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ABSTRACT

The purpose of this paper was to numerically investigate the effects of using
supercavitation sections in ventilated semi-submerged hydrofoils. Studying the
flow around such hydrofoils is often very complicated due to its multiphase
nature and the simultaneous occurrence of cavitation and ventilation
phenomena. The desired foil was the Waid section foil which has been
examined at different attack angles and for different cavitation numbers. In this
numerical simulation, the RANSE finite volume solver along with the VOF
method have been used to model the multiphase flow around the semi-
submerged hydrofoil. According to the obtained results, the formation of
cavitation bubbles and the formation of ventilation around a supercavitating
section is different from the conventional sections in semi-immersed foils. This
could be due to the specific geometric shape of the supercavitating sections,
especially in their front area. The pressure and flow contours around the
hydrofoil have been predicted in semi-submerged form, and the ventilating air
flow around the hydrofoil has also been investigated. Also, it has shown that the
effect of cavitation at high speeds causes the formation of continuous bubbles,
which will lead to the reduction of drag coefficients and increase the efficiency
of supercavitating hydrofoils. According to the results obtained in this
simulation, by increasing the cavitation number, the drag coefficient also
increases in proportion to the lift coefficient. This process continues until the
foil enter the completely wet phase, which with this phase change, the lift-to-
drag coefficient ratio also decreases. Therefore, due to its high efficiency, the
Waid section, is recommended for the design of surface piercing hydrofoils.
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1. Introduction

Usually, with the increase in the speed of hydrofoil
vessels, the formation of cavitation around their
hydrofoils is inevitable. Water turns into vapor as a
result of increasing temperature, but this phenomenon
can also occur with decreasing pressure. In other
words, when the fluid flow pressure falls below the
saturated vapor pressure, vapor bubbles form. This
phenomenon is usually called cavitation. In most cases,
cavitation has been a very harmful and undesirable
phenomenon in marine industries. However, if small
cavitation bubbles expand due to a significant
reduction in local pressure, they can form a continuous
and extensive bubble that acts as insulation against the
fluid, creating what is known as supercavitation. This
type of cavitation -supercavitation- can be highly
desirable and does not have the damaging effects of
regular cavitation.

In recent years, researchers have introduced special foil
sections under the title of supercavitating sections,
which are different from conventional sections in terms
of shape and hydrodynamic behavior. It can be said
that, the use of special supercavitating sections can lead
to a phase change from water to vapor at a low
cavitation number, which will lead to a relative
reduction in drag and a noticeable increase in lift.
Since the 1950s, studies in this field have led to the
development of specific geometries for these types of
hydrofoils, which have improved their performance
over time. These studies have not only resulted in a
reduction in drag coefficient but have also increased the
lift-to-drag ratio by guiding the flow on the surface of
the body [1]. Given that the viscosity and density of
gases and vapors are significantly lower than that of
liquids, this phenomenon leads to a substantial
reduction in the drag force acting on an object.
Exploiting this advantage of cavitation, it is used as a
factor to increase speed and improve efficiency [2].
One of the first applications that can be mentioned for
supercavitating sections was the use of these sections
in marine propellers. It can be said that Tulin was the
first one who researched in this field in a professional
way. He has developed and expanded the design of
supercavitating propellers. However, his efforts did not
lead to the application of supercavitating hydrofoils [3].
The significance of supercavitating sections can be
observed in Allison’s work [4]. He compared the
maximum efficiency of various propulsion systems in
maritime industries. He showed that the different
propulsion systems have varying efficiencies at
different speeds. For speeds below 50 knots, fully
submerged propellers have the best performance, and
even water jets cannot compete at this speed. At higher
speeds, such as 60 knots and above, semi-submerged
supercavitating propellers have the best performance.
Sharp from Philadelphia, United States, constructed the
first semi-submerged propeller for shallow waters.
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Over time, these propellers have also been used for
hydrofoil vessels, and even high-speed ships have
incorporated Sharp’s propeller design. Given the
advanced features of semi- submerged propellers, they
are now used in maritime competitions as well. Also,
these propellers are put into service in next-generation
ships with speeds ranging from 70 to 80 knots [4].
Studies in this field were also conducted by Karman on
hydrofoils with NACA 66- 012 and NACA 4412
sections. In his experiments, he achieved a lift-to-drag
ratio of 10 [5].

In addition, Yao-tsu provided a theoretical explanation
for this phenomenon in curved and flat surfaces [6]. But
it can be said that the turning point in research in this
field occurred in Forrester studies. He concluded that
as the flow behind hydrofoils becomes more turbulent,
the lift-to-drag ratio decreases compared to the laminar
flow [7].

The study of the surface piercing objects with the
different sections and determining the necessary
conditions for the formation of ventilation on them was
a subject that was taken into consideration by some
researchers [8, 9]. Matveev et al. [10] researched the
methods of improving the performance and removing
ventilation of surface-piercing hydrofoils numerically.
Brizzolara et al. [11] investigated the surface piercing
hydrofoils and the effect of cavitation and ventilation
on them. Also, the two-phase flow around the surface
piercing hydrofoils has been studied by some
researchers [12, 13]. Several researchers have
conducted research on the topic of supercavitating
hydrofoils and have introduced several supercavitating
sections [14 — 16]. Also, in addition to designing or
optimizing the shape of this type of hydrofoils, some
researchers tried to analyze their behavior [17-22]
Brizzolara [23] attempted to increase the lift-to-drag
ratio of hydrofoils by modifying an existing super-
cavitation section. He introduced a section that was
suitable for wuse in surface piercing hydrofoils.
According to Brizzolara, in sections of the SCSB 5-25
family, by adding sequence flow to the rear of the
hydrofoil, the flow changes from severe turbulence to
relatively laminar flow

Varengo et al. [24] presented a supercavitating cross-
section and then analyzed it using the boundary
element method. Numerical simulation of surface
piercing semi-ogive hydrofoil and their effects of the
trailing edge configuration and the angles of attack on
the natural ventilation, supercavitation and the
hydrodynamic forces was done by Wang et al. [25].
They reported the regional ventilated and gas leakage
modes.

In this study, the supercavitating sections have been
studied as one of the sections that can be used in
ventilated semi-submerged hydrofoils. Also, by
examining the Waid section, the hydrodynamic
behavior of these hydrofoils was investigated. The
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supercavitating section was examined in angles of
attack ranging from 1 to 7 degrees with cavitation
numbers ranging from 0.05 to 0.9. Ultimately, a lift-to-
drag ratio of 35 was achieved under semi-submerged
conditions.

2. Mathematical and numerical methods

In this study, a RANS solver has been used for flow
modeling and VOF method has been used for free
surface simulation. This solver solves mass and
momentum continuity equations for incompressible
flow analysis (Eqg. 1).

V:-V=0

@)
pV = —VP + uAV + VTg, + Sy

where V is the average flow velocity, P is the average
pressure field, u is the dynamic viscosity, Tg. is the
Reynolds stress tensor, and S,, is the momentum
source vector.

To simulate the flow with supercavitation, the finite
volume method and the SIMPLE algorithm, along with
the multiphase cavitation model, have been used. The
multiphase model includes the standard viscous flow
equations (Navier-Stokes) and the k- RNG turbulence
model. The continuity and momentum equations, along
with the transport equation and turbulence model
equations, form the system of equations that calculates
the fluid density.

It is necessary to use a suitable grid for the simulation
of flow around the hydrofoil as well as the simulation
of the third phase (water vapor). In other words, the
total size and number of mesh layers around the
hydrofoil and the growth rate of these layers should be
such that it is possible to model the creation of the
cavitation bubbles around the hydrofoil. For accurate
simulation, we are forced to use an accurate and
extensive mesh in the refinement area. This is not only
because of the importance of representing the free
water surface, which is also effective in the results, but
also because in this simulation, we use the VOF
technique to represent water vapor as accurately as
possible.

Figures 1 to 3 show the mesh of the hydrofoil surface,
the computational domain and refinement mesh,
respectively.
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Fig. 1: Hydrofoil mesh, (a) cross-sectional view (b) Three-
dimensional view of the Waid foil mesh.

(@)

Fig. 2: Three-dimensional view of mesh (a) the hydrofoil’s
backside (b) tank mesh

The maximum thickness of the prism layer mesh is
equal to the thickness of the foil diameter. The
minimum distance from the first prism boundary to the
surface is considered to be 0.01 meter. It should be
noted that in this simulation, the trimmer mesh and the
prism and remeshing meshes are used [26, 27]. The
mesh on the hull surface also has a maximum and
minimum size of 0.0017 meters. However, for better
meshing, the foil surface has been divided into smaller
sections and each section meshed separately. This way,
we also use sections of the body lines for better
meshing.
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(@)

Fig. 3: (a) Three-dimensional view of the tank mesh (b) the top
view of the wake mesh

In the refinement mesh, a trimmer mesh with values of
0.003 meters was used for optimal meshing along the
X and Z coordinate axes. To improve the refinement
mesh, the wake mesh was also used. In this type of
mesh, a mesh size of 0.01 meters with a length of 2.1
meters along the X-axis and a mesh angle of 4 degrees
as selected for simulating the foil. Figure 3 shows the
wake mesh behind the hydrofoil. The results obtained
from the numerical solution should be independent of
the grid.

One of the cross-sections presented for semi-
submerged hydrofoils is the section introduced by
Casey Harwood [28], who investigated the effect of
angle of attack and Froude number in a semi-
submerged form in this foil. A view of this section is
shown in Figure 4.

| ¢=2794m
(11.00in )

R84 84cm

(33.40in ) |

13.97cm
(5.50in ) l

CIRCULAR-ARC FORE-BODY RECTANGULAR AFTER-BODY (1.10in )

!
Fig. 4: A view of the Casey Harwood’s foil [28]

I
T
| T=279m
|
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In the first step, numerical simulation is performed with
different number of meshes, which are shown in Table
1. For this purpose, the results of drag and lift
coefficients in the simulation of Casey Harwood’s foil
for 3 angles of attack, 2.5 degrees, 7.5 degrees, and 12.5
degrees are presented with different mesh values (Fig.
5). In the other word, the Casey Harwood’s foil was
examined in three simulation cases for three angles of
attack and at different speeds. The results show that the
first and second simulation results change with
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different mesh values. However, these values in the
third, fourth, and fifth simulations remain constant,
indicating that the simulation results are independent of
the mesh values. Then a mesh value of 1256055 could
be sufficient for this simulation.

Figure 6 shows the Y+ contour around the Waid
hydrofoil. In this contour, the areas at the tip of the
hydrofoil, which are at the water surface and at the end
of the hydrofoil, have the highest Y+ values. This value
is less than 5 at the hydrofoil surface.

Table 1: Number of meshes in different simulation cases

Case Casel | Case?2 Case 3 Case 4 Case 5

Mesh Num.| 825622 |1056606| 1256055 | 1306655 | 1503655

For a better understanding of the initiation of
cavitation, we consider a small spherical nucleus filled
with gas within a liquid. Due to surface tension effects,
the pressure inside the bubble is higher than outside of
it.

02 — g ————8—=a

Case Number

Case Number

Fig. 5: (a) Lift and (b) drag coefficients at different angles of
attack as a function of mesh number of Casey Harwood’s foil

WALL Y+
2.0000 3.0000

¢ 0.00000 1.0000 4.0000  5.0000

Fig. 6: Three-dimensional view of the y+ around the hydrofoil
with the Waid section
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The external pressure of the bubble can drop below
zero while the internal pressure of the bubble remains
positive. If the external pressure decreases to a point
where it exceeds the surface tension effect, then the
internal pressure of the bubble will decrease, causing
rapid vaporization and bubble formation. This leads to
bubble instability. If we consider a spherical bubble
with a core of radius R, the difference in pressure
between the inside and outside of the bubble in a static
state can be given by the following equation:

AP =Pj,- Pout:;_z 2
In the above equation, o represents surface tension, and
Pout and Pi, are the external and internal pressures of the
bubble, respectively. Now, if this initial nucleus is
introduced into an environment where the internal
pressure matches the vapor pressure of the surrounding
liquid, it is evident that the liquid making up the core
will vaporize and penetrate the nucleus. As a result, the
nucleus will grow, and a bubble will form. This can be
expressed as:

P, = P, = Py + AP (3)

Therefore, when Po.: becomes less than the vapor
pressure minus 4P, the critical pressure for cavitation
initiation is reached:

2
Pc:Pv_?a (4)

where Ryq is the largest radius of the core. As observed
from these relationships, the stability of the growing
bubble depends on its radius and the pressure
difference. If this bubble suddenly enters a high-
pressure environment, its walls will not withstand the
impact, and the bubble will collapse. Additionally, this
scenario can occur when the bubble collides with
obstacles [29].

3. Results and Discussions

In Figures 7-11, results related to the numerical results
of lift and drag coefficients obtained from the
simulation of Casey Harwood's foil at four attack
angles of 2.5, 7.5, 12,5 and 15 degrees and at two
different depths of 0.1397 and 0.2794 meters have been
compared with the experimental results. From the
comparison of the numerical and experimental results,
it is clear that the numerical method has been able to
model the problem with relatively good accuracy and
the error rate of the numerical method is within an
acceptable limit.

CL

Fig. 7: (a) lift and (b) drag coefficients at an angle of attack of
2.5 degrees and at a depth (an altitude) of 0.1397 m versus
speed for Casey Harwood's foil

(@)

1 1 2 2 3 3.5 4 A

Fig. 8: (a) lift and (b) drag coefficients at an angle of attack of
2.5 degrees at an altitude of 0.2794 m for Casey Harwood's foil
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Fig. 9: (a) lift and (b) drag coefficients at an angle of attack of
7.5 degrees at an altitude of 0.27940 m for Casey Harwood's

foil
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Fig. 10: (a) lift and (b) drag coefficients at an angle of attack of
12.5 degrees at an altitude of 0.2794 m for Casey Harwood's
foil
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Fig. 11: (a) lift and (b) drag coefficients at an angle of attack of
15 degrees at an altitude of 0.2794 for Casey Harwood’s foil

As previously mentioned, the purpose of this research
was modeling and numerical simulation of a surface
piercing hydrofoil with a Waid section. The Waid
hydrofoil was simulated at angles of 1, 3, 5, and 7
degrees and at speeds of 15, 30, and 45 meters per
second. Air flows and air penetration around the Waid
hydrofoil also occur in two ways. The first type of
airflow around the hydrofoil is related to cavitation
flows resulting from the angle of attack and the
geometric shape of the foil. Most of these cavitation
flows, which form at the tip of the hydrofoil, are
accompanied by air penetration from the end of the foil
that is second type of airflow.

As an example of the performed simulations, the results
of the numerical simulation of the hydrofoil with the
Waid section at the angle of attack of 7 degrees are
shown in Figure 12. In this figure, the formation of
cavitation bubbles around the hydrofoil can be seen
well. After the partial formation of cavitation around
the hydrofaoil, the air flow will have the necessary space
due to the pressure reduction around and at the end of
the hydrofoil to penetrate these areas and help in the
expansion of the formation of the cavitation bubble. In
other words, the pressure drops around the hydrofoil
due to cavitation makes it possible for the air flow to
penetrate. Simultaneously, cavitation flow develops
from the tip of the hydrofoil.
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Fig. 12: Magnification of the supercavitation bubble around
the Waid foil, (a) overall view, (b) cavitation bubble at the
leading edge of the hydrofaoil, (c) bubble formation due to the
penetration of the bubble flow behind the hydrofoil

In Figure 13, the increasing trend of lift with an
increase in the angle of attack can be seen. With an
increase in the thickness of cavitation at higher angles
of attack, as shown in Figurel3, the lift coefficient is
also observed to be at its lowest at a cavitation number
of 0.9. In Figurel4d, the drag coefficient graph is
displayed in different cavitation numbers. The
maximum drag can be seen at the cavitation number of
0.9, and the reason for this is the absence of cavitation
at this number. In this condition, there is the most
contact between water and the hydrofoil surface. While
with the reduction of the contact surface of the water
and the hydrofoil, we generally see a decrease in this
coefficient. As seen in Figure 15, the flow around the
hydrofoil at an angle of 7 degrees is not completely dry
and has a common boundary with water.

~=#—cavitation number = 0.1 === cavitation number =0.22 =& cavitation number = 0.9

04

Degree

Fig. 13: Comparison of lift coefficients in different cavitation
numbers for the Waid Foil

=&~ cavitation number = 0.1 - cavitation number = 0.22 &~ cavitation number = 0.9

0.05
0.045
0.04
0.035
0.03
8 0.025
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0.015
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0.005

Degree

Fig. 14: Comparison of drag coefficients in different cavitation
numbers for the Waid foil

This issue also happens at the angle of attack of one
degree, so that the drag of the cavitation number is
close to 0.9 or less than the drag of other cavitation
numbers (Fig. 16). The reason for this can be due to the
turbulence flows at the beginning and the tip of the foil.

In other words, due to the arc and the shape of the foil
geometry, at this angle, turbulence flows are created
from the very beginning of the tip.

Figure 16(a) shows the fluid contours around the
hydrofoil section from top view at an angle of 1 degree
for a cavitation number of 0.22, and Figure 16(b) is
specific to an angle of 3 degrees. The blue regions
indicate the air or saturated vapor fluid around the foil,
while the red regions represent water. With an increase
in angle of attack, this stability in the drag coefficient
may be attributed to the formation of bubbles around
the hydrofoil.

(a) (b)

Fig. 15: The stream contour around the Waid section in
cavitation number 0.22, (a) at an angle of 5 degrees, and (b) at
an angle of 7 degrees.

(a) (b)

Fig. 16: The stream contour around the Waid section in
cavitation number 0.22, (a) at an angle of 1 degree, and (b) at
an angle of 3 degrees.

By reducing the cavitation number, the lift-to-drag ratio
increases. This can be seen in Fig.17, and this ratio
increase has a direct relationship with the dryness and
complete dryness of the area, around the foil. The main
reason for the reduction of the lift-to-drag ratio is
related to the cavitation number. In other words, it
depends on the dryness or wetness around the foil. The
lift-to-drag ratio, up to an angle of 5°, is significantly
higher at a cavitation number of 0.22 compared to the
results at a cavitation number of 0.1. However, by
entering a cavitation number of 0.9, the lift-to-drag
ratio decreases due to the premature entry of the fluid
flow around the hydrofoil into the fully wetted phase.
The lift-to-drag ratio at a cavitation number of 0.22 at

~—&—cavitation number =01 == cavitation number = 0.22 4 cavitation number = 0.9

Degree

Fig. 17: Comparison of the ratio of lift coefficients to drag
coefficients in different cavitation numbers for the Waid foil
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an angle of 7 degrees is lower than the lift-to-drag ratio
at a cavitation number of 0.1. The reason for this is
simply the early entry of fluid flow. In other words, the
factors affecting the hydrofoil efficiency include the
angle of attack, which affects the turbulent flow behind
the hydrofoil, and the cavitation number factor, which
allows the formation of a dry area around the hydrofoil
at lower numbers. This can also be understood from the
pressure contours in Figure 18

(a)

/m; :,;“)1 b —,, . "-;
Fig. 18: The pressure contour around the Wiad section in
cavitation number 0.22, (a) at an angle of 1 degree, and (b) at
an angle of 3 degrees.

. Figure 19 also provides a good understanding of the
effect of increasing the angle of attack on the hydrofoil.
As the angle of attack increases, the dry surface of the
hydrofoil increases too. As it can be seen from Figure
19, with an increase in angle of attack, the dry area of
the hydrofoil decreases. This, in turn, reduces the
hydrofoil’s contact with water and affects the reduction
in drag.

In Figure 19, images from top to bottom at angles of
attack of 1, 3, 5, and 7 degrees are shown. From left to
right in order is at a speed of 45, 30 and 15 meters per
second, respectively. As seen in this figure, the wetness
of the hydrofoil decreases with an increase in angle of
attack.

Figure 20 compares pressure contours and fluid flow
contours around the Waid hydrofoil, focusing on
pressure concentration.

L

© I I I
; e =4 =
(d) I

Fig. 19: Side view of the surface of the Waid-shaped hydrofoil
and the wet and dry surface at four attack angles (a) 7 deg. (b)
5 deg. (c) 3 deg. and (d) 1 degree at a speed of 15, 30 and 45
m/s

In the cavitation profile of the hydrofoil, a low-pressure
region is formed, and a comparison is also made with
fluid flow contours. In this figure a comparison
between the pressure contour and the cavitation flow
around the hydrofoil at the cavitation number of 0.22
for the Waid section has been shown. It is clear in this
figure that by reducing the pressure on the upper
surface of the foil, we also see an increase in the
amount of cavitation.

E A

Fig. 20:77Comparison of pressure and fluid flow streamlines
around a hydrofoil Waid section at a cavitation number of
0.22

4. Conclusion

Among the methods of increasing the hydrodynamic
lift force in high-speed craft is the use of hydrofoils.
Some of these hydrofoils are surface piercing
hydrofoils. According to the operational conditions,
choosing the type of sections used in these hydrofoils
is very important in their hydrodynamic behavior. In
this article, instead of using conventional sections,
supercavitating sections and specifically, the Waid
section have been used in a surface piercing hydrofoil
and numerically simulated. These sections can be
modified to increase efficiency at various angles of
attack for use in semi- submerged hydrofoils. In order
to achieve an optimal semi-submerged hydrofoil, first
the desired section (here the Waid section) is
numerically simulated at different cavitation numbers
and at different speeds and at different attack angles.
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An increase in the angle of attack corresponds to an
increase in lift and sometimes a decrease in the drag
coefficient, but this does not mean an increase in
efficiency.

In this simulation, the best angle of attack to achieve
the optimal efficiency of the angle of attack of 1 degree
has been identified. Also, considering that the target
sections have different lift-to-drag ratios at different
submersion depths, so it is recommended to use a
combination of sections with different angles of attack
for the design of a semi-submerged hydrofoil. In such
a way that at any immersion depth of the hydrofoil, we
can see a section with an optimal angle of attack (and
with a high lift-to-drag ratio). According to the results
obtained in this simulation, in the Waid section, by
increasing the cavitation number, the ratio of lift to drag
coefficient is about 10. This process continues until the
section enter the completely wet phase. With this phase
change, due to the increase of the wet surface of the
foil, the ratio of lift to drag coefficients also decreases.
Therefore, due to its high efficiency, the Waid cross-
section is recommended for the design of semi-
submerged hydrofoils.
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