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ABSTRACT 

This paper p r e s e n t s  d e t a i l s  of measurements on t h e  i n s t a b i l i t y  known a s  au to-osc i l l a t ion  which occurs i n  
systems with c a v i t a t i n g  pumps. Spec i f ic  measurements a r e  made of onset c a v i t a t i o n  number and au to-osc i l l a t ion  
frequency f o r  a  range of  inducers .  It has been shown t h a t  au to-osc i l l a t ion  i s  a system i n s t a b i l i t y  caused by 
t h e  a c t i v e  dynamic c h a r a c t e r i s t i c s  of t h e  c a v i t a t i n g  pump. 

A system a n a l y s i s  is  presented which u t i l i z e s  previously measured dynamic t r a n s f e r  funct ions f o r  t h e  in-  
ducers; the r e s u l t i n g  p r e d i c t i o n s  of i n s t a b i l i t y  a r e  cons i s ten t 'wi th  the  observat ions.  Though t h e  onset  
c a v i t a t i o n  number i s  a f u n c t i o n  of  t h e  e n t i r e  system i t  is  a l s o  shown t h a t ,  given the  onset  c a v i t a t i o n  number, 
t h e  au to-osc i l l a t ion  frequency is  only weakly dependent on t h e  system and primari ly  a  func t ion  of t h e  pump 
dynamics. 

Detailed measurements of t h e  amplitude and phase of f l u c t u a t i n g  pressures  and flow r a t e s  during auto- 
o s c i l l a t i o n  a r e  a l s o  presented.  These s t rongly  suggest t h a t  t h e  pump dynamics a r e  pr imari ly  determined by 
the  complicated f low a t  i n l e t  t o  the  inducer which involves pre-swir l  generated by a  s t rong backflow. Some 
da ta  on the non-linear e f f e c t  of au to-osc i l l a t ion  on o v e r a l l  mean performance a r e  a l s o  presented. 
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1. INTRODUCTION 

The phenomenon of auto-osci l la t ion o r  surge has 
o f ten  been encountered with c a v i t a t i n g  pumps ( f o r  
example Refs. [ l ]  t o  [14]). It represen ts  one of  t h e  
commonest i n s t a b i l i t i e s  derived from two phase flow 
which a r e  encountered i n  hydraulic systems. It can be 
q u i t e  de le te r ious  t o  t h e  operat ion,  performance, con- 
t r o l  and l i f e t i m e  of  a  pump. 

I n  t h i s  paper we present  an account of experi- 
mental inves t iga t ion  of auto-osci l la t ion i n  c a v i t a t i n g  
inducers  and attempt t o  c o r r e l a t e  these  observat ions 
with a  model f o r  hydraul ic  system ana lys i s  based on 
recent  improvements i n  t h e  s t a t e  of knowledge of t h e  
unsteady, dynamic c h a r a c t e r i s t i c s  of c a v i t a t i n g  pumps 
( f o r  more d e t a i l  see  [15]) .  We s h a l l  concentrate  on 
au to-osc i l l a t ion  and make only passing re fe rence  t o  
t h e  l e s s  severe i n s t a b i l i t i e s  such a s  r o t a t i n g  cav i ta -  
t i o n  and a l t e r n a t e  blade c a v i t a t i o n  [3,4,6,7] which 
can sometimes occur i n  inducers. These a r e  probably 
l e s s  troublesome because they a r e  l o c a l  flow o s c i l l a -  
t i o n s  i n  which t h e  r e s t  of t h e  hydraul ic  system does 
not  usua l ly  become exci ted.  Furthermore, we s h a l l  not  
consider  t h e  added complications which a r i s e  when t h e  
i n l e t  and discharge l i n e s  become s u f f i c i e n t l y  lqng f o r  
acous t ic  resonance frequencies i n  these l i n e s  t o  be 
exc i ted  by blade passage frequencies [16]. Such phe- 
nomena could however be accommodated by t h e  inc lus ion  
of compressible pipe flow t rans fe r  funct ions ( see  Ref. 
[17]) i n  t h e  s t a b i l i t y  ana lys i s  r a t h e r  than t h e  in- 
compressible models used i n  Section 7. F ina l ly ,  we 
s h a l l  consider only hydraulic systems which a r e  f ixed 
i n  some non-inert ia l  coordinate system. The method- 
ology could c l e a r l y  be expanded f o r  the  ana lys i s  of 
acce le ra t ing  systems such a s  occur i n  the  POGO instab-  
i l i t y  i n  l iqu id  propelled rockets [18,19,20]. How- 
ever ,  t h i s  requires  a  s t i p u l a t i o n  of t h e  i n t e r a c t i o n  
between t h e  global acce le ra t ion  of the  unsteady flow 
r a t e  r e l a t i v e  t o  t h e  system which i s  beyond the  scope 
of t h e  present  paper. 

Auto-osci l la t ion is  a function of t h e  e n t i r e  



hydrau l i c  system o f  which t h e  c a v i t a t i n g  pump may be  
only a  sma l l  p a r t .  It has  been r ecogn ized  [1 ,5 ,7 ,12,  
13,141 t h a t  t h e  sys tem i n f l u e n c e s  t h e  o n s e t  and am- 
p l i t u d e  (and perhaps t h e  frequency) of  t h e  o s c i l l a t i o n  
bu t  t h a t  t h e  c a v i t a t i o n  i n  t h e  pump i s  t h e  s o u r c e  of  
t he  problem. There e x i s t s  a  number o f  s p e c u l a t i o n s  
[3,4,6,10,13,14] on t h e  p r e c i s e  mechanism through 
which t h e  c a v i t a t i o n  e x c i t e s  and s u s t a i n s  t h e  i n s t a -  
b i l i t y  b u t  none a r e  proven. Both B a r r  [ 4 ]  and E t t e r  
161 suggest  t h a t  i t  is a s s o c i a t e d  w i t h  an  i n h e r e n t  i n -  
s t a b i l i t y  i n  t h e  c a v i t y  l e n g t h  when t h i s  is c l o s e  t o  
t h e  b l a d e  passage l e n g t h  [4 ]  o r  when t h e  c a v i t y  on one 
blade  c o l l a p s e s  a t  t h e  e n t r a n c e  t o  t h e  n e x t  b l a d e  pas- 
sage  [ 6 ] .  Badowski [ 3 ]  h a s  proposed a n  i n s t a b i l i t y  
i n  t h e  c o u p l i n g  between t h e  c a v i t a t i o n ,  t h e  head pro- 
duct ion and t h e  backf low induced p r e r o t a t i o n .  Both 
Sack and Not tage  [13] and Young, Murphy and Reddec l i f f  
[14] have a t t empted  t o  f a c t o r  i n  sys t em e f f e c t s  though 
t h e i r  a n a l y s e s  a r e  l i m i t e d  by l a c k  o f  i n f o r m a t i o n  on 
t h e  dynamic c h a r a c t e r i s t i c s  o f  c a v i t a t i n g  induce r s .  
The r e c e n t  a v a i l a b i l i t y  of dynamic t r a n s f e r  f u n c t i o n s  
f o r  c a v i t a t i n g  i n d u c e r s  [21,11,12,22,23,24] h a s  per- 
mi t t ed  a  more a c c u r a t e  e v a l u a t i o n  of  such sys tem 
e f f e c t s .  

F i n a l l y ,  we should  comment on t h e  e v i d e n t  anal -  
ogy between a u t o - o s c i l l a t i o n  and t h e  s u r g e  phenomena 
which occur s  i n  compressors 125,261. (We n o t e  i n  pas- 
s i n g  t h a t  r o t a t i n g  c a v i t a t i n g  and r o t a t i n g  s t a l l  a l s o  
appear t o  b e  s u p e r f i c i a l l y  analogoos.)  The major d i f -  
f e rence  is t h a t  t h e  c a v i t a t i n g  pump i n s t a b i l i t i e s  can 
occur a t  o p e r a t i n g  p o i n t s  where t h e  s l o p e  o f  t h e  head 
r i s e  ve r sus  flow r a t e  cu rve  is  n e g a t i v e .  On t h e  o t h e r  
hand, G r e i t z e r  [25]  h a s  ind iEa ted  t h a t  a  p o s i t i v e  
s lope  i s  necessa ry  f o r  t h e  compressor i n s t a b i l i t i e s .  
In  t h e  c a s e  o f  s u r g e  h e  c o n c i s e l y  d e s c r i b e s  t h e  need 
f o r  a  minimum p o s i t i v e  s l o p e  i n  o r d e r  t o  p rov ide  a  
source  o f  f l u c t u a t i n g  energy s u f f i c i e n t  t o  overcome 
t h e  d i s s i p a t i o n  i n  o t h e r  p a r t s  of  t h e  sys tem.  The 
a n a l y s i s  of S e c t i o n  7 s i m i l a r l y  d e f i n e s  s u c h  a  mini- 
mum f o r  pumps i n  t h e  absence o f  c a v i t a t i o n .  

S i m i l a r  i n s t a b i l i t i e s  i n  r e g i o n s  o f  p o s i t i v e  
head r i s e / f l o w  r a t e  s l o p e  can occur  w i t h  c a v i t a t i n g  
o r  non-cav i t a t ing  pumps 1271. However, au to -osc i l -  
l a t i n g  u s u a l l y  occur s  i n  r e g i o n s  of  n e g a t i v e  s l o p e  
when t h e  e x t e n t  of c a v i t a t i o n  h a s  reached some c r i t i c a l  
value .  The re fo re ,  it is e v i d e n t  t h a t  c a v i t a t i o n  has  
t h e  p o t e n t i a l  of p rov id ing  some o t h e r  s o u r c e  of  f l u c -  
t u a t i n g  energy d i f f e r e n t  from t h a t  i n  t h e  compressor 
problem. Indeed cav i t a t ion - induced  a u t o - o s c i l l a t i o n  
occurs when t h e  sys tem is a p p a r e n t l y  s t a b l e  accord- 
i n g  t o  t h e  k ind  o f  q u a s i - s t a t i c  a n a l y s i s  used i n  t h e  
compressor problem. I n  t h e  p r e s e n t  pape r  we a t t empt  
t o  demonstra te  t h a t  a u t o - o s c i l l a t i o n  is due t o  t h e  
dynamic r a t h e r  than  t h e  q u a s i - s t a t i c  c h a r a c t e r i s t i c s  
of t he  c a v i t a t i n g  pumps. We f e e l  t h a t  s i m i l a r  a t t e n -  
t i o n  should  b e  p a i d  t o  t h e  dynamic a s  opposed t o  t h e  
q u a s i - s t a t i c  behav io r  o f  compressors.  Indeed Ng and 
Brennen 1121 found t h a t  t h e  c h a r a c t e r i s t i c s  dev ia t ed  
s u b s t a n t i a l l y  from q u a s i - s t a t i c  v a l u e s  f o r  reduced 
f r equenc ie s  based on t i p  speed and c i r c u m f e r e n t i a l  
b lade  spac ing  a s  low a s  0.1. 

2. EXPERIMENTAL FACILITY 

The expe r imen ta l  i n v e s t i g a t i o n  of a u t o - o s c i l l a -  
t i o n  was performed i n  t h e  Dynamic Pump T e s t  F a c i l i t y  
(DPTF) a t  t h e  C a l i f o r n i a  I n s t i t u t e  of Technology; a  
schemat ic  o f  t h i s  f a c i l i t y  which i s  d e s c r i b e d  e l s e -  
where [11,12,15] appears  a s  F ig .  1. Ins t rumen ta t ion  
u t i l i z e d  i n  t h e  exper iments  i n c l u d e  ( i )  two l a s e r  

F ig .  1 Schematic p l a n  view of t h e  Dynamic Pump Test  
F a c i l i t y  used i n  p r e s e n t  experiments.  

UPSTREWPRESSURE 
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Fig.2 Schematic showing p r e s s u r e  and flow r a t e  mea- 
surement l o c a t i o n s .  Transducers  were a l s o  placed a t  
v a r i o u s  c i r c u m f e r e n t i a l  l o c a t i o n s  a t  t h e  p o i n t s  E and 
F. L e t t e r s  a r e  used f o r  p r e s e n t a t i o n  of  r e s u l t s  i n  
Fig .  7,s  and 9. 

doppler  ve loc ime te r s  f o r  measurement of t he  unsteady 
flow rate at i n l e t  t o  and d i s c h a r g e  from t h e  pump ( i i )  
two s t r a i n  gauge p r e s s u r e  t r a n s d u c e r s  f o r  measurement 
o f  t he  t o t a l  head f l u c t u a t i o n s  o f  t h e  i n l e t  and d i s -  
charge flows ( i i i )  v a r i a b l e  r e l u c t a n c e  t r ansduce r s  
mounted on t h e  w a l l  of t h e  duc t  i n  t h e  neighborhood 
of  t h e  i n l e t  t o  t h e  t r a n s d u c e r  s o  a s  t o  determine t h e  
a x i a l  and c i r c u m f e r e n t i a l  v a r i a t i o n s  i n  f l u c t u a t i n g  
p res su re  i n  t h i s  r eg ion  ( a x i a l  l o c a t i o n s  a r e  i n d i c a t -  
ed i n  F ig .  2 ) .  A l l  o f  t h i s  dynamic d a t a  was recorded 
s imul taneously  on a  14-channel Ampex tape  r e c o r d e r  
and processed u s i n g  a S p e c t r a l  Dynamics s i g n a l  analyz-  
e r  i n  o r d e r  t o  o b t a i n  s p e c t r a  and c ross -co r re l a t ions .  
Add i t iona l  i n s t r u m e n t a t i o n  included a  tu rb ine  f low 
meter and a  magnet proximity  t r ansduce r  t o  moni tor  t h e  
r o t a t i o n a l  speed. 

Experiments were performed us ing  f i v e  d i f f e r e n t  
i nduce r / impe l l e r s .  I m p e l l e r s  4 and 6 were 7.6cm. and 
10.26cm. d i ame te r  models of  t h e  low p res su re  oxygen 
pump r o t o r s  i n  t h e  Space S h u t t l e  main engine [12 ] .  
Impe l l e r s  5 and 7 a r e  geomet r i ca l ly  s i m i l a r  7.6cm. 
and 10.26cm. diameter  three-bladed h e l i c a l . i m p e l l e r s  
w i th  swept l e a d i n g  edges ,  z e r o  b l ade  cant  and Yo b lade  
a n g l e  [ I ] .  Impe l l e r  8 was 10.26 cm.diameter four-  
bladed h e l i c a l  i nduce r  w i t h  a  ze ro  b l ade  c a n t ,  swept 



leading edges and a  7 1/2" blade angle. Impellers  5, 
7,8 had a  s o l i d i t y  of  2. 

The major ro le  played i n  au to-osc i l l a t ion  by t h e  
swir l ing i n l e t  flow and the  c a v i t a t i n g  backflow (see  
below) suggested conducting experiments with sec t ions  
of honeycomb i n s t a l l e d  i n  t h e  i n l e t  l i n e  i n  order  t o  
p a r t i a l l y  suppress  the  p re ro ta t ion .  This  honeycomb 
sec t ion  was 2.5cm. long and, when i n s t a l l e d ,  was lo- 
cated so t h a t  i t  was about 2  diameters upstream of t h e  
i n l e t  t o  t h e  10.2cm. inducers. 

3.  PRELIMINARY OESERVATIONS 

A l l  inducers  exhibi ted au to-osc i l l a t ion  t o  some 
degree a s  t h e  p reva i l ing  pressure l e v e l  was reduced. 
In  general onse t  ( see  Sections 4 and 5) occurred a t  
c a v i t a t i o n  numbers f o r  which t h e r e  was extensive in- 
ducer c a v i t a t i o n  but f o r  which t h e r e  was l i t t l e  o r  no 
degradation of performance. Typical  onset  po in t s  a r e  
shown i n  t h e  c a v i t a t i o n  performance graph f o r  Impeller 
6  included a s  Fig. 3 ( t h e  non-cavitating performance 
of t h i s  inducer was included i n  Ref. [22] ) .  With fur-  
t h e r  reduct ion i n  pressure t h e  au to-osc i l l a t ion  seemed 
t o d e c l i n e  a s  t h e  head breakdown proceeded; a  rough 
ind ica t ion  of desinence is a l s o  included i n  Fig.  3 .  
Both of these  f e a t u r e s  of au to-osc i l l a t ion  have been 
noted previously [7,14]. However, t h e  decrease i n  the  
onse t  c a v i t a t i o n  number v i t h  decreasing flow c o e f f i -  
c i e n t  is  nor a  f e a t u r e  which i s  un iversa l ly  observed. 

Kamijo e t  a1 I ? ]  reported t h a t  a  r o t a t i n g  cavi- 
t a t i o n  i n s t a b i l i t y  seemed t o  .occur f o r  a  range of o 

adjacent  t o  bu t  l a r g e r  than t h e  a u t o - o s c i l l a t i o n  range 
f o r  t h e i r  inducers .  Occasional but unrepeatable ob- 
se rva t ions  of r o t a t i n g  c a v i t a t i o n  were made during the  
present  experiments i n  a  s i m i l a r  range of o. However, 
t h e s e  occurred only with Impeller 4 and 6  and were so 
r a r e  and ephemeral t h a t  they w i l l  not be discussed 
f u r t h e r .  Some s i m i l a r  occasional  observat ions of a l -  
t e r n a t e  blade c a v i t a t i o n  were made f o r  Impellers  7  
and 8.  

a 4 w w  

CAVITATION NUMBER. o 

Fig. 3  Cavitat ion performance of Impeller  6 a t  f i v e  
flow c o e f f i c i e n t s ,  y, a s  indicated.  Onset 
(---'0- -) and approximate desinence ( - . ' . - * - - . 

' 1  6 9 
boundaries of au to-osc i l l a t ion  region f o r  6000 rpm 
a r e  indicated.  L e t t e r s  r e f e r  t o  condit ions f o r  which 
t r a n s f e r  funct ions a r e  ava i lab le  [22]. Uncer ta in t ies  
a r e  about rt 0.002 i n  o rd ina te  and absc i ssa .  

Visual observat ions c l e a r l y  showed t h a t  t h e  
c a v i t a t i n g  backflow generated by t h e  t i p  clearance 
flow o s c i l l a t e d  v i o l e n t l y  during au to-osc i l l a t ion  and 
t h a t  both the  backflow and au to-osc i l l a t ion  disappear- 
ed together  with decrease i n  pressure through break- 
down. This suggests  t h a t  the  i n l e t  flow f i e l d  of 
which t h e  backflow is an i n t e g r a l  par t  plays a  major 

r o l e  i n  t h e  fnducer dynamics and t h e  au to-osc i l l a t ion  
phenomenon. Consequently, wedge probe and t o t a l  head 
probe surveys were made of  t h e  i n l e t  flow f i e l d  i n  
order  to  document t h e  mean flow v e l o c i t y  p r o f i l e s  of 
t h e  i n l e t  flow. These-iZZsurements were made with a  
manometer s o  t h a t  any t ime  dependence,or three-dimen- 
s i o n a l  tu rbu len t  s t r u c t u r e s  i n  t h e  flow were averaged 
ou t .  Typical mean a x i a l  and s w i r l  ve loc i ty  p r o f i l e s  
calculated under t h e  assumption of r a d i a l  equilibrium 
a r e  presented i n  Figs.  4 and 5 f o r  an a x i a l  l o c a t i o n  
0.25 diametezs upstream of t h e  i n l e t  plane of impel- 
l e r  6; da ta  is shown v i t h  and without  t h e  sec t ion  of 

Fig. 4 Axial v e l o c i t y  p r o f i l e s  0.25 diameters up- 
stream of inducer i n l e t  p lane  f o r  Impeller  '6  a t  
var ious flow c o e f f i c i e n t s ,  q, and with ( 
and without ( - - - - - ) honeycomb sec t ion .  Based 

1 

on r a d i a l  equi l ibr ium assumption. Uncertainty is 
about 5 0.05 on ord ina te .  

Fig. 5 Swirl v e l o c i t i e s  corresponding t o  Fig. 4 .  
Uncertainty is  about f 0.1 on ord ina te .  

honeycomb i n  t h e  i n l e t  l i n e .  Figure 4 shows t h a t  a 
region of reversed flow o r  backflow occurs  a t  t h i s  
loca t ion  and increases  i n  e x t e n t  (as  wel l  a s  upstream 
penetration d i s tance)  a s  t h e  flow c o e f f i c i e n t  decreases. 
This is  c l e a r l y  due t o  t h e  increas ing  head r i s e  across  
the pump which dr ives  t h e  t ip-clearance flow and back- 
flow. The s w i r l  v e l o c i t y  p r o f i l e s  shown i n  Fig. 5  
show zero s w i r l  i n  t h e  absence of backflow (9 > 0.066 
f o r  t h i s  locat ion) .  The s w i r l  ( o r  p re ro ta t ion)  in- 
creases  dramatical ly  a s  t h e  backflow increases.  Pro- 
f i l e s  obtained a t  6000 rpm and a t  4000 rpm were es- 
s e n t i a l l y  i d e n t i c a l .  P r o f i l e s  from measurements made 
0.5 diameters and 2.8 diameters  upstream revealed 
reduced perturbat ions and zero  per tu rba t ion  t o  a  uni- 
form, non-swirling i n l e t  flow. At t h e  0.5 diameter 
loca t ion  no s w i r l  v e l o c i t i e s  were observed f o r  
q > 0.063. The above were a l l  obtained under non- 
c a v i t a t i n g  condit ions;  d e s p i t e  d i f f i c u l t i e s  i n  re-  
peat ing the data  under c a v i t a t i n g  condit ions due t o  



bubble formation i n  the  manometer l i n e s  some l imi ted  
measurements a t  u % 0.1 ind ica ted  s i m i l a r  p r o f i l e s  
to  those without c a v i t a t i o n .  

These i n l e t  v e l o c i t y  p r o f i l e s  which a r e  s i m i l a r  
t o  those observed by Rosenmann [28,29] deserve fur-  
ther  comments. It is c l e a r  t h a t  s w i r l  (o r  c i r c u l a t i o n )  
only occurs i n  t h e  presence of backflow, thus i t  s a t -  
i sEies  ~ e l v i n ' s  theorem s i n c e  f a r  upstream t h e  flow 
has zero c i r c u l a t i o n  and consequently t h e  backflow 
must be e n t i r e l y  responsible  f o r  the  s w i r l .  However, 
i t  i s  a l so  c l e a r  t h a t  the  c i r c u l a t i o n  which is  induced 
by the backflow i s  not confined t o  the  reversed flow. 
Furthermore, any simple es t imate  of t h e  r a d i a l l y  in- 
ward d i f fus ion  of c i r c u l a t i o n  due t o  laminar viscous 
e f f e c t s  fo rces  one t o  conclude t h a t  such d i f fus ion  i s  
much too small  t o  account f o r  t h e  c i r c u l a t i o n  observ- 
ed i n  the core of t h e  flow. Evidently some l a r g e  un- 
steady turbulent  s t r u c t u r e s  must be present  which 
transport v o r t i c i t y  t o  the core. These fluid phe- 
nomena which w i l l  be  addressed i n  a  l a t e r  paper a r e ,  
we f e e l ,  important t o  t h e  performance of a turbo- 
machine; they deserve c l o s e r  inspect ion than they have 
been given i n  t h e  p a s t .  

4. AUTO-OSCILLATION FREQUENCY 

At high c a v i t a t i o n  numbers t h e  low l e v e l  pres- 
sure  and r a s s  flow r a t e  f l u c t u s t i o n s  were random wi th  
a  broad frequency spectrum 1151. When t h e  c a v i t a t i o n  
number was reduced t h e  onset  of au to-osc i l l a t ion  was 
character ized by a  dramatic increase  i n  t h e  l e v e l  of 
pressure and mass flow r a t e  f l u c t u a t i o n  i n  t h e  system 
(see Figs. 7  and 8 ) ;  i t  was a l s o  c l e a r  v i s u a l l y  and 
audibly. The s p e c t r a  of the pressure and f l aw rate 
f luc tua t ions  then contained a  dominant frequency [15] 
which we def ine  a s  t h e  "auto-osci l la t ion frequency". 
These au to-osc i l l a t ion  frequencies  w i l l  be presented 
a s  a  reduced frequency, w ,  based on t h e  blade t i p  
spacing and t h e  t i p  ve loc i ty .  The reduced auto- 
o s c i l l a t i o n  frequency f o r  a  given inducer was found t o  
depend on a number of f a c t o r s  including t h e  impeller  
r o t a t i n g  speed, t h e  flow c o e f f i c i e n t ,  y ,  and t h e  
cav i ta t ing  number, a. However, preliminary t e s t s  
c l e a r l y  demonstrated t h a t  f o r  a  given q and u t h e  
reduced frequency was v i r t u a l l y  independent of r o t a t -  
ing  speed a t  l e a s t  i n  t h e  range 4000 + 7000 rpm [15]. 
I n  o ther  words, t h e  a c t u a l  frequency was l i n e a r l y  pro- 
por t iona l  t o  t h e  r o t a t i n g  speed. This  is  cons i s ten t  
with t h e  r e s u l t s  of o t h e r  s t u d i e s  such a s  those i n  
reference [ l o ] .  

Some t y p i c a l  v a r i a t i o n s  i n  t h e  reduced auto- 
o s c i l l a t i o n  frequency, w ,  with 9 and o a r e  pre- 
sented i n  Fig. 6. Almost a l l  of t h e  d a t a  suggests  a  
monotonic decrease i n  w with decreasing c a v i t a t i o n  
number, a  t rend which has been noted by o ther  inves- 
t i g a t o r s  [3,9,10,14] and by Acosta and Wade 1301 i n  
t h e i r  s t u d i e s  of c a v i t a t i n g  cascade i n s t a b i l i t i e s .  
Indeed t h e  frequencies  given by Young, Nurphy and 
Reddecliff [I41 present  a  very s i m i l a r  p i c t u r e  t o  
those i n  Fig. 6 not  only q u a l i t a t i v e l y  bu t  a l s o  
quant i t a t ive ly .  

The d a t a  f o r  Impeller  6 i n  Fig.  6 a l s o  shows 
some increase  i n  w with increas ing  flow c o e f f i c i e n t ,  
a  trend which was a l s o  demonstrated by running t e s t s  
f o r  fixed cr and varying y. [5 ] .  Also included i n  
Fig.  6 a r e  frequencies  manifest by Impeller 7  with 
and without t h e  s e c t i o n  of honeycomb inser ted  i n  t h e  
i n l e t  l l n e .  The increased frequencies caused by t h e  
honeycomb a r e  c o n s i s t e n t  with t h e  claim made e a r l i e r  
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Fig. 6 Reduced auto-oscillation frequencies platted 
aga ins t  c a v i t a t i o n  number f o r  d i f f e r e n t  impellers  and 
r o t a t i n g  speeds. Also shown is t h e  est imated "na tura l  
frequency" w = &. Uncer ta in i t i es  a r e  about f 0.002 

N 
on absc i ssa ,  t .1% on ordinate .  
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Fig. 7  Non-dimensional amplitudes of f l u c t u a t i n g  pres- 
s u r e  and mass flow r a t e  p lo t ted  aga ins t  c a v i t a t i o n  
number f o r  Impeller  6 a t  y. = 0.07 and 6000 rpm. Un- 
c e r t a i n t i e s  a r e  about + 0.002 on absc i ssa ,  f 5% on 
ord ina te .  

i n  t h e  context of t h e  s w i r l  observat ions,  namely t h a t  
t h e  honeycomb simply increases t h e  "e f fec t ive"  flow 
c o e f f i c i e n t .  

I t  i s  i n s t r u c t i v e  t o  compare t h e  reduced auto- 
o s c i l l a t i o n  frequencies f o r  t h e  two s e t s  of geometric- 
a l l y  s i m i l a r  inducers ,  Impellers 5 and 7 and Impel le r s  
4  and 6. Only l imi ted  data  was obtained f a r  Impeller  
4  but reduced frequencies  were about 0.29 a t  both 9000 
and 12000 rpm f o r  o % 0.025, $ = 0.07; t h e s e  a r e  con- 
s i s t e n t  wi th  t h e  reduced frequencies f o r  Impeller  6 
though the onset cav i ta t ion  is q u i t e  d i f f e r e n t  f o r  
comparable flow c o e f f i c i e n t s .  Some d a t a  f o r  Impeller  
5 i s  a l s o  shown i n  Fig.  6. Again the  reduced fre- 
quencies a r e  comparable wi th  those f o r  Impeller  7 
though the  onset  c a v i t a t i o n  numbers d i f f e r  subs tan t i -  
a l l y .  

One of t h e  po in t s  t o  be  made i n  the presen t  pa- 
per i s  t h a t  au to-osc i l l a t ion  i s  an i n s t a b i l i t y  of t h e  
e n t i r e  hydraul ic  system. The above da ta  suggests  t h a t  
though the onset does indeed appear t o  depend s t r o n g l y  



on the  system, the  reduced frequency of t h e  i n s t a b i l -  
i t y  appears t o  be pr imar i ly  determined by the  dynam- 
i c s  of the inducer alone.  One might there fore  ask 
whether the frequency of a u t o - o s c i l l a t i o n  f o r  a  par- 
t i c u l a r  inducer opera t ing  under given condit ions %, 
5 could be pred ic ted  from knowledge of t h e  t r a n s f e r  
funct ion of the  inducer  alone without  re fe rence  t o  
t h e  r e s t  of the  system. Such a  p red ic t ion  does not  
c l e a r l y  emerge from t h e  s t a b i l i t y  a n a l y s i s  presented 
l a t e r  i n  Sect ion 7. However, a  much simpler heuris-  
t i c  model does produce s u r p r i s i n g  agreement with t h e  
experiments (Fig. 6) .  I f  t h e  c a v i t a t i n g  inducer has 
a n  inherent n a t u r a l  frequency, then  i t  seems l i k e l y  
t h a t  t h i s  is derived from t h e  iner tance  and compliance 
o f  the  inducer pump a c t i n g  a s  a  mass and spr ing  re -  
spect ively.  In  t h e  experiments t h e  iner tance  of the  
pump i s  much l a r g e r  chan t h e  iner tance  of t h e  r e s t  of 
t h e  hydraulic system; t h i s  would h e l p  explain t h e  lack  
o f  s e n s i t i v i t y  of t h e  au to-osc i l l a t ion  frequency t o  
t h e  r e s t  of t h e  system. To proceed we t h e r e f o r e  take 
non-dimensional pump i n e r t a n c e s  and compliances (-a1 l2 
and -a121) from Figs,  I1 and 1 2  af R e f .  1221. The 
former is  very roughly cons tan t  a t  a  va lue  of  about 
40 whereas t h e  l a t t e r  varLes with t h e  c a v i t a t i o n  num- 
ber l i k e  0.005/0. On this b a s i s  the reduced n a t u r a l  
frequency of t h e  inducer  would be  w @ where pos- 
s i b l e  var ia t ions  with y. have been neglected. This 
"natural frequency" is shown i n  Fig.  6. It is i n  re- 
markably good agreement wi th  t h e  "auto-osci l la t ion" 
frequencies which sugges t s  t h a t  such a  h e u r i s t i c  model 
has  some v a l i d i t y ,  

However, i t  is  c l e a r  t h a t  _in some p r a c t i c a l  sys- 
tems with long i n l e t  o r  d i scharge  l i n e s  t h e  iner tance  
of these l i n e s  may no t  be small  compared with t h e  
pump inertance. Under such circumstances it  seems 
reasonable to  suggest t h a t  t h e  t o t a l  system iner tance  
r a t h e r  than simply t h e  pump i n e r t a n c e  should be  used 
i n  est imating the a u t o - o s c i l l a t i o n  frequency. 

5. AUTO-OSCILLATION AMPLITUDES AND PHASE 
RELATIONSHIPS 

The amplitudes o f  t h e  p ressure  and mass flow 
r a t e  f luc tua t ions  a t  t h e  au to-osc i l l a t ion  frequencies  
were obtained a s  t h e  magnitude of the peaks i n  t h e  
spec t ra .  Following a p p l i c a t i o n  o f  t h e  frequency de- 
pendent s i g n a l  processor  c a l i b r a t i o n s  and t h e  t rans-  
ducer  c a l i b r a t i o n s  ( s e e  Ref. [ l51  f o r  pressure t rans -  
ducer c a l i b r a t i o n s )  t h e  magnitudes of the  pressure 
and mass flow r a t e  f l u c t u a t i o n s  were non-dimensional- 
i zed  by DU; and pAUT respec t ive ly .  Some examples 

oE t h e  v a r i a t i o n  in t h e  f l u c t u a t i o n  amplitudes wi th  
t h e  operating condi t ions  a r e  shown i n  Figs. 7  and 8. . 
These a l l  show t h e  dramatic onse t  a t  a  p a r r i c u l a r  
cav i ta t ion  number a s  a is reduced. With f u r t h e r  
reduction i n  a t h e  o s c i l l a t i o n s  reach a peak and 
subsequently dec l ine .  Note t h a t  t h e  amplitudes of t h e  
a c t u a l  Eluctuat ions a r e  l a r g e  reaching 50 p s i  i n  pres- 
s u r e  and 20% of t h e  mean flow r a t e .  

More spec i£Lca l ly  Flg. 7 p resen ts  t h e  da ta  f o r  
Impeller 6 a t  a  r o t a t i n g  speed of 6000 rpm and 
(; = 0.07. Figure 8 demonstrates a  t y p i c a l  v a r i a t i o n  
with flow c o e f f i c i e n t  f o r  Impeller  6. Other d a t a  is 
included i n  Ref. 1153. Figure 7 i n d i c a t e s  t h a t  v i r -  
t u a l l y  a l l  pressure and flow r a t e  measurements behave 
i n  a  s imilar  manner; Fig. 8 shows t h a t  t h e  onset  and 
maximum amplitude v a r i e s  considerably with t h e  flow 
coef f ic ien t .  The onse t  and disappearance po in t s  for 
t h i s  case were p l o t t e d  i n  F ig .  3 .  I t  should be  s t r e s -  
sed that  t h e  disappearance seemed t o  correspond with 

Fig .  8 Non-dimensional amplitudes of f l u c t u a t i n g  
downstream pressure (C) f o r  Impeller 6  a t  var ious f lon  
c o e f f i c i e n t s  and r o t a t i n g  speeds. Uncer ta in i t i es  and 
are about k0.002 an absc i ssa ,  5% on ord ina te .  

Fig. 9 Phase o f  t h e  f l u c t u a t i n g  q u a n t i t i e s  r e l a c i v e  
t o  t h e  o s c i l l a t i o n s  i n  t h e  upstream flow r a t e  (B) f o r  
var ious flow c o e f f i c i e n t s ;  y--0.055:-.-;(p0.065: 

: (P = 0.070: - - - -; 9 = 0.075; ' ' . Phase 
shown fo r  upstream pressure,  A(V) ,  downstream pres- 
sure ,  ~(n) ,  l o c a l  p ressure ,  E and F(* and 0) and 
downstream flow r a t e ,  D(A), a s  i n  Fig. 7. Uncestain- 
i t i e s  are about -L-0.002 on abscissa,+S0 on the ord ina te .  

v i s u a l  observat ions of t h e  disappearance of c a v i t a t i n g  
backflow which is  assoc ia ted  w i t h  t h e  breakdown of the 
inducer. 

Some f u r t h e r  i n s i g h t  i n t o  the  phenomenon can be 
gained b y  considering t y p i c a l  amplitude d a t a  as'  repre- 
sented by F i g .  7 i n  conjunction with the  corresponding 
d a t a  on t h e  r e l a t i v e  phases of. t h e  f l u c t u a t i o n s  pre- 
sented i n  Fig. 9. These phases were obtained by cross- 
c o r r e l a t i o n  using t h e  spectrum analyzer. The upstream 
flow r a t e  has been a r b i t r a r i l y  chosen a s  t h e  phase 
reference i n  t h e  presen ta t ion  of t h e  daca. 

Several  c h a r a c t e r i s t i c s  of t h e  phase re la t ion-  
sh ips  should b e  noted. F i r s t  observe t h a t  though the 
phase of a  p a r t i c u l a r  measurement is  a  funct ion of 
bo th  9 and o t h e r e  is  a q u a l i t a t i v e l y  cons i s ten t  
phase r e l a t i o n s h i p  between any two f l u c t u a t i n g  quan- 
t i t i e s .  For example, the downstream flow rate general- 
l y  l a g s  behind t h e  upstream flow r a t e  by about 160" 
whereas t h e  upstream pressure general ly  l eads  i t  by 



about 110~. On c l o s e r  i n s p e c t i o n  one can a l s o  ob- 
s e r v e t h a t  t h e r e  a r e  f a i r l y  c o n s i s t e n t  changes i n  t h e  
phases a s  t h e  c a v i t a t i o n  number is reduced: f o r  ex- 
ample, t h e  phase  by which t h e  downstream p r e s s u r e  l a g s  
t h e  upstream f low r a t e  d e c r e a s e s  w i t h  o  . It shou ld  
however be  emphasized t h a t  s i n c e  t h e  i n s t a b i l i t y  is  a  
funct ion n o t  on ly  o f  t h e  pump b u t  a l s o  o f  t h e  e n t i r e  
system of which t h e  pump is  one p a r t ,  i t  fo l lows  t h a t  
t h e s e  r e l a t i o n s h i p s  a r e  a l s o  a f u n c t i o n  of  t h e  e n t i r e  
hydrau l i c  system. 

There is however one i n t r i g i n g  f e a t u r e  of  t h e s e  
r e s u l t s  which appears  t o  b e  d i r e c t l y  connected w i t h  
t h e  pump dynamics. F i r s t ,  n o t e  from Fig.  7 t h a t  t h e  
amplitudes of t h e  p r e s s u r e s  measured i n  t h e  v i c i n i t y  
of  t h e  i n l e t  p l a n e  o f  t h e  induce r  a r e  much l a r g e r  than  
those  of t h e  upst ream p r e s s u r e  o s c i l l a t i o n s ;  t h i s  i s  
t r u e  even f o r  t h e  w a l l  p r e s s u r e  0.25 d iame te r s  up- 
stream of t h e  i n l e t  p l a n e  (F igs .  2 and 7 ) .  Secondly,  
one can s e e  from F i g .  9 t h a t  t h e s e  w a l l  p r e s s u r e s  
nea r  i n l e t  a r e  a lmost  in-phase  w i t h  t h e  downstream 
pressure  f o r  a l l  c a s e s  t e s t e d ;  on t h e  o t h e r  hand, t h e  
phase r e l a t i v e  t o  t h e  upstream p r e s s u r e  is  l a r g e  and 
va r i ab le .  

Only t h e  phase  f o r  a  s i n g l e  i n l e t  r e g i o n  w a l l  
p re s su re  is shown in Fig .  9 .  Cross -co r re l a t ion  re-  
vealed n e g l i g i b l e  phase d i f f e r e n c e s  between w a l l  pres-  
s u r e s  measured e i t h e r  a t  t h e  t h r e e  a x i a l  l o c a t i o n s  
shown i n  Fig .  2 o r  a t  s e v e r a l  c i r c u m f e r e n t i a l  l oca -  
t i o n s  a t  one a x i a l  l o c a t i o n .  

These f a c t s  a l l  sugges t  t h a t  t h e  w a l l  p r e s s u r e  
measurements c h a r a c t e r i z e  t h e  f'ip c l e a r a n c e  f low and 
backflow j e t  and t h a t  t h e s e  are c l o s e l y  coupled t o  
t h e  cond i t ions  downstream of t h e  pump. Note,  f o r  ex- 
ample, from t h e  a x i a l  and s w i r l  v e l o c i t y  p r o f i l e s  i n  
F igs .  4 and 5 t h a t  t h e  backflow extends  more t h a n  
0.25 diameters  upst ream f o r  9 < 0.067. The d a t a  f o r  
g > 0.067 s u g g e s t s  t h e  i n f l u e n c e  o f  t h e  backf low ex- 
t ends  f u r t h e r  upst ream than  t h e  j e t  i t s e l f  p e n e t r a t e s .  
Thus, i n  summary, it appea r s  t h a t  t h e  dynamics of  t h e  
i n l e t  flow and t h e  backflow j e t  c o n t r i b u t e  i n  a  major 
way t o  and i s  an i n t e g r a l  p a r t  o f  t h e  dynamics o f  t h e  
pump. 

6. NON-LINEAR EFFECTS 

In  t h e  fo l lowing  s e c t i o n s  a  l i n e a r  p e r t u r b a t i o n  
model is proposed whose purpose  is  t h e  p r e d i c t i o n  of  
t h e  onse t  c a v i t a t i o n  number and f requency o f  auto- 
o s c i l l a t i o n .  It is however c l e a r  t h a t  such a  model 
cannot p r e d i c t  t h e  ampl i tude reached when t h e  system 
i s  operated under u n s t a b l e  c o n d i t i o n s .  Th i s  would 
u l t i m a t e l y  r e q u i r e  d e t a i l e d  knowledge o f  t h e  non- 
l i n e a r  dynamic behav io r  of  t h e  c a v i t a t i n g  induce r  and 
t h e  r e s t  o f  t h e  h y d r a u l i c  system. At t h e  p r e s e n t  
t ime such knowledge i s  v e r y  l i m i t e d .  Consequently,  
we conclude t h e  account  o f  t h e  expe r imen ta l  observa- 
r i o n s  with a  d e s c r i p t i o n  of  some o f  t h e  non- l inear  
e f f e c t s  which were observed.  

The most n o t a b l e  non- l inea r  e fEec t  man i fe s t  
d u r i n g  ope ra t ion  w i t h i n  t h e  u n s t a b l e  r eg ion  was t h e  
e f f e c t  upon t h e  mean flow through t h e  induce r .  T h i s  
e f f e c t  v a r i e d  g r e a t l y  from one i m p e l l e r  t o  ano the r .  
Impe l l e r  8 d i sp layed  a  l a r g e  r e d u c t i o n  i n  mean f low 
performance a s  shown i n  Fig .  10. There was,  moreover, 
a h y s t e r e t i c  c h a r a c t e r  t o  t h i s  non- l inea r  e f f e c t  a s  
i n d i c a t e d  i n  t h e  f i g u r e .  As t h e  c a v i t a t i o n  number was 
reduced and t h e  a u t o - o s c i l l a t i o n  began, t h e r e  was a  
l a r g e  dec rease  o f  t h e  o r d e r  of 50% i n  t h e  head devel-  

oped. The s h i f t  i n  u a s s o c i a t e d  wi th  t h i s  head l o s s  
which is shown i n  Fig .  10  is i n  p a r t  due t o  a  l a c k  of  
a b i l i t y  t o  c o n t r o l  bo th  y and o  dur ing t h i s  t r a n -  
s i e n t .  I f  one  t h e n  a t tempted t o  r e v e r s e  t h e  p rocess  
by inc reas ing  0 i n  o r d e r  t o  g e t  out  of  t h e  auto-  
o s c i l l a t i o n  t h e  pa th  followed i s  d i f f e r e n t  a s  i n d i c a t e d  
i n  t h e  f i g u r e  and t h i s  produces t h e  h y s t e r e t i c  behavior .  
I n  some ways t h i s  h y s t e r e t i c  behavior  resembles t h a t  
encountered i n  compressor s u r g e  1251. I n c i d e n t a l l y ,  

Fig.10 Son- l inea r  h y s t e r e t i c  behav io r  o f  Impe l l e r  8 a t  
t h r e e  flow c o e f f i c i e n t s  a s  l a b e l l e d .  Uncer ta in ty  is  
rt0.002 on a b s c i s s a  and o r d i n a t e .  

UPSTREAM DOWNSTREAM 
IMPEO4NCE 

COMPLIANCE 

Fig .  11 Schematic o f  dynamic model used to ana lyze  
t h e  s t a b i l i t y  o f  t h e  Eynamic Pump Test  f a c i l i t y .  

i t  is  cu r ious  t h a t  t h e  head developed dur ing  auto-  
o s c i l l a t i o n  i s e s s e n t i a l l y  t h e  same f o r  each of  t h e  
t h r e e  flow c o e f f i c i e n t s .  The non- l inear  head l o s s  as- 
s o c i a t e d  w i t h  Impe l l e r  6 was much sma l l e r  i n  magnitude 
f o r  reasons  which a r e  n o t  c l e a r .  

7 .  LINEAR DYNAMIC MODEL FOR AUTO-OSCILLATION ONSET 

I n  t h i s  s e c t i o n ,  we s h a l l  c o n s t r u c t  a l i n e a r  dy- 
namic model o f  t h e  h y d r a u l i c  sys tem whose o b j e c t  w i l l  
b e  t h e  p r e d i c t i o n  of  t h e  o n s e t  of  a u t o - o s c i l l a t i o n .  
The key h e r e  is  t h e  form of t h e  dynamic model which 
must be used t o  r e p r e s e n t  t h e  dynamic behavior  of t h e  
c a v i t a t i n g  induce r .  F a n e l l i ,  [31], Brown [32] ,  Brennen 
and Acosta [21] and o t h e r s  have proposed t h a t  such 
l i n e a r  problems a r e  more r e a d i l y  handled i n  t h e  f r e -  
quency domain. The i n s t a n t a n e o u s  t o t a l  head and mass 
flow r a t e  a t  each p o i n t  i n  t h e  2 y d r a u l i c  system a r e  
d iv ided  i n t o  mean components, h and m,  and 
f l u r t u a t i n g  components a t  each f requency,  R , 

2. jS2t rep resen ted  a s  t h e  r e a l  p a r t s  of  gejQt  and me 
C\r 'b 

vhere  h  and m a r e  cornplex t o  r e p r e s e n t  t h e  phase 
r e l a t i o n s h i p s  of  t h e  f l u c t u a t i n g  q u a n t i t i e s .  Then t h e  
dynamic behavior  of t h e  h y d r a u l i c  system between any 
two p o i n t s  denoted by s u b s c r i p t s  1 and 2 (where 



1 normally deno tes  t h e  i n l e t  and 2  t h e  d i s c h a r g e  
po in t )  can b e  r e p r e s e n t e d  by a  t r a n s f e r  m a t r i x ,  [TI, 

The t r a n s f e r  m a t r i x  w i l l  be  a  f u n c t i o n  n o t  on ly  of  
frequenc'y, 8, b u t  a l s o  o f  t h e  mean flow c o n d i t i o n s .  
For a  s t r a i g h t  p i p e  o r  accumulator ,  f o r  example, one 
can a n t i c i p a t e  t h e  form o f  [TI wi th  some conf idence.  
However, f o r  a more complex f low such a s  t h a t  through 
a  c a v i t a t i n g  i n d u c e r  t h i s  is no t  s o  e a s i l y  done. Re- 
cen t ly ,  t r a n s f e r  f u n c t i o n s  f o r  c a v i t a t i n g  induce r s  
have been measured 111, 1 2 ,  221 and compared wi th  a  
t h e o r e t i c a l  model 123,221 f o r  a  number of  i nduce r s  
over  a  r ange  o f  f r e q u e n c i e s ,  c a v i t a t i o n  numbers and 
flow c o e f f i c i e n t s .  These s t u d i e s  have shown t h a t  a n  
inducer becomes a n  i n c r e a s i n g l y  "act ive"  dynamic de- 
v i c e  [33] a s  t h e  e x t e n t  o f  c a v i t a t i o n  w i t h i n  i t  i n -  
c reases .  consequen t ly ,  t h e  induce r  p rov ides  t h e  
source  of  t h e  f l u c t u a t i n g  energy product ion neces- 
s a r y  t o  overcome t h e  f r i c t i o n a l  d i s s i p a t i o n  normal ly  
a s s o c i a t e d  w i t h  t h e  i n l e t  and d i scha rge  l i n e s  and t o  
s u s t a i n  t h e  a u t o - o s c i l l a t i o n .  It i s  t h e r e f o r e  es-  
s e n t i a l  i n  a n y  p r e d i c t i v e  model t o  p rope r ly  r e p r e s e n t  
t h e  induce r  by a n  a c t i v e  t r a n s f e r  f u n c t i o n  which we 
w i l l d e n o t e  by [Z] ([Z] = [Y]-[ I ]  s e e  (F ig .  1 1 ) ) .  
Here we w i l l  s imply  use  t h e  exper imenta l  t r a n s f e r  
func t ions  p r e s e n t e d  as f u n c t i o n s  of  8, a and y i n  
Refs.  [12] and [22] ,  

To complete  t h e  model, t r a n s f e r  f u n c t i o n s  f o r  
t h e  r e s t  o f  t h e  c l o s e d  l o o p  system used i n  t h e  expe r i -  
ments a r e  needed. For t h i s  purpose i t  was assumed 
t h a t  t h e  pump i n l e t  l i n e  between t h e  d i s c h a r g e  from 
t h e  l a r g e  r e s e r v o i r  and t h e  inducer  i n l e t  (F ig .  1 )  
and t h e  pump d i s c h a r g e  l i n e  between t h e  v o l u t e  d i s -  
charge  and t h e  r e s e r v o i r  i n l e t  could  b o t h  b e  r e p r e s e n t -  
ed by complex impedances a s  i n d i c a t e d  i n  Fig .  11. 
These impedances were  measured expe r imen ta l ly  and 
conformed w i t h  e x p e c t a t i o n  i n  terms of  t h e  r e s i s t a n c e  
and i n e r t i a l  components [15 ] .  F i n a l l y ,  i t  was as-  
sumed and conf i rmed by experiment [15) t h a t  t h e  r e s -  
e r v o i r  and t h e  l a r g e  a i r  bag w i t h i n  i t  could b e  re- 
presented by  a  s i m p l e  compliance, C ,  a s  shown i n  
Fig .  11. 

A conven ien t  way i n  which t o  e v a l u a t e  t h e  s t a -  
b i l i t y  of  a  c l o s e d  loop  sys tem such a s  t h a t  r e p r e s e n t -  
ed  by Fig .  I1 is  t o  "open" t h e  c i r c u i t  a t  some p o i n t .  
For converlience, a  break-point j u s t  downstream of t h e  
pump i s  chosen ( X  i n  Pig .  11); i t  is  c l e a r  t h a t  t h e  
f i n a l  conc lus ions  shou ld  be  and a r e  independent of 
t h e  l o c a t i o n  of  t h e  break-point .  Then t h e  t r a n s f e r  
ma t r ix  r e l a t i n g  t h e  c o n d i t i o n s  j u s t  ups t ream o f  t h e  
break ( s u b s c r i p t  2) t o  t h o s e  j u s t  downstream of  t h e  
break ( s u b s c r i p t  1 )  is [S]  where 

S t a b i l i t y  w i l l  be  a s s e s s e d  on t h e  b a s i s  on an 
energy f l u x  c r i t e r i o n .  The n e t  f l u x  of  f l u c t u a t i o n  
energy e n t e r i n g  t h e  "opened" system a t  t h e  b reak  po in t  
is  given by AE where, f o r  convenience, t h i s  has  
been non-dimensionalized by pUaA: 

T 

where an  ove rba r  denotes  t h e  complex conjugate .  Sub- 
s t i t u t i n g  from t h e  o v e r a l l  t r a n s f e r  m a t r i x  and 

5 5 
equa t ing  ml = m2 l e a d s  t o  

where 

where 

and 

These expres s ions  a r e  g r e a t l y  s i m p l i f i e d  by observing 
t h a t  t h e  compliance C i n  t h e  exper iments  is  ve ry  
l a r g e  i n  magnitude and t h e  t e rms  invo lv ing  C domin- 
n a t e  t h e  numerators  and denomiator.  Hence 

AE 5 -L Real 

Consequently t h e  c r i t e r i o n  f o r  s t a b i l i t y  i s  a s  
fo l lows.  I f  AE a s  eva lua ted  us ing  t h e  above ex- 
p r e s s i o n  is p o s i t i v e  then  a  f l u x  of  f l u c t u a t i n g  
energy must b e  supp l i ed  t o  t h e  sys tem a t  t h e  b reak  
po in t  i n  o r d e r  t o  s u s t a i n  t h e  f l u c t u a t i o n s .  Hence 
i f  BE > 0 t h e  system is  s t a b l e .  I f ,  on t h e  o t h e r  
hand, AE 0 t hen  t h e  i n t e r n a l  supp ly  of  f l u c t u a t i n g  
energy from t h e  c a v i t a t i n g  induce r  exceeds  t h e  in t e rn -  
a l  d i s s i p a t i o n  and t h e  sys tem is  u n s t a b l e .  Seve ra l  
s imple  l i m i t i n g  c a s e s  a r e  i n s t r u c t i v e .  I f  t h e  pump 
is  not  c a v i t a t i n g  and one n e g l e c t s  f l u i d  and s t r u c t u r a l  
compliance then  Z = Z = Z22 = 0 [21 ] .  I n  t h i s  
c a s e  t h e  s t a b i l i t y l & e p e n z s  e n t ~ r e l y  on t h e  s i g n  of 
Re(1 +I -2 ); t h a t  i s  t o  say  on t h e  magnitude of 
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t h e  petal system r e s i s t a n c e .  The q u a s i - s t a t i c  pump 
r e s i s t a n c e  which i s  equa l  t o  Re{-z 2} a s  8 + 0 is 
d i r e c t l y  r e l a t e d  t o  t h e  s l o p e  of  t h e  s t e a d y  s t a t e  
performance c h a r a c t e r i s t i c  ( Y  v e r s u s  9). Since t h e  
q u a s i - s t a t i c  l i n e  r e s i s t a n c e s ,  Re(%) and Re(Ifi) ,  
a r e  p o s i t i v e  i t  fol lows t h a t  i f  t h i s  s l o p e  i s  
n e g a t i v e  t h e  system w i l l  i n e v i t a b l e  b e  s t a b l e  a t  low 
f r equenc ie s .  I f  on t h e  o t h e r  hand, t h e  s l o p e  is  suf-  
f i c i e n t l y  p o s i t i v e  t h e  sys tem may become uns tab le ;  
such occurrences  a r e  w e l l  known [34,35,25,26,27] .  It 
would however be  wise  t o  po in t  o u t  t h a t  a l l  of t h e  re- 
s i s t a n c e s  a r e  frequency dependent t o  some degree  
[12,15].  Consequently i t  i S  s t i l l  p o s s i b l e  f o r  a  



system t o  be s t a b l e  t o  low frequencies but  unstable  
i n  some higher  range of frequencies even when the  
s lope of t h e  s teady s t a t e  c h a r a c t e r i s t i c  is negat ive.  

It i s  c l e a r  t h a t  when t h e  inducer i s  c a v i t a t i n g  
so t h e  Z L1, Z and Z a r e  not necessar i ly  zero 
then the condiglon f o r  ;$ab i l i ty  is  l e s s  obvious and 
requires  evaluat ion of  t h e  expression (7) containing 
c h a r a c t e r i s t i c s  not j u s t  of t h e  pump but of t h e  e n t i r e  
system. 

8. RESULTS OF STABILITY CALCULATION 

The methodology described i n  t h e  l a s t  s e c t i o n  
can be read i ly  modified f o r  use i n  any hydraul ic  
system. However, we concentrate  on i ts use f o r  pre- 
d ic t ions  of au to-osc i l l a t ion  i n  t h e  present  experi- 
mental configurat ion.  Values of Ae = A E ~  1 g1 1 
were ca lcu la ted  using Eq. (7) and each of t h e  experi- 
mentally obtained pump t r a n s f e r  func t ions  [ Z ] ,  de- 
scr ibed i n  Refs. [12] and [22].  The l a t t e r  were ob- 
ta ined f o r  p a r t i c u l a r  mean flow condit ions,  v and 
o, which imply a  p a r t i c u l a r  quas i - s ta t i c  system re-  
s i s tance  ex te rna l  t o  t h e  pump. This r e s i s t a n c e  could 
however be var ious ly  d i s t r i b u t e d  between t h e  i n l e t  and 
discharge l i n e s  without changing the  mean flow condi- 
t ions .  However, such r e d i s t r i b u t i o n  can e f f e c t  t h e  
system s t a b i l i t y  a s  suggested by t h e  form of t h e  ex- 
pression (7) and a s  shown i n  Ref. [15]. 

The e f f e c t  of changing t h e  c a v i t a t i o n  number, 
o, while maintaining a  f ixed  copbination of system 
impedances is  demonstrated i n  Fig. 12 f o r  Impeller  4 
(using s i x  of t h e  pump t r a n s f e r  funct ions l a b e l l e d  A 
t o  F which a r e  presented 

Fig. 13 The n e t  energy f l u x ,  he, a s  a  func t ion  of 
frequency f o r  four  c a v i t a t i o n  numbers a t  which t rans-  
f e r  funct ions (C,D,G,H) were obtained f o r  Impeller  6 
( a t  v = 0.07 and 6000 rpm). Uncertainty i n  o is 
+ 0.002; i n  Ae is  increases  from about 2 1 a t  lowar 
frequencies t o  about f 5 a t  higher f requenc ies .  

i n  Ref. f12J) and i n  Fig.  13  f o r  Impeller  6(using 
t r a n s f e r  funct ions l a b e l l e d  C,D,G,H which a r e  pre- 
sented i n  Ref. 1221). The combination of system i m -  
pedances which were used were those measured f o r  t h e  
condit ions under which t h e  a u t o - o s c i l l a t i o n  experi- 
ments were performed. Figure 12 i n d i c a t e s  t h a t  with 
t h e  3 in. diameter Impeller  4 t h e  system at .+ = 0.07 
and 9000 rpm is  s r a b l e  a t  high c a v i t a t i o n  number, a. 
It is a l s o  s t a b l e  a t  low frequencies  f o r  a l l  cav i ta -  
t i o n  numbers. However, a s  o is  reduced t h e  system 
becomes unstable  i n  a  c a v i t a t i o n  number range of be- 
tween 0.025 and 0.045; more t r a n s f e r  func t ions  would 
have been needed t o  p inpoin t  t h e  va lue  more accura te ly-  
At l e a s t  t h i s  covers t h e  observed onset  value of ab- 
out  0.03 [5] .  The f i g u r e  a l s o  i n d i c a t e s  i n s t a b i l i t y  
above a  reduced frequency of about 0.3 which is i n  
accord with t h e  r e s u l t s  of  Sect ion 4.  

Figure 13  p resen ts  s i m i l a r  r e s u l t s  f o r  Impeller 
6. It shows a s i m i l a r l y  decreasing Ae with f r e -  
quency a t  higher frequencies  when t h e  c a v i t a t i o n  num- 
ber  is  decreased. However, t h e  d a t a  of t h e  t r a n s f e r  
funct ions does not extend co a  s u f f i c i e n t l y  high u 
t o  y ie ld  negat ive Ae. The information is  however 
f a i r l y  cons i s ten t  wi th  t h e  observed onset  a t  
G % 0.05 ( see  Figs. 6.7) a t  a  reduced frequency i n  

Fig. 1 2  The n e t  energy f l u x ,  Ae, as  a  funct ion of the range 0.55 + 0.6 (see Fig. 6 )  
frequency f o r  s i x  c a v i t a t i o n  numbers a t  which t rans-  
f e r  funct ions ( A  t o  F) were obtained f o r  Impeller  4 Final ly i t  is  worth not ing t h a t  t h e  pump trans-  
( a t  (F= 0.07 and 9000 rpm). Uncertainty i n  o is f e r  function element whose change with c a v i t a t i o n  
* 0.002; i n  Ae i t  increases  from about 2 1 a t  lower number is primarily responsible for the trend toward 
frequencies  t o  about t 5 a t  higher  frequencies .  negative Ae a t  higher  frequencies  has been shown i n  

Ref. [5] t o  be the  element ZPa2; t h a t  is t o  say,  t h e  



mass flow g a i n  f a c t o r  term. T h i s  is  c o n s i s t e n t  wi th  
t h e  a n a l y t i c a l  t r a n s f e r  f u n c t i o n s  d e r i v e d  u s i n g  t h e  
bubbly-flow model (Ref. 23) ; t h e  " a c t i v e "  dynamic 
c h a r a c t e r i s t i c s  i n  t h a t  model r e s u l t  from k inemat i c  
wave product ion i n  t h e  neighborhood of  i n l e t  which 
p r i m a r i l y  determine ZP 

22"  

9 .  CONCLUDING REMARKS 

This pape r  h a s  p resen ted  d e t a i l s  o f  measure- 
ments on t h e  i n s t a b i l i t y  known a s  a u t o - o s c i l l a t i o n  
which occurs i n  systems w i t h  c a v i t a t i n g  pumps. Speci f -  
i c  measurements of o n s e t  c a v i t a t i o n  number and auto- 
o s c i l l a t i o n  frequency a r e  p r e s e n t e d  f o r  a r ange  of  
induce r s ;  ampl i tude and phase  i n f o r m a t i o n  on v a r i o u s  
f l u c t u a t i n g  p r e s s u r e s  and f low r a t e s  have a l s o  been 
g iven .  I t  has  been demonstra ted  t h a t  a u t o - o s c i l l a t i o n  
i s  a system i n s t a b i l i t y  caused by t h e  a c t i v e  dynamic 
c h a r a c t e r i s t i c s  of t h e  c a v i t a t i n g  pump. A sys tem 
a n a l y s i s  which uses  p r e v i o u s l y  measured t r a n s f e r  func- 
t i o n s  f o r  t h e  induce r s  a s  w e l l  a s  dynamic models f o r  
t h e  remainder o f  t h e  h y d r a u l i c  sys t em is  i n v e s t i g a t e d .  
Though t h i s  a n a l y s i s  does n o t  y i e l d  r e s u l t s  which a r e  
a s ' d e c i s i v e  a s  one might wi sh ,  t h e y  a r e  a t  l e a s t  con- 
s i s t e n t  w i th  t h e  o b s e r v a t i o n s  i n  terms o f  t h e  onset  
c a v i t a t i o n  number and a u t o - o s c i l l a t i o n  f requency.  
Evidence is presen ted  t o  show t h a t  t h e  f requency 
(though no t  t h e  onse t )  can b e  e v a l u a t e d  f a i r l y  ac- 
c u r a t e l y  from e s t i m a t e s  o f  t h e  compl iance  and i n e r t -  
ance  of t h e  pump which can b e  o b t a i n e d  d i r e c t l y  from 
t h e  pump t r a n s f e r  f u n c t i o n  a s  a f u n c t i o n  o f  c a v i t a t i o n  
number . 
ACKNOWLEDGMENT e 

The a u t h o r s  would l i k e  t o  thank  t h e  NASA George 
Marshall  Space F l i g h t  Cen te r  f o r  t h e i r  f i n a n c i a l  sup- 
p o r t  under Con t rac t  NAS 8-29313, t h e  Na t iona l  Science  
Foundation f o r  suppor t  under  Grant Eng. 76-11225, 
P ro fes so r  A.J. Acosta f o r  h i s  i n i m i t a b l e  i n s i g h t  dur- 
i n g  d i s c u s s i o n s  and Edmund Lo, Greg Hoffman and 
Dan Rovner f o r  h e l p  wi th  t h e  exper iments .  

REFERENCES 

Abbot, H.F., Gibson, W.L., and McCaig, I . W . ,  
"Measurements of  Au to -Osc i l l a t ion  i n  Hydro- 
e l e c t r i c  Supply Tunnel and Penstock System", 
Jour.  of  Bas ic  Eng. Vol. 85 ,  1963, pp. 625-630. 

Acosta, A.J., "An Exper imenta l  Study o f  Cavi ta t -  
i ng  Inducers" ,  Proc.  o f  2nd O.N.R. Symp. on Nav. 
Hydro., August 25-29, 1958, (ACR-38). 

Badowski, H. R. , "An Exp lana t ion  f o r  I n s t a b i l i t y  
i n  C a v i t a t  i n g  Inducers" ,  ASME C a v i t a t i o n  Forum, 
1969, pp. 38-40. 

Barr ,  R.A., "Study o f  I n s t a b i l i t i e s  i n  High Head 
Tandem Row Inducer  Pumps", Hydronau t i c s  I n t e r i m  
Technical  Report 703-1, February  1967. 

B r a i s t e d ,  DM. , and Brennen, C., "Observations on 
I n s t a b i l i t i e s  o f  C a v i t a t i n g  Inducers" ,  ASFE 
C a v i t a t i o n  Forum, 1978,  pp. 19-22. 

E t t e r ,  R.J . ,  ''An I n v e s t i g a t i o n  o f  Tandem Row 
High Head Pump Inducers" ,  Hydronaut ics  Technical  
Report 703-9, May 1970. 

Kamijyo, K . ,  Shimura, T.,  and IJatanabe, M . ,  "An 
Exper imenta l  I n v e s t i g a t i o n  of C a v i t a t i n g  Inducer  
~ n s t a b i l i t y " ,  ASME, 77-\?A/FE-14, 1977. 

[ 8 ] .  Makhin, V.A.,Cotsulenko, V.N. and Gotsulenko, N . N . ,  
" I n s t a b i l i t y  (Surging)  o f  Cen t r i fuga l  Pump w i t h  
Prepump", S o v i e t  Aeronau t i c s ,  Vol 18 ,  No. 8 ,  
pp. 150-154, 1975. 

[ 9 ] .  Miller, C.D. and Gross ,  L.A., "A Performance In- 
v e s t i g a t i o n  o f  an  Eight-Inch Hubless Pump Induce r  
i n  Water and L iqu id  Nitrogen", NASA TN D-3807, 
March 1967. 

[lO].Natazon, M.S., ~ a l ' ~ s e v ,  N . I . ,  Bazhanov, V.V, and 
Leydervarger ,  M.R., "Experimental I n v e s t i g a t i o n  
o f  C a v i t a t i o n  Induced O s c i l l a t i o n s  of  H e l i c a l  
Inducers",  F l u i d  Mechanics - Sov ie t  Research, 
Vol. 3 ,  No. 1, pp. 38-45, January-February 1974. 

[ l l ] .  Ng. S.L.,  "Dynamic Response of  C a v i t a t i n g  Turbo- 
machines", Ph.D. T h e s i s ,  C a l i f .  I n s t .  of  Tech.,  
Pasadena, C a l i f . ,  1976. 

[12]. Eig, S.L., and Brennen, C . ,  "Experiments on t h e  
Dynamic Behavior  o f  C a v i t a t i n g  Pumps", Jou r .  of  
F lu ids  Eng. Vol. 100 ,  pp. 166-176, June 1978. 

[13].Sack, L.E. and Not tage ,  H.B., "System O s c i l l a t i o n s  
Associa ted  w i t h  C a v i t a t i n g  Inducers",  Jou r .  o f  
Basic  Eng., Vol. 87 ,  pp. 917-924, 1965. 

[14].Young, W.E., Murphy, R. and Reddec l i f f ,  J .M. .  
"Study of  C a v i t a t i n g  Inducer  I n s t a b i l i t i e s " ,  PWA 
FR-5131,- Pra t t -Whitney A i r c r a f t ,  August 1972. 

[15 ] .Bra i s t ed ,  D.M., "Cav i t a t ion  Induced I n s t a b i l i t i e s  
Associa ted  w i t h  Turbo-machines", Ph.D. T h e s i s ,  
C a l i f .  I n s t .  of  Tech.,  Sept .  1979. 

[16]. J aege r ,  C., "The Theory o f  Resonance i n  Hydro- 
power Systems: Di scuss ion  of I n c i d e n t s  and 
Accidents  Occur r ins  i n  P r e s s u r e  Systems", Jou r .  
of Basic  Eng. ~ r a n s . ,  ASME, Vol. 85, pp. 631-640. 
1963. 

[17].Brennen, C. "A L inea r  Dynamic Analys is  of  Vent 
Condensation S t a b i l i t y " ,  submit ted  t o  t h e  J o u r .  of  
F lu ids  Eng. 

[18].Rubin, S. ,  "Longi tudinal  I n s t a b i l i t y  of  L iqu id  
Rockets due  t o  P ropu l s ion  Feedback (POGO)", J o u r .  
o f  S p a c e c r a f t  and Rockets,  Vol. 3 ,  No. 8,  pp. 1188- 
1195, 1966. 

[19].Murphy, G.L., "POGO Suppress ion Analys is  of t h e  
S-TT and S-IVR LOX Feed Systems". Report No. ASD- 
ASTN-1040, Brown Eng. Co., Hun t sv i l l e ,  Ala.  1969. 

[20 ] .Fa r re l ,  E.C. and Fenwick, J .R. ,  "POGO I n s t a b i l i t -  
i e s  Suppress ion  Evaluat ion" ,  NASA Report CR-134500, 
1973. 

[21].Brennen, C. and Acosta ,  A.J., "The Dynamic Trans- 
f e r  Funct ion f o r  a C a v i t a t i n g  Inducer",  ASME, 
Jour .  F l u i d s  Eng., Vol. 98, pp. 182-191. 

[22].Brennen, C.E., Meissner,C., Lo, E.Y. and 
Hoffman, G.S., "Scale  E f f e c t s  i n  t h e  Dynamic Trans-  
f e r  Func t ions  f o r  C a v i t a t i n g  Inducers". Submitted 
f o r  p u b l i c a t i o n .  

[23]. Brennen, C., "Bubbly Flow Model f o r  t h e  Dynamic 
C h a r a c t e r i s t i c s  of  C a v i t a t i n g  Pumps", Jou r .  o f  
Fluid  Hech., Vol. 89, p a r t  2 ,  1978, pp. 223-240. 



Brennen, C. ,  "The Unsteady, Dynamic Charac- 
t e r i z a t i o n  of  Hydrau l i c  Systems w i t h  Emphasis 
on C a v i t a t i o n  and Turhomachines", Proc.  I n t  '1. 
C t r .  f o r  Heat & Mass Trans .  1978 Seminar i n  
Duhrovnik, Yugoslavia .  

G r e i t z e r ,  E . N . ,  "Surge and Ro ta t ing  S t a l l  i n  
Axial  Flow Compressors - P a r t  I :  T h e o r e t i c a l  
Compression System Model" and P a r t  11: Experi-  
mental R e s u l t s  and Comparison wi th  Theory", 
Jou r .  of  Eng. f o r  Power, Vol. 98 ,  1976, pp. 
190-198 198-211. 

Dean, R.C. and Young, L. R. ,  "Time Domain of  
Cen t r i fuga l  Compressor.and Pump S t a b i l i t y  and 
Surge", Jou r .  o f  F l u i d s  Eng., Vol. 99 ,  pp. 53- 
63, 1977. 

Jackson, E.D., "F ina l  Report  Study of  Pump Dis- 
charge  P r e s s u r e  O s c i l l a t i o n s " ,  Rocketdyne 
Report No. R-6593-2, 1966. 

Rosenmann, U., "Hark 10  LOX Inducer  T e s t  Re- 
por t" ,  I n t e r n a l  Correspondence TAMM 2115-17, 
North American A v i a t i o n ,  February  26, 1962. 

Rosenmann, W . ,  "Model Mark LO LOX Inducer  Test  
Report", I n t e r n a l  Correspondence TAPM 4115-67, 
North American A v i a t i o n ,  June 11, 1964. 

Acosta. A.J., and Wade, R.R., "Experimental 
Study o f  C a v i t a t i n g  Hydro fo i l s  i n  Cascade", 
F ina l  Report NASA Con t rac t  NGR 05-002,059, 
Feb. 1968. ... 
F a n e l l i ,  >I., "Further Cons ide ra t ions  on t h e  
Dynamic Behavior  o f  Hydrau l i c  Turbo-machinery", 
Water Power, Vol. 24, No. 6 ,  1972, pp. 206- 
222. 

Brown, F.T., "A Uni f i ed  ~ p p r o a c h  t o  t h e  Anal- 
y s i s  of Uniform One-Dimensional D i s t r i b u t e d  
Systems", J o u r .  of  B a s i c  Eng., Vol. 89, 1967, 
pp. 423-432. 

Hennyey, Z., "Linear  E l e c t r i c  C i r c u i t s " ,  
Pergarnon P r e s s ,  1962. 

Stepanoff ,  A . J . ,  "Cen t r i fuga l  and Axial  Pumps; 
Theory, Design and App l i ca t ion" ,  Wiley, 1948. 

S t r e e t e r ,  V.L. and Wylie ,  E.B., "Hydraulic 
Transients" ,  McGraw-Hill, 1967. 

D. M. Rra is ted  i s  now a f f i l i a t e d  wi th  t h e  Exxon 
?roduceion Research Company, Houston, Texas 


