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Abstract

Laboratory measurements are performed to find the performance in calm water of a planing hull with two swept steps.  
Furthermore, a mathematical model, based on the 2D+T theory, is adapted to provide a fast and accurate simulation for 
performance prediction of this craft. The trim angle of the vessel is seen to reach to two peaks, one in pre-planing and on in the 
early planing speed, then converges to a small value around 2 degrees. A small wetted area is seen to appear near the chine of the 
middle body of the vessel at early planing speed. Laboratory measurements and mathematical computations are seen to be in 
good agreement, especially at very high-speeds. Overall, the mathematical model is found to be a useful tool for performance 
prediction of boats with swept steps, which can have different, but better performance in comparison with stepless and boats with 
transverse steps.
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1. Introduction

Stepped planing hulls have sparked up tremendous interest 
in recent years, and many researchers have tried to provide 
understanding about their performance in smooth/rough 
water. These vessels are well known for their special body 
form, which allows them to operate at higher speeds in a more 
stable condition (the centre of pressure is shifted toward the 
transom). A very important advantage of stepped hull respect 
to a monohull is great longitudinal stability in rough water 
too. This stability is inside in this hull and respect to the 
catamaran and the hydrofoil do not need any stability system 
as reported in [1].

The presence of a step on the bottom of a planing hull has 

been found to lead inflow (water) separation. Subsequently, 
the wetted surface of the vessel decreases and another 
pressure area (accompanied by significant vertical force) 
emerges in the reattachment region (where the water reaches 
the bottom) [2, 3]. The step height and its position are found 
to have significant effects on the performance of the vessel [4, 
5]. When the step is located very close to the transom, it may 
just decrease the resistance of the vessel [6]. Larger step 
height has been observed to increase the ventilation length, 
which can also increase the lift force of the vessel. Increasing 
the number of steps has been seen to be effective, i.e., two 
steps can make the vessel more stable, while the resistance 
decreases [7]. Many authors have tried to measure the 
performance of double-stepped planing hulls (hulls with two 
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1. Introduction

Stepped planing hulls have sparked up tremendous interest 
in recent years, and many researchers have tried to provide 
understanding about their performance in smooth/rough 
water. These vessels are well known for their special body 
form, which allows them to operate at higher speeds in a more 
stable condition (the centre of pressure is shifted toward the 
transom). A very important advantage of stepped hull respect 
to a monohull is great longitudinal stability in rough water 
too. This stability is inside in this hull and respect to the 
catamaran and the hydrofoil do not need any stability system 
as reported in [1].

The presence of a step on the bottom of a planing hull has 

been found to lead inflow (water) separation. Subsequently, 
the wetted surface of the vessel decreases and another 
pressure area (accompanied by significant vertical force) 
emerges in the reattachment region (where the water reaches 
the bottom) [2, 3]. The step height and its position are found 
to have significant effects on the performance of the vessel [4, 
5]. When the step is located very close to the transom, it may 
just decrease the resistance of the vessel [6]. Larger step 
height has been observed to increase the ventilation length, 
which can also increase the lift force of the vessel. Increasing 
the number of steps has been seen to be effective, i.e., two 
steps can make the vessel more stable, while the resistance 
decreases [7]. Many authors have tried to measure the 
performance of double-stepped planing hulls (hulls with two 
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steps), commenting on the optimum location of the step (see 
e.g. in [8-10]). But these measurements all helped us to 
understand the effects of step position on the performance of 
the vessel. The shape of the step, which can be swept (facing 
transom/bow) also affects the performance of the vessel [11].
Such an effect has been poorly understood and needs to be 
investigated. Laboratory measurements that can be performed 
in the towing tests can be used to provide an early 
understanding of the performance of boats with swept steps. 
But, in addition to measurements, we need a method that can 
provide us with the performance of the vessel rapidly [12].

Different methods have been developed to predict the 
performance of stepped planing hulls in calm water and 
waves. Empirical methods, which are developed by adapting 
Savitsky’s method [13] to estimate running attitudes of 
planing hulls are the first, but the simplest, group of 
techniques used to model stepped boats in calm water 
condition. When empirically based equations are used, the 
most important challenge is to find the free surface elevation 
behind the step, which may provide us with the wetted area of 
the lifting surface locating behind it [14]. Some authors have 
used the empirically based equation proposed by Savitsky and 
Morabito to find the mentioned wetted area (see e.g. in [15]). 
But some other authors have used a linear estimation for the 
wake behind the step (see e. g. in [16]). The former 
assumption has been found to work well for the case of the 
one-step hull and the latter is found to work properly for the 
case of double-stepped planing hulls [17, 18].

Boundary Element Method (BEM), that can solve the 
linear or fully nonlinear ideal fluid flow around a planing hull 
is the second technique that can be used to model the 
performance of a planing hull [19]. Such a method has been 
previously used to model the stepless vessels (non-step hulls) 
and has been recently used to simulate the stepped boats [20]. 
But, most of the methods focus on the prediction of lift force, 
and neglect performance prediction. In other words, authors 
rarely used BEM to find the equilibrium condition (while they 
can), and compute the hydrodynamic pressure acting on the 
boat. One of the main reasons for doing so is that the BEM 
can be time-consuming when we need to find the equilibrium 
condition [21].

Computational Fluid Dynamics (CFD), which offers the 
numerical simulation of viscous laminar/turbulent two phases 
flow [22] around a planing hull is another method that can be 
used to model stepped planing hulls in water and waves [23-
26]. The method has good accuracy in the prediction of 
running attitudes of the boat if proper mesh and model set-up
is used [27, 28]. However, the only concern with the method 
is time. It can be highly time-consuming, needing High-
Performance Computers (HPC) to run different cases.

2D+T method is a mathematically based method that can 
be considered as the last option to model the performance of a 
stepped planing hull [29]. A transverse plane is assumed to be 
in the path of the vessel and boat is supposed to pass through 
it [30]. As a result, the three-dimensional planing problem is 
reduced to a two-dimensional water entry problem, needed to 
be solved in time-domain [31]. The method has been used 
since the 1970s, and provided simulations for different 
planing problem, from steady performance [32-35] to
manoeuvring simulations [36-38]. It has been recently 
observed that 2D+T method can be used to model the 
performance of a stepped planing hull operating in water and 

waves [39-41]. The method has been seen to have reasonable 
accuracy in prediction of the resistance of the vessel 
(comparisons were made against laboratory measurements of 
Ref. [8-10]) and nonlinear behaviour of the vessel in waves.

In the current research, we use the laboratory tests to 
measure the running attitudes of a planing hull with two swept 
steps in calm water conditions, which can provide us with 
meaningful information about the hydrodynamic of such 
vessels. Besides, we adapt the 2D+T method to provide a 
reliable fast mathematical tool for computation of the 
performance of these vessels. The rest of the paper is 
organized as follows. The experimental model is described in 
Section 2. The vessel, the materials, and the test plans are all 
explained this Section. We have formalized the mathematical 
model in Section 3. Section 4 presents the main results of the 
current paper, including measurements and computations. We 
compare measurements against computations and comment 
on the accuracy of the 2D+T method in this section. A 
summary of the current research is presented in Section 5.

Nomenclature

B Beam of the boat
Cf Frictional coefficient of the ith body
FrB Beam Froude number
L Length of the boat 
LCG Longitudinal Center of Gravity 
SW Wetted area of the ith body
V Forward moving velocity of the boat 
β Deadrise angle of the boat 
βL Local deadrise angle of the boat of the ith body
Δ Weight of boat 
τ L Local trim angle of the ith body
θ Dynamic trim angle of the hull
Rf Frictional drag on pressure area 
Rs Frictional drag of Whisker spray
Rp Pressure drag 
Rt Total resistance of the vessel
g Gravitational constant
p Pressure of the ith body 
ρw Water density 
c Half beam of spray in transverse plane 
Cr Transom/ step reduction 

2D
HDf Hydrodynamic force of each section of the ith 

body 
2D

HSf Hydrostatic force of each section
l distance from wedge apex in the direction of 

wedge wall
t Time
w Impact velocity 
y Lateral distance from wedge apex
x, y, z longitudinal (positive forward), transverse 

(positive starboard), and vertical distances 
(positive downward) from CG (Oxyz)

ξ, η, ζ longitudinal (positive forward), transverse 
(positive starboard), and vertical distances 
(positive downward)

Subscript z force component in heave direction
Subscript θ force component in pitch direction
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2. Experimental model

2.1 The planing model

A two stepped planing model is built by MV Marine S.r.l. and 
tests are developed in the towing tank of the University of 
Naples “Federico II”. The vessel has a length of 0.935 m and 
a (chine) beam of 0.22 m. The maximum beam of the vessel is 
0.335 m. The model has two steps. The front step (first step) 
is located at 0.400 L (from transom) and the rear step (second 
step) is located at 0.158 L (from transom). Both steps are 
swept with an angle of 66.06 degrees and face bow of the 
vessel. The heights of front and rear steps are respectively 
0.0064 L and 0.0064 L. The vessel is made up of Fiber 
Reinforced Plastic (FRP). The centre of mass the vessel is 
located at 0.33 m (from the transom) and 0.085 m (from the 
bottom). The weight of the vessel is 30.51 N. The body plan 
of the vessel is shown in Figure 1. Details of the hull model 
scale are reported in Table 1. A picture of the model, taken in 
the towing tank, is illustrated in Figure 2.

Fig. 1. The body plan of the planing model with two swept steps.

Table 1. The C07 model details.

Parameter Value
Length overall: LOA (m) 0.935
Breadth max: BMAX (m) 0.335

Deadrise angle at transom (°) 23,0
Steps height (mm) 6
Displacement (N) 30.51

LCG (%L) 35.3
Model scale 1:10

Fig. 2. A picture of the planing model with two swept steps from the top 
view.

2.2. Test material

Laboratory measurements are performed in the towing tank of 

the University of Naples “Federico II”. The towing tank is 
137 m length and 9 m wide. The depth of the tank is 4.25 m. 
The tank is filled with fresh water with a density of 1000 
kg/m3. A picture showing the tank is displayed in Figure 3. 
The tank is equipped with different facilities and a wide range 
of tests, including resistance and wave-induced motions tests 
can be carried out there. Many different experimental tests 
have been performed in this tank (see e.g. in [27]). The vessel 
is towed with a carriage, which can reach a speed up to 10 
m/s, attached to the bow of the vessel. A camera moves at the 
same time, which can take photos from the top view of the 
vessel. The load cell, located on the towing carriage and 
connected to the model through a wire, can measure the 
resistance force acting on the hull model. The calm water 
resistance experiments were conducted using the “down-
thrust” (DT) methodology with a towed point located in the 
hull bow, more details about this procedure are available in
the papers Refs. [27] and [42]. The running attitudes of the 
vessel, including the trim angle and sinkage, are measured 
using an accelerometer and lasers, respectively locating on the 
hull model and on the carriage.

Fig. 3. A view of the towing tank in the University of Naples “Federico 
II”.

Fig. 4. The schematic of experiments performed to measure the running 
attitudes and resistance of the vessel.

2.3. The test plans

Tests are performed at eight different speeds covering planing 
and semi-planing regimes. The minimum tested speed is 1.29 
m/s and the maximum tested speed is 8.05 m/s. At each speed, 
the resistance of the vessel and its running attitudes are 
measured. Each test is performed several times to assure that 
the measurements are reliable. To run each test, the vessel is 
towed in the whole tank. Measurements are calibrated, and the 
data of the equilibrium is used. The equilibrium condition 
data corresponding to the condition the longitudinal 
acceleration of the vessel is zero. The mean value of the 
recorded resistance and trim angle are set to be the final 
values. A schematic of the test plan is shown in Figure 4. 
Note that, the equilibrium condition is set for a length of 
around 80 m in each test.
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3. Mathematical model

3.1. The steady performance of a planing hull

To establish the mathematical model, it is assumed that the 
vessel is moving with speed V in equilibrium condition as 
shown in Figure 5 (see the upper panel). Two coordinate 
systems of Oxyz and Gζηξ are considered. The former is a 
hydrodynamic-frame, which is attached to the vessel but only 
have longitudinal motion. The latter is a body-frame and can 
have any motion (see e.g. in Ref. [43]). The thrust force is 
assumed to pass through the CG of the boat, and thus it 
doesn’t have any influence on the performance of the vessel at 
all (see similar assumptions in Refs [13] and [44]). The vessel 
obeys the rigid-body dynamic law, and the governing 
equation in the equilibrium condition can be established as 

0 0= → =∑ zF W z- F                                                  (1)

and 

0 0.θ θ= → =∑F F                                                          (2)

for heave (linear vertical) and pitch (angular vertical) 
directions. F refers to the force or moment acting on the 
vessel. F denotes the force or moment caused by the pressure 
(which can be caused by hydrostatic and hydrodynamic 
pressure). The resistance of the vessel is assumed to be 
composed of three components, including the friction (f), 
spray (s) and pressure (p) [45, 46]. It can be formulated as

= + +t f p sR R R R                                                              (3)

The body of the vessel is divided into three lifting 
surfaces, including the fore (shown with i=1), central (shown 
with i=2), and aft (shown with i=3) bodies. Forces, including 
pressure forces (in vertical directions) and resistance force 
acting on the whole planing surface, are assumed to be 
summations of forces acting on each planing body as

Fig. 5. The planing hull moving forward in calm water condition (upper 
panel) and forces acting at each lifting surface (lower panel).
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3.2. 2D+T theory for the double-stepped hull

The pressure forces acting on each lifting surface are found 
using the 2D+T theory. As explained earlier, when 2D+T 
theory is used, it is assumed that the vessel passes through a 
2D transverse plane. Accordingly, we assume that each lifting 
surface passes through a plane as shown in Figure 6 [47]. We 
deal with three water entry problems. For the case of each 
water entry problem, a solid wedge with a beam of B enters
water with vertical speed of

sin( ).θ τ= + Lw V                                                              (9)

where θ is the trim angle of the vessel and τL is the local trim
angle of the lifting surface (see details in Refs. [15, 16]). The 
time is converted to a longitudinal position using

.
cos( )

ξ
θ τ

= − +
+ CG

L

Vt L                                                (10)

where LCG is the longitudinal position of CG.

Fig. 6. 2D+T theory for a planing hull.

The hydrodynamic pressure acting on the wedge is 
computed using the Bernoulli equation and Wagner solution 
as

( )2 2 1/2 2 2 2 2 1( ) 0.5 ( )ρ − −= − − −wp wcc c y w y c y (11)

where ρw is the water density. c and c respectively refer to 
the spray position root and its time rate, which depend on the 
deadrise angle of the section [48, 49]. The formulation for the 
determination of these two parameters is presented in [39]. 
Here, y refers to the transverse distance from the centre of the 
section. The sectional hydrodynamic forces are found by 
integrating the pressure over the wetted area of the wedge as
[50],
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( )( )cos .β β= +∫ Lp
l

dl2D
HDf                                          (12)

where βL is the local deadrise angle of the lifting surface  
(details are given in Ref. [16]). The sectional hydrostatic force 
of the lifting surface is computed as

ρ= g ,A2D
HSf                                                                      (13)

where A is the wetted area of the wedge, which is found by 
assuming the water-pile up (see details in [51]). The final 
force acting on each section is computed by integrating the 
sectional force over the length of the lifting surface as

( ) ( )( )ξ θ τ ξ= − + +∫
K

r L
L

C sin dzF 2D 2D
HD HSf f            (14)

where ( )ξrC is an empirical function that is used to 
implement the influences of the step/transom (Kutta boundary 
condition) on the pressure [52, 53]. The pitching moment of 
each planing surface is found by

( )

( )
θ

ξ θ τ ξ ξ

ξ ξ ξ

 − +
 

=  
−  

 

∫

∫

r L
Lk

r
Lk

cos( ) d

d
F

2D
HD

2D
HD

C f

C f
                     (15)

3.3. 2D+T theory for the double-stepped hull with swept steps

The frictional resistance of the vessel is computed by

21 ;
2
ρ=f w fR S V C                                                          (16)

where wS is the wetted surface of the i-th lifting surface and 
is found by

 or S ;
cos( ) cos( )

ξ ξ

ξ ξ
ξ ξ

β β β β
= +

+ +∫ ∫
T

k

c

w c
L L

c bS d d        (17)

where ξk and ξc refer to the longitudinal sections at which 

the keel and the chine get wetted for the very first time. fC is 
the frictional force coefficient and is computed using the 
ITTC 78 [54]. The frictional force caused by the spray is 
estimated using 

21
2
ρ=s s fR S V C                                                             (18)

where

 or S

1{ tan(1.5(tan ( / ))) }
cos( )

( )
cos( )

ξ

ξ

ξ

ξ

ξ ξ ξ
β β

ξ
β β

− −
=

+
−

+
+

∫

∫

k

T

c

s
L

c
L

c cS d

b c d
               (19)

The pressure drag is computed by

( )ξ θ τ ξ= − +∫p r L
Lk

R sin( )d2D
HDC f                            (20)

3.4. Guideline for performing the computations

Running attitudes of the vessel along with its resistance are 
found using an iterative scheme. Initial values for the trim 
angle and keel wetted length of the vessel are first guessed. 
Then the mathematical method is used, and heave force acting 
on the vessel is found. It is checked whether the computed 
heave force leads to equilibrium condition in heave direction 
or not. The equation

ε− <zF W                                                                     (21)

helps us to do so. If the Eq. 21 was not satisfied, a new keel 
wetted length is guessed. This loop last as long as the 
equation is not satisfied. As the equilibrium condition in the 
heave equation was found, it is evaluated whether the 
computed pitch moment satisfies the equilibrium condition 
through

θ ε<F .                                                                             (22)

Fig. 7. The computation algorithm used for computation of the calm-
water performance of the vessel.

If equation 22 is not satisfied, a new value for the trim 
angle is guessed. The iterations are performed until the correct 
trim angle and is found. The resistance of the vessel is then 
found by substituting the computed values for trim angle and 
wetted length in equations 16 through 20.

4. Results

Measured and mathematically computed values of resistance, 
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trim angle and wetted area of the vessel are reported in this 
section.

Figure 8 shows the values of resistance at different Froude 
Numbers (R vs. FrB). The resistance of the vessel is seen to be 
increased by the increase in Froude Number as expected. As 
seen, the resistance of the vessel slightly increases at beam 
Froude Numbers ranging from 0.71 to 2.55, and then the slope 
of the increase in resistance grows (FrB> 2.96).  Results of 
2D+T method (circle symbols) are seen to agree with 
measured data (plus symbols) at most of the speeds. 
Mathematical results are seen to follow the experimental 
results. The largest error is seen to occur at beam Froude 
Number of 1.72 (see Table 2). Note that, this Froude Number 
doesn’t correspond to the fully planing regime. The error can 
be attributed to the transition from pre-planing to fully 
planing, which is needed to be further investigated in future.

Table 2. Errors of the 2D+T method in prediction resistance, trim angle and 

wetted area at different speeds.

V (m/s) FrB Eτ% ER% wSE %

V (m/s) 0.71 8.17 -0.36 17.93
1.29±0.0015 1.30 -5.23 4.55 17.47
2.36±0.0036 1.73 -3.28 23.55 14.70
3.13±0.0056 2.55 14.59 6.19 15.99
4.63±0.0106 2.96 -5.67 7.57 14.30
5.37±0.0129 3.50 -3.61 4.17 8.03
6.34±0.0145 4.03 11.03 1.17 -0.81
7.30±0.0177 4.44 -9.25 7.15 5.60

Fig. 8. The resistance of the studied planing model at different Froude 
Numbers. Circle and plus markers respectively refer to the laboratory 

measurements and mathematical results. Average experimental precision 
error measurement of model resistance, performed in accordance with [55], is 

0,42% of resistance measured.

Fig. 9. As of Fig. 8, but for the trim angle. Average experimental precision 
error measurement of trim angle, performed in accordance with [55], is 

±0,012 deg.

As shown in the legend, measured (plus symbols) and 
computed (circle symbols) values of trim angle are presented 
in Figure 9. The trim angle of the vessel is seen to increase 
from 1.8 degrees to 3.4 degrees as FrB increases from 0.71 to 
1.3. Then, the trim angle is seen to decreases and reaches 2.7. 
But the trim angle again increases as the Beam Froude 
Number increases from 1.73 to 2.55. At larger Froude 
Numbers, the trim angle slightly decreases and converges to 2 
degrees. Mathematical predictions are observed to be in good 
agreement with experimental data. The 2D+T method under-
predicts trim angles at most of the speeds, but the error never 
goes beyond 15 percentage. The maximum error is seen to 
occur at beam Froude Number of 2.55. Note that the 
resistance was predicted with fair accuracy at this speed. 
Overall, the accuracy of the 2D+T method in the prediction of 
the resistance of the vessel is satisfactory. Moreover, both 
mathematical and experimental observations showed two 
peaks exists in the τ vs. FrB plots, which is not common for 
the case of non-stepped planing hull and doubled-stepped 
planing hulls with transverse steps.

The wetted area of the vessel is reported in Figure 10. 
Both measurements and computations are presented in this 
figure. The wetted area of the vessel is seen to decrease by the 
increase in speed but finally converges to a constant value. At 
the smallest speed, the results of 2D+T method and measured 
values don’t fit. But, by the increase in the speed, the 
converge to each other, and match. Overall, the 2D+T method 
has favourable accuracy in the prediction of the wetted area of 
the planing boat with two swept steps.

Fig. 10. As of Fig. 8, but for the wetted area.

Experimental Result Mathematical Method

Fig. 11. Comparison of the wetted area pattern found in experiments (upper 
panel) against what was observed in computations (lower panel) at beam 

Froude Number of 2.55. The line area near the transom is a mixed air/water 
flow.

Figure 11 shows the top view of the measured (upper pane) 
and computed the wetted surface of the vessel at the speed of 
4.61 m/s, which corresponds to the beam Froude Number of 
2.55. The wetted area of the front area of the vessel is seen to 
be like the measured wetted area. The computed wetted area 
of the middle lifting surface is seen to be different from what 
was observed in laboratory measurements. In the 
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measurements, a wetted area is observed to emerge, which is 
not found by mathematical simulations. The wetted area near 
the keel, however, is seen to be larger. Overall, the area of the 
wetted surface of the middle body is found to be like 
experimentally measured value.

5. Conclusion remarks

In the current paper, the calm water performance of a 
planing model with two swept steps was studied to improve 
the understanding of the performance of the stepped hull. The 
performance of the model was tested in a towing tank, located 
in the University of Naples “Federico II”, at different speeds, 
ranging from pre-planing to clean planing. A mathematical 
method was also developed using the 2D+T theory, which can 
provide us with a fast tool for simulation of the steady 
performance of boats with swept steps.

Results indicated that two peaks exist in the trim angle vs. 
Froude Number plot of the vessel, which is not common for 
the stepless boats. The wetted area of the boat, as well as its 
trim angle, were found to converge by the increase in the 
beam Froude Number of the vessel. Results of the 2D+T 
method were seen to agree with the laboratory measurements, 
especially at very high-speeds. The accuracy of the 2D+T 
method in the pre-planing regime was satisfactory. Pictures 
taken from the top view of the vessel showed that a small 
wetted surface appears near the chine of the middle lifting
surface, which misses in the mathematical computations.

Overall, swept steps can lead to a larger hydrodynamic lift 
in the middle and rear lifting surfaces of the vessel, reducing 
the resistance of the vessel. They can be used for different 
aims, especially when we are seeking for higher speeds. The 
2D+T method can be very helpful in prediction of the 
performance of these boats, but its accuracy in prediction of 
the wetted area is needed to be increased in the future.

Future works

This paper is a part of a research project with the aim of the 
validation of the abovementioned mathematical model for the 
evaluation of performance in still water and wave condition of 
the planing hull and in particular the stepped hull. The on-
going work is about a wide validation campaign involving the 
mathematical model output, the CFD results, and 
experimental data of double-stepped hull. These results will 
be published in an incoming paper.
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