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Abstract. It is well known that the dynamic of the stepped hull in real scale is rather
complex and it’s not easy to predict that using empirical or mathematical approaches,
and by the numerical and experimental way as well. Moreover, there is a huge lack
in the literature of data related to sea trials of the stepped hull. Furthermore, the
reliability of full-scale CFD simulations is not widely proven and validated
especially for high speed and planing hull. For these several reasons, in this paper,
the authors are focused on the comparison of the results carried out from model
experimental tests performed in the model basin, full-scale CFD simulations, and
sea trial tests. The performed simulations in full-scale have been compared to the
extrapolated experimental tests and the sea-trial results. Moreover, the dynamic trim
angle and the dynamic wetted surface have been taken into account to assess the
reliability of the full-scale simulation performed. The stepped hull considered is a
Mito 31 outboard Rigid Inflatable Boat (RIB) built by MV Marine Srl Company.
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1. Introduction

Planing hull with steps on the bottom represents an improvement of the
hydrodynamic behavior of these types of crafts. The step on the bottom of the planing
hull cause flow separation from the steps and create an air cavity. Flow separation and
air cavity form due to steps cause a decrease in the wetted surface, a decrease in drag to
lift ratio, and uniform pressure distribution on the bottom of the stepped planing hull
(Savitsky and Morabito [1], Niazmand Bilandi et al. [2]). The height and the longitudinal
position of the step represent a non-trivial issue on the hydrodynamic of stepped planing
hull (Niazmand Bilandi et al. [3]).

There are several experimental, numerical, and mathematical studies that are led to
consider the hydrodynamic behavior of stepped planing hulls. The most important
studies on the performance of the planing hull were performed by Clement and Blount
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[4], Savitsky [5], and Savitsky and Brown [6]. In particular, all formulations (drag and
lift forces) were for planing hull without step. Creating steps on the planing hull has
caused the bottom to be divided into several bodies. The combination of these body
forces must provide for the vertical equilibrium of the stepped planing hull (Savitsky and
Morabito [1], Dashtimanesh et al. [7], Niazmand Bilandi et al. [8]). After presenting the
Savitsky model, researchers such as Svahn [9], Savitsky and Morabito [1], and Niazmand
Bilandi et al. [8] were trying to enhance the Savitsky model into stepped planing hull.
Indeed, Svahn [9] developed a mathematical model for performance prediction of one
stepped hull and uses Savitsky and Morabito’s [1] formulas for separated flow behind
the step. Then, Niazmand Bilandi et al. [8&10] developed a mathematical model for one
and two-stepped planing hull by using 2D+t approach and linear wake theory. Niazmand
Bilandi et al. [11] shown that the 2D+t approach, numerical study, and experimental data
are widespread and credible for a stepped planing hull. The Marine CFD Group of
Eurisco Consulting Srls also brought its contribution to this study.

For the 3D Computational Fluid Dynamics (CFD) method, the full Navier-Stokes
equation is solved for the flow in a fluid domain. Also, numerical methods, such as those
based on CFD simulations, can be used to calculate the water entry problem for boat
sections (Niazmand Bilandi et al. [12]), roll motion (Mancini et al. [13]), Self-propulsion
using virtual disk (De Luca et al. [14], Roshan et al. [15]), hydrodynamic performance
of a stepped hull (De Marco et al. [16], Cucinotta et al. [17], Mancini et al. [18]) and
design and optimization of stepped planing hull (Di Caterino et al. [19]). All of these
researches reached that the stepped hull is very efficient hydrodynamically.

In the present paper, the stepped planing hull with two steps was investigated
through experiment (with 1:10 scale) and CFD (full scale) and sea trial. Operating
conditions were considered in calm water in a range of Froude Numbers (Fr) from 0.5
to 3.0. The rest of the paper is organized as follows. The experimental tests are presented
in Section 2. The numerical model is presented and discussed in Section 3. Section 4
presents the main results of the current paper, including measurements and computations.
A summary of the current research is presented in Section 5.

2. Experimental and sea trial tests

The hull considered for the present study is the Rigid Inflatable Boat (RIB) MITO 31
built by the MV Marine Srl shipyard in Italy. Details of the hull are available in Table 1
and a sketch of the boat is shown in Figure 1. This hull was tested in the Towing Tank
and after the sea-trials were performed and recorded as shown in Miranda and Vitiello
[20].

The experimental tests were conducted at the Towing Tank of the Naval Section of
the Department of Industrial Engineering of the Universita Degli Studi di Napoli
“Federico II”. The main dimensions of the basin are 137.5 m length, 9 m width, and 4.25
m depth. The towing carriage can reach a maximum continuous speed of 10 m/s with a
maximum acceleration of 1 m/s?. The tests were performed following the Froude
methodology with the ITTC’57 [21] friction line. The scale model was defined
considering the maximum ship and carriage velocity.
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Figure 1. RIB Mito 31 sketch — side and front/back view.

About the experimental tests, a non-standard procedure, called “Down Thrust”, has
been adopted to carry out these tests. More details about this method are available in
Miranda and Vitiello [20] and De Marco et al. [16].

About the sea trial tests, all the details about the procedures followed are available
in Miranda and Vitiello [20].

Table 1. Geometrical details of RIB Mito 31.

Unit Value
Loa (Length overall) [m] 9.35
Lwe (Length waterline) [m] 7.55
Bmax (Breadth max) [m] 3.35
Tw (Draft amidship) [m] 2.40
Deadrise angle at transom ] 23.0
Displacement [t] 3.13

3. Numerical tests and procedures
3.1. Theoretical Background

The full-scale simulations were carried out using the Unsteady Reynolds Averaged
Navier-Stokes (URANS) approach. The equation for incompressible flow along with the
continuity equation is given below:
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where U; is the mean velocity in it direction of the cartesian coordinate; p is the
density, P is the mean pressure, u’i Ujis Reynolds stress and v is the kinematic viscosity.
In the present study, the k-« SST turbulence model is used for modeling Reynolds stress
(zij). Detailed information about the turbulence model can be found in Wilcox [22, 23].



3.2. Numerical setup

The URANS simulations were conducted through the commercial CFD code
Siemens PLM Star CCM+. A Semi- Implicit Method for Pressure-Linked Equations
(SIMPLE) to conjugate pressure and velocity field has been used to find the field of all
hydrodynamic unknown quantities, and an Algebraic Multi-Grid (AMG) solver was used
to accelerate the convergence of the solution. A segregated flow solver approach has
been used for all simulations. The free surface has been modeled with the two-phase
VVOF approach with a High-Resolution Interface Capturing (HRIC) scheme based on the
Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM).

The wall treatment approach utilized for all simulations is the All Wall y+. This is a
hybrid approach that emulates the high y+ wall treatment for coarse meshes (for y+>30),
and the low y+ wall treatment for fine meshes (for y+=1). Furthermore, this approach
gives a reasonable answer for meshes of intermediate resolution (for y+ in the buffer
layer), as depicted in Siemens PLM Star-CCM+ v 2019.1 User’s Guide [24].

The URANS simulations were carried out using the Overset/Chimera grid to follow
the hull motions. The linear interpolation method has been applied to establish the
connectivity between the background and the overset region. More details about this
approach are available, for instance, in De Luca et al. [14], and Begovic et al. [25].

The boundary conditions applied and the computational domain dimensions are
shown in Figure 2 and these dimensions comply with the ITTC guidelines [26].
Furthermore, the time step size is determined through the formula suggested by the ITTC
guidelines [26]. The setup adopted for all the simulations is substantially similar to the
simulation setup for the overset grid case exposed in De Marco et al. [16].
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Figure 2. Computational domain with applied boundary conditions.

4, Results and discussions

The sea trial and the extrapolated towing tank results are compared against full-scale
CFD simulation analyzing the following three parameters: total resistance (Figure 3),
dynamic trim angle (Figure 4), and dynamic wetted surface (Figure 5). The resistance



values of the sea trials have been derived from the delivered power through the propeller
efficiency and propulsive coefficients (1o, 7r, #1) estimated with the self-propulsion tests
carried out for the MITO 31 hull and available in Miranda and Vitiello [20]. The equation
used is the following.

Re =Po/(V77.7774) ®)

where V is the speed of the boat. In this evaluation, it is assumed that there is no loss
in the shaft, which is a reasonable assumption since there is a negligible mechanical
connection in the typical outboard engine for small high-speed boats.

The extrapolated towing tank results have the same trend of the sea-trials but
overestimating the resistance by approximately 25-30% with an average of 27.5%
compared to the sea trial results. Considering that towing tank tests are conducted at a
much lower Reynolds number and extrapolated, hence is it important to remember that
the extrapolation of the towing tank results is performed using the standard ITTC’57
procedure [21].

Full-scale CFD simulations have a trend intermediate between the extrapolated
towing tank results and sea trials. Moreover, it can be seen in Figure 5 that the CFD
overestimates the sea trial resistance by approximately 7-30% with an average of 17.3%
and at Fr = 2.33 is extremely close to the extrapolated towing tank resistance value.

The CFD data are provided with the uncertainty bars derived from a previous
verification and validation analysis on a simulation campaign with a similar stepped hull
(De Marco et al. [16]).
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Figure 3. Total resistance comparison between experimental data, CFD (with uncertainty bar), and sea trial.

The dynamic trim angle, differently from the hull resistance, show, for all the
different approaches, more similar trends, as clearly visible in Figure 4. It is observed
that the results of the full-scale CFD are more close to the extrapolated full-scale towing
tank values but underestimate the dynamic trim angle peak. Instead, the extrapolated full-
scale towing tank results underestimate the sea trial trim angle of an average of 17.7%.

Hence, based on these comparisons, it’s possible to observe the reliability of CFD
full-scale simulations to predict the stepped hull performance well than the extrapolated



full-scale towing tank results. This behavior was already detected for a displacement hull
in a recent study (Mikkelsen et al. [27]).
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Figure 4. Dynamic trim angle comparison between experimental data, CFD (with uncertainty bar), and sea
trial.

About the dynamic wetted surface, only the data from CFD and towing tank tests
are available. The comparison in Figure 5 show that the CFD full-scale wetted surface is
consistent with the full-scaled towing tank values, the main discrepancy is detected only
for the lowest and highest Fr values. The overprediction is of an average of 11.0% with
a minimum of 1.8% and a maximum of 24.5%. This comparison errors could appear
huge values but is noteworthy to mention that is largely in line with similar analysis, for
instance, De Luca et al. [14].
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Figure 5. Dynamic wetted surface for full-scale CFD and full-scaled towing tank.

Based on these comparisons it’s possible to observe that the full-scale simulations
appear to be reliable especially observing the good agreement predicting the dynamic
trim angle and the wetted surface. Anyway, the discrepancy detected for the resistance
among the three different sets of data need a deeper investigation, that is a part of the
further on-going investigation.



5. Conclusions

Full-scale resistance CFD simulations for the double-stepped MITO 31 RIB hull
have been performed and compared against extrapolated full scale towing tank results
and sea trials. The results of the full-scale CFD simulations showed an overestimation of
the resistance by approximately 17.3% on average compared to the sea trial results. The
experimental towing tank test results have been extrapolated to ship scale using the ITTC
standard procedure. It was found that this prediction overestimated the hull resistance
with 27.5% on average compared to the sea trial results. Differently from the resistance
for the trim angle, the sea trials test gives a result slightly higher than the towing tank
test and the CFD full-scale results are substantially close to the towing tank data. Anyway,
all the results for the dynamic trim angle show the same trends. Similarly to the dynamic
trim angle, the dynamic wetted surface predicted by full-scale CFD simulations shows a
good agreement with the towing tank scaled wetted surface.

Based on these comparisons, the CFD full-scale simulations seems to be a reliable
tool for the prediction of the stepped hull performance. Anyway, the full-scale
simulations in general, and especially for the high-speed craft, are far to be a mature tool
and needs more investigations and extended campaign of verification and validation:
Unfortunately, it is not so easy to find available and reliable data set of sea trials for the
high-speed craft.
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