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A CAVITATION AGGRESSIVENESS INDEX (CAl)
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The paper proposes a methodology within the Regnalceraged Navier Stokes (RANS) solvers for cawitpflows capable of
predicting the flow regions of bubble collapse éimel potential aggressiveness to material damageaggressiveness index is
introduced, called Cavitation Aggressiveness In@@kl) based on the total derivative of pressurechtidentifies surface areas
exposed to bubble collapses ; the index is testadd known cases documented in the open literainteseems to identify
regions of potential cavitation damage.
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1. Introduction

Cavitation is a phenomenon commonly associated tiihappearance of vapour cavities within the milla
liquid flow when pressure drops below the vapouwspure at the local liquid temperature; in suchsrhie to
the existence of impurities in the flow field orriace irregularities, phase-change takes placgatiing from
either the material surface or inside the bulktef flow. The bubbles produced may contain both uapmd
non-condensable gas (i.e. air). Theses bubbles atieected to lower pressure regions, increasezaamd if
subsequently are brought abruptly into higher pressegions in the flow, they collapse; during todlapsing
process, their energy is transformed into presguises which are emitted into the surrounding, icaus
material damage and erosion, mainly on non-defolen@betallic) surfaces. There is a substantialréeffiathin
the fluid mechanics community in developing a cotafianal tool within the numerical algorithms cuntly
used in cavitating flows, for predicting not onhetlocation of the vapour bubble creation but iyaime region
of its destruction, thus aiming into predicting therface areas most prone to cavitation damageitaiian
damage is considered to be caused by two fluid améch mechanisms: (1) either by the emitted pressu
waves impinging on material surfaces during thebteibmplosion and its subsequent rebound, accortting
Brennen and Leighton [1, 2]; (2) by the impulse neaam of a penetrating liquid micro jet impinging the
surface and which is created due to asymmetric lbutiidlapse near the surface and related to a bidjamp
pressure Hammitt [3, 4]. Kedrinskii [5], questictiee potential of a single bubble collapse neaurfase to
create material damage as the amount of forcectirabe exerted on a surface by a single collagsidple is
order of magnitudes smaller than the material hesdnwhile in the case of the liquid micro jet ingiig on the
surface its kinetic energy is order of magnitudeslier than the energy stored in the collapsinglsitubble.
According to Kedrinskii, it is the synchronous egse of many bubbles which creates a cumulativespre
effect, above a threshold, which can initiate niatezrosion. Fortes-Patella et al. [6-9] proposedesosion
model based on the pressure wave power densityeehtiy the imploding bubbles near a surface. Tlkequre
wave energy emitted is obtained from the numergmltion of the Rayleigh — Plesset equation, with
compressibility effects taken into account; the etidependent wave energy results were then used for
calculating the pit volume due to surface defororatdf the material exposed to the pressure puldeear
relation was found with the coefficient of linegrilepending on the material properties; the rdiigbof the
model was also tested against experimental resnleroded samples of various metals with a goocktzdion.
The wave power density, based on the maximum pressuitted upon bubble collapse was found to becal g
indicator of the erosion aggressiveness of the.flow

Franc and Mitchel [10] estimate the various pressuareated upon bubble implosion and they condhatethe
impacting pressure due to liquid micro jet may b¢he same order of magnitude with the impactingspure
wave due to bubble collapse; however, its duraasrders of magnitude smaller; moreover, the meisha of
collapse of cavitating vortices, found in unsteagdrofoil flows, is more important creating highpact loads,
with order of magnitude higher duration, even higtman the collective synchronous bubble collafsdar et
al. [11] conducted experiments in a water tunnal presented erosion results on a cavitating hydrafo
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various flow conditions; the results obtained, rhaafter visual inspection with the time of the dea surface,
were used to develop an erosion model based oeotieept of the impulse pressure acting on the caidae to
the liquid micro jet impingement upon asymmetridble collapse near the wall. The measurements adtelic
that erosion damage is related to cavity unsteadjnghile erosion aggressiveness is correlatedpmaer law
of the nominal flow velocity; besides, increasetlté non-condensable gas content in the water ofvtiter
tunnel reduces the erosion damage. The proposexloeronodel correlates reasonably well, the impulse
pressure created by the impinging liquid microsgh the pit area created on the surface.

Dular and Coutier-Delgosha [12] used a CFD modaletdaon RANS finite volume methodology for time
dependent flows coupled with a barotropic modekhtoount for cavitating flows; a modification wasal
employed to the k-RNG model for computing turbulent viscosity whigtkes in an heuristic way into account
mixture compressibility; the CFD results were ppsicessed and information about pressure distdbutias
coupled to the erosion model, proposed in [11]. T® methodology predicted the various phases watyca
cloud collapse, the associated pressure signatarégne and the resulting erosion as manifestedthey
formation of the pits in time. Even though the pecédns are not very well correlated to measuresetiite
coupling of CFD post processing and the erosionaghgies a direction for developing such an appndac
engineering design. Terwisga et al. [13] reviewsal tarious erosion models reported in the liteeaturd drew
the conclusion that an initial bubble implosion ayronizes the implosion of a bubble cloud and that
synchronous implosion of many bubbles either peorsafter breaking up of the traveling cavitatioortices
may be the physical mechanism leading to cavitagimsion. Ziru Li [14] tested various erosion fuons like
pressure, partial derivative of pressure with tithe, rate of change of volume vapour fraction dralrttime
integrals based on CFD results after post procgssihe concluded that the maximum rate of change of
pressure in time is a better criterion for cavitatdamage and it seems that high values of theofatkange of
vapour volume fraction do not correlate with erosttamage. Li and van Terwisga [15] investigatedtime
derivative of pressure as an erosion risk indea iitow around a hydrofoil at 8 degrees angle cdckttand
concluded that an erosion intensity function whiglthe time mean value of the time derivatives kfspure
above a threshold correlates well with the expemtadeevidence of erosion risk regions on the hyaitof
surface.

2. The Cavitation Aggressiveness Index (CAI)

The paper proposes a methodology for predicting tégion of bubble collapse and its cavitation
aggressiveness. The idea for the proposed methpgdadobased on the concept that for a vapour buttble
collapse two conditions must be met: (a) the td&lvative of the vapour volume fraction must bgateve (as
bubbles must have decreasing volume) or equallyotia¢ derivative of the mixture density must besifive and
(b) the total derivative of the pressure must b&tpe (bubbles collapse at regions of increasirgggure),

ba_, 1)
Dt
% >0 (2)
Dt

The idea of using total derivatives (and not justtipl derivatives) in estimating cavitation damaygginates
from the fact that bubbles at the final stages afapse follow the streamlines due to their smak sand
collapse along them; the use of the total derieathakes the procedure applicable not only to udgtbat also
to quasi steady-state flow calculations; flow regimf high positive total pressure, calculated veitkteady-
state RANS methodology, might be potential areascévitation damage in flows with intermittent ¢ation

regions, thus indicating secondary areas of camitaiamage. The previous two conditions, equat{d@ysnd
(2), define a topology in the flow field where cation damage might appear.

2.1. The concept of the cavitation Aggressiveness Index (CAl)

In a cavitating flow there is a region where anteady cavity is formed in the flow, inside of whieimd at
some region, the total derivative of the vapouruwmd fraction is negative; periodically also duethe
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interaction of the re-entrant jet and the oscifigtcavity, the cavity breaks up and a vapour cisuetivected by
the flow which collapses further downstream at gunes recovery regions, i.e. in regions charactdraeo by
negative total derivative of vapour volume fractiothese two regions are regions vulnerable to ernosi
damage. The total derivative of pressure indic#ltesrate at which the pressure changes as a fhiiticie
moves along the streamline; a bubble followinggtreamlines having a maximum radius gf,fFobtained at a
flow region of minimum pressure,R (which inside the vapor cavity is equal to the aapressure) reduces in
size and finally collapses under the influencehef pressure difference between the external pegRyup, i.e.
the recovery pressure far outside the cavity, émedpour pressure; the strength of the emittedspire pulses
depends on the imposed pressure difference anaraathristic time scale defined by the time reqlifer
bubble collapse when the environmental pressum@isptly imposed. The time scale characteristi¢hef
bubble collapse, is given by [1] (Rayleigh bubkddapse time),

& -a R ©
P,-P

out min
P

wherea=0.917. Therefore a time derivative of pressuréetiice characteristic of bubble collapse is of the
order of

(Apj - Pout ~ Pmin (4)
At),” &

cr

The maximum bubble radius at equilibrium can be&wated on the assumption of isothermal bubble trow
and applying eg. (2.3) of Franc and Michel [10festimated to be equal to

oh
Rmax:[P i ] )

° 20

where the initial pressurl?go of the non-condensable gas inside the bubble upmaption (R) is assumed to
be
_ 20 (6)
Po=R-R+T-
Ro

P, being the total pressure of the flow. From thevahib can be estimated that the characteristicahfessure
for bubble collapse is:

%

(Apj - Zji Rnut — I:)min (P - p . ) (7)
At b \ pL R)% R) -pP +§ out min
"R

(o is taken equal to unity).
Similarly, within the cavity, a threshold hydrodyniz rate pressure difference due to cavity osaltet could
be defined as

(Ap] - I%ut,cav B I:)min (8)
At th (lref /uref)

wherel, andu¢ arecharacteristic length and velocity (time) scalethefvapor cavity (i.e. length of cavity and
vapor velocity at the middle of the cavity) aRgl;c.y iS the pressure outside the cavity. The two ticees
introduced above, one due to bubble collapse asdother due to cavity oscillation are maybe ordsrs
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magnitude different (i.eus and ms respectively); therefore in order to lwitliese two regions a logarithmic
scale is proposed and a Cavitation Aggressivelineex (C.A.l) on a ten-scale is thus defined as:

Dp/ Dt
% 1), ©)
g (BPTA0,

og(
(Ap/ At),,

CAl =10

Values of the Cavitation Aggressiveness Index (Cidpve zero (related to cavity unsteadiness) t@rdlated
to bubble collapse) indicate areas of hydrodynaraigtation aggressiveness from cavity oscillatiand break
up to vapor cloud collapse.

2.2.Preliminary I nvestigation of the CAl behavior in a Flow

The turbulent flow around a planar-convex hydro&tizero and four degrees angle of attack has teesen as
a preliminary case for testing the proposed Cawitafggressiveness Index; the flow has been doctaeden
experimentally by Le et al. [16] and studied nurcaty by Frank et al. [17] using the ANSYS CFX cosmeial
code with a homogeneous multiphase model. In batlkesthe flow velocity is small and cavitation dgees
not expected; thus these two cases were chosesttthe behavior of the proposed Cavitation Aggvesgss
Index.

2.2.1. Turbulent Flow Around the Planar-Convex Hydrofoil at Zero Degree Angle of Attack, Le et al.[ 11]

The flow around the hydrofoil has been numericallyestigated using the commercial software FLUENThw
a fine grid around the hydrofoil supplemented wibal grid refinement; the k-turbulence model was used,;
curvature correction and pressure gradients efiadiise wall functions were also included and thg yalues
were around 50. The inlet flow velocity was sebto/s and the cavitation number equal to 0.4; thgnRles
number of the flow was fODetails of the experimental set up can be foun{il]. For the particular flow
conditions studied, according to Le et al. [16}eady attached very thin cavity develops at thditepedge of
the hydrofoil with a length around 0.4 the hydrbfdiord. Figure 1a shows the steady state streambnound
the hydrofoil area indicating two regions of lonepsure, a small one near the leading edge of ttosiside
and a larger one at the pressure side near thiegraidge of the hydrofoil; the low static pressurside these
regions is associated with cavitation and figuraridicates the corresponding fraction of the vapmlume in
the two cavity regions. The vapour cavity is shotkean the flow separation region; at the suctime ®f the
hydrofoil the vapour cavity length is in fair agneent compared to the experiments (experimentalrtaiogy
from 2% to 10%) and to the corresponding prediatioh [17].
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Figure 1a. Streamlines around the hydrofoil at Caled) Figure 1b. Distribution of Vapour Volume FractiovG@F)-
pressure distribution. Two vapour cavities are formed.
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Figure le. Regions of potential cavitation erosion -
intersection of Da/Dt<0 & Dp/Dt>0

Figure 1f. CAl values on and around the hydrofoil.
Figure 1c indicates the regions of negative vahfethe total derivative of the vapour volume fracti Figure
1d indicates regions of positive values of totalidgive. The Boolean intersection of the regiomdigures 1c
and 1d, shown in figure le, indicate the areasubbke collapse under pressure. The correspondinigv@lées,
figure 1f, on the hydrofoil surface are very smajfpart from the tiny region at the leading edgdicating that
the hydrofoil might be free of cavitation erosiondathe cloud collapse takes place at regions fam fthe
hydrofoil surface. Time dependent calculations éaté that the flow exhibits some limited time uasdiaess,
mainly at the cavity region of the pressure sidwie cavity at the suction side remaining steady.

2.2.2. Turbulent Flow Around the Plano-Convex Hydrofoil at Four Degrees Angle of Attack, Le et al. [ 16]

For the experimental conditions described in §2ahd for a cavitation number of 0.5 and angle tdckt 4
degrees, figure 2a shows the time mean streaminasnd the hydrofoil obtained after a time depehden
solution of the flow field over many cycles; in ¢mast to the previous case, the suction side sépanagion
has increased in height whilst the pressure sigarstion region has disappeared in the time mieamr®; the
low static pressure in the region of separated fisvassociated with cavitation and figure 2b inthsathe
corresponding fraction of the vapour volume in¢hgity. The time mean length of the cavity at thet®n side

of the hydrofolil is in qualitatively agreement withe measurements and the prediction of Frank. ¢17] but
slightly underestimated.
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Figure 2a. Streamlines around the hydrofoil at 4alegje of Figure 2b. Distribution of Vapour Volume Fraction
attack and pressure distribution. (VOF).
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Figure 2e. Regions of potential cavitation damage

Figure 2c indicates the regions of positive valatthe total derivative of mixture density (negativalues of
the total derivative of vapour volume fraction)giie 2d indicates regions of positive values dadltderivative
of pressure. The Boolean intersection of the regionfigures 2c and 2d indicate the areas of bubblapse
under pressure. Figure 2e indicates the valuesAdfdistribution where it is found that cloud collsm takes
place far from the hydrofoil surface except at ldaeding edge where high CAl values are calculateetefore
the hydrofoil under the present operating cond#ishould not face erosion problems apart at thgirigeedge.
However, the flow field at this flow condition aading to Le [16], i.e. 4 degrees angle of attaskumsteady
and figures 2(f-g-h-i) show four indicative timestants of the flow development; the maximum calgtygth is
greater than half the hydrofoil chord.

Vapor

Y (m)

Y (m)

Figures 2(f, g, h, i). Flow development and vapavity at various time instants
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Figure 2j. Instantaneous distribution of CAl on thalrofoil suction surface, for the instances above.

For these particular instances the CAl values hosva in figure 2j; it is concluded that at the lemfedge the
CAl index is high indicating cavitation aggressiess, whilst a smaller value is found during theetim
dependent calculations not computed from the tineanmvalues of the flow field as it is associatethwtihe
oscillating cavity.

3.The LEGI Erosion Investigation, Franc et al. [18, 19]

Erosion tests on specimens have been systemataxaligucted at the specially build hydraulics tuninethe
university of Grenoble (LEGI); the particular caseébe examined in the present investigation is shimfigure
3a. Water with a velocity of 40.5 m/s is flowingarthe round pipe, where it is forced to turn alisumto the
small radial passage; upon turn, cavitation takasepand a large cavity attached to the uppergdtte disk is
formed. Three erosion zones are found; one juiieabent, i.e. entrance to the narrow passagesadeone
attached to the upper disk and a third one ondter disk opposite the end of the second erosioe.zbhe
measured erosion areas are shown in figure 3b.

Toroidal
attached

Upper disk: ,‘I | Lower disk:
Ernsion_zor_\es 1&2 Erosion zone 3

/\ y i21dmm |
!\ v
“28.3mm

Figure 3a. The experimental set up, Franc et 8]. [1 Figure 3b. The erosion zones measured

The numerical solution of the turbulent flow fieldas obtained using the FLUENT software; it has been
assumed that the flow is steady, incompressibleaaigymmetric. The standardekturbulence model has been
utilized with non-equilibrium wall functions to ament for pressure gradient effects in the wall fiows. A
telescopic grid refinement technique was adopted l#d to grid independent solution and thgsyas kept
around 50, in the fully turbulent region. Figure iBdicates pressure distribution where the presseg@n
below the liquid vapour pressure is evident; a wamavity is formed attached to the upper disksla@wn in
figure 3d; a large recirculation region is alsonfied attached to the upper disk with a length latgan the
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vapour cavity extending up to position 0.026m, agdin the region of zone 3 of erosion of the tatgeter
disk; the vapor cavity ends at a distance withmdtosion zone 2.
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Figure 3c. Pressure distribution and Figure 3d. Distribution of the vapour Figure 3e. Distribution of positive
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Figure 3f. Distribution of Positive Figure 3g. Regions of potential Figure 3h. CAl values in the flow field
values of total pressure gradient cavitation damage and on the wall

Figure 3e presents the regions of bubble collapssignated by the positive values of the totalvdgirie of the
mixture density and figure 3g indicates the regiohpossible cavitation damage on the conditio®afDt<0
(Boolean intersection of flow areas of figures 8e &f). Figure 3h indicates the values of CAl. Higtlues of
CAl are found at the corner of the upper disk, tmeaA, as also at the lower disk at two locatidosations C
and D, at Y=0.021 and Y=0.027 respectively; lowatues of CAl around zero are found at Y=0.016 at th
upper disk, location B; all four predicted erosipnone locations are within the erosion zones of the
experiments, as shown in Figure 3b. The CAIl valugha upper disk is associated with the vapor gavit
“oscillation”, whilst the two locations on the lowealisk are associated with cloud collapse. In tedhe
investigated flow exhibits unsteadiness and thelexstoarea would spread around these locations; aleatit
unsteady flow calculation should indicate the ekifnthe areas prone to erosion; the interestedereis also
addressed to the recent publications of Gavaisals g9, 20].

4. Conclusions

The paper has proposed a Cavitation Aggressiveimelex (CAIl) based on the total derivative of preesu
properly non-dimensionalized which proved to bel&ble tool capable of identifying flow regions pdtential

material damage due to cavitation. The index bdéiaged on post processing results from CFD caloulsti
using RANS solvers is suitable both for steady ansteady flows; its possible correlation with eerglease
concepts upon bubble collapse could create an ioflesosion rate of material.
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