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Chapter 1
General Overview

The development of new ships and the optimization of ship design are a highly
comprehensive technology which requires integrating many disciplines on the
optimization platform (or through self-programming) in order to get navigational
performance (such as: rapidity, seakeeping, and maneuverability) optimal ship. It is
also the premise and the foundation of overall design and innovative design [1]. The
traditional ship design and development is a sequential process, starting from the
owner’s demands and ending in the operation of the ship, as shown in Fig. 1.1.

Because design factors such as manufacturability and quality assurance in the
earlier stage of design cannot be fully considered, designers can repeatedly adapt
the design scheme, resulting in a series of problems such as prolonged development
cycle, difficult delivery, and cost increase, which makes it difficult to adapt to the
intense market competing with the urgent need for new models. In order to solve
the above problems, it is necessary to develop a totally new design tool, which is a
ship design and optimization method that aims at performance and usage-driven
design [2]. With the rapid development of computer science and information
technology, it is possible to improve the effect and flexibility in design process by
using virtual design technology based on computer numerical simulation and
visualization technology, which integrates the preliminary design, detailed design,
production design, construction and operation and maintenance of the current ship
design. Thus, the technology of SBD (simulation-based design) came into being.
The main purpose of SBD technology is to reduce the ship development time and
capital investment, lower risk, optimize the design, and improve efficiency. The
design and development process of ship form based on SBD technology is shown in
Fig. 1.2.
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1.1 Significance of Ship Form Design and Optimization
Based on SBD Technology

Under the condition of low-carbon economy in the post-financial crisis era, great
changes have taken place in the concept and thought of ship design. Ship design
which seeks the best overall navigation performance has gradually substituted for
ship-type optimization with the objective of minimum hydrostatic drag. In the
framework of “green ship” design and construction, it is imminent to build a

Fig. 1.1 Ship product sequence design process

Fig. 1.2 Ship product development process based on SBD technology
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resource-conserving and environment-friendly shipbuilding industry [3]. In 2014,
the Energy Efficiency Design Index (EEDI) proposed by the International Maritime
Organization required future ship form design safer, greener, more economical and
more comfortable. Therefore, energy saving and emission reduction become the
theme of the future development of ship design. Under the design conditions, the
energy-saving “green” ship hull form design is an effective method to reduce the
total resistance and fuel consumption as well as carbon emission, as shown in
Fig. 1.3. SBD technology takes the ship’s sailing performance as the optimal design
objective, and effectively combines the numerical evaluation and optimization
theory of CFD (Computational Fluid Dynamics) with the geometry reconstruction
technology of ship body to obtain the optimal navigation performance under given
constraints. The hull types, namely: the “green” hull with the minimum resistance
and the minimum energy consumption, greatly promote the design of ship form
from traditional experience mode to intelligent mode and knowledge mode [4]. At
present, our country has become the largest shipbuilding country in the world, but
there is still a certain distance from world’s shipbuilding powers. In particular, the
“Green Ship” design and development has seriously affected the strategic trans-
formation of China’s shipbuilding industry. In the fierce market competition, it can
find an effective green ship design method, which directly determines the surviv-
ability of shipbuilding enterprises. Therefore, we must quickly break through the
key technologies of shipboard SBD design and develop an optimized design system
for the integrated navigation performance of real ship with independent intellectual
property rights so as to enhance the capability of independent innovation of our ship
by leaps and bounds.

Fig. 1.3 Carbon emissions of the total life cycle of a bulk carrier
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1.2 The Key Technology of Ship Form Optimization

Ship form optimization based on hydrodynamic theory is a complex systematic
project, which is a concentrated reflection of multi-disciplinary integration and
fusion of CFD, CAD, optimization, computer, and grid technologies. It is necessary
to integrate various disciplines (software) on the optimization platform or
self-programming to achieve the optimization process. The optimization system
mainly involves five key technologies: CFD numerical simulation technology,
optimization technology, approximation technology, hull grid reconstruction tech-
nology, and integrated technology.

1.2.1 Numerical Simulation Technology

Based on the hydrodynamic theory, ship-type optimization requires that the flow
field around the hull be carefully described and more effective measures be taken to
control the flow around the hull. Therefore, the optimization of ship form is
inseparable from the scientific guidance of the ship hydrodynamics theory,
including the calculation of hydrodynamic forces methods and analytical tech-
niques. Ship hydrodynamics is the specific application and development of fluid
mechanics theory in ship science, so the latest research results of hydrodynamics
can promote the development of ship hydrodynamics. The reliability and accuracy
of the prediction results are the keys to ensure whether the optimization algorithm
can search in the correct direction in the design space. It is also one of the key
scientific problems to be solved first in the design and development of new ships.
The fluid mechanics theory used to solve ship resistance can be divided into two
categories, that is, potential flow theory and viscous flow theory, while potential
flow theory can be divided into linear potential flow theory and nonlinear potential
flow theory. Ship-type optimization of this book mainly involves linear wave
resistance theory of Michell integral method and nonlinear wave resistance theory
of Rankine source method. The theory of viscous flow mainly uses the CFD method
to forecast the hydrostatic and wave resistance of a ship. When using the CFD
method to analyze the ship’s resistance, the grid form and the meshing method are
the keys. Since the ship has a large variation in the attitude during the six degree of
freedom, it is required that the grid near the free surface should have a high
resolving power. Therefore, the structure, unstructured, and hybrid meshes in tra-
ditional CFD commercial software (Fluent/CFX, etc.) are powerless [5]. The
emergence of the overlay grid (Overset Grid) has solved the problems above. In this
book, the ship-type optimization based on the CFD method is also based on the
RANS method to set up the numerical pool of static water and wave, researching
optimization design of ship with minimum resistance based on hydrostatic resis-
tance and wave resistance.

4 1 General Overview



1.2.2 Hull Geometry Reconstruction Technology

Ship geometry reconstruction technology is a bridge between ship resistance
performance evaluation and optimization methods, which is the key link to ship
form optimization. Ship form optimization based on hydrodynamic theory,
especially based on the CFD method, the relations between objective function
(minimum total resistance) and design variables are often implicit. How to
establish the connection between design variables and objective functions is the
precondition to realize the ship form optimization based on CFD method. In the
optimization, we first parameterize the hull geometry with few parameters. And
then establish the relationship between the hull form parameters and the design
variables. Next, change the design variables by using the optimization algorithm.
Following this, alter the ship hull geometry using the geometry reconstruction
technique. One of the basic problems in the ship hull form optimization is how to
build a suitable optimization platform with fewer design variables and more hull
configuration space. This book describes in detail the basic theory of hull
geometry reconstruction technique based on hull form modification function and
ASD free-form surface deformation method.

The hull geometry reconstruction technology can be divided into two cate-
gories according to different ship parameters. One is ship parameter method
(such as the ship scale ratio, the longitudinal center of buoyancy.). It is through a
series of ship characteristic parameters to express the hull geometry, such as:
Lackenby transform method, parametric model method. The other is the geom-
etry modeling technology. It realizes the hull geometry reconstruction through a
series of control point position changes. Here are some commonly used methods
like Bezier Patch method, free deformation method (FFD), and ASD method.
Any kind of hull geometry reconstruction methods requires a wider geometric
deformation space with fewer design variables; that is, to generate as many
different geometry as possible, but to ensure the smoothness of the resulting
ship. In recent years, a number of softwares which can realize parametric
modeling of ship form has appeared. They have eliminated the need for designers
to program and have greatly improved the convenience of ship form optimiza-
tion. Some commonly used CAD software (UG, Pro-E, CATIA, and so on) can
rebuild hull geometry reconstruction through the second development technol-
ogy and the written interface program. The Friendship is a parameter modeling
software specially designed for ship-based optimization, combined with
SHIPFLOW can realize ship hull optimization quickly. It is widely used now.

1.2 The Key Technology of Ship Form Optimization 5



1.2.3 Approximate Technology

Ship form optimization based on hydrodynamic theory involves many disciplines
and is a highly complex system science. Therefore, in the process of optimization, it
also needs to consider multi-disciplinary coupling, design variables, and nonlinear
constraints. Moreover, each optimization needs iterative computation of the
objective function multiple times. If it is a high-precision solver like CFD, it will
take a lot of computing time. Therefore, if it is difficult to complete rapid opti-
mization in the stipulated time, its practicality will be greatly reduced. How to solve
the massive numerical calculation based on hydrodynamic theory in the opti-
mization of ship form is the prerequisite for the application of ship-type opti-
mization engineering. There are two main approaches: one is to use
high-performance computers by improving the computer hardware. Due to large
amount of capital required by this method, individual studies are very difficult to do
and will therefore limit the development of CFD-based ship-based optimization.
The other is an approximation technique, which is an effective way to solve the
above problems. This method is a comprehensive application of experimental
design, mathematical statistics, and optimization techniques. Through multiple
analyzes of learning data, it can simulate the design space and obtain the implicit
expression of the objective function. The essence of approximation technique is to
construct approximate functions, and through the optimization of the sequence, the
approximate optimal solution of the optimization problem is obtained by multiple
iterations. It can greatly reduce the computational workload in the optimization
process and lower the computational cost. At present, the commonly used
approximation techniques are response surface method (RSM), variable fidelity
model (VFM), kriging model, radical basis function (RBF), and so on. In addition,
ISIGHT, a multi-disciplinary optimization platform, also provides a wide range of
approximation techniques that researchers can use as needed and is very handy.

1.2.4 Optimization Method

The traditional gradient-based optimization algorithm has obvious shortcomings
and deficiencies when applied to ship linear optimization design. Ship-type opti-
mization involves rapid, weather-resistance and maneuverability and many other
disciplines. There is no expression between each of the performance indicators (the
objective function) and the design variables across disciplines (unable to derive
analytic expressions). Gradient information can only be obtained by numerical
analysis, and the computation is very costly. For strong nonlinear problem, such as
ship-type optimization, gradient-based optimization tend to converge far away from
the optimal point. Moreover, it can only guarantee the convergence to the local
optimal solution, and the optimization results are very sensitive to the initial point
selection. Modern optimization algorithms, such as genetic algorithm, simulated

6 1 General Overview



annealing algorithm, particle swarm optimization algorithm, and BP neural network
algorithm, have strong global search capability and can quickly approach the global
optimal point. However, its local search ability is poor. To find the global optimal
point finally, it needs a lot of calculation objective functions and the computational
workload increases greatly. Therefore, it is necessary to fuse the two optimization
methods and use the advantages of each algorithm to form an efficient hybrid global
optimization algorithm, which we called the global optimization algorithm.

These algorithms include the hybrid of genetic algorithm and nonlinear pro-
gramming method and the combination of genetic algorithm and simulated
annealing algorithm. Due to the enormous workload of CFD-based ship opti-
mization calculation, how to adopt scientific optimization strategy to solve the
problem of high response time and high computational cost caused by
high-precision CFD solver is also a focus of current research in this field, and a key
scientific problem that must be solved in ship-type optimization design based on
SBD technology. In this book, nonlinear programming, genetic algorithm, and
niche genetic algorithm are used to study ship form optimization based on potential
flow theory. BP neural network algorithm, Elman neural network, particle swarm
optimization algorithm, and improved particle swarm optimization algorithm are
used to optimize the ship form design based on the unsteady RANS method. The
particle swarm algorithm is applied to optimize the navigation control.

1.2.5 Integrated Set Technology

Ship-based optimization based on hydrodynamic theory is a systematic project
involving CAD technology, CFD technology, optimization methods, and computer
network technology, etc. How to integrate the above modules to form a unified
interface optimization platform is also a key to the realization of optimization
process automation. Currently, there are two main methods of integrated technol-
ogy: one is that all modules are their own programming. This requires a very strong
computer language ability, which is difficult for the general individual or unit to
achieve, and time is longer. The other is the optimization platform: ISIGHT and
OPENFOAM. Taking ISHIGT as the optimization platform is relatively mature;
most of the current researchers use this platform for integrated synthesis, such as:
Liu Zu-yuan from Wuhan University of Technology [6] integrated SHIPFLOW
software based on ISHIGHT platform and, through the self-compiled interface
program, optimized the hydrodynamic design of ship. OPENFOAM is a CFD
open-source code that can be secondary developed. The main domestic set of ship
CFD calculation and optimization developed by Shanghai Jiao Tong University
Wan De-cheng team [7] is called naoe-FOAM-SJTU. This book through the
FORTRAN language self-compiled algorithm program or interface program,
respectively, based on the Michell integral method and Rankine source method for
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the minimum wave resistance ship line optimization design. It can verify the reli-
ability of the theoretical optimization results through model validation and construct
minimum hydrostatic resistance optimization platform based on the potential flow
theory. On the ISIGHT optimization platform, the CFD resistance calculation
module and the CAD geometric reconstruction module are integrated, and the
program interface between the modules is compiled. It also studies on ship opti-
mization based on the ship hydrostatic resistance and wave resistance of unsteady
RANS method and the optimization of optimum trim of navigational control during
actual navigation, to construct the control and optimization the framework of
ship-based SBD design and real ship navigation based on RANS.

1.3 Basic Method of Hull Line Optimization

This book uses the method of theoretical optimization and experimental verification
(potential flow theory) to study the minimum hydrostatic and wave resistance of
ship-based optimal design. It respectively takes Michell integral method, Rankine
source method to calculate the sum of wave resistance and flat frictional resistance
and hydrostatic total resistance and wave resistance calculated by unsteady RANS
method as the objective function. It takes the control parameters (ship modification
function and ASD free-form surface deformation method) which reflect the shape
change of the hull as the design variable, the restriction of displacement as the basic
constraint and then considers other additional constraints. It combines nonlinear
programming method, genetic algorithm, and niche genetic algorithm to study ship
optimization based on potential flow theory. The BP neural network algorithm,
Elman neural network algorithm, particle swarm optimization algorithm, and
improved particle swarm algorithm are combined to study the optimization of ship
design based on the unsteady RANS method and the optimal pitch navigation
optimization problem. Hull linear optimization design program with independent
intellectual property rights is developed. Taking four typical ship types as the
research objects, such as Wigley, S60, DTMB5415, and KCS container ships, we
optimize the calculation to obtain the theoretical linear optimal ship, and then use
them as a basis for real ship navigation optimization. Finally, the validity of the
theoretical optimization is proved by the model test (potential flow theory), so as to
construct a ship-based SBD design and a real-frame optimization design framework
based on hydrodynamic theory. The specific research methods are as follows:

(1) Hull geometry reconstruction technology
Based on Michell integral method of ship form optimization, since the expression
of the objective function contains the ship type (type value), its file can be directly
inputted for optimization. Ship form optimization based on Rankine source method
is, because of the implicit expression relation between objective function and design
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variable, more difficult to optimize the wave resistance directly. Therefore, it is
necessary to associate the objective function with the design variable by using the
ship modification function, and then, the hull form is optimized for the design
variables by the parameters of the ship modification function. In addition to
the implicit relationship between the objective function and the design variables, the
ship-type optimization based on the RANS method also requires parameterize
the model and automatically divide the mesh after reconstruction. The hull form
optimization based on CFD in this book is the hull geometry reconstruction using
ASD free-form surface deformation method.

(2) Numerical evaluation of resistance
The accuracy of numerical evaluation of hydrodynamic theory has a direct impact
on the reliability of the optimization results. The Michell integral method and the
Rankine source method are used to calculate the wave resistance in this book.
Because the method is based on linear and nonlinear wave-making resistance
theory, the calculation accuracy for slender ships or high-speed ships is high, and it
can meet the requirement of engineering accuracy. Because of the large proportion
of the wave resistance in this type of ship, it takes the minimum wave resistance
ship as the main target, and the optimization design is more practical. Moreover,
based on Michell integral method and Rankine source method, the calculation
speed is fast, and the optimal ship form can be quickly obtained. This book takes
Wigley ship, S60 ship model, and DTBM5415 ship model as the example to
evaluate and optimize the resistance. The high accuracy of RANS method based on
viscous theory has long been confirmed by engineering practice. In addition, it is
very difficult to evaluate the resistance of a ship by using CFD method, and then
optimized the algorithm combined with the optimization design. The time of the
calculation is too much to accept. However, its calculation accuracy is higher,
especially for some mast or unconventional ship type, whose resistance composi-
tion is more complicated, so the CFD method is still needed to optimize the ship
form. Especially in recent years, with the enhancement of computer storage
capacity and calculation speed, the ship-type optimization based on CFD can be
realized by adopting workstations and servers.

A numerical tank based on unsteady RANS method is established in this book,
using the VOF method to capture the free surface and the turbulence model is k-e
two-equation models. It uses the volumetric center finite difference scheme discrete
control equations, the second-order Euler backward difference format is used for the
time term, the second-order hybrid finite difference format is used for convection
term, the second-order central difference format is adopted for viscoelastic flow.
SIMPLE algorithm is used to solve the RANS equation and continuity equation.
Based on the RANS method, the numerical calculation method of hydrostatic
(wave) resistance and motion response of the ship are finally obtained through the
given boundary conditions and initial conditions, combined with six degrees of
freedom equations of motion.
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For the numerical solution of ship wave resistance and motion response, the key
technologies are automatic mesh generation and free surface simulation method. In
this book, the overlapping grid technique is used to simulate the six degree of
freedom ship movement, using a single VOF method to simulate the free surface.
For the hull and watershed area in this book, the structure overlay grid technology is
used to perform the grid layout and generate the calculation grid. In the grid
strategy, a stationary Cartesian rectangular grid is used to ensure the free surface
grid resolution. The hull adopts the dynamic body-fitted grid, and the prototype and
all deformed grids adopt a unified topology. In the process of calculation, as the hull
moves continuously, the relative position between the hull mesh and the back-
ground mesh is constantly changing, resulting in the change of the overlapping area
between the grids, and the flow field information exchange between the grids
should be carried out at each time step. At the same time, the search of the cave
boundary and internal and external boundary contribution units should be carried
out at each time step. Therefore, the key to improve the computation efficiency of
dynamic structure overlay grid lies in the establishment of cave boundaries and
contribution unit search.

(3) Optimization algorithms and approximation techniques
Based on the Michell integral method and the Rankine source method, this book
separately studies the minimum wave resistance ship and the minimum total
resistance ship based on the nonlinear programming, genetic algorithm, and niche
genetic algorithm. The real physical model is directly used as an objective function
optimization without the use of approximation techniques. Based on the RANS
method, the minimum hydrostatic resistance ship type and the minimum wave
resistance ship type are studied based on BP neural network (improved neural
network), Elman neural network, and particle swarm optimization (improved par-
ticle swarm optimization), respectively.

Because of the complexity of the physical model based on CFD ship model
optimization, it is necessary to adopt approximate models instead of real physical
models to achieve CFD-based optimal design of minimum resistance ship and the
optimization of navigation control.

(4) Integrated technology
Ship optimization for Michell integral method and Rankine source method realizes
the entire optimization calculation by self-programming. For the RANS method of
ship optimization, the optimization integration platform ISIGHT is needed, the
various modules will be integrated to complete the hull form optimization, and the
framework of hydrostatic resistance design based on CFD and the framework of
optimization of minimum wave resistance based on CFD are constructed respec-
tively. Finally, taking the optimal navigation pitch as the design variable, a ship
design framework with the best comprehensive navigation performance is
constructed.
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1.4 Research Progress of Ship Form Design
and Optimization of SBD Technology at Home
and Abroad

1.4.1 Ship Form Optimization Based on Potential
Flow Theory

Under the load conditions, the determination of the optimum hull shape (lines) is
both a complicated and critical design technique in ship design as it directly affects
the ship rapidity (resistance and propulsion), maneuverability, and seakeeping
performance, etc. The determination of hull shape with the least resistance is the
first goal pursued by ship designers [8, 9]. The past ship line design, mainly through
the successful mother ship, based on the designer’s experience and the compre-
hensive method of ship model test to complete, which takes a lot of time and cost,
and has great limitations. The real ship-based optimization is target-driven design to
meet the four major factors: the objective function (e.g., minimum resistance),
design variables (the bridge connecting the ship and the objective function), con-
straints (optimization range and constant region), and optimization methods (tra-
ditional optimization method, modern optimization method, and hybrid
optimization method) and finally get ship geometry with the best performance. The
optimization model is shown in Fig. 1.4. With the continuous progress of fluid
mechanics theory and the rapid development of computer technology, it is
becoming possible that the hull linear optimization design based on hydrome-
chanics theory. Countries with advanced shipbuilding technologies such as Europe,
the USA, Japan, and South Korea have applied their research achievements in
actual ship design. However, some ship design departments in our country still
adopt the traditional empirical design method to design ship hull lines. This situ-
ation is very unfavorable to the rapid development of the shipbuilding industry.

Fig. 1.4 Comparison of the ship design modes

1.4 Research Progress of Ship Form Design … 11



Therefore, in order to enhance the competitiveness of China’s shipbuilding industry
in the international market and improve the shipbuilding capability of China’s
shipbuilding enterprises, it is urgent to study how to quickly generate a hull linear
optimization design with excellent resistance to drag method to develop the hull
line optimization design software with independent intellectual property rights.

Based on the theory of linear wave resistance, the research of ship-type
improvement and optimization design has been carried out at home and abroad.
Bian Bao-qi, an American Chinese, proposed the theory of “application of wave
resistance theory to design hull alignment” in 1967, which caused a world sensation
[10]. Japanese scholars Rongchang Farm (1972), Di Xiao Xing (1978), Masao
Matsui (1980), and others were put forward to improve the use of waveform
analysis of the ship. The method adopted was ship planning in the form of a
complement to the thin-walled theory and waveform analysis data. The method of
Rongmai and Masahiro Matsui only needs data of one ship model, and the method
of Diochangxiao requires optimization of the model and requires a series of model
test data for multiple ships, and is only applicable to the improvement of the second
half of the hull [11]. CC Hsiung of Canada firstly proposed the method of
expressing the hull surface by Tent function, and used the Michell integral method
to carry out the calculation of the wave resistance value, and expressed the wave
resistance of the ship as a function of its type value to form the quadratic pro-
gramming problem for ship-type optimization [12, 13].

In China, Ye Heng-kui firstly explored the optimization problem of the mini-
mum wave-making resistance ship based on linear wave theory. The wave resis-
tance is calculated by Michell integral method, referred to C.C.Hsiung’s Tent
function to express the hull surface. The constrained optimization problem is
transformed into an unconstrained one by using the mixed penalty function method.
This method is simple, easy to operate, easy to program implementation, less
demanding on objective functions and constraints, and applicable to a wide range of
applications [14]. The concept of equivalent thin-vessel was put forward by Xia
Lun-xi and Liu Ying-zhong and they improved ship form on the basis of this
concept [15]. Huang De-bo substitutes the half-width function of the hull repre-
sented by the unit tent function into the Michell integral formula to calculate the
wave resistance coefficient and has carried on a successful optimization design
study on a high-speed ship type [16]. Using the Mathieu function, Pan Zhong-qing
and Du Shao-qiu et al. described the wave resistance as the integral of the area
curve based on the linear wave theory and the straight-wall assumption and
introduced the infinite water depth boundary to improve the ship type under given
ship speed and prismatic coefficient and reduce the resistance [17]. Zhang
Xuan-gang and Dou Shao-qiu broke through the shortcomings of tent function in
characterizing the sparse and large approximation of hull surface meshes in terms of
ship type. They have conducted fruitful studies on the application of B quadratic
spline function to calculate the wave resistance of high-speed catamaran and
improve ship form [18]. Shi Zhong-kun and others modified the theory of amplitude
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function by combining linear wave theory and waveform analysis and adopted
nonlinear programming method to optimize the design of high-speed ships [19].
A lot of researches had been done by Ma Kun and Tanaka Ichiroa [20–23] on the
optimization of ship types with the minimum resistance based on the wave resis-
tance theory. They studied the design methods of the ship with the least
wave-making resistance and the ship with the lowest total drag and take the control
of the tail viscosity separation as the constraint condition, and the minimum total
hull resistance is taken as the objective function. This not only simplifies the
calculation of the model, improve the speed of operation, but also consider the
influence of the tail viscosity. In addition, Ji Zhuo-Shang, Lin Yan, Huang Qing,
and others have made a great deal of researches on optimization of hull type based
on linear wave resistance [24–28].

The above researches are mainly based on the Michell integral method and the
waveform analysis method in the linear wave resistance theory, and the nonlinear
programming method is used to optimize the shape of the front part of the
ship. However, due to the simplified assumption of surface conditions and free
surface conditions by linear theory, the calculated results are quite different from the
experimental ones in values. In particular, the theory of linear wave resistance
excessively exaggerated the “peak” and “valley” values of wave resistance.
However, it is of theoretical value and practical significance to qualitatively
determine the merits of the hull profile (especially medium-speed and high-speed
vessels) by using linear wave-making resistance theory and to improve the ship
form.

After entering the 1990s, people began to use the Rankine source method of the
potential flow resistance theory combined with the optimization technology to
optimize the ship shape and achieved a good reduction in the resistance [29].
Among them, the most representative is the Japanese scholar Suzuki Kazuo’s ship
form optimization method. His work mainly goes through two stages of Rankine
source method of wave resistance numerical calculation and the optimization design
based on the Rankine source method of minimum wave-making resistance ship
form. The towing test is carried out to verify the effectiveness of the proposed
method [30]. In his method, the wave resistance theory is based on the Rankine
source method, and the hull modification function adopts a double trigonometric
series. The optimization technique adopts a sequential quadratic programming.
Suzuki Kazuo also used this method to optimize the design of HTC-type container
ships. After designing Fr = 0.305, after 3*5 iterations, the resistance of the
improved ship’s hull has been reduced by about 16%. From his research work, it
can be seen that the optimization of ship form based on Rankine source method has
both theoretical value and practical significance. In recent years, a number of
research institutes in China have also made considerable progress in forecasting
ship hydrodynamic performance and optimizing ship shape based on Rankine
source theory. Cheng Ming-dao and Liu Xiao-dong have achieved better results in
the optimization of the stern sealing plate by using the linear wave numerical
method. Chen et al. [31] Liu et al. [32] Chen Jing-pu improved the Dawson method
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for the trimaran hull layout optimization, but also applies the developed linear wave
numerical method to the linear optimization of the container ships [33].

The biggest problem caused by Rankine source method is the long calculation
time. Because the Rankine source method cannot express the hull and wave
resistance directly, the calculation of the positive problem must be repeated after
the ship type is given in the process of optimization iteration, which leads to the
increase of the computational workload. As a result, Akawa Hiroshiki used
the characteristics that the modified ship type is similar to the mother one to
approximately satisfy the surface conditions in the calculation of wave resistance on
the mother ship. Thus, in the optimization process, no matter how the ship type
changes, the grid only needs to be constructed once, which saves a lot of computing
time. Raven of MARIN, the Netherlands, adopted the method of increasing the
surface area and iteratively solving the problem. In the early 90s, RAPID, a
numerical calculation and optimization software for ship wave resistance, was
successfully developed, which solved the nonlinear potential flow problem. The
main purpose of using RAPID software to optimize ship form is to reduce wave
formation and wave resistance, which has become a common design tool of
MARIN [34–36]. At present, although the theory of nonlinear wave resistance has
been developed to a certain extent, it is more realistic, based on the theory of
potential flow wave resistance, to base on Rankine source method for the opti-
mization of ship form based on resistance performance.

Most of the mentioned ship shape optimization studies are based on nonlinear
programming method. In general, such ship shape optimization processes tend to
have relatively weird shapes with no practical significance. However, it is easy to
understand deeply from the mechanism that the influence of hull line changes on
the resistance performance. This is of great significance to clear the direction of
optimization and guide the design modification. In order to obtain a practical model,
according to the experience in the refinement process, add the appropriate con-
straints so that the optimized ship profile is closer to the practical model and
re-optimization calculation is carried out again.

In this book, the optimal design method of hull lines with excellent resistance
performance is developed in the part of potential flow theory, in order to develop
the hull line optimization design software with independent intellectual property
rights. The optimal design object is not only limited to the front half, but also the
overall linear of the hull under the waterline, including the second half, as the
optimal design object. To this end, the theory of wave resistance, viscous theory,
optimization technology, and CAD technology are organically combined to study
the optimization design method of ship line and to develop the optimization design
program of hull line type. In the optimization calculation, the main purpose of
reducing the wave resistance is to control the tail sticking separation as the con-
straint condition. The hull shape value of the designed ship is expressed by the
mother ship value and the ship modification function. The optimization calculation
method adopts the nonlinear programming method which is more mature in ship
form optimization. The Rankine source method with better calculation precision is
adopted to calculate wave resistance.
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1.4.2 Optimization of Ship Form Based on Viscous
Flow Theory

With the rapid development of computational fluid dynamics (CFD) and CFD, it is
possible to develop high-performance hulls quickly and efficiently [37, 38]. In the
field of ship rapid performance calculation, CFD has become a new method of
design and optimization of ship profile and has been widely applied abroad.
Compared with the previous equipment of making a ship model and then carrying
out a tank test, the time and cost of developing a ship can be greatly reduced. It is
also beneficial to improve the performance of the developed ship model, and greatly
reduce the dependence on the model test tank. The effect of applying the CFD
method to the hydrodynamic performance of a ship depends primarily on the
mathematical model level of the CFD program. It should be pointed out that the
CFD method does not completely replace the model test, but it can reduce the scope
of the model test and provide useful information for the line optimization [39, 40].
However, due to the use of CFD technology to evaluate the resistance of a ship
requires several hours, if combined with the optimization technology to explore the
minimum resistance ship is difficult to achieve practicality. Therefore, when CFD is
applied to ship form optimization from the very beginning, it is mainly to analyze
and evaluate several ship-type schemes generated in advance, and select the
ship-type scheme with better performance.

The design of ship SBD based on RANS method and the optimization of real
ship navigation are a new research direction that emerges with the continuous
improvement of CFD theory, the rapid development of CAD technology and
optimization theory, as well as the drastic increase of computing speed and storage
capacity. It breaks through the scheme optimization of traditional CFD optimization
technology and truly achieves the goal of performance-driven design and promotes
the ship-based design from traditional experience mode to the knowledge-based and
intelligent based on numerical simulation technology. The basic optimization
framework is shown in Fig. 1.5.

After more than two decades of development, the importance and superiority of
this technology have drawn the great attention of all countries. They have invested a
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great deal of manpower, material, and financial resources in research and a series of
achievements have been published one after another. Abroad, Professor Campana
[41–45] at the INSEAN pool in Italy firstly combined optimization theory with
CFD technology to study the optimization of ship hydrodynamic performance
based on SBD technology. In recent years, Prof. Campana, Peri, and their group
have carried out a lot of research work on the optimization design of hydrodynamic
performance (resistance and seakeeping) of ships based on SBD technology. They
made a systematic research on the hull geometry reconstruction technology,
approximation technology, optimization strategy and integrated technology and
developed the disturbance surface method based on Bezier Patch surface to realize
hull geometry reconstruction. They apply the approximation technique of variable
fidelity model to solve the multi-objective optimization problem, establish a
ship-based optimization design framework based on SBD technology, and verify
the optimization results by model tests, and the obtain an improved ship model with
excellent hydrodynamic performance, confirming the superiority of SBD technol-
ogy. Professor Tahara [46–50], University of Tokyo, Japan, used the ship design
software NAPA for ship parametric expression. CFD software FlowPack was used
to calculate the propulsion performance and handling performance. On the
self-developed integrated optimization platform, the ball of the container ship was
completed and the experiment was carried out. Professor Harries et al. [51], from
Berlin University of science and technology in Germany, developed Friendship, full
parametric commercial CAD software, to parametrically model the hull. His
comprehensive integration on the Mode Frontier optimization platform completes
the multi-disciplinary and multi-objective optimization of hydrodynamic perfor-
mance of the ship, using experimental techniques and approximation techniques in
the design process. In addition, Ho-Hwan [52] used the self-compiled RANS
method as the solver and the parametric model method to realize the geometric
reconstruction of the hull. Sequential Quadratic Programming SQP and Particle
Swarm Optimization (PSO) were used to optimize the calculation respectively.
Gregory [53] integrated the CAD software Friendship-Modeler with the CFD
software SHIPFLOW, and studied ship form optimization problem using Genetic
Algorithm GA. Zalek [54] carried out a detailed summary of the research progress
on the optimization design of foreign ships and carried out the multi-objective
optimization design of ships based on the fastness index and seakeeping index as
the objective function. Peri, Tahara, Campana and others [55–57] used two kinds of
multi-objective global optimization algorithm (Multi-Objective Genetic
Algorithm MOGA and PSO algorithm) respectively for high-speed catamaran
under single speed target (resistance) multi-point design, single-objective opti-
mization design (corresponding to three speed-weighted), and multi-objective
optimization design (resistance and surge). The reconstruction of the hull was
carried out by FFD method and CAD method, respectively. The CFDSHIP software
was used for numerical calculation, and the optimization results were verified by the
model tests. Kim et al. [58] used SHIPFLOW software to calculate the hydrody-
namic performance of single-fin and double-fin LNG vessels, reconstructed the
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geometry using Friendship software, and optimized the integrated platform through
optimization and verified by model tests.

Soonhung et al. [59] proposed fairing B-spline parameter curve to realize geo-
metric parametric expression of ship hull, and realized hull geometry reconstruction
of LPG ship through the conversion function. He Jim [60] established a
multi-disciplinary optimization design model of ship resistance, seakeeping, and
maneuverability. Resistance performance is the main objective function.
Seakeeping and maneuverability are related to the objective function as constraints
in the optimization process. Vasudev [61] established a multi-objective optimiza-
tion design framework for ships. He takes the model geometric parameters as the
design variables and takes the viscous drag calculated by CFD software
SHIPFLOW as the objective function, using the Nondominated Sorting Genetic
Algorithm (NSGA-II) as the optimization method and optimizing the design of an
intelligent water robot.

At present, there is not any formal publication of the research achievements on
the optimization of wave resistance based on the CFD method. However, in
numerical simulation, there are a lot of overseas research achievements, which can
lay a foundation for the future ship optimization. The more representative ones are
as follows. Orihara and Miyata [62] and their group solved the RANS equation by
the finite volume method and simulated the wave resistance and motion response of
a container ship in a regular wave by using the overlapping grid technique. Carrica
et al. [63] calculated the large-scale motion response of DTMB5512 at middle and
high speed using overlapping mesh technique. Tezdogan et al. [64] used the
unsteady RANS method to evaluate the wave resistance and movement of a con-
tainer ship during low-speed sailing. It can be seen from the above literature that
breakthroughs have been made in the key technologies of SBD ship design opti-
mization such as hull geometry reconstruction technology, high-precision CFD
numerical simulation technology, optimization strategy, approximation technology,
and integrated technology abroad. A series of commercial software come out one
after another and the research results have been applied to the actual ship design.
However, the above-mentioned ship-type optimization objective function is basi-
cally the hydrostatic resistance, and does not consider the ship’s actual navigation in
the wave resistance and the impact of ship movement on the resistance, and does
not take the ship’s propulsion and maneuverability and other actual navigation on
the optimization effect of the result into consideration as well.

In China, from the late 90s onwards, the design and optimization of ship SBD
based on the RANS method has been developed rapidly. The main purpose is to
forecast the hydrostatic resistance prediction and optimize the scheme for a given
ship type. Chen [65] applied ShipFlow software to select and optimize a catamaran
of a small waterline through a series of hull elements such as hull draft, main body
shape, body spacing, and pillar length. Xu [66] used CAD–CFD integrated platform
Friendship–Framework for automatic deformation, and then selected and optimized
by CFD software ShipFlow.
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In recent years, with the application of optimization theory in the field of
shipbuilding and the development of parametric expression technology of hull,
people began to integrate CFD numerical simulation software, and ship geometry
reconstruction technology on the commercial optimization platform to carry out the
optimization design of the ship with the minimum resistance. Liang [67] used
OPTIMUS 5.2 optimization platform to integrate GAMBIT software and fluent
software and applied experimental design methods to reduce the number of cal-
culations and established a ship-based optimization strategy based on the response
surface model and the optimization of the headline of a submarine was automati-
cally optimized, and the effectiveness and feasibility of the optimization method
were verified through model tests. Chang et al. [68], Xie et al. [69], Huang and
Feng [70], Su [71] studied the linear multi-disciplinary optimization design of hull
based on CFD, integrated the ship geometry reconstruction technology, and CFD
software SHIPFLOW with the commercial optimization platform ISIGHT. The
application of approximation technology in ship form optimization can improve the
optimization efficiency, and the research results have certain engineering practical
value. Qian et al. and so on [72, 73] used ISIGHT optimization platform to integrate
CFD technology, ship form transformation and automatic generation technology
and response surface model, and adopted a hybrid optimization algorithm to carry
out ship-type optimization design with minimum resistance as the optimization
objective. Shahid [74] studied the ball-head optimization design based on CFD. The
total resistance calculated by Fluent was taken as the objective function, and the
automatic transformation and meshing of different ball-head shapes were realized
by using GAMBIT software. With the optimization of the genetic algorithm in the
MATLAB toolbox, an effective CFD-based ship form optimization tool is obtained.
Li [75] constructed an optimized design framework of ship hydrodynamic con-
figuration based on SBD technology, focusing on Bezier Patch local geometric
reconstruction method and FFD global geometric reconstruction method and PSO
optimization algorithm, and solved the problem of automatic generation of complex
mesh.

In the aspect of comprehensive navigation performance optimization, people
begin to establish the relationship between ship navigation performance and
ship-type parameters according to the regression formula of series of ship model
test results and carry out ship-type optimization design in the stage of ship design.

Wang et al. [76] proposed a multi-objective ship-type optimization system that
minimized the wave resistance and the wave drag increasing, and calculated the
sum of the wave resistance calculated by the CFD software and the sum of wave
drag based on the potential flow theory as the goal. The full parameterized model is
established in Friendship software, and the above modules are integrated through a
self-programming interface. The feasibility of this method for the optimization of
wave resistance ships is verified by an example of an oil tanker. Zhang [77] studied
multi-disciplinary optimization of shipboard vessel in waves of container ships
based on Energy Efficiency Design Index EEDI. It takes the navigation
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performance (wave resistance, EEDI energy efficiency index) as the objective
function in the wave and the full parametric model based on the ship’s wave
resistance standard, and uses the ISIGHT multi-disciplinary optimization platform
to carry out integrated integration, which can be used in different optimization
strategy to complete the waves in the ship-type optimization. Zhou [78] studied the
high-performance ship optimization design method based on the EEDI energy
efficiency index. Taking the two important factors influencing the ship energy
efficiency index (EEDI) as speed and load capacity, a multi-objective genetic
algorithm (Matlab) toolbox was used to optimize the model. The results show that
the energy efficiency level of the ship can be effectively improved in the early stage
of high-performance ship design. Based on SBD technology, Sheng-Zhong [79]
combined with global optimization algorithm, hull geometry reconstruction tech-
nology and high-precision RANS method, and established a multi-objective opti-
mization platform for ship navigation performance. Taking a bulk carrier as an
example, the total resistance and propeller flow fraction of the propeller disk are
taken as the objective function to optimize the calculation. The total resistance of
the improved ship is reduced by 5%, and the navigation performance is remarkably
improved.

No research results have been published on ship-type optimization based on
minimum wave resistance, but significant results in wave resistance calculation can
provide technical support for ship form optimization. Shen et al. [80] and his team
developed the naoe-FOAM-SJTU solver based on the open-source code
OPENFOAM. In the solution process, the VOF (Volume of Fluid) method is used
to capture the free surface based on the RANS method, the SST (Shear-Stress
Transport) K-W turbulence model is introduced to deal with the viscous flow and
the PISO method is used to deal with the velocity–pressure coupling problem. The
heave and pitching motion of the DTMB 5512 ship in regular waves and waves
with different wave heights are calculated, and the calculation of wave drag is also
discussed. Zhao et al. [81] developed a RANS-based CFD hydrodynamic perfor-
mance calculation system based on overlapping grids, which can well simulate the
resistance and response of ships during the movement. Based on the viscous theory,
Shi et al. [82] established a three-dimensional numerical wave-making tank and
realized the numerical simulation of the wave motion of the ship model in irregular
waves.

The domestic tracking of the international front, the commercial CFD numerical
simulation software to calculate the total resistance is as the goal, using parametric
modeling methods, stacking and reconciliation method for the geometric recon-
struction method, the use of optimization algorithm toolbox or commercial opti-
mization platform (such as ISIGHT) for synthesis integrate and construct
SBD-based ship-type optimization system and achieved some results. In the
aspect of navigation performance optimization, the regression formula is mainly
used to establish the navigation performance optimization formula. In recent years,
the wave resistance and energy efficiency index EEDI have been used as the
objective function, and the optimization design has been carried out on the com-
mercial optimization platform based on the wave resistance transverse standard.
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However, the wave resistance calculation is limited to the potential flow theory and
does not evaluate the energy-saving effect after the optimization of the actual ship
form. According to the research progress at home and abroad, we can see that the
foreign scholars have established the theoretical framework of ship navigation
performance optimization system based on SBD technology and made break-
throughs in key technologies to achieve the boat-type optimization model driven by
performance-driven design. From a single resistance to multiple performance
(seakeeping, maneuverability) of the integrated optimization, optimization of ship
type can also be obtained from a simple mathematical ship (Wigley ship, Series 60
ship) to more practical ships. The ship resistance optimization based on RANS
method has been basically implemented in China and has been applied to the actual
ship design. However, it is mainly dominated by single-objective optimization or
simple multi-speed target optimization and does not give multi-speed resistance
optimization or multi-speed optimization involving navigation (high-speed craft
such as container) nor effect evaluation in waves (while in fact the ship is navi-
gating in the waves).In addition, there is no evaluation on the energy-saving effect
under different loadings for this optimized speed, namely, real ship navigation
optimization. Therefore, in the part of viscous flow from the actual operation of the
ship, this book studies the key technologies of the ship SBD design and the real ship
navigation optimization system based on the unsteady RANS method, including: an
overall performance evaluation system based on unstructured RANS method for
structural overlapping grids, ship hull geometric reconstruction based on ASD
freedom surface deformation method, the optimization mechanism of BP neural
network, Elman neural network and particle swarm optimization algorithm, and
approximation technology based on neural network and CFD parallel computing
technology, developing a real ship navigation optimization design system with
independent evaluation and optimization by numerical valuation.

The unsteady RANS method is used to calculate the hydrostatic resistance and
wave resistance as the objective functions, taking the parameters reflecting the
shape change of the hull as the design variables and the displacement as the basic
constraint, and then consider the propulsion (i.e., propeller nonuniformity.) and
maneuverability index and other additional constraints, combined with the opti-
mization algorithm for ship-type optimization design. In addition, the optimization
of navigation control with minimum trim value at design speed is studied to obtain
the optimal navigational performance of the ship, which lays a theoretical foun-
dation for the real optimization of the real ship navigation system.

1.5 Research Project

The general research plan of this book is shown in Fig. 1.6.
First, according to the input data of the mother ship, including the type table, the

main scale, and other parameters of the hull geometry parametric expression and
modeling. For the Michell integral method, the hull type value can be used directly
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Fig. 1.6 Overall research program
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as the design variable because the ship shape value and the wave resistance
expression have been linked when expressing the ship type with a tent function, it is
unnecessary to reconstruct the ship hull geometry. For the Rankine source method,
the boat shape modification function is used to express the shape of the ship hull,
and the parameters of ship modification function are taken as the design variables.
For the RANS method, the ASD free surface deformation method is used to
parametrically express and reconstruct the modified hull and constant part of the
hull. In each optimization process, the mesh is performed, and then the deformation
of the ASD freedom surface is controlled parameters for design variables, and
ultimately achieves the purpose of free deformation.

Second: after reconstruction, the hull values are input into the Rankine source
and RANS numerical calculation (for hull value files for Michell integral), com-
putational modeling and grids are performed by determining the boundary condi-
tions and the calculated domain size, the calculation modeling and automatic grid
division, generate calculation grid file. The numerical accuracy and numerical
stability of the numerical method are verified, and the influence of different degree
of mesh density on the calculation results is confirmed. Finally, the final mesh file is
determined. Numerical simulation of the design speed of wave resistance is used to
calculate the hydrostatic total resistance and the wave resistance as the objective
function.

Third: it uses the response surface model instead of the real physical model and
studies ship-type optimization of the minimum wave-making resistance and the
minimum total resistance using nonlinear programming, genetic algorithm, and
niche-based genetic algorithm respectively. BP neural network algorithm, Elman
neural network algorithm, particle swarm optimization algorithm, and improved
particle swarm optimization algorithm are used to study the ship hydroforming
optimization based on the CFD method with the minimum hydrostatic and wave
resistance. The convergence and reliability of the algorithm are verified by the test
function.

Fourth: integrating the above comprehensive-functional modules, using
FORTRAN language to write data interface between the various modules of the
program (Michell integral method and Rankine method adopt self-programming to
establish optimized mathematical model. Ship model optimization of RANS
method integrates CFD resistance solving software, CAD modeling software, and
meshing software on the ISIGHT platform to establish optimized mathematical
model). Michell integral method and Rankine source method are used to calculate
the wave resistance and total resistance calculated by the RANS method hydrostatic
resistance and wave resistance as the objective function to reflect the shape change
of the hull shape parameters for the design variables. The basic constraint condition
is the restriction of displacement. Then the optimal design frame based on hydro-
dynamic theory is constructed, such as minimum wave resistance, minimum total
resistance, and minimum wave resistance. Through the optimization calculation of
four typical hulls, such as Wigley ship, S60 ship model, DTMB5415 ship and KCS
container ship, the theoretical minimum wave resistance, minimum total drag,
minimum wave resistance, and the optimal trim are obtained. The research method

22 1 General Overview



can provide theoretical basis and technical support for the design of “green ship”
and the development of new ship types based on energy conservation and emission
reduction.
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Chapter 2
Basic Theory of Hydrodynamics

2.1 Overview

Ship hydrodynamic performance evaluation technique is one of the prerequisites
and key conditions for ship-type optimization based on SBD technology, which
provides an effective means to establish the mathematical model of ship design
optimization problem. The accuracy of the hydrodynamic performance evaluation
directly affects the quality of the optimization results [1]. In the optimization pro-
cess, the optimization algorithm will adjust the next search direction based on the
performance prediction results. Therefore, the reliability of the performance pre-
diction results is the key to ensure that the search direction of the optimization
algorithm in the design space is correct or not, and is also directly related to the
success or failure of the optimization design.

The accuracy of numerical prediction of ship hydrodynamics theory will directly
affect the quality of ship model optimization. Therefore, the basic requirements of
ship-based optimization based on hydrodynamic theory and numerical simulation
technology are:

(1) Rapidity
In the use of hydrodynamic theory for ship-type optimization, the numerical

method is required to calculate the ship’s resistance performance quickly. In the
optimization process, the numerical simulation method needs to constantly calcu-
late the resistance performance according to the hull shape transformed by the hull
geometry reconstruction technology, which puts forward higher requirements on
the rapidity of the numerical simulation technology. In the theory of ship hydro-
dynamics, the potential flow theory can generally meet this requirement, so it has
been widely used in the 1990s. In recent years, with the rapid development of
computer technology and the improvement of mathematical knowledge, CFD-based
ship-type optimization is possible, but still much slower than the potential flow
theory. In particular, CFD technology strongly depends on computer hardware. In
the post-financial crisis era, in the fierce market competition, who can quickly find a
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well-optimized ship design method and who will be able to occupy the market, thus
the accuracy of ship hydrodynamics numerical simulation technology is a major
issue that must be solved in CFD ship-type optimization.

(2) Accuracy
The accuracy of numerical simulation technology has a direct impact on the

quality of the optimized ship. Numerical simulation of ship resistance based on the
potential flow theory, such as Michell integral method and Rankine source method,
is of great accuracy in evaluating some high-speed and long slender ships to meet
the actual engineering requirements. In the evaluation of some special ship form,
such as the mast type, the result is far from the experimental value, so the opti-
mization results are often distorted. When using CFD technology to evaluate ship’s
resistance, the general will get a more accurate resistance value, without restrictions
of the ship, but also get more flow field information. Therefore, in recent years, ship
resistance evaluation based on the potential flow theory is gradually replaced by the
CFD method. However, the calculation of potential flow theory is still unmatched
by the CFD method. So, it is more effective to adopt different theories for different
types of ship when optimizing the ship form based on the theory of hydrodynamics.

(3) Sensitivity
The numerical evaluation method of ship-type optimization requirements based

on the hydrodynamic theory can quickly recognize the influence of small changes
of hull geometry on the calculation results. That is to say, the numerical calculation
method has high sensitivity to changes of ship type. In the process of ship-type
optimization, the optimization method adjusts the design variables according to the
numerical simulation results to obtain a new ship model, then the CAD module
reconstructs a new ship model, and the numerical simulation is further evaluated. In
this way, the variation of the ship type may be very small, which puts higher
requirements on the sensitivity of the numerical evaluation method.

At present, there are many methods for forecasting the resistance performance of
a ship, and there are generally three kinds of methods: the linear wave resistance
theory, the approximate nonlinear wave resistance theory, and CFD method. This
book mainly discusses typical representative methods in three kinds of methods:
Michell integral method, Rankine source method, and RANS method.

2.2 Michell Integral Method

The application of resistance theory and quadratic programming technology in ship
model optimization design is first proposed by Professor Xiong Ji-zhao. He only
considers the wave resistance and friction resistance in the ship resistance com-
ponents. The wave resistance is calculated by the Michell integral of linear wave
resistance theory, and the frictional resistance is obtained using the formula rec-
ommended by the International Towing Tank Conference (ITTC). This method is
characterized by the introduction of a group tent function to approximate the hull
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function, thus simplifying the formula for calculating the drag and friction resis-
tance to a function that is only related to the (x, z) coordinates, the ship form surface
(x, y, z) coordinates are discretized into points on the grid that are fixed x- and
z-coordinates unchanged, and the y-coordinate is used as the design variable. And
with the additional constraints, the ship with the minimum resistance can be
obtained by the optimization method.

2.2.1 Use the Tent Function to Express the Ship Type

The key to the numerical calculation of wave resistance using Michelle’s integral
method is how to express the hull function [2]. However, the hull surface is usually
expressed in the form of discrete point values, whereas the tent function can relate
hull shape values to the formula of wave-making resistance. When using the tent
function to express the hull value, the hull surface is first divided into rectangular
grids with a certain number of waterlines and station numbers, as shown in Fig. 2.1.

When deploying the station number and waterline, place the first station line at
the forefront of the hull and the last station line at the rear end of the hull, with the
first waterline being the baseline and the last waterline being the design waterline.
The rectangular cells at (xi zj) grid points are composed of (i – 1), (i + 1) station
number lines and the (j – 1), (j + 1)th waterlines. Now, define a unit tent function,
as shown in Fig. 2.2, which has a value equal to 1 at the grid point (xi, zj) and a
value equal to 0 at the cell boundary.

The unit tent function h(i,j) (x, z) related to the grid point (xi, zj) can be written as
follows:

hði;jÞðx; z) ¼
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Looking closely at the expression, although the unit tent function h(i,j)(x, z) is not
a linear function, in each quadrant of a cell, h(i,j)(x, z) is a linear function of x for a
fixed z, or for a fixed x, h(i,j)(x, z) is a linear function of z. According to this feature

Fig. 2.1 Hull grid arrangement
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of the tent function, the tent function family can be used to form a function together
with the hull value to approximate the hull surface. If the hull value at (xi, zj) is yij,
the approximate hull function can be defined as:

ĥðx; zÞ ¼
X
i

X
j

yijh
ði; jÞðx; zÞ ð2:2Þ

According to the tent function, we can see that at the grid point (xi, zj),
hði; jÞðx; zÞ ¼ 1, so

ĥðx; zÞ ¼ yij ð2:3Þ

Or ĥðx; zÞ ¼ hði; jÞðx; zÞ

Equation (2.3) can be used to approximate the surface function of the hull. The
degree of approximation is related to the size of the mesh. Figure 2.3 shows that the
family of tent functions approximates the hull surface within a rectangular unit. It
can be seen from the figure that the grid points (xi, zj) and the nearby grid points
(xi-1, zj), (xi, zj+1), (xi+1, zj), (xi, zj-1) are straight lines to approximate the surface of
this part of the hull surface waterline and station line, so the smaller the mesh, the
more accurate expression of the hull surface when using Eq. (2.3).

2.2.2 Derivation of Michell Integral Formula

A uniform flow is set as the basic flow, and the wave potential superimposed on this
basic flow satisfies the linear free surface condition. Under the conditions of thin
hull, infinite water depth, and symmetrical flow, Michell uses the method of sep-
aration of variables to get the corresponding velocity potential and the corre-
sponding wave-making resistance formula [3].

Take the right-hand rectangular coordinate system fixed on the hull: The origin o
is taken on the undisturbed stationary surface and is at the bow of the load waterline

Fig. 2.2 Unit tent function
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where the ox-axis and the oy-axis coincide with the still water surface. The ship
does uniform linear motion along the X-axis in a negative direction at a speed of -U.
According to the principle of motion conversion, it can be considered that the ship
is in a uniform flow of velocity U, as shown in Fig. 2.4.

Rw ¼ 4qgK0

p

Zp=2
0

ðI2 þ J2Þ sec3 hdh ð2:4Þ

In the formula,

Iþ iJ ¼
Z0

�T

dz
ZL=2

�L=2

fxðx; zÞeK0z sec2 hþ iK0x sec hdx

I ¼
Z0

�T

eK0z sec2 hdz
ZL=2

�L=2

fxðx; zÞ cosðK0x sec hÞdx

J ¼
Z0

�T

eK0z sec2 hdz
ZL=2

�L=2

fxðx; zÞ sinðK0x sec hÞdx

Fig. 2.3 Hull part of tent function family

Fig. 2.4 Coordinate system
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In the formula, K0 is wave number, and K0 ¼ g
c2, unit: 1/m;

c is ship speed, unit: m/s;
g is gravitational acceleration, unit: m/s2;
q is water density, unit: kg/m3;
y ¼ �f ðx; zÞ is surface equation of ship form;
L is length, unit: m;
T is draft, unit: m.

Let

k ¼ sec h

dk ¼ tan h � sec h � dh
dh ¼ cos2 h

sin h
dk

sec3 h � dh ¼ sec h
sin h

dk ¼ k�
1� 1

k2

dk

Then, the wave-making resistance formula becomes:

Rw ¼ 4qgK0

p

Zþ1

1

ðI2 þ J2Þ k2ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � 1

p dk ð2:5Þ

Among the formula,

I ¼
Z0

�T

eK0�z�k2dz
ZL=2

�L=2

fxðx; zÞ � cosðK0 � x � kÞdx

J ¼
Z0

�T

eK0�z�k2dz
ZL=2

�L=2

fxðx; zÞ � sinðK0 � x � kÞdx

Define the dimensionless wave number
c0 ¼ L

2K0 ¼ g�L
2�v2 ¼ 1

2�Fr2; then K0 ¼ 2�c0
L ; moreover, the X and Z are dimensionless. Let

m ¼ z
T þ 1; z ¼ �ð1� mÞ � T ; n ¼ x

L; k ¼ u2 þ 1 (eliminate the singularity of
k ¼ 1); then, the wave-making resistance formula becomes:

¼ 8 � q � g � c0
pL

Zþ1

0

ðI2 þ J2Þ ðu2þ 1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2 þ 1Þ2 � 1

q 2 � udu

¼ 16 � q � g � c0
pL

Zþ1

0

ðI2 þ J2Þðu2þ 1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 2

p du ð2:6Þ
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Among the formula,

I ¼ 1
2
B � T

Z1

0

e�2�c0�ð1�zÞTL�ðu2 þ 1Þ2dz
Z1=2

�1=2

fxðx; yÞ � cosð2 � c0 � ðu2 þ 1Þ � xÞdx

J ¼ 1
2
B � T

Z1

0

e�2�c0�ð1�zÞTL�ðu2 þ 1Þ2dz
Z1=2

�1=2

fxðx; yÞ � sinð2 � c0 � ðu2 þ 1Þ � xÞdx

Introduce tent function below, and then derive Michell points:

Rw ¼ 4qgK0

p

Zp=2
0

ðI2 þ J2Þ sec3 hdh; K0 ¼ g
V2

Among which,

I ¼
Z0

�T

eK0f sec2 hdf
ZL
0

Hnðn; fÞ cosðK0n sec hÞdn

J ¼
Z0

�T

eK0f sec2 hdf
ZL

0

Hnðn; fÞ sinðK0n sec hÞdn

Successively transformed k ¼ sec h; u ¼ ffiffiffiffiffiffiffiffiffiffiffi
k� 1

p
, and introduce the following

dimensionless variables:

x ¼ n=L; y ¼ g=b; z ¼ f=T ; b ¼ B=2

The dimensionless hull function hðx; zÞ ¼ 1
bHðn; fÞ

The dimensionless hull slope function hxðx; zÞ ¼ L
bHnðn; fÞ

The nondimensional wave number c0 ¼ g�L
2�v2 ¼ 1

2�Fr2 ¼ L
2K0

The formula of wave-making resistance of Michell integral becomes

Rw ¼ 8 � q � g
p

� B2 � T2

L
� c0
2

Zþ1

0

ðPðuÞ2 þQðuÞ2Þðu2 þ 1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 2

p du ð2:7Þ
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Among which,

PðkÞ ¼
Z1

0

e�2�c0TL�k2�ð1�zÞdz
Z1

0

hxðx; zÞ � cosð2 � c0 � k � xÞdx

QðkÞ ¼
Z1

0

e�2�c0TL�k2�ð1�zÞdz
Z1

0

hxðx; zÞ � sinð2 � c0 � k � xÞdx

Discrete continuous functions:

PðkÞ ¼
X
i

X
j

yij

ZZ
DSij

hði;jÞx ðx; zÞ � cosð2 � c0 � k � xÞ � e�2�c0TL�k2�ð1�zÞdxdz ð2:8Þ

QðkÞ ¼
X
i

X
j

yij

ZZ
DSij

hði;jÞx ðx; zÞ � sinð2 � c0 � k � xÞ � e�2�c0TL�k2�ð1�zÞdxdz ð2:9Þ

Introduce the tent function

h
ði;jÞ
x ðx,z) ¼

1
xi�xi�1

� ð1� zj�z
zj�zj�1

Þ xi�1\x\xi; zj�1\z\zj
1

xi�xi�1
� ð1� zj�z

zj�zjþ 1
Þ xi�1\x\xi; zj\z\zjþ 1

1
xi�xiþ 1

� ð1� zj�z
zj�zj�1

Þ xi\x\xiþ 1; zj�1\z\zj
1

xi�xiþ 1
� ð1� zj�z

zj�zjþ 1
Þ xi\x\xiþ 1; zj\z\zjþ 1

0 Others

8>>>><
>>>>:

ð2:10Þ

Transform PðkÞ and QðkÞ, and get the following two formulas:

PðkÞ ¼
X
i

X
j

yij � Ciðk; c0Þ � Ejðk; c0; TLÞ ð2:11Þ

QðkÞ ¼
X
i

X
j

yij � Siðk; c0Þ � Ejðk; c0; TLÞ ð2:12Þ

Among them:

Ciðk; c0Þ ¼ 1
xi � xiþ 1

Zxiþ 1

xi

cosð2 � c0 � k � xÞdxþ 1
xi � xi�1

Zxi
xi�1

cosð2 � c0 � k � xÞdx

¼ � 1
2 � c0 � k

1
xiþ 1�xi

sinð2 � c0 � k � xiþ 1Þ � sinð2 � c0 � k � xiÞ½ ��
1

xi�xi�1
sinð2 � c0 � k � xiÞ � sinð2 � c0 � k � xi�1Þ½ �

( )
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Ejðk; c0; TLÞ ¼
Zzjþ 1

zj

e�2�c0TL�k2�ð1�zÞ 1� zj � z
zj � zjþ 1

� �
dzþ

Zzj
zj�1

e�2�c0TL�k2�ð1�zÞ 1� zj � z
zj � zj�1

� �
dz

¼ 1

2 � c0 � k2 � T
L

� �2
1

zjþ 1�zj
e�2�c0TL�k2�ð1�zjþ 1Þ � e�2�c0TL�k2�ð1�zjÞ
h i

�
1

zj�zj�1
e�2�c0TL�k2�ð1�zjÞ � e�2�c0TL�k2�ð1�zj�1Þ
h i

8><
>:

9>=
>;

Siðk; c0Þ ¼ 1
xi � xiþ 1

Zxiþ 1

xi

sinð2 � c0 � k � xÞdxþ 1
xi � xi�1

Zxi
xi�1

sinð2 � c0 � k � xÞdx

¼ 1
2 � c0 � k

1
xiþ 1�xi

cosð2 � c0 � k � xiþ 1Þ � cosð2 � c0 � k � xiÞ½ ��
1

xi�xi�1
cosð2 � c0 � k � xiÞ � cosð2 � c0 � k � xi�1Þ½ �

( )

Ejðk; c0; TLÞ ¼
Zzjþ 1

zj

e�2�c0TL�k2�ð1�zÞ 1� zj � z
zj � zjþ 1

� �
dzþ

Zzj
zj�1

e�2�c0TL�k2�ð1�zÞ 1� zj � z
zj � zj�1

� �
dz

¼ 1

2 � c0 � k2 � T
L

� �2
1

zjþ 1�zj
e�2�c0TL�k2�ð1�zjþ 1Þ � e�2�c0TL�k2�ð1�zjÞ
h i

�
1

zj�zj�1
e�2�c0TL�k2�ð1�zjÞ � e�2�c0TL�k2�ð1�zj�1Þ
h i

8><
>:

9>=
>;

The procedures in the program are as follows:

Rw ¼ 8 � q � g
p

� B2 � T2

L
� c0
2
� integral½ðPðukÞ2 þQðukÞ2Þðu

2
k þ 1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
u2k þ 2

q �; uk 2 ½0; 2� ð2:13Þ

PðkkÞ ¼
X
i

X
j

yij � Ciðkk; c0Þ � Ejðkk; c0; TLÞ;

kk ¼ u2k þ 1; xi 2 ½0; 1�; zj 2 ½0; 1�; yij 2 ½0; 1�
QðkkÞ ¼

X
i

X
j

yij � Siðkk; c0Þ � Ejðkk; c0; TLÞ;

kk ¼ u2k þ 1

Among them:

Ciðk; c0Þ ¼ 1
xi � xiþ 1

Zxiþ 1

xi

cosð2 � c0 � k � xÞdxþ 1
xi � xi�1

Zxi
xi�1

cosð2 � c0 � k � xÞdx

¼ � 1
2 � c0 � k

1
xiþ 1�xi

sinð2 � c0 � k � xiþ 1Þ � sinð2 � c0 � k � xiÞ½ ��
1

xi�xi�1
sinð2 � c0 � k � xiÞ � sinð2 � c0 � k � xi�1Þ½ �

( )
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Siðk; c0Þ ¼ 1
xi � xiþ 1

Zxiþ 1

xi

sinð2 � c0 � k � xÞdxþ 1
xi � xi�1

Zxi
xi�1

sinð2 � c0 � k � xÞdx

¼ 1
2 � c0 � k

1
xiþ 1�xi

cosð2 � c0 � k � xiþ 1Þ � cosð2 � c0 � k � xiÞ½ ��
1

xi�xi�1
cosð2 � c0 � k � xiÞ � cosð2 � c0 � k � xi�1Þ½ �

( )

¼
Zzjþ 1

zj

e�2�c0TL�k2�ð1�zÞ 1� zj � z
zj � zjþ 1

� �
dzþ

Zzj
zj�1

e�2�c0TL�k2�ð1�zÞ 1� zj � z
zj � zj�1

� �
dz

¼ 1

2 � c0 � k2 � T
L

� �2
1

zjþ 1�zj
e�2�c0TL�k2�ð1�zjþ 1Þ � e�2�c0TL�k2�ð1�zjÞ
h i

�
1

zj�zj�1
e�2�c0TL�k2�ð1�zjÞ � e�2�c0TL�k2�ð1�zj�1Þ
h i

8<
:

9=
;

The wave-making resistance coefficient and wave-making resistance formula are
as follows:

Cw ¼ c0
2
� integral½ðPðukÞ2 þQðukÞ2Þðu

2
k þ 1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffi
u2k þ 2

q �; uk 2 ½0; 2� ð2:14Þ

Rw ¼ 8 � q � g
p

� B2 � T2

L
� Cw; uk 2 ½0; 2� ð2:15Þ

2.3 Rankine Source Method

2.3.1 Basic Equation

Rankine source method is a method of calculating the wave-making resistance,
which replaces the uniform flow in the thin-boat theory with stacked flow around.
Take the Cartesian coordinate system fixed on the hull, the X-axis and the Y-axis
are taken on the undisturbed hydrostatic surface, the X-axis is directed to the stern
of the ship with a uniform flow [4], the Y-axis is directed to the starboard side, and
the Z-axis is vertically upward, as shown in Fig. 2.5.

The velocity around the hull is composed of two parts: the velocity potential U
of the flow around the double model and the wave velocity potential u which takes
into account the influence of free surface, that is

/ ¼ Uþu ð2:16Þ
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Assume that the fluid is a perfect fluid with no spin. The ship’s wave problem
satisfies the Laplace equation and the following boundary conditions:

r2ðUþuÞ ¼ 0 ð2:17Þ

(1) Hull boundary conditions: The normal component of the hull surface velocity
component in the direction is zero, which means that streamline cannot pene-
trate the interior of the ship.

V
*

n̂ ¼ rðUþ/Þ ð2:18Þ

In the formula, n
^ ¼ nx i

^ þ ny j
^
þ nz k

^
means pointing to the normal direction of

the hull.

(2) Free surface condition: The velocity potential of the free surface satisfies the
dynamic conditions and kinematic conditions.

gfþ 1
2
r/ � r/ ¼ 1

2
U2

1 on z ¼ f x; yð Þ ð2:19Þ

/xfx þ/yfy � /z ¼ 0 on z ¼ f x; yð Þ ð2:20Þ

Eliminate the wave height from Eqs. (2.19) and (2.20) to get the following
equation

1
2
/xðr/ � r/Þx þ

1
2
/yðr/ � r/Þy þ g/z ¼ 0 on z ¼ f x; yð Þ ð2:21Þ

The equation must also satisfy the wave-free radiation conditions in the far front
of the hull in order to show that the upstream disturbances propagate only down-
stream, whereas the downstream disturbances do not directly affect the upstream
physical facts.

Fig. 2.5 Coordinate system of turbulence flow
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2.3.2 Linearization of Free Surface Conditions

In the free surface condition (2.21), the nonlinear term of r/ is satisfied in the free
surface. The overmold solution U can obtain the linearized free surface condition by
neglecting the higher order term in u. The perturbation potential u is a small
quantity relative to the superimposed potential U. That is

Uz ¼ 0 on z ¼ 0 ð2:22Þ

It can be obtained from formula (2.21) that

1
2
/xð/2

x þ/2
y þ/2

z Þx þ
1
2
/yð/2

x þ/2
y þ/2

z Þy þ g/z ¼ 0 ð2:23Þ

Substituting formula (2.6) into formula (2.23), we get

1
2
ðUþuÞxfðUþuÞ2x þðUþuÞ2y þðUþuÞ2zgx

þ 1
2
ðUþuÞyfðUþuÞ2y þðUþuÞ2y þðUþuÞ2zgy þ gðUþuÞz ¼ 0:

ð2:24Þ

Using Eq. (2.22), and neglecting the higher order term of the wave potential u in
free surface condition (2.24), the overmold solution U can be linearized into the
following form

1
2
UxðU2

x þU2
yÞx þ

1
2
UyðU2

x þU2
yÞy þUxðUxux þUyuyÞx þUyðUxux þUyuyÞy

þ 1
2
uxðU2

x þU2
yÞx þ

1
2
uyðU2

x þU2
yÞy þ guz ¼ 0 on Z ¼ 0

ð2:25Þ

For any equation F (x, y) = 0, there is

UxFX þUyFy ¼ UlFl ð2:26Þ

In the formula, the subscript l denotes the velocity gradient of the double model
potential U along the streamline direction in the z = 0 planes of symmetry, and then
the above equation can be written as

1
2
UlðU2

l Þl þUlðUlulÞl þ
1
2
ulðU2

l Þl þ guz ¼ 0 on Z ¼ 0 ð2:27Þ
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To further simplify the above equation, we get

U2
l ull þ 2UlUllul þ guz ¼ �U2

lUll on Z ¼ 0 ð2:28Þ

2.3.3 Solution of Free Surface Conditions

Rankine sources are used to express the velocity potentials U and u, respectively,
on the double model surface and the undisturbed free surface.

Uðx; y; zÞ ¼ U1x�
ZZ
SB

rB
1
r
dS ð2:29Þ

uðx; y; zÞ ¼ �
ZZ
SF

rF
1
r0
dS�

ZZ
SB

DrB
1
r
dS ð2:30Þ

In the formula,

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� nÞ2 þðy� gÞ2 þðz� fÞ2

q

r
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� nÞ2 þðy� gÞ2 þ z2

q

The perturbation potential u of Eq. (2.30) takes into account the interaction
between the free surface and the hull. In the current numerical algorithm, the double
model equation is modified according to the second combination on the right of
formula (2.30). The flow of double model solution is obtained by the numerical
solution of the boundary value problem, which belongs to the Neumann-type
boundary condition of the double model hull, and the following formula can be
obtained from formula (2.18) and formula (2.29).

r U1x�
ZZ
SB

rB
1
r
dS

2
64

3
75 � n^ ¼ 0 ð2:31Þ

In order to obtain the approximate solution of the above equation, the surface SB
of the superposed molded body is divided into NB facets, the source intensity rB in
the center of the facet is assumed to be a constant, and the above equation in the ith
facet can be expressed in the following form:
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�2prBðiÞ �
XNB

j¼1
j6¼i

ZZ
SB

rBðjÞ @

@n
ð1
r
ÞdS ¼ n

^ðiÞ:U1: ð2:32Þ

This equation is the second kind of Fredholm integral equation over the entire
hull surface SB, and after simplification, the above equation can be written as

� 2prBðiÞþXNB

j¼1
j6¼i

rBðjÞ nxi
@

@x

ZZ
SB

ð1
r
ÞdSþ nyi

@

@y

ZZ
SB

ð1
r
ÞdSþ nzi

@

@z

ZZ
SB

ð1
r
ÞdSþ

� �
¼ n

^ðiÞ:U1:

ð2:33Þ

�2prBðiÞþ
XNB

j¼1
j 6¼i

rBðjÞ nxiVxij þ nyiVyij þ nziVzij
	 
 ¼ n

^ðiÞ:U1; i ¼ 1� NB ð2:34Þ

The double model solution rB is obtained from the Hess–Smith (1964) method
by calculating the velocity potential components Vx, Vy, and Vz. When the free
surface is rigid and the speed limit is zero Froude, the solution of this double model
is close to the free surface solution. After the double model velocity potential U is
obtained from formula (2.29), the double model streamline is obtained by tracing
the water surface. These streamlines cannot penetrate into the hull, and at the same
time these streamlines are used to create free surface grids.

Equation (2.28) gives the free surface boundary conditions, while specifying that
l is the velocity gradient along the streamline direction and is differentiated from the
streamlines of the double model, the velocity potential flow is calculated by the
following formula.

ul ¼
Uxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
x þU2

y

q ux þ
Uyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
x þU2

y

q uy ð2:35Þ

It is noticed that the difference between these methods is that the free flow
direction is approximately replaced by the flow direction of the double model. If the
free surface is dispersed into NF surface elements, on the ith element of the free
surface, ul and ull in Eq. (2.28) can be expressed as follows

ulðiÞ ¼
XNF

j¼1

rFðjÞLFðijÞþ
XNB

j¼1

DrBðjÞLBðijÞ ð2:36Þ

ullðiÞ ¼
XNF

j¼1

rFðjÞCLFðijÞþ
XNB

j¼1

DrBðjÞCLBðijÞ ð2:37Þ
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Among them

LBðijÞ ¼ �
ZZ
SB

Uxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

x þU2
y

q @

@x
ð1
r
ÞdS�

ZZ
SB

Uyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

x þU2
y

q @

@y
ð1
r
ÞdS

LFðijÞ ¼ �
ZZ
SF

Uxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

x þU2
y

q @

@x
ð1
r0
ÞdS�

ZZ
SF

Uyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

x þU2
y

q @

@y
ð1
r0
ÞdS

and

CLBðijÞ ¼
XN�1

n¼1

enLBði� n; jÞ

CLFðijÞ ¼
XN�1

n¼1

enLFði� n; jÞ

In the above equation, en is the finite difference operator upstream of point N and
is calculated as follows.

In order to satisfy the radiation conditions, the finite difference operator is used
to express the two derivative phases along the double-body streamline velocity
potential. On the free surface along the streamline direction l, the derivative phase
of the function f (x, y, z) can be expressed as:

df ði; jÞ
dl

¼ fiði; jÞ ¼ Uxijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

xij þU2
yij

q f xði; jÞþ Uyijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

xij þU2
yij

q fyði; jÞ ð2:38Þ

df ði; jÞ
dx

¼ fxði; jÞ ¼ df ði; jÞ
dn

dn
dx

þ df ði; jÞ
dg

dg
dx

ð2:39Þ

df ði; jÞ
dy

¼ fyði; jÞ ¼ df ði; jÞ
dn

dn
dy

þ df ði; jÞ
dg

dg
dy

ð2:40Þ

The introduction of this function is calculated by a single-point finite difference
upstream operator

dx
dn

¼
xðiþ 1Þ � xðiÞ
xðiÞ � xði� 1Þ

ð3xðiÞ�4xði�1Þþ xði�2ÞÞ
2

ð11xðiÞ�18xði�1Þþ 9xði�2Þ�2xði�3ÞÞ
6

8>><
>>:

ði ¼ 1Þ
ði ¼ 2Þ
ði ¼ 3Þ
ði ¼ 4Þ

ð2:41Þ
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dy
dn

¼
yðiþ 1Þ � yðiÞ
yðiÞ � yði� 1Þ

ð3yðiÞ�4yði�1Þþ yði�2Þ
2

ð11yðiÞ�18yði�1Þþ 9yði�2Þ�2yði�3ÞÞ
6

8>><
>>:

ði ¼ 1Þ
ði ¼ 2Þ
ði ¼ 3Þ
ði ¼ 4Þ

ð2:42Þ

df
dn

¼
fiþ 1;j � fi;j
fi;j � fi�1;j

ð3fi;j�4fi�1;j þ fi�2;j

2
ð11fi;j�18fi�1;j þ 9f i�2;j�2fi�3;jÞÞ

6

ði ¼ 1Þ
ði ¼ 2Þ
ði ¼ 3Þ
ði ¼ 4Þ

8>>><
>>>:

ð2:43Þ

Similarly, dx/dz, dy/dz, and df/dz can also be obtained. The relation between the
associated coordinate system (x, y, z) and (n, η, f) on the free surface is given below

@n
@x

¼ 1
Jj j
@y
@g

;
@g
@x

¼ 1
Jj j
@y
@n

;
@n
@y

¼ 1
Jj j
@x
@g

;
@g
@y

¼ 1
Jj j
@x
@n

Jj j ¼ @x
@n

@y
@g

� @x
@g

@y
@n

ð2:44Þ

Then, the vertical velocity component on the free surface can be expressed as:

/z ¼ �2prFðiÞ
0

;
ði ¼ jÞ
ði 6¼ jÞ

�
ð2:45Þ

By substituting Eqs. (2.36), (2.37), and (2.45) into (2.28), we get a linear system
of equations for rF and △rB

U2
l ðiÞ

XNF

j¼1

rFðjÞCLFðijÞþ
XNB

j¼1

DrBðjÞCLBðijÞ
" #

þ 2UlðiÞUllðiÞ
XNF

j¼1

rFðjÞLFðijÞþ
XNB

j¼1

DrBðjÞLBðijÞ
" #

� 2pgrFðiÞ ¼ �U2
l ðiÞUllðiÞ

ð2:46Þ

Rearranging the above equation, we can get

XNF

j¼1

rFðjÞAFðijÞþ
XNB

j¼1

DrBðjÞABðijÞ � 2pgrFðiÞ ¼ BðiÞ; i ¼ 1� NF ; ð2:47Þ
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Here,

ABðijÞ ¼ U2
l ðiÞCLBðijÞþ 2UlðiÞUllðiÞLBðijÞ;

AFðijÞ ¼ U2
l ðiÞCLFðijÞþ 2UlðiÞUllðiÞLFðijÞ;

BðiÞ ¼ �U2
l ðiÞUllðiÞ

Substituting Eq. (2.30) into (2.18) gives us

XNF

j¼1

rFðjÞVFðijÞþ
XNB

j¼1

DrBðiÞVBðijÞ ¼ 0

i ¼ NF þ 1�NB þNF

ð2:48Þ

Here,

VBðijÞ ¼ �
ZZ
SB

@

@n
ð1
r
ÞdS ¼ �

ZZ
SB

fnx @

@x
ð1
r
Þþ ny

@

@y
ð1
r
Þþ nz

@

@z
ð1
r
ÞgdS

VFðijÞ ¼ �
ZZ
SF

@

@n
ð1
r0
ÞdS ¼ �

ZZ
SF

fnx @

@x
ð1
r0
Þ þ ny

@

@y
ð1
r0
Þ þ nz

@

@z
ð1
r0
ÞgdS

The solution of Eqs. (2.46) and (2.48) is obtained by iterative method, so
Eq. (2.46) can be written as

XNF

j¼1

rFðjÞAFðijÞ � 2pgrFðiÞ ¼ BðiÞ �
XNB

j¼1

DrBðjÞABðijÞ ð2:49Þ

For this initial value problem, the source distribution over the entire hull surface
can be approximated by the double model solution

DrB ¼ 0 ð2:50Þ

In order to find the first-order approximate solution of rF, we substitute
Eq. (2.50) into (2.49) to get

XNF

j¼1

rð1ÞF ðjÞAFðijÞ � 2pgrð1ÞF ðiÞ ¼ BðiÞ ð2:51Þ

Substituting the solution rð1ÞF of Eq. (2.51) into Eq. (2.48), we get
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XNF

j¼1

rð1ÞF ðjÞVFðijÞþ
XNB

j¼1

Drð1ÞB ðiÞVBðijÞ ¼ 0 ð2:52Þ

After obtaining the first-order approximate solution of Mð1Þ
rB from formula (2.52),

the second-order approximate solution rF can be obtained from Eq. (2.49)

XNF

j¼1

rð2ÞF ðjÞAFðijÞ � 2pgrð2ÞF ðiÞ ¼ BðiÞ �
XM1

j¼1

Drð1ÞB ðjÞABðijÞ ð2:53Þ

By substituting the solution rð2ÞF of Eq. (2.53) into Eq. (2.48), we obtain the
second-order approximate solution of △rB

XNF

j¼1

rð2ÞF ðjÞVFðijÞþ
XMB

j¼1

Drð2ÞB ðiÞVBðijÞ ¼ 0 ð2:54Þ

2.3.4 Calculate the Wave Resistance

The hull surface pressure can be expressed by the velocity potential around the hull,
which can also be expressed by the Bernoulli equation that satisfies the free surface
boundary conditions

pþ qgzþ 1
2
qr/r/ ¼ p1 þ 1

2
qU2

1 ð2:55Þ

After arrangement,

p� p1 ¼ 1
2
qU2

1 � qgz� 1
2
qrðUþuÞ � rðUþuÞ ð2:56Þ

After expansion,

p� p1 ¼ 1
2
q U2

1 � 2gz� U2
x � U2

y � U2
z � 2Uxux � 2Uyuy � 2Uzuz

h i
ð2:57Þ

The pressure coefficient can be expressed as

Cp ¼ p� p1
ð1=2ÞqU21

¼ 1
U21

U2 � 2gz� U2
x � U2

y � U2
z � 2Uxux � 2Uyuy � 2Uzuz

h i
ð2:58Þ
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Assuming that the pressure inside the hull is a constant pressure, the
wave-making resistance can be calculated by the following formula

Cw ¼ Rw

1=2qU21L2
¼ 1

L2
XNB=2

i¼1

CpðiÞnxiDSi ð2:59Þ

Here, △Si is the area of the hull surface element; nxi is the component of the
normal direction of the surface element unit in the x-direction, and then the
waveform can be obtained by (2.19)

fðx; yÞ ¼ 1
2g

U2
1 � U2

x � U2
y � 2Uxux � 2Uyuy

h i
ð2:60Þ

2.3.5 Mesh Classification by Rankine Source Method

Mesh classification is one of the most important aspects in the numerical calculation
of the wave resistance using Rankine source method, because the meshes of dif-
ferent shapes will have a certain influence on the calculation results. The Rankine
source numerical dispersion is not only carried out on the interface between the hull
and the fluid, but also in the entire free surface. However, the free surface is usually
considered as infinity, and the numerical dispersion is only carried out in the
vicinity of the free surface where the ship interferes. The free surface area further
away from the upstream is considered to be unaffected by the ship’s interference.
The fluctuation of the free surface at the far downstream and side edges is

Fig. 2.6 Mesh classification by Rankine source method
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attenuated; that is, as the free surface becomes more and more distant from the ship,
it becomes less and less disturbed by the ship. Therefore, on the free side of the side
and the downstream direction, the influence of the free surface on the flow field
around the ship can be considered as long as the sufficiently large area is taken into
consideration when the numerical discretization is taken into account [5].
Figure 2.6 shows an example of a grid split on the hull and free surface.

According to Dawson’s meshing experience, the free area mesh has a
half-width of about 3L/8, an upstream stretch of L/4, a downstream extension of
0.25 wavelength, an entire surface of the grid inclined 45 degrees downstream,
and the grid near the bow and stern should be encrypted. Musker (1989) sug-
gested that the free surface grid extend 1.0L forward, 1.5L in the stern, and 1.5L
in the breadth of the boat [6]. This section summarizes the experience of pre-
decessors, based on the actual situation of the selected ship to divide the free
surface grid and the hull grid.

In the Dawson method, the hull meshing divides the hull surface into many
quadrilateral four-node units. Triangular elements are used where necessary at the
bow, stern, and the bottom of the ship. The double model solution is calculated by
the Hess–Smith method. First, the numbers of streamlines, the number of points on
each streamline, the coordinates of each point on the first streamline, the distance
between the starting positions of each streamline are given and the coordinates of
other unknown points on streamlines are calculated by double model solution. After
all the points on the streamlines are calculated, the free surface meshes are formed
by the adjacent points in order. The free surface mesh is divided into right-angle
area and back-swept area [7]. A four-point streamlined windward difference format
is used to satisfy the radiation condition of far front without wave. In order to avoid
the excessively high amplitude of the tail, Dawson uses the two-point difference
format for the last few rows of the free surface mesh. This section refers to
Dawson’s experience to generate a mesh.

2.3.6 Calculation Procedure of Rankine Source Method

First enter the ship data, which is required to provide hull value and a small
number of input parameters, including the captain, fluid mass density, speed,
free surface calculation area (the data sheet below for the data enter format of
the S60 ship); then, the hull grid is automatically generated. The Hess-Smith
program module uses the Boundary Element Method to calculate the potential
flow field and provides the Rankine source module with the streamline distri-
bution over the velocity field and the free surface around the hull without wave
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or viscous assumptions. The free surface streamline is obtained by Runge–Kutta
method, and the free surface mesh is generated by the streamline tracking
method. The Rankine program module uses a combination of boundary elements
and finite differences to provide a velocity field, a pressure field, a wave-making
resistance, and a waveform around the ship in a nontacky and wave-assumed
manner. Finally, the results of calculation (the velocity, pressure, wave resis-
tance, waveform, and streamline of the flow field around the hull) are output as
data files. The block diagram is shown in Fig. 2.7.

Inputting data of hull 
form and speed

Generating grid 
of hull and free 

surface

Hess-Smith method is used to calculate 
the flow field of superposition, the 

calculation of element geometry and 
the calculation of influence coefficient

Arranging source in hull 
form and free surface

Solving the algebraic equation set, 
obtaining the source strength, thus 
obtaining the velocity potential and 

the wave making resistance

Output results

Velocity distribution of 
hull form and free 

surface

Start

Correction of 
geometric quantity of 

surface

Fig. 2.7 Program flowchart of Rankine source method
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100  126    1    1    1   101.900     2.000
0    1    1
1 000   -1.0000    0.0000    0.1070    Node coordinate value x,y,z
2 000   -1.0000    0.0000    0.0803    
3 000   -1.0000    0.0000    0.0535
4 000   -1.0000    0.0000    0.0267
5 000   -1.0000    0.0000    0.0080
6 000   -1.0000    0.0000    0.0000
… ……   ……     ……      ……
… ……   ……     ……      ……
… ……   ……     ……      ……

121 000    1.0000    0.0000    0.1070
122 000    1.0000    0.0000    0.0803
123 000    1.0000    0.0000    0.0535
124 000    1.0000    0.0000    0.0267
125 000    1.0000    0.0000    0.0080
126 000    1.0000    0.0000    0.0000

1   0   1   2   8   7       Node number on the unit
2   0   2   3   9   8
3   0   3   4  10   9
4   0   4   5  11  10
5   0   5   6  12  11
6   0   7   8  14  13
… …  …   … …  …
… …  …   … …  …
… …  …   … …  …

95   0 113 114 120 119
96   0 115 116 122 121
97   0 116 117 123 122
98   0 117 118 124 123
99   0 118 119 125 124

100   0 119 120 126 125

1.23961   0.00000   0.00000
16       40     0

H
ull grid nodes

H
ull grid units

1 -1.63972   0.00000   Coordinate values along the first 
streamline of the hull x,y

2 -1.38169   0.00000
3 -1.20850   0.00000
4 -1.10139   0.00000
5 -1.04192   0.00000
6 -1.01357   0.00000
…  ……       ……
…  ……       ……
…  ……       ……

35   1.70203   0.00000
36   2.00000   0.00000
37   2.29797   0.00000
38   2.59594   0.00000
39   2.89390   0.00000

C
oordinatesalong the first 

Stream
line of the hull

40   3.19187   0.00000
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1 -1.63972   0.06250   The starting point of the 
first streamline coordinate value x,y

2 -1.63972 0.12500
3 -1.63972   0.18750
4 -1.63972   0.25000
…  ……       ……
…  ……       ……
…  ……       ……

13  -1.63972   1.03818
14  -1.63972   1.19111
15  -1.63972   1.36490
16  -1.63972   1.56238

The coordinates of the starting point of 
each stream

line in the free-surface grid

In order to verify the reliability of the program, this section calculates the
wave-making resistance of Wigley mathematical model and S60 ship model and
plots free surface waveforms. The calculation results are in good agreement with
the experimental results (from Osaka University, Japan). At the same time, the
calculation results in this section are also compared with the experimental values
and the predecessors’ calculation results.

2.3.7 Examples

(1) Wigley ship
Wigley ship is commonly used in experiments and numerical calculation of the

hull and its hull surface can be expressed by mathematical equations. The main
parameters are L = 2.0, B/L = 0.1, and T/L = 0.0625. The hull surface is defined as
y = 0.1 (1-n2) � (1-f2), where n = x/L and f = Z/T. A total of 160 surface ele-
ments are divided into hull surfaces, and 690 surface elements are divided into free
surfaces. The cross profile and waterline of the hull are shown in Figs. 2.8 and 2.9;
the free surface mesh is shown in Fig. 2.10; the free surface waveform is shown in
Fig. 2.11; the wave-making resistance coefficient curves are shown in Fig. 2.12; the
curves of the comparison between the calculated value and experimental value of
wave-making resistance coefficient are shown in Fig. 2.13.

It can be seen from the wave-making resistance coefficient curve of Fig. 2.12
that for the Wigley ship, Rankine’s method has a smooth and stable curve, and its
calculation result is closer to the experimental value, but there is still a gap between
the measured value and the experimental value, mainly because the calculation does
not consider the impact of viscosity and nonlinear factors. However, the curve of
Michell integral method shows a great fluctuation, which is far from the
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experimental value curve. It can be seen from the free surface waveforms that
Kelvin wave shapes can be reproduced at high Fourier numbers.

It can be seen from the comparison between the calculated value and the
experimental value of the wave-making resistance coefficient in Fig. 2.13 that the
wave tendency of the wave resistance coefficient calculated by different authors is
consistent with the experimental curve. The wave-making resistance coefficient
curve calculated by the method in this section is very close to the experimental
curve when Fr = 0.25–0.34, so using the method in this section to evaluate the
resistance performance of an elongated ship such as Wigley is still more reliable.

(2) S60 ship
The main design parameters of the S60 ship are shown in Table 2.1. The surface

of the hull is divided into 120 bins, and the free surface is divided into 752 bins.
The hull cross section and waterlines are shown in Figs. 2.14 and 2.15. The free
surface mesh is shown in Fig. 2.16. The free surface waveform is shown in
Fig. 2.17. The wave resistance coefficient curve is shown in Fig. 2.18. The cal-
culated value of the wave resistance coefficient curve is compared with the test
value in Fig. 2.19.

It can be seen from the wave resistance coefficient curve in Fig. 2.18 that for S60
ship, the trend of the three curves is basically the same. Rankine source method and
the test value are relatively close, but there is still a gap with the experimental value,
mainly because the nonlinear factors have not been considered. After the Fourier
number is greater than 0.24, the Michell integral method shows a large fluctuation
in the curve because Michell integral is a thin ship theory, and the actual ship has a
certain thickness, so the result will be greatly deviated. From the free surface
waveforms of the ship’s traveling waves, it can be seen that there are obvious

Fig. 2.8 Body lines of Wigley ship hull
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Fig. 2.9 Waterlines of Wigley ship hull

Fig. 2.10 Free surface mesh generation of Wigley ship

Fig. 2.11 Wave contour map of Wigley ship
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Kelvin wave shapes, transverse waves and scattered waves, and wave regimes
limited to ±19º28’.

It can be seen from the comparison between the calculated values and the
experimental values of the wave resistance coefficients in Fig. 2.19 that the fluc-
tuation trend of the wave resistance coefficient curve calculated by different authors
is basically consistent with the experimental curve. In this section, the calculated

Fig. 2.12 Comparison of wave resistance coefficient curves of Wigley ship

Fig. 2.13 Comparison between the calculated value and the experimental value of wave-making
resistance coefficient of Wigley ship

Table 2.1 Main design parameters of S60 ship

Length (L) Beam (B) Design draft (T) Block coefficient (Cb) Design Fr

2.0 0.267 0.107 0.60 0.285
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curves are very close to the curves calculated by Suzuki Kazuo whose results have
been confirmed to be accurate by many theories and experiments, and many of them
have been published, which shows that it is effective and desirable to use this
method to calculate the wave resistance value and optimize the ship type in the
future.

Fig. 2.14 Body lines of S60 ship

Fig. 2.15 Waterlines of S60 ship

Fig. 2.16 Free surface mesh generation of S60 ship
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(3) DTMB5415 ship
DTMB5415 ship is a common international numerical simulation standard

model with detailed experimental data. The main dimensions and parameters of the
ship are shown in Table 2.2. The hull is divided into 2664 grids, and the free
surface is divided into 4,100 grids. The body lines and waterlines are shown in
Figs. 2.20 and 2.21, and the meshes of the free surface are shown in Fig. 2.22. The
waveform contour is shown in Fig. 2.23, and the comparison between the wave
resistance coefficient and the test value is shown in Fig. 2.24.

Fig. 2.17 Wave contour map of S60 ship Fr = 0.30

Fig. 2.18 Comparison of wave-making resistance coefficient curves of S60 ship
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It can be seen from the comparison of the calculated and the experimental values
of the wave resistance coefficients in Fig. 2.24 that Rankine source method is in
good agreement with the experimental values, especially at the design speed point
Fr = 0.28, and they are very close, but the difference between the other speed is
very large, especially at low speed. From the free surface waveform, it can be seen
that the Kelvin waveform is very obvious, which is basically consistent with the
observed waveform.

Fig. 2.19 Comparison between calculated value and experimental value of wave-making
resistance coefficient of S60 ship

Table 2.2 Principal dimensions of DTMB5415 ship

Length
Lwl/m

Breadth
molded B/m

Draft
d/m

Volume of
displacement r/m3

Wetted area
S/m2

Design
Fr

5.719 0.766 0.248 0.549 4.82 0.28

Fig. 2.20 Body lines of DTMB5415 ship
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Fig. 2.21 Waterlines of DTMB5415 ship

Fig. 2.22 Free surface mesh generation

Fig. 2.23 Waveform contour map, Fr = 0.28
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2.4 Basic Theory of CFD

Any phenomenon of fluid flow in nature must follow the law of conservation of
mass, the law of conservation of momentum, and the law of conservation of energy.
If the fluid flow is in turbulence flow, the system should also obey additional
turbulence controlling equations. The basic governing equation involved in this
book is as follows [8].

2.4.1 Mass Conservation Equation

This law can be described as: The increase of the mass per unit time in the fluid
micro-body is equal to the net increment of the micro-body flowing in the same
time interval, and then the Mass Conservation Equation can be obtained as:

@q
@t

þ @ðquxÞ
@x

þ @ðquyÞ
@y

þ @ðquzÞ
@z

¼ 0 ð2:61Þ

If the fluid is incompressible, the density is constant and the above equation
becomes:

@ux
@x

þ @uy
@y

þ @uz
@z

¼ 0 ð2:62Þ

So the Mass Conservation Equation is also called continuity equation.

Fig. 2.24 Comparison between wave-making resistance coefficient curve and experimental values
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2.4.2 Momentum Conservation Equation (N-S Equation)

This law can be described as follows: The momentum of the fluid in the micro-body
is proportional to the sum of various forces acting on the micro-body by the outside
world, which is actually Newton’s second law. Its governing equation is expressed
as follows:

@ux
@t

þ ux
@ux
@X

þ uy
@ux
@Y

þ uz
@ux
@Z

¼ X � 1
q
@p
@X

þ mr2ux ð2:63Þ

@uy
@t

þ ux
@uy
@X

þ uy
@uy
@Y

þ uz
@uy
@Z

¼ Y � 1
q
@p
@Y

þ mr2uy ð2:64Þ

@uz
@t

þ ux
@uz
@X

þ uy
@uz
@Y

þ uz
@uz
@Z

¼ Z � 1
q
@p
@Z

þ mr2uz ð2:65Þ

In the formula, X, Y, Z, respectively, represent the unit mass force that the
micro-body receives in three directions, p represents the fluid pressure, and v is the
fluid kinematic viscosity coefficient.

2.4.3 Reynolds Equation

The equations described above are universal equations for Newton continuous
media fluids both laminar and turbulent. However, it is unrealistic to use Direct
Numerical Simulation (DNS) and Large Eddy Simulation (LES) based on the
current calculation conditions, and the actual project focuses more on the mean of
turbulence elements. So in our applications, the basic method of calculating tur-
bulence is to solve the RANS equation, which is:

@Uj

@xj
¼ 0 ð2:66Þ

@ðUiUjÞ
@xj

¼ � 1
q
@p
@xi

þ @

@xj
m

@Ui

@xj
þ @Ui

@xi

� �� �
�
@ u0iu

0
j

� 

@xj

þ gi ð2:67Þ

In the formula, we take the Cartesian coordinate system xi (i = 1, 2, 3), g1 =
g2 = 0, and g3 = -g (positive in the z-direction); g is the acceleration of gravity;
this additional term is called Reynolds stress or turbulent stress.
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2.4.4 Turbulence Model

The k-Ɛ turbulence model considers both the turbulence pulsation velocity transport
and the turbulence pulsation length transport. Compared with the zero-equation
turbulence model and the one-turbulent model, the turbulence model is more widely
used and has been subjected to a large number of tests. Turbulence energy transport
equations and energy dissipation transport equations are as follows:

@ðqjÞ
@t

þ @ðqjUiÞ
@Xi

¼ @

@Xj
lþ lt

rk

� �
@j
@Xj

� �
þGk � qe ð2:68Þ

@ðqeÞ
@t

þ @ðqeUiÞ
@Xi

¼ @

@Xj
lþ lt

re

� �
@e
@Xj

� �
þ qC1Ee� qC2

e2

kþ ffiffiffiffi
ve

p ð2:69Þ

where C1 ¼ max 0:43; g
gþ 5

h i
; g ¼ 2Eij � Eij

� �1
2 j
e ;Eij ¼ 1

2
@Ui
@Xj

þ @Uj

@Xi

� 

.

2.4.5 Wall Function Method

The basic idea of the wall function method is that the turbulence flow, the core
region, is solved by a turbulence model with high Reynolds number instead of
solving in the wall region. The semiempirical formula is used directly to relate the
physical quantity on the wall to the unknown to be sought in the turbulence core
area. In this way, the number of node variables of the control volume adjacent to the
wall surface can be directly obtained solving the flow in wall region. When
meshing, there is no need to encrypt the wall area, and only the first interior node
needs to be developed in a well-developed area of turbulence.

For the wall function method, it is the key to obtain the demarcation point
between the logarithmic law and the viscous sublayer. For the current calculation,
cy+ is selected as the demarcation point, then:

When the control volume node adjacent to the wall satisfies y+ < yc
+, the flow in

the control volume is at the bottom of the adhesive layer, and the velocity is linearly
distributed along the normal direction of wall, that is:

uþ ¼ yþ ð2:70Þ

When the control volume node adjacent to the wall satisfies cy+ > y+, the flow in
the control volume is logarithmic and the velocity is logarithmically distributed
along the normal direction of wall, that is:
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uþ ¼ 1
k
lnEyþ ð2:71Þ

where k is the Karman constant and E is the constant related to the wall roughness.
For smooth walls, k value is 0.4 and E value is 9.8.

Meanwhile, in the CFD software, it is recommended that y+ is calculated by the
following formula:

yþ ¼ DyðC1=4
l k1=2Þ
l

ð2:72Þ

where k is the turbulent kinetic energy of the node.

2.4.6 Boundary Condition

The most common boundary conditions are the Dirichlet condition and the
Neumann condition on closed boundaries, which can also be called the first type of
boundary conditions (Dirichlet boundary conditions)and the second type of
boundary conditions (Neumann boundary conditions).

The first type of boundary condition describes the number of variables on the
boundary or partial boundary of the calculation region, which is:

/ ¼ /0; on the boundary ð2:73Þ

where /
0
indicates the number of a physical quantity / on the boundary.

The second type of boundary condition describes the normal component of the
gradient of the variable on the boundary, which is:

n!� r/ ¼ /n; on the boundary ð2:74Þ

2.4.6.1 Velocity Inlet

The boundary conditions of velocity inlet are used to define the flow velocity at the
flow inlet and other associated scalar flow variables. For Dirichlet boundary con-
ditions, the velocity at the entrance is predetermined, generally uniform flow
conditions, and if the uniform flow velocity is u!c, then:

u!¼ u!c ð2:75Þ

The turbulent kinetic energy k and turbulent dissipation rate e are usually
derived from the experimental data or given by the following formula:
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k ¼ 3
2
ðuIÞ2 ð2:76Þ

where u is the average velocity and I is the intensity of turbulence, according to the
following formula:

I ¼ u0

u
¼ 0:16ðReDH Þ�1=8 ð2:77Þ

2.4.6.2 Flow Outlet

Outflow boundary conditions are used to simulate the exit boundary where both
velocity and pressure are unknown before solving. This boundary condition applies
when the flow at the exit is completely developed. Outflow boundary cannot be
used for compressible flow. It also cannot be used with pressure inlet boundary in
the same flow field. Therefore, the outflow boundary condition can be expressed as:

@/
@n

¼ 0; u ¼ e ð2:78Þ

2.4.6.3 Symmetric Boundary Condition

Symmetric boundary conditions are used when the physical shape and the solution
of the desired flow have mirror symmetry. Generally speaking, the ships are
symmetrical about the mid-longitudinal section, so the flow field around ship is also
symmetrical about the mid-longitudinal section so that the mid-longitudinal section
can be set as the symmetrical plane in the simulation. There is no exchange of
physical quantities, such as mass and heat on the symmetrical plane so the normal
velocity on the plane of symmetry is zero, that is:

un ¼ n!� u!¼ 0 ð2:79Þ

where: n means the unit normal vector of the symmetrical plane.

2.4.6.4 Wall Condition

In viscous fluids, the wall surface is generally considered to be a nonboundary
condition. For example, the velocity of the fluid at the interface is equal to the
velocity of the solid boundary.

At the solid boundary, if the velocity of solid boundary is u!c, then the flowing
solid boundary condition is:
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u!¼ u!c ð2:80Þ

This is called a slip-free condition.

2.4.7 Free Surface Simulation

At present, based on the numerical calculation of RANS-based ship’s flow field, the
free surface simulation can be divided into interface tracking and interface
capturing.

Interface tracking method is to track the free surface by moving the grid, the free
surface is regarded as a coordinate surface, and the calculation is constantly updated
grid to adapt to the free surface. This method only needs to establish control domain
for water and can precisely meet the boundary conditions at the free surface, so it is
widely used in the field of ships. However, this method is difficult to deal with wave
breaking and overlap the free interface, and it needs to update the mesh every time
step which is a large amount of calculation.

Interface capture method adopts the Euler viewpoint to describe the moving
interface. The calculation mesh covers the entire fluid domain, and it does not need
to be moved during the solution process. Instead, the tracking method is to track the
free surface through other methods such as setting equivalence functions, labeling
particles. This method can handle complicated free interfaces, including wave
rolling, stern wave breaking, deck waves, and other issues. Many algorithms can be
used on this problem. For example: MAC, level-set, VOF. This book mainly adopts
the VOF method to capture the interface between air and water.

2.4.7.1 The Method of VOF

Volume of fluid (VOF) is an interface tracking method under a fixed Euler grid that
simulates multiple flow models by solving the momentum equation and volume
fractions of one or more fluids. This method regards water and air as the same
medium defining a fluid volume function u throughout the flow field, where u is
the ratio of the volume of one fluid (target fluid) to the mesh volume. If u = 1, the
cell is filled with the target fluid. If u = 0, the cell is filled with another fluid and the
area where u varies rapidly from 0 to 1 is the free surface. The equation is:

@aq
@t

þ @ðuaqÞ
@x

þ @ðvaqÞ
@y

þ @ðwaqÞ
@z

¼ 0 ð2:81Þ

@aq
@t

þ vq � raq ¼
Saq
qq

þ 1
qq

Xn
p¼1

ð _mpq � _mqpÞ ð2:82Þ
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where a1 and a2 are, respectively, the volume fractions of water and air; aq = 0.5 is
the interface between water and air; q = 0–the unit is filled with water; q = 1–the
unit is filled with air.

2.4.8 Numerical Solution Method

2.4.8.1 Discrete Method

It is complicated and difficult to solve the Reynolds equation directly. The existing
CFD algorithms always discretize the differential equations to obtain the approxi-
mate value on the computer. Commonly used numerical discretization methods are:
finite difference method, finite element method, finite volume method, and so on.
Refer to the relevant reference books for details.

2.4.8.2 SIMPLE Algorithm

SIMPLE algorithm is a semi-implicit method used for solving pressure-coupled
equations. It is a mathematical method for solving the incompressible flow fields, as
well as compressible flow fields. Its core is to use the “guess-correction” process,
based on the staggered grid to calculate the pressure field, so as to achieve the purpose
of solving the Navier–Stokes equations. The basic idea of the SIMPLE method is to
find the velocity field by solving the discrete form of the momentum equation for a
given pressure field. Because the pressure field is assumed or imprecise, the resulting
velocity field generally does not satisfy the continuous equation and must be corrected
for a given pressure field. The correction principle is that the velocity field corre-
sponding to corrected pressure field can satisfy the continuous equation at this iteration
level. According to this principle, the relationship between pressure and velocity
specified by the discrete form of the momentum equation can be substituted into
discrete form of the continuous equation to obtain the pressure correction from the
pressure correction equation. Next, a new velocity field is solved based on the cor-
rected pressure field. Then, check whether the velocity field is convergent; if not, use
the corrected pressure as a given pressure field and start the next level of calculation.
This is repeated until a convergent solution is obtained.

2.4.9 Meshing

The proper layout of the grid and proper encryption are crucial to improve the
accuracy of the calculation and identify the details of the local flow. The quality of
mesh generation will directly influence the quality of simulation and calculation.
Therefore, the general grid should follow the following principles:
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(1) The mesh distribution should be sparse and reasonable. Free surface needs to
capture the wave form, so the mesh close to the free surface should be denser.
The impact of fluctuations in the bottom of the basin is small, so the mesh here
should be sparser. The gradient of the parameters in the vicinity of the object
plane is large, so the mesh should be denser; the parameter variation far from
the object is small, so the mesh should be sparser.

(2) Grid lines should be as orthogonal as possible, and curves should be as smooth
as possible. The grid line should be consistent with the flow direction.

(3) Discrete meshes should be as close as possible to the body. The boundary
conditions of the object surface will use the interpolation method to generate
errors as long as mesh nodes are not attached to the surface of the object. The
parameters in the flow field depend on the number of boundary parameters, so
there is an error correspondingly.

(4) In all the mesh, negative volume cannot appear and the quality of meshes should
meet the calculation requirements. In CFD method for numerical simulation of
flow field, we must first discretize the computational area, that is, divide the mesh.
Mesh can be divided into four categories: structural mesh, unstructured mesh,
dynamic mesh, and overlapping mesh. Each mesh has its own advantages and
disadvantages, and the following will focus on overlapping mesh.

(1) Overlapping mesh
With the deepening of research in the field of ships, the problem of ship movement

has become one of the main contents that must be taken into account in the calculation
of ship resistance. Conventional structured mesh and unstructured mesh have great
difficulty in simulating object moving. The overlapping mesh is a new type of gridding
technology. It not only simulates the various states of the hull more easily, but also has
better ability to solve the large-scale movement problems. So far, it has been widely
used. Overlapping meshes separate each part of the model into separate meshes, which
are then nested into the background mesh. It generates better quality grids and can
relatively solve objects with large amplitude motions accurately. First, the hold points
and interpolated points need to be marked. Second, overlapping units can be removed
by digging the hole. Then, interpolation is carried out to complete data exchange in the
interface. Finally, the entire flow field is calculated. As shown in Fig. 2.25: Shaded two
receiver grid cells one in the primary domain and one in the secondary domain [9].

The flow between the surface of the acceptor mesh and the surface of the nearest
activated mesh unit is approximately the same as the flow between the two activated
mesh surfaces. However, regardless of which receiver mesh center is referenced (at the
open symbol in the diagram), the weight variable in the data mesh will be replaced:

/acceptor ¼
X

ai/i ð2:83Þ

In this equation, ai is the interpolation weight factor, ф1 is the dependent
variable of the variable supply unit, and i represents the node for all variables
(provided by the green triangle in the diagram) for the variable. Thus, an algebraic
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equation for a C unit is established by three adjacent cells (N1–N3) in the illus-
tration and three cells (N4–N6) in the overlap region. The coefficient matrix of the
solution equation (either for the separation solution or coupled solution) should be
updated according to ensure that the equation is solved under the condition that the
residuals are satisfied.

This section uses overlapping meshes to divide into computational domains.
There are various kinds of interpolation methods, in which linear interpolation uses
the shape function to connect the centers of variable grids and proceed with passing
the receiver mesh center from one interpolation unit to the next. Although this
method is inefficient, it is more accurate. The specific meshing is shown in the
example in Fig. 2.5.4.

2.5 The Establishment of Numerical Wave Tank

2.5.1 Wave Making at Velocity Boundary

The velocity boundary wave method uses the wave-making method for a given
wave velocity at the speed entrance boundary. Compared to physical test tanks, this
method is less costly, easier to implement, more accurate, and slower to decay.
Compared with the method of imitating the physical method, it is easy to give a
fixed velocity of the ship at the entrance boundary as well as to avoid the difficulties
caused by the moving boundary [10].

The wave front equation is:

Fig. 2.25 A diagram of overlapping mesh
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g ¼ acosðkx� xetÞ ð2:84Þ

The velocity field is as follows:

u ¼ axoe
kzcosðkx� xetÞþU ð2:85Þ

yðx; y; zÞ ¼ 0 ð2:86Þ

w ¼ axoe
kzsinðkx� xetÞ ð2:87Þ

where k is wave number, determined by the formula k = 2p/k, and x is the natural
frequency of wave, determined by the formula x ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

2pg=k
p

.

2.5.2 Numerical Wave Cancelation

Damping of waves is possible by introducing resistance to vertical motion. The
Choi and Sung’s [10] method is used to damping of waves, adding a resistance term
to the equation for vertical velocity:

Sdz ¼ qðf1 þ f2jbjÞ e
j � 1
e1 � 1

b ð2:88Þ

where j ¼ x�xsd
xed�xsd

� 
nd

, xsd is the starting point of absorbing region, xed is the outlet

boundary of the wave tank, f1, f2 and nd are the parameters of the model, and b is
the vertical velocity component.

2.5.3 The Six Degrees of Freedom (SDOF) Motion
Equation of Ship

While establishing the equation of motion of the ship, two reference coordinate
systems are established, as shown in Fig. 2.26: One is a fixed coordinate system
OoXoYoZo fixed to the earth; one is a ship-following coordinate system GXYZ [11].
The origin of the moving coordinate system is at the center of gravity (G) of the
hull, wherein Gx, Gy, Gz are the middle cross section, the middle longitudinal
section, and the water plane passing through the center of gravity G, respectively.
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With the ship’s coordinate system, the positive direction of X-axis, Y-axis, and
Z-axis is, respectively, bow, starboard, and bottom.

The force formula of Newton’s second law shows that:

F ¼ îXþ ĵY þ k̂Z ¼ ma ¼ m
d
dt
ð̂iuþ ĵvþ k̂wÞ

¼mðu dî
dt

þ î
du
dt

þ v
dĵ
dt

þ ĵ
dv
dt

þw
dk̂
dt

þ k̂
dw
dt
Þ

ð2:89Þ

The moment formula of Newton’s second law shows that:

M1 ¼ îK þ ĵMþ k̂N ¼ d
dt
ð̂iIxpþ ĵIyqþ k̂IzrÞ

¼ Ixp
dî
dt

þ î
dðIxpÞ
dt

þ Iyq
dĵ
dt

þ ĵ
dðIyqÞ
dt

þ Izr
dk̂
dt

þ k̂
dðIzrÞ
dt

ð2:90Þ

where

dî
dt

¼ ĵr � k̂q;
dĵ
dt

¼ k̂p� îr;
dk̂
dt

¼ îq� ĵp

According to the above formulas, combined with the coordinate transformation,
the motion equation of the ship with the origin of the moving coordinate system at
the center of gravity is:

Fig. 2.26 Fixed coordinates
and coordinates with the ship
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X ¼ mðu	 þ qw� rvÞ
Y ¼ mðv	 þ ru� pwÞ
Z ¼ mðw	 þ pv� quÞ
L ¼ Ix p

	 þ ðIZ � IyÞqr
M ¼ Iy q

	 þ ðIx � IzÞrp
N ¼ Iz w

	 þ ðIy � IxÞpq

ð2:91Þ

where m is the hull mass in kg; u, v, w are the hull velocities in m/s; p, q, r are the
hull angular velocities in rad/s; X, Y, Z are external forces of the hull, and their units
are N; L, M, N are the moments of force on the center of gravity of the hull outside

the body, and their units are N-m; u
	
; v
	
;w
	
; p
	
; q
	
; r
	
; are, respectively, the derivatives of

velocity and angular velocity.

(a) The entire computational domain meshing

(b) The profile of mesh near the free surface

Fig. 2.27 Meshing of Wigley type
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2.5.4 Examples

This section uses the Wigley, S60, and DTMB5415 models as examples, respec-
tively, calculates the total resistance in static water by the method of CFD, com-
pares it with the experimental values to verify the accuracy of the CFD analysis
method, and lays the foundation for the next ship-type optimization. For ship
parameters and line drawings, see the above sections. Resistance calculation uses
STRA-CCM + software.

(1) Wigley type
This study still uses the Wigley ship model in Sect. 2.3.7 as an example for

numerical simulation; this model has complete experimental data. The overlapping
mesh technique is used to divide the hull and free surface grid, as is shown in
Fig. 2.27, a total of 1.18 million meshes are divided, the hull grid is shown in
picture Fig. 2.28, and the free surface grid is shown in Fig. 2.29. The performance
of the calculation workstation is: DELL workstation of 12 core, 3.4 GHz 64 G

Fig. 2.28 Meshing of the hull of Wigley type

Fig. 2.29 Waveform about free surface of Wigley type, Fr = 0.30

2.5 The Establishment of Numerical Wave Tank 69



Fig. 2.30 Comparison of total resistance coefficient curve and experimental values of Wigley
type

(a) Meshing in whole calculation domain

(b) The profile of mesh near the free surface

Fig. 2.31 Meshing of S60 type
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memory, hard disk of 256G + 2T, video card of M4000. The comparison of
numerical calculation and experimental results is shown in Fig. 2.30. It can be seen
from the figure that the calculated results are close to the experimental values.

(2) S60 type
The main dimensions and parameters of the S60 type are shown in Table 2.1.

The overlapping grid technique is used to divide the hull and free surface grid, as is

Fig. 2.32 Meshing of the hull of S60 type

Fig. 2.33 Waveform about free surface of S60 type, Fr = 0.285

Fig. 2.34 Comparison of total resistance coefficient curve and experimental values of S60 type

2.5 The Establishment of Numerical Wave Tank 71



shown in Fig. 2.31, and there are a total of 1.32 million meshes divided. The grid of
the hull is shown in Fig. 2.32, and the free surface grid is shown in Fig. 2.33. The
comparison between numerical calculation and experimental values is shown in
Fig. 2.34. It can be seen from the figure that the calculated result is very close to the
experimental result.

(3) DTMB5415 type
The main dimensions and parameters of the DTMB5415 type are shown in

Table 2.2. The overlapping mesh technique is used to divide the hull and free
surface grid, as is shown in Fig. 2.35, and there are a total of 2.23 million meshes
divided. The hull grid is shown in Fig. 2.36, and the free surface grid is shown in
Fig. 2.37. The comparison between numerical calculation and experimental values
is shown in Fig. 2.38. The figure shows that the calculated result is very close to the
experimental result.

The CFD method is used to analyze the resistance performance of three typical
ship types. Compared with the previous theory of potential flow, the CFD method is
closer to the experimental value and has higher calculation accuracy. With an

(a) Meshing in whole calculation domain

(b) The profile of mesh near the free surface

Fig. 2.35 Meshing of DTMB5415 type
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Fig. 2.38 Comparison of total resistance coefficient curve and experimental values of
DTMB5415 type

Fig. 2.37 Waveform about free surface of DTMB5415 type, Fr = 0.28

Fig. 2.36 Meshing of the hull of DTMB5415 type
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appropriate number of grids and better machine configurations, ship-based opti-
mization with CFD-calculated resistances as targets will yield more reliable results.

2.6 Study on the Uncertainty of CFD Affecting
the Calculation of Ship Resistance

In order to study the uncertainties affecting CFD calculation of hull resistance, the
DTMB5415 ship model is taken as the research object. First of all, based on the Latin
matrix square design in the statistics, a rectangular square matrix with the thickness of
the first boundary layer, the turbulence pattern, and the number of grids as the three
major uncertainties in CFD ship calculation is established. Take viscosity theory
method (CFD) to calculate the hull resistance, and simulate the flow field around the
hull. Then, the influence factors of uncertainties on the prediction of hull resistance are
discussed by means of regression analysis. Through a series of calculation and
analysis, the optimal calculation method for the ship type is proposed and the relevant
parameters for calculating the resistance of the ship model DTMB5415 are deter-
mined. Secondly, using these two kinds of grids to calculate the resistance at different
speeds, respectively, and compared with the experimental values, we obtained satis-
factory results. Finally, according to the ITTC regulation, the CFD-based uncertainty
analysis and discussion of the resistance of DTMB5415 ship in still water using three
grids are carried out. The corrected results are compared with the experimental ones to
improve the accuracy of the resistance prediction.

2.6.1 Resistance Calculation

(1) Boundary conditions:

(1) The cutting volume mesh: The front, upper, and lower surface of the numerical
simulative tank are set as velocity inlet, and the velocity is defined at the front
surface boundary, namely the speed of the ship; the rear surface is set as a pressure
outlet; the hull is set as a rigid body surface; the sides are set as symmetry.

(2) Overlapping mesh: According to the requirements of the overlapping meshes,
the entire model needs two individuals, namely the background body and the
overlapping body, wherein the overlapping body is an entity obtained by
performing subtraction on the cuboid and the hull. In the background body, the
boundary condition set exactly the same with the cutting volume mesh settings;
in the overlapping body, the left side of the cuboid is defined as symmetry, the
rest of the outer surface is set as an overset mesh, and the hull surface is set as a
rigid body surface.
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(2) Calculation process:
Taking DTMB5415 ship as an example, CFD method is used to calculate the

total resistance of the hull in the static water.

(1) Calculation pretreatment: Establish geometric model, mesh, grid quality
inspection, and set the boundary conditions.

(2) Calculation process: Using three-dimensional nonstationary separation implicit
solver and using the continuous equation and motion equation as the control
equations of the whole model, the appropriate turbulence model is selected to
solve the whole flow field; the free surface is captured by the VOF two-phase
flow model; the SIMPLE method is used to couple the pressure and velocity
fields. The detailed calculation process is shown in Fig. 2.39.

2.6.2 Analysis of CFD Influencing Factors

There are some errors in the CFD method to calculate the hull resistance in
hydrostatic and experimental values, and when the calculation conditions are dif-
ferent, the error is not the same. The results of these errors are mainly caused by a
series of uncertainties in the process from the initial stage of modeling to the

Fig. 2.39 Resistance calculation flow
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meshing, the use of calculation methods, and the iterative calculation. These errors
mainly include five aspects: mathematical model error, iterative error, rounding
error, truncation error, and calculation error. In order to improve the accuracy of
resistance prediction, it is necessary to accurately analyze which factors play a
leading role in the resistance calculation and which ones play a secondary role. It is
very time-consuming if these three factors discussed one by one. Therefore, this
section introduces the experimental design to analyze the influencing factors of
CFD resistance calculation.

The experimental design can select some of the most representative test points
from the system model for analysis to find the close relationship between large
numbers of data, with a view to get the maximum calculation results through a
minimum number of tests and test cycles. It is a highly efficient, fast, and eco-
nomical method of calculation. There are many kinds of experimental design
methods, of which the Latin square was invented by Euler, a famous mathematician
and physicist. It writes n different design elements in n squares with n edges, each
row becomes a complete unit group, and each process appears only once per
column.
(1) Latin square design

According to previous research experience, the main factors affecting the CFD
calculation results include three factors: (1) the first boundary layer thickness,
(2) turbulence model, and (3) the number of grids. Therefore, through the Latin
square design and analysis of these three factors, the design model of four levels of
three factors is constructed in the cutting volume mesh. On the overlapping meshes,
due to the error of the RST model in the calculation of overlapping mesh, the
resistance cannot be obtained, and thus the design model of three levels of three
factors is constructed, as shown in Table 2.3. The Latin square design list, shown in
Table 2.4, was designed with 16/9 test design. The total drag coefficient at the
speed of Fr = 0.281 calculated by the CFD method is listed in this table.
Figure 2.40 shows the error between the total resistance calculation and experi-
mental value [12].

Taking the cutting body meshes and overlapping meshes as examples, the
hydrodynamic performance of DTMB5415 vessel in hydrostatic water is numeri-
cally simulated by 16 kinds and 9 different calculation methods, respectively. It can
be seen from Fig. 2.40 that on the mesh of cutting body, the error |Ɛ| between the
total resistance and the experimental value calculated by the CFD method is
between 2.5% and 18.5%. The total resistance calculated in case 9 is closer to the
experimental value, and the error calculated in case 15 is the largest; on the
overlapping meshes, the error between the total resistance value and the experi-
mental value is |Ɛ| between 1.25% and 14.5%, the total resistance calculated by the
working condition 2 is closer to the experimental value, and the calculation error of
the working condition 1 is the largest. It can be seen that different calculation
methods have a great influence on the calculation results of resistance. Therefore, it
is necessary to systematically analyze these three factors to get the factors that
greatly affect the calculation results.
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According to the results of Table 2.4, the data were analyzed by regression. The
analysis results are shown in Table 2.5. It can be seen from the table, in the cutting
volume mesh, the influence degree from large to small is: turbulence mode B, mesh
number C, and the thickness of the boundary layer of the first floor A; in the
overlapping mesh, the influence degree is: mesh quantity C, turbulence mode B, and

Table 2.3 Four levels of three factors

Analysis factor Factor
number

Level

Cutting volume
mesh

Overlapping
mesh

The thickness of the first boundary
layer A

A1 0.0004 0.0003

A2 0.0003 0.0002

A3 0.0002 0.0001

A4 0.0001 Null

Turbulent model B B1 k– e k– e

B2 SST k– x SST k– x

B3 SA SA

B4 RST Null

The mesh number (relative ratio) C C1 49.984 35.35

C2 35.35 25

C3 25 17.68

C4 17.68 Null

Table 2.4 Design list and drag calculation results of Latin square array

No. A B C Cutting volume mesh A B C Overlapping mesh

CQT CCT

1 A1 B1 C1 0.004782 A1 B1 C1 0.003942

2 A1 B2 C2 0.00434 A1 B2 C2 0.004668

3 A1 B3 C3 0.004405 A1 B3 C3 0.00435

4 A1 B4 C4 0.004742 A2 B1 C2 0.004367

5 A2 B1 C2 0.004782 A2 B2 C3 0.004349

6 A2 B2 C1 0.00435 A2 B3 C1 0.003961

7 A2 B3 C4 0.004854 A3 B1 C3 0.004193

8 A2 B4 C3 0.00447 A3 B2 C1 0.004168

9 A3 B1 C3 0.004728 A3 B3 C2 0.004132

10 A3 B2 C4 0.004448 Null

11 A3 B3 C1 0.005085

12 A3 B4 C2 0.004456

13 A4 B1 C4 0.004472

14 A4 B2 C3 0.004423

15 A4 B3 C2 0.005447

16 A4 B4 C1 0.004353
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the thickness of the boundary layer of the first floor A. And the sum of squared
deviations, the order of variance from largest to smallest, is exactly the same as the
order of influence. Apparently, turbulence model selection has the most significant

Fig. 2.40 Error e between the calculation value of CFD and EFD
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effect on the calculation results of the cutting body mesh. The number of grids has
the most significant effect on the calculation results of the overlapping grids, while
the thickness of the boundary layer on the first floor has the least effect on the
calculation results of the two.

The data in Table 2.4 are classified according to the turbulence model, as shown
in Fig. 2.41. It can be seen from the figure that the mean resistance error calculated
by k– e turbulence model is the smallest on the cutting volume mesh with the error
of 3.25%. However, the average error of SA calculation is the largest, reaching
9.55%. On the overlapping meshes, the average resistance error calculated by SST
k– x turbulence model is the smallest with an error of 5.51%. The mean error of SA
calculation is the largest, reaching 10.03%. It can be seen that the k– e model is
more suitable for the simulation of cutting volume mesh calculation and the SST
k-1 is more suitable for the overlapping grid calculation as long as the appropriate
number of meshes and the thickness of the layer boundary of the first floor are
selected.

(2) Multi-speed resistance calculation
In this section, multi-speed numerical simulation of DTMB5415 is carried out by

cutting volume mesh and overlapping mesh, respectively. It can be seen from the
above section that the calculation methods of working condition 9 and working
condition 2 can well predict the hull resistance. In order to improve the accuracy of
calculation, the same method of meshing and calculation as the working condition
is used to predict the hull resistance. The CFD calculation results are compared with
the experimental values, and the results are shown in Fig. 2.42.

The calculation results show that the trend of the total resistance of the two
meshes coincides with the experimental values, and the calculation errors of the two
meshes are very close. Among them, the mean error of the cutting mesh calculated
resistance is 2.5%; the average error of overlapping mesh calculated resistance is
2.78%. At the design speed Fr = 0.281, the calculated errors are 2.56% and 1.28%,
respectively. Therefore, the calculation method in this section can predict the hull
resistance accurately, especially with the overlapping mesh with high accuracy in
predicting the drag of the designed speed and its nearby speed.

Table 2.5 Variance analysis

Computational
mesh

Factor Deviation
square sum
ss

Degree of
freedom df

Variance
MS

Influence
degree

Cutting volume
mesh

The thickness of the
first boundary layer A

3.39E-08 3 6.23E-08 1.12E-04

Turbulence mode B 7.10E-07 3 3.02E-07 5.57E-04

Mesh quantity C 1.25E-07 3 8.01E-08 2.50E-04

Overlapping
mesh

The thickness of the
first boundary layer A

3.71E-08 2 1.85E-08 1.56E-04

Turbulence mode B 1.14E-07 2 5.69E-08 2.48E-04

Mesh quantity C 2.17E-07 2 1.08E-07 3.66E-04
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Although the error of overlapped grid calculation in design speed is small, the
average error is slightly higher, the number of overlapping meshes is more than the
total number of cutting volume mesh, and the calculation time is longer. It can be
seen that the cutting volume mesh has relative advantages in predicting the resis-
tance of multi-speed hull. As long as the number of meshes increases appropriately,
the accuracy of resistance calculation can be improved. Table 2.6 shows the dis-
tribution of the flow field around DTMB5415 and the pressure distribution of the
stern pressure in two kinds of mesh calculation with the speed Fr = 0.281. Among
them, the red region in the overlapping grid flow field is the background area and
the blue region is the overlap region.

(3) CFD uncertainty analysis
The uncertainty of the CFD simulation results determines the usefulness of the

data. It is difficult to compare the results obtained by different researchers using

Fig. 2.41 The contrast between the resistance error absolute value of different turbulence modes
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different evaluation methods. Therefore, the CFD uncertainty analysis has become
an important work of CFD research and application [13]. This section analyzes the
uncertainty of the CFD in accordance with the ITTC recommendations, namely:
verification and validation.

This section takes the cutting volume mesh as an example to analyze and discuss
the uncertainty of the total resistance of DTMB5415 in static water. The calculation
model takes three sets of meshes for analysis, and the mesh ratio rG = 1.414 and the
free surface mesh and waveform diagram are shown in Table 2.7.

It can be seen from Table 2.7 that the contour of the free surface can be clearly
captured by all three meshes. The error of wave height of the coarse grid at the bow
and the stern is larger, more accurate, and clear through the calculation of the fine
grid after the free surface grid is encrypted. The total resistance coefficient calcu-
lation results of the three meshes are shown in Table 2.8. As can be seen from the
table as the mesh is encrypted, the results of the resistance calculation are more

Cutting volume mesh

Overlapping mesh

Fig. 2.42 Contrast between total resistance calculation and the experiment value
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accurate. Table 2.9 shows the validation of the total resistance coefficient CQT,
including the convergent rate RG, the order of accuracy PG, the correction factor
CG, the mesh uncertainty UG, the error r�G1 with correction factor, the uncertainty
of the correction value degree UGC, and modified numerical simulation results SC. It
can be seen from the table that the convergence rate RG < 1 indicating that the grid
monotonically converges. As can be seen from Table 2.9, the revised total resis-
tance coefficient SC value is equal to 4.67E-3, which is closer to the experimental

Table 2.6 Distribution of flow field

Mesh partitioning The distribution of the flow
field

The distribution of the bow
pressure

Cutting volume mesh

Overlapping meshes (Draw the
same as above, remove the red
around you)

Table 2.7 Meshing and free surface

Mesh configuration Horizontal mesh distribution Free surface waveform

Sparse mesh

Middle mesh

Dense
mesh
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value comparing with the total resistance coefficient calculated using the CFD
technique.

(2) Validation

The validation step is to use the experimental data to evaluate the numerical
modeling process of the modeling uncertainty USM and to estimate the model error
rSN if condition permits. It compares the comparison error and confirms the size of
the uncertainty to determine whether to achieve confirmation. If the comparison
error is less than the confirmation uncertainty, this level of confirmation uncertainty
is achieved. The total resistance of three meshes calculations is shown in
Table 2.10. It can be seen from the table that |E| is less than the uncertainty UV, so
the calculation results can be confirmed.

(4) Conclusion

(1) The Latin square design was used to establish a rectangular square with the
thickness of the first boundary layer, turbulence pattern, and the mesh number as
the three main uncertainties in CFD calculation. Taking the cutting volume
meshes and overlapping meshes as examples, respectively, it discusses the main
and secondary influential factors that affect the CFD resistance forecasting, and
calculates the grid form and calculation method suitable for the ship resistance
forecasting. Results show that the turbulence model has the most significant effect
on the calculation results of cutting body. The selection of the mesh number has
the most significant effect on the calculation results of the overlap grids, while the
thickness of the first boundary layer has the least influence on the calculated
results. The k– e model is more suitable for the prediction of resistance based on
the cutting volume mesh, while SST k– x is more suitable for the resistance
calculation based on the overlapping grid.

Table 2.8 Total resistance coefficient of three sets of mesh CQT

Scalar Sparse mesh Middle mesh Dense mesh Experimental value

CQT 0.004871 0.004789 0.004728 0.00461

Table 2.9 Verification of the calculation total resistance coefficient

Mesh
configuration

RG PG CG UG r�G1 UGC SC

Cutting
volume mesh

0.751 0.826 0.332 1.85E-4 6.15E-05 1.24E-4 4.67E-3

Table 2.10 Confirm the result

Error Results Confirm the uncertainty Result The relationship of size

E1 1.18E-04 UV1 2.07E-04 | E1| < UV1

EC1 −5.68E-05 UV1C 1.55E-04 | EC1| < UV1C
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(2) The total resistance of the hull at different speeds is calculated by using the
cutting volume mesh and the overlapping mesh, respectively, and compared
with experimental data. The results show that the calculation method in this
section can predict the hull resistance more accurately, and the cutting body
grid is more accurate than the overlapping grid at multi-speed drag prediction,
but the design speed is not effective.

(3) According to the ITTC recommendation, taking the cutting volume mesh as an
example, the CFD-based uncertainty analysis and discussion on the resistance
of DTMB5415 in still water are carried out by using three sets of grids. The
numerical solution based on the mathematical model of CFD converges
monotonously with the encryption of the grid, the uncertainty of total resistance
can be confirmed, and the corrected total resistance is closer to the experimental
value.
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Chapter 3
Geo-Reconstruct Technology of Hull

3.1 Overview

The hull shape optimization based on the Michell integral method of the theory of
linear wave resistance is based on the hull shape value contained in the wave
resistance expression. Therefore, the hull shape value can be directly used as the
design variable in the optimization process without the need to parameterize and
reconstruct the hull geometry; because of the implicit relationship between the
objective function and the design variable, and the automatic deformation of the
hull and the automatic demarcation of the mesh in the optimization process, the
ship-type optimization based on Rankine source method and the CFD method
requires the use of hull geometry reconstruction techniques to connect the objective
function with the design variables. With the rapid increase of computational speed
and rapid development of computational graphics, CFD-based ship optimization
design has become possible. A series of CFD numerical simulation software and
CAD graphic design software are available one after another, and the optimization
process is shown in Fig. 3.1. The optimization algorithm constantly adjusts the
variation of design parameters in the geometric design space and constantly gen-
erates new hull geometry—that is, the automatic reconstruction of the hull geom-
etry. The CFD numerical simulation tool then performs a numerical evaluation of
the newly generated ship and feeds back the results to the optimization platform [1],
and loops until a ship of the highest hydrodynamic performance is found. The
whole process does not require human intervention; the degree of automation
directly determines the application prospect based on CFD ship optimization, which
is a hot spot in the current research. The traditional hull line generation technology
and ship form change method mostly use manual or computer interaction mode,
which cannot realize fast and efficient ship form transformation, resulting in that the
CFD numerical simulation technology cannot be used to optimize the ship form
(inverse problem) and can only be optimized or selected for a limited number of
ship types (positive issue). It is exactly the emergence of ship geometric automatic
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reconstruction technology that provides a tool for rapid generation of ship types and
transformations based on CFD ship optimization, which can realize “ship opti-
mization” in the real sense [2]. It is of great guiding significance for realizing
“digital shipbuilding,” “green shipbuilding” and promoting the design of ship form
from the traditional experience mode to the knowledge-based mode.

3.2 Research Progress of Hull Linear Expression

With the deepening of multi-disciplinary optimization design methods, how to
realize automatic generation and geometric reconstruction of ship types has become
a hot issue in current research on ship form optimization. The basic methods of ship
form generation are self-drawing method, mother ship method, the series of
ship-type method, and the mathematical ship method. Self-drawing method is the
basic method used when computer technology is not very mature, the method is
characterized by simple, intuitive, and the disadvantage is strongly dependent on
the experience of the designer; the mother ship method is the most commonly used
basic method for the design of ship form at present. The characteristics are simple
and practical. The disadvantage is that the performance of the designed ship model
strongly depends on the experience of the mother ship and the designer. If the
design ship is very similar to the mother ship, the better results can be obtained; on
the contrary, the design ship will have poor performance. The series ship method is
based on the existing excellent mother ship information or series of ship model
data, by constantly changing the main dimensions of the ship and ship parameters to
meet the requirements of the new ship [3]. All of the above three methods need to
be completed through an interactive method, and the discrete offsets point are
obtained. Before the construction, it takes a great deal of time and manpower to
accomplish an artificial three-dimensional smoothing, which is inefficient. With the
rapid development of computer technology, some breakthroughs have been made in
the design and modification of the ship designs using computer-aided techniques.

Fig. 3.1 Hull form optimization based on CFD
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However, the general idea of design is still based on the traditional design methods.
To this end, domestic and foreign scholars attempt to adopt the new ship design
concept, to ensure the quality of the design conditions; the design process mini-
mizes human intervention. Firstly, the efficient parametric modeling technology is
introduced into the field of ship design, mainly through the analysis of mathe-
matical functions and numerical fitting methods. The expression of ship types in the
form of math functions is mainly through mathematical functions to express
waterlines, body lines, and longitudinal sections or hull surfaces. Use the computer
to complete the entire profile generation process. However, due to the complexity of
actual ship types, up to now there is no effective and practical parametric modeling
technology. In the twentieth century, several typical mathematical ship types
appeared, the most typical such as Wigley ship model, which is the most commonly
used ship-type research, but this type of ship is parabolic with no practical value, far
away from the actual ship.

In recent years, parametric modeling technology has gained rapid development.
Parametric design refers to the change of a relevant part of the ship automatically by
changing a certain design parameter without manual intervention. Therefore, it is a
goal of ship designers to link the ship type with the ship-type parameter and to
generate the complete and smooth ship-type surface with proper size and ship-type
parameters. After long-term development, the ship design has made great progress.
At present, there are mainly two methods of geometric representation of hull sur-
face: One is the network method, that is, to express the hull surface with a few
groups of plane curves with certain rules, which is mainly used for the traditional
two-dimensional ship design. Another method is to use surface functions to express
hull surfaces satisfying certain boundary conditions. It mainly adopts the Bezier
curved surface to express the patches, and the surface is then spliced into a smooth
hull surface. Since the 1980s, B-spline surfaces and rational splines had been
gradually used in ship line design. After the 1990s, people began to use the
nonuniform B-spline (NURBS) method to construct the hull surface. The NURBS
surface theory can theoretically guarantee that the transverse line of the hull,
waterline, and longitudinal section are three-way smoothness. The resulting hull
surface does not require lofting and can be directly used in the production. Some
famous foreign ship design software such as FastShip, Maxsurf, and TRIBON
almost all use this technique to achieve. China has also carried out research in this
area, especially the hull modeling technology has gradually become the focus of
research. With this technology, automatic generation and optimization of the ship
form can be achieved. Therefore, in the process of ship form optimization, after the
accurate hull shape is generated according to the requirements of the designer, the
CFD technique is used to numerically solve the set objective function. Finally, the
optimal algorithm is used to explore the hull geometry in the design space to obtain
the optimal performance of the ship under the constraint conditions. The process
needs to be repeated continuously.
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3.2.1 Overseas Research Situation

Jochen [4] Harries [5] in Germany put forward a more complete method of para-
metric design of ships in his doctoral dissertation and developed a set of fully
parametric commercial CAD software Friendship. The software can directly gen-
erate the desired ship form based on a series of ship form characteristic parameters,
which will be directly used as optimization design variables in the optimization
process. Germany’s Abt and Harries [6–8] based on the fully parametric model
system Friendship-Modeler expressed of the hull shape parameters for the design
variables, as shown in Fig. 3.2, the ship form optimization design is carried out
with SHIPFLOW software to calculate the wave resistance as the objective func-
tion. Abt et al. [9] optimized the DTMB5415 model by parametric modeling to
realize hull geometry reconstruction. Six parameters were selected to control the
ship generation. Tahara et al. [10] Kim et al. [11] used the Lackenby transformation
of the ship geometry reconstruction method, the hull local geometry reconstruction
method based on the radial basis function and the combination of the two recon-
struction methods.

In the optimization of the total resistance, Kim [12] used the Bezier patch
method to realize the geometric reconstruction of the bulbous bow. Campana, Para
et al. [13] optimized the amplitude of the waves of the surface ships and used the
Bezier patch method to rebuild the bulbous bow. During the period 2003–2009,
Campana, Ampana et al. [14] Peri and Campana [15, 16] Campana et al. [17]
Tahara et al. [18] used the DTMB5415 model as the optimization target and took
the wave resistance, seakeeping, and stern flow field as the optimization objectives.
The geometrical reconstruction methods of hull (Bezier patch and CAD-based
geometric reconstruction method) conducted a more detailed study. Peri, Tahara,
Campana et al. [19–21] used two kinds of multi-objective global optimization
algorithms to optimize the high-speed catamaran, respectively. The hull geometry
reconstruction adopted free-form deformation (FFD) method and CAD-based
method, respectively.

Fig. 3.2 Fully parametric model system Friendship-Modeler expressed of the ship hull
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From the above research, it can be seen that foreign scholars have made major
breakthroughs in the automatic geometric reconstruction of hull structures. Some
general commercial software with independent intellectual property rights have
been gradually developed and successfully applied to ship-type optimization. The
success of foreign countries lies in the completeness of basic experimental condi-
tions, the relative concentration of researchers, and the result of long-term con-
tinuous efforts.

3.2.2 Domestic Research

The optimization of hull line optimization in China starts with the mathematical
expression of ship type. With the development of Bezier curve and B-spline curve,
interaction design becomes a boom. In the mid-1980s, B-spline surfaces and
rational spline curves began to be used in hull surface design. In 1981, Tahara et al.
[22] began to describe the hull surface with Bezier surface. In 1985, they applied
the B-spline surface to the hull surface for the first time. The above methods are
based on the spline ideas to design and expression of the basic idea and are the first
to require the original value points and then continue to adjust the surface through
human–computer interaction until meet the design requirements.

Since the mid-1990s, the NURBS curve surfaces have become a hot spot in
computational geometry and become one of the most popular techniques for
describing curves and surfaces. And the use of NURBS method to describe the hull
surface has gradually become a research hot spot. It has always been a goal pursued
by shipbuilders to generate hull line shapes according to ship shape parameters.
Many domestic scholars have made in-depth exploration on the curve and surface
expression of ships and the smoothness. However, no one has yet put forward an
effective and practical ship-type parametric design technology, nor has it formed
design software with independent intellectual property rights. Zhou and Zhang [23,
24] based on Harries’s method of applying uniform B-spline curve to Wigley, the
NURBS curve is proposed to express the stern and the bulbous bow. In her doctoral
dissertation, a detailed study of the method of parametric ship representation was
conducted. Ping et al. [25] analyzed the geometrical shapes of circular hulls and
established the geometric expression of the characteristic lines and points.
Using NAPA BASIC language, he developed a profile parametric design of the
macro-program, so as to explore a new and efficient way for the digital design of
round-bilge craft. Xie et al. [26] Zhang [27] Bao-Ji et al. [28] studied the method of
least resistance ship design method based on Rankine source method. Taking the
parameters of the ship modification function proposed by Suzuki and Kazuo as
design variables, the nonlinear design was optimized under the condition of
ensuring the necessary displacement as the basic constraint. Zhang [29], in his
doctoral dissertation, introduced the research methods of the three-dimensional
parametric overall design of ships and offshore platforms in detail. Yu [30] adopted
the Framework module in Friendship software to modify the 3100TEU prototype.
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In order to optimize the hull line, based on the NURBS expression of ship, Fu and
Chen [31] Baiwei et al. [32] proposed two different parametric modeling methods
based on CAD/CFD ship-type optimization process. One is directly to the NURBS
control vertex coordinates as a variable to achieve the transformation of the ship’s
parameter; the other is based on the mother-based development of ship-based
parametric fusion module to achieve the ship’s parameters transform. Using
ISIGHT software, two kinds of parametric modeling methods were used to optimize
the bulbous bow of a container ship. The results show that the method of ship-type
modification and fusion is a parameterized modeling method with engineering
value.

Our research and application of automatic geometric reconstruction of hull have
gradually become mature and perfect, especially in the study of NURBS curve and
surface, many scholars have reached the international advanced level. However,
compared with the shipbuilding powers such as Japan, South Korea, and Europe,
there are still some gaps, mainly in the following problems:

(1) The parametric representation of the hull geometry is mostly the partial design
of simple hull types (e.g., math hull types). Therefore, the geometric design
space of the hull is limited and it is difficult to obtain the optimal performance
hull under a given condition.

(2) Domestic research is relatively fragmented, did not form a unified, shared
design platform, but did not form a commercial software with independent
intellectual property rights.

(3) There is no effective and open framework for ship-type optimization based on
hydrodynamics theory at present, that is, the convergence and integration
between the objective function, design variables (parametric representation of
hull geometry) and optimization methods have not been solved well.

3.3 Basic Connotation of Hull Geometric Reconstruction
Technology

The geometric reconstruction of the hull is a kind of ship formation technology that
restores the relationship between the hull geometry and the topological structure
during the transformation. It is an important method in ship conceptual design,
overall design and hull form optimization. The hull geometrical representation is a
very comprehensive technology involving a large number of research fields. It is a
prerequisite and core link in the overall hull design and performance calculation and
plays a decisive role in the comprehensive navigation performance of ships [33].
The hull geometric reconstruction technology is the premise of CFD-based ship
optimization. During the optimization process, the design variables are adjusted
according to the optimization algorithm, and the design variables are reflected in the

90 3 Geo-Reconstruct Technology of Hull



changes of the hull geometry. Figure 3.3 is a hull geometric reconstruction to
achieve the process of CFD-based ship optimization.

(1) Enter the model values and major dimensions of the mother ship for geometric
modeling (shape design), generate interface files for common CFD software:
such as IGES format (geometric description);

(2) Use CFD software for numerical simulation (shape analysis) to show flow
field information;

(3) Evaluate the objective function (shape evaluation);
(4) Generate the optimal hull form (shape transform) through optimization strategy.

3.4 Fundamental Principles of Hull Geometry
Reconstruction Technology

The hull geometry reconstruction technique bridges the gap between the CFD
assessment technique and the optimization algorithm. The design variables are
solved according to the optimization algorithm, and the parameters governing the

Fig. 3.3 Hull geometric reconstruction to achieve the process of ship optimization
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geometry of the hull are output, and the new hull geometry is regenerated. This is
the geometry of the hull reconstruction process. CFD software evaluates the per-
formance of the new hull form. The optimization algorithm is analyzed and com-
pared according to the evaluation results and then fed back to the CFD software by
controlling the geometry parameters of the hull, which is repeated until the
geometry of the hull with the best performance is obtained. Therefore, the hull
geometric reconstruction technology is the prerequisite and foundation for ship
optimization and it is also one of the key technologies studied. The general study is
as follows:

(1) To ensure the smoothness of hull geometry reconstruction
The use of polynomial functions or double trigonometric series to express the

hull geometry in part or in whole requires that the changed part and the fixed part be
connected broadly and smoothly to ensure the continuity of the second derivative.
In this way, the shape of the hull obtained can be made smooth enough that there
will be no difference in the optimization results due to the smoothness of the hull,
the optimal performance of the hull is entirely due to the difference of the geometric
shapes.

(2) To express the hull geometry with a few design parameters as possible
CFD-based hull form optimization is a very complex nonlinear process that

requires constant iteration to find the ship that meets the design requirements. In
order to reduce the calculation time and ensure the practicality of the optimization
method, it is necessary to express the hull geometry by using as few design vari-
ables as possible (i.e., ship modification functions or polynomial function param-
eters) as possible.

(3) To ensure that the design space is as wide as possible
In order to be able to find the best performance of the ship, you need to have a

very wide design space, that is, there are numerous different geometry of the ship,
which need to determine the parameters of the hull geometry reconstruction tech-
nology as much as possible to get more different hull form. This is contradictory to
the (2) above, therefore, how to weigh these two aspects, that is, to use as little
calculation time as possible, is also a problem that the hull geometry reconstruction
technology must solve.

3.5 Hull Geometric Reconstruction Method

3.5.1 Hull Form Modification Function Method

The geometry of the hull is expressed by the parametric method, and the opti-
mization of the ship design is carried out by the mathematical optimization method.
In other countries, Japanese researches are more prominent, and parametric tech-
niques were applied to ship generation from the 1960s onward [34]. Since the
1980s, all countries have invested a great deal of manpower and financial resources
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and many achievements have been published. Suzuki and Iokamori [35] studied the
minimum wave resistance ship model based on Rankine source method and
designed a modified function of the trigonometric series to express the hull shape,
as shown in Figs. 3.4 and 3.5. Since then some scholars [36–40] later modified or
deformed this ship modification function to express the local and overall shape of
the hull.

The ship modification function method represents the change of the ship type by
using a series of numbers, which may be trigonometric or a polynomial. The change
of hull shape is completely determined by the parameters of the series. The
advantage of this method is that the design parameters can be directly used as the
design variables for optimization problems. The whole and part of the ship can be
parametrically expressed with fewer design variables. The disadvantage is that it is
not flexible enough, and the geometric space is small, and the trend of the shape of
the improved ship type is completely limited by ship modification function.

The idea of this method is that the shape y(x, z) of the modified ship is expressed
by using a ship-type modification function w (x, z) on the basis of the initial ship
type f0 (x, z), that is:

yðx; zÞ ¼ f0ðx; zÞwðx; zÞ ð3:1Þ

where wðx; zÞ[ 0 ( x[ x0; z\z0 ) and

wðx; zÞ ¼ 1�
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Fig. 3.4 Application of
ship-type modification
function

3.5 Hull Geometric Reconstruction Method 93



In the equation: L is the foremost longitudinal coordinates of the bow (including
the bulbous bow); T is generally the maximum depth of coordinates to be modified,
if the baseline remains unchanged, then T is draft. Fixed m, n = 1, 2, 3, 4, 5, a total
of 25 amn, only 25 design variables; therefore, the selection of the ship modification
function reduces the number of design variables and improves the speed of
optimization.

3.5.2 Polynomial Expansion Method

The ship-type function of a design ship can be expressed in the form of the sum of
the parent ship-type function and the change amount function with respect to the
parent ship, that is

yðx; zÞ ¼ y0ðx; zÞþDyðx; zÞ ð3:2Þ

where

Dyðx; zÞ ¼ DyðxÞZ¼WL1 þDyðxÞZ¼WL2 þDyðxÞZ¼WL3 þDyðxÞZ¼WL4 þ � � � þDyðxÞZ¼WLN

Fix the z along the depth of the model, so that the unit change function only
represents the function of x and then expand the unit change function polynomial
along the x-direction, that is

DyðxÞZ¼WL1 ¼ a01 þ a11xþ a21x
2 þ a31x

3 þ � � � þ ak1x
kDyðxÞZ¼WL2 ¼ a02 þ a12x

a22x
2 þ a32x

3 þ � � � þ ak2x
kDyðxÞZ¼WL3 ¼ a03 þ a13xþ a23x

2 þ a33x
3 þ � � � þ ak3x

k

. . .DyðxÞZ¼WLN ¼ a0N þ a1Nxþ a2Nx
2 þ a3Nx

3 þ � � � þ akNx
k

ð3:3Þ

In the formula, [A] = a01, a11, …,akN are the parameters of each unit change
function to be expanded. If the parameter [A] is given, the value of each unit

Fig. 3.5 Application of
ship-type modification
function
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transformation function can be determined. Therefore, the variation of the ship
width in each of the waterline positions (WL1, WL2, WL3, WLN) along the
x-direction can be obtained. Second, knowing the value of each unit change
function of each water line position (WL1, WL2, WL3, and WLN), the unit change
function of any water line position can be obtained by cubic spline interpolation
function. This interpolation function is based on Nmi(f) and Nmj(n) as a function of
the base, along the depth direction of the interpolation.

Dy ¼
Xnþm

i¼1

Xkþm

j¼1

cijNmið1ÞNmjðnÞ ð3:4Þ

In the formula, Nmi(f) and Nmj(n) are standard B-spline functions; n and k are the
number of internal nodes (excluding the endpoints) in the directions of n and f in
the modified range; m is the order of the B-spline function.

Here take m = 4, n = 3, k = 2

n�3 ¼ n�2 ¼ n�1 ¼ n0\n1\n2\ � � �\nnþ 1 ¼ nnþ 2 ¼ nnþ 3 ¼ nnþ 4

f�3 ¼ f�2 ¼ f�1 ¼ f0\f1\f2\ � � � :\fnþ 1 ¼ fnþ 2 ¼ fnþ 3 ¼ fnþ 4

Taking B-spline function parameters as design variables, and the total number of
design variables is 12, as shown in Table 3.1.

3.5.3 Spline Function Method

There are two main methods to express changes in hull shape by using the spline
function method: One is the B-spline curve, the shape of the hull surface can be
defined by B-spline function, the parameters of which are used as design variables,
but the method is more complex and has more design variables; another method is
to use the nonuniform rational B-spline (NURBS) curves or surfaces, and the
control vertices can be directly used as design variables for optimization, which has
a wide range of applications.

Table 3.1 B-spline function
parameters as design variables

Cij i=1 2 3 4 5 6 7

j=6 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 0.0 0.0 1.0 1.0 1.0 0.0 0.0

3 0.0 0.0 1.0 1.0 1.0 0.0 0.0

2 0.0 0.0 1.0 1.0 1.0 0.0 0.0

1 0.0 0.0 1.0 1.0 1.0 0.0 0.0
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The hull is divided into n sections in the n direction, and each section is equally
divided into m points in the f direction. According to the formula, the B-spline
basis functions (NmiðfÞ andNmjðnÞ) of n and f are calculated as shown in Fig. 3.6.

g ¼ dy ¼
Xnþm

i¼1

Xkþm

j¼1

cijNmiðfÞNmjðnÞ ð3:5Þ

Jun-ichi et al. [41–43] studied the tail optimization problem of ship with mini-
mum viscous resistance based on nonlinear programming method and expressed the
shape of hull by B-spline function. Masuda et al. [44] Suzuki et al. [45] used the
polynomial function of order N and spline interpolation to express the shape of the
hull and studied the minimum thrust deduction fractional hull and the tail opti-
mization problem of the minimum secondary flow energy based on the potential
flow theory, respectively, obtaining a larger solution space.

3.5.4 Geometric Modeling Technique

Geometric modeling technology is the perfect combination of computer-aided
geometric design and computer graphics. Its core content is to find a mathematical
method can not only find shape suitable for computer processing and effectively
meets the requirements of shape and geometric design, but also facilitate the shape
information transfer and product data exchange. The commonly used geometric
modeling techniques for ship design are free-form deformation approach (FFD),
Bezier patch method, and NURBS surface method, etc.

3.5.4.1 Free-Form Deformation Method (FFD)

Free-forming technology, an important branch in computer graphics, was first
proposed by Sederberg and Parry in 1986 [46] and has achieved rapid growth in the

Fig. 3.6 B-spline curve
expression in ship-type
application
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last 20 years. Its main idea is embedding the target to be transformed into the grid
formed by several control vertices and then moving the control vertices, and
deformation of the grid will be transmitted to the internal target, causing the
deformation of the internal target. The method can be applied to the solid modeling
system of any surface without being limited by the representation mode and can
locally or globally transform the original surface, and the deformed surface can
maintain the geometric continuity. Independent of object representations, it is easy
to integrate into existing software modeling systems. It has good interactivity and
controllability in producing object animation. The disadvantages are that the
method is not easy to control deformation; deformation is difficult to accurately
achieve the desired results, and there are many design variables when expressing
the surface of complex objects.

The FFD method uses the Bernstein basis function to establish the functional
relation between the lattice node and the position of any point in the lattice [47], and
its expression is:

xðs; t; uÞþDxðs; t; uÞ ¼
Xl

i¼1

Xm
j¼1

Xn
k¼1

Bi�1
l�1ðsÞBj�1

m�1ðtÞBk�1
n�1ðuÞ

h i
� Pi;j;k þDPi;j;k
� � ð3:6Þ

Dxðs; t; uÞ ¼
Xl

i¼1

Xm
j¼1

Xn
k¼1

Bi�1
l�1ðsÞBj�1

m�1ðtÞBk�1
n�1ðuÞ

h i
� DPi;j;k ð3:7Þ

where x(s, t, u)-the global coordinate of any point in the control frame

Pijk-coordinate matrix of control grid points(i, j, k)

DPijk-displacement matrix of control grid points(i, j, k)

l� n� m-control grid points
(s, t, u)-local coordinates in the control lattice
Bi�1
l�1ðsÞ-an i-1 of l-1-order Bernstein polynomials, the expression of which is:

Bi�1
l�1ðsÞ ¼

ðl� 1Þ!
ði� 1Þ!ðl� 1Þ! s

i�1ð1� sÞl�i ð3:8Þ

The above formula is written in the form of matrix:

Dx ¼ Bðs; t; uÞ � DP ð3:9Þ
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Based on the FFD method to generate the geometry of the hull and the defor-
mation of the grid, the deformations of the specific steps are as follows:

(1) Construct a parameter body. Deformation is defined in a closed
three-dimensional lattice control vertices and a corresponding set of parameters
in the basic function. Thus, each point (x, y, z) is mapped to a set of parameter
coordinates (u, v, w).

The three-dimensional grid consists of an ordered grid of control points:

Vi;j;k ¼ ðxi;j;k; yi;j;k; zi;j;kÞ ð3:10Þ

Vi;j;k

Wi;j;k

0� i� a
0� j� b
0� k� c

8<
: ð3:11Þ

where Vijk is the vertex of each control; Wijk is the initial setting unit of each control
vertex; a, b, and c are the number of divisions of the direction of u, v, w parameters,
respectively.

After the grid points are created, an ordered B-spline basis function (u, v, w) is
assigned, and the sequence of each parameter variable may be different as follows:

2� p�ðaþ 1Þ
2�m�ðbþ 1Þ
2� n�ðcþ 1Þ

ð3:12Þ

where p, m, n are the order of the parameters of the basic functions u, v, w. The
corresponding node vector is:

U ¼ðu0; u1; . . .; uqÞ; q ¼ aþ 2ðp� 1Þ
V ¼ðv0; v1; . . .; vqÞ; q ¼ bþ 2ðm� 1Þ
W ¼ðw0;w1; . . .;wqÞ; q ¼ cþ 2ðn� 1Þ

ð3:13Þ

Build a nonuniform node vector for each endpoint with equal order to ensure the
insertion of a new value for the three-dimensional grid volume. The following is the
expression of the node vector U (V, W are similar):

ui
0 0� i� p

i� ðp� 1Þ p� i�ðq� pÞ
a ðq� pÞ� i� q

8<
: ð3:14Þ

Assign a random B-spline basis function to each node vector, and the basis
function is measured by the W standard recursive formula.
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Bi;rðtÞ ¼ t � ti
tiþ r�1 � ti

Bi;r�1ðtÞþ tiþ r � t
tiþ r � tiþ 1

Bi;r�1ðtÞ ð3:15Þ

Bi;r ¼ 0 ti � t� tiþ 01
1 others

�

In the formula, i 2 f0; 1; 2; 3. . .qg, q is the number of nodes, B is a B-spline
basis function; except W, it is conventionally interpreted as zero.

The points on the object are calculated based on the simple extension formula of
B-spline. The three-variable B-spline formula is:

Pðu; v;wÞ ¼

Pq
i¼0

Pr
j¼0

Ps
k¼0

Bi;pðuÞBj;mðvÞBk;nðwÞWi; j; kVi; j; k

Pq
i¼0

Pr
j¼0

Ps
k¼0

Bi;pðuÞBj;mðvÞBk;nðwÞWi; j; k

ð3:16Þ

where P is a point on the Cartesian coordinate vector (x ,y, z)model.

(2) “Embed” the object into the parameter body. The inverse point problem has
solved the description of the embedded object, that is, the determination of the
parameter coordinates (u, v, w) for each point (x, y, z).

As mentioned earlier, objects embedded within a solid include a set of parameter
coordinate points that identify the deformed objects. The grid orthogonality and
alignment with the data axis need to be divided into H parts; each parameter
variable is (u, v, and w). Use Golden Numerical Search to find the coordinates of
each parameter and determine the span of which the bounding point belongs to set
the search range. Each meaningful vector point interval corresponds to a solid
spline span. The boundaries of each span are determined by evaluating the
appropriate knot point values, and it is easy to determine the span object for each
point. For convenience, the midpoint of the different node segments is used as the
initial estimate for numerical evaluation.

(3) Deformation of the parameter body. This process is usually replaced by the
vertices of the 3D mesh.

Compared with the previous FFD method, the closed solid can be changed by
substituting the lattice control points. Because B-spline basis functions need to be
artificially maintained the continuity of the span between solids, deformation is an
almost limitless process.

(4) Evaluation of the effects of deformation of embedded objects. Use the
parameter coordinate points with the deformation control lattice (step 3) to
evaluate the new location of the embedded point set and then use the topology
of the original model to reconstruct the deformed object.
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Several algorithms are used to evaluate B-spline basis functions effectively.
Assessing the effects of distortion on embedded objects is a very simple process.
This method provides a real-time assessment of the influence of deformation on an
embedded object grid. However, for complex objects with several different trans-
formations, it is usually more practical to perform all grid deformation before the
impact of the computation.

Taking the DTMB5415 ship as an example, first establishes the hull surface
control point, as shown in Fig. 3.7. Except for the point 1–3 near the bulbous bow,
the other control points remain fixed to ensure a smooth connection between the
bulbous bow and the main hull. By changing the distance and direction of the
control points, the shape of the surface of the bulbous bow changes, generating a
smooth new surface.

(1) Bezier patch method
In 1971, Bezier from the France Renault Motor company officially released a
method of defining curves by controlling polygons. Designers simply move the
control vertices to easily modify the shape of the curve, and the changes in shape
were completely predictable and thus being widely used [48]. Since there is no local
characteristic for Bezier method, Gordon and Riesenfild modified this method to
allow designers to easily modify the surface. This method is more commonly used
in the field of ship design. It is through the superposition of one or more Bezier
surfaces on the mother ship (local), by changing the node location of the Bezier
curve to obtain the shape of different surface, to realize the geometric reconstruction
of the hull, and the node position can be directly used as a the design variable of the
optimization problem. The advantage of this method is that fewer the design
variables are, more easily the smoothness is to satisfy. The disadvantage is that only
local geometric reconstruction of the hull is possible.

The Bezier curve shape is only related to the position of the characteristic
polygon vertex. As shown in Fig. 3.8. Bezier curve 1 shape is controlled by 4
control points, with the first two points on the original curve and the other two
control points, Q1 and Q3, not on the curve. By changing the curve control points
Q1 and Q3, the original Bezier curve 1 changes to the new Bezier curve 2, and the

Fig. 3.7 Geometric reconstruction of the bulbous bow
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geometry of the bulbous bow is changed to achieve the geometrical reconstruction
of the bulbous bow. Given a position vector Qj (j = 0, 1, 2, … k) of space n + 1
points, the interpolation formula of the coordinates of each point on the Bezier
curve is:

rðuÞ ¼
Xk
j¼0

QjNj;kðuÞ u 2 ½0; 1� ð3:17Þ

where Qi is the control vertex of Bezier parametric curve.

Nj;kðuÞ ¼ C j
nu

jð1� uÞn�j ¼ k!
j!ðk � jÞ! u

jð1� uÞk�jðj ¼ 0; 1; 2. . .kÞ

(2) NURBS surface construction method
NURBS is an excellent surface modeling methods that has been widely used in
CAD/CAM and computational geometry and computer graphics in recent years
[49]. It can use a unified mathematical model in a geometric design system to
represent the quadratic curve or surface and modify the surface by modifying the
control vertex and the node vector method. This modification has good geometrical
characteristics, which can easily express the various shapes the user needs, espe-
cially in automobile body design, aircraft shape design, ship design, and other
fields. At present, some excellent CAD/CAM software such as UG, CATIA,
3DMAX have adopted the technology.

NURBS surface construction method can accurately express the characteristic
surface with good precision and smoothness. NURBS method is also called
nonuniform rational B-spline surface reconstruction method. Mathematical
expressions can be expressed as:

Fig. 3.8 Calculation flowchart
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Pðu; vÞ ¼

Pn
i¼0

Pm
j¼0

xi;jPi;jNi;kðuÞNj;iðvÞ
Pn
i¼0

Pm
j¼0

xi;jNi;kðuÞNj;iðvÞ
ð3:18Þ

where Pij is a n*m rectangular array control vertices that has been given to form a
control grid. xij is the weighting factor sequence of the corresponding control point
Pij and specifies that xij is greater than zero and ensures that the basis function is
greater than or equal to zero. Ni,k(u) and Nj,i(v) are not regular B-spline basis
functions in the u-direction k times and v-direction l, k represents the number of
B-splines in the u direction, and 1 represents the number of times of B-spline bases
in the v-direction. They have node vectors u = [u0, u1… um+k+1] and v = [v0, v1…
vn+l+1] in u-direction and v-direction, respectively.

NURBS control grid parameterization method is used to modify the hull
geometry, and the control vertex coordinate pij is taken as the design variable.
Control vertex coordinates pij can be moved along the X-, Y-, and Z-axes in three
directions. In order to ensure that the changed surface is smoother, the control point
is transformed by manually setting the moving distance and the moving direction of
the control point. After moving and controlling the vertex coordinates pij, the
changed NURBS surface is calculated according to the surface generation algorithm
as shown in Fig. 3.9.

(3) ASD technology
Arbitrary shape deformation (ASD) technology is a B-spline-based geometric
transformation method. This method first requires that the ASD control body be
built outside the geometry. An ASD control body includes individual control points
and connection points between control points. When the control point moves, the
shape of the relevant area also changes. The changed geometry can still guarantee
the continuity of the third-order surface, and the good deformation quality can be
guaranteed even under large deformation [50]. This direct deformation method
provides a possibility for the deformation of complex geometry. It can be optimized
with fewer design variables based on user-defined motion characteristics and can be
defined directly on the grid model, avoiding the need to repartition the grid, saving
time compared to traditional methods.

Fig. 3.9 Change of NURBS surface
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Sculptor software is based on years of research and experience in computational
fluid dynamics research and work, developed by the US Optimal Solutions com-
pany to solve the deformation of automated grid applications. It can import the
corresponding CFD software grid files, such as Fluent, Star-CD, PlotSd,
NASTRAN, according to the requirements of the engineer, the deformation of the
mesh operation and be able to observe the effect of deformation in real time. The
combined use of Sculptor’s mesh morphing and CFD software has been around for
many years, and the potential of CFD has been further developed as a result of this
technique.

Sculptor simplifies the traditional design process, local deformation based on the
original model and smooth transition are carried out and can check whether there is
interference between the deformation of the geometry, saving the time engineers
need to restructure the CAD geometry and resize the grid when it is necessary to
change the appearance of the object. Embedded in a gradient-based optimization
algorithm, it optimizes design problems based on the optimization tasks’ engineers
have developed to help engineers find solutions to meet the design requirements.
Using batch mode, it can also be easily integrated with other optimization software
(such as ISIGHT) to optimize design issues using optimization algorithms in
optimization software. Mesh transformation tools based on NURBS patented
technology can rapidly generate high-order smooth and high-quality grids after
geometric changes, which greatly saves the time for geometric reconstruction and
grid reconstruction. It is especially suitable for the design optimization problems
related to fluid, fluid-structure coupling, and structural shape. The deformed shape
of the grid can directly lead to the CAD design scheme and improve the design
efficiency. After the deformation is still available to be CFD software to read the
file, the designer can import it into the corresponding analysis software for analysis.
In the traditional process of simulation and design optimization, the process of
“updating geometric modeling—re-demarcating grid—the simulating solution—
optimization iteration” is followed. That is: when the geometry parameters of the
program changes, the engineer needs to update the geometric shape and reuse the
CAE preprocessor for meshing and model setting. As shown in Fig. 3.10. There are
obvious limitations in this approach:

(1) The requirement of the geometry of the parameterization is quite high and
cannot guarantee whether the geometrical parameter changes can generate a
reasonable shape, or even geometric shape update failed.

(2) It takes a lot of time to repartition the grid, and the quality of the grid is hard to
guarantee (especially in grids at complex geometries or boundary layer grids in
CFDs that still require human intervention and inspection), and there is also the
risk of the failure of the M grid division.

(3) The traditional design cycle of “updating geometric shapes—re-meshing—
simulation solution—optimization iteration” has a long design cycle and
development costs have not been effectively reduced, which greatly hinders the
popularization and application of simulation and optimization techniques in
engineering.
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In order to achieve grid deformation, optimal solutions developed arbitrary
shape deformation (ASD) technology to add a control field as a Sculptor variable
outside of the original CFD grid node. By changing the position of the control
points on the control domain, it is easy and convenient to achieve the purpose of
grid deformation. As shown in Fig. 3.11:

Sculptor is a mesh deformation and shape optimization tool based on uniform
B-spline technology, which can help the simulation engineers save the time of
repeated meshing and help designers quickly and automatically optimize geometric
shapes and improve product development. Sculptor has the following
characteristics:

(1) Customize geometric parameters directly on the CFD/FEM grid model: No
need for CAD model parameterization for complex parameterless surface
optimization.

Fig. 3.10 Traditional grid design process and automatic grid deformation design flow

Fig. 3.11 Automatic deformation of multi-bodies
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(2) Only change the local area of the grid, without the need to re-divide: greatly
reduce the grid time, ensure the quality of the grid, suitable for large-scale
simulation problems.

(3) Precisely control the geometry of the local area: Geometric changes do not
affect other locations and better capture the intention of the designer.

(4) The curvature derivative of the grid boundary after deformation is continuous:
Better control of grid quality, especially the geometric shape of the boundary
layer and flowing-sensitive areas.

(5) Structure and fluid grids share the same set of deformation parameters: suitable
for fluid-structure coupling-related design optimization problems.

(6) From the grid can be directly returned to CAD geometric model: to help
designers quickly obtain the geometric solutions and realize efficient collab-
oration of simulation—optimization—design.
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Chapter 4
Optimization Method and Optimization
Platform

Ship hull form optimization is a typical engineering optimization problem,
involving a large number of design variables and constraints. In this optimization,
the objective function and design variables are of hidden relationship due to its
strong nonlinear phenomenon. Therefore, how to obtain global optimal solution has
become a key technique for solving the problem of ship-type optimization. The
current optimization techniques can be broadly divided into three categories: The
first category, the traditional optimization algorithm, based on the given initial
value, searches based on the gradient information, and the local optimal solution
can be obtained in the optimization process. When the initial values of multiple
peaks are different, different local minima will be searched, which is also called the
instant search algorithm. The second category: modern optimization algorithms:
also known as the global optimization algorithm, which combines the advantages of
directional search and random search, you can get a better regional exploration and
spatial expansion of the balance, but the search speed is slow. The third category:
hybrid optimization algorithm: the method combines the two advantages of fast
search speed of traditional optimization algorithm and wide search space of modern
optimization algorithm and can quickly get the global optimal solution. It is one of
the methods developing rapidly recently. In recent years, there has been a class of
optimization platform and open-source code, more commonly used, such as
ISIGHT and OPENFOAM, which integrates the software or program for the
problem under study on this platform or performs secondary development to obtain
a mathematical model for optimizing the problem, which can save the program
trouble and greatly facilitate the ship-type optimization.
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4.1 Traditional Optimization Methods

The use of optimal theory and method to solve practical problems in production and
the specific problems in the natural sciences is generally divided into two steps [1]

(1) Establish a mathematical model, that is to analyze the specific problems to be
solved, and simplify the formation of optimization problem.

(2) Perform mathematical processing and solving. The resulting optimization
problem is organized and transformed, making it an easy-to-solve form; choose
or suggest a suitable calculation to solve the problem; compiling calculation
program and calculating on computer; analyzing the calculation results to see if
they fit the model.

In engineering, for example, the problems encountered in the field of ship mainly
include the nonlinear programming problems of constrained optimization.
Constrained optimization methods can be roughly divided into the following four
categories:

(1) Using linear programming or quadratic programming to gradually approximate
the nonlinear programming method, such as SLP method, SQP method.

(2) Transform constraint optimization problems into unconstrained optimization
problems, such as SUMT external point method, SUMT interior point method.

(3) Analytical methods such as feasible direction method, gradient projection
method, and approximate gradient method are used to deal with the constraint
optimization problem without prior conversion.

(4) Direct search methods that do not pre-convert the constrained optimization
problem, such as the method of complex line, random test method.

In this book, the mixed penalty function method (SUMT internal and external
point methods) is used to transform the constraint optimization problems into
unconstrained optimization problems and select the appropriate direct search
method for unconstrained optimization.

4.1.1 The Basic Idea of Nonlinear Programming

The general model of nonlinear programming is [2]:

ðPÞ min
x2S

f ðxÞ ð4:1Þ

In the formula, S is a subset of Rn, and f ðxÞ is defined on S or Rn.
When S ¼ Rn, the corresponding plan (P) is called the unconstrained problem;

when S is a subset of Rn, the corresponding (P) is called the constraint problem. The
problem maxx2S f ðxÞ can be turned into an equivalent minx2S �f ðxÞ, so we only
need to consider the minimization problem, which is called the feasible set of S is
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(P). The point �x of feasible set is called the feasible point, which is called the
objective function of (P) is f ðxÞ. Let f take x� minimal point in S as the optimal
solution of (P), or the solution of (P), and the corresponding objective function
value is called the optimal value of the problem.

Definition 1 Let S be a nonempty set in Rn, f : S ! R. For x� 2 S, if exist e[ 0,
such that

f ðxÞ� f ðx�Þ; 8x 2 S\Oðx�; eÞ ð4:2Þ

Among them, Oðx�; eÞ is the open ball Rn with x� as the center and e as the
radius, which

Oðx�; eÞ ¼ x 2 Rn : x� x�k k\ef g ð4:3Þ

It is said that x� is a local minimum point of f in S; if f ðxÞ� f ðx�Þ; 8x 2 S, then
x� is a global minimum point of f in S; if formula 4.1 or 4.2 is strictly established
for x 6¼ x�, then the x� is a strictly local (or strictly global) minimum point of f in S.

In particular, we call the problem (NP)

min f ðxÞ
s:t: hiðxÞ ¼ 0; i ¼ 1; . . .;m gjðxÞ� 0; j ¼ 1; . . .; p

standard nonlinear programming. There f ; hi; gj is all real-valued function on Rn,and
“s:t:” means “restricted.” hiðxÞ ¼ 0 is called the equality constraint, and giðxÞ� 0 is
called the inequality constraint.

The establishment of some theories in nonlinear programming is closely related
to convex sets and convex functions. The attempt to extend the theory of linear
programming to nonlinear programming leads to an exhaustive study of convex
functions. This research, called convex analysis, is a young discipline that began to
develop since the 1950s. These contents are not discussed here. “Feasible direc-
tions” is an important concept in depicting optimality.

Definition 2 Let x 2 S�Rn. To say that d 2 Rn is a feasible direction for the x
(about S), if exist �a[ 0, such that xþ ad 2 S; 8a 2 0; ab c, as shown in graph 4.1,
d1; d2 are possible directions for x, and d3 is not.

Fig. 4.1 Feasible direction
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The system uses nonlinear programming method to solve the problem along the
feasible direction from the feasible point.

4.1.2 Gradient Method

Gradient method is one of the simplest analytical methods, and its idea is very
intuitive. Since the function f ðXÞ declines most rapidly along the negative gradient
�rf ðXðkÞÞ at XðkÞ, it is natural to think that seeking in this direction will be valid
and hence:

Xðkþ 1Þ ¼ XðkÞ � akrf ðXðkÞÞ ð4:4Þ

In the formula, ak is the step in the negative gradient direction.
Generally, the optimal step factor ak

* is determined by one-dimensional mini-
mization in this direction, that

f ðXðkÞ � a�krf ðXðkÞÞÞ ¼ min
a�k

f ðXðkÞ � akrf ðXðkÞÞÞ ð4:5Þ

When ak
* is determined, a new design point X (k + 1) can be obtained. Then, find

the gradient of the function f(X) at X (k + 1). So iterative, until a point of gradient
close to zero, the gradient is zero at the minimum point. Because it is along the
direction of negative gradient search, it is called the gradient method, or the steepest
descent method.

4.1.3 Sequential Unconstrained Optimization Method

Most of the actual optimization problems are constrained. If a constrained opti-
mization problem can be transformed into an unconstrained optimization problem,
the unconstrained optimization method can be used to solve the problem. The
sequential unconstrained optimization method is based on this assumption. The idea
is in the objective function of the original constrained minimization problem, some
additional items that reflect the influence of the constraints are introduced to form a
new objective function of the unconstrained optimization problem, and by rea-
sonably selecting these additional terms, the unconstrained optimal point sequence
of the new objective function can be converged to the optimal point of the original
problem. Therefore, this method is called Sequential Unconstrained Minimization
Techniques, referred to as SUMT method [3]. According to the different additional
items, it can be divided into: penalty function method, barrier function method, and
mixed penalty function method.
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(1) Penalty Function Method

Define the penalty function

Fðx;MkÞ ¼ f ðxÞþMkpðxÞ ð4:6Þ

Among them, Mk [ 0 is a constant, known as the penalty factor, and pðxÞ is a
function defined on Rn, called the penalty term. The computational steps to solve
the constrained optimization problem with the penalty function method are as
follows:

(1) Selecting M1 [ 0, the accuracy is e[ 0, c� 2 and the initial point is xð0Þ, order
k ¼ 1.

(2) Taking xðk�1Þ as the initial point to solve the unconstrained optimization
problems

minFðx;MkÞ ¼ f ðxÞþMk
PL
i¼1

gþ
i ðxÞ, let xðkÞ ¼ xðMkÞ be the optimal solution.

(3) Let s1 ¼ max
1� i�P

fjhiðxðkÞÞjg; s2 ¼ max
1� i�m

fjgiðxðkÞÞjg; s ¼ maxfs1; s2g
(4) If s\e, the iteration ends and take x� ¼ xðkÞ; otherwise, let

Mkþ 1 ¼ cMk; k ¼ kþ 1, and then back to the second step.

The above algorithm end criterion s\e can also be changed to: If MkpðxðkÞÞ\e,
take x� ¼ xðkÞ and the iteration end; otherwise, let Mkþ 1 ¼ cMk; k ¼ kþ 1 and
continue iterating.

(2) Barrier Function Method

The barrier function method is suitable for the constrained optimization problem of
min f ðxÞ
s:t:x 2 S

S ¼ fxjgiðxÞ� 0; i ¼ 1; 2; . . .;mg

8<
:

It starts from a feasible point xð0Þ and iterates between feasible points. In order to
keep the iteration point as a feasible point, a “wall” is built on the boundary of the
constraint set S, which blocks the iterative point column from leaving the feasible
set S. The calculation steps are as follows:

(1) Let r1 [ 0; c� 2, and the accuracy is e[ 0.
(2) Finding an interior point of the feasible set S, xð0Þ 2 int S; let k ¼ 1.
(3) Take xðk�1Þ as the initial point, and solve problems using the method of solving

unconstrained optimization problems.

minFðx; rkÞ ¼ f ðxÞþ rkBðxÞ
s:t:x 2 int S

�
ð4:7Þ

Let its optimal solution be xðkÞ ¼ xðrkÞ.
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(4) Checking whether xðkÞ meets the termination criterion, if xðkÞ is satisfied, the
iteration ends; otherwise, take rkþ 1, and rkþ 1\rk , let k ¼ kþ 1, then back to
the third step.

(3) Mixed Penalty Function Method

During the iteration process, the parameter Mk of the external method increases
continuously, and the parameter rk of the interior point method decreases continu-
ously, making it very difficult to solve the unconstrained minimum problem. The
selection of rk and Mk has a great influence on the convergence speed. The
approximate solution obtained by the external point method is often not feasible, can
only be approximately satisfied, and sometimes cannot be used; it is more difficult to
solve problems by interior point method in the feasible area. The interior point
method cannot solve the optimization problem involving the equation constraints.

Given the initial point x(0), for those inequalities that are satisfied by x(0) (the
initial point is inside the feasible domain), the barrier term B(x) is constructed by
the interior point method. For those inequality constraints and equality constraints
that are not satisfied by x(0), the penalty term p(x) is constructed by the external
point method, that is mixed penalty function method.

Building up the barrier term B(x) with the following conditions: B(x) is con-
tinuous; B(x) >= 0; when x approaches the boundary of S, B(x) ! ∞. In this way,
x will not move to the boundary point, and it will not jump out feasible field. In this
sense, it cannot be allowed to take the boundary point.

Building up the penalty term p(x) with the following conditions: p(x) is con-
tinuous; For any x 2 Rn, p(x) >= 0; if and only if x2S, p(x) = 0. The function of
the mixed method is:

Fðx; rkÞ ¼ f ðxÞþ rkBðxÞþ 1
r
pðxÞ;

BðxÞ ¼
X
i2I1

gþ
i ðxÞ; pðxÞ ¼

X
i2I2

gþ
i ðxÞþ

Xp
j¼1

ðhjðxÞÞ2 ð4:8Þ

I1 ¼ fijgiðxðk�1ÞÞ\0; i 2 Ig; I2 ¼ fijgiðxðk�1ÞÞ � 0; i 2 Ig;
I ¼ f1; 2; . . .;mg ¼ I1 [ I2r0 [ r1 [ r2 [ . . .\rk�1 [ rk [ . . ., and lim rk

k!1
¼ 0. It

can be determined by approaches of external point or interior point method.

4.2 Modern Optimization Algorithm

In recent years, modern optimization algorithms have been widely used in engi-
neering, but the most widely used are genetic algorithm, neural network algorithm,
and particle swarm algorithm as well as their improved versions, especially in the
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field of ship design [4]. This book mainly introduces the principles of these
algorithms.

4.2.1 Basic Genetic Algorithm

The optimization design is based on the modern probability theory and the opti-
mization method. The optimization model is often characterized by high dimension,
nonconvex, and nonlinear and needs to meet a variety of constraints [5]. For such
complex nonlinear optimization problems, there are obvious shortcomings and
deficiencies when using the traditional optimization methods: The optimization
result depends on the selected initial values, and the target function is excessively
limited; in the case of the discontinuous or nonderivative functions, many opti-
mization problems that utilize gradient information cannot be performed [6].
Genetic algorithm (GA), a kind of algorithm based on biological evolution, sim-
ulates Darwin’s natural evolution law of “natural selection and survival of the
fittest” and Mendelian theory of genetic variation, which is an intelligent and
adaptive probabilistic global optimization search algorithm. The main features of
this method are group search strategy and the information exchange among indi-
viduals in the community. The search does not depend on the gradient information
of the problem, especially for complex and nonlinear problems that are difficult to
be solved by traditional search methods. Compared with the traditional optimization
methods, it is simple to use and has the advantages of global optimization. It is one
of the most effective methods for solving optimization problems today. In recent
years, GA has been widely used in the field of engineering design and optimization.
In the field of marine engineering, it has been widely used in the conceptual design
and preliminary design of ships, the unplanned and unobtrusiveness of lines, the
movement of ships, the design of subdivision, the free-floating calculation of ships,
and the structural optimization [7].

(1) The basic principle of genetic algorithm

Suppose an optimization problem

max f ðxÞx 2 Xf gj j ð4:9Þ

Here, f is a positive function on X, that means for any x 2 X, f ðxÞ[ 0. X is the
solution space of the problem, that is, all possible solutions to the problem. It can be
either a finite set or a subset of real space.

Genetic algorithm in solving the problem is from a number of solutions to start
and then through a certain law of the gradual iteration to produce new solutions.
The geometry of this solution is called a group, or a population, denoted by P(T),
where t represents the iterative step, or evolution. In general, the elements in P(t) are
invariant throughout the evolutionary process, called the population scale, denoted
as N. The elements in P(T) are called individuals. Each individual’s degree of
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adaptation to the environment is called fitness. When we perform genetic opera-
tions, we choose the current solution to intersect to generate new solutions. These
current solutions are called the parent of the new solutions, and the new solutions
are called the descendants.

(2) The implementation steps of basic genetic algorithm

The genetic algorithm solves five major elements of the solution: parameter coding,
initial population, evaluation of fitness function, genetic operation (selection,
crossover, and mutation), and control parameter settings.

The basic steps of the simple genetic algorithm are as follows:

(1) The solution to the problem under study is coded as a “chromosome”, and each
code string represents a feasible solution to the problem.

(2) Randomly generate a certain number of initial coding strings PoP0, which is a
set of feasible solutions to the problem.

(3) Place the initial code string in the “environment” of the problem, and give the
fitness (evaluation) of each individual code string adaptation population in the
population.

(4) The initial population PoP0 (or POPk) is based on the individual fitness of the
code string. Or perform a selection operation to randomly select the paternal
population Fk; good individuals are replicated in large numbers, while inferior
individuals are less copied and even eliminated.

(5) Population Ck is generated by cross probability Pc for paternal population Fk.
(6) A new population POP(k + 1) for mutation operation of population Ck with

mutation probability Pm.

This repeated the implementation of the third step to the sixth step, so that the code
string population evolved from generation to generation, and finally searches for the
most adapted to the environment of the individual, the optimal solution to the problem.

The basic flow and structure of simple genetic algorithm are shown in Fig. 4.2.

4.2.2 Niche Genetic Algorithm

Due to the shortcomings of GA, such as premature convergence and slow con-
vergence in the later stage, GA has not been effective in some optimization prob-
lems. Therefore, many scholars have proposed various improvement methods [8].
However, many improved algorithms can only take into account one aspect of the
problem. If the core of the algorithm is to improve the accuracy of the solution, the
algorithm is bound to spend more time in search scope and search precision. In GA,
using proportional selection operator, the selection strategy has obvious flaws.
When there are individuals in the population whose fitness is far greater than the
average value of the population, these individuals will expand rapidly under the
proportional selection operator and fill the entire population, so that the individual
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differences in the population are drastically reduced and the population diversity is
severely damaged. The lack of population diversity is the main reason for the poor
GA global search ability [9]. The niche genetic algorithm (NGA) can overcome the
shortcomings of GA, such as precocious puberty and poor local search ability, so as
to keep the diversity of individuals in the population as well as high global search
ability and convergence speed [10]. The basic idea of niche comes from the fact that
a living organism always lives with its own species in the process of evolution. The
basic idea of niche algorithm is derived from a fact that population within its
evolutionary process always live with the same species. According to this idea, the
population in the niche algorithm is evolved in a specific environment to avoid
mass-producing of the high fitness individuals.

(1) The Biological Basis of Niche

Biologically, niche refers to the function or role of a tissue in a particular envi-
ronment, and species refer to organizations that share common characteristics.

Fig. 4.2 Flowchart of basic genetic algorithm
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Because creatures tend to live together with similar features, shapes, and other
similarities, they are always associated with their descendants of the same species,
combined with the restriction of their natural geographical location, so that several
species of creatures form a niche. The formation of niche is of biological signifi-
cance, which offers the possibility of the formation of new species. In the early days
of niche formation, the genes of the species in niche are often different. Due to the
relative isolation of multiple niches and the lack of essential gene exchange, the
genetic differences are preserved. The variation of organisms in each niche occurs
randomly and therefore usually has different direction of variation. The difference
of these variations causes the genetic diversity among species to expand continu-
ously. Because of the difference of geographical location and natural environment,
the direction and pressure of natural selection are also different. This difference
leads to greater differences in the genetic composition of species. As a result, each
species evolves and develops in its own direction, which is one of the fundamental
reasons why creatures in nature remain near-infinite diversity.

(2) Niche Based on Sharing Mechanism

In 1987, Glodberg and Richardson proposed a niche technology based on the
sharing mechanism. In this mechanism, Glodberg and Richardson defined a sharing
function to determine the degree of sharing of each individual in a group [11–13].
The degree of sharing of an individual is equal to the sum of the shared function
values between that individual and each other individual within the group. The
shared function is a function of the closeness of two individuals (the similarity of
genotypes or the similarity of phenotype); when the relationship between individ-
uals is relatively close, the value of the shared function is relatively large; on the
contrary, the value of the shared function is smaller.

Let dij denote the closeness between individuals i and j (Hamming distance can
be used here), S is the shared function, and Si represents the degree of sharing of

individual i in the group, there Si ¼
PM
j¼1

sh dij
� �

, and the shared function can be

written as Sh(dij), that:

ShðdijÞ ¼ 1� dij=r
� �a

dij\r
0 others

�
ð4:11Þ

d (i, j) indicates the Hamming distance (fitness distance) between two individuals
which can be defined as:

dij ¼ Xi � Xj

�� �� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM
k¼1

ðxik � xjkÞ2
vuut ð4:12Þ

i ¼ 1; 2; . . .;M � 1; j ¼ iþ 1; iþ 2; . . .Mð Þ
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Where Xi and Yj are, respectively, the ith and the jth individuals; M is the initial
population number; r and a are user-defined constants, and the value of r is
difficult to be determined and appropriately selected according to the needs of the
problem. In general, the estimation is based on experiments and errors. In this
paper, we take r = 0.5; a is a constant that controls the shape of the shared
function. Generally, a = 1(linear sharing function); the larger the value of the
shared function between two individuals, the closer the two individuals are.

With the shared function, the fitness f 0i can be calculated:

f 0i ¼
f ðxiÞPM

j¼1
ShðdijÞ

ð4:13Þ

4.2.3 Neural Network

(1) BP neural network model structure
Backpropagation (BP) neural network was proposed by a team of scientists headed
by Rumelhart and McCelland in 1986 [14, 15], which is one of the most effective
algorithms in artificial networks. The continuous functions of any closed interval
can be approximated by a BP network with a hidden layer. Therefore, BP neural
network has strong modeling and analysis ability for nonlinear systems. The most
commonly used BP neural network model consists of three parts: input layer,
hidden layer, and output layer, and the hidden layer can be one layer or multiple
layer.

The learning process of BP neural network algorithm can be divided into two
stages: The first step is the positive signal propagation. The actual output value of
each layer node is calculated from input layer to hidden layer. Each layer node only
accepts the input value of the previous layer node, and only affects the state of the
next layer node [16]. The second step is the error back-propagation. If the output
layer fails to obtain the expected output value, the error between the actual output
and the expected output should be calculated recursively layer by layer. Based on
the error, the weight of the previous layer is modified to minimize the error
accumulation trend. In the direction of decreasing slope of error function, the
network weights and threshold changes are continuously adjusted so as to gradually
approximate the objective function. Each weight and error change is directly pro-
portional to the influence of network error.

Neural network theory has proved that as long as the number of nodes in the
hidden layer is enough, the BP neural network with a single hidden layer can be
used to approximate any nonlinear function with finite discontinuity points with
arbitrary precision. Moreover, the more the hidden layer is, the more the error
transmission link, the lower generalization performance of the neural network, so
the BP neural network often adopts three-layer structure as shown in Fig. 4.3.

4.2 Modern Optimization Algorithm 119



Let input and output(XP, TP)p = 1, 2, …, p:p as the number of training samples,
XP is the input vector for the pth sample, Xp = (xp1, …, xpM), M is the dimension
of input vector; TP is the output vector of the pth sample (expected output),
TP = (tp1, …, tpN), N is the output vector dimension, and the actual output vector of
the grid is Op = (op1, …, opN). The neural network uses a single hidden layer
structure, and the number of nodes in the hidden layer is H. The connection weights
between the input layer and the hidden layer, the hidden layer and the output layer
are represented by wij, and wij represents the connection weight between the ith
node of the previous layer and the jth node of the latter layer. Sigmoid-type
functions are used to transfer the hidden layer and output layer of neural network.

f ðxÞ ¼ 1=ð1þ e�xÞ; error functionE ¼ 1
2

XN
i¼1

ðtk � okÞ2 ð4:14Þ

The algorithm steps of the three-layer BP neural network are as follows:
Output of hidden layer nodes:

yj ¼ f ðnetjÞ ¼ f
XM
i¼1

xijxi

 !
ð4:15Þ

Xi is the input of the ith input node, and yj is the output of the jth hidden layer
nodes.

The output layer node ok is:

ok ¼ f ðnetkÞ ¼ f
XH
j¼1

xjkyj

 !
¼ f

XH
j¼1

xjkf
XM
i¼1

xijxi

 ! !
ð4:16Þ

Fig. 4.3 Three-layer BP
neural network
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@E
@xij

¼ @E
@netj

@netj
@xij

ð4:17Þ

Define the descending gradient dj

dj ¼ � @E
@netj

¼ @E
@oj

@oj
@netj

¼
1
2

P
k
ðtk � okÞ2

@oj
f 0ðnetjÞ ¼ ðtj � ojÞf 0ðnetjÞ ð4:18Þ

The weight of output layer and hidden layer nodes is proportional to the
decreasing gradient and the updating formula of the weights:

wjiðtþ 1Þ � wjiðtÞ ¼ gdioi ð4:19Þ

In the formula, the learning rate is η. a is the momentum factor, and they directly
determine the amount of weight update.

But BP neural network also has some problems, mainly in the following aspects:
(1) Slow convergence
BP algorithm is one of the steepest descent methods, and the training step size is

difficult to grasp. If the step length is too long, the calculation precision will not
reach or even divergence occurs; if the step length is too small, the iteration times
will increase, resulting in slow convergence rate. In order to solve the above
problems, the improved iterative algorithm can be used to increase the learning rate
and speed up the convergence or the use of conjugate gradient method,
variable-scale method, and so on.

(2) Easy to fall into local minimum
For a complex neural network, its error surfaces are uneven, with many local

minima distributed. When using the BP algorithm to search the optimal solution, it
will fall into a local minimum and cannot escape. The most important way to solve
this problem is to adopt the global optimization method.

(2) Approximate model of Elman neural network
Elman neural network is a dynamic recurrent artificial neural network based on the
Jordan network and proposed by Elman in 1990. It can be viewed as a recursive
neural network with local memory units and local feedback connections. The main
advantages of this algorithm are [17]:

(1) Elman neural network does not need to know the actual operation of the system
and the internal parameters of the direct correlation between the system, just by
adjusting the network weights can be achieved on the system modeling.

(2) The acceptance layer of Elman network is equivalent to a delay operator, which
can enhance the dynamic information processing capability of the network, and
better reflects the dynamic characteristics of the system.

(3) Compared with the feed-forward neural networks like BP and RBF, the Elman
network can realize the dynamic modeling of the system and better describe the
dynamic mapping relationship between input and output.
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(4) Based on the BP neural network, Elman neural network can store the internal
state and make it as the mapping dynamic feature, so that the system has the
ability to adapt to the time-varying features.

The main structure of Elman neural network is feed-forward connection,
including input layer, intermediate layer (hidden layer), receiving layer, and output
layer as shown in Fig. 4.4. Among them, input layer, middle layer, and output layer
are similar to feed-forward neural network. The cells of the input layer serve only as
signal transmissions; the output layer cells act as linear weights; the receptive layer
is used to memorize the output value of the middle layer cell immediately before
and back to the input.

The characteristics of Elman neural network is that the output of the intermediate
layer is automatically connected to the input of the middle layer through the delay
and storage of the receiving layer. This self-linking approach makes it sensitive to
historical state data, and the addition of an internal feedback network increases the
ability of the network to process dynamic information, so as to achieve the purpose
of dynamic modeling. The nonlinear state space expression of Elman neural net-
work is as follows:

yðkÞ ¼ gðw3xðkÞÞ ð4:20Þ

xðkÞ ¼ f ðw1xcðkÞþw2uðk � 1ÞÞ ð4:21Þ

xcðkÞ ¼ bxcðk � 1Þþ xðk � 1Þ ð4:22Þ

where y represents the m-dimensional output node vector; w3 represents the con-
nection weight of the intermediate layer to the output layer; x represents the unit
vector of n-dimensional intermediate layer nodes; w1 represents the connection
weight of the receiving layer to the middle layer; w2 represents the connection
weight of the input layer to the middle layer; u represents r-dimensional input
vector; xc represents n-dimensional feedback state vector; g(*) represents the
transfer function of output neurons; f(*) represents the transfer function of the
intermediate layer neurons.

Hidden layer

Receiving layer

Input layer

Output layer

Fig. 4.4 Elman neural
network model
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Since Elman neural network is developed on the basis of BP neural network, the
learning algorithm is the same as the BP algorithm; that is, the gradient descent
algorithm is used to correct the weights, and the learning index function is
expressed by the sum of squares of error functions:

E ¼ 1
2
ðydðkÞ � yðkÞÞTðydðkÞ � yðkÞÞ ð4:23Þ

where yd (k) is the target output vector.
The dynamic learning algorithm is as follows:

Dw3
ij ¼ #3d

0
i xjðkÞ; i ¼ 1; 2; . . .;m; j ¼ 1; 2; . . .; n ð4:24Þ

Dw2
jq ¼ #2d

h
j uqðk � 1Þ; j ¼ 1; 2; . . .; n; q ¼ 1; 2; . . .; r ð4:25Þ

Dw1
jl ¼ #1

Xm
i¼1

ðd0i w3
ijÞ
@xjðkÞ
@w1

jl

; j ¼ 1; 2; . . .; n; l ¼ 1; 2; . . .; n ð4:26Þ

where #3, #2, and #1 are the learning steps.

d0i ¼ ðyd;iðkÞ � yðkÞÞg0ið�Þ ð4:27Þ

dhj ¼
Xm
i¼1

ðd0i w3
ijÞf 0j ð�Þ ð4:28Þ

@xjðkÞ
@w1

jl

¼ f 0j ð�Þxlðk � 1Þþ b
@xjðk � 1Þ

@w1
jl

ð4:29Þ

4.2.4 Particle Swarm Algorithm

(1) The origin of particle swarm algorithm

In 1987, biologist Craig Reynolds proposed a very influential flock clustering
model [18], in which he argues that each individual follows the principle of
avoiding collision with individuals in the neighborhood. Each individual flies
toward the flock center, and the flock center is also the target of the entire
group. Using only the above three rules in his simulation, the phenomenon of flock
flies can be simulated very closely. In 1990, biologist Frank Heppner also put
forward a bird model [19], and the difference is that birds are attracted to fly in
habitats. In this simulation, each bird did not have a specific target at the outset.
Instead, it used simple rules to determine its own flight direction and speed. When a
bird flew to the habitat, the birds around it will also fly to the habitat, so that the
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entire flock of birds will fall in the habitat. In 1995, the American social psy-
chologist James Kennedy and electrical engineer Russell Eberhart, inspired by the
construction and simulation results of bird population behavior modeling, proposed
a particle swarm optimization algorithm. Their model and simulation algorithms are
mainly modified by Frank Heppnerr’s model to fly particles to the solution space
and land at the best solution. Kennedy described the origins of particle swarm
algorithm ideas in his book.

(2) Basic particle swarm optimization

It is assumed that the velocity and position of the ith particle on the d-dimensional
space are Vi= (vi,1 vi,2 vi,3…vi,d) and Xi= (xi,1 xi,2 xi,3…xi,d). In each iteration, the
particle updates itself by tracking two optimal solutions. One is the optimal solution
found by the particle itself, that is the individual maximum pbest; the other is the
optimal solution currently found by the entire population, namely the global opti-
mal solution gbest. When the two optimal values are found, the particles update
their velocity and position according to the following formula:

vi;jðtþ 1Þ ¼ xvi;jðtÞþ c1r1½pi;j � xi;jðtÞ�þ c2r2½pg;j � xi;jðtÞ� ð4:30Þ

xi;jðtþ 1Þ ¼ xi;jðtÞþ vi;jðtþ 1Þ j ¼ 1; 2; . . .; d ð4:31Þ

where x is the inertia weight factor; c1 and c2 are learning factors; r1 and r2 are
random numbers evenly distributed between 0 and 1; t is the number of iterations,
that is the number of steps a particle flies.

The performance of particle swarm optimization algorithm depends largely on
the parameter of the algorithm. The selection principles of several important
parameters are as follows [20]:

(1) Number of particles: The number of particles depends on the complexity of the
optimization problem. For general optimization problems, 20–40 particles can
be selected to get better optimization results; for the simple optimization
problems, ten examples are usually selected, and for very complicated prob-
lems, the number of particles needs to be over 100.

(2) Learning factors c1, c2: Learning factors help particles to self-summarize and
learn from the best of the community, bringing the best of the world in close
proximity. Under normal circumstances, c1 = c2 = 2 can get better results.
However, its value is also different according to the complexity and the diffi-
culty of the problem. In general, c1 is equal to c2, and between 0 and 4.

(3) The inertia weight coefficient x: x determines how much to inherit from the
current velocity of the particle, and the proper numerical selection can make the
particles have a balanced exploration ability and development capability.

The steps of the basic particle swarm algorithm are as follows:

(1) Randomly initialize the position and velocity of each particle in the population.
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(2) Evaluate the fitness of each particle, store the current position and fitness of
each particles in the pbest, select all the individuals with the optimal fitness of
pbest, and then store those individuals’ fitness and location in gbest.

(3) Use formula (4.30) and (4.31) to update the particle velocity and position.
(4) Compare the fitness of each particle with the best position it has experienced. If

it is better, it will be the best location at the moment; compare all current pbest
and gbest and update gbest.

(5) If the stop condition is satisfied, stop the search and output the result, otherwise
return to step 3 to continue the search.

(1) Improved particle swarm optimization (IPSO) algorithm I

Although the PSO algorithm has good search ability, in the late optimization,
convergence time is long, and the optimization accuracy is not high, easy to fall into
local extreme. To improve the global search and local development capabilities of
PSO, the adjustment of the inertial factor x is very critical. In the PSO optimization
algorithm, the inertia factor x represents the successor of the next flight speed of
particle i to the current speed. The larger x can ensure that the algorithm is not easy
to fall into the local optimal solution. Later in the algorithm, the smaller x can
speed up the convergence. Inertia weights are generally taken constant method,
linear decreasing method, adaptive method, and so on.

In order to improve the convergence of PSO algorithm and prevent it from
falling into the local optimum, the inertia factor x is subject to a randomly dis-
tributed random number, so that, to some extent, the instability caused by the linear
decrease of x can be overcome in two aspects. First of all, if the best point is
approached in the early stage of evolution, the random x may produce a relatively
small x and accelerate the convergence speed of the algorithm. In addition, if the
optimal point fails to be found in the initial stage of the algorithm, the linear
decreasing of x makes the algorithm not converge to the optimal point ultimately,
and random overshoot of x can overcome this limitation. The updating formula of
inertia weight coefficient is as follows:

x ¼ lþ r � Nð0; 1Þ ð4:32Þ

l ¼ lmin þðlmax � lminÞ � randð0; 1Þ ð4:33Þ

where N (0, 1) is a random number of standardized normal distribution; rand (0, 1)
is a random number between 0 and 1.

In the PSO optimization algorithm, a suitable learning factor can speed up the
search speed of particles and reduce the possibility of particles falling into local
extremum. The two learning factors vary with time, so in the initial stage of
optimization particles have greater self-learning ability and less social learning
ability and enhance the global search ability. In the later stage of optimization, the
particle has a large social learning ability and a small self-learning ability, which is
beneficial to converge to the global optimal solution. Using asynchronous learning
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factors to update c1 and c2, that is to say, the learning factors vary with time in the
process of optimization, thus solving the problem of fixed learning factors in the
original particle swarm optimization algorithm. The updated formula can be
expressed as follows:

c1 ¼ c1;ini þ c1;fin � c1;ini
tmax

� t ð4:34Þ

c2 ¼ c2;ini þ c2;fin � c2;ini
tmax

� t ð4:35Þ

where c1, ini, c2, ini are the initial values of c1 and c2, respectively; c1, fin, c2, fin are the
final iterative values of c1 and c2, respectively.

Specific IPSO algorithm I steps are as follows:

(1) Randomly initialize the positions and velocities of each particle in the
population.

(2) Evaluate the fitness of each particle, store the current position and fitness of
each particle in the pbest of each particle, select all the individuals with the
optimal fitness of pbest, and then store the fitness of all the individuals in the
pbest into gbest.

(3) Use formula (4.30) and (4.31) to update the velocity and position of the
particles.

(4) Use formula (4.32) and (4.33) to update the weights.
(5) Use formula (4.34) and (4.35) to update the learning factor.
(6) Compare the fitness of each particle with the best position it has experienced. If

it is better, take it as the current best position; compare all current values of
pbest and gbest and update gbest.

(7) If the stop condition is satisfied, stop the search and output the result, otherwise
return to step 3 to continue the search.

(2) IPSO algorithm II

Obey x to a random distribution of random numbers, and the formulas are as
follows (4.32) and (4.33). Second, drawing on the concept of hybridization in
genetic algorithm, in each iteration, according to the probability of hybridization to
select a specified number of particles into the hybridization pool, the particles in the
pool randomly hybridize each other to produce the same number of progeny par-
ticles and replace the progeny particles with progeny particles. Offspring position is
calculated by the parent location of the intersection:

childðxÞ ¼ p � parent1ðxÞþ ð1� pÞ � parent2ðxÞ ð4:36Þ

where p represents a random number between 0 and 1. The speed of the progeny is
calculated by the following formula:
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childðvÞ ¼ parent1ðvÞþ parent2ðvÞ
parent1ðvÞþ parent2ðvÞj j � parent1ðvÞj j ð4:37Þ

Specific IPSO algorithm II steps are as follows:

(1) Randomly initialize the positions and velocities of particles in a population.
(2) Evaluate the fitness of each particle, store the current position and fitness of the

particles in the pbest of each particle, select all the individuals with the optimal
fitness of pbest, and then store those individuals’ fitness and location in gbest.

(3) Use formula (4.30) and (4.31) to update the velocity and position of the
particles.

(4) Use formula (4.32) and (4.33) to update the weights.
(5) Compare the fitness of each particle with the best position it has experienced. If

it is better, take it as the current best position; compare all current values of
pbest and gbest and update gbest.

(6) According to the probability of hybridization, a specified number of particles
are selected and placed in the hybridization pool. The particles in the pool are
randomly crossed every other pair to generate the same number of progeny
particles. The progeny position and velocity are calculated according to formula
(4.36) and (4.37), and the pbest and gbest are kept unchanged.

(7) If the stop condition is satisfied, stop the search and output the result, otherwise
return to step 3 to continue the search.

(3) IPSO algorithm III

Obey x to a random distribution of random numbers, and the formulas are as
follows (4.32) and (4.33). Experience has shown that in the traditional PSO algo-
rithm, whether the premature convergence or the global convergence, the particles
in the PSO will all appear “aggregation”, which is closely related to the conver-
gence of particles and the rapid decline of the population diversity in the PSO.
Therefore, it is very necessary to set an index to evaluate the degree of convergence
of particle swarm. The degree of convergence of the particle swarm can be
expressed as:

D ¼ fg � f 0avg
��� ��� ð4:38Þ

In the formula, a smaller D indicates better convergence. fg is the fitness of the
optimal particle, and the fitness of the particle whose fitness is better than favg is

averaged to get f 0avg; the calculation formula is: favg ¼ 1
n

Pn
i¼1

fi, where fi is the fitness

of the ith particle, and n is the size of the particle swarm.
If the calculated value D is less than the threshold Dd while the optimal theo-

retical optimal solution or the expected optimal solution fd is not reached at the
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same time, the particles tend to premature. Taking into account the minimization
problem:

D\Dd ð4:39Þ

fg [ fd ð4:40Þ

In this case, we need to perform Gaussian mutation on some inactive particles
and redistribute their positions in the solution space so that the particles can jump
out of the local optimum to obtain the global optimal solution. Definition:

fg � fi
fg � f 0avg

� h ð4:41Þ

where h is the threshold, and for the ith particle satisfying inequality (4.41), the
variation is carried out by the following formula:

xðkþ 1Þ
id ¼ xðkÞid þ gn ð4:42Þ

where η is the coefficient of variation, and n is a random variable obeying N(0,1).
Specific IPSO algorithm III steps are as follows:

(1) Randomly initialize the positions and velocities of particles in a population.
(2) Evaluate the fitness of each particle, store the position and fitness of the current

particles in the pbest of each particle, select all the individuals with the optimal
fitness of pbest, and then store those individuals’ fitness and location in gbest.

(3) Use formula (4.30) and (4.31) to update the velocity and position of the
particles.

(4) Use formula (4.32) and (4.33) to update the weights.
(5) Calculate the fitness of the particles fi. Update individual extreme value pbest

and global extreme value gbest.
(6) Use formulas (4.39) and (4.40) to determine if the algorithm is prematurely

converged. If premature convergence occurs, mutate according to formula
(4.41) and (4.42); if this does not occur, repeat steps 2–6 until the iteration
termination condition is satisfied.

(7) Output global optimal solution.

(4) IPSO-M neural network

The weights and thresholds (self feedback gain factor) of neural networks constitute
the necessary parameters of the neural network algorithm and only with the
appropriate parameters in order to obtain better prediction performance. Therefore,
the IPSO algorithm is used to train the neural network, and then the weights and
thresholds (self-feedback gain factor) of the network are modified to obtain the best
parameters of the neural network. Then, the optimal parameters are mapped to the
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weights and thresholds of the neural network (the self-feedback gain factor), the
training model is trained, and the prediction results are output, namely IPSO-M
algorithm; among them, M algorithm includes BP network and Elman network.
Specific design steps are as follows:

(1) According to the given input and output training sample set, the number of
nodes in the input layer, middle layer, and output layer of the neural network is
designed to determine the topological structure of neural network.

(2) Determine the IPSO algorithm-related parameters, including population scale,
number of iterations, inertia factors, and learning factors. Determine speed and
population constraints.

(3) Determine the evaluation function of the particle. The mean square error
function G is used as a fitness evaluation function of the particle to promote the
search of the population. When the algorithm iteration stops, the position
corresponding to the particle with the least fitness is the optimal solution of the
model. The fitness function of the particle is:

fitness ¼ G ¼ 1
N

XN
i¼1

ðyiðMÞ � yiðCFDÞÞ2 ð4:43Þ

where yi(M) is the network prediction output; yi(CFD) is the network expected
output.

(4) Randomly initialize the positions and velocities of particles in a population.
(5) Calculate the fitness of particles in the population under neural network training

samples according to formula (4.43).
(6) According to the fitness value of particles, the individual extreme value and the

extreme value of population are determined, and the best position of each
particle is taken as the best position in history.

(7) Update the velocity, location, and learning factors of particle according to the
update formula of the particle swarm.

(8) Update the solution by the speed, position, and learning factor iterated in step
(7) so as to adjust the weights and thresholds (self-feedback gain factor) of
neural network.

(9) Determine whether the training error of the algorithm achieves the expected
error or the maximum number of iterations. If the conditions are satisfied, the
global optimal particles are mapped to the weights and thresholds of the neural
network, and then the model is trained, and the predicted results are output; if
the condition is not satisfied, return to step (6) to continue the iterate.
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4.3 Hybrid Optimization Algorithm

4.3.1 Hybrid Algorithm I

The traditional gradient-based optimization algorithm has obvious shortcomings
and deficiencies when applied to ship linear optimization design: Ship-based
optimization involves many disciplines such as rapidity, seakeeping, and maneu-
verability. There is no expression between each performance indicator (objective
function) and design variables (no analytical expression can be derived). Gradient
information can only be obtained by numerical analysis, so the computational cost
is great. For the strong nonlinear problems such as hull type optimization,
gradient-based optimization will converge more slowly when away from the
optimal point. Moreover, it can only guarantee the convergence to the local optimal
solution, and the optimization result is very sensitive to the initial point selection.
The modern optimization algorithms, such as genetic algorithm, have strong global
search capability and can quickly approach the global optimal point, but their local
search capabilities are poor. To find the global optimal point finally, a large number
of computational objective functions are needed to calculate. The convergence of
the two methods is compared as shown in Fig. 4.5. Therefore, the idea of two
optimization methods should be integrated and the advantages of each method can
be used to form an efficient optimization algorithm.

The hybrid genetic algorithm is a combination of floating-point coding genetic
algorithm and constrained scaling method to improve the speed and probability of
global solution. In this hybrid algorithm, genetic operators such as selection,
crossover, and mutation are solved by a penalty function of nonlinear programming
problem. The purpose is to lead the solution to the vicinity of the global solution
and provide the initial value for the constrained variable operator; the constrained
variable operator solves problem by using the original nonlinear programming

Fig. 4.5 Comparison of
convergence between NLP
method and GA method
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problem directly, in order to exert its advantage of strong local search ability. The
calculation principle is as follows [21]:

Suppose the mathematical model of a project nonlinear programming
problem is:

min f ðxÞ

s:t:cjðxÞ ¼ 0 j ¼ 1; 2; . . .; nc0 ð4:44Þ

cjðxÞ� 0 j ¼ nc0 þ 1; nc0 þ 2; . . .; nc

where the objective function f and the constraint condition c are both second-order
continuously derivable.

In the hybrid genetic algorithm, the selection, crossover, mutation, and other
genetic operators are presented in the form of penalty function in formula (4.44)

min fpðxÞ ¼ f ðxÞþM1

Xnc0
j¼1

maxf0; cjðxÞj
�� gþM2

Xnc
j¼nc0 þ 1

maxf0;�cjðxÞg ð4:45Þ

where fp is the exact penalty function of function f in formula (4.45); M1 and M2 are
quite large fixed normal numbers. The purpose of this algorithm is to ensure that the
algorithm can obtain a larger search range, lead the solution to the vicinity of the
optimal solution, and provide an initial value for the subsequent implementation of
the constrained scaling method operator. That is to say, genetic operators such as
selection, crossover, and mutation can realize large-scale search, and small-scale
fast local search can be realized by constrained variable-scale method to take
advantage of both genetic algorithm and constrained scaling method.

When constrained variable metric method is used to solve the above nonlinear
programming problem, we firstly transform formula (4.45) into (4.46) in order to
solve a series of quadratic programming sub-problems:

minQPðdÞ ¼ f TðxkÞdþ 1
2
dTBkd

s:t:cjðxkÞþ cjðxkÞd ¼ 0 j ¼ 1; 2; . . .; nc
0 ð4:46Þ

cjðxkÞþ cjðxkÞd� 0 j ¼ nc0 þ 1; nc0 þ 2; . . .; nc

The search direction dk of each iteration is deconstructed by formula (4.46), and
then perform inaccurate one-dimensional search along the direction dk to obtain the
step length Tk, so as to obtain the sequence xkþ 1 ¼ xk þ Tkdk, finally approaching
the optimal solution.

In this project, the constrained variable metric method is added to the
floating-point genetic algorithm as an operator that is parallel to selection,
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crossover, and mutation. The available hybrid genetic algorithm can be solved as
follows:

(1) The genetic algorithm parameters are assigned. These parameters include the
population size m, the number of variables n, the crossover probability Pc, the
mutation probability Pm, the probability PCVM for the constrained
variable-scale method search, and the maximum evolutionary algebra T allowed
by genetic computation.

(2) Initialize the populations: The initial population is generated randomly, the
precise penalty value of formula (4.46) is calculated, and further the fitness
value is obtained. The fitness value of the ith individual is taken as

f =i ¼ fmax � fi, the objective function value of the ith individual is fi, fmax is the
maximum objective function value of current population members and then
stretched according to the Goldberg linear scaling transformation model:

f 0i ¼ af 0i þ b; f 0i � 0; i ¼ 1; 2; . . .. . .; m; ð4:47Þ

(3) Perform a selection operation on the proportional selection operator.
(4) Crossover operations are performed by Pc arithmetic crossover operator. For the

two selected matrices sti and stj, the two generations generated by the arithmetic

crossover are stþ i
i ¼ rstj þ ð1� rÞstj and stj ¼ rsti þð1� rÞsti, and r is the ran-

dom number on [0,1].
(5) Perform a nonuniform mutation operator according to Pm. If the element vk of

individual sti ¼ ðv1; v2; . . .; vk; . . .; vnÞ is selected to mutate, then the variation
results are stþ 1

i ¼ ðv1; v2; . . .; vk0; . . .; vnÞ

vk0 vkþDðt; xuk � vkÞ randð0; 1Þ ¼ 0
vk � Dðt; xk � vk0Þ randð0; 1Þ ¼ 1

�
ð4:48Þ

Dðt; yÞ ¼ yr 1� t
T

n ob

where T is the maximum algebra; b is the coefficient parameter that determines
the nonuniformity; Dðx; yÞ is a value in the interval [0, 1], so that the probability
that Dðx; yÞ approaches 0 increases with the increase of the algebra T. This
property allows operators to search evenly for space in the initial stage.

(6) For each individual, PCVM is used to optimize the search according to the
constrained variable-scale method. If the individual sti is selected to do the
constrained variable-scale optimization search, the constrained variable-scale
optimization was solved with sti as the initial point of the formula (4.44), and
the optimized results are obtained as the subgeneration stþ 1

i .
(7) Calculate the individual fitness value, and perform the optimal individual

preservation strategy.
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(8) If the genetic calculation reaches the maximum allowed algebra T or the if there
is no improvement in the optimal individuals of successive generations, the
result is output and the calculation is ended. Otherwise, the procedure goes to
step (3) and the above operation is repeated. Program flowchart is shown in
Fig. 4.6.

4.3.2 Hybrid Optimization Method II

Optimization system design space is large; the actual optimization process cannot
calculate the results of all locations in space. Therefore, a combination of the most
representative and optimally accurate results from the optimization system is

Fig. 4.6 Flowchart of hybrid genetic algorithm
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chosen as the sample points of the optimization space through the experimental
design method. The aim is to obtain the best test results with the minimal number of
experiments. There are many experimental design methods, for example: full fac-
torial design (FFD), fractional factorial, central composite design (CCD), Latin
hypercube design (LHD). Among them, Morris and Mitchell proposed an effective
experimental design method [22] in 1995: optimal Latin hypercube design (Opt
LHD). It is based on Latin hypercube design and enhances the uniformity of the
algorithm in optimizing the design space. The sample selection is more uniform; the
fitting of the factor and the response are more accurate and true. Space filling and
balance are better. The matrix generation steps of the method are as follows:

Set m test points, and n factors constitute n * m matrix:

x ¼ ½x1; x2; x3; . . .. . .; xm� ð4:49Þ

The ith analysis:

xTi ¼ ½xi1; xi2; xi3; . . .. . .; xin� ð4:50Þ

According to formula (4.50), a random Latin hypercube algorithm is used to
generate an initial design matrix, and then the design matrix is updated by element
exchange, and the space filling optimization condition is calculated based on the
criterion of selecting minimum and maximum distances.

dðxi; xjÞ ¼ dij ¼ ½
Xn
k¼1

xik � xjk
�� ��t�1t ð4:51Þ

In the formula: t = 1 or 2; 1 � i; j � m; i 6¼ j. The sampling point d(xi, xj) is
the minimum distance between xi and xj. Figure 4.7 shows the sample point dis-
tribution of the Latin hypercube matrices and optimal Latin hypercube design with
three factors and nine experiments. It can be seen from the figure that the distri-
bution of sample points in the optimal Latin hypercube design is more uniform and
reasonable, the filling effect is better, and the spatial distribution of sample points
can be expressed more accurately.

(a) Latin hypercube (b) Optimal Latin hypercube

Fig. 4.7 Comparison of Latin hypercube and optimal Latin hypercube design matrix
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Non-Linear Programming by Quadratic Lagrangian (NLPQL) is one of the
gradient optimization methods. This method is an improved version of the SQP
algorithm, which is more stable than the sequential quadratic programming
(SQP) algorithm. It expands the objective function in Taylor series and linearizes
the constraints by solving the quadratic programming to get the next design point.
Then perform a linear search based on two alternative optimization functions. First,
start from an initial guess point x0, and apply one additional linear search in the
calculation to ensure that it can achieve global convergence. xk+1 = xk + ɑkdk will
only be executed for new iterations if the xk+1 feasible search scheme determines
the movement step in that direction.

In the SQP algorithm, the updating of matrix Bk can be performed according to
standard techniques in unconstrained optimization. In order to improve the per-
formance of the algorithm, the NLPQL algorithm introduces a variable metric
method (BFGS). Bk+1 is constructed by the scaling matrix Bk to approximate the
Hessian matrix to complete the update of Bk. With some security guarantees, all
matrix Bk can be guaranteed to be positive definite.

Search along the search direction,
determine the step size, update 

the design variables

Solve the quadratic programming subproblem 
by formula, and determine the new search 

direction

Determine whether (error) is 
established

Updating the matrix  by formula 
BFGS

Select parameters,initial points

No

Yes Optimum 
solution

Fig. 4.8 Calculation flowchart of NLPQL

4.3 Hybrid Optimization Algorithm 135



Objective function:

qkðdÞ ¼ 1
2
dTBkdþrf ðxkÞTd; d 2 Rn ð4:52Þ

Constraint equation:

rgiðxkÞTdþ giðxkÞ i ¼ 1; 2; 3. . .p ð4:53Þ

rhjðxkÞTdþ hjðxkÞ ¼ 0 i ¼ 1; 2; 3. . .m ð4:54Þ

The specific iterative steps are shown in Fig. 4.8:

4.4 Optimization Platform

The optimization methods described above require manual programming algorithm
or interface program, which requires a lot of labor, but also need to verify the
precision and accuracy of the program, far from the actual project. In recent years,
there have been some optimization platforms that can integrate some existing
commercial software and the platform comes with optimization algorithm. It is very
convenient to automatically optimize ship types even if you do not write programs.
This chapter mainly introduces the commonly used ISIGHT and Friendship
framework in ship design.

4.4.1 ISIGHT Optimization Platform

4.4.1.1 Brief Introduction of ISIGHT

ISIGHT is a software system platform developed by American Engineous software,
which can automatically optimize design. It is widely used in aviation, automobile,
shipbuilding, machinery, chemical, and other fields. Because ISIGHT is based on
multi-disciplinary optimization design and quality engineering-based design
methods, it greatly enhances the domestic manufacturing digitalization, information
technology, and modern design [23]. ISIGHT focuses on providing
multi-disciplinary design optimization and optimization techniques at different
levels and optimizing process management. It solves multiple iterations in
multi-disciplinary optimization process and automatic operation of data input and
output repeatedly. Various optimization methods (numerical iterative algorithm,
search algorithm, heuristic algorithm, experimental design (DOE), response surface
model (RSM), etc.) effectively organize multi-disciplinary optimization design.

The multi-disciplinary design optimization features provided by ISIGHT are:
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(1) Process integration: a complete design of integrated environment

(1) Multi-disciplinary code integration + Process automation;
(2) Hierarchical, nested task organization and management;
(3) Real-time control + Post-processing;
(4) Scripting language + API customization + MDOL language secondary

development.

(2) Optimized design: Advanced exploration Toolkit

(1) Experimental design + Mathematical programming + Approximate
modeling + Quality design;

(2) Knowledge rule system + Multi-criteria tradeoffs;
(3) Open architecture: Third-party (optimization/test) algorithm embedding,

multi-disciplinary optimization strategy research and implementation.

(3) Network function

(1) Parallel computing + distributed computing services;
(2) Remote deployment and invocation;
(3) CORBA invocation.

4.4.1.2 Task Structure of Multi-disciplinary Design Optimization
Platform

The basic elements of MDOF are tasks, each consisting of three modules:

(1) Analysis module: including the implementation of documents, input files, and
output files;

(2) Data module: including design parameters, constraint parameters, the objective
function parameters, and communication parameters;

(3) Technical parameter modules: including optimization techniques, approximate
technical parameters.

The interface of the task execution module is implemented by parameter map-
ping. Typically, each task execution module consists of input files, executable files
(discipline analysis code), and output files. As long as the I/O file is manipulated,
the task execution module can be manipulated. Therefore, the designer does not
need to care about the encoding and operation of the analysis code and only needs
to provide the information in the input and output files to support the repeatability
of the discipline analysis code.

4.4.1.3 Application of ISIGHT in Ship-Type Optimization

ISIGHT provides designers with interface software to integrate various softwares
such as CAD/CFD into a loop, including the process of changing the design,
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running the simulation, and analyzing the design results. This cycle continues until
you get the optimal design or reach the design bottom line. In this way, the design
process is fully automated.

4.4.1.4 Integration Method of ISIGHT and CA/CFD Software

(1) CAD software

Catia: Method 1: Simcode command cnext.exe-macro *.vbs
Method 2: ISIGHT Catia components

ProE: Method 1: Simcode command proe2000i trailfile.txt
Method 2: ISIGHT ProE components

UG: Method 1: Simcode command ug_update_expressions.exe -p *.prt –e
*.exp

Method 2: ISIGHT UG components
Solidworks: Method 1: Simcode command Cscript *.vbs

Method 2: ISIGHT Solidworks components

(2) Mesh pre-processing software

ICEM-CFD: icemcfd -batch -script icem_script
Gambit: “\Fluent.Inc\Gambit2.3.16\ntbin\ntx86\gambit.exe” -inp *.jou

(3) Mesh deformation software

Sculptor: \Sculptor\sculptor.exe -d

(4) CFD numerical simulation software

Fluent: fluent 3d-wait-i
StarCCM + : Method 1: Simcode command starccm + -batch*.java

Method 2: ISIGHT StarCCM + components
CFX: cfx5solve.exe-def cfx5build.exe-b -play

4.4.1.5 The Optimization Integration Process of Ship Form Based
on ISIGHT

In the ISIGHT optimization platform, various softwares in the process of ship-type
optimization are integrated, such as CAD software for geometry reconstruction and
expression of the hull, and objective function calculation software such as ProE and
Sculptor. This book mainly integrates resistance calculation software (such as
FLUENT, STAR-CCM+ ) to this platform together, uses the optimization algo-
rithm provided by the platform, or integrates the existing optimization algorithm
into the platform to form a ship-type automatic optimization system. The automatic
optimization of the ship type can be realized without any manual intervention in the

138 4 Optimization Method and Optimization Platform



whole process, and finally the shape of the hull with the best performance is
obtained as shown in Fig. 4.9.

4.4.2 Friendship

Friendship framework is full-featured ship parameterization software developed by
Lloyds Friendship Systems, which combines parametric modeling, optimization
algorithms, and optimized integration framework. It can effectively generate and
modify ship models and can be used to optimize the hydrodynamic performance of
ships [24]. A large number of application examples at home and abroad have
proved the practicability of ship-based optimization based on Friendship software.

Friendship framework is a CAE design platform that combines CAD and CFD
with the following functional features:

(1) Full parametric and semi-parametric modeling based on functional surface
technique. By setting parameters and constructing corresponding characteristic
curves, the establishment of complex parametric model can be realized.

(2) After setting the range of the selected parameters, the software can automati-
cally transform the model, and a collection of a variety of single-target and
multi-objective optimization algorithm to optimize for the set objective
function.

(3) The ability to integrate external software is strong. It can integrate various
external software and CFD simulation program through the standard interface
and can perform pre- and post-processing such as grid division and result
display.

Fig. 4.9 Ship-type optimization based on ISIGHT platform

4.4 Optimization Platform 139



(4) It has remote or distributed computing capabilities, which can effectively utilize
idle or remote settings, thus enabling long-term, heavy task tasks (such as new
program generation and optimization) being carried out in a very short period
of time.

(1) The principle of Friendship parametric modeling

The parametric model of Friendship based on the characteristic parameters and
characteristic curves enables the rapid generation and modification of the ship type.
The selection and modeling of the characteristic parameters and the characteristic
curves are the most important links in the parametric design of the whole ship and
directly affect the design quality of the parametric model.

The Friendship parametric modeling process is as follows:

(1) The selection and determination of characteristic parameters, namely the global
parameters (captain, width, draught, etc.) and the local parameters (curve tan-
gent, fullness, etc.), control the longitudinal curve and cross-sectional curve.

(2) Construct the longitudinal curve based on the above characteristic parameters to
achieve the correlation between them.

(3) The construction of cross-sectional curve, based on the global characteristic
parameters and longitudinal curves, first create a reference cross-sectional curve
by using feature in program code, and then use Curve Engine to drive the
creation of cross-sectional curves of each station.

(4) Based on the Curve Engine, the hull surface is constructed. First, the first and
last positions of the surface are determined. Through the Meta Surface, the
cross-sectional curves are fused together to obtain a smooth hull surface.

(2) Interface program

As parametric modeling software, Friendship is usually combined with SHIPFLOW
software to create a ship optimization platform that can realize automatic opti-
mization. In order to realize the value data transfer between the Friendship software,
the SHIPFLOW, and wave resistance calculation software, to achieve the automatic
optimization of the ship type, the IGES model file needs to be firstly transformed
into the SHF format model file. The interface program can reconstruct the value
data in the SHF file into a hull curve and obtain a new model file by interpolating
the hull curve. One of the cubic B-spline curves is used to fit and interpolate the
hull curve.

The workflow of the interface program is briefly described as follows: Firstly,
the model file in SHF format is read in. Secondly, according to the standard data
format of the SHF file, the various hull curves of the model in the document are
found; then, the curves are re-fitted, interpolated, and sorted again; finally, generate
the model file needed for calculating the wave drag.
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(3) Friendship software integration optimization system

Friendship software has a strong external program integration capabilities; it mainly
provides three different integration mechanisms: COM integration interface, custom
integration through XML files, and generic integration through ASCII templates.
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Chapter 5
The Optimization of the Hull Form
with the Minimum Wave-Making
Resistance Based on Potential Flow
Theory

5.1 Overview

Based on the Michell integral method and the Rankine source method, the
parameters of the double-triangle ship modification function are used as the design
variables. Under the condition of ensuring the drainage volume as the basic con-
straint, the optimal design model of nonlinear programming method (NLP), tradi-
tional genetic algorithm (SGA), and niche genetic algorithm (NGA) are established
by considering the influence of tail-viscosity separation. The whole ship linear
optimization design program with independent intellectual property rights is
developed, and the effectiveness of the program is verified through experiments.
The research results have important guiding significance to promote the ship design
from the traditional experience mode to the knowledge-based mode.

5.2 The Optimization of the Hull Form with Minimum
Wave-Making Resistance Based on Michell Integral
Method

5.2.1 Establishment of the Ship-Type Optimization Model

(1) Objective function
In the present study, the total resistance RT is selected as objective function in the

optimization design process, RT is expressed as the sum of wave resistance RW and
frictional resistance of a flat plate RF, namely

RT ¼ p � RW þð1þ kÞ � RF ! min ð5:1Þ
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where the RW is calculated by the Rankine source method, and then multiplied by
the correction coefficient p, which is selected by the ratio between theoretical and
experimental values of wave resistance corresponding to initial ship design speed
point; k is the form factor, selected by model test.

The Michell integral formula is expressed by the following form.

RW ¼ 4qg2

pU21

Z 1

1

k2

k2 � 1
� �1

2

½P2ðkÞþQ2ðkÞ�dk ð5:2Þ

PðkÞ ¼
Z 0

�T

Z L=2

�L=2
FXðX; ZÞ cosð g

U21
kXÞ � expð g

U21
k2ZÞdXdZ

QðkÞ ¼
Z 0

�T

Z L=2

�L=2
FXðX; ZÞ sinð g

U21
kXÞ � expð g

U21
k2ZÞdXdZ

where U∞ is the design speed and q is the mass density of the fluid. g is the
acceleration of gravity, FX(X, Z) is the longitudinal slope of the hull waterline.

FðX; ZÞ ¼ B
2
� f ðn; fÞ ð5:3Þ

The frictional resistance of a flat plate is calculated by the following formula.

RF ¼ 1
2
qU2

1S � Cf 0 ð5:4Þ

where Cf0 is the frictional resistance coefficient of a flat plate and it is calculated by
Songhai formula. S is the wetted surface area, which is the function of the hull
coordinates. It is approximately calculated by tent function.

Cf 0 ¼ 0:4631

lg Reð Þ2:6 ð5:5Þ

where Re is the Reynolds number based on the body length.

Re ¼ UL
m

ð5:6Þ
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where U is the speed, L is the characteristic length and here is taken as the design
waterline, m is the viscosity coefficient of fluid motion.

(2) Design variables
The offsets of ships are directly selected as design variables.

(3) Constraint Conditions
The constraints are mainly considered to satisfy the geometric constraints and

drainage volume requirements, there are two as follows:

(1) All Ship offsets are nonnegative, namely:

yði; jÞ� 0;

(2) Ensure the necessary displacement volume, namely:

V �V0

where V0 and V are the displacement volumes of the original hull and the improved
hull, respectively.

(4) Optimization method
The SUMT interior point method in nonlinear programming is used for opti-

mization calculation. In the objective function, the additional item reflecting the
constraint condition is added to make the unconstrained optimization problem in
form.

5.2.2 The Data File of the Ship-Type Optimization Based
on Michell Integral

The following is the ship-type optimization document based on Michell integral
method: The document includes the range of design optimization, the number of
design variables, the initial parameters of optimization calculation, the main ele-
ments of the initial model, design speed and the hull values, as shown below.
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21     0      6      0.414  1.200

0.001  0.010  0.010  0.001  0.001 

2.000  0.267  0.107  21     6      0.285 

30     0.0    2.000

0.000  0.050  0.100  0.150  0.200  0.250  0.300  0.350  0.400  0.450  0.500  0.550  
0.600  0.650  0.700  0.750  0.800  0.850  0.900  0.950  1.000

0.000  0.075  0.250  0.500  0.750  1.000

0.000  0.000  0.005  0.048  0.114  0.232  0.380  0.5180.632  0.712  0.750  0.730  
0.670  0.578  0.467  0.346  0.234  0.138  

0.062  0.012  0.000

0.000  0.055  0.110  0.170  0.272  0.404  0.546  0.675  0.778  0.835  0.866  0.850  
0.798  0.715  0.607  0.485  0.358  0.231

0.132  0.050  0.000

0.000  0.081  0.175  0.290  0.429  0.580  0.722  0.841 0.921  0.964  0.985  0.975  
0.944  0.879  0.769  0.629  0.476  0.325 

0.190  0.075  0.000

0.000  0.087  0.204  0.346  0.502  0.660  0.802  0.906 0.971  0.996  1.000  1.000  
0.994  0.962  0.884  0.754  0.592  0.413  

0.236  0.085  0.000

0.000  0.090  0.213  0.368  0.535  0.691  0.824  0.917 0.977  1.000  1.000  1.000  
1.000  0.987  0.943  0.857  0.728  0.541

0.321  0.116  0.000

0.000  0.102  0.228  0.391  0.562  0.718  0.841  0.926 0.979  1.000  1.000  1.000  
1.000  0.994  0.975  0.937  0.857  0.725

0.536  0.308  0.000

5.2.3 Examples

(1) Wigley hull
Six sections of the front body of the ship are selected as optimize design range,

taken from station 14 to the head of the hull. The range from the bow section to
station 14, the hull bottom and the surface on the design waterline are fixed, as
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shown in Fig. 5.1. Figures 5.2, 5.3, and 5.4 are comparison between the horizontal
section and the waterline of the modified ship and the original ship; Fig. 5.5 is a
cross-sectional view of the wave of the modified ship and the original ship; Fig. 5.6
shows the wave resistance coefficient of modified ship and initial ship model; Fig. 5.7
shows the free surface waveforms of the modified ship and the original ship.
(2) S60 hull

Taking S60 ship model as an example, the optimal design range is shown in
Fig. 5.1. In order to simplify the optimization, the bow shape of a ship is set as the
ship’s forward perpendicular (F.P.) and stern shape of a ship is changed to after
perpendicular (A.P.). The ship width is set as 0 from A. to A.P. along the ship
length direction, and from 0.75W.L. to B.L. along the draft direction, as shown in
Fig. 5.8. Figures 5.9, 5.10, and 5.11 are comparison of the horizontal section and
waterline of the modified ship and the original ship; Fig. 5.12 is a cross-sectional
view of the wave of the modified ship and the original ship; Fig. 5.13 is a graph of

Fig. 5.1 Scope of optimization design of the Wigley hull form

Fig. 5.2 Comparison of body plans of the modified ship and original ship (Wigley)
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the wave-making resistance coefficient of a modified ship and an initial ship;
Fig. 5.14 is the free surface waveform of the modified ship and an initial
ship. Table 5.1 is the result of optimization calculation based on Michell integral
method.

As can be seen from bodyline and waterline diagram of the optimized hull, the
improved ship form is characteristic by a cross-sectional shape of two stops near the
head, bulging toward the side of the ship with a bow-shaped bow, which is called
“non-overhanging ball head” in the book. However, the shape of the bulbous bow is
exaggerated and lacks practical significance. While such a bulbous bow is good for

Fig. 5.3 Water plan of the original ship (Wigley)

Fig. 5.4 Water plan of the modified ship (Wigley)

Fig. 5.5 Comparison of the wave profiles along the modified ship and original ship (Wigley)
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drag reduction, it also brings a lot of disadvantages, such as difficult processing and
inconveniences for the first equipment installation and operation. The wave resis-
tance coefficient of the modified ship is obviously smaller than that of the original
ship within a certain range of designed Fourier number. However, the wave height
and waveform of the modified ship have not been significantly improved.

Fig. 5.6 Comparison of wave-making resistance coefficient for modified ship and original ship
(Wigley)

Fig. 5.7 Wave patterns (2 gf/U2) of modified ship and original ship (Wigley)
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Fig. 5.8 Comparison of hull lines before and after modification of S60 hull form

Fig. 5.9 Comparison of body plans of the modified ship and the original ship (S60)

Fig. 5.10 Water plan of the original ship (S60)

Fig. 5.11 Water plan of the modified ship (S60)
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Fig. 5.12 Comparison of the wave profiles along modified ship and the original ship (S60)

Fig. 5.13 Comparison of wave-making resistance coefficient of modified ship and the original
ship (S60)
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5.3 The Optimization of the Hull Based Rankine Source
Method

Based on the Michell integral method, the design of the ship with the lowest
resistance is often characterized by a rather weird shape of the boat. This is because
the proposed method is based on the linear wave resistance theory and linearizes
both the surface conditions and the free surface conditions. Therefore, the calcu-
lation results are not as accurate as the slow ship theory, and the thin ship theory is
generally used to optimize the curve of transverse section area. Although the
Rankine source method does not have the fast Michell integral method in the
numerical calculation of the wave resistance, its numerical calculation results are
closer to the experimental results. Moreover, with the rapid increase of computing
speed and storage capacity, optimization of ship types with optimization techniques
can still be realized. Therefore, based on the Rankine source method with good

Fig. 5.14 Wave patterns (2 gf/U2) of modified ship and the original ship (S60)

Table 5.1 The results of optimization calculated based on Michell integral method

Hull form Constraints Fr RW/RW0 (%) RF/RF0 RT/RT0 (%) ▽/▽0 S/S0
Wigley hull (1), (2) 0.35 64.5 1.022 90.8 1.014 1.091

S60 hull (1), (2) 0.285 74.6 1.033 72.6 1.000 1.033
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accuracy of numerical calculation of the wave resistance, the optimum design of the
ship with the lowest resistance is discussed based on the nonlinear programming
method.

5.3.1 Establishment of the Hull Form Optimization Model

(1) Objective function
In the present study, the total resistance RT is selected as objective function in the

optimization design process, the RT is expressed as the sum of wave resistance RW

and viscous resistance (1 + K)RF, namely:

RT ¼ p � RW þð1þ kÞ � RF ! min ð5:7Þ

where the meaning of symbols is the same as above, the form factor K is calculated
by following formula [1]

k ¼ 0:11þ 0:128
B
T
� 0:0157ðB

T
Þ2 � 3:10

CB

L=B
þ 28:8ð CB

L=B
Þ2 ð5:8Þ

The RW is calculated by the Rankine source method and the other parameters are
the same as above.

RW ¼ 1
2
� q � U2

1 � L2 � CW ;L ð5:9Þ

where CW,L is the wave resistance coefficient based on L2; L is the ship length
between perpendiculars; B is the breadth; T is the draft; CB is the block coefficient;
and U∞ is the design speed.

(2) Design variables and the scope of optimization design
The optimum design range is taken as the front half body, and the designed

waterline, the bottom of the ship, the front end of the hull are fixed, as shown in
Fig. 5.15.

In the optimization process, the parameters of ship modification function are
chosen as design variables, the shape of the modified ship yðx; zÞ is expressed as a
function on the basis of the initial ship type f0ðx; zÞ multiplied by a ship modifi-
cation function wðx; zÞ, namely.

yðx; zÞ ¼ f0ðx; zÞ � wðx; zÞ ð5:10Þ

wðx; zÞ ¼ 1�
X
m

X
n

amn sin pð x� x0
xmin � x0

Þmþ 2
� �

� sin pðb� z
bþ T

Þnþ 2
� �

ð5:11Þ
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m; n ¼ 1; 2; 3; �L=2� x

wðx; zÞ ¼ 1�
X
m

X
n

amn sin pð x� x0
xmax � x0

Þmþ 2
� �

� sin pðb� z
bþ T

Þnþ 2
� �

ð5:12Þ

m; n ¼ 1; 2; 3; 0� x� L=2

wðx; zÞ[ 0 ðx[ x0; z\z0Þ

where x0 and xmax are the characteristic parameters of the hull form. L is the
longitudinal length of the front of the fore-body (including the bulbous bow). d is
generally the greatest depth which might be modified. If the baseline is unchanged,
then d is the draft, Amn and z0 are taken as the design variables in the optimization
procedure. Fix m, n = 1, 2, 3 we will have altogether 9 variables for Amn, with total
number of design variables not surpassing 10. Therefore, the choice of ship mod-
ification function reduces the number of design variables and improves the speed of
optimization calculation.

(3) The constraint conditions are the same as above
(4) The optimization method is the same as above

5.3.2 Optimization Process of Hull Form

The flowchart of ship-type optimization calculation is shown in Fig. 5.16. First,
enter the initial ship-type value file, which includes the main elements and types of
the initial hull, the design range, the number of design variables, the design speed,
the initial parameters for optimization calculation, as follows;

Fig. 5.15 Scope of optimization design of the S60 hull form
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0.670   0.578   0.467  0.346  0.234  0.138

0.062  0.012  0.000

0.000  0.055  0.110  0.170  0.272  0.404  0.546  0.675  0.778  0.835  0.866  0.850  
0.798  0.715  0.607  0.485  0.358  0.231

0.132  0.050  0.000
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Then, the wave resistance is calculated by Rankine source method and the sum
of the wave resistance and equivalent plate frictional resistance is taken as the
objective function combined with basic constraints to optimize the nonlinear pro-
gramming method (NLP) to determine whether the optimization result converges. If
not converge, then return to the initial state, repeat the above operation, if con-
vergence, the optimization calculation is finished and the minimum total resistance
ship can be obtained.

5.3.3 Examples

(1) Wigley hull
Meshing of Wigley hull and free surface are the same as those in Sect. 2.5.1. The

optimization range is shown in Fig. 5.16. Figures 5.17 and 5.18 are comparison

Fig. 5.16 Optimization process
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between the horizontal section and waterline of the modified ship and the original
ship; Fig. 5.19 is a wave profile of an modified ship and the original ship; Fig. 5.20
shows the comparison of the wave resistance coefficient of modified ship and the
original ship; Fig. 5.21 shows the free surface waveforms of the modified ship and
the original ship.

(2) S60 hull form
Meshing of S60 hull form and free surface are the same as those in Sect. 2.5.2.

The optimum design range is shown in Figs. 5.1, 5.22, and 5.23 are comparison of
the body lines and waterline of the modified ship and the original ship; Fig. 5.24 is
a wave profile of the modified ship and the original ship; Fig. 5.25 shows the wave
resistance coefficient of modified ship and the original ship; Fig. 5.26 shows the
free surface waveforms of the modified ship and the original ship. Table 5.2 is the
result of optimization calculation based on Rankine source method.

Based on Rankine source method, the optimized design of the ship with the
lowest resistance is not significant and without big bulbous bow, but the effect of
drag reduction is quite considerable. And the hull shape of the improved ship is

Fig. 5.17 Comparison of body plans of the modified ship and the original ship (Wigley)

Fig. 5.18 Water plans of the modified ship (Wigley)
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Fig. 5.19 Comparison of the wave profiles along the modified ship and the original ship (Wigley)

Fig. 5.20 Comparison of wave-making resistance coefficient of modified ship and the original
ship (Wigley)
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slick and smooth, which is closer to the practical ship type; At the designed speed
point, the wave resistance of the two modified ship types was reduced by 13.5%
and 23.4%, respectively, and the total resistance was reduced by 4.3% and 9.8%,
respectively; the wave height of the modified ship did not change much, and the
waveform was clearer, and the clear Kelvin wave system shape appears.

Fig. 5.21 Wave patterns (2 gf/U2) of the modified ship and the original ship (Wigley)

Fig. 5.22 Comparison of body plans of the modified ship and the original ship (S60)
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5.3.4 Design of Ship Hull with Minimum Wave Resistance
Under Different Constraints

Taking the S60 hull model as an example, the optimization design of the minimum
wave-making resistance ship based on the Rankine source method is discussed by
changing the constraints and design variables, the specific design schemes are
shown in Table 5.3.

The front half of the hull form is selected as the scope of optimization design.
From the tenth station to the fore-body, moreover, the hull bottom, stem, and stern
profiles cannot be modified in the ship-type modification, as shown in Fig. 5.27.
According to the requirement, the water plane can be fixed or not fixed, respec-
tively, as shown in Table 5.3.

For the three design schemes, the optimized optimization calculation is ended
with 5, 4, and 4 iterations, respectively, through using the NLP method. The wave
resistance of the modified ship is reduced by about 24.8%, 21.5%, 18.6%,
respectively. The comparison of body plans between the modified ship and the

Fig. 5.23 Water plans of the modified ship (S60)

Fig. 5.24 Comparison of the wave profiles along the modified ship and the original ship (S60)
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original ship is shown in Figs. 5.28, 5.29, 5.30, 5.31, 5.32 and 5.33. In scheme one,
from fore-body to S.S.18, between baseline and 4 W.L., the profile lines of the
modified ship have a shift to the medial side of the hull. From S.S.18 to S.S.11,
between baseline and 7 W.L., the profile lines of modified ship have a shift to the
lateral side of the hull, and the offset is decreased gradually. The frame lines of the

Fig. 5.25 Comparison of wave-making resistance coefficient for the modified ship and the
original ship (S60)

Fig. 5.26 Wave patterns (2 gf/U2) of the modified ship and the original ship (S60)
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fore part become U-shaped for the modified ship, because the displacement volume
moves from the upper to the lower area. Compared with the design scheme one, the
water plane area of the modified ship is changed in the design scheme two, which is
because the water plane is taken as the object of optimization design and the
freedom of the nearby water plane is increased. From fore-body to S.S.11, between
4 W.L. and L.W.L., hull lines, profile lines of the modified ship have a shift to the
lateral side of the hull. A great change is found between S.S.18 and S.S.16, but the
body lines from the baseline to the 4 W.L. are hardly changed. The changes
occurring in the design scheme three is similar to the design scheme two, the
change of the hull lines is slightly decreased due to the constrained of the additional

Table 5.2 Optimization results using the Rankine source method for Wigley and S60 ships

Hull form Constraints Fr RW/RW0 (%) RF/RF0 RT/RT0 (%) ▽/▽0 S/S0
Wigley (1), (2) 0.35 86.5 1.005 95.7 1.091 1.023

S60 hull (1), (2) 0.285 76.6 1.002 90.2 1.039 1.011

Table 5.3 Design parameters and design conditions

Design Scheme 1 Design Scheme 2 Design Scheme 3

Object function RW RW RW

Design speed Fr = 0.285 Fr = 0.285 Fr = 0.285

Design variable Amn (m,
n = 1,2,3)

Amn(m, n = 1,2,3),
z0

Amn (m, n = 1,2,3), z0

Scope of
optimization

Fore-body of hull Water plane and
fore-body of hull

Water plane and
fore-body of hull

Constraints yði; jÞ� 0,
r0 �r

yði; jÞ� 0,
r0 �r� 1:005r

yði; jÞ� 0,
r0 �r� 1:005r,
Aw �Aw0

Note ▽0, ▽are the displacement volumes of the original ship and the modified ship, respectively,
Aw0, Aw are the water plane areas of the original ship and the modified ship, respectively.

Fig. 5.27 Scope of optimization design
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Fig. 5.28 Comparison of body plans of the original ship and the modified ship (design Scheme 1)

Fig. 5.29 Water plan of the modified ship (design Scheme 1)

Fig. 5.30 Comparison of body plans of the original ship and the modified ship (design Scheme 2)
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Fig. 5.31 Water plan of the modified ship (design Scheme 2)

Fig. 5.32 Comparison of body plans of the original ship and the modified ship (design Scheme 3)

Fig. 5.33 Water plan of the modified ship (design Scheme 3)

Fig. 5.34 Comparison of
wave-making resistance
coefficient for three hull forms
with Fr = 0.285
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water plane area. Compared with the original hull, the wave resistance coefficients
obtained from the three design schemes of the modified ship are significantly
reduced with the design speed, as shown in Fig. 5.34.

The comparisons of the calculated wave profiles along the hull are shown in
Figs. 5.35, 3.36, and5.37. The wave profiles are taken from the free surface ele-
vation at panels adjacent to the ship’s surface. The improved hull generates a
slightly greater bow wave than the original ship with the increase of the bow wave
steepness (Table 5.4).

Figure 5.38 shows the comparisons of the wave-making resistance coefficient of
the original ship and the modified ship. It can be seen that a reduction in the
wave-making resistance coefficient is achieved. The optimized forms lead to a less
wave-making resistance over a wide range of design speeds.

Figures 5.39, 5.40, and 5.41 give the contours of the nondimensional wave
pattern calculated for the modified ship and the original ship, respectively. The
differences can be clearly seen in the wave fields generated by the modified ship and
the original ship.

The minimum wave resistance based on the Rankine source method is taken as
the objective function, and the parameters of the ship-type modification function are
taken as the design variables in the optimization. With the displacement taken as the
basic constraint, an optimal mathematical model is established according to the
requirement of the additional constraint of water plane. The minimum wave
resistance hull is obtained by the optimization of the bow body of the hull based on
NLP method with S60 ship model as the original. Three modified ships are obtained
by three optimal design schemes under the condition that the design speed Fr is

Fig. 5.35 Comparison of the wave profiles along the original ship and the modified ship (design
Scheme 1)
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Fig. 5.36 Comparison of the wave profiles along original ship and the modified ship (design
Scheme 2)

Fig. 5.37 Comparison of the wave profiles along the original ship and the modified ship (design
Scheme 3)

Table 5.4 Optimization results using the Rankine source method with three design schemes

Design Scheme RW/RW0 (%) ▽/▽0 S/S0 Aw/Aw0 Time (t)

Design Scheme 1 75.2 1.039 1.011 _ 1.6

Design Scheme 2 78.5 1.005 1.001 _ 1.8

Design Scheme 3 81.4 1.003 1.006 1.002 2.2
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0.285. Compared with the original ship, the wave resistance of the modified ship is
reduced by 24.8% in scheme one, 21.5% in scheme two and 18.6% in scheme three.
Furthermore, the modified ship is smoother and closer to the actual ship. Therefore,
we can conclude that the method based on the Rankine source method is effective.

Fig. 5.38 Comparison of wave-making resistance coefficient for original ship and the modified
ship

Fig. 5.39 Wave patterns (2 gf/U2) of the original ship and the modified ship (design Scheme 1)
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In order to reduce the resistance further, the viscous resistance should be con-
sidered. For the study on the optimization of the hull with the minimum total
resistance, the objective function can be expressed as the sum of the viscous
resistance and the wave resistance, which will be our next step to study.

Fig. 5.40 Wave patterns (2 gf/U2) of the original ship and the modified ship (design Scheme 2)

Fig. 5.41 Wave patterns (2 gf/U2) of the original ship and the modified ship (design Scheme 3)
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5.4 Optimization Design of Ship with Minimum
Resistance Based on Genetic Algorithm

5.4.1 Ship Form Optimization Model

The objective function, design variables, and constraints are the same as those in
Sect. 5.3.1. Reference to the Japanese scholar Yasuhiro Akihiro’s thought, using
the penalty function method to transform the constrained optimization problem into
an unconstrained optimization problem, and then using SGA for the minimum
resistance ship-type optimization design.

The total resistance RT is selected as the objective function to optimize the
calculation, and RT can be expressed as the following form:

RT ¼ p � RW þð1þ kÞ � RF þ a � ðr0 �rÞþ a � 1
PM
i¼1

yiðx; zÞ
! min ð5:13Þ

where a is the penalty factor, (1) when y(i, j) � 0, and ▽ > ▽0, a = 0; (2) when
y(i, j) < 0 and ▽ < ▽0, a = ∞. Other parameters can be obtained using the method
in Sect. 5.3.1.

5.4.2 Ship-Type Optimization Based on Basic Genetic
Algorithm

The validity and feasibility of SGA have been confirmed in practical applications.
However, for a specific optimization problem, the user must reasonably determine
the genetic operators, algorithm parameters, and constraints processing methods,
and they will have a direct impact on the optimization results [2]. Therefore, the
following SGA mathematical model is designed for the ship-type optimization
problem in this section:

(1) Initialize the population
This section uses real-coded chromosomes, where each chromosome is represented

by a real number and has the same dimension as the design variables. Therefore, the
ship parameters are represented by binary digits of 0 and 1. The ship-type genes are
arranged in a certain order, constituting the ship-type chromosome.

(2) Fitness evaluation
Evaluate the chromosome is to establish the appropriate fitness function. Therefore,

each of the chromosomes is decoded to obtain a set of design parameters, and then
calculate the corresponding objective function according to this set of design
parameters.
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(3) Selection
This section uses the competitive selection method, which competes among

individuals and the winner becomes the next generation. In each generation, K
individuals are randomly selected to form a small population each time, and the
most adaptive individuals are then definitely taken from the k individuals to enter
the next-generation population. The replicated individuals still return to the parent
population, participating in the random selection of the next K individuals. This
random selection repeats M times to generate M next-generation individuals.

The specific steps are as follows:

(1) K individuals are randomly selected from the t-th generation population;
(2) Compare the fitness of K individuals, and the individual with the maximal

fitness enter into the (t + 1)th generation, and the replicated individuals remain
in the t-th generation;

(3) Repeat ①, ② M times until the same number of individuals are produced as in
generation t.

(4) Crossover
This section uses the uniform crossover technique in which two genes are

exchanged at each locus of two matched individuals with the same crossover
probability to form two new individuals.

(5) Variation
The mutation probability Pm = 0.2 � 0.9n is determined through the adaptive

thought, n is the genetic algebra, with the increase of the excellent characteristics of
the population and the value of the mutation probability is reduced, which can
better restrain the premature phenomenon.

(6) Constraint handling and judging function
The strategy of dealing with constraints includes rejection strategy, repair

strategy, improved genetic operator strategy and penalty strategy. For the opti-
mization problem in this section, the penalty strategy is applied to the strict con-
straint problem. The judging function after adding the penalty item is:

evalðxÞ ¼ 105

f ðxÞþ 107pðxÞ ð5:14Þ

In this formula: f(x) is the objective function; p(x) is the sum of the constraint
function values which are all normalized and greater than zero.

(7) Termination conditions
Most traditional SGA has chosen to reach a given number of cycles as a ter-

mination condition, this approach may result in the failure to be terminated before
the calculation accuracy is reached, or the cycle continues after the calculation
accuracy has been reached. Therefore, in this section, the target value of the optimal
chromosome achieves the given accuracy e as the termination condition.

Through the local improvement of some genetic operators in SGA, and using the
improved SGA in the ship optimization design, the ideal minimum resistance ship
type is obtained, and Fig. 5.42 is the flowchart of SGA.
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5.4.3 The Optimization of the Hull Form Based on NGA

(1) Execution steps of NGA.
Programming with FORTRAN language, as follows:
(1) Initializing population.
First, set the counter t be 1, the hull form parameters are represented by the

binary digits of 0 and 1. Then the initial population P (t) with M individuals is
generated at random, the maximal number of evolution generations T is also set.

(2) Fitness evaluation.
The fitness evaluation of all individuals is performed, saving the first

N individuals after sorting the population by fitness value in descending order
(N < M). These individuals do not participate in the generation operation of
selection, crossover, and variation. They perform niche elimination operations
directly with the mutated individuals;

Fig. 5.42 Flowchart of the SGA
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(3) Selection operation.
The competition selection method is used to select individuals from the popu-

lation P (t), and then generates a new population P (t)′.
(4) Crossover operation.

According to the probability of crossover Pc, arithmetic crossover operation is
performed in the population. If the two individuals selected for crossover are
identical, then one of the individuals is evenly crossed, and then generates a new
population P (t)″.
(5) Mutation operation.

According to the probability of mutation Pm, uniform mutation operation is
performed in the population P (t))″, and then new population P (t)‴ is generated
with M individuals.
(6) Niche elimination operation.

Using Niche generation operation through fitness sharing method, a new pop-
ulation with M + N individuals is generated by putting N saved individuals and
P (t)‴ together, then carry out the niche elimination operation.
(7) Generate new populations

Sorting new population with M + N individuals by new fitness value in
descending order, and memorizing the first N (N < M) individuals again, then
taking the first M individuals of arrangement as a new generation population.

(8) Termination criterion.
If t � T, then t = t + 1, generating M individuals in (7), and taking them as the

next-generation population P(t), then go to step (3); If t > T, terminating the
algorithm, and outputting the calculation result.

In the present study, the calculations use populations 60, crossover probability
0.50 and mutation probability 0.06.

(2) Flowchart of algorithm is shown in Fig. 5.43.

5.4.4 Examples

This section selects the S60 ship as the initial ship model, respectively, using SGA
and NGA for ship-type optimization, the optimum design range of the first half of
the ship hull, and the design of the waterline, the bottom of the ship, the front and
rear ends of design range are fixed, as shown in Fig. 5.27; Meshing of ship and free
surface are the same as those of Sect. 5.3.2.

The optimization calculation results based on NGA and SGA are summarized in
Table 5.3. The comparison between the modified ship model and the original ship
model is shown in Fig. 5.44, 5.45, 5.46 and 5.47, the modified profile obtained
based on the NGA had a larger tendency to swell outward than that of SGA.
Figure 5.48 shows the wave resistance coefficient curve of the modified ship and
the original ship. The curve of the wave resistance coefficient of the modified ship
obtained by NGA is lower than that of the SGA in a certain area of design Fourier
number; Fig. 5.49 shows the historical record of the total drag coefficient during the

172 5 The Optimization of the Hull Form with the Minimum Wave …



optimization of the modified ship at Fr = 0.285. In the early stage of evolution,
SGA converges faster, but about 90 generations later, the algorithm entered a
certain area of the optimal solution stalled, resulting in local convergence and the
population lost its diversity in evolution. Approximately every 35 generations, the
NGA ship model can be significantly improved, and its CT gradually decreases, and
results of the 250th generation are considered the best model. NGA shows a stable
evolutionary speed during evolution. Even when searching for the global optimal
solution, NGA can maintain high population diversity and provide a potential
impetus for further evolution (Table 5.5).

Figure 5.50 and 5.51 show the waveforms of the modified and the original ship
obtained by NGA and SGA, respectively. In Fig. 5.50, the wave height of the
modified ship has little change, and the wave height in other areas has been sig-
nificantly reduced; in Fig. 5.51, both the bow wave height and the stern wave
height of the modified ship are increased, except for a slight decrease in the ship’s
center.

Figure 5.52 and 5.53 are the free surface waveforms of the modified (upper) and
the original (bottom) NGA and SGA models obtained, respectively, at Fr = 0.285.
It can be seen from the diagram that the modified ship form has a clear Kelvin wave
shape, transverse waves and scattered waves regimes limited within ±9º28´.
Among them, the free surface waveforms of the modified ship obtained by NGA are
clearer.

Fig. 5.43 Flowchart of the
NGA
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5.4.5 The Comparisons of the Optimization Result
Between GA and LNP

Figure 5.54 and 5.55 represent the reduction effect and time-consuming comparison
of NLP, SGA, and NGA, respectively, it can be seen from the figure that the NGA

Fig. 5.44 Comparison of body plans of the original ship and the modified ship (NGA)

Fig. 5.45 Water plan of the original ship (SGA)

Fig. 5.46 Comparison of body plans of the original ship and the modified ship (NGA)
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Fig. 5.47 Water plan of the modified ship (NGA)

Fig. 5.48 Comparison of wave-making resistance coefficient curves between the original ship and
the modified ship

Fig. 5.49 Convergence history of total resistance coefficient in the optimization process
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has the best reduction resistance effect, while the NLP takes the least time, with
worst effects of reducing the resistance.

The traditional optimization methods have advantages over genetic algorithms in
terms of speed of optimization, but with the increase of design variables, the
optimization speed of genetic algorithm is no worse than the traditional algorithm,

Table 5.5 Optimization results based on the SGA method and NGA method

Optimization
method

Constraints Fr RW/RW0 (%) RF/RF0 RT/RT0 (%) ▽/▽0 S/S0

NGA (1), (2) 0.285 72.5 1.007 91.6 1.017 1.012

SGA (1), (2) 0.285 81.6 1.001 96.0 1.002 1.001

Fig. 5.50 Comparison of the wave profiles along the original ship and the modified ship (NGA)

Fig. 5.51 Comparison of the wave profiles along the original ship and the modified ship (SGA)

176 5 The Optimization of the Hull Form with the Minimum Wave …



because the traditional optimization algorithm is directly related to the number of
design variables, and the more design variables, the slower the optimization speed.
The genetic algorithm is only related to the number of the population, but the
number of the population and the number of variables are irrelevant. Therefore, in
the calculation of each round, the genetic algorithm takes less time. When opti-
mizing speed dominance, each design variable can be involved in the optimization.

Fig. 5.52 Wave patterns (2 gf/U2) of original ship and the modified ship (NGA)

Fig. 5.53 Wave patterns (2 gf/U2) of original ship and the modified ship (SGA)
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When solving the multivariable optimization problem, the genetic algorithm is
not slower than the traditional optimization method in the terms of optimization
speed, and parallel computation method can be used to increase the speed.
Therefore, the genetic algorithm has a great advantage for the optimization prob-
lems of multiple design variables. At the same time, when there are multiple
extremums in a complex system such as a ship, the genetic algorithm can find the

Fig. 5.54 Comparison of the reduced resistance effect of the GA and NLP

Fig. 5.55 Time-consuming comparison between NLP and GA

178 5 The Optimization of the Hull Form with the Minimum Wave …



global and local optimum point in the optimization with multiple local optimums.
Because of the introduction of probability in genetic algorithms, some completely
new ship types will appear in the optimization, which will undoubtedly bring great
help to the development of new ship types.

5.5 Optimization of Ship Type with Minimum Resistance
Considering Viscous Separation

In order to meet certain loading requirements and design speed conditions, it is
often one of the most important problems in ship design to design a ship with the
least resistance. Most of the ship designers in the past are based on the
wave-induced resistance theory to study the modification of ship types. Suzuki
Heffer [3] thesis is one of the most typical representatives. But so far, all the studies
have been done to keep the stern line shape unchanged and only y to optimize the
shape of the ship as the design object. This is because the ship optimization must
consider the design of the after-body shape in many aspects such as wave resis-
tance, viscous, seakeeping, and propulsion performance. Therefore, it is difficult to
know how to optimize the tail line type. Therefore, there are few researchers in this
field. According to the optimization design concept of ship type, this section
minimizes the wave-making resistance under the condition of keeping the tail free
of viscous separation. Using two-dimensional turbulence simple separation judg-
ment formula to judge the separation point of airfoils with different shapes and
using it for the separation judgment of the streamlines on the hull surface, the
minimum resistance ship model considering the viscous separation is designed. The
practicability of this method is verified by comparing it with the experimental data.
Therefore, based on this design idea, taking S60 ship as the initial ship, taking the
minimum total resistance ship type into consideration, considering all aspects of
influence factors, the whole ship line type is taken as the optimal design object,
Rankine source method based on potential flow wave resistance theory, and SUMT
interior point method in nonlinear programming are used to do optimum design of
ship with minimum resistance. A simple two-dimensional turbulence separation
judgment formula for the ship types is used before and after optimization, obtains
the separation points on each streamline on the hull surface, and approximates the
separation area and determines whether the separation area of the modified ship
type is larger than the initial ship type, so as to ensure that the viscous resistance
does not increase when the ship type is optimized with the wave resistance as the
main objective function.
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5.5.1 Viscous Water Resistance

Viscous water resistance is derived from the frictional resistance of the wet surface
of the ship and acts perpendicularly to the hull surface. The viscous effect of the
fluid can be described from the boundary layer theory. This means that the viscous
effect only acts on the thin layer near the hull surface. The two-dimensional
boundary layer on the slab can be used to describe the important characteristics of
viscous flow and to approximate the hull surface as a flat plate. If the flow is
observed from the Servo coordinate system, the speed of the ship is expressed as the
incoming velocity of U2

1 at the stationary hull [4], as shown in Fig. 5.1. The flow
rate is U2

1, the positive direction of the x-axis, and d is the boundary layer thick-
ness. Water must adhere to the plate, that is to say there is no relative slippage
between the water and the plate, which means that the flow rate on the plate is zero.
Outside a very short vertical distance d(x) away from the plate (which is a function
of the longitudinal distance x from the leading edge of the plate), the flow rate is
equal to U2

1. When Reynolds number Rnx = U2
1 x/m is less than about 105, the

viscous flow is laminar.
The occurrence of flow separation is one of the factors that increase the viscous

resistance of the hull. If the flow is separated from the hull, a larger area of viscous
action will result after the line is separated. This means more impact on the pressure
distribution and increased shape resistance. Flow separates not only from sharp
corners but also from the surface without sharply angled surfaces. Figure 5.56
below shows how separations in two-dimensional flow occur. If there is a point
S on the surface, there is @u=@y ¼ 0, and there is a backflow at point S, then it is
considered that S point is considered; if it is still @u=@y ¼ 0 behind the point S, then
it is not considered that the flow is separated from point S. This situation is
advantageous because @u=@y ¼ 0 means that the shear stress value sw is zero on the
object surface. This effect can be achieved by proper design of the hull surface. The

Fig. 5.56 Boundary layer of plate
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location of point S depends on the pressure gradient @p=@x along the hull surface
and the flow state (laminar or turbulent flow) in the upstream boundary layer at the
point of separation. According to the boundary layer theory, the reverse pressure
gradient @p=@x is positive, which is the necessary condition for the flow separation.
As long as @p=@x ¼ �qUedUe=dx is noticed, this can be verified from Eq. (5.15).

@p
@x

¼ l
@2u
@y2

; y ¼ 0 ð5:15Þ

According to calculus, the condition of flow separation du/dy = 0 is also the
condition that u(y) obtains the local maximum or minimum value. For our problem,
u(y) should obviously take the minimum value, so @2u=@y2 is positive at the
separation point S. It can be seen from the equation that the necessary condition for
the separation point to occur is that @p=@x is positive at the separation point of the
hull surface. Because the flow along the plate is constant at @p=@x ¼ 0, flow
separation does not occur in the case of flow along the plate Fig. 5.57.

5.5.2 Ship-Type Optimization Model

(1) Objective function
The objective function in this section is the same as in Sect. 5.3.1 (1).

(2) Design variables
The optimum design range of this section is taken as a whole ship, from station

zero to the foremost station 20, and the design waterline, the bottom of the ship, the
front and rear ends of the ship are fixed, as shown in Fig. 5.58.

The formula of ship modification function is shown in formulas (5.9) and (5.10)
(3) Constraints condition

The constraints in this section are the same as in Sect. 5.2.1 (3)

Fig. 5.57 Two-dimensional
boundary layer flow
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5.5.3 Examples

The S60 hull is selected as the initial design optimization of the ship, and mesh of
the hull and the free surface of the S60 ship model are the same as those in the
Sect. 5.5.2 (Table 5.6).

Based on Rankine source method, the optimization results of the whole ship are
summarized in Table 5.1; Figs. 5.59 and 5.60 are the comparison of the bodylines
and waterlines between the modified ship and the original ship. The body line of the
modified ship varies greatly between the head and tail area. Therefore, it is gen-
erally considered that the changes in the stern line shape may cause viscous sep-
aration, resulting in other changes in the performance of the ship, to determine the
separation is necessary. Next, this section uses a simple two-dimensional turbulence
separation criterion to determine the separation. Figure 5.61 shows the comparison
of the wave resistance coefficient curves of the original ship model and the modified
ship model. The wave profile of the original ship model and the modified ship
model is shown in Fig. 5.62; the free surface waveform of the original and modified
ship model is shown in Fig. 5.63.

5.5.4 Ship Optimization Process

The flowchart of ship-type optimization calculation is shown in Fig. 5.64. First,
enter the original ship-type value file, which includes the main elements and types
of the original ship type, the design range, the number of design variables, the
design speed, the original parameters of the optimization calculation, etc.; then,
according to the Hess–Smith method and the streamline tracing method, the

Fig. 5.58 Scope of optimization design of the S60 hull form

Table 5.6 Optimize calculation results based on Rankine source method

Hull form Constraints Fr RW/RW0

(%)
RF/RF0 RT/RT0

(%)
▽/▽0 S/S0

Improved
hull form

(1), (2) 0.285 86.8 1.000 95.5 1.003 1.000

182 5 The Optimization of the Hull Form with the Minimum Wave …



Fig. 5.59 Comparison of body plans of the modified ship and the original ship (S60)

Fig. 5.60 Water plans of the modified ship (S60)

Fig. 5.61 Comparison of wave-making resistance coefficient of modified ship and the original
ship (S60)
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velocity distribution on each streamline of the hull surface is obtained, and the
separation points on each streamline are calculated to find the separation domain of
the original ship. According to the basic constraints (1) and (2), combined with the
nonlinear programming method to optimize the calculation, the improved ship form
is obtained. Again using simple two-dimensional separation of judgment to deter-
mine the separation points on the improved streamlines, find the separation area,
and determine whether the improved separation of the ship is greater than the initial

Fig. 5.62 Comparison of the wave profiles along the modified ship and the original ship (S60)

Fig. 5.63 Wave patterns (2 gf/U2) of modified ship and the original ship (S60)
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ship type, if greater than the initial ship, then change the constraints and return to
the initial state, re-optimize the calculation, if not greater than the initial ship, the
optimization calculation is finished and the minimum total resistance ship is
obtained.

5.5.5 Separation Judgment Method

(1) Two-dimensional simple separation of judgment condition
The idea of ship-type optimization is that the total resistance is minimized

without separation of the tail. Due to the complexity of 3D turbulence separation
problem [5], this section adopts two-dimensional simple turbulence separation

Fig. 5.64 Flowchart of ship-type optimization
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judgment, and it is used to determine the separation of the streamline on the hull
surface and finds the separation domain approximately.

The relationship (U = U∞ in this graph) between the pressure gradient and the
local surface friction stress of a two-dimensional turbulent boundary layer with
pressure distribution by Tanaka and Tatsuno, as shown in Fig. 5.64, coordinate axis
C, G is defined as

C ¼ h
U1

dU1
dS

ðU1h
m

Þ14 ð5:16Þ

G ¼ sw
qU21

ðU1h
m

Þ14 ð5:17Þ

where sw is the local friction on the surface of the object, U∞ is the flow velocity at
the outer edge of the boundary layer, h is the loss thickness of the motion, S is the
distance along the object surface, and the separation point is defined as sw = 0 (that
G = 0). It can be seen from the figure that the value of C corresponding to G = 0
changes with the Reynolds number Rh(=U∞h/m). Now assume that the Reynolds
number of the model RL=U∞L/m, the corresponding plate Rh is about 5.5 � 103.
Insert the corresponding curve Rh into Fig. 5.65, the separation point C can be
obtained and the value is about −0.03(that C � −0.03).

Fig. 5.65 Relationship between pressure gradient and local friction stress on the surface
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From the two-dimensional turbulent boundary layer theory, it is shown that h
can be calculated by the following formula:

hðU1h
c

Þ14 ¼ c
Ud1

Z s

0
Ud

1ds ð5:18Þ

where c = 0.016, d = 4.0
Substitute the above formula into Eq. (5.16), it can obtain that:

C ¼ 0:016
U51

dU1
dS

Z s

0
U4

1ds ð5:19Þ

Now define a new function C(s):

CðsÞ 	 1
U41

dU1
dS

Z s

0
U4

1ds ð5:20Þ

The value of C(s) corresponding to the separation point Cs = 0.03 is:

CðsÞ 	 1
U51

dU1
dS

Z s

0
U4

1ds � �2 ð5:21Þ

In this section, formula (5.21) is used as a criterion to judge whether the
streamlines on the object surface are separated. The separation point can be
obtained simply by calculating the flow velocity U∞(s) at the outer edge of the
boundary layer, U∞(s) can be approximately replaced by the surface potential
velocity of the object.

(2) Streamline tracing method
After the stacking mode solution is obtained, the induction velocity of each field

point can be calculated as the induction velocity V at point A as shown in Fig. 5.66.
b is the sweep angle, a is the angle between the direction of the induced velocity
and the axis of X. If directly according to the induction rate of point A to seek the
position of the upper and lower streamlines, it will be C, C coordinates:

dx
1

1� tgactgb
; dx

tga
1� tgactgb

� �
ð5:22Þ

where dx is determined according to the distance between points on the first
streamline. If the ith and (i + 1)th points of the first streamline are separated by the
swept angle, the interval in the x-direction is dx; then after the ith and (i + 1)th
points on the other streamlines being separated by the swept angle, the interval in
the x-direction is also dx. The direct solution may cause a large error when the
streamlines are relatively curved, as shown in Fig. 5.66, the difference between
point C and the point D on the actual streamline is larger. In this paper, the

5.5 Optimization of Ship Type with Minimum Resistance … 187



fourth-order Runge-Kutta method is used to solve the problem, and the effect is
better.

The steps to separate the hull surface are as follows:

(1) The velocity distribution on the hull surface is calculated by Hess–Smith
method in this section;

(2) The velocity distribution on the streamline of the hull surface is calculated by
the streamline tracking method;

(3) Calculate the distribution of C (s) on each streamline, and judge whether the
separation occurs by formula (5.21), and determine the position of the sepa-
ration point;

(4) Connect the separation points on each streamline to find the separation domain.

If we know the velocity distribution outside the boundary layer, we can calculate
C according to formula (5.19), which is the two-dimensional simple turbulence
separation criterion established in this study. In order to study the accuracy of the
formula, the calculated values of two-dimensional objects are compared with the
experimental values. As the initial ship type selected by the optimization calculation
is S60 model, the model is relatively close to the actual ship type. Therefore, this
section uses the experimental results of the second model in the thesis of Bai et al.
[2]. Figure 5.67 shows the calculation result of a mast two-dimensional ship. The
velocity distribution outside the boundary layer, U∞/U, can be approximated by the
potential velocity on the object surface. It can be seen from this example that the
calculated point is slightly offset from the experimental point and the calculated
value is not in good agreement with the experimental value. The reason for this may
be that the velocity distribution outside the boundary layer is caused by the
approximation of the potential velocity on the surface of the object, if the actual
viscous flow is considered, the C curve should be slightly backward, then the
calculation point should also be slightly backwards. In addition, the separation

¦ Á

¦ Â

Fig. 5.66 Schematic of streamline tracing
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Fig. 5.67 Two-dimensional turbulent separation point
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points obtained from various airfoils are compared with the experimental ones by
using this discriminant, the difference is great, which may not be able to obtain a
stable result. However, it is still of some significance to use the two-dimensional
separation discriminant including the influence of Rn as a general criterion. In this
section, the boundary layer on the streamline of ship surface is approximated, and
the velocity distribution of the potential flow is calculated by Hess–Smith method.
(3) Examples

Figure 5.68 is the streamline velocity distribution and curve C of the S60 hull in
full load waterline. From the figure, the distribution curve C near the hull bow is not
equivalent to -2, so the separation will not occur and there is a phenomenon of
separation and attachment near the stern. Accordingly, the turbulent separation
domains obtained from the separation and identification of the streamlines are

Fig. 5.68 Velocity and separation distribution along the streamlines on the loaded draft

190 5 The Optimization of the Hull Form with the Minimum Wave …



shown in Figs. 5.69 and 5.70. In the figure, the shadow area is the range of sep-
aration, while Fig. 5.69 shows the separation domain of original ship with an area
of 3.446, and Fig. 5.70 shows the separation domain of the modified hull with an
area of 3.304. Comparing the size of separated domains (Lateral projection area) in
the two figures, it can be found that the separation domain of optimized ship is
smaller than the initial ship type. It can be concluded that the viscous resistance
does not increase significantly during the ship-type optimization with wave resis-
tance as the main objective function.

5.6 Ship Model Towing Test Results

The ship model towing tests were made in the towing tank of Shanghai Ship and
Shipping Research Institute. There are two ship models used in the test, the parent
ship-series 60 and the modified ship form S60-1 obtained by theoretical opti-
mization. The tests, aiming to verify the reliability of the optimization theory,
adopted bounded ship model, and ignored the effort of heave and pitch. Main
dimensions of models are 3.0 m in length, 0.4005 m in width, and 0.1605 m in
draft. In the test, we set 3 mm in height torrent nail at interval of 10 mm at 9.5
station of the ship model.

The resistance value of the ship model (Rtm) is measured by an electricity resist
graph (NS-30) imported from Japan. Its maximum range is 10 kg (100 N) and the
accuracy of it is 0.1%. The recording system is composed by high-speed data
acquisition card, amplifiers, and IPC. Then, the collected data will be input into

Fig. 5.69 Turbulence separation area of S60 (the original hull)

Fig. 5.70 Turbulence separation area of S60-1 (the improved hull)
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computers for calculation. Total resistance in test results is calculated by
three-dimensional conversion method and the flat friction coefficient is calculated
by the 1957 ITTC formula.

The total drag coefficient of ship model,

Ctm ¼ Cfmð1þ kÞþCwm ð5:23Þ

The total drag coefficient of the ship,

Cts ¼ Cfsð1þ kÞþCwm ð5:24Þ

where the subscripts m and s represent the ship model and the ship, respectively.

Cwm ¼ Cws ð5:25Þ

Therefore, we can get the total drag coefficient of the real ship.
The total resistance of the ship

Rts ¼ 1
2
qsSsv

2
sCts ð5:26Þ

The wave resistance of the ship,

Rws ¼ Rts � Rfs ð5:27Þ

The results of total resistance and wave-making resistance of the modified ship
(Series 60-1) and the mother ship (Series60) are shown in Figs. 5.71 and 5.72. In
the vicinity of the design speed point, the total resistance and wave-making resis-
tance of the modified ship were significantly improved than the mother ship. It is

Fig. 5.71 Comparison of total resistance coefficient test results
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consistent with theoretical calculation results by reducing 3.5 and 21%, confirming
the applicability of the method.

This section is based on the Rankine source method for wave resistance of
potential flow and the total resistance as the objective function. The total resistance
is expressed by the sum of the wave resistance and the equivalent plate friction
resistance. Taking the parameters of the ship modification function as the design
variables, under the condition of ensuring the displacement as the basic constraint,
the SUMT interior point method in nonlinear programming method is used to
optimize the line shape of the whole ship. Changes in stern profile may cause
increased viscous drag. Therefore, in this section, the method of minimizing the
wave-making resistance is adopted under the condition of controlling the
tail-separating domain, and uses the simple two-dimensional separation criterion for
the initial model and the modified model, respectively, to find the separation points
on each streamline, seek out the separation domain, and determine whether the
modified separation of the ship is larger than the initial shape of the ship. If the
separation domain does not change much, it can be considered that the viscous
resistance does not increase obviously when ship hull optimization is carried out
with wave resistance as the main objective function.

5.7 Discussion on Practicability of Optimal Ship Form

In this section, based on the theory of wave-making resistance (Michell integral
method and Rankine source method), this paper studies the optimization of mini-
mum wave-making resistance and minimum total resistance based on nonlinear
programming method and genetic algorithms, the modified ship type obtained has

Fig. 5.72 Comparison of wave resistance coefficient test results
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obvious resistance reduction effect, but whether the optimal ship type is a practical
ship type requires further discussion.

Judging whether an optimal ship is a practical ship depends not only on its
resistance reduction effect, but also on whether the line shape of the modified ship
meets the actual requirements. For the examples in this section: For the Wigley type
(design Fr = 0.35), S60 ship model (design Fr = 0.285), Michell integral method
combined with nonlinear programming method is used to optimize and calculate,
the wave resistance of the modified ship is reduced by 35.5% and 25.4%, respec-
tively; the total resistance decreased by 9.2% and 27.4%, respectively. The effect of
resistance reduction is obvious, but their linear variations are exaggerated. Such a
linear pattern may be suitable for some cargo-loaded ships, but may not be suitable
for some solid cargoes, bulk cargoes, such as containers and timber. In order to
obtain a practical ship type, it is necessary to add additional constraints to control
the change of the contour line and re-optimize the calculation. For Wigley type
model (design Fr = 0.35), S60 ship model (design Fr = 0.285), Rankine source
method combined with nonlinear programming method to optimize, and the wave
resistance of the modified ship is reduced by 13.5% and 23.4%, respectively; the
total resistance decreased by 4.3% and 9.8%, respectively. Although the speed of
optimization calculation of this method is not as fast as that of the Michell integral
method, it is much faster than the CFD technique. More importantly, the modified
ship model obtained by this method not only has the obvious resistance reduction
effect, but also does not change sharply; it is smooth, close to the actual ship type.
The original intention of the ship-type optimization is to make a small modification
to the given mother ship to achieve the purpose of reducing the resistance.
Therefore, this optimization method can provide ship designers with the theoretical
basis and technical support for optimizing hull line.

The reason why ship-type optimization based on Michell integral method gets
more exaggerated shapes in all kinds of shapes is that, except the reason of theory
itself, the selected design variables in the optimization are the direct ship-type value
points. The design variables are discrete points, which are more flexible and free
and less restrictive. Although the shape of the optimal ship is more exaggerated,
lacking in practical significance, it is of great significance to clear the direction of
optimization and guide the design modification.

The design variables used for ship-type optimization based on Rankine source
method are the parameters of the ship-type modification function. The ship-type
modification function has too much limitation on the optimal design range and can
still maintain the shape of the original ship type. Therefore, the optimized ship type
will not be too bizarre. Based on the Rankine source method for ship-type opti-
mization, in addition to the obvious reduction effect of the modified model obtained
at the designed speed point, the effect of reducing resistance at other speed points is
also obvious because the actual speed of the ship does not necessarily reach the
designed speed Therefore, it is of practical significance to obtain the minimum
resistance ship model within a certain range of design speed. So the optimal ship
form is relatively close to practical ship type, and the method has more practical
significance for researching ship-type optimization.
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Chapter 6
Hull Form Optimization Based
on the CFD Technique

6.1 Introduction

Based on the RANS solver, the aim of this section is to present several ship hull
form optimization loops in the calm water and in waves. Taking the DTMB5415
and Wigley III ships as examples, the total resistance of a ship in calm water or in
waves is regarded as the objective function. Four variables with three points are
used to modify the bow section located on the hull by utilizing the arbitrary shape
deformation (ASD) technique. Some improved optimizers are employed to opti-
mize these two ships. Finally, the performance of the original and optimal ships is
compared in order to illustrate the drag reduction effect. The research approaches in
this section can lay a theoretical foundation for the “green ship hull form” design.

6.2 Optimization Problem

6.2.1 Objective Function

The optimization loops presented in this section are employed to find an optimal ship
hull form with a minimum total resistance (expressed by using the total resistance
coefficient below) at design speed in calm water or in waves. Herein, Ctc is the total
resistance coefficient in calm water, and Ctw is the total resistance coefficient in waves.

6.2.2 Design Variables

The bow section is altered by using four design variables (a11, a12, a21, a22; b11, b12,
b21, b22) with three control points (point 1 to point 3; point 4 to point 6, as shown in
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Fig. 6.1) for each ship. a11 and b11 are moved along the x-direction; a21, a22, b12
and b21 are moved along the y-direction; and a12 and b22 are moved along the z-
direction. The range of these design variables is summarized as follows (Table 6.1).

6.2.3 Constraint

For the DTMB5415 ship, the displacement is changed lower than 1%, as shown
below:

Dnew � Dorg

Dorg

����
����� 0:01

where -org means the original ship, and -new means the modified ship.

For the Wigley III ship, no constraint is considered during the whole optimization.
Optimizer: Hybrid optimization algorithm//IPSO algorithm.
Objective function evaluation method: Numerical simulation based on the RANS
solvers//Resistance prediction by using the approximate technique.

(a) DTMB5415 (b) Wigley 

Fig. 6.1 ASD volume built around the hull surface

Table 6.1 Design variables for the two ships

Design variables

DTMB5415 ship Wigley III ship

Parameters a11 a12 a21 a22 b11 b12 b21 b22
No. 1 1 2 3 4 5 6 4

Movement direction x z y y x y y z
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6.3 Optimization Framework

Figure 6.2 shows an overview of the optimization design process. The essential
steps are summarized as follows:

(1) Change the design variables using the optimization algorithm.
(2) Change the shape of the ship hull form geometry using the ASD technique

according to the present design variables.

Fig. 6.2 Flowchart of the ship design optimization
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(3) Calculate the displacement of the new hull form, and return to Step 1 until the
displacement is met.

(4) Calculate the total resistance of the ship in calm water or in waves using the
RANS solver or the approximation technique.

(5) Save the total resistance coefficient.
(6) Repeat Steps 1–5 until the convergence is met. Then output the optimal hull

form.

6.4 Hull Form Optimization Based on the RANS-CFD
Technique

6.4.1 Hull Form Optimization in Calm Water Using
the IPSO II Algorithm

In order to reduce total resistance of a ship, an optimization framework for sonar
dome optimization was presented in this section. The total resistance in calm water
was selected as the objective function, and the RANS-CFD method was used to
calculate the total resistance of a DTMB5415 ship. In order to improve the effi-
ciency and smoothness of the geometric reconstruction, the arbitrary shape defor-
mation (ASD) technique was introduced to change the shape of the sonar dome. To
improve the global search ability of the particle swarm optimization
(PSO) algorithm, an improved particle swarm optimization (IPSO) II algorithm was
proposed to set up the optimization model. After a series of optimization analyses,
the optimal hull form was found. It can be concluded that the simulation-based
design framework built in this section is a promising method for sonar dome
optimization.

6.4.1.1 Algorithm Verification

To verify the applicability of the IPSO II algorithm, four functions shown in for-
mulas (6.1)–(6.4) are studied. The PSO and IPSO II algorithms are used to find the
minimum value of each of the four functions.

f1ðxÞ ¼
XD�1

i¼1

100 xiþ 1 � x2i
� �2 þ xi � 1ð Þ2

� �
ð6:1Þ
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f2ðxÞ ¼ 0:5þ
sin2

ffiffiffiffiffiffiffiffiffiffiPD
i¼1

x2i

s !
� 0:5

1:0þ 0:001
PD
i¼1

x2i

� 	
 �2 ð6:2Þ

f3ðxÞ ¼
XD
i¼1

x2i � 10 cos 2pxið Þþ 10
� � ð6:3Þ

f4ðxÞ ¼ 1
4000

XD
i¼1

x2i � P
D

i¼1
cos

xiffiffi
i

p
� 	

þ 1 ð6:4Þ

Table 6.2 provides a comparison of the optimization results with the two
algorithms. Figure 6.3 shows the iterative process. The optimization results show
that the results obtained from the three functions, f1(x), f3(x) and f4(x), using the
IPSO II algorithm are much closer to the theoretical values with a faster conver-
gence rate in the initial optimization, and the results of these functions obtained by
using the PSO algorithm have got trapped in a local optimum (Fig. 6.3a, c, and d),
especially for multi-modal functions f3(x) and f4(x). Although both algorithms
produce almost the same results in Fig. 6.3b, the IPSO II algorithm has a faster
convergence speed. It can be concluded that the IPSO II algorithm has better
performance and faster convergence speed for optimization, especially for
multi-optimization problems.

6.4.1.2 Comparison of Results and Discussion for the Hull Form
Optimization

Figure 6.4 shows the comparison of total resistance coefficients Ctc for the optimal
hull and parent hull with the change of Fr in calm water. The figure shows that the
total resistance decreases at all speeds and that it decreases more in design speed
and high speed.

Figure 6.5 presents body plans of optimal hull and the parent hull, which show
that the hull lines are smooth and slightly concave. Figure 6.6 compares the wave
profile for optimal hull and the parent hull at y/L = 0.105 (h represents the depth of
the water). It is shown that the amplitude of the waves has been reduced, which

Table 6.2 Comparison of optimization results

Functions D Minimum value PSO IPSO II

f1(x) (Rosenbrock) 10 0 8.6224 0.6657

f2(x) (Schaffer) 10 0 0.009716 0.009716

f3(x) (Rastrigrin) 10 0 16.9250 2.9855

f4(x) (Griewank) 10 0 1.0277 2.481e−09
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indicates a reduction in total resistance for optimal hull. Figures 6.7 and 6.8 present
a comparison of wave patterns and static pressure for the optimal and parent hulls,
respectively. Optimal hull has a smaller splash than the parent hull near the bow, as
shown in Fig. 6.7. The pressure distribution of the sonar dome undergoes a sig-
nificant change, as shown in Fig. 6.8.

(a) f1(x) (b) f2(x) 

(c) f3(x) (d) f4(x) 

Fig. 6.3 Optimization process

Fig. 6.4 Ctc changes with the Fr for optimal hull and parent hull
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Fig. 6.5 Comparison of body plans

Fig. 6.6 Comparison of wave profile at y/L = 0.105
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6.4.2 Hull Form Optimization in Waves Using the Hybrid
Algorithm

The seakeeping behavior of a ship in waves is different from its behavior in calm
water. The resistance and seakeeping performance of a ship must be considered in
the early-stage design. Therefore, this section proposes a hull form optimization
framework aiming to achieve the minimum total resistance in waves using a
computational fluid dynamics (CFD) technique. A sinusoidal wave was adopted to
establish the numerical wave tank, and the overset mesh technique was used to
facilitate the motions of the ships in question. The total resistance of the hull in
waves was regarded as the objective function which was calculated using the
Reynolds-averaged Navier–Stokes (RANS) method. The arbitrary shape deforma-
tion (ASD) technique was used to change the geometry. Under displacement and
design variables, a hybrid algorithm was developed to evaluate the objective

Fig. 6.7 Comparison of wave patterns

Fig. 6.8 Comparison of static pressure
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function combining the optimal Latin hypercube design (Opt LHD) and the non-
linear programming by quadratic Lagrangian (NLPQL) algorithm. Finally, two
examples of hull form optimization were presented and discussed for David Taylor
Model Basin (DTMB) model 5415 and Wigley III cases. The results show the
effectiveness of the optimization framework developed in the present study can lay
the foundation for further optimization of full-scale ships.

6.4.2.1 Data Preparing

The first step of optimization is the design of experiments (DOE) for the hybrid
optimization algorithm. DOE can explore the influence of the four parameters
effectively. After the DOE, a set of design variables with minimum total resistance
coefficients can be selected as the initial point of the NLPQL algorithm. This step
can improve the optimization accuracy of the NLPQL algorithm which has been
verified below. Table 6.3 indicates the wave conditions used in this paper, and Case
2 and Case 5 are used to optimize the DTMB5415 and Wigley III ships, respec-
tively. Tables 6.4 and 6.5 show the DOE numerical results by using Opt LHD
method for the DTMB5415 and Wigley III ships. Figures 6.9 and 6.10 show the
space distributions of samples.

6.4.2.2 Optimization and Numerical Results Analysis

Table 6.6 shows the optimization results. It can be seen from the table that the total
resistance decreases, respectively, by 3.71% and 4.41% for the DTMB5415 and
Wigley III ships, which also signifies the effect of the new bow toward the
reduction in resistance. Due to the optimized bow shape, insignificant differences
have been seen for TF3 and TF5 between the original hull and optimal hulls.

In the table, TF3 and TF5 are the heave transfer function and pitch transfer
function, respectively.

Since the new bow of the optimized hull-B changes the displacement of the ship,
the resistance comparison per unit of displacement has been carried out and details
are provided in Table 6.7. From the table, it can be seen that the total resistance

Table 6.3 Wave conditions

Case no. Fr Wave
steepness ak

k/Lpp Encounter
freq. fe (Hz)

DTMB5415 1 0.19 0.025 1 1.0562

2 0.28 0.025 1 1.2176
3 0.34 0.025 1 1.3251

Wigley III 4 0.2 0.023 1 1.0827

5 0.3 0.023 1 1.2636
6 0.4 0.023 1 1.4442
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Table 6.4 Samples of DTMB5415 ship by Opt LHD

No. a11 a12 a21 a22 Ctw1

1 −0.0201 −0.02442 0.0623 −0.0479 0.004599

2 −0.2533 −0.03809 0.0573 −0.0468 0.004543

3 −0.1065 −0.09362 −0.1148 0.0884 0.004564

4 −0.201 −0.02528 −0.0143 −0.0214 0.004503

5 −0.3075 −0.08337 −0.0721 −0.1115 0.004651

6 −0.2432 −0.01503 −0.145 −0.019 0.004509

7 −0.3176 −0.0808 −0.0759 −0.0329 0.004554

8 −0.0422 −0.00392 −0.1136 0.0769 0.004626

9 −0.0683 −0.10131 −0.0683 −0.0075 0.004643

10 −0.203 −0.13975 0.0824 0.0561 0.004658

… … … … … …

… … … … … …

197 −0.3437 −0.06286 0.0673 0.0792 0.004563

198 −0.3276 −0.07739 0.0523 0.0098 0.004564

199 −0.2854 −0.10387 −0.0043 0.033 0.00453

200 −0.0121 −0.08764 0.0611 0.0353 0.004685

Table 6.5 Samples of Wigley III ship by Opt LHD

No. b11 b12 b21 b22 Ctw2

1 −0.0369 −0.061 −0.5494 −0.00275 0.005321

2 −0.3791 −0.6747 −0.5237 0.04178 0.005138

3 −0.0932 −0.0161 −0.7357 0.00361 0.005363

4 −0.3068 −0.2924 −0.2731 0.03976 0.005150

5 −0.249 −0.7229 −0.0867 0.04294 0.005174

6 −0.008 −0.1221 −0.3373 0.036 0.005252

7 −0.3936 −0.1896 −0.3502 0.02993 0.005132

8 −0.1044 −0.1542 −0.5783 0.01287 0.005265

9 −0.2506 −0.4305 −0.1382 −0.00969 0.005189

10 −0.0369 −0.061 −0.5494 −0.00275 0.005174

… … … … … …

… … … … … …

197 −0.2426 −0.7357 −0.0964 0.00477 0.005225

198 −0.2795 −0.6683 −0.0225 0.02414 0.005140

199 −0.3598 −0.1124 −0.5558 0.03022 0.005151

200 −0.2153 −0.71 −0.5398 −0.00448 0.005311
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coefficient decreases by 4.94% at Fr = 0.3, and the effect of a new bow for
reduction in resistance coefficient is even greater when Fr = 0.2.

Figures 6.11 and 6.12 show a comparison of bow sections for the original hull
and the optimal hulls. It can be seen that the hull lines of the optimal hulls are
smooth which indicates the validity of the ASD method for changing the geometry.

Fig. 6.9 Samples of the DTMB5415 case

Fig. 6.10 Samples of the Wigley III

Table 6.6 Optimization results

Optimal ships Fr Ctw�org

Ctw�opt

Dorg

Dopt

TF3�org

TF3�opt

TF5�org

TF5�opt

Optimized Hull-A 0.28 1.0385 1.0069 0.9918 1.0361

Optimized Hull-B 0.30 1.0461 0.9944 0.9979 1.0387

Table 6.7 Resistance
comparisons per unit
displacement

Fr Original Hull Optimized Hull-B Reduction%

0.2 6.284 * 10−5 5.916 * 10−5 5.85

0.3 6.772 * 10−5 6.437 * 10−5 4.94

0.4 7.280 * 10−5 6.907 * 10−5 5.12

6.4 Hull Form Optimization Based on the RANS-CFD Technique 207



Figure 6.13 presents the convergence history between the hybrid algorithm and
the NLPQL algorithm. It can clearly be seen that the resistance reduction effect is
better with the hybrid algorithm than the NLPQL algorithm.

Figure 6.14 shows the changes of the total resistance coefficients along with the
Fr [1–4]. As can be seen from the figures, the optimal hulls have the satisfactory
resistance reduction effectiveness at different Fr not only for the DTMB5415 ship
but also for the Wigley III ship. And the resistance reduction is greater at Fr = 0.34
and Fr = 0.2 for the DTMB5415 and Wigley III ships, respectively. Figures 6.15
and 6.16 show the TF3 and TF5 for the original hull and the optimal hulls at
different values of Fr.

Figure 6.17 shows the comparison of the static pressure between the original and
the optimal hulls in an encounter period. The two ships have the smallest fore draft
at t/T = 0.25 and the biggest fore draft at t/T = 0.75, which is the same as the actual
situation.

Fig. 6.11 Comparison of geometry for original hull and the optimized hull-A

Fig. 6.12 Comparison of geometry for original hull and the optimized hull-B
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Figure 6.18 shows the wall shear stress on the bow surface of both the original
hull and the optimized hull-A in an encounter period. As shown in the figure, the
change in the ship’s bow shape has affected the pressure distribution on the bow
surface. In the case of the optimized hull-A, the pressure has been decreased
significantly, which results in the decrease of the total resistance.

Figure 6.19 shows the comparison of wave contours for the original hull and the
optimal hulls in an encounter period. As can be seen from the figure, the new bow
shape of optimal hulls has reduced the bow waves and shoulder waves which
results in the reduction of the total resistance.

(a) DTMB5415 ship

(b) Wigley III ship

Fig. 6.13 Evolution history of total resistance coefficients
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6.5 Hull Form Optimization Based on the Approximate
Technique

6.5.1 Hull Form Optimization Based on the IPSO I-BP
Algorithm

In order to improve the convergence and precision of particle swarm optimization
(PSO) algorithm and avoid falling into local optimal solution, an improved particle
swarm optimization (IPSO) I algorithm was put forward to solve the optimization
problem of hull form. The arbitrary shape deformation (ASD) technique was used
to modify the sonar dome. To improve the accuracy of BP neural network (BPNN),
a new method of hull resistance prediction based on IPSO I-BP neural network was
proposed. The optimal Latin hypercube design (Opt LHD) was used to select
samples. The IPSO I algorithm was used to optimize the weights and thresholds of

(a) DTMB5415 ship

(b) Wigley III ship

Fig. 6.14 Total resistance coefficients change with Fr
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BPNN and train the BPNN. Then, the approximate optimization platform was built
to explore the suitable sonar dome for DTMB5415 with IPSO I algorithm. After a
series of calculation, the optimal sonar dome was found with the lowest ship hull
resistance. The optimization results are shown that the approximate optimization
platform presented in this section not only has high efficiency but also has high
accuracy.

6.5.1.1 Samples

Table 6.8 shows the total resistance coefficients of 200 variations of the
DTMB5415 model with corresponding design variables. One set of design

(a) DTMB5415 ship

(b) Wigley III ship

Fig. 6.15 TF3 changes with Fr
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variables represents a new ship geometry with a different sonar dome shape.
Figure 6.20 indicates the space distributions of these samples.

6.5.1.2 Algorithm Evaluation

In Table 6.8, 200 samples are used to build the BP and IPSO I-BP models in order
to validate the accuracy of these two algorithms. The results can be found in
Fig. 6.21. The n is the difference between the total resistance coefficients obtained
by using the neural network and the results from the CFD data.

(a) DTMB5415 ship

(b) Wigley III ship

Fig. 6.16 TF5 changes with Fr
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(a) DTMB5415 ship

(b) Wigley III ship

Fig. 6.17 Comparison of surface pressure in an encounter period

Fig. 6.18 Wall shear stress on the bow surface in an encounter period
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As can be clearly seen from the figures above, two models are of good method to
predict the total resistance, and the accuracy of the IPSO I-BP model is better than
the BP algorithm alone.

6.5.1.3 Analysis Between Original and Optimal Hulls

After the completion on the optimization, the results are listed in Table 6.9. As seen
from the table that the total resistance of the optimized hull-A is down by 5.51%,
and the total resistance of the optimized hull-A1 decreases by 5.98%. The results
lead to the conclusion that the IPSO I-BP has a better performance in the opti-
mization of a ship with a high efficiency. Figure 6.22 shows the comparison of total
resistance coefficients between the original and the optimal hulls as well as the
experimental fluid dynamics (EFD) data. As can be seen in the figure, the total
resistance of the optimized hull-B decreases at all speeds.

(a) DTMB5415 ship

Fig. 6.19 Details of the free surface wave contours in an encounter period
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Figure 6.23 presents body plans of optimized hull-A1 and the parent hull, which
show that the hull lines are smooth and slightly concave. Figure 6.24 compares the
wave profile for optimized hull-A1 and the parent hull at y/L = 0.098. It can be

(b) Wigley III ship

Fig. 6.19 (continued)

Fig. 6.20 Samples of the DTMB5415 case
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Table 6.8 Samples obtained by Opt LHD

No. a11 a12 a21 a22 Ctc

1 −0.0201 −0.02442 0.0623 −0.0479 0.004348

2 −0.2533 −0.03809 0.0573 −0.0468 0.004375

3 −0.1065 −0.09362 −0.1148 0.0884 0.004355

4 −0.201 −0.02528 −0.0143 −0.0214 0.004343

5 −0.3075 −0.08337 −0.0721 −0.1115 0.004454

6 −0.2432 −0.01503 −0.145 −0.019 0.004397

7 −0.3176 −0.0808 −0.0759 −0.0329 0.004363

8 −0.0422 −0.00392 −0.1136 0.0769 0.004399

9 −0.0683 −0.10131 −0.0683 −0.0075 0.004485

10 −0.203 −0.13975 0.0824 0.0561 0.004365

… … … … … …

… … … … … …

196 −0.2915 −0.12779 −0.057 −0.0098 0.004496

197 −0.3437 −0.06286 0.0673 0.0792 0.004364

198 −0.3276 −0.07739 0.0523 0.0098 0.004368

199 −0.2854 −0.10387 −0.0043 0.033 0.004362

200 −0.0121 −0.08764 0.0611 0.0353 0.004521

(a) The results from the BPNN (b) The results from the BPNN

(c) The results from the IPSO I-BPNN (d) The results from the IPSO I-BPNN

Fig. 6.21 Prediction results of different algorithms
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shown that the amplitude of the waves has been reduced, which indicates a
reduction in total resistance for optimized hull-A1. Figures 6.25 and 6.26 present a
comparison of wave patterns and static pressure for optimized hull-B and the parent
hull, respectively.

Table 6.9 Optimization results

Methods Hull Ctcorg/Ctcopt Dorg/Dopt Time/h

CFD + IPSO I Optimal hull-A 1.0551 1.00533 600

IPSO I-BP + IPSO I Optimal hull-A1 1.0598 1.00603 400.25

Fig. 6.22 Ctc changes with the Fr

Fig. 6.23 Comparison of
body plans
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Fig. 6.25 Comparison of wave patterns

Fig. 6.24 Comparison of wave profile at y/L = 0.098

Fig. 6.26 Comparison of static pressure
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6.5.2 Hull Form Optimization Based on the IPSO
III-ElmanNN

With the rapid development of the computer hardware, computational fluid
dynamics (CFD) tools have been widely used to evaluate the ship hydrodynamic
performances in the hull form optimization. However, it is very time-consuming
since a great number of CFD simulations need to be done for one optimization. It is
of great importance to find a high-effective method to replace the calculation of the
CFD tools. In this section, a CFD-based hull form optimization loop has been
developed by integrating an approximate method to optimize hull form for reducing
the total resistance in calm water. In order to improve the optimization accuracy of
particle swarm optimization (PSO) algorithm, an improved PSO (IPSO) III algo-
rithm was presented where the inertia weight coefficient and search method were
designed based on random inertia weight and convergence evaluation, respectively.
To improve the prediction accuracy of total resistance, a data prediction method
based on IPSO III-Elman neural network (NN) was proposed. Herein, IPSO III
algorithm was used to train the weight coefficients and self-feedback gain coeffi-
cient of ElmanNN. In order to build IPSO III-ElmanNN model, optimal Latin
hypercube design (Opt LHD) was used to design the sampling hull forms, and the
total resistance (objective function) of these hull forms was calculated by
Reynolds-averaged Navier–Stokes (RANS) method. For the purpose of this paper,
the optimization framework has been employed to optimize the Wigley III ship, and
hull forms were changed by arbitrary shape deformation (ASD) technique. The
results show that the optimization framework developed in present paper can be
used to optimize hull forms and also can reduce a lot of calculation time compared
with CFD runs optimization.

6.5.2.1 Samples

Based on the Opt LHD algorithm, 200 schemes are designed to calculate the total
resistance, respectively. The samples are shown in Table 6.10, and the space dis-
tributions of samples are shown in Fig. 6.27. The total resistance coefficients Ctc are
calculated by RANS-CFD method.

6.5.2.2 Verification and Validation for IPSO III Algorithm

To verify the applicability of IPSO III algorithm, four functions are studied, as
shown in formula (6.1)–(6.4). PSO and IPSO III algorithm are used to find the
minimum value of four functions, respectively. After the completion of optimiza-
tion, the results are tabulated in Table 6.11. The optimization results of IPSO III
algorithm can get the global optimal solution for four functions, while PSO
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Table 6.10 Experiment samples

No. b11 b12 b21 b22 Ctc

1 −0.0369 −0.5494 −0.061 −0.00275 0.005536

2 −0.3791 −0.5237 −0.6747 0.04178 0.005206

3 −0.0932 −0.7357 −0.0161 0.00361 0.005577

4 −0.3068 −0.2731 −0.2924 0.03976 0.005369

5 −0.249 −0.0867 −0.7229 0.04294 0.005297

6 −0.008 −0.3373 −0.1221 0.036 0.005426

7 −0.3936 −0.3502 −0.1896 0.02993 0.005311

8 −0.1044 −0.5783 −0.1542 0.01287 0.005502

9 −0.2506 −0.1382 −0.4305 −0.00969 0.005402

10 −0.3438 −0.045 −0.3181 0.04612 0.005536

… … … … … …

… … … … … …

… … … … … …

197 −0.355 −0.4016 −0.7454 0.02212 0.005211

198 −0.3213 −0.0257 −0.2024 0.01402 0.005291

199 −0.1141 −0.3181 −0.6008 0.05913 0.005358

200 −0.0273 −0.498 −0.3566 0.00448 0.005502

Fig. 6.27 Space distributions of samples

Table 6.11 Optimization results of different algorithms

D Minimum value PSO IPSO III

f1(x) (Rosenbrock) 10 0 5.3067 0

f2(x) (Schaffer) 10 0 0.009716 0

f3(x) (Rastrigrin) 10 0 16.9250 0

f4(x) (Griewank) 10 0 1.0277 0
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algorithm was trapped in a local optimum. It can be seen that IPSO III algorithm
developed in this paper has very high precision in the optimization.

Figure 6.28 shows the iterative processes of the optimization using PSO and
IPSO III algorithm. In 1000 iterations, IPSO III algorithm can get better fitness
value which is near to the global optimal solution in the initial stage of optimization
than PSO algorithm. Although the mutation operation is added in IPSO III algo-
rithm, the convergence speed of the algorithm is still not affected. The improving of
the convergence speed is mainly because the weight coefficient is not a fixed value

(a) f1(x) 

(b) f2(x) 

(c) f3(x) 

(d) f4(x) 

Fig. 6.28 Convergence history of the different algorithms
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but a random distribution value. At the early stage of optimization, if the particle is
near the global optimum, it can automatically produce a relatively small value to
accelerate the convergence speed. If the global optimum cannot be found or get into
local extremum at the early stage of optimization, the constant change of the weight
coefficient and the convergence evaluation algorithm can help to overstep the local
extremum.

6.5.2.3 Verification and Validation for IPSO III-ElmanNN

In order to test the effect of IPSO III-ElmanNN, ElmanNN and IPSO III-ElmanNN
prediction models are implemented with the samples from Table 6.10. Then, two
algorithms are used to predict the total resistance, respectively. The cell numbers of
input nodes, hidden nodes, and output nodes are 4, 12, and 1, respectively.
Figure 6.29 shows the prediction results of total resistance coefficients. a is the
deviation between the ElmanNN//IPSO III-ElmanNN and the CFD methods.
Table 6.12 shows the average error results of these predictions.

(a) The prediction of the Ctc using ElmanNN

(b) The prediction of the Ctc using IPSO III-ElmanNN

Fig. 6.29 Prediction results of Ctc
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When comparing the IPSO III-ElmanNN with the ElmanNN for predicting the
total resistance coefficients, the former has improved the prediction accuracy for
Wigley III case (with the average error about 4.7 * 10−3%). The reason of this
improving performance is that IPSO III algorithm has found a set of more suitable
coefficients to train the ElmanNN in order to avoid the difficulty of choosing the
coefficients through experience. Although the forecasting precision of IPSO
III-Elman algorithm is preferable to Elman algorithm, there are some errors
between the CFD data and prediction data. The main reason producing error is that
the number of samples is not too much. The network training results can be
improved effectively by increasing the number of training samples.

6.5.2.4 Results and Discussion

Since the calculation of the total resistance costs less than 1 min with the help of the
IPSO III-ElmanNN, the optimization efficiency has been greatly improved com-
pared with CFD runs optimization loop. After the completion of the optimization,
the excellent hull forms with lower total resistance are obtained. Table 6.13 shows
the comparison of optimization results. The total resistance of the optimized hull-B
decreases by 5.19% for this optimal hull. Figure 6.30 shows the Ctc change with Fr.
As seen in the figure, Ctc decreases at all speeds especially in design speed.

Figure 6.31 shows the comparison of the hull lines for parent hull and optimized
hulls. Figure 6.32 shows the comparison of longitudinal wave cut for parent hull
and optimized hulls along the y/Lpp= 0.082 plan (z represents the height of free
surface). It can be found that the amplitude of waves has been reduced which
indicates the reduction in total resistance for the optimized hulls.

Figure 6.33 presents the wave patterns for the parent hull and the optimal hull.
As the change of the bow shape for both of the ships, the wave patterns in the
forward shoulder have been reduced significantly, while the change of the shoulder
waves and the stern waves are not very significant. Figure 6.34 is the comparison of
the static pressure on hull surface. The new hull forms have changed the pressure
distribution near the bow, and wave-resistance has been decreased which ends the
decrease of the total resistance.

Table 6.12 Total resistance prediction based on different training algorithms

Training algorithms Average error (%) for 200 sampling hull forms (%)

ElmanNN 1.41 * 10−2

IPSO III-ElmanNN 4.7 * 10−3

Table 6.13 Resistance results of optimized hulls

Method Optimal hull Fr Ctcorg/Ctcopt

IPSO III-Elman + IPSO Optimal hull-B 0.3 1.05468
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Fig. 6.30 Ctc change with Fr

Fig. 6.31 Comparison of hull lines

Fig. 6.32 Comparison of wave profile at y/Lpp= 0.082
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Chapter 7
Ship Navigation Optimization

7.1 Introduction

The equilibrium state of a ship floating on the sea is called the ship floating state.
There are four states for a ship sailing on the sea: upright condition, heel, trim, and
any inclination floatation. Large bow trim will cause the speed loss, the difficult
operation, and the water on the deck around the bow section. Large stern trim will
cause the amending course and the damage of the ship structure. Large trim will
influence the normal operation of the propeller and the main engine (Qiu [1]).
Overall, the suitable floating state is of great importance for the safety navigation of
a ship. On the basis of the existing experimental data, a suitable stern trim is
required for a ship sailing on the sea since it can improve the rapidity and sea-
worthiness of a ship.

When the ship is sailing on the sea, the changed trim of a ship will cause the
change of the waterline length, the ship geometry under the water, the position of
the buoyant center, the fore-body and after-body of a ship. All of these changes will
also alter the wave-making resistance, frictional resistance, and viscous pressure
resistance. Thus, there must be an optimal trim angle which is good for decreasing
the drag and for fuel economy of a ship in the same displacement and speed. Lin [2]
assumed that a ship with an optimum trim can save the fuel about 4% to 10%.
Facing the increasingly serious demand for energy saving and emission reduction of
ships, ship designers reduce the hull resistance by designing a new ship hull form or
using the energy-saving appendages. For a fixed ship, International Maritime
Organization (IMO) pointed out that optimal trim design has become one of the
most effective measures for the designer to reduce fuel consumption and improve
fuel efficiency. However, most of the designers selected the optimal trim angle
according to the personal experience (Zhang [3]; Liu et al. [4]). Because of the
importance of a trim optimization, this section presents a trim optimization loop in
order to find an optimal trim angle of a ship on the sea. The SHIPFLOW software is

© Shanghai Jiao Tong University Press, Shanghai and Springer Nature
Singapore Pte Ltd. 2019
B.-J. Zhang and S.-L. Zhang, Research on Ship Design and Optimization
Based on Simulation-Based Design (SBD) Technique,
https://doi.org/10.1007/978-981-10-8423-2_7

227

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8423-2_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8423-2_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8423-2_7&amp;domain=pdf


employed to simulate the flow field. The trim angle is set as the design variable, the
wave-making resistance is used as the objective function, and the PSO algorithm is
employed to optimize a KCS ship. The optimization flow chart is listed in Fig. 7.1.

7.2 Optimization Problem

A model-scale KCS is used within this study. The main properties of the KCS
model are presented in Fig. 7.2 and Table 7.1.

Fig. 7.1 Flowchart of the ship navigation optimization

Fig. 7.2 KCS ship geometry
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7.2.1 Objective Function

The objective of this optimization framework is to find a minimum wave-making
resistance in calm water at design speed for a KCS ship.

7.2.2 Design Variable

The trim angle h is set as the design variable. According to the real condition of the
KCS ship, the range of the h is defined as:

�1� � h� 1:5�

where the negative phase represents the bow trimmed of a ship, the positive phase
denotes the stern trimmed of a ship, and 0 means the ship upright floating on the
sea.

7.2.3 Optimizer

The PSO algorithm is employed to optimize the trim angle of the KCS ship.

7.3 Optimization

The PSO algorithm is used to find the best trim angle of the KCS ship. The
parameters of the PSO algorithm are listed in Table 7.2.

To accurately calculate the wave-making resistance, the fine mesh provided in
the SHIPFLOW software is used to mesh the whole computational domain as
shown in Figs. 7.3 and 7.4. The mono model is used to predict the KCS hull
resistance.

Table 7.1 KCS general
properties

Values

Scale 1:31.599

Length between the perpendiculars Lpp (m) 7.2786

Beam at waterline B (m) 1.019

Design draft T (m) 0.3418

Block coefficient CB 0.65

Ship wetted area S (m2) 9.438
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The current CFD model is used to calculate the wave-making resistance in
different speed. Figure 7.5 shows the comparison of wave-making resistance
coefficients of the ship with upright condition obtained using the SHIPFLOW
software as well as the experimental data (Chen et al. [5]). As clearly seen from the
figure, the results obtained by using the present CFD model are consistent with the
trend of experimental data. As the increasing of the ship speed, the difference
between the CFD data and the experimental data becomes larger. However, the
errors are in an acceptable range.

Figure 7.6 shows the history of the iterations for the KCS optimization. As can
be seen in the figure, the optimization becomes to convergence at nine steps. And
the wave-making resistance of the optimal result is 0.00063595 with the trim angle
of 0.042052°. The wave-making resistance of the ship is 0.00063898 with the
upright condition. It is clearly illustrated that the resistance of the optimal trim can
decrease 0.47% compared the ship in the upright condition.

Table 7.2 Parameters of the PSO algorithm

Parameters Values

Maximum iterations 80

Population size 4

Acceleration coefficient c1 = c2 2

Inertia weight x 0.8

Upper bound of particle swarm 1.5

Lower bound of particle swarm −1

Fig. 7.3 Mesh on the hull surface

Fig. 7.4 Mesh on the free surface
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In order to observe the relationship between the trim angle and the wave-making
resistance of a ship, part of the particles obtained by using the PSO algorithm are
listed from large to small as shown in Fig. 7.7. As we can see in Fig. 7.7a, with the
increase of the trim angle, the wave-making resistance varies slowly firstly and then
grows fast. In conclusion, the optimal solution is near the 0. From Fig. 7.7b, we can
find that as the trim angle decreases, the wave-making resistance increases rapidly.
So the bow trim is not good for the navigation of a ship.

Figure 7.8 shows the Kelvin waves around the KCS hull surface with the upright
condition and the optimal trim angle, respectively. It can be seen from the figure
there is a significant difference between these two Kelvin waves, especially in the
bow section. Overall, the suitable trim angle is good for reducing the wave-making
resistance. Figure 7.9 shows the pressure on the hull surface.

Fig. 7.6 History of the iterations

Fig. 7.5 Cw changes with the Fr
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Fig. 7.8 Comparison of wave patterns

Fig. 7.7 Cw changes with the trim angle
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