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Abstract: In this study, the effect of the free surface on the supercavitating flow that surrounds a low aspect ratio wedge-shaped
hydrofoil is studied based on computational fluid dynamics (CFD), with Cartesian cut-cell mesh method. The volume of fraction
(VOF) method and the k-¢& turbulence model with the Schnerr Sauer cavitation model are used for simulating the supercavitation
in turbulent flow. Both quasi-3-D and full-3-D cases are considered. The quasi-3-D simulation results are compared with the previous
water tunnel experimental data and analytical data, and the results agree well with each other. The results are presented for a wide
range of submerged distance in terms of the free surface effect on the cavity shape, wave elevation and force coefficients. The range
of the free surface effect is found. The simulation results show that the cavitating flow around the hydrofoil become shorter and
thicker as the submerge depth decreases. As the aspect ratio of the hydrofoil studied in the full-3-D cases is low, the 3-D effect on the
supercavitating flow is strong. The relationship between the flow patterns and vortex structures is also revealed from the numerical
results.

Key words: Supercavitating flow, hydrofoil, multiphase flow, free surface effect

Introduction are widely used in the experiments to observe the flow

The study on the supercavitating flow started in
the early 20th century owing to the development of
increasing high-speed underwater vehicles and surface
piercing hydrofoil craft. When a vehicle moves fast
underwater, liquid water is subjected to rapid pressure
changes that cause the formation of cavities in a
low-pressure region' 2. For a typical high-speed
hydrofoil craft, the process can be considered/inter-
preted as a representative problem of the unsteady
transient cavitating flow and its interaction with the
nearby free surface””). The influence of cavitating
flow on the performance of high speed navigation
vehicle cannot be neglected.

The issues have been studied by several
researchers usin% different experimental and nume-
rical approaches[ 1] Mostly, the relevant experiments
are performed in water tunnel", towing tank or free
launching test system!'”. The measurement instru-
ments such as high-speed video camera system,

C 1 : [13-14] 18]
particle image velocimetry and X-ray imaging
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motion and cavity structures. Besides, the CFD
methods are also increasingly used for simulating the
cavitating flow by solving the incompressible
Navier-Stokes equations with various cavitation and
turbulence models, among which the modified
renormalization-group k-¢& turbulence model®"®]
the filter-based k-& model", and the partially-
averaged Navier-Stokes method?*?"), are widely used.

However, most previous works on supercavita-
ting flow have focused largely on the fully submerged
conditions. There are essentially two main types of
supercavitatin% flow: natural cavitation and artificial
ventilation' "), which are considered as an important
and widely used control approach in the cavitating
flow for drag reduction®. During the cruise, the
medium in contact with the underwater vehicle
changes from water to vapor. Since the vapor density
is much less than the water, the resistance of the
vehicle can therefore be greatly reduced. The complex
unsteadiness of the resultiné suPercaVitating flow has
been studied in recent years 728

In this paper, we have extended the study from
fully submerged cases to near free surface cases,
which may invariably affect the cavity shape, cavity
evolution process and force coefficients. Figure 1
shows a schematic of the supercavitating flow around
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the wedge-shaped hydrofoil placed near the free
surface. The reference point O and the parameters
include the submerged depth of the hydrofoil (s), the

cord length (c), the trailing edge thickness (¢), the
angle of attack (o), the free stream velocity (U,),
the cavity length (/), and the maximum cavity
(0) are indicated in the figure. The

supercavitating flow is investigated in this paper using
the CFD simulation, with a focus on the effect of free
surface near the hydrofoil. The numerical methods are
validated against previous experimental results™™’ and
analytical data” ' for the quasi-3-D cases. The
cavitating evolution process on a typical working
condition is discussed first to show the flow patterns.
The supercavitating flow on the upper and lower sides
of the hydrofoil are found to fuse after a certain time
and then continues to grow backwards to the final
stable state. The submerged depth of the hydrofoil is
varied to analyze the free surface effect on the cavity
shape, wave elevation, force coefficients and the range
of the free surface effect. Finally, full-3-D simulations
are also conducted to investigate the 3-D effect of the
supercavitating flow in the vicinity of the free surface.

thickness

| / 1

Fig. 1 Schematic of the supercavitating flow around the wedge-
shaped hydrofoil near free surface

1. Numerical methods

1.1 Governing equations

The multiphase flow equations are extensively
used for solving the multiphase flow problems. The
continuity and momentum equations are expressed as:

6_p+6_pzo (1)
ot 6xj

ot ox, ox, ox;( O,
where wu, is the velocity component in the i-
direction, p is the mixture density, p is the
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pressure and g is the laminar flow viscosity, which
can be defined as

H= (1 - av _aa)ll’ll + avll'lv + aall’lu (3)

where o is the volume fraction of the different
phases. The subscripts @, / and v represent the air,
liquid water and water vapor, respectively. The
density p of the mixture is defined as

p=(-a,-a)p tap +a,p, “4)

where the subscripts are defined the same. The
transport equations of the air and water vapor volume
fraction are

oa,p,)  0@py) _ 5)
ot ox;
oa,p,)  oapu;) . i

6
ot axj ©

where m 1is the mass transfer rate which is modeled
by mass transfer cavitation model. In this case, the
Schnerr Sauer mass transfer model is used

m=-3pv’ noin az—of(l—pvj sign(p, — p)-
3 P

2|p, - 7|
3 p

()

In this model, the number of vapor bubbles per
volume of liquid (n,) is set to a value of

1.5%10" nuclei/m’

water  °©

This setting have been

discussed in Ref. [30] and found to work well for a
variety of fluids and devices.

The standard k-& turbulence model with the
transport equations for the turbulent kinetic energy k&
and its dissipation rate ¢ was adopted for turbulent
flow closure. The turbulent flow viscosity is given as
= pC k */ & . The turbulence kinetic energy and its
rate of dissipation are obtained from the transport
equations:

2(p,,,k) +V-(p,kv,)= V-Hﬁﬁijwf} +G, -
ot o

t

2 PV k= pe 45, ®)

L (pye) + V- (v, = V‘KwiJVs}
ot o

&
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where C, is an empirical constant of 0.09. The

model constants C,,, C, , C,,, o, and o, are

1.44,1.92,0, 1.0 and 1.3, respectively.

1.2 Numerical schemes and parameters

A 114.45 mm long, 80.26 mm wide and 12.27 mm
high wedge-shaped hydrofoil model is studied here
(shown in Fig. 2). The distance between the
wedge-shaped hydrofoil and the free surface over the
chord length (s / ¢) varies from 0.8300 to 2.1600 and
the simulated cavitation number varies from 0.1 to 0.2
at different angle of attack (8°, 10°, 12°), which are
kept the same as those in the water tunnel
experiment™). In this work, both quasi-3-D and
full-3-D flow simulations are carried out to study the
supercavitating flow around the hydrofoil. For the
quasi-3-D cases, the computational domain is a
1500.00 mm longx80.26 mm widex100.00 m high
with the boundary conditions defined at the
velocity-inlet, the pressure-outlet, and no-slip wall as
shown in Fig. 3. Other simulation conditions are
consistent with the water tunnel experiment. The
cavitation number can be calculated using the
following formula

0.5pU.,°

where p, =101.325kPa is the standard atmospheric
p,=2450Pa is the
pressure, p=1000kg/m’ is the liquid water density

pressure, saturated vapor

and U, is the free stream velocity.

|

~
3
() ww £7°T]

114.45 mm (c)

80.26 mm

Fig. 2 Wedge model in water tunnel experiment (side view/ plan
view)

Symmetry

No-slip wall

Fig. 3 (Color online) Schematic of the computational domain and
boundary conditions of the quasi-3-D cases

The Cartesian cut-cell mesh method is used to
generate an unstructured mesh with 15 layers of
inflation. The minimum face size of the hydrofoil
model is 1x10~* m. The height of the first layer is set
to 5x107> m with a growth rate of 1.1 in the mesh plan

to ensure that y* is approximately equal to 1, and a

higher mesh resolution around the wedge-shaped
hydrofoil and downstream in its wake so as to be able
to capture the interface between the liquid water and
vapor phases accurately. Figure 4 shows that the
spatial volume grids are composed of cubes of
different sizes. The total cell number is approximately
2x10° with good orthogonality.

Fig. 4 (Color online) Mesh layout of the flow field surrounding
the hydrofoil

Separately, to consider the 3-D effect of the
supercavitating flow, another five full-3-D simulations
have been performed. The simulations are carried out
in a 1 500.00 mm longx400.00 mm widex100.00 mm
high computational domain with the defined boundary
conditions are shown in Fig. 5 to consider the full-3-D
effect. Here the distance between the boundaries
perpendicular to the spanwise direction and the
hydrofoil is about two times chord length to avoid the
interactions between the boundaries and the
supercavitating flow. The Cartesian cut-cell mesh
method with the same characteristics of the quasi-3-D
mesh plan is used here. The total cell size is about
8x10° with good orthogonality.
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Fig. 5 (Color online) Schematic of the computational domain and
boundary conditions of the full-3-D cases

1.3 Validation

Literature focusing on the supercavitating flow
around hydrofoil under the free surface effect is
limited. It is difficult to produce a stable free surface
in a cavitation water tunnel and to obtain credible
experimental results. Several early but successful
experiments were carried out by Dawson® who
studied the supercavitating flow around a wedge-
shaped hydrofoil near the free surface. In his study,
various submerged depth, cavitation number and angle
of attack of the hydrofoil are considered. The
hydrofoil model is mounted on a spindle disk attached
to the cavitation tunnel walls. Due to the low-velocity
restriction in the cavitation tunnel, the supercavitating
flow in the experiments was generated by ventilation.
In the preliminaries, both theoretical approaches and
numerical methods are employed to compare and
analglze the supercavitating flow in the experiment.
WuP! conducted a wake model for the free-streamline
theory, which can be applied to the 2-D flow past an
inclined flat plate with a wake or cavity formation.
Faltinsen and Semenov!! had studied the
characteristics of the supercavitating flow around a
flat plate by analytical means and is utilized here for
comparison. The influences of the free surface and
gravity on the cavity profile, free surface elevation
and force coefficient are discussed.

For validation, our simulated results are com-
pared with Dawson’s experimental data, the analytical
solution of Faltinsen and Semenov, Wu’s theory for a
weightless infinite fluid medium. More specifically,
we compared the normal force coefficient (c,)
versus cavitation number (o), at three angles of
attack (8°, 10°, 12°) and submerged depth over cord
length (s/c) equals to 0.8300 as shown in Fig. 6. It
may be noted that Wu had established a wake model

for the supercavitating flow past an oblique flat plate
without considering the influence of free surface

effect. The comparison in Fig. 6 for ¢, versus o at

various angle of attack is fair: the much closer
agreement between the simulation and experiment
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(considering the experimental uncertainty of
measurements in the experiment estimated to be 1.2%
to 3.2%) clearly attested to the validity of the
numerical model with the back drop of the analytical
approach”’ 31] (considering the limitations of the
assumptions associated) providing the trend in broad
agreement. Here, the component of the normal force

F is normal to the hydrofoil and ¢, is defined as

n

F
¢ =—tn (11)
pU “c/2
0.40
0.35F
0.30F
5 0.25 a7
—e— Dawson”’”
0.20F W
A Faltinsin and Semenov'”
0.15F ; ;
o Simulation
0.10 L L
0.08 0.10 0.12 0.14 0.16 0.18
(2
(a) AOA=8"
0.401

0.10 L
0.08 0.10

1 1 L ]
0.12 0.14 0.16 0.18
o
(c) AOA=12°

Fig. 6 Comparison of the experimental data and the numerical
results of the normal force coefficient versus cavitation

number at s/¢=0.8300, AOA =8°, 10° and 12°

Further detailed comparison of the pressure
distribution on the upper surface of the wedge-shaped
hydrofoil at s/¢=0.8300, AOA=8°, o=0.128
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between the experiment and simulation is given in Fig.

7. Here the pressure coefficient ¢, is defined as

c — p_pv
ropU 2

(12)

Dawson mentioned that the pressure measurements by
water monometer in the experiment are considered
accurate to within 0.01 feet of water, which is
equivalent to about 1.2% to 3.2%. Considering the
measurement uncertainty, the comparison in Fig. 7
further attests to the wvalidity of our numerical
simulation besides the earlier comparison in Fig. 6
based on the integrated force quantity.

1.09
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0.7

0.6}
05F s
04f e
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0.2F ‘%‘o\
0.1} Q@
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Chord /%

29’
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- -& - Simulation

Lo a--o P

Fig. 7 Comparison of the experimental and numerical results of
the pressure distribution on the upper surface of the wedge-
shaped hydrofoil at s/¢=0.8300, AOA=8° and

o=0.128

2. Results and discussion

2.1 Cavity evolution process

In order to study the characteristics of the
supercavitating flow under the free surface effect, we
first need to understand the evolution mechanism in
the growth of the supercavity. Figure 8 shows the
dimensionless cavity length (//c) growth with

dimensionless time (r=tU_/c) for the simulated

cases at the angle of attack of 8° and cavitation
number of 0.1 under the free surface effect. The
submerged depth over cord length (s/c) of the

hydrofoil at 0.8300, 1.1625, 1.495, 1.8275 and 2.1600
are considered. In the nominally-termed first stage, the
cavity growth rate under the different conditions is
almost the same for 7<1.5. At r=1.5, the cavity
on the upper and back sides of the hydrofoil fuses, and
the evolution of the cavity enters the second stage.
The growth rate of the cavitating flow then becomes
less intense compared to the first stage. Cavitating
flow still continues to grow backwards after fusion. In
the third stage, the growth rate of the cavity decreased
sharply after 7=9.2, and the cavity profile was
basically stable. For different submerged depths, the

growth rate and length of the cavity decrease as the
hydrofoil moves closer to the free surface. The range
of the free surface effect on the supercavitating flow is
also limited: from the results, the gradient of the
cavity length growth for s/c=1.8275, 2.1600 are
basically coincident. In another word, beyond say
s/c=2.0000, the effect of free surface is largely
non-existent or only very minimal akin to infinite
medium without the presence of free surface.

6

_o—e—=H

4}
23F s/c=0.8300
£ slc=1.1625
2F s/le=1.4950
sle=1.8275
1F —— s/¢=2.1600

0 1 1 1 1 1 1 1

Fig. 8 (Color online) Dimensionless cavity length grow with di-
mensionless time for the simulated cases at AOA =8°,
0 =0.100 under the free surface effect. The submerged
depth over cord length of the hydrofoil s/c¢=0.8300,
1.1625, 1.4950, 1.8275 and 2.1600

In general, the cavity evolution process of the
supercavitating flow over the wedge-shaped hydrofoil
in this study mainly contains three stages as discussed.
Next, we choose a typical working condition to
analyze more closely the characteristics of the cavity
profile during the evolution process in the first stage.
Figure 9 shows the simulated results at AOA =8°,
0 =0.100, submerged depth over cord length s/c
of the hydrofoil at 0.8300 under the influence of free
surface effect. At 7=0.4, cavity starts appearing on
the upper and trailing edge of the hydrofoil and grows
backward with time for both the upper and trailing
edge surfaces. It can be seen that the two parts of the
cavity meet and fuse at around 7=1.5. At 7=2.2,
the fusion process of the cavitation ends, and the
supercavitating flow continues to flow backward to
the final stable state.

The vortex structure of the cavitating flow
around the hydrofoil during the cavity growth stage is
also shown Fig. 10. The flow structures can be
visualized based on the Q- criterion?. It clearly

shows that the motion of cavitation clouds has strong
correlation with the vortex motion.

2.2 On the interaction between free surface and super-
cavitating flow

The problem with the supercavitating flow near

the free surface generally consists of two parts, the

free surface effect on the supercavity and the effect of
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(d)r=1.5

Fig. 9 (Color online) Dimensionless cavity length grow with dimensionless time for the simulated cases at AOA =8°,

(e) =1.8

(f)r=2.2

o =0.100

under the free surface effect. The submerged depth over cord length of the hydrofoil s/c=0.8300, 1.1625, 1.4950,

1.8275 and 2.1600

(a) 7=0.4 (b)7=0.7
DS b
e L\
(c)7=1.0 (d)r=1.5

\ \‘ \ | \\\ \'

(e)t=138 (f)r=2.2

Fig. 10 The added iso-surface of O =50000 at 7=0.4 to

7=2.2 for the simulated cases at AOA=8°,0=
0.100, s/¢=0.8300 under the free surface effect

the supercavitating flow on the free surface elevation.
To examine the interaction between the free surface
and supercavitating flow, the time averaged simulated
results of the supercavitating flow around the
hydrofoil at the submerged depth from s/¢=0.8300
to 2.1600 are presented in Fig. 11. It shows that the
free surface indeed significantly affects the cavity
curvature, while the cavity also affects the free surface
wave elevation. Both the length and thickness of the
cavity over the hydrofoil vary with the submerged
depth.

More detailed results are next presented in Figs.
12, 13 regarding the change in the cavity length over

chord length (//c¢) and maximum cavity thickness
over the trailing edge thickness (0/¢) with the depth

of submergence, respectively. The cavity over the
hydrofoil becomes shorter when the hydrofoil is
placed closer to the free surface while the cavity
thickness remains almost unchanged. Correspondingly,
the effect of the free surface on the cavity shape
becomes weaker as the submerged depth increases. It
is clear that the influence of the free surface effect on
the cavitating flow 1is found to be around
s§/¢<2.0000 . When s/c is greater than 2, the
effect of the free surface on the supercavitating flow
around the wedge-shaped hydrofoil is negligible and
the case can be essentially considered as a fully
submerged problem.

A vertical straight line is added at the trailing
edge of the hydrofoil on the midplane in the y -axis

direction (see Fig. 1). Figure 14 shows the dimen-
sionless streamwise flow velocity (U/U_) distribu-

tion along the mentioned line. In order to compare the
flow velocity inside the cavity at different submerged
depth more clearly, Fig. 15 captures the mentioned
dimensionless flow velocity distribution from the
upper surface of the hydrofoil towards the edge of the
cavity (The fairly sharp change in the velocity
gradient indicates the extent of the cavity). The results
show that both the flow speed inside and outside the
supercavity increase with the submerged depth of the
hydrofoil. The flow velocity gradient inside the cavity
is greater than the outside. As the submerged depth
increases, the higher flow velocity inside the cavity
may lead to a smaller cavity curvature and longer
cavity length.
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(a) s/c =0.8300 (b)s/c=1.1625 (c) s/c =1.4950

e

—

(d)s/c=1.8275

(e)s/c=2.1600

Fig. 11 (Color online) The time averaged results of the supercavitating flow around the hydrofoil at AOA=8°, o=0.100
under the free surface effect. The cavity shape of the supercavitating flow is shown by the iso-surface at volume fraction
of the water equals to 0.5. The submerged depth over cord length of the hydrofoil varies from 0.8300 to 2.1600
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Fig. 12
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Fig. 13
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The simulated results of the cavity length over the
chord length of the hydrofoil changes with the
various submerged depth under the free surface effect
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The simulated results of the maximum cavity thickness
over the trail thickness of the hydrofoil changes with the
various submerged depth under the free surface effect
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Fig. 14 The dimensionless streamwise flow velocity distribu-
tion along the vertical line in the ) - axis direction at
the trailing edge between the upper surface of the
hydrofoil and the free surface at AOA=8° ,
0 =0.100. The submerged depth over cord length of
the hydrofoil varies from 0.8300 to 2.1600. The
reference point O can be referred to Fig. 1

Next, the heights of the free surface elevation are
examined for various submerged depth of the
hydrofoil. Figure 16 shows the dimensionless wave
elevation height ((A—s)/c) above the supercavi-

tating flow under the free surface effect (Here
reference point O is at the trailing edge of the
hydrofoil on the midplane shown in Fig. 1). It is worth
noting that although the maximum height of the free
surface elevation is reduced as the submerged depth
increases, the distance between the initially quiescent/
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horizontal free surface and hydrofoil (s/c) is still
increased. As the hydrofoil moves close to the free
surface, the water layer between the upper cavity

contour and the free surface become thinner.

s/c=0.8300
----5/c=1.4950
......... s/c=2.1600

0
0 0.02 0.04 0.06 0.08 0.10 0.12
,,‘"‘l’l

Fig. 15 The dimensionless streamwise flow velocity distribu-
tion along the vertical added line in the y-axis direction
inside the cavity at AOA=8°, o=0.100. The
submerged depth over cord length of the hydrofoil
varies from 0.8300 to 2.1600. The reference point O
can be referred to Fig. 1

a1kT T —se=0.8300 SN,
e ——- s/c=1.4950 N
22F ——-s5/e=2.1600
973 1 1 1 1 1
-1.5 -0.5 0.5 1.5 2.5 3.5

xEe!

Fig. 16 Effect of the submerged depth on the free surface ele-
vation for the wedge-shaped hydrofoil at AOA =8°,
0 =0.100. The submerged depth over cord length of
the hydrofoil varies from 0.8300 to 2.1600

2.3 3-D effect on the supercavitating flow

Typical simulation cases of the supercavitating
flow around the hydrofoil at AOA =8°, ¢ =0.100,
with s/c¢ varies from 0.8300 to 2.1600 are also
conducted to analyze the 3-D effects of the
supercavitating flow. The simulation uses the same
numerical methods and the Cartesian cut-cell mesh
with the same characteristics of the grid as described
in Section 2.2 for the quasi-3-D cases. Since the
aspect ratio (AR) of this hydrofoil is small
(AR =0.7), the 3-D effect on the supercavitating

flow is expected, if any, to be strong. Figures 17, 18
present the time averaged simulated results of the
cavity profile and the vortex structure of the
supercavity at s/c=0.8300 with the full-3-D effects
clearly visualized. As the 3-D effect of the hydrofoil
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start to affect the cavity beginning from the leading
edge, the cavitating flow over the hydrofoil becomes
much shorter than the equivalent quasi-3-D cases. It
indicates that the tip vortices (i.e., streamwise vortices
arising from the edge of the hydrofoil) around the
hydrofoil can lead to the effective reduction of the
angle of attack effect, hence resulting in shorter cavity
observed. Besides, both the cavity length and
thickness increase as one moves closer to the midspan
section of the hydrofoil, where the flow is liken closer
to 2-D.

Fig. 17 The time averaged results of the supercavitating flow
around the hydrofoil at AOA=8°, o=0.100,
s/¢=0.8300 under the 3-D effect. The cavity shape
of the supercavitating flow is shown by the iso-surface
at volume fraction of the water equals to 0.5. Added
are some streamlines around the hydrofoil as shown

Fig. 18 The time averaged simulated results of the vortex struc-
ture supercavitating flow around the hydrofoil in
full-3-D effect. The added iso-surface of Q =50 000

at AOA=8°, 0= 0.100 and s/c=0.8300

Similar to the results in Section 3.1, the cavity
evolution process shown in Fig. 19 with 3-D effects
also contains the three stages mentioned earlier: initial
strong cavity growth, cavity fusion and stable cavity
state. However, since the tip vortices around the
hydrofoil affect the length of the cavity, the cavity
evolution is also delayed as compared to the
quasi-3-D case shown previously in Fig. 9. Figure 20
shows the corresponding vortex structure of the
cavitating flow around the hydrofoil during the cavity
growth stage based on the Q - criterion””!. Compared

to the quasi-3-D cases, the vortex structure around the
hydrofoil is much more complicated, and the tip
vortex around the hydrofoil can be clearly seen.

From the qualitative cavitation growth process
due to the relatively much shorter span of the
hydrofoil studied as compared to the quasi-3-D cases,
the 3-D effect on the upper side cavitating flow is
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much larger than on the cavitating flow behind the
hydrofoil. The upper side cavity length is much
shorter than before as for the quasi-3-D cases. Figure
21 depicts quantitatively the cavity length for the
quasi-3-D, full-3-D mid-section and 1/4 section with
respect to the various submerged depth under the free
surface effect. The cavity length under the 3-D effect
is reduced by more than 60% on the mid-section and
80% on the 1/4 section compared to the quasi-3-D
cases. At the same time, it can be seen that the free
surface effect as indicated by the submerged depth on
the supercavitating flow in quasi-3-D case is much
more significant than the full-3-D case where it is
found that the cavity length remains almost unchanged
throughout.

* e

(b)7=0.7

(a) z=0.4

(d)r=1.5

(e)7=1.8 (f)7=2.2

Fig. 19 Cavity evolution from 7 =0.4 to 7=2.2 shown in
the simulated results at AOA=8°, o =0.100 and
s/¢=0.8300 under the free surface effect

(f)7=2.2

Fig. 20 The added iso-surface of at 7=0.4 to r=2.2 for
the simulated cases at AOA=8°, o=0.100,
s/¢=0.8300 under the free surface effect

2.4 Free surface effect on the force coefficients
The simulated quasi-3-D and full-3-D data at va-
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Fig. 21 Comparison of the cavity length for the quasi-3-D versus
the full-3-D at mid-section and 1/4 section with respect
to the various submerged depth under the free surface
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Fig. 22 The simulated results of the lift coefficient for the
supercavitating hydrofoil at AOA=8°, o=0.100
under the free surface effect. The submerged depth
over cord length of the hydrofoil varies from 0.8300 to
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Fig. 23 The simulated results of the drag coefficient for the
supercavitating hydrofoil at AOA=8°, o=0.100
under the free surface effect. The submerged depth
over cord length of the hydrofoil varies from 0.8300 to
2.1600

rious submerged depths at a constant o =0.100 is
studied in this section to analyze the free surface
effect on the force coefficients of the wedge-shaped
hydrofoil. The submerged depth over cord length of

@ Springer



the hydrofoil varies from 0.8300 to 2.1600 at the
given AOA =8°. The results in Figure 22 shows the

quasi-3-D results first. The lift coefficient (c,)

decreases as the submerged depth increases in a rather
monotonic manner and tending towards a constant
under the gravity effect and wave effect. Very
possibly, the interplay between the gravity and the
surface wave contributes towards such a behavior of
the couplings effect. As also similarly seen in Section
3.2, the effect of free surface diminishes as s/c
approaches 2.0000. Figure 23 shows that the drag
coefficient (c,) decreases marginally as the

submerged depth increases. The force coefficients
only vary in a small range.

For the full-3-D cases, since the curvature of the
supercavitating flow over the hydrofoil (cavity length
and cavity thickness) is significantly reduced under
the 3-D effect, the nearby free surface has minor effect
on the supercavitating flow. The lift and drag
coefficient of the full-3-D cases are basically
unchanged at s/c¢ varies from 0.8300 to 2.1600: in

particular ¢, is about 0.154, ¢, is about 0.029 as

shown in the respective figures.

3. Conclusions

In this study, the supercavitating flow around a
wedge-shaped hydrofoil under the free surface effect
is analyzed by CFD with Cartesian cut-cell mesh
method, in which the VOF method, the k-&
turbulence model with the Schnerr Sauer cavitation
model is applied to calculate the supercavitating
turbulent flow. The simulated quasi-3-D results are
compared to the experimental data by Dawson'*”), the
analytical solution of Faltinsen and Semenov!’! and
Wu’s theory®" at three angles of attack (8°, 10°, 12°)
when the submerged depth over cord length of the
hydrofoil is set equal to 0.8300. The results are
consistent with each other, which validate the
accuracy of the numerical methods.

Cavity evolution process of the quasi-3-D flow is
analyzed first, which include three stages: initial
cavity growth, cavity fusion and stable cavity state. In
the cavity growth stage, the cavitating flow is
generated both on the upper side and back of the
hydrofoil and grows backwards over time. In the
second stage, the cavities fuse at 7=1.5, and after

fusion, the cavitating flow continue to grow
backwards to the final stable state. The growth of the
cavitating flow generally stopped after then. Typical
full-3-D cases for the low aspect ratio hydrofoil are
also conducted to analyze the 3-D effects. The tip
vortices around the hydrofoil have induced and led to
a much shorter cavity than the quasi-3-D cases.

The simulation of the supercavitating flow
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around the hydrofoil is carried out at various
submerged depths to analyze the free surface effect on
the cavity profile and force coefficients. The results
show that the free surface will strongly affect the
cavity curvature, while at the same time, the cavity
also affects the wave elevation. Cavity will become
shorter and thicker when moving closer to the free
surface, while the growth rate of the cavity decreases
with the submerged depth of the hydrofoil under the
free surface effect. In our study, it is found that the
presence of the free surface effect and its effect on the
cavity length becomes negligible as s/c>2.0000 .
Results of the full-3-D cases are also analyzed and
compared with the quasi-3-D cases. The cavity length
of the supercavitating flow under the 3-D effect is
reduced by more than 60% due to the tip vortices
around the hydrofoil. As the free surface mostly
affects the cavitating flow on the upper side of the
hydrofoil, the free surface effect in the quasi-3-D
cases is much more significant than the full-3-D cases.

Generally, the quasi-3-D numerical results show
that the force coefficients decrease as the submerged
depth increases and the force coefficients only vary in
a small range. Slight oscillations are observed in the
results under the coupling effects of the gravity and
wave near the supercavitating flow. For the full-3-D
cases, the force coefficients are basically unchanged.
The results of this study present the free surface effect
on high-speed cruising for the wedge-shaped
hydrofoil. It is surmised that for other hydrofoil shape
say with camber or even geometrical variation in the
spanwise direction, the findings would be moderated
but the numerical approach employed as in this work
should still apply.
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