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Abstract : In this research, we have calculated characteristics of wave-piercing high-speed planing hull, by using a RANS solver and overset grid

method, for comparing with experimental measurements of that and simulating with several appendages, since the computed results of commercial CFD

code look reasonable for the prediction of the performances of planing hulls on calm water in planing conditions. As a result, it is confirmed that the

dynamic instability phenomena in pitch and heave motions (porpoising) occurred after a certain Fny, and effectively suppressed using some of

appendages, especially the 0.5L spray rail is suppressed to 24-55 % in the pitch motion and 33-55 % in the heave motion. In spray phenomenon, 1L

hard chine suppress spray effectively and it is effective to set the angle of appendages to be less than 0° in order to suppress wave.

Key Words :

1. Introduction

Unlike the general vessels, planing crafts have been widely
used in leisure activities in coastal area and marina resort.
Planing Hull is mainly supported by the lift force and emerges
the body so that resistance performance enhances and would be
better than displacement hull when traveling in certain range of
high speed. However, planing hull has high pitching and heaving
motion in wave conditions at high speed, and it may cause
injury to the passengers and damage to the vessel and its
equipment.

To overcome these negative effects of planing hull, advanced
hull form, such as VSV (Very Slender Vessel) (Thompson,
1997), have been introduced recently. VSV has wedge-shaped on
bow, which can break through the bow waves at a high speed
and suppress pitching and heaving motion effectively, and stern
shape is like that of a planing hull in order to perform same
function of planing hull. Furthermore, there are some types of
wave-piercing hull form, such as Transonic hull (TH) and AXE
Bow Concept (ABC). TH has a wedge-shaped on bow like a
VSV whilst TH has the box shape on bottom area and shallow
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draft in in order to
(Calderon and Hedd, 2011). ABC, represented by Keuning et al.

(2002), is very slender forward part of the hull. In addition,

stern reduce wave-making resistance

there is significantly increased sheer and downwards slope at the
bottom of bow.
VSV  has

displacement of its hull places on part of stern and little

also large angle and sinkage because large
displacement of bow. And it often causes dynamic instability
phenomenon such as porpoising that refers to the periodic,
coupled heave and pitch oscillation in the vertical plane. It is
sustained by the energy derived from the planing hull’s forward
speed and the planing lift force. Furthermore, it has been known
to lead to violent motions and cause many serious accidents. To
suppress this dynamic instability phenomenon, planing hull form
appends various stern devices. Kim et al. (2015) have conducted
model tests about two wave-piercing hulls. The results showed
that the wave-piercing hulls have typically large angle and
sinkage at the high speed, and it could be suppressed by
appending stern interceptor on its hull.

Jeong et al. (2016) have developed a new wave-piercing
high-speed planing hull which applied spray rails on the stern to
improve the resistance performance through model tests.

These high-speed hull forms which have a good wave-piercing

performance are practically used partly, but systematic studies on
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these hull forms are not well established compared to other hull
forms, and a few works have been done this subject, especially
numerical simulation.

In this research, we checked the spray occurring at aft side
and porpoising phenomenon of the numerical analysis of the
wave-piercing high-speed planing hull developed by Jeong et al.
(2016), and predicted suppressing of planing hull and motion
control by lengths of spray rail and hard chine form. The
performance of planing hulls is evaluated by commercial CFD
STAR-CCM+. The Reynolds averaged Navier-stokes

equations with the SST k — w turbulence model was used along

software,

with the volume of fluid method to describe the two-phase flow
of water and air around the hull. Furthermore, running altitude of

planing hull was used with overset method.

2. Numerical Methods

2.1 Coordinate System
The coordinate systems that used in numerical analysis are
Space-fixed coordinate system and Body-fixed coordinate system

in Fig. 1.

Fig. 1. Definition of the coordinate systems.

Space-fixed coordinate system o—xyz is coordinate system of
outer region for numerical towing tank and defines that surface
of o—xy and z—azis are the free surface of numerical towing
tank and the vertical direction of coordinate system respectively.
Body-fixed coordinate system G— XYZ is coordinate system of
inner region for the motion of ship hull and has its origin at the
center of gravity of the ship. X—axis and Z—axis are
the wvertical direction

oriented to the bow direction and

respectively.

2.2 Governing Equations

The governing equations of unsteady, incompressible and

viscosity fluid that adopted here are continuity and Reynolds
Averaged Navier-Stokes Equations (RANS) in Egs. 1~3.

8V(t)+y§ ds » (u—v) =0 1)
ot St

9 udvzf ds - Tr+f KdV )
ot J v () %0)
?:—(u—v)u—Pf-ﬁ-é[Vu-‘-(VuT)]—u'u' 3)

Where S(¢) and V(¢t) are the surface area vector and the
control volume respectively. ¢ and u are the time and the
velocity vector respectively. v and K are the velocity vector of
the surface area vector according to motion of the control
volume and the body force vector respectively. dS and dV are
area vector and the element vector

the element surface

respectively. T is the stress tensor, I is the constant tensor.

Re and Vv are the Reynolds number and the gradient

respectively. ()7 and —u'u/ are the transpose of a matrix
and the Reynolds stress respectively.

Ship hull can be approximated as a rigid body which can
move in three dimensions and rotate around three axes of

body-fixed coordinate system, see in Fig. 2.

Fig. 2. Definition of the 6-DoF in a rigid body.

The translations of a vessel along the X, Y and Z axis are
referred to as surge, sway and heave motions, respectively, while
the rotations around the same axis are termed roll, pitch and
yaw motions. Accordingly, the sinkage is affected by heave
motion while the trim angle is related to pitch motion.

For a rigid body, the translational motion of the center of

gravity is described by Newton’s second law in Eq. 4.
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Where m is the mass, V), is the velocity and F' is the sum

of forces acting on a rigid body. The rotation of the body,

expressed in body-fixed coordinate system, is described by

Euler’s equations in Eq. 5.

—

aQ RN RN —
]WW—#-Q X(Me+ Q)=71 )
Where Q is the angular velocity of a rigid body and ; is

the resultant torque acting on a rigid body. M is the tensor of

the moments of inertia and it is expressed in Eq. 6.

M, M, M,

zy

M= ‘]u.ul‘ ]V[yy ‘]uyz (6)
M,, ]V[zy M,

2.3 Numerical Model

Commercial code used in this simulation is STAR-CCM+, the
governing equations of fluid based on Finite Volumes Methods
are discretized (Rosenfeld and Kwak, 1991; Orihara and Miyata,
2003). Integral form of RANS equations is represented as Eq. 7.

i/ /):I:QdV-l-‘/l pd(v—v )da:/ I'voda +/ SpdV (1)
deJ A 7 A v

Each term of this equation is composed of unsteady,
convection, diffusion and source term in sequence. And where I'
and S are diffusion coefficient and source term respectively.

The physical model is based on the mass and momentum
The fluid

incompressible. The SST k£ — w turbulence model (Menter, 1994)

conservation equations. is considered viscous and
used is known to predict precise results of boundary layer, such

as adverse pressure gradients and separation flow.

All Y Wall Treatment used for the wall modelling. The
problem is closed establishing the initial and boundary conditions
on the physical and computational boundaries. The spatial
discretization of the convective terms is done with a second
order upwind based scheme, whereas the temporal discretization
is chosen with a second order upwind scheme for transient

problems.

Dong-Kun Lee - Gyeong-Woo Lee

Velocities and pressures are solved in a segregated manner,
and then coupled by means of the SIMPLE algorithm. A
second-order backward FEuler scheme is applied for temporal
discretization and the time-step was set to 0.001s.

The volume of Fluid (VOF) method with artificial compression
technique is applied for locating and tracking the free surface
(Hirt and Nichols, 1981). In the VOF method, each of the
two-phase is considered to have a separately defined volume
fraction (), where 0 and 1 represent that the cell is filled with
air and water respectively and 0 < a <1 stands for the interface
between two-phase fluid. The density and dynamic viscosity for
the mixed fluid can be presented as Eqgs. 8~9.

p=ap +(1—a)p, ®

p=apu +(1—a)u, )

An important quality of an immiscible phase mixture is that

the fluid components always remain separated by a

sharp
interface. However, VOF method causes solution smearing. So, it
is important to suppress the smearing at the interface and prevent
the occurrence of an unphysical interface shape. To overcome
this phenomenon, the High-Resolution Interface Capturing
(Muzaferiha et al., 1998) scheme is used to mimic the convective

transport of immiscible fluid components.

2.4 Overset Grid Method

Two overlapping regions, one is inner region for the motion
of a rigid body and the other is outer region for the numerical
towing tank, are used in overset method on STAR-CCM+ and

this is shown in Fig. 3.

Acceptor cell  Active cell

Active cell
L

¥

Donor cell

Rigid Body

Overset Mesh> <component of overlapping region>

Fig. 3. Overset Grid Method.
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In an overset mesh, cells are grouped into active, inactive,

acceptor and donor cells. Within active cells, discretized
governing equations are solved. Within inactive cells, no equation
is solved, however, these cells can become active if the overset
region is moving. Acceptor cells are attached to the overset
boundary in the outer region and donor cells is the overset
boundary cells in the inner region. These cells are used to
couple solutions on the two overlapping regions. Variable values
like a fluid velocity, pressure and motion of a rigid body at
donor cells of the inner region express variable values at
acceptor cells in the outer
(CD-ADAPCO, 2016).

The donor and acceptor cells transfer information between the

region, through interpolation

meshes. Each acceptor cell has one or more donor cells.
Choosing the donor cells can be done differently, the method
used in this study is linear interpolation. Details of the 6-DOF
module with overset grid method can be found in David Frisk
and Linda Tegehall (2015).

Conclusively, key features of numerical model that explained

above is listed in Table 1.

Table 1. Key features of numerical model

Model
Reynolds-Averaged Navier-stokes

Governing Equation

Time Implicit Unsteady
Second-Order Upwind
SST (Menter) k—w
All Y' Treatment
Cell Centered FVM
SIMPLE Algorithm
VOF (Volume of Fluid)
HRIC Schemes
Dynamic Fluid-Body Interaction
Overset Grid Method

Temporal Discretization
Turbulent Model
Wall Treatment

Spatial Discretization

Velocity/Pressure Coupling
Multiphase Model
Free Surface Problem

Body motion

3. Computational Overviews

3.1 Geometry Modelling

The planing hull studied in this paper is second hull form of
Hull(WPPH-2nd).  The
geometry model with spray rail and hard chine in the present
study is from Kim (2017) and shown in Fig. 4.

Wave-Piercing  High-speed  Planing

0.5Lgp

—
E 7%B/ 10°

(b) Case 2 : 0.5L Spray rail

| ——

(a) Case : 1 Bare hull

0.75Lgp Lip

 — 7%B/ 10° E 3%B/0°

(c) Case 3 : 0.75L Spray rail (d) Case 4 : 1L Hard chine

Fig. 4. Geometric representation of WPPH-2nd.

3.2 Computational Domain and Boundary Conditions

The computational domain and boundary conditions are
illustrated in Fig. 5. The computational domain consists of
moving overset region and stationary background region and its
dimensions are expressed in terms of the overall hull length,
Loa. These

recommendations of ITTC (2011). And each case was set in

dimensions agree well with the minimum

experimental trim and sinkage condition for faster convergence.

s Velocity
[ Inlet

Pressure
Outlet

Hull ‘
Surface |
|

(WalD)

‘/»/ Velocity
B l ‘ Inlet |/
|
e Velocity | | {
| et || T~ |
. \ o

Fig. 5. Computational domain and boundary condition.

At the inlet, located in front of the hull, the velocity of the
incident air and water was set to hull speed. The outlet was set to
a pressure outlet. At top and bottom of the computational domain
was also set to velocity inlet and volume fraction of air and water
in each boundary for physical continuity. To use overset method,

overset condition was set to boundary of moving part.

3.3 Mesh Configuration

In Fig. 6, the structure of STAR-CCM+ mesh is illustrated
and the mesh density was focused on certain regions of the
domain to capture the important flow phenomena around the ship

hull. First, fine mesh was used on the hull surface and prism
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layers were created along the hull to resolve the boundary layer
and to obtain correct shear stresses on the hull. The prism layers
were constructed with a total thickness corresponding to the
estimated boundary layer thickness, and the height of the first
cell layer was set to obtain a Y ~ 34 from Y Study in
Fig. 7.

4. Results and Discussion

4.1 CFD Validation and Characteristics of WPPH—2nd

The use of commercial code when securing its reliability
requires a validation of existing experimental results. In this
paper, the results from the WPPH-2nd, are used to validate the
CFD model by comparing with the experimental measurements.
Table 2 lists the principle dimension of WPPH-2nd whilst Fig. 8
illustrates the body plans of the model.

Top line
‘ 7 Ty
(a) Free surface (b) Overset / Free surface Region i
Fig. 6. Schematic illustrations of the STAR-CCM+ mesh.
52 :
i OTotal Resistance coefficient of Each hull \
L ; : i DWL
50 T R ////
& L : : :
o o : ! Zero point
T B T SO SR USSR U
x \QL i Fig. 8. Body plans of WPPH-2nd.
S e
e b - LR Q- -g--8
' ' : Table 2. Principal dimension of WPPH-2nd
s Dimensions Parent Hull Model
T 20 30 40 50 Scale 1 11.429
Y+ Value Length over all(m) 8.000 0.700
Fig. 7. Total resistance Coefficient Comparison varying with Y *. Breath(m) 2.3 0.201
Depth(m) 1.2 0.105
The mesh constructed in STAR-CCM+ was divided into one Draft(m) 0.326 0.028
stationary background region and one moving overset region LCG(m) 2.648 0272
close to the hull Both parts were meshed with trimmed, VCG(m) 0.688 0.048
predominantly hexahedral cells with local refinements at the free Wetted Surface Area(nm?) 12.619 0.096
surface and the wake. In the overlapping region were of the Disp.(Ton) 2.286 1.531 x 103

same size and formed a continuous layer around the overset
region. To resolve the free surface accurately, a high mesh
density was used in the region around the free surface in vertical
direction where induced wakes by hull were expected to be
present. Outside these regions, the mesh was coarser. The whole
mesh consists of a total of about 2.16 million of cells, where the
inner region has about 898,000 cells and the outer region has
about 1,268,000.

Fny, Volume Froude Number, is a dimensionless parameter,
shown by the Eq. 10, which widely used in planing hull because

its waterline changes largely as running attitudes (Blount, 2014).

Uh ull

o 0

Fny =

Where U,,; is hull speed, V is displacement volume and

- 324 -



A Numerical Study on Dynamic Instability Motion Control of Wave-Piercing High-Speed Planing Craft in Calm Water
using Side Appendages

g 1is the gravity acceleration. CFD validation was carried out

for a wide range of hull speed in planing condition

(3.23 < Fny <4.67), and the range of reynolds number is
1.93 X 10° < Re < 2.79 X 10°. The results were compared with
experimental data of the resistance coefficient, trim and sinkage
give in Figs. 9~11. The overall numerical prediction of the
resistance and trim angle are similar with experiment, however, it
shows that there are overestimation of the total resistance in the
region of 4.0 < Finy qualitatively and underestimation of the
trim angle all range of Fh, quantitatively. The numerical

prediction of the Sinkage is similar quantitatively, however, its

qualitative trend doesn’t correspond with experimental data.

15.0

O WPPH-EXP.
A WPPH-CFD

120 - R SR

2 90 1 %Q; 7777 L o
3 ‘.\:‘-# %‘.‘.‘::: L:::Z:: "":'-'a

X ! : e

E 60 Feeeeememmmeodonooonnooe o oo dee P
(&)

O WPPH-EXP.
A WPPH-CFD

Trim(°)

Fig. 10. Comparison of trim angleayerage.

4.0

O WPPH-EXP.

A WPPH-CFD

Sinkage(cm)

Fn,

Fig. 11. Comparison of sinkageayerage-

The overestimation of the total resistance that had calculated
the side spray

excessively extends to the aft side over 2/5~4/5 period. It is

is confirmed in Fig. 12 which represents

confirmed that wetted surface area was changed periodically due

to the viscosity of the water and soft chine.

Water line
T=1/5T

Water line

=2/5T

Water line

Water line
T=4/5T

Water line
T=5/5T

Fig. 12. Motion of WPPH-Bare hull when Fn, = 4.67.

In other words, the additional resistance, that is shown after

Fny, = 3.95 is generated periodically on the ship hull due to the
porpoising and can be seen in Figs. 13~18. Trim and sinkage
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displayed periodic oscillations of about 0.2~0.25 seconds, and their
amplitude increased as hull speed increased. This phenomenon
would have negative effect in bow waves conditions because it

can cause resonance phenomenon with same period of wave.
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Therefore, side spray and porpoising should be suppressed.

Trim(°)

Fig. 13. Time history of pitch motion at Fh =

Trim(°)

Trim(°)

6.0

QQ AAAAAAAAAAﬂ
\/\/\/vvvvvv' av;

6.0

30

Time(s)

3.95.

00
-3.0
6.0
0.0 10 20 30 40 5.0
Time(s)
Fig. 14. Time history of pitch motion at Fh, = 4.31.
6.0
6.0
0.0 1.0 20 3.0 4.0 5.0
Time(s)
Fig. 15. Time history of pitch motion at Fh = 4.67.

suppress
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-4.0
0.0 10 20 30 40 50
Time(s)
Fig. 16. Time history of heave motion at Fn, = 3.95.

4.0

Sinkage(cm)

-4.0

0.0 1.0 20 3.0 40
Time(s)

5.0

Fig. 17. Time history of heave motion at Fn, = 4.31.

4.0

Sinkage(cm)

-4.0
0.0 10 20 30 40 50
Time(s)
Fig. 18. Time history of heave motion at Fny = 4.67.

4.2 Motion and Resistance Characteristics with Appendages

Numerical analysis was performed with the appendages to

this phenomenon. For comparing
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mean of the square of the function that defines the continuous
waveform. The corresponding formula for a continuous waveform

f(t) defined over the interval T, <t< T, is Eq. 11.

7,
.= \/ P O (i

The RMS values are compared to evaluate the amplitude of
the periodic motion in Figs. 19~20.

5.0 -
! ! A WPPH-Bare hull
i 1 O WPPH-0.5L Spray rail
40 Ao A i___| ©WPPH-0.75L Spray rail | _
’ ' X WPPH-1L Chine

Trimgys(°)

Fig. 19. Comparison of Trim anglerys.
3.0 T
A WPPH-Bare hull
O WPPH-0.5L Spray rail
24 A -] © WPPH-0.75L Spray rail | _
’ X WPPH-1L Chine

Sinkagegms(cm)

Fig. 20. Comparison of Sinkagerws.

It can be seen that the RMS values of pitch and heave
motion occur little at Fhn;;=3.95 and increase sharply in

4.0<Fny<4.35. In general, the RMS wvalue significantly
decrease compared to the bare hull when appendages are applied.
But porpoising can’t suppress perfectly with these appendages.

The 0.5L spray rail is suppressed to 24-55 % in the pitch

motion and 33-55 % in the heave motion. It is confirmed that
the spray rail effectively suppressed the porpoising than the hard
chine, except the RMS value of the 0.75L spray rail were
slightly larger than others in Fny = 3.95.

Water line

Water line
T=3/5T

’ Water line
T=4/5T

Water line
T=5/5T

Fig. 21. Motion of WPPH-0.5L Spray rail when Fn, = 4.67.

T=1/5T,

Water line
T=2/5T

Water line
T=3/5T

Water line
T=4/5T

Water line
T=5/5T,

Fig. 22. Motion of WPPH-0.75L Spray rail when Fn = 4.67.
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control the porpoising of WPPH with stern appendages and based
, Water line on this research, it is necessary to study on the seakeeping

T=1/5T assessment of WPPH in wave conditions.
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