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This article describes a 3D CFD (computational fluid dynamics) simulation implementation of the
stepped planing hull in calm water. The turbulent free surface flow around the stepped planing hull is
computed with a RANSE method, using the solver ANSYS-CFX. The turbulence model used is
standard k—e. In order to simulate the disturbed free surface, volume of fluid (VOF) model is
implemented. The CFD model has been firstly validated using the available experimental data. The
numerical results of drag, pressure distribution, wetted surface, water spray, wake profile and wave
generated by the planing hull are presented and discussed at various speeds. Wake profiles calculated
from present model are also compared with the ones calculated from Savitsky’s emprical equations at
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1. INTRODUCTION

Drag to lift ratio have been always the most important
parameter in the design of a planing hull and several
approaches have been studied to obtain the hull form so
as to reduce the drag in order to increase the speed. Up
to date, various configurations such as chine, step,
strake, pad and tunnels have been set up to increase the
speed and improve performance. ‘Among these
strategies, step is one of the/most efficient approaches.
As a result of using step at hull bottom, flow separates
from the step, and the aft body will be partially
ventilated. This diminishes the frictional drag by
decreasing the wetted surface area while maintaining a
high lift force as shown in Figure 1. Since the lift is now
spread to several surfaces along the hull, the
longitudinal stability becomes very large. Beside those
advantages, there is somewhat a danger due to closing
air by waves. When the air supply is lost, a reverse flow
occurs behind the step causing an excessive increase in
drag. The speed drops rapidly and craft will turn
suddenly, and possibly even capsize. To avoid this
problem, air is often sucked through openings well
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above the waterline, or it may be supplied through tubes
in the deck level. Generally, two methods are defined
for hydrodynamic analysis of the planing hulls. The first
method is to use computation fluid dynamic (CFD) and
the second is to apply an experimental method which
needs model basin and other test facilities. Finite
volume method (FVM) and boundary element method
(BEM) are more popular numerical techniques for
hydrodynamic analysis of the flow around planing hulls.
BEM is based on potential solver for lifting bodies and
planing hulls that the pressure force is dominant, while
FVM solves the Navier-Stokes equations that takes
much calculation time. Comprehensive analysis
techniques for hydrodynamic simulations of high-speed
planing hulls have been categorized by Yousefi et al.
[1], as presented in Figure 2.

Until now, most studies have been focused on
hydrodynamics of the simple mono-hull, means without
chine and step. Savitsky [2] comprehensively
contributed to the understanding and modeling of
planing crafts. He developed regression formulas based
on prismatic hull form model tests to estimate the
hydrodynamic forces acting on planing crafts. Savitsky
et al. [3] have investigated the effect of the whisker
spray at the bow and its effect on the drag.
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Figure 1. A schematic bottom view of a stepped planing hull
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Figure 2. Various approaches for hydrodynamic analysis of
planing hulls [1]

Savander et al. [4] applied the BEM problem to a
planing plate and obtained relationships between
potential perturbation and vortex distribution. They
calculated the hydrodynamic. pressure; lift and drag
forces for the planing plate at different speeds.
Ghassemi et al. have developed a computer code, based
on BEM in conjunction with boundary layer for
hydrodynamic analysis of planing and non-planing hulls
[5-8]. One of the drawbacks of this code is that it is
based on the potential solvers (BEM), although the main
forces on the planing hulls and lifting bodies (hydrofoils
and propellers) are due to the pressure forces.
Concerning the effect of the viscous term, FVM is
nowadays the most popular and powerful method that
can be used. Seif et al. studied the effect of asymmetric
water entry on the hydrodynamic impact by FVM
method [9]. Many researchers employed FVM method
for planing hull; see Capennetto [10], Richard et al.
[11], Savander and Rhee [12], Kihara [13], Brizzolara
and Serra [14], Fultz [15], Akkerman et al. [16], Yumin
etal. [17].

Planing tunnel vessels are also especial type of the
high speed vessels that is high lift-drag ratio and good
seakeeping performance (Subramanian et al. [18],
Ghassabzadeh and Ghassemi [19]). Nowadays, any
work on this field is very attractive and owners
encourage the researchers to work on this topic.
Ghassabzadeh and Ghassemi [20] prepared software to
generate various hull form of the planing tunnel vessel.

More recently, due to the market needs and in order
to gain more efficiency by the stepped hull, marine
researchers have rigorously pursued this topic and much
effort has been devoted to explore it numerically and
experimentally. It A small number of contributions can
be found on the planing stepped hull during last 10
years (Savitsky et al. [21], Svahn [22], Taunton et al.
[23], Grigoropoulos and Damala [24], Ghassemi et al.
[25], Garland and Maki [26], Veysi et al. [27]).

In this study, hydrodynamic characteristics of a
stepped planing hull are numerically investigated using
CFD approach based on finite volume method
employed by ANSYS-CFX code. For the case study, a
Cl-model stepped = planing hull is selected. The
geometry and experimental results of Cl-model is
available (Taunton et al.[23]). In order to calculate the
turbulent free surface flow around the planing hull, the
RANS equations with k-g turbulent model is used in a
coupled manner with VOF free surface model. The
governing equations are solved in a computational
domain discretized by a high quality unstructured mesh.
The validity of CFD simulation model used is tested by
a comparison between numerical and experimental drag
at different speeds. The numerical results of drag,
pressure distribution, wetted surface, water spray, wake
profile and wave generated by the planing hull are
presented and discussed at various speeds.

2. GOVERNING EQUATIONS

Using the Reynolds averaging approach, the Navier—
Stokes equations governing the turbulent flow can be
written as:

op O
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where u, P, and g are the velocity, pressure and
gravitational acceleration, respectively. The term

TPUM in Equation (2) represents the Reynolds stresses.
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Reynolds stresses can be related to the mean velocity
gradients and eddy (turbulent) viscosity on the basis of
eddy viscosity Hypothesis as follows:
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In order to calculate the eddy viscosity, the k~— model is
used. In this model, eddy viscosity is related to the
turbulence kinetic energy (k) and turbulence dissipation
rate (¢) by the following formula:

2
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where C, is a constant. k and ¢ are calculated from the
following transport equations:
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where Ca,%, % and ©: are constant and x is the

turbulence production due to viscous forces. In order to
capture the air-water interface, the VOF (volume of
fluid) model is implemented. The related transport
equation is:

Ja -

—+V.(aii)=0 7
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where, 0<a <1 js the volume fraction occupied by
each phase inside each computational cell.

3. SOLUTION
CONDITIONS

DOMAIN AND BOUNDARY

A new stepped planing hull, named C1, was selected to
study hydrodynamic characteristics. This model has
been tested by Taunton et al. [23] at the University of
Southampton and their experimental results are
available for public use. The sketch of this model is
illustrated in Figure 3, whereas the main dimensions of
the models are presented in Table 1.

The flow around the ship hull can be assumed
symmetrical with respect to center plane of the hull.
This is a reasonable assumption that leads to significant
reduction in computational costs, so the solution domain
was reduced to a half of full domain. The domain
boundaries were placed at a position far enough away
from the hull so that the boundary conditions applied
are compatible with real physics. Dimensions of
solution domain around the planing hull and boundary
conditions applied are shown in Figure 4.

:E_////\\%

Figure 3. Sketch of C1-model stepped planing hull hull

TABLE 1. Main dimensions of Cl-model stepped planing

hull

Parameter Value
Length overall (m) 2
Beam (m) 0.46
Draft (m) 0.09
Displaced weight (N) 243.4
Deadrise angle (degree) 22.5
Distance of the step from transom (m) 0.62
Height of step (m) 0.02

Details of boundary conditions applied are as
follows: a) A uniform velocity equivalent to ship speed
at inlet boundary. b) A hydrostatic pressure distribution
at outlet boundary. ¢) An opening condition at top
boundary, where the air is permitted to flow through the
boundary. d) A wall with free slip condition at Bottom
and side boundaries, €) A wall with no slip condition at
hull surface, and, f) The center plane of the hull was set
to symmetry condition.

4.DOMAIN DISCRETIZATION

Because of the geometric complexity of the solution
domain, especially on the hull surface, the whole
domain was discretized by using an unstructured mesh
of tetrahedral cells. A high-resolution inflation layer
mesh with Yplus of about 50 was created in the
boundary layer region of the hull in order to accurately
capture the high wall-normal velocity gradients at this
region.

Opening

Free slip wall

Outlet

2 sk Symmetry

Free slip wall

0.75L 05k

Figure 4. Solution domain and boundary conditions
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This inflation mesh consists of about 20 inflation
layers inside the boundary layer. Furthermore, the hull
surface mesh was refined to the point that a good
approximation of the hull surface curvatures and sharp
corners is achieved. Some local volume mesh
refinements were also applied to the zones that larger
gradients of the solution variables are expected to occur,
including two zones. The first is a zone around free
surface where accurate capturing of air-water interface
is needed and the second is a part of the first zone near
the hull where water separation and reattachment and
water spray occur. A detailed view of the mesh created
around the hull is shown in Figure 5 along with the
magnified views of inflation layer mesh at bow and step
regions.

It is clear that one of the common causes of
erroneous results in CFD is the mesh resolution so that
reducing the size of the cells can increase the accuracy
of numerical solution. Therefore, it is necessary to
ensure that solution is independent of the mesh
resolution. For this purpose, the numerical simulations
were conducted in four computational meshes with
different cell numbers for each speed. Figure 6
illustrates the mesh independence diagram for drag-
displacement ratio at a speed of 10.13 m/s.

Figure 5. A view of the mesh around the hull, a) Near-field
flow region, b) Bow region ¢) Step region
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Figure 6. Mesh independence diagram at a speed of 10.13 m/s

5.RESULTS AND DISCUSSIONS

In this section, the computed numerical results for a C1-
model stepped planing hull at the speeds from 4.05 to
12.05 m/s are presented. The draft and trim angle
corresponding to each speed for steady state simulation
is determined from experimental results measured by
Taunton et al. [23] at the University of Southampton.
The steady state solver was employed in ANSYS-CFX
with high resolution scheme for Spatial Discretization.
The volume fraction equation was solved in coupled
manner. RMS residual level of 10 was considered as
solution convergence criteria for all equations.
Furthermore, the hull drag was also monitored to reach
a stable value after satisfying RMS residual criteria.

The calculated Yplus distributions on hull bottom
along the center line, at different speeds, are presented
in Figure 7. From this figure, it can be seen that the
Yplus values-on wetted surface are in the range of 50 to
75 which have a good compatibility with required Yplus
of k—e model.

5. 1. Hull Drag Numerical results obtained for
drag/displacement ratio are presented in Figure 8 and
compared with experimental results at different speeds
for validation purposes. From this figure, we can see
that the drag values computed by present CFD model,
with an average error of about 10%, have a good
conformity with experimental results. This good
agreement refers to the appropriate prediction of wetted
hull surface, pressure distribution on hull and other
parameters affecting the drag. These important
hydrodynamic characteristics of stepped planing hull
will be presented and discussed in the following
sections.
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=== 6.25m/s

=== B.13m/s

M 10.13 m/s
e

N e

s SN U,

1 1s 2
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Figure 7. Yplus distribution on hull along center line at
different speeds
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Figure 8. Comparison between numerical and experimental
results of drag/displacement ratio

5. 2. Wetted Surface As mentioned before, the
idea behind a stepped bottom is to reduce wetted surface
area. This effect results in a significant decrease in drag
compared with a non-stepped hull. The distribution of
water volume fraction on hull, which is a good criterion
for estimating wetted surface area, is shown in Figure 9.

Water Volume Fraction
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Figure 9. Distribution of water volume fraction on hull at
different speeds

According to this figure, it seems that step has a
significant effect in reducing surface in contact with
water. This reduction, especially at higher speeds, is
more significant.

5. 3. Pressure Distribution on Hull Pressure
distributions on the hull surface at different speeds are
shown in Figure 10. In the same figure, diagrams of
pressure coefficient on the keel line and three transverse
sections of hull are also presented. At all speeds, It can
be seen that pressure on forbody develops from it's
maximum value at stagnation line to it's minimum value
at step where the water separation occurs. After the step,
due to the flow separation, the relative pressure on aft
body is negative and reaches its maximum value at
stagnation line of aft body where the water reattaches
the hull. Clearly, with increasing speed, pressure area on
aft body decreases as a result of increased water
separation. The coefficient pressure diagrams for three
transverse sections of hull show that there is a low
pressure- region where ‘the water separates from the
chine.

5. 4. Free Surface and Water Spray Obviously,
a more accurate simulation of disturbance induced to
free surface by hull motion leads to more accurate
estimationof wetted surface area, water separation and
spray, wave pattern and wake profile. In order to
appropriately capture the disturbed free surface, VOF
model was implemented with an enough refined mesh
near the water-air interface. Here, a surface with a
constant value of VOF=0.5 is considered as free surface.
Two views of free surface are illustrated in Figure 11
from front and bottom views at a speed of 8.13 m/s.
Water separation from chine at aft and fore bodies are
marked in this figure.

Additionally, to view the details of separation and
water spray from the hull, VOF distribution at different
cross sections of x=0.4, x=0.8 and x=1.2 are presented
in Figure 12. Here, x is the distance from the transom.

5. 5. Wake Profile and Wave Pattern Savitsky
and Morabito [21] introduced a series of empirical
equations to estimate the wake profile aft of a prismatic
stepped hull in centerline and 2 beam buttock. These
equations, which are presented for deadrise angles of
10, 20 and 30 degrees, are as follows:

For centerline :

15
H =0.17[1.5+0.03L,7'* |Sin {i[ij } ®)
c, 3

For 1/ 4 beam buttock :

H =0.17[0.75+0.03L, 7" | Sin {i[ij ' } ©)
c, 3
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Figure 10. Pressure distributions, a) on transverse sections, b) on keel line, ¢) on hull surface

www.SID.ir



M. Bakhtiari et al. / TRANSACTIONS B: Applications Vol. 29, No. 2, (February 2016) 236-245 242

where H is the height of wake profile above extended
keel or Y beam buttock, X is distance aft of transom
and ¢ is trim angle (see Figure 13). Also, 1, is wetted

keel length, and C, (=¥ /\/eB ) is Froude number based

on craft’s breadth, where Vg is craft’s speed and B is
breadth of the craft.

Figure 14 ShOWS Wake proﬁle at Centerline fOI' all Sepa;atlon Separation & Spray from chine (Aft body)
investigated speeds. Also, wave pattern around the hull Seray from chie (Corebecy)

are illustrated in Figure 15. As is clear from this figure, ®
the wave angle relative to hull reduces with speed
growth, while the height of stern wave decreases that
this trend shows a good compatibility with actual
physics. A comparison between wake profiles
numerically calculated from present model and the
ones calculated from Savitsky’s empirical equations at
different speeds are shown in Figure 16.

Figure 11. Water separation and spray from chine at fore and
aft body, a) Front view, b) Bottom view
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waler.Volume Fraction

Speed = 6.25 m/s Speed = 6.25 m/s

Speed = 10.13 m/s Speed = 10,13 m/s Speed = 10.13 m/s

Figure 12. Water separation and spray at different cross sections of hull
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Figure 13. A schematic view of wake profile behind the hull
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Figure 14. Wake profiles at centerline for different speeds
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Figure 15. Contours.of wave height around the stepped hull
at different speeds
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6. CONCLUSIONS

CFD approach based on finite volume method was used
to investigate hydrodynamic characteristics of a stepped
planing hull at different speeds in calm water. RANS
equations with standard A—¢ turbulent model coupled

with VOF multiphase model were utilized to simulate
turbulent free surface flow around a Cl-model stepped
planing hull (Tested by Taunton et al. [23]). In order to
validate numerical model employed, numerically
calculated drags at different speeds were compared with
available experimental data and, as a result of this
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comparison, a good compatibility was observed. So, the
CFD model used in this study can be offered for proper
estimation of drag. In addition, wake profile resulted
from present CFD model was compared with empirical
formulae and showed a good consistency. Numerical
results for stepped hull showed that using step can
significantly decrease total drag as a result of reduced
wetted surface. This is our future plan to investigate the
effect of step location and number of steps on
hydrodynamic behaviour of stepped planing hull.
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