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Abstract: [ Objectives] For the hull line optimization design of luxury cruise ships, except for its aesthetic needs, it
is of utmost importance for the design and optimization of the hull form to be able to acquire resistance performance
throughout the whole sailing period at variable speeds. This is in line with today's requirements of energy saving,
safety, and comfort features. [ Methods] Based on the in-house optimization design software OPTShip-SJTU for
hull forms, a luxury cruise ship is regarded as the initial hull to reduce its wave-making resistance at variable speeds.
The hull form deformation is then implemented by the free-form deformation (FFD) method and the resistance evalu-
ation is carried out by the Neumann-Michell (NM) potential-flow-based solver NMShip-SJTU to obtain the optimal
hull forms using optimization algorithms. Finally, the optimal hulls set at two specified speeds are then chosen for
further analysis using the viscous-flow-based solver naoe-FOAM-SJTU in order to verify that the optimal hulls do
have better total resistance performances at the two specified speeds. [ Results ] Results show that using NMShip-SJ-
TU solver to do the optimization is more efficient and the two optimal hull forms have a 0.65% and 0.98% total resis-
tance reduction respectively. [ Conclusions | The research indicates that the simulation-based hull form optimization
process can be applied in the optimization of resistance and even comprehensive performances for the luxury cruise
ships.
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0 Introduction

In the last 20 years, China has witnessed a rapid
development of the shipbuilding industry and con-
tinuously improved shipbuilding technology, and a
large number of ships of all types except luxury
cruise ships have been successfully designed and
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built. Luxury cruise ships have been given the repu-
tation of "Mobile City by Sea" due to their personal-
ized interior design, land-based hierarchical layout,
and diverse entertainment facilities; they are recog-
nized by the international shipbuilding industry as
"3-high" ships that integrate high technology, high
added value, and high reliability, thereby leading to
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high difficulty and cost in their design and construc-
tion. The focus of the shipbuilding industry in many
developed countries has been shifted to luxury
cruise ships; some European countries have always
held a leading position in the design and construc-
tion of luxury cruise ships by virtue of their advan-
tages in technology, experience, and equipment sup-
ply.

On Nov. 6, 2018, China State Shipbuilding Cor-
poration (CSSC) officially signed the construction
contract of the Vista-class cruise ship with a gross
tonnage (GT) of 135 000 with American Carnival
Group and lItalian Fincantieri Group, marking the
entrance of the substantive construction stage for
the first large-scale cruise ship with advanced world
level of China, and providing the foundation for in-
dependent design and construction of luxury cruise
ships in China.

Compared with that of conventional ships, the
structure of luxury cruise ships usually exhibits the
following characteristics:

1) Principal dimensions: larger breadth and small-
er depth; smaller block coefficient, and being slim
below the waterline.

2) Bow and stern structures: square stern and
bent bulbous bow, with forward-tilted and flaring
stem post.

3) Propulsion mode: mostly driven by electricity;
absence of main engine and propulsion shafting;
small engine room; low vibration noise.

4) Aesthetic design: natural and beautiful for the
parts above the waterline, and straightly aligned up-
per and lower structures.

However, due to the particularity of the hull form
of luxury cruise ships (for example, commercial
construction models are inaccessible), there are few
relevant documents regarding the hydrodynamic
performance, in particular, the optimization of resis-
tance performance, of luxury cruise ships -3; most
available documents are optimizations for the
routes and layouts of luxury cruise ships =71, There-
fore, it is necessary to carry out further research on
the design and optimization of luxury cruise ships
based on hydrodynamic performance, when the
aforementioned characteristics of luxury cruise
ships and strong demand for their design and con-
struction in China are taken into account.

Based on the self-developed optimization design
software for hull forms, OPTShip-SJTU, a luxury
cruise ship is taken as the initial hull form and a
free-form deformation (FFD) method is used to lo-

cally deform the bow, waterline, and stern in this pa-
per. The resistance evaluation is performed by
means of the wave-making resistance solver
NMShip-SJTU that is based on Neumann-Michell
(NM) potential flow theory, and the hull forms with
the optimal wave-making resistance coefficients at
different speeds are obtained by combining with the
optimization algorithm. The optimized hull forms
are further verified using the high-precision viscous
flow solver, naoe-FOAM-SJTU, which has been ex-
tensively validated.

1 Characteristics and optimization
design requirements of luxury
cruise ships

A luxury cruise ship is not only a means of trans-
portation, but also a place for travel and leisure,
which determines that it exhibits higher require-
ments than general types of ships in terms of safety,
comfort, energy saving, and environmental protec-
tion.

1) Safety: Based on the development of large-
sized luxury cruise ships and the consideration of a
large number of people on board, safety issues are
attracting increasing attention. According to statis-
tics, most accidents of luxury cruise ships have
been caused by damage and fire. Therefore, the de-
sign of luxury cruise ships must not only meet the
demands of the International Convention for the
Safety of Life at Sea (SOLAS) ¥ but also meet the
requirements of Safe Return to Port (SRtP) [¥l. Ac-
cording to the requirements, a ship should be able
to safely return to the port on its own power, when
a fire or flooding accident occurs within a certain
safety limit. In this process, passengers can safely
stay in the “safe area” and meet their basic needs;
when the accident exceeds the safety limit, the im-
portant system is able to run for 3 hours to ensure
orderly evacuation. It can be seen that sufficient
power is a necessity. From the perspective of hydro-
dynamic performance, a ship will undoubtedly save
power in case of emergency when it receives less re-
sistance while sailing at a certain design speed.

2) Comfort: The comfort of a luxury cruise ship
is primarily achieved by controlling the vibration
and noise of the ship. Since luxury cruise ships are
mostly driven by electricity, without the main en-
gine and propulsion shafting, the vibration and
noise generated in the engine room are small. More-
over, hydrodynamic noise cannot be ignored; for ex-
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ample, the free-surface waves that arise when ships
are sailing at medium and high speeds will generate
hydrodynamic noise during their formation and
propagation, thereby affecting the ornament and
comfort of the cruise ship.

3) Energy saving and environmental protection:
In order to build a "green" ocean, modern cruise
ships all exhibit "clean™ and "green" ship-class nota-
tions. In recent years, the international maritime or-
ganization (IMO) has successively released rules
such as energy efficiency design index (EEDI) for
controlling CO, emissions; these rules will greatly
affect the design of luxury cruise ships. EEDI has
put forward higher requirements for ship safety, en-
vironmental protection, energy efficiency, and crew
health protection. In terms of the various hydrody-
namic performances of ships, resistance perfor-
mance undoubtedly exhibits the greatest impact on
EEDI.

Therefore, ship design and optimization for resis-
tance performance are particularly important for the
hull form design of luxury cruise ships.

With the development of CFD technology and
ship CAD technology, the hull form optimization
design, based on numerical simulation, can be used
to completely get rid of the conventional design
mode. The technology takes a single or multiple op-
timal hydrodynamic performances of a ship as the
design goal, and achieves the optimization solution
for the ship hydrodynamic configuration, within the
given constraints and configuration design space,
by means of the technologies of CFD numerical
simulation and modern optimization; eventually, the
hull form with the best hydrodynamic performance
under given conditions can be obtained.

A crucial part in the process of optimizing the
hull form of luxury cruise ships based on hydrody-
namic performance is the evaluation of hydrody-
namic performance. According to the different
methods of treating fluid viscosity in fluid mechan-
ics, the methods of evaluating hydrodynamic perfor-
mance can be divided into two categories: the po-
tential-flow method based on the inviscid fluid as-
sumption, and the viscous-flow method considering
fluid viscosity. Although the potential-flow method
adopts the inviscid fluid assumption, which devi-
ates somewhat from the reality, the method is still
widely used for problems in the field of ship design
under some specific conditions, e.g., the use of fric-
tional resistance and wave-making resistance to re-
place the total resistance of the ship; its biggest ad-

vantage is that it consumes much less calculation
time and fewer resources while maintaining higher
accuracy. It can be seen that this method is extreme-
ly suitable for the preliminary design and optimiza-
tion of luxury cruise ships. The full-flow-field CFD
method with viscosity being considered can restore
the flow field more realistically, and achieve all the
information about the flow field more conveniently;
moreover, the method exhibits higher accuracy and
reliability, and can assist or replace expensive ship
model tests to some extent; however, the viscous-
flow method consumes huge computational time
and many resources when compared with the poten-
tial-flow method.

Huge progress has been made in hull form opti-
mization and application all over the world [0-15I;
optimized hull forms are transited from simple
mathematical hull forms, standard models to practi-
cal hull forms; there are various hull form deforma-
tion methods; most of the objective functions are
wave-making resistance, total resistance, stern
wake uniformity, etc.; methods of evaluating hydro-
dynamic performance mainly include empirical for-
mula, potential-flow method, RANS-based viscous-
flow method, etc.; optimization algorithms include
gradient-based optimization algorithms and intelli-
gent optimization algorithms based on biological
evolution; approximation models mainly involve
Kriging, neural network, etc. However, most domes-
tic applications rely on commercial software to
build an optimization platform or evaluate hydrody-
namic performance. Therefore, it is imminent to in-
dependently develop an optimization platform and
perform hull form optimization on the basis of ship
hydrodynamic performance, according to the de-
mands of hull form optimization of luxury cruise
ships.

For optimizing the resistance of a luxury cruise
ship, the potential flow theory can be used to effi-
ciently evaluate the wave-making resistance, and
the wave-making resistance of the optimized hull
form can be significantly reduced, thereby decreas-
ing the total resistance of the luxury cruise ship.
Meanwhile, it will reduce the free-surface wave and
hydrodynamic noise of the ship, and improve its or-
nament and comfort. In addition, a luxury cruise
ship is not designed and built only according to the
design speed like ordinary ships, due to the specific-
ity in use; instead, the ornament requests of the tour-
ists on the cruise ship should be considered. For ex-
ample, it needs to sail at a lower speed while pas-
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sengers enjoy the beautiful sea scenery and under-
water creatures; otherwise, it requires to slightly in-
crease the ship speed to save more time. Therefore,
the performance optimization in the design and con-
struction of luxury cruise ships should be carried
out not only for a single speed but also for multiple
speeds.

In this paper, the software OPTShip-SJTU is
used to optimize the wave-making resistance coeffi-
cient of a luxury cruise ship at two speeds (Fr=
0.171 15 and 0.209 18 ). Next, the FFD method is
employed to perform the hull form deformation,
and the wave-making resistance solver, NMShip-
SJTU, is used to evaluate the resistance perfor-
mance. Eventually, the multi-objective genetic algo-
rithm is used to achieve the optimized hull form,
and a viscous-flow-based CFD evaluation is per-
formed to verify the reliability of the optimization

results, thereby providing a reference for the optimi-
zation design of luxury cruise ships of the same type.

2 Modules and principle of hull
form optimization software

Based on C++ language and the open-source plat-
form, OpenFOAM, a hull form optimization design
tool, OPTShip-SJTU, was independently developed
by the Computational Marine Hydrodynamics Lab
(CMHL), Shanghai Jiao Tong University. This soft-
ware does not rely on other commercial software. It
has integrated the modules of hull form deforma-
tion, hydrodynamic performance evaluation, ap-
proximation model construction, and optimization
solution, which can implement automatic optimiza-
tion design of hull form. The software framework is
shown in Fig. 1.
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Fig. 1 Framework of OPTShip-SJTU hull form optimization software

2.1  Hull form deformation module

The FFD method was first proposed by Seder-
berg and Parry [*¢1. This method is analogous to that
when the shell of an elastic object is deformed due
to an external force, the geometrical entity embed-
ded in it also undergoes a deformation. The FFD
method is employed to transform the 3D entity ac-
cording to similar steps: First, the area to be de-
formed is enclosed by a control body, which is
equivalent to embedding the deformed object into
the elastic control body; next, the shape of the con-
trol body is altered by moving the control vertices
of the control body, which is equivalent to deform-
ing the elastic body by an external force; eventual-
ly, the object to be deformed in the control body ac-
cordingly undergoes deformation as control points
move. Fig. 2 shows the schematic diagram of the

FFD method. The yellow point in Fig. 2 (a) consti-
tute the initial control body, while the pink point
and yellow point in Fig. 2 (b) represent the moving
control points and fixed control points, respectively.
The deformation of the bow can be implemented by
means of this operation.

(a) Bow shape before deformation (b) Bow shape after deformation

Fig. 2 Schematic diagram of the FFD method
The control body of the FFD method can general-

ly be chosen as a cuboid with (I+1), (m+1), and (n+ 1)
control points being uniformly distributed in its
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length-, breadth-, and height-direction, respectively,
and the cuboid is used to enclose the area to be de-
formed. The coordinates of the object to be de-
formed within the control body include global coor-
dinates (O-XYZ) and local coordinates (O'-STU), as
shown in Fig. 3.

£

T
/ONOV)
X Y

Fig. 3 Schematic diagram of global and local coordinate
systems of the FFD method

A connection between the global coordinates of
the object to be deformed within the control body
and the global coordinates of the control point has
been established by means of the following func-
tional relationship:

! m n
X(s,tu)=>" 3" > Bul$)BimtBin(w @iy (1)

i=0 j=0 k=0

where Q;;, stands for the global coordinates of a
control point; X is the global coordinates of the ob-
ject to be deformed within the control body; (s, t, u)
represents the local coordinates of the object to be
deformed within the control body; B;,, B, and
By » stand for the Ith-order, mth-order, and nth-order
Bernstein polynomials, respectively. Take the first
term, B, (s), as an example, the Bernstein polyno-

mial is defined as
!
B9 = 5
It can be seen from Eg. (1) that global coordi-
nates are employed to describe the geometric posi-
tion of an object in space, and they can be ex-
pressed as a linear superposition of the products of
the control point and the Bernstein polynomials;
therefore, the global coordinates of the object to be
deformed will also change while the control point
are moved. The local coordinates represent the rela-
tive position between the object to be deformed
within the control body and the point of the control
body; once the control body is given, the coordi-
nates (s, t, u) of the object to be deformed within
the control body are determined, and will not

change in the course of deformation.

When the control body is a regular cuboid, and
the control vertices are uniformly distributed in the
three directions, the local coordinates can be solved

!

s(l—s5)" (2)

quickly by means of Eq. (3):

X=X,+sS+T+ulU (3)
where X, is the global coordinates of the origin of
the control body; S, T, and U stand for the vectors
in the direction of length, breadth, and height of the
control body, respectively, as shown in Fig. 3. The
local coordinates (s, t, u) of an arbitrary point can
be solved by means of Eq. (4):

TxU-(X-X,)
- TxU-S
- SxU-(X-X,)
SxU-T
SXT-(X-Xy)
T SxTU
The global coordinates of the point of the control
body can be achieved in accordance with Eq. (5):

. , X
Q,J,k=0’+zS+iT+—U (5)
[ m n

(4)

wherei=0,1,..,1;j=0,1,..,m;k=0,1, .., n.

The calculation model in this work is obtained by
generating the surface mesh of the hull according to
the initial graphics exchange specification (IGES)
file and then deforming the hull form by means of
the FFD method. While moving the point of the
control body through FFD method, one can achieve
the global coordinates of an arbitrary point within
the control body after deformation by substituting
the local coordinates (s, t, u) obtained from the
above calculation and the new coordinates of the
control point into Eq. (1).

2.2 Hydrodynamic performance evalua-
tion module

The NM method is used to solve ship wave-mak-
ing problems. This method was proposed by
Noblesse et al. 271 in 2013, and it is a method ob-
tained by improving the Neumann-Kelvin (NK) the-
ory. In the NK theory, the velocity potential at an ar-
bitrary point in the flow field can be expressed as
the sum of the integral of the wetted surface of the
hull and the integral along the waterline of the hull.
In particular, the integral along the waterline of the
hull is a tough problem to solve, because it needs to
consider the influence of the free surface and calcu-
late the partial derivative of the velocity potential.
The NM theory introduces a coordinated flow mod-
el and wave function and eliminates the term relat-
ed to the integral along the ship waterline in NK
theory through a series of mathematical transforma-
tions. In NM theory, the velocity potential at an ar-
bitrary point in the flow field can be obtained by
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merely calculating the integral on the wetted sur-
face of the hull. Fig. 4 shows the schematic diagram
of the coordinate system of the NM theory.

T Fy

Fig. 4 Schematic dlagram of the coordinate system of NM
theory

The NM theory solves the velocity potential
based on a Green's function method (GFM), which
converts a boundary value problem into an integral
problem for solving. According to Green's second
identity, the boundary integral expression can be ob-
tained.

C’Jﬁzﬁ(Gn-V¢—¢n-VG)da (6)
where C is the area contribution coefficient, whose
specific value is determined according to the rela-
tive position between the field point and the bound-
ary surface; ¢ is the velocity potential of field point;
¢ is the velocity potential of a point on the bound-
ary surface; G is Green's function; n is the unit nor-
mal vector of the wetted surface of the hull, which
is perpendicular to the hull surface and is pointing
to the flow field; a is the micro-element area.

The boundary surface 2 is composed of the real
wetted surface of the hull 2%, the real free surface
2F and the infinite boundary 2. When field point X
belongs to the interior of boundary surface =, C=1;
when field point X belongs to the exterior of bound-
ary surface >, C=0; when field point X is exactly lo-
cated on the boundary surface =, C=0.5. Green's
function G satisfies the following relationship:

4nG:—%+H(i;x) (7)

where H (X; x) is the function representing the
wave-making effect of the free surface, which is a
harmonic function within the boundary surface 2 r
is the Euclidean distance between the field point X
and the source point x.

Green's function G will decay to 0 at infinity;
therefore, the integrand in Eq. (6), i.e., the integral
of Gn-V¢—¢n-VG over the infinite boundary surface
2>, can be ignored. Moreover, according to the im-
permeable boundary condition of the wetted surface
of the hull

n-Ve=n' (8)

Eqg. (6) can be simplified as

&:fw Gn"da—fvH ¢n-VGda+

[, (Gn-Vg—gn-VGya (9)

When the influence of the free-surface nonlinear
terms is ignored, and C=1 is temporarily taken, Eq. (9)
can be further simplified as

¢ = f Gn'da - Lt‘ on-VGda+

f _9G. -G, G¢n

V) + ()’
where G, is the first-order partial derivative of G
with respect to x; F is the Froude number (Fr); I"is
the line of intersection between the wetted surface
of the hull and the mean free surface (namely the
mean waterline); dl is the length micro-element on
I;n=(n%, nY, n?). n® and =/ are set to be the differ-
ential operators on G and ¢, and they are respective-

ly defined as

=G.+FG,, 1'=¢.+F¢,, (11)
where G, is the first-order partial derivative of G
with respect to z; G,, is the second-order partial de-
rivative of G with respect to x; ¢, is the first-order
partial derivative of ¢ with respect to z; ¢,, is the
second-order partial derivative of ¢ with respect to x.

Furthermore, according to the coordinated linear
flow model, after mathematical derivation, Eqg. (10)
can be simplified as

§= [ (Gn—gn VGua+
P J ¢Gxn"_dl
"N + ()

Eqg. (12) is the expression of the velocity poten-
tial of the flow field derived from the coordinated
linear model in NM theory; it can be seen that Gg,
in the waterline integral is already eliminated in
comparison with Eq. (10).

Green's function G is decomposed into the wave-
making section W and the local flow section L; the
wave-making section W satisfies the radiation con-
dition, the Kelvin-Michell linear free-surface
boundary condition, and the Laplace equation. A
wave function W is introduced, and the wave-mak-
ing section W and the wave function W satisfy V x
W = VW, then, the wave function can be written as

= (0, W, -W0) (13)
where subscripts z and y stand for the first-order
partial derivatives of W in z- and y-direction, respec-
tively; superscript x is the integral of x. By means
of a series of mathematical transformations, the ve-
locity potential expression with the term ¢G, being
eliminated can be achieved as

¢=Gu+ P +u" (14)
It can be easily seen from Eq. (14) that the veloci-

ndl + LF (nG¢ - Gn¢)dxdy (10)

+ L (¢~ Gn*)dxdy (12)
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ty potential in NM theory consists of two parts: the
initial known term (4,,) and the NM theory correct-
ed term (including the wave-making correction y"
and the local flow correction ¢*).

It is known from theoretical analysis and the re-
sults of numerical calculation that the term of local
flow correction " exhibits minor influence on the
final calculation results, and the effect of this term
is often ignored in practical applications. Therefore,
the final simplified NM velocity potential can be ex-
pressed as

¢~ du+yg (15)

where
B = JZH Gr'da— Jp- Gr'dxdy  (16)
PV= [ Coud +gut)-Wda  (17)
where t" and d’ are two unit vectors tangent to the
wetted surface of the hull, which is respectively tak-

en as
d =0,—v,v), t'=(,-n'v,—-n"V)

v= Y + (), (0 =@, 1)y (18)

On the port side of the hull, the unit vector d’
points upward; on the starboard side of the hull, the
unit vector d’ points downward. At an arbitrary posi-
tion of the hull, the unit vector t' always points to
the bow, and t’ and d’ are always perpendicular to
each other. ¢, and ¢, stand for the t’- and d’-compo-
nent of the velocity on the wetted surface of the
hull.

The use of the above formulas allows one to fur-
ther forecast the ship wave-making resistance in
still water, sinkage, trim, and free-surface wave ele-
vation. This method can not only accurately predict
the trend of ship resistance, but also consume short
calculation time and small storage space, thereby
making it very suitable for hull form optimization.
Therefore, the wave-making resistance solver,
NMShip-SJTU, which is independently developed
on the basis of using the aforementioned method
and C++ language, will be taken as the tool for the
numerical calculation of wave-making resistance in
this paper.

2.3 Module of approximation model con-
struction for the response function

The quantity of numerical calculations related to
the use of the aforementioned potential flow theory
in ship hydrodynamics and hull form design is rela-
tively large, and the introduction of methods of de-
sign of experiments (DoE) in hull form design can

greatly improve the optimization efficiency while
ensuring certain accuracy.

The DoE methods are used to determine the ex-
perimental design from the perspective of mathe-
matical statistics, which can reduce the number of
design samples while ensuring the accuracy of the
sample population. With x, and x, being the design
variables, Fig. 5 shows the uniform distribution
sampling design, the random Latin hypercube sam-
pling (LHS) design, and the optimized LHS design.
It can be seen that the uniformity and orthogonality
of the optimized LHS design are superior, and can
better improve the calculation efficiency. Therefore,
the optimized LHS design method is used to select
the design samples of the new hull form in this
work.

X, X; Xy

‘ 1 ® L_‘ 79T Lr. Fym

| | | I | %

| | | ® P
srere LTI o
| l | e

| 1 | l’_ ?__’ |

‘ ‘ ""x, : ! ._’)Cl ‘_L_’xl
(a) Uniform distribution ~ (b) Random LHS  (c) Optimized LHS
sampling design design design

Fig.5 Schematic diagram of uniformity and orthogonality of
different DoE methods

The Kriging approximation model ®° is the ma-
jor model of the approximation function established
in geostatistics; it was initially used in the mining
field, and then gradually applied to multiple fields.
The model is a method for unbiased and optimal es-
timation of variable values in accordance with the
spatial correlation of the variables. Its basic idea is
that the value of an unknown point is the mean val-
ue of its neighboring points, and the weight is the
distance from the unknown point to the given
points. From the perspective of interpolation, it is a
method to achieve the linear optimal and unbiased
interpolation estimation of spatially distributed da-
ta. The Kriging model has excellent adaptability
and can be extensively used to approximate low-or-
der and high-order nonlinear functions. Once the
wave-making resistance of the new hull form cho-
sen in the DoE is sequentially calculated, the re-
sponse function that represents the relationship be-
tween the hydrodynamic parameters, such as the
wave-making resistance coefficient, and the hull
form parameters can be established according to the
Kriging approximation model. In this paper, the re-
sponse function will be used in hull form optimiza-
tion.
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2.4 Optimization solution module

When only one objective function exists, a global
optimal solution can be found, which is superior to
other solutions. When multiple targets coexist, there
often exists conflicts between these targets, and it is
hard to find a solution to optimize all the targets si-
multaneously. Therefore, there is a multi-objective
optimization method with its essence of making at
least one target better while without worsening any
other targets; this multi-objective optimization
method is termed as the optimization based on the
Pareto front. For multi-objective optimization prob-
lems, there usually exists a solution set with the
characteristic that there is no longer room for Pareto
optimization for all the solutions within the set.
This solution set is called the Pareto optimal solu-
tion set.

Non-dominated sorting genetic algorithm (NS-
GA) [®ladopts a non-dominated hierarchical meth-
od, and allows individuals with better performance
to have a greater survival probability; its fitness
sharing strategy is able to prevent "super individu-
als" from premature convergence due to over-repro-
duction. However, NSGA still has problems such as
a lack of elite strategy and complex calculation.
NSGA-II introduces an elite strategy to directly
save the excellent parent individuals to the child
population, and prevent the decrease of algorithm
efficiency caused by the loss of excellent individu-
als. Moreover, the diversity of the population under
the condition of elite strategy can be guaranteed by
evaluating the population density around individu-
als with crowded comparison operators, and simul-
taneously choosing suitable individuals according
to the non-dominated sorting and crowding. There-
fore, NSGA-II has become one of the most popular
and reliable multi-objective genetic algorithms, and
it is also the multi-objective wave-making resis-
tance optimization algorithm used in this paper.

3 A case study of the hull line opti-
mization of a luxury cruise ship

3.1 Establishment of the optimization
problem

In this paper, the optimization design for the
wave-making resistance of the first home-made
135 000-ton Vista-class luxury cruise ship at two
speeds (Fr=0.171 15 or 0.209 18) was carried out.
The hull form and the principal dimensions of the

ship are shown in Fig. 6 and Table 1, respectively.

Fig. 6 Front view of the luxury cruise ship

Table 1 Main dimensions of the luxury cruise ship

Parameter Value

Scale ratio 140

Froude number Fr 0.171 15, 0.209 18

Waterline length L,,/m 7.458
Moulded breadth B/m 0.932
Moulded depth D/m 0.206

During optimization, the geometric reconstruc-
tion area needs to be carefully considered in order
to affect the ship wave-making resistance. In consid-
eration of the fact that the local deformation range
has a minor influence on the wetted surface area of
the entire ship, the total resistance is replaced by the
wave-making resistance to optimize the target hull
form. According to the principle described in the
previous section, multi-objective optimization is ap-
plied to the objective functions, which are chosen
as the wave-making resistance coefficients C,, at
two speeds. That is to say, the objective functions
are defined as

minf, = C, (Fr = 0.17115) (19)
minf, = C, (Fr = 0.209 18) (20)

The FFD method is utilized to geometrically re-
construct the bow and stern, as shown in Fig. 7. The
three lattices in the figure represent three FFD de-
formation areas, and the red line stands for the wa-
terline. A detailed description is given below.

Z
x4y
Fig. 7 Schematic diagram of FFD lattices of the luxury cruise

ship

Firstly, since the bent bulbous bow of the luxury
cruise ship can reduce its wave-making resistance,
its shape can be optimized; a control body can be
set in the bulbous bow area to implement the chang-
es in the length, breadth and height of the bulbous
bow. However, this luxury cruise ship exhibits a
shallow draft, thereby leading to a small part of the
bulbous bow above the water surface. It is neces-
sary to keep the water entry points at the bulbous
bow unchanged in order to ensure that the waterline
length in the principal dimensions remains un-
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changed. This requires a limitation on the control
points of the deformation lattice along the ship
length and draft directions, so as to prevent the
changes of water entry points in the ship length di-
rection as well as the reduction of waterline surface
caused by the immersion of the initial water entry
points due to the deformation in draft direction.

Secondly, although the limitation on water entry
points remains unchanged, a deformation lattice can
be set in the vicinity of the waterline, but the mould-
ed breadth must be kept unchanged, since the water-
line width of the inflow section is variable, namely
that the waterline of the entire bow (parallel to the
front of midbody) can change in the ship breadth di-
rection.

Eventually, a deformation lattice in the stern out-
flow section (parallel to the rear of midbody) is set,
and according to the draft direction, the control
points near the waterline and the control points of
two cross-sections in the ship breadth direction are
moved to comprehensively change the UV degree
of the stern cross-section line.

The control point are uniformly distributed in

each control body. In Fig. 8, the green and red con-
trol points stand for fixed and moving control
points, respectively; the total number of design vari-
ables is 7, as shown in Table 2. In the table, the vari-
ation ranges of the seven design variables dimen-
sionless.

The optimized LHS design method is used to
generate a total of 280 uniform and orthogonal sam-
ple points within the sample space formed by the
seven design variables; the distribution of different
design variables in the design space is shown in
Fig. 9. Meanwhile, 280 new hull forms are
achieved by means of the FFD method. Next, the
wave-making resistance of each new hull form is
evaluated. Finally, the Kriging model is employed
to construct an approximate response function sur-
face to represent the relationship between the objec-
tive function and the design variables.

3.2 Optimization results and analysis

With an initial population size of 200, a cross-
over rate of 0.8, a mutation rate of 0.2, and a maxi-
mum iteration number of 400, the multi-objective

(a) Movement in the ship length direction at the bow (X,)

(c) Movement in the ship draft direction at the bow (Z,)

(b) Movement in the ship breadth direction at the bow (Y,)

(d) Movement in the draft direction at the waterline (Y,)

(e) Movement in the ship breadth direciton at the stern (Y,)

(f) Movement in the draft direction at the stern (Z,)

VA

Xewl
Y

(e) Movement in the ship breath direciton at the stern (Y,)

Fig. 8 Distribution of control points of FFD lattices
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Table 2 Definition of optimization case

Item Configuration information

Remarks

min fi = Co (Fr=0.171 15) -

Objective function

mit f> = Cy (Fr=0.209 18) -

X
b
Z
Y,
Design variable
Y,
Z
Y,

Wetted surface area and displacement constraint

[0.015,0.015]
[-0.01,0.01]
[0.005,0.005]
[-0.025,0.025]
[0.02,0.02]
[—0.004,0.004]

[~0.02,0.02]

Movement in the ship length direction at the bow
Movement in the ship breadth direction at the bow
Movement in the draft direction at the bow
Movement in the draft direction at the waterline
Movement in the ship breadth direction at the stern
Movement in the draft direction at the stern

Movement in the ship breath direction at the stern

Within 1% -

DoF method Optimized LHS design Sample quantity of 280
Optimization algorithm NSGA-IL Population size of 200, number of generations of 400
x10 *
10 . o 6.0 1
5 o _o 5 o \\&
o 551
N 50
0
Zast
=5 4.0
0.010
0.005 0.02 MM
35 F %
y, 0005 ~0.01 P B ™
-0.010 ~0.02 ! 3.0 ; . ; ; : e <107
32 3.3 3.4 3.5 3.6 3.7 3.8 39

(a) The first three design variables

0
Z, —0.0

02 —0.0
—0.004 —0.02 Y,
(b) The last three design variables

Fig. 9 Distribution of different design variables in the design
space

genetic algorithm, NSGA-II, is used to search for
the optimal solution. The eventually achieved Pareto
front is shown in Fig. 10. In the figure, f,,; and f,,,
stand for the wave-making resistance coefficients at
lower and higher speeds, respectively, and the blue
star points constitute the Pareto front achieved by
the optimization algorithm. It can be seen that com-
pared with a single-objective optimization problem,
multi-objective optimization no longer seeks the on-
ly optimal solution, but a collection of a series of

Soin

Fig. 10 Pareto front of wave-making resistance coefficient

feasible solutions. The Pareto front forms a convex
set, namely that compared with the Pareto solution,
there are no other solutions that reduce the objec-
tive function f, while f, simultaneously decreases,
or reduce f, while f; simultaneously decreases.
Moreover, it can be seen that the wave-making re-
sistance coefficients of the optimized hull forms of
the Pareto front are negatively correlated at Fr=
0.171 15 and 0.209 18. In this work, two feasible
solutions (OPT1 and OPT2) from the Pareto solu-
tion set, as shown in Table 3, are chosen to further
analyze and verify the optimization results.

Fig. 11 compares the cross-section lines between
the two optimized hull forms and the initial hull
form. It can be seen that there is a big difference in
the deformation between the bulbous blow and the
stern, and the changes in the waterline of the inflow
section are basically the same.

Based on the NM theory, the free-surface wave
elevations of the two optimized hull forms (OPT1,
OPT2) and the initial hull form are compared, and
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Table 3 Design variable values of optimal hull forms

Design vriable OPT1(optimal OPT2(optimal
values at low Fr) at high Fr)
X, 0.0055 0.000 8
Y, 0.006 9 0.009 7
7 -0.003 2 -0.003 2
z/m
_ _ [/ e —— |
0 00240 00241 -0.040 —0.024 —0.008 0.008 0.024 0.039
Y -0.0175 0.0193 (b) Free-surface wave elevation of the OPT2 and initial hull forms
Z, ~0.003 9 0.003 9 (Fr=0.209 18)
Y, 0.019 8 00183 Fig. 12 Comparison of wave elevation between optimal and
initial hull forms by NMShip-SJTU
0.04 p = platform, is used as the evaluation tool. The solver
0.031 — Initial ' includes a 6-DoF motion module and a numerical
0.02} . .
- ool wave-making module, which can accurately fore-
= 0 cast the ship's hydrodynamic performance such as
-0.01} rapidity, seakeeping ability, propulsion ability, and
—002p ; J maneuverability, which can provide the fine charac-
_003 1 T T 1 . R . . e
-0.06 —0.04 —0.02 0 002 004 0.06 teristics of the flow field. Its reliability has been val-
1L . . .
_ S idated in many studies [9-201,
(a) Comparison of OPT1 and initial hull forms .
0.04 Based on the naoe-FOAM-SJTU solver, the dis-
003} —ors tributions of the free-surface wave elevation z and
0021 the hull surface pressure p between the two opti-
% 0'0(1 I mized hull forms and the initial hull form are ob-
N ) . . .
ool b tained and shown in Fig. 13. It can be seen that for
002} J OPT1, wave elevation at the bow is somewhat re-
—0.03 L= -

—0.06 —0.04 —0.02 0 0.02  0.04 0.06

WL
(b) Comparison of OPT2 and initial hull forms

Fig. 11 Comparison between optimal and initial hull forms

the results are shown in Fig. 12. It can be seen that
due to the deformation of bulbous bow, the peaks
and troughs of the bow waves of both the optimized
hull forms are reduced at two cruise speeds, and the
optimization effect of OPT1 is more noticeable.

In order to further verify the reliability of the op-
timization results, we evaluated the calm-water total
resistances of the initial hull form and the two opti-
mized hull forms at two speeds. The viscous flow
solver, naoe-FOAM-SJTU [29-201 which has been in-
dependently developed based on the OpenFOAM

z/im
T | [—

—0.040 —0.024 —0.008 0.008 0.024 0.039

(a) Free-surface wave elevation of the OPT1 and initial hull forms
(Fr=0.17115)

duced, and the high-pressure zone of the bow is
slightly decreased; for OPT2, the wave elevation at
the parallel midbody is somewhat decreased, and
the high-pressure zone of the bow is significantly

z/m
R
-0.020 -0.003 7 0.013 0.029 0.045

(a) Surface pressure distribution of the OPT1 and initial hull forms
(Fr=0.171 15)

p/Pa
| TR N R ]
=50 112 275 438 600

(b) Free-surface wave elevation ot the OPT1 and initial hull forms
(Fr=0.17115)
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z/m
' 1

—0.020 —0.003 7 0.013 0.029 0.045
(c) Surface pressure distribution of the OPT2 and initial hull forms
(Fr=0.209 18)

Initial

p/Pa
E—
—100 125 355 575 800

(d) Free-surface wave elevation ot the OPT2 and initial hull forms
(Fr=0.209 18)

Fig. 13 Comparison of wave elevation and hull surface
pressure distribution between optimal and initial
hull forms by naoeFOAM-SJTU

reduced.

Table 4 and Table 5 compare the evaluation re-
sults of the total resistance of the two optimized
hull forms and the initial hull form, respectively. It
can be seen from the tables that for the optimized
hull forms obtained on the basis of potential flow
evaluation, their pressure resistance in the total re-
sistance is significantly reduced, indicating that the
optimized hull forms obtained from the NM theory-
based evaluation are reliable, and their total resis-
tance is lower than that of the initial hull form when
the frictional resistance is almost constant. In fact,
the effect of viscosity has not been considered in
this paper when the potential flow theory based
solver is used; therefore, the optimization target is
the wave-making resistance at different speeds, and
the optimization range is relatively large from the
perspective of the optimization effect on wave-mak-
ing resistance. What corresponds to the wave-mak-
ing resistance is the component of pressure resis-
tance in the total resistance achieved by the viscous
flow solver, and it can also be seen from the result
of pressure resistance that it reflects the potential
flow-based optimization effect from the side. In the
subsequent verification, validations by model test-
ing or other commercial software can be supple-
mented to further illustrate the reliability of the

method in this work. The aforementioned results
show that the wave-making resistance optimization
based on NM theory can obtain hull forms with bet-
ter overall resistance performance; the optimization
is more efficient and exhibits higher application val-
ue compared with viscous flow-based CFD evalua-
tion.

Table 4 Comparison of total resistance between initial
and OPT1 hull forms at Fr =0.171 15

Degree of

Initial huu f
nitial huu torm OPTI reduction/%

Resistance component

Pressure resistance/N 2.76 2.48 9.99
Frictional resistance/N 24.98 25.07 —0.38
Total resistance/N 27.69 27.30 0.65

Table 5 Comparison of total resistance between initial
and OPT2 hull forms at Fr = 0.209 18

Resistance component Initial huu form ~ OPT2 reDdeL?ng:lf%

Pressure resistance/N 4.54 4.16 8.27

Frictional resistance/N 35.47 35.46 0.04
Total resistance/N 40.01 39.62 0.98

4 Conclusions

In this work, the hull form optimization software,
OPTShip-SJTU, is used to optimize the resistance
performance of a luxury cruise ship. First of all, the
method to obtain a new hull form by rationally de-
forming the hull is analyzed in accordance with the
characteristics and design requirements of the luxu-
ry cruise ship; then, the NMShip-SJTU solver is em-
ployed to calculate the wave-making resistance co-
efficient of each new hull form by using the results
of optimized LHS design; finally, the multi-objec-
tive wave-making resistance coefficient of the luxu-
ry cruise ship at two speeds optimization is imple-
mented and further verified by establishing an ap-
proximation response function model and using the
NSGA-II optimization algorithm. The results show
that the method to optimize the calm-water wave-
making resistance performance of the ship, which is
based on the evaluation of the potential flow theory,
is highly efficient, and the results can be verified by
the results of viscous flow evaluation. The OPT-
Ship-SJTU solver can be widely used in the optimi-
zation of the resistance performance of the practical
hull forms of luxury cruise ships, and the reduction
effect on the total resistance at two calculated
speeds reaches 0.65% and 0.98%, respectively.

Based on the real demands and the characteristics
of a luxury cruise ship, the stability optimization for
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its high superstructure and poor stability, the princi-
pal dimension optimization for the aesthetic needs
of its appearance, as well as the sea-keeping optimi-
zation for the comfort of tourists, the convenience
of sightseeing, and the prevention of seasickness
can also be taken into account in the future.
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