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Abstract

Characteristics of turbulence beneath the free surface around a blunt bow are numerically
investigated. Three dimensional Navier-Stokes and continuity equations are solved for the
simulations. The Large Eddy Simulation(LES) with the external disturbance is performed to
simulate the turbulent free surface flow called sub-breaking wave.

The result shows that the free surface fluctuates beyond a certain critical condition and
the characteristics of the fluctuation are similar to the turbulent boundary layer flow around a
solid body.
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1. Introduction

Free surface flow around a swface piercing
blunt bow is one of the most complicated
phenomena in the field of ship hydrodynamics
because of the various non-linear characteristics.
Many researchers have studied the bow
breaking wave with the hope of understanding
how it affects the resistance of a ship.

Baba[1] proposed wave breaking resistance as
a component of a ship resistance. He could
provide quantitative evidences of a resistance
component due to wave breaking around the
bow by measuring head-loss using a wake
survey method. Taneda and Amamotof2]
explained the bow breaking wave as a vortex
motion. They called it "necklace vortex”(see
Fig.l) to distinguish from a horseshoe vortex
which was mainly generated by the boundary
layer flow around the body mounted on the
plate. Mori{3] explained that the necklace vortex
was strongly related to the fluctuations of the
free surface. He called this kind of fluctuations
as "sub-brezking waves” in distinction from
spilling or plunging breakers. However, the
so~called bow breaking wave and the necklace
vortex are not so simple and it may be very
difficult to explain a single word "breaking”.
From these point of view, to make the
phenomena clear, it is necessary to study the
early stage where the breaking is apt to occur.

In the present paper, the characteristics of the
sub-breaking wave generated by a free surface
piercing vertical strut having NACAX1I2 wing
are numerically  investigated.  The
investigations are made by solving the
Navier-Stokes(RaNS) and continuity eguations.
The eguations are discretized by a finite
difference method(FDM) based on the MAC
method. The fluctuated free surface flows are
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simulated by Large Eddy Simulation(LES) with
the external disturbance. To simplify the
problem, the surface tension is excluded in the
present investigations.
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Fig.1 Schematic view of necklace vortex
and veortical motion around circular
cylinder, Taneda et al(2].

2. Observation of Bow Wave
Patterns

An observation of bow wave patterns was
performed for the vertical strut with NACAQ012
section, which was the same as computed
model, at the circulating water channel(CWC) of
Hiroshima University. The length and draft of
the models were 0.8m and 0.4m respectively. A
plate painted white and black stripes was laid
above the free surface and the pictures were
taken from the bottom of the CWC. So the
distortion of the images of stripes indicates the
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free surface distortion. To remove a surface
tension, a surfactant was used on the free
surfacel4).

As shown in Fig2, there is no intensive

distortion around bow at Fn=0.25 while strong
distortion appears at F7=030. The difference
of velocity is about 0.14 #m/s.
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Fig.2 Free surface flows around bow.

Similar experiments were carried out by
Mori[3]. He used two models which were
circular cylinder and elliptic strut. He explained
that the distortion of the free surface was
strongly related to the fluctuations of the free
surface. He called this kind of fluctuations as
"sub-breaking waves” in distinction from
spilling or plunging breakers. The basic
characteristics of the sub-breaking wave will be
discussed by numerical simulation later.
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3. Numerical Algorithm and
Boundary Conditions

3.1 Numerical algorithm and turbulence
model
Three dimensional incompressible Reynolds
averaged Navier-Stokes and continuity equations
are employed for the present numerical study.
The governing equations are written as follows;

8u,— 8u,- _

ot +uj ax]'
_00 a du; ——

ax, (R ax] u,‘uj) (1)

5%,’ i
o (2)
- UU;T V,( a;‘] +“§g’j—)_%k6” (3)
0= p+ 2o — Pu (4)

where u;=(u,v,w)and x;=(x,y,2) respectively
in the Cartesian co-ordinate system as shown
in Fig.3; x-axis in the uniform flow, 3y-axis in
the lateral and z-axis in the vertical directions
respectively. The origin is located at the leading
edge of the strut on the undisturbed free
surface. Fn, Rn, ®, $, P, & and &, are
Froude number, Reynolds number, modified
pressure,  pressure, pressure,
turbulent energy and  Kronecker delta
respectively. All the variables are normalized by
a uniform velocity, fluid density and the length
of strut.

atmospheric
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Fig.3 Coordinate systems and generated
grid near body on horizontal plane.

The basic concept of the solution algorithm is
based on the MAC method. A finite difference
method is represented on a regular grid system.
So, all the variables are defined on the grid
nodes. The first order forward difference scheme
is used for the time derivative terms. The
convective terms are discretized by the third
order upwind scheme. All the other spatial
derivative terms are discretized by the second
order centered difference scheme.

The Modified Baldwin-Lomax turbulence
model(MBL) proposed by Degani and Schiff[5]
is used to simulate the turbulent flow around
the body and it is assumed that the turbulent
flow starts at x=0.1.

One of the important characteristics of the
sub-breaking waves is the intensive fluctuations
of the free surface. In order to simulate the
sub-breaking waves efficiently the Large Eddy
Simulation(LES) with sub-grid-scale(SGS)[6] is
locally performed around bow where the
fluctuations can be intensive at a high Froude
number as shown in Fig2(bh). Fig4 shows the
combination of the two different turbulent
models(SGS  and MBL). Between the two
regions, an intermediate region(INT) is assumed
to exist for matching the eddy viscosity. The
eddy viscosity is smoothly changed in the
streamwise direction through the INT where the
eddy viscosity is calculated by mean value of
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SGS and MBL as follows;

) =21 s+ ()l (5)

Upstream- x
boundary
Fig.4 Combination of two different

turbuence models(SGS and MBL).

As a trigger for the turbulence transition, the
following artificial disturbance is introduced to
the vertical velocity component on the free
surface in SGS region for two successive time
steps from 7=4.0 and then removed.

wd=B' (0.2 ’ u) (6)

where A is a random  constant
(-1.0=<B<1.0) and wu is the calculated
velocity component in the x-direction.

3.2 Boundary conditions

3.2.1 Free surface boundary conditions
The free surface location can be calculated to

satisfy the kinematic condition which represents
that the fluid particles of the free surface
always remain on it. In the present study, the
following Euler-type kinematic condition is used.

hit+ wh + vhy— w=1( (M

where h(x,y, £ is the wave elevation and the
subscripts represent partial differentiations with
respect to the referred varables. The equation
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is discretized by the first order upwind scheme
for the time integration and the third order
upwind scheme for other terms.

On the other hand, the velocity and pressure
can be calculated by an equilibrium of stresses
on the free surface as follows;

Oun;= 0,'-,-n,~ (8)
_ 1 ,0u;  Ou;
;== 0+ Rn( ox; t 0x; )
- wu, (9

where o, , o}, and =, are fluid stress tensor,
external stress tensor and unit outward normal
vector to the free surface respectively in the
Cartesian coordinate system.  Assuming no
shear stress and excluding the surface tension,
the equation(8) can be rewritten as follows;

Gi,»n,-ni=Pa, (10)
asnt;=0 (11)

where ¢, is the unit tangential vector to the

free surface.
The above no shear stress condition can be
expressed in 2-dimensional streamline

curvilinear coordinate system as follow{7};

w=2xq, (12)

where, w,x and ¢, are vorticity, free surface
curvature and streamwise velocity on the free
surface respectively. Equation(12) means that
the free surface curvature can generate the
vorticity if the streamwise velocity is not zero.

3.2.2 Other boundary conditions
On the body surface, no-slip condition is
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applied for the velocity and Neumann-type
condition for the pressure. Because a strict
treatment of the intersection region between the
free surface and the solid body can not be
expected due to the singularity, no-slip
condition is used for the velocity while the
wave elevation on the body is linearly
extrapolated using neighboring wave elevations
calculated by the kinematic free surface
boundary condition. The pressure on the
intersection is obtained by the dynamic free
surface boundary condition directly.

A uniform velocity and zero wave elevation
are applied on the inflow boundary and a
zero-gradient extrapolation is used on all the
outlet boundaries.

3.3 Grid generation

A numerical coordinate transformation is
introduced into the body fitted coordinate
system to simplify the computational domain
and to facilitate the implementation of boundary
conditions. C-H type grid is employed for the
present computation. C-type grid is generated
by using geometrical method(8] and the whole
grid system is obtained by stacking them in the
vertical direction algebraically. To fit the free
surface boundary condition strictly, the moving
grid system is introduced. The grid topology
near body on a horizontal plane and the
curvilinear coordinate system are shown in
Fig.3. The ¢-axis of the body fitted coordinate
system coincides with the z-axis. The grid lines
are clustered near the body and the free surface
to simulate properly the free swrface and
viscous interaction.
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4. Results and Discussions
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Fig.5 Computed time histories of

velocity components.

Figh shows the time histories of velocity
components( « and ) on the free surface at x
=-0025 and 3=00, just in front of bow on the
center plane, at Fr=025 and 030 and
Rn=1.0-10%. The disturbance, given by
equation (6), is introduced on the free surface
around 7=4.0 for two time step. In the case of
F,=025 where no breaking is appeared as
shown in Fig.2(a), the disturbance dies away
after several time steps.
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Fig.6 Computed Reynolds stress and
mean velocity profiles, x=-0.025 and
y=0.0, Fn=0.30.

On the other hand, in the case of F»n=0.30, the
disturbance develops further and the final
fluctuation seems irrelevant to the initially
introduced  disturbance. These results can
explain that the free surface flow at Fn=025 is
stable while it is unstable at Frn=0.30.

Fig6 shows the computed Reynolds stress
and mean velocity distributions at x=-0.025 and

3=00 at F»n=030. Sharp defects of velocity
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are observed close to the free surface both in
% and w as measured in the experiments
by Moril3] and the turbulent intensity is also
the same order as the experiments.

Fig.7 Comparison of computed and
observed free surface flows, Fn=0.25.

Fig.7 shows a comparison of the computed
and observed free surface flows at Frn=0.25.
The Reynolds numbers for the computations and
1.0- 10° and 3.8- 10°
respectively. It 1s noted that the flow fields
around the bow are almost steady both in the
experimental and computational results. The

experiments  are

overall computed flow pattermns agree well with
the experimental results. The wave front lines
are clearly shown in both results. The computed
distance between the leading edge( x=0.0) and
the wave front on the center plane is about
0.04L( x=-0.04)Llength of the strut).

Fig.8 shows the computed vorticity( @, ) and
velocity distributions on the center plane in
front of bow at Fn=0.25 and Rn=1.0 - 10°.
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Fig.8 Computed velocity and vorticity (w,)

distributions on center plane in front
of bow, Fn=0.25.

The maximum vorticity is located just beneath
the free surface. This is similar to the
experimental result by Takekuma et al[9] who
reported that the vortical motions were located
just below the free surface and the region did
not extend widely so much and the depth was
nearly as deep as the wave height.

Fig.9 Comparison of computed and
observed free surface flows, Fn=0.30.
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Fig9 shows the comparison of the computed
and observed free surface flows around the bow
at F»n=030. The Reynolds numbers of the
computation and experiment are 1.0-10° and
4.6-10° respectively. The  short-crested
turbulent surface and the position of wave front
line are well simulated. However, the computed
wrinkles near bow seem smaller compared with
the observed result. The reason may be not
only that the grid system is still not fine
enough to simulate the wrinkles but also that
the surface tension is not considered in the
computations.

Fig.10 shows the computed velocity and
vorticity( ,) distributions on the center plane in
front of bow. It must be noted that the flow
around bow is still fluctuating. Although there
are reverse flows in the bow wave field, they
are not followed by overturning wave.

0.05

Fig.10 Computed velocity and vorticity
(wy) distributions on center plang: in
front of bow, Fn=0.30. -

The simulated results can explain that the
free surface flow starts to fluctuate beyond a
certain critical condition and the characteristics
of the fluctuations are similar to the turbulent
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boundary layer flow around a solid body
because the main features such as strong
velocity defect(mean velocity) of main stream
component and strong defect of Reynolds stress
components close to the free surface is similar
to those of the solid body in the turbulent flow.

5. Concluding Remarks

Basic characteristics of turbulent free surface
flows called sub-breaking waves observed in
experiments are numerically investigated. The
free surface fluctuates beyond a certain critical
condition and the characteristics of the
fluctuations of the free surface are similar to
the turbulent boundary layer flow around a solid
body. Although the treatment of the surface
tension has been left for future works, the
newly developed scheme can disclose the precise
mechanism of flow which are hard to clarify by
experiments.
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