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Abstract: In this paper, the cavitating flow over a flexible NACA66 hydrofoil is studied numerically by a modified fluid-structure
interaction strategy with particular emphasis on understanding the flow-induced vibration and the cavitating vortical flow structures.
The modified coupling approaches include (1) the hydrodynamic solution obtained by the large eddy simulation (LES) together with
a homogenous cavitation model, (2) the structural deformation solved with a cantilever beam equation, (3) fluid-structural
interpolation and volume mesh motion based on the radial basis functions and greedy algorithm. For the flexible hydrofoil, the
dominant flow-induced vibration frequency is twice of the cavity shedding frequency. The cavity shedding frequency is same for the
rigid and flexible hydrofoils, demonstrating that the structure vibration is not large enough to affect the cavitation evolution. The
predicted cavitating behaviors are strongly three-dimensional, that is, the cavity is (a) of a triangular shape near the hydrofoil tip, (b)
of a rectangular shape near the hydrofoil root, and (c) with a strong unsteadiness in the middle of the span, including the attached
cavity growth, oscillation and shrinkage, break-off and collapse downstream. The unsteady hydroelastic response would strongly
affect the cavitation shedding process with small-scale fragments at the cavity rear part. Furthermore, three vortex identification
methods (i.e., the vorticity, the Q- criteria and the (2 method) are adopted to investigate the cavitating vortex structures around

the flexible hydrofoil. It is indicated that the cavity variation trend is consistent with the vortex evolution. The vortex structures are
distributed near the foil trailing edge and in the cavitation region, especially at the cavity-liquid interface. With the transporting
downstream the shedding cavities, the vortices gradually increase in the wake flows.
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Introduction

The cavitation occurs when the local pressure
drops below the liquid saturation vapor pressure. It is
a common phenomenon in water turbines, marine
vehicles, propellers and valves, etc. The cavitation
oscillation, break-off and collapse process may cause
many problems such as the pressure pulsation, the
structural vibration, the noise and the surface erosion.
Due to its importance in a wide range of fundamental
studies and engineering applications, the studies of the
cavitation d%rnamics were comprehensively reviewed
in literature! ™. Due to the cavitation unsteadiness
including the cavity breakdown and collapse, strong
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instantaneous loads will be produced, causing further
hydrodynamic instabilities, even structural failures.
Meanwhile, the flow-induced vibration will in turn
affect the transient cavitating flows. Therefore, it is of
great significance to investigate the flow-induced
vibrations in unsteady cavitating flows.

Many experiments”” and numerical simula-
tions™®'” were conducted to study the cavitation dyna-
mics and the related structure vibrations. Amromin
and Kovinskaya''!! analyzed the vibrations of an
elastic wing in an attached cavitating flows, with the
wing vibration solved based on the beam equation,. It
is indicated that the high-frequency band of a
significant vibration is related with the elastic
resonance and the low-frequency band corresponds to
the cavity-volume oscillations governed by the
cavity length-based Strouhal number.

With the measurements of the displacements on
the free foil tip section using a high speed video
camera and the surface velocity vibrations using a
Doppler vibrometer, Ducoin et al.” studied the
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fluid-structure interaction on a rectangular cantile-
vered flexible hydrofoil in the cavitating flows and
found that the cavitation greatly increases the
vibration level due to the hydrodynamic loading
unsteadiness and the change of the modal responses of
specific frequencies. Wu et al.!*® ' investigated the
cavitating flow-induced vibrations of a flexible
NACAG66 hydrofoil through both experiments and
numerical simulations, and it was found that the
maximum vibration amplitude keeps relatively small
for the inception and sheet cavitation, it increases
dramatically for the cloud cavitation and declines for
the supercavitation. De La Torre et al.l'* conducted a
large range of experiments for a two-dimensional
NACAO0009 truncated hydrofoil submerged in the air,
the still water and in various cavitation regimes, and a
linear correlation was found between the added mass
and the entrained mass related to the cavity, including
the density, the dimension and the location relative to
the specific modal shape deformation. Smith et al.””
experimentally measured the cloud cavitation
behaviors around the NACA0009 hydrofoil, and it is
demonstrated that the hydrofoil compliance would
damp the high frequency force fluctuations and is
closely associated with the normal force and the tip
deflection. With focus on the effects of the cavitation
and the fluid-structure interaction on the mechanism
of the vortex generation, Ausoni et al.'* found that
the vortex shedding frequency increases up to 15% in
a fully developed cavitation and the cavitation onset
will significantly increase the vortex-induced
vibration level due to the increase of the vorticity
caused by the cavitation. For the cross flow around a
two-dimensional elastic cylinder, So et al.l"
investigated the free vibrations and their effects on the
near wake flows by using a laser vibrometer to
measure the bending displacements and a laser
Doppler anemometer to measure the velocities. It was
shown that the cylinder vibrations have little or no
effect on the mean drag and the normalized mean field,
but they enhance the turbulent mixing, with a
substantial increase of the turbulent intensities. The
studies of Ausoni et al." and So et al.[ls], indicated
that the structure vibration is closely associated with
the large-scale wvortical motion. Moreover, the
cavitation would promote the vortex production with
the contributions from the vortex stretching, the
vortex dilatation and the baroclinic torque terms' ' 1.
The accurate vortex identification is essential for
better understanding the structural vibration charac-
teristics and the transient cavitation patterns, as well
as the vortex dynamics. There are various traditional

vortex visualization methods including the A,
method"™, the Q- criterion"”, and the Lagrange

method”" !, Generally speaking, the A, method and

the Q- criterion involve the subjective selection of a

threshold for the vortex visualization, varying from
case to case and with no universally acknowledged
guidelines. In view of these problems, Liu and his
collaborators  recently proposed new  vortex
identification methods, that is, the 2 method?* and
the Liutex/Rortex”). Zhang et al.**! reviewed various
vortex identification methods with applications of the
wake flow around the moving bodies, the atmosphere
boundary layer and the reversible pump turbine. It is
found that the (2 method is superior to other
methods when £2=0.52, as is recommended to
define the vortex boundary. Different vortex
identification methods were used by Wang et al.** to
study the cavitation vortex dynamics in the unsteady
sheet/cloud cavitating flows with shock waves,
indicating that different methods can identify vortices
in different cavitation regions. However, there are few
studies about the application of the 2 method and
the Q- criterion to the cavitating flow with

consideration of the fluid-structure interaction.

1. Numerical approach

1.1 Governing equations

The unsteady Navier-Stokes equations are solved
by using the large eddy simulation (LES) method and
a mass transfer cavitation model. In the homogenous
framework, the vapor/liquid fluid components are
assumed to share the same velocity and pressure fields.
The basic governing equations consist of the mass and
momentum conservation equations.

0 .
o Opu) _
ot Ox.
J
8(pu[)+a(p“iuj):_a_p+i y%
ot axj Ox, 6xj axj

(1)

2
where u, is the velocity component in the i
direction, p is the pressure and the laminar viscosity
u and the mixture density p are defined as

u=A-a)u +a,u, 3)
p:(l_av)pl+avpv (4)
where o is the volume fraction of the different

phases and the subscripts / and v represent the
liquid water and the water vapor, respectively.
The vapor volume fraction ¢, is governed by

the cavitation model developed by Schnerr and
Sauer®! .
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where the source terms m’ and m~ represent the
effects of the evaporation and the condensation during
the phase change and they are derived from the bubble
dynamics equation for the generalized Rayleigh-
Plesset equation. Their definitions are as follows:

e _a(-a)pp, 3 Jg max(p, - p,0) ©)
o R \3 o)

= a=a)pp, 3 Jg max(p - p,,0) )
P R \3 P

The bubble radius is related to the vapor volume
fraction «, and the bubble number density N, as
follows

3 1)
R, = e ()
l-a, 47 N,

Herein, N, the only parameter which needs to be

specified, and we let N, =10’. The saturated vapor

pressure is p, =3 540 Pa. The model constants are

based on the work of Schnerr and Sauer™. This

cavitation model has been validated by many cases,
such as the cavitating flows around a three-
dimensional hydrofoil!'® ***"1,

Applying the Favre-filtering operation to Egs. (1)
and (2), the LES equations are obtained as:

o(pu;
op o) _
ot ox.

J

©

o(pu;)  Olpui;)  op 0 ﬂ% %y (10)
ot ox, ox, ox;\" oOx; | Ox;

where the over-bars denote filtered quantities. The
non-linear term 7, in Eq. (10) is called the sub-grid

scale (SGS) stress, which is defined as
7, = plu, ~ i) (1)

The SGS stress is modeled by the eddy viscosity
model, where it is assumed that the SGS stresses are
proportional to the modulus of the strain rate tensor,

Sy, of the filtered large-scale flow.

1
z, —grkké =248y (12)

i i

where 7, is the isotropic part, S; is the rate-of-
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strain tensor in the resolved scale, , is the sub-grid

scale turbulent viscosity and with the LES wall
adapting local eddy-viscosity (WALE) model®, we
have:

(Sde)3/2
f= pA? ot (13)
(SijSij)S/2 +(S;Sljd)5/4
— w Ou,
5 :l{%+ﬁj 14
) 6xj Ox,
VI (P S S (R
Sij _E(gij +gij)_§5ijgkk (15)
_ _ Ou
g,y:a—x' (16)
J
A, =min(kd,C V") 17)

where A, is the sub-grid scale mixing length, & is

von Karman’s constant, d is the distance to the
closest wall, V' is the volume of the grid cell and
C, =0.325 is the WALE constant based on calibra-

tions usin% freely decaying isotropic homogeneous
turbulence!™”!

1.2 Fluid-structure interaction (FSI) technique

During the fluid-structure interaction (FSI), the
flexible structure will deform under the hydrodynamic
forces, and the structure deformations will in turn alter
the surrounding flows and change the hydrodynamic
forces, until a static equilibrium is reached. As the FSI
technique is the key issue in the CFD-CSD coupling
approach””’, Huang et al.”” developed a coupling
strategy including the Fluid-structure interpolation and
the volume mesh motion schemes based on radial
basis functions. Their coupling strategy enjoys a good
performance in studying the aeroelastic effects on the
grid fin aerodynamics in transonic and supersonic
regimes. Inspired by their work, a modified
fluid-structure technique is proposed in this paper to
solve this static hydro-elastic problem by
incorporating a user defined function (UDF) code in
the commercial software FLUENT, where the
hydrodynamic forces and the structural motions are
solved separately. The iterative scheme is as follows:

(1) Compute the hydrodynamic forces using the
governing equations given in Section 1.1.

(2) Interpolate the forces from the hydrodynamic
nodes onto the structural nodes. It is noted that the
hydrodynamic nodes are not the same as the structural
nodes at the fluid-structure interface. Therefore,
according to the physical laws including the conserva-
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tion of the total force, torque and energy, it is
necessary to realize the transfer of the force and the
displacement between the hydrodynamic nodes and
the structural nodes b?/ using the radial basis function
(RBF) interpolation[30 .

(3) Calculate the structural deformation using the
flexibility method. The elastic hydrofoil here is repre-
sented by a cantilever beam. The natural frequency

. and its corresponding normalized shape function

@,(x) are as follows:

EI .
w, = (B1) ST’ (=123, (18)
@,(x) =cos f,x —cosh f,x — 6 (sin f.x —sinh S.x)
(19)
|+ :
0 - cos 31 +cosh S/ (20)

" sinfl+sinh g1

where B/=1.875, B,1=4.694, [,1=7.855. The

flexible hydrofoil material properties are given in
Table 1. Modulus of elasticity E is 7.375x10° Pa, I
represents the three-dimensional generalized moment
of inertia of the foil along its elastic axis, the structure

density p, is 1 480 kg/m®, Poisson coefficient is

0.35, the foil span [ is 0.191 m, the foil section area
S is 0.00265 m’.

(4) Interpolate the deformation from the
structural nodes onto the hydrodynamic nodes at the
interface and deform the volume grids in the fluid
computational domain by using the RBF interpolation
method. In order to reduce the computational
complexity of the mesh motion and improve the
efficiency, the greedy algorithm proposed by Rendall
and Allen®" is adopted to reduce the number of
control points, with an adequate accuracy of the
deformation at the fluid-structure interface, the maxi-
mum interpolation error being in the order of 107
The assessment of the RBF interpolation accuracy was
made in literature®".

(5) If the static equilibrium is reached, move to
the next time-step, else repeat (1)-(4).

1.3 Physical and simulation setup
A NACAG6 hydrofoil is used in the present study,

Table 1 The parameters of the hydrofoils

with its computational domain as shown in Fig. 1. The
hydrofoil has a maximum thickness-to-chord ratio of
12% at the position 45% chord length from the
leading edge. The hydrofoil chord Ilength is
C =0.15m, the hydrofoil span length is /=0.191m,
and the angle of attack is 8 degrees. The hydrofoil is
fixed in the water tunnel and the test section is 14C
(length)x 10C (height)x 2C (width), with the free
stream velocity U_=35m/s vyielding a Reynolds
number of Re=pU,C/1=5 .59x10". The outlet pressure
is set according to the cavitation number as
oc=(p,—p,)/(050U2)=08. Figure 2 shows the
three-dimensional fluid mesh. An O-Y type mesh is
generated in the computational domain with a
sufficient refinement near the hydrofoil surface in
order to satisfy the condition that y" =yu /v=~1,
where y is the distance from the first cell to the
hydrofoil surface, g, is the wall frictional velocity.

Based on the mesh independence study, the number of
the final grid nodes is 3 937 911.

Pressure-outlet

Fig. 1 Computational domain for NACA66

Fig. 2 Fluid mesh grids

Distance

Chord Span length, . Maximum Foil section ~ between the Modqlqs of Density, p, Poisson
length, [ /m thickness-to-chord area, S /m’ foil tip and elasticity, -3 coefficient
C /m ratio/% ’ p E /Pa /kg-m
the wall/m
0.15 0.191 12 0.00265 0.109 7.375%108 1480 0.35
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The unsteady governing equations are discretized
in both space and time. The second order implicit
scheme is used for transient formulations. For the
spatial discretization of the convection terms, the
PRESTO! scheme is used for the pressure equation,
and the second order upwind scheme is used for the
other convection-diffusion equations. The SIMPLEC
algorithm is used for the pressure-velocity coupling
solution, to obtain a converged solution quickly with
the under-relaxation factor set to 1.0. The numerical
simulation of the unsteady cavitating induced
vibrations are started from an unsteady cavitating flow
field. Subsequently, the in-house UDF code is
compiled and turned on in the dynamic mesh panel.
The time step is set to 1x10™*s so that the courant
number is about 1.

In order to estimate the accuracy of the present
fluid-structure interaction technique, we simulate the
fully-wetted hydrofoil in the still water with an initial
force and analyze the vibration response by
monitoring the vibrations at the hydrofoil tip. On the
other hand, the ANSYS workbench commercial
software is used to perform the modal analysis
incorporated with the acoustic method in order to
obtain the first-order mode of the hydrofoil in the
water. Figure 3 shows the time dependent displace-
ment at the foil tip. The hydrofoil oscillates
periodically and its displacement gradually decreases
due to the energy dissipation. In Fig. 4, the calculated
natural frequency in the still water is f,C/U_ =1.17

by using the present modified FSI technique, and this
is the same as predicted by the ANSYS workbench,
demonstrating that the modified fluid-structure
interaction technique in the present study is reliable.

2. Results and discussions

2.1 Flow-induced vibration characteristics

As the vibration characteristics of the flexible
hydrofoil, the dry frequency (in the air) is
f,C/U,_ =147 and the fully-wetted frequency (in the

still water) is f,C/U_ =1.17, as shown in Table 2. It

is shown that a 20.4% reduction is resulted in the
natural frequency due to the added mass in the still
water. In the air, the added mass of the air can be
ignored, while in the still water, the added mass due to
the water must be considered.

In the present work, we mainly focus on the
flow-induced vibration characteristics of the flexible
hydrofoil, so it is necessary to carry out a preliminary
analysis for the rigid hydrofoil around the cavitating
flows. Figure 5 shows the frequency spectrum of the
vapor volume evolution around the flexible and rigid
hydrofoils. The cavity shedding frequency for the
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Fig. 3 Predicted vibration displacement in still water by using
the modified FSI technique
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Fig. 4 Predicted natural frequency in still water by using the
modified FSI technique (f,C/U_ =1.17)

Table 2 Predicted frequencies of flexible hydrofoil in air,
still water and cavitating flows

Dry Fully-wetted  Flow-induced S}?‘;‘Sg
frequency frequency frequency frequenc%/
fciu,  fCIU, JCIU., £,CIU
Jel ©
1.47 1.17 0.99 0.51
1.35 Flexible
— Rigid
f.C/U,=0.51

S
o
S

0.45

Amplitude/10°m’

fEC-U

Fig. 5 (Color online) Frequency spectrum of the vapor volume
evolution around the flexible hydrofoil and rigid hydro-
foil

rigid hydrofoil is f,,C/U_ =0.51, which is the same

as that for the flexible hydrofoil. This demonstrates
that the structure vibration is not large enough to
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affect the cavitation evolution, so the cavitation
around the flexible hydrofoil keeps the same pace as
that around the rigid hydrofoil. Since 4 864 samples
are taken every 1x107* s during the unsteady
calculations, the frequency resolution of the vapor
volume evolution is f*C/U_ = 0.06, which could be

improved by increasing either the sampling time or
the sampling frequency.

For the flexible hydrofoil, the cavitation
unsteadiness would cause the vibrations of the flexible
structure, as illustrated in Fig. 6. It is shown that the
hydrofoil tip vibrates evidently with small amplitudes
in the time history. As the first derivative of the
vibration displacement, the vibration velocity repre-
sents the vibration intensity and the displacement can
be visually observed at the hydrofoil tip. The vibration
displacement ranges from 0.74 mm to 0.82 mm, and

0.90 9
0.85
0.80

0.75

Displacement/mm

0.70

165 +————1————7——
2.1 2.2 23 2.4 2.5 2.6
t/s
(a)

0.016

5!

0.008

0-

-0.08—

Vibration velocity/m-s

-0.016

s
(b)

Vibration velocity/m-s®
(=]
N PR N

LA L R |
2.1 22 23,24 25 26
t/s

©

Fig. 6 Time-dependent vibrations of displacement, velocity and
acceleration at the flexible hydrofoil tip

the average displacement is 0.77 mm with the
standard deviation of 1.5x107°. This is in the same
order of magnitude as predicted in literature %333,
The vibration velocity fluctuates ranging from
—9.0x10 m/s to 9.1x107> m/s, and the average value
is —1.3x10™" m/s with the standard deviation of
3.4x107.

To investigate the effect of the -cavitation
behavior on the flow-induced vibration, the Fast
Fourier Transform is carried out for the vibration
displacement and the results are analyzed together
with the vapor volume oscillations, as shown in Fig. 7.
It is found that the dominant flow-induced vibration
frequency f, C/U_ =0.99 is approximately twice

the cavity shedding frequency. It is observed that the
other harmonics due to the cavitation oscillations also
make contributions to the responses of the flexible
hydrofoil.

0.010 2.0x10°
£ 0.008 § — Displacement
& 3f =~ Vapor volume
= o~ -6
Z 0.006 “ 15x10° <
= ]
e =}
g 0.004 5
2 -1.0x10° g—
S 0.002 £
5 Q@
54 0 I
< -5.0x10
g
A -0.002

-0.004 3 ' . 0

Fig. 7 (Color online) The displacement and vapor volume
oscillations of the flexible hydrofoil in cavitating flows

The cavitation evolution is closely associated
with changes in the lift coefficient, which is defined as

C, = ift/(0.5p,U>Cl). Therefore, it is reasonable to
analyze the amplitude responses of the lift coefficient
along with the cavitation oscillations for the flexible
hydrofoil as shown in Fig. 8. The lift coefficient
(C,) fluctuates periodically ranging from 0.43 to
0.53, and the average value is 0.50 with the standard
deviation of 0.010. The C, amplitude is significantly
amplified at the cavity shedding frequency.

2.2 The transient cavitation patterns associated with
the flow-induced vibrations

Figure 9 shows the time-history of the vapor
volume and the vibration displacement of the flexible
hydrofoil within several cycles. Eight instants in one
typical cavitation cycle are selected from Fig. 9 to
illustrate the transient cavitating flow patterns around
the flexible hydrofoil in Fig. 10 by using the

iso-surface of «, =0.1 overlaid with the streamwise
velocity. The two-dimensional contours represent the
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Fig. 8 (Color online) The lift (C,) and vapor volume oscilla-
tions of the flexible hydrofoil in cavitating flows
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Fig. 9 (Color online) Time-history of the vapor volume and
hydrofoil displacement

distributions of the vapor volume fraction at plane I,
60 mm away from the solid wall as shown in Fig. 11.

From f to ¢, the attached cavity is generated
from the leading edge and grows on the suction side,

meanwhile the cloud cavity continuously moves
downstream with the decrease of the cloud cavity

volume until it collapses at ¢, . It is observed that the
cavity rear part begins to oscillate and breaks into
small-scale cloud cavities at #,. The displacement
goes up firstly to a maximum and then keeps
decreasing to a minimum at #,. During this process,
as shown in Fig. 12, a re-entrant flow develops at the
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rear of the attached cavity due to the strong adverse
pressure gradient and moves toward the leading edge.
The re-entrant flow breaks through the liquid-vapor
interface and makes the attached cavity detached from
the hydrofoil, causing the attached cavity to gradually
shrink and break the rear part into the cloud cavities
from ¢, to ¢,. The displacement goes up from # to

ts, then gradually decreases to a minimum displace-
ment corresponding to the maximum vapor volume
and tends to increase until #,. At f=¢,, the attached

cavity shrinks to the leading edge with the presence of
several medium-scale cloud cavities. Further in this
cycle, the cloud cavities continuously move down-
stream as illustrated at #=1#, and begins to collapse

where the pressure is higher than the saturated vapor
pressure. At the same time, the cavity starts to grow,
followed by a new cycle.

As shown by the cavitation patterns in Fig. 10,
the cavitation structures are strongly three-dimen-
sional due to the existence of the gap flow and the
solid wall (referring to the root end of the hydrofoil).
The sheet cavity near the hydrofoil tip is very stable
with a triangular shape due to the gap liquid flow.

Besides, there is a rectangular cavity at f=t¢ and

t,-t, due to the existence of the low-velocity

boundary layer at the solid wall of the hydrofoil root.
The strong unsteadiness of the sheet/cloud cavities is
mainly observed in the middle of the span, and the
unsteady cavitating patterns are close to the hydrofoil
root, which indicates that the gap flow has a greater
effect on the cavitation behavior than the solid wall of
the hydrofoil root.

To investigate the effect of the hydrofoil
flexibility on the cavitating flows, the evolutions of
the cavitation patterns for the rigid and flexible
hydrofoils are compared in Fig. 13. It is observed the
cavitation evolutions for the rigid and flexible
hydrofoils are similar, including the cavity growth,
development, shedding and collapse processes. For
the flexible hydrofoil, although the vibration displace-
ment is very small, the cavitation features are more
complex during the cavity developing and shedding
processes. From Figs. 13(b) and 13(c), it is seen that
the cavity trailing edge (CTE) of the flexible hydrofoil
is longer than that of the rigid hydrofoil. In the
shedding process, the attached cavity around the
flexible hydrofoil starts to oscillate and break into
small-scale cloud cavities at the cavity rear part, as
shown in Figs. 13(d)-13(f), while the cavity around
the rigid hydrofoil is much more stable. Subsequently,
instead of shedding of the large-scale cloud cavities as
shown in Figs. 13(g) and 13(h), the cavity for the
flexible hydrofoil breaks into medium-scale cloud
cavities and moves downstream. It is found that the
cavitation shedding process is closely associated with
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(@)1, =0T,

(e) &= 50%T,,

() 2, = 58%T,,

u/m-s"

(d) 2, = 42%T,,

(8) 1, =83%T,

M) =T,

Fig. 10 The variation of the three-dimensional cavitation structures during a typical cycle depicted by the iso-surface of «, =0.1

overlaid with the streamwise velocity. The two-dimensional contours represent the distributions of the vapor volume frac-

tion at plane I, as shown in Fig. 11

Fig. 11 (Color online) The position of Plane I, 60 mm away
from the solid wall

~ Contour of a;= 0.1

’}14 Eadingisoge Re-entrant flow

Fig. 12 (Color online) Velocity vectors near the leading edge at

t=25%T,;
the unsteady hydroelastic response, and the cavity rear
part appears to be fragmented.

2.3 Analysis of unsteady vortex structures obtained
with different vortex identification methods
From the above results, the transition of the

attached cavity to the cloud cavity is strongly unstable.
According to the cavitation-vortex interaction
mechanism proposed by Ji et al.'®'"], the cavitation
affects the wvorticity distribution by the vortex
stretching, the vortex dilation and the baroclinic torque
terms. Inspired by their work, three vortex identifica-
tion methods, i.e., the vorticity, the Q- criteria and the

0 method, are adopted to further investigate the
unsteady vortex features around the flexible hydrofoil.

According to the Helmholtz velocity decomposi-
tion, the velocity gradient tensor Vu can be
decomposed into the symmetric part 4 and the
anti-symmetric part B as in Eq. (21). Different
vortex identification methods are defined based on a
general understanding that the symmetric part
represents the deformation and the anti-symmetric
part represents the rotation. The vorticity is defined as
the anti-symmetric tensor of the velocity gradient
tensor, i.e., the part B in Eq. (23). In the Q-
criterion!" | O is defined as in Eq. (24), where «
and b are the squares of the Frobenius norm of A
and B given in Eq. (22). The part with O>0
defines as the vortex region. Liu et al.*? proposed a
new vortex identification method of 2 given in Eq.
(24), which is a ratio of the vortical vorticity over the
total vorticity. £2=0 represents the pure deforma-
tion and 2 =1 indicates the rigidly rotational flow.
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Fig. 13 (Color online) Comparison of cavitation features between the rigid and flexible hydrofoils

& is a small positive number used to avoid division

by zero and is recommended to take a value in the
level of 1072 B4,

Vu=%(Vu+VuT)+%(Vu—VuT)=A+B (21)

a = trace(4" A), b= trace(B"B) (22)

Vorticity Z o, = o _ou (23)
ox oy

Q criterion Q= %(b -a) (24)

b

2 method Q=—— (25)

at+tb+¢

To have a further insight into the cavitation-vortex

interaction, Fig. 14 shows the relation between the
cavitation and the vortex evolution. Since b in Eq.
(22) represents the vortical vorticity, it can be treated
as the vortex strength in this paper, which is also thus
selected by Zhang et al.”®. It is observed that the
variation trend of the cavity is consistent with that of
the vortex.

Figure 15 depicts the vapor volume fraction
distribution and the contours of the vorticity, the Q-

criteria and the 2 method on the plane 1. These results
are used to (1) evaluate the capability of different vortex
identification methods, (2) analyze the effect of the
cavitation evolution on the vortex structures.

t=17%T, . , the attached cavity develops

ref >

For

along the suction surface with the cloud cavity tran-
sporting downstream. The cavity interface is
represented by the black line with the contour line of

a,=0.1. The vorticity (®,) on the plane I con-
centrates around the foil surface with negative values
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Fig. 14 (Color online) Time-dependent vapor volume and vor-
tex strength represented by 5

on the suction surface and positive values on the
pressure surface. Negative vorticity means the
clockwise rotation and positive vorticity means the
counter-clockwise rotation. The clockwise vortex is
mainly located in the sheet cavity region, and a strip
counter-clockwise vortex is observed on the foil
pressure surface. A vortex pair is observed in the foil
trailing. Both the Q- criteria and the 2 method

identify strong vortices in the sheet/cloud cavitation
region and weak vortices in the foil trailing edge
region and the foil wake flow region. The differences
are (1) the £ method identified vortices mainly
locate outside the cavity interface and strong vortices
are observed in the foil wake flows, while (2) the
Q - criteria identifies vortices inside and outside the

sheet cavity with weak vortices in the foil wake flows.
The large-scale vortex structures are identified by
experiments in the cavity sheet rear part and in the
wake region®”>*). Therefore, it is shown that the Q-

criteria and the 2 method can identify vortices in
the cavity region very well but identify vortices in the
foil wake with different positions and magnitudes.

In the shrinkage stage (¢ =50%7), a re-entrant

jet flow is observed beneath the attached cavity and it
causes the cavity oscillate in the rear part and break
into small-scale cloud cavities. With the vorticity
identification, the vortex structures are shown to be
distributed around the foil surface in the clockwise
direction in the re-entrant jet region and in the
counter-clockwise direction in the cavity region.
There is also a positive strip vortex on the pressure
surface and a vortex pair near the foil trailing edge.
Both the Q- criteria and the 2 method can identify
the vortex structures in the cavitation region and near
the foil trailing edge. The Q- criteria not only can
identify cavity-interface-like vortices which are easily
distinguished by the 2 method but also can identify
vortices inside the sheet cavity region. In contrast,
strong vortices in the foil wake flow are identified by

the £ method.
At t=T, the cloud cavity is shedding, moving

downstream and the sheet cavity starts to develop
again. The vorticity method identifies clockwise
vortices near the  suction surface  and
counter-clockwise vortices with a strip shape on the

pressure surface. A vortex pair is identified by the o,

method at the foil trailing edge. The vortex structures
in the cavitation region and near the foil trailing edge
are visualized by both the Q- criteria and the 2

method, but vortices in the wake flow can only be
clearly identified by the (2 method.

From these results, it is seen that the vortices
identified by the vorticity method are varied in the
transient cavitation evolution due to the strong
vortex-cavitation interaction, which is extensively
studied by Ji et al.!'”. It is noted that the vorticity
shows similar distributions, that is, the clockwise
vorticity near the suction surface and counter-
clockwise vorticity with a strip shape on the pressure
surface. The vortex structures identified by the Q-

criteria and the 2 method are distributed in the
cavitation region and near the foil trailing edge,
especially at the cavity-liquid interface. Due to the
downstream transportation of the shedding cavities,
the vortices increase and become intensely unstable
which can only be identified by the £ method.
This is clearly illustrated in Fig. 16, where the
three-dimensional vortex structures are visualized by
the Q- criteria and the 2 method with different

thresholds at ¢ =50%1T It is observed that both

ref *
methods can identify the vortex ring at the foil trailing
edge and the tip-leakage vortex at the foil tip although
with different thresholds. However, from Figs. 16(a)
and 16(b), the vortex structures in the attached cavity
region are more sensitive to the thresholds of the 2
method, that is, the (2 thresholds mainly affect the
vortex visualization in the attached cavitation region.
In contrast, the thresholds of the Q- criteria have

major effects on the vortex identification in the wake
flows as shown in Figs. 16(c) and 16(d).

Furthermore, the vortex strength is analyzed
quantitatively. Based on the vortex structures
identified by the iso-surface of £2=0.52 in Fig. 16(a)
and the iso-surface of Q=200s in Fig. 16(b), we
have 121 122 points in the £ vortex and 109 463
points in the @ vortex. Figure 17 shows the vortex
strength  (b) of the

structures at ¢ =50%T ., where the horizontal axis is

ref >

distributions two  vortex
scaled by taking twice 1gl0 of the b values in

order to clearly display the b distributions. The 2
method can identify vortices in regions I and II while
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Fig. 15 (Color online) Distributions of the vapor volume fraction (¢,) and vortex visualization with vorticity, Q- criteria and

£2 method at three instants. The black line represents the contour line of o, =0.1
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(¢) 0=200s"

O Influence region

Tip-leakage vortex

(d) 0=2000s"

Fig. 16 (Color online) Three-dimensional vortex visualizations
using Q- criteriaand (2 method at = 50%T

ref

the Q- criteria can only identify vortices in region III.

Note that in regions II and III large b values mean
strong vortices and in region I small b values mean

500
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E -
2
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1 "My
0 .
107 107 10" 10° 10" 10> 10° 10* 10° 10° 10" 10°

bls*®

Fig. 17 (Color online) The statistical distribution of the vortex
regions identified by the Q=200s” and Q=
0.52 at t=50%T

" indicating that (2 method
can identify all scales of vortices including strong and
weak vortices and Q- criteria can identify strong

vortices

weak vortices. Therefore, it is demonstrated that the
Q2 method can identify all scales of vortices
including strong and weak vortices and the Q-

criteria prefers to identify strong vortices.

3. Conclusions

In this paper, numerical simulations of the
unsteady cavitating flows around a flexible NACA66
hydrofoil are carried out by using the modified parti-
tioned FSI approach. The modi- fied coupling strategy
includes: (1) the hydrodynamic solution using a LES
together with a homogenous cavitation model, (2) the
structural deformation solved as for a cantilever beam,
(3) fluid-structural interpolation and volume mesh
motion based on the radial basis functions and greedy
algorithm. The flow-induced vibration characteristics
together with the transient cavitation behaviors are
investigated. Furthermore, the unsteady vortex
features due to the hydroelastic response are analyzed
by using three vortex identification methods (vorticity,
Q- criteria and 2 method). Several observations

are as follows:

(1) The dominant flow-induced vibration
frequency is twice the cavity shedding frequency.
Note that the cavity shedding frequency is the same
for the rigid and flexible hydrofoils, demonstrating
that the structure vibration is not large enough to
affect the cavitation evolution.

(2) The predicted cavitating behaviors are strongly
three-dimensional, that is, the cavity is (a) in a
triangular shape near the hydrofoil tip, (b) in a
rectangular shape near the hydrofoil root, and (c) with
a strong unsteadiness in the middle of the span,
including the attached cavity growth, oscillation and
shrinkage, break-off and collapse downstream. The
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affect the
small-scale

unsteady hydroelastic response will
cavitation shedding process with
fragments at the cavity rear part.

(3) For the flexible hydrofoil, the cavity variation
trend is consistent with the vortex evolution. The
vortex structures are distributed near the foil trailing
edge and in the cavitation region, especially at the
cavity-liquid interface. With the transporting down-
stream the shedding cavities, the vortices gradually
increase in the wake flows.

(4) Regarding to the vortex identification
methods, both the Q- criteria and the £ method

can identify the vortex structures near the foil trailing
edge and in the cavitation region. The £ method
can visualize the vortex increase in the wake flows
with the transporting downstream the shedding
cavities. Besides, the (2 method can identify all
scales of vortices including strong and weak vortices
and the Q- criteria prefers to identify strong vortices.

It is noted that the elastic hydrofoil is solved as a
cantilever beam in this paper without considering the
effect of twist on the cavity behaviors. The twist
deformation is also very important for the pressure
distribution and the structural displacement, and this
can be incorporated into the present FSI technique
based on the three-dimensional structural modes.

References

[1] Brennen C. E. Cavitation and bubble dynamics [M].
Cambridge, UK: Cambridge University Press, 2014.

[2] Huang B., Qiu S. C,, Li X. B. et al. A review of transient
flow structure and unsteady mechanism of cavitating flow
[J]. Journal of Hydrodynamics, 2019, 31(3): 429-444.

[3] ArndtR. E. A. Cavitation in fluid machinery and hydraulic
structures [J]. Annual Review of Fluid Mechanics, 1981,
13: 273-326.

[4] Luo X. W., Ji B., Tsujimoto Y. A review of cavitation in
hydraulic machinery [J]. Journal of Hydrodynamics, 2016,
28(3): 335-358.

[5] Smith S. M., Venning J. A., Giosio D. R. et al. Cloud
cavitation behavior on a hydrofoil due to fluid-structure
interaction [J]. Journal of Fluids Engineering, 2019,
141(4): 041105.

[6] Wu Q., Wang C. C., Huang B. et al. Measurement and
prediction of cavitating flow-induced vibrations [J].
Journal of Hydrodynamics, 2018, 30(6): 1064-1071.

[7] Ducoin A., Astolfi J. A., Sigrist J. F. An experimental
analysis of fluid structure interaction on a flexible
hydrofoil in various flow regimes including cavitating
flow [J]. European Journal of Mechanics-B/Fluids, 2012,
36: 63-74.

[8] Wu Q., Huang B., Wang G. et al. The transient charac-
teristics of cloud cavitating flow over a flexible hydrofoil
[1]. International Journal of Multiphase Flow, 2018, 99:
162-173.

[9] Chae E. J., Akcabay D. T., Lelong A. et al. Numerical and
experimental investigation of natural flow-induced
vibrations of flexible hydrofoils [J]. Physics of Fluids,

877

2016, 28(7): 075102.

[10] Zeng Y. S., Yao Z. F., Zhou P. J. et al. Numerical investi-
gation into the effect of the trailing edge shape on added
mass and hydrodynamic damping for a hydrofoil [J].
Journal of Fluids and Structures, 2019, 88: 167-184.

[11] Amromin E., Kovinskaya S. Vibration of cavitating elastic
wing in a periodically perturbed flow: Excitation of
subharmonics [J]. Journal of Fluids and Structures, 2000,
14(5): 735-751.

[12]Wu Q., Wang Y., Wang G. Experimental investigation of
cavitating flow-induced vibration of hydrofoils [J]. Ocean
Engineering, 2017, 144: 50-60.

[13] De La Torre O., Escaler X., Egusquiza E. et al. Experi-
mental investigation of added mass effects on a hydrofoil
under cavitation conditions [J]. Journal of Fluids and
Structures, 2013, 39: 173-187.

[14] Ausoni P., Farhat M., Escaler X. et al. Cavitation influence
on von Karman vortex shedding and induced hydrofoil
vibrations [J]. Journal of Fluids Engineering, 2007,
129(8): 966-973.

[15] So R. M. C., Zhou Y., Liu M. H. Free vibrations of an
elastic cylinder in a cross flow and their effects on the near
wake [J]. Experiments in Fluids, 2000, 29(2): 130-144.

[16] Ji B., Luo X. W., Arndt R. E. A. et al. Large eddy
simulation and theoretical investigations of the transient
cavitating vortical flow structure around a NACA66
hydrofoil [J]. International Journal of Multiphase Flow,
2015, 68: 121-134.

[17] Ji B., Luo X., Arndt R. E. A. et al. Numerical simulation
of three dimensional cavitation shedding dynamics with
special emphasis on cavitation—vortex interaction [J].
Ocean Engineering, 2014, 87: 64-77.

[18] Jeong J., Hussain F. On the identification of a vortex [J].
Journal of Fluid Mechanics, 1995, 285: 69-94.

[19] Hunt J. C. R., Wray A. A., Moin P. Eddies, streams, and
convergence zones in turbulent flows [R]. Proceedings of
the Summer Program. Center for Turbulence Research
Report CTR-S88, 1988, 193-208.

[20] Long X., Cheng H., Ji B. et al. Large eddy simulation and
Euler-Lagrangian coupling investigation of the transient
cavitating turbulent flow around a twisted hydrofoil [J].
International Journal of Multiphase Flow, 2018, 100:
41-56.

[21] Tseng C. C., Liu P. B. Dynamic behaviors of the turbulent
cavitating flows based on the Eulerian and Lagrangian
viewpoints [J]. International Journal of Heat and Mass
Transfer, 2016, 102: 479-500.

[22] Liu C., Wang Y. Q., Yang Y. et al. New omega vortex
identification method [J]. Science China Physics,
Mechanics and Astronomy, 2016, 59(8): 684711.

[23] Zhang Y. N., Qiu X., Chen F. P. et al. A selected review of
vortex identification methods with applications [J].
Journal of Hydrodynamics, 2018, 30(5): 767-779.

[24] Wang C. C., Liu Y., Chen J. et al. Cavitation vortex
dynamics of unsteady sheet/cloud cavitating flows with
shock wave using different vortex identification methods
[J]. Journal of Hydrodynamics, 2019, 31(3): 475-494.

[25] Schnerr G. H., Sauer J. Physical and numerical modeling
of unsteady cavitation dynamics [C]. Fourth International
Conference on Multiphase Flow, New Orleans, USA,
2001.

[26]Ji B., Long Y., Long X. P. et al. Large eddy simulation of
turbulent attached cavitating flow with special emphasis
on large scale structures of the hydrofoil wake and
turbulence-cavitation interactions [J]. Journal of Hydro-
dynamics, 2017, 29(1): 27-39.

@ Springer



878

[27] Li D. Q., Grekula M., Lindell P. Towards numerical
prediction of unsteady sheet cavitation on hydrofoils [J].
Journal of Hydrodynamics, 2010, 22(5Suppl.): 699-704.

[28] Nicoud F., Ducros F. Subgrid-scale stress modelling based
on the square of the velocity gradient tensor [J]. Flow,
turbulence and Combustion, 1999, 62(3): 183-200.

[29] Liu W., Huang C. D., Yang G. W. Time efficient aerocla-
stic simulations based on radial basis functions [J].
Journal of Computational Physics, 2017, 330: 810-827.

[30] Huang C., Liu W., Yang G. Numerical studies of static
aeroelastic effects on grid fin aerodynamic performances
[J1. Chinese Journal of Aeronautics, 2017, 30(4):
1300-1314.

[31]Rendall T. C. S., Allen C. B. Efficient mesh motion using
radial basis functions with data reduction algorithms [J].
Journal of Computational Physics, 2009, 228(17):
6231-6249.

[32] Meng L., Liu Y., Huang B. et al. Investigation of flow-
induced vibration characteristics of flexible hydrofoil in
unsteady cavitation [J]. Engineering Mechanics, 2017,
34(8): 232-240(in Chinese).

[33] Gao Y. Investigation on flow-induced vibration charac-
teristics of flexible hydrofoil in unsteady cavitating flow
[D]. Beijing, China: Beijing Institute of Technology,
2016(in Chinese).

[34] Dong X. R., Wang Y. Q., Chen X. P. et al. Determination
of epsilon for Omega vortex identification method [J].
Journal of Hydrodynamics, 2018, 30(4): 541-548.

[35] Liu C., Gao Y. S., Dong X. R. et al. Third generation of
vortex identification methods: Omega and Liutex/Rortex
based systems [J]. Journal of Hydrodynamics, 2019, 31(2):
205-223.

[36]Zhang Y. N., Wang X. Y., Zhang Y. N. Comparisons and
analyses of vortex identification between Omega method
and Q criterion [J]. Journal of Hydrodynamics, 2019,
31(2): 224-230.

[37] Wosnik M., Arndt R. E. A., Ain Q. Identification of large
scale structures in the wake of cavitating hydrofoils using
LES and time-resolved PIV [C]. Proceedings of the 26th
Symposium on Naval Hydrodynamics, Rome, Italy, 2006.

[38] Gopalan S., Katz J. Flow structure and modeling issues in
the closure region of attached cavitation [J]. Physics of
Fluids, 2000, 12(4): 895-911.

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


