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Abstract. This paper investigates the improvement of the bow region of the trimaran
ship hull, and proposes a Computational Fluid Dynamics (CFD)-based automated method
to reduce total resistance. The main objectives pursued in the present study include:
1) to create and develop a useful optimization platform to modify the ship hull and
2) to investigate the e�ect of di�erent inverted bow on the hydrodynamic performance
of trimaran ship. A wave-piercing bow trimaran hull was taken as the baseline design.
The ship bow has been redesigned using Arbitrary Shape Deformation (ASD) technique,
which de�nes the input variables for the optimization process. The objective function
was the drag force, and this study is conducted at cruise speed. To accomplish this
task, two optimization methods were sequentially applied. A Latin Hypercube Sampling
tool distributes design points and an Radial Basis Function (RBF)-based surrogate model
is constructed to investigate system behavior. The �nal optimum design of Design Of
Experiment (DOE) study was introduced to the direct optimization SHERPA algorithm as
a baseline design. The integration of CFD solver, geometric parameterization and optimizer
tools is managed by the HEEDS MDO software package using a multi-connection method.
The optimization results show that the optimization was successfully carried out and the
resistance was reduced by 10.2%. The comparison between the initial hull and the optimized
hull shows that the proposed optimization platform can be used for ship hull optimization
in industrial application and signi�cantly reduces the computational time and workload.

© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

To reduce resistance and design e�ective structures,
improving the hydrodynamic performance of marine
vehicles has attracted widespread attention from re-
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searchers. An optimized hull form that does not
reduce buoyancy has been developed, and the result
of this evolution is the introduction of a new hydro-
dynamic optimization process. The marine vehicle
optimization process is related to the ow around
the vehicle, especially the bow region that has an
important role in hull resistance. Hence, this work
introduces a design optimization solution for reducing
the total resistance (drag). This platform which is
based on the Computational Fluid Dynamics (CFD)
simulation technique was applied to the hull of the wave
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piercing bow trimaran. The optimization process was
carried out on a new and complex inverted bow shape
trimaran hull, for which there was no su�cient prior
knowledge and information. In the past few years,
this has led to extensive research on the analysis of
ow characteristics [1]. Regarding the resistance and
its components, extensive research has been conducted
on the trimaran design. However, limited research has
been devoted to hullform optimization, especially for
novel and complex multihull ships. Most of the research
has been devoted to the sidehull arrangement, the main
part of which was focused on the resistance analysis,
and the research on the seakeeping performance is
very limited. Wilson et al. [2] proposed the idea
of wave-canceling around trimaran hullform based on
di�erent sidehull con�gurations. This phenomenon
leads to constructive interaction, which reduces the
resistance to wave-making. In addition, Suzuki and
Ikehata [3] and Brizzollara et al. [4] also conducted
numerical and experimental studies on the resistance
of the trimaran vessels and adopted practical methods
to reduce it. Ghadimi et al. [5] investigated the e�ect
of sidehull arrangement on seakeeping of trimaran.
The results showed that proper sidehull transversal
and longitudinal distances can improve the seakeeping
performance of the trimaran. However, most of the
research has been conducted without an automated
cycle of the design study. Jia et al. [6] studied
the resistance and seakeeping characteristics of the
transom stern trimaran. They conducted parametric
investigations on di�erent Froude numbers and sidehull
arrangements.

Wang et al. conducted another comprehensive
study on the seakeeping of trimaran [7]. They inves-
tigated the optimum position of trimaran outriggers
by using Non-dominated Sorting Genetic Algorithm II
(NSGA-II) optimization algorithm and potential-based
2:5D solver. Their method was very e�ective, but the
optimization space was limited to the sidehull arrange-
ment. By combining di�erent disciplines, Zong et al. [8]
developed a CFD-based hull optimization method for
a trimaran. The ship hull was modi�ed by the self-
blending method and was combined with a CFD solver
and MIGA optimizer algorithm. In addition, they
also studied the position of the sidehull arrangement
relative to the main hull. There are extensive studies
on the general characteristics of trimaran ships and
sidehull con�gurations [9,10]. However, there is still a
lack of a suitable and e�ective optimization platform to
apply CFD-based shape optimization to the hulls of a
trimaran; especially it is true of the modi�cation of the
inverted bow shape. Consequently, a Simulation-Based
Design (SBD) study was conducted on a wave-piercing
trimaran hull bow. Using search-based optimization
algorithm requires an automatic optimization cycle to
control the design variables to reach the �nal optimum

values. Hence, the automated optimization approach is
the �rst achievement of the present paper. Therefore,
the use of the heuristic novel SHERPA algorithm
in the automation platform can produce successful
optimization without user intervention.

The automated optimization platform involves
di�erent disciplines, such as Computer-Aided Design/
Computer-Aided Manufacturing (CAD/CAM), CFD,
and optimization algorithm [11,12]. The CFD solver
predicts calm water resistance more accurately than
other analytical or potential energy-based resistance
calculation methods [13{15]. Hence, in the current
work, the CFD solver simulated the uid ow charac-
teristics around the trimaran hull, thereby calculating
the total resistance and its components, and obtaining
reliable and accurate results became possible. Another
important strategy for numerical ship optimization is
geometric reconstruction. During the optimization
process, the design variables will be adjusted according
to the optimization algorithm, and then the design
variables will be turned back to change the hull shape.
To obtain the best performance of the optimized
platform, some aspects need to be considered, such
as smoothness, geometric expressions with a small
number of variables, and a wide design space [1,16,17].
Researchers develop di�erent applicants based on plat-
form integrators. Tahara et al. [18] combined CAD-
based NAPA software with a CFD solver to optimize a
container ship. Chen and Chen [19] developed a non-
linear potential ow solver and optimized the hullform
using the CAD environment. One of the comprehensive
studies of the geometry modi�cation approach was
applied by Brizzolara et al. [20] who compared the
full parametric hullform de�nition and the Free Form
Deformation (FFD) technique. A complete trial of ship
parameterization has been carried out again by Harries
et al. [21], Abt [22], and Harries [23]. They introduced
di�erent types of coupling between CFD and CAD.
Han et al. [24] studied how to develop a parametric
geometry to describe the hydrodynamic optimization
of hull forms. Vasudev et al. [25] studied ship hull
optimization by using a multi-objective optimization
platform. Two integrated SHIPFLOW software and
the NSGA-II method were used for geometric optimiza-
tion. Kim et al. [26] established a connection between
CAD software friendship and SHIPFLOW software and
investigated the optimization of ship form. Kim and
Yang [27] and Huang and Yang [28] investigated ship
form optimization based on ship geometric parameters
and Radial Basis Function (RBF) morph technique.
The global modi�cation was performed by shifting
method and local variation of ship form was performed
by RBF control point displacement.

Recently, Zhang et al. [13] optimized the hull form
of the Wigley hull and DTMB5512 model by using
the Latin Hypercube Sampling (LHS) method and ap-
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proximation method. The parametric method was the
Arbitrary Shape Deformation (ASD) technique, which
is also used in this paper. Diez et al. [29] studied the
di�erent hydrodynamic problems of the fast catamaran
hull. They used stochastic optimization methods to
improve the resistance and operability with geometrical
and displacement constraints. The optimization tools
consisted of Karhunen-Lo�eve expansion of a free-form
deformation, URANS-based CFD simulations, meta-
models, and multi-objective particle swarm. Another
similar attempt was made by Serani et al. [30] that
developed a high-�delity stochastic shape optimization
problem. They modi�ed a DTMB5415 model under
calm water and wavy conditions by combining stochas-
tic shape optimization and design-space evaluation
methods. Guo et al. [31] conducted a comprehensive
optimization study of a waterjet-propelled trimaran by
using the surrogate model and a direct NSGA-II opti-
mization algorithm. They aimed to obtain the total re-
sistance, thrust and torque, and power consumption of
the propulsion system which led to true optimization.
Zakerdoost and Ghassemi [32] studied the interaction
and optimization of another hull propulsion system.
However, the driving force of the above research was
single propeller and double propeller. Michell integral
and lifting line theory was employed for optimization
of the hull-propeller interaction system. Copped�e et
al. [33] investigated a CAD-based optimization tool
for the improvement of calm water performance of
the KRISO Container Ship (KCS) model. They used
the FFD method for geometric parametrization and
the CFD solver for resistance calculation. Further-
more, a Gaussian Process-Response Surface Method
(GP-RSM) based on an ordinary Kriging model has
been established to speed up the evaluation of the
objective function. Feng et al. [34] applied a CAD-
based parametric approach to optimize a supply vessel
hullform. Their research was conducted on a multi-
objective optimization problem due to the modi�cation
of the hullform at di�erent operating speeds.

The results following from the review of the �eld
literature lead us to conclude that the hull optimization
problem has not been applied to the hull of the wave-
piercing bow trimaran. In addition, unlike the previous
optimization research, in the present study, a hybrid
method was used. The latter was the result of the
combination of the Latin hypercube and SHERPA
algorithm to solve the hydrodynamic optimization
problem. An optimization platform connects di�erent
software based on the e�cient performance of each
discipline. The main purpose of this research was to
create and develop a multi-disciplinary optimization
platform through the CFD simulation method, which
can be used for shape optimization of future uid-
exposed geometric problems.

The design spiral of the ship hullform includes

di�erent aspects, and it takes a very long time to design
and optimize the ship hull. Therefore, an appropriate
optimization platform should be fast, exible, and
developable so that optimization can be successfully
performed. The third part of the optimization cycle
is the optimization algorithm. The two basic char-
acteristics that need to be considered when choosing
the best algorithm are ease of implementation and
the ability to explore globally. In recent years, many
di�erent optimization algorithms have been adopted
for hydrodynamic problems [1,35{37]. Optimization
methods can be divided into two categories: Gradient-
free methods and gradient-based methods. In the
Gradient-free methods like Particle Swarm Optimiza-
tion (PSO) and Genetic Algorithm (GA), amongst
other algorithms, only the values of the objective
function and the constraint function are required. The
gradient-free algorithms explore all parts of the design
space. Compared with the gradient-based algorithm, it
is very possible to �nd the global minimum [1]. Besides,
the ship optimization problem also involves complex
design research that requires a global search.

The present paper o�ers an automated and low-
cost method for improving the hull form of a complex
and novel trimaran, which could be extended to other
maritime projects. The accomplishment of this task
with appropriate calculation time, which is very impor-
tant in the marine industry, could be ensured through
proposed optimization platform and combination of
optimization methods. For example, in the absence
of a proposed plan, the optimization process takes
more than a year of running time and requires a
lot of calculation work. In contrast, the proposed
optimization platform reduces this time to about 48
days. In terms of time and cost, this is a considerable
saving. Therefore, a speci�c optimization process
has been introduced, which provides a convenient and
direct way for marine engineers to use exible tools to
solve their optimization problems.

Based on the discussed scenario, the bow region
of the wave-piercing bow trimaran was optimized based
on the reduction in resistance. To accomplish this
task, an ASD technique is �rstly applied for CAD
parametrization. Second, the initial CFD simulation
was computed at ship cruise speed. Later, an optimiza-
tion cycle was employed by combining approximation
and direct solution optimization techniques. The
de�ned objective function is drag force and ASD hull
control points are variables, which must be introduced
into the CFD solver. The mentioned optimization
framework determines these control points to achieve
the improvement of the objective function. Finally,
the results of hull form optimization are presented
and discussed. The initial and optimized hulls are
compared, and the optimization framework and its
e�ectiveness are veri�ed.
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Table 1. Speci�cations of the trimaran ship hull: The main vessel and the model type [37{39].

Speci�cations Main vessel Model

Overall length (m) 124 3.1
Draft length (m) 123.2 3.08
Total width (m) 22.2 0.555
Main hull width (m) 5 0.125
Side hull length (m) 36 0.9
Draft (m) 4.384 0.1096
Clearance (side hull transverse distance) (m) 9.7 0.2425
Stagger (side hull longitudinal distance) (m) 0 0
Displacement 2248.8 (Tonnes) 35 (kg)

Figure 1. 3D view of the studied trimaran ship.

2. Problem de�nition

The goal of the present paper is to apply an optimiza-
tion process to optimize the hull form of a trimaran
for drag reduction. The present trimaran hull form
optimization problem can be de�ned as follows:

minimize f(X);

subject to X 2 S � RN ; (1)

where f is the objective function that is total resistance
and denoted by RT . Also, S � RN is a feasible
solution set, while the constraint prohibits feasible
design space. A vector of design variables de�ned
by X in N dimension and associated with geometric
reconstruction in the optimization process is plotted.
Through the displacement constraint of less than 1%,
the shape modi�cation and change of the ship hull
geometry were realized.�����new ��org

�org

���� � 0:01: (2)

For trimaran ships, the middle body was considered a
slenderer with a longer length to generate the lowest
wave-making resistance. Indeed, for this type of
ship, resistance can be an advantage when the main
body hullform is properly designed. In this study, a

model of wave-piercing bow trimaran ships was studied.
The dimensional characteristics of this ship and the
model (� = 40) are shown in Table 1 and the three-
dimensional view of the trimaran is shown in Figure 1.
The ship bow is in the form of a wave-piercing, and the
lateral bodies were made in the form of a Wigley hull
that has been experimented by Akbari et al. [37].

2.1. Optimization framework
This section introduces the integrated part of the
optimization framework. The overall structure of the
optimization framework includes geometric parameter-
ization, numerical simulation set up, and optimization
algorithm. In the current study, ASD technique was
used for surface modi�cation to de�ne the local varia-
tion of the hull surface during the optimization process.
The purpose of this study was to optimize the shape
of the bow region of the inverted-bow shape of the
multihull ship by minimizing its total drag. A RANSE-
based CFD solver was conducted to calculate total
resistance. Numerical simulation was performed by
STAR CCM+ software and two optimization methods
were connected to simulations via HEEDS software.
An LHS distributes design samples based on the ef-
�cient response, and an RBF interpolation estimates
the response of the system. It helps to evaluate the
best design based on the minimum resistance. The
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Table 2. Summary of the design variables.

No. Parameters Control point deformation Movement min � main � max (m)
1 Dx1 tu6=st1, st2, st3 x-direction �0:1 � 0 � +0:1
2 Dx2 tu6=tu5 x-direction �0:1 � 0 � +0:1
3 Dy1 tu5=su2, su4 y-direction �0:05 � 0 � +0:05
4 Dy2 tu4=su2, su4 y-direction �0:05 � 0 � +0:05
5 Dy3 tu3=su2, su4 y-direction �0:05 � 0 � +0:05
6 Dy4 tu2=su2, su4 y-direction �0:05 � 0 � +0:05
7 DxDz1 tu6/st1, st2 x, z-direction �0:03 � 0 � +0:03
8 Dz1 tu6=tu5 z-direction �0:01 � 0 � +0:01

Figure 2. Flowchart of simulation-based optimization
framework.

�nal selected design was introduced into the SHERPA
optimizer as an initial run. This platform allows the
saving of previous run history for new initialization.
Figure 2 illustrates the ow chart of the simulation-
based optimization framework.

2.2. Hull form parametrization

Parametrization of ship hull is one of the three opti-
mization process steps. The di�erent techniques and
their details are explained in reference [1]. One of
the key methods is the ASD technique. The ASD
technique de�nes a control volume outside of the
geometry through the B-spline technique. The control
volume connects to control points in a spatial direc-
tions. When the control points moved, the shape of
the relevant areas deformed. The hull parametrization
and geometric reconstruction were performed using the
Sculptor software. Through the de�ned connection,
the domain mesh �le was imported into the Sculptor
software and exported to the CFD solver automatically.
This capability enables us to save time and to avoid
spending time on mesh generation. Another advantage
of this capability arises from the fact that the user
interruption in each optimization step would not occur.
There are seven design variables deployed in the present
paper. The de�nition and range of these design
variables are de�ned in Table 2. Figure 3 shows the

Figure 3. Arbitrary Shape Deformation (ASD) encapsulation around the bow region of the trimaran.
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Figure 4. Bow region deformation for parameter: (a)
Dx1 for maximum of range (0.1 m) and (b) parameter
Dy4 expansion and contraction.

control point distribution of the 6 � 5 � 5 box. Six
sections were distributed along the x-direction, and in
every section, 5 control points were allocated along y-
and z-direction.

Figure 3 illustrates the ASD encapsulation of
the selected control points de�ned in Table 2 around
the bow region of the trimaran. For example, the
yellow square in Figure 3 represents the parameter
Dx1 moving along the x-direction. For a movement of
0.1 m, the geometric modi�cation of the above example
is shown in Figure 4(a). Also, the expansion and
contraction of the section corresponding to the variable
Dy4 are shown in Figure 4(b).

2.3. Numerical setup
In this paper, the Reynolds-Averaged Navier-Stokes
(RANS) equation solver was used to simulate a tri-
maran hullform at constant velocity uniform ow.
The ship resistance was evaluated by the total drag
calculation and its components. A resistance analyses
have been carried out for a cruise speed of 16 knot
(1.3 m/s for model). The physical model was selected
based on the StarCCM+ user guide [40]. The implicit
unsteady scheme with a physical time step of 0.02 s
was used for temporal discretization and the SIMPLE
algorithm was used to couple the velocity and pressure
equations. The RNG k � " model was selected as
the turbulence model, which has been widely used in
industrial applications and similar studies [13,38]. To
calculate the ship motions, simulation was carried out

through the Dynamic Fluid Body Interaction (DFBI)
module. The ship is free to move with 2 degrees of
freedom of heave and pitch to account for the sinkage
and trim.

2.3.1. Numerical simulation domain
The box-shaped domain around the hull represents a
virtual uid tank. According to International Towing
Tank Conference (ITTC) recommendations, the posi-
tion of the ship hull in the virtual uid domain was
selected [41,42]. To avoid wave reections, the bound-
aries of the computational domain were smoothly
extended. No-slip wall condition is de�ned to ship
hull surfaces. A prism mesh for the boundary layer
of the hull, which had 8 layers and a growth rate
of 1.2. was generated. The inlet velocity boundary
condition was speci�ed for the inlet, top, and bottom
boundaries. The pressure outlet boundary condition
was applied to the outlet boundary, and the symmetry
plane boundary condition was de�ned at the domain
symmetric plane and side boundary. Figure 5(a)
shows the numerical computational domain and the
de�ned boundaries boundary of the trimaran resistance
calculation. Furthermore, the boundary distance and
the position of the ship model in the virtual towing
tank are depicted in Figure 5(b).

2.3.2. Mesh re�nement
The unstructured trimmer mesh was adopted for mesh
operation. To capture the elevation of the free-form
surface and the sharp corners of the hull, surface
and volumetric re�nement were applied to the volume
mesh. As shown in Figure 5(c), the volume anisotropic
re�nement along the z-direction was applied near the
free surface to maintain a good mesh quality. There-
fore, as shown in Figure 5(c), it can be assumed that the
mesh re�nement pattern around the body can better
capture Kelvin waves. To select the appropriate basic
size of mesh cell, a mesh was investigated. Mesh
re�nement and grid convergence continued until the
realization of the dependence of the solutions from
mesh size. To determine a �ner mesh size with
acceptable numerical accuracy and an appropriate
number of elements, the mesh convergence studies
were conducted based on the design speed. The mesh
convergence study was conducted out by changing the
total resistance value, as shown in Figure 6. The �rst
mesh plan of the mesh study was selected based on the
cell size 4% Lwl(� 0:125 m). Four mesh plans were
developed according to the re�nement ratio of

p
2. As

shown in Figure 6 and Table 3, the di�erence between
grid 3 and grid 4 is not signi�cant, anymore. Therefore,
the full mesh independence has been achieved in grid
3. Taking into account the calculation accuracy and its
cost, mesh 3 was selected as the optimum mesh plan.
As expressed by the following relation, the relative
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Figure 5. Numerical simulation characteristics: (a) Computational domain and domain boundaries, (b) boundary
distance and ship model location, and (c) unstructured trimmer mesh.

Figure 6. Mesh element number selection.

error was calculated to �nd out the di�erence between
mesh plan results:

Relative error =
Dragfine �Dragfiner

Dragfine
: (3)

2.3.3. Uncertainty analysis for mesh study
The mesh convergence study was conducted by chang-
ing the value of total resistance coe�cient. According
to the re�nement ratio of

p
2 presented in the previous

section, three mesh plans were made. Mesh plan 1,
mesh plan 2, and mesh plan 3 are grid plan formats
used for the present uncertainty analysis. Uncertainty
analyses have been performed by using the Richardson
method [8,43] recommended by ITTC [44,45]. Ac-
cording to ITTC recommendations [44,45], uncertainty
analysis of iteration UI , grid UG, time step UT , and
other parameters UP , have been performed for total
numerical value of USN.

U2
SN = U2

I + U2
G + U2

T + U2
P : (4)
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Table 3. Mesh independence in di�erent four grid plans.

Item Grid 1 Grid 2 Grid 3 Grid 4

Basic mesh size (m) 0.125 0.085 0.06 0.042
Elements number 1.34 M 1.82 M 2.65 M 3.94 M
Drag force (N) 2.3625 2.2653 2.2212 2.2156
Relative error 4.11% 1.95% 0.25% |

Table 4. Details of simulation condition and drag coe�cients of trimaran model.

Model velocity (m/s) Grid plan Total mesh Time step (sec) CT � 10�3(S)

1.3 m/s
Grid 3 1.235 M 0.032 sec 5.36
Grid 2 1.845 M 0.02 sec 5.56
Grid 1 2.463 M 0.01 sec 5.60

Table 5. Uncertainty analysis of the trimaran model.

"21�10�5 "32�10�5 RG ��RE�10�5 PG CG FS UGT�10�5 UI�10�5 USN�10�5

{4.74 {25.8 0.1834 1.065 4.89 4.452 7.9 8.41 3.2 8.93

For the present e�ort, other parameters have not been
considered and uncertainties of grid convergence and
time step have been combined. This is due to the
unsteady scheme of numerical solutions. Therefore,
uncertainty analysis of discretization (UGT) was intro-
duced. Moreover, the following formula was obtained:

U2
SN = U2

I + U2
GT: (5)

The iterative convergence was assessed by using total
resistance coe�cient history during the last two periods
of oscillation that is about 0:88% SG1 (SG1 is the drag
coe�cient's value in grid plan 1).

UI =
1

2
�

~Smax � ~Smin

� = 3:5e� 5: (6)

Tables 4 and 5 respectively show the mesh planning and
simulation uncertainty analysis of the trimaran model.
The ratio of change between simulations of di�erent
grid plan was de�ned as convergence ratio (RG):

RG = "21="32 = (S2 � S1)=(S3 � S2): (7)

The values of S are the outputs of the numerical
simulation in a de�ned grid plan, which is the resis-
tance coe�cient. The RG (grid convergence factor)
is less than 1, which means that the convergence of
the grid is monotonic. Therefore, grid uncertainty
can be estimated through generalized RE (Richardson
Extrapolation) [44,45]:

��RE =
"21

rPG � 1
; (8)

where PG and r is the order of accuracy and re�nement
ratio (

p
2), respectively. The expression of PG is:

Table 6. Grid veri�cation.

UGT (%S1) UI(%S1) USN (%S1)

1.49% 0.57% 1.58%

PG =
ln("32="21)

ln(r)
: (9)

Also, the correction factor can be expressed as:

CG =
rPG � 1
rPGest � 1

: (10)

Grid veri�cation based on drag coe�cient is summa-
rized in Table 6. Since the order of accuracy PG is
4.89, which is su�ciently larger than theoretical value
(PGest = 2) and CG = 4:45 is su�ciently greater than
1, the solutions are not in the asymptotic range. The
value of FS was calculated by the following equation:

FS =

(
9:6(1� CG)2 + 1:1 j1� CGj < 0:125
2j1� CGj+ 1 j1� CGj � 0:125

(11)

Uncertainty of the grid and time step UGT was calcu-
lated as follows:

UGT = FS j��REj : (12)

According to Eq. (5), since the numerical simulation
uncertainty USN was small (1:58% SG1), it is feasible
to capture the di�erences of CT between the di�erent
ship hulls generated by the optimization algorithms in
the rest of the paper.

2.3.4. Validation and veri�cation DTMB5415
Veri�cation of CFD calculation of ship resistance is per-
formed in this section for 5.72-meter long DTMB5415
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Table 7. Details of simulation condition and drag coe�cients of DTMB5415 model.

Model velocity
(m/s)

Grid plan Total mesh Time step
(sec)

CT � 10�3

(CFD)
CT � 10�3

(EFD)
[CT ]%D

3.071 m/s
Grid 3 1.145 M 0.032 sec 6.315

6.67
5.32

Grid 2 1.633 M 0.02 sec 6.563 1.60
Grid 1 2.318 M 0.01 sec 6.607 0.94

Table 8. Uncertainty analysis of the DTMB5415 model.

"21�10�5 "32�10�5 RG ��RE�10�5 PG CG FS UGT�10�5 UI�10�5 USN�10�5

{4.4 {24.8 0.1774 0.95 4.99 4.637 8.27 7.85 3.2 8.6

model [46,47]. The computational domain and bound-
ary distance characteristics were considered the same as
in the previous section. The simulation was performed
at a model speed of 3.071 m/s which is equal to Fn =
0:41. Table 7 summarizes the detailed information
of the simulated conditions and their di�erence with
the experimental data. The di�erence between CFD
and Experimental Fluid Dynamics (EFD) results was
calculated as follows:

D% Di�erence = (EFD� CFD)=EFD� 100: (13)

Grid plan 1 is the �ne mesh of the study with a
di�erence of 0.94% in CT . These �ndings and the
results of the comparison represent the accuracy and
reliability of the numerical analysis strategy. The
generated waves around the DTMB5415 hull is shown
for Fn = 0:41 in Figure 7. To accomplish a proper
simulation, uncertainty analysis was performed for the
present work similar to the previous section. The
iterative convergence was evaluated by using total
resistance coe�cient history during the last two periods
of oscillation that is about 0:24 %D (D is the drag's
coe�cient value of experiment data). Uncertainty
analysis of simulations for the DTMB5415 model is
depicted in Table 8. In addition, grid veri�cation
based on the drag coe�cient is presented in Table 9.

Table 9. Grid veri�cation of DTMB5415.

UGT (%D) UI(%D) USN (%D)

2.11% 0.24% 2.31%

The order of accuracy PG is 4.99, which is su�ciently
larger than theoretical value (PGest = 2) and CG =
4:637, are su�ciently larger than 1; as it is clear from
these �ndings the solutions are not in the asymptotic
range. Since the value of the simulation uncertainty
is very small (2:31 %D), the reliability of the mesh
convergence could be achieved.

2.3.5. RANS governing equation
The Finite Volume Method (FVM) relating to the
STAR-CCM+ software was used to solve the RANS
equation. The governing equations of continuity and
momentum conservation for three-dimensional incom-
pressible ow were expressed as follows:

@ui
@xi

= 0; (14)

@ui
@t

+
@
@xi

(uiuj) =� 1
�
@p
@xi

+ �
@
@xj

�
@ui
@xj

+
@uj
@xi

�
+

@
@xj

��u0iu0j� ; (15)

Figure 7. Wave propagation around DTMB5415 hull at Fn = 0:41.
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where p is the mean pressure, � is the density and �
is the kinematic viscosity of the uid, while velocity
ui can be decomposed into mean velocity �ui and
uctuating velocity u0i:

ui = �ui + u0i: (16)

For optimization problems that require a large number
of CFD operations, the choice of a cost-e�ective and
e�cient turbulence model is more critical. Therefore,
the k � " turbulence model was applied because it has
less CPU time than other models. Reynolds stress
tensor was calculated as follows:

u0iu0j = ��t
�
@ui
@xj

+
@uj
@xi

�
+

2
3
�ijk; (17)

where, �t is eddy viscosity and could be calculated as
follows:

�t = C�
k2

"
: (18)

C� is the empirical constant (C� = 0:09) and k is
the turbulent kinetic energy and " is the turbulent
dissipation rate. Transport equations were solved for k
(Eq. (19)) and " (Eq. (20)):
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More explanation can be found in [48].

2.3.6. Computational time and platform
The optimization process has been implemented in the
Computer Center of the Maritime School of Amir Kabir
University of Technology (AUT). On a PC (2.8 up to
3.8 GHz Intelr, 16 GB RAM, 8-core SSD hard drive),
the total computing time required to obtain a direct
optimization solution and build an alternative model
on the PC is 48 days. All simulations were performed
automatically, and the user only needs to check the
mesh quality every �ve times.

2.4. Surrogate model construction
The implementation of surrogate models can speed up
the optimization process. The surrogate model aims
to describe the relationship between the optimization
goal and the variables used. Basic steps were required
to construct a surrogate model for design research:

1. De�ne sample point by using LHS;
2. Evaluate the sobjective function for generated sam-

ple designs by CFD;

3. Construct a surrogate model through the RBF
method.

The LHS technique was adopted to distribute 40
design points in the design space for generating data.
Subsequently, the total resistance of these hull forms
was calculated. All feasible sample designs are shown
in Figure 8. Consequently, inputs and outputs were
prepared to �t a surrogate model. In comparison to the
cost of acquiring the data, the acquired model can be
developed without incurring large expenses. Following
the construction of the RBF surrogate model, cross-
validation was performed to examine the accuracy
of the model. To determine a sample point and to
construct a surrogate model by the remaining sample
points, cross-validation was carried out. The CFD tool
computes the di�erence between the exact values of
the objective function at a given sample point, and
the RBF surrogate model predicts the approximate
value of the objective function at a given sample point.
This RBF surrogate model was together with other
subset of the training set [30]. If the di�erence is small
enough, the constructed model is valid. Otherwise, the
number of sampling points increased, and the CFD
calculation for new samples repeated. Besides, the
infeasible design indicated that the displacement of
the ship hulls changed by more than 1%. Figure 9
shows the cross-validations of these models. A parallel
data plot is depicted in Figure 10 which also gives a
high-level graphical view of the relationships between
multiple variables and responses. This allows us to
determine the minimum value used to compare the
design aspects of di�erent design sets. The best design
set is shown in Figure 10 and is marked as a continuous
black line.

As is shown in Figure 10, the optimum designed
resistance is 2.05 N. This design was introduced to the
direct optimization process. To study the e�ectiveness
of the variables, the correlation diagram is shown in the
Figure 11. Values in the cell were based on Pearson's
correlation coe�cient, which illustrate the statistical
relationship, or association, between two continuous

Figure 8. Feasible design samples made by Latin
Hypercube Sampling (LHS).
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Figure 9. Cross validations of the surrogate model.

variables. The coe�cient value ranges from +1 to �1,
where +1 represents a perfect positive relationship,
while �1 represents a perfect negative relationship,
and no relationship was speci�ed by the value 0.
Coe�cient values between �0:50 and �1 indicate a
strong correlation, while values between �0:30 and
�0:49 show medium correlations and values below
�0:29 specify small correlation. The most critical
parameter in this study is Dx1, which changes the
forward region of the bow. Its calculated value is

{0.38, indicating a moderate total resistance e�ect.
Therefore, the wave-piercing bow should be extended
in positive x-direction to reduce the drag. The three
important parameters for �rmly changing the bow
shape are Dx1, Dx2, and DxDz1. The 3D response
surface results of the RBF surrogate model of these
three parameters are shown in Figure 12. It should
be noted that the increase in Dx1 and the decrease
in Dx2 cause as strong a drag reduction as possible.
It should also be noticed that displacement constraint
does not allow arbitrary manipulation of the hull form.
The shape of the inverted bow after the maximum
extension of Dx1, Dx2, and DxDz1 variables in the
optimum direction is shown in Figure 13. Hence,
one can conclude that the rake angle in the forefoot
region, the sharper inverted bow, and the appropriate
curve extension; reduce the resistance of this type of
bow.

2.5. Direct optimization SHERPA
The SHERPA optimization algorithm is a novel search-
based method that selects the best attributes of each
search method proposed by StarCCM [40]. This
method also proposes a suitable solution in the single-
objective optimization process. The de�ned input
variable is the same de�ned in Subsection 2.2, and
the initial hullform selects from the best output of
Subsection 2.4. The direct optimization SHERPA al-
gorithm explores di�erent designs aimed at minimizing
the total ship resistance. The history diagram of
40 designs is shown in Figure 14. The optimization
process continued until no signi�cant drag reduction
was observed. The Initial design drag was about

Figure 10. Parallel data plot for various values of inputs.
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Figure 11. Correlation study between design variables and response.

Figure 12. 3D response surface for: (a) Dx1�Dx2 and (b) Dx1�DxDz1.

Figure 13. Changing variables Dx1, Dx2, and DxDz1 at
maximum level.

2.05 N, while the �nal optimized ship hull drag was
determined to be 1.98 N.

3. Results and comparison

After combining two di�erent optimization techniques,
the �nal optimum trimaran hull was �nally obtained.
In this section, the achieved ship hull form and the
original form were compared. Table 10 shows the
geometric parameter changes of the hull, and Table 11
shows the calculated drag reduction at the speeds
of 16, 20, and 25 knots. It was observed that for
the knots with speeds of 16, 20, and 25, the total
resistance was reduced by about 10.2%, 2.65%, and
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Figure 14. History diagram of the optimization process.

Table 10. Optimum value of the design variables.

No. Parameter Value
1 Dx1 0.0358
2 Dx2 {0.0116
3 Dy1 0.005
4 Dy2 0.0102
5 Dy3 0.0125
6 Dy4 0.0023
7 DxDz1 0.0226
8 Dz1 0.0006

0.293% respectively (see also Figure 15), which also
indicates the e�ect of the new bow on the resistance
reduction.

Table 12 compares the components of the total
resistance which are the shear and the pressure resis-
tance. The table shows the value of each drag sepa-

Figure 15. Resistance change for di�erent speeds.

rately. The contribution rate of the pressure resistance
of the initial hull is 23.66%. For the optimized hull, the
change is 22.8%. Although for an optimized hull, both
shear resistance and pressure resistance decreased, the
decrease in pressure resistance is higher than the shear
resistance.

Figure 16 shows the wave shape of the initial hull
and optimized hull computed at a speed of 16 knots.
Figure 17 shows similar characteristics to Figure 16,
but the di�erence between these two �gures is the
range of the Z position legend. As observed, the new
bow shape of the optimum hull reduces the bow and
shoulder waves and their amplitudes, and these results
lead to a reduction in total resistance. Figure 18 shows
a comparison of the free surface elevation of the initial
hull and the optimal hulls and Figure 19 shows the

Table 11. Trimaran ship hull speci�cations: Initial and optimized vessel changes.

Speci�cations Initial hull Optimized
hull DOE

Change % Optimized
hull SHERPA

Change %

Displacement (kg) 36.0 kg 35.89 kg 0.305 35.87 kg 0.361
Resistance at 16 kn (N) 2.2159 2.0566 7.19 1.9901 10.2
Resistance at 20 kn (N) 3.7108 3.6254 2.30 3.6125 2.65
Resistance at 25 kn (N) 4.7460 4.7382 0.165 4.7321 0.293

Table 12. Resistance component comparison between �nal optimized and initial hull.

Resistance components Initial Optimized
Total Shear Pressure Total Shear Pressure

Resistance at 16 kn (N) 2.2159 1.6916 0.5242 1.9901 1.5363 0.4537
Resistance at 20 kn (N) 3.7108 2.8053 0.9054 3.6125 2.7382 0.8742
Resistance at 25 kn (N) 4.746 3.5652 1.1808 4.7321 3.6025 1.1295

Quota of total
resistance components

for initial hull (%)

Quota of total
resistance components
for optimized hull (%)

Total Shear Pressure Total Shear Pressure

Resistance at 16 kn (N) | 76.34 23.66 | 77.20 22.80
Resistance at 20 kn (N) | 75.60 24.40 | 75.80 24.20
Resistance at 25 kn (N) | 75.12 24.88 | 76.13 23.87
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Figure 16. Wave patterns of the initial and the
optimized hull at speed 16 knot with free contour range.

Figure 17. Wave patterns of the initial and the
optimized hull at speed 16 knot with �xed contour range.

comparison of the total pressure on the surface of the
initial hull and the optimized hull. Figure 19 shows the
reduction of the pressure value and the smoothness of
its distribution, which led to the reduction of the ship
resistance.

The shape of the bow region is signi�cantly
changed. The forefoot region moves upward and forms

the rake angle of the forefoot. The nose of the bow
region became sharper. The obtained optimization
results show that the bluntness form for wave-piercing
bow has a more suitable performance. As shown in
Figure 19, the high- pressure region in the bow region
was reduced in improved hullform. To better under-
stand the uid ow characteristics near the bow region,
a comparison of the initial and optimized hullform is
shown in Figure 20. A reduction in wave amplitude
can be observed in the bow region. Therefore, for
the optimized hull, the generation of waves and their
propagation to the site was reduced . The amplitude of
the bow wave reduces by about 0.006 m for the model.

4. Conclusion

In this paper, based on the connection of the three basic
disciplines, an optimization process was developed.
The forebody of a wave-piercing bow trimaran has
been optimized to reduce resistance in calm waters.
A novel and complex trimaran hullform with an in-
verted bow shape, for which su�cient prior knowledge
and information was not available was optimized.
Therefore, a Computational Fluid Dynamics (CFD)-
based optimization problem was de�ned for the shape
modi�cation of the displacement trimaran hull. The
�rst step is to de�ne design variables through the
Arbitrary Shape Deformation (ASD) box around the
car body, then the role of geometric reconstruction was
determined. By using a comprehensive design research
tool, the parameterized geometry was introduced to the
CFD solver for drag (objective function) evaluation.
In this paper, the HEEDS software manager tool was
employed to perform the optimization cycle. In the
numerical simulation step (second step), the Reynolds-
Averaged Navier-Stokes (RANS) equation with k � "
turbulence model and the VOF method was used.
The hydrodynamic optimization was enhanced by com-
bining two di�erent optimization techniques. In the
third step, A Latin hypercube sampling distributes
the design samples based on an e�cient response,
and subsequently, an RBF interpolation estimates the

Figure 18. Free surface elevation of the initial (a) and the optimized (b) hull at speed 16 knot.
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Figure 19. Absolute total pressure of the initial (a) and the optimized (b) hull at speed 16 knot.

Figure 20. Wave pattern on hull and around the hall: (a) Initial hull left view, (b) optimized hull left view, (c) initial hull
right view, and (d) optimized hull 10.24200/sci.2020.56644.4833 right view, at speed 16 knot.

response of the system. At the same time, the RBF-
based surrogate model approximated the best design
and corresponding variables. The �nal selected design
was introduced to SHERPA optimizer as an initial
run of direct optimization. Taking into account the
small changes in the ship displacement, the appropriate

values of the eight design variables was obtained. The
total drag reduction at cruising speed was determined
to be 10.2%. Consequently, this reduction in resistance
signi�cantly reduces fuel, operating costs, and green-
house gas (NOx and Sox) emissions. The bow nose
became sharper, and the forfeet moved slightly in the
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upward direction. These results showed the changes
of the inverted bow. Therefore, the appropriate curve
extension from deck to the bluntness of inated bow
led to the reduction of the resistance. Because of
deformations in the bow region, reduction of wave
amplitude and consequently reduction of local pressure
can be observed in the fore region of the hull.

All applied tools and methods have been designed
for the reduction of computational time and e�ort.
compared with traditional ship design methods, the
method proposed in the present study has considerable
advantages and it opens up new ways to use cost-
e�ective and high-performance computing resources to
achieve higher performance and lower cost designs. The
introduction of e�ective optimization tools is the main
purpose of the current paper. The comparison between
the initial hull and the optimized hull proves the
e�ectiveness and validity of the proposed optimization
design strategy. Based on the obtained results, one can
conclude that combining the two CFD-based optimiz-
ers and the hull morphing technology is an appropriate
method for uid-exposed geometry optimization with
complex geometry in di�erent hydrodynamic problems.
The proposed optimization platform can be used in ma-
rine industrial applications for hull form optimization.
This attempt can be extended to the di�erent speed
optimization studies and seakeeping objective function,
in future researches.
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Nomenclature

CG Correction factor
CT Total resistance coe�cient
C� Empirical constant
f(x) Objective function
FS Simulation uncertainty factor

Fn Froude number= Up
gLpp

g Gravitational acceleration
k Turbulent kinetic energy
Lpp Length between perpendicular
Lwl Length of waterline
N Number of design variables
P Pressure
PG Order of accuracy
PGest Order of accuracy for estimation

r Re�nement ratio
RT Total resistance
RG Convergence ratio
S Subset of feasible space
SG Drag coe�cient's value of grid plans
U Ship velocity
ui Fluid velocity
�ui Mean velocity
u0i Fluctuating velocity
UI Uncertainty of iteration
UG Uncertainty of grid convergence
UT Uncertainty of time step
UP Uncertainty of other parameters
UGT Uncertainty of grid and time step
USN Uncertainty of numerical simulation
x Design variables
�t Eddy viscosity
" Turbulent dissipation rate
"21 Di�erence of the drag coe�cient's

value between grid plan 2 and 1
"32 Di�erence of the drag coe�cient's

value between grid plan 3 and 2
� Kinematic viscosity
� Scale factor
�RE Generalized Richardson Extrapolation
� Ship displacement
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