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ABSTRACT

‘A Submodel Component Reanalysis Technique for Liquid
"TanKer Body Design Using the Finite Element Method

e Vineet Gupta

Thé main objective of thié thesis 1s to develop a
- technique for the reanalysis of components within a finite
element submodel subjected to design modificat}ons, without
having to reanalyze the complete model. A problem involving
the analysis-of three types of liquid tankers manufactured
by Remtec Inc. is chosen for the studx. A parametric design
study is carried out on each of the three tankers to
determine the design parameters on the tankers which

satisfy a specified stress criteria.

\
A new technidué.for reanalysis of a component within a
submodel of interest via the Finite Element technique 1is
presented. This technique sfgnificantly reduces the
coﬁputational efforts and eliminates Finite Element
analysis of complete model for design variations. In this
techniéue, a submodﬁ# of interest is first extracted from
_the cémplete model.” The components 'of interest afe then
modified accgrding to the parametric variations required in
the new design. The submode; is then ahalyied using a
matrix partitioning technique. The complete . software is

developed to demonstrate this new technique. The ability to

carry out design sensitivity analyses with minimal



-

computational effort is incorporated into this software.
Two case studies:|baffle geometry and shape variation, and
support compénent thic;ness variation, are studied. The
results are validated using finite element aqglfses of the

complete model with these parametrig design changes, .
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‘ CHAPTER 1
D E RVEY AND OB TI
1.1 General

Liquid tankers are often ased to/traqsport bulk
liquiés spch as fuel eils and gaso%iﬁe on highways. They
" have a circular of modifiee oval sﬁaped tank welded on to
the chassis of a truck. These tankers -are usually des1gned
for the type of liquid they carry. In the past two decades,
the usage of these liquid tankers to transport bulk liquids
across highways has been increa51ng constantly. Much
attention is presently being given to the speéitac design
of these“tankers, because et theit numerous on the road
accidents,‘apd the increased number of fatalities and

3

property damage cases. ‘ _ ,

Modern liquid tankers are of a reinforced stressed skin
design. In these tankers, the:thin shell or barrel,
reinforced with baffles and supports is the main 1load
carrying member. The optimum design~of these tankers has
always been a difficult task due teathe complexity and
- variation of different components. Classical analytical
means normally cannot/determihe the best design and
-therefore, other techniques are often necessary for the

b

analysis.
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To investigate .the best;%ssign for these»tankers, a
large number of paraéttric v;5§é§i9n and reanalxé}é has to
be carried.out. This normally involves  analysis of the
fﬁl; finite element model to determine the effect of “the
- design change. However, reanalysis of only part of the
'ﬁodel can be carried out by utilizing substructuring
techniques. But often, it is not possible to know
beforehand where the hiéh stresses will occur and hence
this limils the designer in detérmining exactly how 'to
discretize the tanka; into substructurgs and where to
place the boundaries of these substructures. The designer
may often also Qant to investigate the effect of a minér

t

" design chanée on an existing finite element model not

created with subSkructures.

A new technique to overcome this difficulty 1is
presented in this thesis. This technique utilizes the

4
concept of submodelling and allows a component .reanalysis

using matrix partitioning. This technique can be applied to

any. area of interest in the full model after an initial

analysis run has been examined.

1.2 Literature Survey .

A discussion of the different components in liquid
tankers has beepn given. by Johannsoﬁ [1]. In/his paper, he

discussed the selection criteria for tankers for a specific

N
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application. He also discussed [2], the many problems},

involved in the design, selection and operatjion of tankers.

Thevené]ran and Thambiratnam [3] in their paper
discussed mininum weiéﬂhf_ design of cylindrical water tanks.
The finite element‘method was used for the analysis.
Variations of wall thickness keeping the internal radius
‘and height to be fixed were studied to determiné an optimum
design.

")
\ :

The modeling and analysis of tankers under
consideration requires that a CAD goftgware and a-finite
element prbgram be utilized. There are several programs
used in induﬁstry for CAD modeling and finite element
anal\ysis. CAD softwares such as Unigraphics [4], Buclid———-
[5], PDGS ([6], and Auto-trol (7] are used widely for CAD
modeling and finite element pre-processin.cf;. Softwares such
as Nastran [8] , Ansys [9], Patran—G [10], Stardine [11],
and Spar [12] are used for finite element analysis.—For
reanalysis purposes, the element stiffness matrices have to

. \

-be accessed. All these programs generate large binary files
containing the element stiffness matrices of the model. A “
program such as Ansys [9] provides utilities to convert

this data to ASCII format.
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>

An important elemer;t of Computer Aided Design is
geometric modeling [13]. This paé:er i‘llustxlates the use of
solid modeling, advanced ‘grapillics and system geometric
models used in three é\imensional space layouts,

el

interference considerations, and serviceability.
_ - - oy

A survey on gdgeometric modeling -is presented in the‘ .
paper by A Baer,, 'C. Eastman and M. Hensj.on '[14]‘( Issues
~ and alternatives in geometric modeling are discussed with
emphasis on soli\d modeling. The data storage and_handling,
languages,; conceptual design, and loz_:;ic structures are
rex‘riewel\d. ,Cohst\ruction of geometric rﬁodels using building
4bl(ocks aTre discus'tsed; in thé paper by J. Krouse [15]'. Wire
’framen modeling, surf cé modeling, and solid mo\:ie'lidngv

are illustrated. ') . —_

&\'/ D ) I

The concept of automated drafting is described/ by J. K. .

Krouse [16]. 'I;he hardware, software, and the usage of
automated drafting is explained. The conéept of| computer
aided design‘ is also ex;;lained by -J. K. Krouse| [17]. In
this paper, the emphasis i$ on structural analysis using

finite element programs..
»

-

Vehicle modeling techniques applie€d to structures
using the finite element method has been outlined in

several papers. The use of the finite element| method in

.
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Autgﬁotiée structural analysis has been described by Kamal
- and Wolf [18]. ‘A discussion of finite element vehicle
.models using beams, plates,‘and snells and the use of-
substructuring techniques are explained for a typlcal'

automobile.ﬁ

A recent book by M. Kamal and J: Wolf [19] is %otally
dedicated to modern automotive structural ana1y51s Tnis
book describes structural analy51s using the finite element
method and presents examples of their applications. It
discusses in deta&% ‘the criteria for structural design and
“finite element modeyiing. -

. I f

A paper by K. H. Wadleigh [20] shows the minimum
epmplexity models of complete automoﬁile structural design
evajuation. Calculations of deflection and stresses

o ‘

resulting from load applications are presented.

The substructuring technique>in finite element models
has been described\in several papers.' Przemieniecki [21] in
his paper, describes the calculation of stresses and
 deflections in an aircraft structure divided into a number
‘of substructures. Dodds and Lopez [22] examine the
aﬂwantages and disadvantages|of substructuring relative to
computational efficrencyu The program Finite is used “for

illustration purposes in their paper.ym Taig [23] in his
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paper, discusses an automated stress ahalysis scheme with
particular attention given to the implemfntation of

substructure analysis

El
-

Basas and D'Souza [24] describe a schéme which takes
advantage of the accessibility to Ansys data. They use this
scheme for the automated fipite element model.generation of

automotive components using Ansys. " e

A - s ' . ' . ~
! 3

[ i~ -

Different reanalysis techniques' have been reviewed by

1 -

Arora [25] for the static nesbogse of modified structures.
Noor and Lowder [{26] have carried but a étudy of two

approximéte techniques for structural .réanaiysis. ‘'These

include Taylor serieé'expansion fdr response variables and

Vthe reduced basis methoa.;Fox [27] has explained somekfapid

reanalysis technjques including the utilization of matrix

partitioning as well as iterative solution methods.

A3
H

n'Georée and Liu [28] have ‘described an algorifhm based
on- the thhiil-McKeé scheme for the bandwidth reduction of
symﬁ;tricai matrices. They have also preseﬁted a method for
fﬁe étorége of spé;se matrices..Tewarson [29] has d;scuséed

A

a méthod for storing non-zero elements of. .a sparse matrix

3

" using linked lists.




Bathe ahd Wilson [30] have discussed _Cholesky‘s

decomposition‘method for solving a series of linear

1

-equations. ' ' : .

A methodology is given by Giles [31] for the automation
rof aircraft wing structural design He also gives a

N

description of the Dawns software which was developed as a

tool utllizing structural analysis for the automation of

e

- the design of aircraft wings.

<

< 1.3 Scope of the Present Investigation

'

" The'objective of the present work‘is to investigate the

best design for a spe01f1ed class “of liquid tankers using

finite element- analys15 and to develop an improved method

for the reanalysis of components within these tankers.

¢

t

In. the present study, Chapter 2 deals with the CAD

modeling and the finite element pre- processing of three

different tankers under 1nvestigation. The loading and the °

boundary conditions for a dead weight case and a torsion

"case are also considered in the finite element model .

In Chapter 3, the results of finite element analysis of
the complete models are presented for the above loading. A
parametric study involving, the thickness vari?tion for the

tanker body as well as the shape variation for the baffles

-8 - . -
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" also presented. - , : ~ ' o

is‘carried out for all ‘three tankers. The best tanker

P

design for -the specrfied criteria is determined from this

“ -

p
LTI o

cstudy. - . W , L

t - h ’
- 3 -

-~

Chapter 4 presents -a detailed explanation of the new

¥

technique for component reanalysis The software and the -

“ndmerical,techﬁiquesaused for the reanalysis are also

4 ' : - ' v

presented in this chapter. Validation of.thisltechhique is

.
a

a

Im Chapter 5, two case studies are presented-'variation

' \

- of baffle geometry and support thickness: . Baffle geometry

which produces the lowest stress is»determined by a

parametric study and validated with finite'elemedtnadalysie'

of the complete models,

? ’ . v o« 7 .

" Finally, cohclueions; highlights, and’recommendations

-

for future Vork'are presented in the Chapter 6.

o

o
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CHAPTER 2

CAD AND FINITE ELEMENT MODEL GENERATION OF A LIQUID

TANKER BODY

¢

2.1 General

Shépes and sizes of liquid tankers var& greatly with
their type of applications. Generally, tanker cross-
sections vary from found to modified oval shapes according

to its type of use.

For a given liquid load and a fixed tanker 1length,
_round tanké experience the lowest surface stress as
compared to other shapes of tanks. On the other hand, tanks
with round cross-section have a lesser volume for the same
criteria. Hence, modified oval tanks are normally used so
as to maximize the volume usage, and to minimize the
stresses on the tanker bddy. These modified oval tanks may
also have either single or double supports according to its
type of‘usage. Dcuble supports' are provided if more baffles
are used inside the tgnk for structural support. Thq double

supports can thus provide support for the extra baffles.

Due to the high complexity of the shape of a liquid
tanker bédy, it is virtually impossible to do a complete
a4 .
stress analysis of the tanker body by classical analytical

means in order to determine the optimal shape and support.

.

- 11 -
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Finite Element Analysis 1is one of the possible
methodologies for evaluation of stresses. The first step in
the finite element analysis is the model generation in
terms of nodes and elements. In this chapter, the procedure
used to generate the finite element model of a tanker body
is described for three different types of tankers. The
Auto-trol CAD package along with the Ansys Finite Element
Software is' used for the generation of the three models. °

\
2.2 Description of Candidate Liquid Tankers

In this thesis three types of tankérs are analyzed.
These liquid tankers were proposed designs to be
manufactured by Remteé I%c. for the US Air Force. They were
to be utilized;for cqrrying aircraft fuel at airports in

Europe for refuelling purposes.

The tankers were to be manufactured from 5454-d
Aluminum for the baffles and 5454-h32 Aluminum‘ for the
re;ﬁ of the tank. The baffles and supports were to be
welded to the main body. These tanker; are 264 in (7.21 m)
in length with either five or six baffles placed inside the
tank and with two end caps. The baffles inside the tank
have a large manhole in the center to allow for liquid
flow, as well as to provide easy access to each section for
cleaning purposes. jme tanks are‘supported on the vehicle

chassis by two identical supports. The supports can be
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either single or double supports and are composed of
loutriggers, pads, and channels. In the case of a doﬁble‘
support under. the tank, £he number of,cﬁannels are doubled
and they are joined together by anélés. The tank rests on

the pads and is welded to them.

L

The first tanker analysed (Tanker A) is a seven baffle
v - * ’

tanker with two single supports. Baffles are placed at an-

c¢quidistant position. Details of this tanker are shown in
Figure 2.1. The second tanker (Tanker B) considered is a

similar tanker with a more rounded cross section (Figure

. 2.2) and has the same. number of baffles as Tanker A. Tanker

\

\

C is* similar in cross section to the Tanker A ,but has an
extra baffle and the single supports are replaced by

double supports. The positioning of the baffles is also

different as shown in Figure 2.3.

A
\
\

\

CAD systems -with their own gegeral'finite elemént pre-

2.3 Model Generation .

processors are now‘widely‘available in the market. They are
generally more user friendly than most pre-processors in

finite element softwares. They have the capability to
!
utilize the CAD database for the automatic creation of\the

f%nite element model. Although some limitations such as the

number of elements supported, and the lack of functions to

\
\
!

I .

i
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_ input material propert;es and boundary conditions exist,
they are stilllpreferred over finite element software pre-
pfoéessors. They are more versatile and the elimination of
recreation of'geometry for finite element d%scretizaﬁion is
quite significant. Auto-trol, Euclid, PDGS, and Uniéraphics
‘are some of the CAD systems with a finit; element pre-
prdcessor module. All these pre—processors can outgut the
data in 'a generit type of format which can then be

converted to the input format of any commercially available

finite element software such as Ansys or Nastran.

For the finitg element analysis of the three 1liquid
tankers, the Auto;trol'CAD system with surface m&del
éapability was used. The Ansys finite element software was
then used for the inputting of the material properties,

boundary conditions, loads, and the type of analysis.

»

For the creation of the model, some assumptions can be
made for those areas of tanker body which has secondary
importance. The following are the assumptions made for

modelling the three tankers:

1) The four wheel-wells are not modelled due to the high
complexity of the well surfaces and because previous
experienée at Remté® had shown this not to be a highly

L]
stressed area.
\
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2) The fuel inlet and outlet holes are not modelled

because these areas are not of great concern and

would not significantly ‘affect the analysis results.

'Y

3) The manhole cover and the walkway on the top are not

modelled for the same reason stated as above.

2.3.1 - The Auto-trol CAD Package

The Auto-trol Series 7000 CAD/CAM software ;s a full
3-D wire—frame and surface modelling system It }s e menu
oriven software which is available on Apollo standalone
workstations. It utiliies a, common database (Figure 2.4)
for all its modules. This saves in the recreation of the
geometry when the same part is utilized for different
{ Pburposes such as CAD modelling, Flnite Element pre—
processing, or N.C. Pf> gramming. It has modules for
- wire-frame geometrchreation ‘/
- surface creation
- drafting
- N.C. machiniég
- finite element pre—processing
i _ T user application interfeoe forxfortran programs

‘o

Its grabhic vieualization capabilities include single-

and mﬁlti-view windowing where up to 32 yiews caﬁ be

displayed simultaneously. ’ ' ' R
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'2.3.2 'CAD Model Genergtion e . ‘ .

The CAD models of the three tankers were generated

"utilizing the basic drawing module along with the surface

creation module. The cross-section of the tank was -first

generated to exact dimensions and the tank surface

7 .
extracted from this using the 'projected' function within

the surface creation module in Auto—trol. The baffles and
¢ - , g
the support were created seperately also using the surface

creation module. All three models were then combined to
create full surface models’ of the three tankers. Figure 2.5 .
shows the full surface,CAD model of Tanker A composed of
‘the tank quy, th bafﬁles, and the supports.

/
|

5.3.3 Node and Element Generatica

The finite element pre-processing moduie of Auto-trol
provides the capability to work with the surfaces created

by the surface creation module. Different element types

:including triangular and quadrilateral shell eletents can

be generated automat1cally~ The user has to select the

surface and specify the type of element to be placed on the

v
-

surface. The software prompts for the node spacing to be
specified on the surface. Figure 2.6 shows a f}nitetelement
ﬁodel of Tanker C as was created in Auto-trol, Figure 2.7
shows a zoomed in section of the. tanker front support As

it can be seen in Figure 2.7 both trlangular and

- ~
.

quadrilateral type elements are utilized to iieate the
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finite element model. The computer model then pioiﬁdes

output as pumeric data in a readable format for Ansys.
g L _

-

2.3.4 The ANSYS Finite Element Package

The Ansys software is a large scale general purpose
finite element program which has capabilities for 1linear
and non-linear static and dynamic analyses. It can handle
small and large displacements, as, well as solve problems
involving elastic, plastic creep, and swelling effects. It
utilizes the matrix displacement method for the analysis
and the wavefront method for matrix{reduction and solution.

Over a hundred linear and non-linear elements are available

in its library for modelling purposes.

Theré are basicallf‘three phases in lved in an Ansys
solution. Figure 2.8 shows a flowchar:ibf the analysig
methodolqu for any type of problem. The pre-processing is
generally carried out using.the Prep?7 medule either
interactively or by inputting the model data from CAD
finite element modelling pre-processor. User interaction in

this maaule is done by using a command language spééific to
this module. Any one of the different analysis options can
be specified in this module before the model is sent for
!analysis. After the analysis staée, there ére a number o&f

bost—processors available within Ansys for the plotti?g and

sorting'of the data. Post25 is the post-processor normally

ol \
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used for shell elements. Stress contour plots as well as
displaced shapé plots can be generated within this post-

processor.

2.3.5 Finite Element Model of the Tanker Body

AY

Figures 2.9, 2.10, and 2.11 show the finite element

models of the three tanks with the baffleé and the supports
as displayed using some of the commands in the Prep7
module of Ansys. Tanker A and Tanker B are each composed of
473 nodes and 657 elements. Tanker C which is the  largest
model has 856 nodes and 1078 elements. Tankers A and B each
have 7 baffles and two single supports (Figures 2.9 and
2.10). The basic variation between the two tanks is the
cross-section. Tanker C is similar in cross-section to
Tanker A but has 8 baffles and two double supports (Figure
2.11). Thickness of the first two and the last two baffles
in a}l three tanks is 0.187 in. (0.00475 m). The rest of the
baffles are 0.173 in (0.00440 m) thick. The pad has a
thickness of 0. ‘in (0.0127 m). The channels and angles of
the support are all 0.375 in (0.00953 m) thick. The top two
thirds of the tank body is 0.187 in é0.00475 m) thick

while the bottom third is 0.25 in (0.00635 m).



3
e e
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Figure 2.9: Ansys Finite .Element Model of Tanker A
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2.4 Material Properties, I.ocading, and ﬁounda;y
- Conditions

The tankers are manufactured from Aluminum 5454.

Standard aluminum material properties were inputted into

Ansys for analysis purposes.’The following mpterial

properties were used for the analysis of the three tankers:

S

Modulus of Elasticity = 10 x 10% Lbs/in? (6.89 x 10’ kpa)

Density

-

Poisson's ratio = 0.33

0.24555.1bs/in3 (6796.91 kg/m3)
)

’

Density of liquid
(aircraft fuel)

* There Ere'two load "cases considered for the
étréss analysi;. The first is a dead weight case where the
tank is festing evenly on all four supports. The secoqd
case is for a torsional load,qwhich simulates the condition
oﬁ‘the tanker going over a(}érge pothole. The torsional
load iifﬁimulated By removing the left-end of>Fhe back
support, leaving the tanker resting on only three support
poi;ts. |

»

"The weight of the fuel is simulated as liquid
pressure acting on the inner -walls of the tank. As the

pressure of the liquid varies with its height, a reasonable

‘assumption can be made iof Ansys input purposes to

discretize this pressure variation into ten steps . The

.098 Lbs{in3 (2712.67 kg/m3§x‘\_ .

.
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'
tank circumference can .also be thus divided inte ten
sections and the pressure on each section will be a
constant and w1}1 be ;based on the height of the center of
each section of the tank. These sections can thus be taken
as actual elements along the bottom, sides, and top of the
tank. Figure 2.12 shows the division of .the tank into these
ten sections. o

The maximum load these tankers are designed for-is the
%oad due to theAéircraft fuel when the tanker is 90% full.
Thus, for the analysis, hyd;ostatic pressure correséqnding

v

to 90% of the tank fill (nine sections)‘;s used in the
finite element model. Figufe 2.12 also shows the magnitude
of the hydrostatic pressuse as applied to an element face

on each section for Tanker A.
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2.5 Summaxy '

Description of the three tankers to be analyzed is
presented in this chapter. Softwares and ﬁecbniques used
for the CAD and finite element modelling are also
discussed. A brief discussion’ on the load types considered
and ths procedure for inpqttinguiﬁtofthe finite elgméqt

“ye.

model 1§ also given.

sty
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CHAPTER 3 .

", FINITE ELEMENT ANALYSIS OF fIQUID TANKERS

3.1 General
As discussed in the previous chapter, there. are three
types of tankers which are analyzed in this thesis. These

liquid tankers were proposed designs for tankers to be

AY

;“mmnufactured”by*ﬁemtec*lncr*The“two"criteria’used in- the
design of liquid tankers are minimum tanker weight and
structural integrity. MiAimizing the maximum stress below a

‘éritical stress value for any part of the tanker under

. extreme loading'conditions is chosen as the objeétive for
structural integrity. The critical stress value is selected
as per the recommﬁgdati?n of the ﬁanu?acturer tojbz 1/3rxd
of the yield strength of the tanker material ( Alumirium
5454 ). The yield strength for Aluminum 5454-1is 17000 psi
(117.2 MPa) and hence in the following study, the maximum
acceptable stress is selected to be 5,667 psi (39.07 MPa)

for any part of the tanker.

-

5

,All} models we?e. analyzed oﬂ Ansys using the static
analysis option. The post processing was carried out
utilizing the Ansys Post25 shell post processor to plot the
data” in the form of stress contours. In all of the
analyses, the Von Mises or the equivalent stresé was
plotted.

¢ ~ a5 -



3.2.1 ' _ Case 1: Dead Weight

3;2 Tanker A

Tanker A has a sinéle‘support and seven baffles. It was
the ‘tanker initially proposed by the manufacturer because
of the fact that a single support makes it easier to

manufacture.

»

The first type of loading isjwhen the tanker is set on
all four supports with the internal pressures of thé*liquid
acting on it. The results show that the strésses are
symmetrical about the center of the tanker. The highest
stress of 7,890 psi (54.39 MPa) occurs on the bottom of ‘the
tanker on the two corners of both pads. This is seen in
Figure 3.1 which SABWSA§§E stress contours on the bottom of
the tank around the rear Ead area. The most highly stressed
baffles are the first and®last baffles which experience a
maximum stress of 7,343 psi (50.63 MPa). A stress contour
plot of'the first baffle is« shown in Figure 3.2.'Figures
3.3 and 3.4 show stress contours of the most highly
stressed areas on the supports (max. stress = 2,665 psi
(18.37 MPa) ) and the top portion of the tank (max. stress

= 5,628 psi (38.80 MPa) ) respectively.

3.2.2 Case 2: Torsion

The second load case to be analyzed is the togrsional

load case:“iﬁuthis case the torsional load is applied on

<

——

e
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the tanker model by removing the rear left support. This is
the most severe static load_case which the tanker can be

expected to undergo in normal operating conditions.
For this load case, the most highly stressed area on

[ .
Tanker A 'was determined to be the rear pad Srgg at the

bottom of the-tank . The maximum stress in this area 1is
8,132 psi (56.07 MPa). Baffle number -one-is the most highly
stressed baffle wigh a maximum Von Mises stress of 7,140
psi (49.23 MPa) occurring on the bot£om of the baffle. The .
maximum stress of 5,773 psi (39.80 MPa3 on the top part of
the tank occurs on the rear half of the tank. The support
area is most highly stressed around the left front
outrigger with the highest stress being 4,175 psi (28.78
MPa). As expected, the stresses in the torsion load case
are higher than the dead weight case. In both types of
loading,wthe stresses are found to be above the acceptable
level Of 5,667 psi (39.07 MPa).

-
-
3.2.3 Parametric Variation for Tank Thicknesg

As many parts of the tanker experienced stresses over
the acceptable level, a parametric study was attempted to
‘reduce the stresses on the tankerlto an acceptable level.
The initial tank thicknesg for the top two thirds of the
tank is 0.187 in (0.00475 m) and the bottom third is 0.250

in (0.00635 m). A parametric variation as shown in Table
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3.1 is applied to the bottom and top tank thicknesses for
the case 2 loading. The maximum stresses on the different
parts on the tanker are also shown on Table 3.1. As seen
from Table 3.1, the maximum stresses on the tanker
increases as the thickngss of the ba&;om is reduced. The

' A3
change in the thickness of the top of the tank does not

significantly reduce the stresses. The ld@est stress on the
tanker is found to occur when the thickness of both the top
and the bottom parts of the tank is set to 0.250 in
:(5160635 m). The maximum stress dccurring'on”the top of the
tanker ng 5,741 psi (39.58 MPa), whileﬁe bottom
experienges a maximum stress of 6,625 psi (45.68 MPa). The
first baffle has the highest stress amonést all the baffles
with a value of 7,123 psi (49.11 MP;) while the support
where the stress increased slightly,. has a stress of 4206
psi (28.99 MPa). The stresses are still found to be above

the acceptable level of 5,667 psi (39.07 MPa).

3.2.4 Parametric Variation for the Baffles

To try and further reduce the stresses , a parametric
variation for baffle geometry was carried out as shown on
Table 3.2; The tanker thickness used for this baffle
parémetric variation is the- lowest stress case determined
in the previous section. Table 3.2 also shows the maximum
stresses which occurs on different parts of the tanker due

to this var?ation. Although the change in stress is not

\
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signifibant in any part of the tankei, some reduction in
stresses on thelPaffles occurs due to the increase in the
hole—diameter to 20 in (0.508 m) ahd‘the reduction in the
shape radius to 3 in (0.0762 m). On the other hand, the'

stresses on other parts of the tanker show an increase due

to this baffle design parameters. Figures 3.5 , 3.%, 3.7,

and 3.8 show the stress contours occurring in the bottom,
the first baffle, the support, and thg top corresponding to p
\case 4 of Table 3.2. The maximum Stress on the baffle,
7;109‘psi (49.01 MPa); .is stili‘found to be above. the

écceptable level of 5,667 psi (39.07 MPa).

3.3 Tanker B
Tanker B has a single gupport 'and seven baffles with
more rounded crossection compared to Tanker A. Like Tanker

A, it has a single support;structufe.

|
3.3.1' ' Case 1l: Dead Weight ‘

In this case, as in Tanker A, Tanker B was set on all
"four supports with the internal pressures of the liquid
acting on it. The results show that the highest stress of
6,907 psi (47.62 MPa) occurs on the bottom part of the
first and last baffles. The bottom of the tanker has a
maximum stress of 6,461 psi (44.54\ MPa) on the two corners
of the two pad érea;. Figures 3.9 and 3.11 show the stress

contours on fhe bottom of the tank around the rear pad area
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and on the baffles respectively. Figu;es 3.10 and 3.12 show
stress‘contours of the npost highly stressed areas on thé
supports and the top of the tank which experience a maximum
stress of 1,382 psi (9.5 MPa) and 3,732 psi (25.73 MPa)
respectively. gé in tanker A, the stresses are symmetrical

*

about the center of the tank.
, , b .
Although the stresses on the bottom and on the first
and last baffles are above the acceptabie level o% 5,667
psi (39.07 MPa), all four areas of the tanker experience

lower stresses as compared to the same areas on Tanker A.

This is expected as Tanker B has a more rounded cross-
\ ,

section than Tanker A.

3.3.2 Case 2: Torsion

-
In this section, the second proposed tanker , i.e.,’

Tanker B was applied with the same torsion load as Tanker A
to determine its stress level. The most highly stressed
area on the bottom of the tank is again on the rear pad
area as in Model A. The maximum value is 6,386 psi (44.03
MPa), a level above the acceptable stress value. The first
baffle is the most highly stressed\baffle with a maximum
Von Mises stress of 6,782 psi (46.7é MPa) occurring on the
bottom of the baffle. The maximum stress on the top part of
the tank 'is 3,998 psi (27.56 MPa) and occurs on the rear

half . The support area is most highly stressed on the



J M —_ »
. . i o
i : ! - : UOTISIAUOD JOF )
{ edW 00°0 = ¥sd T fw $5Z0°0 = urT T :s3Tun IS O3 (s .
b oan 682 (‘4T 0GZ°0 = .SSOUNOTYL WO3R0d ‘"UT L8T'0 = SSAuDTY3 dog )
o - peoT 3ybToM pead - g ISyuel
30 JTeH wo3ljog Ieay 103 sSINojuo) SS3IJFS 6 € sanbtg

»

_51_

+

©

o

o

0

it n
MO O




) | ’ v a ,\fu «
\ . - .l - . v
- ( edW 68900°0 = Tsd T ‘w $GZ20°0 = UT T :S3Tun IS ou.:OﬂmHm>:oo 104
\w ("uUT 0GZ°0 = SsSoUYDTYL woljzod ‘‘UF L8T°0 = ssouyoTyl dor )
peol 3ybteoM pead - € I3)UeEL
Jo aT¥jed 3IsITJd 8yl IOJ SINOJUO) SS3I3SF "OH.m.mHzmHm

.
\N -
:

"

t

" -Ysd uT onTeAa SSaI3}s 03 SISy

*

-

. N . 00SL
0629
000S
0GLE
0062

S ¥0SZT

<mMOUAR K




-

BdW 68900°0 = Tsd T ‘W $6Z0°0 = UT T :S3Tun IS O} UOTSIBAUOD , I0J )
" { Ut 0GZ°0 = SS3UDTYL wo3jod ‘°"UT (LBT'0 = SsauyoTylz dog )

peoT ybtoM peaqd - g Isyuel
Jo 3zoddns Hmmm IYbTY 9yl I03 SINOUOD SS3IYS :TT°'€ SINbTJI .

{

3

‘Isd uT OnTea SSaI3}S 03 SIVIIY «

0002 =
009T =
00CT =

008 =
*x00% =

. ' . _
- S

<MmoUAM




( ®dW 68900°0 = Tsd T ‘W $520°0 = UT [ :S3TuUn IS 03 UOTSIDAUOD JI04g )
(*4T 06270 = SSaUYOTYL wo3jog ‘‘uT 1810 = ssauyo1yy dog,. )

- peoT 3ybToM peaq - g asyueg
Jo 31eH doJ axeey 10J SINO3U0) SSIIAYS :ZT°€ aanbtg

- 54 -

‘¥sd uy onyea ssax3s o3 sisjay

0GSLE
00sZ
06ZT

*0

« - -2




_55_

* left rear outrigger area with the highest 'stress of 4,153

psi (28.63 MPa). Again, as in the dead weight case, Tanker

B experiences lower stresses than Tanker A for similar

4

loading,

3.3;3 Paraﬁetric Variation for Tank Thickness

—

A parémeﬁrid\§tudy similar to the one carried out for
Tanker A was studied for Tanker B. The results of the
parametric variation are ghown in Table 3.3. The lowest
maximum stress of 6,772 psi (46.67 MPa) occurs on the
first baffle with both the top and bottom thicknesses of
the tanker set to 0.250 in (0.00635 m). This is not a
significant reduction in comparison to the maximum stress
of 6{&82 psi (46.76 MPé)which occurs on the first baffle
with the top thickness set to 0.187 in (0.00475 m). The
gtresses on the top of the tank and on the support are also
reduced by a small amount to 3,561 psi (24.55 MPa) and
4,127 psi (28.45 MPa) due to the change in the upper tank
thickness to 0.250 in (0.00635 m).

“

3.3.4 - Parametric Variation for the Baffles

As in the case of Tanker A, baffle geometry variation
w#s carriédbout on Tanker B. Table 3.4 shows the results of
the parameter variation on the baffles. The lowest stress
case occurs with the baffle radius set to 4 in {0.1016 m)

i
as in the case of Tanker A, and with a center hole diameter

‘ -
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of 20 in (0.508 m). Figures 3.13, 3.14, 3.15, and 3.16 show °

Tanker B ‘on bottom of Eanker, on the first baffle, on the
support and on the top of tanker (case 4 in Tablé 3). The
maximum stresses on all four areas are hot significantly
reduced due to the baffle geometry variation. The stresses
on, bottom of the tank and on thé\ﬁirst bafflenare still

above the acceptable level of 5,667 psi (39.07 MPa).

»

(3

3.4 Tanker C

Tanker 'C is a double support type tanker with ‘eight
baffles and has a cross-section identical to Tanker A. Four
baffles are directly positioned on top of the supports,
with the interiof:two batfles placted eqﬁidistantly from the

support.

3.4.1 Case 1: Dead Weight

In the case of the dead weight, this tanker was set on -

all four supports with the internal pressures of the liquid
acting on it. ££e results show that the stresses throughout
the tanker are significantly 1ess'compared to Tankers A and
B. The highegt.streés of 4,549 psi (31.3g MPa) occgrs.on
the bottom part of the first and -last baffles. Unlike
Tahker A and Tanker B, the %op of the tanker experiences

higher stress compared to the bottom of the tanker. This

can be attributed to the extra -strength provided by the

-~
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—

doublé.support to the tankef. The maximum stress on the top
of the td4nker is 3,699 psi (25.50 MPa) while the bottom of
.,the tanker has a maximum stress of 2,180 psi (15.03 MPa).
The maximum stress on the support structure _is
signifiéantly‘less compared towsingle support cases and has

a magnitude of only 855 psi (5.89 MPa). Figures 3.17, 3.18,

3.19, and 3.20 show the stress cohtours on the bottom of
L4

the tanker, the first baffle, th%!support structure and the

»

top of the tanker.

3

As expected, the double support 'structure significantly

<« .
reduces@*he Von Mises stresses throughout the tanker. These

i

stresses arf all below the acceptable level. s
/

’
L/ £

s .

3.4.2 Case 2: Torsion )
4

‘Tanker C was applied with the same torsion load as in

 the case of Tankers A and B. The most highly stressed area
in the-tanker is the first baffle with a maximum stress og
4,553 psi (31.39 MPa) occurring at the bottom of\the baffle.
The maximum stress on. the top of the tank i; 3,708 psi
(25.56 MPa) while the bottom has a maximum stress of },178
psi'(15102‘MPa). Af}in the case qf the d@éd welight, tﬂ;
support structure does not expérience a high stress with a

r:ma?(imum value of §80 psi (6.05 MPa) ocgurring on the front

left angle. The stresses which occur on the different parts

of the tanker for the dead weight case and the torsion case

4
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are not Very_differentf This can be attributed to the extra
stiffness provided by the double supports and the extra

angles included in the support configuration.

3.4.3 Parametric Variation for Tank Thickness

A parametric study similar to the one carried out for

Tankers A and B was studiéd for Tanker C. The results of

the parametric variation are shown in Table 3.5. The lowest
‘maximum stress of 4,544 psi (31.40 MPa) occurred on the
first baffle for the case whén the top and bottom
thicknesses are 0.250 in (0.00635 m). "Referring to table
3.5, this éase glong with case 2 is found to have stress
values below tpe'crytical value. Figures 3.21,[3.22, 3.23,
and 3. 24 sho; stresbipontou} plots of the?most highly
stressed areas on tﬁé{bottom of tanker, fﬂ;st baffle,
support, and top of ﬁénker. Case 3 where the top and bottom

thicknesses are §gt to 0.187 in (0.00475'm) also
experiences an aécept?ble stress level everywhere excep£ oh
the first baffle th%h has a maximum stress of 5,887 psi
(40.591hPa). % i

1 .
3.4.4 Parame;ric Variation for the Bafflep < |

The parametric variation for the baffles was carried
| ) .
out for case 1 in Table 3.5. Table 3.6 shows the results of|
the baffle geométry variation. The stresses on all the’

sections except on the baffle are acceptable for all the

L] ’
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baffle geometry variations. The lowes£ value of stress on
the baffle corresponds to the case where the baffle is with
a hole size of 18 in-(0.4572 m) and shape radius bf 4. in

(0.1016 m). L

/

3.5 Comparison of Results and Recommendations

The results of the parametric variation. for Tankers A C
and B show that both of these tankers will not ﬁeet tﬁe/
critical stress criteria set for the design. Tanker C is
found té exper;edce gtresses below the paximum.ggcepﬁap}e ,
level. Thetdifferent variations of thicknessesnon\Tankef Cr
show tﬁa£ only }n £hé case\yhere°bot' the top and bottom -/
thiéknesses aré set to 0.187 i# (0.0Q475 ﬁ), dpes the
maximum stress value"exceeds the-acceptable level.’Th&é

.9

, / . D
occurs on the first baffle. . ’

' y o ‘ - Lot

1
¥
a
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3.6 Summary - adl s
.~‘_-—— . T . Lo . AN .
. Three types of lﬁquld tankers are analyied in'shis SR

chapter. 'To reduce the’ stress to an acceptable level, tank

thickness varlations as well as haffle shape radius, and -

.

manﬁole diameter variations are carried out on all three .
tankers. The results of this design parametric study are

presented in this chapter.
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CHAPTER 4
.AUTOMATED SUBMODEL COMPONENT REANALYSIS

4.1 General

- T As it caﬂ be seen from the previ&uS"section, it is
oftép required in most design problems to reanalyze the
model for minor structurAl changes. In applying the finite
element method for analysis, even a‘minor des;gn change
usually means a full reanalysis of the modified model.
Different methods have been prbBosed in the last two
decades for,simplyfiﬁg‘and reducing the computations
required in this reanalysis. The mosf commonly used method
‘for reanalysis is through the use of substructures in the
creation of the model. Substructures éive the designer the
ability to modify.and reanalyze a section of the model if
it has been created as a substructure right from the
beginning. Thus, the main limitation of this method for

reanalysis purposes is that the substructures have to be

-

‘defined a pribri in the first analysis. They cannot be

» created after the modeling has been done without a lot of

*

redundancy in the work. This sometimes causes difficulties
as the designer often becomes aware of the criti&al region
only after the first analysis as the highly stressed areas

sometimes appear on uniikely parts of the model. *&

-
"

Other techniques often used include the Taylor series

expansion for response variables [26) ,the Jacobi iteration

-78 -
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~

and the Gauss-Seidel iteration method [33]. They are
dpproximaté techniques and require iterative procedures for
the solution. They normally wor; on the full finite element
model énd‘not on the sub~area of intefest and thus often

k)

require a large amount of computation. )

In this section“ a new technique for reanalysis and
the s;ftware'which was devélopgd for this purpose is
dresented,/This technique can be utilized to provide a good
approximation to the solution for designcmodifications
within a sub-area of a fipite element model. It combines‘
St. Venant's principle, ‘and the congept of submodelling for

the reanalysis..In this technique, it is possible to

extract- a submodel from a full finite element model, and -

from this submpdel a single- or multi-component reanalysis
within the submodel can be carried out. It can be used for
baramet ¢ variation anaiyses or sensitivity analyses of
different design variables within a _ submodel of interest.
It i1s an .approximate procedu¥e and requires an initiéi
submodel }:;oundary disp\iacement solution and submotdel
element stiffness generation from the complete model. It
allows design modifications to components within the
;ubmodel, and gives a displacement solution for these
components. This solution gives a good approximation to

the displacement solution of these same components,

obtained by analysis carried out on the complete model with



v Co- - 80 - '
: e 54
similar design modifications.

- ?

‘As oppased to éubstructufing, this technique provides

flexibility to the user to study the effect of component

variation within the submodel qfter the initial finite
‘- element ahalysis of the full model has been performed only
once. This way, the user can select only the highly
stressed area for -the reanalysis. Diffeggnt variations to
design parameters within the submodel can thus be analyzed
at the submodel level without having to reanaiyze the full

finite element model.

1

~

4.2 Submodelling Concept

The submodelling concept originates from the St.

Venant's pr;nciple‘which states that localized effects tend

to disappear répidly as the forces involved are transmitted

away from the the region of application [32]. This
principle in finite element analysis allows the use of the
displacements generated in a original base model as

boundary displacement constraints in a submodel. This

subﬁgyel must have approxim?tely similar geometry and

stiffness as the area of interest of the_origfhal model. An
illustrdtion of this principle is shown in Figure 4.1. In
theofy, either forces or displacements can be applied to

the boundary nodes of the submodel.
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Figure 4.1: Illustrgtion‘6f°8t. Véﬁantfé Principle (Ref. [9])
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Based on St. Venant's principlg, one ca hgs isolate
an area of interest wiéhin a finite element model after the |
\}nitial run and utilize this area as a /submodel forﬂr)
detailed analysis. The displacement solutifn. of thié’cut
'boundary, as generated by'the initial rug can be applied
along the boundary nodes of this sTbm del. The forcés_'
acting inside this region must be maintained as in the full
model. This appllcat1;; of the cut bou lary loads will give
similar ﬁisplacemﬁpf anq stréss disty bhtion as calculated
for the same redion in ghe initial frun of the full model. '
The solution generated due to minor design variations on
compgnents within the submodel will be quite close to the

solution of the same region on e full model subjected to

:he—same—compone t—design variations.

4.3 Mathematical Formulatidn for~Compo£ént Reanalysis

Ay

1

For finite element static analysis,»the equaﬁion solved

is the following

(x1(v) =/ (P} | " (4.1),
. [K] 1§\the§glggfl stiffness 1
matrix of the submodel,
‘[Y}.is the'unknOQn displacehent
solqtidn,
{P} is. the loadfonighe structure

watrix {Kf is calculated by the summation of

o

The global

-
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the individual element stiffﬁesé matrices in globél
coordifiates.- Often. when a small change is carried out to
- the structure, 6n1y'some of the element stiffnesses change.

L §
Thus, only a part of the global matrix changes. —

I1f the glbbél matrix can beﬁa;sembled in such a way
that all the elements which are modified aré at the top
left corner of the matrix, only this section of the global
matfix will change upon’the modificgtién. Thus a
partitioning technique can be applied which:ﬁylizes the
change of only a small éection of the globai matrix for a
modified components reanalysis.

. { .
-The global matrix pértioniﬁg,ean be done. in“the

following way : . , 3

N S | -1
I . l hd
kl.l » ’- .kl'r 'kl,r+1 . - . kl,n
. L
. I L
- . . l . -
- . l o
. . I . .‘.!o. ’
" ot 20 S S o e w s
l w—~— —_—
. Kee1,1 - cKeenr Kren e Ky g
L L] . . .
. . l. ’ .
: . :
- - '. L]
. 'l . .
. . lc - .
: .k :
kn’l . 0\.kn’r Ikn'r+1 . . . . . - kn.n
b ' J —




Rewriting gives S .

. .
3 * ’ . »
N .
~ Lo v
. h .

— | _\.
o o K11 ) K12 | -
Q; I - -
I S P . e
. | : . )
; , ' | K21 ) K22 L f _— f

where 'the matrices [K12], [K21] and [K22] ‘do

. not chgnge' and the matrix (K11]- may vary from design to

.- A4

‘design.

A8
.

Thus, we can write Equation (4.1) ‘as :

[K11]{Y1} + [K12}{Y2} = {P1} - - _ (4.2)

o [K21] (Y1) + [K22](Y2)} = (P2} . (4.3)
.where {P1} = {p;,.:.,pr} and (P2} = {pr4]1 ++.-+Ppl §ndg
{Y1} = {yy,.:.,¥r} and {¥2} = {yp41s.-./¥}. \ T -

From equation 3 , we can write

\3.

e

Cgy2) - (k2217 ((p2} i - (K211 (¥1}) (4.4)

L}

¢ substituting into equation (4.2) and rearranging

.- ¢ ' ‘
{Y1} = ([K1l - K12k22 'k21)7![P1'- K12K2271P2] (4.5)

The first étep'for the solution is to determine the -

T . inverse of [K22]. Once this has been calculated, all
subsequent solutions involving the change in stiffness of
the components of interest ([Kll]"matrix), only require the

/
/ gomputation of the inverse of the matrix [K11-K12K22 1K21].

-
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4.4 Submodel Component Reanalysis Software Description

-

A software for submodel component reéanalysis was
developed to demonstrate the éffectiveneés and validity of
:utilizing St..Venant‘s principle together with the above
deséfibed partitioning technique. This software as
described in the féllowing'éeétions utilizes the §ubmodel
»stiffness‘data and the element node numbering extracted
from Ansys F.E. softyére,'as the only inputs for the °
reaﬁalysis. The stiffness data is extracted from the Ansys
generated §tiffness file FORO02.DAT [9]. Minor variations
to geometry such as thickness can be carried out from
‘within the softwafe, while structural changes require the
recalculation of the modified element stiffnésses.within.
Ansys. , -
\ A
As shown in Figure 4.2, the reanalysis cycle begins
after the Ansig analysis . From the data génerated by the
‘first analysis run, the el;ment stiffness matrices are
extracted using the subroutine Readstif. Using submodel
element numbering and nodal 1listing, bandwidth reduction
for the submodel g}obal matrix is independently carried out

in a seperate subroutine.

The next routine used in the reanalysis cycle is the

partitioned matrix assembly routine which uses the element

@ata, the reduced bandwidth ncdal.listing, and the submodel
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L4 4

dy
.
4

element stiffnéss data. The partitioneé matrix assembly is

carried-out by placing those element stiffness matnice5~

which corn‘gpond to components of interest in the top left
partition ([K111]) and the rest of the element stiffness

matrices areé -assembled and placeé in [K12], [K21], and

.

The assembled partitioned matrix is then used -by an

[K22].positions.

another routine to calculate actual displacement of the
components of interest in the submodel utilizing the
.Equation 4.5 as described in the previous section. This

routine utilizes two other roiﬁines; one for matrix

inversion using Cholesky's decomposition method; and another

for matrix multiplication using reduced link 1ist storage.

‘Next step in the reanalysis cycle is to calculate [KiZ]

for the displacement solubéon using equation 4.5. For

variations in design of the components of interest within

the submodel, a new' [K1l1] matrix can be calculated or
assembled within this routine. For the assembly of the

[K11], a database with an interface routine has been .

‘incorpprated with the software The new [Kll] matrix is
then sent to the solution routine for the reanalys1s

calculation—based on Eguation 4‘5.

N - .
On completion of the reanalysis, the displacement

~ solution- for the components of interest can then be sent as,'

~
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input to Ansys as the boundary condition for a model

ERE PR composed- of 6h1y the components of interesﬁ‘Snalyied. The
v stress éolution for these components of intergs£ can then

| be'generated'using‘Ansys. |

-, , :

v

. 4.4.1 Element Stiffness Generation and Extraction

An Ansys analysié'run produces number of files

L4

describing the model geémetry, loading conditions, bounqafy

- cbnéitiohs, calculated elemehtal stiffnesses,. etc . They

3

are storéd 'in a series of FOROnn.DAT files in eiéher ASCII

-

or binary'format. The element stiffness matrices are stored

ov i
A 'in the file FOR002.DAT in blnary format by Ansys during an
analy515 run. The AUX2 routine avaigifle within Ansys can
be used to’ dump file FOR002.DAT in ASCII format. This data

can then be accessed by a. user written Eort;an program. The

- Ftiffnesses of the submodel elements can then be reordered

A

or placed in-any format in a data file fofousgge by a

«

reanalytis program. - -

H

-

" After an ihitiai Ansys run of the full model, the.
program Readstif is used éo extract the element stiff;;ss
mahrices pf the submodel of interest'from the Ansys_datd
file. These stifnesses qr9’in 9lobél‘coogdina£es'5h& thus
1 dogﬁot have_to‘un@ergo an} type of conversi?n. The program
'Readstif then writgs this data into- a file‘with a "known

s

format so that it can be read by the feanaLysis software.

L}
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Data input into the reanalysis softwdre includes a file
containing'the node numbering of all.the elements of

' !
interest, tbe'stiffness file extracted from Ansys, and the

bandwidth optimized nodal listing of the' submodel. The
element list file can be automatically created using the
. Brep? uéilitykprovided'by ansys. This file also has to be.

used as an iﬁput to the bandwidth optimization routine. The .

output from the bandwidth optimization routine is file
containing a sorted lisﬁ of the degrees of freedom to be

J . inputted into the reanalysis software. : -

The data required for the'parametfic variation
(sensitivity analysis) can be inputted into either
interactively or through a file if the reanalysis is to be

[y e

4

. carried out in batch mode.

1

- 4.4.3 Bandwidth Optimization -

e | * 8ince the assembled global matrices are normally
‘sparse) many schemes have been proposed. to make use of the

' sparsity dﬁring the matrix man%pulatioﬁ\;g the solution
phase.. They are known as profile Teduction prdering schemes

¥ and can significAntly'reduce the number of computations in
thg solgtion or during.inversion of a large sparse

* symmetric matrix [28]. Since symmetric matric&s-can be’

stored in a banded form, the main principle of these

¥
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routines is to re-order the matrix so as to place all nen-
zero data as close to the diagonal as possible, i.e. to

reduce the bandwidth of the matrix.

The mcst,yidely used algorithm for bandwidth reductiog
is the éuthill—Mckee ordering scheme [28] which was
.proposed by Cuthiil and Mckee in 1969. This scheme utilizes
the following observation. Let y be a node of interest ,
amid z be a neighbour .of-y used on the same element. To

-~

lminimize the bandwidth of the row associated with z, it is

apparent that the node 2z should be ordered d&s soon as

possible after Y.

[’s 1
Al

Using this idea, an algorithm‘was‘developed and
implemented in the reanalysis software. In this algorithm
the node which‘has the highest degree amongst'all the nodes
in the~noda1'list ( ;.e. the node used in the most number
of elements) is used as a starting node., The algorithm then
tries to aetermine the next node to be placed in them
reordered 1ist suLh that it is a cxmnecting node to- the
f;rst node and_has the highest degree amongst all the
connecting node\. The next- few nodes” are chosen from t.l':e
connecting nodes of the second node untilvtﬁe list of all
connécting nodes for the second node are exhaueted. This
‘follows on- for the node with the‘seccnd Highest degree-

connected to the starting node. This method of ordering is

L3
t
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‘done until the full nodal list\if reordered. A flowchart
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¥

describiny -this algorithm is given‘in Appendix I.

After the ordering , nodes belonging’to the components
of interest are extracted and placed in the’same order in
phe beginning of theviist. The rest of the nodes are placed
after the nodal list corresp&nding to the component of
interest. Thus, there *are now two sorted list of nodes: the
first one Eorresponding to ;he components of interest and
the Seconé one Eorrespopding to the rest of the submodel.

Iy

4.4.4 ' Partitioned Global Matrix Assembly

The process for global matrix asgembly can be

d
symbolically written as

[K] = Y7IKi]
1 i ,
where the matrix [Ki] is the stiffness matrix -of the ith

element and the summation goes over all elements in the

- assemblage. , ~
‘ o
As shown 1in section 4.3, the global.matriﬁ is

partitionedﬁlﬁto'fbur sub-matriceé i.é.’[Kll],.[KlZ],
‘[K21],vand [K22]. The;e are matricgs'createa by
partitionfng the global matrix along a sﬁecifib degree-of-
frgedoﬁ. To reduce éomputationél time, an algorithm was .

developed which during global matrix assembly stores the



LN
dat;.in a p;rtitioned fori? The routine developed from this
algorithni utili;;s the \reduced bandwidth degree-ofmfréedom“ -
list as the storage order for the global assembly. Details
" of this assembly procedure are éiven in Appendix II. ‘

As the mat¥ices [K11] and [K22] are symmetrical along
the diagonal, a compacted'stofage procedure 1is used in'this-
scheme. The diagonal elements are thus stored along the.1lst
column with only tﬂe élements‘on the right of thé diagonal
'‘being stored beside it. ” ' 5

|

|
|

4.4.5 ‘ Submodel Component Reanal&sis

The actual solution of the submodel component
reanalysis was implemented in a subroutine which utjilizes
Equation 4.5 . This‘subroutine calls for a ﬁagrix inversion
and sparse matrix multiplication routineg. It aiso provides
th user  with the ability to @odify the submodel combonent
‘parameter variations for rean:lysis. The parAmeter
variaéions éad either be inputted interactively or via a
batch mode. This routine% inveits only once thé matrix

. [K22] , and utilizes it for all subsequent calculations for

‘submodel component reanalysis.

|
3
~

4.4.6 Matxix Inversion Using'Cholesky'é‘Decomposiﬁion

Method .

—

Cholesky's method which utilizes matrix deccmpositién

and factbrization was implemented before the matrix
; .
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inversion in the reandlysis. It is a modified version of
the Gauss Jordan's method used for solving a set of linear
equations. It is one of the faster methods for matrix
inversion when used with reduced ‘bandwidth matrices.
Appendix III describes’ the derivation of the final equations
used in the inversion subroutines utilizing this method.’

)

4.4.7 Matrix Multiplication Using Sparse Matrix

A,
\

Compacted Storage

Due to the requirement of large. number of
'multiplications in the re;nalysis procedure, an algorithm
using a compacted matrix storage multiplication stheme was
developed. This algorithm works only on the non-zero
elements of the matrices, reducing significantly the
unnecessary computations.

.

In this algorithm, the non‘iero elements of the
matrices to be multiplied are first placed in single-
dimensioned arrays. Another single dimensional array'
containing pointers for the position of each element in the
original matrix is also created The two single dimensional
arrays are then multiplied together by multiplying and
adding only those elements indicated by the pointer arrays,
thus reducing the large number of computationé which would
have resulted from adding and multiplying the zero elements

in the original tye matrices.
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4.4.8 Stress Analysis of Submodel Using Finite Element

Software

Once the displacement solution of tﬂé modified
components within a submodel has been generated by the
reanalysis software, it can then bé utilized to generate
the stress solution f;r the components. To generate the
stress solution, the finite element models of the
individual modified gomponents have to be created within
Ansys or any other finiée element ﬁrogram. The displacement
solution from the reanalysisAsoftware are ‘inputted as

constraints into the finite elemént model for the stress

evaluation. . .

4.5 vValidation of Technique . .

For validation pufposés, two examples involving the
second baffle on Tanker A, and the support on Tanker C are
done. The validation involves comparing the stress results

of a component as generated by-an analysis run of the full

model on.Ansys, with that of the same component stress
results as generated after extracting a [submodel from thé
Ansys'run,.and reanalysing this component using the
renalysis software.

»

4.5.1 Baffle Validation in Tanker A

For the baffle validation a full Ansys analysis is

carried out for Tanker A for the /torsion load case. A

O
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submodel around and including.the second baffle is
\ 'extracted,from‘the Ansjs generated data, and inputted to
the reanalysis software. The reanalysis is carried out for =~ °
the baffle and the displacemeqtﬂfesults are inputted to an
Ansys model consisting of bmly the second baffle for: the

stress evaluation.

M

Figure 4.3 shows the stress contours generated on the

second baffle obtained via submodel reanalysis software fﬁ’
1

conjunction with an Ansys run for the second baffle.
Figure 4.4 shows the Von Mises stress contours on the ////

second baffle generated from an Ansys run of the complete

. -
/

model of Tanker A. . ///

/
/

From these two stress contour plots, it can be seZ?/
that the maximum stress occurs at the same point in b9

cases and that the stress contours are similar througﬂeut
/

the baffle. The magnitude ofmthe maximum stress obtained

/

.through the submodel reanalysis has an error of onl& 0.8%.

&

4.5.2 Support Structure Validation in Tanker C

As in the previous secfion, a full Ansﬁs analysis was
carried out for Tanker C,’for the to;sion load casg. A
submodel around and including the rear suppgrt was
extracted from the Ansys generated data, and inputted to

the reanalysis software. The reana%ysis was carried out for
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{ . . .
the support gadv the displacement results again inputted to

-

an Ahsys model‘\c?;nsisting of ‘onlyi the rear support.

Figure 4.5 shows the Von Mises stress contours on the
high stress area of the support generated via submodel
reanalysis technique in, conjunction with Ansys software.

Figure 4.6 shows{ the stress contours on the same area from

ey

an Ansys run of the complete I’nodel‘k.

\

LY ‘}
2 ‘, : _ -
From these +two stress contour plots, it can be seen

t

\ L.
that although the location of the maximum. stress point is
. 1 .

shifted more towards the corner in the case of stress
contours obtained from the complete model, the stress

contours themselves are similar in' the'enti;e i:egion. The

magnitude of thé maximum stress \(alue for the two cases
" i N | ,

are quite cld§€ with an error of only 10.9% . -

- -

- -

t
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4.6 Summary

| In this chapter, a technique for, the gganalyéis of\
.components within a submodel, extracted from é complete
finite element model was presentﬁgr Using this technique,
the components of interest within a submodel could be
modified, and the]{olution to tﬁese cémponents calculated,
without having to recalculate the solution for the full
model;‘Stf Venaht's principle and the method of matrix
partitioning for component £éanalysis in a'submodel.'weré
utilized in this techn}que. A softwére utilizing this
techﬁLque was developed and Aeséribed. Numerical algorithms
utilized by this software for the reaﬁalysis were also
presentéd, Finally two examﬁles were presented for

1

validation of the technigue.

Mo
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/ - CHAPTER 5

/ CASE STUDIES ON REANALYSIS OF SUBMODEL COMPONENT
/ .

PARAMETRIC VARIATIONS

5
1

L

5.1 General
seneral

1

It‘is often_ necessary to introdﬁée minor
structural changes to a submodel componént or to a submodel:
and to evaluate'the changes in the stresses Sn the” modified
components ﬁsing the finite glement téchnique; Using the
finite elemeﬁt medel of the qpmplete structhre for analysis
of minor chang?s, often it,is tideous and time consuming
and ﬁequiresla large‘aﬁount of disk storage space for £he
input)foutput, and the-intermed;ate analysis data in each-1
run. In chapter 4, a technique is descrﬁbed by which minor

sénuctgrél changes on a submddel can be studied by usiné a

feanalysis technique on an area .of interest in the

’

submodel. v

-
"

[N ~ .
To demonstrate the effectiveness of this teéchnique,

two Caséqstudies are presented on the effect of 'minor
struétural changes on the areas of 'interest. The first case
study is for parametric variation of the second baffle in

the Tanker A, The second case study 1is for parametric.
]

variation of the support structure of tanker C. All

reanalysis runs on both case studies are validated'by

)

comparing with results from finite element analysis of a

complete model. The validation is kased ‘on the maximum
: - 103 -

~
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displacements for each of thé six directions and on the

lowest maximum stress in each of the case studies.

5.2° Case Study 1 — Baffle Variation in Tanker A*

To study the variations of the second baffle
parameﬁers in Tanker A, a submodel is selected from the’
conmplete model of Tanker A as shown in Figure 5.1. Part'of.
the tanker shell, the support underneath the baffle, and
the baffie are taken as part of the submodel.:' The
parametric variations in this case study are: baffle
thickness, bafflé shape rodius, and baffle manhole
diameter. The. stresses occuring on the baffle are examined

for these parametric variations. ' .

The input data. to the submodel \is takon'as the
oisplacement solution to the bOumdary nodes generated by
the complete model (base model) of Tanker A for togﬁionol'
_loading)obtained from an Ansys analysis run. The
stiffnesses of the submodel elements were extracted ano
inputted into the renalysis software. The modifications
carried out to the baffle and the maximum stress on the
baffle in eacp case carried out using the reanalysis
technique are shown in Table 5.1. As Shown,in the\Table,‘
there- are 18 individual cases. Case 1 to 9 mses a bafflé
with a thickness of 0.187 in (0.00475 m). The shape roaius

is varied from 3 in (0.0762 m) to 5 in (0.127 m) in steps
{ ) . .



Y, K ‘
g7
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Figure 5.1: Submodel Extracted from Tanker A
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5.1 Geometry Variatioﬁ for Baffle 2 in Tanker A

Case Baffle Shape Hole Maximum

No. _Thickpess‘ Ra@ius Diameter ‘Stress
(in) (in) (iny (psi)
- AN -
- A

1. 0.187," 3 16 \\\\ . 73436
2 . 0.187- - 3 18;/,;—:) 3433
3 0.187 3 3ﬂ'/,//;/ 3459
e 9.18i‘. Y 16 \_/ | 3263
"5 0.187 4 13: 3281
6 0.187 4 20 3336
) % . °0.187 5« 16 3254
8 0.187 5 18 3303
e 0.187 ' 5 " 20 3305
10 ohzsou 3 16 2802
11 0.250 3 18 - 2800
12 0.250 . 3 20° 2831
13 0.250 4 16 2596
14 0.250 4 18 2629
15 0.250 4 20 '2682
16 0.250 5 16 2590
17 0.250 5 1s. 12634

- 18 0.250 5" 20 . 2549

ﬂ .
to SI units:- 1 in‘- 0.0254 m; .

(For conversion

1 psi ‘= 0.00689 Mpa)
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of 1-in (0.6254‘Q) and the cenFer hole diameter is varied
from 16 in (0.406 m) to 20 in (0.508 m) in steps of 2 in
(0.0508 m). Case 10 to 18 has a baffle thickngss of 0.250
in -(0.00635 m) with the same 'variations to shape radius and

center hole diameter as in case 1 to 9.

5.2.1 Nodal Displacement Pattern

Figure 5.2a, 5.3a, 5.4a, 5.5a, 5.6a, and 5.7a show thé
maximum nodal displacem;;t for the area of interest withi%
the submodeki(baffle) in the three transiatio?al and'the
three rotational directions plotted for,variationé in shape .
radius , center hole diameter, and the thickness for cases

1 to'18. In all six directions, the maximum displacement.on -
the structure is lower with the baffle thickness of 0.187
in (0.00475 m) as Eompared &ith a baffle thickness of 0.250
in (0.00635 m), The lowest value of the maximum x- and‘ y-
transalational displacemeﬁts occur with tﬁe center hole
diameter of iO'in (0.508 m) and shape radius of 4 in
(0.1016 m). For tﬁe lowest maximum displacement in z-
transational, and x- and z—rotatibpal modes/ it is found .
.that thickness is again to be 0.187 in (0.0475 m) with a

hole diameter of 16 in (07406 m) and_a_shape radius ¢f 3 in
(0;0762 m). ,The lowest maximum y-rotational occurs with a
' ‘ ' thickness of 0.187 in (0.0475 m), hole diameter of 16 in

(0.406 m) and shape radius of 5 in (0.127 m).

1 4
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The displacement solution of the reanalysis software
was then extracted and inputted into an Ansys model
composed only of the baffle and the stress contour plots
were obtained. For the purpose of comparison, an Ansys
complete model with similar parametric changés wag run and
the results are presented in Figures 5:2b, 5.3b, 5.4b,
5.5b, 5.6b, and 5.7b. It can be seen tﬁat the maximum

—

displacement plots from submodel reanalysis have a s%milar

1o

pattern to the plots obtained from the Ansys complete model

analysis. Further the location of the maximum displaceﬁégﬁs

are approximately identical in%the'twohanalyses. The

magnitude of the max&&iflnodal displacement error is less

{
than 30%. . !

4

-
\(\\‘ R

5.2.2 Comparison of Stress Contours ’

From- Table 5.1, the submodel reanalysis show that the
parametric changes (case 1 to 18), vary the maximum stress
in the region betwéen 2549 psi (17.56 MPa) and 3459 psi

(23.81 MPa). Figure 5.8. shows the changes.in maximum

‘stress value for cases 1 to 18 corresponding to the three

parametric changes on the baffle.

For the case of submodel reanalysis, the stress contour
plot of the maximum Von Mises stress on the baffle for a
thickness of O.éSO in (0.b0635 m), a shape radius of 5 in
(0.127 m) and a hole diameter of 20 in (6.508 m) 1s shown

in Figure 5.9. The maximum stress value is 2549 psi (17.56

.
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‘Baffle Shape Radius = 3 in
——— —— Baffle Shape Radius = -4 in
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MPa) (case 18 - Table 5.1). A complete model analisie using
Ansys for the same baffle gives a value of 2647 psi ({?.24
MPa) %or the maximum stress: and the stress. contours: are
shown in Figure 5.10. It can_be seen that the maximum
stress occurs at the'same point'in both analyses with an

error magnitude of 3.6%.

1 -]

*

5.3 Case Study 2 - Support Structure variations in Tanker C

To study the change in stress value for variations. in
the thickness of the support , structure in Tanker c, a’
submodel of the area around the support was extracted from
the model of Tanker C. Figure 5.11 shows the submodel
,chosen for the support reanalysis. The three components of
the support' considered for parametric Jariations are:

outriggers, angles, and channels.

14
]

Ashin case study 1, the input data to the suybmodel 1is -
taken as the displacement solution to’the boundary nodes
.generated by the complete model . (base model) gf Tanker é
under torsional loading obtained from the Ahsys’analysls
run. The stiffnesses of the. submodel e{ement; were
.extracted and {nputted intorthe renalysis softWare. The
mod&fications to the three components of the support
structure and the maximum stress generated in each case -

calculated using the reanalysis technique - are shown in

Tables 5.2. _ -

‘e
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Figure 5.11: Submodel Extracted from Tanker C
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Y

Table 5;3"Thickness Variation on the First Support on
"Tanker €
v Case Channel Angle Outrigger Naximum
' No. Thickness Thickness Thickness Stress
' (in) {in) (1n) (psi)
T ] o0.375 0.325 0.350 991
2 0.375 0.325 0.375 990 J.
3 0.375 0.325 0.400 988
4 0.375 0.350 0.350 963
s .| 0v31s 0.350 | 0.375 _ 962 )
6 0.375 0.350 0.400 961 i
. R 0.375 0.375 "0.350 988
B 0-.375 0.375 ~ 0,375 988
9 0.375 0.375 0.400 987
10 0.375 0.400 0.350 1014
11 0.375 0.400 0.375 1013
12 0.375 0.400 0.400 1012
13 0.375 | 0.425 0.350 1039
14 0.375 0.425 0.375 1039
15 0.375 0.425 0.400 1038
) 16 0.350 0.325 0.375 ' 1002 .
17« | 0.375 0.325 0.375 989
18 0.400 0.325 0.375 978
19 0,350 0.350 0.375 968
20 0.375 0.350 0,375 962
* 21 0.400 0.350 0.375 961
< 22 9.330’, 0.375 0.375% 987
23 ™1 0.375 . 0.375 0.375 98B-
24 0.400 0.375 0.375 . 989
| 25 0.350 0.400 0.375 1014
26 0.375 0.400 0.375 2013
l 27 0.400 0.400 ' 0.375 1013
28 0.350 0.425 0.375 1039
29 0.375 0.425 0.375 - 1039
30 0.400 0.425 0.375 1038

.- (For conversion

to .SI units:

1l in = 0.0254 m; 1 o8

.= 0.00689 Mpa)
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In cases 1 to 15, the channel thickpess is kept fixed

as 0 375 in (0.00953 m) , and the angle thlckness is varied
from 0.325 in (0.00826 m) to 0.425 in (0.0108 m) Cin steps
of 0.025 inL(0.000635 m). The outrigger thickness varied
from 0.350 in (0.00689 m) to .400 in (0.0102 m) in steps'oﬁ
0.025 in (0.000635 m) for. each variation of angle
thicknesé. In cases 16 to 30, the outrigger thickness is
kept constant at 0.375 in‘(0.00953 m), with the angle
thickness again varying from 0.325 in (0.00826 m) to 0.425
in in steps of 0.025 ia (0.000635 m). The channel thickness
is varied from 0.350 in (0.00889 m) to 0.400 in (0.0102 m)
in steps of 0. 025 in (0.000635 m)for each variatlon in

angle thicﬁg;ss

-

5.3.1 Nodal Displacemeﬁt Patterxrn
T U

Figures- 5.12a, 5.13a, §\14a, 5.15a, 5.%6a, and 5.17a
show maximum nodal displacements fbr the support structure,

plotted for cases 1 to 15. > - -

The maximum diépiacements on the structufe for x- and
y—tranélatiohal, and z-rotational directions increaséd for
an increase in angle and outrigger thicknesé. Tﬁe maximum
displacement for both z—translational and the x—rotatlonal
directions decreased while the y-rotational dlsplacement
remained fairly constant due to changes in parameters.

[
Maximum nodal displacements for the support structure for

Pl
~
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cases 16 to 30 ( Taﬁﬁe 5.2) are shown in Figures 5.18a -

5.23a. In these cases, where the outrigger is kept to a
5 - 1

——

constant thickness, the displacement change in all 6
directions are very similar to changes shown in cases 1 to

1

15,
i

The dlsplacement solutiop of the reanalysis software
was then extracted an&*inputted into an Ansys model
composed only of the support structure and the stress

contour plots were obtained. For the purposes of

. comparison, an Ansys complete model with similar parametric

- I

changes was run and the results are presented in Figures
5.12b - 5.23b. It can be’ seen from these plots ohat the
location of the maximum dlsplacements are approximately
identical in the.two,analyses. Tho magnitude of the maximum

nodal displacement error is less than-48%.

5.3.2 Comparison of Stress Contours

The submodel reanalysis showed‘that the parametric

changes (case 1 to 30), did not cause much variation to the ™
’ 7

'maximum stress in the region. This can be seen }n—Flgure

!

5.24 and 5.25 which show~the maii::m,sﬁress value

corresponding to cases 1 to 15 and 16 to>39 respectively.

, , o
"A stress contour plot of the minimum value of the

\

maximun Von Misésystress which occurs in case 6 of the

-
-
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»

submodel reanalysis is shown in Figure 5.26 . The maximum
stress value_is 961 psi (6.62 MPa). A complete model

analysis via an Ansys run for the same support parameters

| (component thicknesses) is shown in Figure 5.27. As_in-fhé

base model comparison, the location of the maximum stress

point has shifted, the magnitpde of the maximum stress

values in the two runs are close with an error of 5.2%.
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5.4 Summary o . ~

In this chapter, two case studies are presented on the

=

effect of minor structural changes io single or multiple

_components within a submodel. The subcompbngnt,reanalysis

software déscribeﬁ in'tﬁe previous chapter was used for

" . these case studies. Results of these case studies were

-

validated with Ansys results for the same variation. The

_'l-i

results were found to be quite close in the comparison.

v
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CHAPTER 6

)

. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A~ oy
6.1 Conclusions and Highlights of the Present Work

Due to the complexity of the shape and the design of
liquid tankers; it is'often necessary .to carry out stress

analysis on the complete model to determtne their

. acceptability for a specific application. Oftegidifferent

parametric. variations (on different parts of/}heir body)
have to be investigated to determine an optimum design for
a particular application. These parametric studies are
often performed by reanalyzing the éomplete model after
incorporating the minor design variations. In this thesis,
a technique which only requires a reanalysis of‘the section
of interest in the comélete model is presented. This
technique significantly reduces the computational - effort

required in estimating stress values on the submodel of

“Interest using the Finite Element method.

As a first step in illustrating the methodolbgy of the

new reanalysis technique, three types of liquid tankers

were analyzed using Ansys finite element software. An Auto-
trol CAD workstation was used for creating the geometry

model and the finite element modeling , while the Ansys

' software was used for the analysis and post-processing of

the results. All models were analyzed using the static

. analysis option in Ansys softwaré. The post-processing was

- 142 -
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L]

carried out utilizing the Ansys Post 25 post-processor to

plot the data in the form of stress contours. Two types of

. loading: dead weight and torsion were considered. A.

s

parametric study involving thickness variation for ‘the
tanker body, and geometry'and shape variation of the baffle

was carried out for the three tankers.

—-—— e — N - - - —_

In Tthe second part of the thesis, a new technique for
reanalysis of a submodel of interest via the Finite Elemént
technique for design parametri%c variations is presented.
'" This technique significantly reduces the coméutational

efforts and eliminates analysis of complete model for
de;ign variations. In this technique, a submodel of the
area of interest was first extracted ?}om the complete
model. The components of interest §g£;'then’modified
according to the parametric variations required in the new
deéign. The submodel was then analyzed using a matrix
" partitioning technique. The complete ‘Eoftware was
developed to demonstrate this new technique. The ability to
carry out a design\ sensitivity analysis with minimum of
computational effort was incorporated into this soféwaré.
iwo case stu@ies: baffle geometry and shape vafiation, and
support component thickness variation, were studied. The

results were validated using finite element analyses of the

complete modelr with these parametric design changes.

A
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4
&~/’i:f:f:>Recommendations for Future Work : '
. Recommgndétions for future work based on this thesis

H

7
fa'if; into two categories. The first is a more complete

* invest}éation for the optimum design of theiliquid tankers

« <

within the given specifications. The second category is for
improving the usage of the presented technigue for the

reanalysis of modified components in a finite element

model. ‘

1 .

Recommendations for a more complete ahalysis are givén,
below:
1) 'Carry out a more detailed parametfic study for different

thickness variation of top and bottom of the tanker

body.

2) Investigate more detailed baffle design variation.

. SN
3) Study fatigue analysis of tanker structure.

<

- 4) Conduct % detailed laboratory testing to validate
results of the reanalysis technique.

The reanalysis ébftware may be improved by the .

following rebommendationsﬂ’
1) Develop an interface foutine to different finite

element packages for automated stress evaluation and

stress contour plotting of the compbnents of interest.

2) 1Interface the‘feanalysis software with an optimization \

,
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jackage to get the optimum desigﬁ solution\ifr a

omponent reanalysis.

3) Develop an interface "package to other finite element

l

softwares such as Nastran, etc.
N s i -

4) Develop user friendk} interactive graphic routines for:

. -

the selection and integration of the néw componedts in

the submodel analysis. B

|

t

' Extend this technique for obtéininq‘

global mass matrices
3¥\§ﬁbmodels for subc

ponent” variations to-carry out
!

g

-dynamic analysis. T
. . 1
. - .
. ’ . <y T
: \ . ) . i
: . | ih(,
. ~ ' ; »
1
| 7
!
w, r
I

g e e e

1
[
+
t
[



L
R -
3

'

,
\

I
[
1,7

-~
s
v
*
- B

»

v
kY
. e
. o,
PR
)
.



!

REFERENCES ,

1. Johannson, S.E., " What ,is a Tank Trailer ? ", Motor
Truck, September 1965. | |
2. Johannson, S:E., " Selecting é General Purpbse Chemical
Tank ", Motor Tfuck, October 1965.
3.‘Thevendran, V. and ThamBiratnamT Dévid P., " Minimum
) p Weight Degign ?f Cylindrical Wwater Tanks ;,

International -Journal for Numerical Methods in

Engineering, Vol.23, 1986.

!

4, " Unigrabhics Users Manual ", Mcdonnel"Dou?las
B Corporation, 198S. ) ‘

5. " Euclid Users Manual ", Matra Datavision Inc., 1985.

6. " PDGS " - Infoiﬁation Pamphlets. |

7. " Series 7000 - Advaqged Graphics Software ",'Auto—trol

Technology Corporation, 1986. )
8. McCormick, C. W., " Nagtran User's Manual", May 1978,
M.S.C. Corporation, Los Angeles. .

~ 9. DeSalvo, Gabriel J..and Swanson, John A., " ANSYS

4

Engineering Analysis System User's Manual ",
November 1981, Swanson Analysis Systems Inc.,

, Pennsylvania.
- 1

e lOuG"-Patran—G«Userls_Manuglnlﬂ»JSBSJ_BaD*Au Engineering,

Los Angeles.

s

1. " Stardyne User's Manual ", Co ﬁrol Dataréorporation,-

Minneapolis, 1975




12,

13.

14.

15,
16.
17.

18.

19.

20,

21.

- 148 - K

Wheatstone, W.D., " SPAR Structural Analysis Reference
M§n;al ", NASA CR-158970-1, 1978

"Klosterman, A.L. and Ard, R.H., " A Geometric
Mddelling Program for the System ﬁegigner ", Conference
on CAﬁ/CAM Technology in Mechanical Engineering, March
24-26, 1982, Massachusetts Institute of Technology.
Baer, A., Eastman, C. and Hension, M.," Geometric

Modelling: A Survey ", Computer Aided Design, -

Vol. I, Sept. 5, 1979. @ )

Krouse, J.K., " Geometric Models for CAD/dAM "y
Maéhiﬁe Design, July 24, 1980. ' |

Krouse, J.K., " Automated Drafting: The First Step to
CAD/CAM ", Machine Design, May 21, 1981. 7'
Krouse, J.K., " Cémputer Aided Design for Every
Pocketbook ",.Machine Design, November 20, 1980.
Kamal, M. and WOlf, J.A., " Finite Element Models for
Automotive Vehicle Vibrations", ASME, 1977.

Kamal, M. and Wolf, J.A., " Modern Automotive

"Structural Analysis, " Van Nostrand Reinhold Co., 1982.

/

Waldléigh, K.H., " Applications of Fini&g Elfement
Meghodsto Complete Automobile Structural Design
Evaluation ", SAE_740322. ’ |

Przemieniecki{ J.S., " Matfix Structural Analysig of

Substructures ", AIAA Journal, Vol 1, 19863,
L0

.



22.

25.

26

27.

28.

29.

30.

- 149‘?\
Doddi; Robert H. and Lopez, L.A., "‘Subsfgucturing in
Linear and Nonlinear Analysis ", International Journal
for Numerical Methods in Eﬂgineering, Vol 15, 1980.
Taig, I.C., " Automated Stress Analysis Using
Substructures ", Matrix Methods - in Structural o«
Mechanics, November 1966. |
Basas, Jesus E: and D'Souza,uValerian J., " Automatic

Finite Element Model Generation of Automotive

Compénents Using Ansys ", Ansys Conference Proceedings, =

April 1983.

Arora, J.S., " Survey of Structural Reanalysis
Techniques", Journal of the Structural Division ASCE,

April 1976.

)

." Noor, Abhmed K. and Lowder, Harold E., " Approximate

Techniques od Structural Reanalysis “, Compﬁters and
Structures, Vol 4, 1974.

Fox, Richard L., " Optimization Mefhodsktbr Engineering

Design ", hddison—Wesley Publishing Company, 1971.

Genrge, Alan and Liu, Joseph W., " Computer Solutions
of Large Spérse Positive Definate Systems ", Prentice
Hall Inc., 1981. *

Tewarson, Regingld P., " Sparse Matrices ", Academic
Press, 1973. *

Bathe, Klaus Jurgen and Wilsén, Edward ‘L., " Numerical
Methods in Finité Element Analysis", Prentice Hall

Inc., 1976.



31.

32,

33.

- 150 -
Giles, Gary L.f " Procedure for Automating Aircraft

Wing Structural Design ", Journal of_the Structural

Division, ASCE, Vol 97, 1971. ‘ -t
Shanley, F:R., " Stfeng£h of Materials “; McGraw Hill
Book Co,, 1957. * |
Phansalkar, Suresh R., " Matrix Methods for‘Structural .
Reanalysis ﬂ,‘ﬁournal of the Structural Division of

ASCE, 1972. s ©




_ o : APPENDIX I

e ‘ BANDWIDTH OPTIMIZATION ALGORITHM

.
e 1
§
-,
:
y
b
\),u\
ot f —
Lo
Som e - .
L)
a4
l. ’
4 )
-

.-'15.1- A S




- 152 -

Input nodal list

[

Determine node with highest degree
(used in most no. of elements)
~< - put it as first node in output list

vy
-t

r'3

Determine all nodes connecting to this
node - make this secondary list

Y

Detérmine node with highest degree in
secondary list - put this as next node
in output list

— delete this node from secondary list

\

Find all connecting nodes to this node
and put in order of reducing degree

- put this 1list in output 1list

- delete this list from input list

A

Is secondary list exhausted ?.

Ves
Is input list exhausted ?

no

yes

Determine node with highest.degree
from nodes left in input list

no

Output sorted
nodal list

Figure AI.l: Bandwidth Optimization Algorithm Flowchart
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APPENDIX IIX

£y

° Partitioned Global Matrix Assembly Procedure
’ A

The following lists a procedure for partitioned global
"matrix assembly from individual stiffness mafrices (in
global coordinates) of all the elements to be assembled and

e veeeo ....the nodal connectivity of the elements. A nodal 1listing of

all the elements as well as the partitioning point in this

list is also required.

1) Assign a double subscript (kij ) to each element
stiffness coefficient in all elemént stiffness matrices.

The first subsc;ipt i, corresponds té the force ‘in

the global model for which the equation is written,h

while the second subscript j, designates the associated

degree—-of-freedom in the global model. ! ’ “

Al

2) Create a two-dimensional array for a square matrix [K]
whose size is equal to the number of dqgrees-of-freedom
in the complete system.

L

A\Y

3) Partition the [K] matrix into four matrices [K1l1],
[K12], [K21], and [K22]. |
- , | The partition is determined by'the inputted
partitioned point in the nodal listing. Thus, the size
of [éll] which 1is a square matrix corresbonds to the

number of degrees of freedom in the left side- of the

= 154 -
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partitioning point in the nodal listing. The size of
[K22] 'whiéh is also a square matrix is equal to the
number of degrees of freedom to the right of the.
partitioning point in the nodal listing, .

[K12] and [K21] porrespond té the matrices on the
right of [K11] and the left of [K22] in the ofiginal

complete global matrix (Figure AIII.la).

4‘) Access and place each element stiffness coefficient in
the app,ropriatle position corresponding to -its -
‘sv;bscripts -in one of the four matrices [K11], [K1l2],
[K21], or [K22]. If nore than one coefficient; are to .

—be—placed at the same position in any of the four
Qparti{:ioned global ’matrices, they are édded to each

other before the placement. - : -

5) Repeat this procedure until the list of elements is
exhausted resulting in 'the four "assembl%d and

partitioned matrices [K11]}, [K12], [K21l], and [K22]..

i
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MATRIX INVERSION BY CHOLESKY'S

TRANSFORMATION TECHNIQUE s
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Hatri; Inversion by Chbélesky’s Tranformation Technique %ﬁ

Cholesky's transformation technique for solving a set of

linear simultaneous equations has been derived HV Bathe and
Wilson [30]. A modified method utilized in the matrix inversion .
routine in the reanalysis softwére is given below.

: s

Let [K] be an n X n,syhmetﬁic matrix to be inverted. ,

Thus: i :

KIk1TY = 1) (AI1R1)
where [K&"1 is the inverse of (K]

" -and [I] is an identity matrix of order n.

. ~/ > ’
Let -the, matrix [K] be written as:
(x] = (L) (o1 (it ‘ (AI11-2)

where'[L] is a lower triangular matrix,

[D) 1S a diagonal matrix,

and [L]T is the transpose of [L].
Thus if: » ‘ _ : -
) 1 o . 0 0O O0..... 0
Ly, 1 0 0 0..... 0
(L} = L31 L32 0 0 0.....:O
- nl’FnZ LnS Ln4 Ln5 ....... 1 i

’ L po—
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and A o . —
D11 0, 0 0 'O’ ...... 0
: ‘ D, 6 0 0......0
(D) = 0.0 Di0 0 O...... 0
- . L
L..O 0O 0 0 0 O...... D'l’l.
and i
1 L21 L31 ............... Lnl
. 1 L3g ........... ‘.: an
[L]" = 0 1 - 1‘43 ........... Ln3
-0 0 0 ..... e
i __ % . —'
The terms in the three matrices [L], [D], and [L]T can be
_ determined by expanding Equation (AIII-2). This Equation can now
’ be, written as:
. _ } -
Kir ¥z Ky Di;  LayPpy L:311311 * LhiP11
. : 2 .
Ko1 Koo Kapl | L2aP1n b31 P1a*Pa L21’“31011 LaaPap -
i ) = "
K31 K32 KSB' 'K3n ) -
K . ..K ..
nl nn . —
L - — = (AL11-3)
‘ Thus from the above Equation:
- - -
K K,.’
12 . - 13
D,, =K,,, L,, ==, L e e ,etc,
117 M1 21 T D, " 731 DT :
y In general: .
| | L v
| Let my = m ~J (m = half bandwidth of KI)
/ for j=2,..... /M, and = mrl S
,/ :
. | 4




. GiJ ' }: Lri rJ . ' . (AI11-4)

Q.
< where the elements GiJ are defined as intermediate quantities and

the calculation is cb/mpleted using: =

G

) 1 ‘ 1 N ’ .. ¢ 4
. L., = (AITI-5)
. ’ . 4 ; .iJ DiJ B
1 ’ - -
: d

/) ) ' an ~ AR E , b

.. “Dl=K., - "2, LG ’ . " (AIII-B)°

! : : P37 03, 22; Srory i

1 . i J

Py

&,

| .
‘z_\ Tl}us once the matrices [L1], [D], and [L] have been determined

Equation (A_lll 1) can.be written as: -

. f . .

L@ 1w’ ot = .- oL (AI11-7)
‘ d ‘ > Multiplying both sides of E uation (AITI-7) by -[L]—'l, and
: a .simplii‘ying: ‘ - |

j . . ¢ .

. (D] [L]T[KI'1 = (et o ~ (AILI-8)

| T Let [~L]—1[I] = {W]. [W] can be evaluated bu; using for'war'd
substitution. §ubstituting the abdbve-’ and multiplying both sides

"\ of Equation (AI1I-8) by (D] :
: v i \' AL 'r; ‘
L T = o AT (ALT1-9)
. ¢ .‘ . .— ' / <
,‘ v 1 . g
Let [D] "[W] =.[V]. [V] can also beg easilly evaluated as [D] is
:p' ' ) ? ' J
. . onbﬁa dlagonal matrix. Substituting and multiplying both sides
- . . 1
“).. _j of Equatlon (AI1I-9) by ['L] :
oo £ c ol : : , . - '
' - (K] [L] (vl . ‘ \ N - (AI1I-10).

Equa.t.ion (A111-10) can be easilly solved by using backwar-d
’ substitution

2



