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The objective of this paper is to investigate transient cavitating flows around a hydrofoil via combined physical and numerical
studies. The aims are to 1) investigate the periodic formation, breakup, shedding, and collapse of the sheet/cloud cavities, 2)
provide a better insight in the physical mechanism that governs the dynamics and structures of the sheet/cloud cavitation, 3)
quantify the influence of cavitation on the surrounding flow structures. Results are presented for a Clark-Y hydrofoil fixed at
an angle of attack of a=8° at a moderate Reynolds number, Re=7x10°, for sheet/cloud cavitating conditions. The experimental
studies were conducted in a cavitation tunnel at Beijing Institute of Technology, China. The numerical simulations are per-
formed by solving the incompressible, multiphase unsteady Reynolds-averaged Navier-Stokes (URANS) equations via the
commercial code CFX using a transport equation-based cavitation model; a filter-based density corrected model (FBDCM) is
used to regulate the turbulent eddy viscosity in both the cavitation regions near the foil and in the wake. The results show that
numerical predictions are capable of capturing the initiation of the cavity, growth toward the trailing edge, and subsequent
shedding in accordance with the quantitative features observed in the experiment. Regarding vapor shedding in the cavitating
flow around the three-dimensional foil, it is primarily attributed to the effect of the re-entrant flow, which is formed due to the
strong adverse pressure gradient. The results show strong correlation between the cavity and vorticity structures, demonstrating
that the inception, growth, shedding, and collapse of sheet/cloud cavities are important mechanisms for vorticity production

and modification.
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1 Introduction

In liquid flows, cavitation occurs if the local pressure drops
below the saturated vapor pressure, which leads to the for-
mation of vaporous bubbles to relieve the negative pressure
[1]. The occurrence of unsteady cavitation in marine pro-
pulsion devices such as hydrofoils, propellers, and waterjets
can lead to problems such as sudden changes in loads,
pressure pulsation, vibrations and noise. Moreover, unste-
ady cavitation is usually the primary physical phenomenon
behind performance alterations in hydraulic machinery
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[2-4]. For this reason, it is crucial to be able to accurately
predict the development, evolution of cavitation, and the
resultant impact on the performance. The unsteady behavior
of cavitating flows and cavity shedding attract much atten-
tion since they seriously affect the hydrodynamic perfor-
mance of blades and propellers.

To improve the understanding of complex unsteady
structures of cavitating flows, various experimental studies
have been conducted. Cavitation is highly turbulent and
unsteady, the unsteadiness and turbulence interactions have
been experimentally investigated in multiple researches.
The unsteady structure of cloud cavitation can occur even
when the hydrofoil is stationary and inlet is steady [5]. Two

tech.scichina.com www.springerlink.com



2208 Huang B, et al.
main classes of instabilities of unsteady cavitating flows
have been distinguished, intrinsic instabilities and system
instabilities, according to the origin of the unsteadiness. In
the case of system instability, the unsteady behavior comes
from the interaction between the cavity and the rest of the
system [6]. For cloud cavitation, the re-entrant jet is rushed
from the trailing edge to the leading edge of the sheet cavity,
the re-entrant jet after the closure region is the basic mecha-
nism that triggers the shedding of the cloud cavitation [7].
Furthermore, the cavitation instability induced by the de-
velopment of a re-entrant jet for water past a back step
channel was also studied.

It is known that cavitation often involves complex inter-
actions between turbulent flow structures and phase-change
dynamics with large variations in fluid density and pressure
fluctuations. These physical mechanisms are still not well
understood because of the complex, multi-scale, multiphase
phenomenon. In the numerical modeling of cavitating flows,
the selection of cavitation models plays a major role in the
predictions of the onset, growth, break-up, and collapse of
cavitation bubbles. In recent years, significant efforts have
been made in the development of cavitation models; exam-
ples of recent reviewed articles can be found in refs. [8—11].
Most cavitation models assume the flow to be homogenous
and isothermal, and apply either a barotropic equation of
state or a transport equation to solve for the variation of the
mixture density. In barotropic cavitation models, the local
mixture density (p,,) is assumed to depend only on the local
pressure: p,=(f(p)). Examples of barotropic cavitation mod-
els include those proposed by Chen and Heister [12], and
Delannoy and Kueny [13]. A recent experimental finding by
Gopalan and Katz [14] has shown that vorticity production
is an important aspect of cavitating flows, especially in the
cavity closure region. Specifically, this vorticity production
is a consequence of the baroclinic torque. Clearly, if a ba-
rotropic equation of state is used, the gradients of density
and pressure are parallel, which leads to zero baroclinic
torque. Hence, barotropic cavitation models will not be able
to properly predict the dynamics of cavitating flows, partic-
ularly for cases with unsteady cavitation because of the im-
portance of cavitation for vorticity production. So, the
transport equation models (TEMs), which solve an addi-
tional transport equation for either the mass or volume frac-
tion of vapor, with appropriate source/sink term(s) to regu-
late the mass transfer between the liquid and vapor phases.

In the numerical modeling of cavitating flows, the selec-
tion of turbulence models play an important role in the pre-
diction of the unsteady behavior of cavitating flows. Most
unsteady Reynolds-averaged Navier-Stokes (URANS) tur-
bulence models were initially developed for single phase,
fully incompressible fluids. Hence, it is not suitable for
compressible two-phase mixture flows. To account for the
large density jump caused by cavitation, Reboud et al. [15]
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and Coutier-Delgosha et al. [16] modified the turbulent ed-
dy viscosity of the k-¢ RNG URANS model to simulate
unsteady cloud cavity in a Venturi-type duct. They found
that the URANS model with the modified turbulent eddy
viscosity was able to better predict the unsteady re-entrant
jet and the shedding of the vapor cloud; however, they also
reported that the model was not able to accurately predict
the cavity length and shedding frequency for cases with low
cavitation numbers. In order to better capture the transient
turbulence structures, a large eddy simulation (LES) model
was used to simulate sheet/cloud cavitation on a NACA-
0015 hydrofoil [17]; they found that it is fundamentally
difficult to find a grid independent LES solution unless one
explicitly assigns a filter scale. Johansen et al. [18] formu-
lated a filter-based model (FBM) as a compromise between
RANS and LES. Wu et al. [19] assessed the validity of
FBM turbulence model through unsteady simulations of
different geometries, including a square cylinder, a conver-
gent-divergent nozzle, a Clark-Y hydrofoil, and a hollow-jet
valve. They found that the FBM is able to better capture the
unsteady features than standard RANS models. Kim and
Brewton [20] compared numerical predictions with RANS,
LES, and RANS/LES hybrid approaches for sheet/cloud
cavitation, and found that both LES and hybrid RANS/LES
results closely reproduced the salient features such as the
breakup of the sheet cavity by the re-entrant jet, and the
formation and collapse of the cloud cavity.

Cavitation has been extensively investigated for the past
on two-dimensional hydrofoil, however, the cavitation on
two-dimensional hydrofoils always displays some 3D ef-
fects [21, 22], Satio et al. [23] simulated three-dimensional
unsteady cavitating flow around a NACAO0015 hydrofoil,
and the mechanism of U-shaped cloud cavity formation was
clarified. Luo and Ji et al. [24, 25] proposed that regarding
vapor shedding in the cavitating flow around three-dimensional
foils, it is primarily attributed to the effect of the re-entrant
flow consisting of a re-entrant jet and a pair of side-entrant
jets. The objective of this paper is to investigate transient
cavitating flows around 3D hydrofoil via combined physical
and numerical studies. We will investigate the unsteady
cavitating structures, including the periodic formation,
breakup, shedding, and collapse of the sheet/cloud cavities,
provide a better insight in the physical mechanism that gov-
erns the dynamics and structures of the sheet/cloud cavita-
tion, and quantify the influence of cavitation on the sur-
rounding flow structures.

The numerical models are presented in Section 2. Sum-
mary of the experimental and numerical setup are shown in
Sections 3 and 4, respectively. In Section 5, comparisons of
numerical predictions with experimental visualizations of
global multiphase structures are presented, followed by de-
tailed analysis of the effects of cavitation on the flow struc-
tures. Finally, the major findings and future work are sum-
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marized in Section 6.

2 Numerical model

2.1 Conservation of mass & momentum

The URANS equations, in their conservative form, for a
Newtonian fluid without body forces and heat transfers are
presented below along with the mass transport equation in
the Cartesian coordinates:
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where p,, is the mixture density, p is the liquid density, p,
is the vapor density, ¢, is the vapor fraction, ¢ is the liquid
fraction, u is the velocity, p is the pressure, f4, is the mix-
ture laminar viscosity, s and 4, are respectively the liquid
and vapor dynamic viscosities, and 4 is the turbulent vis-
cosity. The subscripts (i, j, k) denote the directions of the
Cartesian coordinates. The source (7" ) and sink ()
terms in eq. (3) represent the condensation and evaporation
rates, respectively, as will be discussed below.

2.2 Cavitation model

The Kubota model [2] is a transport-equation based cavita-
tion model that assumes a constant nuclei size and nuclei
density in the fluid domain. The growth and collapse of the
bubble clusters are assumed to be governed by the simpli-
fied Rayleigh-Plesset equation [2]. The cavitation process is
governed by the mass transfer equation given in eq. (3), and
the source and sink terms are defined as follows:

1/2
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where . is the nucleation volume fraction, Ry is the bub-
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ble diameter, p, is the saturated liquid vapor pressure, and p
is the local fluid pressure. Cyey is the rate constant for vapor
generated from the liquid in a region where the local pres-
sure is less than the vapor pressure. Conversely, Cyroq is the
rate constant for re-conversion of vapor back into liquid in
regions where the local pressure exceeds the vapor pressure.
In this work, the assumed model constants are ¢, =5%107*,
Rp=1x10""m, Cyes=50, and Cp¢=0.01, which are the de-
fault values in CFX [26], and are used because of their
supposedly general applicability.

It should be noted that eqs. (6) and (7) are different from
the original model proposed by Kubota et al. [8], and in-
stead follows the form presented in [26]. Since the evapora-
tion rate is much higher than the condensation rate, different
coefficients are needed for condensation and evaporization
terms, as shown in egs. (6) and (7). In addition, e, is re-
placed by oy, (1—¢4) in the vaporization term to account
for the decrease of the nucleation site density with the in-
crease of the vapor volume fraction [26].

2.3 Filter-based density corrected model (FBDCM)

The numerical results shown in this paper are obtained us-
ing the commercial CFD code, CFX, to solve the URANS
equations using a modified form of the original k-¢ turbu-
lence model [27], which was developed for fully incom-
pressible single phase flows. As shown in refs. [15, 16], the
original two-equation models may over-predict the turbulent
eddy viscosity in the cavitation region and result in over-
prediction of the turbulent stresses, causing the re-entrant jet
to lose momentum and not be able to cut across the cavity
sheet, which significantly modifies the cavity shedding be-
havior.

To improve numerical simulations by taking into account
the influence of the local compressibility effect on turbulent
closure model, the density corrected model (DCM) pro-
posed by Reboud et al. [15] and Coutier-Delgosha et al. [16]
is adopted to reduce the turbulent eddy viscosity based on
the local liquid volume fraction a, in eq. (2) with zr pem:

C,p.k°
Hr pem = a Joems Cﬂ =0.09,
¢ ®)
_pt+d-a) (p-p,)
fDCM - *
p,+(l—a,)(p —p,)

In eq. (8), the parameters, except for the function fpcwm,
are set to the same values as the original k-¢ proposed by
Launder and Spalding [27]. Similar modification has also
been applied by Ducoin et al. [28] and Huang et al. [29] for
prediction of unsteady sheet/cloud cavitation; they showed
good agreements with experimental measurements using
n=3.

Instead of the DCM model, Johansen et al. [18] proposed
a filter-based model (FBM) to help reduce ur. Specifically,
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the turbulent eddy viscosity is modified by comparing the
local turbulence length scale, k**/¢, with the filter size, A,
which is selected based on the local mesh size:

C,p. k> (. Ae
Hrrem = = fFBM’ C/,z =0.09, fFBM = mm(ls PEp j )

5

When the /1>>k3/2/€, e.g., in near-wall region where the
local mesh size is much greater than the turbulence length
scale, eq. (9) yields zir ppm=C,onk’/e, i.e., the standard k-¢
model is recovered. When A<<k*’/e e.g., in the region
away from the wall where the local mesh size is smaller
than the turbulence length scale, ur psm=C, m/UCI/Z. The
FBM ensures that the turbulent eddy viscosity does not in-
crease beyond the RANS value. In particular, the FBM
model will help limit the turbulent eddy viscosity in the
cavitating wake, where the DCM is not effective in reducing
the turbulent eddy viscosity because of the low vapor frac-
tion in the shed cloud cavity. Hence, the FBM can help im-
prove the prediction of cavitating wake dynamics by allow-
ing the shed cloud cavities to shed and diffuse downstream.

Although both the FBM and DCM approaches are de-
signed to reduce the turbulent eddy viscosity, they act in
different regions. The FBM approach mainly modifies the
eddy viscosity away from the near-wall region, where the
local mesh size is smaller than the turbulent length scale.
On the other hand, the DCM approach mainly modifies the
turbulent eddy viscosity in the cavitating region with sig-
nificant density gradient, such as in the cavity closure re-
gion near the foil wall. To limit the turbulent eddy viscosity
in the cavitation region near the foil wall and in the cavitat-
ing wake region, a filter-based density corrected model
(FBDCM) that combines the strengths of both the FBM and
DCM models is proposed, which replaces ur in eq. (2) with

MHT_hybrid-

k2
Hr hybria = Tfhybrid > C/J =0.09, (10)
fhybrid = X(Pn ! P Sran 1= 2P0 / P focm>
X(Pn!p)=0.5

G0.6p,/p-C)
02(1-2C,)+C,

+ tanh{ } /[2 tanh(C,)], (11)

where C, and C, are chosen to be 4 and 0.2, respectively.
The hybrid function y (0./p) (shown in Figure 1) is used to
continuously blend the FBM and DCM based on local mix-
ture density, which will help limit the over-prediction of the
turbulent eddy viscosity in the cavitating regions on the foil
wall and in the wake. Validation of the FBDCM turbulence
model with the assumed constants for the case of unsteady
cavitating flow around a same 2D Clark-Y hydrofoil used in
this study has been presented in ref. [30].
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Figure 1 Distribution of hybrid function y for the FBDCM model ac-
cording to eq. (11).

3 Experimental setup and description

The numerical predictions in the present study are compared
with experimental visualizations and measurements of a
Clark-Y hydrofoil conducted at the cavitation tunnel at Bei-
jing Institute of Technology [30, 31]. The test section is
0.133 m® squared and 0.7 m long. The cavitation tunnel is
capable of generating free stream velocity ranging from
2-15 m/s with a minimum cavitation number of 0=2(p—
pv)/(plUmz):OS, where po, is the reference static pressure,
pv is the saturated vapor pressure of water, and U, is the
free stream velocity. The tunnel inflow turbulence intensity,
defined as U,/ U., at the inlet of the test-section, is about
2%. The foil has a uniform cross-section with a Clark-Y
thickness distribution with a maximum thickness-to-chord
ratio of 11.7%, the chord length is ¢=0.07 m, the span
length is s=0.07 m. The hydrofoil is mounted horizontally in
the tunnel test section at a fixed angle of attack of =8°. In
the experiments [30, 31], high-speed video and particle im-
age velocimetry (PIV) technique are used to measure the
flow velocity and vorticity fields, as well as cavitation pat-
terns.

4 Numerical setup and description

To investigate the structures of unsteady sheet/cloud cavi-
tating flows via combined physical and numerical analysis,
results are shown for the Clark-Y hydrofoil described in
Section 3. The results shown in this paper correspond to the
hydrofoil fixed at &=8° and subject to a nominal free stream
velocity of Us,=10 m/s, which yields a moderate Reynolds
number of Re=U,c/v=7x10°. The density and dynamic
viscosity of the liquid are set to be p=999.19 kg/m® and
1i=pw=1.139x107 Pa s, respectively, which correspond to
fresh water at 25°C. The vapor density is p,=0.02308 kg/m’
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and the vapor viscosity is z, =9.8626x107° Pa s. The vapor
pressure of water at 25°C is p,=3169 Pa.

The computational domain follows the boundaries of the
cavitation tunnel, as shown in Figure 2. A no-slip boundary
condition is imposed on the hydrofoil surface, and no-slip
symmetry conditions are imposed on the side boundaries of
the tunnel. The inlet velocity is set to be Us,=10 m/s and the
outlet pressure is set to vary according to the cavitation
number, defined as o=(Po—py)/(0.5pUs’). A constant
turbulent intensity of 2% is set at the inlet boundary and is
equal to the experimentally measured mean turbulent inten-
sity.

All cavitating runs have been initialized with steady-state,
fully wetted calculations to avoid any vapor fraction at the
initial time step. The tunnel pressure is then decreased pro-
gressively until the particular cavitation number is reached.
The 3D fluid mesh (shown in Figure 2) is composed of
1200000 elements with 80 structured elements across the
foil boundary layer, which is selected to ensure y"'=yu,/u=1,
where y is the thickness of the first cell from the foil surface,
and u.is the wall frictional velocity. Mesh refinements are
performed at the foil leading edge, trailing edge, and in the
wake region. To get better capture of the 3D flow structures,
80 nodes are set along the spanwise directions. The time
integration scheme is a second-order backward Euler algo-
rithm, and the spatial derivatives are computed using a se-
cond-order upwind scheme. In the computation, Ar=1x10"*
s is chosen based on convergence studies, which gives an
average CFL number of CFL=U,At/ Ax=1. In the FBDCM
model, the filter size in eq. (9) is chosen to be A=1.05A4x.0-
Here, Ao is the largest grid size of the O shape grid
around the hydrofoil in the computation domain, which is
around 0.012¢, and parameter » is chosen to be 3.

(@) Wall boundary
-

fOutlet

r.

I
I
|
!
I
_’-J'-.

Figure 2 3D computation domain boundary conditions and mesh genera-
tion around the hydrofoil surface.
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5 Results and discussion

5.1 Global multiphase structures associated with cloud
cavitating flows

The unsteady cavitating flows around the Clark-Y hydrofoil
are investigated by both experimental and numerical meth-
ods to charify the globe multiphase structures. In the present
study, when the cavitation number is reduced to ¢=0.80, the
sheet cavitation grows and the trailing edge becomes in-
creasingly unsteady until the transient cloud cavitation de-
velops. It is observed that cloud cavitation has a distinctly
quasi-periodic pattern. Figure 3(a) and (b) show the com-
parisons of cavitation patterns predicted and observed in the
experiment within a single flow cycle, the absolutely pres-
sure contours of the foil surface are also shown in Figure
3(b). In order to better investigate the structure of vortex
structure, the iso-surface of the conventional vortex defini-
tion criterion, Q, is shown in Figure 3(c). Q is defined as
O0=1/2(|<F*~|S["), where £ is the vorticity tensor, and S is
the rate of strain tensor. Comparing Figure 3(b) with (c), it
is clear that the shape of the cavitating vortex structure for
the Q-criterion is more complicated than that of the vapor
fraction iso-surface, which is more consistent with the ex-
periments. The reference period of the cloud cavitation is
estimated to be about T yqe =40 ms=5.7¢/U. based on both
video visualizations and the numerical results.

As shown in Figure 3, the numerical predictions are ca-
pable of capturing the initiation of the cavity, growth toward
the trailing edge, and subsequent shedding, in accordance
with the qualitative features observed in the experiment. At
t=0.125T,.;, a small partial sheet cavity is formed near the
foil leading edge (LE) while the cloud shedding cavity
formed from the breakup of the previous sheet cavity is still
clearly visible near the foil trailing edge (TE). The stable
attached sheet cavity grows to its maximum length at
t=0.475T,s, when the cavity interface becomes wavy/bubbly,
particularly near the cavity trailing edge, as shown on the
middle pictures in Figure 3(3). When the adverse pressure
gradient is strong enough to overcome the weaker momen-
tum of the flow confined by the near-wall region, a re-
entrant jet forms and pushes the flow toward the foil leading
edge, as shown at r=0.625T,sin Figure 3(4). With the de-
velopment of the re-entrant jet, the interface becomes in-
creasingly unsteady with a bubbly appearance. The devel-
opment of the re-entrant jet and its impact on the vortex
structures and cavity patterns are evident on Figure 3(5) and
(6); it should be noted that the vortex structures given by
iso-surface of vapor fraction is slightly underestimated. As
the re-entrant flow reaches the vicinity of cavity leading
edge, the cavity is lifted away from the wall and sheds
downstream in the form of cloud cavity, which corresponds
to the large-scale vortex structure observed near the foil TE
on the right picture in Figure 3(6). These results suggest that
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Figure 3 Comparisons of the experimentally observed cavitation pattern (a), numerically predicted vapor fraction iso-surface and flow streamlines (b) and
iso-surfaces of the conventional vortex definition criterion Q (c) for o= 0.80, Re=7x10°, a=8°. Values of each iso-surface are Q:4><105 s, 5%10° s72, 6x10°

s2 7x10° 572, 8x10° s’z, 9x10° s’z, respectively.

the interaction between the circulating flow and the shed-
ding vapor cloud is closely related to the complicate vortex
structure.

In order to better understand the physical mechanism that
governs the dynamics and structures of the unsteady sheet/
cloud cavitating flows, the predicted vapour volume fraction
of the cavity as a function of space and time in middle span
of the foil is shown in Figure 4(a). The predicted contours
of the negative (upstream) axial (u) velocity and relative
higher pressure (C,>0) as a function of space and time are

shown in Figures 4(b) and (c), respectively. In Figure 4, T;=
c/Usand Ly=c are the characteristic time and length scales,
respectively. The Strouhal number, which characterizes the
shedding frequency f, is defined as St.=fc/U,=0.185 based
on experimental measurements, and was found to be the
same as the one based on the numerical simulation. As seen
from Figure 4(a), the cavity shedding process is periodic,
and the development of the re-entrant jet is responsible for
triggering the cavity detachment, and hence unsteadiness.
When the attached cavity begins to grow within a single
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Figure 4 Numerically predicted time evolution of the predicted (a) water vapor fraction (a,) and (b) reverse u-velocity (c) relative high pressure in various
sections (the position is reported in ordinate, from the foil leading edge x/Ly=0 to the trailing edge x/Ly=1) of the middle span of the foil for ¢=0.80,

Re=7x10°, a=8°.

flow cycle, there is no reverse flow due to the insignificant
adverse pressure gradient that was assumed to be responsi-
ble for the jet formation. When the attached cavity grows to
its maximum, the sudden increase of the pressure at the
trailing edge, as shown in the absolute pressure contours on
the foil surface in Figure 4(c), leads to the amplification of
the re-entrant jet, and the magnitude of reverse flow can
reach 0.6U.,. When the reverse flow reaches the leading
edge of the hydrofoil, the cavity is lifted away from the wall
and shed downstream in the form of cloud cavitation.

5.2 Unsteady cloud shedding process in the cavitating
wake

Recently, with the emergence and popular use of modern
high speed camera and particle-imaging techniques, it is
possible to explore the detailed structures of the cavity clo-
sure region and in the cavitating wake. An important objec-
tive of the present experimental study is to improve the un-
derstanding of the interactions between cloud cavitation and
the turbulent cavitating wake.

Figures 5 and 6 show the comparison of the predicted

and experimental evolution of the cloud shedding process.
The primary sheet cavity has a bubbly structure because of
disturbances caused by the re-entrant jet, which is responsi-
ble for the breakup, lift off, and subsequent shedding of a
large cloud cavity. Due to the effects of the side-wall, both
the experimental and simulation results show that the cloud
cavity is distorted into a U-shape vapor structure as it moves
downstream, which then splits at its head and finally col-
lapses violently at its legs. Figure 7 shows the absolutely
pressure contours of the iso-surface of the vapor fraction,
and the development of the high pressure at the head of the
U-shape vapor structure is responsible for triggering the
cavity splitting, and hence collapsing. The cavity shedding
process is very similar to the schematic diagram of typical
cloud cavity transformation in ref. [7].

5.3 Influence of cavitation on vorticity field

In order to get a better understanding of the influence of
cavitation on the vortex flow structure, Figure 8 shows the
side-by-side comparisons of the predicted and measured
normalized out-of-plane (z-component) vorticity fields in
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Main flow

Cloud shedding process

Figure 5 Time sequence of photographs of a cloud cavity obtained via high-speed video at 6=0.80, Re=7x10°, a=8°. (a) 0.375T¢yac; (b) 0.400Tyc; (c)
0.425T ycie; (d) 0.450Tyere; (€) 0.475Tcyere; (£) 0.500T cyere; (g) 0.525Teyere-

o (AR
=) (U

bl

Figure 6 Time sequence of photographs of a cloud cavity (Num) at 0=0.80, Re=7x10°, a=8°. (a) 0.375Tcycie; (b) 0.4007cycie; (€) 0.425T¢yeie; (d) 0.450Tcyere; (€)
0.5007 cycre; (f) 0.525Tycte.

the middle span of the foil, @./®,, for 0=2.00 and 0.80. The
detailed comparison of the predicted normalized vorticity
profiles with the measured values for 0=2.00 and 0.80 at

o . I U
the selec.ted rr.lomtormg locations are shown in Figure 9. and @, =L ~1.43x10° s (5=0.1¢=0.007 m is the appro-
Here, @, is defined as o

wz =0v/0x—0u/ oy, (12)
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Figure 7 Time sequence of photographs of a cloud cavity (Num) at 6=0.80, Re=7x10°, a=8°. (a) 0.400T ycie; (b) 0.425T ¢yeie; (€) 0.450T e

ximated turbulent boundary layer thickness at the foil
trailing edge based on the experimental measurements of
the flow velocity for the subcavitating case at 0=2.00). In
general, good agreement is observed between the measured
and predicted values, especially considering the difficulties
in experimental measurements and numerical simulations.
However, some differences are observed between the CFD
results and experimental data near the cavity closure region.

As shown in Figure 8, for 0=2.00, a counter-clockwise
(positive) vortex can be observed at the foil leading edge
(LE), and another small counter-clockwise vortex can be
observed at the foil trailing edge (TE) from the suction side
along with a smaller clockwise (negative) vortex at the foil
TE from the pressure side. For 0=0.80, a large-scale cou-
nter-clockwise vortex is observed in the cavitating region
along with a much stronger clockwise TE vortex than the
subcavitating case.

The detailed normalized vorticity profiles shown in
Figure 9 for the subcavitating case confirm the existence of
a thin vortical layer near the foil surface, and the thickness
of the vortical zone grows toward the trailing edge, with a
maximum thickness of approximately 0.1c. For the sheet/
cloud cavitating case, the vortical zone is much thicker
(near 0.3c at the foil trailing edge), the vorticity profile is
drastically different, and the magnitude of the vorticity is
much greater than for the subcavitating case. The results
shown in Figures 8 and 9 clearly demonstrate that the
unsteady sheet/cloud cavity is an important source of
vorticity production and modification, which leads to
significant increase in the turbulence level and turbulent
boundary layer thickness.

As suggested in refs. [14] and [28], the baroclinic torque
created by the mixture density and pressure gradients in the
cavitating region is responsible for the alteration of the
vorticity field, which is evident via the vorticity transport

equation:

%:(Q~V)V—w(V~V)+me

xVp/ p2 + (v, +0, Vo, (13)

where @ and V are respectively the fluid vorticity and
velocity vectors. v,

m

is the laminar kinematic viscosity and
v, is the modified turbulent kinematic viscosity.

The first term on the right-hand side (RHS) of eq. (13) is
the vortex stretching term. The second term on the RHS is
the volumetric expansion/contraction (dilatation) term. The
third term on the RHS of corresponds to the generation of
vorticity from unequal acceleration caused by unaligned
pressure and density gradients, e.g. the generation of a shear
layer caused by the faster acceleration of the lighter fluid
(vapor) relative to the heavier fluid (water). The fourth term
on the RHS represents the laminar and turbulent diffusion
of the vorticity.

To examine the influence of cavitation on the production/
alteration of vorticity around the cavitating flow, the time
evolution of predicted strengths of vortex stretching term

|(w~V)V| , volumetric expansion/contraction (dilatation)
term |a)(VV)| , baroclinic torque |me xVp/p2| and
viscoclinic torque |(Um + Uy )Vza)| for 0=0.80 are shown in

Figure 10. The vortex stretching term is highly dependent
on the cavitation evolution, and the dilation term (V-V)
represents the vortex stretching due to the flow compressi-
bility and is not zero for the cavitation region. The baroc-
linic term modifies the vorticity field in regions with high
density and pressure gradients, i.e., along the liquidvapor
interface and near the cavity closure. The magnitude of the
baroclinic term seems considerable compared to the vortex
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Simulation

(a) Subcavitation (o=2.00)

(b) Sheet/cloud cavitating (=0.80)

Figure 8 Measured (left) and predicted (right) normalized averaged z-vortity, @./@, contours (the counter clockwise is positive) on the suction side of the

hydrofoil at (a) 6=2.00 and (b) 0=0.80, Re=7x10° , o=8".

xlc=0.2

0.30 |

ylc

-0.15. 1 1
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xlc=0.6 — =0.80, Num
x/c=0.8

0.6 0.8 1.0

Figure 9 Comparisons of the measured and predicted normalized averaged z-vortities, @./@, profiles (clockwise is positive) at the selected monitoring

locations along the foil for 6=2.00 and 0.80, Re=7x105, a=8°.

stretching and volumetric expansion/contraction (dilatation)
term. In addition to the baroclinic torque, the development
of the re-entrant jet, the collapse of the sheet cavity, and the
shedding of the cloud cavity are also responsible for the
modification of the vorticity distributions. The results also
explain the strong correlation between the cavity and
vorticity structures. The magnitude of the viscous produ-
ction term is small as compared to the other terms, and
generates vorticity at a solid boundary.

6 Conclusions

Combined numerical and physical analysis are presented for

a Clark-Y hydrofoil at a fixed angle of attack of «=8° at
Re=7x10’ for two cavitation numbers representing subcavi-
tating (o= 2.00) and sheet/cloud cavitating (o = 0.80) cond-
itions. The primary findings include.

1) The cloud cavity is highly unsteady, and a self-
oscillatory behavior of the whole sheet cavitation at cloud
cavitating (0=0.80) are observed. The trailing edge of the
cloud cavity exhibits noticeable unsteady characteristics.
Associated with the large-scale vortex dynamics, a reentrant
flow is induced in the rear, near wall region of cloud
cavitation, and the reentrant jet is an important mechanism
that triggers the shedding of the cloud cavitation. Both the
experimental and simulation results show that the cloud
cavity is distorted into a U-shape vapor structure as it moves
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Figure 10 Time evolution of the predicted magnitudes of vortex stretching term, volumetric expansion/contraction (dilatation) term, baroclinic torque and

viscoclinic torque at selected times. 0=0.80, Re=7x10°, a=8".

downstream, which then splits at its head and finally
collapses violently at its legs.

2) The cavitation phenomenon has an important effect on
the flow structures due to the significance of the production
and modification of the vorticity field by the formation and
transformation of the cavity. Compared with subcavitating
flows (0=2.00), large scale of vortical structures can be
observed for the cloud cavitating case (0=0.80).

3) The baroclinic torque is responsible for the generation
and modification of vorticity due to shear flow created by
the unequal acceleration between the lighter vapor and
heavier liquid phases. In addition, the inception, growth,
and shedding of cavities modify the vorticity distribution
around the foil and in the wake. The interdependency
between the cavity and vorticity dynamics is not negligible
for the unsteady sheet/cloud cavitating

Overall, this work has contributed to advancing the
understanding of flow physics of unsteady cavitating flows.
The specific contributions include 1) findings of the unstea-

dy cavitating structures, including the periodic formation,
breakup, shedding, and collapse of the sheet/cloud cavities,
2) a better insight in the physical mechanism that governs
the dynamics and structures of the sheet/cloud cavitation, 3)
quantifying the influence of cavitation on the surrounding
flow structures. Additional high quality experiments with
detail measurements of the spatial and temporal variation of
the vapor fraction and velocity distribution are needed to
illuminate the underlying physics and to validate the numer-
ical models. The conventional Reynolds-averaged Navier-
Stokes approach based on temporal averaging of the fluctu-
ating terms for homogeneous, incompressible, single phase
flows may not be adequent in predicting cavitating flows
dominated by transient, large-scale vortices. Higher fidelity
simulations via large eddy simulations (LES) and direct
numerical simulations (DNS) would better illuminate the
flow physics.

More research is also needed to improve interplay be-
tween the spatial and temporal variation of the vapor frac-



2218

Huang B, et al.

tions, turbulent velocity fluctuations, and vorticity dynamics
around the cavity closure and cavitating wake regions. Re-
search is also needed to improve the understanding of local
compressibility effects and associated shock waves on the
turbulent flow dynamics. Such research will help signifi-
cantly improve the understanding and numerical prediction
of cavitating flows, which are critical to the hydroelastic
stability, fatigue, noise, vibration, and erosion characteris-
tics of hydraulic machineries.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 11172040, 50979004).
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