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FORFWONRD

Thia roport documoents tho work eondueted undor Contiract NASB-27020,
"study of Cavitating Inducor Inatahil!tion, " durlng the period 1 July 1971 through
16 May 1972, Tho work was aponnored by tho Georgo (' Marehall Spaee Flight
Contor, Natlonul Aoronnuties and Space Adminletration, Marshall Spnee Flight
Contor, Alnhama, and was administorad toehnleally by My, 1, 1, Stinson, Jr,

Pratt & Whitney Alrerafi's Florida Rosoareh and Dovelopmoent C'ontor at
Wast ’alm Dloach, IMlorida, wns tho contractor, mnd My, W, Ii, Young was tho
Program Manager, All work was porformod at FRDC with tho oxcoption of the
cascndo tests, which wore conducted at Unitod Alreraft Roscarch Luborutorioes,
ast Hartford, Connocticut, by Mr, W, I, Taylor, Inducor tosts wore conductod
by Mr. A, I, Wemmell,

ABSTRACT

An analytic and experimental investigation into the causes and mochanismy
of cavitating {nducer instabilitios was conducted, Hydrofoll cascade tests wore
performed, during which cavity sizes were measured. The moasured data wer !
used, along with (nducer data and potential flow predictions, to refine an analysis
for the prediction of inducer blade suctlon surface cavitation cavity volume,
Cavlty volume predictions were incorporated into a linearized system model,
and instability predictions for an inducer water test loop were generated. Inducer
tests were conducted and instability predictions correlated favorably with measured
instability data,

SUMMARY

An analytle and experimental investigation Into the causes and mechaniyms
of cavitating Inducer instabilities was conducted. Two possible Instability moch-
anlsms were analytically identified: (1) a "contlnuity' mechanlsm that vesulls
from the response of inducer cavitation volume to Inlet flowrate; and (2) a "per-
formance" mechanism that results from the relutionship of inducer headrise to
inlet flowrate in the cavitating head falloff region of operation. The continuity
mechanism requlres only the prosence of flowrate-sensttive inducer cavitation
for an Instabllity to be possible, and this mechanism can cause Instubilities at
velatively high cavitation numbers where there Is no head fulloff (f.e., In the
usual rango of Inducer operation), The performarce mechanism is operable
In the hoad falloff roglon, An analytic system model, in which the inducer and
its systom are treated as a serles of lumpod resistances, Inertances, and
compllances, can predict tho oceurrence of both types of instabllitles. The
model conslists of a serles of oquatlons that define (1) the inlet and dischargo
line: resistances, lhertances, and compliances; und (2) the Inducer: cavitating
hoad vs inlet pressure und flow curves (heud falloff map), head vs flow curves
(head flow map), and cavitation volumo vs pressurc and flow curves (cavitation
volume map). The rate of change of cavitutlon volume with Inlet prossure Is
dofined ns "prossure compllance" and the rate of change of cavitation volume




with flawrate Is defined ns "Mow complinnean, ' The moat algniflieant paramotors,
and tho mont difficult to ncourately define with roegard to "continuity" inata-
bilitlea, are pressure complinnee nnd flow complinnee, '"Porformance' typn
Inatabiltloa raguira doflnition of tha hoaad falleff map, which onn uvaunlly he
ohtalnod through the nae of pnramotrie onanred datn from almilar Inducor.,

Two oxporlmonts wora conductod: (1) a ensendo oxpor!mont whose
ohjoctlvo waa to abtaln monsured envity goomotry datn for rofinomont of Inducor
hbindo suetion surfaeo cavitntlon volumao pradietlon (prosaur: complinnee nnd
flow complianeo); nnd (2) an Inducor oxporlmont whoso objoctivo was to provido
data for spubatantintion of tho analytie instablity prodletions tochniquo., Rosults

' of the casecudo oxporimont woro largely Inconcluslvoe bocauno of appnrvont flow
nonuniformitics, Cavlty volumo prodletions, theroforo, woro correlated and
rofined using lHmited Inducor monsurod data and potontlal flow prodictions.

Tho Inducer oxperimont rosultod In the monsuremont of "eontinulty' und "por-
formuaneco' Instublllitlos whoso charnctorlatics correlated with Hnour lnducor
systom modol predictions in all significant aveas., Agroomont botweon pro-
dleted and moeasured {requency magnitudo was poor, but monsurod froguonclos
were known to bo uffocted by systorn compliunces that wore not accountod for

in the prediction unalysls, Such compllunces were of suffielont mugnitude to
explain the difforence In frogyuencles, The analytle model of tho inducor systom
indlcated that "flow compllance' wus the most significant parameter with regard
to system stabllity, If tho Inducoer had no flowrato sensltlve cavitatlon, It wou'd
have beon pradicted to be stuble regurdless of the value of other parameters.

It was concluded that the analyvtically derlved Instability mechantsms
explain the Instabllitles encountered In the Inducer test program. The analytle
technlque employed can be generally used to predict Instabllitles and deflne
stabllizlng system changes.
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BECTION 1
INTRODUCTION

Indueors nro widoly unod tn Hauld rocket onglne propellant feod nystema to
Inerenso propatlnnt prosmireo before the prapellant enters the maln tarbopumpr,
The twebopumps are therehy permittod to opernte nt relntively bigh rotationn)
apoeds with oufflelont inlet prenauree to preelude eavitntion performanee lonn,

Tho Indueors thomoelvon aporate with algatfleant onvitation, bhut thoy nro denlpned
s#uch that the offeet of eaovitntion en ovorall Inducor-turhopump pystom preoouee
rise and offieloney nro mintmal,

The oxletoncee of cavitation tn the food system ralues the posstbiity that
Myolf=tnducod Instabiites" may oceur, "Phose tnatablities arve characiovized by
osctllotlons In Inducer tnlot and dischirge proscuro which can, {f tholr umplitude
fu sufficiontly lurgo, result in unaceentablo variations [n onglne thrust because
of tholy offeet on propellant flowrate.  Such osctllations have been obsorved
during inducer and vehiele system tests by a namber of invostigatois, and thelr
occurrchee has been gonerally Hnked to Inducer blade suction surfuce cavitation;
however, thore has boor little succoes (n doveloping an analytic mothod for
prodicting the occurrenco of an instabllity or for tho definition of system changes
thut would be required to avold tnstabtlities,

The objective of this program was to develop an analytical system capable
of predicting the oceurrence of sell-induced tnstabilities in cavitating {nhducers.
The technleal offort conststead of four phascs, the scope of which cun be deseribed
ae follows:

I Rovicw of Existing Models - Literature concerning instabilty
models was reviewed and the most promising approach selected.

I, Desigh of Experiments - Two experiments were designed: A
two-dimensional cascade experiment to provide measured cavi-
tation cavity geometry data as a function of incidence angle and
inlet pressure, and rotating inducer experimont to provide
moeasured instabllity data over a range of operating points,

II1, Conduct Lxporiments - The experiments planned tn Phase I1
were conducted.

V. Data Corrcolation - Cavity geometry data from the cascade
tests wits correlated with analytic predictions from the cavity
model of (1)*, and the model was refined us tndicated. The
developed cavity model was used, in conjunction with a
system model, to predict the unstable operating region of an
inducor,

The program recsults indicate that on analytic system modeling technique
that nccounts for (1) inducer inlet and discharge line characteristics, (2) tnducer
head rise as o fuaction of cavitation numbor and flow coefficiont, and (3) inducer

*Undorlined numbers in parentheses denote referonces, which are listed in
Soction 7 on page 143,




blade Auntton surface cavity volume aa a funetion of eavitation numbor and flow
conffielont enn prodiet the aeourronen of an InAtability, nnd tho technigue can bo
unnd to dofine ntahilizing ayatom changon, Reaulta nee reportod {n dotall in

the following anetion,




SLCTION 2
REVIEW OF PREVIOUS WORK

A liternture survoy was conducted to fdentlfy roported Inatancons of
tnstability and rolated modoling nttompts, Literature portinout to both rotating
inducer and statlonavy tunnoel tests wos roviewod hocauso apparontly aimilar
inatabilitios have hoon notcd Ln both, Boenuse of flow similarltios botweon
inducor and easeade flows, it scomed likely that a modoling appronch that would
oxplain inducor Instabilitlos would clso be adaptable to two-~dimensional wator
tunno! Instabllitlos, Verlficatlon of this similarity would domonetrate that the
fluld dynamle offocts that lead to an instabtlity are understood and can be
adequately modeled, Increasing the degreo uf conlidence in the Inducer instability
modal,

The literature that was found in the survey is listed in Refercnces (2)
through (22). The reportud experimental observations and modeling attempts
are summarlized in the following scctlons, after which our conclusions are
discussed,

2,1 EXPERIMENTAL OBSERVATIONS

Cavitation-induced oscillations in water tunnel tests of a single hydrofoil
were reported by Wade and Acosta (2) who studled the growth of cavitation on a
plano-convex hydrofoil as inlet pressure was lowered. They were the first in-
vestigators to report frequencies and amplitudes during unstable cavitation on
a hydrofoil. They observed that the cavitation cavity, which began at the hydro-
foil loading edge on the suction side, was steady and that measured hydrofoil
normal force amplitudes were small whenever cavity length was less than about
60% of chord length, With further lowering of inlet pressure the characteristic
low frequency, large amplitude cavitation-induced oscillations began. With still
further lowering of Inlet pressure the oscillations persisted, with hydrofoil force
and cavity length amplitudes first increasing and then decreasing, until the cavity
reached a iength of about 120% chord. At lower inlet pressures and longer cavitles
the flow became quite steady. Cavity length oscillations rcached a peak-to-peak
amplitude of about 1/2 chord, with hydrofoil force varyirg +10% of mean value
in phase with the cavity. The instabilities occurred in u region where hydrofoll
mean lift and drag forces first increased, then decreased as Inlet pressure was
lowered. Typical frequencies found were about 12 to 256 Hz, depending upon
tunnel speed, angle of attack, and cavitation number. Two regions of high fre-
quency (270 Hz and 50-60 Hz), low amplitude "noise" were also found, but these
do not appear to have a direct bearing on the instability presently in question.
During one cycle of oscillation, the cavity was seen to grow smoothly from its
minimum length until, as it approached the hydrofoil tratling edge, a reentrant
jet formed and began to gradually fill the rearward portion of the cavity. The
cavity surface became Irregular and a large volume of cavity was abruptly shed
into the stream. The cycle then repeated. No mention I8 made of tip vortex
cavitation, nor is any appreciable amount discernible in the photographs.

Kaplan and Lehme (3) invostigated cavitation on a semiwedge hydrofoll
mounted In a 2-degree of freedom suspension in a water tunnel, finding that
"for cavily lengths in the range from 0.5 to 1.0 chord the cavity itself becomes
unstable and severe fluctuations occur in the entire system,' The surface




eavity began at tho hydrofoll leading odgo, Tho hydrofoll was cantllevered from
ono ond (oasontially flush with tunnel wall) while the other ond protruded into tho
frooatroam, Tip vortox eavitation occurred on tho froo ond, and "-~nppears to he
Indepondont uf the eavity on the foll upper aurface," A traco of hydrofoll rota-
tional and translatlonn! raotfon at one oporating polnt (eavity longth of 76% chord)
Indientos a frequoney of osclllation of 8 Iz, No data nro presoatod that would
nllow a comparison of the unstable regton with tho hydrofoll 11t bhrenkdown polnt,

Bosch (4) tosted a semiwodgoe hydrofoll mounted in a 2-dogreo of froedom
suspension In a wator tunncl, finding that oscillations In cavity length, with ampli-~
tudes n8 much as 26% chord, occurred whon the cavity wus between 40 and 140%
chord length, TFroquoncy of osclllation varled from 4 to 18 Hz, docroasing as
cavity length incroased. The cavity sprang from the hydrofoll loading cdge.

No mentlon Is mado of tip vortex cavitotion, nor of how the unstable rogion com-
pared to the hydrofoll 11£t broakdown point.

Wade and Acosta (5) experimented with two-dimensional cascades of 3 to
5 plano-convox hydrofolls In a water tunnel and found an instability simllar to
that reported for the single hydrofoll of the same shape (2). They were the first
to experiment with a cascade far enough into the cavitating region to uncover
unstablo cavitation, When the cavitics, which extended from the blade leading
edges, became about 1/3 chord in length, periodic oscillations of the cavities
and statlc pressure upstream of the cascade occurred., With further veduction
of tunnel pressure the cavities became longer than the chord, and osclllations
ceased. Statlc pressure oscillations reached an amplitude of about 1/2 the
approaching velocity head at a frequency of about 12 Bz, Wade and Acosta note
that thore was '"'---gome time lag i1 the development of oscillating cavitation
from one vane to the next —--. " Presumably this means that the cavities on some
hydrofoils began to oscillate at higher values of tunnel pressure than the others.
It is not stated whether the cavities oscillated in phase once they all began to
osclllate, The only reference to tip vortex cavitation is a statement that
''-=- noticeable tip clearance cavitation---'"" occurred. No mention is made of a
propagating cavitation pattern. The data indicate that the instabilities occurred
at or after cascade lift breakdown began,

Wade and Acosta (8) investigated another cavitating cascade to study
Instabilities. They measured the amplitudes and phase angles of the cascade
1ift and drag forces and of pressures and velocities upstream and downstream
of the cascade, Motion plctures were made of the cavity oscillations. Both a
surface cavity springing from the leading edge and tip vortex cavities at each
end of the hydrofoil were formed. Oscillations began when the cavities bocame
approximately 50% chord in length, and affected all measured paramoeters., '"This
oscillating or chugging mode of cavitation persists and grows more intense as the
pressure Is lowared until the maximum length of the cavity bubble formed during
the osclllation cycle is approximately 15 to 20% longer than the chord of the
hydrofoll, At this timc the fluctuations in lift and pressure throughout the
cascade are greatost. Then with a slight, but still further decrease In pressure,
the cavitics become considerably longer than the chord and the oscillations cease
entirely---, " Frequencies found were from 8 to 20 Hz. From high speed motion
plctures an attempt was made to detect any propagating phenomenon that might
be responsible for the observed Instabilities, The authors state -~ after
repeated viewings of these motion piciures we could not conclude that there was
a progressive disturbance across the cascade in the sense of a propagating stall
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which is rosponaible for the Instablility that is observed," The datn Indieato that
tho Instahilitles occurroed In n hand around the point where caseade Lift bronkdown
oceurs,

Taylor, Murrin and Columbo (7) Invostigated the performance and point
of inclplent eavitation of n caseado of double elroular-are hydrofolls, and notod
a propagating form of eavitation, Photographs show a singlo Irregular-shaped
surface cavity propagating nlong the easenade. Propagation veloclty was approxi-
matoly 3 m/s (10 ft/sce),  There was no visible tip vortox cavitation, The
authors attributo the phenomenon to nonuniform nlet conditlons, and state: ''whon
the inlot flow nonuniformity was loss sevore ---, the cavitation did not propagato
and tho bubble size changoed simultancously on all hydrofoils." The referonco
to simultancous change refers to change when inlet pressurce was changed, since
the Investigation did not go sufficiently far into the cavitating region for a severe
cavitation-Induced oscillation to have occurred,

Acosta (8) reported cavity oscillations on a four-bladed helical inducer
with radial leading edges. He found that as inlet pressure was lowered a "patch
of cavitation' with a "frosty appearance, ! formed at the blade tip. Photographs
show the cavitation originating near the leading edge on the blade suction side. -
Acosta states that the "--greatest part of the fuzzy cavitation patch arises from
a tip clearance flow-~'" and "-~ is confined largely to the outer portions of the
annulus, but at the lowest cavitation numbers it does occur from root to tip."

At low inlet pressure the cavities formed only on alternate blades, but not always
on the same blades, At high flowrates the alternate blade cavitation pattern was
stable. At flowrates lower than the best efficiency point the alternate blade
cavitation appeared to propagate from blade to blade, with the frequency of
propagation decreasing as inlet pressure was lowered and decreasing to zero
just beforc head breakdown of the inducer. No numerical oscillation amplitudes
or frequencies were reported. Three modifications to the inducer were made in
an attempt to suppress the oscillations. Increasing the tip clearance offered
some help; sweeping back the blade leading edge depressed the occurrence to
lower cavitation humbers; and using a variable head helix (0.1 to 0. 16 rad,

6 to 9 deg) greatly reduced the extent and severity of the oscillating mode. Ina
discussion of (8) by Iura, observations are presented of alternate blade cavities
on four-bladed inducers which began to oscillate in length as cavitation number
was lowered. In one instance a rotating propagation pattern at one-tenth rotor
speed was observed. The oscillations are reported to have ceased once head
breakdown occurred., .

Wood (9) visually noted cavity oscillations in three different mixed flow
impcllers. In one, a three-bladed model, a low frequency (18 Hz) oscillation
of the cavity formed at the impeller inlet occurred. In the other two impellers,
with four blades and elght blades each, higher frequency (42 to 175 Hz) oscilla-
tions occurred in cavitation formations in the rear channels. The rear channel
cavitation extended across much of the channel, for some conditions completely
filling the channel, and appeared to be unrelated to the "leading edge cavitation
formations." Wood states that rear channel cavitation was "instigated by the
tip cavitation vortexes," No doscription of the lcading edge cavitation is given.
Wood docs not mention alternate blade cavitation nor circumferential propagation,
but notes that he had a limited field of vision. It may be of significance that the
low frequency impeller inlet cavity oscillations (18 Hz) occurred when the impeller
was operating at an NPSH above that at which head breakdown begins, while the
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high frequency rear channel orcillatlons (42 to 1756 I1z) occurred helow tho hond
breankdown point.

Badowskl (10) discuased an Inatability oceurring In four-bladed Inducers,
Ho found that at reduced flowratea and n certain value of NPSII the four-blado
cavitation pattorn makes n suddon transltion to eavitntion only on altornate hlndos,
Addltional roduction of NPSH causes cavitios to reostnblish on the two noncavitating
hlades. An instability occurs when the reostahlished eavitles reach one hlade
spacing in length, No description of n cavity Ia glven altthough roforonco to a
surfaco cavity model is made, Ho states that iwo Instabllities havo beon oxpor| -
enced whon the two reestablished eavitios are unccual In longth, onc Instability
oceurring oach time a cavity grows to a length of one blade spacing. By roducing
NPSH so that the cavitios becomo longer than one blade spacing stable flow was
gonorally restored, The instabllity 1s described as "ow froquency, high amplitude
vibration," with no numerical values quotod. No mentlon is mado of a propagating
pattern. The Instability Is reported as occurring in a band of NPSH immediately
prior to head breakdown, with the flow stable In the head breakdown region,
Badowski attributes the Instability to the existence of "backflow-induced pre-
rotation' in the inlet line,

Etter (11) reported cavitation Instabllities on two- and three-bladed in-
ducers deslgned to operate with blade cavities longer than chord length (super-
cavitating). Only the supercavitating region was investigated. Instabllitles were
found when the two-bladed model was operated at flow coefficients below 0.090
and the cavity lengths became less than about 240% of chord. Instabilities were
found when the three-bladed model was operated at flow coefficlents below 0. 075
and the cavity lengths became less than about 180% of chord. In both cases the
cavitics extended back to or slightly past the leading edge of adjacent blades
when the instabilities occurred. Flow was stable for shorter cavitles. Each
blade cavity consisted of a suction surface cavity springing from the leading
edge and a tip vortex cavity said to be of equal length, which sometimes merged
with the leading edge cavity. Observed instabilities were described as "large
magnitude, low frequency' oscillations in cavity length, with no numerical values
given, It was noted that cavities on the two-bladed model were of equal length,
while cavities on the three-bladed model were of unequal lengths, by as much
as 20% but usually less than 10%, over a large operating region. In most instances
two cavities were of one length and the third shorter or longer. In a few instances
all three were diffevent. The pattern could not be predicted to occur on any par-
ticular blades, and it was concluded that the phenomenon was not caused by geometry
deviations among the blades. The region of observed instabllities seemed to have
no particular relationship to the region of unequal cavity lengths. It is not stated
whether the cavities oscillated in unison. The instabilities occurred when the
inducers were operating in the head breakdown region,

Hartmann and Soltls (12) made observations of cavitation in an axial flow
pump with 19 biades, They found that in addition to blade surface cavitation a
large part of the total vapor cavity resulted from tip vortex cavitation. At low
inlet pressure and low flow coefficients both vapor formations were observed to
be unstable, with the tip vortex cavity fluctuating between a position close to the
blade and a considerable distance away. At still lower flowrates the cavitation
moved "in and out of the blade passage' such that at one Instance the passagoe was
almost free of cavitation and at another almost filled with vapor. No numerical
values are glven and no mention is made whether all blade passages werc acting
in unison.
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Hildchrand (13) veported cavitation-Indueced oselllation of the J2 onginc
oxldizor pump during engine firing tests, Frequoncy, an doterminad by atatle
prosaure probos, varied (rom 14 to 24 Hz depending upon engine oporating polnt
and NPSII, Pump inlet and discharge proasures renchod ponk-to-poak amplitudos
of approximatoly 14 N/em?2 (20 pal)  while ongine chamboer proasure oaclllntor
with a peak-to-peak amplitude of ns much as 7 N/em?2 (10 pal). It Ls stated that
as pump Inlet pressure was loworet o ogelllations, which bogan hofore tho
hoad hreakdown point was roachod, not conse but the frequency doeroeasod,
Addition of a hellum-filled accumuluvor near pump Inlet reducod both the frequoncy
and amplitude of oscillation, No obsorvatlons of cavity formatlons were mado,
Previous tests of the same pump, roported In (14), had shown that the oscillatlons
would coase If inlet prossurc wore lowered sufflclently, 1t 1s not stated In (13)
whothor Inlet pressure was loworad to the samo levels as In the earlier tests,

Soltls (15) Investigated cavitation formations on two different threc-bladed
helical inducers and an axial flow pump with 19 blades. Both a surface cavity
with a rather distinct closure point and a tip vortex cavity formed. It is stated
that at low flowrates and low inlet pressures '"--- cavitation of a highly unsteady
nature is observed. Significant pressure oscillations occur withih the system
and are obscrved as cavitation pulsations within the blade passages. In general,
this unsteady cavitation occurs when the cavity closure point reaches inside the
passage formed with an adjacent blade, " The tip vortex cavitation and the surface
cavitation both followed the same pattern of fluctuation, which "'-- is cvidenced
as a chugging movement of the cavity both in and out of the blade passage." This
seems to imply that the cavities on all blades oscillated in unison. However, in
references to a film strip of cavitation on an (unidentified) helical inducer it is
stated, "Here, large amounts of vapor fill some of the blade passages, while the
other passages are almost entirely vapor free. Closer analysis of the individual
frames indicates that the full and empty blade passages occur in a regular pattern
such that the cavitating zones rotate around the rotor at an angular speed lower
than that of the rotor.' And in reference to the axial flow pump (19 blades),

1'-- the vaporous regions have moved out ahead of the rotor and, again, flow
conditions are such that these rogions rotate around the annulus at a speed lower
than the blade speed of the pump. A variation of flow from this operating point
affects the speed of rotation of the cavitating zone about the annulus." No informa-
tion on oscillation frequency or amplitude Is presented. The instabilities are
depicted as beginning before head breakdown begins. It is not stated whether
stable operation is restored after head breakdown begins.

Miller and Gross (16) noted cavitation-induced oscillations during testing
of a shrouded, hubless, helical inducer close-coupled to a centrifugal impeller
in water and li quid nitrogen. '"High-amplitude, low-frequency inlet and discharge
pressure oscillations characteristic of cavitating pump inducer systems were
observed at all lower than deslgn flowrates., At design flowrates and higher, the
low-{requency oscillations werc observable; however, the amplitude was severcly
diminished." Oscillation frequency and amplitude werc dependent upon inlet
pressure und flowrate, with frequency varying from 4 to 12 Hz. Induccr inlet
pressure reached a peak-to-peak amplitude of about 24 N/cm2 (35 psi). Both
frequency and amplitude decreased as inlet pressure was lowered. No
observations of cavity motion were made. The data presented Indicate thac the
instabilities occurred prior to head breakdown.,
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2,2 MODFLING ATTFMPTS

The reported models, employed to explain eavitntion-indueed osellliation in
induccere, fall into the ecatogories of rotlating stall and aystem modeling, One
attempt at cmploying n rotating atall analysis and three attompts at employing
syatom modeling were made, None woroe antiafactorily correlated with test re-
sults, One attompt to modol tho Inatabllity In a caseade was mado but ngree-~
ment with test data was not achiovod,

In a rotating stall analysis, originally developed for axlal flow compressors,
the only geomotry considored is that of the Inducer blading, with the Inlet and
discharge piping systems assumed to have no Influence. Presence of n vapor
cavity is not directly considered, The major feature of an instability is assumed
to be a elrcumferential blade-to-blade variation or distortion in pressure and
flowvate, Ztter (11) used an analysis by Yeh (17) in an attempt to explain the in-
stabilitics encountered on the two-bladed and three-bladed supercavitating in-
ducers, It was found that the predicted occurrence of an instability did not corre-
late, even trendwise, with the observed unstable operating regions. Etter con-
cluded that it was unlikely that rotating stall was responsible for the observed
"large magnitude low frequency instabilities, "

In a system modeling approach all geometry is considered; the inducer
blading as well as that of the inlet and discharge piping systems. Each element
in the system is modeled individually and the equations are combined into a set
of equations representing overall system motion., Stability is determined either
from linear stability analysis techniques or by simulation on an analog computer,
depending upon the form of the cquations. The presence of blade cavities is
directly considered through application of the law of continuity of mass to the
fluid entering and discharging from the inducer. It is assumed that discharge
flowrate can be different from inlet flowrate because total vapor cavity size can
change. The major feature of an instability is assumed to be oscillation in inlet
and discharge flowrates, with no variation in pressure and flowrrste between any
two blade passages. This implies that the cavities are equal in size and move in
unison, The three reported modeling attempts have all neglected tip vortex cavi-
tation, treating only the blade suction surface cavity.

Gross (18) modeled a shrouded, hubless, helical inducer close-coupled to a
centrifugal stage operating in a water test facility., The facility exhibited low fre-
quency (3 to 14 Hz) high amplitude (up to +70%) inlet pressure oscillations over a
wide range of inlet pressures and flowrates, Only the region above the head
breakdown point was investigated. Both frequency and amplitude decreased as
inlet pressure was lowered. A system model of the facility was programmed on
an analog computer. Calculation of cavity volume was based on an assumed
parabolic profile with the height computed from the Stripline and Acosta (19) two-
dimonsional cavity model and the length-to-height ratio based on an experimental
point, The resulting model would not exhiblt an instability,

Sack and Nottage (20) modeled a four-bladed helical inducer operating in a
liquid oxygen test loop. The loop is stated to have been unstable, without speci-
fying the cxact operating region of instabilities. A typlcal frequency mentioned
is 5 Hz, and discharge pressure oscillation is shown to have reached an ampli-
tude of +8 N/cm2 (+12 psf), A system model of the loop was programmed on an
analog computer. Calculation of cavity volume was based on an assumed circular
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arc profile tangont to the fluid incidonce anglo, with the height computed from
the Stripling and Acosta cavity model (19). Operating roglons both above and
holow the head breakdown point were investigated with the madel, The madel
oxhibited Inatabilitics in both regions for cortain bands of inlet pressure, The
only correlation with test results presented ave the statements that "frequencics
and wave shapes were representative’ and, "the real system as tested waa ob-
sorved to Himit eyele when unstable, The simulation was noted to have n limit-
eyeling amplitude whieh also followed ohserved trends with eavitation number,
The simulation had a limit-cycle amplitude higher than the test inducer and was
unstable for n wider range of cavitation number, "

A three-bladed helieal inducer operating in a water loop was modeled in
(21) on an analog computier. Caleulation of eavily volume was based on the exact
profile computed by the Stripling and Acosta cavity model (19), It is stated that
the rosulting system model was unstable, but work was terminated and no correla-
tion with test results was presented,

Acosta (6) modeled a cascade in which unisonous cavity oscillations
occurred, The details of the model were not presented, but it apparently was a
system model. It is stated, "It is casy to show that the dynamic system consist-
ing of the nozzle flow, the cavitating flow in the working section, plus some
allowance for the inertia of the diffuser flow leads to a third order system that is
inherently stable provided only that the total pressure loss due to cavitation in the
working scction increases as the ambient pressure decreases, Total pressure
loss across the cascade was computed as a function of time from a knowledge of
the instantaneous velocities and pressure levels upstream and downstream of
the cascade. In this calculation the effect of the accelerating main stream from
the point of measurement of the pressures was taken into account, This is a diffi-
cult calculation to make becausc of the spikiness of the velocity traces; these
in turn caused large changes in pressure between the cascade and the reference
point due to the large acceleration of the main stream, Nevertheless, it does
appear that the total pressure loss is least when static pressure upstream of the
cascade is greatest,.."

2,3 DISCUSSION OF PREVIOUS RESULTS

Experimental observations of cavitation-induced oscillation reported in the
litevaturc do not present a completely clear picture of the phenomenon, The ob-
servations on individual hydrofoils (2, 3, 4) and cascades (5, 6) strongly indicate
that the blade surface cavity is a major factor. However, Wood (9) and Hartmann
and Soltis (12) indicate that additional cavity formations in the tip vortex or insti-
gated by the tip vortex may also be involved, The hydrofoil and cascade tests
indicate that unisonous cavity oscillations occur. However, some of the inducer
tests show circumferentially propagating cavitation (8, 16), or alternate blade
cavily oscillations (8, 10).

There could casily be more than one vapor cavity involved in the observed
instabilitics, In general, in both an inducer and a cascade, there will exist both
a blade surface cavity springing from the leading edge and a tip vortex cavity,
The tip vortex cavity generally forms at highcr NPSH than the surface cavity, It
is reasonable lo assume that as NPSH is lowered the tip vortex cavity could form
and begin to fluctuate in position (or form and detach) while the blade surface
cavity remained steady or had not yet formed, This could occur because of the
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difforont locatlona of the two eavities, hoing exposed to difforent parts of tho
flow fleld, and beeaugo of the difforent flow procosres croating the eavitios,
Howovor, a tip vortox cavity (luctuating In position 18 more likely to praduco only
random nofso In prossure readings inatond of the low frequoncy, high amplitude
orcillations charactoriatic of eavitntion-induced osefllation, At lowor NPSII both
tho bladoe aurface cavity and tho tip vortox cavily grow and could hoth hecomo
fnctors in Inttiating envitation=-induced oselllation,

A koy consideration, particularly whoen nttempting to model the inatability,
is whothor all cavitics oscillate In unigon when more thun one blade {8 proesont.,
In the two-dimensionul cascade tests Wade and Acostia (6) montion that high-speed
motion pictures showed "--some timo lag in the doevelopment of oscillating cavi-
tation [rom one vanc to the next--, " but do not comment on blade~to~blade varia-
tions after all cavitios begar to oscillate. Iad tho cavities boen oscillating sig-
nificantly out of phase, or nad a definite propagation pattern along the cascade
occurred, it should have been cvident from the high-spced motion plctures, In
another scries of cascade tosts Wadc and Acosta (g{ scarched for a propagating
disturbance, but could not find one. We must conclude that a propagating disturb-
ance was not responsible for the observed cascade {nstabilitics, Taylor, et al 4]
saw a single propagating cavity, but could attribute it to nonuniform cascade inlet
conditions, The propagating cavity Taylor saw appears to be a distinct phenome-
non from the instability ubserved by Wade and Acosta,

The single hydrofoil tests (in which propagation is not possible) and the
cascade tests imply that propagation is not a major feature of cavitation-induced
oscillation, However, such an inference is not 8o clearly made in the case of
inducers. In testing a four-bladed helical inducer, Acosta (8) noted alternate
blade cavitation that appeared to propagate from blade to blade. Iura (8) found
alternate blade cavities on a four-bladed inducer, which oscillated in length, and
in one instance propagated circumferentially, Soltis (15) noted circumferentially
propagating cavitation on a helical inducer and on an axjal flow pump with 19 blades,
Badowski (10) found alternate blade cavitation on a four-bladed inducer, but instead
of a propagation, he reports two instabilities, one occurring each time a blade
cavity reached a length of one blade Spacing. Badowski's observation is simflar
to the "time lag" noted by Wade and Acosta (8) in the case of a cascade, Ftter (11)
obtained unequal cavity lengths with a three-bladed inducer, but mentions neither
a propagation nor a multiple instability, The other visual observers (g, 12) do not
comment upon blade~to-blade variations.,

There could easily be more than one phenomenon involved in the observed
inducer instabilities. The propagating cavity found in the cascade tests of (7)
indicates that it should be possible for circumferentially propagating distortion
to produce a circumferentially propagating cavitation pattern. Under such circum-
stances only a local distortion of pressure and flowrate would be expected, with
overall inducer flowrate unaffected. This may have been the instability seen by
Acosta (8) and in one instance by lura (8), but apparently was not the instability
reported by Hildebrand (13). In the latter instance the engine chamber pressure
oscillation indicates that overall oxidizer pump flowrate wag affected by the insta-
bility. The bropagating pattern reported in (8) and {15} may also be the result
of the combination of two phenomena, Alternate hlade cavitation may be the re-
sult of local zones of pressure and flowrate distrrtions rolating at rotor speed
and related to backflow from the inducer. The unequal cavity lengths reported
by Etter (11) on a three-bladed inducer probably have the same causc, Whatever
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the mechaniam of the phenomenon it was found not to [avor any certain blades,

If envitntion-induced orelllation accura with the eavities moving in unison during
alternate blade cavitation, thon ns the eavities eollapse during one eyele af osellln~
tion the temdeney to ro-form on the other two blades may be greator than the tend-
oney to re-form on the anme two blades, The combinntion of eavitation-induecd
osicillation and altornate blade cavitation could then appear as a elreumforentinlly
propagating eavitation pattemn,

I'vom consideration of the obscerved cavitation phenomena, it {8 concluded
that modeling of cavitution=induced oscillation should consider ag major fenfures
(1) a suetion surface cavity starting at the leading edge of cach blade, and (2)
oscillation of these cavities in unison, T'ip vortex cavitation caused by leakage
flow through the blade tip clearance spuco should be considered of sccondary
importance In initial modeling, Dropagating cavitation should be considered a
different phenomenon from cavitation-induced oscillation,

Experimoental cvidence to support the above conclusions is scant, primarily
because of the lack of a systematic investigation of cavitation formations and their
relationship to instabilities, Oscillation of the blade surface cavity is the major
featurc mentioned in the individual hydrofoil tests (2, 3, 4), and in the cascade
tests (6). In the inducer tests a surface cavity is either stated to be present
(9, 11, 12, 15), implied to be present (8, 9, 10), or no visual observation was
made (18, 16). There i8 no reported case of an instability in which it is known
that there were no blade surface cavities.

The experimental evidence indicates that although there may be more than
onc mode of cavity motion - propagation as well as oscillation - the most likely
mode occurring during most instances of low frequency, high amplitude cavitation-
induced oscillation is that of nonpropagating oscillation with all cavities moving
in unison, This is inferrcd from the individual hydrofoils tests in which no propa-
gation is possiblc and from the absence of a propagation pattern in the cascade
tests, The strongest evidence that propagation is not the major feature of the
instabil ly in question is the overall flowrate oscillation indicated by chamber
pressure oscillations in (13). A purely propagating cavitation pattern would not
be expected to cause an oscillation in overall inducer flowrate,

It is likely that tip vortex cavitation can influence stability and under certain
conditions become an important factor. The presence of tip vortex cavitation
during an instability was noted in the cascade tests (5, 11) and most of the inducer
tests (8, 9, 11, 12), However, the tip vortex cavity was treated as a secondary
consideration in this program because therc exists no verified model for computing
vapor volume of the tip vortex cavity. The only known published model is by
Ghahrer.ant (22). The influence of the tip vortex cavity can be estimated by the
success in predicting instabilitios when it is ignored, allowing an estimate of the
level of effort which should be dircected towsrd a tip vortex model.
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SECTION 3
APPROACH TO INSTABITITY ANAT,YSIS

Aftor eonsidaration of the reportod dosceriptiona of envity motlon during
envitation=Induead oselllation In Indueor, ensendo, nnd hydrofoll toata, and of
provious modoling attompta, wo coneludad that tho aystam modoling npproneh
offorad the grontost potontial for tha pradietion of natabilitlos,  Thoro Is no
avldoneo that rotating stall or Mado=to=bludo distortlon (whieh are not econ-
sldorad In n ayatom madol) woroe signtfieant fnetors In most known Instaneos
of eavitntlon=tnducod oselllatlon,  Tho systom modoling appronch ean, howovor,
qualitatively « xplain all roportod Lnstancos of Instabllity and apposrs to ho
represontative of the netual flow procoss,

3,1 MECIANISMS THA'I' CAUSE INSTABITITIES

Two basic mechanisms ean ereate an Instability under cavitating condi-
tions:

1, Tho continulty mechanism, which results from the relation-
ship of cavity volume to inducer Inlet flowrate, and requires
only the presencoe of cavitation cavities on the Inducer bludes
for an tnstabllity to be posslble.

2. The performance mechanism, which results from tho relation-
ship of Inducer heudrise to Inlet flowrate, and requires that
cavitation affect the Inducer performance for an Instabllity
to be possible,

The first mechanism begins at a cavitation number well above head break-
down, and can be physically understood by considering that the blade suction
surface cavity streamline constitutes a flow boundary. Since the streamline
can change position In response to flowrate changes, it can be considered a
movable wall. A momentary Increase in flowrate reduces the fluid Incidence
angle, causing a reduction In cavity volume and a corresponding Increase in
the local space available for liquid, This Is {llustrated In figure 1, Continulty
requires that inlet flowrate nccelerate to flll the newly created liquld space,
but this reduces incidence angle and causes a further collapse of the cavity.
Inertia of the fiuld mass In the inlet llhe causes the accelerating flowrate to be
accompanled by a reduction in static pressure at the Inducer Inlet, The reduced
inlet pressure acts to counter cavity collapse, since lower static pressure causes
a cavity volume to Increase, and at some polnt the static pressure reduction is
sufficlent to prevent further cavity collapse., Fluld Inertia then causes an over-
shoot to a reverse trend, during which the increase In flowrate (with accompunying
decrease in pressure) results in an increase in cavity volume. The flowrate
increase is eventually halted and a deccleration begins with an accompanying
incroease In pressure. The decnleration continues back through the original
operating polnt, where a decrease Ln flowrate causes an increusc Ln cavity
volume, and at some polnt the accompanylng pressure Increase causes the
cavity to cease growing and begln to collapse ngaln, Inertia causes an under-
shoot, the docoleration Is halted, and the flowrate acceleration boglns agaln,
The path of osclllation is deplicted In flgure 2.
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This s doseriptive of the mechaniam that eauson Indueer inatabilition
at envitatlon numbors ahove the head bronkdown point,  The mochanitm nlro
axlata ot eavitation numbars holaw the polnt ot which hoad hrankdown hoglna,
hut hond hronkdown Inteaduenn a stabillzlng offoet,  Tn the hend heonkdown
veglon tho loworing Inlot proasuroe neaompinving o flowenta aecaloration not
only nete to conntor eavity eollnpnn, Imt alto o lowor Liduenr dischargo prae
auro (Chrough pump gatn), which tonda to rodues the flowento that ean ho foreod
through the disehnego ayatem,  The decaloration of dlnehnrge flowendo holps (o
(i1 tha nowly evontod fluld apneo and roducan the necelovatlon roumirad of inlof
flowrate, This oxplalng why tho esellintions huvo gonarally hoaon notod to
dimintsh oneo hond hrankdown hoglng,

The socond mechantsm bugins tn the head broakdown voglon and involvos
tho way cavitation can affoet Inducer headriso, 1 an inducor 8 oporating at u
point at which n momontary nereaso In [lowrate causes an Ineroase In hoandrlse,
as shown (n flgure 3, tho Instantancously highor hoad avallable bocomos greator
than the head roquired to malntain flow and the flowrate Ineroasos furthor.
Accompanying tho flowrato Incroase, lncvonsing frictional rosistanto (n tho
inlet lino lowers inducer inlet statie prossure, which tends to Incroase tho
dogree of hoad broakdown, and the Inducer oporating point shifts to lower values
of headrise on the head vs flow map. Both offects tend to reduce the head
available, The tncroasing flowrate also causes greater pressuro drops across
discharge restrictions, Increasing tho head required to matntuin flow. These
effocts gradually stop the flowrate Increasc. An inertial overshoot causes
head avallable to drop below hoad required to maintain flow, and flowrate begins
to decrease. At this point It ls speculated that hystoresis in tho inducer system
keeps head available below head required until ilowrate drops below the original
operating point. An lnertial undershoot then causes head avallable to jump
above head required, and flowrate bogins to increase again. The path of
oscillation is depicted In flgure 4.

Both dostabilizing mechanisms are influenced by the hydrau... system in
which the inducer is operating, because the system has an effect on the exact
relationship between pressure and flowrate. The system can therefore influence
the polnt at which oscillations begin and the frequency and amplitude of oscilla~
tlon, For this reason, the entire hydraulic system must be considered inan
analysis of cavitation-induced instabilities,

Both mechanisms can occur {n inducers, while only the latter Is believed
to occur in a cascade. In an inducer, an increaso in flow decreases Incidenco
and cavitatlon No. Tho incidence decrcase generally is a stronger cffcct on
cavity slze than the cavitation No, decrease, so that cavity slze decreases, In
a cascade, Incldence Is fixed so that on Increase In flow causes an Increaso in
cavity sfze, Thus the continuity mechanism would not be expected to cause an ln-
stability in a cascade., The performance mechanlsm can cause a cascade instabtlity,
As cavitation number s lowered, the experimental obsorvations show that stoady-
state 1ift and drag forcos on the cascade remaln constant unttl a point s rcached at
which both forces begin to change, Further loworing of cavitation number causcs
first one force and then the other to usually Increase, reach o peok, and then
vapidly decrense (2, B, 8)s The reported cascade (and hydrofoil) instabllities
occurred in this 1ift and drag bronkdown reglon, Since the lift and drag forces
are forces exerted by the cascade on the fluld, they create prossure-area forces
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at tho enacado nlot and oxit planos, Tho pressuro-area forees (n turn net on
the flow appropching nnd loaving the enroade, If an tneresae in flow caugos the
Ift, deag, and preagsurc-nren forens to change fo nA to necolorato the flow,

tho ronulting flow ineronse will further change the forees and an wnstablo trond
dovolopa,  This trond will continue until a changoe in flow or prossure eauaon the
forco changon to revorno direetion,

e High Flowrace
e | 0w Flowrato

INDUCER CAVITATING/NONCAVITATING HEADRISE

STATIC PRESSURE

Figure 3. Headrise Response to Flowrate; Perform- FD 62373
ance Destabilizing Mechanism Below Head
Breakdown

HEADRISE

wmam Headrise Required
e Hoadrise Available

FLOWRATE

Filgurc 4. Path of "Porformance" Mechanism Instability D 62374
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it should he pointod out that thore mochaniama are not modnind individunily,
Only a singlo madel A dovoloped, and that modol contalns hoth mochantame of an
natabllity, Identifying the sopneate mochaninmn waa an nla in dotermining the
offoets roguirad n n model,

B2 DEFINITION OF REQUIRED EXPERIMENTAL DATA,

There are two funetlona pert fram the rendily pro tetablo inlet and
disehnrgo Hne oharnetoriotien) that regquire neenrate quontitative dofinttion
for (he nanlytie prodietion of the eseuryenee nnd charneterintien of solf=Indueed
imotabilitios In ecavitating Inducors, The flvat of thoso i cavitation cavity
volumo as o function of Inducor Inlot prensuro nnd flowrato, and tho socond it
tnducer head vloe an a function of tnlet pressuro and flowrate,  Those funetionn
are agsoctuted with the "eonttnuity" and "performunce' tnstability moechanisms,
respectivoly,

At presont, the cuvity volumo funetion s constdercd the most importunt
hecnuso 1t affocts the oocurrenco of tnstabilities tn tho usual inducer operating
roglmo = roasonably above the head fulloff pressurc, 1t should bo noted that
totul cavity volume (blade suction surface and tip vortox cavitation) must bo do=
finod In a rigorous analysis, 'Tho fact that the continulty instabllity mochanism
roquires that cavity volume bo sensitivo to flowrace, and that o qualltative con-
stderation of tip clearance cavitation Indicates that Its volume may be much less
sensitive to flowrate than ts suction surface cavication volume, led to the con-
cluston that an inltial analytic modeling attempt would provide a reasonable degree
of nccuracy Lf only the suction surface cavity wore constdered,

Suctlon surface cavity volume for arbitrory inducer geometrics and flow
conditions tg predictuble with the computer program of (1), but the predictions
did not provide the accuracy required because of the poor reported correlation
of predicted with measured cavity length data, Additional experimental data
were thorelore required on the geometry of blade suction surface cavitation as
a function of inlet pressure and inctdence angle (flow coefficient) for refinement
of the cavity model irom (1).

A second set of experimental data werc required to demonstrate the adequacy
of the analytic instability modeling technique, to provide a qualitative indication
of the accuracy of the suctlion suiface cavity model, and to provide a alita-
tive indication of the relutive importance of tip vortex cavitation.

The experiments that werc planned and conducted to satisfy these require-
ments are reported in the next scetion of this report.
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f81MCTION 4
EXPERIMENTS

‘Two exporiments woro conductod: n caseade exporiment and nn inducer
oxperimont, The primary objective of tho enseade oxperiment was to provido
cavity gcomotry datn, and n secondary objoctive wns to provide instablilty data
for corrclation with analytie prodictions, Tho objoctive of the inducer oxperi-
ment war to provido Instabllity data for correlation with predictions, The oxporl-
ments and thoir results are discussed in this Scetion,

4,1 CASCADLE EXPERIMENT
40 1,1 Fﬂculty

'The cascade experiment was conducted (n the water cascado tunnel at The
United Alrcraft Rescarch Laboratories, A drawing of the tunnel s shown in
figurc 6. Tho tunnel was originally designed and constructed to permit the
measurement of two dimensional performance and cavitation inception points of
various cascade configurations, These previous programs are reported in (7)a
The tunnel is vertical and is orianted so that the inlet plane of the cascade is
horizontal, which eliminates gravitational hydrostatic pressure gradients along
the length of the cascade,

Water is circulated in the closed-loop tunnel by four pumps, which are
located below floor level to increase available pump inlet head, The flow is dis-
charged from the pumps, diffused and turned in a system of ducts, and settled
in a rectangular chamber containing both a honeycomb flow straightener and
graded-porosity screens for reducing large-scale turbulence, A subsequent
guide vane section aligns the flow and delivers it to the cascade inlet nozzle,
The flow is accelerated by the inlet nozzle, then passed through the cascade
test section, and finally discharged into the plenum tank from which the flow is
drawn into the circulating pumps.

Four interchangeable cascade inlet nozzles are available for inlet flow
angles of 0,87, 1,05, 1,22, and 1,31 rad (50, 6, 70, and 75 deg", as measured
from the nozzle axis to a line that is normal to the cascade inlet plane, The
1,31-rad (76-deg) nozzle was used In this program because it most nearly approxi-
mates the blade ungles typlcal of inducers, Installation of the 1,31-rad ‘75-deg)
inlet nozzle with the test section assembly is shown in figure 6, A sactlion in the
top wall of the nozzle is transparent to permit observation of cascade inlet flow
conditions from a position above the test section, The cascade section is normally
assembled with porous side walls in placc of the illustrated transparent acrylic
walls to provide for removal of the cascade boundary layer. The transparent
walls wore used In this program to permit visualization of cavitation proftles,

The rosulting partlal loss of cascade two dimensionality was not conslderod siguifi-

cant to this program in view of other experience with cavitating cascades (2, 4,
5, 8).
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Figure 6, Hydrofoil Cascade Installed in Water FE 113784
Tunnel

A drawing of the cascadc test scction area is shown in figure 7. The test
section inlet is rectangular, having a 15,24-cm (6-in.) span and a 91,44-cm
(36-in,) length., The test section was designed to establish both a uniform flow
along the cascade inlet plane and a periodic (blade-to-blade) flow downstream of
the cascade, These are necessary conditions to ensure that the flow about each
blade is identical; accomplishment of these goals provides a flow that is representa~
tive of the flow through an infinite cascade., Approximations of flow uniformity and
periodicity are achieved by removal of the wall boundary layers and by contouring
the ca. ~ade end walls to minimize their effect on the mainstream flow, The
boundary layers which develop along the walls of the inlet nozzle are removed
upstream of the test section by mcans of step-type slots located on all four walls
of the nozzle, Flow intercepted by each of the four step slots is ducted through
individual throttling valves to one of the four pumps,

Adjustments of flow streamlines (to obtain uniformity) are accomplished
by means of variable geometry end walls located at each end of the cascade.
These end walls are comprised of three sections; a flexible wall that connects
the rigid inlet nozzle to an adjustable end wall, an adjustable end wall that is
analogous to onc surface of a cascade blade, and a tailboard that extends down-
stream from the adjustable end wall, Actuation of these end-wall sections enables
independent adjustment of (1) the gap between the end blades of the cascade and the
adjustable end wall, (2) the angle of the adjustable end wall, and (3) the angle of
the tuflboard, The convex, flexible end wall I8 porous to permit removal of the end
wall boundary layer, thereby decreasing any tendoncy toward separation from this
surface,
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The carcado tost section assembly is supported from tho fixed side of the
3,06-meter (10=ft) diamoter plonum tank and complotely enclosed within the tank,
Tank wator level during tests 1s just above the test section, Tho tank has an
operating pressure eapabllity of 0,7 to 69 N/em? (1 to 100 psia), The throe main
flow pumps and onc boundary layor pump are fabricated from zinc-free bronzo
and stainless stoel, Each pump is driven by a 74567-watt (10-hp) motor and is
capablo of dolivoring water flows at a rato of 6,44 m*/min (1700 gpm) with a
head rise of 4,88 m (16 ft).

Contamination of the water used in tho facllity {8 minimized by special
water processing equipment, In adaition, the facllity 18 constructed primarily
of stainless steol to avoid solid particle shedding. Solid particles contained in
the water arc romoved by various filters, one of which provides continuous
3x 106 m (3u) filtration at a flowrato of 0,38 m3/min (100 gpm). Dissolved
minerals are removed from the test water by a commercial {on-exchange-type
demineralizer that provides water comparable to distilled wator in conductivity,
a measure of dissolved mineral content. The conductivity of the water from this
unit was approximately 1 micro ohm/em. Dissolved gases may be removed by
a cold-water deaerator that can reduce the gas content to 3 ppm. The deaerator
was not used in this program, however, as the natural deaeration resulting from
the low test pressure was found to be more efficient.

4,1,2 Cascade Configuration

The test cascade was designed to be as nearly representative of inducer
blading as practical within the limits of existing tunnel hardware. The selected
cascade features are listed {n table 1 and a drawing of the cascade is shown in
figure 8, The flat plate profile is the cascade equivalent of helical inducer blades.,
A cascade solidity of 2.0 was selected as being representative of inducers (but on
the low end of the usual range) to permit large, easily measurable cavities to
form, Hydrofoil chord was established near the upper limit of the test section
capability so that the selected solidity would result in as large a blade spacing,
and as high a cavitation cavity (for measurement), as possible, Leading edge
wedge angle was determined by the requirement that the blade suction surface
clear the free 1iow streamline at minimum incidence, and the leading edge was
made relatively sharp (inducer design guide lines for best suction performance).
The trailing edge configuration was unimportant {n this program, where cavitation
and not performance was to be studied, so the trailing edge was merely rounded
to simplify manufacturing, Hydrofoil thickness was selected to make blade bowing
negligible, yet not so thick as to result in unrepresentative blade blockage effects.
Hydrofoll span was set solely by the test section capability and the number of hydro-
folls resulted from the selected solidity, chord, and the length of the cascade test
section (91,4 cm, 36.0 in.). Inlet flow angle was set by the existing tunnel
facility nozzle. The nozzle with the highest angle (1,31 rad, 75 deg) was used
to approximate, as nearly as possible, the blade angles of a typical inducer
(1.36 to 1,48 rad, 78 to 85 deg from axial).




Table 1. Casendo Foaturos

Hydrofoll Profilo Flat Plnte

Solidity 2.0

Iydrofoll Chord 16,2 em (6,0 in,)

Hydrofoll Spacing 7.62 ¢m (3,00 in,)

Loading Fdge Shape 0.09~rad (6=-deg) wodge anglo cut
on suction surface

Loading kdge Radlus 0,025 em (0,010 in,)

Trailing kdgo Radius 0.25 cm (0,10 in,)

Ilydrofoll Thickness 0.51 cm (0.20 In.)

Hydrofoll Span 16,2 cm (6.0 In,)

Number of Hydrofolls 11

Inlet Flow Angle 1,31 rad (756 deg)

0.013 to 0.038 cm Radius 0.09 rad
(0.005 to 0.016 in.) (6 deg)

inlet 1.31 rad
Flow ~~—_ (75 deg)
\\ 1-05 to 1.22 rad
(60 to 70 deg)
7.62 cm
=G0 ) ™

15.2 cm
(6 in.)

~S

Figure 8, Cascade Configuration FD 62668

The hydrofolls were machined from AISI-type 304 stainless steel and were
welded to studs, one at either end of the hydrofoil, A photograph of a completed
hydrofoil is shown in figure 9, The hydrofoil surfaces were not polished after
machining because the exact cavitation inception point and performance were not
of interest. Surface roughness measurements of a typical hydrofoll were:

Roughness (RMS)

{0.20 in.)

Suction Surface

Wedge 3.8 um (150 pin,) chordwise
0.6 um (26 pin,) spanwise
Flat 1.3 um (50 uin,)
Pressure Surface 6.4 um (250 pin,)

The cascade hydrofolls were assembled in the tunnel test scction between
acrylic plastic sidewalls, as shown in figures 10 and 11, The hydrofoll studs
extended through holes in the sidewalls so that the folls pivoted about the stud
centerline when incldence angle was changed. Foll end clearance was just
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sufficiont to permit smooth pivot operation nnd was approximatoly 0,012 em
(0,005 in,) for all folls (totnl for buth endrs). A scries of reforonce lines, one

nt onch hydrofoll loeation, were seribod on the far sidewall prior to assemkly

to facilitnto motting the follas nt n uniform Incldonce .ngle, Tho stud: wore lockad
to an actuation linkago with sotacrews nlong the serihed linos so that subsequent
actuation of the linkage, which was nccomy.tighad remotely, movod all the folls
simultancously through the same anglo,

4. 1,3 mstrumentation

Cascado tunnel Instrumentation was installed to provide data on (1) cavity
geometry as a function of operating condition, (2) cascade pressure loss, and
(3) tunnel dynamic pressuros,

Cavity geometry measurcments were obtained from photographs taken
looking through the acrylic cascade sidewall at the hydrofoll profile and through
the window in the top of the nozzle at the hydrofoil suction surfaces. The photo-
graphs were taken from outside the tunnel through portholes in the plenum tank,
A spcedgraphic 4 x 5 camera using Kodak Tri X film and a Calumet 4 x 5 long
focus view camera using polaroid type 47 film were used with {llumination pro-
vided by a Graphic Stroboflash - 1 strobe light.
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Figure 9, Cascade Hydrofoil FE 119531
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Figure 10, View of Left Side of Hydrofoil Cascade FE 113783
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T Figurc 11, View of Right Side of Hydrofoll Cascade FE 119530
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Cnaeadoe Inlet totnl prossure, static prossure, and veloclty pressuro were
ohtainod frem a Kiol probe at the entrance to the Inlet nozzle and n wall atatie
tnp approximately 4, 6 em (1,8 In,) upatroam of tho cascade lending odge plano,
Ench paramotor was read from It own mercury manometor, A serlos of wall
atatle taps spacod at 2, G-em (1-In,) Intorvala along the 1ongth of the enaeado
at the casendo Inlot and dlachnrgo and a Klol probe approximately 26 em (10 In,)
downstroam of tho casende woro connoctod to n 264-cm (100=In,) tall, 50-tubo
manometoer to ndlente easeade flow uniformity and dischargoe totnl prossure,
respoctively, Thoso moasuromoents wore lator found to bo Inaccurato undor
cavitating conditions boecause of alr bubblos that dovoloped in the long manometor
lines. Water tomperature was moasured with an immersed mercury thormometor,
Plonum tank ambicent pressure (abovoe the water free surfaco) was measurod with
a prossure gage. Maximum instrumentation error is estimated at +0, 085 ¢cm Hg
(+0, 026 in, Hg) for the manometer moasurcments, 11,256 em Hg (10,6 in, Hg) for
the pressure gage, and 0, 3°K (40, 5°F) for the thermometer,

Dynamic pressure data wore measured by means of four Kistler model 601 H
plezoclectric transducers with Kistler model 668 charge amplifiers, The trans.
ducers were located in the tunnel as follows:

1, In the large section at the nozzle entrance, 238 cm (94 in.)
upstream of the cascade leading edge plane

2. In the convergent portion of the nozzle, 1656 cm (65 in.) upstream
of the cascade leading edge plane

3. At the cascade inlet, 1 cm (0.4 in,) upstream of the leading
edge plane

4. At the cascade discharge, 46 cm (18 in.) downstream of the
leading edge.

These locations are indicated on figure 5. Data were recorded using a Honeywell
Model 5600 magrietic tape recerder for the first 18 test points and a visicorder
Model 1108 oscillograph for test points 19 through 41,

4,1.4 Test Procedure

The cascade was Initially tested at high (noncavitating) pressures and
attempts were made to obtain uniform inlet and exit flow distributions through con-
trol of boundary layer flow and positioning of endwalls and tailboards, The degree
of flow untformity was determined by inspection of the manometer pressure pro-
files from the inlet and discharge static wall taps. It was necessary to adjust
boundary removal flow, endwall setting, and tailborad setting to maintain an
acceptable uniformity over a range of incidence angles from 0. 09 to 0. 26 rad
(5 to 15 deg). Under cavitating conditions, manometer pressure profiles could
not be used to determine the uniformity of flow because of uncertainties in the
individual pressure values caused hy alr bubbles trapped in the long lengths of
small diameter tubing *hat ran to the manometer board, Under these conditions,
flow uniformity was assumed when cavity lengths on the vartous fotls were
equalo
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Endwall and tallboard seottings that establisghoed the moat uniform flow during
nouecavitating operation did not neceararily malntaln uniformity nfter cavitation
incoption, Adjustmonts wore uannlly roguirod aftor the sotting of envitating tost
pointa, and the attainable dogroo of unlfermity hecame progroanlvoly woran nn
intot prossuro was lowored and the eavition beeame larger,

Durlng noncavitating tunnel oporatlon, cusende inlot and diacharge span-
wise voloelty profilos wore measurod at mid longth along tho enseado (o obtain
nn Lndleatlion of cascado two~dlmoenslonallty, The mensuremonts wore taken with
tho hydrofolls set at 0, 17-rad (10=dog) Incldonce anglo,) An upstroam houndary
layer thicknoss of approximately 1 em (0,4 In., 6, G7% span) and a downstroam
thicknoess of 4.5 em (1. 76 in., 297 spun) were measurod, Thicknoss I8 deflined
as the distance to 90% of froostream volocelty, Thesoe valuos wore considored
acceptablo for the purposes of this investigation, 'The veloclty probes could
only be used during noncavitating operatior (cavitation devoloped on the probes),
and they were removed before the cavity geometry test points wore run,

Hydrofoll pressure surfaco cavitation was noted at Incldence angles from
0.09 to 0.23 rad (56 to 13 deg) and to a small extent at incldence anngles of 0, 24
and 0. 26 rad (14 and 156 deg). The cause of the pressure surface cavitatlon was
not determinod conclusively but It was believed to be caused by deviatlons of
the Inlet flow angle from the presumed 1, 31~-rad (75-deg) nozzle angle. Such
deviations could have been caused by cavitation choking In the stop-slot boundary
layer romoval system, with consequent loss of the infinite cascade simulation,
Flow angle, and incldence, would vary from blade to blade In such a situation
and this variation would be manifested in nonuniform cavity geometries (that
were observed) and in pressure surface cavitation.

A tuft was 'nserted in the cascade inlet flow at one location approximately
1 cm (0.4 in,) upstream of the leading edge plane to gain a qualitative indication
of the magnitude of any flow angle variation. The location {8 probably within
the region of normal cascade Inlet flow adjustment, and, as such, was only used
to roughly indicate the freestream direction. The tuft was near the top of the
acrylic sidewull and could not be located any appreciable amount furthor upstream.
A flow angle of approximately 1. 25 rad (66 deg) was indicated by the tuft at a
typical cavitating test point, which Is 0. 16 rad (9 deg) less than the nozzle angle,
The apparent 0,16 rad upstream flow adjustment was somewhat larger than would
be expected from normal two-dimensional considerations (0,03 to 0,10 rad in
potential flow calculations for a similar cascade), and the tuft angle, therefore,
was consldered to indlcate that flow adjustment was taking place upstream of
the cascade.

Modifications to the facility, which may have alleviated the upstream flow
adjustment problem, such us redesign or elimination of the step-slot boundary
layer control system, were beyond the scope of this program and could not be
accomplished, Alternatively, the cascade was operated at an indicated incldonce
angle that was sufficiently high to produce suction surface cavitation excluslvely,
so that the resulting test data would give a qualitative indication of the required
cavity geometry vs Incldence angle and inlet pressure functions, Step-slot boundary
layer (b/1) flow was removed at full capacity for all test points because of previous
experience which indicated that excess b/1 flow had a lesser effect on two-
dimensionality than Insufficlent flow. In addition, several points were taken with
no b/l removal flow to permit an evaluation of the effects of b/1 bleed, Additional

:inducer test data wore avatlable from (1) to permit quantitative evaluation of the
ata,
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Casende datn wore taken at Indiented Incldence anglos of 0, 28, 0,31, and
0,36 rad (10, 18, and 20 dog), Thoso wore the lowost values nt which no pressure
surfuee eavitatlon oceurred and which praduced ronsonnbly slzed suction surfneo
eavitioa,  All throo Ineldenco anglon wore loated with an Inlot voloelty of approx-
imatoly 6,66 m/s (21,5 ft/noc), and tho 0, 2H~pad Incldonee was ropoatod with n
voloelty of approximately 6. 04 m/s (18,4 f&/ﬂ(‘(’). Blade chord Roynolds numhors
woro approximately 1.4 x 1049 and 1,2 x 100, yoapoetivoly, At oach Ineldonco
angloe, Inlet pressure was reduced to a lovol whore the enseado was supor-
cavitating (cavity longth was ono chord or longor), and pressure was Ineronsod
In approximately ton stops until the eavitation disappoared, At cach Inlot prossure
tost polnt ondwall and tall sottings woroe adjustod until blade=to=blade cavitation
was as uniform ns possible, photographs of the cascade profile and suctton sldo
woro taken, o tape or an oscillograph rocording of the dynamie pressuro transducer
slghals was made, operating condlitlon data wore manually rocordoed, and visual
obsorvations concerning the cavitatlon wore noted.

The water was delonized bofore testing was startod in an lon-exchange-typo
demlnoralizer and was contlnuously flltered at a rate of 0,38 cuble meters por
minute (100 gpm). A low alr content was achieved by maintaining tho system
at pressurcs below 5 contimeters (2 in.) of mercury absolute at all timoes excopt
during the actual testing periods. Alr content was not measured, but this pro-
cedure resulted in values of less than 3 parts per million in provious programs.

4,1,6 Data Reduction

All measurements and data reduction calculztions were done in the English
gystem of units (pressure in inches of mercury, lengths in inches or feet, etc.),
and converted to the 81 for presentation in this report. The originally measured
or calculated data are shown as the secondary units in tables and figures, Sym-
bols are defined in the Appendix.

Cascade inlet velocity (V,) was calculated from the measured difference be~
tween total pressurc upstream of the inlet nozzle and static pressure at the
cascade inlet plane (qi)

- Pmereuy
Vi = \/Zg Pwater 9%

The cavitation number (k) was calculated from the cascade inlet static pres-
sure (p;), the vapor pressure of water (py) at the mogsured temperature, and the
inlet dyhamic pressure (qi)

- P . pv
9y

k

Cascade pressurc loss (D) was defined as the difference between total pres-
sure at the entrance to the inlet nozzle and plenum tank static pressurc and was
calculated from the measurcd data as follows:

D=pp* 8 = p =Py
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oo~ An uncertninty ostimnate waa performed for the easende proasure drop nnd

onvitation number enleulntions Alnen Inflocticona In tholr relationship were signif-
leant to tho inntabllity carrelntion, Tho oatimntad moensurement arvor in ench
of the valuns uned n the enlenlntionn wan

Max Error, in, Tig

Inlot Statie Prosauro, n t 0,08
Fluid Vapor Pyonanre, y 10,02
Inlet Voloeity Proasuro, q 10,08

‘ Tank Btatie Prensure, N 10,060
Atmogspherie Prossuro, Dy Nogligible

The uncertainty analysis was porformod as dotailed in (23) for nominul data values
that . cre ropresentative of datn points over tho testod range of eavitation numbor.
Thoe maximum uncortainty was 1 2% for ecavitation numher (k) and + 9% for pres=
sure loss.

Cavitation cavity length and height were moasured from the cascade suction
surface and profile photographs, respectively. Scale for the profile photographs
was obtained from a grid on the transparent caseado sidewall and suction surface
photograph scale wae obtained from the known length of the hydrofoil leading edge
wedge., Both sets of mcasurements were corruvcted for viewing anglo. Height
measuremoents werc talen from the suction surface in a direction no'mal to the
surface, and length measurement , were taken parallel to the suction surface.
Both measurements we»e divided by foil tangential spacing (7. 6 cm, 3.0 in,) for
corrclation with predictions.

Dynamic pressure amplitudas and frequency were read from an oscillograph
for the nozzle, cascace inlet, and cascade discharge tranducers. The reported
amplitude is the measured peak-to~pesk amplitudo of the total signal, which was

not a simple sine wave, and frequency was calculated from the period of the most

prominent frequency. The reported frequencies are approximate beeause the
signal was erratic.

4,1,6 Tost Results

A list of test points showing the controlled parameters, fluld conditious,
plenum tank static pressure, calculated pre~sure loss, vapor pressure, In'et
veloclty, and cavita:lon number {s shown in table 2, Forty-one test polnts were
run at the listed incidence angles, inlet velocitios, and inlet static pressures,
All points were run with the tunnel boundary layer bleed slats in operation at
full capacity, with ~ho exceptions of points 19, 31, and 41, Thoso were run with
no bleed flow to de'ine the effects of the bloeds on dynamic prossure character-
{sties,
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4,1,6,1 Cavity Geomotry

Proftlo and top view photographt of the ensendo for the 0, 28-rad (10-dog)
Ineldonen, G,060-m/n (npproximntely) Inlot velaoity sortos of toat pointa nre
shown in figuren 12 and 13,  The photagrapho are areanged in ordor of Ineroasing
oavitation number on onch figure, md the tonf pointiu, from table 2, nre mdionted
wndor opch photograph,  Flow In from loft to right, Counting hydrofatln from loft
to vight, the proflle photographa ahow tho trailing edgen of foll & and fojln 8, 4,
mdd B and the leading odge of foll 6. The fop view nhown the loading edgo tuetion
ourfacon of folln 2 (In paret), A, 4, 6, oand 6 (In part),  The nerlen of tont pointn
shown n the photographn fHunteatos tho noture of the eancado eavitation and In
roprosoptative of othor norten of potota in that rospoot,

The dogroee of cavitatton untformity that could bo ostublished oa the various
folls and spanwise on onch foll can bo seen In fguros 12 and 18, A fale dogrov ol
untformity ways accompiishod with the small eavities, but tho degroo of attainablo
uniformlty wad not as good for tho lnypger cavity slze,  The vartation tn eavitation
puttorns 18 bulleved to bo Indieative of varlations In flow angle and/or voloctty,
The pattorns wore mado as untform as posslblo durlng the sotting of cach tost
point throvgh adjustment of tho caseade sido walls and dischargo tatl boards,
Additlonal control Ls posalblo for noneavitating tost polnts through the variation
of tunnel stop slot boundary layer removal flow (flgure 7), but these slots cavitated
when significant eavitation developed {n the cascado and suffictont flow for two-
dimensionul cnscade conditions was not believed to be ostablished, The cavitation
off the udgus of the step slots can be scen in figuro 13,

The observed cascade nonuniformity and the occurrence of prossure surface
cavitatton at high incidence ungles (0,23 rad, 13 deg) led to the conclusion that
there were local variantions in incidonce angle and veloclty within tho cascade,
and that the average incldence angle was lower than the indicated geometric angle,
It {8 nlso probuble that tncidence angle varled with cavitation number, it was not
possible elther to correct these conditions (through the desigr. of a new cascade
inlet nozzle) or to measure the actual conditions (which would have required
sophisticated instrumentation such as a laser velocimoeter) within the scope of the
program, Cascade cavitation was generally unsicady, and thiis unstoadiness also
varied from onc blade to another, The unstoadiness seemet! to be random and had
no relation to cavity size. In light of these uncertainties, the cascade cavity
geometry test data were considered to indicate only qualitative trends, and it was
evaluated with the uncertaintios in mind,

A listing of tho test points, measured cavity lengths, and heights (s given
in table 8. Cavity lengths for blades 2, 3, and 4 wete measured from the top
view photographs at the foll midspan, where boundary layer effects would bo
minimal, Blade 4 cavity length and cavity hoight woro measured from the profile
photographs. This blade was the only one close to a true profile in theso photo-~
graphs, Cavity helght waa measured from tho blade suctton surface tn a direction
perpendicular to tho pressure surface. All measuremoents were corrected for
viewing anglo, Cavity length moeasurements from the top view are missing from
tho toble In somo cases whero the cavity closure was undor tho adjacent fo!l and
could not be moeasurcd, In such cases, the foll "4" profile length moasurement
was uscd to ostablish length,
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The boundary layor bloed slot valves were closed to obsorve what offoct
houndary layor hloed would have on the cavitation pattern for throo points, 1listed
as tost pointa No, 19, 31, and 41 In table 8, Whon the blecd valves wero closed
(no othor actlon was taken), tho cavitation pattern changed slgnificantly, Tho
Auction surface envitlos, which bad hoon from 8 to 26% chord in length, hecamo
vory amall misty patchos, and prossuroe surface eavitios formed, The pressure
surface onvitios wore nlso vory small misty patchos nt tost points No. 19 and 31;
howevor, at test point No, 41 thoy wero about 207, chord In longth, Wator veloclty
approaching tho caseado romained relatively constant, whilo statlc prossuro in-
cronsed, resulting in an Increase In eavitation numbor, The ineroasc in cavita-
tlon number explains tho roduction in cavity slzo on thy blade suction surfacos;
howover, the appearance of prossure surface cavitation indicatos a change In flow
angle (incldence) or (n uniformity as woll, This shows a qualitative dependonco of
the cavitation pattern on bleod flow, Cavitation wis obscerved on tho slot lip at the
lower cavitation numbers, but blade pressure surface cavitation did not occur in the
Incldence range sclected (0,28 to ¢.35 rad, 16 deg to 20 deg) whon the bleed valves
were opcn.

Measured cavity length and height data are shown plotted and correlated
with predictions in paragraph 5.1, 2,

4.,1.6.2 Cascade Instability

A summary of the cascade leading edge transducer amplitude (No, 38 in fig-
ure ) and visual observations of cavity motion mude during the tests are presented
in table 4. An equipment malfunction that was unnoticed while the test points
were being recorded caused the loss of tape recorded pressure data for points

1 through 18, The leading edge transducer was the only one to show a significant
amplitude during the tests. The upstream transducers (No. 2) and the trailing
edge transducer (No. 4) were simllag to transducer No. 1, typically showing a
peak-to-peak amplitude of 0,1 N/cm? (0,15 psi) and never exceeding 0,2 N/cm?2
(0,30 psi). The 0.1 N/em?2 amplitude is the level of normal tunnel vibration
under noncavitating conditions. O-graph traces of transducers No. 2, 8, and 4
at test points No, 28, 30, 36, 37, and 40 are shown in figure 14, These traces
are typical and show both the highest and lowest amplitudes recorded at valid
test points, It will be noted in table 4 that test point No, 19 has the highest
amplitude; however, this point and test points No, 31 and 41 were conducted
with the boundary layer bleed slot valves closed, which caused cavitation to
occur on the blade pressure surfaces, These three 'blecds off! points are not
typical and were not considered in the cascade instability investigation,

In table 4 the visual observation of cavitation Is listed as unsteady or very
unsteady at almost all test points, Also, it will be noted that the visual observa=~
tlons do not agree well with the leading edge transducer amplitudes. The reason
for this s that the blade cavities almost nover apppared steady in the sense of
having a definite collapse point, The collapse point was continually * -oving in
a random fashion. Nor was It possible to distingutsh a smooth streamline
separating the vapor cavity from the surrounding water, The cavity profile
was generally irrogular and changed shape In a random fashion. To an observer,
the irregular shape and random motion gave the impression of unsteady flow,
even though the pressure oscillations were no greater than for noncavitating flow,
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Amplitudes and froquencies rocorded by the leading edgoe transducer are
plotted agninst eavitation numboer in figure 16, This flgure roveals no disccernible
trond of either amplitude or froquency, At cavitation numbers groater than 0,565,
only normal vibration {8 present, Botweon 0,66 and 0,30, both amplitudo and
froquency arc random, Also shown in figure 16 for comparison is tho highest
amplitude recorded by Acosta and Wadoe (6), Tho prosent leading odge amplitudes
are of tho same order of magnitudoe as those measurod hy Acosta; however, Acosta
rocorded trafling edge amplitudes of the same order of magnitude as the leading
odgo, while the present tratling edge amplitudes nover changod signifteantly from
normal vibration levels, as shown in the O-graph traces of figurc 14, Tho roason
may be the proximity of the trailing edge transducer to the plenum tank, which
effectively absorbed pressure oscillations,
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CAVITATION NUMBER, k
Figure 15, Variation of Cascade Dynamic Pressure DF 90794

Data With Cavitation Number

Cavitation is generally unsteady in the sense of continuous irregular motion
of the cavity, particularly in the collapse zone. However, unsteady cavitation does
not necessarily mean that the flow is unstable, In experimentally determining
whether a cavitating flow through a cascade or an inducer is stable or unstable
the viewpoint adopted is that the flow is unstable only if upstream and downstream
flowrates and pressures, or internal flowrates and pressures, vary in some regular
pattern., This definition includes blade-to-blade propagation of cavitation and
unisonous cavity oscillation as being unstable, and is intended to distinguish be-
tween these two phenomena and cavitation noise generated by random irregular
cavity motion, which is considered stable.

Flow through the cascade was certainly unsteady, as witnesscd by the
irregularities in cavity shape shown in the photographs and the visual observa-
tions noted in table 4, However, from this evidence it is difficult to characterize
a given test point as stable or unstable in the sense of propagating cavitation or of
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unisonous cavity oscilintion, Tho hoat singlo deseription of the ravitation pattern
would havo to be "random unsteadiness of onch cavity." If ovornll flowrate wore
osclllating significantly, onc would oxpect to sco most, fnot all, of the cavities
changing sizo in unison, Only at two tout points (No, 3h and 37) was any rogular
pulsation of eavitly size observed, and thon only blades No, 1 and 2 wore involvad,
On the other hand, it was not apparont that any type of hlade~to-~blade propagntion
was occurring. Rather, complete randomness of the motion of cach eavity was
the most prominent observable fonture of the Now, Of course it I8 difficult to
determine by eye whother two or morc cavitios arc oscelllating in unison if n
random unsteadiness 18 superimposed on the unisonous motion, so visual obsorva-
tlon 18 not always a reliable Indication of stablo or unstablo {low. Whether a given
operating point was stable or unstable must ho doctded primarily from the loading
odge pressure transducer traces,

In figurc 15 the leading edge transducer amplitudes have been divided into
three bands in an attempt to muke a distinction between normal tunnel vibration,
cavitation noise, and unstable flow. Normal vibration levels were casily identified
by the amplitudes recorded at the higher cavitation numbers, The dividing point
between cavitation noisc and unstable flow was not easily identified, and has been
arbitrarily selected as the level soparating the majority of the test points from
the four test points showing the highest amplitudes, If any point werc unstable,
one would expect it to be cne of the points with highest amplitude, A comparison
of the visual observations, which are listed in toble 4, with the four highest
pressurc amplitude points (No. 28, 36, 37, and 40) shows no particular correla-
tion botween the dynamic pressure data and the observations, Test point No, 28
is listed as very unsteady, No., 36 as stcady, No. 37 as pulsating, and No, 40 as
steady. Figure 15, therefore, shows the only possible distinction between the
experimentally stable and unstable test points. The points are discussed further
and correlated with predictions in paragraph 5.2,

4,2 INDUCER EXPERIMENT
4,2,1 Tacility

The tost facility used for the rotating inducer instability tests was pgwA™
FRDC test stand D-34, a schematic of which is shown in figure 16, The 13-cm
(5-in.) inside leg of the loop was uscd for all testing.

The test rig is driven by a 260-hp de motor through a 2.33:1 ratio gearbox,
providing output speeds to 9000 rpm, Rig speod is automatically regulated to
within 0.03% by control of the de output of the motor-generator set supplying
drive motor power., The test loop uses demineralized water and has a heat
exchanger for control of loop wator temperature, A complete degassing gystem
is available for the deaeration of the test loop water, Loop pressures are con-
trollcd by either the inlet or discharge accumulator system, depemiing on the
inlet pressure required. Tho inlet accumulator i8 used for inlet pressures
above atmospheric, and the discharge nccumulator s used for lower than atmos-
pheric pressures, A schematic typlcal of both accumulator systems is shown in
figure 17, Inlet pressurcs down to approximately 2 N/ em2 (2,9 psi) are possible,
Flowrate is controlled by a motorized flow valve located tn tho 13-cm (5-in.) leg
and measured with a turbine~type flowmeter located downstream of the flow valve,
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0 to 200 N/cm?

- (0 to 300 psig)
Air Supply

aq

Sight
Glags

=

Surge Tank
Volume - 75,720 cm3

(4,620 in3)—"" PR

S

To Bleed
{Also Vacuum

at Inlet} \
~L

|-

20.5 em
{11.6 in.)

731 cm
(28.76 in.)

46.4 cm o
I‘(17.9 in.)

Bleed

1.27 em ID (0,60 in.)
Approximate Length -

549 m (18 f—__ |

Accumulator
Volume = 37,860 ¢m3  Bleed
(2310 in.3)

6,08 cm ID
(2.0 in.)

Test Loop

Figure 17, Accumulator Systom Schematlc
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Tho Inducor tost rig dosign I8 shown in flgure 18, The Inducor housing wns
mado of transparont acrylic and thus permitted obrorvation of the inducor oavita-
tlon, The Inducer s overhung from ita hoaringa in the Inlot line and lot flow 1
wnobatructord, IFigure 19 shows an ovarall view of the rig on the test atand,

!
/., Ruhber Bearing

r =5 .

= * K

SRR

A Y " =
&G, l‘m\ ) 1”1:\ ¥
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- R e
. p " . ‘,/ y 1 {, )

L

FD 63041

Figure 19, Inducer Installed in Test Facllity 1'ls 89984
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4,2,2 Inducors

Tho two Induerrs usod in the test program were fabriceated in tho Inducor
land and stross projoct, NASA Contract NAS3-11210, nn repartod in (s The
indueors woro tdontlenl excopt that the Hrat Indveor had a eadin) londing odgo,
whilo the socond Inducor wan swopt baek at a caise angle of 0,28 ead (10 dog), In
the mannor shown in flgure 20, The conleal cut was moved axtally forwnrd the
diatnneo "Y' to pravide for the falring of the biado loading odgo into the hub,  Thin
sweophack praduced the leading odgo contour ahown In flgure 21, An tho fguro
shows, the swopt loading odge Inducor had prossure top tublng Installod n the
blados for the provious program, The blade surfaco ground the tubingy wan fillod
with epoxy to provide a smooth surfnco,

The ndueer had threo blados with tnlot tp bludo angles of 0,14 rad (8 dog).
The bluding was holteal to o solldity of approximatoly 1,0, at which point cnmbor
way appliod exponentially. Tho sweop cutback was within tho blado holical portion
at all radit, so that blado loading odge metal angle was the same for tho radial
and swept loading odge inducors, Both inducors woro machined from titanium,
Table 6 summarizos tho basle Inducer dosign paramotors,

q__.Y

/, Swept Leading Edge

Ir _ 5

| /

_‘ﬂ' //w\n

t o/l

l / a A Y

|// tad deg cm in, cm in,

U Hub 028 | 16 |3.160|1.244] 0.11 |0.043

N —_—— —

Figure 20, Definition of Inducer leading ldgo FD 61210A
Sweepback Angle
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Figure 21, Induccr With 0,28 rad (16 deg) Leading

Iidgo Sweepback

Table 5, Inducer Design Parameters

FIi 113407

Inlet Ilub Diamecter, cm (in,)
Discharge Hub Diamecter, cm (in,)

Tip Diameter (Constant), cm (in,)
Blade Thickness (Constant), em (in,)
inlet Tip Blade Angle, rad (deg)

Inlet Hub Blade Angle, rad (deg)
Discharge Tip Blade Angle, rad (deg)
Discharge Hub Blade Angle, rad (deg)
Inlet Tip Blade Wedge Angle, rad (dog)
Tip Leading Edge Radius, cm (in,)
Number of Blades
Design Flow Cocfficient,

$
Design Head Coeffleient, ¥

7,11
9.49
17,80
0,330
0,140
0,339
0,180
0,318
0,140
0,081
3
0,070
0,240

(2.80)
(3.74)
(7.00)
(0,130)
(8,0)

(19, 35)

(10,0)

(18, 26)
(8,0)
(0,032)
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4,2,3 Instrumentation

Inducor porformanee (natrumoentation wns loented na ahawn n figuro 32,
Inlot totnl prosauro was moeosurad approximntely 89 om (36 In,) upstroam of the
Inducer londing odge with a Kiol probe loented nt tho Inlot plpe contorline, A
travorae wodge probe was uaed nony tho 'ylucor londing odge to menltor fnlot
flow anglo and (Tow voloelty nt a radiun vonr the Inducor tip (8,60 em, 3,41 in.),
Dincharge total and atatle prossuro and flow anglo wore gathorod with anothor
travorso wodge probe, TFor nontravorsing toats, tho probe was sot at n radiun
that wan roprosentative of mass averagod total hond, Both Inlot and oxit prohos
were alr enltbratod boforo Installation, and statlce progeures roadings woro
corroetod necordingly,  Statle prossurcs at tho upstroam monsuromoent station
and Immodintoly upstroam and downstream of tho Inducor woro moasurod with
statle wall taps,  All prossuros wore road from procislon, 10,267 I, 4,,
prossure gagod,

Travorse  Troverse
Waudye Wedge

Proboe ook
(PSG1J)
Kicl PTP;L! (PIG2)
Probe (BaBlY) (BABZD
(PTUP TP —
. I ’ | H | |
—

;lllo.eecm*—ir—* T
TJJ RS T (saw)

17.78cm (7 in) ~ -l - — g |

-; 89 cm (36 in.) T |
= PP L (Fsgm
12.83 um (5.05 1n,) —=tt-——=] Q 2
Figure 22, Inducer Pressurc Instrumentation FD 63042
Locations

Dynamlc pressure measurements were taken with plezoclectric transducers™
mountod flush with the inside walls at the locations shown in figure 16, The ten
locations were selocted to provide complote coverage of the Inducer-flow loop
system. Output of the transducers was recorded on magnetic tape, Static pros-

sures from flush-mounted static wall taps were nlso gathered at each of the ten
locations and read from gages,

*Kistler Model 601 H
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A turbine~typo flowmotor locatod downstream of the flow throttling valve
In tho 13-cm (6-In.) log wns used to moasure flowrate, Readout was on a digital
countor, Water temperature was moasurod with a chromal=alumel thermocouple
locatod upstroam of tho Inducer inlet, Inducor spued was monsured by olectronleally
counting the output of n magnetic transducoer that sensed the passing froquoncy of
o 60-tooth goar on the rig drive shaft, That signal was multipliod by a prosot valuo
and transmittod to a pancl-mountod diglital countor,

Table 6 summarizes the Instrumentation and the estimated maximum crror
associated with cach reading,

4,2,4 Tost Procedurec

Since the inducers and the test rig that werc used in this program were
uscd in previous programs, the tests were numbered consecutively from the
previous programs, 7This program rcpresented the eighth series of tests and
each test is designated 8,XX with the "XX" indicating the test number for this
program,

4,2,4,1 Performance Tests

Prior to tha start of instability testing, noncavitating performance tests
were conducted on the radial leading edge inducer to supplement the data reported
in (1) Performance data were avallable for flow coefficients of 0,096, 0,090,
and 0,084 and additional data were requ’.ed for 0,070, The available data had
also been obtained with blade pressure instrumentation on the inducer, and the
effects of the instrumentation on performance were unknown. (The radial inducer
used in this program had no blade instrumentation.)

The performance tests were conducted by setting a speed, flow, and inlet
pressure, and all other instrumentation were recorded. Total pressure, static
pressure, and flow angle were manually traversed at each of seven radial stations
(spaced at equal area increments) at the inducer inlet and exit. In total, three
flow coefficients (0,096, 0,084, and 0,070) were explored, The speed was a
constant 513,1 rad/s (4900 rpm) and inlet pressure a constant 20,7 N/cm2 gage h
(30,0 psig).

4,2,4,2 Acocumulator Evaluation

Before the instability testing was started, the effects of the test loop pres-
sure control accumulators on the response of the total inducer-test loop system
was determined, Various combinations of '""hard' and "soft" (wator or alr in the
bladder) accumulators were tried while pressurc oscillations were being generated
with the radial leading edge inducer., A schematic typical of the inlet and discharge
accumulator systems {s shown in figure 17, The Kistler transducers, mounted in
the water loop at the locations shown In figurc 16, were used to measurc dynamic
data during the time the different combinations of nccumulators were belng tried,
Subsequent analysis of the dynamic prossure data showed it to be independent of
the accumulator configurations, Dynamlc pressure amplitudes as high as
+4 N/em? (+6 psl) were goneruted at the Inducer discharge (location 10),
diminishing to approximately +1 N/em2 (+1.5 psl) at location 3, Negligible
pressure amplitudes were measured at locations 4, 6, 6, and 7. The ampli-
tude at location 8 was approximately +1 N/cm?2 (+1,6 pst), and data at loca-
tion 9 were obscured by high pressure amplitudes at blade passing frequency.
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Thoro wos negligiblo timo lag between the Algnn.s at locations 10 and 2 (from
upstroam to downstream of the dischargo accumulntor), and the amplitude at

location 2 was only allghtly lower than that at locntion 10, Becauso the fccumulators
had nogligible offoct, tho tosts were conductod with the ""hard" accumulator conflgura-
tlon Alnce It was tho most conveniont to use,

4.2,4.3 Instability Tosts

The domincralized wator used In thy flow loop was doasrated prior to oach
Instability test as it was transforrod from the storago tank to the tost loop, The
water was pumped into i 0, 38-m3 (100-gal) dogassing towor, whers it was heated
to 120°F and hold for 10 to 15 minutes while a vacuum pump covacuated the tower
and the cmpty test ioop to approximatoly 2 N/em2 absoluto (2.9 psia), The water
was then transforred from the dogassing tower to tho loop, while the loop was
maintained under the 2 N/cm?2 (2,9 psia) vacuum, Approximately three towers
of water were required to compleate a loop fill, Once the test loop was filled,
the vacuum line valve was clesed aad pressurc, supplied by the tower-to-loop
transfer pump, was allowed to build to the pump discharge limit (approximately
17 N/emé4, 25 psia), and all high spots in the test luop were bled of trapped afr
from existing bleed valves and prossure gage lines were purged of air bubbles,

Prior to the start of each test, a check was made of the air content of the
loop water to determine how effective the deaeration procedure had been, The
rig was run at approximately 314 rad/s (3000 rpni) with the flow throttling valve
wide open and an inlet pressure of about 17 N/cm2 absolute (26 psia), as con-
trolled by the inlet accumulator, The inlet accumulator system was then isolated
from the loop with a valve; the discharge accumulator system was brought up to
a pressure equal to the loop static pressure at the point where the discharge
accumulator joins the loop; the valve between the discharge accumulator and the
loop was opened; and rig inlet pressure was controlied through regulation of the
inducer discharge pressure, ‘The water level in the discharge surge tank sight

ponded to the change in volume of the test loop system, An Incrense in volume
of approximately 0,0037 m3 (0,13 £t3) in the surge tank (this increase corres-
ponds to an increase of 0.356% of the volume (n the total loop system) was found
to be the factlity 1imit in previous programs and as such was the goal for the
deaeration process, If the water was found to be sufficiently deaerated, as
evidenced by less than a 0,0037 m3 (0,13 ft3) increase in surge tank water
volume, the Inlet pressure was Increased above amblent and the test run was
started. Otherwise, the loop was drained aud the deaeration process repoated,

Instabllity tests were conducted by sotting rotative specd at 613,1 rad/s
(4,900 rpm) and flow correspondent to one of the three selected flow coefficients
(0.090, 0,084, or 0.070), and dropping Inlet total pressurc from approximately
24,8 N/em“ (36 psia) to a point where head rise fell off by approximately 20%,
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Approximately 12 points wore selected In this rangoe to dofine the shape of the
head rise va cavitation number curve and to Identify the range of unatablo opora-
tlon, A complote sot of stondy and dynamic prossuro data were taken at oach
point, The cavitntion was also obsorved and noted through the nerylic housing
with the aid of a strobe light,

4,2,6 Data Reduction

Inducor porformance data wore defined as the head rise and cfficlency
botweon tho upstream measurement station (l.oop Station "8'", PTUP in flgure 22)
and the discharge measuroment station (Loop Station '"9", P'I'G2 in figure 22),
The Kiol probe at Station ''8" was sufficiently far upstream that prorotation did
not offect its roadings, while the wecdge probe at the Inducer inlet (Station 9",
PTG1 in figure 22) was effected by prerotation, Inlet condittons were caleulated
from the data as follows:

Upstream Total Pressure: Pg = PTUP (Corrected for Gage Height)
Inlet Total Head: H; = Hy = Pg/p

Inlet Absolute Velocity (Assumed Axlal): V| = Q/A;

Inlet Static Head: B =H - /2%

Inlet Tip Relative Velocity: Vi'= ‘.W

Inlet Tip Relative Velocity Head: q' = V'2/2g

Tip Cavitation Number: k= -hy)/a

Inlet Tip Flow Coefficient: b= Vi/Ut

Discharge conditions were calculated from the measured data at seven radial
measurement stations, as follows:

Discharge Total Head: Hy= P—T%)‘g (corrected for gage height)

Discharge Static Head: hy = -lig'z—‘]- (corrected for static pres-
sure and gage helght)

Discharge Flow Angle: B4 = BAB2J

Discharge Veloctty: Vg= m

Discharge Axial Veloclty: Vad = Vg 8in By

Discharge Tangential Veloclty: Vud = Vq cos By
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Inlet total pressure, static pressure, and flow angle were measured at the inducer

inlet tip and were reduced as follows:

Inlet Total Head:
Inlet Static Head:

Inlet Flow Angle:

Inlet Velocity:

Inlet Axial Velocity:
Inlet Tangential Velocity:

H = PTEIJ (corrected for gage height)
h = PSSIJ (corrected for gage height)
8, = BAB1J

V= V2 H - )

Vzl = Vl sin Bl

Nomenclature s defined in the Appendix. Measurements and calculations were
performed using the English system of units and were converted to the SI for

presentation in this report,

The magnetic-tape-recorded, plezoelectric, transducer data were reduced
with the ald of a spectrum analyzer. A block diagram of the system used is
shown in figure 23, The input (test data on the magnetic tape) was Input to
an amplifier and multiplied by some factor N, This amplification was necessary
1o ensurc thut the data entering the spectrum analyzer were within the analyzer
input level limits, The spectrum analyzer contained an internal 50 Hz low-pass
filter with a 0,16 Hz notse bandwidth, A 10-sec record length of transducer data
was put into the spectrum analyzor's memory after passing through this filter,
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This Information wns converted to a [requency ve amplitude output with n resolu-
tion of 0,1 Ifz, After passing through an atienuator to null out tho offocts of the
firat amplifior, the output was sealod for plotting purposes and then plottod on
papor by a Moscloy X~Y rocordoer, 'Tho rosultant plots had a froquency sealo of
0 to 50 11z, and are accurate at all froquencies abovoe 0,3 Hz, which 1s tho lower
limit of the data response and roduction sysiem,

Input to the amplifior and output of the scaler were monitored with oscillo-
scopos, ns shown in ligure 23, to onsure correct system operation, IP’rlor to tho
tapod data being input, a calibration signal of known amplitude and frequency was
Injectod into the system and propor functioning of the entlre setup was checkod,
The tape reproducer was identieal to the recordor used to gather the data at thoe
tost stand, thus cnsuring that what camo off the tape was tdentical to what went on.

Known Amplitude and

Tape Frequency Calibration
Reproduce @ Signal
L @ Hewlett-Packard
' Oscilloscope {Monitor)
Amplitier XN
! -
Federal Scientific Ballentine Model 320
UA.6B True RSM Meter
Ubiquitous Spectrum
Analyzer
Attenuator X-k
Scaler
Amplitier/Attenuator
I {@ Hewlett-Packard
' Oscitloscope (Monitor)
Moseley
Model 2D-2
X-Y Recordet
Figure 23, Data Tape Analyzor System FD 63040

4,2,6 Test Results

A list of Inducer tests and test point conditions is glven in table 7. The
first three tosts (8.01, 8,02, and 8,03), were noncavitating performance tests
for the radial leading edge Inducer; tests 8, 04 through 8, 08 were radial inducer
stabllity tests; and tests 8,09 through 8. 11 were swept inducer stability tests,
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Table 7, Summary of Inducor Teat Points

inlot Total Water
Toat Speed q Flow Progaure Tomporature
No., rad/s  rpm | em /8 gpm N/em® pslg | °K “r ('ommaonts

Radial 1.eading kdgo Inducor

8,01 0513.,1 4900 | 91,600 14560 | 20.7 30,0 | 302,4 86 Noncavitating Por-
formanco T'est
8,02 513.,1 4900 | 80,260 1272 | 20.7 30,0 | 304,1 88 | Noncavitating Por-
formance Tost

8,03 513,1 4900 | 66,890 1060 | 20,7 30,0 | 305.7 91 | Noncavitating Per-
formance Tost

8,04 b513,1 4900 85,940 1362 14.6 21,2 | 302.,4 85
513.1 4900 | 85,940 1362 | 11,2 16.2 | 303.,0 86 |Test loop water con=~
513.1 4900 | 85,940 1362 8.0 11.6 | 304.1 88 |tained excessive
513.1 4900 | 85,940 1362 3.8 5.5 | 304,7 89 |amount of alr
513,1 4900 | 85,940 1362 1.0 1.4 | 305.,2 90 |(0.0148 m3, 4 gal,
513.1 4900 | 85,940 1362 0.3 0.4 | 305,2 90 | registered during
513.1 4900 | 85,940 1362 | -0.3 -0.45| 305.,2 90 | deaeration test, as
513.1 4900 | 85,940 1362| -1,0 -1.,4 | 305.2 90 | compared with
513,1 4900 | 85,940 1362} -2.1 -3,0 | 305,2 90 | 0.0037 m3, 1 gal,
513.1 4900 | 85,940 1362 -2,4 -3.,5| 305.2 90 | for all subsequent
513,1 4900 | 85,940  1362| -2.5 -3,7| 305.2 90 | runs).
513.1 4900} 85,940 13621 -4.9 -7.1] 306,2 90

8,06 513.1 4900| 80,260 1272 15.0 21,8 | 302,4 86
513.1 4900 | 80,260 1272 8,1 11,7 | 802.4 85 | Discharge accumu-
513.1 4900 | 80,260 1272] 4.8 6.9| 303.6 87 |lator system de-
513.1 4900 | 80,260 1272 0.7 1,0| 304,7 89 | veloped small line
513.1 4900| 80,260 1272] -0.9 -1.3| 306.2 90 | leak during test,
513.1 4900 | 80,260 1272} -2.0 -2.9| 305,2 90 | thereby causing dif-
513.1 4900 | 80,260 1272 -2.4 -3.5| 306.2 90 | ficulty in holding
513.1 4900 | 80,260 1272] -3.1 -4,5| 305.2 90 | low pressure test
513.1 4900 | 80,260 1272} -4.8 -6.9! 305,2 90 | points steady.
513.1 4900| 80,260 1272| -G.0 -8,7| 306.2 90

8,06 b513,1 4900| 66,890 1060| 14.8 21,6| 300.6 82
513,1 4900| 66,890 1060 8.1 11,7]| 303.0 86
513.1 4900| 66,890 1060 4.7 6.8| 303.6 87
513,1 4900 66,800 1060 1.2 1.7 304.,1 88
513,1 4900| 66,890 1060 0.8 1.2| 304.1 88
513.1 4900} 66,890 1060| -0.6 -0,9| 304.7 89| i mal
513,1 4900| 66,890 1080| -1.8 -2.6| 304,7 89
513,1 4900| 66,800 1060 -2.4 -3.,6] 806.,2 90
513,1 4900| 66,890 1060 -4,4 -6.4| 306.2 90
513.1 4900| 66,890 1060} -5.7 -8,3] 3056.2 90
513.1 4900| 66,890  1080| -5.9 -8,6| 305.2 90
513.,1 4900| 66,890 1080| =-6.1 -8.9| 3056.2 90




Table 7, Summary of Inducor Tost Points (Continued)

Inlot Totnl Wator
. Tost Speod Flow Progaure Tompeoraturo
i No, | rad/s rpm | em?/s gpm | N/em* psig | °K e Commonts
’ Radial Loeading Fidge Inducor
8,07 | 513,1 4900 | 86,940 1362 | 16.0 21.,7| 302.,4 86
513,1 4900 | 85,940 1362 7.9 11.6| 304.,1 88
5613,1 4900 | 85,940 13062 4.5 6.6 304.,1 88
' 513,1 4900 | 85,940 1362 1,0 1.5 304,1 88
513.1 4900 | 85,940 1362 | -0,5 -0,7| 304,1 88 | Repoat of tost 8,04
- 513.,1 4900 | 85,940 1362 | -1,1 -1.,6] 304,1 88 | with water deaeratod
513.1 4900 | 85,940 1362 | -1.8 ~2,6| 304,1 88 |to stand limit,
s 6513.,1 4900 | 85,940 1362 | -2.,4 -3.6| 304,1 88
513.1 4900 | 85,940 1362 | -3.1 ~4,5| 304,1 88
. 513.1 4900 | 85,940 1362 | -4.8 -7.0| 304.1 88
5, 513.1 4900 | 85,940 1362 | -5.6 -8,2| 304,1 88
8,08 | 513,1 4900 | 80,260 1272 | 14,9 21,6 | 304.1 88
513.1 4900 | 80,260 1272 1.1 1,6 | 304,1 88 | Repeat of test 8,05
513.1 4900 | 80,260 1272 | -2,6 -3.8| 304,1 88 |at lower prossures
513.1 4900 | 80,260 1272 | -4,0 -5,8| 304,1 88 | with properly func-
513.,1 4900 | 80,260 1272 | -5.6 -8,2| 304.,1 88 |tioning discharge
- 513.1 4900 | 80,260 1272 | -5,8 -8,4| 304,1 88 | accumulator system.,
513.,1 4900 | 80,260 1272 | -5,8 -8,4| 304.1 88
0.28 rad (16 deg) Swept Leading Edge Inducer
8,09 | 513,1 4900 | 85,940 1362 | 15.0 21,7| 296.3 74
513,1 4900 ] 85,940 1362 8.1 11,71 296.3 74
513.,1 4900 | 85,940 1362 4.6 6.7] 298.3 74
513.,1 4900 | 85,940 1362 0.3 0.4 296,8 75
513.1 4900 | 85,940 1362 | -1,7 -2,4| 296.8 175 Normal
513,1 4900 | 85,940 1362 | -2.2 -3.2| 297.4 176
513,1 4900 | 85,940 1362 | -2,5 -3.71 297.4 76
513.,1 4900 | 85,940 1362 | -4,3 -6.,3| 297.4 176
513.1 4900 | 85,940 1362 | -5.,0 -7.2] 298.0 77
6513.1 4900 | 85,940 1362 | -6.2 -9,0]| 298.6 178
8,10 | 513.1 4900 80,260 1272 | 14.8 21,6 | 300.,6 82
513.1 4900} 80,260 1272 8.1 8.1| 301.8 84
513.,1 4900} 80,260 1272 4.7 6.8] 303.0 86
J 513.1 4900 )] 80,260 1272 1.2 1.8| 303.6 87
513.1 4900 | 80,260 1272 0.3 0.4| 303.6 87
! 513.1 4900 | 80,260 1272 | -1,7 -2,6 | 304,1 88 |Normal
6513.1 4900 | 80,260 1272 | -2.6 -3,6 | 304,1 88
6513.1 4900 | 80,260 1272 | -4.1 -6,0| 304,1 88
513,1 4900 | 80,260 1272 | ~4.8 -7.0] 304,7 89
513,1 4900 ] 80,260 1272 | -5,9 -8,6 | 304,1 88
“ { 513,1 49%00| 80,260 1272 | -7.2 -10,5| 304,7 89
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Tablo 7, Summary of inducor Toest Points (Continuor)

Inlot Total Wator
Tont Speod . Flow 1»’1'u§ﬁuro Tomporature
Nos| rad/s rpm | emd/n gpm [ N/em? palp | °K o Commonta

8,11 5613,1 4000 | 066,800 10060 | 14,8 21,6 | 290,7 80

613,1 4900 | 66,890 1060 8,0 1.6 1 301,283 [inducor houning aplit
613.,1 4900 | 66,800 1000 4,0 6.7 [ 301.8 84 Imidway through tost,
1
0

o2

613,1 4900 | 66,890 1060

8| 302,4 86 |foreing tormination,
5613.,1 4900 | 66,800 1000

T,
0 303.0 80

.
i

Inducer head rise cooffleient and efficiency data are plottod agalnst Mow
coeflicient In Mgure 24, The radial Inducer data ave from tests 8,01 through 8, 03
and the swept inducer data are from the previous program reported In (1)« Radial
inducer tost data, with and without blade Instrumentation, werc found to agree
almost oxactly with provious data at the two flow cocfficients that were ro-
peated (0,096 and 0,084). 1t can therofore be concluded that the pressure
Instrumentation that was on the radial inducer blades for the provious tests of (1),

and also on the swept inducer tested in this program, had a negligible effect on
overall performance,

0.90 A Rudial Leading Bdge
. [3 0.28 rad (16 deg) Sweepback
CO 0.85
b4 O Ck
B os0 \‘g 0
™
& 0.75 2
J
N
0 0.07 0,08 0.0v .10
'\
0.24 &

HEAD COEFFICIENT. &
s e
I =
14
/

0 0.07 0.08 009 010
FLOW COEFFICIENT, ¢

Figurc 24, Noncavitating Induccer Performance DI 91153
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Tosta 8,04 through 8,08 wore radinl londing odge inducer atabllity tostr,
The Inducor was oporated at a rotntlvo apeed of 613 vad/s (4900 rpm) and flowa
of 803,940, 80,260, and 66,800 cmd/m (13060, 1272, and 1060 gpm), Tnlot tip
Mow coofflelonta nt thoae conditions wore 0,000, 0,084, and 0,070, rospoctlvely,
In all enson the objeetive was to drop Inlot pressure to the polnt whore hend
riso foll off hy at lonst 20%, Originally throo tosts wore to be eenduetod, ono at
ench (low coofflelont, but the denoration attompt prior to toat 8, 04 roproscntod
tho flrst time that tho components of the donoratlon systom had hoon operatod for
somo time, and sovoral small problomas showed up In the procodure, As o rosult,
tho loop water eontalnod more dissolved alr than that which was prosent durlng
the lator tests, (Refor to tho commonts on table 7,) In addlition, during tost
8. 04 a loose coupling was noticod In the drive traln after a eavitntion numbor of
0,068 was reached, and the tost was torminated above the hoad falloff polnt, TFor
theso reasons, tost 8,07 ropoats the conditlons of tost 8,04, Test 8, 08 was
conducted to supplemont tost 8. 05 at the low ond of the cavitation number seale
boeause the dischargo accumulator systew developed a small leak on the surgoe
tank side during the first test at this flow coofficlent. This leak mado it difficult
to hold preelse test points at low (nlet prossures.

Cavitating porformance dnrca for the radial leading edge inducer are shown in
flgure 25. Reglons of cbserved test loop surging . ve indicated on the curves., It
was Ilmpossible to reich head falloff at the 0. 090 flow coeffleient as the inducer
loop system beecanie uncontrollable at & cavitation number of approximately 0, 030,
Large flow fluctuations of approximately 38,000 cm3/s (600 gpm) at approximately
two cycles per minvie prevented operation at lower cavitation numbers. The
results of tost 8,04 have been omitted from these curves since the loop water
contained four times the amount of alr that was present in all subsequent tests,
and this excess alr casts doubts on the usefulness of the data for test to test
comparisons, Surge regions were characterized by a cyclic chugging sound and
by alternate lengthening and shortoning of the tip clearance cavitation. Blade
surfacc cavitation could not be clearly seen through the tip clearance cavitation,
Two regions of surging were noted in the radlal leading edge tests. The first
reglon started at a cavitation number of approximately 0. 07 and completely
ceased at a lower cavitation number before the start of the second surging region.
The first region was always relatively mild as compared with the second. The
second surging region ceased just prior to head falloff for the 0,070 and 0, 084
flow coefficlents; however, as stated previously, it became very severe at the
0. 090 flow coefficient and was accompanied by large test loop flow fluctuzitons,

The 0. 28 rad (16 deg) leading edge inducer was tested in runs 8, 09 through
8. 11 in the same manner as the radial inducer. These test poluts are also summarized
in table 7. Agaln It was impossible to reach a head falloff condition at 0,090 flow
coefficient. The same fluctuations that occurred with the radial inducer occurred
again below a cavitation number of 0,027, During the finel test, 8. 11, the acrylic
inducer housing split and forced the termination of the run after the fifth data point.,
The housing had been experiencing very heavy cavitution damase near the blade
leading odge aren during the course of the program, Cavitat.  performance data
for the swopt leading edge inducer are shown in figure 26, Reglons of observed
tost loop surging are again Indicated on the curves, The swept inducer exhibited
only one surgling region that occurred over approximately the same range of
cavitation numboers as the second reglon of the radinl leading edge Inducer. Surging
with the swept inducer was milder than that which was observed with the radial
inducer.
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The cavitaling porformanen datn are shown na the ratio of head rise avor

| noneavitnting homl riso (A In flguroen 29 and 28 for the radial and sawopt inducors,
4 rospoetivoly,  Both fguros show that hoad rlao Inerensod hefore fnlling off for
tho 0, 000 flow caefficiont, s rolatively conatant to an nbrupt falloff point for the
0, 084 flow cooffleiont, ond doeronaed from he noncavitating voalue for the 0,070

» flow confflelont,
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An orolllogeaph trace of the tape rocordod dynnmic proasure data for tost
4,04 nt Itn lowoat presaure polnt (k = 0, 038) Ia shown In figuro 20, This troco La
typlonl of the relatively high nmpllinde monsured Inatahilitios found in nll toatn,
and It wnr usod to gnin an appreclation of the form of the proasure algnala and
of tholr rolntionship to one anothor, Tho tranaducor poattlonn ave nhown on
flgmeo 16, The diacharge teanaducera (10 and 1) chow tho higheat nmplitudes and
aro slmllar oxcopt that No, 10, which 1s noaver the Inducor, shows a algnificant
K2 Nz componont (rotatlonal apoeed) In aplto of the G0 1z low poaan flltor, No, 1
han o eloanor algnal (with regard to the donlred eavitation Inatabllty) and wan
soloctod na the reprosentative tranaducer for data corvolating purposeon, No, 8
in tho Inducor Inlot line, nhows n moasurablo algnal at tho same lew froquency
and In phaaoe with tho signal from No, 1 and alse has an 82 Iiz componont, ‘Thiy
stgnal wan also consldered to adequately represont the instabtlty, ‘I'ransducer
No, 8, at the Inducor tnlot, had its datn complotoly obscurad by blado passing
[requency (246 112),

Spoectrum analysis plots of the discharge transducor signal (No, 10) over a
0,3 to 50 1Iz) range are shown In flgures 30 through 37. One flgure shows the
plota for all tho test points of a glvon test, The plots generally show that the
dynamlic pressure signal Is made up of a woll-defined, fundamental froquency with
harmonics, ‘The harmonies frequently are of higher amplitude thun tho fundamental
froquency.  Noto that amplitude scales are not the same for all of the plots,

The Inlet trensducer (No. 8) spectrum plots were uniformly similar to thoso
from the discharge transducer except that they weore of lower amplltude, Several
ol the inlet plots thut had significant amplitudes are shown in figure 38,

Sirce the discharge transducer signal was found to adequately represent the
system dynamic pressure data, the amplitude and frequency of Its fundamental
component were plotted against cavitation number for each flow coefficient. These
data ure shown for the radial leading edge inducer in figure 39 and for the swept
leading edge inducer in flgure 40. Amplitude data are plotted esen where the
spectrum s apparently composed primarily of nolse, whilo frequency data are
plotted only where a significant frequency could be identified on the spectrum plot,
For pointe where the pressure amplitudes wore low, the identification of a
fundamental frequency requirod engineering judgment; figures 39 and 40 should
be evaluated with this in mind, The frequency curves are quite smooth, howcver,
which lends considerable confidence to the accuracy of the spectrum data tnter~
protation. The location of the observed surge rogions 18 Indicated on the flgures,
Surge reglons were characterized by visual and audible flow oscillations, as de~
scribed previously.

Both the radlal and the swept inducers have Identifiable discrete pressure
osclllations at relatively high cavitation numbers (0. 16 to 0,23), The amplitudes
tend to gradually increase as cavitation number s lowerced until the second observed
surge reglon of tho radlal inducor and tho only surgo region of the swept inducer
(flgures 26 and 26) {8 roached, At this polnt there is o sudden Increasc in pressurc
amplitude, Thore Is no particular correlation between the pressurc amplitude datn
and the flrst observed surge reglon ot the radial Inducer; however, these surges
were relatively mild and often difficult to detect so pressure amplitudes would not
be expocted to be partleularly high, Pressure amplitudes were generally con-
siderably lower for the swept inducor than for the radial,
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Froquenclon tond to doeroaro graduntly to o envitatlon numbor of approxi-
matoely 6,08 for the eadial Inducor, and then to decronne more rapldly,  The fleat
ourge reglon accurrord whon froquonelos woro In tho 8 to 10 Tlz range,  Froguonclos
woroe gonorplly higher for the awopt Inducor and o vapld doereaso with cavitation
numbor otarts at o lowor eavitntion numbor (0, 06 Lo 0, 0i),

Cansldoring the vaviation of the dota with flow coolflelonts, the racin)
Inducor shows a definite nmplitude Inereano s flow coollletont deeronson (at
cavitation numbors whore tho mossurod ampliudes were reasonably 1nrpge); tho
awapt inducer dato aroe Hmbted and do not show a dofinlte relattonship.  The
radial Inducor ghow: no partieular relatlonship of frogueney to flow coolflelont,
whilo the swopt Inducer shows u definito reduetlon ol froquoney with flow
coellielent,

A sight glass had boon installed (n the tost loop at tho inducer Inlot nccumu-
lator (No. 7 in {iguro 16) for the nccumulator ovaluation tests, The lovel of wator
in this gluss was noted for tests 8,006, 8,08, and 8,00 and a froe surface was ob-
served to suddonly form at an inlot prossure of approximately =4,56 N/em? (=6,5 psig,
k= 0,06), The formation of this surface was attributod to tho flashing of alr
from solution and is thorefore indlcative ol the achicved dogree of water deneration,
Since the dearcation procedure wus the same for all tests, 1t can be assumed that
the [rec surface generally formed at the same Inlet pressure for all tests, This
inlet pressure approximately corresponds to the cavitation number at which the
sceond surge region for the radial tnducer and the only surge reglon for the swept
inducer were noted, Hence, there was a sudden change in the test loop system
that coincided with the observed surge regions,

The general effects of air in the loop system on the pressure signals can he
evaluated by considering the spectrum plots for test 8,04 (figure 33) with those
for test 8,07 (figure 34), Both tests werce run with the radial inducer at a flow
coefflclient of 0,090, but test 8. 04 was not considered satisfactory because the
water Initially had approximately four times as much air in solution as did test
8,07 and all other tests. Spectrum plots for tesi 8, 04 show noticeably less well
defined signal frequency components than the plots for test 8. 07, and test 8, 04
had relatively high ampiitude, low frequency oscillations at a cavitation number
of 0,038, whereas test 8,07 did not at a nearly comparable cavitation number of
0,039, The amplitude and frequency of the signals are plotted against cavitation
number in figure 41, The data for the two tests arc similar except that test 8,04

tends to show slightly lower frequency oscillations and {ts pressure amplitude
Increases at a higher cavitation number,

Inducer inlet fluld tangential velocities, which were measured near the
inducer tip, are shown plotted against cavitation number in figurce 42 for the
radial leading edge inducer. The probe was located at a radius of 8,66 cm (3. 41 in.)
and was 0,06 cm (0. 26 in, ) upstrcam of the leading edge. Tlp radius was 8,96 em
(3.560 In, ), Tungentlnl veloclty gencrally decreasoed with decreasing cavitation
number tnd reached zero at o cavitation number of 0,06 to 0. 07 for all flow
cocfflclents, the same range of cavitation numbors at which the flrst surge reglon
was observed, Although not plotted, fluid through-flow velocity decreased along
with tangential veloclty, The rate of decrease with cavitation number was

graduul to a cavitation number of approximately 0, 10, at which point veloclty
decreascd more rapidly,
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Tangential velocity data for the swept inducer are shown in figure 43.
The probe was at the same radius but the sweepback of the blades resulted in
the probe being 2.20 cm (0, 87 in.) upstream of the leading edge tip. Data were
not taken for all the swept inducer test points because of the time required and
the observed high rate of cavitation damage to the inducer housing. The clata
show the same trend as the radial data, decreasing ‘o zero &t a cavitation
number of 0, 06 to 0,07, Velocities were lower for the swept: inducer than for
the radial, but this may be at least partly explained by the probe location, which
was approximately three times further upstream of the leading edge.

d Test results are discussed further and correlated with predictions in
: paragraph 5, 3,
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SECTION 6
ANALYSIS AND DATA CORRELATION

Three scts of experimental data wore correlated with predictions: moasured
hydrofoil cascade suction surfaco cavity geomotry data, moasured cascade tunncl
pressure oscillation data, and measured inducer loop Instability data, The cascade
geometry data were correlated against predictions made through the usc of an in-
ducor intuinal {low analysis, cascade tunncl dynamic pressure data were corro-
lated with tunnel system model predictions, and inducer loop dynamic pressure

! data were corrclated with inducer system model predictions, The analyses and
' results of cach of the correlation efforts are reported in the following subsections,

5,1 CAVITATION CAVITY GEOMETRY
5.1.1 Analytic Model

The analytic cavity model was formulated in the inducer flow analysis re-
ported in (1) and is based on the concept of a distinct vapor cavity on the blade
al suction surface which displaces an otherwise incompressible liquid, The liquid
= and vapor are assumed to be separated by centrifugal effects both in the meridional
? and blade-to-blade directions, Such a cavity is illustrated in figure 44, The co-
ordinates of the vapor-liquid interface (which defines the cavity) are calculated
to the point of maximum cavity height in an iterative process where the flow forces
associated with the cavity are calculated and equated to the change in momentum
parallel to the blades, and the radial streamlines are iocated to satisfy radial
equilibrium, The cavity is assumed to collapse linearly from the point of maxi-
mum height in a manner that is based on empirical data. The profile of such a
cavity is shown in figure 45, Significant dimensions are:

¢ = Length from blade leading edge to point of maximum
height along the blade chord

b = Length of collapse region along the blade chord

h = Cavity height normal to the blade chord measured from
the suction surface

) 1 = Length from blade leading edge to end of cavity along
g the blade chord

é,, = Angle of the cavity collapse (or wake) relative to the
blade chord,

The cavity model i{s similar to the models of Stripling and Acosta (19) and
Jakobsen (24) who' applicd conformal mapping to obtain an exact solution for two-
dimensional, ideal flow, These models do nct account for real effects, however,
which occur in viscous, three-dimensional flow and which are accounted for in
- the cnvity model of (1), Viscous effocts influence the cavity through boundary
= layer blockage and drag forces, Three-dimensional effects consist of (1) centrif-
ugal forces, (2) streamline relocation, and (3) changes in passag’ width and height,
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Figure 44, Distinct Vapor Cavity on Inducer Blade FD 62906
Suction Surface

Figurc 45, Cavitation Cavity Profile FD 62907
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The analytic formulation of the cavity model I8 given In (1) and it I8 in~
cluded In the inducer hydrodynamic computer program listed in Volume Il of
that report, Corrolations of tho modoel's predictions with test data and refine-
ments to the model that wore made In this program are reported in the following
subscctions,

65.,1.2 Correlation of Cavity Model Predictions and Refinements of Model

Cavity model predictions were correlated with predictions from the equa-
tions of Stripling and Acosta (19), with cascade test data that were reported in
Section 4,1, and with inducer test data from (1) to define areas of the model
that required refinement, In this correlation effort, the dimensions shown on
the cavity profile of figure 45 were assumed to define the cavity. Since Stripling
provides an exsct solution of the cavity profile to the point of maximum height
for ideal two dimensional flow with zero blade thickness, their predicticus were
correlated with cavity model predictions of height (h) and length to maximum
height (c) for the same zero blade thickness, ideal flow cascade. Cavity model
predictions for such a cascade will differ from those for a real flow and real
cascade but the degree of correlation provides an indication of the cavity model's
general accuracy.

The data correlations and model refinements are discussed in the following
paragraphs for each of the significant dimeneions. Cavity model predictions of
height were found to be reasonably accurate, length to maximum height was in
error but correctable through adjustment of the empirical collapse function, and
overall length predictions correlated reasonably well with the available test data,

5.1.2.1 Cavity Height

Comparisons of cavity height predictions (dimcnsion h in figure 45) with
predictions from Stripling and Acosta are shown in figure 46 for the hydrofoil
cascade and in figure 47 for an inducer cascade, Actual height is divided by
blade spacing [7.6 cm, (3.0 in,) for the hydrofoil cascade and 18,6 cm (7.3 in.)
for the inducer cascade] and plotted against cavitation number, The indu:er
cascade I8 geometrically similar to the tip streamline geometry of the inducer
that was tested as reported in (1)s Cavity model predictions for both cascades
were generated for an inviscid, two-dimensional flow and zero thickness blades
to provide a direct comparison with exact Stripling and Acosta predictions,
Since the Stripling and Acosta model i8 an exact solution, the degree of correla-
tion is an indication of the model's accuracy for the selected cascades and flow
conditions, Figure 46 shows the cavity helght correlation for the ideal hydrofoil
cascade at a single incidence angle (0,28 rad, 16 deg). The correlation between
the two prediction models is good over the entire range of cavitation numbers,
Figure 47 shows the height correlation for the ideal inducer cascade for three
incidence angles, At high cavitation numbers (1.0-0.2), the correlation for all
incidence angles {8 good and at low cavitation numbers the cavity model predicts
cavity heights approximately 10% lower than those from Stripling, The low pre-
diction is consistent for all incidence angles. The indicated degree of correlation
for both cascades is considered satisfactory and the wide difference between the
blade stagger angles and Incidence angles for the two cascades indicates that the
cavity model is applicable to a wide range of geometries and flow conditions,
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Figure 47. Comparison of Cavity Height Predictions DF 91092
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Cavity modol prodictlons of eavity helght nre comparoed with the hydrofoll
ensendo teat datn In figure 48, Tho mensured and prodietod eavity holpght data
In this flguro are from the suction aurfaco of the hydrofoll, ‘T'ost data seattor ia
attributed to diffieultios oxperioncod in taking nceurate moasuroments from tho
photographs, to the fact that eavitation was unstondy for nearly all toat poluts,
to obscrvod blado=to-hlade nonuniformity, and to poasible variations In incldenco
angle with cavitation numbor (due to choking of the boundary layer removal slots),
Moasurod data woroe at indicatod incldonco anglos of 0,28, 0,81, n.cd 0,35 rad
(16, 18, 20 dog) and the predictoed data are shown for 0,28 and 0,17 rad (16 and
10 dog). Cavity holght prodictions fall within the band of the measured data
scattor In spite of tho lower Incidence angles for tho prodictions, This result is
consistent with observod pressure surface cavitation at relatively high inetdonce
angles and the conclusion that actual eascade incldence angles were less than tho
value measured from the geometric settings,

Ineldence Velocity
0.50 Rudlans  Depces  mfs /s
() 0% 16 6,30 28
02 16 5464 18
Hooadl 18 6,56 28
0,40 (1 oas 2 6,50 21,8

Predictiony from Cavity Model

0,28 rad (16 deg)

o.10 0.17 rad (10 deg)
—— > o ZC]\
I
0 —_— :42,
0,02 0,08 oo 0,20 aso 100 200 5,00

CAVITATION NUMBER, k

Figure 48, Comparison of Cavity licight Predictions DI 89778
With Cascade Test Daia

The good correlation between height predictions from the cavity model and
the oxact predictions from Stripling and Acosta for ideal two-dimonsional flow
led to the conclusion that the model's predictions of cavity height are satisfactory,
The hydrofoll cascade test data were not sufficlently accurate for quantitative
correlation and refinement of the model (as was originally intended) but the
model's predictions are in qualitative agrecement with the data, This agreement
also tends to substantiate the accuracy of the height predictions,

65.1,2.2 Cavity L.ength to Maximum Height
Length to maximuin cavity height (dimension c in figure 46) is precisoly
predictable, by the method of Stripling and Acosta, for an ideal two-dimensional

flow, Thus, while this length was not measurable in cither the hydrofoil cascade
or the inducer test program of (1), a comparison of ideal flow predictions from
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the two cavity models 18 an additional indiention of the Inducor program cavity
modol'a neeurncy,

Comparisons of longth to maximum holght prodictions are shovn In flg-
uro 49 for the idenl hydrofoll caseade and in figuro 60 for tho Idenl Inducer casendo,
The hand that 18 indicatod for tho nducor program cavity model predietions is a
result of the finite differoncoe solution and {t doftnos the limits of the longth predic-
tlon at a glvon cavitation number, 'The prodictod band was not shown In tho holght
prodictions of figures 47 and 48 bocause hoight changos moro gradually than longth
and the band {8 small, Tho cavity modol's prodiction of longth to maximum holght
for tho tdeal hydrofoil cascade generally shows the same trend with cavitation
number as the Stripling and Acosta prediction hut the model's prediction is longer
than the exact Stripling and Acostn solution, Cavity model pradictions for the
ideal inducer cascade are considerably longer than tho Stripling prodictions at
high cavitation numbors but they approach the Stripling predictions as cavitation
number decreascs and the two arc equal at a cavitation number of approximately
0,04, The predicted variation of cavity length with incidence is similar for both
prediction models, These results indicate that the cavity model generally pre-
dicts longer than actual lengths to maximum hoight, This is considerecd to be an
important deficlency in the cavity model and refinements were considered to
improve the correlation, The calculations of cavity height and length to maximum
height arc integral with the inducor internal flow analysis, however, and any re-
finements in the calculations would require major rework of that analysis, A
simpler, more casily implemented, approach was taken wherein the cavity
collapse length (b In figure 45) was adjusted to make predictions of overall length
agrec with the test data, This approach was possible because the trend of the
length to maximum height predictions was correct and the cavity model's predic-
tion of length to maximum height was not enough longer than the Stripling and
Acosta exact length to require collapse angles (G in figure 45) of greater than
1.57 rad (90 deg). The error in cavity volume which is accepted through this
approach is a small percentage of the overall volume as will be illustrated in
the following subsecctions.

5.1.2.3 Cavity Collapsc

The cavity collapse model that was reported in (1) assumed that the cavity
collapsed in a turbulent wuke, which was bounded by a straight line from the point
of maximum cavity helght to the blade surface. Such a collapse was shown in
flgure 456, The angle of the line relative to the blade surface (5y in figurc 45) was
assumed to be a function of normal cavity helght and to vary Inversecly with the
cavity profile blockage. The wake angle function wus defined empiricaily from
the available overall cavity length measured duta,

The empivical collapse angle function was reexamined In this program in an
cffort to improve the correlation hetween predicted and measured Inducer overall
cavity length, The work of other investigators was reviewed to determine if the
assumed form of the collapse lunction was correct, Abbott and Kline (25) studied
the zone of flow separation behind a backward facing step, a situation that is
physically similar to flow in the wake region of a cavitation cavity, I'tgure 51 shows
the cxperimental configuration that was used by Abbott and Kline along with their
test results, Their results indicatod that the longth of the wake region was solely
a function of the step height, which is consistent with our assumption that the cavity
wake characteristics are a function of the cavity height, If the collapse is assumed
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to be linear (n necoasnry approximation In view of the lack oi any datn concorning
the netunl shape) from tho stop to the wall, an offoetive collapae anglo ean ho
ealeulated (avotan h/b), Thia waa done and tho rosulting plot of collapse anglo

va passago hlockngoe 1a shown In flgure 62, Abhott's results are shown na dntn
pointa and the orlginal cavity morel collapse funetlon Ia shown as a dashed lne,
Both tho Abhott data and our collapae function ngroeo in that low eavity helghts (or
steps) have high collupao angles (vory abrupt collapso) and high cavitles have low
collapsc angles (vory gradual collapse). There Is a rapld transition from low to
high collapse angle as the cavity holght Inerenses., Thoe quantitative levels of the
Abbott data and our own collapse function are difforent and thore arc soveral
possible explanations for this, Tho step of Abbott 18 not exnctly similar to the
cavity In that the step represeits a solid flow boundary. Abbott's data are also
representative of fully develupad flow to which the step s perpendicular and which
Is confined by sidewalls. In the inducer the cavities may collapse on the uncovered
part of the blade whero the flow Is not confined and the flow will contain velocity
and pressure gradients, These flow differences would be cxpected to result in a
quantitative difference In the collapse angle functions,
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Figure 49, Comparison of Cavity Length-to-Maximum DF 91080
Height Predictions With Exact Predictions;
Ideal Hydrofoll Cascade, i = 0,78 rad (16 deg)
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Figure 50. Comparison of Cavity Length to Maximum DF 91081

Height Predictions With Exact Predictions,
Ideal Inducer Cascade
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Figurc 52, Flow 3cparation Data Compuared With DF 91152

Empirical Cavity Coliapse Function

The general agreement of the cavity collapse angle function with the Abbott
data was considered to substantiate the form of the cavity model collapse angle
function, Accordingly, the original angle funciion was adjusted to bring overall
cavity length predictions into agrecment with the test data, The final function is
shown as a solid line in figure 52, Note that the use of overall cavity length
measured data to define the function effectively compensates for the inaccuracy in
length to maximum cavity height predictions that were discussed In the previous
subsection. The error in profile area that is accepted through this approach can
be appreciated by considering figure 53, which shows cavity profiles in an ideal
inducer cascade. The solid profile is the one that would be predicted by the cavity
model and the dashed line t8 the Stripling profile tc maximum height along with
the linear collapse to the same point as that of the cavity model, The area error
is approximately 13% for the small and 12% for the large cavity, values which are
considered quitc sattsfactory,

5.1.2.4 Cavity Overall Length

Predicted overall cavity lengths, generated using the collapse model of
figure 52, are compared with inducer test data from (1) in figures 54 and 56.
Figure 54 is for the inducer tip measurement streamline and figure 55 is for the
midspan streamline, The avallable test datn tre limited and the cavity model
cannot be fully substantiated, particularly with regard to the length variation
with flow coefficlent, A degree of confidence in the model's prediction as a
function of flow coefficient I8 gained, however, when the correlation for both the
tip and midspan streamlines is considered, There is a difference in incidence
angle at these two streamlines because of the diffevence in blade angle and wheel
spced, The incidence and blade angle differences would be predicted to have a
significant cffcet on the cavity profiles, as would a difference in flow coefficient,
A tabulation of blade and flow angles at these two streamlines is given (n table 8,
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Flow anglos nasume no proerotation nnd ail angloa aroe monaured from tho tangontin]
direction, For tho 0,090 tip flow coofllolont, tho flow caofficlont at which mont of
tho blado prossure data woroe takon, Ineldonee angloen nt tip, nond midapan wore
0,062 rad (3,0 dog) and 0,072 (441 dog). Blado nogloa are 0,148 pod (8,0 dog)

and 0,202 rad (11,0 dog)e  The difforenco In Ineldoneo anglo botwoon thoso ntropm-
lnon approximatoely corrosponds to n ohange In fow cocfflefont of from 0,000 to
0,070 at tho tip stronmline statlon,

Cavity longth prodietions are compared with the easeado tost data In Nguro e,
Prodieted data are shown for Incidonce anglos of 0, 28 and 0,17 vad (16 and 10 dog)
and measurod datn are at indleated ineldenco anglos of 0, 28, 0, 31, and 0, 45 rad (106,
18, and 20 dog), Prodictod longths are longor than the moasurod lengths In aplto
of tho lower Incidence angles, This rosult Ig conslstent with the rosults of the
cavity helght corvelation and with the presumed lower than measurod teut Ineldenco

angles, 1t predieted data are accurate, the measurod data Indlcate that actual
incldence was less than 0, 17 rad (10 dog) for the tests,

5.1,2,5 Cavity Volumo

Cavity volume pradictions were generated for the rad
with the refined cavity model over a range of Inlet tip flow coefficlonts and
cavitation numbers. The volumes were calculated through radial Integration of
the predicted profile area. The resulting volume function or map, which wus
subscquently used {n the Instability analysis |g shown In figure 57,

lal leading edge Inducer

—~— Cavlty Mods! Prediction
k= Loo == Btripling and Acoste Prediction
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§ k=018
E ot
v ol 0.2 0.3 04 [ (Y 0.7 X
LENUTH ALONG CHORDITANGENTIAL SPACTNG:
IFigure 53, Comparison of Cavity Profiles for an DT 91000

Inducer Cascado (8% = 0, 15 rad, 8,83 dog;
l =0,07 rad, 3,8 deg)
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Figure 54, Comparison of Cavity Length Predictions

DF 91077
With Inducer Tcst Data, Tip Streamline
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Figure 66, Comparison of Cavity Length Predictions DF 91078
With Inducer Test Data; Midspan Streamline

87




Table 8,

Blade and Flow Anglon for inducer Measureomoent Streambines

‘Tip Stecamline

M

dipan Steonmline

= mmmmssre o s—semy

Inlet 'Flp
Flow
Coelflelont

Blade Anplo

rudl doy,

Helative Fow
Anplo
rid dop

tnetdonee
Mngloy o
rud dep

Tado Anglo

rad dog

Helative Flow
Anple, d
rad dog,

s L 4
laeidencee
Anpley |

rud dey,

0, 096
0,000
0,084
0,070

0,148 8.0

0,148 8,6
0,548 8,06
0,148 8,6

0,101 6,4
0,000 H.b
0,080 0,1
0,076 4.8

0,047 2,

0,062 8,0
0,069 8,4
0,070 d,28

0,508 11,6
0,202 11,6
0,202 11,6
0,202 11,6

0,140 8,0
0,131 7,06
0,188 7.0
0,101 6,8

0,068 3,8
0,092 4,1
0,080 4,4
0,101 G,8

CAVITY LENGTH
TANGENTIAL SPACING

Figurc 566, Comparison of Cavity Length Predictions

84

Q.80

nchlonce Yeloulty

040 Redlans  Degrees wh 1
O a6 636 208
Qo 16 504 I8

A o 686 208

020 1) o33 2 G50 218

e e Predietions from Cavity Moded

0,17 tad ¢10 dep)
A& 0.28 rad (16 dep)

0,08 [

0,20

With Cascade Test Data

Jd
05 K]
CAVITATION NUMBER, &

DF 89779

SRR




160

Feoos 4
140
006,
" "n
» y
3{ 120 AR
\ N
3 won N
L TN
& |m NN \
ga® TR N
p‘ 80 '\‘v ‘\\ N '\\ "\
8 oM L \ RN
54. ol L NN
o R - \\ h
3 . ) AN ) “ ".‘ ‘\\
3 \.\\ ~ \~\\ N
§ 022 . \.\u\ LN \ N\, \
40 SOV N
2 T
. . N, N,
- ~ ~ SO N A
b ™~ “\?\\\ .
2 — TN O
TS
\\i%‘\!
0/
0.070 2,080 0,090

FLOW CUEFFICIENT, §

Figure 57, Predicted Suction Surface Cavity Volume, DF 90999
Radial Leading Edge Inducer

Sweepback tends to reduce cavity length as shown in the measured data plot
of figure 58, It can be assumed that volume is proportional to length so that
volume also decreases with sweepback., This relationship of cavity volume to
sweepback was used to evaluate instability data for the swept inducer instead of
a more rigorous regeneration of swept inducer cavity volumes and stability
predictions because of convergence problems which were being experienced with
the inducer internal flow computer program. The computer program was being
refined to include swept inducers concurrently in a related program (26). This
approach was adequate for our purposes where an instability prediction technique
was to be validated and the cavity volume predictions for swept indvcers will be
obtainable when the work of (26) is completed.

5,2 CASCADE TUNNEL INSTABILITY
5.2,1 Analytic Model

A dimensional schematic of the cascade tunnel is shown in figure 59, A
linear dynamic model of the facility was prepared to investigate the character-
istics of cascade flow that could cause an instability. The model was based on
the assumptions that the flow past each cascade blade is identical, causing the
cavities to oscillate in unison; and blade~to~blade pressure and flow distortion
and cavitation propagation along the cascade do not occur. No propagation was
evident during the tests,
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A simplified model of the complete facility was prepared so that the essen-
tial features of an instability could be investigated, Referring to the schematic
of figure 59, it is apparent that the plenum tank, being large and containing a
free surface, could be considered a point of constant pressurce (infinite compliance),
If some plane in the nozzle could also be considered a point of constant pressure,
these two points become boundaries that isolate the nnzzle and cascade from the
remainder of the facility, Only that portion of the facility from the chosen nozzle
plane through the cascade to the plenum tank requires modeling, The validity of

treating a plane in the nozzle as a constant pressure boundary was later sub-
stantiated by the test data.

b3
o

w
<

TIP CAVITY AXIAL LENGTH - % of Induces Axial Length
»
3

CAVITATION NUMBER, k

Figure 58, Measured Effect of Sweep Angle on Inducer DF 90998
Cavity Length
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A schematic of that portion of the cascade factlity chosen for modeling is
shown In figure 60, The model consists of:

1,

2.

3.

5.

A constant pressure beundary at static pressure (pn) across
which a fluid of constant density (p) 1s flowing,

A rigid nozzle length (f {) and inlet and exit cross sectional
areas (Ap and Aj) measured normal to the flow direction,
Flow through the nozzle (Wy) is considered incompressible,
frictionless, and one-dimensional at each cross scction.

A cascade and tailboard section with a total-to-total pressure
loss (D) that is dependent on the instantaneous value of inlet
static pressure (pi), inlet flowrate (Wi), and discharge flow-
rate (Wq). Pressure drop is measured from the cascade
leading edge plane to the tank pressure (pg)e

A cavitation cavity on each cascade hydrofoil suction surface
that results in a total cavity volume (V) that is dependent on
the instantaneous values of inlet static pressure (p;) and 'nlet
flowrate (Wj).

A large plenum tank at constant pressure (pt).

The model neglects the boundary layer bleed system, which has the effect of an
upstream compliance, and neglects fluid compressibility and wall expansion in

- the nozzle, which would require that the nozzle be broken into several calculation

sections (or "lumps") for accurate modeling, However, it is unlikely that either
of the neglected effects would make a difference in determining whetler flow
through the cascade is stable or unstable,

r Plenuvim

- —f "t-\;

Nozzle

A; \/
o | -‘ r c
( W —— P \??\\

fFree Surface

Tailboards
nstant Pressure
Boundary . S
Figure 60, Cascade Instability Model FD /1195
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For small amplitude oscillations, dynamic bohavior of the model ean he
described, and the onset of an Instability can be predicted, by troating linear
perturbations about the steady-state oporating point, A sot of linear algebrates
and differential cquations results, lotting (A) denote a linoar parturbation and
(e) denote the derivative with respeet to time (d/dt), the aquations (goeneral and
linearized), which represent the model, arc:

Nozzle:

W i
1 1 i e dx
~Ap; = | = - = |— AW, + AW / ax (1a)
i [AiZ A2] p i { A

Cavity Volume:

V. = function (Pys Wl)

aVv av

=——c P
av, 3, ap; + W, AW, (2a)

Continuity:
dav c
Wi=Wya-P 5

®
AW, = AW, - pAV (32)

Cascade Pressure Drop:

w2
p;, +—5=p, +D
i 2pA[2 t

Wi
Apt +‘—2- AWl = AD (4a)
PA{

w

D = function (pl, w a

P Wy

aD dD aD

AD = -a-!?{ Apl + ——awi Awt + ——awd Awd (ba)

The coefficients in each of the above .inearized equations are taken to be constants
evaluated at the steady-state operating point, whers Wi = Wy = W, the steady-state
flowrate. Substituting equation (2a) into (3a) and (4a) Into (6a), and taking the
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1,

s

Laplace transform (S = Laplace variable) of oach equation, n sot of equations {8

obtained {n which somo convonient definitions can be made

2w b ax
-apy =[5 -5 | 5 Awl+SAwlf 3
A( An o

av av

' s P ep—2Sg
AV&[-AWd pdpl SApl pan SAWl

aD W 4D D
~ == 1Ap, + | == = ==-|AW, = == AW, =0
[ api] i [p A12 awl] 7wy M

The following definitions are made:

Inlet Resistance:

_.\M[L 1
Rt‘p 12" 2]

i “a
Inlet Inertance:

lefll%

.

C

Pressure Compliance:

av,
R T

Flow Compliance:
oV
P . ]
Cw =-pP awi
Press=re G¢in:

aD
G =1 5p

Flow Gain:
Q A JD

S ——

w pAz an

Cascade Internal Resistance:

R, = 2
(¢ Wd
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(1b)

(3b)

(6b)

(6)




Substituting these definitions Into cquations (1b, 3b, and b6b) allows the character-
iatic equation to be obtained in the form:

2, .
RLyCI8° + IR (RCy = C )+ CpLyls + R+ RG,

An operating point will be stable If all roots of the characteristic cquation have
negative real parts, indicating a tendency of the flow to return to an equilibrium
state if momentarily disturbed, Otherwise the operating point is unstable, Be-
causc this characteristic equation is of the sccond order the roots will have
negative real parts (indicating a stable operating point) only if all three coef-
ficlents in brackets have the same sign, Conversely, the opcrating point will

be unstable if any coefficient vanishes or takes on a sign different from the other
two, Therefore, to determine stability, it was necessary to evaluate each term
making up the coefficients of equation (7). These terms were evaluated at the
steady~state operating point from the definitions of equation (6).

-G 1=0 (7)

Inlet Resistance and Inertance (R{ and L;):
If inlet resistance is written in terms of the inlet velocity head (q;) where:

w2
Y=
2pAt
The expression for resistance is:

2ql A2
R =—t [1-—-L
i W A2
n

Since both terms are positive it is apparent that Ry is always positive,

When inlet inertance is defined in terms of a "mean nozzle area" (&) such
that

It is also apparent that L; is a positive number at all operating points,

Pressure and Flow Compliance (Cp and Cy):

According to the cascade flow model of Stripling and Acosta (19) for fixed
geometry and fixed incidence, the maximum cavity height (h) and length (c)
from the blade leading edge to the point of maximum cavity height (figure 45)
are functions only of cavitation number (k) where:

P{~-p
k= —qu—v (py = vapor pressure) (8)

In (19), both h and c are shown to increase as k is lowered and to decrease
as k is raised, The experimental measurements of cavity height and total
length show the same trend. It is reasonable to expect that total cavity
volume (V) will also be a functlon only of cavitation number, for fixed
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geometry and Incidence, and will follow n trend fdentical to tho length and
helght as shown In flgure 61, If wo assume that the easecade Incldence is
fixed at any operating point, whothor stoady or unstoady, then the torms
Cp and Cy, can be calculated (using equation (8)) as;

v av
C = -p—g- = :g _._c
p op, 9 dk
v, 2pk v

CwTPIW S W W™

Since ch/dk is always negative, Cp is always positive and Cy is always

negative,

CAVITATION NUMBER, k

Operating
Point

4

CAVITY HEIGHT, h

CAVITY LENGTH TO

MAXIMUM HEIGHT, ¢

CAVITY VOLUME, v,
4

Figure 61, Cascade Cavity Relationships FD 62908
Pressure and Flow Gain (Gp and Gy,):

The cascade total pressure drop (D) at any cavitating steady~-state operating
point can be written as the product of the noncavitating pressure drop (Dpe),
at the same flowrate but high inlet pressure, and a dimensionless pressure
drop ratio ()).

D = AD,,

This equation serves as the definition of A and as the means for calculating
its value at any operating point, The noncavitating pressure drop (Dpe)
will be a function only of flowrate (W) for fixed geometry and incidence,
We assume that A is a function only of cavitation number (k), Then at any
steady-state operating point:

D(k,w) = A(K) Dy (W)

To adapt this equation to the cascade instability model, we assume that the
same relationship holds under nonsteady conditions, with A always equal to
the steady-state value of A that would exist at the Instantancous cavitation
number, and Dy always equal to the steady-state value of Dpc that would
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exist at the instantancous discharge flowrate, Tlhon at any unstoady opora-
ting point:

D(k, W) = A(K) Dpg (W)

apl he apl q[ dk
a5 3 ~2kDpg da

oW, ~ “ne 'a"w"’[ TW Uk

Defining a noncavitating pressurc loss coefficlont (Cpo):

Dpe = Cpe G

-62= N -(lé-
Gp=1 'apt 1~ Che T

Gp and Gy can be positive or negative depending upon the sign and magnitude
of (dN/dl),

Cascade Internal Resistance (Re):

oD aDnc a(Cnc q)

= —1 = = —-i-'
Re Wy AW TATIW T T3 W

Rc is positive at all operating points.

The terms making up the coefficlents of the characteristic equation (7) can be
summarized as follows:

2
R =E?.£ ..ﬁ. >0
{f W AZ
n
Ll:::!-!- >0
A
dv
C ='_'£._.£ >0
S T (9)
=221{ [
Cw W dk <0
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Gp mle= (‘nc 5(']—;‘{— 20 depenrd upon tho slgn of

1A
2q - QA
N P L > Ak
Gy ™ W [1 Pk Cpe rlk] <0
| Co
t(’ = AN ne -vw- >0

Tho first coofficiont In the charactoristic equation (7, RQL((‘p. {8 thorefore

positive at all operating polnts and tho other two cooffictents, [Re(R{Cyy = Cw) + GpLiy)
and [R¢ + RiGp - Gy] must also bo posttive for an operating polnt to bo stable, Thero-

forc, an operating point will be unstablo if:
or if:

Ry +R{Gp - G, S 0 (11a)
Referring to equations (9), (10a) and (11a), it is apparent that the only way an
instability can occur is for G, to be negative in oquation (10a) or for R{Gp - Gy
to be negative in equation (11a), since L, Re and RiC - Cy are always positive,
Therefore, the model indicate.: that cascade instabl ltPos result from the gains

(G, and Gy), which are related to the term (A/dk, the slope of the pressure
drgp ratio curve, Stable and unstable forms of this curve are shown in flgure 62,

‘ //\_ dA
Operating Point — 0

dk
(2]

old ol

i 0

~< < /

- —— ,
™ <0
—r- -
STABLE CHARACTERISTIC UNSTABLE CHARACTERISTIC
Flgure 62, Cascade Pressurc Drop Ratio Curves FD 62909

(Cavitating/Noncavitating)

In the stable characteristic, the curve Is flat at high cavitation numbers
and turns upward smoothly as cavitution number is lowered, indicating that the
cascade becomes o greator restriction to flow as cavitation {ncreases, In the
unstable characteristic, the curve is also flat at high cavitation numbers, but
has an Inflection as cavitation number is lowered. The requirement that the
loss curve have an inflection for a cascade instabllity to occur was also found
by Acosta (8). The slope of a loss curve inflection that would be required to
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causo an Inatability was dofined by substituting from oquation (9) Into equations
(10a) and (11a)s An opernting point would be unstable ifs

2
- A ~V
ar ~ 1 1 2AA ]m._‘;....|< <~—J) (10b)
e ™ € g AR AY dk
| n
or if:
Ag
N B
“nc A"
dr s n (11b)
dk = A2
1 -«-‘lz + Kk
An

Tho right side of equation (10b) ts positive at all operating points. In cquation
(11b) the order of magnitudoe of the terms ts:

Al

Cne“’1

A%/A2 0,01
so that the right side of cquatton (11b) s also positive at all operating points,

Therefore, the model predicts that an operating point can be unstable only
if dA/dk Is positive and has a magnitude greater than that required by elther
cquation (10b) or (11b), Referring to the pressure drop ratlo curves of figure 62,
the model predicts that a cascade with the stable characteristic will be stable at
all operating points, while a cascade with the unstable characteristic witll be
unstable on that part of the inflection having a positive slope, Lf the slope is
sufficiently steep, The magnitude of the slope required for an instability can be

estimated by approximating the values of the terms, These wore estimated as
follows:

A1

Cac™~1

2,2
Aj/A L ~0,01

A ~ 600 cm? (93 In?)
£, ~ 1.6 m (5.3 ft

Ag ~ 600 cm? (78 in?)
dV/dk ~ =2000 em3 (-122 (nd)
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Tho value of dV . /dk was ostimated by fitting n eirenlnr are from the hindae
loading odge through the maximum height polnt, deflinad by ¢ and h in figure 44,
md back to tho blade to doline o completoly elvenlar envity,  ‘Then, ot an
Inetdeneo of 0,28 vad (10 dog), the total eavity volume was ealenlnted for

I 0gd and k= 00404, and dVa/dk wan approximntod aa AV ,/Ak,  Substituting
the above values Info equation (100) and (11h) we obinin the }‘u“m\ ing ostinagton
for the alopo required to cause an matabiliy,

m\_, "1, (10¢)
||v\ ‘
Tﬁfzo.'z (11c)

The required slopes are approximately equal, so that the stabllity model
prodictions can bo summarized as stating that an operating point In the netghbor-
hood of k == 044 will be unstable I dA/dk has a posttive slope groater than about
1,0, We would thercefore expeet to find an inflection in the expertmental prod-
surce drop ratio curves, similar to figure 62, at cuch of the four test points
shown as unytable in figure 15,

65.2.2 Comporison of Cascade Instability Dredictions to Tost Results

The measured cascade pressure drop ratios from inlet tetal to the plenum
froe surface are plotted aguinst cavitation number In flpure 63, Estimated maxi-
mum uncertainties In cavitation number (12'7) and in pressure drop (+107%) are
sufficiontly small to allow tdenttfication of inflcctions in the curves, In figure 63
there 18 an inflection in the curve for 0,28 rad (16 deg) incldence at a cavitation
number of about 0.4, and in the curve for 0,36 rad (20 dog) incidence at a cavita-
tlon number of about 0,36, The curve for 0.31 rad (18 deg) incidence does not
show an inflection, This ts probably due to an insufficient number of data points
between test points No, 26 and 47, where an inflection would be expected, The
positive slopes of the two identified inflections arc much greater than 1,0, so,
according to the instabllity model prediction, we would expect to see tnstabilities
at all operating points that lic on the positive slope portions of the inflections.
Therefore, at 0,28 rad (16 deg) incidence, unstable operating points arc pre-
dicted to be No. 2, 3, 4, 6, 6, 9, 356, and 36, and at 0,35 rad (20 deg) incidence,
No, 12 and 13, All other operating points at these two Incldences are predicted
to be stable, Definite predictions cannot be made for 0,31 rad (18 deg) incidence
since the inflection cannot be identified; however, it probably occurs between test
points No. 26 and 27, and wo would expect test points to the loft of No. 26 and to
the right of No, 27 to be stable,

Comparing the predicted unstable points with the visual observations of
table 4, most of tho predicted unstable points are listed as unsteady, very unsteady,
or pulsating. However, No. 9 and 36 are llsted as steady, Also, many of the
predicted stable points are listed us very unsteady, There is, therefore, no
apparent correlation betwoen predictions and visual observations, This mighs
have been expected sinco there was also no corrclation between observations
and measured pressure amplitudos,
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Flgure 63, Cascade Pressure Drop Ratlo, Cavitating DI 91001
to Noncavitating

The test data points (28, 36, 37, and 40) with the highest casende Inlet
dynamic pressure amplitudes (0, 28 to 0,46 N/CM?, 0.4 to 0.7 psi) are shaded
on figure 63, Points 36 and 37 could fall on the positive slope portion of the
0. 28 rad (16 deg) Incidence curve and might be cxpected to be unstable, Points 28
and 40 are removed from a posltive slope area, however, and the relatively high
dynamle pressurc amplitudes for these points cannot be explained by our Instability
model, There are also many points on the positive slope portions nf the curves
that would be predicted to be unstable but which had relatively low dynamic
pressure amplitudes.

Since there was apparently little correlation between predicted unstable
operating reglons and the test datn, an estimate was made of the dynamic pressure
amplitude that might be expected at an unstable operating point. An "order or
magnitude" estimate was sufficient for this purpose, and It was made using the
linearized equations of the tunnel model. (It should be noted that a linearized
prediction of pressure amplitude s very spproximate, and that an analog solution
would be required in a thovough analysis,) Since very small amplitudes were
cxpected, the lincarized cquations for nozzle flow and cavitation humber were
used to form a rclationship between changes In static pressure (Apj) and changes
In cavitation number (Ak) ns follows:

Ap = (R, +L,8) AW

|
L 2k
Ak = = Ay - AW,
W
Apl:(ﬁl}') (R; +L;8)
&k 7

W
+ Tz—-(-ll " (Ri + LlS)
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Using the definit gns of equation (9 for (Rj) and (I.4) and with
W= A2 p qp 172

2
A A 1/2
A=) o A ()]

Ap1 k AL K A p)

- 2 , 172

S il A). 4 %L P\

k A2 k 2ql
n

Assuming that cavitation numher varies sinusoidally at the frequency of test
point No, 36 (20 Hz), then using the same approximation previously used for
an incidence of 0, 28 rad (16 deg), and additionally (qi 0.2 N/cm?), and

(Ap= 0.05 m?), and (0~ 1000 kg/m3), an estimate of 0.2 N/em? was obtained
for the magnitude of (Apj/Ak).

At an unstable operating point (No. 36 for example) we could expect
cavitation number to vary in figure €3 so that the instantaneous operating point
oscillates from one negative slope portion of the curve, where operation is stable,
through the positive slopc portion, where operation is unstable, and over to the
other negative slope portion, where operation is again stable. This would require
cavitation number to vary from 0, 39 to 0,41, For this variation in cavitation
number, Apj = 2(0.2) (0.41 - 0,39) = 0,008 N/cm? (peak-to-peak) (0,012 psi). This

value is approximately two orders of magnitude lower than any recorded dynamic
pressure data.

An estimate of expected cavity length variation was made by assuming that
total cavity length was twice the length to maximum height (c) predicted by
Stripling and Acosta (19). For swings in cavitation number between 0.39 and
0.41, total cavity length would vary from 44% chord to 42% chord, a movement

that would be difficult to detect and that was considerably exceeded for all
cavitating test points,

Our conclusion concerning the cascade tunnel instability correlation is that
any instabilities that may have occurred were obscured by normal cavitation
oscillations. Cascade funnel test results are therefore inconclusive in regard to
substantiation of the model as a means for predicting instabilities. An analog model
of the complete system would allow more accurate predictions of unstable frequency
and amplitude, but the complexity of the system and the erratic, nonperiodic nature
of the test data make it doubtful that such a model could be correlated with the data,
Further modeling of the cascade tunnel was, therefore, not considered justified,
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5.3 INDUCER INSTABILITIES
5.3.1 Analytic Model

A drawing of the inducer test loop, showing significant features and dimen-
sions, is shown in figure 64 and a schematic of the dynamic model that was pre-
pared to represent the system {s shown in figure 65, The circled whole numbers
refer to static and dynamic pressure measurcment stations., Deccimal numbers
refer to calculation stations between measurement stations. Pressure drops
around the loop are represented by resistances (R), fluid incrtia by inertances
(L), and fluid and pipe wall elasticity by compliances (C), using the standard
lumped parameter modeling technique for hydraulic lines, Air pockets were
treated as increases in local compliance and, since a linear analysis was used,
the resistances were linearized about the steady operating point,

Frequency response analyses of the dead-end lines showed that the proper
relationship of pressure to flowrate at the junctions could be obtained at frequencies
up to about 30 Hz by treating the dead-end lines as simple compliances. The first
closed-end resonance frequency of the longest section of the line in the inner loop
treated as a lumped parameter is 135 Hz, as determined from the one-dimensional
wave equations. Generally, experience with dynamic models has shown that the
lumped parameter modeling technique is accurate at 7+equencies up to 10% to 20%
of the first resonance. The model would therefore accurately follow a sine wave
input up to about 20 Hz, and become progressivly less accurate at higher frequencies.
. This accuracy was considered sufficient to model the instability, since the funda-

. mental oscillation was found to be less than 20 Hz,

s Equations were written to define the ""through flow" or branch portions of the
' test loop in terms of the measured change in static pressure between two points,
as listed in equations (12) below. Compliance at the node locations indicated in
figure 65 was accounted for by relating it to the difference between entering and
leaving flow, as listed in equations (13), and the inducer interfaces with the test
loop system were defined through the inlet and discharge mass flowrates (Wg)
and (Wg) and the inlet and discharge static pressures (pg and p10), as shown in
equations (14) and (16). All equations represent linear perturbations of pressure
and flow about the steady-state operating point, the conventional A having been

omitted for clarity, S = Laplace variable representing d/dt. Other symbols
. are defined in the Appendix,
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P10 =Py " Ryg Wig = Lgg SWyp = 0

Py =Py Ry Wy - L SW, =0

Pg =Py g R 5~ L,8W,=0

Po.5 " Py "Ry g Wy 5~ Ly 5 8Wy 5=0

Py - Pg - R, W, - L, 8W, =0 (12)
P5 = P55~ Ry Wg = Ly SW; =0

L Sw

P55~ Pg =Ly 58W; =0

Py - Pg = Ry Wy - L, 8W, =0

Pg = Pg =~ Rg Wy = Ly 8W, =0

W = Wip = Cp9 8Py =0
Wio-Wy-(Cy+Cy P Sp =0
WI-WZ-CZSp2=0

Wy~ Wa,5 Ca. 550, 5=0

Wy 5-W,=C,8p, =0 (13)
Wy = Wg - (Cg +Cy 1) 8pg =0
W.-W

5 V5,5~ Cp,5505 50

Ws.5~ Wy - Cq 8pp =0

W7-W8-088p8=0

W8 - Wg - CW S‘N8 - (Cp + Cg) Sp9 =0 (14)

These equations const.tute the inducer system analytic model,
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The values that were ealeulated for (I.) and (C) from tho known test Taop

geometry, tho calculated pipe complianee, and the bulk modulus of water at the
measurad tomperatures are tabulated In table 9, Reslstancos (R) at the tost
flow coofficlonts, which wore caleulatod from the moasured statle pressures,

are

also tabulated, Discharge valve reslstance was a variable (since Inducor

head rise varied with eavitation numbor), and Its reslstanco is plottad agalnst
cavitatlon humber In flguro 66 for the radlal leading edge Inducor,

The Inducer portion of the systam dynumic model is 1llustratod In tahlo 10,

The varlables that dofined the Inducer in equations (14) and (15) were obtalned,
as Indicated in the table, from the measured head vs flow map (figurc 24), the
measured head vs cavitation number map (figure 27), and the pro-ileted cavity
volume map (figure 67). The cavity volumeo map of figure 57 represents blade
surface cavitation only, and, to account for tip vortex cavitation, It would be
necessary to plot the sum of both forms of cavitation. The derivation of the
equations that represent the inducer are discussed in the following paragraphs.

Table 9. Values of Inducer Loop Inertance,
Compliance, and Resistance

Inertance, Compliance, Resistance,
L C R
Cobsoript) | | s e
$=0,070 | ¢=0.080 ] =0.090
1 8.36x 1075 [ 0,54 x 10™% ) (1) 1)
1.1 @) 5.56 x 10~4 @) @) @)
2 11.20x 1073 | 0.76x107* | 4.66x1072| 5.64x 10°2| 6.10x 10~2
2.5 15,00 x 1073 [ 1.01x107% | 11.58 x 1072| 13.91 x 102| 15.01 x 10~2
4 16.00x 1073 | 1.35x 107 | -3.01x 1072| -3.51 x 1072| -3.76 x 10~2
5 6.40x102 | 1.45x107% | 2.71x10°2| 3.01x10°%| 3.52x 102
5.1 @) 19,30 x 1074 @) @) @)
5.5 4,10x 1073 | 3,80 x 1074 @) @) @)
7 5.49x107° | 19,90 x107% | 1.07x10°2| 1.20 x 10°2| 1.41 x 102
8 2.71x207 | 3.04x107% | 0.54x1072]| 0.65x10°2| 0.71 x 10°2
9 @) 3,32 x 1074 @) @) @)
10 3.87x10° | 8.21x107% | 5.11x1072| 6.01x10°2| 6.56x 10°2
(1) Variable, (Sce figure 66.)
(2) Not Used {n Model.
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Resistance, Radial Inducer

Under steady-state conditions, inducer performance can be written
(assuming constant speed):

Pr=APhne

A =1y (P W) (16)

Prnc = f2 W)

Under dynamic condlitions, Inlet flowrate (Wg) can differ from discharge flowrate
(Wg) because cavity volume can change. Inducer pressure rise becomes a function
of both flowrates. It is assumed that the above relationship for tnducer pressure
rise Is valld under dynamic conditions If the steady-state flowrate (W) s replaced
by Inlet flowrate (Wg) in "f1,'" and by discharge flowrate (Wg) in "f2." Then
under dynamic conditions inducer performance can be written:

P = )\Prn

r C
N = f,(Pg, W) (17)
Prne = f2(Wo)
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Table 10, Inducor Representation In Dynnmie Modal

Vc
/ ————
Wa Z Pm
c )
t—— — Y D
= p N,
9 L\
| L |
X A Ag

_:*, Uy

=y : Performance APy = Gp APy + Gw AWS - l{p AW9
;“ ' ‘ [ J
Continuity AW8 - AW9 = - I’AVc
Cavity Volume - ﬁAVc = Cp apg + CW AW8

S I op <

el Pressure Gain G =—320 -4 —H-é I}i
= P Py 1+¢
= Head
N Falloff
E 9Py Y = [_® ;ax 3\ , M
Flow Galn ~G,= Su = i-19-2vk - +P=—= ap

=1, W oWy A (}+¢ ok " " oo
o 2 ]

—o : 3p U [ /A - - Head
3 Pump Resistance R =- -a—“% = Xt- (TL -2 2 . Flow
3, ( P o A1\ 3 Map

__,‘é‘ . o
EE J Vv 0 v, 7
o . Pressure Compllance C =-p—L ==

- % . P Pq v+ 3% O% Cavity

=4l | t 3 5 Volume

R P\ - \' v.| [Map
" , 1 (2 _\_c¢c. __¢
i) Flow Compllance C, =-Pxor = = {2k - -

P w BWB AlUt (1 + ¢2) dk Y3

In these equations, "f; and fy" stlll denote the herd falloff and head vs flow maps
o obtalned from steady-state tests or predictions. For lirear perturbations about the
o steady-state operating point, inducer discharge static pressure (P10) can be written:

s | APy = APy + AP, + Aqg - Aq, (18)
“ aPr aPr aPr
* AP = by APo* S, AW W, AW (19)
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The symbol (A) denotes a lincar perturbation nbout the steady~state operating
point, Inlet and diacharge volocity hoads are donoted by qg and qg, rospectively,
Kach coofficlont In equation (19) {s considerced to be a conatant, ovaluated at the

stondy-stato oporating point, From the relutlonships of oquation (17), tha coof-
flelonta In equation (19) can he avaluatod as:

P of
.g..,‘lmp Mél,rf 1

by rne 3py,  23p

a]’r A of

= = D e f
6W8 rne WS 2

3

(20)

P AP of

r A rne =f 2
3w, =*3w, “hw

i}

The velocity heads can be written:

W2

8

tme  Ommam—.
=

q
8 2pA

2
W9

(21)

Substituting equation (20) Into equation (19) and equations (19) and (21) into
equation (18), Inducer performance becomes:

oty
APyg = 1+t2—aT3- Apg +
St -
w 1
~3 thw |4Wg - (22)
pA:

of
W
[ 5 - aw

J 1

PA
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The thrae coofflelonts In equntion (22) enn ho Intorpreted as o "proasure
galn® (Gp)y n "flow galn'' (Gy), and 0 “"pump Intornal roslatanco" (Ilp). fo that
oquation (22) enn ho writton:

aAbyy - Gpép9 l Gw 4‘.\Wﬂ - I{')AW9 (23)

The threo coofficlonts could he avaluntod directly from the hoad falloff nnd
hoad v flow mapa and known oporating polnt If the maps wore avaltlable In torms
of prossuro and flowrate, Slnco tho maps are avalluble In torms of cavitation
numhor (k), flow coofficiont (&), and noncavitating hond coofficiont ), Itls
convoniont to redefing the functions "f1 and fy'" In those torms,

A= fl(l-{"a)

- - (24)
V= 1p(3)
Use Is made of the following standurd relationships:
- Pg=P
k = Z, Y
v
Y i
¢ = —
U
Vo= W
Vi = PA, (25)
1/2
=L, T2
q' =5 + )
R
rnc p"'Ut

The coefflcients (Gp, Gy and Rp) In equation (23) can then be obtained in
the equivalent form shown in table 10, Values for these coefficlents that were

caleulated for the radlal leading edge inducer are given In flgures 67, 68, and
69,

Continulty at the Inducer involves changes In the total volume (Vg) of
cavitation present. TFor linear perturbatlons, the liquld belng stored In tho
inducer iIs:

d
AW - AWy = (- PAV,) (26)

The Instantancous cavity volumoe ls assumed to be n function (fg) of Inlet
statle pressure und Inlet flowrate, whero "f3'"" denotes the steudy-state cavity
volume map,

v, = f3(p9,W8) (27)
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Far HUnenr porturhations;

a1V R\

S 2 —
AV~ S ARy T AW, (24)

The Hguld holng stored In the Inducor hocomaes:

av, av,
o - f) - Y PR 0
PaVo =Py 3PP v AWy (21)

The two coolflelonts In oquation (29) can ho Interprotod as o progsuro coms=
pllaneo (Cpy) und a flow complianco (Cw)y 8o that equation (29) ean ho writion:

- ﬂAVc 5 C‘p APy Cw AW, (40)

Tho two coofflelonts, Cp and Cy, could bo evaluated diroectly from tho
cavlty volume mup If tho map wore avalluble n torms of pressuroe and flowruto,
Since the mup Is uvalluble In torms of cavitation numbor ad flow cooffictont,

It 1s conveniont to redofine the function "fy" In thoso torms:

Vo = 3K, ) (31)

The cooefflelonts Cpy und Cy tn equatlon (30) can then be nbtalned in the
oqulvalent form shown In tuble 10, Values that were culeulated for tho rudlal
leading edge Inducer are glven tn figures 70 and 71.
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Equatlons (23), (26), and (30) complately dofine the thducer dvnamles und
complete the model deseription, Predictions were generated by simultaneous

golution of the thducer equations uand cquations (12) und (13) thut deseribe the
tost loop hydraulie system,

65.3.2 Model Predictions

Model predictions were generated in the form of o damping ratio (¢) and
an undamped natural frequency (W) that corresponded to each root in the character-
Istic equation of the wuter loop. Graphical definitions of ¢ and W are glven in
figure 72, The roots indicate the mammer in which the water loop would respond
to a disturbance, If "y(t)"" represents an arbitrary parameter in the water loop,
such as Inducer discharge pressure, cach palr of complex roots indicates an
oscillatory responsc of the form:

vy = e "9 gin @ 1- 2y

and cach real root indicates a ramping response of the form:
-{wt
yit) - e "%

The overall responsc Is the sum of the response [rom each root, The actual form
of the disturbance (sine wuve, pulse, ote.) would add additional terms o the over-
ull vesponse; however, the roots indieate the response that s charactorlstic of
the water loop and determine whether the water loop would respond in a stable or
unstable mannee, Thercfore, to analyze the stubility of the water loop it Is only
nccessary to examine the roots of the characteristic cquation for evidence of
unstable response,  The disturbance required to initiate unstuble response is
always presert in the form of normal vibration and need not be considered,
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Figure 72, Definitions of Damping Ratio and Natural FD 63062
Frequency in the Complex Plane

Pogitive damping ratio ({) indicates a decaying oscillatory amplitude or a
decaying ramp, which is stable behavior. When damping ratio is negative, the
water loop is predicted to be unstable; and when it is positive, the loop is pre-
dicted to be stable. The form of the unstable behavior is indicated by whether
the damping ratio is obtained from a complex root pair (oscillatory behavior) or
from a real root (ramping behavior). .

The convention used is that damping ratio always !ies between -1.0 < £ < 1,0,
For a complex root pair, damping ratio can be interpreted as the ratio of actual
darping to critical damping of a second order system, such as a spring-mass-
damper system, where critical damping is the value at which oscillations would
ceuse. For a real root, damping ratio is either 1. 0, indicating whether the root
lies to the left or right of the origin (figure 72).

Actual oscillatory frequency for a complex root is given by the damped
natural frequency v 1-¢4); however, since the magnitude of damping ratio
for the complex roots is generally very small, the frequency can be approximated
by the undamped natural frequency (w). For a real root, natural frequency does

not imply oscillatory behavior, but locates the distance the root lies from the
origin (figure 72).

Since the equations used to describe the water loop arc linear. amplitudes
reached at unstable operating points cannot be predicted, A linear analysis can
only determinc whether a given operating point will be stable or unstable, and,
if unstable, indicate whether the inttinl bohavior will be an oscillation or a ramp.,
There is no direct relationship between damping ratio obtained from a linear
analysis and osclllation amplitude reached by the actual nonlinear system,
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Howover, a qualitative relationship usunlly exlsts in that o large negative damping
ratio Indicates that oscillation amplitude would grow much more rapidly than a

small nogntive damping ratio,

Indicating a tendency toward a more severe

instabllity. It Is therefore reasonable to expect that damping ratio will be an
indicator of relative oscillation amplitude,

Actual cscillation amplitude can he predicted by solution of the nonlinear
equations describing watcr loop dynamic motion on an analog computer, Non-
linearities arise from pressure drops around the water loop and from the nonlinear
relationship between cavity volume, pressure, and flowrate. A linear analysis was

selected over the nonlinear approach bec

ausc it allows greater flexibility in

identifying destablilizing effects throuy narametric studies and is, thercfore,
a more powerful tool for evaluating moauc. validity. An additional nonlinear

simulation would have comp

effort.

lemented the analysis but was outside the scope of

Instability predictions were generated for the radial leading edge inducer
and later qualitatively extended to the swept inducer during the data correlation
eifort. The only significant difference between the inducer systems was the
smaller cavitation volume of the swept inducer,

Noncavitating values of { and w are listed in table
frequency.

roots and represent ramping behavior of the water loop,
are complex roots and represent oscillatory behavior.

11 in order of increasing

Damping ratios are all positive and therefore correctly indicate that
the system is stable under noncavitating conditions, Roots 1 and 10 are real

while roots 2 through 9
Root 2 represents the

basic low frequency, oscillatory behavior of the loop and was found to show the

greatest change with cavitation number.

instability in the head breakdown region.

Root 1 was found to indicate a runaway

Table 11, Noncavitating Values of Damping Ratio and Natural
Frequency, Radial Leading Edge Inducer

@ =0.070 $=0,084 @ = 0,090
Natural Natural Natural
Root Frequency, Damping | Frequency, Damping | Frequency, Damping
Number Hz Ratio Hz Ratio Hz Ratio

w ¢ w ¢ w ¢
1 4.5 1. 0000 3.6 1. 0000 3.3 1, 0000
2 4.7 0.0180 44,7 0.0152 4.7 0,0148
3 63.2 0,0525 63.2 0.0631 63,2 0.0536
4 110 0.0209 110 0.0125 110 0,0098
53 145 0.0309 145 0.0316 145 0,0321
6 172 0,0008 172 0, 0009 172 0,0010
7 195 0.0140 196 0.0094 195 0, 0079
3 245 0.0102 245 0.0102 245 0,0104
9 2956 0.0124 295 0,0072 295 0. 0055
10 1106 1, 0000 1100 1. 0000 1097 1. 0000
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Oscillatory type instability predictions are shown in flgures 73, 74, and 75
over a range of cavitation humber from 0, 22 to 0, 04 for flow cocfficlents of 0, 070,
0,084, and 0,090, Roots 2, 3, 6, and 8 have negative damping ratlos (an instability
is predicted) over nearly the entire range of cavitation number, Othoer osclllatory
roots had positive damping ratios, Inducer hoadvise was assumed to be unaffected
by cavitatior over this range, and the negative damping pradictions are, thoreforo,
representative of "continuity" mechanism instabilities, The measured shape of
the head falloff curve did not significantly affect predictions in this range of
cavitation number, The air thut was observed to form In the heat exchanger was
accounted for in the analysis and is shovm on the curves along with predictions
made with no ailr, The noncavitating values of the roots are indicated on the
right of the figures.

Root 2 is the most important because it represents the hasic low frequency,
oscillatory behavior of the system. Root 3 is only slightly higher in {requency,
but its damping ratio does not show as substantial a change with cavitation number
as that of root 2, Roots 6 and 8 are of such a high frequency that they are not
considered significant to any instabilities., The root 2 damping ratio curve
intercepts zero damping at a cavitation number above 0.27. The curves show a
gradual drop in damping ratio with cavitation number to the point of air formation
in the heat exchanger. At that point, there is an abrupt drop in damping ratio.
Natural frequency also gradually drops with cavitation number to the point of air
formation, at which point it drops abruptly. The natural frequencies and damping
ratios generally decrease with flow coefficient, signifying that oscillatory
frequencies would decrease and amplitudes become more severe as flow
coefficient was reduced,

Root 1, which represents a ramping type instability, also varied with
cavitation number, Since this root is strongly dependent on the shape of the head
falloff curve, the measured maps from figure 27 were used to generate predictions.
Predictions are shown in figure 76 for the flow coefficients of 0.070 and 0. 0903
0.084 was similar to 0,070 and was omttted for clarity. The predictions are
shown in the form of damping ratio and natural frequency as a matter of convention,
These terms are ambiguous for ramping-type instabilities, and they do not imply
oscillatory behavior. A reduction in natural frequency toward zero indicates a
tendency toward transition from stable to unstable operation. The predictions
therefore show that a ramping instability should occur for the 0. 090 flow
coefficient at k = 0,035, The other two flow coefficlents are predicted to be
stable, but they are tending to go unstable, as evidenced by the dropping natural
frequency prediction,

Model predictions are correlated with inducer test data in the next para-
graph, and the degree of correlation is evaluated through parametric treatment
of the variables in paragraph 5. 3. 4,

*5,3.3 Correlation of Model Predictions With Test Results

Model predictions for the lowest frequency oscillatory root (root 2) ar.
compared with test data for the flow coefficients () of 0. 070, 0,084, and 0, 090
in figures 77, 78, and 79, Test data are from figure 39 and are the lowest
measured frequency component. The measured range of cavitation number
(0. 22 to 0,03) and the measured head falloff curves were used in the model,
Predictions are for the radial leading edge Inducer, and test data are for both
the swept and radial inducers. The noncavitating predicted values of damping
ratio (f) and natural frequency(w) are indicated on the right of the curves.
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The model predictions for the radial inducer correlate favorably with the
oscillatory test data in that:

1, The negative damping ratio curve indicates that the loop is
predicted to be unstable at all test points, and oscillations
were measured at all test points.

2. The predicted drop in damping ratio at k = 0, 06, when air
formed in the heat exchanger, coincides with the measured
sudden increase in oscillation amplitude.

3. The predicted rise in damping ratio toward stable operation
below k = 0, 04 coincides with the measured decrease in
oscillation amplitude.

4, The relative magnitude of damping ratio at the three flow
coefficlents when air formed in the heat exchanger agrees
with the relative magnitude of measured amplitude,

Predicted frequcney is higher than measured and shows more change with
flow coefficient than measured, but has the proper trend of decreasing frequency
with decreasing cavitation number,
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A runaway instability, making it impessible to hold a Atoardy~atato oporating
point, occurrod at a flow coofficiont of 0,090 but not at the two lower flow coof=
fietents, A veal roat of the loop characteristic oquation (root 1), an Indientor of
ramplng behavior, predictod that o runaway Inatability should aceur at @ 0, 090
hut not at the two lowor flow coofficlonts,  The predietions were shown In flpare 70,
The Tigure shows an abhrupt deeroase In damping ratlo at o cavitation numher of
0,05 for the 0,000 flow cocfflelont, Indleating n {ransition to unstahle ramping
operation, The ohsorved runaway Inatabllity occurred ot n envitation number of
approximately 0, 032,

The effeet of leading edge sweephaek on measured cavity length was shown
In flgure 68, ‘The data ave lHmbted, hut they conslstontly show that the cavitios
become shorter as sweepbuck I8 Inereasod, The offeet of sweephack on systom
dynamies I8 therefore to provide n smaller suction surface cavity at a given
cuvitation number,  Swept Inducer system osclllatory characteristies would
therelore be predieted to resemble radial inducer characterlsties If the {wo were
compired with the swept Inducer operating at a eavitation number that was lower
than the radial inducer, such that cavity volume for the two inducers was the same.
This qualitative prediction is consistent with the test data, which showed lower
amplltude pressure osclllations and higher frequencies at a glven cavitatlon
number for the swept inducer,

Prerotation of the inducer inlet flow can effoct stability through its effect
on the head flow map, the head falloff map, and the cavity volume map, Model
parameters that werc dertved from these maps tnclude pump resistance (Rp),
pressure gain (Gp), flow gain (Gy), pressure compliance (Cp) and flow com-
pliance (Cy). Since Rpy Gp, and Gy, werc obtained from measured data, the
effect of any prerotation that occurred in the tests is already tncluded, Cp and
Cw were obtained from the predicted cavity volume map, however, and do not
include prerotation effects directly., The cavity volume calculation does include
an empirical length adjustment, but the inducer data used for the adjustment

( were insufficieat to empirically account for prerotation. Prerotation would tend

to reduce incidence angle and cause the cavitation cavities to be smaller than
predicted, thereby reducing Cp and Cy,.

!

From figure 42, {t can be seen that prerotation, as measured at a radius
near the inducer tip, was greater for the low flow coefficlents and decreased
as flow coefficlent Iincreased, Actual cavity size would therefore tend to differ
from the predicted "zero prerotation' cavities more at low flow coefficients,
and there would be less spread in cavity volume with pressure and flow (Cp and
Cw) than predicted., The use of reduced Cp and Cy values In the model equations
would rosult In predictions that show less spread in dampling ratio and natural
frequency with flow coefficient than the predictions of figures 77, 78, and 79.
The new predictions would agree more closcly with test results that show very
little spread In amplitude and frequency with flow coefflciont at cavitation numbers
(k) above 0,06 (where prerotation was measured), Prerotation coased below
k = 0,06, and a spread with flow cocfficlent in the test amplitudes and frequencies
and in model predictions then occurred. However, below K = 0. 06 tho trend of
test frequency with flow coefficient for the radial inducer s opposite to predictions,
for reasons which are not presently understood. For the swept inducer, the
expected trend of Incrensing frequency with Increasing flow coefficlent occurred
bolow k = 0,06, Above K = 0,06 the fundamental oscillation component for the
swopt {nducer was not sufficlently distinct to identify its frequency, so that a
trend of frequency with flow coefficlent could not be identified,
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The anly signlfieant nrea in which the predietions do not coreelate vlosely
with the tost data Is the memitude af the aselliatory frequeney,  Inoan offort o
resolvo the frequency diffor mce, the tost procedure and feellity wepro examined
to ldentify any unaccomwntoed fo - gystom compllimees that could hive o ffoefod
prodicted roqueneles,  Bofor bemg 1ed, the witer loop was evaeuntod (o
2,1 Nem™ (4 palm, Proviously «lwu:}ru!ml water was then pumped info the laop
untl) loop pressure reachod 17 NZeme™ (26 psiny,  This pressure wos malntalned
while hleed valven n high parts of the loop wore openod (o oxpel trapped aby,
A veviow of the hleod valve loeations peventod that one aven, I nn unused Inop
fegy could have had o trapped ale pocket boeause the valve loeatlon wis nof ot
the top of the plpe, The weetlon of $he Toop I question fs shown In fgnre 8o,
Approximately K060 em (1,530 gahy of ale ot 9, 9 N/mn!!‘(:x pahiny cowld have hoeon
trapped by the venturl throat and compressed to 625 em® (0, 26 gahy 0t 17 N/em?
(206 pslwy during the bloed process,  Thege wator lovels are shown In the pipe
crogs section of flgure 81, The are pocket would remuatn trappoed by the vonturl
throat since loop pregsure was not again lowored o 2, 1 NZem? durlng the test,
Such an amount of air ls condlstent with an observed Ineroase n total loop fluld
volume (us determined by n change In diseharge accumulator surge tunk Joveh
ol approxtmately 3785 em' (1, 0 gal) whoen loop pregsure was lowered from
26 to 10 N/em® (38 to 16 psiw, The teapped ale would aeeount for 655 om'
(0. 17 galy of this volume change,

The elfeet of the trapped alr on the system wus caleuluted at o flow coef-
fictent of 0,084 and a cavitution number of 0, 16, 'rapped alr volume under
these conditions would be 530 em? (0, 14 gul)s  Model prodictions of damplng
ratio and natural frequency as functlons of ulr volume at the location shown In
figure 80 are shown in ligure 82, Alr volume has a negligible effeet on damping
ratio, but it has a large clfect on frequency, The ealeulated amount of air would
lower the system natural frequency [rom 42 to 27 Hz, as compared with a
measured [requency of 16 Hz, As little as 157 of the caleulated amount of afr
would lower the natural requency from 42 to 34 1z, It is probable that ncavly
the total ealculated amount of alr was trapped and that the aly accounts for port
of the difference between predicted and measured frequencies,
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The remalning difforence hetwoon prodicfod and measured | requencioes conld
ha necounted Tor by additlonal complinnees, such as ontealnod ale in the witor,
tip vortox envitatlon, nnd/or nonlinearvities In the cavity valume mprves, L The
facet that test Taop fotal Muld valume Ineressed by approximatoly 3785 om? (1.0 gah
whon proasure wan redueed fram 20 10 10 N/oms (98 to 15 el ghven an indiention
that additlonal campliances wore prosont, ‘Fhis volume lnereane has heon
necounted for an follown:

emil, JHiie
Pipe and Water Compressibility 110 0, 0
Blade Surfuee Cavitation (€ - 0, 84) 80 0, 62
Trapped Alv in Loop Log b6 0,17

815 0,22

Thus, thero remains approximately £900 em3 (0,8 gal) of unnecountod for dig-
placement, {ndicating the prosenco of ndditional compliances, which, tf included
in the model, would certainly lowor predicted natural frequencles,  Tip clearance
cavitation would form a part of this unaccounted for compllance; 114 effeet on
damping ratlo and frequeney are shown in [lgure 83 for the & - 0, 084, K= 0,16
condition, The effcet of tip clearance cavitation would be to Lnereuse pressurce
complinnce an amount that {8 currently indeterminate, An Inerease from the
nominal value of 0, 00007 (which represents predicted blade suction surfnce
cavitation only) to 0. 084 would lower the natural frequency from 28 Hy to the
measured 16 Hz, Intuitively, such an incrense due to tip clearance cavitation
alone seems high, but it should be remembered that there Is a substantial amount
of unaccounted for compliance that would lower [requency regardless of its source,
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Figurc 83, Lffeot of Prossure Compliance on DT 91016

Osclllatory Predictions; Radial Loading '
Lidge Inducer; ¢ = 0,084, k = 0,16
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b.3.4 Paramotric Effocts of System Variablos on 8tability

Scveral parametrle studies were c-nducted during which the sonsltivity of
Inatabillty predictions to varlous systora parameters was evaluated, The purposes
of the studlos wore to (1) provide quantitative information concerning possible
fnaccuracies in the predictlons that miay have resulted from Inaccuracles in
parameter definltion and (2) identify potentially "'stabilizing" system changes,

The results of theso studies are discussed In the following paragraphs,

5.3.4.1 Inlet and Discharge Line Inertance and Resistance

The effect of Inlet and discharge line inertances (Lg and L10) on predicted
damping ratio and natural frequer.cy is chown in figure 84 at a flow cocfficient of
0,084 and a cavitation number of 0. 16, Incrcasing these inertances is equivalent
to incrcasing the line lengths between stations 8-9 and stations 10-1 of figure 64,
An inlet inertance increase from nominal o five times nominal results in only
slightly lower damping ratios and natural frequencies. The same increase in
discharge inertance has a negligible effect on the predictions. A similar lack
of sensitivity was found for pump resistance (Rp), which is proportional to slope
of the head vs flow map, and for contro! valve resistance (R1) over the same
order of magnitude range, although these curves are not shown. These results
are valid for our closed-loop system only. An open-ioop system, such as a
rocket engine feed system, was found to be sensitive to inlet line length in
another study (27). The above comments refer to oscillatory instabilities.
Ramping instabilities are sensitive to pump resistance (Ry) and control valve
resistance (Rp) in that a decrease in these resistances reduces system resistance
and head required to maintain flow. This reduction makes it easier for head
available to jump above head required and initiate a runaway instability.
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PERCENT OF NOMINAL VALUR

Figure 84, Effect of Line Inertances on Oscillatory DF 91006
Predictions; ¢ = 0,084, k = 0,18
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5.3,4,2 Cavitatlon Pressure Compliance (Cp)

Pressure complainee Is a measure of the eavitation volume responsce to
statle pressure changes, The offect Ol pressure compliance on predictions was
shown In figurc 83 for @ = 0,084 and k = 0,16, An Inerease in compliance rom
the aominal 0, 0067 to 0,010 would cause system to he stable and would lower
osclllatory frequency from 27 to 15 Ilz. More than the indleated nominal pressure
compliance was known to he present in the inducer loop, the additional compliance
being uttributed fo tip clearence cavitation, TFuther additions in pressure compliance
could be obtained with an accumulator at the inducer inlet. A highly significant
finding with respect to pressure compliance was that it alone cannot cause an

instability, If cavity volume change:l only in responsc to changes in static pressure,
the system would be stable,

5.3.4.3 Cavitation Flow Compliance (Cy)

Flow compliance is a measure of the change in cavitation volume with
flowrate, The effects of flow compliance at & = 0,084 and K = 0. 16 are shown
in figure 85. A reduction of flow compliance from the nominal 1.7 to 0. 25 ms
would stabilize the system. Flow compliance has a negligible effect on frequency.
Tip vortex cavitation would contribute some flow compliance above the nominal
but the amount is indeterminate. Flow compliance is the predicted destabilizin
parameter above head breakdown, If it is set to zero, the system (s predicted

to be stable regardless of the values of other parameters,

0.1
L
g’ Stable
<
™~
§ 0 b
s Unstable

0.1
2 $0
3 40
E
g
& 20 Nomlnat
E 10
b3

0 0,005 0.0t 0,02 0.08 .10 0,20 0.50 10 2,0 5.0 10,0

blow (‘.omplluwe Cy - millliseuonds
Figure 86, Effect of Flow Compliance on Oscillatory DF 91017
Predictions; Radial Leading Edge Inducer;
¢=0,084, k=0,16
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5.3.4,4 TInducer Pressurc Galn (Gp)

Pressure gain is a measure of the change in inducer head rise with inlet
pressure, The only area where pressure gain was sufficlent to significantly affect
predictions was in the head falloff arca. It was thercfore evaluated for flow
cocflicients of 0,090 and 0,070 at a cavitation number of 0,04, The scnsitivity
of oscillatory predictions to pressure gain in this arca is shown in figure 86, The
vilues of Gy, for a k of 0,04 and 0,031 arc Indicated on the curves for reference.
An increcasc In pressure gain is equivalent to a reduction in cavitation number
because the inducer head risc drops increasingly rapidly as cavitation number is
reduced. As pressurc gain is increased (cavitation number reduced), the model
predicts a return toward stable operation. Frequency is predicted to decrease
for & = 0,090 and to increase for § = 0,070, Pressure gain is the parameter that
causes the predicted damping ratio in figures 77, 78, and 79 to rise toward stable
operation below k = 0,04, a prediction that compared favorably with measured
data.

Precsure gain has an overall stabilizing effect on ramping behavior of the

test loop.
1 83?‘
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Figure 86, Effect of Pressure Gain on Oscillatory DF 91018
Predictions; Radial Leading Edge Inducer;
k=0,04
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6.3.4.5 Flow Galn (Gy,)

Flow gain {8 a moeasure of the change in inducer head rlse with inlet
flowrate, The effects of flow gain on system oscillatory hehavior are shown
in figurc 87 for flow cocfficicnts of 0,070 and 0, 090, and a cavitation number
of 0,04 and 0,031 are shown for reference. The curves show that flow gain has
a relatively small effect on oscillatory damping ratio and frequency, Flow gain
has a strong influence on ramping behavior, however, as shown in figurc 88,
The values of flow gain for the k = 0, 04 and 0, 031 points arc indicated, As
gcavitation number is lowered from 0. 04 to 0, 031, flow gain decreases at
® = 0,070 (and at 0,084, which is not shown) and increascs at ® = 0.090. The
increase in flow gain at ¢ = 0. 090 is sufficient to cause the model to predict a
transition from stable to unstable operation. The decrease in flow gain with
cavitation number at the other flow coefficicnts is stabilizing, This predicted

behavior correlates with radial inducer test data where a ramping-type instability
was observed for ¢ = 0,090, but not for other flow coefficients,

+0.1 Stable
0
;: Ol Unstable
2 0.3 \O\\ $ = 0.090
: el
g 04 ——
0.5 -
° = 0,070
0.6
O K = 0.04 (Nominal)
@ k = 0,031 (Runaway Point)
2
. 50
3
y 40
é = 0.0%
& 20
2 10 oo 82000
g -
20 1 0 ] 2 3 4 5
FLOW GAIN, G, - I: ;::2
Figurc 87, Effect of Flow Gain on Oscillatory Pre- DF 91208
dictions; Radial Leading Edge Inducer;
k=0,04
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Figure 88, Effect of Flow Gain on Ramping Pre- DF 91019
dictions; Radial Leading Edge Inducer;
k=0,04

In spite for the stabilizing effect of flow gain at ¢ = 0,070, a tendency toward
a runaway instability below k = 0, 04 was predicted ia figure 76. (The reduction in
natural frequency indicates that the real root damping ratio is approaching a transi-
tion from +1.0 to -1,0) The reason for the predicted tendency toward instability
was that inducer head rise decreased below k = 0,04, which caused the control
valve resistance (R1) and the inducer internal resistance to decrease. The
decrease in Ry and Rp is a destabilizing effect for the runaway instabllity since
it reduces system resistance and head required to maintain flow. This reduction
makes it easier for head available to jump above head required and initiatc an
instability.

5.3.4.6 Inlet Line Compliance (C7)

The addition of inlet line compliance to the system model at a point some
distance upstream of the inducer (location 7) is comparable to changing the model
from a closed to an open loop, wherein the inlet line becomes more similar to an
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cngine Inlet line, The effect of a high compliance (open loop) on damping ratio
and natural [requency predictions is shown In figure 89, The solid line is the
original prediction (with no air in the heat exchanger), and the dashed line s for
high inlet line compliance. The prediction indieates that the transition from
stable to unstable for the two systems would oceur at approximately the same

k (<0,22), but that the open loop would probably experienco greater amplitudes,
The damping ratios and natural frequencies shown In figure 89 arc for the lowest
frequency oscillatory root that showed significant change with cavitation number
for cach systom, Unlike the closed-loop system, the next to lowest frequency

root in the open-loop system (at high cavitation numbers) showed greatest change
and became the lowest frequency root at low cavitation numbers,

0.0 Stable

o 1.
- t
g 01 Unstable _
5 02
é 04
g 04
0.8 == Clused Loop
== =Upen Loop
0.6
3:' 50 .
3 . Ll
g - )
£ :
‘ié 20
g 10
g "
s % 002 o0+ 006 008 o018 o1z o Py TR TR Y —
CAVITATION NUMBER, K
Figure 89, Effect of Inlet Line Compliance on DF 91264

Oscillatory Predictions; Radial Leading
Edge Inducer, ¢ = 0,084

6.4 SIMPLIFIED INDUCER SYSTEM MODEL

A somewhat complex sct of equations (12, 13, ---) was used to describe the
inducer test loop in paragraph 5,3.1., This complexity resulted in accurate re-
sponse predictions but, unfortunately, it also obscured the significance of the major
paramcters affecting stability, A simplificd system model is described in this sec-
tion to permit morc apparent analytic interpretation of the roles played by pres-
sure gain (Gp), flow gain (Gy), pump resistance (R ), pressure compliance (Cp),
and flow compliance (Cy). The influence of the hydpraullc system paramecters,
such as inlet line resistance (Rg) and tnertance (1.g) and discharge valve resistance
(R1), can also be casily interpreted,

The inducer test loop of figure 16 can be simplified by assuming that: a
large supply tank cxists at locotion 8; a large discharge tank cxists at location 23
all compliances, cexcept that due to cavitation, are negligible; and the discharge
tank is sufficiently close to the inducer discharge to make any inertance between
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the two negligible, The resulting simplificd model is shown [n figure 90 and can
be described by:

1, Large supply tank maintalned at constant pressure (pg)

2. Rigld inlet line having resistance (Rg) and inertance (Lg)

3. Cavitation cavity at inducer inlet having a total velume (V)
that {s dependent upon the instantaneous values of inlet static
pressure (pg) and inlet mass flowrate (Wg)

4, Inducer (or pump) turning at constant speed creating discharge

static pressure (pyg) that is dependent upon the instantaneous

values of inlet static pressure (pg), inlet flowrate (Wg), and
discharge flowrate (Wg)

5, Rigid discharge line of negligible inertance containing a dis-
charge valve with resistance (Rq)

6. Large discharge tank maintained at constant pressure (pg).

The linearized equations describing this system can be obtained from
equations 12, 13, ---. With the simplifying assumptions these become:

Inlet line:  Apg = - Rg AWg - Lg AWg
Continulty:  AWg - AWg = - p.AV,

Cavitation: - pAV, = Cp Apg + C,, AWg
Performance: Apyp =G

pApg + Gy, AWg = R AW,

Discharge line: Apqyqg = R, .’.\W9

Supply Tank Infet Line
Inducer or Pump
Pg "\
Pg
Constant \o
Wg-
Discharge Tank
Cavity Volume (V!
P2
Constant
Figure 90, Simplificd Inducer System Model FD 63340
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The elght constants in the above equations are represented graphically in
figure 91, All constants arc obtained from tho known geometry and operating
point; the steady-state head-flow, head [alloff, and cavity volume maps; and the
relationships of cquations (17 and 27), Flgure 91(a) is the conventional inducer
head falloff map. Figure 91(b) I8 constructod from fligurc 91(a) by first plotting
head falloff ratio (A\) vs steady=-state flowrate (W) for the operating point inlot
pressure (pg) and multiplying by noncavitating pressure rise (Pppe)e  Figure 91(c)
{s constructed by multiplying the noncavitating head-flow map (Ppne) by the opera-
ting point head falloff ratio (A). Figurcs 91(d) and 91(e) are the predicted cavity
volume maps, Figures 91(f) and 91(g) arc predicted or measured static pressure
drop curves for the inlet and discharge lines, respectively, Figure 91(h) is con-
structed from the known geometry of the inlet line, The terms (Up ®/A) and
(Ut ®/Aq)(A{/Ag)2 in figures 91(b) and 91(c) result from the velocity heads at
inducer inlet and discharge and the fact that the maps represent inducer total-
to-total pressure rise while it is static pressurc at inducer inlet and discharge
that is used in the equations describing the system.,

The five simplified system equations can be solved simultaneously to

obtain the equation of motion for a typical parameter, such as cavity volume (V.):

[ &4 &
{(Rp + Ry)LgCp} AV + {(Rp + Ry)(RgCp - Cy) + GpLg} AV, +

{(Rp + Ry) + RgGy, - G, } AV, =0

p C

The condition for a cavitation-induced instability is easily seen through
analogy with the spring~mass-damper system of figure 92, The equation of
motion for such a system is:

M¥+BX+KX=0

The following analogy between the inducer system and the spring-mass-damper
system can be made: ’

Mass: M~ (Rp + Rq)LgCy
Damper: B~ (Rp + R1)(Rscp - Cy) + GpL8

Spring: K~ (Rp + Rq) + RgG,, - Gy,

p
Either system will be unstable if the damper or the spring constant becomes

negative, The model then indicates that a cavitation-induced instabtlity will
occur when:

G L
8
Cy > RgCpy + ﬁﬁTRI (32)
or when:
Gy, > RgGp + R + Ry (33)

Equation (32), involving cavity volume changes, represents the "continuity"
mechanism of an instability, while equation (33)sinvolving Inducer performance,
represents the "performance" mechanism mentioned tn paragraph 3.1,
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K L_:J B M = Mass
K = Spring Constant
X B = Damper Cosfficlent
) X = Position From Equilibrium
M L
Figure 92, Spring-Mass-Damper System FD 51471

Above head breakdown G,, = 1 and Gy, approaches zero. Equation (33)
does not predict an instability, since (Rp + Rq) and Rg are positive numbers,
However cquation (32) predicts that an instability will occur if:

Lg

CW > RSCD + ‘ﬁ-p—.'_—ﬁl- (34)

Both flow compliance (Cyy) and pressure compliance (C,) are zero under non-
cavitating conditions. Since inlet line inertance (Lg) is a positive number, we
see that noncavitating flow is predicted to be stable, a necessary condition for
an instability model. As cavitation number is lowered, both Cy, and C, increase
(always positively), An instability starts when flow compliance (Cy,) reaches a
value that satisfies equation (34). When cavitation number is lowered to the
head breakdown point, pressure gain (Gy) takes on a large positive value,
Referring to equation (32), this is seen to be a stabilizing influence and explains
why oscillations have generally been noted to disappear when head breakdown
begins,

In the head breakdown region, flow gain (G,,) can also take on large posi-
tive values, An instability related to inducer performance will start if Gy,
reaches a value that satisfies equation (33). This type of instability occurred in
our tests, making it impossible to set a steady-state operating point,

Frequency of oscillation at the initial instant of the instability can be
estimated as the system undamped natural frequency., By analogy to the spring-
mass~-damper system the natural frequency is:

(Rp + Rl) + R8Gp -G

w = vV K/M = \/ w
(Rp + Rl)LSCp

Since the operating point of interest is usually above head breakdown
(Gp =1 and Gy, approaches zero) and since inlet line resistance is usually
negligible (Rg = 0), this reduces to:

w =/ 1/14C, (35)
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Comparing oquation (38) with oquntion (34), with Rg = 0, it ean he scen
that for a glvon pump (known R.,) and given hydraulle systom (known l.g and Ry
flow compliance (Cy) dotermines the operating point at which the inatability
atarts, and prossure complance (Cp) determinos tho oscillation froquoncy.
Thus, It ls nocossary to define Inducer envitation In terms of hoth flowrate and
prossure,

‘The simplified systom modol qualitatively oxplaing the occurronce of
cavitation-inducod Instabilitlos and domonstrates that inducor cavitation and tho
e hydraulic systom in which the Inducer oporates aro linked togethor to creato tho

' conditions under which an Instabllity can oceur, Both must be considered in an
analysis of stability, The link also implics that stabllity can bo achleved through
- ‘ changoes io the hydraulic system as well as through changes to the inducer,
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SECTION 6
CONCTLUSIONS AND RECOMMENDA TIONS

1 CONCTUSIONS

(1Y A ayatom modal ean oxplaln tho occurronco of solf=Inducod Instiblity In
cavitating Indueors nnd enn he usod to dofino stabllizing systom changoa,
Tho modaol roquiros aceurate dofinltions of [nducor and systom puramotors
, In torma of rosistunca, Inortunco, und compliance, Froquoney prodictions
- nro espoclally sonsltive to progsure complianco,

(2) Two mochanlsms can causo Ihducor Instabllitles: (1) a "continuity' moch-
" anism that Is oporable whenevor flow-scnsltive Inducor cavitation a8 prosont;
B E and (2) a "porformance' mechanlsm that {8 usually operable only in the
: hound hreakdown rogion, Continulty Instabilitles arvo of primary Intorest
hocause thoy cun occur In tho usual inducor operating roglon, Both in-
stubllity mechanisms wore observed and corrolated sutisfuctorily with
predictions In this program. Sineco blude suction surface cavitation is
known to occur at inlet pressurcs well above those at which performance
Is affectad, and this cavitution is inherontly sensitive to flow perturbations,
K such cavitation Ls believed to he primarily roesponsible for "continuity"
_ type instabilitles, Tip clearance cavitation would contribute to "continuity"
instablilities but the magnitude of the contribution is unknown. Tip clear-
K ance cavitation may also be stubllizing in overull effect if its sensitivity

o to flow I8 small relative to its sensitivity to pressure. This can only be
proved by developing a tip vortex eavity model.

(8) Predictions of conditions under which an Instabllity may occur, the

;1' ' frequency of oscillations, and trends of the instabllity with changing con-
ditlons can be predicted with a linearized analysis. Predictions of ampli-
tude and frequency after the start of oscillations would require an analog
% ‘ treatment of the nonlinear relationships. Both linear and analog analyses
HE should be conducted to thoroughly define the instability, with the linear

" analysis being used to gain an appreclation of significant parameters and
trends and the analog analysis to predict exact amplitudes and frequencles,

A PO (4) Cascade instabllities are also explainable through the use of a system

el » model, but the test data genceratoed In this program were {nconclusive

v in that regard. The "performance'" moechanism Is belleved to be the only
N oporable mechanism In a two-dimenslonal cascade because Incldence
angle, which is analogous to Inducer flow coefficient, would be constrained
Y to a constant value, rendering the "continulty' mechanism Inoperable.
"Performance'" type cascadoe Instubilities require an inflection ln the cas-
cade loss vs inlet pressure relationship, and such an Infloctlon wus mous-
ured in this program,

6.2 RECOMMENDATIONS

(1) A lincurized model was used to gencrate predictions of operating con-
ditions under which an Instability would be expoctod and the trends of
the Instability with changes In the system and operating conditions. The
model predicted the onset of osclllations at high cavitation numbers and
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thin was subatantintad hy toat data,  The monsured amplitudes wora
rolutlvoly amall, howavor, and did not Inevonse approetably untll envi-
tatlon numhor wos loworad a substuntinl amount,  Thone low nmplitwdon
may Lo qulekly damped out and not eaune any prossuro oselllations In nn
actunl onglna systom, It wonld ho doslrahle, thavofora, to gonorato
Inatabllity froquoney and anmplitude prodietions ovor the full rango of
cavitation numhor theough the use of an annlog modol, Wo recommond
that sueh an analog modol of the Inducor syatom ho praparod nned e
prodietions corralatod with tost data to furthor substantiato the maodeling
toehnlqguo,

Exportmontal data that are avallublo for substantintion of tnducor bludo
suctlon surfuco cavity volumo prodictions aro limlitod, Instubllity pro-
dictlons uro sensitivo to tho rolatlionship of cavity volunio to flowrato.

Addltlonal Inducor tasts and eavity model roflnoment offort are rocom=-
mended to provide n more aceurnto, substantlatoed dofinition of suction

surfaco cavity volumoe as a functlon of cavitatlon numbor and flow coof-
fleient,

Tlp clearance cavitation Influences Instabilitios hocause of volume sensl-
tlvity to pressure and flowrate chunges, but the magnltudo of Its effect

Is currently Indeterminato. Analytieal and oxporimoental offorts to define
theso relatlonships is recomriended,

Detalled model predictions have only been genorated for the tost loop
system, and its general applicability to othcr systems and fluid should be
demonstrated. At least one additlonal system In which Instabtlities have

been measured should be modeled and the predictions correlated with
test results,

Several systom changes that appear to have a stubllizing Influence have
been ldentifted In this program. These changes are tangentlal Inlet flow
Injection, prewhirl inducing gulde vanes, and added Inducer lnlet pres-
sure compliance. Such changes should he further defined analytically

and demonstrated systematically in a "bascline" system whose character-
Istles are well known., The objectives would be (1) to demonstrate that
the changes resulted In the predicted stabllity trends and (2) to provide
prelimlnary definition of inducer and/or system dosign changes that can
be applled to obtaln stability.
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APPENDIX
NOMENCLATURE

Definition

Cross-scctional arca normal to cascade nozzle

ox inducer centerline

Cascade nolzzlc mean cross sectional arca
(x -4/ [ g-j-;)

Damping coefficient

Length of cavity collapse region
Compliance of inducer loop water and pipes
Cavitation pressure compliance

Cavitation flow compliance

Cascade noncavitating total pressure loss
coefficient (C_ = Dnc/qi)

Length of cavity to point of maximum height

Cascade total pressure loss

Functions representing inducer head falloff, head

vs flow, and cavity volume maps
Pressure gain

Flow gain

Total head

Ideal Head

Total-to~total head rise

Maximum cavity height, step height, or
static head

Fluld incidence angle
Spring constant
Local or cascade cavitation number

Inducer cavitation number based on average
static pressure and tip relative velocity

Total length of cavity

Unit

L

FTL™2
L
Mr-11.2
MrF 112
mm™ Lt

dimensionless
FL~

dimensionless

F1L 2m"1r

L
L
L
L

rad (deg)
FL-1
dimensionless

dimensionless

L
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Definition
Cascade nozzle length

Fluid inertance of cascade inlet nozzle or
inducer loop

Mass

Rotative speed

Inducer total-to-total pressure rise

Static pressure

Volume flowrate

Fluid velocity pressure

Static-to-static resistance of inducer loop
Cascade internal resistance

Inducer internal resistance

Cascade nozzle resistance

Laplace variable

Inducer or cascade tahgential blade spacing
Inducer tip speed

Fluid absolute veloeity (Assumed axial at
inducer inlet)

Total cavity volume
Mass flowrate

Coordinate along cascade nozzle centerline or
of oscillating mass

Angle of characteristic equation root in the
complex plane, or flow angle from axial

Angle of cavity collapse

Denotes linear perturhation about steady-state
operating point

Inducer inlet flow coefficient
(¢ = vz/ut)

Damping ratio

Unit

F1.-2M~172

T~1

FL-2

FL~2

371

FL~

FL 2M 1

M- 1p
FL 2m ™ 1p
1

FL™

FL 2M™IT

L

Lt

%

L3

mr~L

L

rad (deg)

rad (deg)

dimensionless

dimensionless
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Symbol Definition
w Undamped natural frequency
o Fluid density
T Inducer normal blade spacing or step
scparation passage height
A Ratio of inducer head rise to noncavitating head
risc or cascade pressure loss to noncavitating
pressure loss
v Inducer average head rise coefficient
A )
(¥ = gH /U7
Superscripts:

Average value

Relative to inducer

Subscripts (unless otherwise indicated):

d
h

v

Z

Condition at cascade or inducer discharge
Condition at inducer hub

Condition at cascade or inducer inlet
Condition at cascade nozzle inlet

Noneavitating value

Condition above free surface in cascade plenum tank or

condition at inducer tip
Component in tangential direction
Vapor pressure

Component in axial direction

1,2,3...10 Condition at station in inducer loop

Unit

M1,

L

dimensionless

dimensionless
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