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ABSTRACT

The fluid tanks play an inportant role in
the dynanic behavi our of spacecraft as
they carry fuels which may take up to 50%
of the total spacecraft nass.

¥
The fluid tanks are therefore needed to be
adequately nodeled in order to obtain an
accurate prediction of spacecraft dynanic
behavi our.

This paper presents an algorithm by which
a Boundary Elenment and a Finite Elenment
systens are conbined to solve the problens
of fluid - structure interaction of fluid
tanks. The fluid is assunmed to be

i nconpressible and notion linted to snall
anpl i tudes.

It is shown that a conbi ned system can
provide an optinmm analysis environment in
which Finite Elenent nmethod is used to
nodel the thin walled tank and Boundar

El ement method to represent the fluid In
the tank.

Based on this idea, the authors devel oped
a coupl ed system whi ch enpl oys BEASY,
Boundary El enent and the ASKA, Finite

El ement anal ysis nodules to generate the
fluid and structural matrices. These
matrices are then conbined along the
wetted surface between the tank and fluid
by consideri _nlg_ the apé)_r opriate equilibrium
and conpatibility conditions.

Exanpl e problems presented include

anal yses of a full fluid filled tank, a
cylindrical canal and a typical
spacecraft’s fluid tank.

1. I NTRCDUCTI ON

In the last two decades, the Finite

El ement et hod (FEMI) has established
itself as a powerful analysis tool in nany
areas of engineering analysis including
that of fluid-structure interaction

probl ens. The main feature and reason for
the popularity of the (FEM has been its
wi de range applications.

The main drawbacks of using FEM has al ways
been its requirement of nodeling the

domai n. of the problem which results in a
signi ficant nunber of internal degrees of
freedom at which the solution is conputed.
In practice, unless one is particul arIK
interested to know the solution throug
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the entire domain, the introduction of
internal degrees of freedom only
contributes to a wasted nodeling and
conputational effort. oOverceming these
géo I ens has been the notivation of many
searchers to discover an alternative
anal ysis technique (Ref 2) l|ike Boundary
El ement Method. Based on boundary
integral equations (for which its theory
was known well before the introduction of
first multipurpose comercial Boundar
El ement anal ysis system BEASY in 19819/ it
only requires a nodel of the boundary and
introduces internal degrees of freedom
only in the area of interests. Thi s
feature has attracted extensive research
into the technique in the past ten years,
extending its application to nost
engi'neeri'ng probl ens. In practice,
however, it has its own drawbacks when
dealing with non-linear problens and thin
structures.

2. WHY USE a COMBI NED SYSTEM FCR FLUI D
STRUCTURE | NTERACTI ON PRCBLEM?

In general the fluid structure interaction
problens are divided into two categories:

a. External problems for which the volune
of the fluid is infinite, such as those
found in offshore and marine structures
(Figure 1).

b. Internal problems for which the
boundary of the fluid is bounded I|ike
the problens of fluid tanks (Figure 2).

It is inportant to note that in both cases
the boundary of the fluid coincide with
that of the structure. One can therefore
draw an inportant conclusion that
representing the fluid using Boundary

El emrent method does not require any extra
nmodel ing effort than defining the
structure. The structural geonetric data
at structure-fluid interface can be
directly used to nodel the fluid. For
structure however it is best to use Finite
El enent method asthese problens are
norrraIIBy involved with thin shells for

whi ch Boundary El enment technique may not
be cost effective.-

The use of conbined technique is
?artlcularly inportant for two classes of
luid structure interaction problens.
First those for which the volume of the
fluid is significant conpared with its
total surface area, |ike external

probl ens. Second for which the fluid is
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subj ect to sone internal geonetric
conpl exities, such as problens of fluid
tanks with internal baffles.

The fluid tanks of spacecraft fall into
both categories as the size of these tanks
are nornally large and al so can be conpl ex
due to existence of baffles (Figure 3).

3. MODELI NG ASPECTS

Apart from the pre and post processor
used, a combi ned system would involve four
nodul es as showing in (Figure 4) .

The interface prograns shown can be
integrated into one nodul e, however they
are referred to as two prograns for the
sake of sinplicity. The role of these
p_rolgra(rs are particularly inmportant as we
will discuss later.

The analysis flowis as follows:

3.1 Initial FE conpl ete nobdel.

Initially the conplete nodel of structure
and fluid is prepared within Finite
Zlement environnent. In this nmodel both

--the fluid and the structural elenents are

defined within the sanme net. The
structural and fluid (wetted orfree
surface) elements are defined by means of
the assignment of different groups.

In the initial conplete FE nodel, the
fluid elenents are defined by regenerating
the structural shell elenents at the
interface between the structure and the
fluid. During this process the fluid

el enents are converted to nenbrane

el enent s. However the fluid el enents on
the free surface are nodel ed

i ndependent | y.

3.2 Fluid Mdel

The next step is to extract the Boundary
El erent fluid medel fromthe initial
Finite El ement conpl ete nodel .

Unfortunately this cannot be done directly
due to differences in nodeling concept
between Finite El ement and Boundary

I enent methods. The role of the FE- BE
«nterface programis therefore to preserve
the compatibility between the FE and BE
fluid nmodels. This would require

nmodi fication to the FE fluids data in the
initial conplete nodel. (Figure 5)

These are:
* Modification to El enent Connectivities:

As the Boundary Elenent nmethod deals with
the boundary of th=s problem it requires a
means by whi'ch it can distinguish an
external boundary from an internal
boundary, i.e. the elenent should be
defined such that it represents the right
direction of the outward normal . The
direction of El enent connectivity provides
this neans and FE-BE interface program
shoul d reverse this if necessary. (See
Fi gure 6)

* Introducing Additional FE Nodes:

While the structure and the fluid elenments
are coupled along the wetted surface, the
free surface should be allowed to nove
freely. This decoupling is enforced by

i ntroduci ng double nodes at interface
between the free and the wetted surfaces
of the fluid (Figure 7)

* Defining appropriate Fluid Elenents
Continuity:

In general, a numerical nodeling technique
i nvol ves two approximations:

a) Geonetric Approximtion:

This is made by subdividing the donain
Igor the boundary as in the case of
oundary El ement nethod) into nunber
of elements, within which the geonetry
is approximated in terms of geonetric
paraneters of sone predefine points
on the element’s boundary called mesh
poi nts.

b)  Sol ution Approxi mation:

This involves approxi mating the
problens variables within each
elements in ternms of their values at
sone predefined point called nodal
poi nt s.

The nunber of nesh points and nodal points
are chosen depending on the required order
of geonetric and solution approximation.

In Finite El enent the nmesh and nodal

oints are chosen to be the same and
ecause of the inter-element continuity
requirement, elements are defined such
that they are matched at mesh points al ong
their comon boundary.

The Boundary El ement nethod however

rel axes this requirement nmesh and nodal
points do not have to coincide and mesh
gradi ng does not have to be continuous
across the boundary. (Figure 8}

The continuous or discontinuous elenents
can be chosen arbitrarily however, an

opti mum nodel is based on continuous

el ements with discontinuous elenents used
in the areas where natural discontinuities
of problem variables are expected.

In this application the normal pressure is
di sconti nuous along any geonetric kinks
and at interface between the wetted and
free surfaces. The task of FE-BE
interface program is therefore to consider
di scontinuity where appropriate.

The details of all nodifications to the
initial FE fluid nodel is saved and used
later tc create the final FE nodel.
(Figure 9)

3.3 The Fluid Mass and Stiffness Matrices:

The nodified fluid nmodel is now passed to
the BE anal ysis nodel . The nmass and
stiffness matrices are generated initially
at Be nodes and then extrapolated to the
FE mesh points and symmetrized due to
unsymmetrical nature of Boundary El ement
influence matrices (Ref 1) (Figure 10).

3.4 Final FE Complete npdel:

The final FE nodel is prepared by the
EE- FE interface program The FE
structural nodel from the initial conplete
model together with the nodified FE fluid
model s of each tank are passed to the
final nodel. The model tluid of each tank
and structural model are now defined
within different nets and tangenti al
degrees of freedom on the free surfaces
are suppressed. (Figure 11)



3.5 Final Analysis:

This is carried out within FE environment.
The final conplete nodel is passed to FE
anal ysis module, for which the nass and
stiffness of the structure is calcul ated
and combined with those of fluid, and used
to evaluate the dynamic properties.
(Figure 12)

Note that the nodeling tasks of FE-BE and
BE-FE interface programs are carried out
autonatically and are transparent to the
user.

4. THEORETI CAL ASPECTS

Early studies on coupl ed BEM FEM

t echni ques were carried out by Zienkiewcz
(Ref 3) and Brebbia (Ref 4). The

techni que was | ater used by Wal ker (Ref 5)
to solve the fluid-structure interaction
probl ens of the the mentioned in this
paper . However the earI'\X work on this
subj ect was based on BEM fl at constant

el ement s. The formul ati on used al so took
into account the fluid stiffness
contribution fromthe free surface onl?/
nd therefore could not deal with problenms
of fluid filled tank. The formulation
used in this study is based on:

4.1 Boundary FElenent Formulation:

The potential field within an
i nconpressible fluid is governed by the
Poi sson equation ,

VU = p (1)
uis the velocity potential

pisthe source density

The velocity vector can be expressed as
the gradient of the velocity potential.

g = Vu ()

Assum ng that the velocity potential uis
continuously differentiable twice in £ and
I'(wheref and T correspond to any

ositions within the domain and on the
oundary respectively) then from

di vergence theory one can wite

/ Vu.ndll = J V2 dQ (3)
Let us now consider the two arbitrary

continuously differentiable potential
fields uandu“.

Appl ying the divergence theorem to the
product  of w«*Vv?y and «Vy" gives

a2 _ - _
JuVudQ = JuVy_.ndl" = 3

] VA = / u.vyd (5

subtracting (5) from (4) and considering
(1) gives

I’
/uvzu;da = @Vl - wVwn)dl - u'pd? (6)

Assunme that « is defined as the potential

field due to a unit source at a point =z, (zr
€ Q) in the domain. ~ The unit source can
be presented by a distributed source whose
density is given by a Direc Delta function
of Az — z;) = A

u*.Vydl (4)

uVy'.ndl
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This function has the follow ng properties
Alz—z) =0 for

x;)

T # I

T +c
Az - z)dQ = \l,—< Az —z)dQ = 1 %)

/ f(2)6dY = f(z)

U*can therefore be defined as the
solution of the follow ng equation and is
call ed a Fundanental Solution

Vi - A (S)

Substituting (8) and (6) gives

3 ulNd) = /'( uVu'n — u"Vun)dl - ]u'pdﬂ (9)
Substituting the expression for the
velocity §2 and (7.3) into (9) and in the
absence of any domain source one can
arrive at

cu; = jfuq'df- .

/u'qdr (10)
where u is the velocity potential, ¢ is
the normal velocity, wu* is the fundanental
solution, and g¢* is the normal derivative
of the fundanental sol ution.
The fundanmental solution for 3D problenms
can be found to be

1

itR
U* ijsthe potential field at point due to

application of a unit source at point .
R 1s the distance between z and z:.

“

u

By taking into the boundary and

subdi viding the boundary into a nunber of
elements within which the potential field
uis approxinated at element nodal points
then one can wite equation (10) in the
following matrix form

HU = GQ (11)

where B and G are boundary integral
influence matrices. ©U and Q are boundary
nodal values of velocity potential and
normal velocity.

4.2 Derivation of fluid s Mass and
Stiffness Matrices

Assuming that the fluid's dynanic novenent
i s harnmonic one can express the normal
di spl acement by

T™V(t) = e“W (12)

and therefore the normal velocity can be
witten by

Q_ = 5“6’t(t) = we'W = wW(t) (13)

Alsc from the Bernoullits equation for
harmonic notion the following relationship
can be used between the pressure and the
velocity potential

1

U= _NBB (14)
Substituting the velocity potential from
(13) ir.to (11)

H U = iwwG W(t) (15)
Substituting the velocity potential from

14R into (13) one can obtain the
ollowing relationship between the
pressure and the displacenments.

HP= ps’GW (16)
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Normal nodal forces can be expressed in
terms of pressure by

E= NP (17)

where N is distribution matrix and E is
the nodal normal force vector.

Substituting (15) into (14) one can wite
— 2 - -
E = [N HGIW =MW (18)
M

where Mis the equival ent nmass matrix
which is unsymetric due to the
\_mstmetric nature of the Boundary El enent
influence matrices of H and G Not e t hat
F and W are the nodal inertial forces and
displacement in nodal normal co-ordinates.
The expression for the stiffness can be
obt ai ned by considering the contribution
of gravity termin the Bernoulli’s
equations to normal pressure

P = —pgW,

wher e _Wz]is di spl acenent in the direction
of gravit

Transformng pressure to nornal
gi ves

forces

EF= —pgN W,

From (18) and (19) the equilibrium
equation can be witten by

F = WVMW-KW,

(19)

(20)

wher e
di spl acenent

W, in (19) is expanded to represent
in G obal co-ordinate system

Transforming F and w fromthe |local to the
gl obal co-ordinate system
Esc "I"F and W = LU} (21)
substituting (21) into (20)
Fo = PITTMTW; - IT K Ws (22)
or

Fo = (wW'Ms — Ke) We (23)

5. APPL| CATI ON

In this work, a coupled system was
devel oped, based on Boundary El enent
mul ti-purpose program BEASY and Finite
El enent program ASKA. (Flowchart 1).

The analysis of the problens presented in
this paper are carried out by nodeling the
problem initially within ASKA environment.

The initial ASKA nodel is then passed to
BEASY-GIS program to create the nodified
ASKA and BEASY fluid nodels.

The fluids mass and stiffness matrices are
eval uated by BEASY and passed to ASKA
together with a nodified ASKA fluid nodel,
where the final dynamic analysis is
carried out.

For the problem of rigid tanks the full
anal ysis can be carried out w th BEASY
2Boundary El enent environment (Flow Chart

5.1 Analysis of a fuij fluid filled
flexible spnerical tank

In this exanple,
spherical tank of

the analysis of a full
dianeter 0.2m filled

with the liquid of 1000 Kg/n8 density is
i nvestigated (Figure 13) .
The tank itself "1s assumed to be of |nm
thi ckness with young's nodul es, 0i sson
ratio and mass density of 7.CE+10 NNm 0.3
and 2800 Kg/ nB respectively.

The acceleration of gravity is assuned to
be 9.81 msec2 and the tank is assuned to
be clanped at 6 d.o.f along a
circunferential circle.

For this analysis 48 linear triangular and

64 linear quadrilateral shell elenents are

used to nodel the tank and identical

?Ilenfoéane el ements are used to nodel
ui d.

t he

For this problemthere is no sloshing
modes as the tank is full with no free
surface. The nodes are purely
hy)drostatic whi ch are shown in (Figure
14).

The same nodel is solved for the case when
the tank is partially filled up to 0.05
(Figure 15). The results obtained agree
with those given by Steelant (Ref 6) wth
errors between 2% to 4% for various node.
More accurate results could be obtained
using curved el ements. The sl oshing
nodes are shown in (Figure 15)

5.2 Analysis of Cylindrical Canal

In this application, the sl oshing

behavi our of the liquid of 1000 Kg/n8
density in a half full cylindrical canal
of 15 netre long and 5.4 netre dianeter is
studied (Figure 16)

The canal’s wall is assumed to be 5mm
thick with young's nodul us, poisson ratios
and rmass density of 2. CE+10 Nm 0.3 and
7800 Kg/ nB respectively.

The acceleration of gravity is assuned to
be 9.81 msee .
The total nunber of 108 Iinear

qguadril ateral shell and 78 Iinear

qgquadril ater of menbrane elenments were used
to nodel the canal and the liquid
respectively.

The sl oshing node obtained is shown in
(Figure 17).

5.3 Anaklvsis of a tvpical spacecraft’s
tan

In this examle the analysis of large a
fluid tank ich is typically used as part

of the spacecraft is investigated.

The tank is assuned to be 16.7m high,

5.0mm thick with dianeter of 5.4m and nade

of alum nium alloy with young nodul es,

R,;)I sson ration and nass density of 71000
m2, 0.3 and 3253 Kg/ nB respectively.

The tank is filied with liquid hydrogen of
70 Kg/ n8 mass density.
224 |inear

For this el enment quadri |l at eral

shell and menbrane el enments were used to
nodel the structure and wetted surface of
the fluid, and 32 linear quadrilateral

menbrane el enents to nodel the free

surface (Figure 18)

The first 6 nodes are shown in Figures
(19), (20) and (21). The first two nodes
correspond to lateral fluid nodes i.e.

sl oshi nq nodes. The next two nobdes are



the axial saddl e nodes of the fluid. The
5th and 6th nodes are the first
interacti on nodes:

6.  CONCLUSI ONS

The conbined Finite Elenment - Boundary

El enent nethod provides the nost cost

ef fective environnment for the analysis of
fluid structure interaction problens
including that of fluid tanks.

Using this technique, the structure is
nodel ed using Finite Elements and the
fluid is presented by Boundary El enents.
Thi s techni que woul d introduce no

addi tional nodeling effort nor any extra
degrees of freedomto that of the
structures (with the exception of the free
surface) and therefore mnimzes the man
and conputer resources required.

Acknow edgenent s:

The authors wi sh to acknow edge the

co-operation and financial support of
European Space Agency, Noordwijk, The
Net herland, in carrying out this work.

529

7. REFERENCES

1. Brebbia, CA
“The Boundary Elerment Method for
Engi neers”

Pentech Press Ltd, PlIynouth,

2. Brebbia C A

"Review of sonme Fundanental concepts and
m | estone reference on Boundary El enents”.
The Boundary El ement Reference Book,
Conput ati onal Mechanics Publication and
Springerverlag, 1988, |ISBN O 905 451 74o.
3. Zienkiewicz, OC Kelly, D.W and
Bettes P.

“The Coupling of the Finite El ement Method
and Boundary Sol ution procedures”.

Int. J. for Nunerical Method in

Engi neering, Vol. 11, pp 355-375 (1977).

4. Brebbia, C.A and Ceorgious, P.

“ Conbi nati on of Boundary and Finite
Element in El astostatics”. App. Math
Model i ng, 1979, Vol. 3 June.

5. \al ker, S.
“"Boundary Elenents in fluid Structure
interaction problens” Appl . h

Model 1'i ng, 1980, Vol. 4, (ft,

6. _Steelant, J. .
"Fluid-Structure Interactions on Mdelled
Spacecraft Tanks”. Frije Universiteit
Brussel, Academ ejaar, 1989-1990

Devon 1978.

. 345-350.



530

///

Sy

Structure

e

N Baffles
/ q
Fluid S
Z

Fig. 3 Mbdel of a fluid tank with baffles
Fig. 1 Typical nodel of an external problem
Finite El enent
Anal ysi s
Modul e
Structure
FE- BE BE-FE
Interface Interface
Program Program
Boundary Element
Analysis
Module
Fig. 2 Typical nodel of an
internal problem
Fig. 4
Initial complete I nternal problens External probl ems
FE Model //
7/
/
¥ / /’/ /
FE-BE Imterface / / ,
! / Fluid's domain
BE Fluid Model
I,
! I,
A A
Fig. 6 The conventional direction of connectivities for internal

Fig. 5 and external

probl ens



531

Disconinuous SontnucLs Perigiy C2mimious

Free Surface

l . TN P

4 \:/ \‘/ \\V’/
vetted — Y| Additional Nodes Vet t ed Fle 8a  Boundary Elesents
surface surface
Discontinuities along
/ the interface betveen
" the wetted and free
*— surfaces
. .
Fig. 7 Boundary elenent nodel of a fluid tank with Flexible “
doubl e nesh points along the interface between . Tank

the wetted and free surface

/’— . Discontinuities at
. geometric kinks
-—— -_——

PO,

Fig. 8bBoundary Element model of a flexible tank

Initial Conplete

FE Mbdel —_———
(Fluid & Structure) Y.edified BE
Fluid Model
) 1
FE- BE BE Anallysiis
Interface Moduie
Modi fied BE Modified FE FE Formatted
fluid rmodel fluid nodel Mass & Stiffness
Fig. 9 Fig. 10
FE Final Fl uid
Initial Conplete Modi fied FE Conpl ete Nbdel Mass & Stiffness
FE Model Fluid Model \.¢/
\ FE
BE- FE Anal ysi s
Interface Module
L
Final FE Dynamic properties
Complete Model of
Coxmplete Model

Fig. 11
g Fig. 12



j 91}
|98}
[§]

4
.
~<

Fig. 13

Geometry of tne
spherical tank

Ful . Tlgid filled

Fig. 16

Geometry oftneparzizliyfilled

spherical taax

Undeformed shape

-

1st mode

-

2nd mode

cad

-

3th mode

Fig. 14

Mbde of vibrations of Full

fluid filled spheri cal

t ank

Undeformed shape

Ist mode

2nd mode 3th mode
— =
Fig. 15b Modes of vibrations of partially filled spherical tank

Undeformed shape

1st mode

3th mode

Fig. 17

Mde of vibrations of the Cylindrical

canal




L

A

(i

Fig. 18 Boundary Element model of a
tvpical spacecraft large tanks

s

D
&
f

N
it
i

7
\)
)

Wy
n
LY

S S\

SRV N N N VRN

-
AR

[ 7

[ 7777
(177171
ERENAREEEE

1
]
n
R\

““““‘

-

-

Fig. 20 Fluid s saddl e node

of the large tank

g
\
N

[ 7 77 77 T e
NENERN
NERENR

R%

A,

Fig. 21 The first structure
interaction nmode of the
large tank

Matcices \
BE ASAV\
Bounaary Element
Analysis Moaule/
——

(Y
o
Ny

N
A

=
~L
(1

A
%s
$

.

HRNNER
AR TR A
RSN S N NS N N N\

oA —7s

y/
{’
\

L\

N\

Fig. 19 Lateral sloshing fluid

nodes of the large tank

(Analysis of Problems with Flexible Containers)

FE |
meal Complete Model I

BEASY-GIS
BE-FE Interface System

4 8E

fe Fluia’'s Model
Structural Moge!
L Structursl

1
~M ng Stifiness
te

ess a
Finite Element \ =P Matrices
Analysis MQQuie
K

ASKA
l Flulg's
\ Mass ana Stitfaess

—

FE
Pre-Processor

Solution anc

Oynamic Properties

4

FE
Post-Processor

Fiuid's

Boundary ElementModel \

—
BZASY ™~
Boundary Ciament Anglysis

Flow Chart 1

BEASY -tMS
Interactive
Modolling System

Flow Cheri 2

533



