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Abstract 

The e f f ec t s  on s t a b i l i t y  of steady-state, 
180 degree extent  c i rcumferent ia l  d i s tor t ions  
of i n l e t  t o t a l  temperature and pressure were 
experimentally determined f o r  a tu rboje t  
engine. Results f o r  both individual  and 
combined temperature and pressure d is tor t ions  
a re  presented showing the losses  incurred i n  
s t a l l  pressure r a t i o  and are  compared with re- 
s u l t s  predicted using a s implif ied p a r a l l e l  
compressor model. The loss due t o  combined 
d is tor t ions  was dependent upon the r e l a t ive  
or ien ta t ion  between the low pressure and high 
temperature regions. Reasonable agreement was 
achieved between the predicted and observed 
loss  i n  s t a l l  pressure r a t i o  when based on a 
constant corrected speed relat ionship.  

Introduction 

A pers i s ten t  problem i n  the development of 
a i r  breathing propulsion systems f o r  new a i r -  
c r a f t  is  the uncertainty of the detrimental 
e f f ec t  of non-uniform i n l e t  flow on engine 
s t a b i l i t y .  These flow d is tor t ions  of ten re- 
s u l t  from: a i r c r a f t  maneuvers; the unforeseen 
coupling of the i n l e t  and engine; and ho t  gas 
ingestion resu l t ing  from armament f i r i ng ,  re- 
c i rcu la t ion  of exhaust gases i n  STOGVTOL 
appl icat ions,  or wakes from other a i r c r a f t .  

Considerable experimental e f f o r t  has been 
expended t o  develop ar. understanding of the  
e f f ec t s  of pressure d is tor t ions .  A r e l a t ive ly  
small e f f o r t  has been made t o  understand temp- 
erature  d is tor t ions ,  reference 1 t o  9 .  Typi- 
ca l ly ,  these w e r e  e i t he r  investigations of 
steam ingestion resu l t ing  from ca tapul t  
launches of a i r c r a f t  or missile exhaust gas 
ingestion. 

An experimental program t o  fur ther  the under- 
standing of the e f f ec t s  of i n l e t  flow d is tor -  
t ions  on engine performance has been undertaken 
and is continuing a t  the NASA Lewis Research 
Center. P a r t  of t h i s  program, which is report- 
ed herein, was t o  compare the e f f ec t s  of pres- 
sure and temperature d is tor t ion ,  separately 
and i n  combination, on the performance of an 
a i r c r a f t  engine. To simplify t h i s  investiga- 
t ion ,  a simple turboje t  engine, a J85-GE-13, 
was tes ted  i n  an a l t i t ude  f a c i l i t y .  This en- 
gine has a single-spool eight-stage ax ia l  flow 
compressor with var iable  i n l e t  guide vanes 
(IGV) and th i rd ,  fourth and f i f t h  s tage bleeds 
t h a t  a re  scheduled a s  a function of corrected 
ro tor  speed. 

The r e su l t s  presented i n  t h i s  paper have 
been r e s t r i c t ed  t o  those obtained with 
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circumferent ia l  one-per-revolution 180O extent  
d i s tor t ions .  
of varying the  circumferential and r a d i a l  ex- 
t e n t  of i n l e t  pressure d is tor t ions  were a l so  
investigated and a re  reported i n  reference 10. 
The r e su l t s  herein a re  r e s t r i c t ed  t o  corrected 
ro to r  speeds from 90 t o  100 percent where the 
bleeds were closed and the  i n l e t  guide vanes 
f ixed.  Also, only data obtained a t  one 
Reynolds number index, 0.67, is  reported. The 
i n l e t  t o t a l  pressure and temperature on the un- 
d is tor ted  s ide  of the  engine was maihtained a t  
approximately 2/3 of an atmosphere and 2 l o C ,  
respectively. 

The effects on engine performance 

The r e su l t s  a r e  presented and discussed i n  
four  sect ions.  The first covers the d is tor t ion  
of inlet t o t a l  pressure; the second discusses 
temperature dlstortrion; QombSned distorMon is 
discussed th i rd ;  and f ina l ly ,  the r e s u l t s  a r e  
compared with those predicted using a simpli- 
f i e d  p a r a l l e l  compressor model. The combined 
pressure and temperature d is tor t ion  data in- 
cludes the  effects of varying the r e l a t ive  
posi t ion of the low pressure and high tempera- 
t u re  regions. 

Results and Discussion 

The e f f e c t  of engine i n l e t  t o t a l  pressure 
and temperature d is tor t ions ,  individual ly  and 
i n  combination, on compressor s t a b i l i t y  l i m i t s  
a r e  presented i n  terms of s t a l l  pressure r a t i o  
loss. The instrumentation used fo r  the analy- 
sis of the d is tor t ions  is b r i e f ly  discussed. 
Final ly ,  a s implif ied p a r a l l e l  compressor 
model is used t o  pred ic t  the  e f f ec t  of the dis- 
to r t ions  on s t a b i l i t y  limits and comparisons 
a re  made with experimentally determined r e su l t s .  

Total Pressure Distor t ion 

Compressor i n l e t  t o t a l  pressure d is tor t ion  
was generated by placing screens d varying 
s o l i d i t y  i n  the i n l e t  duct approximately one 
diameter upstream of the  engine i n l e t .  The 
or ientat ion of the screens r e l a t ive  t o  the s i x  
i n l e t  t o t a l  pressure rakes of f ive  elements 
each is shown i n  f igure  1. Also shown i n  
f igure  1 is the locat ion of the compressor 
e x i t  instrumentation comprised of four rakes 
of four t o t a l  pressures and one t o t a l  tempera- 
t u re  each. The d is tor t ion  screens blocked a 
180' sec tor  of the i n l e t  annulus extending 
from 90' clockwise t o  270°, f igure  1. 

Typical circumferential p ro f i l e s  resu l t ing  
from averaging the pressures on each rake a re  
shown i n  f igure  2 .  
a t  the compressor i n l e t  reasonably approxi- 
mates a 180° extent  square wave whereas the 
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s t a t i c  pressure p r o f i l e  appears sinusoidal.  
While not  presented, the  r a d i a l  var ia t ion  of 
t o t a l  pressure was approximately t h a t  of an 
undistorted i n l e t .  The compressor e x i t  pro- 
f i l e s ,  f igure 2,  show very l i t t l e  circumfer- 
e n t i a l  var ia t ion  i n  e i t h e r  t o t a l  or s t a t i c  
pressure, however, a t o t a l  temperature dis tor-  
t ion  is evident. If it is assumed t h a t  the  
region of higher e x i t  temperature is the re- 
s u l t  of t h e  higher hea t  of compression i n  the 
d is tor ted  sector ,  then the d is tor ted  flow 
rotated approximately 90° i n  the  direct ion of 
rotor  rotat ion i n  passing from t h e  l d w  pressure 
sector  of the  compressor i n l e t  t o  the  cmpress- 
or e x i t .  

The t o t a l  pressure d is tor t ion  parameter used 
i n  t h i s  paper is defined a s  

where Pd is  t h e  average of the  pressure meas- 
urements on the  two rakes behind the dis tor-  
t i o n  screen, f igure 1. PUd is defined a s  t h e  
average of the pressure measurements on the  
two rakes i n  the undistorted region. Pav is  
the average of Pd and Pud. 
symbols is included a t  the end of the  paper. 

The e f f e c t  of increasing the d is tor t ion  
amplitude (screen so l id i ty)  on the compressor 
s t a l l  l i n e  is shown on the undistorted com- 
pressor map, f igure 3. Each s t a l l  l i n e  is de- 
fined as  the  locus of s t a l l  points generated 
f o r  each screen used. 
generated by closing the exhaust nozzle while 
holding the  mechanical speed of the  rotor  con- 
s tan t .  Increasing the amplitude of the pres- 
sure d is tor t ion  caused the s t a l l  l i n e  t o  move 
t o  lower pressure ra t ios .  Also, the  corrected 
rotor  speed l i n e s  s h i f t  t o  t h e  l e f t  or t o  
lower airflows a s  shown i n  figure 3 f o r  93 per- 
cent corrected speed. The pressure d is tor t ion  
f o r  a given screen a s  defined by equation 1 is 
not constant with airflow. A s  can be seen i n  
f igure 3 f o r  screen "A" the  pressure d is tor t ion  
varied from 5 percent a t  90 percent speed t o  
1 2  percent a t  ra ted speed. 

A complete l i s t  of 

Each s t a l l  point was 

The parameter APRS, describing the lass i n  
s t a l l  pressure r a t i o ,  is used t o  evaluate the  
e f fec ts  of flow d is tor t ion .  Two variat ions of 
t h i s  parameter a re  considered depending on 
whether the difference i n  s t a l l  pressure r a t i o  
is evaluated a t  constant corrected airflow or 
a t  constant corrected speed. The two defini-  
t ions  are:  

(APRS)w = I - PRS,/PRS 

t h e  clean i n l e t  s t a l l  pressure r a t i o  a t  the  
same corrected airflow and PRSc is the  s t a l l  
pressure r a t i o  a t  the  same corrected ro tor  
speed a s  t h e  observed s t a l l  point.  Each defin- 
i t i o n  has its use and we a r e  not  advocating one 
over the other.  (&RS), is a useful  parameter 
f o r  engine-inlet matching whereas (APRS)N is  
eas ie r  t o  evaluate i n  t h a t  it does not require 
an accurate measurement of engine airflow. It 
is a l s o  more compatible with the p a r a l l e l  com- 
pressor model a s  w i l l  be discussed l a t e r .  

The e f f e c t  of increasing t h e  t o t a l  pressure 
d is tor t ion  on (APRS), is shown i n  f igure 4. A 
d e f i n i t e  e f f e c t  of corrected ro tor  speed is  
observed. The relat ionship between (APRS), and 
APD is represented by a separate  curve f o r  
each value of corrected speed. The r a t i o  of 
(APRS)w t o  AP/P is  seen t o  vary from 0.50 t o  
1.0 over the range of corrected speeds and 
amplitudes shown. Only a t  93 percent corrected 
speed was the  r a t i o  constant with amplitude. 

In  contrast ,  (APRS) , f igure 5, is  essen- 
t i a l l y  l i n e a r  with A P / f !  and the e f f e c t  of speed 
is  insignif icant .  The r a t i o  of (APRS)N t o  
AP/P is approximately 0.60. Again, only the 
data f o r  speeds above 90 percent a r e  presented 
inasmuch as  t h i s  is the region where the bleeds 
a r e  closed and the IGV a re  i n  a fixed posit ion.  

The r e s u l t s  of t h e  pressure d is tor t ion  phase 
of the invest igat ion can be summarized as  fol-  
lows. A circumferential  d i s tor t ion  of i n l e t  
t o t a l  pressure was accompanied by a d is tor t ion  
of i n l e t  s t a t i c  pressure and compressor e x i t  
t o t a l  temperature. 
observed i n  e x i t  s t a t i c  or t o t a l  pressure. 
Increasing the amplitude of the  t o t a l  pressure 
d is tor t ion  lowered the  s t a l l  l i n e  and sh i f ted  
the  corrected speed l ines  t o  lower corrected 
flows. The reduction i n  s t a l l  pressure r a t i o  
based on a constant corrected speed def ini t ion 
of &RS, ra t ioed t o  the amplitude of the  pres- 
sure d is tor t ion  was 0.60. 
corrected airflow defini t ion f o r  AFRS resul ted 
i n  a considerable s c a t t e r  i n  the  data due t o  a 
speed ef fec t .  

There was no d is tor t ion  

Using a constant 

Temperature Distortion 

The t o t a l  temperature of the a i r  entering 
the  lower ha l f  of t h e  compressor annulus was 
heated by a gaseous hydrogen burner. The de- 
s ign and construction of t h i s  burner is des- 
cribed i n  reference 4. Briefly,  gaseous hydro- 
gen was burned i n  the  180° sector  of the burner 
located upstream of the i n l e t  duct bellmouth 
approximately four diameters ahead of the en- 
gine i n l e t .  The hydrogen flow was regulated 
t o  provide the desired temperature rise i n  the  
heated sector .  

The instrumentation used f o r  the  temperature 
and the combined pressure and temperature dis- 
t o r t i o n  data, f igure  6, d i f fered from t h a t  
shown i n  f igure 1. There were 1 2  rakes of 5 
thermocouples each a t  the  compressor i n l e t .  
One rake of two t o t a l  pressure measurements 

where PRS, re fers  t o  the s t a l l  pressure r a t i o  was located near the  center of each 90° i n l e t  
observed with d is tor t ion ,  f igure 3, PRSb i s  sector .  The t o t a l  pressure elements a t  the 

<PRS)N = I - PRS,/PRs, (3) 
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compressor e x i t  were reduced from four t o  one 
per rake and the t o t a l  temperature elements 
were increased from one t o  three per rake. 

The rake average circumferential  p rof i les  
of compressor i n l e t  and e x i t  t o t a l  pressure 
and temperature a r e  presented i n  f igure 7 .  
The ef fec t ive  number of measurements used t o  
construct the p r o f i l e s  was increased by rotat-  
ing the heated 180' sector  i n  90' s teps  and 
combining the  four resu l tan t  prof i les  in to  the 
ones presented. The i n l e t  temperature p r o f i l e  
was more s inusoidal  than the desired square 
wave pat tern.  Also, the temperature dis tor-  
t ion  pers is ted through the  compressor with 
only a 29 percent reduction i n  the  maximum 
amplitude, while t h e  t o t a l  pressure d is tor t ion ,  
f igure 2 ,  was completely attenuated a t  the com- 
pressor e x i t .  Comparison of the  compressor in- 
l e t  and e x i t  t o t a l  temperature prof i les  indi- 
cate  the  peak temperature d is tor t ion  rotated 
approximately 45' i n  the direct ion of ro tor  
rotat ion.  There was l i t t l e  or no circumfer- 
e n t i a l  d i s tor t ion  of t o t a l  or s t a t i c  pressure 
associated with the  temperature d is tor t ion  a t  
the compressor i n l e t  or e x i t .  

The temperature d is tor t ion  parameter used 
i n  t h i s  paper is defined as: 

Td is the  average of a l l  30 temperature measure- 
ments i n  the heated region, Tud is the average 
of the remaining temperature measurements and 
Tav is the  averageof a l l  60 measurements. 

The e f f e c t s  on the s t a l l  l i n e  of increasing 
the  temperature d is tor t ion  leve l  a re  presented 
on the undistorted compressor map of f igure  8.  
The d is tor ted  s t a l l  l i n e  is defined as  the 
locus of s t a l l  points f o r  a constant distor- 
t i o n  amplitude. Increasing the  temperature 
d is tor t ion  decreased the s t a l l  pressure r a t i o .  
Another e f f e c t  was the decrease i n  corrected 
rotor  speed f o r  a constant mechanical speed. 
The constant corrected speed l i n e s  a l so  moved 
t o  lower values of corrected airflow as  shown 
i n  the f igure f o r  92 percent corrected speed. 

The loss  i n  s t a l l  pressure r a t i o  evaluated 
a t  constant corrected airflow is shown i n  f ig-  
ure 9 and appears t o  be nearly l i n e a r  with the 
amplitude of the temperature d is tor t ion .  
r a t i o  of (APRS), t o  AT/T is approximately 0 . 7 5 .  

The loss  i n  s t a l l  pressure r a t i o  a t  constant 
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corrected speed, f igure 10, a l so  appears t o  be 
l inear .  Here, t h e  r a t i o  of (APRS)N t o  AT/T is 
approximately 0.62. There i s  an indication of 
a second order e f f e c t  of corrected ro tor  speed 
as  the  higher speed points a r e  s l i g h t l y  lower 
than the  lower speed points.  This e f f e c t  is  
more noticeable on (APRS)N than f o r  the con- 
s t a n t  airflow case.  

The r e s u l t s  of the temperature d is tor t ion  
phase of the investigation can be sununarized 
a s  follows. The e f fec ts  of increasing the  

the  amplitude of the  temperature d is tor t ion  was 
t o  s h i f t  t h e  constant corrected speed l i n e s  t o  
t h e  l e f t  on the  compressor map and t o  reduce 
t h e  s t a l l  pressure r a t i o .  The l o s s  i n  s t a l l  
pressure r a t i o  was approximately a constant 
r a t i o  of 0.75  and 0.62 of the  d is tor t ion  ampli- 
tude based on (E'RS), and (APRS)N, respectively.  
There appeared t o  be essent ia l ly  no e f f e c t  of 
var ia t ions i n  corrected ro tor  speed on APRS. 
The temperature d is tor t ion  passed through the  
compressor with only a 29 percent reduction i n  
amplitude and the d is tor ted  sector  rotated ap- 
proximately 45' i n  the  direct ion of ro tor  
rotat ion.  

Combined Pressure and Temperature Distortion 

The e f f e c t  on t h e  s t a l l  pressure r a t i o  of 
combined i n l e t  pressure and temperature dis tor-  
t i o n  was investigated by placing an 180' cir-  
cumferential extent screen between the  gaseous 
hydrogen burner and the  compressor i n l e t .  
one screen was used during the  investigation 
and it covered the  top ha l f  of the i n l e t  
throughout t h i s  phase of the  investigation. 
The e f f e c t  of varying the posit ion of the  low 
pressure sector  r e l a t i v e  t o  the heated sector  
was evaluated by ro ta t ing  t h e  heated sector  
through four circumferential  posit ions.  The 
first posi t ion of the 180° extent temoerature 
d is tor ted  sector  coincided with the  location of 
the  180 extent pressure d is tor t ion .  The re- 
su l t ing  circumferential  p rof i les  of i n l e t  t o t a l  
pressure and temperature a r e  shown i n  f igure 
l l a .  The pressure prof i les  noted i n  the f igure 
a re  from f igure  2 inasmuch a s  the pressure in- 
strumentation a t  the  compressor i n l e t  was 
meager and temperature d is tor t ion  a l o w  (figure 
7) caused no pressure dis tor t ion.  

The second posi t ion of the  temperature dis- 
to r ted  sector  was rotated 90° from the  first, 
f igure l l b .  Thus one 90° quadrant of the in- 
l e t  had both a higher temperature and lower 
pressure than average, the  second quadrant had 
a higher temperature and pressure than average, 
the  t h i r d  quadrant had a higher pressure and 
lower temperature than average and the  fourth 
quadrant had a lower pressure and temperature 
than average. For the  t h i r d  posit ion,  the 
temperature d is tor t ion  was rotated another 90° 
and coincided with the region of maximum pres- 
sure,  f igure l l c .  For the  fourth posit ion,  
the  temperature d is tor t ion  was again rotated 
goo placing it on the  opposite s ide  of the 
i n l e t  from t h a t  noted i n  f igure l l b .  

Only 

The four posit ions of the  temperature dis- 
to r t ion  had d i f fe ren t  e f f e c t s  on the  s t a l l  
points as  shown i n  f igure 1 2 .  
d i s tor t ion  f o r  a l l  configurations varied from 
about 9 percent a t  93 percent speed t o  about 
1 2  percent a t  99 percent speed. The tempera- 
t u r e  d is tor t ion  was approximately 7 percent. 
The opposed pressure and temperature dis tor-  
t i o n  had l i t t l e  e f f e c t  on the  s t a l l  l i n e .  The 
two overlapped configurations, which produced 
s imilar  e f fec ts ,  had a greater  e f f e c t  on the  
s t a l l  l i n e ,  7 percent (APRS)N and the coinci- 
dent pat tern had the  most severe e f fec t ,  9 per- 
cen t  (ERS)N a t  96 percent corrected rotor  

The pressure 
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speed. The l o s s  i n  s t a l l  pressure r a t i o  f o r  
the  superimposed d is tor t ion  is about the same 
as  it would have been f o r  pure pressure dis- 
tor t ion.  However, the temperature d is tor t ion  
had reduced the  average corrected ro tor  speed 
by approximately 3 l/2 percent before the 
comparison was made. Thus, f o r  the same 180° 
extent d i s tor t ion  i n  i n l e t  pressure and temp- 
erature,  but  d i f fe ren t ly  oriented, the  loss  i n  
s t a l l  pressure r a t i o  var ied from near zero for 
the  opposed pat tern t o  approximately 9% f o r  
the superimposed dis tor t ions.  It i s , . there-  
fore ,  possible t o  reduce the e f f e c t  of the  
pressure d is tor t ion  by creat ing an opposed 
temperature dis tor t ion.  However, there  could 
be a l o s s  i n  performance resu l t ing  from the 
lower corrected ro tor  speed. 

P a r a l l e l  Compressor Model 

An understanding of the  e f fec ts  on the 
compressor s t a l l  limits of i n l e t  d i s tor t ions  
may be enhanced by the use of a simple paral- 
l e l  compressor model. This approach is simi- 
l a r  t o  t h a t  used by other investigators,  
reference 11. The basic assumptions and 
methods used i n  applying this model w i l l  be 
presented followed by a comparison of the l o s s  
i n  s t a l l  pressure r a t i o  predicted by the model 
with those obtained experimentally. Finally,  
a few simplifying assumptions w i l l  be made t o  
allow one t o  make comparison between the theory 
and some of the d is tor t ion  indicators  used 
today. 

Para l le l  Compressor Theorm 

The basic assumptions used i n  the  model pre- 
sented herein a r e  l i s t e d  i n  f igure 13. 
d i s tor ted  compressor is, f o r  ana ly t ica l  pur- 
poses, assumed t o  consis t  of a s e t  of p a r a l l e l  
compressors (hereafter ca l led  sub-compressors) , 
each operating independently of the  others. 
A l l  of these sub-compressors a re  assumed t o  
have individually uniform i n l e t  flow conditions 
and t o  have the same performance character- 
i s t i c s  as  the undistorted compressor. No cross- 
flow is permitted between these sub-compressors 
throughout t h e i r  length, but the streamlines 
may s w i r l  and thereby allow the d is tor t ion  
pat tern t o  r o t a t e  from i ts  i n l e t  or ientat ion.  
Since a l l  the  sub-compressors discharge i n t o  a 
conunon plenum, t h e i r  e x i t  s t a t i c  pressures a re  
assumed ident ica l .  The e n t i r e  compressor is 
assumed t o  be i n  s t a l l  when the  pressure r a t i o  
of any sub-compressor equals the s t a l l  pres- 
sure  r a t i o .  

The 

An addi t ional  assumption was made based on 
the experimental r e s u l t s  f o r  the J-85 turboje t  
engine. 
was found t o  be uniform, f igures  2 and 7, and 
was, therefore,  assumed t o  be ident ica l  for a l l  
the sub-compressors. This assumption is the 
only non-standard one used i n  the  p a r a l l e l  
compressor model used herein and was made only 
t o  simplify the calculat ion procedure. In  the  
general  case w i t h  non-uniform e x i t  t o t a l  pres- 
sure, an addi t ional  map would be required 
s imilar  t o  the normal performance map but  with 
a compressor e x i t  s ta t ic - to- in le t  t o t a l  pres- 
sure r a t i o  being used instead of the normal 

The compressor e x i t  t o t a l  pressure 
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to ta l - to- to ta l  pressure ra t io .  

Application of the Model 

The method by which the model was applied t o  
t h e  various d is tor t ions  investigated is  shown 
schematically i n  f igure 14. A s  the amplitude 
of a simple 180° t o t a l  pressure d is tor t ion  is  
increased, the operating point  of the d is tor t -  
ed i n l e t  sub-compressor (No. 1, f ig .  14a) w i l l  
move t o  higher pressure r a t i o s  along t h e  con- 
s t a n t  speed charac te r i s t ic  u n t i l  the  s t a l l  
l i n e  is reached. Whereas the  undistorted sub- 
compressor (2 on f igure f4a)  is assumed t o  re- 
main a t  the same operating point.  A s  mentioned 
previously, the overal l  compressor is consider- 
ed t o  be i n  s t a l l  when any sub-compressor's 
pressure r a t i o  equals the s t a l l  pressure r a t i o .  
The r e s u l t a n t  overal l  compressor s t a l l  pressure 
r a t i o  @t. s) is then defined a s  the  r a t i o  of 
the  comnon e x i t  t o t a l  pressure t o  the  average 
i n l e t  t o t a l  pressures of a l l  the  sub-compressors 
The overal l  corrected airflow is  defined as t h e  
sum of a l l  the  individual sub-compressor a i r -  
flows corrected t o  the average of the  i n l e t  
t o t a l  pressures and temperatures. 

Indeas ing  the i n l e t  temperature of the 
d is tor ted  sub-compressor moves its operating 
point  horizontal ly  (fig. 14b) a t  constant com- 
pressor pressure r a t i o  s ince the i n l e t  t o t a l  
pressures as  wel l  as  e x i t  t o t a l  pressures a r e  
ident ica l  f o r  a l l  the  sub-compressors with only 
temperature d is tor ted  i n l e t  flow. This pres- 
sure  r a t i o  is a l so  the overal l  s t a l l  pressure 
r a t i o .  The overal l  corrected airflow is found 
i n  the  same manner as  before. 

The four cases of combined 180' t o t a l  pres- 

Since only 180° tempera- 
sure  and temperature dis tor t ions a r e  shown i n  
f igures  14c and 14d. 
t u r e  dis tor t ions , 180' pressure dis tor t ions,  
and combinations of these resu l t ing  i n  e i ther  
O o z  90° or 180° of overlap a r e  considered i n  
t h i s  report ,  the  compressor was divided in to  
four  sub-compressors, each with an i n l e t  pres- 
sure  and temperature equal t o  the quadrant 
average value. In  the  case of the 90° and 
180' overlap, the operating point of the quad- 
r a n t  with the  d is tor ted  temperature (high) and 
pressure (low) w i l l  reach t h e  s t a l l  l i n e  as  
the  amplitude of e i ther ,  or  both, d i s tor t ion  is 
increased. Thus the c r i t i c a l  pressure r a t i o  is 
determined. 
(opposed) pressure and temperature dis tor t ion,  
the pressure r a t i o  of e i t h e r  sub-compressor 
could be c r i t i c a l .  Therefore, two separate 
solutions a re  made, first assuming the  pressure 
d is tor ted  sub-compressor pressure r a t i o  was 
c r i t i c a l ,  and, secondly, considering the temp- 
erature  d is tor ted  sub-compressor t o  be c r i t i c a l .  
An overal l  compressor s t a l l  pressure r a t i o  is 
determined as  the r a t i o  of the  common e x i t  
t o t a l  pressure t o  the average of the sub- 
compressor i n l e t  t o t a l  pressures. 
t o t a l  pressure is obtained by multiplying the 
c r i t i c a l  pressure r a t i o  by the  sub-compressor 
i n l e t  t o t a l  pressure. 
is determined as  before as  the sum of the in- 
dividual quadrant airflows corrected t o  the 
compressor average i n l e t  t o t a l  pressure and 
temperature. 

In  t h e  case of the  Oo overlap 

The e x i t  

The corrected airflow 

The l o s s  i n  s t a l l  pressure 



r a t io s  a r e  determined by equations 2 and 3. 

Comparison w i t h  Data 

The experimentally determined values of 
DRS are  compared with ana ly t ica l ly  predicted 
values based on the p a r a l l e l  compressor model, 
f igures  15 and 16. Relatively good agreement 
with theory i n  terms of (APRS)N is indicated 
i n  f igure 15. The s c a t t e r  is  not  considered 
excessive i n  t h a t  a one percent difference i n  
~ S ) N  can r e s u l t  from an .08 percent d i f -  

erence i n  pressure r a t io .  

On a constant airflow basis,  f igure  16, 
the  trend is about the  same but the  increased 
sca t t e r  is probably the r e s u l t  af the  in- 
accuracies associated with the measured a i r -  
flows, and, t o  a l e s se r  degree, t o  the un- 
ce r t a in t i e s  of the clean i n l e t  compressor map 
which was determined by a r e l a t ive ly  few ex- 
perimental data points.  

Simplified Model 

In an e f f o r t  t o  develop a d i r e c t  mathe- 
matical  re la t ionship between (LPRS)N and &/P 
and AT/T which is more amenable t o  hand calcu- 
la t ions ,  an addi t ional  s implif icat ion was 
added. Based on experimental data from 90 t o  
100 percent speed, the  s t a l l  pressure r a t i o  
was expressed as  a l i nea r  function of the  
corrected speed. 

PR= A(N/&) + B (5) 

It is a lso  noted tha t  a t  s t a l l :  

where (PR)K is  the pressure r a t i o  f o r  the  sub- 
compressor i n  which s t a l l  or iginates  and P ~ , K  
is the i n l e t  pressure of t h i s  sub-compressor. 
Combining equations 5, 6 and 3 r e su l t s  i n  

Consider now the combined temperature and 
pressure d is tor t ion  pat terns  shown i n  f igures  
14c and 14d. A s t a l l  can or iginate  i n  one of 
the  sub-compressors where: 

1, Py = Pd and TK = Tud as  f o r  the opposed, 
fzg, 14c 

2,  PK = Pud and TK = Td as  an a l te rna te  solu- 
t i on  f o r  the  opposed dis tor t ions,  f i g .  14c. 

3,  PK = Pd and TK = Td as  f o r  the  overlapped 
d is tor t ions  of f igure 14d. 

The average pressure and temperature a re  given 
by 

(9) 

The subscr ipts  d and ud r e f e r  t o  the  average 
values of pressures and temperatures of the 
sub-compressor i n l e t s  as  defined previously. 
€+ is the angular extent  of the m i n i m  pres- 
sure  sub-inlet  and €IT is the angular extent  of 
the maximum temperature sub-inlet .  

For the  sub-compressor number one, equation 
7 combined with equations 8 and 9, becomes 

1 

For sub-compressor number two, 

and far sub-compressor number three,  

The c r i t i c a l  sub-compressor is  the  one with the 
l a rges t  value of (&RS)N. 
d i s tor t ion  t h i s  is always sub-compressor number 
three and equation 1 2  is  used t o  determine 
(mR.5)~. 
is  the l a rges t  of those given by equations 18 
and 11. 
dis tor t ion  or only temperature d is tor t ion  a re  
obtained by se t t i ng  ar/"r or LP/P respectively 
equal t o  zero. 

For the overlapping 

For the  opposed d is tor t ions  , (&RS) 

The separate cases of only pressure 

5 



For small values of M/P and AT/T, a fur- 
t h e r  s implif icat ion can be made by expanding 
the terms involving ATfi i n  a binomial ex- 
pansion and n e g l e c t i p  second and higher order 
terms such as  (AT/T) , (AP/P)2 and 
(AT/T) (rS/P). 
respectively 

The resu l t ing  equations a r e  

(APRS), = $-(I - g) - 

A parametric p l o t  of the above equations 
is shown i n  f igure 17 f o r  a corrected speed 
of 97 percent. For AP/P = 0, the  l i n e a r  re- 
la t ionship shown here of (APRS) - 0.73 AT/T 
compares favorably with t h a t  ofNfigure 10, 
(APRS)N = 0.625 AT/T. 
model yields  (APRS) 0.5 AP/P as  compared t o  
the experimental varu; of 0.6 AP/P, f ig .  5. 

With AT/T = 0, the  

The importance of the  r e l a t i v e  locat ion of 
the  combined pressure and temperature dis tor-  
t ions should be noted. 
17, i f  a 1 2  percent low pressure region of 
180' extent coincides with a 1 4  percent high 
temperature region of 180' extent,  (APRS)N is 
found t o  be about 1 6  percent. If, hsawever, 
the dis tor t ions a re  placed opposite one 
another , (APRS) 8 is  approximately 4 percent 
w i t h s t a l l  or iginat ing i n  the  high i n l e t  temp- 
erature  sub-compressor. Thus, a dramatic dif-  
ference i n  the value of (APRS)N r e s u l t s  from 
the r e l a t i v e  posi t ion of the d is tor ted  pres- 
sure  and temperature regions. 

Referring t o  f igure 

The simplified model a l so  predicts  the same 
(APRS)N f o r  b o p  the  90° and 180° overlapping 
dis tor t ions,  f igure 17. This is i n  agreement 
with the  concept of reference 1 2  t h a t  there is  
l i t t l e  e f f e c t  of the circumferential  extent  of 
a d i s tor t ion  above some minimum. However, the 
experimental resu l t s ,  f igure 12,  indicate  t h a t  
the 180° overlap drops the s t a l l  pressure 
r a t i o  more than the 90° overlapping distor- 
t ions.  This may be due t o  the lack of a 

proper shape f a c t o r  i n  determining &?/P and 
especial ly  AT/T inasmuch as  they a r e  not  t r u e  
square wave pat terns  as  assumed f o r  the model. 

S m a r v  of Results 

An invest igat ion i n t o  the e f f e c t s  of 180° 
extent  i n l e t  d i s tor t ion  of t o t a l  pressure and 
tempera-re, both individually and i n  combina- 
t ion ,  was conducted using a J85-GE-13 turboje t  
engine. The l o s s  i n  s t a l l  pressure r a t i o  
(NRS) was compared with t h a t  predicted by a 
p a r a l l e l  compressor model. 
tained a r e  a s  follows: 

The r e s u l t s  ob- 

1. With i n l e t  pressure d is tor t ion  alone, the  
r a t i o  of (&RS)N t o  the  amplitude of the  dis- 
to r t ion ,  AP/P, was approximately 0.60 and was 
essent ia l ly  independent of speed. 
of (APRS), t o  AP/P, however, varied with speed 
and amplitude from values of 0.50 t o  1.0. The 
d is tor t ion  i n  i n l e t  t o t a l  and s t a t i c  pressure 
was completely attenuated i n  passing through 
the  compressor. However, a d i s tor t ion  i n  t o t a l  
temperature resul ted a t  the compressor ex i t ,  
rotated 90° from the d is tor ted  i n l e t  sector .  

The r a t i o  

2. For i n l e t  temperature d is tor t ion  alone, 
APRB was approximately a constant r a t i o  of the 
d is tor t ion  ampli'htde AT/T of 0.75 based on 
(aPRS)w and 0.65 based on (&RS) . The temp- 
erature  d is tor t ion  was attenuate8 by approxi- 
mately 29 percent i n  passing through the com- 
pressor and rotated approximately 45O from the  
d is tor ted  i n l e t  sector .  No d is tor t ion  i n  
t o t a l  or s t a t i c  pressure was present a t  e i t h e r  
the  compressor i n l e t  or e x i t .  

3. 
erature  d is tor t ion  on aPRS depended on the 
r e l a t i v e  or ientat ion between the d is tor ted  
sectors .  
temperature d is tor t ion  of 7 percent was ap- 
proximately 0 when the d is tor ted  sectors  were 
opposed t o  each other,  0.6 f o r  the sectors  
overlapping, and 0.8 f o r  the sectors  
superimposed. 

The combined e f f e c t  of pressure and temp- 

The r a t i o  of (APRS)N t o  E/P for  a 

4. 
the e f fec ts  of d i s tor t ion  on (APRS)N with 
b e t t e r  accuracy and with less s c a t t e r  than 
(&RS)w over the range of conditions 
considered. 

5. 
was developed which closely correlated with 
the data and which graphically displayed the 
separate,  combined and r e l a t i v e  posi t ion 
e f fec ts  of pressure and temperature d is tor t ion  
on (APRS)N. 

"lie p a r a l l e l  compressor model predicted 

A simplified p a r a l l e l  compressor model 

Symbols 

A slope of corrected ro tor  speed - s t a l l  
pressure r a t i o  l i n e ,  APR) + A@/&), 
equation 5.  

Intercept  of corrected rotor  speed - s t a l l  
pressure r a t i o  l i n e ,  equation 5.  

B 

N Rotor speed, RPM 
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S 

T 

W 

6 

9 

Q* 

QP 

QT 

P Total  pressure. 2. Wallner, L. E., Useller, J. W., and Saari ,  
J., "A Study of Temperature Transients a t  

Ps S t a t i c  pressure. t he  I n l e t  of a Turbojet Engine," RM 
E57C22, 1957, NACA, Cleveland, Ohio 

PRS S t a l l  pressure r a t io .  

DRS Loss i n  s t a l l  pressure r a t i o ,  equations 
3. Gabriel, L., Wallner, R., Lubick, R., and 

Vasu, G., Tome Effects of I n l e t  Pressure 
and Temperature Transients on Turbojet 
Engines,If Aeronautical Engineering Review, 
Vol. 16, No. 9, Sept. 1957, pp. 54-59, 84. 

2 and 3. 

Average s t a l l  point,  f igure 14. 

Total  temperature. 

Mass flowrate of a i r .  

Ratio of compressor i n l e t  t o t a l  pressure 
t o  standard ambient sea-level t o t a l  
pressure. 

Ratio of i n l e t  t o t a l  temperature t o  
standard ambient sea-level t o t a l  
temperature. 

Circumferential posit ion,  degrees. 

Extent of pressure d i s to r t ion ,  degrees. 

Extent of temperature dis tor t ion,  
degrees. 

4. Rudey, R. A. ,  and Antl, R. J., T h e  Effect 
of I n l e t  Temperature Distortion on the  
Performance of a Turbo-Fan Engine Compres- 
sor System," Paper 70-625, June 1970, AIAA 
New York, N.Y. 

5. Rich, W. A., and Reale, R. A. ,  "J-52-P-6A 
Engine, Sea Level Missile Exhaust Gas In- 
gestion Tests," NAPTC-ATD-162, May 1969, 
Naval A i r  Propulsion T e s t  Center, Trenton, 
N . J .  

6. Rich, W. A.,  and Reale, R. A. ,  "J-52-P-8A 
Engine Alti tude Missile Exhaust Gas In- 
gest ion T e s t s ,  It NAPTC-ATD-195, Sept. 1969, 
Naval A i r  Propulsion T e s t  Center, Trenton, 
N.J .  

7. Rich, W. A . ,  and Reale. R. A , .  Yoecifica- 
Subcripts : 

a a i r  Feb. 1971, Naval A i r  Propulsion T e s t  

av average, equations 1 and 4 

b,e,e 

t ion'  Rocket' Test f o r  T u r b o j e t h r h o f a n  
Missile Gas Ingestion, It NAPTC-ATD-197, 

Center, Trenton, N.J. 

8. Felderman, E.J., and High, M.D., "Missile 
pressure r a t i o  noted on f igure 3 and Exhaust Gas Ingestion Simulation," AEDC- 

equations 2 and 3. TR-71-252. Dec. 1971. Aro. Ine.. Arnold 

d 

K 

max 

min 

N 

r 

ud 

W 

2 

3 

1. 

dis tor ted sector  (minimum pressure or 
maximum temperature s ide  of i n l e t )  

c r i t i c a l  sub-compressor, equations 6 and 
7 

maximum 

minimum 

constant corrected rotor  speed, eq. 3 .  

ave raged  measurements on a rake 

undistorted sector  (maximum pressure or 
minimum temperature s ide  of i n l e t ) .  

constant corrected airflow, equation 2 .  

compressor i n l e t  

compressor e x i t  
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Figure 1. - Schematic of compressor instrumentat ion for  pressure 

COMPRESSOR EXIT, STATION 3 

distortion tests. Viewed looking upstream. 
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Figure 2. - Compressor profiles wi th  180' c i rcum-  
ferential pressure distortion at 94 percent design 
speed. 
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Figure 3. - Compressor map showing effects of 180' circumferential 
pressure distortion. 
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Figure 4. - Loss in stal l  pressure ratio a t  constant 
-corrected air f low for 180° extent in le t  pressure 
distortion. 
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Figure 5. - Loss in stall pressure rat io at constant 
corrected speed for 180° extent in let  pressure 
distortion. 

COMPRESSOR INLET, STATION 2 COMPRESSOR EXIT, STATION 3 

temperature and pressure distort ion tests as viewed looking upstream, 
Figure 6. - Instrumentation schematic for  temperature and combined 



1. ll- 

o TEMPERATURE 
TOTAL PRESSURE 

A STATIC PRESSURE 

+ 
VI 

1.0 

. 9  

1. 

1. 

(A) COMPRESSOR INLET. 

CIRCUMFERENTIAL LOCATION, e":, DEG 

(B) COMPRESSOR EXIT. 

Figure 7. - Compressor profiles with 180° circum- 
ferential temperature distortion at 96 percent 
design speed. 
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Figure 8. - Compressor map showing effects of 180° circumferential 
teqperature distortion. 
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Figure 11. - Compressor i n le t  profiles w i th  combined 
180° extent pressure and temperature distortions. 
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Figure 12. - Compressor map showing effects of 180° extent combined 
pressure and temperature distortion. 

STATION 2 STATION 3 

1. SECTORS C AND D ARE CONSIDERED AS 
INDEPENDENT PARALLEL COMPRESSORS 

2. BOTH SECTORS FOLLOW SAME M A P  AS 
UNDl STORTED COMPRESS OR 

3. NO CROSSFLOW BETWEEN PARALLEL COM- 
PRESSORS 

4. BOTH EXIT TO A COMMON STATIC PRESSURE 

Figure 13. - Assumptions used for parallel com- 
pressor model. 



1 

t 
ti 
E! 

0 STALL POINT 

D P&T, 9O0OVERLAPPED 

/ BEST FIT 
--- PERFECT AGREEMENT/ 

/ 
/ 

1 2 -  

W 
tx 
Q (A) PRESSURE. 

1 

1 

(C) P&T 0' AND 180' OVER- 
LAPPED. 

1 

(B) TEMPERATURE. 

3 

(D) P&T 90' OVERLAPPED. 

Figure 14. - Application of parallel compressor model. 
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Figure 16. - Comparison between actual and 
predicted loss in stall pressure ratio using 
parallel compressor theory. 
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Figure 17. - Plot of simplified parallel com- 
pressor model for separate and combined 
180° extent in let  pressure and temperature 
distortion for 97 percent corrected speed. 
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