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Abstract

The onset of cavitation around propellers, hydiefahips, etc represents an important issue mgaaf reduced performance,
erosion and passenger/crew comfort due to cawuitatiduced vibrations and noise among other drawbaClonsequently
cavitation has been studied by many researchersptio now most of the investigations are stippesiments. Since experimental
investigations for marine applications are expemsi@FD simulations represent a powerful tool ineortb investigate the
phenomenon and consequently to improve the dedigmah components. A model to deal with cavitationd the pressure
fluctuations introduced by it has been developediNiBYS CFX, and a validation of it has been caroetl Two test cases have
been chosen for this purpose. The first one is a&d®@ containing a plano-convex profile, where @lcavitation can be observed.
The second one consists of a 3D case, where tiddlftws around a NACA 66415 hydrofoil. Atip vortex is generated with high
radial velocity gradients originating cavitatiom both cases the simulations have been carriedmoutfined grids and the

numerical results have been compared to thoseeiature, showing good agreement with them in rabte cases.

1. Introduction — Cavitation Modelling for Marine
Applications

Cavitation in marine applications like flows aroumgtirofoils,
ships and propellers is a phenomenon, which cad tea
serious performance deterioration of propellers;aweitation

Franc [3] and Arndt & Dugue [2]. In the first tesase a
plano-convex profile with cavitation clouds on uppsnd
lower side has been studied in a two-dimensional
configuration. Cavitation inception, cavitation lnld sizes
and hydrofoil lift have been examined for differemgles of
attack and for different cavitation numbers. Transaveraged

erosion damages to propeller blades and to the d¢dss pressure profiles on the hydrofoil upper and logide have

passenger comfort due to cavitation
fluctuations interacting with the ship hull. Theoed large
experimental and simulation efforts are spent inke
investigation of cavitation inception and accuiatediction of
cavitation for existing and new marine technologsigns.
Due to high operational costs of experimental itigasions in
scaled cavitation tunnels and uncertainties in upscaling
from the experimental data to real scale desigms litighly
desirable to be able to study cavitation with tdkaand
accurate CFD simulation techniques.

The aim of the presented work is the further dgwelent of a

induced pressubeen compared against experimental data for diffeflew

regimes.

The second test case was the flow around a NAGA&E
hydrofoil with elliptical planform, where the forrtian of a tip
vortex can be observed. High radial velocity gratiidead to
low pressure below saturation pressure in the xodere
inducing cavitation. The expected cavitation ingaptin the

vortex core has been investigated and compared to a

correlation vs. lift coefficient and Reynolds numbas
obtained by Arndt et al. [2] from a large number of
experiments. In order to assess the minimum preseuhe

cavitation model in ANSYS CFX and validation agains trailing vortex core with strong swirling motion @rhigh

available experimental data. The cavitation modeANSYS

CFXis based on the homogeneous multiphase floweveork

of the CFD solver taking into account the dynano€she

cavitation bubbles by solving a simplified Rayleiglesset
equation for the cavitation bubble radius. The tedian model
can be combined with any of the turbulence modetich are
available in ANSYS CFX, where the SST turbulencelel@f

Menter [6] has been chosen as the basis for trseptetudy.
Turbulent pressure fluctuations and their influerare the
cavitation process can be taken into account eitiner
resolving them in the numerical simulation, by s a

large scale resolving turbulence model (e.g. LESIHAS) or
by relating them to the turbulent kinetic energy #aking into
account an additional pressure fluctuation term tle

Rayleigh-Plesset equation.

The validation of the ANSYS CFX cavitation modeti§auer,
[4]) was based on available literature data frometal. [5],

velocity gradients a curvature correction term e tSST
turbulence model was applied, leading to a subsiant
improvement in the accuracy of predicted fluid wiies.
Further enhanced results were obtained by chantfieg
turbulence model to a Reynolds Stress Model [18].[1
Numerical simulations using ANSYS CFX have been
performed on hierarchically refined meshes applyirggBest
Practice Guidelines by Menter [7]. Comparison degnal
data (as hydrofoil lift), transient averaged volurfinaction
fields and pressure profiles on hydrofoil surfaseveell as
radial velocity profiles in the tip vortex showedoagl
agreement with experimental data. Also for the dfdigmen-
sional test case of Arndt & Dugue [2] it was foutidht the
mesh resolution of the finest mesh was still toarse in order
to fully resolve the very sharp velocity gradienis
circumferential fluid velocities in the tip vortestose to the
hydrofoil, when using the SST turbulence model.



Paper No 134

Nomenclature

Phase volume fraction

-

U Velocity component (mY
g Phase mass transfer rate (Kg st)
a
Oi Gravity component (m'3J
P Pressure (N /)
R, Bubble radius (m)
v Average velocity component (rif)s
ui' Fluctuating velocity component (ri)s
k  Kinetic energy (hs?

Greek letters

Turbulence dissipation rate {rs°)
Turbulence frequency

Phase density (Kg T

Stress tensor component (Kg if) s

~

S Surface tension coefficient fra?)

Subsripts
m Mixture
\ Vapour

I Liquid

B Bubble
min  minimum
sat  saturation
in inlet

2. The ANSYS CFX Cavitation Model

The cavitation model developed by ANSYS CFX is lbase
the Rayleigh-Plesset equation, which describegttwth of a
vapour bubble in a liquid. This effect is takeroimtccount by
adding a special source term into the continuityagign. A
homogeneous approximation to the vapour-water fisw
adopted, considering the same velocity field fbphbses by
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r,=1
a=1
where N =2 is the number of phases.
In addition, assuming that the mass sources aretaube
interphase mass transfer, it becomes that:
N

S, =0 (4)
a=1
When only two phases are involved, as occurs vétlitation
(vapour and liquid) the mass transfer rates astedlby:

S=-5= % (5)
The expression to evaluate this source term cadebized

from the Rayleigh-Plesset equation, which in it fersion
can be written as:

(3)

d’R, 3 dR ° 25 _P

Ry S =T (o)
de© 2 dt R I,

where R, represents the bubble radius, is the surface

tension coefficient andP, is the pressure in the bubble,

which is assumed to be the vapour pressure. Néuletie
second order terms and the surface tension, thatiequ
reduces to

dR, _ P

dt

R

z (7)
3

7
The rate of change of bubble mass is then predated

d_”b:r %:fv¢ R %Pv P
rl

8
dt Yo dt (8)

Assuming that there ardN; bubbles per unit volume, the
vapour volume fraction may be expressed as:

4
rv :VBNB=§IUR;NB (9)

continuous phase without slip velocity.
The governing equations for the two-phase flow tresd:

Continuity equation for each phase
W(r,r,) + Il us) _
1t T

Momentum conservation equation
(r,u) , 1 uu) _ 1P

Tt ™ T

where r,, U, r,, S,, ¢, f; andP, are the phase

volume fraction, the cartesian velocity componetits,phase
density, the phase mass generation rate, the aatefe
components due to gravity, the pressure and tkesstensor,

S (1)

;)

+rmragi + ﬂ

(2)

respectively. Subscriph refers to mixture properties. Since

the sum of all phases must occupy the whole doraimme,
the following constraint must be satisfied:

cavitation per unit volume becomes:
S, = 3r,r, |2P,-P
" R \3

This expression has been derived assuming bubloietigr

(evaporation). It can be generalised to includedeosation by
including an empirical factoiF) in the following manner

3r,r, [2|P - ,

Sv:F vv_|V P|S|gr(E)_B
Re V3 7,

which may differ for condensation and vaporisatiand it is

designed to take into account the fact that batlegsses occur

at different rates, since the condensation protessually

much slower than evaporation.

Despite the fact that the model has been genedalise

evaporation and condensation, it requires furthedification

in the case of evaporation. Evaporation is initdatat

nucleation sites. As the vapour volume fractioméases, the

nucleation site density must decrease accordisgige there

(10)

(11)
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is less liquid. For evaporatiofy, is replaced byr, . (1-1,).
The final form of the cavitation model is:

F,, e 17 12P7 P p
" Re 3

37 arr, 2P,-P (12)
I:cond LWy S ifP > F\)/
Ry \3 r
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turbulent viscosity by the gradient diffusion hypesis in an
analogous manner to Newtonian laminar flow as:

- 2 2 T _
rmuiuj —5/’ mk[ ij +§n7tﬂ_)§ qdij
(15)
- n? iq+ lU]
™% %

where is the eddy viscosity or turbulent viscosity, areds
to be evaluated. In this work a two-equation tuebgke model

And the following model parameters have been agplie js applied. It represents a good compromise betweererical

» Fap™

vap

R,=10°m, r,.=5 10* 50,F,,.~ 0.0,

con

2.1. Interaction of Cavitation and Turbulence
Modelling

Most of the flows that can be observed in naturengineering
processes are turbulent. It is due to the factttiet are three
dimensional flows, unsteady and may contain maffereint
length scales, originating a complex process.
Navier-Stokes equations are still valid for turtnildlows.
However, turbulent flows span the range of lengtd &me
scales involving scales much smaller than the ssiaflnite
volume size. The computing power required for thiee®
Numerical Simulation (DNS) of this kind of flows farther
beyond the available one, particularly in casesndtistrial
interest. Major effort has been carried out by $leentific
community in order to take into account the turbuleffects
on the flow. Different approaches can be appliedhsas
resolving the large-scale turbulent fluctuationataming the
major part of the turbulent kinetic energy (LES,R)EAS) or
modelling the phenomena entirely. When attemptingiodel
the turbulence, turbulence viscosity models carapplied.
The turbulence or eddy viscosity models are siagisinodels
and consider that the main variables are compoundérb
average component and an additional time-varyinctdiating
one, like

u=gq+y (13)
Introducing this decomposition into the Navier-Stek
equations (1-2) and time-averaging them, the sedal

Reynolds Averaged Navier-Stokes (RANS) equations ar i

obtained B
10r,0) , 80 P, o
t ™ % " (14)
ﬂ iy
L (F - U,
+‘Hx]. @ - rauu)+ S

Simulation of RANS equations substantially redudbs
computational effort in comparison with DNS and igt
generally adopted for engineering applications. Eaav, the
averaging procedure introduces additional unknoemms
containing products of the fluctuating componemntsich act
like additional stresses in the fluid. These seesme difficult
to determine directly and must be modelled by meais
additional equations or quantities in order to eltise set of
equations. Eddy viscosity models assume that thendtes
stresses can be related to the mean velocity grisdind

effort and computational accuracy. Two extra equetimust
be solved K- , ork- ), The turbulent viscosity is modelled as
the product of a turbulent velocity and turbulestidth scale.
The turbulent velocity scale is computed from thebtilent
kinetic energy K), and the turbulent length scale is estimated
from either the turbulence kinetic dissipation rétgor the
turbulence frequency .

A representative of the two-equation models is B@®T

Th%Shear Stress Transport) turbulence model. Thers&iel [6]

19] is based on the combination of two underlying
two-equation turbulence models, the industriallgevspread
k- -model (Jones and Launder, [22]) , andkhemodel in the
formulation of Wilcox [20][21]. The hybrid procedeiconsists
of thek-equation and a special form of theequation, which
enables through changing the value of a blend rfaEto
switching between a -equation F;=1) and a -equation
(F]_:O).

The two equations read as:

107k , 1070 K)

=R - br lw+
qt ‘ﬂx].
(16)
+i /77+ﬁ ﬂ_k
fix; S I
and
T(7) +ﬂ(fmuyl/) =91FT< - br W+
It 9, U,
og (17)
L L4 +(1- F) rm—”ﬁ&M
Tx; S X w % T

The value Rrepresents the turbulent kinetic energy production
term

To o 19,2
ix, T % 3

while the blending function looks like

@

P =min m /’mkdij%,loe

Jk 500 4r,§mk4
bwy 'y'w 'CD,Y
1 Tk Tw

beingCD,, =max 2rs ,,—
wiix 9%

F, =tanh min max

10 | '=0.0.
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Then the turbulent viscosity can be computed as:

m= rmal—k with s:‘/g $.8=031

max(a,wsF,)’
2Jk 50Q/
bwy 'yw

In order to become free from effects of the curkator

and F, =tanh max

rotation of the overall system, corrections to thedel were

introduced. One of them was suggested by SpalartSiur

[23], based on the valu%/ (W is the thickness of the

eddy). A factor introducing a correction of the bulence
sizeis included. For the SST model applied, theemion

factorf, (Langtry and Menter, 2005) for the production tésm

computed as
f. = max

min M{l c ., tan' @zr})- G,,1.25
r

1+
0.0]
(18)
Wherer*IL; I’ZM{].QC 2 D_}/Z;
v Wy [e
DS
iiczslk th_i_ emin% +qmin§ \/\41 Dl;
u Ty
i =Y —'—J+€‘mjin:
™ X

_ 7.
wg = (h, + Wiy + ) ?;
mno IS the permutations symbol,, is the rotation velocity of
the system,D = max(s® .G W), 64=1.0, ,=2.0, G5=1.0,

¢4=0.09.
When the stress tensor components must be computeg
accurately or the underlying assumption of

components of the Reynolds stress tensor and sipdtion

rate (or the turbulence frequency). Algebraic Régntress

isotropi
turbulence is violated, Reynolds Stress Models ¢en
employed. They are based on transport equationsaffor
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And the corresponding-equation read as:

(W), 1@w) _

agv—::Pk -byw?

fit .
+i m+ﬂ ﬂ_M/ +(1_ F1)2 fi&ﬂ/
%, Swe X s X %
(20)

Again the model blends from abased model to anbased
model. In the first case, the following parametere
employed,

5, =2.0,5,=2.0, b =0.07% a, =0.553

while in the second case, they are

5,=1.0, 5, =0.85€ b, =0.082¢ a, =0.44.

The blending is done by means of a smooth lindarpolation
in a similar way as for the SST method [14].
The constitutive pressure-strain correlation iegiby

: 2 A 2
Pij:bClW [ij+:_3i«7ilj -a E)' ER?J’

5 L (21)
- b Dij'gqu' oK §§ﬁ’l
where the production tensBj is computed as
1o, v} 1
Rj=l‘ik—’+l‘jkL;P=—Fk’k (22)
% x, 2
and the tensdp; as
U u
Dij:l‘ikh-i-tjkﬁ (23)
™, 1
Finally the turbulent viscosity can be computed as
k
= r— (24)
g w

The values of the coefficients applied by ANSYS CieKthe
computation of this model are:

bt=0.09 , 4=(8+C,)/11, h=(8C,- 2)/11,
§=(60C, - 4)/55 C,=1.8, C,=0.52

In addition to the turbulence viscosity models, theo family
of methods can be used known as LES, consistitfidtering
the Navier-Stokes equations and the decomposifitrediow

variables into a large scale and a small scale.d¥ew this
technique is computationally very expensive whés applied

models solve algebraic equations for each indiMiduag ingustrial problems. In this context arisesrbed of the use

component of the tensor, while differential methcdéve a
differential transport equation. In this case tbenputational

of Scale-Adaptive Simulations (SAS). It is an imyed
URANS formulation, which allows the resolution ofiet

effort is consequently increased. Arbased Reynolds Stress tyrbulent spectrum in unstable flow conditions. TBAS

model was chosen for the present work: the soaeiSL
Reynolds stress model. In this case the modelledtems for
the Reynolds stresses can be written as follows:

ﬂ(r[ij)_,_ﬂ(q{[ ij):.rF?.+Eb'rW (o
Tt 3 |
0t (19)
- P+ i m ﬂ —
ﬂxk S ﬂxk

method [16] is based on the Von Karman length scale
Depending on it, the model adjusts to a URANS satioh,
with LES-like behaviour in unsteady regions, or R&ANS
simulation in stable flow regions.

As it will be shown in next section, it was fourt the use of
either a scheme or another plays an important iroléhe
simulation. The Reynolds Stress Model applied (B&M)
leaded to more accurate predictions of the rotatiorlocity
(which presents a steep profile) in case of tigesocavitation
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than SST computations.
2.2. The Turbulent Pressure Fluctuation Model

As discussed before, the influence of the turbuwdeon the
cavitation process has been widely observed in iphalt
experimental investigations. A different approachatcount
for enhancement of cavitation due to turbulent fues
fluctuations consists of relating them to the tlebae kinetic
energy. In this case, the threshold pressure has dleanged
from saturation pressure to

R/ = Psat+ I%urb' (25)
where
P, =0.39rk (26)

Thus, the Rayleigh-Plesset equation (10) applied tfe
computation of the cavitation bubble growth becames

d_RB_\/Z Psat+ I:{urb_ P

——=t Wb 27
dt 3 r, (27

This strategy was found to be not completely plalkic
realistic and therefore a further slight modificatiwas done
by the authors in order to make it more rigorouscé& the
kinetic energy is related to the turbulence ofligeid phase,
water in the current situation, it seemed more appate to
apply the pressure turbulence term only in its gmes.
Therefore, the expression (26) was changed to:

Pus =0.39(%- 1, Yk, (28)

which vanishes when the volume is filled up onlyhwiapour.
3. Model validation

Two different test cases were chosen to validateANSYS
CFX cavitation model.
two-dimensional test with plano-convex profile, whesheet
or cloud cavitation takes place. Main flow chardstes as
cavitation inception, cavitation length or hydrdftit have
been analyzed for different angles of attack anfferdint

The first one consists of &
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Menter [7].

3.1. The Le et al. Test Case — Sheet Cavitation on
Plano-Convex Hydrofoil Profile

3.1.1. Test case definition

A schematic of the experimental setup [3] of Legigen in
Figure 1. For the original experiment the hydrofeds at a
submersion depth of 20 cm under a free surfacepiter side
is plane and its lower side circular (radius 26 omith a
maximum thickness of 20mm. The leading edge is dedn
with a radius of 1 mm, so that the chorg) (s about 196 mm
(Figure 1). Experiments involving different anglesattack
(from -8° to 8°), different cavitation numbers adifferent
Reynolds numbers (from $@o 2x10, which correspond to
inlet velocities from 5 m/s to 10 m/s) were perfednas
reported in the original publication of Le [3].

The cavitation number § mainly characterising the flow
pattern is defined as:

_P-F
057V (29)

Configurations within the range of values descriliigdLe
were chosen to run the numerical computations,\afidate
the model in ANSYS CFX.

c;=195.8 mm

—-
o
_— | —
R=1mm /ldﬂo mm
R=260 mm y

z
X

Figure 1: Schematic representation of the flow around a

Reynolds numbers. Results have been compared agaiR§N0-convex hydrofoil.

experimental data in literature [3][5].

The second validation case studied was a threerdiioeal
flow around a NACA 66415 hydrofoil with elliptical
planform. A tip vortex can be observed with appegri
cavitation in its core, due to the high radial witip gradients
and the low pressure (below saturation pressurieatortex
core location. Cavitation inception at the vorteashbeen
analyzed and compared to correlation vs. lift bpdiret al [2].
The vortex core shows a strong swirling motion wiilyh
velocity gradients. In order to estimate the minimpressure
value at different cross sections behind the tithefhydrofoil,
different turbulence techniques have been applieduding a
curvature correction term in the SST model or elyiplp a
Reynolds Stress Model was found to improve sigaiftty the
accuracy of predicted fluid velocities. Integraltalas lift,
transient averaged volume fraction fields or pressrofiles
have been compared to those by Arndt [2].

For both test cases the numerical computations waneed
out using ANSYS CFX on a hierarchy of three consigely
refined meshes applying the Best Practice Guidelibg

3.1.2. Mesh hierarchy and CFD setup

The configuration chosen to run the CFD simulatioss
presented in Figure 2. In difference to the origina
experimental setup the hydrofoil was submerged wadl
bounded channel, thereby avoiding the predictiotheffree
surface.

Wall
ANANAUNNNNNNENNNNNNNNNS
—= —f
—_— S : 0.3m Symmetry Plane —
—_— I 0.3m —
T L L L S =

0.5m 1.9m

Figure 2: Representation of the setup used for the CFD

computations
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The discretization of the domain has been perforinedsing
ICEM CFD Hexa as a grid generator. The blockingcttrre
shown in Figure 3 has been designed to generatgridie In
this manner a smooth and high quality mesh canbi&ired
(in terms of grid lines angle and aspect ratioprder to apply
the Best Practice Guidelines, the simulations veeraputed
on h-refined grids. Three levels of refinement pegformed
obtaining finer meshes, since the quality of thesimean
determine significantly the accuracy of the simolat
executed on it.

The refinement factor is 2 in each coordinate dioec while

the minimum grid angle value is around 40° fottladke cases.

An important attribute of the mesh to take intoastt is the
distance of the first node of the grid to the wabticularly
when turbulence models are applied. For all threshes this
value is small enough to expect a satisfactoryluéiso of the
turbulent boundary layer near the wall. It can bmputed as

Dy:L\/S_ORq'B’”W (30)
The grid has been changed not only by refinementlso by
rotating the angle of attack of the flow againgt ttydrofoil in
order to deal with different configurations. Inghiase, the
same blocking structure can be employed, and atingt the
blocks adjacent to the hydrofoil, the grids campdated to the
current angle.

ITopI
| |

I Inlet Outl I

—
e

] ]
Lsot |

Figure 3: Blocking structure

The main characteristics of the grids createdHerrtumerical
simulations are summarized in Table 1, and a reptation of
one of the coarse meshes involved in the calcuaii®shown
in Figure 4.

Grid Coarse Medium Fine

# nodes 56,452 224,264 893,984
# elements 27,840 111,360 445,44(Q
Minimum 41 38 43
grid angle
First layer

distance 10 5 2.5

y [mm]
Averagey* 4 2 1

Table 1: Grid characteristics
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Figure 4: Coarse mesh

Once the meshes were generated, steady state Simsilaere
carried out. However, some configurations appedcede
transient, specifically those with lower cavitatioomber or
larger angle of attack. In these cases the camitatiubbles
become oscillatory or are even partially removeahirthe
hydrofoil surface by the incident fluid flow. Thusansient
simulations had to be carried out for these coméitjons. The
ANSYS CFX setup then must be updated introducing
arithmetical averaging procedure to be appliedh® main
flow variables, which originates an average pressaverage
velocity and average volume fraction field to benpared to
the experimental data. The described oscillatay thehavior
can be observed in Figure 5, where a whole trahsigie is
shown for a configuration of=4°, and =0.5.

Water Vapour at 25 C.Volume Fraction Water Vapour at 25 C.Volume Fraction
(four degrees) (four degrees)

10

0.9 0.9

0.8 0.8

0.7 0.7

Y ]
04 R I 04 S, T
—~—— e e i I
02 — 02
0.1 0.1
Water Vapour at 25 C.Volume Fraction Water Vapour at 25 C.Volume Fraction
four decpect) four decpect)
0.9 0.9
0.8 0.8
07 07
0s 4—? R
04 T o T 04 . o I
- o —— b SN I
0.1 0.1
;. 0.0
Water Vapour at 25 C.Volume Fraction
(B0 degrees) Water Vapour at 25 C.Volume Fraction
1.0 (four degrees)
e
os
os
0.8
0.8
07
o
SN = = = os
o — . —__
T— e 0.4 g e

0.

0.0

an

Figure 5; Transient cycle of an oscillating cavitation region

on upper side of the hydrofoil fo=4°, and =0.5.

3.1.3. Cavitation cavity length

In order to examine cavitation for the differennigurations
the length of the cavitation zone attached to fyeeu side of
the hydrofoil is measured. An investigation of thiuence of
both the cavitation number and the angle of attacs
performed. It is observed in Figure 6 that the darghe
cavitation number is, the lower cavitation lengtlobtained. In
addition, the impact of the angle of attack cansben. The
larger the angle of attack is, the larger becorhescavitation
zone and its length.
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Figure 6: Cavitation lengthvs. cavitation number for
different angles of attack

Two representative results of the computed senigobtest
case conditions are shown in Figure 7 and Figure
corresponding to the vapour volume fraction foraaugle of
attack of =0° at a cavitation number 0£0.4 and =4° with

=0.5, respectively. For the first case, small Ging areas
appear on both upper and lower side, while forsmond case
only one larger cavitation bubble appears to kech#d to the
upper side of the hydrofoil.

Figure 7: Vapor volume fraction.=0°, =0.4

Figure 8: Vapor volume fraction.=0.4°, =0.5

3.1.4. Pressure coefficient data

The cavitation arises when the pressure drops belev
saturation pressure. This can be detected not bplthe
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vapour volume fraction field but also by analyzthg pressure
values and comparing to direct pressure measursmant
specific locations on the hydrofoil surface. A pa®
coefficient can be defined as

— 2xpstat
rug
In Figure 9 to Figure 1,2he pressure coefficient obtained with
medium grid simulations is plotted against the expental
results. They correspond to different angles afckt =2.5°,
3.5° 4.1° and 5.1° respectively), while the caidta number
is 0.55 for the first two cases and 0.81 for Figuk® and 12. At
the zone where the pressure coefficient is lowan tthe
cavitation number, evaporation is occurring. It &&nnoticed
by comparing Figure 9 and Figure 10 that the lerajtthe
vapour bubble attached to the upper side of thedfigid is
larger for the case @=3.5° as expected. The same effect can
be seen in Figure 11 and Figure 12. Nevertheledh bo
gredicted cavitation bubble lengths are shortercesithe
avitation number is larger. Comparing the différeurves to
the experimental values reasonable agreement ipesisg
observed, specifically for the first three configiions while
for the larger angle of attack at5.1° discrepancies appear.

c

) (31)

Figure 9: Pressure coefficient=2.5°, =0.55

Figure 10: Pressure coefficient=3.5°, =0.55
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3.1.5. Lift coefficient

Global values for the different configurations weaéso
investigated and compared to data. This is the fraghe lift
coefficient, defined as:

2

2
rl >U¥ )Ablade
whereF_ is the lift force,AyqeiS the area of the hydrofoil and
U, is the velocity far downstream the hydrofoil. Figul4

shows the value of the lift coefficient for diffetteangles of
attack as well as for different cavitation numbdthder
non-cavitating conditions the relationship betwddh and

Figure 11: Pressure coefficient=4.1°, =0.81 angle of attack is almost linear, however this b@ais
dramatically modified when the cavitation number is
decreased and cavitation appears.

c = (32)

E 6.64 ——cav03
% ——cav06
g S nocav
- -0,08
-0,12 4
angle [deg]
Figure 12: Pressure coefficient=5.1°, =0.81 Figure 14: Lift coefficientvs. angle of attack for different

cavitation number.

Pressure coefficient can be further used to ewalube

influence of turbulent pressure fluctuations onitedion in )
accordance with equation (27) and (28) In F|gLGet|1ecp 3.2. TheArndt et al. Test Case — Tlp Vortex Induce d
curves for three different modelling approaches dan Cavitation

compared. The diagram shows results from a sinamatsing

the original Rayleigh Plesset equation, a simutatising the

modification to the Rayleigh-Plesset equation dbscr in ~ 3.2.1. Testcase definition
equation (26), and finally a simulation using thedification

to the Rayleigh-Plesset equation described in &mué28). As

mentioned in section 2.2, the last expression l¢adsiore

realistic results, also observable differences ao¢ very

pronounced for this particular test case.

p=0.0
p=0.39rk
p=(1-1r)0.39k

Figure 15: Schematic representation of the NACA845
cavitation channel setup

In addition to the plano-convex cavitation test,ttaee
dimensional case consisting of a flow around a NASBA415
Figure 13; Pressure coefficient in dependency on théhydrofoil with elliptical planform was investigatedn this
modeling approach for the turbulent pressure flaiitun term. case tip-vortex cavitation takes place due to tigh hadial
=3.5°, =0.55 velocity gradients in the vortex tube, which iseaded from
the tip of the hydrofoil. Highly swirling flow gemates
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pressure drop below saturation pressure leadirggvdation
on the tip of the hydrofoil and in the vortex cooé the
tip-vortex.

The test body used in the original facility [2][@nsists of an

elliptical planform hydrofoil with a chord lengtf 81mm, a
semispan of 95mm and a mean line of 0.8.

Figure 15 shows the representation of the expeitiahdiow
geometry which was exactly used for the CFD sinmuutest as
well, while in Figure 16 and Figure 17 the detailsthe
planform geometry of the hydrofoil are pointed out.

NACA 66,-415

v

Z/CO

X/Co +a

Figure 16: Elliptical profile of the NACA 66-415

Figure 17: Elliptical profile of the NACA 66-415
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Figure 18: Blocking structure around the hydrofoil

The resulting blocking structure applied near tidrbfoil is
shown in Figure 18, while the coarser mesh obtawwigtl this
block structure is presented in Figure 19. Thegtesi grid
block structure guarantees a minimum grid anglgelathen
20° independent from the grid refinement level. s the
previous case an h-refinement study has been daot,
employing three different grids, which are refitada factor

of \3/:1 in each coordinate direction. The same parameters
were taken into account to evaluate the qualityhef mesh:
minimum angle formed by the grid lines, aspecobsatind the
near wall distance of the first mesh element (caeghas in
equation (30)). The main information related to tied
properties and grid quality on various mesh levels
refinement used to run the CFD simulations is surired in
Table 2.

Figure 19: Representation of the meshes employed

As for the previous case different configurationserev
analyzed by changing the angle of attack, the Regno
number characterising the flow and applying différe

turbulence modelling approaches (SST, SST with ature
correction term, BSL RSM).
In accordance with the original publication of Atnen

effective angle of attack has been defined®g =a -a .,

where  corresponds to the zero lift angle, which after a

parametric study was chosen @s2.5°.

3.2.2. Mesh hierarchy and CFD setup

The ICEM CFD Hexa grid generator has been used to

discretize the domain. A block structure allowingefine the
grid near the blade surface as well as to perforsmaoth
transition between coarsely resolved areas inahdidld and

finely resolved areas around the hydrofoil was glessil

Grid Coarse Medium Fine

# nodes 358.519 1.394.862 5.442.459
# elements 341.596 1.352.603 5.337.217
Minimum 20.9 20.7 20.1
grid angle
First layer

distance 30 15 7.5

y [mm]
Averagey+ 143 71 36

Table 2: Grid characteristics

3.2.3. Tip vortex trajectory

First the shape of the tip vortex trajectory hasrbiavestigated.
It could be shown that the trajectory does notreiyp depend
either on the angle of attack, the Reynolds nurabkre or the
cavitation number. This effect can be observediguie 20,
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where the tip vortex trajectory obtained for anlarg attack
equal to 8.1° and Reynolds number of 9.%xi0plotted as
well as for the case of=11.6° and Re=5.2x%0against the
experimental values of Arndt.
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severe discrepancies to the experimental resultsear
especially on measurement cross section furthendiveam
the hydrofoil where the meshes are coarsening dwitl
expansion. While the strong velocity gradients dam
predicted for the cross section close to the hyilrcdt
x/c,=0.016, the plotted velocity profiles are much stheo
then the experimental data obtained from the erpental
facility for x/c,=1.0 (see Figure 23).

Figure 20: Tip vortex trajectories in the x-y coordinate plane

3.2.4. Resolution of circumferential velocities in the tip

vortex

In order to evaluate the quality of the obtainednetical
results, the radial velocity profile at differemtchtions has
been evaluated. These positions are located nedéiptbf the
hydrofoil and a steep velocity gradient can be ol
Further downstream dissipation of the tip vortexeduction
in circumferential velocity amplitude as well asvalocity
gradient can be observed as the position is degdrtom the
tip. It can be clearly observed in Figure 21, whbeevelocity
profile at the position laying half chord lengthhibed the
hydrofoil tip is substantially steeper than thefipes located
at a chord length distance or twice chord lengstagice.

Figure 21: Radial velocity profile at three different locatn
after the tip vortex for x{&0.5, 1 and 2.

The grid refinement allows to analyze
discretization error of the numerical method andwvaluate if
an asymptotical solution independent of the grisbhation
can be finally obtained. For this purpose, theahdelocity
profile was evaluated using the three refined gridtifferent
locations (Figure 21 and Figure 22). Small differesn
between the results can be observed even on thedtitpvel
of mesh refinement, indicating that a mesh independ
solution could not yet be obtained. However, eveorem

10

the spatia

Figure 22: Radial velocity profiles for different grids close
the tip of the hydrofoil.

Experiment x/c ,=1.0
Coarse(1) x/c ,=1.0
Medium(2) x/c (=1.0
Fine(3) x/c ~=1.0

Velocity w/u

Figure 23: Radial velocity profiles for different grids at a
chord length distance from the tip.

A reason for this behaviour is the strong swirkled velocity
field near the tip of the hydrofoil. In order toalewith this
effect, different strategies have been considerad. first one
consisted of the use of a High Resolution Schenselige the
turbulence equations, which are solved by defasibgi an
upwind advection scheme, which is of cause morigife.

But the influence of the chosen advection schemews in
Figure 24, was found to be not significant. In eos&l step a
curvature correction term in the SST turbulence ehdthd

een applied (see section 2.1), in order to accfmamthe

trong curvature of streamlines in the tip-vortéowf The
velocity profiles obtained with this curvature aation is also
compared in Figure 24, showing an important impnoset to
approximate the strong velocity gradient.
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a)

b)
Figure 24: Radial velocity profile with different numerical
schemes for solving/modeling the fluid flow turbude.

A further step was done in order to enhance thé&atian of

the velocity gradient near the tip vortex by raisithe
limitation of assumed isotropic turbulence, whicigint be not
satisfied in the strong swirling flow of the tipréex behind the
hydrofoil. Therefore the turbulence model was cleahigom a
two-equation model (section 2.1) to the BSL Reyaditress
Model (section 2.1), where not two turbulence model
equations but one equation for each Reynolds tensor
component is solved. In this case, the computerna@chory
resources required has been increased, but angliyiore 25,

it can be noticed that even for coarser meshesrthancement

is significant approaching in a more satisfactagnparison of SST
the steep velocity profile to measurement data.

SST (Fine

SST High Res (Fine)

SST High Res CC (Fine)

RSM (Medium)

RSM (Coarse) C)
Experiment

Veloeitv win

Figure 25: Radial velocity profile for different turbulence
modelling

The influence of the turbulence model can also leenved

by looking into the vapour volume fraction obtainiedan

ANSYS CFX multiphase flow simulation applying the RSM

cavitation model in combination with SST and BSLMRS

turbulence models. A larger tip vortex cavitatiame appears

when the BSL Reynolds Stress Model is applied. Shee

cavitation is covering the most of the blade sweféar both

configurations (Figure 26) Figure 26: Vapour volume fraction in cavitating flow near
the tip. Re=5.2x10 =0.58.. (a) experimental observation
e=9.5°, (b) SST turbulence models=12°. (c) BSL
Reynolds Stress Modely=12°

11
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3.2.5. Lift coefficient

In addition to the tip vortex trajectory and thelogity
profiles the value of the lift coefficient (Equati@2) has been
investigated.

Figure 27 shows the influence of the angle of &ttacthe lift
coefficient. It has been computed for different Ralgs
numbers and by using different grids, however ak t
computational results are finally arranging betwésm two
experimental results at Obernach [17] and SAFL [8].

Figure 27: Lift coefficient vsangle of attack

The relationship between the cavitation inceptidhe
Reynolds number and the lift coefficient has beamsaered
as well. A correlation can be found in literatur the
dependency of these three parameters, which is

s, =0.063¢° R&*

Results obtained with the three refined grids ammared to
the experimental ones, and regressions of the ncaher
solutions obtained are computed (to compare itsesto the
one in equation 33). Figure 28 shows that the shifpthe
regression curves obtained are lower than the ewpatal
results for the coarse grid, while it increasestfar medium
grid results. Finally the only result which could bbtained
on the finest grid level due to the involved higimputational
effort is in very good agreement to the experimiengsults.

(33)

Cavitation number

Experiment

Coarse (1)

Medium (2)

Fine (3)
Regression, Coarse
Regression Medium

Figure 28: Cavitation inceptiomws.lift coefficient.
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Conclusions

A cavitation model in ANSYS CFX has been develoged
based on a homogeneous multiphase flow approachoand
modelling of the bubble dynamics solving the
Rayleigh-Plesset equation for cavitation bubbleiusdThe
model has been combined with different turbulenceets for
the continuous fluid phase. Turbulent pressuredfations and
their influence on the cavitation phenomena wekenainto
account by relating them to the turbulent kinetiergy of the
continuous phase.

A validation of the model has been performed anatytwo
different test cases available from literature aodnparing
results of the CFD simulations obtained with ANSEBX to
experimental data.

The first test case is based on the experiment® fogdi3]. In
this test case the flow passes around a plano-gdmdrofoil,
and cavitation clouds on both sides can be obserbrke
refined grids have been used for the simulatiorsugng
comparable mesh quality on all grid levels. Theitasion
lengths, pressure coefficients and lift values hdeen
investigated and compared against the literatuheega The
numerical results agree reasonably well to the ex@ats,
even the necessity to use even finer grids coukhban from
the present validation study.

The second test case is based on the experime/tsty[2].
Special attention has been paid to the tip vogace this is
the zone of the flow where larger velocity gradéemppear as
well as larger pressure drop occur, originatingitiception of
the tip-vortex cavitation. The trajectory of thp trortex and
the resolution of the radial velocities in the tiprtex have
been investigated and compared to data. The velgcidients
were found to be difficult to compute and differesttategies
have been investigated. The basic simulations were
applying the standard SST turbulence model withauoy
modifications, and it has been observed that tleeafishigh
order resolution schemes and the use of a curvaturection
term improved the resolution of the steep velogtgdient
near the tip of the hydrofoil. In addition, a Reld® Stress
Model has been applied showing a more satisfactory
agreement to the numerical results even on coagrigs by
taking into account the unisotropy of the contirsiqahase
turbulence in the strong swirling flow in the tipriex behind
the tip of the hydrofoil..
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