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Abstract
One of the most effective methods to diminish the drag of a planing craft is to use a step at the bottom of the 
hull. A stepped hull causes a reduction of the wetted area and, as a result, a decrease in the drag. The step may 
be designed as a straight line through the entire width of the hull or may be V-shaped with a forward or back-
ward swept angle. In this paper, the effects of the step forward swept angle on the hydrodynamic performance 
of a hard chine planing vessel are investigated by finite volume method (FVM). Reynolds-Averaged Navier 
Stokes (RANS) equations with a standard k-ε turbulence model coupled with volume of fluid (VOF) equations 
are solved in order to simulate a transient turbulent free surface flow around the hull with the help of Ansys 
CFX software. In order to predict hull motions, equations of rigid body motions for two degrees of freedom 
(2-DOF) are coupled with fluid flow governing equations. To validate the presented numerical model, first the 
numerical results are compared with available experimental data, and then the obtained numerical results of the 
drag, dynamic trim, sinkage, wetted keel length, wetted chine length, pressure distribution on the hull, wetted 
surface and wake profile at different Froude numbers and step angles are presented and discussed.

Introduction

In recent decades, researchers have made many 
attempts to reduce drag and thus increase the speed 
of planing vessels by changing hull form. Various 
configurations, such as chine, step, strake, pad and 
tunnels, have been used. Using a step at the bottom 
of the hull is known to be one of the most effective of 
these methods. Steps may be designed as a straight 
line through the entire width of the hull (this type 
being less common today) or may be V-shaped 
with a forward or backward swept angle (Figure 1). 
They have large apertures on the outboard side of 
the hull to allow air to be sucked down into, and 
ventilate, the step. In general, a speed rise of about 
10–15% can be expected from a stepped hull over 
a non-stepped hull with the same power. The idea 
behind a stepped hull is to reduce the wetted sur-
face by allowing the hull to plane on two or three 

small wetted planing surfaces rather than one large 
one. Since the lift is spread across several surfaces 
along the hull, the longitudinal stability becomes 
very large. Despite these advantages, there is some 
danger due to the closing of the air by waves. When 

Figure 1. A view of a planing hull with two forward swept 
steps

Forward swept step
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the air supply is lost, a reverse flow occurs behind 
the step, causing an excessive increase in drag. The 
speed rapidly drops and the craft will turn suddenly, 
and possibly even capsize. To avoid this problem, 
air is often sucked through openings well above the 
waterline, or may be supplied through tubes at deck 
level.

To date, studies on the hydrodynamics of plan-
ing hulls have mainly concentrated on the simple 
mono-hull, that is, one without a step. A comprehen-
sive contribution was made to the understanding and 
modelling of planing craft by (Savitsky, 1964). He 
developed regression formulas based on prismatic 
hull form model tests to estimate the hydrodynamic 
forces acting on planing craft. The effect of the whis-
ker spray was investigated at the bow and on the drag 
(Savitsky, DeLorme & Datla, 2007). The hydrody-
namic characteristics of planing surfaces were stud-
ied at steady state by the CFD method and the results 
obtained were compared with experimental results 
(Brizzolara & Serra, 2007). A computer code was 
developed based on the boundary element method 
for hydrodynamic analysis of planing and non-plan-
ing hulls (Ghassemi & Ghiasi, 2008). The results 
of the application of this code for hydrodynamic 
analysis of planing vessels were released (Ghassemi 
& Yumin, 2008; Kohansal, Ghassemi & Ghiasi, 2010;  
Kohansal & Ghassemi, 2010). The Fridsma planing 
hull in six degrees of freedom model was analysed 
by using the finite element method (Akkerman et al., 
2012). In the same year, the hydrodynamic perfor-
mances of a planing vessel were investigated by the 
CFD method based on RANS equations (Yumin et 
al., 2012). The forces acting on a multi-hull tunnel 
vessel were calculated in two degrees of freedom 
using the CFD method (Ghassabzadeh & Ghassemi, 
2014). A systematic series of model tests was car-
ried out to determine the effect of forward speed on 
hydrodynamic derivatives of a monohull planing 
craft (Kazerooni & Seif, 2017).

More recently, due to market needs and in order 
to make the stepped planing hull more efficient, 
marine researchers have devoted much effort to 
exploring it numerically and experimentally. A num-
ber of contributions on the planing stepped hull 
have been made over the past ten years. A mathe-
matical model was developed for the prediction of 
planing hulls with a transverse step (Svahn, 2009). 
Extensive model tests were carried out to present 
a mathematical model to define the stern wake pro-
file of prismatic planing hulls (Savitsky & Morabi-
to, 2010). A series of high speed hard chine planing 
hulls were studied experimentally, with and without 

a step (Taunton, Hudson & Shenoi, 2010). The per-
formance of a stepped planing hull was investigated 
by numerical simulation of non-linear flow on a 2D 
body (Garland & Maki, 2012). Numerical simula-
tions of a hard chine planing hull were performed 
in two cases, with and without a step, in calm water, 
and the effects of the step on the hydrodynamic per-
formance of a planing hull were studied (Veysi et al., 
2014). The results of steady state simulations of flow 
around a stepped planing vessel were presented by 
(Bakhtiari, Veysi & Ghassemi, 2016).

In this paper, the effects of the step forward swept 
angle on the hydrodynamic performance of a hard 
chine planing hull are investigated by the numeri-
cal method of finite volume. For this purpose, the 
transient turbulent free surface flow around the hull 
is simulated by using RANS equations with a stan-
dard k-ε turbulence model coupled with VOF equa-
tions, with the help of Ansys CFX software. Also, 
equations of rigid body motions in two degrees of 
freedom are coupled with fluid flow governing equa-
tions in order to calculate the dynamic trim and sink-
age of the hull. To validate the presented numerical 
model, first the numerical results for a zero-degree 
step angle are compared with experimental ones 
for different Froude numbers. Then, the calculated 
numerical results for drag, dynamic trim, sinkage, 
wetted keel length, wetted chine length, wetted sur-
face and pressure distribution on the hull are present-
ed for four different step forward swept angles, and 
the effects of these angles on hydrodynamic perfor-
mance are discussed.

Governing equations

In order to predict the hydrodynamics of a planing 
vessel in calm water, the hull is considered as a rig-
id body with two degrees of freedom of heave and 
pitch, and simulations are carried out in a transient 
state. Therefore, the governing equations of turbu-
lent free surface flow need to be solved in a coupled 
manner with equations of rigid body motions in two 
degrees of freedom.

Governing equations of fluid flow

The governing equations of fluid flow include 
the continuity equation and Navier-Stokes equa-
tion. After applying Reynolds averaging method, the 
RANS equations are obtained as follows:

   0
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where: u, P and g are velocity, pressure and gravity 
respectively. jiuu   

 
 represents Reynolds stresses.

According to turbulence viscosity theory, which 
relates Reynolds stresses to velocity gradients, 
Eq. (2) can be written as:
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where: μeff is effective viscosity and defined as:

 μeff = μ + μt (4)

In order to model turbulence, the two-equations 
k-ε model is implemented, where k is turbulence 
kinetic energy and ε is turbulence dissipation rate. 
Then, the turbulent viscosity is calculated by the fol-
lowing equation:
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where: Cμ is a constant. k and ε are calculated from 
the following transport equations:
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where: σk, Cε2 and Cε1 are constants, and pk is turbu-
lence production due to viscous forces.

Here, the volume of fluid (VOF) model is used to 
capture the air and water interface. In this case, the 
following transfer equation is solved to calculate the 
volume ratio of the two phases: 

   0

 u
t
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If 𝛼 = 0, the computational cell is inside the air, 
and if 𝛼 = 1, it is inside the water. 0 < 𝛼 < 1 indicates 
that the cell is located at the free surface.

In the VOF model, effective density and viscos-
ity inside each computational cell are used in Navi-
er-Stokes equations, as follows:

   wateraireff 1    
 

 (9)

   wateraireff 1    
 

 (10)

Equations of motion for rigid body

The transitional motion equation of centre of 
gravity for a rigid body is stated as:

  extFXm G
  
 

 (11)

where: GX  
 
 is transitional acceleration tensor, and m 

is the mass of the body.
The rotational motion equations about the centre 

of gravity can be written as:

  extMI G  
 

 (12)

where: G  
 
 is angular acceleration tensor, and I is the 

moment of inertia tensor.
In Eqs (11) and (12), the external forces and 

moments include the weight of the vessel and those 
exerted by the fluid.

In this study, equations of motion are solved in 
two degrees of freedom, including one transitional 
equation along the z-axis for heave and one rotation-
al equation around the y-axis for pitch. The value of 
mass and pitch moment of inertia are 19.94 kg and 
1.27 kg·m2, respectively.

Solution domain and boundary conditions

The present study is carried out on a hard chine 
stepped planing vessel. This model, named C1, 
was tested at the University of Southampton and 
its experimental results are available for public use 
(Taunton et al., 2010). The specifications of this 
model are presented in Table 1 and a sketch of the 
model is shown in Figure 2.

Flow around the vessel can be assumed to be 
symmetrical with respect to the centre plane of the 
hull. Therefore, the solution domain is reduced to 
half the full domain. The distances of domain bound-
aries from the hull are determined in such a way that 
applying correct boundary conditions will be possi-
ble. Solution domains with applied boundary condi-
tions are shown in Figure 3.
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Table 1. Model specifications

Parameter Value
Length overall (m) 2
Breadth (m) 0.46
Draft (m) 0.09
Deadrise angle (degree) 22.5
Distance of the step from transom (m) 0.62
Height of step (m) 0.02
Mass (kg) 19.94
Pitch moment of inertia (kg·m2) 1.27
Longitudinal distance of centre of gravity from  
transom (m) 0.742
Vertical distance of centre of gravity from keel (m) 0.099

Domain discretisation

The most important procedure in a numerical 
analysis is computational grid generation. The grid 
type and size of elements have great influence on 
the accuracy and convergence of solutions. Due to 
the complex geometry of the solution domain, an 
unstructured mesh including tetrahedral cells is used 
to discrete the domain. Because of large velocity 
gradients in wall-normal direction, an inflation layer 
mesh with high resolution is applied inside the bound-
ary layer region of the flow. In layer mesh generation, 
the y+ plus value and the number of computational 
nodes inside the boundary layer are very important 
and depend heavily on the selected turbulence mod-
el. In this research, the k-ε turbulence model with 

y+ = 50 is considered. There are approximately twen-
ty layers inside the boundary layer. In order to better 
approximate the curvatures and sharp corners, the 
size of elements on the hull surface is fine enough. 
Moreover, the size of cells is decreased within two 
other regions where large gradients of solution vari-
ables are expected. The first region is around the free 

Figure 2. The sketch of the C1 stepped planing hull

Figure 3. Solution domain and boundary conditions

Figure 4. Computational grid around the hull, a) Full 
domain, b) Near field domain, c) Step region
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surface, and the second is a part of the first region 
near the hull in which flow separation from chine, 
step and water spray occurs. The computational grid 
generated around the hull is shown in Figure 4.

In this paper, the dynamic mesh method is used 
for time-dependent analysis. In this method, the com-
putational grid is updated with the hull movement at 
each time step. In order to prevent deformation of 
the inflation layer mesh inside the boundary layer, 

mesh rigidity is applied to a distance of 30 mm from 
the hull so there is no deformation in the boundary 
layer mesh with the hull movement in time.

To evaluate the mesh independency of the 
obtained solution, computations were carried out 
in computational grids of different cell numbers for 
zero step forward swept angle. For instance, the vari-
ations of drag in terms of the number of cells for the 
Froude number 3.34 are shown in Figure 5.

Validation of numerical model

In this section, the numerical results obtained for 
zero-degree angle of step are presented and validat-
ed against experimental results. The stepped hull 
model studied in this paper was tested by Taunton 
et al. for zero-degree angle (Taunton et al., 2010), 
and the experimental results of wetted keel length 
(Lk), wetted chine length (Lc), dynamic sinkage 
(Zv), dynamic trim (θv) and drag force were present-
ed. Numerical results of Lk, Lc, Zv, θv and drag for 

Figure 6. Comparison between numerical and experimental results for Lk, Lc, Zv, θv and drag at different Froude numbers

Figure 5. Mesh independency diagram for FnL = 3.34
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different Froude numbers are compared with exper-
imental results in Figure 6. This figure shows good 
agreement between the numerical and experimental 
results. The average error for wetted keel length, 
wetted chine length, dynamic sinkage, dynamic trim 
and drag force are 10.7%, 6.3%, 12.1%, 33.8% and 
9.2%, respectively.

The stable positions of the hull, with stern wake 
profiles at centreline, are illustrated in Figure 7 for 
Froude numbers 1.89 and 3.34. In the same figure, 
the calculated wake profiles are compared with 
Savitsky’s formula (Savitsky & Morabito, 2010), 
which again shows a good agreement.

Results

The numerical results calculated for different step 
forward swept angles are presented, and the effects 
of these angles on the hydrodynamic performance of 
a vessel are investigated and discussed. The calcula-
tions were performed for five step angles of 0, 3, 6, 
8 and 10 degrees at two Froude numbers, 1.89 and 
3.34. In order to create the desired step angle, the 

zero-degree step was rotated about the middle point 
of the half-breadth by α degrees, so that the area of 
the fore and aft hulls and displacement remained 
constant. The step forward swept angle of α is illus-
trated in Figure 8.

Dynamic trim and sinkage

Variations of dynamic trim and sinkage in terms 
of the step forward swept angle are shown in Fig-
ures 9 and 10 for Froude numbers 1.89 and 3.34, 

Figure 7. Comparison between the numerical results and Savitsky’s empirical formulas for wake profile, (a) FnL = 1.89, (b) 
FnL = 3.34

(a)

(b)

Figure 8. Step forward swept angle of α
Figure 9. Variations of dynamic trim and sinkage in terms of 
step forward swept angle for Froude number 1.89
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respectively. Generally, it can be seen that the trim 
and sinkage are increased by increasing the step 
angle from 0 to 10 degrees for Froude number 1.89. 
The increase in trim and sinkage are 13% and 6%, 
respectively. Also, for Froude number 3.34, the trim 
and sinkage are first increased and then decreased, so 
that the maximum values of trim and sinkage occur 
at the angle of 6 degrees. The increase of trim at this 
angle is 10%, while the increase of sinkage is 5%.

Drag force and wetted surface

In Figure 11, the change in drag force due to step 
forward swept angle variations is shown for Froude 
numbers 1.89 and 3.34. It is obvious that the drag 
reduces with step angle at Froude number 1.89. The 
minimum drag occurs at a step angle of 10 degrees 
(a reduction of 3.5% relative to the zero-angle step). 
Also, for Froude number 3.34, the minimum drag 
occurs at a step angle of 6 degrees (a reduction of 
9.5% relative to the zero-angle step). It is known 
that the drag is a function of wetted surface area; 
on the other hand the wetted surface area is a func-
tion of the hull position (i.e. dynamic trim and sink-
age). Increasing trim and sinkage leads to wetted 
area reduction, and consequently drag reduction. 
The variations of drag presented in these figures 
are therefore consistent with the trim and sinkage 
diagrams shown in the previous section. The wet-
ted surface area for different step angles at Froude 
number 3.34 are illustrated in greater detail in Fig-
ure 12. It is obvious that the minimum wetted area 

occurs at a step angle of 6 degrees, corresponding 
to minimum drag, and the maximum wetted area 
occurs at a step angle of 0 degrees, corresponding 
to maximum drag.

Figure 10. Variations of dynamic trim and sinkage in terms 
of step forward swept angle for Froude number 3.34

Figure 11. Variations of drag force with step angle at Froude 
numbers 1.89 and 3.34

Figure 12. Wetted surface areas for different step angles at 
Froude number 3.34
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Conclusions

The effect of the step forward swept angle on the 
hydrodynamic performance of a hard chine plan-
ing hull was numerically studied. The transient tur-
bulent free surface flow around the hull was mod-
elled by using RANS equations with a standard k-ε 
turbulence model coupled with VOF equations. In 
addition, rigid body equations for two degrees of 
freedom were solved in a coupled manner with fluid 
flow governing equations in order to calculate the 
heave and pitch motions of the vessel. The presented 
numerical model was validated against experimen-
tal results. Based on the good agreement between 
numerical and experimental results, it is concluded 
that the numerical model presented in this study can 
be used as an accurate model to predict the hydro-
dynamic performance of hard chine stepped plan-
ing hulls. Moreover, the effects of the step forward 
swept angle on drag are relatively significant, and 
the angle of step corresponding to minimum drag is 
dependent on Froude number value, so that a max-
imum reduction of about 3.5% at a step angle of 10 
degrees occurred for FnL = 1.89, and a maximum 
reduction of about 9.5% at a step angle of 6 degrees 
for FnL = 3.34.
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