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Abstract

Optimization processin cavitating condtions of the axial inducer of the “Ariane 5” main engne liquid oxygen
(LOX) turbgpumpis descriledin details.Differert inducercon gurationsweresetup andinvestigatedstartingfrom
the refererce oneto prodice an optimized nal geonetry. Both 3D fully—viscouscomputationsand experimental
testsin waterandLOX wereexploited during this actvity. Computatios allowed the designe to identify cavitation
inception on the refererce induce, andto comgareits performarce to the nal one,assessinghe effectivenessof
the redesignprocess.Expaimentswere carriedout to studythe developmert of cavitation, investigae the inducer
behaior in cavitating conditiors, andsuggst suitablemod cations to thegeonetry. As aresult,anoptimizedblade
leadingedgeshapewas set,which revealeda signi cant trendto reducecavitation effectswith a goodsmoothirg of
thehead/cawitation cune.

Nomenclature

m massow W angularvelocity

My nomiral masso w My rotatingfrequerty

p staticpressure Z 4 numbe of inducerblades
Po1 averagedinlet total pressure f o w coefcient

Pv vapa presste y D—\f\)j’z total pressureise coefcient
Dpy total pressurevariatian ; ,\jp_sp cavitation coefcient

NPSP  py; by Net Positve SuctionPressure r W

r density

Re Reyndds numter

1 Intr oduction

Nowadays,thehugeexpansionof spaceactiitiesfor scienti c andcomnercialpurppseshasmadecheapepayloal
lift capabilityasoneof themostinterestingfeaturef the nev—generationlauncters. Actually, its increases perhaps
the mostimportant tasksto be ful lled during the designprocessof the whole rocket, andthe compeition between
different mandacturersdevelops mainly on this level. The comgete redesignof the “Vulcain” main engire of the
“Ariane 5" Eurgoeanrocket ts into this contedt, includng turbgoump for the Liquid Oxygen (LOX) propellant,
whichwasdesigred, built andtestedby FIAT Avio.

The needof weightrediction in alaunchemusuallyimpliesthe requiementthat turbopumpsoperateat very low
inlet pressue. In this condition cavitation phenanenaoftenoccurat the rst compnentinlet. To redue cavitation
risksonthecentriugalimpeller, which providesmostof the pumpheadanaxialinduceris usuallyputbefae it, asin
the“Vulcain” and“Vulcain2” turbopunps.
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Oneof the crucial poirt in the inducerdesignis the ful lment of NPSPrequiranentsat the inlet. Cavitation
canbetoleratedif goad suctionbehaior, goodheadrise,low radialloadsandvibration levels canstill be achieved.
Consequaetly, the designeitis interestedn having effective tools at disposalto studythe developmentof cavitation,
andits impactonthe compmnen's performarce.

Cavitating Inducer
Geometrical Parameters

§ -

main design parameters
assessed design criteria
experimental correlations|

Mean Line
and

Many authas have worked on this problem[1, 2, 3]. In thelast
decadeFIAT Avio haspaidspeciakeffortstoimprovetheinducerde-
signin termsof suctionperformarce, dynanic stability andinducer
rotating cavitation, which leadsto very high radial loads(see[4]).
The establishmenbdf a closer coopeéation with academicinstitu-
tions, suchasthe “Sermgio Stecco”’Departmenof Enegy Enginee-
ing of the University of Florence,andthe “Centrede Rechercheet

3D Blade Generation

d'Essaisde Machires Hydradique de Grenolle (CREMHyG)”, al-
‘ lowed FIAT Avio desigrersto exploit someof the mostup—te-date
CFD andexperimentaltoolsto achieze anoptimizedinducercon g-
uration

In this work, designstratgiesadoptedduring the optimizatian
process andthe engineeing appgoachusedto reachthis target are
/! presented Main phasesaresummarizedn g. 1. Thedesignpro-
cessbegan by xing the maininducer geometical paraneters: tip
diameterbladeangleat leadingedge,inlet o w angle, leadingedge
shape casingcortouring bladethicknessandsolidity. A 3D pre-
liminary designof the blade was then accomfished by meansof
1D numercal techniqees,accordimg to all the assessedesigncrite-
ria andexpeiimentalcorrelatiors collectedin the past.A rst check
on the behaior in cavitating conditiors was dore by mears of a
semi—empical 1D code,owned by FIAT Avio. Then, 3D fully—
viscouscomputationswere performed on this refelrenceinducer in
non-cavitating condtions, in orderto asseséts perfomancein the
pump ight envelope,andexplore o w structuredetails. An analysisof cavitation inceptionwas carriedout on the
basisof CFD results,too. Finally, after manufcturingthe compmnent,expeimentaltestswere setup to investigae
detailsof thecavitation developmen, andits impacton the perfamance.This expetimentalactivity corsistedof three
subsegantsteps:

1D
emi-Empirical

Cavitation
Analysis

3D
Fully-Viscous
Analysis

Experimental

Activity

Inducer Cavitating
Performance Optimization

Figure 1: Schemeof theinduceroptimization
process.

1. theaxial stagecharactdrationin water carriedout at the CREMHyG testrig;
2. thecompete full-scalepumpcharactdrationin water, carriedoutat the FIAT Avio testrig in Colleferro;

3. the complee full-scale pump characteriation in LOX, carriedout at the ASTRIUM DASA P59testrig in
Octolyunn.

During the rst step,two differentinduce con gurationswere tested: the refererce inducer (g. 2(a)),anda
remaclnedinducer obtainedby chandng the bladeleadingedgetip ( g. 2(b)). All staticanddynamicexperimental
datawereusedto improve the inducerperformarce by modifying directly its geonetrical parametes. As aresult,a
nal inducercon gurationwassetup with anoptimizedleadingedgeshapg g. 2(c)). Its perfamancewasassessed
during thelasttwo expeimentalcampaigis bothin waterandin LOX, andby meansof 3D compuations.

2 CFD Analysis

Nowadays, CFD technigqiesare commanly usedin the aerognamic designof industrialturbanachinecompe
nents. Unfortunately without a suitablenunmerical model, it is not possibleto solve directly cavitating o ws: this
would leadto compute negative staticpressuesin somecellsof thedomain, makirg it impossibleto perform calcula-
tions. Moreover, the pheromena is typically unsteagl andnon-aisymmetric requring corsiderablecomputational
resouces.Basicresearclon cavitation mocklsis still in its developing phaseandapplicatiosto everydayindustrial
designseemfar to be achieved However, 3D comnputationscanstill be usedto identify cavitation inceptian, evenif
detailsof its developmenm cannotbe provided. It is alsopossibleto compae differert geometiesto nd outwhichis
expededto give the bestperfamancein cavitating conditians.
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(a) Referenceinduce ge-
ometry

(b) Remadiined inducer (c) Final induce view.
geomety.

Figure2: Examiredinducercon gurations.

2.1 Numerical Procedue

CFDresultsfor the“Vulcain2” inducerwereobtainel usingthe HYDRO code,afully viscousmultigrid, multi-
row solver developedby the University of Florence capalte of solving3D cascadeo wsin cowpled x edandrotating
bladepassagessingnon—griodicH-type or C—-typegrids. Theconceps of arti cial compessibilityof Chorin[5] are
usedto hande incompressibleuids by atime—marchingapprach. The edd/—viscosityhypothesiss usedto account
for the effect of turbulerce. The eddyviscosityis compued usingthe two—layermixing lengthalgelvaic mocel of
BaldwinandLomax [6].
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Figure 3: Referencenducercomptedand mea-

== 3D Computations
TS OO Experiments
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The3D unsteadynconmpressibleReynolds-averagedNavier—
Stokes(RANS) equdionsarediscretizedn spaceusingaa cell—
centerednite volumeschemeThesolutionis adwvarcedin time
usinganexplicit four—stageRunge-Kuttaschemeuntil thesteady
statesolutionis reached In orderto redice the computational
costandspeedup corvergenceto the steadysolution four com-
putatioral techniqiesare employed (local time—steppig, resid-
ual smoothing multigrid FAS schemendgrid re nemert). Fur-
therdetailson the numeical procedurecanbe fourd in [7, 8, 9,
10, 11].

A non-periodc H-type grid wasemplo/ed,with 169 49
49 grid pointsalongthe streamwiseplade-to—bla@ and span-
wisedirectiors respectiely.

In all computationgtheevolving uids (waterandLOX) were
consideed incompressibleandisothernal. Dueto the high val-
uesof the Reynolds numter (from Re 107 upto 10%), afully—
turbulent bourdary layer was assumedn both bladeand end-
wall surfacesin all compuations. An averag valueof y 10

wasacceptedn the basisof compaisonsbetweenexpaimentsandcomputationson the “Vulcain’ inducerperfa-

suredperfamance
mance11].
2.2 Results

3D fully—viscouscompuationswereperformedto charactere the“Vulcain2” refererceinducerbehaior bothat
designpoint andin off-designcondtions, bothin LOX andin water Thecomputedperfamancean waterwasfoundto
getalongwell with experimentalmeasuremenin non—@vitatingcondtions(t 67 10 4). Resultsaresummarizd

in g. 3,wherethecorrespadingy

f curwvesarerepoted.

To dealwith cavitation, suchan appoachwas followed. The ow was pressurizd to someextent respectto
physical pressurén thetanks,preventingcavitation from arising,andcomputationswereperformed Then theadde
level of pressurizationvassubtrated from the compuedvaluesof staticpressue ontheinducerblade. This allowed
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thedesigneto nd outwhich portiors of the bladewerelik ely to be be affectedby cavitation by looking for negative
valuesof staticpressug, neglecting LOX vaporpressure&ompaedwith inlet total pressue p ;.

Suchan analysiswas carriedout for two different operatiy poirts of the refelenceinduce, at 100%and120%
of thenominalmasso w rate.In g. 4(a)-4(d)nondmensionaktaticpressue distributions ontheinducer bladeare
repotedasa function of therelative cunilinear abscissat 10%,50% and90% of the bladespan.The valueof zero
pressuréhasbeenmarked for reference. Figures4(b)—4(e) highlight negdive static pressue regions on the inducer
bladeatthe sameoperatve points,allowing oneto compae themwith expeiimentalvisualizationg g. 4(c)-4f)). No
cavitation is seento develop eithernearbladehub or at midspan Bladeload nearleadirg edg is quite low for all
thetwo points. Cavitation inceptian is presenneartip, wherea deepminimumof staticpressurewell below zero,is
obseredonthebladesuctionside.Boththeabsolte valueof suchaminimumandthepercetageof theaffectedblade
lengthincreaewhile loweringthe mass o w rate. Thedevelopmen of cavitationis helpedalsoby positive inciderce
of the o w nearbladetip, asit canbe clearly seenby the peakof pressureon the pressureside,which consideably
increaseshebladeload,and,consegently, thelocal acceleratiorarourd leadingedge.

Compuationswerealsoperfamedonthe nal induaercon guration,whosebladetip geonetry hadbeernmod ed
following suggestioa comirg from numerical andexpelimentaltests,presentedater on. Resultsfor threedifferent
operding points (abaut 120, 100% and 90% of the nomiral ow rate m,) areshovn in g. 5. A deceasein
the pressureminimum valueis obsered, comparedwith the refelencecon guration, especiallyat the designpoint
(9. 5(a)-%b)-5(c)). Sucharesult,togetter with expetimentaltestsin waterandLOX, allowedthedesigneto assess
the effectivenessof theredesigmrocess.
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Figure 4: Static pressurdlistributions on blade (left), compued bladeregions of cavitation inception(center)and
experimentalvisualizationsn water(right) for therefererceinducercon guration.
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Figure5: Staticpressue distributionson blade(above) andcomputedbladeregions of cavitation inceptian (belaw)
for the nal inducercon guration.

3 Water Testsin Cavitating Condition

The developmern of cavitation andits effectson the inducer performarce at different operaing condtions were
studiedby meansof expelimentalcampaigs, which werecarriedout bothin waterandin LOX. The mainresultsof

this activity arepresetedhere.

3.1 Experimental Setup

Testsin wateronthereferenceinducerwereperfamedatthe TM2 rig of CREMHyG labordory ( g. 6(a), andat
FIAT Avio testfacility in Collefero (6(h)). The rst onewasdevotedto theaxial stagecharaterization thesecondne
to thecompete pump Both of themhave arotatioral speecof 6000RPM. Onthe CREMHyGrig, atranspagntliner
equigpedwith dynamic pressurdransdeersallows oneto obsere cavitation patterndevelopmentwhile decreasig
the cavitation coefcient t. To analysetheinteractionbetweenthe cavitating pumpandthe circuit, an accunulator
is locatedattheinlet: thisapparats x estheresorantfrequery atinlet valueandmakeseasierto compae testsfor
incipiert suilge cavitation.

Two differentsequenesof dataareachieved for differert operding poirts. The rst oneis the classicalpoint by
point procedureat a constanto w rate condtion in orderto investigatethe breaklown cavitating performarce and
to take visualizatiors throudh the liner. The secondoneprocedsat a given o w ratewith continlousdecreasingf
inlet pressurdrom absencef cavitation to a headlossof 20%, correspndingto anoverall lossof 5% of the pump
A cartogaphyof regimes asfunctionsof t is obtaired from eachdynanic measuremnt: vibrations, loadson shatft,
pressur@andsoon. Somepicturesof cavitation patterrs andspectrabnalysisof wall pressurezaluesonliner upstrean
theleadingedgearepresentedhere.
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(a) CREMHyGtestrig (H,0). (b) Colleferrotestrig (H,0).

Figure 6: Expeimentalfacilitiesin water

3.2 TestRig and Inducer Con gurations

Two differentinducer con gurationsweretestedat CREMHyG to expelimentimpactof the designon the cavi-
tatinginstabilities. The rst oneconsistedf thefull scaleinducerandaliner atnomina tip clearatwe size (seefront
view in g. 2(a)). Then,amodi cation to theinducer leadingedgedesignneartip waspropsed,andtheremacined
inducer testedwith thenominal liner ( g. 2(b)).

A nal con guration(* nal inducer”) with anoptimizedlogaithmic leadingedge shapewastestedat Colleferio
closed—-loprig during the compete full-scalepumpcharacterationin water( g. 2(c)).

3.3 Cavitating Flow Conditions

Theinducermperfamances stronglyaffectedby cavitation. As alreadyobseredin 3D numerichresults cavitation
developsmainlyin front of bladeleadingedgeattip. Consequetty, somechangeso thebladeandtheshraudgeomety
aresuggesteth orderto modify theinteractiorbetweerthe o w andthebladewhentheextersionof cavitiesincreases
while loweringthe cavitation nunbert . In the circumferentialregion, a back ow cavitation occus atlow o w rates,
which mainly depels on the choiceof inlet bladeangleandtip clearancesize. A consideablefraction of the the
volumeof vaporis distributedcircumferentially andauto-escillationis obsered, evenif theheadriseis notaffected
At low valuesof t, anotter type of suige appeas with strongaxial pulsationof pressureind o w ratein the punping
system.All thesehydroacausticalexcitatiors may damag the circuit. Anotherimportanteffectis the onsetof radial
loadsinducedby rotatingcavitation. Thesephenanenahave beenobsenred in otherexperiments(see[12, 13)), and
usuallyoccu at o w ratesfor which the slopeof they t charateristicbeconesdiscontinwus,oscillatingbetween
negdive andpositive values just beforethedropat brealdown.

Rotatingcavitation is charactered by a circunferentially progpagatig pheromenm at leadingedgetip, whose
frequeng valueis slightly larger or smallerthanthe rotatioral one n,. 2D modelsand unsteadycavitating CFD
are consistento demanstratethe importarce of the unsteag distribution of o w and vapor cavities in the blade
cascad¢l4, 15].

An impottant effect of the circumferentiall-asymmeric vapa patternds the induced hydraulicunbdancingef-
fect, which generatesadid loadson the shaft, and, conseqgently, may causea mechaical damag on the rotor
arrangment(see[16]).

3.4 Results

Such o w behaiors werewell obsered duringthe expeimentson the“Vulcain2” inducer For eachof thetwo
inducer con gurations,threedifferent o w rateswereinvestigated:the nomiral ow ratem,, m 09 m, andm
11 my. Resultsarepresentedn termsof cavitating andnon cavitating perfamancecurves, cavitation visualizations,
andcartogaphyof spectrawaterfll (cascad) of inlet pressure.

The head/ ow perfomancecurve relative to the refelenceinduceris presentedn g. 3. Theslopeof they f
cuneis negaive withoutdeviation, andthe opertingrangeis typically stable.
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Figure7: Experinentalvisualizatiors in waterat differert mass o w ratesandcavitation numterst (above). Com-
parisonsdetweerthebrealdowvn curvesy t of thetwo different con gurationsat differentmasso w rates

(below).
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Figure 8: Spectrawaterfll of pressue signalatinlet asa functionof the cavitation numkert atthreedifferentmass
o w ratesfor thetwo con gurationsexamired.

In g. 7(), 7(k) and7(l) the y t curwesarerepated for the threeexaminal o w rates,compaing the two
different con gurations. In cavitating condtions, the slopeof the curve depemls strondy on thevalueof f andon
designsolutions.Whenthe slopeis positive, far from the drop, rotating cavitation occurs.Whenthe slopebecanes
negdive, sulge cavitation andtypical oscillationsat low frequeng are obsered. Effects of the modi cations on the
designareclear Visualizationgakenduting watertestsarepresetedin g. 7(a)to 7(i), for differentvaluesof f, y
andt.

At low o w rate,backo w cavitation may oscillatewith the air capacityof the accunulator locatedat the inlet
pipe. At nomiral andhigh o w rates,backo w disappeas, while unsteadyo w distribution doesnot still comeup.
For whatconernsautooscillationin thecircuit, theresonanfrequeng atinlet wasidenti ed by meansf anacoustic
modéd, anddepems on both the compessiblevolumes of cavitation vapor andthe accunulator air capacity These
compessiblevolumesincreasauneqially while decreasindNPSPcontinwusly, andthe measuredesonanhfrequencgy
is a bit shifted towards lower values. Spectralcascadespresetedin g. 8 for the two inducercongurations at
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| Cavitation Regime | Label | Typical Frequency | Comment |

RotatingCavitation RC | n 12to 10 n, with har | Circumfeential progpagatio at LE of
morc modulationsat n vapor and non equilibium of ow
m kk 12 through bladecascade

Suige Mode Cavitation SC | n ny 4andn, 10(acous-| Axial excitation of systemby vapor
tic resonance structurewith accunulatoror inlet pipe

Sub-Harmoric of Asym-| SHC |n kny, Z k 2 Z 4 | Asymmetricpatters of attachedcavi-

metricCavitation Mode tieson bladesor back ow cells

Table 1: Main chaacteristicoof theobsened cavitationregimes.

different operatimg points, focus on the low frequency domain: rotating cavitation, cavitation in back ow vortices
andsuige mock oscillationcanbe obsered. Labelshelp oneto identify the differentcavitation regimes, which are
presentecaind commetted in table 1. A complée descriptiom of suchpheromenacanalsobe found in [17], with
similar cascadeplots of the LE—7 LOX inducer expelimentsusingalsothe inlet pressureuctuations asrefererce
measurerant.

For eachdesignconguration and o w rate,the maxinum pressureuctuation magnitue is x edat 1000 Pa on
they axis. Theabsolutenagnitue of thermspressureuctuation is notsigni cant, sinceit depenlsdeperlsstrondy
ontheaxial locationof thetransdger. Spectralcascadeaxisis relatedto the decreasef the cavitation paraméer up
to thedrop Onthe x axis, frequeng is reportedragingfrom 2 Hz up to 1.3 n,. The ush mourted transdeeris
locatedbetweerthe accumiator andthe inducer to magrify the axial oscillationsensitvity. The rotating cavitation
is a morelocal oscillatingpheromena, with a stronger dependeng on the axial locationof the proke. However, a
too muchclosemeasurema at LE to captureinformation on bladecascadeénteraction affectsbacko w andsumge
characterationsbecausef the upstreamextensim of vapor.

Both at 100% and 110% of the design o w rate, the referenceinduceris affectedby asymmetricrotatingand
suige cavitation. Both circuit resonane andradial loadsmay be geneated. Consideing the remaclnedinducer a
signi cant attenuatio is obseredonly atm 1 1 my, androtatingcavitation is still preseh As a corclusion,the
proposedremacinedinduce wasnotef cient to avoid rotatingcavitation.

4 LOX Testsin Cavitating Condition

Optimization of the inducer leadingedgedesignpraoducedthe nal induce con guration, which was testedin
waterat Colleferio, andin LOX at at DASA P59testfacility in Octobrunn ( g. 9(a)). During the LOX experimental
campaig, thecomgeteturbgpumpwasstudiedbothin cold andhotgasturbine conditiors by usingthe“V ulcain’ gas
geneator Therotatioral speedof thetestrig was12300 RPM. In the nominalconguration, the pumpdraws LOX.
However, in experimentaltests,it wasnecessaryo useLiquid Nitrogen(LN2) insteadof LOX, in orderto avoid risks
of explosiondueto the O2/N2mixtureandtheimpactonwalls in a high pressurd. OX ervironment.

Cavitating perfomancewasinvestigaed by meansof depressurizatiorof the o w attheinducer mouh. A com-
parisonbetweertheinducerbrealdowvn coefcie ntin waterandLOX is presetedin g. 9(b) atm my. Bothy and
t coefcients are scaledusingthe correspondiry valuesat the pressuried operatirg condtion. A smootling effect
ontheslopeof they t curve wasobsered compaedto the previousinducer con gurationstestedat CREMHyG.
Moreover, Therma SuppessionHead(TSH) wasobtaired, providing about25% of gainin the opeative range with
respecto waterbre&down condtion.

Inlet pressue dynanic behaiorsin wateralsoshov how supersycrorousrotatingcavitation almostdisappeagin
the nal inducercon guration( g. 9(d)) compaedto thereferereone( g. 9(c)).

As aresult,the nal inducercon gurationrevealeda signi cant trendto redwce rotating cavitation effectswith a
goodsmootling of they t cune.

5 Conclusions

Designstratgjiesadopedduring theoptimization processof the“Vulcain2” inducercavitating perfaoamancewere
presented CFD techniqies, expeimental activity and mathenatical modeling on the basisof assesseéxperience
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Figure 9: Experimentalfacilitiesin LOX andmainresults.

wereexploitedto reachthis target. Mutual relatiorshipswerehighlightedall alongthe developmenttime activity. 3D
fully—viscouscompuationsallowedthe designeto identify cavitation inceptian, andto compae perfamancef the
refererce and nal inducer con gurations. A paranetric analysisof the perfamancewas carriedout by varying the
leadingedgeshapewhichis mainly resposible of rotatingcavitation andinducedradialloads.Both waterandLOX
testsassessethatthe nal modi cationsof leadingedge shapearesuitableto reducerotatingcavitation effectswith
a goodsmodhing of they t curwe, while preventingpotertially dangerousexcitations from beinginduced on the

piping system.
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