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a b s t r a c t

Forward speed is perhaps the most important parameter in the design of a planing hull. The speed strongly
influences the drag and thus the energy supplied by the engine of the ship. Employment of an appropriate
drag reduction strategy plays an important role in the design of these hulls. The flow around a Cougar high-
speed planing hull was numerically simulated and the results were compared against experiments available
in the literature. To reduce the total drag, two tunnels were introduced at the bottom section of the original
Cougar hull. The weight and center of gravity of both hulls remained the same. An unstructured mesh was
generated in the computational domain around the hull and a Re-Normalization Group K–ε formulationwas
used to model the turbulence. To capture the free-surface of the flow around the hull, the volume-of-fluid
model was applied. The drag forces of both the original and modified Cougar hulls were obtained for various
forward speeds, corresponding to the original hull length-based Froude numbers ranging from 1.00 to 5.62.
The results show a 14% reduction in total drag for the modified hull at the forward speed of 60 knot.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

High-speed marine vessels are used for military, recreational,
racing, and transportation purposes. Hydrodynamic forces on the
high-speed hull, during its forward motion, support most of its
weight and thus lift a large portion of the hull out of water.
The main forces, supporting the weight of the hull, in the displace-
ment and planing modes are buoyancy and hydrodynamic lift,
respectively. The hull in the semi-planing mode, however, is
supported by both buoyancy and lift (Faltinsen, 2006).

Clement and Blount (1963) performed extensive experimental
tests to obtain the drag of the series 62 model with a range of
deadrise angles. Their experimental data on this planing hull became
a valuable database for future studies. Although experiments are the
most reliable means for modeling the flows around these hulls, they
are very costly and time consuming and data is achievable only for
limited conditions. The inherent limitations of analytical and experi-
mental techniques have motivated the researchers to use computa-
tional fluid dynamics (CFD) methods in recent years. Finite volume
method (FVM) has been used to investigate the flow around planing
hulls ((Brizzolara and Serra, 2011; Jahanbakhsh et al., 2009; Seif et al.,
2009; Senocak and Iaccarino, 2005). The RANS (Reynolds-averaged
Navier–Stokes) equations along with the k–ε turbulence model were
used in the aforementioned studies. Also, Ghassemi and Ghiasi

(2008) presented a hybrid method to determine hydrodynamic
forces for the steady state flow around a planing hull. They used
the boundary element method along with the boundary layer theory.
Later, Kohansal and Ghassemi presented a computational model for
determining the hydrodynamic resistance of a number of planing
hulls. Their results showed good agreement with the experiments.

A number of investigations have been conducted to reduce the
hydrodynamic drag of the hulls. Vafaei et al. (2010) reduced the drag
of a wedge-like hull by optimizing its geometry. Their optimization
was based on a genetic algorithm. Another way to reduce the drag of
a ship, while maintaining its deck space, is to use a multihull form.
The ship0s bow wave energy in these ships is guided under the hull.
Fultz (2008) has recently studied the flow around a Pentamaran hull
for both single and two-phase flow models to obtain the drag and
lift forces of the hull with a fixed waterline. Panahi et al. (2009) have
also estimated the drag and trim angle for two hulls. The first hull
was a two-dimensional wedge with two degrees-of-freedom. They
then analyzed the motion of a planing Catamaran hull. They
obtained the drag and trim angle and compared their findings
against other existing results and found relatively good agreement.

Subramanian et al. (2007) introduced two tunnels to a planing
hull for accommodating propellers and thus minimizing the shaft
angle. They also investigated the effects of tunnels on the drag and
lift forces of the hull. The FLUENT software was used to implement
the FVM for the RANS equations. They used a single phase model
and neglected the effects of the free-surface. The numerical results
were compared with Savitsky's correlations. They have reported
a 7% reduction in total drag due to the tunnels. Care must be used
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in interpreting this drag reduction as their two ship models (with
and without tunnels) had different weights and centers of gravity.
Therefore, the reported 7% drag reduction could mainly be due to
the 5.3% lower weight of the hull with the tunnels.

In this study, the effects of introducing two tunnels to the
Cougar planing hull are investigated. This idea is inspired by the
Blade-Runner (ICE Marine Ltd., Surrey, UK) hull form. Geometric
characteristics of the Cougar hull are reviewed in Section 2.
The fluid governing equations are then presented in Section 3.
Computational domain and boundary conditions and mesh gen-
eration are described in Sections 4 and 5, respectively. Results and
discussions are followed in Section 6. Finally, the conclusions of
the current study are presented.

2. Geometric characteristics

The Cougar high-speed planing hull was investigated in the
current study. Table 1 presents the geometric characteristics,
weight, and speed of the full scale Cougar hull as well as its 1:10
model scale. Two tunnels were introduced at the bottom section of
the hull and were positioned symmetrically from the center plane
of the hull. The introduction of the two tunnels makes the Cougar
similar to a Blade-Runner hull form (ICE Marine, Surrey, UK).
Numerical simulations were performed for the 1:10 scale model of
the Cougar hull with and without tunnels. For the purpose of
comparison, the total weight and the center of gravity were kept
the same in both cases. The length of center of gravity (LCG) and
center of pressure (LCP) is measured from the transom in this
study. Fig. 1 shows the solid models of the original and modified
hull. Also Fig. 2 shows the schematic diagram of the Cougar hull.

3. Governing equations

The fluid governing equations are described by the continuity
and Navier–Stokes equations
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where u, p, and g are the velocity, pressure and gravitational
acceleration, respectively. In hydrodynamic analysis of high-speed
hulls, the k–ε turbulence model is popular due to its accuracy for
simple as well as complex flows with recirculation, streamline
curvature and swirl. In the current study, a K–ε formulation was
used to model the turbulence in the flow. In the K–ε model, the
turbulence characteristics are described based on the turbulent
kinetic energy (TKE) and viscous dissipation of turbulent kinetic
energy. The fluid governing equations thus take the following

forms:
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The k–ε model is divided into three types: standard, RNG (Re-
Normalization), and realizable. While the standard model is used in
flows with a higher Reynolds number, the RNG theory uses a
differential equation to account for viscous effects, which become
important in flows with a lower Reynolds number. The use of this
model depends on the behavior of the flow near the wall. The RNG
model has a significant improvement over the standard model,
especially where the streamlines are highly curved and thus vortices
and circulations exist. In flows with reduced velocity and separation
due to reversed pressure gradient, the RNG model performs better
than the standard k–ε model. Based on the flow conditions of the
current study, the Re-Normalization Group (RNG) K–ε method was
used
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The FLUENT software was used to numerically simulate the
fluid flow around the Cougar planing hull. This software is based
on finite volume method. The solution algorithm consists of three
steps: integration of the fluid governing equations over the control
volume, discretization of the equations by replacing approxima-
tions for the integral terms, and converting the equations to a set
of algebraic equations.

Deformation of the hull is usually neglected and thus the hull
was assumed rigid in the current study. To simulate the motion of
fluid around the hull, the following steps were taken: solution of
the Navier–Stokes and turbulence equations, modeling the free-
surface, and investigation of the equilibrium state of the hull.
To couple the velocity field and pressure, the SIMPLE model was
employed. In this method, the pressure correction equation is solved
in a number of iterations, and then the velocity is corrected until the
continuity equation is satisfied in the computational domain.

To simulate the air–water flow through the tunnels, the volume
of fluid model was applied. In this case, a transport equation is
used to compute the volume ratio of the two phases at each time
step. In VOF method, the Navier–Stokes and continuity equations
are solved for an effective fluid (representing the two-phase flow
of water and air) with variable physical properties throughout the
computational domain. This fluid takes the property of the liquid
water in part of the computational region and air in another
region, and a combined property of air/water at the free-surface
(Hirt and Nichols, 1981)

ρef f ¼ αUρ1þð1�αÞUρ2 ð6Þ

νef f ¼ αUν1þð1�αÞUν2 ð7Þ

where 0oαo1 represents the percent volume occupied by each
fluid in the computational domain. When α¼ 1, the computational
cell is inside fluid 1 and when α¼ 0 it is in fluid 2. 0oαo1

Table 1
Specifications of the Cougar hull form and its 1:10 scale model.

Parameters Full scale Model

Length (m) 13.187 1.3187
Beam (m) 2.9 0.29
Height (m) 1.5 0.15
Draft (m) 1.2 0.12
Length of center of gravity (m) 5.67 0.567
Full load weight (kN) 229 0.229
Engine power (Hp) 2�820 –
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