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In recent, stern wedges and stern flaps are installed for the improvement of propulsion and
resistance performance of fast-ferry. For example, U.S. Navy has achieved the development of
stern wedges and stern flaps for destroyer to enhance powering performance. It is generally
known that stern wave systems as well as bow wave systems play an important role in the wave
making resistance performance for fast-ferry. The bow diverging wave system has been usually
simulated by an interface tracking method (ITM). However, it is difficult to apply the ITM to
the numerical simulation of the stern wave and spray phenomenon because of over-turning wave
and wave-breaking. Therefore, to solve this problem an interface capturing method (ICM) is
introduced. In the present study, a numerical method with the ICM is developed to evaluate the
resistance performance of fast-ferry. Incompressible Navier-Stokes and continuity equations are
employed in the present study and the equations are discretized by Finite Difference Method in
the general curvilinear coordinate system. CIP (Constrained Interpolated Profile) method is
used for the discretization of convection terms, respectively. The free surface location is deter-
mined by level set method. In order to validate the numerical method, numerical simulations for
Wigley hull are performed and their results are compared with experimental results. Several
numerical simulations of ship waves for fast-ferry are performed to find advantages of appen-
dage installation. Through those simulations, the computed results, such as wave profile and
resistance coefficient, are compared with the measured results which are achieved from Samsung
Ship Model Basin (SSMB). The effects of transom appendage on the resistance performance are
discussed with the computed results in this study.
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1. Introduction

Many concepts are available for ships to save
fuel, or to increase speed, but these improvements
are frequently high-cost, high-risk, or even re-
quire new vessels. On the other hand, the transom
appendages are ingenious manipulation of flow
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around the hull, which produces tangible perfor-
mance benefits with less cost and can be back-fit
to a ship with little change to the hull. It is gen-
erally known that the powering benefit of princi-
pal transom appendage is attributable to the in-
duced change in the flow field around the stern.
These flow field changes cause a reduction of drag
on the after hull, and improve the wave resistance
of the ship. Karafiath et al.(1999) reported that
the U.S. Navy has installed transom appendages
on many vessels which exhibited significant fuel
savings and maximum speed increases during sea
trials.
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In the present study, the simulation of free sur-
face flow is highly necessary to find the reason for
the improvement of resistance performance due to
the transom wedge for a fast-ferry. The free sur-
face flow is a difficult part of flows due to the
moving boundary. The location of the free sur-
face is a solution with known initial value and
the boundary condition has a nonlinear property.
Two kinds of free surface treatment have been
broadly introduced. One is the interface tracking
method (ITM), and the other is the interface captur-
ing method (ICM). The ITM is useful for smooth
flow since the height function of the interface is
available for the determination of a unique solu-
tion corresponding to horizontal plane, and the
computational time is relatively shorter than that
of ICM. Hong et al.(2005) shows usefulness of
ITM for the ship waves. However, it is impossible
to adopt the ITM in the computation of violent
free surface flow with multi-solution correspond-
ing to horizontal plane. Therefore, the ICM is
adopted for the numerical simulation of complex
wave system. The ICM is suitable for the com-
putation in the present study since the complex
phenomena, such as spray and overturning wave
near by bow and transom stern, are observed. The
ICM is verified by computing the ship wave and
its results are compared to those of ITM. The
present numerical method is applied for the simu-
lation of ship waves for fast-ferry cruising and the
resistance performances for both with and with-
out transom wedge are discussed.

Watanabe et al.(1999) showed good results in
the propagated waves particularly. In this study,
CIP method is applied to analyze the ship waves.
The calculated waves by CIP method and MAC
method were compared to discuss the computa-
tional resolution.

2. Governing Equations and
Boundary Conditions

Three-dimensional incompressible Navier-Stokes
and continuity equations are employed for the
present study. The governing equations are ex-
pressed as following equations (1) and (2).
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where ¥ and ¢ are velocity vector and time, respec-
tively. F is the external force including gravi-
tational force. The o and g are density and vis-
cosity, respectively.

The location of the interface using ICM is de-
termined by a transport equation (3) for distance
function while the free surface boundary condi-
tion as shown in equation (4) is set in ITM. On
the upstream boundary of the computational do-
main, the uniform flow condition is applied, while
zero gradient condition is given on the outer bound-
ary. On the center plane, the symmetric boundary
condition is applied.
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3. Numerical Method

3.1 Interface capturing method

In order to simulate overturning wave around
ships, Miyata et al.(1985, 1988) improved the
Maker and Cell method and Kong et al.(2004)
showed complex wave phenomena disturbed by
sub-merged plated. The MAC method has been
used widely because of its good applicability but
the computing effort is large, since in addition to
solving the equation governing fluid flow, one has
to follow the motion of large number of particles.
This is the reason why level set method proposed
by Osher and Sethian (1988) was adopted in the
present study. In order to prevent the numerical
smearing of the distance function, the reinitializa-
tion of the distance function suggested by Sussman
and Fatemi (1999) is introduced. The reinitiali-
zation guarantees the constant width of interface
but violates the mass conservation because the
variations of the distance function due to the reini-
tialization in each direction are not same. There-
fore, an additional process is required to conserve
the mass.
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Fig. 1 Profiles of distance function and density

In general, the distance function is defined in a
whole domain. However, there is a difficulty to
set the boundary condition of the distance func-
tion on the outer boundary in satisfying the con-
stant gradient of the distance function in the
whole domain. In order to overcome the difficul-
ty, the original level set method is modified in the
present study.

Figure 1 shows the profile of distance function
and density. The distance function is just defined
near by the interface. The width of the interface
band is limited two cells in the computation. The
width of band where the distance function is not
constant is slightly wider than the width of in-
terface band. This definition is to use the reini-
tialization procedure of distance function. In out-
er region of interface band, the reinitialization
is not necessary to keep the gradient of distance
function because there is no gradient of the dis-
tance function in the regions. This is the way to
overcome the difficulty of setting outer boundary
condition for distance function. Uniform densi-
ty is assumed in both the waterside and airside
whereas a linear distribution of density is as-
sumed in the interface band.

3.2 CIP method

The present study employs the CIP method by
Yabe et al.(1991) which splits equation (1) into
two stages, non-advection and advection assum-
ing the time increment is infinitesimal.

In the non-advection stage, ¢* can be calcu-
lated by equation (5).
AL 0 +pVU +F (5)

where superscript * and #z represent the time step
in non-advection stage and Af denotes the time
increment. Pressure Poisson equation is derived
from equation (5) by taking the divergence of
both side.
m
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where D is the divergence of velocity vector. Equa-
tions (5) and (6) are transformed into body fitted
coordinates system and discretized by the finite
difference method with the second order accuracy.
The motion of equation in the advection stage
including nonlinear term should be solved by a
highly accurate numerical scheme. Once ¢* and
p* are obtained in the non-advection stage, the
CIP method, which can express the behavior of
the solution inside two grid points, is applied to
solve the flow advection. The function including
the velocity components or distance function with
its derivatives are expressed by the cubic polyno-
mial in curvilinear coordinate system.

3.3 Modification of CIP method

The transport equation (3) is also calculated
by the CIP method. As shown in Fig. 2, the nu-
merical results for the transport equation demon-
strate the coexistence of the numerical smearing
and the overshooting for one-dimensional linear
advection equation corresponding to different dis-
cretization schemes. The exactly identical initial
shape of f (x,¢) for the analytic solution is plotted
in Fig. 2. The initial profile shifts without varia-
tion of the shape.

The 3" order upwind scheme and CIP method
are used for the discretization of the advection
and compared each other. Better solution is ob-
tained by the CIP method rather than by the 3™
order upwind scheme. However, the overshooting
is still observed in the result of the CIP method
as shown in Fig. 3. The overshooting is prevented
by a limit condition for the derivative of f as well
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Fig. 2 Solution of 1-D advection equation by 3™
order upwind scheme

as f itself. If f is greater than the upper maxi-
mum value or less than minimum value, the val-
ues are substituted by the maximum or minimum
values and the derivative is also calculated again
by the 3™ order upwind scheme. Unless the limit
condition is carried out, an abnormal behavior
may appear in the numerical result for the density.
Even though the limit condition is adopted, it is
found that the numerical smearing by CIP meth-
od is much less than that by the 3" order upwind
scheme. In the present study, the calculation of
equation (3) is performed by the CIP method
with the limit condition.

4. Results and Discussion

4.1 Examination of dependency of grid and
free surface treatment

The dependency of grid system is checked by
comparison between the computational results by
the ITM and the experimental results for Wigley
hull where Froude number based on ship length
is 0.289 and Reynolds number is one million. To
reduce the computational time, the free surface is
traced by ITM. The minimum size of grid in each
direction is determined by the ratio of fluid ve-
locity component in each direction. The ratio of
minimum grid size in both 7 and ¢ direction is
taken by 20 percent of the size in £ direction. The
maximum size of grid in each case is almost same
each other. The number of grid points and the
minimum grid size is shown in Table 1.
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Fig. 3 Solution of 1-D advection equation by CIP
method

Table 1 Minimum Grid Size and number of grids

Size (&) | size (7) | size (&) 1\;’1 d‘s’f
Case 1 0.05L 0.01L 0.01L 26,460
Case 2 | 0.025L 0.005L 0.005L 49,700
Case 3 | 0.0125L | 0.0025L | 0.0025L 115,825
Case 4 | 0.00625L | 0.00125L | 0.00125L | 229,908

Figure 4 exhibits the wave patterns according
to the grid system. Because of the numerical damp-
ing, the wave pattern is not clear in far field in
Case 1 and 2 whereas the wave patterns in Case 3
and 4 show distinct wave propagation. The com-
parison of wave elevation along the hull form is
shown in Fig. 5. The wave elevation of Case 3 is
very similar to that of Case 4. Through the ob-
servation of computed results, it is found that the
grid resolution of Case 3 or Case 4 is appropriate
for the evaluation of wave phenomena.

4.2 Comparison between Interface captur-
ing and tracking method

The ICM should be adopted in the present
study for the simulation of complex wave pheno-
mena. The verification of ICM is performed by
the comparison of wave patterns and elevations
along hull surface. The computed wave elevations
illustrated by Fig. 6 are very similar to the mea-
sured results. Also the wave pattern by ICM is
similar to that of ITM as shown in Fig. 7. Through
the comparison of wave elevation and pattern, it
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is found that the present numerical method is
reliable way for the free surface simulation.

0.02
L]
0.015
e - Case 4
ICM
0.01 o Exp. (UT)
* Exp.(SRI)
= 0.005 ¢
0
-0.005
4 - 1 - l
001535 05 0 525 05
WL
Fig. 6 Comparison wave elevation
08
0.7
06 F
05 § g &) /s
S04t 4 ! ot
03F oo ""“# il /
02 F o .::m
01f o2 ok 3% -
0 L.‘f'/ L I i
A 05 [ 0.5 7

L

Fig. 7 Computed wave pattern by ICM

4.3 Application of numerical method to flow
phenomena around Ro-Pax hull

The numerical method for the simulation of
free surface flow around fast-ferry is applied to
find the advantage of transom wedge. The grid
quality is the same as that of Case 4 in the pre-
vious section. Fig. 8 shows the configuration of
original transom and transom wedge whose chord
length is 1% of ship length. The measured trim
and sinkage of ship in the model test is used for
those in the numerical simulation. The wave ele-
vation at the rear part of transom was measured
and the computed wave elevation is compared to
the measured results as shown in Fig. 9. The re-
lative wave height shows good agreement between
computations and measurement. In addition, the
spray phenomena are observed around 18 station
in the computations and it is also confirmed by
the observation of photograph shown in Fig. 10.
It can be said that the present numerical method
is applicable to the analysis of spray phenomena.
Finally, pressure distribution and wave pattern
are surveyed in order to discuss the improvement
of resistance performance caused by transom wedge.
In the comparison of positive pressure around
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Fig. 9 Comparison of wave elevation

Fig. 10 Photograph of spray phenomenon

stern on bottom view, the magnitude of pressure
on hull with transom wedge is greater than that of
original as illustrated in Fig. 11. The improve-
ment of transom wave system by the wedge is shown
in Fig. 12. We can see that the wedge rectifies the
transom flow through the comparison of wave
patterns. From these it is expected that the pres-
sure resistance and wave resistance of hull form
with transom wedge is better than that of origi-
nal. Also the improvement of resistance was con-
firmed by model test. The computed and measur-

wlo transom wedge fo

FP. 7
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Fig. 11 Pressure distribution

Fig. 12 Wave pattern around bare hull and hull

with wedge

Table 2 Comparison of resistance coefficient
between computation and experiment

Computation Experiment
(Pressure (Residual
resistance coeff.) | resistance coeff.)
w/o wedge 2.52X 1073 249X 1078
w wedge 2.23x1073 2.26X107%

ed pressure resistance coefficients of bare hull
and hull with the wedge are listed in Table 2.

5. Conclusions

The level set method based on finite difference
method is developed to simulate the complex free
surface flow. The difficulty of original level set
method is solved by the modification of profile
of the distance function. The weak point of CIP
method is also improved by the combination of
3rd order upwind scheme. The numerical method
is validated by the comparison with measured
data. Through the application of the numerical
method for high-speed ship, it is found that the
computed results by the present numerical method
show good agreement with experiment. is Also it
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can be said that the transom wedge plays an im-
portant role in pressure recovery in stern resulting
the resistance performance of hull with transom
wedge becomes superior that of the original. As
an additional finding, the numerical method can
resolve the spray phenomena and the position of
spray is predicted successfully.
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