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Abstract

The hydrodynamic performance of high-speed planing hulls has gained considerable interest, with recent advancements in computational fluid
dynamics and hull design techniques enhancing the understanding of planing hull hydrodynamics. In this study, we conducted a numerical
investigation using the Reynolds-averaged Navier-Stokes approach with overset grids to capture large motions at high speeds. This study aims
to improve the hydrodynamic performances of planing hulls, specifically focusing on total resistance, trim, and sinkage. The initial Fridsma hull
with a deadrise angle of 20° has been used for validation, demonstrating good agreement with measurements at different Froude numbers.
Subsequently, new configurations based on the Fridsma hull have been designed by varying the deadrise angle, number of chines, and
transverse steps. Our findings reveal a correlation between the deadrise angle, the number of chines, and the Froude number. As the deadrise
angle increases, total resistance also increases. Additionally, a single chine yields superior results at higher Froude numbers, while multiple
chines offer advantages at lower values. The introduction of transverse steps consistently increases total resistance, highlighting their role in
improving planing hull performance. This research not only offers valuable insights into planing hull design but also leverages state-of-the-art

numerical methods to advance the understanding of hydrodynamic behaviors at high ship speeds.
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Article Highlights

* A correlation exists between the deadrise angle, the number of
chines, and the Froude number.

* As the deadrise angle increases, total resistance also increases.

+ A single chine performs better at higher Froude numbers, while
multiple chines are advantageous at lower Froude numbers.

» Introducing transverse steps consistently increases total resistance,
highlighting their importance in enhancing planing hull perfor-
mance.
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1 Introduction

The hydrodynamic performance of planing hulls is crucial
in ship design and marine engineering, particularly for
high-speed crafts. Research in this field aims to reduce
resistance and enhance hydrodynamic performance. How-
ever, accurately evaluating hydrodynamics at elevated
Froude numbers and accounting for complex motions such
as trim and sinkage presents considerable challenges.
When the Froude number exceeds approximately 1.2, the
vessel enters the planing mode (Faltinsen, 2005). During
this mode, hydrodynamic forces primarily support the ves-
sel’s weight, surpassing buoyancy forces and directly influ-
encing the trim angle.

Numerous investigations, including computation fluid
dynamics (CFD) simulations, experimental measurements,
and analytical methods, have been extensively employed
to analyze the hydrodynamic performance of planing hulls.
Savitsky (1964) was the first to successfully formulate and
generalize the motions of the hull (trim) and drag (total
resistance). His studies continue to be widely used today.
Along with his team, Savitsky later identified an additional
component of viscous drag in the whisker spray region for-
ward of the stagnation line using an analytical approach
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(Savitsky et al., 2007). This viscous drag component, which
had not been developed in his earlier studies, aimed to
quantify the contribution of the whisker spray to the total
planing hull resistance. The study covered a wide range of
speeds, deadrise, and trim angles. The analytical and experi-
mental results were in good agreement, showing that the
whisker spray drag component accounted for 15% of the
total resistance.

In the last decade, Savitsky and Morabito (2010) intro-
duced empirical relations for stepped planing hulls to define
longitudinal surface wake profiles. These profiles are influ-
enced by various parameters, such as speed coefficient,
deadrise, and trim angles. Considering hydrostatic and
hydrodynamic effects along with the deadrise angle, trim,
and wetted length, Morabito (2014) later developed empir-
ical equations to estimate the pressure distribution at the
bottom of planing hulls. The study revealed the applicability
of these equations across a wide range of deadrise angles
(0° to 40°), trim angles (up to 30°), and wetted length-to-
beam ratios (up to 5.5).

In the last decade, numerous numerical studies have
explored the hydrodynamics of planing hulls. Yousefi et al.
(2014) conducted numerical simulations of a high-speed
planing hull with two tunnels on the bottom section to reduce
drag. They used the k—¢ turbulence model and applied the
VOF method to capture free-surface deformations around
the hull. The study found that the tunnels notably reduced
resistance, with up to 14% reduction at a forward speed of
60 knots. Mousaviraad et al. (2015) investigated the motions,
accelerations, and slamming characteristics of high-speed
planing hulls using the CFD Ship-lowa code, employing
single-and two-phase volume-of-fluid (VOF) solvers. Simula-
tions were conducted in calm water and waves for deep and
shallow conditions. The results for trim, sinkage, total resis-
tance, and seakeeping performance in regular and irregu-
lar waves showed good agreement with experimental data.

Sukas et al. (2017) later conducted numerical simula-
tions of the Fridsma hull using the commercial software
STAR-CCM+ with overset grids. They resolved the two-
phase flow using the VOF method and activated the dynamic
fluid-body interaction (DFBI) model. Their study divided
the resistance components and illustrated trim and sinkage
using a rigid body approach to effectively understand plan-
ing hull hydrodynamics. The findings revealed that the
overset grid system yielded results closely matching exper-
imental data at high Froude numbers, while the rigid body
approach was more accurate at low Froude numbers. Kah-
ramanoglu et al. (2020) demonstrated that a two-degree-of-
freedom model is sufficient to predict heave and pitch
motions for monohedral and warped hulls using overset
grids. Their study showed that the Reynolds-averaged
Navier-Stokes (RANS) method provides highly accurate
predictions of the vertical motions of planing hulls.

Several semi-empirical methods for calculating the resis-

tance of planing hulls have also been proposed. Wang et al.
(2023) introduced a new semi-empirical method, the M-S
method, derived from equations presented by Morabito
(2014) to determine resistance, trim, sinkage, and pressure
distribution on the planing hull bottom. Numerical results
showed good agreement with the Savitsky method, the M-S
method, and experimental data. Research on high-speed
planing hulls has also extended to catamarans. Wang et al.
(2022) conducted experiments and numerical simulations
for a high-speed planing catamaran in calm water under
different displacements. They employed overset grids to
simulate large motions. Using two different turbulence mod-
els, k—w shear stress transport (SST) and realizable k—e,
the obtained sinkage and trim angles agreed well with the
experiments, with the k—@ SST model providing slightly
more accurate results for total resistance.

In addition to the aforementioned numerical studies,
several towing tank test results have been conducted and
published in the literature to evaluate the hydrodynamic
performance of planing craft. Recent studies include the
work by Taunton et al. (2010), who performed a series of
experimental tests to investigate the influence of stepped
hulls on the hydrodynamic performance of high-speed
crafts with a constant deadrise of f = 22.5° in calm water
and waves. The tests showed that adding transverse steps
notably reduced resistance by decreasing the wetted area,
with single and double steps decreasing resistance by 26.5%
and 25.4%, respectively. Begovic and Bertorello (2012)
conducted experimental studies on three warped and one
monohedral hull model, varying deadrise angles along the
hull length to evaluate hydrodynamic performance. The
results indicated that monohedral hulls exhibit less resis-
tance than warped hulls. De Luca and Pensa (2017) inves-
tigated the influence of the length-to-displacement ratio
and the effectiveness of interceptors on five hard chine
models, with and without interceptors, in planing and semi-
planing speed ranges. The study revealed that hulls equipped
with interceptors showed a decrease in trim angle and a
substantial reduction in lift-induced resistance.

Vitiello et al. (2022) experimentally investigated a series
of stepped hulls with various configurations, focusing on
step height and longitudinal center of gravity (LCG) posi-
tion. The hulls featured a transparent bottom to observe the
wetted surface area and the development of vortices gener-
ated behind the steps. The study found that changes in the
LCG affected resistance, and increasing step height led to
a reduction in resistance. A recent study by Lakatos et al.
(2022) presented experimental results on the impact of var-
ious design parameters, including spray rails, chine strips,
and V-shaped spray interceptors (VSIs), on the performance
of planing hulls in calm water. The results indicated that
spray rails reduced resistance by up to 2.4%. Additionally,
chine strips contributed to a reduction in trim by 0.3° and
total resistance by up to 3%. The study also showed that
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placing the VSI forward of the stagnation line decreased
total resistance by 4.2%, whereas positioning it behind the
stagnation line increased total resistance by 8.4%.

The present research aims to conduct numerical investi-
gations using various planing hull configurations based on
the Fridsma planing hull. These investigations involve vary-
ing the deadrise angle, number of chines, and transverse
steps to assess their effects on planing hull hydrodynam-
ics. The analysis focuses on ship resistance, sinkage, and
trim angle. Based on RANS equations, the commercial
numerical code STAR-CCM+ was used. Following the
introduction, Section 2 defines the planing surface geome-
try and introduces the model used in the study. Section 3
outlines the mathematical approach and details the integra-
tion of numerical algorithms into the model. Section 4
presents the results based on the simulations, including a
validation case. Section 5 concludes the study by summa-
rizing the contributions.

2 Geometric properties of the planing vessel

In the planing regime, a boat moves through the water
at high speed, generating waves and resulting in the forma-
tion of two distinct spray patterns:

» Whisker spray, which originates at the spray root line.

» Main spray, which appears where the spray root line in-
tersects with the chine.

The geometric details of a planing vessel are partially
influenced by its generated waves. Figure 1 illustrates a high-
speed planing hull, summarizing key geometric parameters
such as beam B, trim angle 7, and deadrise angle . The
wetted lengths of the keel L, and chine L. are also depicted
and expressed as follows:

__ Btanp

= 1

£ 2tant 1
Btanp

Ly-L.=—"— 2

K 7C nmtant 2)
The main wetted length-to-beam ratio 4 is
. +

1= OS(L,; L) 3)

The planing hull geometry used in this study is the
Fridsma hull, named after Gerard Fridsma, who developed
the series in the 1960s to conduct a systematic study aimed
at understanding the performance of planing boats (Fridsma,
1969). Fridsma hulls remain widely used as benchmark
ships for numerical and experimental studies. These hulls
have a prismatic shape based on analytical expressions and
feature a single chine line, as demonstrated in Figure 2.
The model maintains a deadrise angle of 20° from bow to
stern with a ratio L/B = 5. The LCG is located at 60% L
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from the bow, and the displacement coefficient is C, =
0.608. Table 1 presents the details of Fridsma hull geome-
try used in this study.

Water levem\l\ \

Main sp

Hard chine

Transom  Keel

Figure 1 Geometric details of planing vessels

; 1)
A

B \ @ =200
-

Figure2 Mathematical expressions to form the lines of Fridsma hulls

D|| Chine 20°

Table 1 Main dimensions of the Fridsma hull used in this study
Parameter Symbol Value
Length overall (m) L 1.143
Beam (m) B 0.228
Draft (m) T 0.051
Dept (m) D 0.114
Deadrise angle (°) B 20
Longitudinal center of gravity (m) LCG 0.457
Vertical center of gravity (m) VCG 0.067
Displacement weight (kg) A 7.260
Moment of inertia (kg-m?) 1y =1, 0.592

3 Mathematical approach and numerical
implementation

This section is dedicated to the mathematical approaches
used in this study and the numerical implementation of the
CFD approach. We first explain the empirical relations of
Savitsky. Then, the mathematical background, numerical
algorithms, and the implemented grid methodology are
presented.
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3.1 Savitsky’s empirical approach

Savitsky proposed a semi-empirical approach in 1964 to
understand and model planing crafts. This method relies
on multiple experimental trials to evaluate hydrodynamic
and hydrostatic performances, including pressure and vis-
cous resistance, wetted length, and trim angle. This section
offers a comprehensive overview of the Savitsky method,
encompassing all crucial details. The Froude number based
on the beam is defined as follows:

Fro=C,=—— “)

The lift coefficient of the planing hull is defined as follows:

4
C,=—"" 5

Y 0.5p12B? %)

Cyy = Cpy — 0.006 55CL (6)

where the lift coefficient for a flat plate is f = 0. Herein,
C,, 1s given as

C,,=17"[0.012/2 +

5
0.005 542
o |0

v

We consider the equilibrium condition /, = LCG. The
mean wetted length-to-beam ratio 1 is calculated as follows:

L oo 1
S5 =05 o ®)
5211 +239

p

where [, is the center of the hydrodynamic pressure mea-
sured along the keel from the transom stern.

R, =—- )]
0.075
Co=—"—"7 (10)
(logl()Rn - 2)

where C;. is the frictional resistance coefficient according
to the ITTCS57 correlation line. Pressure and viscous resis-
tances are respectively expressed by the following equations:

R, = Atant (11)
_ pViC B
F 2cosfcost (12)

In this case, the total resistance is the summation of the
two resistance components:

R =R, + Ry (13)

Equation (13) returns the total resistance of a planing
hull. However, Savitsky’s empirical relations are notably
used between the following ranges: 0.6 < C), < 13,2 <7<
15, and A < 4.

3.2 Computational approach

Numerical investigations were conducted using the com-
mercial code STAR-CCM+, which is based on the finite
volume method for solving the conservation of mass and
momentum equations in unsteady flow. In this study, the
physical domain was discretized using the VOF approach,
which is suitable for capturing the free surface in multiple
flow fluids. The k—¢ turbulence model (Menter et al., 2003)
was employed to model turbulent flow, and the DFBI model
was activated to account for the free motions of heave and
pitch. A semi-implicit pressure-linked equation algorithm
was used for pressure—velocity coupling. The convection
and diffusion terms were discretized using a second-order
upwind. The governing equations are stated as follows:

ap a(pu,.)i
a0 (14)

at ox; ox 8xj

J

J

Y ol puu —
a(pu,) n (puluj) . al+ d (lu gzl —pul'u/') (15)

Based on the recommendation of ITTC CFD (ITTC 7.5-
03-02-03, 2011), the time step used is a function of the
planing hull’s speed and length. The time step, calculated
using the equation expressed below, was selected for all
cases, with 10 inner iterations performed per time step.

At =[0.005, 0.01]£V (16)

The computational domain used is divided into two
parts: the background and the overset parts, as shown in
Figure 3. According to CFD guidelines of the ITTC (ITTC
7.5-03-02-03, 2011), the inlet, side wall, top, and bottom
boundaries are located at 4 L, 4 L, L, and 4 L respectively,
from the planing hull, and are all defined as velocity inlets.
The outlet, located at 8 L behind the planing hull, is set as
a pressure outlet. For the overset region, the hull surface is
defined with a no-slip condition, and the interfaces between
the two parts are assigned as overset conditions. A symmetry
condition was imposed by using a half domain to reduce
the computational time.

The planing motion within the fluid domain was mod-
eled using overset grids, a technique that involves dividing
the computational domain into overlapping cells. One of
the advantages of this mesh implementation lies in its capa-
bility to eliminate the need for modification post-generation.
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Figure 3 Details of the computational domain and the associated boundary conditions
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Figure 4 Grid topology from different views

Anisotropic mesh refinement was used for the uncertainty
mesh study, which involved preparing coarse, medium, and
fine meshes with hexahedral-shaped cells. The cell number
was multiplied by a grid refinement ratio r; = /2 to enhance
the accuracy of the results (Stern et al., 2001). Six volu-
metric controls were established to capture Kelvin waves
and the free surface. Figure 4 presents various views of the
mesh topology used.

For accurate results, eight prismatic layers were generated
adjacent to the planing hull wall, with the height of the
first cell (y) fixed at 0.003 5 m. Figure 5 illustrates the dis-
tribution of y" on the Fridsma hull. This study was con-
ducted on the Fridsma hull with a deadrise angle of 20° at
Fr =0.9. The number of cells for coarse, medium, and fine
meshes was around 1.6 M, 2.25 M, and 3.2 M, respectively.

>

=
0081477 1417100 2752600 4.088200 5423800  6.759 400
-
Figure 5 Visualization of y* for the original Fridsma hull at
Fr=20.9
4 Results

In this section, we first present the hydrodynamic perfor-
mance results of the original Fridsma planing hull and
compare them with the experiments and the Savitsky method.
The findings for the new configurations, designed based
on the parametric study, are thoroughly examined to eluci-
date their behavior across a broad range of Froude numbers,
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Volumetric controls

covering displacement, transition, and planing modes.
These results offer a comprehensive assessment of the
numerical performance and fundamental physics governing
planing vessels and their behavior in the planing regime.

4.1 Validation

Numerical simulations were performed for the Fridsma
hull with a deadrise angle f = 20°, a length-to-beam ratio
L/B =5, and a displacement coefficient C, = 0.608 using
different grids. The obtained results were compared with
those from the Savitsky method (Savitsky, 1964) and the
experimental data provided by (Fridsma, 1969). Figure 6
illustrates the rotation and translation of the overset region
and its cells during the initialization of the solution and
after computation. The figure also reveals the initial position
of the vessel before computations began and the steady-state
condition of the vessel achieved at the end of the simulation.

As shown in Table 2, the obtained results for resistance,
trim, and sinkage depend on the grid. The total resistance
and sinkage are nondimensionalized with displacement
force and beam, respectively. Some differences are observed
between the different grids, with considerable differences
in trim values, even with the fine grid. However, the rela-
tive error with the fine grid is remarkably low and closely
matches the experimental results. Therefore, the parametric
study in this research is conducted using the fine grid. Table 2
provides the number of cells in the grids.

The convergence of the numerical results is demonstrated
by the time history graphs of resistance, trim, and sinkage plot-
ted in Figure 7(a) for Fr = 0.9. Convergence was achieved
after 7 s of real-time simulation. Figure 7(b) presents a com-
parison of the simulation results with those from the Sav-
itsky method and experimental data across a Froude number
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Figure 6 Description of the overset mesh method implemented in numerical simulations and the appearance of the grid

Table2 Resistance, trim, and sinkage of the Fridsma hull compared with experiments at Fr = 0.9

R,/A 7(°) sk/B
Grid No. of cells
CFD EFD Err (%) CFD EFD Err (%) CFD EFD Err (%)
Coarse 1.6 M 0.133 4 4.17 3.3395 8.76 0.013 4 14.18
Medium 22M 0.1300 0.128 0 1.50 3.101 8 3.666 0 15.25 0.014 8 0.0150 4.95
Fine 32M 0.1279 0.08 32931 10.00 0.0155 0.84

range of 0 < Fr < 1.5 for total vessel resistance. The numeri-
cal simulations in this study align well with the experi-
mental data during the displacement and transition phases.
However, some differences are observed in the planing
regime. Regarding trim, as shown in Figure 7(c), the com-
putational results are consistent with those of Savitsky, but
a remarkable difference is noted in the planing regime com-
pared to the experimental results. Sinkage values, displayed
in Figure 7(d), are in perfect agreement with the experi-
mental values across the entire speed range.

4.2 Effect of deadrise

In this section, we investigate the impact of deadrise
angle on the hydrodynamic performance of the planing
hull was investigated. Three configurations were tested:
Fridsma hull with different deadrise angles of 10°, 20°,
and 30°. Figure 8 illustrates the configurations of Conf. A
(B = 10°), Conf. B (f = 30°), and the Fridsma hull, which
is characterized by a deadrise angle of f = 20°. Numerical
investigations were conducted for all the same load coeffi-
cient C,, = 0.608.

The effect of deadrise becomes more pronounced with
increased speed. Figure 9(a) shows the calculated results
for total resistance across a wide range of Froude numbers.
At low Froude numbers, the obtained results are slightly
close for different configurations. However, in the planing
regime, resistance increases with the deadrise angle. For
Froude numbers Fr > 0.9 the reduction in the total resis-
tance for Conf. A is estimated to be approximately 25%.
Conversely, Conf. B exhibits higher resistance compared

to the initial Fridsma hull. This difference is evident in the
wetted area contours, characterized by the volume fraction
of water shown in Figure 9(b). In this figure, the vessel is
in the planing regime, where 0 and 1 denote air and water,
respectively. The figure indicates that Conf A. nearly com-
pletely clears itself from water, whereas Conf. B interferes
more with water. As a result, Figure 10 shows that high
deadrise angles lead to high wave generations. The pres-
ence of main and whisker sprays near the hard chine appears
to be the underlying reason for the remarkable increase in
total resistance in the planing regime. However, small dead-
rise angles reduce the spray pattern.

The deadrise angle does not affect total resistance in the
displacement regime; however, deviations begin once the
vessel enters the transition phase. The differences become
more pronounced in the planing regime, where lower dead-
rise angles result in lower resistance. This phenomenon is
important because the decrease in resistance occurs despite
an increase in the ship’s draft (the draft increases because
the load coefficients remain the same). The authors ques-
tion whether this reduction in resistance is valid even for
negative-deadrise angles. Matveev and Morabito (2020)
investigated such a case and noted that a negative deadrise
can result in higher lift capabilities. Although the highest
lift-drag ratio is achieved at zero deadrise, they state that
eliminating side wetted areas on negative-deadrise hulls
may notably enhance hydrodynamic efficiency. Conf. A in
Figure 10 supports this statement, as the spray is notably
reduced with a lower deadrise, leading to a substantial
reduction in resistance.

@_ Springer



976 Journal of Marine Science and Application
025 16 . Conf. A
Chine 10° B=10°
0.20 == Resistance -
-— in'lkage Chine 20° Fridsma Hull % @ )
“ Tim 4 £=20
= 0.15
3 o Chine 30° Conf. B
j < B=30°
= 0.10
= 15 Figure 8 Illustration of variation in deadrise angles of the planing
ccccvesccecscoccsccsccaaws vessels
0.05
——— 031
, . . . 0 .
0 10 20 30 40 50 .
Time (s) ——Conf. B
(a) Convergence of simulations o2l
03
= Fridsma (1969) I
—— Present study 5
—a— Savitsky (1964) ol
02+
= —
R —t
" . . . . |
— 0 0.3 0.6 0.9 12 145
0.1 F
v
/ (a) Hull resistance
0 0.3 0.6 0.9 1.2 1.5
Fr
(b) The total resistance Conf. A
8 o~
= Fridsma (1969)
— Present study .
6} —a— Savitsky (1964) Fridsma hull
—‘
. : p— %
< 4t . L s A
Conf. B
Volume fraction of water
2r 0 0.2 0.4 0.6 0.8 1.0
[ - im
(b) Wetted areas
0 0'_3 0|.6 019 112 115 Figure 9 Effect of deadrise angle on hull resistance and wetted
Fr areas viewed from the bottom of the hull
(c) Trim
0.2 r The variation in trim angle is plotted in Figure 11(a).
= Fridsma (1969) Herein, in the displacement phase, the deviations are negli-
L prosent study ible, but diffy b ident the plani
—a— Savitsky (1964) gible, but differences become evident once the planing
0.1} regime is reached. Conf. A, with its low deadrise angle,
- : exhibits a higher trim compared to the other configura-
= tions. However, no generalized statement can be made due
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Figure 7 Time histories and comparison of the performance for
different Froude numbers
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sel, as detailed in (Sukas et al., 2017). However, sinkage
starts to increase when Fr > 0.6, with the hull rising above
the water due to remarkable hydrodynamic lift forces.
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Based on this figure, Conf. B reduces sinkage by 8% com-
pared to the initial Fridsma hull. The detailed quantitative
values of total resistance, trim angle, and sinkage values
obtained by varying the deadrise angle and the ship speed
are listed in Table 3.

(a) Conf. A - B=10°

-l

(b) Fridsma Hull - = 20°

(¢) Conf. B - =30°

Figure 10  Spray of the free surface for calm water at Fr = 1.5

Figure 12 illustrates the wave elevations along the hull
(where viscous effects are dominant) and the wake at Y/L =
0.2 for Fr = 0.9 and Fr = 1.5. As shown in the figure, the
deadrise angle substantially impacts wave elevation. As
the Froude number increases, wave elevations become
highly pronounced in the bow and wake regions. In the

8 ~
—=—Conf. A
—e—Fridsma 20°
6 —+—Conf. B

0 0.3 0.6 0.9 1.2 1:5
Fr
(a) Trim
021
—=—Conf. A
—e—Fridsma 20°
——Conf. B
0.1r
Q
3
Os
-0.1 ! ! ! | |
0.3 0.6 0.9 1.2 1.5
Fr
(b) Sinkage
Figure 11 Effect of deadrise angle

planing regime, wave elevations are notably smaller with
lower deadrise angles, with the lowest elevations on the
free surface achieved by Conf. A.

4.3 Effect of chines

In this section, numerical simulations were conducted to
examine the effect of chine steps on planing hull perfor-
mance. New configurations derived from the original Fridsma
hull were designed by varying the number of chines, as
shown in Figure 13. The initial deadrise angle of the original
Fridsma hull is maintained in the new geometries. Table 4
provides the details of the newly created geometries.

The effect of chines on total resistance at different ship
speeds is shown in Figure 14(a). Similar to the deadrise
angle, the chines do not substantially affect resistance in
the displacement regime. However, as speed increases, the
presence of chines reduces resistance. Despite exhibiting
highly nonlinear behavior with the number of chines on

Table 3 Resistance, trim, and sinkage (sk) for different deadrise angles and vessel speeds

. Fr=03 Fr=15
Configuration g R,/A (°) sk/B R,/A (°) sk/B
Conf. A 10 0.029 1 0.9743 ~0.0110 0.101 4 3.6592 0.099 7
Fridsma 20 0.027 4 1018 5 ~0.0118 0.1407 3.047 6 0.076 4
Conf. B 30 0.026 7 1.146 1 ~0.0116 0.1843 3.3409 0.068 5
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Figure 13 Different chine configurations of planing hull

the vessel, all configurations (Conf. C, Conf. D., and Conf.
E) demonstrated lower resistance compared to the initial
Fridsma hull form.

Table 4 Geometric properties of new chine configurations

Configuration Type B hine D pine
Fridsma Hard chine - -
Conf. C One chine 4D/8
Conf. D Double chine B/20 7D/8
Conf. E Triple chine 6D/8

As demonstrated in Figures 14(b) and 14(c), the Chines
reduce trim and elevate the vessel across nearly the entire
speed range. Therefore, the chines help position the vessel
better to align with flow characteristics. To understand this
condition, we visualized the main and whisker sprays at
the free surface, as illustrated in Figure 15. Comparing the
resistance results at Fr = 1.5, Conf. C reduced total resis-
tance by 12%. This reduction is evident in this figure, which
shows the disappearance of spray in Conf. C.
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We then divided the total resistance into its pressure and
frictional components, with results presented in Figure 16(a)
and Figure 16(b), respectively. We examined these resis-
tance components to investigate the reason for the resis-
tance reduction with the introduction of chines and noticed
that the difference arises from the sinkage of the vessel.
The results displayed in Figure 14(b) indicate that at low
speeds, the trim angle of the configurations is slightly lower
than that of the Fridsma hull. However, as the Froude num-
ber increases, particularly after Fr > 0.9, the trim angle
becomes more notable. This result is primarily due to the
center of pressure shifting aftward, which lifts the bow.
Consequently, configuration hulls with chines move higher
above water, as illustrated in Figure 14(b). The initial
Fridsma hull cannot rise above the water level as effectively
as the other configurations in the planing regime of the
vessel. Despite having similar pressure resistances, the
frictional resistance is notably higher at Fr = 1.5. This phe-
nomenon leads to a greater wetted area of the vessel, which
generates higher frictional resistance, as illustrated in
Figure 16(b).

At low speeds, the pressure resistance component of the
configurations is lower than that of the Fridsma hull, indi-
cating no notable effect on pressure resistance in the plan-
ing mode. However, the frictional resistance component of
all configurations is slightly higher in the displacement
regime, counteracting the dominance of pressure resistance
on the total resistance. Table 5 presents the numerical val-
ues for resistance, trim angle, and sinkage in the displace-
ment and planing modes of the vessel.

In combination with trim and sinkage dynamics, the
inclusion of chine results in reduced total resistance. This
reduction also affects the wave generated by the planing
vessel, as depicted in Figure 17(a), which displays the free-
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Figure 14 Comparison of the performance for different chine
configurations

surface deformations at /7 = 1.5. The free-surface contours
exhibit compatibility; therefore, we plotted the wave cuts
at y/L = 0.2, as shown in Figure 17(b). While wave eleva-
tions along the vessel are similar, they are remarkably dif-
ferent in the wake regions. All configurations exhibited
lower wave elevations in the wake region, which partially
explains the reduction in resistance compared to the origi-
nal Fridsma Hull. The differences in flow patterns and
ship dynamics due to different chine configurations collec-
tively influence wave formation in the planing mode.

4.4 Effect of transverse steps

In this section, numerical investigations were conducted

(a) Fridsma hull

(b) Cont. C
Figure 15 Free-surface deformations at the mid-cross section
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Figure 16 Resistance component

to examine the effect of transverse steps on the hydrody-
namic performance of the planing hull. New configura-
tions were tested by varying the number of transverse
steps based on the original Fridsma hull form, as illustrated
in Figure 18. All configurations maintain a similar dead-
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Table 5 Resistance, trim, and sinkage for different chine increase in resistance at higher Froude numbers, with mini-
configurations and vessel speeds mal changes in the transition and planing phases. In con-
. Fr=023 Fr=15 trast, the new configurations exhibited a linear increase in
Configuration RJa () kB RJA  t(°)  skiB res.ista.nce, even When. transitioning into t.h.e planing mode.
This increase is attributed to the additional transverse

Fridsma ~ 0.0274 1.0185 -0.0118 0.1407 3.0470 00764 steps, which caused the vessel to tilt backward, resulting
Conf. C 0.0252 07330 -00186 0.1244 27319 0.1037 in unnecessary trim. The changes in trim are illustrated in
ConfD 00244 07945 —00166 01357 22911 0.0846 Figure 19(b). Consequently, the underwater hull shape
ont ) : e ) : ) became bluffer and less aligned with the flow. Compared
Conf E 00248 0.7528 -0.0144 0.1295 29751 0.0855 to the configurations, the superior flow alignment of the

rise angle (f = 20°) and one hard chine, consistent with
the original vessel form. The frontmost step is located at
0.3 L from the aft in all configurations. The second step is
at 0.2 L from the aft in Conf. G and Conf. H, while the
third step, which is only available in Conf. H, is positioned
at 0.15 L from the aft. The height of all transverse steps is
4.1 mm, which corresponds to only 0.36% L of the planing
vessel.

In terms of ship speed, various vessels displayed different
trends in total resistance, as depicted in Figure 19(a). How-
ever, none of them achieved lower resistance than the orig-
inal Fridsma hull. The original hull design showed a gradual

-1 0 1 2
XL

(a) Free-surface deformations

W

Fridsma hull also allowed the vessel to rise higher above the
waterline, substantially reducing its total resistance. Sinkage
values for all configurations are given in Figure 19(c). The
original Fridsma hull maintained a higher position above
the waterline across the entire ship speed range.

The bluffer underwater body forms of all configurations
lead to higher pressure resistance, as depicted in Figure 20(a).
A higher number of steps leads to higher pressure resis-
tance coefficients. By contrast, the frictional resistance
coefficient is slightly higher for the initial Fridsma hull, as
shown in Figure 20(b). Despite rising higher above the water,
the total wetted area of the original hull is greater, leading
to higher frictional resistance.

The pitch and heave motions (trim and sinkage, respec-

Figure 17 Free-surface deformations and the positions of wave cut for all configurations at Fr = 1.5
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Figure 18 Different transverse step configurations of the planing hull
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Figure 19 Comparison of the performance for different transverse
step configurations

tively, in the current study) have also been examined by
various researchers. Esfandiari et al. (2020) noted that the
amplitudes of heave for stepped hulls decrease compared
to non-stepped hulls. We observed a similar pattern to heave,
as shown in Figure 19(c), indicating reduced sinkage with
the introduction of steps. However, the trend is different in
terms of trim. The original (nonstepped) Fridsma hull has the
lowest trim compared to the other configurations, as shown
in Figure 19(b). This finding is also reflected in the pres-
sure resistance given in Figure 20(a), as the original Frids-
ma hull generates lower pressure drag. The discrepancy in
results can be attributed to different hydrodynamic responses
with varying planing vessel geometries, and a generalized
conclusion for stepped planing hulls is not feasible.
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Figure 20 Effect of transverse steps on the resistance component

5 Conclusions

In this study, we examined the results of CFD simula-
tions based on RANS equations and investigated the effects
of deadrise angle, chines, and transverse steps on the
hydrodynamic performance of planing hulls. We first mod-
ified the original Fridsma hull form and created eight new
configurations. We adopted the overset mesh method to
capture the large planing hull motions and employed VOF
to track the free surface using a commercial CFD code.
The numerical approach was validated with the Savitsky
method and the experiments available in the literature.
After obtaining acceptable results in the entire Froude
number range, we performed numerical simulations for the
configurations and compared the results. Several conclu-
sions derived from this study are listed below:

1) The deadrise angle substantially affects hydrodynamic
performance in the planing mode. Results revealed that
lower deadrise angles generate lower ship resistance at
high Froude numbers. A vessel with a deadrise angle of § =
10° exhibited a 25% reduction in resistance when Fr > 0.9.
In the displacement mode, where Fr < 0.6, the deadrise
angle has a minimal effect on resistance, with only slight
differences in trim angle and sinkage values.

2) Conf. C (planing hull with one chine) and D (planing
hull with two chines) notably reduced total resistance by
up to 12% and 11%, respectively. This reduction is possi-
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bly due to the presence of chines, which mitigate spray pat-
terns. In the planing regime, unlike hulls without chines,
using chines shifts the center of pressure aftward, reducing
the trim angle and raising the boat above the water, thus
reducing wave height.

3) Unlike deadrise angle and chine numbers, stepped
planing hulls did not show improvements in hydrodynamic
performance. However, they increased total resistance, trim
angle, and sinkage values across a wide range of Froude
numbers.

In the planing regime, stepped hulls produce higher lift
forces in the forebody, shifting the center of pressure for-
ward and considerably affecting the trim angle. The absence
of flow separation across all configurations prevents vor-
tex formation behind the steps, reducing hull sinkage and
wetted areca. While pressure resistance dominates over fric-
tion resistance, the geometry, location, and height of the
steps could enhance vortex generation, affecting total resis-
tance. Modifications to planing vessels, such as the addi-
tion of longitudinal or transverse steps or the introduction
of chines, can lead to reduced resistance, improved stability,
and better seakeeping. These adjustments are expected to
enhance lift, reduce bow rise, increase fuel efficiency, and
achieve higher top speeds for these types of vessels. Future
studies will focus on investigating these aspects further by
visualizing the flow.

Nomenclature

L Length (m)

B Beam (m)

T Draft (m)

D Depth (m)

Y| Displacement (N)

LCG Longitudinal center of gravity (m)
Ip Center of hydrodynamic pressure (m)
VCG Vertical center of gravity (m)

A Mean wetted length-beam ratio
Ly Keel wetted length (m)

L. Chine wetted length (m)

vV Speed (m/s)

B Deadrise angle (°)

T Trim angle (°)

sk Sinkage (m)

Fr Froude number

C, Speed coefficient

B pine Beam of chine (m)

Cr Friction coefficient

R, Reynolds number
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Kinematic viscosity (m’/s)

=N <
<

Pressure resistance (N)

Moment of inertia (kg-m’)

~
~
N
~
N

5

Friction resistance (N)

Total resistance (N)

Gravitational acceleration (m/s)
Water density inertia (kg/m’)

Water dynamic viscosity (m’/s)
Mean velocity in the i/j direction (m/s)

Average pressure (Pa)

~

Lift coefficient at zero deadrise angle

~
o

Lift coefficient at a deadrise angle
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Load coefficient

[~
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Time step (s)

o

Chine Depth of chine (m)
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