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5 OPERATION OF A TURBOJET ENGINE 

By Robert E. Russey and  Robert J. Lubick 

A program was conducted i n  an altitude f a c i l i t y   a t  the NACA Lewis . 
laboratory  to  investigate the effects of rapid inlet  pressure  oscillations 
on the  operation of a current  turbo jet engine. These pressure  oscilla- 
t ions were approximately  sinusoidal i n  form and were generated t o  cover a 
frequency  range of  2 t o  75 cycles  per second and an  amplitude  range of 
10 t o  70 percent of the free-stream total   pressure.  

As the oscillation  progressed  through the compressor, the amplitude 
was attenuated  considerably and a relatively  large  phase  shift (lag) 
occurred. Engine s t a l l  limits obtained during pressure  oscillations 
differed from quasi-steady-state s t a l l  limits as defined by over-al l  
compressor pressure  ratio.  

The occurrence of compressor stall and/or combustor blowout, due t o  
rapid  osci l la t ions  in  en@;ine inlet conditions, has been  observed in 
some f l igh t   ins ta l la t ions  of current  turbojet  engines. These transient 
inlet  disturbances are due to the f i r ing  of armament near engine inlets, 
operation with variable-area i n l e t  diffusers, or diffuser buzz (refs. 1 
t o  5) .  Of these, the armament firing problem is the most severe,  since 
rapid changes i n  both  inlet  temperature d pressure are hewn t o  occur. 

An experimental program was conducted at  the NACA Lewis laboratory 
to  investigate the effects of these  rapid  osci l la t ions  in   inlet  tempera- 
ture and pressure on the operation of a current  turbojet  engine. The 
effects of rapid changes i n  inlet temperature on engine  operation were 
investigated and are reported i n  reference 6; the effects of rapid i n l e t  
pressure  oscillations  are  reported  herein. 

For that part  of the investigation  reported  herein, a preliminary 
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greatest  significance would be  covered by generating  approximately 
sinusoidal  pressure waves with frequencies  varying f'rm 2 t o  75 cycles 
per second  and amplitudes of 10 t o  70 percent of i n l e t  total pressure. 
Inlet  total-pressure  oscillations having aznplitudes  and frequencies i n  
this range were generated by means of  a rotary valve  located upstream of 
the  engine inlet. I - 

i 

" 

Data were obtalned for conditions  simulating  fUght at a Mach  number 
of 0.8 a t   an   a l t i t ude  of 50,000 fee t .  The effect  of  frequency on the 
amplitude and phase shift  of the  pressure  oscillation as it passes  through $ 
the engine i s  shown for  a constant  inlet  amplitude. Maximum osci l la t ion 
amplitudes that the engine xill tolerate  without stalling are presented 
in t e r m s  o f  amplitude and frequency of the inlet pressure  oscillation. 
These maximum osci l la t ion amplitudes are also  presented i n  terms of 
maximum over-all compressor pressure  ratio, w h i c h  i s  compared with over- 
a l l  compressor s ta l l   p ressure   ra t io  8 s  obtained KLth quasi-steady-state 
engine  operation. 

APPARAICLTS 

Engine  and Instal la t ion 

The investigation was conducted i n  an a l t i tude   fac i l i ty  where the 
pressure  and  temperature of the air supplied to   t he  engine i n l e t  and the 
ambient exhaust  pressures were regulated t o  simulate  the  desired  altitude 
flight  condition. The basic test vehicle was a turbojet engine of the 
10,000-pound-thrust class.  The E-stage,  axial-flow compressor had 
progressively  variable  inlet  guide vanes  and a two-position  interstage- 
acceleration  bleed  valve. A l l  data were obtained with the i n l e t  guide 
vanes open and the  acceleration  bleed va lve  closed. A photograph  of the 
engine installed in t he   t e s t   f ac i l i t y  i s  presented i n  figure 1. 

Pressure Pulse Generator 

The pulse  generator was located  just u-pstream of  the engine i n l e t  
i n  t h e   W g e  duct which supplied the engine with ram a i r .  A sketch of 
the pulse  generator i s  presented in   f igure  2. 

Thfs pulse  generator  consfsted of 40 small ducts, hLf of which  were 
vented to high-pressure ram air. The remainder. w e r e  vented to a large 
inner  duct where the ram-air t o t a l  pressure could be reduced by means of 
a 'butterfly v a l v e .  These ducts, which had wedge-shaped & 0 8 S  sections, 
were mounted side by side t o  form an annulus, w i t h  a low-pressure  duct 
installed  beside each high-pressure  duct. The ducts w e r e  alternately 
opened and closed by means of the wedge-shaped spokes on a 20-spoke 
rotating  valve. A nearly sinusoidal  pressure  oscillation  could  be gen- 
erated by rotating  the valve.  Increasing  the speed of rotation of the 
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valve  increased  the  frequency of the  pressure  oscillation, and the  ampli- 
tude of the  pressure  oscillation was increased  by  closing  the bu t t e r f ly  
valve. 

The  range of operation  possible  with  the  pulse  generator  is  indicated 
i n  figure 3. A gross indication of the  frequency  response of the  pulse 
generator may be obtain4 f r o m  figure 3, in  the  region  where  the  butterfly 
valve  was fully closed. Typical inlet  total-pressure  oscillations  obtained 
with  the  apparatus  are  presented in figure 4. 

Instrumentation 

Transient  instrumentation  stations  were  located  throughout  the 
engine  as  indicated  by the following table: 

I Measured  variable 

Compressor  inlet total pressure 

Compressor  inlet total pressure 

1st-stage-stator total pressure 

4th-stage-stator t o t a l  pressure 

7th-stage-stator  total  pressure 

11th-stage-stator  total  pressure 

14th-stage-stator  total  pressure 

Compressor  outlet  total  pressure 

Compressor  outlet  total  pressure 

Turbine  inlet t o t a l  pressure 

Turbine  outlet  total  pressure 

Desig- 
nation 

Circumferential lo- 
cation (measured clock- 
wise f r o m  top, looking 
downstream),  deg 

38 

' 225 

33 

45 

4s 
45 

45 

- 70 

165 

41 

75 

Calibration of the  transient  instrumentation  was  accomplished  by m e a n s  of 
steady-state  instrumentation,  which was also  installed  at  the  preceding 
stations. 
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Pressure  transducers used i n  this  investigation were the variable- 
reluctance diaphragm type. The length of  tubing used t o  connect the 
probe to  the  transducer was maintained a t  a m i n i m u m  i n  order t o  obtain  the 
best  poseible  frequency  response. The frequency  response,  determined 
from  bench tes t s ,  was  f la t  up t o  frequencies  of 50 cycles per second. 

The transient  pressure  variations were photographically  recorded 
on a high-speed (50 in./sec)  multiple-channel  oscillograph. 

PmcEDuRE 
Data were obtained for  conditions  simulating  flight at a Mach  number 

of 0.8 a t  an a l t i tude  of 50,000 fee t .  Engine s ta l l  limits during  inlet  
pressure  oscillation were obtained  for  corrected engine  speeds of approx- 
imately 93, 100, and 110 percent of rated speed. A t  a given  engine speed 
and frequency of inlet   pressure  oscil lation,  the amplitude was slowly 
increased  until either engine stall occurred or  the operating limit of the 
pulse  generator was reached. 3.1 general,  amplitudes at the  highest fre- 
quencies were Umited t o  about 25 percent by a performance limitation ? 
of the  pulse  generator, while amplitudes of the Lowest frequencies were 
l imited  to  approximately 60 percent by the occurrence of engine stall.  - 

The frequency-response characteristics, which  were  measured at 
various  stations  throughout the engine, are  presented  in  figure 5 .  Theae 
data were obtained by varying the frequency of a  constant  amplitude (11 
percent),  approximately  sinusoidal  inlet  total-pressure wave at   amroxi-  
mately rated  corrected engine  speed. 

The attenuation  effect of the engine on the amplitude of the in l e t  
total-pressure  oscillation is shown i n  figure 5(a). Amplitude r a t i o  is 
the r a t i o  of the amplitude at each s t a t ion   t o  the inlet amplitude, di- 
vided by the same r a t i o  for a frequency of 3 cycles  per second. As the 
frequency was increased frm 3 t o  approximately 60 cycles  per second, 
amplitude r a t i o  a t  each s ta t ion  became smller. At a given frequency, 
amplitude r a t i o  also decreased as the distance fram the compressor i n l e t  
t o  each measuring s ta t ion Tncreased. For example, at a frequency of L5 
cycles per second, the  amplitude r a t i o  of the  pressure wave at the 
eleventh-stage  stator dropped t o  0.7; while, a t  the compressor outlet, 
the amplitude r a t i o  decreased t o  approximately 0.5. A t  this frequency, 
the amplitude r a t i o  a t  the turbine out le t  was about 0.3. 

These data  also  indicate that, for  frequencies less than 30 cycles 
per second, no change i n  amplitude rat io   across  the couibustor occurred at 
approximately rated corrected  speed. For the 8ame frequency  range a t  a 
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higher  corrected speed (110 percent), an examination  of the limited amount 
of data available also indicated no change i n  amplitude ratio across  the 
combustor. 

In figure  5(b), phase shif t  (lag) i s  presented as a function of the 
frequency of inlet  total-pressure  oscillation. The phase shift at aqy 
station became greater  as frequency  increased from 3 t o  60 cycles  per 
second and, a t  a given  frequency,  phase shift increased as the distance 
from the compressor i n l e t   t o  each measuring station  increased. A t  a 
frequency of 15 cycles  per second, the phase lag of the pressure  oscilla- 
t ion  a t  the eleventh-stage stator was 36 degrees, and the phase lag a t  
the compressor outlet  and turbine inlet was about 80 degrees. It was not 
possible  to read the phase shift a t  the  fFrst-stage  stator, nor was it 
possible  to read the phase shift at   the   turbine  out le t  above Frequency of 
10 cycles per second. These data indicate no phase shirt across  the 
Combustor. 

The transport time (time for  pressure  oscillations  to  proceed through 
canpressor) was obtained from the compressor outlet  phase-shift curve. 
These data indicated that transport time decreased *can a value of 0.02 
second a t  a ftrequency of 3 cycles  per second t o  a value of 0.01 second a t  
a  frequency of 30 cycles per second. A l t h o u g h  this trend was substanti- 
ated by means of the dynamical engine m o d e l  of reference 7, the magmitude 
of the  decrease i n  transport time is  nem the  l imit  of accuracy of the 
measurement, and the indicated trend may not be valid. 

The amplitude attenuation and phase shift that occur  during an in l e t  
pressure  oscillation result i n  a change in the  over-all  canpressor stall  
limits. This change in  mer-- ccgnpressor operating  characteristics 
can be more clearly understood by considering the effect  of a change in 
frequency on the  operating  characteristics of each  canpressor  stage  or 
small  group of stages. 

A t  a constant  turbine inlet temperature, a very slow (frequency of 
1 cps or  less)  sinusoidal  vaxiation  in  canpressor met pressure w o u l d  be 
expected t o  cause a sinusoidal  variation  in ccanpressor dischazge  pressure. 
This variation  in o u t l e t  pressure would compare with the inlet   pressure 
variation  in magnitude and phase and resu l t  i n  no change Fn over-all 
pressure ra t io .  As the frequency of the  inlet   pressure  oscil lation is  
increased, however, over-all  pressure  ratio should change as a resul t  of 
amplitude  attenuation and phase shift. Each stage or small group of 
compressor s tages   shoad  re ta in  its quasi-steady-state  operating  charac- 
te r i s t ics ,  however. The operating  characteristics of small groups of 
compressor stages will not be i n  phase  with the  inlet  pressure  oscil- 
lation, due t o  the  previously  noted  effects of amplitude  attenuation 
and phase sh i f t .  A s  a consequence,  compressor stage group and over- 
a l l  pressure  ratios  depart from steady-state  levels,  setting up condi- 
tions that are conducive t o  s t a l l  somewhere w i t h i n  the compressor, 
even though the instantaneous  over-all  pressure  ratio differs from the 
quasi-steady s ta l l  value. 
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The behavior of pressures through the engine, and stage pressure 
ratios  during a t-Jrpical rapid  inlet   pressure  oscil lation  that  resulted 
i n  compressor s t a l l  a t  approximately 93 percent of rated corrected  engine 
speed is presented in   f igure  6. 

A time h is to ry  of the  individual total pressures a t  each station i s  
presented i n  figure 6(a). The occurrence of compressor stall i s  indicated 
by the sharp change in pressure  level that occura between 0 .E and 0 .X 
seconds. The approximate  time of stall inception i s  indicated by a cross- 
hatched area on the  figure. The stall apparently  originated i n  a stage 
located between the compressor i n l e t  and the  seventh-stage  stator,  since 
all interstage  pressures downstream of the  seventh  stage drop s h a r p l y  
(points A on fig.) ,  while pressures upstream of the seventh-stage rise 
sharply (points B on f ig . ) .  Although the  effect  i s  slight, because of  
the compressed time scale,  the time lag in  these  pressures (as f l o w  
proceeds through the compressor) i s  apparent in   f ig rce  6(a}. 

A time history of compressor stage group and over-all  pressure  ratios, 
which w e r e  obtained from the  individual  pressures, i s  presented i n  figure & 

6(b) .  The variation o f  over-all  pressure  ratio (P2/P1), pressure  ratio 
acros8  the  outlet o r  fourth g r o q  of stages (Pz/Pllss), pressure r a t i o  
across the third-stage group (Pl lsdP7ss) ,  and pressure  ratio  across  the 
first- and second-stage groups (P7s$Pl) are presented. In  addition, 
the approximate quasi-steady-state stall  limits for  these  stage groups 
are  indicated on the figure by dashed horizontal Unes. Because of the  
absence of a reliable pressure  trace a t  the fourth-stage  stator,  the 
pressure  ratios  across  the first two stage groups cannot be presented 
separately. The r a t i o  P7ss/P1 is presented s o l e u   t o  give some indica- 
t ion of the behavior  of  the first half of the compressor, although such 
a large group of stages would not be expected t o  re ta in  i t s  over-all 
operating  characteristics  during an inlet pressure  oscillation. 

-b 

It i s  apparent from the pressure-ratio - time his tor ies  that the 
inlet group of  stages, denoted i n  th i s  instance by P7ss/P~, was oscil- 
lating  near its stall limit, while  the stall  margin appears t o  increase 
progressively f o r  the third-  and fourth-stage  groups. pllaximum o v e r - a l l  
compressor pressure  ra t io   a t  the time of stall i s  l o w e r  than that shown 
by the  quasi-steady stall limit line. This trend was substantiated by 
several other time his tor ies  of over-all compressor pressure  ratio. 

The duration of the s ta l l  was very short. Recovery was effected in 
approximately 0.04 second because of the  sinusoidally varying compressor 
inlet  pressure.  Stall-free  operation of the compressor then  continued 
unt i l   the  cornpressor inlet   to ta l   pressure (Pl) again reached a minimum 
point Fa the svcceed3ng cycle, a t  which time skll occurred  again. 
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Operating the engine i n  this cyclic  stalled  condition f o r  short  periods 
of time (1 t o  2 min) resulted in a small exhaust-gas  temperature r i s e  of 
about 30° F. In addition, no combustor blowout due t o  stall was experi- 
enced during  the  investigation. Operating with these inlet   pressure 
oscil lations  did cause a low frequency  engine vibration, however,  which 
increased sharply i n  amplitude as stall occurred. 

I n  order t o  show the  effect of engine  speed on the compressor stage- 
group s t a l l  limits, .a time history of pressure and pressure r a t i o  during 
a typical  rapid  inlet  pressure osci-tion a t  high corrected speed (110 
percent) i s  presented ~n figure 7. The occurrence of compressor s t a l l  
i s  indicated by the sharp change in   pressure  level   ( f ig .  7 ( a ) ) .  The 
approximate time of s ta l l   incept ion  is indicated by cross-hatched  areas 
on the figure. Inspection  of  the  individual  interstage pressures ( f ig .  
7 ( a )  ) shows that al l   in ters tage  pressures  upstream of the  eleventh-stage 
s t a to r  increased s h a r p l y  as the s ta l l  occurred  (points B) while pressures 
downstream of t h i s   s t a t ion  dropped sharply (points A ) .  This  indicates 
that the  s ta l l   or iginated somewhere between the  eleventh- and fourteenth- 
stage  stators. The pressure-ratio  time  histories  (fig. 7(b)) indicate 
that  the  outlet-stage groups w e r e  oscil lating near the  quasi-steady stall  
limit, while the stall =gin appears t o  increase  progressively f o r  the 
second- and inlet-stage groups. Maximum over-all compressor pressure 
r a t i o  a t   t h i s  speed  exceeds that indicated by the quasi-steady s t a l l  
limit line. 

Although compressor stall originated in  an outlet-stage group at  
110 percent of rated corrected engine  speed, the characteristics w e r e  
essentially  those  previously  described  for the stall that occurred i n  
the i n l e t  group of stages a t  a corrected speed of 93 percent. 

The maximum osciUation  amplitudes that the engine would tolerate 
without  stalling are presented i n  figure 8 a s  a function of frequency 
f o r  corrected  engine  speeds of 93, 100, and ll0 percent. This figure 
indicates  that,  for a given frequency of oscillation, the inlet amplitude 
required  for stall  i n  the subject  engine was highest at rated corrected 
engine speed and lowest at a corrected speed of 93 percent. The amplitude 
required  for stall   at  the highest speed investigated (ll0 percent) f e l l  
between the amplitudes required for  stall at  the other two speeds. The 
occurrence of the highest amplitudes a t  100-percent speed was probably 
the  resul t  of the better  distribution of the loading of the compressor 
stage groups, which would. be expected at design-point  operation. 

Increasing the frequency of oscil lation at constant  engine speed 
resu l ted   in  a significant  reduction  in  the  inlet  amplitude  required for  
stall. Thus, increasing frequency from 4 t o  15 cycles  per second a t  a 
corrected  engine speed of U O  percent r e su l t ed  in a E-percent  reduction 
i n  the i n l e t  amplitude required  for stall. 
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Figures 6 and 7 show that,  during  inlet  pressure  oscillations, 
compressor over-all  pressure r a t i o  a t  stall was lower than the  quasi- 
steady stall limit a t  a corrected engine  speed of 93 percent. Also, the 
compressor over-al l   pressure  ra t io   a t   s ta l l  was higher  than  the  quasi- 
steady s t a l l  limit a t  a corrected engine  speed of 310 percent. Another 
i l lus t ra t ion  of this  departure of compressor ove r -a l l  pressure  ratio 
from the  quasi-steady stall limit during inlet  pressure  oscillation i s  
provided by figure 9. M a x i m u m  over-all compressor pressure r a t i o  as  a 
function of corrected engine  speed i s  presented f o r  three  frequencies of 
inlet  total-pressure  oscillation. The quasi-steady-state stall limit 
curve is included f o r  colqpsrison. The i n l e t  amplitude of  the pressure 
oscil lations at these  three  frequencies i s  not  constant b u t  varies  as 
indicated  in  figure 8. 

It is apparent from figure 9 that, as the frequency of the   inlet  
pressure  osciUtion  increases,   the maximum over-all  pressure  ratio 
diverges from the  quasi-steady s t a l l  limits. At the higher corrected 
engine  speeds, maximum over-all  pressure r a t i o  was higher  than the quasi- 
steady s t a l l  limit, while a t   t he  lower speeds maximum over-all  pressure 
r a t io  was lower than the  quasi-steady  stall  limit. This divergence in  
over-all pressure r a t i o  can be  attributed t o  the time lag  that occurs i n  
the  interstage  pressures. A s  f l o w  proceeds through the compressor, the 
time lag increases and r e su l t s   i n  a mismatching of the  coqressor  stages. 
A t  low corrected speeds, the  hading of  the  inlet  stages i s  normally high 
and the  loading of the  rear  stages i s  relatively low. During an in l e t  
pressure  oscillation at low corrected speed, the loading of the  inlet  
stages  increases and s t a l l  occurs  before  the rear stages have time t o  
assume the i r  normal loading. The over-all compressor pressure  ratio a t  
the  inception of s t a l l  w i l l  therefore be lower than normal. At high 
corrected  speeds  the  loading of the  rear  stages i s  high,  while the load- 
ing of the  inlet   stages is relatively  l ight.  During an inlet  pressure 
oscil lation at high  corrected speed, the loading of the  inlet  stages 
increases  to an above-normal value, as the  rear-stage  loading  increases 
t o  the stall point.  Over-all  pressure  ratio w i l l  therefore be  higher 
than normal. O b v i ~ ~ ~ l y ,  then, there should  be conibinations of loading 
distribution  (corrected  engine speed) and time lag (frequency of pressure 
oscillation) f o r  which l i t t l e   o r  no divergence of over-all pressure  ratio 
would resul t .  For the engine used in this investigation  there was l i t t l e  
divergence in  over-all   pressure  ratio between 95 and 96 percent of rated 
corrected speed. 

The important point illustrated by figure 9 is  that quasi-steady 
s t a l l  limits, i n  terms of over -a l l   cqressor   p ressure   ra t io ,  cannot be 
used t o  describe  accurately  the  stall limits of an engine that i s  subjected 
t o  rapid  inlet  pressure  oscillations. Thus, a prediction of the quasi- 
steady compressor s t a l l  limits, which is  based solely on steady-state 
compressor  performance, will not  be  valid f o r  operation  with  inlet  prea- 
sure oscillations.  Since  the  trends and magnitudes of the  effects of 

I 
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inlet   pressure  oscil lations on compressor operation were shown t o  be 
dependent on the  distribution of the  stage  loading and stage stall margins, 
widely different  results may be obtained with other  engines.  Therefore, 
the experimental results presented i n  this  report  can se rve  only t o  ex- 
plain the differences  in over-al l  compressor stall limits that result 
from inlet pressure  oscillations. However, the compressor s t a l l  limits 
f o r  any engine can be  predicted by means of  an analytical method that 
combines a knowledge of the  steady-state  operating  characteristics of each 
small group of compressor stages  wlth an assumed dynsmical engine model. 
This method of analysis i s  discussed in  reference 7. 

An experimental  investigation was conducted t o  determine  the  effect 
of  rapid inlet pressure oscil lations on the  operation  of a current  turbojet 
engine. 

The amplitude of the  approximately  sinusoidal  total-pressure wave, 
which was generated at the compressor inlet, w a s  attenuated  considerably 
as the wave passed  through  the compressor, and a large phase shift (lag) 
also occurred. Although the operating  characteristics 'of each small group 
of compressor stages did not deviate  appreciably from steady-state char- 
acter is t ics ,   the  amplitude  attenuation and phase ahif% r e s u l t e d  i n  a 
mismatching of  the compressor stage groups and a consequent change i n  
o v e r - a l l  compressor  performance. 

The i n l e t  amplitude required t o  stall the engine was greatest   a t  
approximately  rated  corrected  speed. As the operating  point moved either 
above or below rated  corrected speed, the  amplitude  required t o   s t a l l   t h e  
engine became smaller. 

The change in ove r -a l l  compressor s t a l l  limits, as  defined by the 
maximum over-all compressor pressure rat io ,  w a s  c l e a r l y  indicated by 
comparison wLth the  quasi-steady-state compressor s t a l l  limits. A t  the 
higher  corrected  engine  speeds  investigated, maximum over-all compressor 
pressure r a t i o  was higher  than the quasi-steady stall limit curve; w h i l e  
a t   the  lower speeds the  over-all  pressure  ratio was below the  quasi-steady 
s t a l l  limit curve. Thus, a prediction of the engine stall  limits that i s  
based solely on steady-state compressor performance, will not be valid f o r  
operation with inlet pressure  oscillations. 

Trends an3 magnitudes of the effects of pressure  oscillations on 
over-all compressor operation w i l l  vary from one engine t o  another,  because 
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they depend on the  stage  loading  distribution and stage stall margins. 
However, a method for  predicting  the compressor s t a l l  limits during i n l e t  
pressure  oscillations  exists  in  the  reference literature. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee for  Aeronautics 

Cleveland, Ohio, January 7, 1958 
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Figure 2. - Pressure pulse genera*. 
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Figure 5. - Frequency  response at various stations  throughout  engine. 
In le t   to ta l -pressure  amplitude, 11 percent; corrected  engine speed, 
100 percent of rated. 
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(a) Individual total pressures. 

Figure 6. - Tfme history of typical inlet total-pressure  oscillstion. Corrected 
1 engine  speed, 93 percent; frequency, % ,cycles per second; inlet total-pressure 

amplitude, 37 percell%. 
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(b) RBs8ure ratio. 

Figure 6 .  - Concluded. Time history of a typical inlet total-pressure 
080illati0r1. Correoted engine speed, 95 peraent; rrequenog, S$ oyolea 
per 6eOOnd; inlet total-pressure amplitude, S7 peraent. 
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(a) Individual t o t d  pressures. 

m e  7. - Time history of typical inlet pressure osci l la t ion.  Corrected engine ea 
speed, ll0 percent of rated; frequency, 8 cycles per second; inlet total-pressure 
emplltude, 45 percent. 
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Figure 9 .  - Over-all compreeear pressure r a t i o  ae function of frequency at maximum 
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