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AUTO-OSCILLATION OF CAVITATING INDUCERS

D, M. Braisted and C. E. Brennen
California Institute of Technology
Pasadena, California

ABSTRACT

This paper presents details of measurements on the instability known as auto-oscillation which occurs in
systems with cavitating pumps. Specific measurements are made of onset cavitation number and auto-éscillation
frequency for a range of inducers. It has been shown that auto-oscillation is a system instability caused by
the active dynamic characteristics of the cavitating pump.

A system analysis is presented which utilizes previously measured dynamic transfer functions for the in-
duc§rs;_the resulting predictions of instability are consistent with the observations. Though the onset
cavitation number is a function of the entire system it 1s also shown that, given the omset cavitation number,

;he agto—oscillation frequency is only weakly dependent on the system and primarily a function of the pump
ynamics.

Detailed measurements of the amplitude and phase of fluctuating pressures and flow rates during auto-
osciltlation are also presented, These strongly suggest that the pump dynamics are'primarily determined by
the complicated flow at inlet to the inducer which involves pre-swirl generated by a strong backflow. Some
-data on the non-linear effect of auto~oscillation on overall wmean performance are also presented. .

Nomenclature

A Inducer inlet area ’ 1. INTRODUCTION

Polynomial coefficients for txansfer function

jets The phenomenon of auto-oscillation or surge has

often been encountered with cavitating pumps (for

C Air bladder compliance - example Refs. [1] to [14]). It represents one of the
) commonest instabilities derived from two phase flow

) ~ = ) which are encountered in hydraulic systems. It can be
Ae AE/lh1|2 quite deleterious to the operation, performance, con-
trol and lifetime of a pump.

3ijk

AE Fluctuating energy drain of system

H Blade tip spacing = circumference/number of’
bla . : .
_ lades . In this paper we present an account of experi-
h Mean total head ) mental investigation of auto-oscillation in cavitating
X . inducers and attempt to correlate these observations
b Fluctuating total head with a model for hydraulic system analysis based on
IU,ID System impedances upstream and downstream of recent improvements in the state of knowledge of the
pump unsteady, dynamic characteristics of cavitating pumps
= (for more detail see [15]). We shall concentrate on
m Mean mass flow rate . .
" : auto-oscillation and make only passing reference to
m Fluctuating mass flow rate the less severe instabilities such as rotating cavita-
. tion and alternate blade cavitation [3,4,6,7] which
S ‘Sys transfe tion . . : 22T
[s] System transfer func can sometimes occur in inducers. These are probably

7] Transfer function ‘ less troublesome because they are local flow oscilla-
. tions in which the rest of the hydraulic system does

Uz Impeller tip speed not usually become excited. Furthermore, we shall not
(2] Pump transfer function consider the added complications which arise when the
inlet and discharge lines become sufficiently lqng for
¢ Flow coefficient = Pump Flow Rate/AUT acoustic resonance frequencies in these lines to be
excited by blade passage frequencies [16]. Such phe-
Y Head coefficient = Head rise across nomena could however be accommodated by the inclusion
pump/pU% . of compressible pipe flow transfer functions (see Ref.
. Cavitation number = Net ﬁositive suction [17)) in the stability amalysis rather than the in-
1 compressible models used in Section 7. Finally, we
pressure/ E—pU% shall consider only hydraulic systems which are fixed
in some non-inertial coordinate system. The method-
p Liquid density 6logy could clearly be expanded for the analysis of
0 Radian frequency . - accelerating systems such as occur in the POGO instab-
: ility in liquid propelled rockets [18,19,20}. How-
o Reduced frequency = QH/UT ever, this requires a stipulation of the interaction
between the global acceleration of the unsteady flow
2y Watural reduced frequency rate relative to the system which is beyond the scope
of the present paper. ’

[n Identity matrix
. : Auto-oscillation is a function of the entire
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hydraulic system of which the cavitating pump may be
only a small part. It has been recognized [1,5,7,12,
13,14] that the system influences the onset and am-
plitude (and perhaps the frequency) of the oscillation
but that the cavitation in the pump is the source of
the problem. There exists a number of speculations
[3,4,6,10,13,14) on the precise mechanism through
which the cavitation excites and sustains the insta-
bility but none are proven. Both Barr [4] and Etter
[6] suggest that it is associated with an inherent in-
stability in the cavity length when this is close to
the blade passage length [4] or when the cavity on one
blade collapses at the entrance to the next blade pas-
sage [6]. Badowski [3] has proposed an instability

in the coupling between the cavitation, the head pro-
duction and the backflow induced prerotation. Both
Sack and Nottage [13] and Young, Murphy and Reddecliff
[14]) have attempted to factor in system effects though
their analyses are limited by lack of information on
the dynamic characteristics of cavitating inducers.
The recent availability of dynamic transfer functions
for cavitating inducers [21,11,12,22,23,24] has per-
mitted a more accurate evaluation of such system
effects. : ’

Finally, we should comment on the evident anal-
ogy between auto-oscillation and the surge phenomena
which occurs in compressors [25,26]. (We note in pas-
sing that rotating cavitating and rotating stall also
appear ro be superficially analogous.) The major dif-
ference 1is that the cavitating pump instabilities can
occur at operating points where the slope of the head
rise versus flow rate curve is negative. On the other
hand, Greitzer [25] has indifated that a positive
slope is necessary for the compressor instabilities.
In the case of surge he concisely describes the need
for a minimum positive slope in order to provide a
source of fluctuating emergy sufficient to overcome
the dissipation in other parts of the system. The
analysis of Section 7 similarly defines such a mini-
mum for pumps in the absence of cavitation.

Similar instabilities in regions of positive
head rise/flow rate slope can occur with cavitating
" or non-cavitating pumps [27]. However, auto-~oscil-
lating usually occurs in regions of negative slope
when the extent of cavitation has reached some critical
value. Therefore, it is evident that cavitation has
the potential of providing some other source of fluc-
tuating energy different from that in the compressor
problem. Indeed cavitation-induced auto-oscillation
occurs when the system is apparently stable accord-
ing to the kind of guasi-static analysis used in the
compressor problem. In the present paper we attempt
to demonstrate that auto-oscillation is due to the
dynamic rather than the quasi-static characteristics
of the cavitating pumps. We feel that similar atten-
tion should be paid to the dynamic as opposed to the
quasi-static behavior of compressors. Indeed Ng and
Brennen {12] found that the characteristics deviated
substantially from quasi-static values for reduced
frequencies based on tip speed and circumferential
blade spacing as low as 0.1.
2. EXPERIMENTAL FACILITY
The experimental investigation of auto-oscilla--
tion was performed in the Dynamic Pump Test Facility
(DPTF) at the California Institute of Technology; a
schematic of this facility which is described else-
where {11,12,15] appears as Fig. 1. Instrumentation
utilized in the experiments include (i) two laser
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Fig. 1 Schematic plan view of the Dynamic Pump Test
Facility used in present experiments.
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doppler velocimeters for measurement of the unsteady
flow rate at inlet to and discharge from the pump (ii)
two strain gauge pressure transducers for measurement
of the total head fluctuations of the inlet and dis—
charge flows (iii) variable reluctance transducers
mounted on the wall of the duct in the neighborhood

of the inlet to the transducer so¢ as to determine the
axial and circumferential variations in fluctuating
pressure in this region (axial locations are indicat-
ed in Fig. 2). All of this dynamic data was recorded
simultaneously on a l4~channel Ampex tape recorder
and processed using a Spectral Dynamics signal analyz-
er in order to obtain spectra and cross-correlations.
Additional instrumentation included a turbine flow
meter and a magnet proximity transducer to monitor the
rotational speed.

Experiments were performed using five different
inducer/impellers. Impellers 4 and b were 7.b6cm. and
10.26cm. diameter models of the low Pressure, oxygen
pump rotors in the Space Shuttle main engine [12].
Impellers 5 and 7 are geometrically similar 7.6cm.
and 10.26cm. diameter three-bladed helical impellers
with swept leading edges, zero blade cant and 9° blade
angle [1]. Impeller 8 was 10.26 cm.diameter four—
bladed helical inducer with a zero blade cant, swept
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leading edges and a 7 1/2° blade angle.
7,8 had a solidity of 2.

Impellers 5,

The major role played in auto-oscillation by the
swirling inlet flow and the cavitating backflow (see
below) suggested conducting experiments with sections
of honeycomb installed in the inlet line in order to
partially suppress the prerotation. This honeycomb
section was 2.5cm. long and, when installed, was lo-
cated so that it was about 2 diameters upstream of the
inlet to the 10.2c¢cm. inducers.

3. PRELIMINARY OBSERVATIONS

All inducers exhibited auto-oscillation to some
degree as the prevailing pressure level was reduced.
In general onset (see Sections 4 and 5) occurred at
cavitation numbers for which there was extensive in-
ducer cavitation but for which there was little or no
degradation of performance. Typical onset points are
shown in the cavitation performance graph for Impeller
6 included as Fig. 3 (the non-cavitating performance
of this inducer was included in Ref. {221). With fur-
ther reduction in pressure the auto-oscillatlon seemed
todecline as the head breakdown proceeded; a rough
indication of desinence is also included in Fig. 3.
Both of these features of auto-oscillation have been
noted previously [7,14]. However, the decrease in the
onset cavitation number with decreasing flow coeffi-
cient is not a feature which is universally observed.

Kamijo et al [7] reported that a rotating cavi-
tation instability seemed to occur for a range of o
adjacent to but larger than the .auto-oscillation range
for their inducers. Occasional but unrepeatable ob-
servations of rotating cavitation were made during the
present experiments in a similar range of o¢. However,
these occurred only with Impeller 4 and 6 and were so
rare and ephemeral that they will not be discussed
further. Some similar occasional observations of al-
ternate blade cavitation were made for Impellers 7
and 8.
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Fig. 3 Cavitation performance of Impeller 6 -at five

flow“coefficients, ¢, as indicated. Onset
¥, . .
(—-—0%-~) and approximate desirnence { "**"--"*-)

bougggries of auto-oscillation region for 60060 rpm
.are indicated. Letters refer to conditioms for which
transfer functions are available [22]. Uncertainties
are about + 0.002 in ordinate and abscissa.

Visual observations clearly showed that the
cavitating backflow generated by the tip clearance
flow oscillated violently during auto-oscillation and
that both the backflow and auto-oscillation disappear-
ed together with decrease in pressure through break-
down. This suggests that the inlet flow field of
which the backflow is an integral part .plays a major
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role in the inducer dynamics and the auto-oscillation
phenomenon. Consequently, wedge probe and total head
probe surveys were made of the inlet flow field in
order to document the mean flow velocity profiles of
the inlet flow. These measurements were made with a
manometer so that any time dependence:or three-dimen~
sional turbulent structures in the flow were averaged
out. Typical mean axial and swirl velocity profiles
calculated under the assumption of radial equilibrium
are presented in Figs. 4 and 5 for an axial location
0.25 diameters upstream of the inlet plane of impel~
ler 6; data is shown with and without the section of
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Fig. 4 Axial velocity profiles 0.25 diameters up-
stream of inducer inlet plane for Impeller 6 at
various flow coefficients, ‘¢, and with (
and without ( - -~ — - - ) honeycomb section.
on radial equilibrium assumption.
about * 0.05 on ordinate.
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Fig. 5 Swirl velocities corresponding to Fig. 4.
Uncertainty is about * 0.1 on ordinate.

honeycomb in the inlet line. Figure & shows that a
region of reversed flow or backflow occurs at this
location and increases in extent (as well as upstream
penetration distance) as the flow coefficient decreases.
This is clearly due to the increasing head rise across
the pump.which drives the tip-clearance flow and back-
flow. The swirl velocity profiles shown in Fig. 5
show zero swirl in the absence of backflow (¢ > 0.066
for this location). The swirl (or prerotation) in-
creases dramatically as the backflow increases. Pro-
files obtained at 6000 rpm and at 4000 rpm were es-
sentially identical. Profiles from measurements made

"0.5 diameters and 2.8 diameters upstream revealed

reduced perturbations and zero perturbation to a uni-
form, non-swirling inlet flow. At the 0.5 diameter
location no swirl velocities were observed for

¢ > 0.063. The above were all obtained under non-
cavitating conditions; despite difficulties in re-
peating the data under cavitating conditions due to



bubble formation in the manometer lines some limited
measurements at ¢ % 0.1 indicated similar profiles
to those without cavitation.

These inlet velocity profiles which are similar
to those observed by Rosenmann [28,29] deserve fur-
ther comments. It is clear that swirl (or circulation)
only occurs in the presence of backflow, thus it sat-
isfies Kelvin'’s theorem since far upstream the flow
has zero circulation and consequently the backflow
- must be entirely responsible for the swirl. However,
it is also clear that the circulation which is induced
by the backflow is not confined to the reversed flow.
Furthermore, any simple estimate of the radially in-
ward diffusion of circulation due to laminar viscous
effects forces one to conclude that such diffusion is
much too small to account for the circulation observ-
ed in the core of the flow. Evidently some large un-
steady turbulent structures must be present which
transport vorticity to the core. These fluid phe-
nomena which will be addressed in a later paper are,
we feel, important to the performance of a turbo-
machine; they deserve closer inspection than they have
been given in the past.

4. AUTO-OSCILLATION FREQUENCY

At high cavitation numbers the low level pres-
sure and mass flow rate fluctuations were random with
a broad frequency spectrum [15]. When the cavitation
number was reduced the onset of auto-oscillation was
characterized by a dramatic increase in the level of
pressure and mass flow rate fluctuation in the system
(see Figs., 7 and 8); it was also clear visually and
audibly. The spectra of the pressure and flow rate
fluctuations then contained a dominant frequency [15]
which we define as the "auto-oscillation frequency”.
These auto~oscillation frequencies will be presented
as a reduced frequency, w, based on the blade tip
spacing and the tip velocity. The reduced auto~-
oscillation frequency for a given inducer was found to
depend on a number of factors including the impeller
rotating speed, the flow coefficient, ¢, and the
cavitating number, o. However, preliminary tests
clearly demonstrated that for a given ¢ and g the
reduced frequency was virtually independent of rotat-—
ing speed at least in the range 4000 » 7000 rpm [15].
In other words, the actual frequency was linearly pro-
portional to the rotating speed. This is consistent
with the results of other studies such as those in
reference [10] -

Some typical variations in the reduced auto-
oscillation frequency, w, with ¢ and- ¢ are pre-
sented in Fig. 6. Almost all of the data suggests a
monotonic decrease in w with decreasing cavitation
number, a trend which has been noted by other inves-
tigators [3,9,10,14] and by Acosta and Wade [30] in
their studies of cavitating cascade instabilities.
Indeed the frequencies given by Young, Murphy and
Reddecliff [14] present a very similar picture to
those in Fig. 6 not only qualitatively but also
quantitatively.

The data for Impeller 6 in Fig. 6 also shows
some increase in w with increasing flow coefficient,
a trend which was also demonstrated by running tests
for fixed ¢ and varying ¢ [5]. Also included in
Fig. 6 are frequencies manifest by Impeller 7 with
and without the section of honeycomb inserted in the
inlet line. The increased frequencies caused by the
honeycomb are consistent with the claim made earlier
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in the context of the swirl observations, namely that
the honeycomb simply increases the "effective" flow
coefficient.

It is instructive to compare the reduced auto-—
oscillation frequencies for the two sets of geometric—
ally similar inducers, Impellers 5 and 7 and Impellers.
4. and 6. Only limited data was obtained for Impeller
4 but reduced frequencies were about 0.29 at both 9000
and 12000 rpm for o % 0.025, ¢ = 0.07; these are con-~
sistent with the reduced frequencies for Impeller 6
though the onset cavitation is quite different for
comparable flow coefficients. Some data for Impeller
5 is also shown in Fig. 6. Again the reduced fre-
quencies are comparable with those for Tmpeller 7
though the onset cavitation numbers differ substanti-

ally.

One of the points to be made in the present pa-
per is that ayto-oscillation is an instability of the
entire hydraulic system. The above data suggests that
though the onset does indeed appear to depend strongly
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" - spectively.

on the system, the reduced frequency of the imstabil-
ity appears to be primarily determined by the dynam-—
ics of the inducer alone. One might therefore ask
whether the frequency of auto-oseillation for a par-
ticular inducer operating under given conditions g,
¢ could be predicted from knowledge of the transfer
funetion of the inducer alone without refarence to
the rest of the system. Such a prediction dees not
clearly emerge from the stability analysis presented
later in Section 7. However, a nuch simpler heuris~
tic wmodel does produce surprising agreement with the
experiments (Fig. 6). If the cavitating inducer has
an inherent natural freguency, then it seems likely
that this is devrived from the inertance and compliance
of the inducer pump acting as a mass and spring re-
In the experiments the inertance of the
pump is much larger than the inertance of the rest of
the hydraulic system; this would help explain the lack
of sensitivity of the auto-oscillation frequency to
the rest of the system. To proceed ve therefore take
non~dimensional pump inertances and compliances (~ayiz
and ~a)p)) from Figs. 11 and 12 of Ref. [22}. 'The
former is very roughly constant at a value of agbout
40 whereas the latter varies with the cavitation num—
ber like 0.005/c. On this basis the reduced natural
" fyequency of the inducer would be w % Y50 where pos-
sible variations with ¢ have been neglected. This
atural frequency" is shown in Fig. 6. It is in re-
markably good agreement with the "auto-ascillation
frequencies which suggests that such a heuristic model
has some validity.

However, it is clear that in some practical sys~
tems with long inlet or discharge lines the inertance
of these lines may not be small compared with the
pump inertance. Under such circumstances it seems
reasonable to suggest that the total system inertance
rather than simply the pump inertance should be used
in estimating the auto-oscillation frequency.

AUTO-OSCILLATION AMPLITUDES AND PHASE
RELATIONSHIPS

3.

The amplitudes of the pressure and mass flow
rate fluctuations at the awnto-oscillation freguencies
were obtained as the magnitude of the peaks in the
spectra. Following application of the frequency de-
pendent signal processor calibrations aund the trans-
ducer calibrations (see Ref. [15]1 for pressure trans-
dycer calibrations) the magnitudes of the pressure
and mass flow rate fluctuations were non-dimensional-
ized by DU% and pAUT regpectively. Some examples

of the variation in the fluctuation amplitudes with
the operating conditions are shown in Figs. 7 and 8. .
These all show the dramatic onset at a particular
cavitation number as ¢ 1s reduced. .With. further
reduction in ¢ the oscillations reach a peak and
subsequently decline. Note that the amplitudes of the
actual fluctuations are large reaching 50 psi in pres—
sure and 20% of the mean flow rate.

More specifically Fig. 7 presents the data for
Impeller 6 at a rotating speed of 6000 rpm and
= 0,07. Figure 8 demonstrates a typical variation
with flow coefficient for Impeller 6. Other data is
included in Ref. [15}. Figure 7 indicates that viy~
tually all pressure and flow rate weasurements behave
in a similar manner; Fig. 8 shows that the onset and
maximum amplitude varies considerably with the flow
cogfficient. The onset and disappearance points for
this case were plotted in Fig. 3. It should be stres-
sed that the disappearance seemed to correspond with
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visual observations of the disappearaﬁce of cavitating
backflow which is associated with the breakdown of the
inducer.

Some further insight into the phenomenon can be
gained by comsidering typical amplitude data as repre-
sented by Fig. 7 in conjuneticon with the corresponding
data op the relative phases of the fluctuations pre-~
sented in Fig. 9. These phases were cbtained by cross-
correlation using the spectrum analyzer. The upstream
flow rate has been arbitrarily chosen as the phase
reference in the presentation of the data.

geyeral characteristics of the phase relation~
ships should be noted. First observe that though the
phase of a particular measurement is a function of
both ¢ and o there i5 a qualitatively consisteat
phase relationship between any two fluctuating gquan-
tities. For example, the downstreaw flow rate general-
1y lags behind the upstream flow rate by about 160°
whereas the upstream pressure generally leads it by



about 110°. On closer inspection one cam-also ob-
serve that there are fairly comnsistent changes in the
phases as the cavitation number is reduced: for ex-
ample, the phase by which the downstream pressure lags
the upstream flow rate decreases with o . It should
however be emphasized that since the instability is a
function not only of the pump but also of the entire
system of which the pump is ome part, it follows that
these relationships are also a function of the entire
hydraulic system.

There is however one intriging feature of these
results which appears to be directly connected with
~ the pump dynamics. First, note from Fig. 7 that the
amplitudes of the pressures measured in the vicinity
of the inlet plane of the inducer are much larger than
those of the upstream pressure oscillations; this is
true even for the wall pressure 0.25 diameters up-—
stream of the inlet plane (Figs. 2 and 7). Secondly,
one can see from Fig. 9 that these wall pressures
near inlet are almost in-phase with the downstream
pressure for all cases tested; on the other hand, the
phase relative to the upstream pressure is large and
variable.

Only the phase for a single inlet region wall
pressure is shown in Fig. 9. Cross-correlation re-
vealed negligible phase differences between wall pres—
sures measured either at the three axial locations
shown in Fig. 2 or at several circumferential loca-
tions at one axial location.

These facts all suggest that the wall pressure
measurements characterize the fip clearance flow and
backflow jet and that these are clesely coupled to
the conditions dosmstream of the pump. WNote, for ex-
ample, from the axial and swirl wvelocity profiles in
Figs. 4 and 5 that the backflow extends more than
0.25 diameters upstream for ¢ < 0.067. The data for
¢ > 0.067 suggests the influence of the backflow ex-
tends further upstryeam than the jet itself penetrates.
Thus, in summary, it appears that the dynamics of the
inlet flow and the backflow jet contribute in a major
way to and is an integral part of the dynamics of the

pump.
6. NON-LINEAR EFFECTS

In the following sections a linear perturbation
model is proposed whose purpose is the prediction of
the onset cavitation number and frequency of auto-
oscillation. 1t is however clear that such a model
cannot predict the amplitude reached when the system
is operated under unstable conditions. This would
ultimately require detailed knowledge of the non-
linear dynamic behavior of the cavitating inducer and
the rest of the hydraulic system. At the present
time such knowledge is very limited. Consequently,
we conclude the account of the experimental observa-
tions with a description of some of the noun-linear
effects which were abserved.

The most notable non-linear effect manifest
during operation within the unstable regiom was the
effect upon the mean flow through the inducer. This
effect varied greatly from one impeller to another.
Impeller 8 displayed a large reduction in mean flow
performance as shown in Fig. 10. There was, moreover,
a2 hysteretic character to this non-linear effect as
indicated in the figure. As the cavitation number was
reduced and the auto-oscillation began, there was a
large decrease of the order of 50% in the head devel-
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oped. The shift in o associated with this head loss
which is shown in Fig. 10 is in part due to a lack of
ability to control both ¢ and © during this tran-
sient. If one then attempted to reverse the process

by increasing © in order to get out of the auto-
oscillation the path followed is different as indicated
in the figure and this produces the hysteretic behavior.
In some ways this hysteretic behavior resembles that
encountered in compressor surge [25]. Incidentally,
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Fig, 11 Schematic of dynamic model used to analyze
the stability of the Dynamic Pump Test facility.

it is curious that the head developed during auto-
oscillation isessentially the same for each of the
three flow coefficients. The non-linear heéad loss as-
sociated with Impeller 6 was much smaller in magnitude
for reasons which are not clear.

7. LINEAR DYNAMIC MODEL FOR AUTO-OSCILLATION ONSET

In this section, we shall construct a linear dy-
namic model of the hydraulic system whose object will
be the prediction of the onset of auto-oscillation.
The key here is the form of the dynamic model which
must be used to represent the dynamic behavior of the
cavitating inducer. Fanelli, [31], Brown [32], Brennen
and Acosta [21] and others have proposed that such
linear problems are more readily handled in the fre-
quency domain. The instantaneous total head and mass
flow rate at each point in the hydraulic system are
divided into mean components, h and m, and
fluctuating componeuts at each frequency, £ ,

L ojht

v o3t
represented as the real parts of he

and me

LY L
wvhere h and m are complex to represent the phase
relationships of the fluctuating quantities. Then the
dynamic behavior of the hydraulic system between any
two points denoted by subscripts 1 and .2 (where



1 normally denotes the inlet and 2 the discharge
point) can be represented by a transfer matrix,

(7},

(1)

The transfer matrix will be a function not omnly of
frequency, Q, but also of the mean flow conditions.
For a straight pipe or -accumulator, for example, one
can anticipate the form of [T] with some confidence.
However, for a more complex flow such as that through
a cavitating inducer this is not so easily done. Re-
cently, transfer functions for cavitating inducers
have been measured [1l, 12, 22] and compared with a
theoretical model [23,22] for a number of inducers
over a range of frequencies, cavitation numbers and
flow coefficients. These studies have shown that an
inducer becomes an increasingly "active" dynamic de-
vice [33] as the extent of cavitation within it in-
creases. Consequently, the inducer provides the

" source of the fluctuating energy production neces-—
sary to overcome the frictional dissipation normally
associated with the inlet and discharge lines and to
sustain the auto-oscillation. It is therefore es~
sential in any predictive model to properly represent
the inducer by an active transfer function which we
will denote by [Z2] ([Z] = [Y]-[I] ses (Fig. 11)).
Here we will simply use the experimental transfer
functions presented as functions of §, ¢ and ¢ in
Refs. [12] and [22],

To complete the model, transfer functions for
the rest of the closed loop system used in the experi-
ments are needed. For this purpose it was assumed
that the pump inlet line between the discharge from
the large reservoir and the inducer inlet (Fig. 1)
and the pump discharge line between the volute dis-—
charge and the reservoir inlet could both be represent
ed by complex impedances as indicated in Fig. 11.
These impedances were measured experimentally and
conformed with expectation in terms of the resistance
and inertial components [15]. Finally, it was as-
sumed and confirmed by experiment [15} that the res-
ervoir and the large air bag within it could be re-
presented by a simple compliance, C, as shown in
Fig. 11.

A convenient way in which to evaluate the sta-
bility of a closed loop system such as that represent-
ed by Fig. 11 is to "open" the circuit at some point.
For convenience, a break-point just downstream of the
pump is chosen (X in Fig. 11); it is clear that the
final conclusions should be and are independent of
the location of the break-point. Then the transfer
matrix relating the conditions just upstream of the
break (subscript 2) to those just downstream of the
break (subscript 1) is [S$] where

S;1 = 1+z11 - jQC[ZlZ—IU(1+le)]

819 = le—(IU+ID)(l+le)+jQC[IDZIZ—IUID(1+211)]
Sy1 = Zyp -~ jQC(l+ZZZ—IU221) 2)
Syy = 142, —(IU+13221fj9c[ID(1+222) - IUIDZZI]
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Stability will be assessed on the basis on an
energy flux criterion. The net flux of fluctuation
energy entering the 'opened” system at the break point
is given by AE where, for convenience, this has

been non-dimensionalized by pU;A:

= {mlhl + m1h1 - mzhz - mzhz}

AE 3

e

where an overbar denotes the complex conjugate. Sub=-
stituting from the overall transfer matrix and

N " "
equating m; = mp leads to

Y
h 2
AE =l—§L— Real {FG} )
where
L2 [2,,+39C(1 2y, ~1-2,,)] )
Up (29 (LT ) =2, 4 9C(T 2, -1-2, ) ]
- leZZZ+ZZIA1+jQCA2
ZZI(IU+ID)_ZZZ+jQCA3
where
A1 = IU+ID—Z12
A2 = le+IUIDZZI—IU(l+§1)—ID(1+L22)
and
A3 = IUZZI—I—Z22 . (6)

These expressions are greatly simplified by observing
that the compliance € 1in the experiments is very
large in magnitude and the terms involving € domin-

nate the numerators and denomiator. Hence
1512 I (142, )41, (142, )Z, <L T Z
n 1 U 11 D 22 12 "U'p721
AE % 5 Real 137 -1z .
22 "U”21

)

Consequently the criterion for stability is as
follows. If AE as evaluated using the above ex-
pression is positive then a flux of fluctuating
energy must be supplied to the system at the break
point in order to sustain the fluctuations. Hence
if AE > 0 the system is stable. If, on the other
hand, AE < 0 then the internal supply of fluctuating
energy from the cavitating inducer exceeds the intern-
al dissipation and the system is unstable. Several
simple limiting cases are instructive. If the pump
is not cavitating and one neglects fluid and structural
compliance then Zl =2Z 1= Z,, = 0 [21]. 1In this
case the stability %epengs entirely on the sign of
Re(T +ID—Z 2); that is to say on the magnitude of
the gotal system resistance. The quasi-static pump
resistance which is equal to Re{-Z 2} as Q-+ 0 is
directly related to the slope of t%e steady state
performance characteristic (Y versus ¢). Since the
quasi-static line resistances, Re(I_ ) and Re(I
are positive it follows that if this slope is
negative the system will inevitable be stable at low
frequencies. If on the other hand, the slope is suf-
ficiently positive the system may become unstable;
such occurrences are well known [34,35,25,26,27]. It
would however be wise to point out that all of the re-
sistances are frequency dependent to some -degree 7
[12,15). Consequently it is still possible for a- -

=



system to be stable to low frequencies but unstable
in some higher range of frequencies even when the
slope of the steady state characteristic is negative,

It is clear that when the inducer is cavitating
so the s 2 and Z are not necessarily zero
then the c%ndi%%qn for %%ability is less obvious and
requires evaluation of the expression (7) containing
characteristics not just of the pump but of the entire
system.

8. RESULTS OF STABILITY CALCULATION

The methodology described in the last section
can be readily modified for use in any hydraulic
system. However, we concentrate on its use for pre-
dictions of auto-oscillation in the present experi-
mental configuration. Values of Ae = AE/[HIIZ
were calculated using Eq. (7) and each of the experi-
mentally obtained pump transfer functions [Z], de-
scribed in Refs. [12] and {22]. The latter were ob-
tained for particular mean flow conditions, ¢ and
o, which imply a particular quasi-static system re-
sistance external to the pump. This resistance could
however be variously distributed between the inlet and
discharge lines without changing the mean flow condi-
tions. However, such redistribution can effect the
system stability as suggested by the form of the ex-
pression (7) and as shown in Ref. [15].

The effect of changing the cavitation number,
0, while maintaining a fixed combination of system
impedances is demonstrated in Fig. 12 for Impeller 4
(using six of the pump transfer functioms labelled &
. to F which are presented
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Fig. 12 The net energy flux, Ae, as a function of
frequency for six cavitation numbers at which trans-
fer functions (A to F) were obtained for Impeller &4

(at ¢= 0.07 and 9000 rpm). Uncertainty in o is
* 0.002; in Ae it increases from about * 1 at lower
frequencies to about + 5 at higher frequencies.
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Fig. 13 The net energy flux, Ae, as a function of
frequency for four cavitation numbers at which trans-
fer functions (C,D,G,H) were obtained for Impeller 6
(at ¢ = 0.07 and 6000 rpm). Uncertainty im o is

+ 0.002; in Ae 1is increases from about * 1 at lower
frequencies to about * 5 at higher frequencies.

in Ref. {12]) and in Fig. 13 for Impeller 6(using
transfer functions labelled C,D,G,H which are pre-
sented in Ref. [22]). The combination of system im-
pedances which were used were those measured for the
conditions under which the auto-oscillation experi-
ments were performed. Figure 12 indicates that with
the 3 in, diameter Impeller 4 the system at ¢ = 0.07
and 9000 rpm is stable at high cavitation number, o.
It is also stable at low frequencies for all cavita-
tion numbers. However, as ¢ is reduced the system
beconies unstable in a cavitation number range of be-
tween 0,025 and 0.045; more transfer functions would
have been needed to pinpoint the value more accurately.
At least this covers the observed onset value of ab-
out 0.03 [5]. The figure also indicates instability
above a reduced frequency of about 0.3 which is in
accord with the results of Section 4.

Figure 13 presents similar results for Impeller
6. It shows a similarly decreasing Ae with fre-
quency at higher frequencies when the cavitation num-
ber is decreased. However, the data of the transfer
functions does not extend to a sufficiently high w
to yield negative Ae. The information is however
fairly consistent with the observed onset at
G g 0.05 (see Figs. €,7) at a reduced frequency in
the range 0.55 » 0.6 (see Fig. 6) .

Finally it is worth noting that the pump trans-
fer function element whose change with cavitation
number is primarily responsible for the trend toward
negative Ae at higher frequencies has been shown in

Ref. [5] to be the element ZP22; that is to say, the



mass flow gain factor term. This is consistent with
the analytical transfer functions derived using the
bubbly-flow model (Ref. 23); the "active" dynamic
characteristics in that model result from kinematic
wave production in the neighborhood of inlet which
primarily determine ZPZZ'

9. CONCLUDING REMARKS

This paper has presented details of measure-
ments on the instability known as auto-oscillation
which occurs in systems with cavitating pumps. Specif-
ic measurements of onset cavitation number and auto-
oscillation frequency are presented for a range of
inducers; amplitude and phase information on various
fluctuating pressures and flow rates have also been
given. It has been demonstrated that auto-oscillation
is a system instability caused by the active dynamic
characteristics of the cavitating pump. A system
analysis which uses previously measured transfer func-
tions for the inducers as well as dynamic models for
the remainder of the hydraulic system is investigated.
Though this analysis does not yield results which are
as’ decisive as one might wish, they are at least con-
sistent with the observations in terms of the onset
cavitation number and auto-oscillation frequency.
Evidence is presented to show that the frequency
(though not the onset) can be evaluated fairly ac-
curately from estimates of the compliance and inert-
ance of the pump which can be obtained directly from
the pump transfer function as a function of cavitation
number. ‘
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