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NATIONAL ADTISORY COMMITTEE FOR AERONAUTICS 

EXPmIMENTAIL AND THEOlXlXCICAL STUDIES OF SURGING 

IN CONTIN[ JOUS -FLOW COMPRESS0;RS 

By Robert 0. ~ullock, Ward W. Wilcox 
and Jason J. Moses 

Experiments have been conducted to determine the conditions 
that cause surging in co~;tr)ressors and to determine the effect of 
various installations and opera%ing conditions on the character of 
the velocity and pressure variations occurring dur1ing surging. These 
investigations were m d e  on three compressor units and the variation 
of static, total, or velocity pressure with time was recorded. In 
addition to the e~2erimental studies, a siaplified analysis was made 
to determine how instability of flow may occur in a compressor. An 
examination, based on this analysis, %ras made of several possible . 
methods of inhibiting the occurrence af surging. 

Surging was found to be a periodic variation of pressures and 
velocities that may occur when the slope of the compressor characer- 
istic cnrve is positive. A tra~sition region of finite extent and 
characterized by erratic pulsations of small ~agnitude separated 
surging from stable operation. The freqxency of the pulsations 
was always the sama thrcughout the unit,; the wave form was frequently 
nonsinusoidal. 

The actual magnitude of the slope at which surging begins is 
determined by the iime required for the static gressure in the 
external pipes to adJust itself to a change in flow conditions in 
the conpressor passages. The ma~nitudc ar;d the frequency of the 
pressure 2ulsations, as well as the point on thc characteristic 
curve at which surging begins, depend on a comylex relation of the 
capacity and the resistance of each component of the total system. 
Because the occurrence and manifestaticn of unsta5le oparation is 
dependent on the d,vnamic ?roperties of the ccnplete air-flow system, 
attem~ts to utilizc one ~f the several methods for inliibitlng surge 
should be rnade only on ths actual installation with which thc"com- 
pressor is to bs used. 
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INTRODUCTION 

I n  modern high-s~eed superchargers and' compressors a periodic 
pulsating flow known a s  surging terminates the operating range a t  
low flow ra tes .  I n  order t o  obtain the desired f l e x i b i l i t y  of 
operation of an a i r c r a f t  power plant,  the range of the compressorj 
indicated by the r a t i o  of maximum volume flow t o  minimum volume flow, 
must be a s  large as  possible. The range of centrifugal compressors 
rapidly decreases as  the impeller t i p  speed is inc rea~ed .  The 
demand fo r  increased power-plant performance a t  high a l t i tudes ,  
however, has placed increasing emphasis on the necessity f o r  high 
t3.p speeds. A s  a r e su l t ,  when a compressor is designed f o r  m a x i -  
mum power, the cruising power may be l imited by the occurrence of 
surging. An extension of the surge-free range of operation of 
centrifugal compressors i s  therefore an important par t  of compressor 
research. 

References 1, 2 ,  and 3 have s tated tha t  surging i s  essent ial ly  
the r e su l t  of a flow ins tab i l i ty ,  which occurs only when the slope 
of the character is t ic  curve (pressure r a t i o  against flow function) 
is posit ive.  The slope of the character is t ic  curve where surging 
begins, however, is not the same f o r  alL corn-pressors; i n  fac t ,  when 
a given compressor uni t  i s  tested i n  two ins ta l la t ions ,  the value 
of the flow function a t  whizch swging begins ( the surge point) is 
frequently different .  Although the slope of the character is t ic  
curve influences the occurrence of surging, several unknown prop- 
e r t i e s  of the complete in s t a l l a t ion  apparently a l so  govern i t s  
occurrence. 

I n  the t e s t s  reportea i n  reference 3, an attempt was made t o  
influence the posit ion of the surge point by introducing a fluc- 
tuat ing flow a t  che compressor in l e t .  This forced periodicity of 
flow w a s  found t o  have a negligible e f fec t .  

Observations of the character is t ics  of the pressure pulsations 
during surging (references 2 and 3) indicated tha t  the frequency 
and magnitude of the pulsations a re  somewhat affected by the volume 
of the compressor and the pipes of the system. I n  general, an 
increase i n  t h i s  vol~une apparently resulted i n  an increase i n  the 
amplitude of the pulsatians and a reduction i n  the frequency. 

I n  the present investigation, a special  recording instrument 
wap used t o  obtain an estimate of the magnitude and frequency of 
the pressure p~xlsaticns during surging. Experimental studies wers 
made of the t rans i t ion  f ~ o m  steady flow t o  surging and of the phase 
re la t ion  of s t a t i c ,  t o t a l ,  and velocity pressures during swging. 

1L 



Other experiments were made t o  detemine how the frequency and the 
magnitu4e of the pulsations were affected by changes i n  the volme 
.of the compressor system and the t i p  speed of the impeller, 

Several of the records of the pressure pulsations a re  presented 
and discussed. A simplified analysis is presented t o  show how insta-  
b i l i t y  of flow may be produced i n  a compressor and an examination 
based on t h i s  ana.lysis is  made of several possible methods of 
inhibi t ing the occurrence of surging. 

Part  of the experimental work was done on two t e s t  uni ts  a t  the 
NACA Langley Field' laboratory, More complete t e s t s  a 3 h e  Cleveland 
laboratory were made on a th i rd  t e s t  which was especially 
designed fo r  surge studies. 

Compressor Test Rigs 

Three separate t e s t  uni ts  were used fo r  the experimental inves- 
t igat ions.  Each unit  was s e t  up t o  conform t o  the standards and 
specifications recommended i n  reference 4. I n  each instance, the 
compressor uni t  was mounted d i rec t ly  on a speed increaser having a 
step-up r a t i o  of 15:l  and was driven by an a i r c ra f t  engine or a 
dynamome-her. The a i r  flow w a s  determined by measuring the pressure 
drop across a calibrated o r i f i ce  with an TJACA micromanometer. P i to t  
tubes of 0.060-inch s t e e l  tubing were instal led a t  the  i n l e t  and the 
out le t  measuring stations; s t a t i c  or i f ices  of C,050-inch diameter 
were placed a short distance upstream of the p i to t  tubes. Throttles 
were placed i n  the i n l e t  and oc t le t  pipes t o  regulate the flow, 

Tests were f i r s t '  made on uni t  A, which consisted of a f u l l y  
shrouded im2eller and a. vaned diffuser  mounted i n  a standard NACA 
variable-component t e s t  r i g  having a torus-shaped collector of 
15-cubic-fo~t  c a p c i t y ,  (see reference 4. ) 

Unit B consisted of a mixed-flow impeller and a 20-inch-diameter 
vaneless diffuser ,  which were a l so  mounted i n  a variable-component 
t e s t  r ig .  

The greatest  par t  of the work was done on t e s t  unit  C ( f i g ,  l ) ,  
which was especially designed fo r  investigations of the cause and 
character of the surge pulsations. Because the volume enclosed i n  
the collector may have had an ef fec t  on the r e su l t s  of previous 
investigations, t h i s  unit was designed t o  make.the t o t a l  volume of 
the compressor i t s e l f  as  small as  possible. A conventional impeller, 



which was modified by reducing both the diameter at the inlst and 
the height cf the blades at the tips, was used in this rig. The 
vaneless diffuser, which formed an integral unit with the scroll 
coll.ector, was designed to avoid the occurrence of separation in 
the diffus~r. Eie disturbances in the flow system at low volume 
flows were reduced by designiq the lip at the discharge of tlie 
collector to have a 0' angle of attack at a low volume flow. A 
schematic diagram of the rig in ~~hich this unit was tested is shown 
in figure 2. 

Instantmeocs Pressure Recorder 

The pressure an6 velocity pv.lsations during surging were 
measured. on a stan3mrd X-AC-4 dlff erentiaL-pressuTe recorder. This 
instrument has been described in references 5 and 6 but, for "ue 
convenience of the reader, SOMO of its principles are described 
again. The instrument with two cells installed is sho~~n in fig- 
ure 3. 

Two simultaneous -pressure recordings can be taken by using 
~TTO cells with a single film unit. Because the pressure cell actu- 
ally measures differential pressures, the variations in static 
pressure, total pressure, or velocity ~reasure may be recorded. 
Static and total rressures are o~posed'by some lz~own pressure, usval-ly 
atmospheric, to oStain a drrsct trace of pressuse variation with 
time: The variatzon in velocity pressure is recorded by introducing 
static pressure on one side of the diaphragm and total pressure on 
the other; the instrument records the differential pressure and a 
t~ace of the velocity-pressure variation is thereby obta.ined. .ALsc, 
by recordinr; a differential pressure rather than an absolute pres- 
swe, a sensitive cell can be us=d for a large range of compressor 
operating condi tZons. I , 

When uscd with-test units A and B, thtt 'instrument com~rised 
two cells: one with a differential-pressure range from 0 to 
5r) inches of water, the other with a range from 0 to 30 inches of 
water. Cells with progsure ranaes from 0 to 5 inches of water and 
0 to 50 inches of water worc used for tests on uniB C. When the 
sensitive cell was uscd, the vibrations of the motor and the gear 
train that movod tha film past the light orifice were recorded along 
with the pressure var:ations, Although these vibrations combined 
with the pressure vihations to superimpose a low-frequency osciT- 
lation on the film record, tho accuracy ~f tbe frequency measure~on5s 
was not affected. 



A study of t he  cha r ac t e r i s t i c s  of t h e  pressure-recoyding system 
showed t h a t  t he  indicated mgni tudes  of t he  Dressure va r ia t ions  were 
not, al.togo?ther r e l i ab l e ,  being a f fec ted  b; the  s i z e ,  t h e  type, and 
t h e  length of t h e  pressure tubeti, I n  general,  however, t h e  nagni- 
tudes of t he  pressure va r ia t ions  indicated by the  t r a ce s  were 
roughly proport ional  t o  thoso ac tua l l y  occurring i~ the  system 
when t he  i n s t a l l a t i o n  remained unchar~ged f o r  t h e  e n t i r e  s e r i e s  of 
t e s t s .  The recording system was probably accurate  enough t o  r e g i s t e r  
t r a c e s  s l-milar t o  the ac tua l  pressure waves. 

TEST PROCBNRB 

The f i r s t  s e r i e s  of' t e s t s  was made on t e s t  u n i t  A t o  develop 
a technique f o r  recording t he  pressure pulsa t ions  and t o  determine 
t h e  charas ter  of surging. An inses t igz t ion  was a l s o  made of t h e  
r e l a t i v e  freqaency, magnitude, and phase r e l a t i o n s  of to ta l -pressure ,  
s ta t ic-pressure ,  and velocity-pressure va r ia t ions  in  t h e  i n l e t  and 
t h e  o u t l e t  pipes of t he  s ~ s t e m .  

Invest igat ions  were made on t e o t  un i t  6 t o  study t h e  character-  
i s t i c s  of the  pulsat ion8 i n  t h e  severa l  unusual surge ranges encoun- 
t e r e d  during ?erformance t e s t s  of t h i s  u n i t .  Traces of t he  veloci ty  
pressure i n  both t he  i n l e t  and the  o u t l e t  pipes were taken slmul- 
t+aneously at  t he  standard measuring s t a t i o n s  t o  determine whether 
t h e  amplitude, t h e  wave form, and the  frequency of t he  pulsa t ions  
were t h e  s m e  f o r  a l l  surge ranges. 

One s e r i e s  of t e s t s  on u n i t  C was  designed t o  determine how the  
volume of t he  p p e s  used with t h e  compressor influenced t h e  f r q u e n c y  
and magnitude of surging. Ina,smuch a s  t heo re t i c a l l y  an i r f i n i t o  
volume of air is i n  motion, regardiess  of t he  sliape and s i z e  of t he  
pipes,  t h e  volume a f f ec t i ng  th'e surge cha rac t e r i s t  i c s  is d i f f i c u l t  
t o  e s t ab l i sh  de f i n i t e l y .  I n  a conventional t e s t  un i t ,  a drop i n  
?ressu-e f r o n  approximately t h a t  of t h e  l o c a l  a tmos~here  occurs at  
t h e  i n l e t  t h r o t t l e ;  an increase in pressure occurs through t he  
ccmpressor; and a decrease i n  pressure t o  approximately t h a t  of t h e  
l o c a l  atmosphere occurs at t he  o u t l e t  t h r o t t l e .  The l a rge s t  pa r t  of 
t h e  pressure cycle is thus obtained between the  i n l e t  and ou t l e t  
t h r o t t l e s  and t he  vol.ume enclosed by t he  system between these  two 
s t a t i o n s  clay be considered t o  be t he  cha r ac t e r i s t i c  volume of t h e  
system. This concept, however, may be expected t o  be most exact 
when t h e  pressure drop t h r o ~ g h ' t h e  t h r o t t l e s  is a maximum. A s  the  
arpssure  drop decreases, t he  influence of t h e  ex t e r i o r  regions b e c o ~ e s  
more pronounced. The volune was  the re fore  varied 3y using each of 
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three inlet conditions in conguncticn with each of three ou21et 
throttle locat ions (fig . 2) ; thus nine different combinations af 
inlet and outlet conditions were tested. 

The three inlet conditions were: 

1. Inlet throttle wide open (located 24 diameters upstream 
from the campressor inlet, station K) 

2. Inlet throttle partly closed (station K) 

3, Inlet pipes replaced by a nozzle at the compressor inlet 
(station L) 

The three outlet conditicns were: 

1. Outlet throttle 51 ddameters downstream of compressor outlet 
(station A) , .  

2. Outlet throttle 33 diameters downstream of comyressor outlet 
(station B) 

3. Outlet throttle replaced by a 3-inch gate valve at compressor 
outlet (station D) 

All the tests to determine the effect of volume of the system on surg- 
, 4ng were made at an impeller tip speed of 960 feet per second. 

Tests were also made on test unit C to determine the effect of 
tip speed on the chas-acteristics of surging. For these tests complute 
compressor data and a number or" velocity-pressure traces were talcen 
a< several tip speeds. 

In order to apply the results of the analysts of surging, the 
variation of the pressure drq across the throttles with mass flow 
had to be determined. The throttlc setting was maintained constant 
and the weight flow of air was varied over a w-ide range by varying 
the impeller speed. The weight flow of air and the pressl.re drops 
across the throttles were recorded. All tests were run at sea-level 
conditions with inlet-air tcmperstures from 6 8 O  to 100° F. 

EXPERIMEHTAL RESULTS 

Character of transition from stable operation to surging. - Tha 
variations of the outlot total pressure with time for test unit A 
as the outlet throttle was gradually closed until audible surge 



NACA TN No, 1213 7 

occurred is shown i n  f i gu re  4. A t  point  A on t he  t race ,  only very 
small f luc tua t ions  i n  t o t a l  pressure e x i s t .  Point  B shows t he  
b ~ g i n n i n g  of small periodic f luc tua t ions  t h a t  pe rs i s ted  u n t i l  t h e  
t h r o t t l e  was  closed t o  point C, where a la rger  f l uc tua t i on  of pres-  
sure  occurred. As t h r ~ t t l i n g ~ w a s  continued, t h i s  fluctuation 
appeared in termit tent ly  u n t i l  f i n a l l y ,  at point D, it became periodic.  
'CJhen the  t h r o t t l e  was again opened, t h i s  sequence of events w a s  
reversed. Before t he  un i t  would s t op  surging, t h e  ou t l e t  t h r o t t l e  
had t o  be opened beyo~d  the  point at  which surging began. This 
"hysteresis" e f f ec t  was  more pronounced f o r  o ther  operating condi- 
t i ons  and often made s t ab l e  operation d i f f i c u l t  t o  regain  without 
openlng t he  t h r o t t l e  considerably. 

The corresponding var ia t ion  of t he  i n l e t  t o t a l  pressure when 
t h e  in le t  t h r o t t l e  w a s  closed until audible surge occurred and then 
w a s  opened is  shown i n  f igwe  5. The order of events followed t h e  
same general t rend as f o r  t h e  ou t l e t  t r a ce .  

For each of these  t r ace s  an a rb i t r a ry  pressure w a s  used t o  
oppose t he  f l uc tua t i ng  pressure i n  order t o  keep the  surge t r a c e  
wi thin  t he  sca le  of t h e  recorder.  For t h i s  reason t h e  magnitude 
s ca l e  shows only the  r e l a t i v e  s i z e  of t he  f luc tua t ion .  

Phase r e l a t i o n  of various - pressures i n  flow system. - Simul- 
tanoous r ~ c o r d i n g s  a r e  shown i n  f i gu re  6 ( a )  of t h e  var ia t ion  of t he  
ou t l e t  veloci ty  and s t a t i c  pressures with tlme as the  flow is 
t h r o t t l e d  t o  t he  surge point f o r  t e s t  un i t  A. Traces obtained f o r  
t he  var ia t ion  of ou t l e t  veloci ty  and t o t a l  pressure with t-2ne a r e  
shown in  f fgure  6 (b ) .  The t racos  showing the  corresponding var ia t ion  
of i n l e t  and o u t l e t  ve loc i ty  pressures a r e  given i n  f i gu re  6(c ) . 
The ou t l e t  velocity-pressure t r ace  was kept within t h e  l im i t s  of t he  
recorder ( t he  zero l i n e  was not placed t o  u t i l i z e  t he  f u l l  f i l m  
width) by reversing t he  pressure tubes, which inverted the  t r a c e  on 
t h e  f i lm.  I n  t he  ou t l e t  pipe, t h e  t o t a l ,  s t a t i c ,  and veloci ty  
pressures were subs tan t ia l ly  i n  phase. The veloci ty  pressure i n  
t h e  i n l e t  pipe w a s  su f f i c i en t l y  i n  phase with t h a t  i n  t he  ou t l e t  
vipa t o  show t h a t  t he  system was surging as a u n i t .  The t r ace s  i n  
which b5th t he  t o t a l  and t he  s t a t i c  pressures apparently lead t h e  
veloci ty  pressure by a s m a l l  amount indicate  an impossible s i t u a t i o n  
and t h i s  e r r o r  is a t t r i bu t ed  t o  t he  inherent deficiency of t he  
imstrument i n  detect ing such small phase var ia t ions .  

Charac te r i s t i cs  of pressure pulsations during several  surge --.- -- 
ranges of t e s t  un i t  B. - I n  addi t ion t o  t h e  surge t ha t  t=inated 
 he range of operation of un i t  B at low values of volume flow, an 
audible surging a l so  occurred at two points  having r e l a t i ve ly  hi& 
values of volwne flaw. The cha rac t e r i s t i c  curve determined by t h e  
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standard compressor t e s t s  f o r  t h i s  un i t  at an impcller  t f p  speed of 
900 f e e t  per second i~ sSown i n  f Lgure 7 ,  The s o l i d  portiozis of t h e  
cdrve represent s thb le  operation and the  daaned por t icns ,  uEsta31s 
operation. Between points A a ~ d  B t h e  pulss,tiona were plaenly mi- 
dent;  at  ooi-nt C the  smge  could 50 pickeil up only with s;n lLmtrwtier;t; 
and a t  3 the  pulsat ions  %ere  very vi , l en t .  The prsssux'c f ~ u z t u a t i o n s  
( f i g .  8) show the  jrn?or-~snt pal-ts of vel.ocCty-prwsure tx8a?es xade 
when the  i n l e t  t h r o t t l e  w e s  s.1os;l.y closed f r ~ m  an oyen qcs i t i on .  
Figure 8 ( a )  shows t he  i n l e t  veloci ty  p r e s swe  as the  un5t enters  t h e  
f i r s t  surge rarrge. A s  Z l ro t t l i ng  is sor,tizllsced, the surging changes 
c lna~acter  from a high-f roque~cy ,  low-aql.itvde wave t o  a wave of 
lower frequency a ~ d  grea te r  am?litude a t  point A shorn in  f igure  8 ( a )  
and f l gu re  7 .  A t  point  B i n  f i gu re  8 (b ) ,  t he  f l ow  has been t1irottlt.d 
t o  such an extent  t h s t  t he  t r ace  f o r  the  o m l e t  velocj ty  pressure, 
which was off sca le  i n  f i gu re  ~ ( a ) ,  now appears i n  addi t ion t o  the  
t r a c e  of the  i n l e t  ve loc i ty  pressure ,  men tile vo1u.e flow has been 
suff ic  i en t ly  reduced, tho large,  low-f requency f l uc tua t i ons  disappear 
leaving ~ n l y  t h e  high-froqaency vaves of smaller  amplitude. A t ,  a 
s t i l l  lower value of volume flow indicated at  point  C on f i g w c s  7 
and 8 ( c ) ,  a very gent le  gulsat ion develops. This pulsation a l so  d i s -  
appears as t h r o t t l i n g  is continued and the  operation is  s ta%le u n t l l  
a f i n a l ,  v iolent  surge condit ion develops at the  lower end of' thc  
operating range. The t r a c e  of pressure f luc tua t ions  a t  point  D on 
f i gu re  8 (d)  cloarkv shows t h a t  the  fcrm of t h i s  t r a c e  is d i f f e r en t  
from t h e  previous t r ace s  ajnd does not even remotely resemble a s ine  
wave. The magnitude and the  frequency of t h e  pulsations a r e  d i f f e r en t  
i n  each of t h e  surge ranges. I n  a l l  cases, t h e  slope of t he  charac- 
t e r i s t i c  curve is pos i t ive  each t ~ m e  t h a t  surging occurs ( f i g ,  7 ) .  

Effect  of external  volume on frequency and amplitude of pres-  - -7 .-- ----- 
sure -0u1sations d u ~ i n g  surging. - The compressor of t e s t  un i t  C was -L -- 
c ~ n s t r u c t e d  t o  enclose a minimum volmo. For t h i s  t e s t  uni t ,  nine 
d i f f e r en t  combinations of i n l e t  and ou t l e t  condit ions were used. A l l  
t e s t s  t o  determine t he  effect ,s  of t hc  external-system volume on 
surgir-g were run at an impeller t i p   peed of 960 f e e t  per second and 
t h e  pressure c e l l  was connected t o  recorC the  var ia t ions  i n  iTalocity 
pressure i n  t he  ou t l e t  pipe.  

The lowest frequency and t h ~  grad tes t  mgni tude  of t h e  pressure 
~ u l s a t i o n s  were obtained when t he  ex te rna l  pipes enclosed t he  l a rges t  
volume. For t h i s  condit ion t h e  o u t l e t  t h r o t t l e  was located 51 diam- 
e t e r s  downstream of t h e  cof'npressor a d  t h e  i n l e t  t h r o t t l e  wan w i d u  
o-pcn. The t r a c e  obtained from t h i s  t e s t  is shown in  f i gu re  9 ( a )  an6 
t k e  fre%uency indicated by t h i s  t r a c e  was 4.8 cycles  per  second. 

' 

Complete reversa l  of f low occhrred a t  t-his condi-t ion an8 a consider-. 
able  mass of air  was discharged from the  o r i f i c e  tank i n to  t h e  . 
atmosphere during par t  of t he  surge cycle.  
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With %he 01-&let t h r o t t l e  i n  t he  same locat ion and with t he  
i n l e t  and the  ou t l e t  t h r o t t l e s  p a r t l y  closed, thus e f f ec t i ve ly  
reducing tl,e volume of the  in1e-L pipe, tile frequency w a s  increased 
t o  11 c3cles per second and t he  magnit~ide of t he  pi-essure varia- 
t i o n  w a s  smaller, as shown i n  f i gu re  9(b). The wavy e n v e l o p  shown 
was due t o  v ibra t ion  of the  gear train i n  the  pressure recorder. 
The dist1:rbances a-t th.e orir"ice were consider~ifsly reduced from those 
observed with tho inl-et t h r o t t l e  wide open. 

When the  i n l e t  p i ~ e  w a s  replaced by the  nozzle, t h e  frequency 
decreased t o  8 cycles >er second and t he  magnitude a l s o  decreased. 
This r e su l t ,  shown i n  f i gu re  9(c) ,  b-as ra ther  surpr is ing because both 
the  frequency and t he  mgxi tude decreased, a trend t h a t  did not  
corresyond t o  any other  observations made duriag s i m l l a r  t e s t s ,  Some 
question e x i s t s  as t o  what effect  the  nozzle ac tua l ly  had on the  
i n l e t  volume because the  p e s s u r e  drop t h r o u ~ h  the  nozzle w a s  very 
small and the volume of t he  t e s t  chamber m y  have influenced the  
resul-ts  t o  some extent .  

Traces obtained f o r  each of t he  i n l e t  conditions with t he  out- 
l e t  t h r o t t l e  i n  i t s  nornlal posi-tion, which is  30 pipe d i m e t e r s  
downstrean of the  compressor ou t le t ,  a r e  shown i n  f i gu re  10, Again 
t he  lowss-t frequency, 6.5 cycles per s~cond ,  was obtained with t h e  
i n l c t  t h r o t t l o  wide opo11, Operating the, un i t  with both t h r o t t l e s  
par t ly  C ~ G B G ~  increased t he  Zroquency t o  13.5 cycles ner second and 
accreascd tho niagnitude of nulsat ion,  The e f f ec t  of t he  nozzle, as 
shown by f igure  10(c) ,  was qui te  d i f f e r en t  fro111 t h a t  :3reaiously noted 
i n  t h a t  t he  frequency ra ther  than decreasing as before now increased 
t o  60 cycles per second. I n  addition, a large  decrease i n  magnitude 
was obs~rvdd.  The wavy emelope of t he  t r ace s  i s  again  due t o  v i b ~ a -  
t i ons  of the  gear t r a i n  i n  t he  prossure recorder. 

T' . ,ottl . ing l., a t  the  s c r o l l  o:ntlet with a standard 5-inch gate  
valvc causad t he  e f fec t  of changes i n  i n l e t  v o l u ~ e  t o  become almost 
impeYcc;gtible, The t r ace s  corresponding t o  these conditions a r c  
shown i n  ,"iguri: 1'. When t h e  nozzle w a s  used ( f i g ,  l l ( c ) ) ,  'che 

. amplitude of tho pulsat ion appoared t o  increase considerably, Audible 
obsurvation, however, did not  confirm t h i s  increase,  The re l iabi ' i ty  
of t t i i r ,  t;.%cr; i s  a l s o  doubtful because some question c x i s t s  a s  t o  
whether the  i n l c t  volume w a s  tlit3 V O ~ L I ~ C  01' tlle nozzle o r  t he  volume 
of t he  outside atmosphere. Tl?e lowest frequency, 56 cycles per  
second, was again noted f o r  the  open i n l e t  pipe and f o r  t he  other  
two conditions a froqucncy of 60 cycles pcr  second w a s  obscrved, 
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The results of this phase of the investigation show that the vol- 
ume of the system has a very definite effect on the magnitude and the 
frequency of the pressure pulsations. In general, this trend agrees 
with the observqtions of p.revious investigations; that ie, a large 
external-system volume reeults in a low-frequency, high-amplitude 
vibration; whereas a small volume results in a high-frequency, low- 
magnitude vibration. No .simple relation, however, could be found 
to express the fyeque;?cy as a function of the inlet and the outlet 
volumes, which indicates that factors other than the effective volme 
also control the surging characteristics. The pressure dro? across 
the throttle and the inertia of the air in motion aust be considered. 

The following table shows the effects 09 volume on frequency of 
surge pulsations for test unit C: 

i 
Inlet cu ft)l- - 
volume '- Frequency (c-ps) 
(CU ft)L \.,; 

Effcjct of impeller tip speed on magnitude and frequency of ?res- --- 
sure pulsations during surging. - In the course of these investiga- - 
tions, additional tests were conducted on test unit C t6'detemine the 
effect of tip speed-on the magnitude and the frequency of the pressure 
pulsation. The records taken a% 960 and 1200 feet per second with 
the outlet throttle 30 diameters do-cmstrearb of the com~~essor outlet 
and the inlet throttle 24 diarrieters upstrean of the compressor inlet 
are presented in figure 12. Although the ampl?tx&e of the pulsations 
is approximately doubled, the frequency is changed very little by an 
increase in tip speed. Thfs result is representative of tests on 
other compressors. 

Instability of Flow in Compressors. 

Tht2 results of the preeent ar,d previous inyestigations (refsr- 
ences 1, 2, and 3) have shown that surging occurs only when the slope 
of the characteristic c7Jrve is positive and that the volume of air 
enclosed by the system has a definite effect on the frequency and the 
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magnitude of the pressure variations. In addition, the variations 
in pressure and velocity during surging need not have a sinusoidal 
variation with time. Tilese o'oservations indicate that surging is a 
self-induced vibration resulting from an inherent instability of 
the flow in some p&rt of the operating range. The slope of the 
characteristic curTe is a criterion of the stability of the flow. 
Inasmuch as the frequency and the ma~mitude of the pulsations are 
affected by the volue, this quantity aight also be expected to 
afi'ect the stability. Vibrations or" this type seldom have purely 
sinusoidal qualities. 

The general method used to study the stability of a given motion 
is to assumc that a small deviation from %he steady form of motion 
is produced and then to investigate whether the ensuing reactions 
tend. to oppose the deviation or accentuate it (references 7, pp, 32-35, 
and 8). The reactions are brought about by the inertia, elastic, and 
frictional forces induced by the deviation, The inertia forces are a 
function of the rate of change of the velocity of the motion; the 
elastic forces are a function of the magnitude of the deviation 
itself; the frictional forces are a function of the velocity of the 
~otion. Because stability of the motion is the issue rather than the 
motion itself, only the linear terms are considered. 

In a compressor operating at constant speed, the inertia forces 
are due to changing the velocity of the C,otal Ease of alr in motion. 
Elastic forces result from the elastic prozerty of air. Friclkional 
forces are (1) the true frictional force caused by skin friction and 
throttling, and (2) the force that causes the pressure rise in the 
compressor, which is, in a sense, a neg&tive friction force. These 
forces are interrelated in a co~plex manner and efforts to develog 
an analytical expression to describe the influence of these forces 
for a general compressor systera indicated that the equations become 
greatly involved. By the use of sim~lifying assumptions, however, 
an approximation was developed (see the appendix) to detarmine the 
relative inflcence of the various forces affecting the stability of 
the operation of a compressor. The derivation is somewhat limited 
because it is based on a simyle systeol of an inlet pipe, an inlet 
throttle, and-a compressor unit, Further limitations are imposed on 
the devclop&nt because of the following~simplifyfng assumptione: 

(1) The difference between the static prassure and the total 
pressure is small. 

' (2 ) The pressure and the mass df stribution in the inlet pipe 
vary linearly zlong the pipe length, 
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(3) The volume of the compressor is negligible. 

Two simu'ltaneous differential equations can be set up from 
these as,sumptior_s,to obtain the expr, -ssions 

and 

6Mc = K2 est sin ( w  + d2) 

where 

6Mi small changb of mass flow rate through inlet throttle 

6Mc small change of mass flow rate through compressor 

Klz K2 constants determining relative amplitude of vibratory motion 

fl lr  constants governing phase relation of vibratory motion 

s stability term 

t t ime . . 

uj frequency term 

Only the exponefit s need be examined to investigate the sta- 
bility of the system. When scO, the system is in stable equilib- 
rium; whcn sZO, instability results. The frequency term u, is 
of no interest for this discussion becauee the method of small 
deviations does not apply after instability occurs and the amplitude 
of the motion becomes large. 

When s and w are expressed in terms applicable to the ccm- 
pressor system being considered, 
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where 

a velocity of so& in inlet pipe, feet per second 

Y ratio. of specific heats 

A effective area of inlet pipe, square feet 

v volllme of inlet pipe, cubic feet 

d 
' x slope of throttle characteristic curve /- dpi;\ 

idMI / 
Api pressure drop across inlet throttle, poMlds per 'square foot 

Mi mass flow rate across inlet throttle, slugs per s e c d  

' d 
slope of compressor chaaraacterist io curve i- \ 

Y 

.APC ,pressure rise across Compressor, pounds per square foot 

Mc mass flow rate across compressor, slugs per ' second 

L length of inlet pipe, feet 

Because the.velocity of sound is infinitely large for incom- 

pressible flow, the term j*' becomes infinitely small and the 
ja2L2 / 

' sign of equation (1) and the stability of operation will be deter- 
mined by the denominator yv(x-y) . When y algebraically exceeds 
x, the sign of s is positive and instability results, 

A physical picture of the relation between the slopes of the 
throttle and the compressor characteristic curves and the stability 
of operation can be obtained by visualizing the effect of small dis- 
turbances in the flow. The throttle characteristic curves represent 
the variation of the total restrlctions to flow in the e-xternal 
piping with mass flow. When the disturbance causes the pressure 
rise through the compressor to exceed the pressure drop through the 
exker~al pi~ing, the mass flow will increase; coxversely, when the 
throttle pressure drop is greater than the pressure rise of the 
compressor, the mass flow will decrease. Figure 13(a) ~~hows the 
variation of the pressure drop in the external piping and the pres- 
sure rise across the compressor with mass flow for a b~othetical 
unit. When the slope of the compressor characieristic curve is 
algebraically less than the slope of the throttle characteristic 
curve (assuc-ing iccompressible flow), a mmentary decrease in mass . 
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flow w i l l  cause the  pressure drop i n  t he  external  piping t o  be 
raomentmily l e s s  than t h e  prsssure r i s e  througl~ t he  compyessor, 
Conseque~?tly, t he  mss flow w i l l  increase and thus  res to re  egui l ib-  
ri,an. A momentary increase i n  mss flow w i l l  l ikewise r e s u l t  i n  
conditions t h a t  w i l l  r e s to re  equilibrium. 

When t he  slope of the  conlpressor cha rac t e r i s t i c  curve is ~ r e n t e r  
than t he  slc,pe 0.1 t h e  t h r o t t l e  c i laracter is t ic  curve a t  the  i n t e r -  
seci;icn point  ( f i g .  13(b)), tlie r e s c l t s  of momentary changes i n  
flow a r e  qu i te  difi'eren'~. I f  mass f lov momentarily drops f70m point F, 
tlie presstzre dro? thro~:gh t h e  exte-nal piping w i l l  be g rea te r  than 
the  pressuye r i s e  throtgh t h e  compressor at thc  new operating point 
and t h e  mass Tlow w i l l  be dezreased still. mare and thus  pformte 
unstable o p e r ~ t i o n .  Similarly,  a uomentary increase i n  Elass f l sw 
w i l l  cause i n s t a b i l i t y .  

Whnn com;?ressibilf t y  is  taken fn to  account, however, tlic numcr- 
a t o r  of equation (1) cannct 52 nsglected. The ve loc i ty  of souad a 

becams f i n i t e  and t he  terril 1 - - r 2 ~  bec3mea s ign i f ican t .  Thus, 
a 2 ~ 2  

the  e f f ec t  of t he  e q r e s s i o n  ma>- make t he  s ign of equation (1 )  posi-  
t i v e  wi5h the  resu l t ing  unstable operation even though the  denan- 
i na to r  remains gos i t ivc  (x > y) . 

A s e r l e s  of t e s t s  was tlibrefcr;. made t o  obta in  oxperimsntal 
values of t he  slopes of t he  comp-essor and t l i r o t t l e  cha rac t e r t s t i c  
curves et o r  near the  surge point .  Complete performance data  were 
taken when the  i n l e t  t h r o t t l e  alone was used t o  regu . l sk  t he  flow 
and %he ou t lo t  t h r o t t l e  remained open. Data were a l so  taken with 
the i n l o t  t h r o t t l e  wide open and a l l  t h r o t t l i n g  done ak the  o u t l e t .  
I f . t h e  dynamic c b r a c t e r i s t i c  of t he  comprcssor was t o  have t h e  
dimensions required by equation (11, the  precsure r i s e  d~velopod by 
tht: coa.yressor had t o  be plot ted against  t h e  mass f l m r  ads shown b$ 
f i gu re  14, The curves of the  var ia t ion  i n  pressure drop across t he  
i n l e t  t h r o t t l e  plotted against  mass flow f o r  t h r o t t l e  sc-k%i,ngs near 
the  surge point a r s  a l so  shown. I 

A com~arison wcs made bettrecn the ac tua l  values of y obtained 
from the  curvcs or f i gu re  14 and vslnes obtained f o r  %be conditions 
s = O and x - y # 0,  a c o ~ d i t i o n  sst isCled by t he  r e l a t i o n  

of equation (1). The foregoing expression has boen reduck8 from tha 
re la t ior ,  
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by resolving the volwne v ihto the product of a? area A and 
length L and elimkating L in the numerator and denominator. 
The following values were used in the calculations: 

I Term / Inlet throttle 1 Outlet throttle 
only only 

y 11.3547 1,3947 
AZ (sq ft)2 0.05 00C5 
a2 (f't/~ec)~ I 

l-bf:7,000 

1,297,000 
x 313,600 63,150 

y (calculated) 1 294.4 
y (mcaaurod) / 8,750 1 8,710 

I .- 

A comparison of the actual and the calculated slopes is given 
by figure 14 where the dashed curves liave slopeg equal to the calcu- 
lated slopes. Although the calculated values of y are much less 
than the actual values, they are both much saaller than x. Good 
correlation between the calculated an& the actual values was not 
expected because the conditions of the equation and those of opera- 
tion were very different . In the development of equation (I), the 
assumptions were made tha-t only the flow upstream of the imyeller 
inlet was restricted and that the volume of the compressor was 
negligible; whereas, in the actual case, there were flow restrictions 
at both the inlet and the outlet of the compressor and the volume 
enclosed by the compressor was appreciable, Although equation (1) 
cannot be used as an absolute criterion of surging, it is useful in 
obtaining a physical picture of the phenomenon, 

Compressibility effects can be pictured with the aid of fig- 
ure 13(a), If the point of operation of the compressor momentarily 
drops to point A from point E, the operating point of the throttles 
would Dove to point A' if the air were incom~ressible, Before the 
pressure in the pipe can drop to the pressure required for this 
condition, the mass of air contained by the pipe must decrease; that 
is, far a definite interval of time the m s s  flow of air leaving the 
pipe must be greater than that entering it. Thus a finite time is 
required for the static pressure to adjust itself completely to the 
change in flow conditions. ('This time lag should not be ccnfused 
with the tins lapse due to the finite velocity of sound.) Because 
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of t h i s  time l a g  between a change i n  operating condit ions and t h e  
c ~ m ~ l e t c  adjust'ment i n  s t a t i c  p ressure , ' the  point of o p ~ r a t i o n  m y  
drop only t o  point Bt , Compressibility may thus cause t he  pressure 
d r ~ p  across t h e  t h r o t t l e s  t o  be g rea te r  t hm the  preseure r i s e  
across t h e  comFressor and a f u r t h e r  decrease i n  mass flow a d  unstable 
q ~ r a t i o n  w i l l  resu-It.  Similarly,  when t h e  2oint  of operation of 
t h e  ccmpressor momentarily moves t o  point C, t h e  point of operation 
of t he  t h r o t t l e s  would f o r  t h e  incompressible case  be C' . Owing t o  
comFresslbility, however, t h e  pressure. drop may be onlj. Dl. When 
t h t  pressure r i s e  across t he  compressor is l a rge r  than the  pressure 
drop through t h e  external  nfping, a f u r t h e r  increase i n  mass flow 
and unstable operakion w i l l  r u s u l t ,  Zlh,c.se i l l u s t r a t i o n s  show tha t  
compressibil i ty reduces t he  l i m i t  'ng val-ue of t h e  s lope  of t h e  
compressor ~ h a ~ a c t e r i s t  ic curve f o r  t h e  same s lope of t h e  t h r o t t l e  
curve. Because t he  time lag  of t h e  pressure changes is ai'fected by 
volume and t h o  res i s tance  offered t o  flow, t h e  r e l a t i v c  time l ag  of 
t h e  compressor and t he  extornni s y s t ~ m  may be somewhat adjusted by 
al ter 'ng these  f a c t o r s .  This statement follows from the  posi t ion 
of t h e  v and x terms i n  cquation ( 1 ) .  

Flow Conditions within a Compressor at Point f I n s t a b i l i t y  

Both the  experimental and t h e  ana ly t i c a l  r e s u l t s  have shown 
t h a t  t h e  value of y must be 2os l t ive  at t he  point  of surging. If 
t h e  value of y is t o  be posit ive,  t h e  pressure losses  i n  t h e  com- 
pressor  must increase as the  flow decreases (except f o r  c e r t a in  
imr~e l le r s  wlth forward-sweyt blades) ,  which would be indicative of 
t h e  development of a breakdown i n - t h e  flow at some point in t h e  
system. For example, a docreasc i n  tha f low can cause t he  angle of 
a t t a ck  of t he  i n l e t  blades of t he  i m p l l u r  t o  become such t h a t  a 
l a rge  mount of additional. separat ion occurs. S lmilarly,  a break- 
d m  i n  t he  flow w i l l  occur i n  a vaned d i f fu se r  when t h e  flow 1s 
decreassd beyond a ce r t a in  l i m i t  and even i n  a vaneless d i f fu se r  
t h e  tendency f o r  separation is  increased as the  volume, f low is 
aecreased. I n  tho impeller i t s e l f ,  a decrease i n  t h e  volume flow 
increases the  blado loadlng near t h e  i n l e t  and along thc: r a d i a l  
blades; thus, addi t ional  separation i n  these  regions can occur when 
t h e  f low is suf f i c  i en t  l y  decrtased . The value of vc31ume f law at 
which a large-scale breakdown of fl-ow occurs may be considered as 
t h e  ulti.mate l m e r  l i m i t  at which surge - f ree  operation may bo 
obtained with any given impeller. 

Methods of Inh ib i t ing  Surging . .  

From the  previous discussion, tho most e f f ec t i ve  means of delay- 
ing t h e  occurrence of surgfng is t o  maintain a negative slope of t h e  
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dha rac t e r i s t i c  curve. The i d e a l  means of accomplishing t h i s  end is  
t o  loca te  and el iminate the  cause of t he  flow breakdown, which 
produces the  p o ~ i t i v e  slope of the  cha r ac t e r i s t i c  curve. Unfortu- 
nata ly ,  attemyts t o  cor rec t  t he  flow breakdown at  low values of 
voluue f low of ten  adversely a f f e c t  t he  upper range of operation t o  
such an extent  t ha t  thu over -a l l  performance is l e s s  s a t i s f ac to ry .  

Onc inethod of delaying t he  change i n  slope of t ho  cha rac t e r i s t i c  
curve is  t he  use or" variable-angle prerptnt ion vanes upstream of the  
compressor. A s  t h r o t t l i n g  a t  t he  i n l e t  is increased, t h e  incoming 
a i r  is given a ro t a t i on  i n  t h e  d i rec t ion  of impeller t r a v e l  and t he  
g r ea t e r  t h e  mount of p re ro ta t ion  t h e  i e s s  w i l l  be t h e  pressure r i s e  
crf'thc comnrcssor. For any given s e t t i n g  of the  vanes, the  moufit 
of t h t  absoiute prerota t ion w j l l  bt: proport ional  t o  t h e  volur~e f low 
and, cansoquontly, any s l i g h t  decrease i n  vo lme  flow w i l l  tend t o  
incrcasc the  pressure r i s u  of tho impeller and thus  delay t he  c r i t -  
i c a l  value of tho pos i t ive  alope. 

Another msans of l i m i t ~ n g  t he  nc t  mass flow through a compressor 
system without c n c o u n t e r i n ~  surglng is t o  r e c i r cu l a t e  pa r t  of t h e  
t o t a l  Plow back through t he  comprosaor u n i t ,  The introduction of 
t h e  rcc i rcu la tcd  air  s h ~ u l d  bo arranged t o  provide p re ro ta t ion  t o  
t h e  incoining a i r  stream. Thus, t he  prossure r a t i o  dcvcloped by the  
im;?cllor is  rcduccd and a t  t h e  s m c  time t he  volume flow through t h e  
impcll-cr and d i f fu se r  is grca tc r  than the  not  f low through thc  system 
by tho  of rcc i rcu la t fon .  Thc main diaadvantagcs of t h i s  
systcm a r c  t h a t  the  ou t l e t  temperatures may be increased with a 
r c s u l t l n g  S c c r c a ~ c  i n  over -a l l  e f f i c iency .  

Thc ana ly t i c a l  cxprcasions derivod i n  tho appendix show t h a t  
t h c  vo lmc  of t h ~  syntom has a d e f i n i t e  e f f e c t  on the  surgc point .  
I n  general,  tho g rea te r  t he  vol-me of any par t  of t he  systcm, t h e  
slower w i l l  bo t h t  rcsTonsc. of t h e  r e l a t ed  pressures t o  changes i n  
t h e  m a s s  f low r a tu .  Inasmuch as  t h c  volumc of t h e  comproasor un i t  is  
small cornparod with t h a t  of t he  e n t i r c  system, tho  surge-free rango 
probably c mid bc oxtendcd by increaaing tho  ~ f f u c t i v c  c a p c i t y  of 
t h c  ccmpressor u n l t  o r  decroasing t ha t  of thl.: aux i l i a ry  piping. 
Thcso modifications wou ld .  o i t hc r  makc thc: rcaponsc of the  compressor 
u n i t  t o  small var la t iona i n  mGss  f low sloxrer o r  speed up tho responsc 
of tho cxtcrndl  system. This mcans of ckanging t h e  surge point would 
b~ a2pl icablc  only whon t hc  pos l t ivc  slope y is r e l a t i v e l y  small as 
cornparod with thu slop2 of tho  t h r o t t l e  charac to r f s t i c  curve. If the  
s lopc changes abruptly,  howcver, vory l i t t l e  would be gained by t he  
add i t i an  of a chmbcr  -i;:, t h e  compressor u n i t .  

A dovice t h a t  opcratcs on t he  principle of delaying tho response 
of t hc  compressor was dev~lopcd  by t h e  Gcncral E ldc t r i c  Company f o r  
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inhibiting surging. A sizable chamber'is connected to the flow 
.passage at the leading edges of the diffuser blades by means of 
very mall orifices. If the positive slope of the compressor cume 
is due to a momentary breakdom in the flow at the diffuser tips, , 

the resulting drog of pressure in this region will cause the chamker 
to discharge air into the passages and thus delay the rates of' cfiacge 
of the dscrease in the over-all pressure ratio. The effeztiveress 
of operation of an arrangement of this type will depend on the purpose 
for which the compressor is to be ussd. 

A typical compessor installation for a modern aircraft engine 
has a large number of components, each of which contributes its own 
particular resistance, capacity, and inertia effects to the totals 
for the system. The surge point,obuervsd during bench tests usually 
corresponds. fairly closely to that found for the actual installation. 
A device for inhibiting surge by changing the response of the unit 
for any one system, however, cannot be expected to function properly 
when used in another system where the resistance, the capacity, and 
the inertia effects are greatly different. For this reason, investi- 
gatlons made to increase the surge-free range must be made on the 
complote installation with which %he compressor unit is to be used. 

SUIME;RY OF RESULTS 

The results of experiments with thee compressor test rigs and 
analytical studies of surge show that : 

1. As a rule, a transition region characterized by erratic 
pulsations of small.mgnitude existed between the region of stable 
operation and the point where definite surging begins. 

2. The fact that the frequency of the pulsations thi-oughout the ' 
system was uniform indicated that the system surged as a unit. 

3. Although the pressure pulsations were periodic, their varia- 
tions with respect to time were frequently nonsinusoidal. 

4. Dccreasing the volumetric capacity of the external pipes 
increased the frequency and decreased the uplitude of the pressure 
pulsations. Apparently the frequency and the o::~rpiitude both de~ended 
on a cbillplex relation of the capacity and the resistance of each 
coxponent of the system. 



CONCLUSIONS 

From the foregoing results, the following conclusions have been 
dram: 

1. Surging is the mnLfestation of a instzbility of flow In a 
compressor, If this condition is to exist, the slope oZ the 
compressor chnmcteristic curve must be positive and a time interval 
must exist between 3 change in flcw conditions in the compressor 
passages and the static-pressure adjustment in the external p-ipss. 

2. The surge-free range of any compressor may possibly be 
extended or the &?gnitude of the surging pulsations be reduced by 
either reducing the magnitude of the positive slope of the character- 
istic curvg or by changing the volumetric capacity of the compressor 
componellts. All such investigations should be mde on the actual 
inatallation with 'iili$ch the compressor is to be used. 

Ai.rcraft Engine Research Lcboratory, 
National Advisory Committee for Aeroi~utics, 

Cleveland, Ohio, April 25, 1946, 



A!PPELvDIx -. EQUATIOPJ OF STABILITY 

Symbols 

The syrnbols used in the equation of stability are defined as 
follows : 

A cross-sectional area of pipe, sq ft 

a speed of sound, f t /see 

standard acceleration of gravity, 32.174 ft/sec a ' 

constants determining the relative amilitude of vibratory 
motion 

length of pipe, ft 

mass flow, slug/sec . . 

small change in mass flow, slug/sec 

mass of air in pipe, slug 

pressure, lb/sq ft 

change of pressure,' lb/sq ft 
I 

R gas constant 

s a number the algebraic sign of which is indicative of the 
stability. of a system 

w number indicative of frequency of oscillation 

T temperature, OR 

t time, sec 

V velocity, f t/sec 

v volume, cu ft 
\ 

x slope of throttle chara~teristic c:INe (&  pi) 
I 

I d '. 
Y slope of compressor characteristic curve i~ hp,] 

/' 



Y ratio of specific heats 

F/il, gz constants governing phase relation of vibratory motion 

P density of gas in pipe 

Subscripts refer to conditions as follows: 

1 at atmosphere 

2 inmediately downstream of inlet throttle 

3 imediatelj upstream of compressor 
, , 

a average in inlet pipe 

c in compressor 

i in inlet' throttle 

o at equilibrium 

Derivation of Equation 

A general method of determining the stability of a given motion 
is given in references 7 (pp. 32-35, 324-332)) and 8. When a small 
deviation or displacement from the state of equilibrium of a system 
is assumed, certain vibrations will occur that may be analytically 
studied. If these vibrations have a tendency to die out, equilib- 
rium is maintained; otherwise, it is destroyed. In addition to the 
compressor itself, a typical compressor installation contains one or 
more throttling units and several lengths of piping. A rigorous 
analysis of the stability of such a system requires a knowledge of 
the distribution of the pressure, the temperature, and the velocity 
at each point in the system. 

At present, a thorqugh study of the stability of any specific 
system is not so feasible as formulating a relation between the 
various factors affdcting stability and tbus obtaining information 
on the fundamental causes of unstable operation. For simplicity, 
a compressor system (fig. 15) consisting of an inlet throttle, an 
inlet pipe, and the compressor unit will be assumed. Air enters the 
throttle directly from the atmosphere and is directly discharged 
from the compressor into the atmosphere. 
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Rt equiiibriurn, ;;he drop in static pressure Apio across the 
inlet throttle is equal to the rise in static pressure bpco acrosd 
the compessor (from the assmption that the difference between 
static and total pressure is smail). ' If A is assumed to be e 
function of the mass flow Mi through the throttle, the occurrence 
of- a disturbance that causes a small change EMi In the main flow 
will cause the pressure drsp across the;throttle to become 

and 

This disturbance may or may not be equal to that through the throttle. 

At any instant, the static pressure p2 i;mnediately.downstream 
of the throttle must be equal to the difference between the pressure 
p1 of the atmosphere and Ape. Similarly, the pressure pg imme- 
diately upstream of the compressor must equal the difference between 
pl. and Apt. These requirements provide the relation 

When the values of Api and Ap, determined in equations (2) and 
(3) are substf tuted, 

The displacements assumed for studying the stability of the system 
are so smll {hat x and y may be treated as constants. 

The existence of this difference in pressure at the two extrem- 
ities of the inlet pipe will change the momentum of the mass of air 
enclosed by the inlet pipe. If friction forces are neglected, the 
rate of change of momentum will equal the product of the pressure 
difference by the area of the pipe. Thus 
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This exprsssion m y  also be writ+uen 

Because the dis t r ib~xt ion of the changes i n  mass flow i n  the i n l e t  
pipe i s  unkno~in, t h s  mass flow r a t e  is  assumed t o  vary l inear ly  along 
the pipe length. The quantity pAV is  the average value of the  mass 
flosr through the pipt  and i t s  value m a y  be wri t ten a s  the average of 
MI and M,, 

Then 

but 

ij. (MI + MC) d -- -- - 
d t  2 

- 1/2 ( M ~ ~  + SMi + M o  + 6MC) 

theref ore -. 
d ~ / 2  ( ( s M ~  + G M ~ )  = A ( Y % M ~  - x8M-i) (4 1 

By use of the perfect-gas law 2v = @T and the expression f o r  the 
speed of sound a2 = y@T, 

Tne r a t e  of change of the mass i n  the pipe with respect t o  time 
may be m i t t e n  

if the -i;emi?erature of the air is assume& t o  remain unahanged. 

The t rue  variat ion of s t a t i c  pressure a t  the t h r o t t l e  and along 
the pipe i s  unknown and therefore a l inear  re la t ion  i s  assumed. When 
the difference between t o t a l  pressure and s t a t i c  pressure i s  neglected, 
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DiPf  erent iat ing g&ves 

Substituting this value in equation (5). results in 

The rate of change of %lie mass in the inlet pipe must equal the 
difference between the mass flo~r rates entering and leaving the pipe. 

After the sim~xltaneous differential equations (4) and (6) are solved 
the resulting sxpressisns for 6% and 6Mc are 

FMi = Q est sin. (d~ + 

6Mc = K2 eSt sin ( & I  c 82)  

where Kl and fll are arbitrary constants that determine the values 
of K2 ($2. 

When expressions of this type are used to represent the dynamic 
characteristics of a system, the significance of the terms is as 
follows : 

(a) The constants K1 and K2 determine the relative amplitude 
of the vibratory motion. 

(b) The term est indicates the variation of the amplitude of 
vibration'with time. E s is positive, the vibrations increase 
with time and unstable operation geaults; a negative value of s 
indicates stable operation. 

( c )  The term sin (at + fil) designates the frequency and phase 
reiations. The frequency depends upon wt and PI1 governs the 
phase relation. 
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inamycli as the main interest of tliis discussion is centered on 
tbc question or" stability, t41o tcrm est wrll be considered more 
fully. The expressions for s and o are 

and 

'As previously stated, when the-sign of s is negative, the 
vibrations are diminished as time passes and:%he operation is stable. 
On the other hand, a positive value of s results in unstable oper- 
ation. The determination of stability is therefore reduced to the 
detennination of the sign of tho varia3les in equation (1). All of 
the terns in this oxpression are ~ositfve with the exception of Fne 
slope y or' the conpre~sor character'istic curve, which may be either 
pot3itive or negative. When ySO, s is negative and the motion is 
stablc . ITnen y 3 0, howevcr, tiic sign of the ontire exgrcssion 
depends on ?.he%hor 

so long as x>y. 

When 7y2xy 2 1 and x>g, the sign of s is positive and 
a 2 ~ 2  

unstable onerntion results. In the case where y is positive Elnd 

ruzxy tom4 were insignificant, the denominator y >x, u-~cn If the - 
,ZL2, 

would become negative and thus instability would result. Tlie coef- 
-Zxy 

f icients of' the qunntlty xy in the tcrm are such that the 
a 2 ~ 2  

nuineratoy of equation (1 ) usua1l;r becomss negative even though x>y. 

1. Stodola, A.: Steam and Gas Turbines. Vol. 11. McGraw-Hill Book 
Co., Lnc., 1927, pp. 1265-1266. 
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2, Moss, Sanf'ord 8.: Superchargers for Aviation. Nat. Aero. 
Council, Inc. (NGW ~ork), 1943, ~ p .  15, 61. 

3. Brooke, G. V.: Surging in Centrifugal Superchargers. R. & bl. 
No. 1533, British A.R.C.., 1932. 

4. Ellerbrock, Herman H., Jr,, and Goldstein, Arthur W. : Principles 
and Methods of Rating and Testing Centrifugal Superchargers. 
NACA LRR, Feb. 1942. 

5. Hemlce, Paul E.: The Measurement of Pressure through Tubes in 
Pressure Distribution Tests. NACA Rep. No. 270, 1927. 

6. Theodorsen, Theodore : ~nvegt igat ion of the Diaphragm-Type Pres - 
aurz.Cel1. NACA Rep. No, 388, 1931. 

7. Den Eartog, J. P.: ,Mechanical Vibrations. McGraw-Hill Book Co., 
, Inc., 2d ed., 19&0. 

8. Timoshenko, S.: Vibration Problem in Engineering. D. Tan 
Nostrand Co., Inc., 1928, pp. 217-219. 
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NAT IONAL ADV ISORY 
COMMITTEE FOR AERONAUTICS 

F i g u r e  I. - T e s t  u n i t  C, d e s i g n e d  e s p e c i a l l y  f o r  s u r g e  
s t u d i e s .  



d Z * 
C 

0 * 
A A l t e r n a t e  o u t l e t  t h r o t t l e  4 

Z 
p o s i t  ion 1 

8 WO~mol o u t l e t  t h r o t t l e  t 
p o s i t  ion Q . 

C O u t l e t  measuring s t a t i o n  
D 3-inch ga te  ualue - a l t e r n a t e  - 

o u t l e t  t h r o t t l e ,  r e p l a c i n g  E N - 
E Conica l  expansion sect  ion w 
F  Compressor- inlet  nsosur ing  s t a t  i on  
G Compressor u n i t  
H 15: 1 speed inc reascr  
I  A i r c ra f t - eng ine  d r i u e  
J F l e x i b l e  j o i n t  
I I n l e t  t h r o t t l e  
L A l t e r n a t e  i n l e t  nozz le  
H O r i f i c e  tank 
N O r i f i c e  s t a t i c  t op  
P O r i f i c e  p l a t e  
Q O r i f i c e - i n l e t  measuring s t a t i o n  

Q 

NAT I ONAL ADV ISORY 
COMMITTEE FOR AERONAUTICS 

n -. 
(0 

~ i g . u r e  2. - Schematic  d iagram o f  t e s t  r i g  f o r  test u n i t  C shoulng u o r i o u s  i n l e t  and 
o u t  l e t  systems. N 
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r- Total-pressure tubs 

r o u t l e t  pipe / r!3totic-prsssurs tap 

F i g .  3 

F i g u r e  3. - S e t - u p  u s e d  t o  r e c o r d  v a r i a t i o n  i n  o u t l e t  
v e l o c i t y  p r e s s u r e .  



N
A

C
A

 TN
 

'N
'o

. 1
2

1
 3 

F
ig

. 
4

 



N
A

C
A

 
TN

 
N

O
- 

1
2

1
3

 
F

ig
. 

5 



S
c

a
le

 
o

f
 o

u
t

le
t

 
w

e
lo

c
i 

t
y

 
p

re
s

s
u

re
 

in
. 

w
a

te
r

 
g

a
g

e
 

t U
1 

0
 

U
1 

-
 

S
c

a
le

 
o

f
 o

u
t

le
t

 
t

o
t

a
l
 

p
re

s
s

u
re

, 
in

. 
w

a
te

r
 

g
a

g
e

 

il
e

 o
f

 
o

u
t

le
t

 
o

c
 i
 t

y
 

p
re

s
s

u
r 

w
a

te
r 

g
a

g
e

 

S
c

a
le

 o
f

 o
u

t
le

t
 

z
 

w
e 

lo
c

 i
t

y
 p

re
s

s
u

re
, 

D
 

in
. 

w
a

te
r

 
g

a
g

e
 

o
 

>
 

S
c

a
le

 
o

f
 

i
n

l
e

t
 

v
e

lo
c

it
y

 
p

re
s

s
u

re
, 

in
. 

w
a

te
r

 
g

a
g

e
 

1 
O

W
 

W
 

7
1

 
-. 

S
c

a
le

 
o

f
 o

u
t

le
t

 
a
 

s
t

a
t

ic
 

p
re

s
s

u
re

, 
* 

in
. 

w
a

te
r

 
g

a
g

e
 

o
 



N
A

C
A

 T
N

 
N

O
. 

1
2

1
3

 
F

ig
. 

7 



n
 

S
c

a
le

 
o

f
 

o
u

t 
l

e
t

 
-. 

S
c

a
le

 
o

f
 o

u
t

le
t

 
S

c
a

le
 o

f
 o

u
t 

l
e

t
 

r
,r

p
 

v
e

lo
c

it
y

 
p

re
s

s
u

re
, 

v
e

lo
c

it
y

 
p

re
s

s
u

re
, 

v
e

t 
o

c
 i

t
y

 
p

re
s

s
u

 re
, 

3
 c
 

,
 ,
 

in
. 

w
a

te
r

 
g

a
g

e
 

i 
n

. 
w

a
te

r
 

g
a

g
e

 
in

, 
w

a
te

r
 

g
a

g
e

 
0
 
d
)
 

- 
0
-
 

n
 - 0
 

m
 

<
 

(D
 - 

- 
- 

0
 

-0
 

3
 

-I
 

(D
 

-. 
3
 
3
 

* 
(D

 

0
 

,. 
-h

 
3
 

-h
 
;
 "
-
 

-. 3
 
2 

9
, 

P,
 

- 
- . 

V
) = 

cn 

2
@

 
m

 
W

-
 

. 

P
 -
 

?
?

 
g

 =
f 

. In
n
 

a
 -
>

 
U

Iu
l 

1
 

S
c

a
le

 
o

f
 

v
e

lo
c

it
y

 
in

. 
w

a
te

 

I
,

 
I 

r 
I 

0
 

U
, i
n

l
e

t
 

S
 c
a

 
p

re
s

s
u

re
, 

v
e

 l 

r 
g

a
g

@
 

i 
n

. 

I 
I 

1 
0
 

U
l 

le
 o

f
 i

n
l

e
t

 
o

c
 t

t
y

 
p

re
s

s
u

re
, 

w
a

te
r

 
g

a
g

e
 

U
, 

I 
0
 

U
I 

rn
 

S
c

a
le

 
o

f
 i

n
l
e

t
 

v
e

lo
c

it
y

 
p

re
s

s
u

re
, 

in
. 

w
a

te
r

 
g

a
g

e
 

-
 

1 
0
 

V
, 

U
, 

S
c

a
le

 
o

f
 

i
n

l
e

t
 

v
e

lo
c

it
y

 
p

re
s

s
u

re
, 

in
, 

w
a

te
r

 
g

a
g

e
 



N A C A  T N  N O .  1 2 1 3  F i g .  9 

cQ I 
s I I I I I 

0 I 2 3 4 5 
C .- ( a )  I n l e t  t h r o t t l e  w i d e  open;  maximum i n l e t  vo lume;  

f r e q u e n c y ,  4.8 c y c l e s  p e r  s e c o n d .  
4 

I I I I I 

0 I 2 3 4 5 
( b )  I n l e t  t h r o t t l e  p a r t l y  c l o s e d ;  med ium i n l e t  v o l -  

ume; f requency ,  1 1.0 c y c  l e s  p e r  s e c o n d .  

0 I 2 3 NACA 5 
C- 11520 

T i m e  i n t e r v a l ,  sec  7 -  20- 45 

( c )  I n l e t  t h r o t t l e  r e p l a c e d  by n o z z l e ;  m in imum i n l e t  
vo lume;  f r e q u e n c y ,  8.0 c y c l e s  p e r  s e c o n d .  

F i g u r e  9. - E f f e c t  o f  v o l u m e  c a p a c i t y  o f  i n l e t  o n  f r e q u e n c y  
a n d  amp1 i t u d e  o f  s u r g i n g  o f  t e s t  u n i t  C .  O u t l e t  t h r o t t l e ,  
5 1 d i a m e t e r s  d o w n s t  ream o f  c o m p r e s s o r ;  i m p e l  l e r  t i  p  speed,  
960  f e e t  p e r  s e c o n d .  
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L 
9) ( a  I n l e t - t h r o t t  l e  w i d e  open; maximum i n l e t  vo lume;  + 
a f r e q u e n c y ,  6.5 c y c l e s  p e r  s e c o n d .  
3 

+ 
Q, I I I I I I - 
+r 

0 I 2 3 4 5  
3 
0 ( b )  l n l e t  t h r o t t l e  p a r t l y  c l o s e d ;  medium i n l e t  v o l -  
'I- 
0 

ume; f r e q u e n c y ,  13.5 c y c . l e s  p e r  second .  

0  I 2 3  4 5  
NACA 

T ime  i n t e r v a l ,  s e c  c- 11521 
7- 20- 45 

( c )  l n l e t  t h r o t t l e  r e p l a c e d  by n o z z l e ;  m in imum i n l e t  
v o l  ume; f r e q u e n c y ,  6 0 . 0  c y c  l e s  p e r  s e c o n d .  

F i g u r e  10. - E f f e c t  o f  v o l u m e  c a p a c i t y  o f  i n l e t  o n  f r e q u e n c y  
" a n d  amp1 i t u d e  o f  s u r g i n g  o f  t e s t  u n i t  C .  O u t l e t  t h r o t t l e ,  

30  d i a m e t e r s  d o w n s t  ream o f  compresso r ; -  i m p e l  l e  r t i p s p e e d .  
9 6 0  f e e t  p e r  s e c o n d .  



N A C A  TN N O .  1 2 1 3  F i g .  I I 

0, 
C, 
a ( a )  I n l e t  t h r o t t l e  w i d e  open; maximum i n l e t  vo l ume ;  
3 f r e q u e n c y ,  5 6 . 0  , c y c  l e s  p e r  s e c o n d .  

+, ( b )  I n l e t  t h r o t t l e  p a r t l y  c l o s e d ;  med ium i n l e t  v o l -  
a .  - ume; f r e q u e n c y ,  6 0 . 0  c y c l e s  p e r  s e c o n d .  
+, 
3 
0 

0 I 2 .  3 4 NACA 5 
C- 11522 

T i m e  i n t e r v a l ,  s e c  7 -  20- 4 5  

( c )  I n l e t  t h r o t t l e  r e p l a c e d  b y  n o z z l e ;  m i n i m u m  i n -  
l e t  vo lume;  f r e q u e n c y ,  6 0 . 0  c y c l e s  p e r  s e c o n d .  

F i g u r e  I I. - E f f e c t  o f  v o l u m e  c a p a c i t y  o f  i n l e t  o n  f r e q u e n c y  
a n d  amp1 i t u d e  o f  s u r g i n g  o f  t e s t  u n i t  C. The  3 - i n c h  g a t e  
v a l v e  a t  s c r o l l  o u t l e t ;  i m p e l l e r  t i p  s p e e d ,  960 f e e t  p e r  
s e c o n d .  
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cb 
3 ( a )  I m p e l  l e r  t i p  speed,  960  f e e t  p e r  second ;  f r e -  

quency,  13.5 cyc1e.s  p e r  s e c o n d .  

I 1 I I I I 

Q) - 0 1 2 3 NACA 5 
C.11523 

cQ 7 -  26-45 
u T i m e  i n t e r v a l ,  sec  
V) 

t b l  l m p e l  l e r  t i p  speed,  1200 f e e t  p e r  second;  f r e -  
quency,  13.0 c y c l e s  p e r  second.  

F i g u r e  12. - E f f e c t  o f  i m p e l  l e r  t i p  speed o n  f r e q u e n c y  and 
a m p 1  i t u d e  o f  s u r g i n g  i n  t e s t  u n i t  C.  O u t l e t  t o t a l  p r e s s u r e ,  
10 i n c h e s  o f  m e r c u r y  a b o v e  a t m o s p h e r i c .  
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'e, a Slope o f  t h r o t t l e  curve grea te r  than slope o f  compressor curve. 

I 
# I 

/ ?  

0 
0 

Mass f low 

/ 

i b l  Slope o f  t h r o t t l e  curve less than slope o f  compressor curve. 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 

Figure 13, - Ef fec t  o f  slopes o f  t h r o t t l e  c h a r a c t e r i s t i c  curve and compressor 
c h a r a c t e r i s t i c  curve on s t a b i l i t y  o f  operation. 

/ 

T h r o t t l e  curve 

T h r o t t l e  curve 

I 
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0 Compressor w i t h  
out l e t  t h r o t t l i n g  

+ Compressor w i t h  
i n l e t  t h r o t t l i n g  

O u t l e t  t h r o t t l e  

0 I n l e t  t h r o t t l e  

Theoret ica l  tan- 

600. 

400. 

NAT l ONAL ADV l SORY 
COMMITTEE FOR AERONAUT ICS 

20 0 
0 .02 .04 .06 .08 . I 0  

Mass flow, s lug /sec 

Figure 14. - Rela t ion  between t h r o t t l e  c h a r a c t e r i s t i c  curves and compressor 
c h a r a c t e r i s t i c  curves a t  impe l le r  t i p  speed o f  1080 f e e t  p e r  second. 
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