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Abstract: Optimization analysis and computational fluid dynamics
(CFDs) have been applied simultaneously, in which a parametric
model plays an important role in finding the optimal solution.
However, it is difficult to create a parametric model for a complex
shape with irregular curves, such as a submarine hull form. In this
study, the cubic Bezier curve and curve-plane intersection method are
used to generate a solid model of a parametric submarine hull form
taking three input parameters into account: nose radius, tail radius,
and length-height hull ratio (L/H). Application program interface
(API) scripting is also used to write code in the ANSYS
DesignModeler. The results show that the submarine shape can be
generated with some variation of the input parameters. An example is
given that shows how the proposed method can be applied
successfully to a hull resistance optimization case. The parametric
design of the middle submarine type was chosen to be modified. First,
the original submarine model was analyzed, in advance, using CFD.
Then, using the response surface graph, some candidate optimal
designs with a minimum hull resistance coefficient were obtained.
Further, the optimization method in goal-driven optimization (GDO)
was implemented to find the submarine hull form with the minimum
hull resistance coefficient (C;). The minimum C; was obtained. The
calculated difference in C, values between the initial submarine and
the optimum submarine is around 0.26%, with the C; of the initial
submarine and the optimum submarine being 0.001 508 26 and
0.001 504 29, respectively. The results show that the optimum
submarine hull form shows a higher nose radius (r,) and higher L/H
than those of the initial submarine shape, while the radius of the tail
(r,) is smaller than that of the initial shape.
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1 Introduction

Recently, the relationship between parametric design and
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ship performance analysis using CFD has become a topic of
interest, specifically, the method of obtaining an optimum
ship hull form that will ensure good hydrodynamic
performance of a ship. Several methods of parametric design
have been used in ship modeling. The use of the control
points of the cubic B-spline to generate the parameters of
ship hull design has been introduced with successful results
(Sarioz, 2006; Mancuso, 2006; Perez et al., 2007; Ping et al.,
2008, Perez and Clemente, 2011). Campana et al. (2006)
used the Bezier polynomial patches method, in which the
shape modification was controlled by a given number of
control points that were used as the design variables/input
parameters for finding the optimum shape in the
optimization process. Chen and Huang (2004) used a
technique for parameter estimation using the B-spline
surface fitting method in an inverse design problem of
finding the optimal hull form. In addition, Kang and Lee
(2010) implemented the parametric morphing technique to
rapidly generate a hull form with some variations of the
input parameters. Furthermore, Rodriguez and Jambrina
(2012) developed a programmed design based on a
programming language as a tool for parametric hull form
generation. In general, these methods can be used to create
the parametric design for surface modeling only. However,
some CFD software (especially the RANSE solver) needs a
solid modeling at the meshing stage before the CFD analysis
stage can begin. Pecot et al. (2012) introduced the
parametric design of ship hull shape for solid modeling in
the optimization calculation using CFD. In this design, CAD
is used to generate some bulbous bow shapes based on the
parameters for each design of experiment (DOE). Blanchard
et al. (2013) used the movement of control points to create
bulbous bow shapes in solid modeling according to two
parameters: bow length and bow thickness. However,
neither of these authors considered how to automatically
generate the hull or bulbous bow shape.

In this study, some previous studies concerning ship
performance analysis using CFD, especially for the free
surface case, are used as a reference for the calculation of
ship resistance. Seo er al. (2010) investigated flexible
meshing techniques (i.e., a hybrid meshing for complex
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geometry regions and a sliding mesh for the rotating
propeller); the meshing was employed to perform the three

primary tests for ship resistance and propulsion performance.

Unstructured meshing was used for the bow and stern
regions with structured meshing for the remaining region.
Non-conformal interfaces were placed between the
sub-domains with different cell types. Wood et al. (2007)
presented the results of the computations performed in the
ETSIN for different ships with the RANSE free-surface
commercial solver CFX. Some of the computational results
were validated against experimental data in terms of various
global and local quantities; the turbulence model used in the
calculations was the shear stress transport (SST) model, and
the volume of fluid method was used to model the
free-surface flow.

For the optimization analysis, Kim and Yang (2010)
studied the development of an efficient and effective hull
surface modification technique for CFD-based hull form
optimization using two methods: the radial basis function
interpolation and the sectional area curve of the hull. The
hull surface modification technique developed in this study
is used to vary the hull forms during the optimization
process, during which the objective functions associated
with the resistance are evaluated by a practical
design-oriented CFD tool (SSF) and a multi-objective
genetic algorithm. Diez et al. (2010) ; Grigoropoulos and
Chalkias (2010) developed a multidisciplinary robust design
optimization (MRDO) procedure. The aim was to analyze
the combined effects of considering several disciplines and
uncertainty in ship design problems. Here, an MRDO
problem was defined and solved, using a probabilistic
sailing scenario, in terms of cruise speed, heel and yaw
angles. In this study, robust design optimization is
conducted using goal driven optimization (GDO) in the
ANSYS environment, by choosing a multi-objective genetic
algorithm (MOGA) to obtain the optimum bulbous bow
shape.

The CAD-integrated CFD and optimization method can
be used simultaneously to solve many problems, including
the optimization of hull shapes. Chrismianto (2013);
Chrismianto and Kim (2014) developed the parametric
bulbous bow design, constructed using the cubic Bezier
curve and the curve-plane intersection methods. It can be
used to automatically generate a parametric bulbous bow
shape using solid modeling for the optimization calculation
in an effort to minimize the ship’s resistance. The main
objective of this study is to develop a submarine
optimization design to obtain the best performance of total
resistance using the cubic Bezier curve method and the
curve-plane intersection method. Both methods are created
using the API script programming code as a user defined
function (UDF) in ANSYS Workbench.

2 Parameters in submarine design

The size and shape of the hull of a submarine plays an

important role in determining its hydrodynamic performance.
The ratio of length (L) to height (H) is an important variable
in determining the hydrodynamic performance, particularly
in relation to the total resistance of the hull when submerged
in water. Karim er al. (2008) investigated the significant
influence of various length-height ratios (L/H) of the
submarine hull DREA on viscous drag. In which the
resistance that is reduced at the nose area of submarine so
the submarine can be said to have a not noisy criteria (very
quiet) allowing it to move undetected by radar, while the
shape of the tail affects the shape of a wake at the back of
the submarine. To get the best hydrodynamic performance,
in particular, minimum viscous drag and maximum nominal
wake fraction, Suman et al. (2010) considered diameter of
the nose (d,) and tail (d) as model hull geometric
parameters while finding the optimum design of
autonomous underwater vehicles (AUVs). And Parsons et al.
(1974) developed a method for designing minimum drag
hull shapes of axisymmetric submarine bodies. Nose radius
(r,), diameter of middle body (D), and tail radius are
considered and modified to generate axisymmetric bodies.

Referring to previous research by Karim et al. (2008) and
Sunan et al. (2010), the variation of a submarine hull form
can be defined by three input parameters to create a
parametric submarine (Fig. 1). These are as follows:

1) L/H.

2) The radius of submarine nose (r,,).

3) The radius of submarine tail (r,).

In 3D solid modeling software such as the ANSYS design
modeler, a solid model is generated from planes that contain
one or more curves. Thus, in this study, there are some
constraints that need to be considered in advance: a solid
model is built using the lofting command, and the
parameters of submarine modification are driven by curves
in the vertical and transverse planes of the submarine hull
form.
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Fig. 1 Submarine hull form parameters

3 Numerical overview

The cubic Bezier curve is generally reliable for
representing forms in most engineering applications. It has
different properties such as tangents, normals, and curves,
which are easily computed, and they ensure the continuity of
a composite curve up to the second order (Choi, 1991; Lu
and Huang, 1998; Piegl and Tiller, 1997; Saxena and Sahay,



Journal of Marine Science and Application (2015) 14: 399-405

2005).

The Bernstein polynomials are applied to generate a
Bezier curve. They are also referred to as Bezier basis
functions and are used in defining a degree-n Bezier curve
by blending n+1 control vertices; they can be defined by

B! () =—"—u' (1=u)"” (1)
"(u)y=————u'(1-u
' (n—i)h!

Based on the Bernstein polynomials at third degree, the

cubic Bezier curve can be defined as follows:

r(u) =By (u)V, + B )V, + By (u)V, + By (u)V,  (2)
where

B =(1-u), B (u)=3u(1-u)’
B (u)=3u*(1-u), Bl(u)=u’

Here, the control points (V;, Vi, V5, and V3) can be explained
as follows:
Vy: start point of the curve segment, P,.
V1: one-third point on starting tangent vector, (Vg + f3).
V,: two-third point on ending tangent vector, (V3 — t,3).
V3: end point of the curve segment, P;.
These definitions can be also written as follows:

Vo=h, Vi=(V,+1,/3) (3a)
V,=(Vs=t,/3)R, V=P (3b)

Thus, it can be seen that there is the following
relationship between the end points and end tangents (P, P,
to, and t,) to the control points (V;, Vi, V5, and V3):

R=V, A=V (4a)
t0:3(Vl_Vo)a t1:3(V3_V2) (4b)

In solid 3D software, a solid model is created from 2D
curves. These curves must be sketched in some planes
(vertical or transverse) before a solid body is generated
using the loft, extrude, or sweep method. Here, the
curve-plane intersection method is implemented to
determine a common point that can be captured in two or
more different planes. The general form of the equation of a
plane is expressed as follows:

ax+by+cz-d=0 or r-p=d |p|=1 (5a)

where r=(x, y, z): coordinate variables, p=(a, b, c): unit
normal vector of the plane z, and a”> +b> +c” =1.

Thus, the intersection between a plane and a parametric
curve is given by

0=r(t)-p—d, O=ax(t)+by(t)+cz(t)—-d (5b)

and the procedure of curve-plane intersection can be
explained as follows:

1) Input: ¢, (initial point), p (unit normal of ), d (distance
of ).

2) Determine an estimated intersection point ¢.

401
3)If |r(f) p—d|<e,return £
4) Else, ¢, =f and go to 2).
The initial estimation point f, can be found using the

Lattice evaluation method, which is as follows:
If,

[p-r(t)-d]-[p-r(t,)-d]<0 (6)

then ¢ or ;1 becomes the initial estimation point.

However, the estimated intersection point 7 is obtained

as follows:
fzto—(p~r(t0)—d)/(i‘~p) (7a)
where
_dr()
r= a1 (7b)

In addition, p and d are coefficients of plane equation.

4 Application of cubic Bezier curve and
curve-plane intersection methods to
parametric submarine design

The parametric design of a solid model for submarines is
proposed on the basis of four successive steps as follows:

1) Capturing curves from the existing submarine model.

2) Duplicating curves using the cubic Bezier curve.

3) Finding the intersection of the curve-plane.

4) Automatic parametric generation of the submarine
model.

4.1 Capturing curves from the existing submarine model

From the existing submarine model, half the model can be
cut and the other half can be hidden while the curves of the
submarine shape are captured. To create these curves, two
types of planes must be taken into account: vertical and
transverse. In each plane, a 2D curve was captured. In this
case (as shown in Fig. 2), the planes were divided and
captured to include one curve in the vertical plane and 12
curves in the transverse plane.

The modeling procedure described in Fig. 2 was
conducted using the ANSYS design modeler. A solid model
of the submarine was modified and manipulated to obtain a
parametric submarine model. It is applied in the CFD
optimization calculation for the minimum total resistance.

Fig. 2 Capturing curves from the solid submarine model
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4.2 Duplicating curves using the cubic Bezier curve

The cubic Bezier curve was applied to duplicate the
existing curves. These curves were developed using API
script to obtain identical curves with the same tangentials in
both directions. A magnitude vector was fitted at the
meeting point of the two curves. The procedure of
duplicating curves can be explained as follows:

1) Determine the number of curves that will be created
using the cubic Bezier curve.

2) Determine the location of internal control points (V, V)
in each curve referring to a given end tangent.

3) Build a new curve using API scripting in the ANSYS
design modeler and compare the new and existing curves.

4.2.1 Determining the number of curves that will be created
using the cubic Bezier curve

Usually, a parametric model is generated and controlled
automatically by defined parameters. In this study, the
defined parameters of a submarine hull form are created
using the cubic Bezier curve method. This method was used
to obtain a smooth shape in the solid model for a
requirement of CFD and optimization analysis in the
ANSYS workbench environment.

In this case, three parameters of the submarine design
were implemented: L/H, r,, and r,. To realize this design, as
shown in Fig. 3, there were 10 curves in the vertical plane
view, separated by six dynamic points. 4; and 4, are the
dynamic points that denote the radius of the submarine nose.
A; and A, are the dynamic points that denote the maximum
height of the submarine. 4y and A4, are the dynamic points
that denote the radius of the submarine tail. All of them
move up or down in the vertical plane. This affects the
overall convexity of the submarine. Furthermore, to build a
submarine model using the lofting method in the ANSYS
design modeler, some transverse planes were required.
These planes contain one curve or one point in each plane.

4] uva3 4 A
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i W
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Fig. 3 Determining the number of curves, points, and angle
of the end tangent for end points at every curve in the
vertical plane

4.2.2 Determining the location of internal control points (V},
V,) in each curve referring to a given end tangential

The cubic Bezier curve uses the four control points (¥,
V1, Vs, and V3) to draw a curve; the two endpoints that are
identified have been referred to as V7 and V5. The location of
the internal control points (¥, and V) can be approximated
on the basis of the end tangent value in which every end
tangent has a magnitude and direction. The relationship of
the internal control points (¥, V3) and the end tangent (¢
and #) shown in Eq. (4b) can be written as follows:

V=" e V== ®)

To assign a magnitude and a direction to each end tangent,
V1 and V, are applied in the x-axis and y-axis, respectively;
therefore, Eq. (8) can be derived as shown below:

1) ¥ in the x-axis and y-axis:

_ Lcos4, L;sin4, N

Vi Ve W y = Vs ©)
2) V, in the x-axis and y-axis:
v, =V,- L,cos4, ’ sz v, - Lzs;nA2 (10)

where L, and L, represent the magnitude of end tangents (%,
and #,), and 4, and 4, represent the angles of end tangents (¢,
and #)).

Furthermore, all the existing curves (in the vertical and
transverse planes) can be estimated for each location of the
internal control points (¥, V) by analyzing the angle found
using the dimensional command in the ANSYS design
modeler. To maintain the continuity condition on two
connected curves, their relationship has to satisfy the
prerequisite of continuity. In other words, it can be said that
the control point V3 in curve 1 is equal to the control point
Vy in curve 2, such that the tangent ¢, in curve 1 is equal to
the tangent ¢, in curve 2 and so forth for the other curves.

4.2.3 Building a new curve using API script and comparing
the new and existing curves

Once all the control points of each curve in each plane
have been defined, new curves can be generated by
duplicating all the control points of the existing curves using
API. Here, all new curves were developed by applying the
cubic Bezier curve, as defined in Eq. (2).

The result of the above-mentioned algorithm
demonstrates that each curve in the vertical plane has been
duplicated properly and smoothly. To achieve a reliable
duplication of the new curve from the existing curve, the
magnitude of the end tangent vector (L;, L,) plays an
important role in defining the location of the internal control
points (V7 and V). If the magnitude is chosen appropriately,
it will produce a reliable duplication of the new curve,
although small deviation still exists. This is shown in Fig. 4,
in which the new curves (designated by points) have curve
forms that are very close to the existing curves.
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Fig. 4 Comparing new curves and existing curves (new
curves as points; existing curves as lines)

4.3 Finding the intersection of the curve-plane

A surface or solid modeling of a submarine can be
generated from curves using the lofting method in the
ANSYS design modeler software. To generate this solid
model, curve-plane intersection (in Egs. (5b)—(7b)) was
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implemented to determine the intersection points, which
were then captured by every transverse plane.

To obtain a curve with the same shape as the existing
curve, all the end tangent vectors (both magnitude and
direction) that have been defined in the duplicating curves
section must be applied again to determine the internal
control points (¥; and V). Finally, the cubic Bezier curve
can be generated.

4.4 Automatic parametric generation of the submarine model

This procedure is essential along with those mentioned
above. In this step, the parameters of the submarine solid
model were generated on the basis of three input parameters.
It was expected that the submarine shape would vary
following a change in one or more input parameters.
Changes to the submarine model should maintain the
smoothness of the submarine shape.

The sequence of the automation stage of the submarine
parametric design was initiated from the ratio of the length
to maximum height, nose radius, and tail radius. In this case,
a solid submarine model was constructed from transverse
planes using the lofting command. It was difficult to solve
this problem without simplifying the building of the solid
model when some input parameters were changed. For
simplicity, in the automation of the end tangent vector, the
magnitude and direction at all the dynamic points that could
be moved were assumed to be the same as those at the initial
submarine curves.

Fig. 5 shows the result of the parametric submarine
design in solid modeling. This result has been automatically
generated using three input parameters.

a.

P
) e ater Mo
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jcT = 0.021
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Fig. 5 Example of parametric submarine design using three
variations of input parameters
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5 Example of submarine design optimization
to minimize total resistance

An example of the application is presented here to show
that the proposed method can be applied easily and
efficiently to a submarine. The purpose of this example is to
determine the optimum submarine hull form with a
minimum total resistance.

The optimization calculation can be performed using
GDO in the ANSYS environment, where MOGA is chosen
to give the optimum submarine shape. Five sequential steps
must be completed for optimization analysis: defining input
parameters and output parameters, defining the design space
for each of the input parameters (such as the minimum and
maximum values), creating DOE, creating a response
applying
optimization calculations and setting the objective function.

surface for each output parameter, and

Input parameters include L/H, r,, and r,. The coefficient of
total resistance (C)) is defined as the output parameter. The
design space of the input parameters was defined at about
+10%, as shown in Table 1. The number of DOE was
defined by referring to the number of input parameters (N).
If there are three input parameters, the DOE number is equal
to 14 design points (Table 2).

The response surfaces show the variation of each output
parameter with respect to input parameters at a given time
(Fig. 6).

Fig. 6 shows the response surfaces that represent the
relationship between the coefficient of total resistance as an
output parameter with all the input parameters for each DOE
type. The response surface graph shows some candidate
optimal designs with a minimum C, value marked in blue.
Further, the optimization calculation must be analyzed to
obtain the optimal design from some candidates.

Finally, the minimum C, value was obtained. The
calculated difference in C, values between the initial
submarine and optimum submarine is around 0.26%, with
the C; of the initial submarine and the optimum submarine
being 0.001 508 26 and 0.001 504 29, respectively. This
result can be also explained by the comparison of forces
around the submarine (Fig. 7). This shows that the force
around the hull of the optimum submarine is smaller than
that around the initial one (the red area around the
submarine hull form on the optimum submarine decreases).

The comparison of the parameters of the optimum shape
and the initial shape is shown in Fig. 8. Fig. 8 shows that the
optimum submarine hull form has a higher 7, and higher L/H
than those of the initial submarine shape, while 7, is smaller
than that of the initial shape.
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Table 1 The design space of input parameters

Parameter Initial Minimun Maximum
Nose ratio 7, 0.162 3 0.146 07 0.178 53

Tail ratio 7, 0.0192 0.017 28 0.021 12

Ratio L/H 6.790 6.111 7.469

Table 2 Calculating the design of experiment (DOE)

Nose ratio

Tail ratio

Force X' Force X'
Model original Optimum model
1.070e+001
H 8.730e-+000
6.760e+000
14.790e+000
2.820e+000
8.500e-001
1 =1.120e+000
1=3.090e+000 —_

-5.060e+000

H-7.030(-+000
29.000e-+000
N

Fig. 7 Force around the hull: initial (a) and optimum (b)

No. Ratio L/H C,
'y s
1 0.162300  0.019200  6.79000  0.001 508 26 No.|Submarine shape| r/m | r/m |RaioLH| G WSA/M’
2 0.146 070 0.019 200 6.790 00 0.001 51598 a._|Initial shape 01623 | 0.0192 679 0.00150826 |  8.55008
30178530  0.019200 679000  0.001 50835 b._|Optimum shape | 1683 | 00178 | 74115 000150420 | 85190
4 0.162300  0.017280  6.79000  0.001 507 38 Fig. 8 The comparison of parameters of the submarine shapes
5 0.162300  0.021 120  6.79000  0.001 507 41
6 0.162 300 0.019 200 6.111 00 0.001 522 46 6 Conclusions
7 0.162300  0.019200 ~ 7.46900  0.001 50451 In this study, a parametric submarine design was
8 0.149 104 0.017 639 6.23795 0.001 525 04 performed with three input parameters: L/H, r,, and 7. In
9 0.175496  0.017639 623795  0.001 513 37 addition, four successive steps must be followed to obtain
10 0.149104  0.020 761 6.23795  0.001 526 34 the desired result: capturing curves from an existing
11 0.175 496 0.020 761 6.237 95 0.001 513 53 submarine model, duplicating the curves using the cubic
12 0.149104 0017639 734205  0.001 509 69 Bezier curve, finding the curve-plane intersection, and
13 0.175 496 0.017 639 7342 05 0.001 507 01 creatlng an agtomatlc parametr'lc 'generatlon of j[he
submarine. Particularly, after duplicating the curves using
14 0.149104  0.020 761 7.34205  0.001 508 99 . .
the cubic Bezier curves, all the end tangents of the curves
15 0175496  0.020761 734205 0.001 505 98 (both magnitude and direction) must be defined correctly
following the initial submarine shape to maintain the
. . 51; 1C requirement of continuous condition C1. It was expected
5 . 132 that the submarine obtained would have a smooth shape,
+ ig%% similar to the initial submarine.
1.530) 1319 An example of the application of the ship resistance
1.525 igﬁ minimization using CFD has been presented to show that the
1309 proposed method can be successfully applied. A submarine
Z — 1'53510" hull form model was chosen for modification. Before the
1515 optimization step was processed, this model was analyzed in
0 advance using CFD. Following this, the optimization
method using GDO in the ANSYS environment was
e e implemented to determine the optimum submarine hull form.
J 0o 570 410 s The results show that the optimum submarine hull form has
e (@) Resp;lse chart 1 a higher r, and higher L/H ratio than those of the initial
- submarine shape, while 7, is smaller than that of the initial
1313¢ shape.
1515 13133
1514
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o‘ 1:? iggég Blanchard L, Berrini E, Duvigneau R, Roux Y, Mourrain B, Jean E
s 11510 i?éﬁ? (2013). Bulbous bow s.hape optimiza.tion. V Interf?atior.lal
" e Conference on Computational Methods in Marine Engineering
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