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Abstract

In the present paper, the hydrodynamic performance of stepped planing craft is investigated by computational fluid dynamics
(CFD) analysis. For this purpose, the hydrodynamic resistances of without step, one-step, and two-step hulls of Cougar planing
craft are evaluated under different distances of the second step and LCG from aft, weight loadings, and Froude numbers (Fr). Our
CFD results are appropriately validated against our conducted experimental test in National Iranians Marine Laboratory
(NIMALA), Tehran, Iran. Then, the hydrodynamic resistance of intended planing crafts under various geometrical and physical
conditions is predicted using artificial neural networks (ANNs). CFD analysis shows two different trends in the growth rate of
resistance to weight ratio. So that, using steps for planing craft increases the resistance to weight ratio at lower Fr and decreases it
at higher Fr. Additionally, by the increase of the distance between two steps, the resistance to weight ratio is decreased and the
porpoising phenomenon is delayed. Furthermore, we obtained the maximum mean square error of ANN's output in the prediction
of resistance to weight ratio equal to 0.0027. Finally, the predictive equation is suggested for the resistance to weight ratio of
stepped planing craft according to weights and bias of designed ANNSs.

Keywords Stepped planing craft - Hydrodynamic performance - Artificial neural network (ANN) - Computational fluid dynamics
(CFD) - Resistance

1 Introduction have a lower wetted area on the bottom of the planing hull
by using steps due to flow separation. In addition, more uni-
form pressure distribution on the bottom of the stepped plan-

ing hull provides more longitudinally stability in a motion of

Due to special hydrodynamic characteristics of the planing
hulls, these body forms are interested in high-speed crafts.

Using steps in the hull form of these vessels is one way to
develop their hydrodynamic performance or to avoid any
problems or longitudinal instability as porpoising. So, we
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these vessels, especially at higher Froude number (Fr)
(Doctors 1985; Savitsky and Morabito 2010). The number
of steps, the weight load, location of LCG, the position of
the second step in two-stepped planing craft, and Fr are effec-
tive on the hydrodynamic performance of stepped planing
craft. So, there is a necessity for a study on the prediction of
hydrodynamic performance of stepped planing craft under the
given geometrical and physical conditions to obtain an effi-
cient stepped planing hull.

In order to study the hydrodynamic behavior of high-speed
planing crafts, three analysis techniques of experimental tests
(i.e., towing tank test), numerical methods (i.e., based on
CFD), and analytical approaches (i.e., according to regression
formulations) are presented (Yousefi et al. 2013). Therefore,
several experimental, numerical, and analytical studies are
conducted by scholars to investigate the hydrodynamic char-
acteristics of planing crafts. From the perspective of experi-
mental analysis, one of the pioneering investigations on the
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drag and flow around the hull of different series of high-speed
planing hulls was conducted by Blount and Clement (1963).
Another more interesting experimental test was done by
Savitsky (1964a) on the wedge-like hulls. In this study, based
on the regression method, semi-empirical formulations are
suggested to estimate lift and drag forces of simple form plan-
ing craft without step. Some other experimental studies on
resistance of high-speed planing craft, disturbance of water
surface of hard chine high-speed craft, and whisker spray drag
were conducted by Katayama et al. (2002), Bowles and
Denny (2005), and Savitsky et al. (2007), respectively.
Recently, Seo et al. (2016) experimentally studied the hydro-
dynamic behavior, total resistance, and sea keeping of a
monohull vessel equipped by wave-piercing and spray rails.
In both experimental and CFD study, Jiang et al. (2016) stud-
ied the planing trimaran hull under different Fr and
geometrical tunnel models. De Marco et al. (2017) investigat-
ed the hydrodynamic characteristics of the stepped planing
high-speed crafts both experimentally and numerically. In this
study, a series of experimental tests were conducted on one-
step planing craft. Moreover, they studied the flow pattern on
the bottom of the stepped monohull by CFD analysis. Effects
of different artificial air cavity shapes on the hydrodynamic
performance of stepped planing craft were studied by
Cucinotta et al. (2017) via experimental tests. They found
the positive effects of the generated air layer on drag reduction
without any significant negative effects on the lift force of
considered planing crafts.

In the context of numerical analysis of high-speed crafts,
we can refer to Caponnetto’s (2001) works that studied the
hydrodynamical behavior of fixed body under different trim
angles and vessel’s drafts, numerically. The hydrodynamic
behavior of planing crafts was predicted by Brizzolara and
Serra (2007) via CFD codes. Their CFD results compared
with Savitsky (1964b) and Shuford Jr’s (1958) experimental
results indicated the ability of numerical simulation to predict
hydrodynamic characteristics of planing crafts. Hay et al.
(2006) simulated unsteady flow around a prismatic body by
H-adaptive Navier—Stokes technique. Su et al. (2012)

Table 1  Main dimension of modeled Cougar planing craft

Parameter Full scale Model
Scale (X) 1:5

Length (m) 13.187 2.64
Beam (m) 2.9 0.58
Height (m) 1.5 0.3
Draft (m) 1.2 0.24
LCG (m) 5.67 1.134
Height of first and second steps (mm) 125 25
Deadrise angle (deg) 24.43

Table2 Main characteristics of NIMALA towing tank

Length (m) 392
Width (m) 6
Water depth (m) 4
Maximum carriage speed (m/s) 19
Maximum capacity of the force gauge (N) 60

Accuracy of force gauge (FS) % 0.02 (maximum force)

Maximum measurement range of +30
potentiometer (degree)

proposed a new numerical technique according to the
Reynolds averaged Navier—Stokes equations (RANS) to de-
termine the hydrodynamic resistance of planing crafts. In a
numerical study, Garland and Maki (2012) also investigated
the impression of step location and its height on planing craft
motion under fixed draft and trim mode. Recently, Morabito
(2015) investigated the hull side forces of planing craft in yaw
motion by using slender body oblique impact method. Tafuni
et al. (2016) investigated the wave elevation and pressure
distribution on the bottom of a planing craft by using
smoothed particle hydrodynamics (SPH). In 2017, effects of
mass, LCG, and deadrise angle on the porpoising of planing
craft were studied by Masumi and Nikseresht (2017). They
conducted their simulation by CFD software of Fluent com-
pared with semi-empirical formula. In 2017, Sukas et al.
(2017) also simulated the high-speed planing craft using over-
step grids in the CFD package of STAR CCM+ and indicted
the ability of this meshing technique for planing craft model-
ing. In 2018, Amoroso et al. (2018) numerically determined
the optimum trim angle for yacht hulls for obtaining the lowest
resistance. Mathematical and analytical approaches are anoth-
er technique to investigate the resistance, trim angle, draft, and
wetted area of different type of planing crafts (Makasyeyev
2009; Loni et al. 2013; Ghadimi et al. 2014).

Table 3  Experimental test cases
Test No. Hull form Center of mass Velocity (m/s)
compared with
stern (mm)
1 Without step 922 8.05
2 988 11.50
3 1125 14.96
4 One step 988 8.05
5 11.50
6 14.96
7 Two steps 988 8.05
8 11.50
9 14.96
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Figure 1 Body plans of Cougar planing craft
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Up to now, researchers conducted several analytical studies
on the hydrodynamic performance of high-speed crafts. For
example, Niazmand Bilandi et al. (2018) analytically studied
the resistance, wetted surface and dynamic trim angle of a
single-step planing hull by using 2D+T method. Di Caterino
et al. (2018) proposed CFD-based design approach to opti-
mize the un-wetted aft body surface behind the steps. Their
results indicated good accordance compared with the 2D + T
analytical method. Recently, Niazmand Bilandi et al. (2019)
simulated the vertical motion of the two-steps planing hull in
the monochromatic waves using CFD and nonlinear mathe-
matical 2D + T methods.

Nowadays, different soft computing methods are devel-
oped to predict physical phenomena based on accurate exper-
imental or numerical data. One of these methods is the cate-
gory of artificial intelligence tools, especially artificial neural
networks (ANNs) which are interested in the prediction of
physical phenomenon in the field of mechanical and ocean
engineering (Djavareshkian and Esmaeili 2013; Nowruzi
and Ghassemi 2016; Nowruzi et al. 2017a; Mahmoodi et al.
2017; Taghva et al. 2018; Shora et al. 2018; Ahmadi et al.
2020; Nowruzi et al. 2020). Recently, by using a technique

(b)Planing condition

Figure 2 Sample of experimental test for one-step Cougar model con-
ducted in NIMALA
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(c) Applied boundary conditions

Figure 3 Considered boundary conditions

combining CFD and ANNs, Nowruzi et al. (2017b) investi-
gated the lift to drag ratio of conventional 2D and 3D NACA
hydrofoils. In another study, Najafi et al. (2018) predicted the
hydrodynamic performance of hydrofoil-supported
catamarans by ANNs. Radoj¢i¢ and Kalajdzi¢ (2018) pro-
posed the mathematical models for Resistance and Trim of
the Naples Hard Chine Systematic Series by using artificial
neural network (ANN) method.

Based on the cited works, the lack of study related to the
effects of different weight loading, LCG position, and distance
of step from aft body on the hydrodynamic behavior of
stepped planing craft is evident. Moreover, the predictive
equation to determine the hydrodynamic resistance of stepped
planing craft under different geometrical and physical condi-
tions has not been presented so far. So, the principal target of
the present study is to investigate the impression of different
weight loading, LCG position, and distance of step from aft on
the hydrodynamic behavior, especially resistance of stepped
planing crafts. In addition, the predictive equation is suggested
to estimate the hydrodynamic resistance of intended stepped
planing crafts under different geometrical (i.e., position of
step, LCG, and weight loading) and physical conditions (i.e.,
Froude number) via ANNSs. To this accomplishment, we ana-
lyzed the pressure distribution, wave pattern, and streamlines
around the hull models of without step and stepped Cougar

@ Springer



70

Journal of Marine Science and Application

Table 4 Detailed value of

Figure 4 (for one-step Cougar Grid accumulation  Considered mesh resolution Hydrodynamic Dynamic trim  Heave
planing craft) and difference per- (number of cells) resistances (N) (deg) (mm)
centage on hydrodynamic resis-
tances (dra_g)7 dynamic trim a_ng]e’ Coarse 700 000 203 2.60 41.30
and he'fwe by change ques}} Medium 1500 000 191 2.71 42.20
resolution and comparison with gy 3500 000 190.50 2.70 42.40
experimental data .
Experimental data 184.27 2.56 40.42
Coarse to medium 6.28 4.06 2.13
Difference Medium to fine 0.26 0.37 0.47
percentage (%) Medium mesh compared with 3.52 5.53 4.21

experimental data

planing crafts. CFD results are validated against experi-
mental tests which are conducted by the present authors at
National Iranians Marine Laboratory (NIMALA). Then,
we trained an appropriate ANN using ANN’s architecture
analysis to estimate the hydrodynamic resistance based on
the CFD database.

2 Physical Model and Computational
Procedure

In this section, physical model of stepped planing craft is
presented. Then, an experimental setup is described to gener-
ate considered lab data and validate our numerical results.
Afterward, numerical procedure and grid independency anal-
ysis are presented.

2.1 Physical Model and Experimental Setup

We used the V-shape hull Cougar planing craft with scaling
factor of 1:5 and deadrise angle of 24.43°. The main charac-
teristics of the considered model are tabulated in Table 1.
Moreover, three different body forms of a hull without step,
a hull with one step, and another with two-step Cougar

planing craft are considered. Stepped hulls were obtained by
vertical transfer of the keel and the chine of the mother hull
(i.e., without step).

Hull models are fabricated from fiberglass composite, and
they are tested in calm water (with temperature of 293.15 K,
the density of 1002 kg/m’®, and viscosity of 1.19E—6 m?/s).
Hull model dimensions are characterized according to the
blockage factor and dynamic and geometrical similarities.
Hull profile is illustrated in Figure 1. It should be noted that
the test speed was in range of 8.05 up to 14.96 m/s which are
according to Froude number (Frz = V/+/g.B)3.5upt0 6.5.
As stated before, we have conducted experimental tests based
on ITTC 2002 guidelines (P Committee (2002)) in the towing
tank of National Iranian Marine Laboratory (NIMALA),
Tehran, Iran to validate our CFD results. Main characteristics
of NIMALA towing tank are shown in Table 2. Figure 2
shows a sample of conducted experimental test for one-step
Cougar model in the NIMALA. Considered experimental test
cases are presented in Table 3.

2.2 Numerical Procedure

Navier—Stokes and the continuity equations have been used
for three-dimensional simulation of flow around the stepped

Table 5 Convergence result in

grid independency analysis for Grid Considered mesh resolution Hydrodynamic Dynamic Trim  Heave
two-step Cougar planing craft on accumulation (number of cells) resistances (N) (deg) (mm)
hydrodynamic resistances (drag),
dynamic trim ang]e’ and heave by Coarse 1 800 000 133 1.50 11.50
change of mesh resolution and Medium 2500000 131 1.53 11.90
comparison with experimental Fine 3800 000 130.50 1.54 12
ata
Experimental data 125.02 1.45 11.04
Coarse to medium 1.52 1.96 3.36
Difference Medium to fine 0.38 0.64 0.83
percentage Medium mesh compared with 4.56 522 722

experimental data
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Table 6 Numerical dynamic

mesh results compared with Testno.  Center of mass  Velocity (m/s)  Hydrodynamic resistance (N) Trim angle (deg)
experimental data for compared with
hydrodynamic resistance and stern (mm) Exp. Num.  Error (%) Exp. Num. Error (%)
dynamic trim angle of without
step Cougar planing craft 1 922 8.05 121.20 127 4.80 234 252 7.70
988 11.50 230.80 233 0.90 220 235 6.80
3 1125 11.50 25690 269.20 4.70 199 215 8.04

planing craft. The Reynolds averaged version of Navier—
Stokes equations has the following Cartesian form:

op Ou;
S Wt A 1
ot 6x,» ’ ( )

g(p”i)"'i(p“i“j):

ot ox,
2
o 0 ou, ou 0 (_ == )
-+ —~+ L +—(—puiu.)+gi.
ox, Ox; ox, Ox ox, !
[ —

T

where Cartesian coordinates are shown by x; and x;. In addi-
tion, we have velocity components of u; and u;, pressure p,
density p, gravity acceleration g;, and viscosity y. In Eq. 2, the
Reynolds stress tensor is shown by 7;;, and it is determinable
by an appropriate turbulence model. In addition, g is an
effective viscosity that is per= g+t In the present study,
the standard k- model is used, which is a confirmed model
to simulate the flow around a planing craft (Yousefi et al.
2013).In k- model, Reynolds stress has the role of extra eddy
viscosity, and this viscosity as a function of fluid flow is as
follows:
2
W= Cupk? (3)

here, C,, is a dimensionless constant. In addition, turbulence
kinetic energy (Eq. 4) and dissipation rate (Eq. 5) are shown
by k and ¢, respectively:

%(pk) aa (pujk) = ai} KHJFM—) g—k} +pipe. (4)

[( _) s_] + - (Capy—Caape).
(5)

where turbulence production by viscous forces is indicted by
prand C.q, C.,, 0., and oy, are constant. Air-water interaction
as a free surface is simulated by the volume of fluid (VOF).
Transport equation (i.e., to compute the volume ratio between
the water and air) in VOF is as follows:

O ey 4L
o " T ax, (puie)

0
a_O; 4 V.(au) =0 (6)
where volume fraction is indicated by « and effective density

and viscosity are as follows:

Pert = @.p1 + (1=a).p, (7)
Vet = vy + (1-a0).12

We used VOF with high-resolution interface capturing
(HRIC) scheme. In this paper, STAR-CCM+ CFD package
(version 10.06) is used that discretized the continuous equa-
tions by finite volume method (FVM) via an unsteady solver
(CD-Adapco 2015). Semi-implicit method for pressure linked
equation (SIMPLE) is implemented to pressure-velocity cou-
pling; second-order SIMPLE approach is applied for convec-
tion terms, while diffusion terms are handled by central dif-
ference scheme, and time step is calculated for CFL between
0.005 and 0.01 according to ITTC 2014 (ITTC 2014). In ad-
dition, we used second-order fully implicit approach for time

Table 7 Numerical dynamic

mesh results compared with Test  Center of mass  Velocity Hydrodynamic resistance (N)
experimental data for No.  compared with  (m/s)
hydrodynamic resistance of one- stern (mm) One-step Two-step
step and two-step Cougar planing
craft Exp. Num. Error (%)  Exp. Num. Error (%)
988 8.05 14476 13542 645 150.52  137.07 893
11.50 25217  266.18  5.56 213.60  220.15 3.07
3 14.96 42262 436.63 331 360.29 36245 0.60
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Figure 4 Numerical convergence results in grid independency analysis
for one-step Cougar planing craft

discretization. In order to have 2DOF dynamics (i.e., free
heave and pitch motion), STAR-CCM+ dynamic fluid-body
interaction (DFBI) model is used. As may be seen in
Figure 3b, computational domain is large enough to prevent
from boundary impression on our solutions. Considered
boundary conditions are also depicted in Figure 3c. As shown
in Figure 3c, inlet velocity according to uniform hull’s veloc-
ity is used; hydrostatic pressure distribution corresponding to
the water depth is applied on flow outlet, and the opening
boundary condition is considered, to allow flow existence
from top boundary. Moreover, model body surfaces and other

@ Springer

overset region) for each moving section (Ferziger and Peri¢
1999). In order to connect the background region with overset
region, linear interpolation scheme is used. The accuracy and
efficiency of linear interpolation scheme in CFD simulation of
planing hulls are shown by De Luca et al. (2016). In addition,
some meshes with higher resolution are used at the local po-
sitions such as boundary layer, free surface, wake area, and
local zones with severe geometrical changes. On the other
hand, to investigate the independency of our solution from
generated mesh, mesh sensitivity analysis is conducted. As
can be seen in Figure 4, in the case of one-step Cougar planing
craft, we tested three different meshes, i.e., coarse, medium,
and fine grid resolutions at hull velocity 11.502 m/s. The
details for values are depicted in Figure 4, and their compar-
ison with experimental data is tabulated in Table 4.
Convergence results of grid independency analysis for two-
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step Cougar planing crafts and their comparison with ex-
perimental data are also presented in Table 5. As one can
observe in Tables 4 and 5, medium mesh resolution has an
insignificant difference compared with fine mesh and,
therefore, it is the selected mesh for the current study. It
is notable that CFD simulations have been conducted on a
computer with an Intel core 17-3.4 GHz processor and
16 GB of RAM. In addition, in case of medium mesh
resolution, we compared our CFD results for different hull
velocities and loading compared with our experimental da-
ta depicted in Tables 6 and 7 and good accordance is ob-
tained. Schematics of the selected dynamic mesh on the
Cougar planing craft is depicted in Figure 5. According
to the literature review (Jiang et al. 2016), the proper value

for y*ﬂ"+ around the planing craft is between 50 and 150. As
shown in Figure 6, we achieved an average of y* about 80
for one-step Cougar planing craft.

Now, based on grid convergence method (CGI) that is sug-
gested by Celik et al. (2008), we performed a formal verifica-
tion for our mesh sensitivity analysis. In CGI, an average of
apparent order of method has the following form:

1
= i) | (pus)|
Pave In(r;) ‘ nles2/en] + 4(Pavg (8)

rpavg_s
e | = In| 2! 9
q(p g) <r’§;“g—s> (9)

where the correction factor for three different mesh in the
present study is ] = V2 and r3, = /2. In addition, in this
method, for considered calculated parameter of o, we have
€21 = — 1 and €3, =3 — ,. Now, extrapolated value
(Eq. 10), defined approximated relative error (Eq. 9), extrap-
olated relative error (Eq. 12), and fine-grid convergence index
(Eq. 13) are as follows:

v = (552 0r—p3) / (5321) (10)
ezz _ |$27¥s (11)
¥2

wall Yo

Wall Yo

» ﬁ 449000 24000 2 000

Figure 6 Parameter of y* on the bottom surface of Cougar planing craft
under dynamic mesh method

e

32 _ ‘@gt_wz (12)
et ‘ng%t

» 12562
fine — r];azvg_l

GCI

(13)

In Table 8, these parameters are calculated for considered
hydrodynamics resistance, dynamic trim, and heave. As may
be seen in Table 8, maximum uncertainties are obtained:

GCI32, = 7.81% for hydrodynamics resistance, GCI}2, = 6.
99% for dynamic trim, and GCI32, = 7.79% for heave.

Continued, fundamental of ANN method to predict hydro-
dynamic resistance of considered stepped planing craft under
different considered conditions, is presented.

3 Artificial Neural Network Structures

Artificial neural networks (ANN) as an interesting soft
computing method is able to predict the complicated
physical system by generating learned interconnection be-
tween the different input parameters to the considered
output via process units (i.e., neurons) in different hidden
layers. So, in each ANN structure, three layers of input
layer, hidden layer, and output layer are evident. Different
learning methods are suggested to train the ANN, and
feed-forward back-propagation is one of the interesting
deep learning methods that are used in the present paper.
Neurons of input layer are the host of outside evidence,
and this evidence will be transmitted to the input variable
by an identity transfer function. Afterward, weighted data
transfers through the interconnection between the input
neurons and hidden layer neurons. Then, the processed

Table 8 Discretization error for hydrodynamics resistance, dynamic
trim and heave based on grid convergence method

Hydrodynamics Dynamic Heave
resistance trim
721 \2
73 \2
o1 203 2.60 0.0413
02 191 2.71 0.0422
3 190.50 2.70 0.0424
Dave 475 5.85 6.21
o2 191.1194 27115 0.04217
€2 % 0.2617 0.36900 0.4739
€2 % 0.0624 0.0559 0.0623
GCE2, % 7.8145 6.9942 7.7909

fine
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Table 9  Limited values of input and output variables for ANNs

Range values

Input variables

Froude number (Fr) 3.5-6.5

Loading weight (LW) (kg) 76-92

LCG position from aft as %L (LCG) 27-33

Step type (ST) 1,2, and 3*

Distance of second step from aft as %L (DSS) 0**—17
Output variable

Resistance to weight ratio, (R/'W) (N/kg) 0**%_1,1933

Notes: *(1) without step; (2) one step; (3) two steps
**In case of without step or one step, DSS is assumed to be equal to 0
*#*]n case of porpoising, R/W is assumed to be equal to 0

Figure 7 Tterative algorithm to
select an appropriate architecture
for ANN

data in the hidden layer added via bias and transfer func-
tion will be applied to their summation. We used hyper-
bolic tangent sigmoid transfer function in the hidden layer
as follows:
n; = 2 -1 (14)
-2 (_Z wiip; +bf>
l4+e \=

here, jth neuron of output is shown by n;, w;; is the inter-
connection weight from ith neuron in the previous layer to
the jth neurons, and p; is the output. In addition, r is the
number of previous layer neurons, while bias is indicated
by b;. Then, as stated before, by linear transfer function A
applied on the summation of hidden layer neurons, the
output intended parameter is identified:

Reference Database:
Including 135 CFD Data

1

Step 1

Reference Database
for Test (20%)

Step 2

—| Normalization of Reference Database and Random Division ':I

Reference Database for Training (60%) and Validation (20%)
I

Initial Definition of ANN Architecture:
Number of Neurons in Hidden layer (1)=N=1
Number of Neurons in Hidden layer (2)=M=1

Number of Neurons in Hidden layer (1)=N
Number of Neurons in Hidden layer (2)=M

‘—{ ANN learning process

Inner Iteration of our ANN

<1000

l Yes

Calculate MSE and Save for
Considered Architecture

i

Number of Neurons in Hidden layer (1)
N<N(Max)
Yes
‘ No
Desired Output Number of Neurons in Hidden layer (2)
Yes .
M<M(Max) et

i No

Optimized ANN model based on lowest MSE among
different saved architecture

]
I Predicted Output

!}

Error Evaluation:
Mean Square Error (MSE)
Correlation CoefTicient (R)

G
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Figure 8 Architecture of selected { b r,
ANN for prediction of asf( L W, xP+b)
hydrodynamic resistance to w el
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g= )\(wL. (Zl wip; + bj> + b0> (15)
here, the interconnection weights w; are between the last
hidden layer and output layer and output layer bias is
shown by b,. As stated before, we used feed-forward neu-
ral networks with back-propagation (BP) learning proce-
dure that is suggested by Rumelhart et al. (1986). To
optimize the ANN, Marquardt-Levenberg algorithm
(MLA) is utilized. In back-propagation method, the learn-
ing algorithm is based on the propagation of backward
errors via a stochastic gradient descend approach. In ad-
dition, MLA is used as offline training in the role of the
damped least-squares (DLS) scheme.

In order to assess the performance efficiency of ANN, we
have used mean square errors (MSE) and correlation coeffi-
cient (R) as follows (Armstrong and Collopy 1992;
Wheelwright et al. 1998):

Z{V: 1 ( Oi—ydesired ) :
N

Z{i 1 (Oi_ydesired)

Py <0i_ydesired>

MSE = (16)

R=1- (17)

As may be seen in Egs. 16 and 17, N is the number of
evidence data, y4esired 1 representative of the desired data, O;
is the predicted results or actual values, and the average of
desired values is shown by V4.qeq- In the present paper, we

First hidden layer

Output layer

provided a database of ANNs by 135CFD data that the ranges
of intended input—output variables are presented in Table 9.

We randomly classified our CFD data into train data
(60% of inputs—outputs to adjust the ANN’s weights),
validation data (20% of inputs—outputs for minimizing
the overfitting and tuning the ANN’s weights), and test
data sets (20% of inputs—outputs for testing the final
solution of ANN). Early stopping approach (Prechelt
1999) is also used to prevent over-fitting. In this study,
relative to various magnitudes of our data, all the input—
output data are normalized between 0.1 and 0.9 as fol-
lows:

(18)

Now, the number of hidden layer and neurons is significant
for selecting an appropriate ANN structure to predict hydro-
dynamic resistance based on the considered inputs. According
to literature and our experience, one and two hidden layers are
more interested due to their logical computational cost and
their well performance (Choi et al. 2008; Trenn 2008).
Therefore, we used two hidden layer architectures for the
intended ANN. To select an appropriate number of neurons
in each layer, we used an iterative algorithm that is illustrated
in Figure 7. Basic concepts of our algorithm are expressed in
Refs. (Shora et al. 2018; Nowruzi et al. 2017b). We performed
the procedure of the proposed algorithm in Figure 7, and an
appropriate ANN with two hidden layers and architecture of
5:7:5:1 is achieved (see Figure 8).
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4 Results and Discussion

In the current section, preliminarily, the CFD results of hydro-
dynamic resistance to weight ratio and some of the pressure
distribution, wave pattern, and streamlines around the hull
models are presented and discussed. Afterward, correlation
diagrams, predictive equation, and weight sensitivity analysis
based on selected ANN are presented.
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Figure 9 Hydrodynamic resistance to weight ratio for without step, one
step and two steps (with different DSS) planing craft at weight loading
76 kg
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4.1 CFD Results

To investigate the hydrodynamic resistance to weight ratio of
considered planing craft in different hull types of without step,
one step, and two steps (with different DSS), R/W vs Froude
number under different LCG positions from aft are presented
for weight loads of 76 kg, 84 kg, and 92 kg, in Figures 9, 10,
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Figure 10 Hydrodynamic resistance to weight ratio for without step, one
step and two steps (with different DSS) planing craft at weight loading
84 kg
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Figure 11 Hydrodynamic resistance to weight ratio for without step, one
step and two steps (with different DSS) planing craft at weight loading
92 kg

and 11, respectively. As may be seen in Figures 9, 10, and 11,
at lower weight load conditions and for larger DSS, using
steps will result in greater resistance to weight ratio (R/W).
Indeed, in these conditions, planing crafts without any steps
give lower R/W compared with stepped planing crafts; the
reason for this might be related to the increase of frictional
resistance and stream-wise separation on the steps. However,
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Figure 12 Bottom pressure distribution in case of without step, one-step,
and two-step planing craft under three different Fr (at weight loading
76 kg and LCG 33%L)

as the weight loading increases and DSS decreases, the R/'W
for stepped planing craft decreases compared with the case of
without step crafts. In addition to this, as depicted in Figure 9a,
in the case of LCG 27%L, porpoising has occurred for without
step; thus, we cannot report any value for R/W for without
step planing crafts at Fr> 5, while, using step may cause a
delay in porpoising. This might be because of proper air ven-
tilation, formation of stream-wise separation, and lower inter-
action between first and second steps for greater weight
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loading and smaller DSS. Furthermore, as shown in Figure 9a,
R/W for DSS 17%L is approximately similar to the R/W
of one-step planing craft. According to Figure 10, at
LCG 27%L, porpoising has occurred for one step at
Fr>5 and in the case of without step at any Fr. The
trend of R/W enhancement by an increase of Fr, larger
LCG%L and DSS for the 84 kg weight loading is sim-
ilar to the 76-kg weight loading (Figure 9). Figure 11
also indicates that in some critical cases, due to lack of
proper air ventilation and larger LCG%L, greater R/W
is obtained for stepped planing craft compared with the
case of without step. More details related to dynamic
trim angle, dynamic sinkage, and total wetted area for
without step, one-step, and two-step (with different
DSS) planing crafts at weight loading 76 kg under dif-
ferent LCGs and Froude numbers are also presented in
Appendix 1.

To better study the hydrodynamics performance of con-
sidered stepped planing craft, bottom pressure distribution
at three different hull forms (i.e., without step, one step,
and two steps) under three different Froude numbers are
presented in Figure 12. As may be seen in Figure 12, wet-
ted area is slightly enhanced by an increase in the Froude
number that may be related to the very low reduction of
dynamic trim angle at upper hull velocities. In addition,
N+ 1 local high-pressure region is visible, where N is the
number of steps and these regions are corresponding to
stagnation point of separated flow on the steps. So, the
local region with a minimum of pressure is also detectable
exactly before these local high-pressure regions.
Moreover, as the Fr increases, the effective area of these
high-pressure regions is increased and moved into the fore-
body that may increase the possibility of porpoising.
Lower wetted area is depicted by using steps compared
with the case without step. Also, positive impression of
two steps compared with one step on the reduction of wet-
ted area is evident. Moreover, we can see wetted surface
region on the chine which are related to fluid flow separa-
tion and spray from chine. This phenomenon is also report-
ed by Bakhtiari et al. (2016). Finally, more uniform pres-
sure distribution is also achieved by using two-step planing
craft compared with one-step hull.

Figure 13 shows the distribution of bottom frictional
drag coefficient at three different hull forms (i.e., with-
out step, one step, and two steps) under three different
Fr. Based on Figure 13, the area of local region with
maximum frictional drag coefficient is reduced by the
increase of the Fr. Moreover, as the hull is equipped by
steps, the value and effective area of frictional drag
coefficient are decreased. This advantage of stepped
planing crafts compared with without step hull is one
of the main reasons for selection of stepped planing
craft.
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Figure 13 Bottom frictional drag coefficient in case of without step, one-
step, and two-step planing craft under three different Fr (at weight loading
76 kg and LCG 33%L)

4.2 ANN Results

As stated in Section 3, to predict the resistance to
weight ratio of considered stepped planing craft under
different Froude number (Fr), loading weight (LW),
LCG position from aft as %L (LCG), step type (ST),
and distance of second step from aft as %L (DSS),
ANN via the architecture of 5:7:5:1 is selected.
Figure 14 shows the correlation diagrams for used data
and predicted values of R/W for training, validation,
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Figure 14 Correlation between the used data values and predicted outputs for resistance to weight ratio

test, and all data. As may be observed in Figure 14, an appro-
priate correlation is achieved for reference CFD data and pre-
dicted output of ANN. Moreover, we obtained the maximum
MSE and lowest correlation coefficient, which are equal to
0.0027 and 0.97091, respectively. In Figure 15, we compared
the results of used data and predicted outputs of ANN for
training, validation, test, and all data sets. Based on
Figure 15, the predicted output shows acceptable accordance
compared with used data.

Based on Figures 14 and 15, the designed ANN is
capable of predicting resistance to weight ratio of
stepped planing craft under different Fr, LW, LCG,
ST, and DSS, appropriately. Thus, according to the
weights and bias of selected ANN, we proposed an
equation to predict the resistance to weight ratio under
different considered geometrical and physical conditions.
The proposed equation is as follows:
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2 H = w;.y;| +b 20
RIW = sl for 27% < LCG < 33%  (19) L; i , (20)
+exp(-2.H) for 0% < DSS < 17%
for 0, 1 and 2 step where, y; is in the following form:
where H has the following form:
2
Y= - = -1 (21)
1+ 2.1 |7 2 1| +b
exp| —2. Wi - i
P =1 Fr.wg /
+LW.wLwi
1 4+exp| 2. +LCG.wicgi | + b;
+ST.UJST,'
L +DSS.wpss; i

Constant values of Egs. 20 and 21 are presented in the
Appendix 2. To verify the proposed equation, some experi-
mental data of R/W for different types of without step, one-
step, and two-step Cougar planing crafts are compared with
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the predicted results of proposed equation in Table 10. As may
be seen in Table 10, the proposed equation predicted the R/W
with an appropriated accuracy (error less than 6.6% compared
with experimental data).
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Table 10  Comparison between the predicted results of proposed equation with experimental data of R/W for different type of without step, one-step,

and two-step Cougar planing crafts

Test No. Type of Cougar Fr Loading weight LCG position from Distance of second Resistance to weight ratio (R/W)  Error (%)
planing craft (LW) (kg) aft as %L (LCG) step from aft as %L (DSS)
Exp. Predicted by ANN
1 Without step 35 76 27 0.1626 0.1574 32
2 Without step 5 84 0.2802 0.2723 2.8
3 Without step 5 92 0.2847 0.2731 4.1
4 One-step 35 92 0.1605 0.1633 -1.8
5 One-step 5 0.2795 0.2943 =53
6 One-step 6.5 0.4684 0.4581 22
7 Two-step 35 17% 0.1668 0.1597 43
8 Two-step 5 17% 0.3143 0.3021 3.9
9 Two-step 6.5 17% 0.4769 0.4455 6.6

Another interesting analysis of the output of ANN is
weight sensitivity analysis. This analysis shows the relative
effect percentage of each input variable on the ANN output
by manipulation of weight matrixes. Garson (1991) presented
the partitioning of the ANN weights method, as follows:

ih
W
m=Nh ‘ jm’

m=1 | <N, 1 1"
hys |chhm
lj= (22)

k=Ni ) <-m=Nh |w;c’;n{ _ who}
k=1 m=1 Ziijlv, }w;!,ln mn

where the output of Eq. 22 shows the relative importance of
each input on the considered output of ANN. In addition, the
numbers of hidden layer inputs and neurons are indicted by N;
and M, associated with weight of w. Input, hidden, and output
layers are characterized by indices of “i,” “h,” and “0”, respec-
tively. Input, hidden, and output neurons are also respectively
characterized by indices of “k,” “m,” and “n.” Figure 16 shows
relative importance of the input variables Fr, ST, LCG, WL,
and DSS on the response variable of resistance to weight ratio
of considered stepped planing craft. As may be seen in
Figure 16, the largest effect is achieved for LCG with relative

mn

]

21.15% 20.50%

16.61%

27.44%
14.29%

= fFr = ST WL =LCG = DSS
Figure 16 Relative importance of the input variables Fr, ST, LCG, WL

and DSS on the response variable of resistance to weight ratio of
considered stepped planing craft

importance percentage of 27.44%, while WL with relative
importance percentage of 14.29% has the lowest impression
on the resistance to weight ratio.

5 Conclusion

Stepped planing crafts are considered as favorite high-speed
vessels. One of the most important factors, in order to improve
their design, is the prediction of the hydrodynamic resistance
of these crafts. Hydrodynamic resistance of stepped planing
craft is significantly related to the Froude number, weight
loading, number of steps, shape of the step, step height, posi-
tion of first and second steps, and LCG. In the current study,
hydrodynamic performance of without step, one-step, and
two-step Cougar planing craft, stepped planing craft under
different Froude number, different distances of second step
and LCG from aft body, and various weight loads are numer-
ically studied. To this accomplishment, the accuracy of our
CFD results after mesh sensitivity analysis is properly validat-
ed against our conducted experimental tests. Then, by design-
ing proper ANN, resistance to weight ratio is predicted under
considered geometrical and physical conditions. The most
significant results of the presented research are as follows:

1) The value of resistance to weight ratio is decreased by
using steps at higher weights and lower LCG distance
from aft body, where reduction of distance between two
steps (DSS) causes greater resistance value.

2) The undesirable phenomenon of porpoising is delayed by
using steps on the bottom of planing craft and increasing
the number of steps form one-step to two-step results in
more longitudinally stable crafts.

3) The maximum value of MSE in the prediction of hydro-
dynamic resistance to weight ratio by selected ANN is
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4)

5)

obtained 0.0027. The minimum correlation coefficient
(R) value is also calculated 0.97091.

Based on the ANN weight sensitivity analysis, LCG
with relative importance percentage of 27.44% is a
more efficient factor on resistance to weight ratio of
considered stepped planing craft, while WL with
relative importance percentage of 14.29% has the
lowest impression.

A predictive equation according to designed ANN
weights and bias is suggested to predict resistance to
weight ratio of stepped planing crafts under different
Froude numbers, weight loads, number of steps, position
of second steps, and LCGs.

Table 11

loading 76 kg under different LCGs and Froude numbers

The proposed methodology in current study may be uti-
lized as a reference to estimate the resistance to weight ratio
of different type of stepped planing crafts under various posi-
tions of steps, LCGs, weight loadings, and Fr numbers.

Appendix 1

In this appendix, dynamic trim angle, dynamic sinkage, and
total wetted area for without step, one-step, and two-step (with
different DSS) planing crafts at weight loading 76 kg under
different LCGs and Froude numbers are tabulated in Table 11.

Dynamic trim angle, sinkage, and total wetted area for without step, one-step, and two-step (with different DSS) planing crafts at weight

Case:

S LCG (%L) Without step One-step

Two-step

DSS =13%L DSS =15%L DSS =17%L

Froude number

35 5 65 35 5

65 35 5 65 35 5 65 35 5 6.5

Dynamic trim angle 27 152 129 P 1.83 148
Tora (deg) 30 138 127 149 157 138

Dynamic sinkage at LCG 27 0.053 0.045 P 0.058 0.049
-] 30 0.047 0.042 0.050 0.049 0.047
33 0.045 0.037 0.048 0.044 0.029

Z,
V'/}

33 121 121 141 129 1.18

Total wetted area 27 447 402 P 441 398

SWiol ] 30 458 431 3.15 453 429

Vz/3

33 473 375 272 474 385

1.98 216 209 235 207 189 218 197 173 208
1.63 189 182 205 1.77 171 193 169 159 1.84
138 133 111 132 131 109 121 131 1.08 1.20
0.061 0.079 0.068 0.085 0.071 0.063 0.076 0.066 0.057 0.071
0.056 0.066 0.063 0.073 0.060 0.057 0.068 0.058 0.050 0.061
0.041 0.043 0.026 0.037 0.043 0.022 0.031 0.042 0.021 0.030
336 423 378 318 431 382 322 438 396 333
3.11 433 393 290 438 411 3.01 449 427 3.06
2.88 472 389 290 473 401 295 474 416 299

P po

rpoising condition
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Appendix 2

Constant values of Egs. 20 and 21 are presented in Table 12.

Table 12 Constant values in Egs. 20 and 21

i j Wi b, (O] bj b, Wiy Wgri Wy WicGi Wpssi
1 0.398418 -0.34491 -1.44301
2 -1.23712 -0.28321 1.37574

1 3 -1.14447 2311428 1.025885 -0.04205 -0.54834 -0.37285 0.37312 -1.64970 0.18537
4 -0.67411 0.297206 -0.81073
5 0.463994 0.58624 2.10463
1 -0.89333 -0.34491 -1.44301
2 -0.27069 -0.28321 1.37574

2 3 0.221908 -1.63346 1.025885 -0.04205 0.26914 1.14892 1.33323 1.29568 -0.72246
4 0.619893 0.297206 -0.81073
5 0.438466 0.58624 2.10463
1 -0.90844 -0.34491 -1.44301
2 0.85671 -0.28321 1.37574

3 3 -0.55695 1.151418 1.025885 -0.04205 -0.08734 -0.54626 -0.32202 1.45250 -0.94484
4 0.797666 0.297206 -0.81073
5 0.311684 0.58624 2.10463
1 -1.23438 -0.34491 -1.44301
2 0.466915 -0.28321 1.37574

4 3 -0.43567 0.139798 1.025885 -0.04205 -0.08045 0.88288 1.06746 -1.40275 1.53822 0.88795
4 -0.05639 0.297206 -0.81073
5 1.137542 0.58624 2.10463
1 -0.26726 -0.34491 -1.44301
2 0.566501 -0.28321 1.37574

5 3 0.7657 0.773623 1.025885 -0.04205 2.02839 -0.48171 -0.15499 0.31652 0.27139
4 1.180409 0.297206 -0.81073
5 -1.30062 0.58624 2.10463
1 -0.60332 -0.34491 -1.44301
2 1.328364 -0.28321 1.37574

6 3 -0.47515 -1.04701 1.025885 -0.04205 -1.44033 -1.06967 -0.32242 1.02886 -1.30368
4 0.418518 0.297206 -0.81073
5 0.213058 0.58624 2.10463
1 -0.41613 -0.34491 -1.44301
2 -0.92563 -0.28321 1.37574

7 3 0.420072 -2.14327 1.025885 -0.04205 -0.68870 0.12981 -0.23579 -0.67517 -1.81562
4 -0.95788 0.297206 -0.81073
5 0.267417 0.58624 2.10463
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