
CAV2001:sessionB7.004 1

“ARIA NE 5” TPLOX INDUCER DESIGN STRATEGIES
TO ENHANCE CAVITATING PERFORMANCE

A. Ar none,P. Boncinelli
“Sergio Stecco”Departmentof Energy Engineering

University of Florence– Florence,Italy

A. Capuani, E. Spano
FIAT Avio S.p.A.– CryogenicTurbopumpDivision

Turin, Italy

C. Rebattet
CREMHyG– CentredeRechercheset EssaisdeMachinesHydrauliquesdeGrenoble

Grenoble,France

Abstract

Optimization processin cavitating conditions of theaxial inducerof the “Ariane 5” mainengine liquid oxygen
(LOX) turbopumpis describedin details.Different inducercon�gurationsweresetupandinvestigated,startingfrom
the reference one to producean optimized �nal geometry. Both 3D fully–viscouscomputationsandexperimental
testsin waterandLOX wereexploited during this activity. Computations allowedthedesigner to identify cavitation
inception on the reference inducer, andto compare its performance to the �nal one,assessingthe effectivenessof
the redesignprocess.Experimentswerecarriedout to studythe development of cavitation, investigate the inducer
behavior in cavitatingconditions,andsuggest suitablemodi�cations to thegeometry. As a result,anoptimizedblade
leadingedgeshapewasset,which revealeda signi�cant trendto reducecavitation effectswith a goodsmoothing of
thehead/cavitation curve.

Nomenclature
�m mass�o w
�mn nominal mass�o w
p staticpressure
p01 averagedinlet totalpressure
pv vapor pressure
Dp0 totalpressurevariation
NPSP � p01

� pv Net PositiveSuctionPressure
r density
Re Reynolds number

W angularvelocity
nn rotatingfrequency
Z � 4 number of inducerblades
f � �m

r W �o w coef�cient

y �

Dp0
r W2 total pressurerisecoef�cient

t � NPSP
r W2 cavitationcoef�cient

1 Intr oduction

Nowadays,thehugeexpansionof spaceactivitiesfor scienti�c andcommercialpurposeshasmadecheaper payload
lift capabilityasoneof themostinterestingfeaturesof thenew–generationlaunchers.Actually, its increaseis perhaps
themostimportant tasksto be ful�lled during thedesignprocessof thewholerocket, andthecompetition between
different manufacturersdevelops mainly on this level. The complete redesignof the “Vulcain” main engine of the
“Ariane 5” Europeanrocket �ts into this context, including turbopumpfor the Liquid Oxygen (LOX) propellant,
whichwasdesigned,built andtestedby FIAT Avio.

Theneedof weight reduction in a launcherusuallyimpliestherequirementthat turbopumpsoperateat very low
inlet pressure. In this condition, cavitation phenomenaoftenoccurat the �rst componentinlet. To reduce cavitation
risksonthecentrifugalimpeller, whichprovidesmostof thepumphead,anaxial induceris usuallyputbefore it, asin
the“Vulcain” and“Vulcain2” turbopumps.
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Oneof the crucial point in the inducerdesignis the ful�llment of NPSPrequirementsat the inlet. Cavitation
canbetoleratedif good suctionbehavior, goodheadrise, low radial loadsandvibration levelscanstill beachieved.
Consequently, thedesigneris interestedin having effective toolsat disposalto studythedevelopmentof cavitation,
andits impactonthecomponent's performance.

Many authors have workedon this problem[1, 2, 3]. In thelast
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Figure1: Schemeof theinduceroptimization
process.

decade,FIAT Avio haspaidspecialeffortsto improvetheinducerde-
signin termsof suctionperformance,dynamic stability andinducer
rotatingcavitation, which leadsto very high radial loads(see[4]).
The establishmentof a closer cooperation with academicinstitu-
tions,suchasthe“Sergio Stecco”Department of Energy Engineer-
ing of the University of Florence,andthe “Centrede Rechercheet
d'Essaisde MachinesHydraulique de Grenoble (CREMHyG)”, al-
lowedFIAT Avio designersto exploit someof themostup–to–date
CFD andexperimentaltoolsto achieveanoptimizedinducercon�g-
uration.

In this work, designstrategiesadoptedduring the optimization
process and the engineering approachusedto reachthis target are
presented. Main phasesaresummarizedin �g. 1. The designpro-
cessbegan by �xing the main inducer geometrical parameters: tip
diameter, bladeangleat leadingedge,inlet �o w angle,leadingedge
shape,casingcontouring, bladethicknessandsolidity. A 3D pre-
liminary designof the blade was then accomplished by meansof
1D numerical techniques,according to all theassesseddesigncrite-
ria andexperimentalcorrelations collectedin thepast.A �rst check
on the behavior in cavitating conditions was done by means of a
semi–empirical 1D code,ownedby FIAT Avio. Then, 3D fully–
viscouscomputationswereperformedon this referenceinducer in
non–cavitating conditions, in orderto assessits performancein the

pump�ight envelope,andexplore �o w structuredetails. An analysisof cavitation inceptionwascarriedout on the
basisof CFD results,too. Finally, aftermanufacturingthecomponent,experimentaltestsweresetup to investigate
detailsof thecavitationdevelopment, andits impactontheperformance.Thisexperimentalactivity consistedof three
subsequentsteps:

1. theaxial stagecharacterizationin water, carriedoutat theCREMHyGtestrig;

2. thecompletefull–scalepumpcharacterizationin water, carriedoutat theFIAT Avio testrig in Colleferro;

3. the complete full–scalepumpcharacterization in LOX, carriedout at the ASTRIUM DASA P59 test rig in
Octobrunn.

During the �rst step,two differentinducer con�gurationswere tested: the reference inducer (�g. 2(a)), anda
remachinedinducer, obtainedby changing thebladeleadingedgetip (�g. 2(b)). All staticanddynamicexperimental
datawereusedto improve the inducerperformanceby modifying directly its geometricalparameters. As a result,a
�nal inducercon�gurationwassetup with anoptimizedleadingedgeshape(�g. 2(c)). Its performancewasassessed
during thelasttwo experimentalcampaignsbothin waterandin LOX, andby meansof 3D computations.

2 CFD Analysis

Nowadays,CFD techniquesarecommonly usedin the aerodynamicdesignof industrial turbomachinecompo-
nents. Unfortunately, without a suitablenumerical model, it is not possibleto solve directly cavitating �o ws: this
would leadto computenegativestaticpressuresin somecellsof thedomain,making it impossibleto performcalcula-
tions. Moreover, thephenomenon is typically unsteady andnon-axisymmetric, requiring considerablecomputational
resources.Basicresearchon cavitation modelsis still in its developingphase,andapplicationsto everydayindustrial
designseemfar to beachieved. However, 3D computationscanstill beusedto identify cavitation inception, evenif
detailsof its development cannotbeprovided. It is alsopossibleto compare different geometriesto �nd out which is
expectedto give thebestperformancein cavitatingconditions.
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(a) Referenceinducer ge-
ometry.

(b) Remachined inducer
geometry.

(c) Final inducer view.

Figure2: Examinedinducercon�gurations.

2.1 Numerical Procedure

CFD resultsfor the“Vulcain2” inducerwereobtained usingtheHYDRO code,a fully viscous,multigrid, multi-
row solverdevelopedby theUniversity of Florence, capable of solving3D cascade�o ws in coupled�x edandrotating
bladepassagesusingnon–periodicH–typeor C–typegrids.Theconceptsof arti�cial compressibilityof Chorin[5] are
usedto handle incompressible�uids by a time–marchingapproach.Theeddy–viscosityhypothesisis usedto account
for the effect of turbulence. The eddyviscosityis computed usingthe two–layermixing lengthalgebraic model of
BaldwinandLomax [6].

The3DunsteadyincompressibleReynolds–averagedNavier–
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Figure3: Referenceinducercomputedandmea-
suredperformance.

Stokes(RANS) equationsarediscretizedin spaceusingaa cell–
centered�nite volumescheme.Thesolutionis advancedin time
usinganexplicit four–stageRunge–Kuttascheme,until thesteady
statesolution is reached. In order to reduce the computational
costandspeedup convergenceto thesteadysolution, four com-
putational techniquesareemployed (local time–stepping, resid-
ualsmoothing, multigrid FAS schemeandgrid re�nement). Fur-
therdetailson thenumerical procedurecanbefound in [7, 8, 9,
10, 11].

A non–periodic H–type grid wasemployed,with 169 � 49 �

49 grid pointsalongthe streamwise,blade–to–blade andspan-
wisedirections respectively.

In all computationstheevolving �uids (waterandLOX) were
considered incompressibleandisothermal. Dueto thehigh val-
uesof theReynolds number (from Re � 107 up to 109), a fully–
turbulent boundary layer was assumedon both bladeandend-
wall surfacesin all computations.An average valueof y

�

� 10
wasacceptedon thebasisof comparisonsbetweenexperimentsandcomputationson the “Vulcain” inducerperfor-
mance[11].

2.2 Results

3D fully–viscouscomputationswereperformedto characterize the“Vulcain2” referenceinducerbehavior bothat
designpoint andin off-designconditions,bothin LOX andin water. Thecomputedperformancein waterwasfoundto
getalongwell with experimentalmeasurements in non–cavitatingconditions(t � 6 � 7 � 10 �

4). Resultsaresummarized
in �g. 3, wherethecorrespondingy � f curvesarereported.

To deal with cavitation, suchan approachwas followed. The �o w was pressurized to someextent respectto
physicalpressurein thetanks,preventingcavitation from arising,andcomputationswereperformed. Then, theadded
level of pressurizationwassubtractedfrom thecomputedvaluesof staticpressure on theinducerblade.This allowed
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thedesignerto �nd outwhichportions of thebladewerelikely to bebeaffectedby cavitationby looking for negative
valuesof staticpressure,neglectingLOX vaporpressurecomparedwith inlet total pressure p01.

Suchananalysiswascarriedout for two differentoperating points of the referenceinducer, at 100%and120%
of thenominalmass�o w rate. In �g. 4(a)–4(d)nondimensionalstaticpressure distributions on theinducer bladeare
reportedasa function of therelative curvilinear abscissaat 10%,50%and90%of thebladespan.Thevalueof zero
pressurehasbeenmarked for reference. Figures4(b)–4(e)highlight negative staticpressure regions on the inducer
bladeat thesameoperativepoints,allowing oneto comparethemwith experimentalvisualizations(�g. 4(c)–4(f)). No
cavitation is seento develop eithernearbladehubor at midspan. Bladeload nearleading edge is quite low for all
thetwo points.Cavitation inception is presentneartip, wherea deepminimumof staticpressure,well below zero,is
observedonthebladesuctionside.Boththeabsolutevalueof suchaminimumandthepercentageof theaffectedblade
lengthincreasewhile loweringthemass�o w rate.Thedevelopment of cavitation is helpedalsoby positive incidence
of the �o w nearbladetip, asit canbeclearlyseenby thepeakof pressureon thepressureside,which considerably
increasesthebladeload,and,consequently, thelocalaccelerationaround leadingedge.

Computationswerealsoperformedonthe�nal inducercon�guration,whosebladetip geometryhadbeenmodi�ed
following suggestions coming from numericalandexperimentaltests,presentedlateron. Resultsfor threedifferent
operating points (about 120%, 100% and 90% of the nominal �o w rate �mn) are shown in �g. 5. A decreasein
the pressureminimum valueis observed, comparedwith the referencecon�guration, especiallyat the designpoint
(�g. 5(a)–5(b)–5(c)). Sucharesult,togetherwith experimentaltestsin waterandLOX, allowedthedesignerto assess
theeffectivenessof theredesignprocess.
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Figure4: Staticpressuredistributions on blade(left), computed bladeregions of cavitation inception(center)and
experimentalvisualizationsin water(right) for thereferenceinducercon�guration.
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Figure5: Staticpressure distributionson blade(above) andcomputedbladeregionsof cavitation inception (below)
for the�nal inducercon�guration.

3 Water Testsin Cavitating Condition

Thedevelopment of cavitation andits effectson the inducer performance at different operating conditions were
studiedby meansof experimentalcampaigns, which werecarriedout bothin waterandin LOX. Themainresultsof
this activity arepresentedhere.

3.1 Experimental Setup

Testsin wateronthereferenceinducerwereperformedat theTM2 rig of CREMHyGlaboratory (�g. 6(a)), andat
FIAT Avio testfacility in Colleferro (6(b)). The�rst onewasdevotedto theaxialstagecharacterization,thesecondone
to thecompletepump. Both of themhavea rotational speedof 6000RPM.OntheCREMHyGrig, a transparentliner
equippedwith dynamicpressuretransducersallows oneto observe cavitation patterndevelopmentwhile decreasing
thecavitation coef�cient t . To analysethe interactionbetweenthe cavitating pumpandthecircuit, an accumulator
is locatedat theinlet: this apparatus �x estheresonantfrequency at inlet valueandmakeseasierto compare testsfor
incipient surgecavitation.

Two differentsequencesof dataareachieved for different operating points. The�rst oneis theclassicalpoint by
point procedureat a constant�o w ratecondition in orderto investigatethe breakdown cavitating performance and
to take visualizations through the liner. Thesecondoneproceedsat a given�o w ratewith continuousdecreasingof
inlet pressurefrom absenceof cavitation to a headlossof 20%,correspondingto anoverall lossof 5% of thepump.
A cartographyof regimes asfunctionsof t is obtainedfrom eachdynamic measurement: vibrations, loadson shaft,
pressureandsoon.Somepicturesof cavitationpatternsandspectralanalysisof wall pressurevaluesonliner upstream
theleadingedgearepresentedhere.
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(a) CREMHyGtestrig (H2O). (b) Colleferro testrig (H2O).

Figure6: Experimentalfacilitiesin water.

3.2 TestRig and Inducer Con�gurations

Two different inducercon�gurationsweretestedat CREMHyG to experiment impactof thedesignon the cavi-
tatinginstabilities.The�rst oneconsistedof thefull scaleinduceranda liner at nominal tip clearancesize(seefront
view in �g. 2(a)).Then,a modi�cation to theinducer leadingedgedesignneartip wasproposed,andtheremachined
inducer testedwith thenominal liner (�g. 2(b)).

A �nal con�guration(“�nal inducer”) with anoptimizedlogarithmic leadingedge shapewastestedat Colleferro
closed–looprig during thecompletefull–scalepumpcharacterizationin water(�g. 2(c)).

3.3 Cavitating Flow Conditions

Theinducerperformanceis stronglyaffectedbycavitation.As alreadyobservedin 3Dnumerical results,cavitation
developsmainlyin front of bladeleadingedgeattip. Consequently, somechangesto thebladeandtheshroudgeometry
aresuggestedin orderto modify theinteractionbetweenthe�o w andthebladewhentheextensionof cavitiesincreases
while loweringthecavitation numbert . In thecircumferentialregion, a back�ow cavitation occurs at low �o w rates,
which mainly depends on the choiceof inlet bladeangleandtip clearancesize. A considerablefractionof the the
volumeof vaporis distributedcircumferentially, andauto–oscillationis observed, evenif theheadriseis notaffected.
At low valuesof t , another typeof surge appears with strongaxialpulsationof pressureand�o w ratein thepumping
system.All thesehydroacousticalexcitations maydamage thecircuit. Anotherimportanteffect is theonsetof radial
loadsinducedby rotatingcavitation. Thesephenomenahave beenobserved in otherexperiments(see[12, 13]), and
usuallyoccur at �o w ratesfor which theslopeof they

�

t characteristicbecomesdiscontinuous,oscillatingbetween
negativeandpositivevalues,justbeforethedropat breakdown.

Rotatingcavitation is characterized by a circumferentially propagating phenomenon at leadingedgetip, whose
frequency value is slightly larger or smallerthan the rotational onenn. 2D modelsandunsteadycavitating CFD
are consistentto demonstratethe importance of the unsteady distribution of �o w and vapor cavities in the blade
cascade[14, 15].

An importanteffect of thecircumferentially–asymmetric vapor patternsis the inducedhydraulicunbalancingef-
fect, which generatesradial loadson the shaft, and, consequently, may causea mechanical damage on the rotor
arrangement(see[16]).

3.4 Results

Such�o w behaviors werewell observedduringtheexperimentson the“Vulcain 2” inducer. For eachof thetwo
inducer con�gurations,threedifferent �o w rateswereinvestigated:the nominal �o w rate �mn, �m � 0 � 9 �mn and �m �

1 � 1 �mn. Resultsarepresentedin termsof cavitating andnoncavitating performancecurves,cavitation visualizations,
andcartographyof spectralwaterfall (cascade) of inlet pressure.

The head/�ow performancecurve relative to the referenceinducer is presentedin �g. 3. The slopeof the y
�

f
curve is negativewithoutdeviation,andtheoperatingrangeis typically stable.
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(a) V1: �m � 0 � 9 �mn; y � 2 � 1 � 10� 3;

t � 6 � 7 � 10� 4.

(b) V2: �m � �mn; y � 1 � 8 � 10� 3; t �

6 � 7 � 10� 4.

(c) V3: �m � 1 � 1 �mn; y � 1 � 5 � 10� 3; t �

6 � 7 � 10� 4.

(d) V4: �m � 0 � 9 �mn; y � 2 � 1 � 10� 3;

t � 1 � 6 � 10� 4.

(e) V5: �m � �mn; y � 1 � 8 � 10� 3; t �

1 � 6 � 10� 4.

(f) V6: �m � 1 � 1 �mn; y � 1 � 5 � 10� 3; t �

1 � 4 � 10� 4.

(g) V7: �m � 0 � 9 �mn; y � 2 � 1 � 10� 3;
t � 1 � 1 � 10� 4.

(h) V8: �m � �mn; y � 1 � 8 � 10� 3; t �

0 � 95 � 10� 4.
(i) V9: �m � 1 � 1 �mn; y � 1 � 5 � 10� 3; t �

1 � 0 � 10� 4.
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Figure7: Experimentalvisualizations in waterat different mass�o w ratesandcavitation numberst (above). Com-
parisonsbetweenthebreakdown curvesy

�

t of thetwo different con�gurationsatdifferentmass�o w rates
(below).
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Figure8: Spectralwaterfall of pressure signalat inlet asa functionof thecavitationnumber t at threedifferentmass
�o w ratesfor thetwo con�gurationsexamined.

In �g. 7(j), 7(k) and 7(l) the y
�

t curves are reported for the threeexamined �o w rates,comparing the two
different con�gurations. In cavitating conditions, the slopeof the curve depends strongly on the valueof f andon
designsolutions.Whentheslopeis positive, far from thedrop, rotating cavitation occurs.Whentheslopebecomes
negative, surgecavitation andtypical oscillationsat low frequency areobserved. Effectsof themodi�cationson the
designareclear. Visualizationstakenduring watertestsarepresentedin �g. 7(a)to 7(i), for differentvaluesof f , y
andt .

At low �o w rate,back�o w cavitation may oscillatewith the air capacityof the accumulator locatedat the inlet
pipe. At nominal andhigh �o w rates,back�o w disappears, while unsteady�o w distribution doesnot still comeup.
For whatconcernsautooscillationin thecircuit, theresonantfrequency at inlet wasidenti�ed by meansof anacoustic
model, anddepends on both the compressiblevolumes of cavitation vapor andthe accumulatorair capacity. These
compressiblevolumesincreaseunequally while decreasingNPSPcontinuously, andthemeasuredresonant frequency
is a bit shifted towards lower values. Spectralcascades,presented in �g. 8 for the two inducercon�gurations at
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Cavitation Regime Label Typical Frequency Comment

RotatingCavitation RC n � 1 � 2 to 1 � 0 nn with har-
monic modulationsat

�

n �

nn �

� k
�

k � 1 � 2 � � � �

�

Circumferential propagation at LE of
vapor and non equilibrium of �o w
throughbladecascade

Surge Mode Cavitation SC n � nn
�

4 andnn
�

10(acous-
tic resonance)

Axial excitation of system by vapor
structurewith accumulatoror inlet pipe

Sub–Harmonic of Asym-
metricCavitationMode

SHC n � k � nn
�

Z
�

k � 2 � Z � 4
�

Asymmetricpatterns of attachedcavi-
tiesonbladesor back�ow cells

Table 1: Main characteristicsof theobserved cavitationregimes.

different operating points, focus on the low frequency domain: rotatingcavitation, cavitation in back�ow vortices
andsurge mode oscillationcanbeobserved. Labelshelponeto identify the differentcavitation regimes,which are
presentedandcommented in table1. A complete description of suchphenomenacanalsobe found in [17], with
similar cascadeplots of the LE–7 LOX inducer experimentsusingalso the inlet pressure�uctuations asreference
measurement.

For eachdesigncon�guration and�o w rate,themaximum pressure�uctuation magnitude is �x edat 1000 Pa on
they axis.Theabsolutemagnitudeof thermspressure�uctuation is notsigni�cant, sinceit dependsdependsstrongly
on theaxial locationof thetransducer. Spectralcascadeaxis is relatedto thedecreaseof thecavitation parameter up
to the drop. On the x axis, frequency is reportedragingfrom 2 Hz up to 1.3 n n. The �ush mounted transducer is
locatedbetweentheaccumulator andthe inducer to magnify theaxial oscillationsensitivity. Therotatingcavitation
is a morelocal oscillatingphenomenon, with a stronger dependency on the axial locationof theprobe. However, a
too muchclosemeasurement at LE to captureinformation on bladecascadeinteraction affectsback�o w andsurge
characterizationsbecauseof theupstreamextension of vapor.

Both at 100%and110%of the design�o w rate, the reference induceris affectedby asymmetric,rotatingand
surge cavitation. Both circuit resonance andradial loadsmaybe generated. Considering the remachined inducer, a
signi�cant attenuation is observed only at �m � 1 � 1 �mn, androtatingcavitation is still present. As a conclusion,the
proposedremachinedinducer wasnotef�cient to avoid rotatingcavitation.

4 LOX Testsin Cavitating Condition

Optimization of the inducer leadingedgedesignproducedthe �nal inducer con�guration, which was testedin
waterat Colleferro, andin LOX at at DASA P59testfacility in Octobrunn (�g. 9(a)). During theLOX experimental
campaign, thecompleteturbopumpwasstudiedbothin coldandhotgasturbineconditionsby usingthe“Vulcain” gas
generator. Therotational speedof thetestrig was12300 RPM. In thenominalcon�guration, thepumpdraws LOX.
However, in experimentaltests,it wasnecessaryto useLiquid Nitrogen(LN2) insteadof LOX, in orderto avoid risks
of explosiondueto theO2/N2mixtureandtheimpactonwalls in a highpressureLOX environment.

Cavitating performancewasinvestigatedby meansof depressurizationof the�o w at theinducer mouth. A com-
parisonbetweentheinducerbreakdown coef�cie nt in waterandLOX is presentedin �g. 9(b) at �m � �mn. Both y and
t coef�cients arescaledusingthe corresponding valuesat the pressurized operating condition. A smoothing effect
on theslopeof they

�

t curve wasobservedcompared to theprevious inducercon�gurationstestedat CREMHyG.
Moreover, Thermal SuppressionHead(TSH) wasobtained,providing about25%of gainin theoperative range with
respectto waterbreakdown condition.

Inlet pressuredynamic behaviors in wateralsoshow how supersyncronousrotatingcavitationalmostdisappears in
the�nal inducercon�guration(�g. 9(d)) comparedto thereferenceone(�g. 9(c)).

As a result,the�nal inducercon�gurationrevealeda signi�cant trendto reducerotatingcavitation effectswith a
goodsmoothing of they

�

t curve.

5 Conclusions

Designstrategiesadoptedduring theoptimization processof the“Vulcain2” inducercavitatingperformancewere
presented. CFD techniques,experimentalactivity andmathematical modeling on the basisof assessedexperience
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(a) DASA testrig (LOX).
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(b) Breakdown curves y
�

t in water and LOX for the �nal
inducercon�guration( �m � �mn).

(c) Spectral pressuresignaldistribution for the reference in-
ducercon�guration in water( �m � �mn).

(d) Spectral pressuresignaldistribution for the �nal inducer
con�gurationin water ( �m � �mn).

Figure9: Experimentalfacilitiesin LOX andmainresults.

wereexploitedto reachthis target. Mutual relationshipswerehighlightedall alongthedevelopmenttimeactivity. 3D
fully–viscouscomputationsallowedthedesignerto identify cavitation inception, andto compare performancesof the
referenceand�nal inducer con�gurations.A parametric analysisof theperformancewascarriedout by varying the
leadingedgeshape,which is mainly responsibleof rotatingcavitationandinducedradialloads.Both waterandLOX
testsassessedthatthe�nal modi�cationsof leadingedge shapearesuitableto reducerotatingcavitation effectswith
a goodsmoothing of the y

�

t curve, while preventingpotentially dangerousexcitations from beinginduced on the
pipingsystem.
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