODELING 

An understanding of the effects of inlet flow distortions--pressure, temperature, 
and combined pressure and temperature--on stall margin can be obtained from a simplified 
model such as the one described in Refs. 15 and 16. These references also present a 
listing of some of the more common distortion indices and how they relate to the model. 
This theory predicted to a fair degree the pressure ratios and limiting distortions which 
cause compressor stall, but it did not consistently predict the equivalent air flow 
rates. However, the distorted and undistorted airflow rates were measured approximately 
1 m in front of the engine inlet. Because static pressure distortion increases exponen- 
tially with distance along the inlet duct wall (Refs. 2 0  and 2 1 ) ,  this discrepancy was 
reduced when the flows at the leading edge of the compressor first-stage blades were 
considered. Under NASA sponsorship this simplified model was further refined t o  yield a 
more reliable prediction for a low-bypass-ratio turbofan engine (Refs. 2 2  and 2 3 ) .  

another low-bypass-ratio turbofan engine model (Ref. 2 9 ) ;  a turbojet engine dynamic dis- 
tortion model which provided a multipath analysis of circumferential temperature, pres- 
sure, and combined distortions (Refs. 30 and 31); and a high-bypass-ratio multispool 
engine compression system dynamic model (Ref. 32). However, to simplify this report 
only a representative sample (Refs. 22 and 2 3 )  of the modeling effort is presented. The 
steady-state model was more closely related to the experimental programs being conducted 
at NASA in addition to beinq a more well developed code before NASA's participation. 
Another consideration is that the models presented in Refs. 3 0  to 32 were dynamic models 
and as such were directed less toward inlet distortion and more toward stagnation stall, 
a subject beyond the scope of this report. 

NASA was also involved in other modeling efforts. These included the following: 

Finally, the research emphasis a t  YAS.4 has 
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shifted from inlet distortion, and therefore the dynamic models (Refs. 29 to 32) were 
not exercised extensively with experimental data. 

An adaptation of the simplified model of Refs. 15 and 16, based on multiple flow 
paths (or parallel compressors) through the compression system, was developed by Mazzawy 
(Refs. 22 and 23) and extended under contract to achieve greater fidelity, especially 
with temperature distortion. Also, the model of the engine used for the experiment uti- 
lized compressor maps refined by using experimental data. Flows were permitted circum- 
ferentially across flow boundaries. Also, the temperature distortion was assumed to 
follow a particle through the compressor, whereas the pressure distortion was regarded 
as acoustic (Refs. 22 and 23) and exhibited less swirl in passing through the compres- 
sor. Comparison of the predictions obtained with this model and experimental data are 
presented in Ref. 28. This refined parallel compressor model was useful in obtaining an 
understanding of the stability phenomenon because it helped to relate pressure, tempera- 
ture, and combined pressure and temperature distortions. A general list of the assump- 
tions used in applying the refined parallel compressor theory are summarized as follows: 

parallel compressor, operating as an identity defined by the undistorted compressor map. 

(2) Swirl of the flow passing through the compressor is accounted for by the 
theory. The swirl associated with a pressure distortion is not identical to the swirl 
associated with a temperature distortion. Pressure passes through the compressor as an 
acoustic wave (i.e., little swirl), while temperature has the properties of a gas parti- 
cle and follows the gas flow path (i.e., the temperature distortion has more swirl than 
the pressure distortion). This modifies the edges of the distortions, or blurs the dis- 
tinction between distorted and undistorted regions. 

(1) The compressor is divided into suhcompressor elements, with each element, Or 

( 3 )  The exit static pressure is the same for all elements. 

(4) For pressure distortion the elements operate at uniform equivalent rotOK speed 
but at different pressure ratios dependent on the distortion, which results in unequal 
temperature ratios (i.e., pressure distortion is attenuated, and a temperature distor- 
tion is created). 

(5) For temperature distortion, the elements operate at a constant pressure ratio, 
and therefore the temperature distortion is not modified except by inefficiency in the 
compressor. 

unsteady flow effects, including engine-induced inlet flow redistribution, circumferen- 
tial crossflows, and unsteady flow due to rotor movement through a distorted flow field. 

( 6 )  Individual element performance is adjusted to account for two-dimensional and 

In the work done by Braithwaite and Soeder (Ref. 28), it was reported that there 
was good aqreement in duplicating analytically (Refs. 22 and 23) the experimental 
results by using the temperature and pressure profiles measured at the engine inlet. 
The flow angles measured at the engine inlet were satisfactorily duplicated analytically 
(Fig. 24). The internal response of the compression system, with regard to pressure and 
temperature profiles through the compressor (Fig. 25), swirl angles (Fig. 26), attenu- 
ation of the distortion (Fig. 27), and the values of limiting pressure and temperature 
distortions required to stall as determined analytically, was also found to be in good 
agreement with experimental results (Fig. 28). 

in Fig. 28 as a function of various levels of temperature distortion. Two regions are 
shown in the figure; one in which the high temperature is aligned with the low pressure 
region (-AT), and one in which the high temperature and low pressure are opposed to 
each other (AT). For -AT, or pure temperature distortion, it is shown that, as the 
temperature distortion decreases, larger total pressure distortions are required to 
stall the compression system until a pure pressure distortion is obtained. If the tem- 
perature distortion is then located in the opposite side of the inlet, increasing levels 
of pressure distortion are required for increasing temperature distortions. A second 
limit line is observed for the opposed distortions. For a pure temperature distortion, 
the distortion required to stall the engine is the same on either side of the engine. 
There is a stall region to the right of this point. 

the leading edge of the compressor first-stage blades, where high static pressure gradi- 
ents exist. The experimental validation that static pressure distortion increases expo- 
nentially as the inlet flow approaches the compressor face (Refs. 20 and 21), previously 
mentioned in this section, was instrumental in explaining lack of agreement in equivalent 
inlet airflow rate between experimental data and the analytical model. 

The amount of pressure distortion required to stall the compression system is shown 

The refined parallel compressor model worked well when airflow was determined at 

CONCLUDING REMARKS 

A review of NASA Lewis experimental and analytical experience in engine response to 
inlet temperature and pressure distortions has heen presented. Highlights of this work 
are the following: 

6 



1. Devices to generate inlet temperature and pressure distortion patterns have been 
developed and used successfully in conjunction with turbojet, turbofan, and turboshaft 
engines. 

2. Inlet temperature distortion has a significant effect on engine stability. 

3. The engines tested were less tolerant of circumferential temperature distortion 

4. Diametrically opposed temperature distortion sectors had less effect on the com- 

5. A critical temperature distortion level, independent of temperature rise rate, 

at a fixed operating condition as the extent of the distortion increased. 

pression system than single distorted sectors. 

had to be reached before stall occurred. 

6 .  With inlet temperature distortion present, stall margin decreased as the Reynolds 
number index decreased. 

7. The location of the engine-inlet temperature sensor can have a significant effect 
on response to inlet temperature distortion. 

traveling from the source that produced them to the engine inlet, but the static pressure 
distortion increased exponentially from the source to the engine inlet. 

8 .  The total pressure and temperature distortions did not change significantly when 

9. The compressor dissipated the total and static pressure distortions by the time 
the flow reached the compressor exit. However, a total temperature distortion was gen- 
erated at the compressor exit. 

10. A time-variant distortion pattern rotating in the opposite direction as the 
compressor rotation increased the stall margin, while a distortion rotating in the Same 
direction decreased the stall margin relative to the steady-state condition. The 
decrease of stall margin is also a function of the rotational velocity of the distortion 
as a fraction of the rotor speed. 

correspond to lower frequencies, but became more difficult as the duration decreased 
(i.e., higher frequencies) until a duration was reached where stall could not be 
achieved. 

distortion sensitivity map which could be used as a guide to surge-free engine Operation. 

11. In general, stall could be achieved more easily at longer pulse durations which 

12. Combined pressure and temperature distortion patterns were used to generate a 

13. There was good agreement between experimental data and analytical models which 
More work is required in this area before were developed for the engines investigated. 

generalized models are available. 
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(a) External view. 

(b) Internal view looking forward. 

Figure 3. - Gaseous hydrogen burner installed in altitude chamber. 
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(a) For producing temperature transients. 

(b) For producing steady-state distortion. 

Figure 6. - Gaseous-hydrogen-fueled burner  (quadrant IV) installation. 
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Figure 8. - Temperature distort ion generator for  turboshaft  engine testing. 
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Figure 16. - A i r  jet system. 
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Figure 16. - Continued. 



(d) A i r  jets installed in engine-inlet duct (view looking downstream). 

Figure 16. - Concluded. 
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