Preliminary hull surface generation using finite element method
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This paper discusses the application of the Finite Element Method (FEM) for the
preliminary generation of hull surface. Two elements are applied for generation of the ship
hull surface. Firstly, the beam element is applied to generate longitudinal curves of the
ship such as the sectional area curve and the load waterline. Secondly, the rectangular
plate element is applied to generate the body plan and waterlines on the basis of the
generated sectional area and load waterline curves. A computer program is developed and
some examples are executed to demonstrate the validity of the method. The generated hull
surfaces after fairing are compared with actual hull surfaces generated by other methods.
The comparison shows good agreement.
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1. Introduction

One of the problems which faces naval
architect at an early stage of the ship design
is to generate the ship hull form in order to be
able to proceed with various preliminary
design office calculations. These calculations

include hydrostatics, wetted surface,
capacities, resistance and propulsive
coefficients.

Some of these calculations are based on
the below-water hull form such as those for
resistance and propulsive coefficients,
whereas most of the calculations are based on
the below and above-water hull form of the
ship. Hence, it is essential to produce the
preliminary lines up to the level of the upper
deck in order to be able to develop a realistic
general  arrangement. All calculations
involved in the preliminary design stage can
be performed more or less exactly once the
hull surface are defined, however, resistance
and propulsion coefficients are wusually
estimated by approximate methods. The
reliability of the powering estimation depends
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entirely on the
method used [1].

There are several methods for generation
hull form such as. methodical series
interpolation, parent ship, mathematical
representation using mathematical functions,
FEM and Fuzzy modeling method. The
applications of the methodical series and
parent ship methods have been widely used
due to their simplicity [2]. However they are
applied only for a limited range of hull
parameters such as length/breadth ratio and
coefficient of variation of ship forms to avoid
degenerated hull shapes. Recently, great
progress has been made in the development
of mathematical ship hull form [3.4]. Itisa
powerful tool to apply to the automation of
shipbuilding. It helps engineers to avoid hand
lofting and gives preliminary estimation of the
power and resistance.

The hull form is generated by
representing longitudinal curves using
mathematical functions fitted to the required
form [S]. However, discontinuities usually
show up and sometimes the form is distorted.

accuracy of the powering
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Fuzzy model requires a lot of input data and
information about the hull form to give the
best fit for the ship hull generation [6].

In this paper, mathematical modeling based
on the FEM and a fairing criterion is applied
to generate the ship hull surface [7]. Two
elements are used in the mathematical
model. Firstly, the beam element is applied to
generate the sectional area curve and the load
waterline of the ship. Secondly, the plate
element is applied to generate the hull
surface (body plan and waterlines) on the
basis of the generated sectional area and load
waterline curves. Boundary conditions and
ship design constrains such as coefficient of
variation of ship forms, the contour of bow,
stern and the base line are imposed to solve
the FEM model.

A computer program based on the two
elements is developed to generate the hull
form and to calculate the approximate
hydrostatics and intact stability of the ship.
The method can be applied for ships with a
parallel middle body or with flat of side,
however, discontinuities of curves have
shown up when ships of flat bottoms are
generated. Therefore this research work is
applied with semi displacement ships which
have a slight rise of floor such as fishing
boats and tugboats.

Some examples are executed on different
boats with different sizes to verify the
capability of the method. The obtained results
by FEM are compared with those generated
by other methods. It is found that hull
surfaces generated by using FEM method
requir good fairing in order to perform
preliminary design office  calculations
accurately.

2. FEM descritization

The mathematical representation of a ship
form 1is treated in the literature. The
longitudinal curves were dealt with
individually. The objective of the

mathematical representation could be used

for generation, fairing and hydrostatics and
hydrodynamic calculations of the longitudinal
curves. Each curve is represented by a
polynomial function whose accuracy depends
on the degree of the polynomial.

However, high degree of the polynomial
dictates the number of the design parameters
that needs a lot of computing work.

Examples of this representation are given in
Ref. [5].

In this paper, the mathematical
representation of the longitudinal curves and
the body plan sections are dealt with
simultaneously. The Finite Element Method
(FEM) generates the hull form in two stages.
In the first stage, a beam element is used to
generate the main longitudinal curves such
as sectional area curve and load waterline.

In this element a simple polynomial function
is used to satisfy the continuity of the curve
at any point.

In the second stage, the hull surface is
generated using the plate element while
taking into consideration the generated
sectional area and load waterline curves as
design constrains. The procedure of FEM can
be explained as follows, A simple equation of
the hull surface, Y, is defined as follows:

Y=g(x 2), (1)

The domain of analysis is the vertical
central plane of symmetry of the ship
bounded by bow, stern, deck shear and base
line as shown in Fig. 1. The compatibility
equation of the problem is the variational
fairness criterion [8]. The fairing criterion is to
measure the unfairness in the surface (a fair
surface, Y, is attained by minimizing this
function).

It is defined as the integral of the sum of
squares of the curvature in X, y and z
directions. The general form of this criterion
is written as follows;

F = 1/2iawikie + W2z Keo” + W2 kzz? dA, (2)
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Fig. 1.

Where;
F is the fairing criterion,
ki is the curvature in x-direction

= Yux/(1+Y2)2/ 2,

ke is the curvature in xz- direction
=Y/ (1+Yx2)?/2,

kz is the curvature in z- direction
=Yz /(1+Y2)2/ =,

w; is the weight function in i- direction,
X, z are the coordinates in x and z
directions, and
A is the domain of analysis.
The above equation is linearized and
simplified as follows, :

F = 1/2 llawn Y+ WoYi2+w:Y22dA, (3)

where, Yix =¢2Y / tx%.Ye =02Y | ixCz
Yo=32Y/ éz- .

and

Then, the procedure of FEM is processed
to formulate the governing stiffness matrix
[k] and to solve Eq. (3). In the following
sections, the governing stiffness matrix [k] is
formulated for two different elements, the
beam element and the plate element [8].

3. The beam element

An important role of the beam element is
the mathematical representation of the
longitudinal ship curves such as sectional
area curve and waterlines. A beam element
with two degree of freedom at each node such

The domain of analysis (FEM mesh division).

as the translation displacement and the
rotation displacement is selected. In this
case, the fairness criterion is rearranged as
follows [9],

F=1/2liawx Yoz dA. (4)

The above equation may be formulated in a
relationship between the displacement
function Y and nodal displacement as follows:

Y= [¢]d), (5)
where:
[¢] is the shape function given as[10],

[¢] isthe [¢1 ¢z ¢= @4 ],

where;

¢ = 1- 3(x/1)- +2(x/]) °,

X- (2x2/]) + (x2/1).

¢s = 3(x/1) - +2(x/1) -,

¢a = -(x2/1) + (x°/1%),

1 is the length of the beam element,

A is the area of the beam element. and

{d} 1is the vector of the nodal displacement.
Eq. (5) is rewritten as follows:

T
1

Y= [kl id;. (@)

The  governing
calculated as:

stiffness matrix [k] is
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(k] = 1/20 wx [¢xx]" [¢xx |dA, and

[¢xx] = C29/ Ex2

T =the transpose of the matrix [¢x],

wx = the weight function, given as 1/(1+x»),
and v

n = the power of the weight function.

Here., the vector {d} includes nodal
displacement, the boundary conditions and
the design constrains of the longitudinal
curves. .

4. Boundary conditions and design
constrains

In the first stage, the solution of the
stiffness matrix of the longitudinal curve is
achieved by minimizing the unfairness of this
curve. This means; to find nodal
displacements that minimize the unfairness
function and to satisfy the boundary
conditions and design constrains. The
Lagrangian multipliers or the Penalty function
is applied to solve this problem [11].

The boundary conditions are selected to
satisfy the geometrical properties such as the
maximum value of the longitudinal curve (C,
or half breadth) and values of tangent at
different points on the curve such as value of
the tangent at the entrance of the waterline
and at the middle point of the curve. The
design constrains are selected to satisfy
coefficient of variations of the curve. The
prismatic coefficient, C; and the longitudinal
center of buoyancy, LCB are related to the
sectional area curve while, the waterline area
coefficient, Cw«. and the longitudinal center of
floatation., LCF are related to load waterline.
The boundary conditions and design
constrains of the longitudinal curves are
imposed on Eq. (6) as a function of nodal
displacements.

S. The plate element

The basis of the plate element is the
mathematical representation of the hull
surface (body plan and waterlines).

A rectangular plate element with three
degrees of freedoms at each node such as the
translation displacement in y-direction and
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the rotation displacement in x and z
directions is selected. The fairness criterion of
the ship surface is rewritten as follows:

F=1/20aw Yo +W. Yar +we YiridA. (7)
The relationship between the displacement

function Y and nodal displacement is
rewritten as follows [10],

Y} =[¢] {d}, and (8)
[01= [0 2 4o o011 12
where; ¢ is the shape function at each node.
- and
{d} is the vector of the nodal
displacement

This equation is rearranged as follows:
Y = [k] 4. (9)

Where, the
calculated as,

governing stiffness matrix is

(k] = 1/2(1 wiow T [ [+ Wikz[one T
[z ] + Weloz T [0z ).

(10)

where;

[¢xc] = C2¢/ Cx=-
[¢xz]) = 29/ ixz, and
[¢=2] = 29/ Cz=.
The weight function, wi, is assumed as the
following polynomial function;

wx = 1/(l+x+ xn),
Wxz = 1/(1+xz+ zxn), and
wz =  1/(1+z+ zn).

In the second stage of solution, the
Lagrangian multipliers or the Penalty function
is reapplied to minimize the unfairness in the
hull surface. The solution of Eq. (9) must
satisfy boundary conditions and design
constrains of the ship form. Half breadths at
the midship section, stem, stern and base line
are considered as boundary conditions. The
properties of the generated sectional area
curve and the load waterline are considered
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as the design constrains. It is noted that
values of boundary conditions and design
constrains are expressed as a function of the
nodal displacement when constructing the
hull stiffness matrix.

6. Examples

In this section some examples are
executed to demonstrate the validity of the
method. As mentioned before, the following
examples  are concerned with semi
displacement ships which have rise of floors
such as trawlers (I and II) and tugboat. A
computer program based on the FEM
procedure explained in the previous sections
is developed. The flow chart of this computer
program is shown in Fig.2.

LBd
.Cp,Cm.C

(1)Calculate the beam
Stiffness matrix

(2)Generate the sectional
area and load waterline
curves

(3) Calculate the plate
Suffness matrix

Kp

(4)Generate body plan
and waterlines

D

Fig. 2. The flow chart of FEM program

The domain of the analysis is the
longitudinal vertical section of the ship hull
bounded by the contours of the stem, the
stern and the base line. The mesh division
consists of 160 plate elements, 189 nodes and
20 beam elements. The sectional area curve
and load waterline of the ship are firstly
developed. Secondly the body plan and
different waterlines are generated based on
the developed sectional area and load
waterline curves.

6.1. Generation of sectional area and load
waterline curves

A trawlerl of a length 43.4m, breadth
9.5m, draft 4.16m and a prismatic coefficient
of 0.57 is considered. Twenty beam elements
and twenty one nodes are used here to
generate the sectional area curve and the load
waterline of the ship. It is more appropriate
to normalize values of x and y between 0 and
1. Design constrains such as values of
prismatic  coefficient (0.57), longitudinal
center of buoyancy (-0.51L aft), and sectional
area curve coefficient, (0.8) were used to
generate the sectional area curve. While
maximum half breadth, longitudinal center of
flotation, (-0.46L aft), waterline area
coefficient, (0.69) and half angle of entrance
(16°) were used to generate load waterline.
Fig. 3. shows the generated sectional area
curve and the load waterline of the ship based
on these input data.

6.2. Generation of hull surface

The plate mesh division of the vertical
central plane of the ship is as shown in
Fig.1. The half breadths of the contour of
the stern, base line. stem and shear deck
are considered as boundary conditions.
The value of "each section area and
corresponding half breadth at the load
waterline are considered as the design
constrains (calculated in the first stage). In
order to describe the type of the section
area; U or V, half breadths of the waterline
below the draft are also considered.
Figures 4 and 5 show the generated body
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plan and the waterlines for the selected
ship.

The preceding procedure are executed
on trawlerll of a length 75.8m, breadth
12.8 m, draft 5.72m and a prismatic
coefficient of 0.66 to demonstrate the
capability of the method when the trawler
has a flat of side and small rise of floor.
The generated body plan and the
waterlines for this ship are shown in Figs.

6 and 7. Figure 8 shows the generated
body plan of a tugboat of a length 15.4m,
breadth 4.6 m, draft 1.75m and a
prismatic coefficient of 0.55.

All results generated by FEM are
compared with those originally generated
by other method, it is found that good
fairing needs to satisfy the objective
required.

1.00
m
5 0.50 SAC
0.00 1 /] | | 1 1
0.00 0.20 0.40 0.60 0.80 1.00

Fig. 3. The sectional area and load waterline curves

1.00 =
0.80 ‘
0.60
0.40

0.20

0.0C

100 0.80 0.60

-0.40 020 2.00

Fig. 4-a. The body plan (aft) of the trawleri

1) 020 0.40

060 080 100

Fig. 4-b. The body plan (Ford) of the trawleri
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0.00 0.20 0.40 0.60 0.80 1.0
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Fig. 5. Waterlines curves of the trawleri.
LWL\0
TA1.00 2% I 0.00 0.50 ' 1.00
Fig. 6. The body plan of the trawlerl.
1.00 5
0.50 1
0.00 | | | [ 1 1 .
0.00 0.20 0.40 0.60 0.80 1.0

XL

Fig. 7. Waterlines curves of the trawlerll.
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Fig. 8. The body plan of a the tugboat.
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6.3. Further research work and
applications

The application of FEM for generating
hull forms is considered as the first stage
of several further research works in other
applications of the numerical methods in
the ship design. For example the
generation of ship surfaces with flat
bottom and new hull forms needs more
investigation.

7. Conclusions

The FEM is proposed to generate the
hull surface, and from this research work
the following can be concluded:
1-The method given above can be easily
applied to define the preliminary hull form
of a ship for the purpose of calculating the
hydrostatic curves, approximate intact
stability and hydrodynamic properties.
2-The generated hull surface requires good
fairing in order to perform preliminary
design office calculations accurately.
3-The preliminary hull form is mainly
dependent on the given constrains and
boundary conditions, therefore several
hull forms may be generated. The hull
form that satisfies a minimum resistance
is then selected.
4-Problems arises if the ship has a flat
bottom. This is because the bottom of the
ship has an infinite slope in z-direction
with respect to the global coordinates This
can be overcome if the bottom has a slight
rise of floor.

Acknowledgments

The author would like to acknowledge
the invaluable advice by Prof. A.S.Sabit.
Also many thanks to Dr. A. M. Rashwan
for his help.

References

[1] A group of Authorities , “ Principles of

Naval Architecture “,The Society of Naval
Architecture and Marine Engineers, N.Y.

(1967).

[2] A.S. Sabit,” The Use of Methodical Series
Data for Preliminary Design of Ship Lines
and Corresponding Powering Estimation”.
Special Report of Det Norske Veritas,
(1973).

[3] J. Phythian and R.Williams,” Direct Cubic
Spline Approximation to Integrals with
Applications  in Nautical Science,”
International Journal for Numerical
Methods in Eng.. Vol. 23, pp. 305- 315
(1986).

[4]C. Kerczeekand and F. Stern, “The
presentation of Ship Hulls by Conformal
Mapping Function :Fractional Maps 7,
Journal of Ship Research, Vol. 27 (3), pp.
158-159 (1983).

[5] A.S. Sabit, "Mathematical Representation
of Longitudinal Ship Curves”’, Jornal of
Faculty of Engineering, Alexandria, Vol. 2,
pp. 341-369. (1976)

[6] S. Kim, H.Kim and Y.Lee., “Initial Hull
Form Design Using Fuzzy Modeling ”,Ship
Technology Research, Vol. 43, ppl175-180
(1996).

[7] A. Pramila, "Ship Hull Surface Using
Finite Elements *. Journal of Ship
Research, Vol.16. (1) pp. 97-107 (1976).

[8] K. Bathe,” Finite element procedures in
Engineering Analysis’, Published by
Prentice —Hall Inc., NJ (1982).

[9] Buczkowski,” Mathematical
Construction, Approximation, and Design
of the Ship Body Form”,Journal of Ship
Research, Vol. 13 (3). pp. 185-206 (1969).

[10] O. Zienkiewicz, "The Finite Element
Method in Engineering Science”, London,
McGraw-Hill (1982).

[11] F.Todd, “Series  60-Methodical
Experiment with Models of Single -screw
Merchant Ships™. TMB report No.1712,
DTRC, (1963).

Received May 13. 2000
Accepted July 2. 2000

680 Alexandria Engineering Journal, Vol. 39, No.5, September 2000



