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Abstract: Large Eddy Simulation (LES) was coupled with a mass transfer cavitation model to predict unsteady 3-D turbulent cavita-
ting flows around a twisted hydrofoil. The wall-adapting local eddy-viscosity (WALE) model was used to give the Sub-Grid Scale
(SGS) stress term. The predicted 3-D cavitation evolutions, including the cavity growth, break-off and collapse downstream, and the
shedding cycle as well as its frequency agree fairly well with experimental results. The mechanism for the interactions between the
cavitation and the vortices was discussed based on the analysis of the vorticity transport equation related to the vortex stretching,
volumetric expansion/contraction and baroclinic torque terms along the hydrofoil mid-plane. The vortical flow analysis demonstrates
that cavitation promotes the vortex production and the flow unsteadiness. In non-cavitation conditions, the streamline smoothly
passes along the upper wall of the hydrofoil with no boundary layer separation and the boundary layer is thin and attached to the foil
except at the trailing edge. With decreasing cavitation number, the present case has o = 1.07, and the attached sheet cavitation beco-
mes highly unsteady, with periodic growth and break-off to form the cavitation cloud. The expansion due to cavitation induces boun-
dary layer separation and significantly increases the vorticity magnitude at the cavity interface. A detailed analysis using the vorticity
transport equation shows that the cavitation accelerates the vortex stretching and dilatation and increases the baroclinic torque as the
major source of vorticity generation. Examination of the flow field shows that the vortex dilatation and baroclinic torque terms in-
crease in the cavitating case to the same magnitude as the vortex stretching term, while for the non-cavitating case these two terms
are zero.
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Introduction

Cavitation shedding is an important phenomenon
that has attracted engineering attention for over 100
year since it seriously affects the hydrodynamic per-
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formance of machines working with different liquids.
Effective control of cavitation in engineering applica-
tions requires proper modeling of cavitating flows
with significant potential to improve engineering desi-
gns.

In the past, cavitation modeling has been extensi-
vely studied and a comprehensive literature survey
can be referred to Ref.[1] presented by Arndt. Most
numerical simulations of unsteady partial cavitation
have been based on 2-D hydrofoils or Venturi-type
sections!®). Less fundamental research has been per-
formed on 3-D cavitation structures. Laberteaux and
Cecciol” studied a series test of swept wedges to con-
firm that the cavity instability is greatly influenced by
the span-wise pressure gradients and the re-entrant jet


jibin
文本框
Citation:  Ji B, Luo X W, Peng X X, Wu Y L. Three-dimensional large eddy simulation and vorticity analysis of unsteady cavitating flow around a twisted hydrofoil. Journal of Hydrodynamics, 2013, 25(4): 510-519.


might be directed away from the cavity interface, allo-
wing sheet cavitation to become cloud cavitation far
downstream. Dular et al.!¥! also numerically and expe-
rimentally investigated the re-entrant jet reflection at
an inclined cavity closure line around a hydrofoil with
an asymmetric leading edge. The importance of jet
formation is illustrated for a 3-D cavity which shows a
strong cross-wise velocity component which causes
cavities formed on 3-D test bodies to often substantia-
Ily differ from those formed in 2-D cases®™". The di-
rection of the re-entrant jet on the 3-D hydrofoil and
cavitation shedding horse-shoe structures were captu-
red numerically by Ji et al.™? with the Partially-Ave-
raged Navier-Stokes (PANS) method and a mass tran-
sfer cavitation model.

Cavitating flows are generally high Reynolds
number flows, hence, the turbulence models are cru-
cial. Also the cavitation is basically unsteady, and
there must be strong interactions between the cavity
interface and the boundary layer during the cavity de-
velopment. Though the current approach based on the
Reynolds-Averaged Navier-Stokes (RANS) equations
has been widely used to simulate turbulent flow in in-
dustry, the capability of the RANS model to simulate
unsteady cavitating flows is limited and needs some
modifications due to over-prediction of eddy viscosity
at the rear part of cavity®. On the other hand, with the
quick development of computational resources, there
have been attempts to model the flow unsteadiness
during cavitation using the Large Eddy Simulation
(LES)® The use of LES to model cavitating
flows is expected to give better prediction of larger-
scale turbulent eddies.

Inspired by their work, the present study used
LES to analyze the interactions between cavitation
and vortical structures around the Delft twisted hydro-
foil with comparisons to experimental data from Foeth
etal.P,

1. Cavitation model and numerical methods

The present numerical model uses the LES
method to solve the unsteady Navier-Stokes equations
coupled with a mass transfer cavitation model. The
main features of the solver are given hereafter.

1.1 Physical cavitation model

The cavitation model used in this study was de-
veloped by Schnerr and Sauer™. The cavitation pro-
cess is governed by the following mass transfer equa-
tion

a(p,a,) N o(p,au;) . )
ot OX

i

where ¢, is the vapor volume fraction, the source
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terms m* and m~ represent the effects of evaporation
and condensation during the phase change and are de-
rived from the bubble dynamics equation of the gene-
ralized Rayleigh-Plesset equation. They are defined as

m+ = pvpl av (l_av)i E max(pv_pi O) (2)
P R \3 P

m— — pvpl av (1_av)i g max(p-pv' 0) (3)
P R,\3 P

The bubble radius is related to the vapor volume fra-
ction, ¢,, and the bubble number density, N,, is
given as follows

31 1/3
R, =| — > = @)
1-a, 4n N,

where N, is the only parameter which needs to be

specified and its value is taken as 10" according to
the work by Schnerr and Sauer™™. This cavitation
model has been validated for many cases, such as
cavitatin% flow around a 2-D hydrofoil and a 3-D
hydrofoil*2).

1.2 Governing equations and the LES approach

In the mixture model for vapor/liquid two-phase
flow, the multiphase fluid components are assumed to
share the same velocity and pressure. The basic gove-
rning equations consist of the mass and momentum
conservation equations as follows:

ap , opuy) _
ot oX,

J

0 (5)

a(pu) , 0pun;) _ ap , @ ( aui] ©

a  ox o ox | ox
where u, is the velocity component in the i direction
and p isthe mixture pressure. The laminar viscosity,
A, and the mixture density, p, are defined by

H = av/uv + (1_av)lul (7)

p:avpv +(l_av)pl (8)

Applying a Favre-filtering operation to Egs.(5) and (6)
gives the LES equations

6_’0+—a(pﬁj) =0

ot OX ©

j
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5(pUi)+6(pUin)=_6_ﬁ+i yﬂ oz,
ot OX; 0% OX; | OX;

J 1

where the over-bars denote filtered quantities. Equa-
tion (10) has an extra non-linear term that does not
occur in Eq.(6)

p(uiuj _uiuj) (11)
which are called the Sub-Grid Scale (SGS) stress and
need to be modeled.

One commonly used SGS model is the eddy-vis-
cosity model, which assumes that the SGS stress is
proportional to the modulus of the strain rate tensor,

SIJ , of the filtered large-scale flow,

(12)

ij ij

1 _
Tij _grkké‘ij =-2u8,

where §ij is the rate-of-strain tensor for the resolved

scale and the sub-grid scale turbulent viscosity, z,, is

closed by the LES wall-adapting local eddy-viscosity
(WALE) model. The main advantages of the LES
WALE model over the LES Smagorinsky model are
its ability to reproduce the laminar to turbulent transi-
tion with the design of the model to return the correct

wall-asymptotic y**, the variation of SGS model.
The SGS turbulent viscosity, g, and the rate-of-

strain tensor for the resolved scale, §u are modeled
in the LES WALE model:
(S )3/2
— 2 ij<ij
M= 7 7 (13)
(S” IJ)5 2 (SIJ IJ)5 4
_ ot ou,
S. = +—L 14
N 2(6x OX, J a4
1.
(gu |) gé‘lj O (15)
__ou . 13
9; =— L =min(kd,CV™) (16)
axj
where L, is the mixing length for the SGS, k von

Karman’s constant, d the distance to the closest wall,

V the volume of the computational cell and C, the

WALE constant having the value of 0.5 based on cali-
brations using freely decaying isotropic homogeneous
turbulence.

y (a) 3 D view

=

(b) Side view

Fig.1 3-D twisted hydrofoil

Fig.2 Computational domain and boundary condition

Fig.3 Mesh generation around the twisted hydrofoil surface
(a=-2°)

1.3 Simulation procedure

The time-dependent governing equations are dis-
cretized in both the space and time domains. The pre-
ssure-velocity direct coupling method was used to
solve the equations. The second-order upwind scheme
was used for the convective term, with the central di-
fference scheme for the diffusion term in the gove-
rning equations. The pressure staggering option
(PRESTO) was selected for the pressure interpolation
with the Quick scheme used for the vapor volume fra-
ction transport equation. The unsteady second-order
implicit formulation was used for the transient term.
The unsteady cavitating flow simulations were started
from a steady non-cavitating flow result. Then, the
cavitation model and unsteady solver were turned on
for the cavitating flow simulation. The time step was
set to 1.076x10™* s (T, /200, where T, =C/V, and

ref.
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Fig.4 Time dependent total vapor volume, V_,,
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Fig.5 Time dependent lift coefficient, C_

V_ is the inflow velocity at the domain inlet) acco-

rding to the work by Coutier-Delgosha et al.”. The
simulations were conducted using the CFD code
ANSY S-Fluent and the computational time was rema-
rkably reduced by using parallel computational plat-
form of ANSY S-Fluent.

The Delft Twist-11 hydrofoil shown in Fig.1 was
used in the present research. The hydrofoil consisted
of a NACAOQ009 profile that had a spanwise varying
attack angle from 0° at the tunnel walls to 11° at the
mid-section, with symmetry with respect to its mid-
span plane. The chord length of the foil was C =
0.15 m and the span length was 0.3 m. The attack
angle of the entire hydrofoil was —2° degree. The in-
flow velocity was V_ =6.97 m/s . The static pressure

was assigned according to the cavitation number (o =
1.07), which was defined as

_ P = By
o= Pu =P 17
0.5V ()

The computational domain is shown in Fig.2.
The numerical flow simulations used only half of the
hydrofoil and the surrounding flow channel because of
the geometric symmetry. The hydrofoil was located in
a channel with a height 2c, a length of 2c upstream
of the leading edge, a length of 5¢ downstream of the

0.5 0.6

leading edge and a width of c¢. The boundary condi-
tions had an imposed velocity at the inlet and a fixed
static pressure at the outlet, with a symmetry boundary
on the midplane, free slip wall conditions at the cha-
nnel walls and non-slip walls on the hydrofoil. An O-
H type grid was generated for the domain with suffi-
cient refinement near the foil surface as shown in

Fig.3. It is noted that the value of y* calculated at the
first grid point away from the hydrofoil surface was

around 1 for the entire mesh. The final grid had about
3x10° cells.

2. Results and discussion

The twisted design and the larger attack angle in
the middle area cause the cavitation to mainly develop
near the mid-span area close to the leading edge with
a curved closure line. The transient evolution of the
cavitating flow can be illustrated through the time his-

tory of the total volume, V_,, where V_, is defined

cav. !

VcavA = iav,ivi (18)

where N is the total number of control volumes in the
computational domain, ¢, ; the vapor volume fraction
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(c) Experimental observation of cavitation evolution in one typical cycle

Fig.6 Comparison of observed and predicted cavity volume evolution (o =1.07)

in each control volume and V, the volume of each

cell.

The periodicity of the total vapor volume is
shown in Fig.4. The predicted shedding frequency,
f.., can be obtained by a Fast Fourier Transform
(FFT) analysis of the total vapor volume. Here, f_, is
31.76 Hz, which is very close to the experimental
value ( f, =322 HzM). Once cavity shedding

occurs, the lift force on the hydrofoil must vary dra-
matically. The lift coefficient shown in Fig.5 also ex-

hibits periodic behavior with a time averaged lift coe-
fficient of 0.456, which is closer to the experimental
value™ than other results in the literature™®*®!,

The unsteady cavitation structures around the
Delft twisted hydrofoil are illustrated in Fig.6 with
comparison to the experimental observations at times
1-14 within two cycles labeled in Fig.4. For each time,
the picture in Fig.6(c) shows a high-speed photogra-
phy of the experiments by Foeth™ while that in
Figs.6(a) and 6(b) is the numerical result in two cycles
as shown in Fig.4. The iso-surface of the vapor
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Fig.7 Comparison of 3-D cavitation development and vorticity evolution (o =1.07)

volume fraction for ¢, =0.1 is used to illustrate the

cavity shape in the simulation. By comparison with
the results of three-dimensional cavitation structures
in Figs.6(a) and 6(b), it can be noted that the predicted
cavitating shedding around twisted hydrofoil has re-
markably periodicity. In order to show the relationship
between the flow structure evolution and cavitation
development conveniently, seven typical instants at
times 1-7 in Cycle 1 is further discussed hereinafter.
The cavity shape at Instant 1 in Fig.6 shows that
the attached cavity has reached its maximum length
and its tail has become convex. The strong adverse
pressure gradient in the stagnation region at the down-
stream end of the cavity forces the re-entrant flow into
the vapor structure with a re-entrant jet and a pair of
side-entrant jets!*). And it is noticeable that the cavity
interface has changed from a smooth pocket of vapor

to a highly turbulent vapor cloud as the re-entrant flow
moves from the trailing edge towards the leading edge
of the attached cavity. Then, the total cavity volume
decreases to a minimum at the Instant 2 (indicated in
Fig.4) as the re-entrant flow reaches the leading edge
of the attached cavity, which causes the cavity prima-
rily shedding at the center of the hydrofoil in Fig.6. It
should be noted that, during this process, the last shed
vapor cloud collapses at the downstream.

At the Instant 3 in Fig.6, a new attached cavity
grows from the leading edge of the twisted hydrofoil
with a concave tail. From Instant 4 to Instant 7 in
Fig.6, the shed vapor cloud is advected downstream
by the main flow and begins to shrink and finally co-
Ilapses as it moves downstream. During the cavitation
development, the total cavity volume quickly increa-
ses to the maximum at the Instant 5, and then decrea-
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ses dramatically as indicated in Fig.4 due to the shed
vapor cloud shrinking and collapsing. Besides, it is
noted that the shed vapor cloud has a very clear U-
shaped vortex in the final stage of the collapse, espe-
cially at Instants 6 and 7.

From the above analysis, it is indicated that the
LES simulation adopted in the present work can rea-
sonably reproduce the experimentally observed cavity
shedding process, including the cavity growth, break-
off and collapse downstream.

Vorticity magnitude (s
2500 - 45000

(b) Cavitating case (Instant 1)

Fig.8 Vorticity magnitude contours and streamline at the mid-
plane of the twisted hydrofoil

According to the review by Arndti*¥, cavitation
is not only induced by vortical structures but is also a
mechanism for vorticity generation. Figure 7 shows
the 3-D cavitation and vortex structure around the twi-
sted hydrofoil with three kinds of iso-surfaces. As is
shown on the left in Fig.7, the predicted cavity shape
is obtained from the vapor volume fraction of 10%. In
the middle of Fig.7, the flow structures are visualized
based on the Q-criterion (Q =1.5x10° s2), Q =1/

2(£2° —-S?%) (where £ is the vorticity rate, S isthe
strain rate), to identify the vortices. The iso-surface of
vorticity magnitude (w|=|VxV|) is also shown in

the right part of Fig.7. By comparison with Figs.6 and
7, we can clearly observe the cavity shedding process
and the formation, convection and collapse of a cavi-
tating vortex and the predicted 3-D vortex structures
are more complicated by the Q -criterion than those

with the iso-surfaces of vapor volume fraction or vor-
ticity magnitude. The transport of the shedding cavita-
ting vortex structure towards the trailing edge is gove-
rned by the main flow and the center of the shedding
structure is raised above the hydrofoil due to the
largest attack angle in the midplane. In order to know
this flow mechanism further, the effect of cavitation
on the vorticity evolution is illustrated by the insta-
ntaneous contours of the vapor volume fraction and

vorticity magnitude in the midplane of the twisted
hydrofoil.

Vapor volume fraction \orticity magnitude ™
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Fig.9 Cavitation development and vorticity evolution at the
midplane of the twisted hydrofoil (o =1.07)

Although a detailed analysis of the non-cavita-
ting vorticity distributions is beyond the present scope,
it is still useful to check the vorticity and streamline
distributions for the non-cavitating case in order to
verify the correlation between the cavitation and vorti-
cal structures. It is shown that the streamline smoothly
passes along the upper wall of the hydrofoil in
Fig.8(a), which indicates that there is no boundary
layer separation and the boundary layer of the non-ca-
vitating flow is thin and attached to the foil except at
the trailing edge. When the cavitation number is gra-
dually decreased, the sheet cavitation first appears
near the leading edge where the pressure is lowest. As
the cavitation number is further reduced to the present
case of o =1.07, the attached sheet cavitation beco-
mes highly unsteady and periodically grows and
breaks off to form the cloud cavity. The expansion
caused by the cavitation induces boundary layer sepa-
ration and large increases in the vorticity at the cavity
interface, as indicated in Fig.8(b). Figure 9 shows the
calculated vapor volume fraction and vorticity fields
at several instants within one cycle in the midplane of



the twisted hydrofoil. Those results indicate that there
is a strong correlation between the cavitation develop-
ment and the vorticity evolution, which indicates that
the cavity shedding and its evolution may correspond
to vorticity variation.

To better understand vortex-cavitation intera-
ctions, the vorticity transport equation in a 3-D, varia-
ble density flow was employed as shown below

Do Vp

or =(w-V)V - ww\n+ WZ)

m

(19)

In this equation, the vorticity of a fluid particle
includes vortex stretching, volumetric expansion/con-
traction (dilatation), baroclinic torque (due to misali-
gned pressure and density gradients), and viscous di-
ffusion. Note that the viscous diffusion term has a
much smaller effect on the vorticity transport than the
other terms in Eq.(19). Further, for the case without
cavitation, the vorticity is mainly transported by
vortex-stretching, whose magnitudes are shown in
Fig.10.

\ortex- stretchmg magnltude (10%2)

Fig.10 Vortex-stretching term for non-cavitation flow
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Fig.11 Time evolution of vortex-stretching term within one
cycle for o =1.07

Figure 11 shows several instantaneous contours
of the magnitude of the vortex-stretching term,
(w-V)V at o =1.07 on the midplane of the twisted
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hydrofoil. This figure shows that the vortex-stretching
term is highly dependent on the cavitation evolution.
For the cavitation case, the boundary layer is thicker
than that for the non-cavitation case, with vortex stre-
tching both along the hydrofoil surface and in the ca-
vitation region. Thus, cavitation promotes the vortex
stretching and the flow unsteadiness.

The dilatation term, @(V-V), represents the

volumetric expansion or contraction of a fluid element
due to local density changes and is zero for the non-
cavitating flow. Vapor formation due to cavitation
will result in dilatation of the vorticity transport at
o =1.07 as shown in Fig.12.

Vortex-dilatation magnitude (10°%2)

05“! L . I:ulo
———— ﬂ" = % S
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Fig.12 Time evolution of the vortex-dilatation term within one
cycle for o =1.07
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Fig.13 Time evolution of the baroclinic torque term within one
cycle for o =1.07
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The baroclinic torque term, (Vp, xVp)/ p?, re-

presents the generation of vorticity due to flow density
gradients along constant pressure surfaces. Figure 13
shows the distribution of the baroclinic torque during
one typical cavitation shedding cycle, which reveals
that the density gradients within the cavity are not
necessarily aligned with the pressure gradients. This
phenomenon has been proved by experimental investi-
gationt®’,

It is noted that the two terms for the vortex dila-
tation and baroclinic torque for the cavitating case in-
crease to the same magnitude of the vortex stretching
term, while those for the non-cavitating case are ide-
ntically zero.

3. Conclusions

In this work, the LES method has been used with
the WALE SGS stress model and a mass transfer cavi-
tation model to predict unsteady three dimensional
turbulent cavitating flows around a twisted hydrofoil.
The mechanism for the interaction between the cavita-
tion and the vortical flow is illustrated by analyzing
the magnitudes of vorticity as well as the vortex stre-
tching, volumetric expansion/contraction (dilatation)
and baroclinic torque terms along the midplane. Based
on the present simulations and the vorticity analysis,
several conclusions can be drawn as follows:

(1) The predicted 3-D cavitation evolutions, in-
cluding the cavity growth, break-off and collapse
downstream, and the shedding cycle as well as its fre-
quency agree fairly well with experimental results.

(2) The vortical flow analysis demonstrates that
cavitation promotes the vortex production and the
flow unsteadiness. For non-cavitating conditions, the
streamline smoothly passes along the upper wall of
the hydrofoil, so there is no boundary layer separation
and the boundary layer is thin and attached to the foil
except at the trailing edge. With the decrease of cavi-
tation number, e.g., the present case of o =1.07, the
attached sheet cavitation becomes highly unstable and
periodically grows and breaks off to form a cloud
cavity. The expansion due to cavitation induces the
boundary layer separation and significantly increases
the vorticity along the cavity interface.

(3) Cavitation induces vortex stretching, dilate-
tion and baroclinic torque which increase the vorticity
transport and is the major source of vorticity genera-
tion for cavitating flows. Examination of the flow
fields reveals that the vortex dilatation and baroclinic
torque terms for the cavitating flow increase to the
same magnitude as the vortex stretching term, while
that for the non-cavitating case is identically zero.
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