
Analysis of numeri
al models for 
avitation on 2D hydrofoilKeun Woo Shin (kws�mek.dtu.dk), Poul Andersen, Wen Zhong ShenDept. of Me
hani
al Engineering, Te
hni
al University of Denmark1 Introdu
tionA 
avitation model is on the way to be implemented in the in
ompressible Reynolds-averaged Navier-Stokes equation (RANSE) solver EllipSys3D in order to 
omplement model tests and existing numeri
almethods for resear
h on marine propellers. EllipSys3D is developed by the Department of Me
hani
alEngineering at the Te
hni
al University of Denmark and the Department of Wind Energy at Risø NationalLaboratory [6, 9℄. As a preliminary step, several 
avitation models are implemented in the 2D version ofEllipSys3D, and a 
omparative study between them and an analysis on the in�uen
e of some parametersare made.Numeri
al models for 
avitation 
an be 
ategorized into two groups: single-phase interfa
e tra
kingmodel and multi-phase homogeneous equilibrium model. The former approa
h, generally adopted forpotential �ow methods, is less robust, requiring preliminary iterative pro
edures. The se
ond approa
his suitable for RANSE solvers and 
an be applied to three-dimensional and unsteady �ows, in
ludingturbulen
e �u
tuations and 
ompressibility e�e
ts. Mass transfers between the two phases are based oneither a vapor transport equation or a barotropi
 state law. Three 
avitation models using a transportequation and one model using a state law are implemented in EllipSys2D.2 Mathemati
al formulationA single set of RANSE for the mixture �ow with the mixture density ρ and the dynami
 vis
osity µ issolved. The momentum equation is
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ontinuity equation is written in the form of inhomogeneous divergen
e equation as
∂uj

∂xj

= −
1

ρ

Dρ

Dt
(3)Three 
avitation models using a transport equation are 
onsidered: Singhal's [4, 8℄, Zwart's [12℄ andKunz' [10℄. They are some of the most popular models, implemented in the 
ommer
ial solvers FLUENT,ANSYS CFX and the opensour
e solver OpenFOAM, respe
tively.In Singhal's model [4, 8℄, a generi
 transport equation is solved for the vapor mass fra
tion f as
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= −ṁ (4)where Prv is the turbulent Prandtl number for vapor and ṁ is the mass transfer rate per unit volume.
ṁ is related to the sour
e term, based on the Rayleigh-Plesset equation as
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(5)where Ce, Cc are empiri
al 
oe�
ients for evaporation and 
ondensation, respe
tively, k is the turbulen
ekineti
 energy and T is the surfa
e tension, T = 0.0717N/m. In evaporation for p < pv, the mass in the
ontrol volume is de
reased when transferring from liquid phase to vapor.In Zwart's model [12℄, the transport equation for the vapor volume fra
tion αv is solved withoutdi�usion term as
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(7)and where RB is the bubble radius in the nu
leation site, RB = 10−6 and rnuc is the nu
leation sitevolume fra
tion, rnuc = 5 · 10−4.In Kunz' model [10℄, the transport equation for the liquid volume fra
tion αl is solved as
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(9)and where U∞, t∞ are the referen
e velo
ity and the time s
ale, respe
tively, for whi
h the inlet velo
ityand C/U∞ are taken in the hydrofoil 
ase with the 
hord lenght C.The similarity of all three models 
omes from the relations

ρf = ρvαv =
mv

Vt

, ρ(1 − f) = ρlαl =
ml

Vt

, −
ρlṁv
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(10)where mv, ml, ṁv, ṁl are the vapor/liquid masses and the vapor/liquid mass transfer rates, respe
tively,in the 
omputational 
ell and Vt is the total volume of the 
omputational 
ell.
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Figure 1: The 
omparison of ṁ from several 
avitation models (left,
entre) and the barotropi
 state law(right)The values of ṁ from the three models are given as a fun
tion of CP + σ in Figure 1. In 
omputing
ṁ, the vapor fra
tion is 
oupled with p through a barotropi
 state law in Eq.(15) for a rough 
omparison.The following values are applied to the 
oe�
ients for the 
omparison in Figure 1 and the 
omputationof the �ow around a hydrofoilModel Singhal Zwart Kunz

Ce , Cc 0.08 , 0.02 0.5 , 5 · 10−5 2000 , 100The value of ṁ from Singhal's model is 
omparatively large in evaporation, be
ause the value of kis assumed to be 0.1, whi
h is as large as that in highly turbulent regions at the leading edge and rightbehind the 
avity. While the saturation pressure is a bit lower than pv in Kunz' model, it is exa
tly pvin the other ones. The pressure 
oe�
ient CP and the 
avitation number σ are
CP =

p − p∞
0.5ρlU2

∞
, σ =

p∞ − pv

0.5ρlU2
∞

(11)The mixture density and the dynami
 vis
osity are 
omputed as
ρ = αvρv + (1 − αv)ρl , µ = αvµv + (1 − αv)µl (12)



By Eq.(12), the momentum and 
ontinuity equations are related to the sour
e term of vapor transportequations as
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ṁ (14)A 
avitation model using a barotropi
 state law [2℄ is also 
onsidered. The mixture density is dire
tly
oupled with the pressure through a state law
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2 .The smaller amin is, the steeper the transition is, as shown in Fig 1 (right).For all 
omputations, the standard k − ω turbulen
e model [11℄ is used.3 ImplementationThe dis
retisation is based on the 
ollo
ated �nite volume method. The time derivative is approximatedby the se
ond-order ba
kward di�erentiation s
heme.Sin
e ρ is outside the 
onve
tive term in Eq.(13) and the divergen
e term does not 
ontain ρ in Eq.(14),the volume �ux on the 
ell fa
e is 
al
ulated using Rhie-Chow interpolation, instead of 
al
ulating mass�ux. The 
onve
tive 
oe�
ients are estimated by upwind di�eren
ing s
heme using volume �ux andafterwards they are multiplied by ρ on the 
entre 
ell. ( 1
ρl

−
1
ρv

)

ρṁ∆V is added to the 
entre-
ell
oe�
ient, where ∆V is the volume of 
omputational 
ell.The pressure-
orre
tion method is based on the SIMPLE s
heme, but the sum of volume �ux is thesour
e term and the term with ṁ is to be 
onsidered. Sin
e ṁ is dependent on the 
orre
ted pressure p′as well, the total mass transfer rate ṁ∗ taking a

ount of p′ is approximated as [5℄
ṁ∗ =
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+ ṁ (16)where p is the pressure obtained from the momentum equation and ṁ is found from the sour
e term inthe vapor transport equation.The �rst term with p′ is impli
itly treated and the se
ond term ṁ is expli
itly treated. It results inthe integral form of the pressure-
orre
tion equation as
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∂ṁ
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for p < pv in Kunz' model (18)In the model with a state law, we use the derivative term of ρ in Eq.(3) and it is approximated as
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ordingly the pressure-
orre
tion equation be
omes
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4 Numeri
al resultsThe 
avitating �ow around the NACA66(mod) hydrofoil se
tion is numeri
ally solved, applying the di�er-ent 
avitation models. The se
tion geometry and Reynolds number 
orrespond to the ones experimentallyinvestigated in [7℄. The O-type mesh 
onsists of 32768 
ells in the 
omputational domain with the extentof 20C. The �rst-
ell height on the wall 
orresponds to y+ ≃ 2, as shown in Figure 2. The angle of inlet�ow is adjusted to the angle of atta
k α.

Figure 2: Computational grid
ρl/ρv = 10000, µl/µv = 100 are used. As shown in Figure 3 (right), the results are 
onsistent for

ρl/ρv > 1000. The time-step size is set to 1 · 10−5C/U∞, 
orresponding to the lo
al Courant number of
0.005 ∼ 0.2.Numeri
al results for two 
ases of α = 4o, σ = 0.91, α = 1o, σ = 0.38 are obtained. In Singhal's model,
Prv = 2.0 is used in order to in
rease vapor 
onve
tion rather than di�usion, unlike Prv = 0.7 ∼ 1.0 in[4℄. In the present implementation, the Singhal's model does not work without di�usion term. In Kunz'model, the solution is 
onverged for ρl/ρv ≤ 1000, but it is unstable for high Ce. It seems to be be
ausea 
onstant value is applied for ∂ṁ

∂p
in the pressure-
orre
tion equation. In a state law, amin is graduallyde
reased from 0.5 to 0.2 and it does not work amin < 0.2.

0 0.2 0.4 0.6 0.8 1
−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

x/C

−
C

p

 

 
Exp
Singhal
Zwart
Kunz
State law

0 0.2 0.4 0.6 0.8 1
−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

x/C
0 0.2 0.4 0.6 0.8 1

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

x/C

 

 
ρ

l
/ρ

v
=10000

ρ
l
/ρ

v
=1000

ρ
l
/ρ

v
=100

ρ
l
/ρ

v
=10

Figure 3: −CP on the su
tion side of a hydrofoil from di�erent 
avitation models for α = 4o, σ = 0.91(left), α = 1oσ = 0.38 (
entre) and −CP from Zwart's model with varying ρl/ρv for α = 4o, σ = 0.91(right)The 
avity size os
illates periodi
ally for all the models ex
ept in that with a state law. −CP and
αv at the maximum 
avity size are shown in Figure 3 and 4, respe
tively. The numeri
al results aresummarized as1. −CP from the models with a vapor transport equation generally agrees well with that from theexperiment in both 
ases. The distribution of −CP di�ers from that from the experiment at the
avity end for α = 1o. It 
an be adjusted by handling the value of Cc.



Figure 4: αv from Singhal's, Zwart's, Kunz' models and the state law (from top to bottom) for α =
4o, σ = 0.91 (left) and α = 1oσ = 0.38 (right)2. The 
avity size is a bit shorter than that from the experiment for α = 4o. The experiment mayhave a larger e�e
tive α due to the limited tunnel length and a di�erent turbulen
e 
hara
teristi
s.3. −CP behind the 
avity is larger than that from the experiment for α = 4o. It seems to be be
ausethe 
loudy 
avitation is not realized. Di�erent turbulen
e models should be tried.4. For the model with a state law, the 
avity is not 
onve
ted and hen
e the 
avity remains at thelow-pressure region from the solution without the 
avitation model.5. The distribution of αv di�ers, as the distribution of ṁ as a fun
tion of p di�ers.
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Figure 5: −CP from Zwart's model with Cc = 5 · 10−5 (left) and with Ce = 0.5 (right)With Singhal's and Zwart's models, shown to be rather stable and a

urate, we analyze the in�uen
eof Ce, Cc for the 
ase with α = 4o, σ = 0.91. The results are shown in Figure 5 and 6. There are 
ertainupper and lower limits on Ce, Cc for the numeri
al solution to be stable. It is summarized as1. When Ce is smaller than a 
ertain value, it takes more time for the 
avity to be formed behind thelow pressure region at the leading edge and the 
avity size is rather small.2. When Ce is larger than a 
ertain value, the solution is 
onverged and no 
hange o

urs.3. The smaller Cc is, the 
avity is 
ondensed more gradually with lower pressure gradient at the 
avityend.5 Con
lusionSeveral 
avitation models are implemented in EllipSys2D and the numeri
al results show that Singhal'sand Zwart's models are stable and a

urate in our implementation. But the 
loudy 
avitation is not wellrealized. The 
avitation model is to be tested with di�erent types of turbulen
e models.
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Figure 6: −CP from Singhal's model with Cc = 0.02 (left) and with Ce = 0.08 (right)A way to improve the ṁ derivative term in the pressure-
orre
tion equation for Kunz' model needs tobe devised for a
hieving higher stability. The remedy for in
luding vapor 
onve
tion in the model with abarotropi
 state law needs to be found out.The 
oe�
ients Ce, Cc in evaporating and 
ondensing rates, respe
tively, are shown to work a

ordingto physi
s and the 
avitation strength 
an be adjusted by 
alibrating them.A
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