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- FACISITIES.AND'TEGHNIQUES‘EMPLOYED AT

LEWIS RESEARCH CENTER IN EXPERI<

MENTAIL INVESTIGATIONS OF
CAVITATION IN PUMPS
By Staff of Lewls Research Center
ABSTRACT
The'Pump Branch of the Fluld Systems Components Pilvision of Lewis

Regsearch Center is conducting a study of cavitation as 1t occurs in the

pumping of high-energy propellants (cryogenic liquide) used in chemical

~and nuclear rocket engines and slkall metals used 1ln space-electric-

power generastion systems. This paper enumerates the program srees of
study and lists and describes the facllitles snd the technlques utillzed
to supply experimental input to progrém gtudies, Test flulds lnclude
water, cryogenic liduids, and alkall metals.
INTRODUCTION

The material'contained in this paper covers primerily the experi-
mental resgearch on cavitation‘in pumps currently being carried out, or
projected, by the Pump Branch of the Fluid Systems Components DPilvisilon,
Lewis Research Center. Interest of this group in thg cavitation phenom-
enon stems prinelpally from the application of pumps§in_flow systems of
chemical and nuclear rocket engines utilizing the high-energy (cryogenic)
propellants and space~electric-power generation units employlng alkalil
metals.

System Requirements
In a rocket engine system the reduction in welght is realized through

the lowering of tank pressures (pump net-positive suction head) and util-
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izing high pump rotative speeds.‘ The high“head»rise-reqﬁired to produce

a given pressure with a low specific weight fluid such as hydrogen coupled
with & trend toward increasing thrust chamber pressures are additionali'
reagons for advocating high blade speeds.; The factor that limits the ex-
tent to which low system pressures and high rotative speeds may be ex-
ploited is generally cavitation through its deleterious effects on pump
performsnce.

Space-power generstion systems considered herein include those util-
izing high-temperature alkali metals as the working fluid in a Rankine
cyele. The primary pump research problem in these systems is that of
avoiding or at least controlling cavitation demage to the pump impellers
and casings, particularly in the condensate return pump. Subcooling the
working-fluid condensate below the saturation temperature to provide a
net positive suction head for the pump increases the size of the heat-

i réjecting radistor and, therefore, the overall weight of the system. A
limited amount of subcooling will probably be required, however,. and in
addition, a pump inducer stage, possibly a: jet pump, will probably be
required ahead of the main condensate return pump. The degree of cavita~
tion, if any, that can be tolerated in a pump“rotof over an extended .
operating period without undue damsge to structural meterials must be
.firmly'established, as well as effective means of controlling conditions
leading to vapor formation. ' '

Cavitation may also complicate the startup sequence of this type of
system, a boot-strap operation begun in space. At the low inlet pres-
sures cavitation at startup will certainiy be severe unless auxiliary

means are employed to. control it.
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Research Problem .Areas

From considerations of system requiréhents, the following areas for

- further study of cavitation in turbomachinéry are designsted.

Demage to structural perts. - This includes an understanding of the

mechanism causing‘damage; & correlstion of damsge occurring during pump
operation with that induced by accelerated methods such as with magneto~
gtrictive devices, and s definition of the parameters (both hydrodynamie
and metallurgicel) affecting deamage.

Effects on performaiice characteristids. - Objectives.of this phase

gre & better understanding of the cavitation process, a knowledge of

types of cavitation incurred, the effects of various flow and geometry

parameters on cavitation performance of inducers, and a better defini-
tion.of gtable operating range.

-Scale. effects., - Scale effects have been defined as devigtions from

clessical similarity laws. Studies conducted in this phese are directed

. téward & better understanding of scale effects due to physical properties

of fluids, dimensional sizing (including blade tip clearance), and speed.

.. Unsteady effects. ~ Under certainucombinations of flow and inlet -

pressure, & highly unsteady form of cavitétion_has been observed in pump
fotbrnpassages. In addition to causing degradation of the pump perfSr— “
mance, such cavitation could become & gource for triggering lnstabilities
in the system flow. Magnitudes and frequency of pressure and flow per-
turbeations will be observed and correlated with perform%nce and -cavita-~
tion paremeters.

‘A second phase of this study is concerned with the excitations origi-

nating in the system and being imposed upon pump flow. Changes in megni-
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tude and/or phase of these system induced perturbations:iofsflowrand -
pressure occurring from flow across the pump will be observed and corre-
lated with cavitation parameters.

Effects of cavitation on stage metching. - Multistage axial-flow

pumps and inducer-centrifugal pump combinations are under study in this
ares.
FACILITIES AND TECHNIQUES

Insofar as possible, experimentalwinﬁﬁt to meet program objectives
is obtained using water as the test fluid. Operation in water is eco-
nomical, permits extended operating times, allows detailéd measurements
of:all'types, and is conducive to visuslization techniques.

Considerable evidence, however, has been advsnced indicating that
cavitation effects as measured in water cannot be accurately related to
those ocecurring in a different fluld by means.of similarity laws. Con-~
sequently, concurrent investigations are ébnducted in both cryogenic
liquids -and alkali metasls. The results obtained from investigations in
the latter fluids are, in general, limited by the type and number-of
megsurements that can be taken, the difficulty in.conducting visualiza-
tion studies, the hazardous nature of the fluids, the limitations in
operating time (for cryogenic fluids), and, at the extreme temperstures
experienced, the mechanical operating difficulties encountered.

Summary of Faciliﬁies
In order to supply experimental_cavitation data, the following fa-

cilities are operated:
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(1) Test facilities using water
(&) Cold=water-pump testzfaciliﬁy
() Varisble~temperature water-pump test facility
(c) Jet-pump facility
~(2) Test facilities using cryogenic fluids
(a).Boiling—fluid»liquid-hydrogenupump test»facilify
(v) High.;flow liquid~hydrogen~pump .test facility
(c) High-speed liquid~hydrogen~pump test facility
(d)‘Liquid»oxygenupump‘test'facility .
© (e) Liquid-fluorine-pump test facility
“(3) Test facilities utilizing liquid metals
:.-(&) High=pressure sodium-pump test facility
() Low-pressure sodium=-pump test facility
vz (4o Miscellaneous facilities - these are test installations operated
outeide of the PUmp‘Bfénch but which ﬁrovide useful input information to
the work -of the branch.
R u(a)menturi test loop utilizing water
s () Venturt test loop utilizing émYogenicvfluids.
CUEE e » Facility Desecription and Techniques

‘“‘J‘QOEdaﬁaterépump tegt faeility. - This facility, usuelly referred to

in the literature wg the Lewlg water tunnel, was first placed into opera~
tion in 1958 and to date»has,suppliéd*allithé Lewis experimental data on
cavitation in pumps operating in weter. ' A schematic diagrem of the com-
ponents that compose. the system and their location is presented in Fig. 1,
and an.overall view’of the test facility is presenféd in Flg. 2. The

capabilities of the components sre enumersted in table I.
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The facility serves several purposes. First, with the exception of
cgvitation damage, basic cavitatioh‘information supporting all the objec~
tives is obtained. Second, new or different operational techniques,
visualization methods, or instrumentation are developed herein before
being applied to operation in cryogenic fluids or alkali metals.

Performence date  -is obtained by radlelly surveying flow conditions
at the inlet and the outlet of each individual blade row. The types of
probes used to record radial distributions of total pressure, static
-pressure, and angle are shown in Fig. 3. The probes are mounted in ac-
tuators thet move the sensing elements to a number of preprogramed readial
locations. Each'sénéing element incorporstes & null-balancing stream-
direction-sensitive element that automatically alines the probe to the
direction of flow. All pressures are messured with transducers and are
recorded along with angle and radial location on psaper tape through a
digitizing potentiometer at a rate slightly faster than 1 per second.

Blade performance for various modes of operation, both cavitating
and nbncavitating, is presented in terms.of (1) radialfdistributions of
flow conditions at blade inlet and outlet, (2) performance across a se-
lected number of blade elements, and (3) over&ll'perfbrmance, which is

....... integrating the el@mentlperformancé'resultsg_,An;example of
test rgsults from an inducer rotor presented in;this form is shown in
Fig. 4. A more detailed discussion of this test facility, test:proce-
dures,,and ingtrumentation may be found in references 1 to 4.

A significant portion of cavitation research carried on in this
facility is devoted to visualization techniques: Visusl observations

provide the investigator with a physical picture of the flow occurring
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at various modes of operation and aid in ﬁhe selection of flow models
neceésary-to obtain analytical expressions for: .computing flow conditions
throughout blade passages. » |

Cavitation occurring in pump rotor péssages ig photographed in
Sevgral faghions.

(1) Cavitation is photographed by meaﬁs of ‘& high-speed 16 milli~-
meter camers utilizing a continuous light source and a framing rate of
6000 fremes per second. This method provides & time history of the
cgvitation process aSvWEIl ag an opportunity to.visuslize the cavitation
occurring in successive bla@e passages.

- (2) Cavitation is also fhétographed by ubtilizing a low-speed 16 mil-
limetef:camera'with & framing rate of gpproximately 24 frames per second
: in“conjunction with & stroboscopic light.: Blade motion 1s.stopped, and
-photographé‘df the same blade pagsage are obtained after a given number
of -revolutions.

(3) Cawitation may also be photographed by employing a 70 millimeter
- camers -to take single photographs at particular: operating conditions where

‘greater:detail. of the cavitation zones is desired.

- Pypieal film . strips illustrgting fhe methods outlined and the types of
cavitation observed.are shown in Figs. 5 to:?;; Additional exsmples of
this technique are contained in references 1 and 2.-

A second method fof observing flow‘paﬁternéfis by.means of tufts
mounbed on the caging as well as on the blades and the hub surface of
'the rotating elements. . The direction .of the tufts is observed over 'a

range of flow-conditions and. Ig recorded on film for .correlastion with
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performence results.. ‘Illustretions of this visualizabion technique are
shown in Figs. 8 to 10,
Some preliminary attempts st visualizetlon through the injection of

dyes such as nigrosive black snd acid chrome blue. into the.flow entering

rotating élements have been mede. While there is some promise for this
mé@@qd,,additionalfefferts are required‘before‘the usefulness can be
ev&iuated;

High-response'instrumentation to measure pressure and flow fluctua~
tions is lncorporated into all investigations conducted in this facility.
The- three types. of probes“considered thus far include the high-response
pressure transducer and the barium-titanaib crystal for measuring pres-
v‘sﬁre'fluctuations.and the thermistor for observing flow fluctuations, -
The-outputs: of these probesg. are reconéed on oscillographs,«visicorders,

. and magnetic tape. . Exsmples- of  the type of data~obtained4are,pnesented
’ iﬁ;Figw“llp

| The studyrofnpumpﬂdynamic performancé in' which: flow and pressure
peﬁturbatiOnsﬁof‘controlled frequency and megnitude. sré Iintroduced into
the-flow. at~the pump- inlet. will be conductédzin thig facility. An at~-
tempt will be made. to detérmine what changes in magnitude and phasse oe-=

cnr during the flow through thé pump. -

~ Vaerisble temperature water_pumpqtgst~facilityi - This test facility
is currenfly under construction, and it is-anticipated that.opergtion
will.begin early in 1964. The'test—fluidutemperature-may;be varied from
80° to 450° F with the corresponding variations in the~phyéical.proper-
ties. Thus, & primary-function-of;this:teSt.faQility.will“bevﬁo provide

data for a study of scaling due to physical properties of liquids. One
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model for cavitation similarity sssumes that, with thé vepor and ligquid
in thermal equilibrium, cavitation conditions are similar when the ratio
of volume of vapor formed to volume of mixture of vapor &nd liquld are

the same. This ratio, called the B-factor (Ref. 5), is related to fluid

- physical properties. Table II lists the velues.of B-factor of typlecal

test flulds for comparison with water at verious temperature.

The technique, the associated inStrumentatioﬁ, and the recording
devices usedvto‘obtéin ﬁe{formance, visualfstudies,'and unsteady flow
messurenents are simila;;£o those .uged in the cold-water facility and
digcusged previously. A schemstic diagram of the test facility is con~

tained in Fig. 12 asnd the capabilities of the test loop and: components

-noted. dn( table I.

Ll Waters jet~pump test facility. - A water-jet-pump program was ini-~

tieted primerily to support the alkeli-metals pump research.effort in
the.‘ares. of cevitation.control through the injection of high-pressure

1i§pidfinto‘the'loWAPressure inlet stresm. In this fecility the mixing

phenomens ‘both With and without cavitation and genersl jéte-pump: perfor=

mance will be studied‘ ‘The data generated“wilinbe.used-ihfthe désign“of
eonfigurations to be applied to high-temperature alkali-metal-pump tests.
- A-schematic diagrem of this facility is shown in Figs 13 and &
sketch of & typical. test section ghowing ingtrumentation locations: in
Fig. 14. An OVErall;viewvof the test facility is shown in Figf'IS.‘“Iﬁ
addition to méasuredfperformance,‘considerable emphasgis is placed on
&isualization techniques ircluding the use of dye injection.

' Boiling=-fluid. liquid-hydrogen-pump test rig.. ~-This test facility

wes designed specifically for the study of cavitation in.inducers.oper=
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ating with iiquidlhydrOgen¢.,A'cutaway,viéw-of:the-test loep appegrs in
TFig. 16. The pump test.sectioﬁ is located gt the bottom of the 2500~

‘ gallon'vachﬂmvjacketed.tank, and piping ig designed such that flow from
tpewpump may be recirculated beck into the tank or conducted to a re~
ceiver'taﬁk.f Seven 8-inch dismeter tubes are used for lighting and views
ing the lucite-shrouded test section.

A1l test operstions are conducted menually from & remotely located
control center. Running‘times ranging from 5 to 15 minutes are gengrally
eﬁplbyed. . Pump "performance 'is calculated from‘bréésufe (total and static)
fﬁé&surements obtained from fixed rskes, temperatures'from-carbon regis=-
tors; -and NPSH frém‘vapor bulbs (Ref.. 6). Congiderable development ef-
fomtﬁoﬁ flow-angle measuring devices immersed in liquid'hydrogen is slso
carriéd; -on«  Ungteady pressure measurements are made with high_-response
phessire -transducers. - Visualizetion studies utilige ﬁhe'same.type camerss
'tSrUSed“inLWamér"ﬁesﬁs plus closed~circuilt television.. To .dste, photo-
ﬁgraphs-ofbhydrogéh;flaw'have.not attained the high quality of those ob~
ﬂained%of-Waterrflow;. Conditions that complicate visualizatidﬁ’techniques
dnethis facility inelude (1) difficulty of getting sufficient light -through
the long ‘tubes and on the rotor inlet flow being photographed, (2) optical
clearness and size‘gf-windOWS'used*—'qurtz-windows with best optical
c¢letrness are extremely expensive, (3) .vapor bubbles thgt form in the
Bottom of the tank as the tank pressure 18 lowered and pass in.front of.
tthe” viewihg windows, and (4)-a ecloud formation that appesrs to form on

‘the pump lucite shroud after a short period .of operation and impairs
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To date, the fécility hasAoperatedxaé a.felatively low~gpeed, Llow-
power test vehicle. The test dmba obtained in this facility demonstrate
the improved cavitation performance obsgerved during operation ih liguid
hydrogen.--@omparisons of this latter performence with the cavitation
performaﬁces measﬁred from simller, or the same, rotors operating in
water supply input informstion to study the gscaling effects due to phys=
icel properties of fluids. Visuslization ‘techniques have indlcsated ,h-that
cavitation in 1iquidshydrogen ﬁumps occurs in & differént‘manner than
that commonly observed during operation with water, and these observa-
?tiOHS‘have aidéa in the selection of flow models for use in snslyticsl
ﬁéchniqﬁes’for calculating two-phasge flow patterns in inducer blade pas;
éages.' Investigations have also been conducted to determine the ability
of.an inducer-to handle.a‘boiling fluid, that is, with no external tank:
pressnrizatidn, bath‘in recirculating and tank pump~out conditions. The
lattefﬂdatazserves to ‘determine "woost™ pump capebility fof~application
«in feapibility studies.

,TWD’projectsfplanned for thig tegt faeility are instslling heéters

- to simulate heatlng due to radistion and to study pumping under thesge
conditions and cooling liquid hydrogen down to 20° to 25° R to study the 
pumping of hydrogen.in slush form.

Modificetions are cu?fently underway to increase the power, the
gpeed; the flow rate, and the maximum-systbm pregsure capabllities of
 this facility. Accordingly, both the present and the projected capabili—
ties of this test facility are enumersted in table I. A detailed deSCriﬁ-

tion of thig facility is given in reference 7.
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High—flow liQuidshydrogen~pump test faci;ity.‘A.This test facility
gecommodates the highéflow, high—poWer iiquid-hydrOgen_pumps such as in=-
ducer and centrifugal pump combinations and multistage axial~inW'pumps.
It is &n open#lo@? system, and the present tankage.running times =zre relaf
tively.shoft (flow rate of 5000 gpm gives & running time of ‘approximstely
1l min). JFor this reason a complete test procedure is preprogramed and

cenducted‘aui@matically. Three ramp generators permit simultaneous snd

independent véPistion of any three parametéers (flow, speed, and NPSH) as

3
desired. 'Overall performance, unsteady flow measurements, and stage

metching comp 'Mé the input of this test facility towsrd obtaining the
ovarallﬁobjecfives of the program. . In addition, thrust-balancing deviees
‘and*hydrogennlubficatedjbearings are mechanical festures studied in this
faeility. A schemstic disgrem of the test loop is shown in Fig. 17 snd

- an-overall view of the facility in Fig. 18.

»~Highwspeed 1iquid=hydrogen~pump ﬁest facility.v~~Thiswhigh—spee&3‘
high=pressure test facility accbmmodates complete pump -units, that is,
_verious combinations of ‘a cavitating inducer and a high~presgsure rise -
produecing centrifugal impeller. With present tankage; test runs.of ¢ to
5 minutes are possible, and 8ll tests areipreprogramed’éndlcOntrolledi
gubtomatically. Three ramp . generators permit independent and simultaneous
verigtions.of flow, speed, and NPSH (or system pressure) as desired.

Some detalled performance of the ré%ér*st;ges mey be-obtainedfw”Uhsteady
flow meesurements will also be made. |

Ag with all facilities, .the dats obtéine& from this facility will
contribute towerd eventual realization of more than one of the objectives

of the oversll progiem. A primary purpose of investigations conducted in
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this test: loep Will‘be'thelexperimental sﬁﬁdy‘of stage'matghing,problems.
‘Bebause'ofjthe speed range capability, scale effects due to speed will be
exsmined, and unsteady flow~effects‘(presSMIe“perturbations) will be ob-
sérved'for;aafange of speedsuand‘modes of operstion. Also, since the.
pump and turbine employed herein are ﬁatched units, startup and accelerg~
tion trensient cheracteristics will be sﬁudied.

Research projected for this 't“eé'b“fa‘cil.ii‘:y 1ﬁc.1udes the incorpormtion
‘of & boost pump with its own drive unit “in series with the high-speed
.induCerhcentringalipump‘cambinaiion«‘
. A gchemstic diagram of this test facllity is shown in'Fig.‘19 and
Feellity capebilities are listed in table I.’

e HEiQuionxygens'and liquid~f1uorine-pump:test‘facilities&f— Thesél‘

tio est facilities are discussed together because their designs are
“giniledr and the gingle schematic diégram-shown in Fig. 20 will suffice .
‘for thé two fmcilities. Aﬁ;évétall.view_of_the liéuidafluorine"testffaw
“eility is ghown in Fig. 21+ Beth &are cloéedulomp systems incérporating
& hest eﬁdhahgerfto maintain'fluid‘ﬁempefatpre and to permit extensgiive
operating periodg.. Both test loops employ only‘fixedviﬁstrumentation 80
that pump overall performance results sre the primsry output. Capability
for visualizing the liquid-oxygen flow in the inlet portion of the pump - .
hes been provided.

~ Beverel successful tests pumping liguid: fluorine, including some
under cavitating flow conditions, have beén mmde., This test facility‘
and some performsnce résults'afe digcussed in more détall in reference.8.

High~ and low-pressure.slksli~metal-pump test facilities. =~ The.pri-

mary purpose of these test facilities is to supply experimental results
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of cavitation demsge occurring in pump rofors (including that for long-
term operation) and of the effects. of cavita_tion.on pump performance,
The deta obtained will also supply some input. toward studies of scale
effects.and gtage maﬁghing. Investigdtioﬁs of Inducers willl be conducted
in the low-pregsure loep whlle complete pump units (inducer plus centrif=
ugal impeller) will be tested in the high-pressure loop. .Eventually the
capebility for injecting high~pregsure fluid upstream of the inducer in-
let;willfprobably be incorporsted into both systems.

Both test loops have been operated with liquid ‘sodium at . tempera~
tures up.to 1500° F for verious operating periods up to approximately
40 hours. Operation times experienced thus far have been limited by seal
and bearing.fgilureg as well gs by instrumentation prpblemsi(particularly
torque measurement accuracy).

The investigetion presently being carried out in the low-pressure.
loop serves as an example of the type of information that will be obtained
from thege test facilities, An inducer-type bladé row with nine blades
made of three different materials (three blédes of each'material) has been
installed. . The cavitation performance of the rotor will first be-deter-
nined, and then the rotor'ﬁill_be operatgd for approximately 100 hours at
some selected fluid temperature‘and“inlet pressure in the cavitating
range.. The rotor will then be removed and exsmined for cavitation demage.
Observed material démage will ﬁhen be corrélated'with that induced by ac-
celerated methods (such as~With,mggnetostrictive-devices),

Schematic dlagrems of these two test facilities are shown in Figs;
22 and ZSf ‘Qverall views of_the two test.facilities»argjspown in Figs.

24 and 25.
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‘Venturi test facility. = 'This.test facility is operated by the Flow

Physies Branch in a.study of fluld tension.observed under dynamic flow
conditions; .To-date a‘single‘venturiJsectiOnjhas been opersted with
water, nitrogen, and Freon 114, Projected research for this facility
includes operation with a number of different Venturi gections and pog-
siblyiwith.othernfluids including liquid hydrogen. -Results will be ap=~
plied to the study of scale-effects and to ald in establishing conditions
for obtalning equilibrium between vapor and liquid in cavitating regions.
A gchematic diagram of this facility is pfesented in Fig. 26, A detailed

descriptioﬂcbf this facility as well as test results are contained in

| ﬁeferéndes.aaand;lo._

CONCLUDING REMARKS
The deleterious effects of cavitation have long forced compromises

in thehdeéign;and/br operation of flow'éystems‘andvthEIr components. :The

‘responeibility within the NASA Lewls Research Center of studying this flow

pheéncmenon (and its: effects) in turbomschinery and, in particular; in the

pumping of ‘highwenergy ﬁropellants'(cryogehié‘liquids)‘and;alkali-metals

Ffalls o the Pump Branch of the Fluild Systems Components Pivision.. . This

paper. has briefly summarized this group’s program objectives,. the facili=

tieg utilized te supply experimentalviﬂfOrmamion, the type of data ob-
gerved, and how these data apply toward satiating these objectives.. To
supplement this effort, NASA also maintains extensive contraect:research
effort with various companies and universities. These efforts are co-
ordinsted with and supply. ddditional input’'to the’ in-house activities but

are not discussed in this papers
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TABLE I. - PUMP TEST FACILITY CAPABILITTES

E-2386

v

Perameter Pump test faecility
Cold Veriable Jet Boiling | High flow | High speed{ Liquid Liquid High- Low-pressure | Projected
water temperature (fig. 13) fluid (£ig. 17) | (fig. 19) oxygen fluorine pressure sodium boiling
{£ig. 1) water (£ig..18) (fig. 20)j(fig. 20) sodivm (fig. 22) fluid
(fig. 12) (fig. 23)
Test fluild
Hz0 Ho0 Hp0 LHp LHy LHp LOg LFy Na Ne. LHp
Pump 1 L L
ddemeter, Axial 51t09 5to9 5 to 63 8 % 4 2 5 to 9 3t05 5 (max)
in. 1
Centrif- 12 4= 9 5
ugal 2
Fluid tempera~ 830 to 580 {530 to 910 520 to 630 36.5 to 5@ 36.5 to 5d 36.5 to 50{ 140 to 170{140 to 163]1260 to 1960] 1260 to 1960(25 to 75
ture, °R Automstic | Automatic
control control
Brive power, hp Variable Varigble - |==cmcceae- Cold-air | Hot-gas Cold LH, |Hot-gas Cold-air |Electric Electric Hot-air
freq. elec. | freq. elec. turbine turbine gns turbine turbine motor motor turbine
motor motor 50 10,000 turbine 800 200 250 125 500
3,000 3,000 1,000
Maximum speed, 11,000 15,000 | ~=eremeae- 15,000 35,000 | 60,000 20,000 20,000 35,000 25,000 30,000
rpm Direct Direct
drive drive
Maximm flow, gpm |10,000 4,500 Primary: 100} 1,800 9,000 1,100 1,200 300 1,500 1,500 3,500
. Secondsaxy:
400
Flow measuring Venturi Venturi Primary: Venturi Venturi Venturi Venturi Venturi Electro- Venturi Turbine
device turbine F.M. |and magnetic flow-
Secondary: turbine flowmeter meter
Venturl flowmeter
Maximum system 200 600 130 100 1,000 1,500 1,500 1,000 300 150 200
pressure, psia
‘System pressure Alr pressure|Np gas { Alr pressure |Hp cover |Hg cover |Hp cover |He cover |He cover Argon cover |Argon cover |Hp cover
control on rubber pressure on | on disphragm | gas ges gas gas gas gas gas gas
- diaphragm in] diaphragm in] in accumulator
accumulator | accumulator




TABLE I. - Concluded. FPUMP TEST FACILITY CAPABILITIES
Parameter Pumnp test facility
Cold Variable Jet Boiling | High flow| High speedj Liquid Liquid High- Low-pressure| Projected
water temperature (fig. 13) fiuid (fig. 17)| (£fig. 19) oxygen fluorine | pressure sodium boiling
(fig. 1) water (fig. 16) (fig. 20) | (fig. 20) zodium (fig. 22) fluid
(fig. 12) (fig. 23) -
Test fluid
Hzo H20 Hzo LH2 LHZ LHZ LOZ LFZ Na, Ne. LHZ
Pump | Axial 509 50 9 5 to 6% 8 2= 4 2= 5t09 3t05 | 5 (max)
2 2 2
dismeter,
in- ) Gentris- 12 . 9 5
ugel
Range of system 5 to 200 Approximate |10 to 90 . 0 to 825 | O to 2500f O to 2500 |0 to 150 | O to.120 0 to 250 0 to 250 0 to 825
pressure (NPSH) 0 to 100 psi
control, ft over vapor
pressure-
avtomatic
Type of flow Closed loop | Closed loop |Closed loop Closed or | Open loop| Open Closed Cloged Closed -Cloged loop |Closed or
system open loop loop loop loop loop open loop
Tankage, gal 300 2,500 6,000 6,000 3,500 3,500 10,000
LNy dewar | LN dewar
Approximate con- |Indefinite | Indefinite {Indefinite 5 to 15 1/2tol| 3t 5 80 60 Indefinite| Indefinite [5 to 15
tinuous opersting
time, min
Degeration system {2 to 3 240 3 2%t0 3
(eas content),
P by weight
Deionizing system,| ——-=--cw=- 1,000,000
ohm~centimeters
Filter system >5 >5 >25 >10 >10 >10 >10
(perticle size
removed), microns
Oxide control Cold trap | Cold trap |{=wm----
system, <20 <20
rm by weight Hot trap
<1




TABLE II. ~ CAVITATION SUSCEPTABILITY PARAMETER, B,

FOR VARIOUS FLUIDS

Fluid Temperature Test Cavitation
boiling point|temperature| susceptability
atmospheric paremeter,
pressure °R OF B,
for Ah =1 ft
OR OF .
Water 672 2i2 340 80 980
560 100 320
660 200 3.7
760 300 «2
860 400 .02
910| 450 . 007
Liquid nitrogen 139 ~321 140§ =320 0.35
180 =300 .05
180 | =~280 » 01
Liquid oxygen 163 =297 160 | =300 0.93
: : 175 | =285 .20
1901 -270 .08
Liquid fluorine 153 =307 1501 =310 1.60
L 170 =290 »23
190} -270 .05
Liguid hydrogen 36.5 =-423.5 38| =424 0.008
40| =420 . 0035
44| =416 .0013
Liquid sodium 2078 1618 1400 940 _24,000
e 1800|1340 40
2200 | 1740 « 15
2600 } 2140 .057
Anhydrous hydrazine| 696 236 500 40} 32,000
' 5501 90| 1,200
UDMH 606 146 500 40 140
550 | 90 11
Nitrotetraoxide 530 70 500| @ 40 7.5
550 90 af
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Figure 1. - Schematic diagram of cold-water test facility.
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Figure 2. - Cold-water test facility.
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(a) Total pressure claw.

Figure 3. - Pressure measuring instruments.



(b) Static pressure wedge.

Figure 3. - Concluded. Pressure measuring instruments.
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Figure 4a. - Overall performance with cavitating and
noncavitating conditions for a 78° flat-plate helical

inducer (Ref. 1).
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Figure 4b. - Concluded. Radial distribution of flow conditions and blade-
element performance parameters with cavitating and noncavitating conditions
for a 78° flat-plate helical inducer (Ref. 1). ¢ = 0.110.



‘ Figure 5. - Cavitation photographed with a
16 millimeter camera at a framing rate of
6000 frames per second utilizing a con-
i tinuous light source.
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Figure 6a. - Film strip sequence
showing unsteady type of cavi-
tation for a 78° flat-plate
helical inducer (Ref. 1). Film
strip was obtained by a 16
millimeter camera at a framing
rate of 24 frames per second
with a stroboscopic light.

@ = 0.1477.




Figure 6b. - Concluded. Film-
strip sequence showing steady-
type cavitation in.breakdown
region. Q = 0.1162.
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Figure 7. - Tip vortex cavitation at a high value of
system inlet pressure (HSV) for a 78° flat-plate

helical inducer (Ref. 1). A 70 millimeter camera
was utilized with a 1/2 microsecond flash.
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Figure 8. - Overall views of cavitating inducer illustrating
use of tufts mounted in outer casing to aid in describing
changes in inlet flow conditions as system inlet pressure
1s reduced.
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Figure 9. - Overall view showing location of tufts on hub surface and

blade-suction surface of a centrifugal pump operated in cold-water
facility (Ref. 1).




- Cavitating inducer with tufts mounted in outer casing at inlet and across rotor.

Figure 10.
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Figure 11. - Visicorder trace of pressure as measured by high-response pressure transducer located in pump housing over

leading edge of cavitating inducer.
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Figure 12. - Schematic diagram of variable temperature water-pump test facility.
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Figure 13. - Schematic diagram of water-jet-pump test facility.
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Figure 14. ~ Water-jet-pump test section showing location of pressure measurements.
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Figure 15. - Water-jet-pump test facility.
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Figure 16. - Boiling-fluid-pump test facility.
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- Schematic diagram of high-flow liquid-hydrogen-pump test facility.
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Figure 18a. - Aerial view of high-flow liquid-hydrogen-pump test facility.




Figure 18b. - Concluded. Closeup view of piping and running gear of high-flow liquid-
hydrogen-pump test facility.
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Figure 20. - Schematic diagram of liquid-fluorine/liquid—oxygen—pump test facility.
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Figure 23. - Schematic diagram of high-pressure sodium-pump test facility.
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Figure 24. - Low-pressure sodium-pump test facility.
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Figure 25. - High-pressure sodium-pump test facility.
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