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S u r r . r . a r v

V ] u i d - 1 - 1 r u e t • i r '• : n t e r a c t i o n p r o ! 1 e , " . :> h < r o - . e -; n ;. ; • > ; 1 . ; : ; i ; • * • • t -

a r e l a r g e . K u l e r i a n t i e : . c r i p t i o n s l o r t i n - f l u : . ' , - , r i ;; •; • « . • ; ; •; ; : , : • . . • . , , • ;

c a u s . _ - t h e s t r u c t u r e r : - : s t b e d e s c r i b e d I / . 1 a I j K r . i n ; : i . j ; - :• > . . , . . : ; . i t r ; - : . : : - . ; . • , .

d i f f i c u l t i e s a r c e n t a i l e d h i t r > ' a t i r , * t h e o u t i « ; o : " r ; . :,.,. T . - . I . , - i . . . - . :..• '• .• ; • • ;

f i x " d f l u i d r i e s h . ! » i ; ' , r a n p , i a n d » ' s < r : p t i n n s f u r t h e : ' ! . - ; ; \ ; , . ] ] [ ! . .,•'•. r •:••• , : • • .••. . ' : . : •

w i t h L a g r a n ^ i a n L e s l i e s f i ^ r t h e s t r u c t u r e , h e c o . - . - u ; V ( . : r " / r j i ; . L o r : 1 1 i J : t :.•• : ::• • : : . ; • • • . : . : . ;•• >

i s s u f f i c i e n t l y l a r y e . F o r t h e s e r e a s o n - , , r i u r i e r f j u s i : r . ' i - t i ; - , - i t i . i : . . r . p - t . i - ' :• • i r • •• •..'.,:

a r e o f t e n c a l l e d a r b i t r a r y I-igrar.?, i a u - E u l e r i a n f o r m u l a t i o n s i r -,':.: i - !•.,: ,-* : •,. : r •:.•; ^ .•: : : ;

w h i c h t l i e fluid me.s.h nodfc-.'i c an Liove in s p a r e i n d e p e n d e n t ]v of t he ::,.Ker .,:! : f. r. i , ;-•::" it. I: ,

f l u i d n o d e s which a r e in c o n t a c t w i t h t h e s t r u c t u r e t o he moved v i t h t : i : r : -'. u • ;: ;.' .

d i r e c t i o n n o r m a l so t h a t t h e d i f f i c u l t i e s i n h e r e n t in E u l e r i a n f cr::.r. ],::. ; .:. , , j ;-e . i v - . i , i j d . '•: «

a v a i l a b l e f o r m u l a t i o n s of t h i s t y p e a r e however in a f i n i t e d if f' r en^ '" T • it , wh i c h L:" i r -

t h e i r u s e f u l n e s s in e n g i n e e r i n g a p p l i c a t i o n s .

In t h i s p a p e r , r e c e n t deve lopme:y_s of a q u a s ;-F.u] e r i an f i n i t e - !•::•.•.: : l o r m u l a r inr. T r

t h e t r e a t m e n t of t h e f l u i d i n f l u H - s t r u c t u r e i n t e r a c t i o n p r o b l e - . •- a r e :!.•-.• :• •: b e d . The p.-e-,er

f o r m u l a t i o n i s a p p l i c a b l e b o t h t o p l a n e t w o - d i m e n s i o n a l and a:-: i s \ ~ ~ e t r i- : : . : e t - d in-.er::. ior.a 1

p r o b l e m s . In o r d e r t o r e d u c e t h e n o i s e a s s o c i a t e d wit'r t h e conv- '" t i Ti t . v:~.-;, arr ar.pl if ir:\-

t i on f a c t o r t e c h n i q u e i s u s e d t o implemen t an u p - w i n d i n g t y p e ;.[• he::.e.

The a p p l i c a t i o n of t h e method i s i l l u s t r a t e d in two p r o b l e m - w h i c ' .jr.- ci i m p o r t a n c e iv.

n u c l e a r r e a c t o r s a f e t y :

1 . A t w o - d i m e n s i o n a l model of a c r o s s s e c t i o n of a s u b a . ^ s e ^ b l y j o n : U u r . i t ion , whore

t h e q u a s i - E u l e r ian f o r m u l a t i o n i s u sed t o mode] t h e f l u i d a d j a c e n t t o t ' r r s t r u c t u r e d and in

t h e c h a n n e l be tween t h e s u b a s s e m b l i e s .

2 . P r e s s u r e t r a n s i e n t s in a s t r a i g h t p i p e , where t h e a>: U y n r i e t r i c ! orr .u I a t ion i s u s e d

t o mode] t h e f l u i d i n t h e p i p e .

T h e s e r e s u l t s a r e compared t o e x p e r i m e n t a l r e s u l t s f o r t h e s e p r o b l e m s and co r . pa r e q u i t e

w e l l .

The major problem in uhe application of these methods appears to be the automation of

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

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

tween versatility and ease of use is described.
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1. 7 n t r <j d u c t i o n

The advantages of Qua s i-F.u 1 <-r 1;,:, formulations for modellir.L; fluid-, in fluid-structure

interaction analysis with large d i sf,lace:.-:<--n t s is readily'apparent . I-igrr.ngian f orr.u la c i -r.s

for thrj fluid, when used in these analysis, suffer from seven- distortions of the ~.esh, -.-'-. ith

must he corrected by rt.-z-.>:i in,'; several tires durin;; the competat icn. These rezor.in^ pruce-

durt;s add cwi s lde rable ex;iens< to a car.pe t a t ion ; U U K I ! ; ; the a-a1yst stops the ror.ii-ita: : r.,

designs ;t r<-z<>:\<- and thi-r. pror eed s to- compute the T;e:-:L series of time steps. In tod:1.1'

computer env i ronra'-iit , lar;;e u:;a]yse, .ire ijcntr-iijv .till done over:, i ,•/•••. , .o ti.it a :'.,.-:-

structure i n t erac L ion analysis perfsr::i<-d with re^ones often stretnf.e., over on^ or *>• v»:t-<s

of real t f rii -f - - Furtfi».T::;or>', rc^oni-s introduce errors into nonientu^. arid '-r.'.-r.-v baljr.'.e. Ever,

with rexones, a l«ij>ran^ ia:i procedure cannot sat i-.'"ir tor i 1 y treat flow around corr.e.-s. O..:.-

s irie.ra'»1 r- proj^res-. iia-; 1..' L * * ] y be>-n -";.,:iif.- in "cont irrjou -; re^onin;', prn'-t-d;;res" in whi':':i sr.a ! I

a 11 era t i o:.-. are mad'- iri a Î ij-.rarî  iati rr.esi; to ITI in i r. i ?. *- d is tor t i on; t he.>>-- ;-it-1 i .f-.d >, have so".e

promise, i;) Cf-rtaiu classes of prool ••-.s, l;ut the cur.ulative errors introduced V: csv. t :-.-i <: .

rezonin^ are poorly understood and Lhese proce(]ur'-s do not overcome the iuherent ins!, ii i t .•

of I,a£raji,; i an meshes to treat flow around concave corners.

F.ulerian fluid ne.shes, in vhi'-:i the ;;,esh is fixed ir. space, are well suited to t:.e

treatment of lari;e flow:-, and flows around corners. Since the mesh is fixed in spact , thes-

is no possibility of i7(e'-h distortion. However, when the motions of the structure are ]ar,-e,

int er f ac i n ,\ between tiie structural and Eulerian mesh becomes quite difficult: the structural

interface may pass through the middLe of an Eulerian zone, or cut across a corner, or a cjnt-r

of the. structure may fall within the r?iesh, etc. The- treatment of all of these possib il it i--s

require.'; considerable programs inp,, and it is difficult to make the resulting program appli-

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

faces, and Eulerian codes often make s -vere restrictions on their allowed shapes.

In a Quasi-Euleriarj treatment of the fluidj the mesh is allowed to move independent of

the material. We have used the term Quasi-Euler ian rather than Arbitrary I.agran^ian Euleri^-.n

( A L E ) , 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-

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

treatment of the boundaries. In the analysis of complex engineering structures by a general

purpose program, a finite difference method is not as versatile in treating arbitrary £eom-

etries and shapes, so for these purposes a finite element format appears promising.

In this paper, recent developments in the Ouasi-F.ulerian formulation begun in 1973

[3] and de-s-ribed in [4], [5], [6] are described. A unique feature of this treatment has

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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Let us denote the spatial fEulerisn) coord inatt-s by x. and the -.ar«-ri;il '"...n-ri:.,-

coordinates, by X . V.'e now introduce nesh coordinates , .. If

we have an Eu 1 erian r.esh, while

g i v e s a I ^ g r a n g i a n r . c - s ! i . I f ,;. i s s p e c i f i e d i n d e p e n d e n t l y w<: : . . ivi- . .:..•• i -.' : ' . : ; . , : .

m a t e r i a l v e l o c i t i e s a r e d e n o t e d b y v . , s o

v . , X .

w h e r e a s u p e r s c r i p t : d o t . d e n o t e s -a t imt:- d e r i v a t i v e . T h e : : K . . ' : , r .̂- r i 'J. j •.•••".• ." . •• •

C
v . = i . ' >. )

i l

The mot ion of t h e f l u i d i s ;',rj'-'<;rn'-rf hy t h " e q u a t i o n uf ::.-> r. i • -::

where r e p e a t e d ind icc-s irid i c a t e surr-.at iuns ,

M^ = mass matr i x , which i s lumped and d iajMjna 1

v = mater i a l v u l o c i t i e s a t t h e n o d e s ; lower ca se i n d i c e s <;* •; i rn.'i t *.• t '..* ••>::.; i;;r>;-, t

nucib t r , upper c a s e i n d i c e s t h t node number

Text - . , -
i- r = external nodal forces

F.w - internal nodal forces

The internal node forces are given by

dV Co,

UP / 3 KI , G. .„
•y = -— / -77-- (v - v.) dV (9)

where LA is a Boolean connectivity matrix, f are the element nodal internal forces,

tj the element nodal transport matrices, V the volume of element e, p the pressure, ?.

the density, and >r, 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 terras. Upwinding is effected through the amplification factors v , in

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

so that |y J _̂  1 for all I.

The pressure is evaluated by an equation of state

P = pf&,e) (10)

where e is the internal energy. To obtain the density and energy, the continuity and tnergv

balance equations are used. Since the mass of an element does not remain constant in ti:r.e,

M must be updated at every tine step. The detai ls 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 terns, a velocity extrapolation is made; again detai ls are given in [5].

3 . Automat i.c j'-<-j;fi

An inherent drawback of a quasi-Eulerian formulation is that it requires that the ration

of the nodes be programmed for the calculation. In the Lagrangian and Eulerian rceshes, this

is not necessary, for the positions of the mesh points are determined by either Eq. (1) or

Eq. (2). This task can easily get out of hand, tor in complex configurations, the number of

poss ib i l i t i es is extensive. Therefore, an important ingredient of a quasi-Eulerlan program

is the avai labi l i ty of simple, automatic features for generating the mesh coordinates / . as

a function of time.

One of the schemes we have developed is integrated with the data required far the gener-

ation of the in i t i a l f ini te element mesh. The in i t ia l nodal data generator uses the simple

scheme that a l l 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 a*re

flagged in i t i a l ly and either one or both components of the nodes can be designated as

Lagrangian. During the computation, the quasi-Eulerian siesh points are then generattd by

the same formula used in i t i a l ly .

Thus the node cards:

1

10

11

20

21

30

LE
LE

LE

LE

LE

LE

0.

10.

0.

8.

0.

8.'

0

0

0

5

0

0

0.

0.

1.

1.

2.

0

0

0

0

0

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 >—components

as Eulerian. Thus the y-components remain unchanged, vhereas the x-components are adjusted

so that a l l the nodes between 1-10, 11-20, 21-30 remain equispaced in the x-direction. If a

structural wall i s 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-cotr.ponents would net \ ..• appro-

priate. Therefore, a hierarchial scheme is now under development which permits a :;*•;..irate

updating of x- and y-component s. To enhance the versatility of the scheme, the cor r j ; n.jtc

systems may also be rotated locally.

4. Results

The first analysis reported here pertains to an SRI exper ir.e-nt [7] which i- d,-; . ; t,; ,n

Fig. 1. A slow charge was detonated in the center subassenbl y, and the re ipon.se of t •:>•• •••.••-.; t--:

was experimentally determined by the strain gauges and pressure tr.;r. .Jucers s.'.ow;. .:. :, . 1.

The interiors of the hexcans were empty, but a lightweight transfer:-, r oil was u.-r:': : •> r: -1 1

the channels between the hexcans.

The finite element model in shown in Kig. 2; one twelfth svr-T.-.-t r y was u^t-j. ];••.. -,j1' -

assembly walls were modeled by beam elements [8] in a s'.att- of pl.i:if strain; th" :...it IT i;il is

annealed 316 stainless steel. The plug was 6061-T6 alu:::inira, and --; • :.ni!e! i j h\ t r i..--./ular

finite elements. The fluid was treated as inviscid with a tension cutoff. All r;,i ;.:-r ;.• 1 co;.-

stants are gi^en in Table 1. Slidelinos were used between thf fluid •-•r.c War.: ( 1 <-..••-,:-.. The

fluid nodes were treated as I.agrangian normal to the structure, H'jleri.in t -inre-nti:-. I to t he-

structure.

A computer analysis of this problem with the same tr.ndel was previousi v reports in [S]

for the first 0.8 milliseconds; the computer sin.ulat.ion failed at that puint cu>- to diffi-

culties in the treatment of the corner, which caused an instability. This •= ir.ul .t ion was

carried out with no difficulty for 1.2 milliseconds, but it did yht rather expensive, re-

quiring 12,000 time ^teps anci 15 CPU minutes on an IBM 370/193.

The pressure in the channel is compared to the experir.r ital results in Figs. 3 and U.

Also shown, for comparison is the pressure applied to the inside of the centir hexcan. This

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

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

experiment agree quite well, particularly if the reduction between ar;-lied and ch.ir.r.^1 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 pressure? at point P2.

Strains at points SI and S2 are compared with the experiment iv Fig. 5. The acree-er.t

for both strain gauges is excellent until 0.8 milliseconds; beyond this t i-.e, 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]. This problem was analyzed •••;:'- an

axisymmetric shell element [10] and axisymraetric quasi-Eulerian elements for the fluid. The

material constants are given in Table 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 'jxperimental results at transducers PA and

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

(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 axisyiametry in the exper iment . The computation f a l l s n i c e l y near the

average v a l u e .
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Fig. 1. Schematic of SRI Subasserably Experiments; SI and S2 a re S t r a i n Gauges; PI airJ P2

a r a P res su re Transducers .

F ig . 2 . F i n i t e Element Model for SRI Experiment.

F ig . 3 . Comparison of Computed Pressure (STRAW) wi th Transducer PI Record.

F i g . 4 . Comparison of Computed Pressure (STRAW) with Transducer P2 Record.

Fig . 5. Comparison of Computed S t r a i n s (STRAW) with S t r a i n Gauges Rl and ^2 .
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Table I. Subasserably Cluster Test Material Properties

Annealed 316 stainless steel

Young's modulus = 2.122 x 10 MPa

Poisson's ratio - 0.3

Density = 7850 kg/m3

Uniaxial s tress-strain data

Strain (m/m) Stress (MPa)

0.000915 194.2

0.002 225.1

0.039 362.1

0.070 446.2

0.170 627.5

0.730 1237.8

2.320 1490.5

6061T-6 aluminum

Young's modulus = 0.814 y. 10 MPa

Poisson's rat io = 0 . 3

Density = 2540 kg/m

Uniaxiai s t ress-strain data

Strain (m/ra) Stress (MPa)

0.00348

0.00465

0.009

0.100

233.2

326.9

407.4

697.3

Lightweight transformer fluid

Bulk mddulus = 1.67 x 10 MPa

Density = 850 kg/m
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Table II. Pipe Test Material Properties

Nickel 200

Young's modulus = 1.93 x 10 MPa

Poisson s ra t io

Density

= 0.3

= 8850 kg/ni3

Uniaxial s t ress-s t ra in data

Strain (ra/ra)

O.OOO393

0.00127

0.0058

0.1

S t r e s s (MPa)

76.0

95.0

118.6

38A.0

Water

Bulk modulus - 2.07 x 10 MPa

Density =• 1000 kg/ir.
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