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Motivation

e Cavitation Is complex process
e Not completely understood
e Hardly to predict

e Testing of existing models and
combination with others - Validation

e Estimation of numerical errors
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Cavitation

e Definition
Rupture of a liquid due to pressure
decrease at roughly constant temperature.

e Saturation pressure p.

e Problem
Rupture starts at inhomogenities in a liquid,
so-called nuclei

e Lack of nuclel might postpone inception

e Integral measure by means of tensile

strength Ap, 2S

Ap, =Ps T
B
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Cavitation modelling

e Large density differences between liguid
and vapour

e Volume-of-Fluid method 2 r,,,
e Two-phase flow with source term T},

0 0
E(VVP)Jra(VVP%): L,

e Homogenic description =2 number of
equations

U, =u,

v
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Cavitation modelling

e Rayleigh-Plesset mass transfer model

1“ :F Srnuc(1-rv)pv 2 ps_pB‘
lv evap RB 3 pl

-sgn( p, — Pg)

3r.p, [2|p;—P
1_‘Zv :FL'ond R \/§ B‘ °Sgn(ps_p8)
B P

® Fevap = 90, Feong = 0.01

® Iy — 5 x10% Rz=2 x 10°m
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Turbulence modelling

 RANS, URANS

e SST model, eddy viscosity model
Ck

" f ()
e Blending via F; function in @ —equation
between
— F,=0 2 k-&£ model, free stream
—F,=1 2 k-o model, near walls

e Curvature correction to the SST model
P=f-P; f=0..125

H,
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Numerical errors

e Errors regarding
— Spatial discretisation
— Time discretisation
— Iteration number

e Time step studies
e Grid studies
e Abort at different residual norms
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Symbol definitions

e Gas holdup G=[rg-av
(v)

e Lift coefficient ¢ = 2'51
Py Uy - Ap

e Pressure coefficient szi%mzt
Pr Uy

- Cavitation number o=2P=P)
Pr Uy

P Saturation pressure 4, Hydrofoil surface

P« Static pressure F,  Lift force
u, Inlet velocity 5 Vapour volume fraction
Pr Density - water  Water volume fraction
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Two-dimensional test case

Pressure holes

Free surface

s 2

i T
C,=195.8 mm h:OBm
> 0 r—| |
/ |"""--...
R=1 mm d=20 mm
/ h=0.3m
vl—
R=260 mm
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Boundary conditions

Wall, free slip

0.5m 1.9m

Inlet, Outlet,
velocity pressure
[ |

Wall, free slip I Symmetry

planes

e Pressure boundary condition

pout :0.%ui_ps
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Test Case Summary

e Spatial discretisation
— HighResolution scheme, hybrid scheme

e Time discretisation
— 2nd order Backward Euler

e Saturation pressure p,=3240 [Pa]

e Standard SST turbulence model

e Outlet: Pressure boundary condition via ¢
e Inlet: u_=10 m/s, Rex~2x10°

July 2006 12



Grids

THH- H #fllfflf J||H || ,'!;'ﬂ |
; L I i Hill - [ / -
— wﬂmﬂwmmrf,fl % e é
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= I';;;:ﬂ;ffff.;fjrf{ﬁf”l - e
—||I.' FJ.. I.f'l ..f',-',-'f".f | I Al L} ||I|f-' H : _. -
! L1  [3]1 1 1 vl _||_ Ty
R R T ijr L —-+—-
N
Grid (1) (2) (3) (4)
Node number 14 306 56 452 224 264 | 893 986
Element number 6 960 27 840 111 360 | 445 440
Min. grid angle [°] 40 41 38 43
First layer width y [um] 20 10 5 2,5
Average layer width y* 8 4 2 1
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Experimental data

e Flow patterns in experiment

[y

~hydrofoil

-

®

Cavitation parameter
o
|

»

Periodic shedding
of cavitation
clouds
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Case study, a=-4°

e Pressure coeff|C|ent/ Vapour volume
fraction

— Single Phase, upper side |
— Single Phase, lower side ||
- - Two-phase, upper side ||
- - Two-phase, lower side

o
™

o
=2
T 1

i
»
T

— Medium (3) grid

o
o

oefficient cp
o

O
o

~
o
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Case study, a=0°

e Pressure coefficient/ Vapour volume

fraction

Vapour Volume Fraction, 0.0 [deg]
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Experimental data (2)

e Experiments Le et al. (1993)

— Pressure distributions

-

7 80 100 ] 120 S
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Validation

Cavitation number

e Pressure distribution on upper side:

lano-co
ydrofoil

shear cavitation g%

nve

' supe?cnvi?ﬂiorq

——— e ——— —_

2 4 8
Wes)

2 4 6
Angle of attack (degree) =~
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Pressure distribution

e Angle of attack: o=2.5° and 3.5°

-0 Experiment 2.5° i
2 — Medium(3) grid, 2.5° -

2]

Pressure coefficient ¢

L -0 Experiment, 3.5°
2H — Medium(3) grid, 3.5°

P

Pressure coefficient ¢

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Foil chord length x/c,

 URANS-Simulations, time averaged
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Threedimensional test case

e Water test channel at SAFL (St. Anthony
Falls Laboratory, Minnesota, U.S.A.)

Wall, no _Outlet
slip Static pressure,
viao
y
X -7 o
z ,’f/" 3
2b R
/”,’ L . ‘ L
Inlet
‘( - -
b b Velocity
u
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Geometry
e NACA 66,-415 profile

NACA 66,-415

| y \

é / \\,‘ a...Angle of attack
‘”" // 5 1 c,.--Chord length
LK y ) 'J - b...half span
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Test case setup

e Spatial discretisation
— HighResolution scheme for momentum
— 15t order/ HighResolution for turbulence

e Time discretisation
— 2" order Backward Euler

e Single phase calculations, inception
e SST-model/ SST with curvature correction

e |nlet: u _=5.73...12.13 m/s,
Re=5.2x10°...1.1x106°

e Outlet: Pressure boundary condition via o
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Gitternetze

e Skalierfaktor 413 in jeder Raumrichtung

]

Grid

Grob (1) Mittel (2) Fein (3)

Knotenanzahl

358 519 1 394 862 S 442 459

Elementanzahl

341 596 1 352 603 5 337 217

Wandschichtdicke y [um]

30 15 7,5

Durchschnittl. Dicke y*

14,3 7,1 3,6
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Kavitationseinsatz

e Experimentelle Daten

CL = 0.32 0.46 0.56 0.65 0,73
8 I | L | 1
2
O NACA 66,-415 a=0.8 e
0 &
6 -
Po
b 4+ ) )
Lin. regression of
o experimental value:
2 0.4
2- o.=k-c;-Re
600,000 < Re <1,700,000
k=0.063
0 : | | | i |
0 20 40 60 80 100 120
0,
C)* * Re !
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Lift

e Lift coefficient — Eff. angle of attack (a-o,)
e Experiment: Re,=9.2x10°

7
0.8 : = €1 Experiments Obernach, Re=9.2x10" , 4 B
“|| & A Experiments SAFHL, Re=9.2x10° LA
07H [» Coarse(1) Grid, various Re P __ —
H ¢ Medium(2) Grid, various Re - P .
0.6 X Fine(3) Grid, various Re /JZI’ 7
S os 8 -
= I
s 4 . .
£ osf Angle of zero lift
o - : :
S o2 Investigation o [°]
= o1 Simulation -2.6
0.0
! Arndt (1992) -2.5
0.1} .
ool Maines&Arndt (1997) | -2.7
el | | ] | ] I

_5 1 1 1 D 1 1 | 1 5 1 | 1 1 10 1 1 1 15
Angle of attack o_,[°]
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TiIp vortex

e Cut planes

x/cy=1

X/cy=2

z

|cv
X

0 0.089 0.178 0.268 0.357 (m)
| — | — |
|
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TIp vortex

e Medium(2) grid, o +=12°, Re=5.2x10°
e Different cut planes, vortex deflection

10 - | | | 1 | | 1 1 1 | | I I
— X/c,=0.5, SO |
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L. x},:CU:a GGT e oo e
0.6
0.4
8
=
= 0.2
:.:_-'_-«
‘S 0.0
o
S e[

-0.4
-0.6

-0.8
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TIp vortex

e Fine(3) grid, o =12°, Re=5.2x10°
e Model comparison

10 T T T T T T T T T T T T T T
e xf’cD:L Experiment | 00%0 __________________________________________________________
0.8|— x/lc,=1,SST
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0.6 -- x/c =1, SST HighRes CC
0.4
8
=
= 02
Fy
'S 0.0
o
S 02
-0.4
-0.6
0.8
| | |
0.10 0.05 0.00 0.05 0.10
y/c,
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TIp vortex

e All grids, o.4=12°, Re=5.2x10°
e Small distance to blade tip
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Cavitation number

Cavitation inception
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Cavitation Inception

e Results and experimental values

8 | | | | | | | |
- _
- o -
6 o Result k
> ¢ Experimental 0.063
£ 5 A _
E i Coarse(1) grid 0.040
S 4 Medium(2) grid 0.046
E - -
S 3k |
L
X (? Y ¢ Experiment
21~ OW O Grobes(1) Netz
A Mittleres(2) Netz
1 ﬁ X Feines(3) Netz |
0 — Regression, Grobes(1) Netz
| oo | — Regression, Mittleres(2) Netz ||
DD 50 100 150

2 0.4
C, xRe
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Summary

e Two-dimensional test case
— Phase transition modelled

— Averaged pressure distributions in good
accordance

— Transient behaviour detected

e Qutlook

— More experimental data
e VVapour clouds
e VVolume fraction

— Separation regions on foil surface
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Summary

e Threedimensional test case

— Lift forces evaluated and compared (less grid
Influence)

— Trailing vortex examined
— Cavitation inception with single phase flow

e Outlook
— Further grid refinement
— Reynolds stress turbulence model
— Pressure fluctuations
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Thank you very much for your
attention.
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