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Introduction

Hydraulic systems involving cavitating turbomach-
ines are known to be susceptible to instabilities at
certain critical operating conditions. Two distinct
classes of cavitating inducer instabilities have been
reported in the literature (Refs. 1-6)., The purpose
of this note is to report on some preliminary observa-
tions of these phenomena.

The experiments were performed in the Dynamic
Pump Test Facility (DPTF) at the California Institute
of Technology (Refs. 7,8). Results will be presented
for two different inducers operating at different flow
coefficients, ) (P=mean axial velocity/inducer tip
velocity - Ua/UTip) and cavitation numbers, 0 (O =

- 1 2. f
(p.I pv)/z,DUTip ; where py, p are the inlet and vapor

pressures, and P is the liquid density). In general,
the instabilities occurred just before head breakdowm.
After head breakdown, the system tended to become
stable again, although there were some indications of
a second region of instability at very small cavitation
numbers. x

Impeller IV is a quarter scale model of the Low
Pressure Oxidizer Turbo-Pump (LPOTP) of the space shut-
tle main engine (Refs. 7,8). The cavitation perform-
ance of this impeller is presented in Figure 1. Some
of the mean operating states for which large, constant
amplitude oscillations occurred in all the pressures
and mass flow rates are indicated by stars. The cavi-
tation in each of the blade passages oscillated in uni-
son, This unstable behavior is termed atuo-oscillation.
The frequency of the auto-oscillations ranged from 28
to 35Hz. As might be expected, there does exist amargin-
al region of operation for which the auto-oscillations
have a time varying amplitude. These non-steady oscil-
lations occurred as sporadic bursts of auto-oscilla-
tion, It was this feature that makes the boundaries
of the auto-oscillation region difficult to define.

In addition to the auto-oscillation observations
on Impeller IV, two instances of "rotating cavitation"
were observed and are labeled by boxes in Figure 1.
The presence of rotating cavitation was determined by
means of a stroboscope slaved to the rotational speed
of the inducer. Rotating cavitation appeared as a non-
stationary cavitation patterms which rotated with res-
pect to the "fixed" inducer. (More recent testing has
also revealed the existence of a stationmary form of
rotating cavitation sometimes referred to as alternmate
blade cavitation.) The large amplitude disturbances
in the upstream pressure and mass flow rates which
characterized auto-oscillation were not observed during
rotating cavitation. This suggests the rotating cav-
itation is most intimately associated with the dynamic
characteristics of the cavitating inducer itself ix-
respective of the hydraulic system inwhich it resides.

System Effects on Auto-Oscillation

Before proceeding with the results for the second
impeller, it is necessary to discuss the unsteady, dy-
namic characteristics of the hydraulic system. In the
context of a linear lumped parameter model, the
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characteristics of the upstream and downstream por-
tions of the system can be though of in terms of an
impedance (see Figure 3)., These complex, frequency
dependent system impedances were determined experi-
mentally from measurements of the fluctuating mass £low
rates and pressure differences by external excitation
of the system over a range of frequencies from 0 to

50 Hz, As one familiar example, an increase in the
flow coefficient, accomplished by opening a throttle
valve in the discharge line, resulted in a decrease in
the real or resistive part of the downstream system
impedance., During testing on Impeller IV, it was ob-
served that the time varying oscillations could be sup-
pressed by redistributing the total hydraulic systemre~
sistance from the downstream to the upstream portion of the
circuit. This indicates that auto-oscillationis depen-
dent upon and quite sensitive to the dynamic character-
istics of the entire hydraulic system.

The second impeller tested, Impeller V, is athree
bladed, 9° helical inducer (Refs. 7,8). During cavi-
tation performance testing of this inducer, both the
constant amplitude and the sporadic types of auto-osc-
illation were encountered. Two cavitation numbers
(0'=0.045 and O0=0.018) at which the auto-oscillation
was readily repeatable were selected and the behavior
as the flow coefficient was changed is presented in
Figure 2.

At the cavitation number of 0.045, the cavitation
in the inducer was extensive but breakdown had not been
reached. The data taken at this cavitation number indica-
ted that an increase in the downstream system impedance
resulted in a transition from the constant amplitude to
the time varying amplitude form of auto-oscillation.

As the flow coefficient was decreased from 0.097 to
0,086, the frequency of the continuous auto-oscillation
decreased from 31 to 24 Hz. Simultaneously, the magni-
tude of the downstream pressure fluctuations decreased
by a factor of about 2, For flow coefficients less
than 0,086, the auto-oscillation was characterized by
alternating periods of larger and smaller amplitudes.
The frequency of the oscillation remained relatively
constant at 25 Hz. The downstream pressure fluctuation
amplitude was approximately an order of magnitude smal-
ler than those before transition. It was also observed
that the oscillations in the cavitating backflow were
more pronounced under these conditions.

At the cavitation number of 0.018, photographs of
Impeller V indicated that the inducer was operating
well into breakdown. The observed instability was of
the constant amplitude type similar to that at the
cavitation number of 0.045, The frequency of the osc-
illations was 15 Hz. There were virtually no fluctu-
ations in the upstream pressure, whereas the magnitude
of the downstream pressure fluctuation was comparable
to that at the higher cavitation number.,

Another parameter of interest was the effect of
variations in the air bladder volume. An air bladder
was used in the DPTF to isolate the upstream and down-
stream portions of the closed system, and it acted
dynamically as a capacitor to ground (see Figure 3).
It was observed that the frequency of the auto



oscillation and the amplitude of the pressure and mass
flow rates remained constant for all bladder volumes or
compliances. The importance of this result will become
apparent in the discussion to follow.

An additional set of experiments demonstrated that
the frequence, fi, of the auto-oscillation scaled with
the rotational speed for the inducer. In other words,
the dimensionless fredquency, w, defined by “"=‘“H/UTip
(H=blade tip spacing) remained constant and the rota-
tional speed was varied. It was also noted that the
amplitude of the downstream pressure fluctuations de-
creased monotonically as the rotational speed was re-
duced.,

Digcussion

The dynamic characteristics of both the cavitating
inducer and the hydraulic system have been combined in
a linear stability analysis. Small amplitude, linear
dynamic behavior of the inducer can be represented by
a transfer function which relates the fluctuating inlet
total pressure, hy, and mass flow rate, m], to the
same quantities at discharge, hyp and mg. The pump
transfer function, [Z], is defined as follows (Refs. 7,
8,9,10):

= m

The transfer function is necessarily a function of the
mean operating state as well as the frequency, N.

Figure 3 indicates the model of the DPIF used in
~this analysis. If thecircuit were broken at the point
Z and if the fluctuating flow rates m3 andmy, on either
side of this point X are equated, the the following
relation is obtained:

Py ZpilBp-Ip)-2yp0H42,,)
Pa | (Zy15Z,,) +3eCT

(2)

where

plulp?217 %12

In other words, if a pressure amplifier with a gain
given by Eqn. (2) was inserted at the point X, the
system would be neutrally stable. But since the com-
pliance, C, of the air bladder is very large, the term
JWCT dominates the relation (The experimental result
that the auto-oscillation phenomena was not affected
by variations in the compliance of the air bladder con-
firms that this is a reasonable approximation.). Then,
Eqn. (2) requires that T must vanish for the system to
be neutrally stable. We have evaluated T for all pos-
sible combinations of the experimentally determined
system impedances and experimentally determined trans-
fer functions of Impellers IV and V (Refs. 7,8,9). An
example of a phase plane plot of T for Impeller IV and
various combinations of system impedances is presented
in Figure 4. 1In this case, the system was stable. For
a given pump transfer function and system impedances,

a generalized stability margin, B8, is defined as the
distance of closest approach to the origin in the T
phase plane (as indicated for the line D in Fig. 4).
However, for the given operating state of the transfer
function, the pump operates with a specific total res-
istance given by 2¥/@; thus interpolation was necessary
to obtain the stabilitymargins of this operating state
for several distributions of the same total resistance.

T = (142 gt (1425,

It transpired that, for all of the available trans-
fer functions, the frequency with the smallest stabil-
its margin was between 28 and 35 Hz. This agrees well
with our observations. Another feature of the phase
plane plot of T is the marked variation with the
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various system impedance combinations. Suppression of
auto-oscillation by changes in the system parameters
is thus confirmed analytically.

An analysis of TYotating cavitation does not exist,
to our knowledge, as yet. There are indications in the
literature (Refs. 1,2), however, that rotating cavita-
tion tends to occur when the inducer is lightly loaded
(small angles of attack).

Conclusions

Though further experimental and theoretical work
remains to be done, the results of the stability anal-
uses are in qualitative agreement with the observations
of auto-oscillation. Indeed, the fact that a linear
analysis appears useful in predicting the onset of
large amplitude non~linear limit cycle oscillations is
valuable.
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FIGURE 1., Cavitation Performance of Impeller IV at 9000 RPM. The,operating conditions for which continuous
amplitude auto-oscillation was observed are indicated by , sporadic by & ; and those for which
rotating cavitation occurred by @ . Operating points at which dynamic transfer functions for this
inducer are available are labeled A,B,...,M. The head coefficient, Y, is defined by Y:Ap/%pUTe,
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where Ap is the head rise across the pump.
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Figure 2, Auto-Oscillation of Impeller V.
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FIGURE 3.

Lumped Parameter Model of Hydraulic System for Auto-Oscillation Analysis.
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FIGURE 4. Phase Plane Plot of T for the Transfer Matrix of Impeller IV at operating point, B (see Fig.1).

Points for different frequencies are shown on the graph, The six different lines are for different
combinations of upstream and downstream impedance, The sets (A, B, C) and (D, E, F) are for dif-
ferent downstream impedances and increasing upstream impedances.

22



