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Summary. In this work a new methodology for the predictiohflow areas of cavitation
erosion is presented. The new methodology is agrosessing procedure utilizing the results
of the flow field solution; it is based on trackitige cavity boundaries in near-wall regions
where the material derivative of the vapour volunaetion is reducing, meaning that in these
areas the vapour structures are collapsing. Thaeation erosion indexes are proposed and
tested, by simulating the flow formed in a highegecavitation tunnel at Laboratoire des
Ecoulements Geéophysiques et Industriels (LEGI) led tUniversity of Grenoble, where
experimental erosion results have been obtainedhé past. Agreement between the
experimental data and the predictions is satisfgctondicating the research road for
developing an accurate prediction methodology o$ien and material loss.

1 INTRODUCTION

Cavitation occurrence is possible in all hydrauktated systems and machinery, such as
piping, valves, pumps, turbines, propellers andewsthleading often to lower operating
efficiency, reduced flow rates, flow choking, nqgisebration and damage of mechanical
components due to material erosion [1]. Thus, aemé years, there has been increased effort
for studying cavitation effects, either experimdélgtar with CFD simulations, aiming to
understand the physics of cavitation itself anddfia correlation between cavitation
occurrence and erosion damage.
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Cavitation erosion is not yet well understood ahdsia subject of ongoing research.
According to Franc et al.[2], erosion due to caidta may be attributed to the microjet effect,
collective bubble collapse and the collapse ofteéivig vortices. T.G. Leighton [3] considers
the microjet effect dominant when the cavitatiotensity is low, whereas in cases of intense
cavitation, erosion is predominantly attributedthe shock wave from the collective bubble
collapse. Terwisga et al. [4] reviewed the varimechanisms of erosion and concluded that a
bubble implosion may trigger the implosion of a bigbcloud leading to cavitation erosion. In
any case, the main mechanism that is believed thdeause of erosion is the localized and
focused release of accumulated potential energgour structures, during their collapse. In
the recent literature there have been several ptgefor modelling erosion effects; a brief,
non-exhaustive list includes the works of:

- Li et al. model [5], that is based on time aged indexes of flow field variables. The
conclusion was that the maximum time derivativprassure in unsteady cavitating flows is a
better criterion for cavitation damage, whilst tia¢e of change of vapour fraction does not
correlate with erosion damage.

- Patella et al. [6] proposed a model based ortieegy emitted from a collapsing bubble

- Dular et al. model [7], based on the hypothes&é erosion is caused only by microject
formation

- Wang et al. model [8], based on bubble dynamiatimns along with the pressure wave
emissions from collapsing bubble clouds.

In the present work, we propose a methodology doretating cavitation with erosion. The
model is based on the principle that erosion sigsear on surfaces in flow areas where there
is vapour bubble collapse due to adverse pressadbegt. As the bubbles near collapse are
small they should follow the streaklines of theafland, therefore, the erosion areas should be
topologically defined at least as flow areas where:

%<0
Dt

% > 0

Dt
wherea andp are the vapour volume fraction and the fluid pwesswhile D/Dt the total
derivative of the flow. Based on the above condbpe erosion indexes are proposed and
evaluated against experimental data. It has to diednthat the proposed principle for
indicating the locations of surface erosion does depend on the two-phase flow model
employed to estimate cavitation; therefore it may dpplied in any methodology for
calculating cavitating flows, either in an Euleri@anin a Lagrangian framework.

(1)

2 EXPERIMENTAL SETUP

The experimental installation consists of a cloéed circuit and is described very well in
[9]; it consists of a pump driven by an 80KW electmotor, capable of operating at flow
rates of 11lt/s and pressures of 40bar, a heataexgen to control the temperature of the
working fluid (which is water), a flowmeter for tlil®ew measurement, a pressurization bottle
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used to adjust the downstream pressure of the elewid the test rig. The test section is axis-
symmetric and consists of a converging nozzle whictelerates the flow. The flow is then
forced to make a 90° turn and to pass between lwgely spaced disks, see also Fig. 1.
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Fig. 1.(a) The experimental test section of the high-speattation tunnel. The computational domain isvemo
in red. (b) A close-up at the area of interest J9je erosion regions are also shown.

The aforementioned installation is primarily usedtést material resistance to cavitation
erosion. When the device is operating, sheet dawitas formed just at flow turn, which is
convected downstream, causing material erosiorotio #hisks. The lower disk (see Fig. 1) is
normally made from a sample material whose erosgsistance is to be determined. The
upper disk is made of hardened alloy in order téhstand cavitation erosion and is

periodically replaced. Over time, a circular pattef erosion is formed on the surface of both
disks.

3 CFDMETHODOLOGY
3.1. Cavitation modeling

The simulations of the flow field for the aforemiened geometry were done using the
Fluent v14.5.7 software. For the selection of thprapriate multiphase model, it was kept in
mind that, with the current hardware, it is compiotally impossible to accurately resolve
the dimensions of all cavitation structures, usamginterface capturing methodology. Thus,
the mixture model [10] was selected, since eachpcoational cell represents a spatially
averaged distribution of the vapour/liquid phaselsich are assumed to be interpenetrating.
Relevant properties, such as density and viscaaigycalculated by volume fraction weighted
averaging. Gravity and vapour phase drag force havéeen included in the simulation.

The volume fraction of the vapour phases calculated by solving an additional scalar
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transport equation. Cavitation is handled by meassfer source terms, which correspond to
the evaporation (mass transfer from liquid to vapeund condensation (mass transfer from
vapour to liquid) processes. In this work, thesengeare approximated by employing the
Zwart-Gerber- Belamri model [10].

3.2. Turbulence modeling

In order to model turbulence effects, the Detadhddy Simulation model has been used.
The Detached Eddy Simulation model is a hybrid lbetwtRANS and LES turbulence models
[11, 12], which combines the advantages of bothhoutilogies: lower computational cost
than pure LES and better representation of vortaresdetached eddies the pure RANS, when
the grid resolution is fine enough. The RANS pdrthe DES model is represented using the
k-omega SST model, since it is capable of represgmniear wall flows for y+ less than unity
up to y+ of >30 and it is robust and relativelyensitive to the selection of the turbulent
characteristics at boundaries [13].

The DES formulation used is the Improved DelayedSXEommonly known as IDDES),
since it employs special shielding functions faaehed boundary layers and includes the
correction of the potential log-layer mismatch [11]

The reasoning behind the selection of this pdardurbulence models is twofold:

1. After experimental investigation of the develapilow field between the two disks, it
was found that a complicated vortex shedding-lileei@nism occurs. Significant vorticity is
generated at the sharp turn which is convected diveamm, where it decays due to viscosity.
Due to the intense vorticity production, pressurena vortex cores drops below the saturation
pressure, thus vortices act like moving cavitatioception sites. It becomes apparent that
turbulent effects play a detrimental role at thewfldevelopment and, thus, an advanced
model is desirable for the correct representaticheflow structures.

2. It has been shown in literature that standarcNBAJRANS methodologies fail to
predict correctly the vortex generation mechanisntavitating flows. Here the reader is
referred to the works of Coutier Delgosha et &, [15] and Li [5].

4 EROSION MODELING

As mentioned in the introduction, the main ideaibeélthe erosion indexes presented here
is the tracking of the collapse of the cavitaticapour structures. In particular, when the
vapour structures are collapsing it will be assurtteat erosion is produced in the nearby
walls, either due to shock wave emission or mi¢rigenation.

Since the simulation is based on an Eulerian retererame, the collapse of vapour
structures will be tracked from the Largangian atenial derivative of the vapour volume
fraction,a, which is defined as:

—=—+ullla (2)

When theDa/Dt term is negative, then the vapour structures altegsing.
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Apart from the material derivative of the vapouplid volume fraction, an additional
index that has the potential of indicating erosa@gressiveness is the material derivative of
pressurePp/Dt, when the vapour fraction is reducing. The idelitet this index is that the
higher theDp/Dt term is, the quicker the collapse of vapour casiwill be; in other words, it
quantifies the aggressiveness of the bubble calaps

An alternative erosion index is the estimation loé thumber of bubble collapses per
volume and time, referred to thereafter mg. This rate of bubble collapse may be
approximated as follows:

nVv,
——=nV,>a=—->
1-a 1+nV,
Da _V,n+ny,
Dt (1+nV,)
_, 1 Da_V,

®3)

r']BC -

a(l— a) Dt n\Tb

wheren is the number of bubbles per unit volurig,is the volume of one bubble. Here, for
simplicity, the second term, involving the rate abfange of the bubble volumé , is not

simulated (is currently under modelling) and Je# neglected since under the assumption of
sudden collapse at constant bubble radius the vamshes. As the collapsing bubbles have
almost the same potential energy [16], this indeproportional to the energy release per unit
time and volume.

Finally, an alternative measure of the cavitatioms®n potential is the acoustic pressure,
Pac, €Mitted during the bubble collapse phase. Thig beaapproximated, beginning from the
following relation of Wang and Brennen [8]:

p :LDZVB
“ A Dt?
sinceV, =V.a
D?%a
pac :VC %W (4)

where V., is the local cell volumey is the fluid densityr is the distance from the wall. It
should be highlighted here, that in both the rdtéhe number of bubble collapses and the
acoustic pressure, only positive values have aipedeneaning for erosion.

5 CFD SIMULATION RESULTS

5.1. Instantaneous and mean flow results

In order to simplify the simulation and decrease ¢bmputational cost, due to spatial and
temporal resolution requirements of the turbulenmmael used, only 1/8th of the complete
axis-symmetric geometry was simulated (see alsoljigrhe computational mesh employed
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is purely hexahedral, non-conformal, consisting-6fmillion cells. Adaptive refinement is
used near the area of interest, which spans bet@eea 35mm, including the erosion zones
of both upper and lower disks. The boundary coodgiused are shown in Fig. 2; the flow
rate through the device is prescribed to 8.16lWisich corresponds to an inlet velocity of
9.66m/s, while the absolute pressure at the oigtleet to 19bar. The saturation pressure of
water is set to 2340Pa, which corresponds to aaemyre of 20°C. From the experiment at
these conditions, the absolute pressure at theimt®und to be ~40bar and the test rig is
operating at a cavitation numbeof 0.9.

Velocity Inlet

Rotationally
periodic

Pressure
outlet

Fig. 2.(a) boundary conditions used for the simulatiogncimputational mesh used, with refinement visible

The spatial resolution used is ~0.1lmm and at thea af refinement is ~0.05mm.
Refinement is used at the near wall region in otderapture as much as possible the near
wall effects and the flow detachment; indicativehg first near wall cell at the sharp turn had
a height of 2.am. The temporal resolution used iss2 The idea behind the selection of this
time step was based on the fact that, with DES, roag resolve eddies with maximum
wavelength of 1=5A, whereA is the average mesh resolution [17]. Thus, thrsesponds to
indicative length scale of ~0.5mm and, when congidgea maximum velocity of 90m/s
which occurs at the turn, results to a time scA1us.

Indicative instantaneous results are shown in tieviing figures. In Fig. 3 the vortical
structures after the sharp turn are shown usinth@¥econd invariant of the velocity gradient
tensor and (b) the vorticity magnitude. The reafmmusing the second invariant of the
velocity gradient is because it represents in tebetay the vortical structures than vorticity
itself (the interested reader is addressed to[@23.18, 19]); vorticity is high not only in
vortices, but in areas of high shear as well, thasking the actual vortices [19]. From Fig. 3
it becomes apparent that there is significant wogeneration downstream the turn.
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Fig. 3. (a) Isosurface of the velocity gradient seconaiiant. (b) Contour of vorticity magnitude. Thebk
dashed line shows the radius of 25mm.

The simulation was run for 0.0125s of physical timhile statistics have been collected
for 5ms. In Fig. 4, the distribution of the instaméous and averaged liquid phase fraction is
shown. The instantaneous vapour distribution idlligrregular and unsteady. On the other
hand, the averaged distribution of the phase fracshows a smooth transition, with vapour

generation being intense near the turn and fadutgndnen moving closer to the radius of
25mm.

(@) (b)
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Fig. 4. (a) Instantaneous and (b) averaged liquid phas&dra The black dashed line shows the radius of
25mm.

5.2. Erosion indexes

The statistics of the liquid fraction may be useda equivalent steady-state solution field
which shall be used for the derivation of the esnsndexes on the wall surfaces; in that case,
the temporal term of eq. 2 is dropped out. In thiéowing figures (Fig. 5 - Fig. 8) results
from the erosion indexes are shown, in comparisith thie actual erosion sites found from
the experiments (dashed lines, see Fig. 1).

The maximum values of the total derivative of tla@eur volume fraction, shown in Fig. 5
marginally approach the lower edge of the erosi@asin both disks. The total derivative
pressure however,@Dt, index shows a different pattern: the maximum &slfall inside the
erode areadredicted erosion on the upper disk is limited rather narrow zone inside the
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actual erosion zone at R=17.2 - 27.2mm); the regteotipper disk is practically predicted free
of erosion. On the other hand, at the lower disky \egh values are predicted near R =
21.7mm, in agreement with the experimental evidefd® n,. index shown in Fig. 7 are
correlated better with the experimental evidencgaréing the location and extent of the
eroded areas. Fig. 8 present the erosion indexdbasehe values of the emitted acoustic
pressure upon vapour collapse; high erosion vadnegpredicted earlier comparing with the
experiment at the lower disk, whilst the index peedrather successfully the erosion situation
in the upper disk.

e u

dadtt 0 25 50 ?.5 100
Fig. 5. Volume fraction material derivative at (a) upped &h) lower disks.

dpdt: 0 15E+08 3E+08 4.5E+08

Fig. 6. Pressure material derivativ@/Dt) in near wall areas where the vapour structuresallapsing
(Da/Dt<0), at the (a) upper and (b) lower disk.
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Fig. 7. Number of bubbles collapsinggt) near the wall at the (a) upper and (b) lower disste that the
decimal logarithm is plotted.

(b)

| .
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Fig. 8. Erosive pressurg{;) calculated from the second material derivativéhefliquid volume fraction at the
(a) upper and (b) lower disk.

Considering all results from the new erosion mad&ise conclusions can be drawn:

- The predicted potential sites for erosion basedtloe proposed indexes are close to the
actual pattern observed from the experiments, thighrate of the number of bubble collapse
index to be the superior. There are of course egsicies, which are examined at the next
points.

- Erosion at both the upper and the lower diskresligted somewhat earlier than the actual
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erosion of the experiment. Indeed, all methodolgesdict high erosion indexes near the
lower radius of the erosion zones of R= 17.2-27.2ameh R= 21.7 - 28.3mm of the upper and
lower disk respectively. This is believed to be s=liby a general underestimation of the
extension of the vapour phase; this is also visibld-ig. 4 where the vapour phase has
practically collapsed after a radius of ~23mmlIdbasseems that this effect is not related to the
flow field resolution, since a mesh dependenceystuas performed and the average value of
the vapour field did not vary significantly. So,dbuld be the case that the semi-empirical
cavitation model, employed in Fluent, and in patfc the vapour condensation parameter,
requires tuning, in order to properly capture tberect cavity size and location of the vapour
collapse.
- Erosion at the upper disk at the zone of 9-11.3mas not captured by any erosion

model. It is expected that this particular zone Mdae hard to capture, since it is close to the
flow detachment point and the flow field thereasher complicated and highly unsteady.

6 CONCLUSION

In the current work, three erosion indexes havenlested for estimating areas of
potential cavitation damage. The Erosion Indexeshkased on the tracking of the vapour
structures collapse; in practice, material derxegtiof the vapour fraction and pressure field
are employed. The described methodology is appbethe unsteady, turbulent, cavitating
flow field inside a high speed cavitation tunnéhce extensive data of the erosive pattern are
published. The flow field has been resolved and taweraged values of the velocity, pressure
and vapour phase fields have been extracted, wiach then been used for the calculation of
the proposed erosion indexes. Generally, the pestlierosion areas are similar to the
experimentally found pattern, with the rate of thember of bubble collapse erosion index to
show superior performance. Discrepancies which faued are attributed mainly to the
cavitation model used, as the size of the cavibgion is not accurately captured.
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