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Fluid-wtructure interaction pro!loms become paat) ol

¢ I8 ..

are large. Fulerian dencriptions for the fIuid  are 5ot well  wie,

cause Ui structure mest be described Ly oo lagrancios oo [ .
difficultics are entailed In treatiry the motion of e Lavraracia: . oo o .

fixed fliid mesh.  lagrangian descriptions for the Sloid, alth o o . e

with Lagrangian me: for the structure, bece sy odintorted oo sl tra et
is sufficiently large. For these reasons, numerons inve tirators Lave tus.oc 1. o

are often called arbitrary lagrargian-Fulerian form:lations or gy i

fothe mater sl s perrit Ui

which the fluid mesh nodes can move in space independently of
fluid nodes which are in contact with the struciure to be moved with

direction normal so that the difficultics inherent in Eulerian formulot: o are aveided. et

available formulations of this type are however in a finite diffrrene ¢ oro

their usefulness in enpineering applications.
In this paper, recent developmen.s of a guasi-Fuleriar finite «lereot rormulation ¢ o

the treatment of the fluid in fluid-structure dnteraction problem: are de.cribed. The prosent

UT

formulation is applicable both to plane two-dimensional and a

problems. 1In order to teduce the noise associated witt the convertion @

SO e,

tion factor technique is used to implement un up-winding typc

The application of the method is illustrated in two problems whic’ ure el importance in

nuclear reaztor safety:
iajuratien, where

1. A two-dimensional model of a cross section of a subassembly ooy

the quasi-FEulerian formulation is used to model the fluid adjaccnt to the structures and in

the channel batween the subassemblies.

2. Pressure transients in a straight pipe, where the axisymmetric formutation is used

to mocel the fluid in the pipe.
Thase results are compared to experimental results for these problems and compare quite

well.
The major problem in che application of these methods appears to be the automation of

the scheme for moving the fluid nodes. Several alternative schemes are used in the problenms

described here, and a more general scheme which appears to offer a reasonable compromise bu-

tween versatility and ease of use 1s described.
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1. Jntroduction

. FIN il esge s o3 - . . - .
The advantages of Quasi-Ealerian formulatinne for nodelling fluids in flufd-structure
P formslevion,

interaction analyois with large dioplananents is readily appurent . Lagrangian

for the fluid, when used in these analysio, suffer from severe diotortinns of the me:

must be corrected by rezuning several times during the computaticn.  These rezoning proce-

Stops the oos

pense to o a corputation; naouslly

dures add considerable o

designs a rezone and then procecds, o compute the

<t omeries of time steps.

vilyse, are peneraliy L Uill done ouvernisht, o that a @) L.

computer cnvirunment, large

structure jnteraction analy.is performed with rezonss often strefriis OVer onwe or o, weexs

of real time. Furthermors, rezones introduce errors into nomentun and enurey

with rezones, a lagrangian procedure cannot sati-“uctorily treat flow around corners.
whieh

siderahle progress bas letely been node in "rontinuous rezoning procedures” in

to minimize distortion; these methods have ovoa

alteration: are made in a Laprangian me

promi=c in cervain clanaes of prablenys) bhut the cumnlative errors introdace

rezoning are poorly underetood and these procedurs, do not overcome the

of Lagrav;ian meshes to treat flow around concave corners.

Fulerian f1uid meshes, in which the meoh i+ fixed in spare, are well suited to

treatment of large fiows and flows around cornert..  Since the mesh is fixed in space, there

is no possibility of mesh distortion. However, when the mntion, of the structure are larce,

interfaciny between tne structural and Eulerian mesh becomes gquite diffilcult:  the structural

interface may pass throupgh the middle of an Eulerinn zone, or cut across a corner, or a €511er

of the structure may fall within the mesh, etc., The treatment of all of these possibiliti-

requires cnnsiderable programming, and it is difficult to make the resulting program appli-

cable to completely arbitrary structures. Similar difficulties are presented by free sur-

faces, and Fulerian codes often make s :vere restrictions on their allowed shepes.
» P

In a Quasi-Eulerian treatment of the fluid, the mesh is allowed to move independent of

the material. We have used the term Quasi-Eulerian rather than Arbitrary Lagrangian Eulerian

(ALE), for the structure of these fluid equations is almost identical to the structure of the
Eulerian equations. ALE formulations were developed in a finite difference format by Trulio

[1] and Hirt, et al. [2}. These treatments were principally intended for the study of ex-
he

plosive phenomena and the primary motivation for the ALE format was the simplification o t

treatment of the boundaries. In the analysis of complex engineering structure<s by a general

purpose program, a finite difference method is not as versatile in treating arbitrary gceom-
etries and shapes, so for these purposes a finite element format appears promising.
In this paper, recent developments in the Quasi-Fulerian formulation begun in 1973

[3] and deo ~ribed in [4], {51, [6) are described. A unique feature of this treatment hae

been the development of a simple amplification matrix scheme for upwinding and some simple

schemes for generating the logic for moving the mesh nodes. Other improvements have been

the extension of the method to axisymmetric problems, the refinement of certain aspects of

the flow around corners and the automatic programming of mesh data. These improvements have
been incorporated in the program STRAW and will be briefly described in the following; then

some some sample calculations showing the capabilities of the method will be presented.
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2. Formulation and Equations

Let us dennte the spatial (Eulerien) coordinates by x, and the material “lacran, ..o
ST
coordinates by Xi. We now Introduce mesh coordinates e If
=y ;
K} i i
we have an Eulerian mesh, while
<. = X. .
i i
gives a lagrangian mesh., If i is specifled independently we foave o e §ob il
material velocities are denotved by *i’ 50
v, = X |
i bt
where a supcrseript dot denotes a time derdvative. The ment 7prid) o
Vv, = oo, Z)
i i ’
The motion of the fluid is poverned by the equation of wotic:n
. ext int
M, v, = F. -~ F., (4
KL il i¥ i¥ "
where repeated indices indicate summations,
MYI = mass matrix, which is lumped and diajponal
Vi, T material velocities at the nodes; lower case indices desienate e conpoanent
nunmber, upper case indices the node number
ext
PiF = external nodal forces
Ant .
Eiy = internal nodal forces
The internal node forces are given by
int (e) int (e) (e)
F. = = E L, (f + t, &)
iK &) iJ 17 )
e
int (e) 3J
£ = dv 7
1] P 3v, . 2
(e) H '
v
3v
(e) . i G
t, = (1 + ~ LND T v, - v.}) dv &
il ( 1) Y1 axj ¢ j J) 52
v
— ) oN.
Up 1 G
® —= (v, - v,) aV 9
Iy 9%y ( i 1) (9
A
(e) . . int (e) . L
where LKJ is a Boolean connectivity matrix, f}J are the element nodal internal forces,
e
t(e) the element nodal transport matrices, V( the volume of element e, p the pressure,

i1
the density, and ﬁI the shape functions.
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Eq. (5) represents the summation of element nodal forces to the system internal nodal

foice matrix; Eq. (6) gives the element nodal forces due to the pressure, and Eqs. (7) and

(8) give the transport terms. Upwinding is effected throﬁgh the amplification factors o in

Eq. (8); UP = 1 corresponds to full upwinding, UP = 0 to no upwinding. The factor y is chosen

so that IYII <1 for all I.

The pressure 1s evaluated by an equation of state
p = ple,e) (10)
where e is the internal energy. To obtain the density and energy, the continuity and energy

balance equations are used. Since the mass of an element does not remain constant in time,

MKI must be updated at every time step. The details uf these procedures have been reported
by Belytschko and Kennedy (5].

The equations of motion are integrated by the explicit central difference method. To

evaluate the transport terms, a velocity extrapolation is made; again details are given in [5].

3. Automatic Mesh

An inherent drawback of a quasi-Fulerian formulation is that it requires that the motion
of the nodes be programned for the calculation. In the Lagranzian and Eulerian meshes, this
is not necessary, for the positions of thc mesh points are determined by either Eq. (1) or
Eq. {(2). This task can easily get out of hand, rfor in complex configurations, the nucber of
possibilities is extensive. Therefore, an important ingredient of a quasi-Eulerian program
is the availability of simple, automatic features for generating the mesh coordinates £y as

a function of time.
One of the schemes we have developed is integrated with the data required for the gener-

ation of the imitial finite clement mesh. The initial nodal data generator uses the simple

scheme that all nodes for which nodal data cards are skipped are equispaced between the spec-
ified nodes or spaced according to some formula, such as a geometric elongation of successive
element sides.

For purposes of generating the mesh coordinates as a function of time, these nodes are
flagged initially and either one or both components of the nodes can be designated as

Lagrangian. During the computation, the quasi-Fulerian mesh points are then generated by

the same formnla used initially.

Thus the node cards:

1 LE 0.0 0.0
10 LE 10.0 0.0
11 LE 0.0 1.0
20 LE 8.5 1.0
21 LE 0.0 2.0
30 LE 8.0 2.0

initially generate a mesh with nodes equispaced from x = 0 to x = 10. During the computation,

the x~components of nodes 1, 10, 11, 20, 21 and 30 are treated as Lagrangian, the y-components

Thus the y-components remain unchanged, vhereas the x-components are adjusted
If a

as Eulerian.
so that all the nodes between 1-10, 11-20, 21-30Q remain equispaced in the x-direction.

structural wall is placed at x = 10, the fluid will remain in contact with this wall through-—

out the computation and the mesh will remain relatively undistorted.
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The range of problems to which this scheme is applicable is limited, for If y = 2.0
corresponds to a free surface, the Eulerian treatment of the y-components would not *. appro~-
priate. Therefore, a hierarchial scheme is now under dovelopment which permits o ScejarTate
updating of x- and y-components. To 2nhance the versatility of the scheme, the corriinate

systems may also be rotated locally.
4. Results

The first analysis reported here pertains to an SRI experiment (7] which i de; . told
Fig. 1. A slow charge was detonated in the center subassembly, and tie rcsponse af oo

lucers

was experimentally dctermined by the strain gaug~s ané pressure tr.

The interiors of the hexcans were empty, but a lightweight transformor oil was usod T 51

the channels between the hexcans.

The finite element wodel is shown in Fig. 2; one twelfth svmmetry was u-el.

.

ra

bl

assembly walls were modeled by beam elements [8] in a state of pl.

modeld Lotrioasular

annealed 316 stainless steel. The plug was 6061-T6 aluminum, and wi-
finite elements. The fluid was treated as inviscid with a tension cutoif. A1l s.verial con-

bean ¢lerent ., The

stants are given in Table 1. Slidelines were used between the fluid
fluid nodes were treated as lagrangian normal to the structure, lerian tangenticl to the

structure.
A computer analysis of this problem with the same model was previnusly reporrec in [35]

for the first 0.8 milliseconds; the computer simulatinon failed at that point due to diffi

i

culties in the treatment of the corner, which caused an instabilicvy. This <inul .tien was

carried out with no difficulty for 1.2 pilliseconds, btut it did get rather expensive, re-

quiring 12,000 time steps and 15 CPU minues on an IBM 370/195.

The pressure in the channel is compared to the experimratal resuits in Fi;

Also shown for comparison is the pressure applied to the inside of the center hexca

pressure history for the source is taken from a single hexcan test. [7] supgests a different

pressure for the source, with a 14 MPa peak, which we feel is in error.

experiment agree quite weil, particularly if the reduction between arrlied and channel pres-
sures is considered. The major discrepancies are (1) the absence of the early spikes in the

numerical results and (2) the more rapid drop in the pressures at point P2.

Strains at points Sl and S2 are compared with the experiment i- Fig. 5. The acreement

for both strain gauges is excellent until 0.8 milliseconds; bevend this time, the experiment

shows significantly higher strains than the analysis. It is of interest to note tha" the

analysis predicts lower pressures than found experimentally, so the urderprediction of the

strains is not unexpected. The cause of these trends is not clear, although the pressure

input uncertainty may be a factor.

The second example is an SRI pipe experiment [9].

{10] and axisymmetric’quasi-Eulerian elements for the fluid.

This problen was

axisymmetric shell element
material constants are given in Tabie 2. The nodes in the fluid were treated as Eulerian
along the axis of the pipe, Lagrangian normal to it.

The pressure-time histories are compared to experimental results at transducers P4 and

P10 (see Fig. 6) in Fig. 7; the comparison is excellent. Strain histories at points A and D

(see Fig. 6) ar~ shown in Figs. 8 and 9. In both figures, the five experimental records at

each of the cross-section are shown. As can be seen, there is substantial differences be-~
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cause of the lack of axisymmetry in the experiment. The computation falls nicely near the

average value.
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Fig. 1.

Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.
Fig. 8.

Fig. 9.

*
E 6/3
Schematic of SRI Subassembly Experiments; S1 and S2 are Strain Gaupes; Pl any P2
are Pressure Transducers.

Finite Element Model for SRI Experiment. -

Comparison of Computed Pressure (STRAW) with Transducer P! Record.
Comparison of Computed Pressure (STRAW) with Transducer P2 Record.
Comparison of Computed Strains (STRAW) with Strain Geuges S1 and SI.
Schematic of SRI Pipe Experiment.

Comparison of Computed Pressures (STRAW) with Experimental Xecords at P4 oo
Comparison of Computed Hoop Strain (STRAW) +‘.h Experimental Hecords= €GI

Lemords 0T vt S0l

Comparison of Computed Hoop Strain (STRAW) with FExperimental
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Table I. Subassenbly Cluster Test Material Properties

Annealed 316 stainless steel

Young's modulus = 2.122 x lOS MPa

Poisson’'s ratio = 0.3

Density = 7850 kg/m3

Uniaxzial stress~strain data

Strain (m/m) Stress (MPa)
0.000915 194.2
0.002 225.1
G.039 362.1
0.070 L6462
0.170 627.5
D.730 1237.8
2.320 1490.5

6061T-6 aluminum

Young's modulus = 0.814 x 10° MPa

Poisson's ratio = 0.3
2540 kg/m3

Density

Uniaxial stress-strain data

Strain (m/m) Stress (MPa)
0.00348 283.2
0.00465 326.9
0.009 407.4
0.100 697.3

Lightweight transformer fluid

Bulk mddulus = 1.867 x 103 MpPa

850 kg/m"

Density
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Table I1. Pipe Test Material Properties

Nickel 200

Young's modulus = 1.93 x 105 MPa
Poisson's ratio = 0.3

Density = 8850 kg/n3

Uniaxial stress-strain data

Strain (m/m) Stress (¥Pa)
0.000393 76.0
0.00127 95.0
0.0058 118.6
0.1 384.0

Water

Bulk modulus = 2.07 x 103 MPa
Density = 1000 kg/m3

*
E 6/3
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