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Thic paper is concernod with an Falerian for

velouped for the nenlinear tluid-ctroctare dnteraction an

clear reactor.,,

containment and piping corponente of

thodnlogsy io chosen because of jte deciad

wbhilitice, fae 1y 0 o 0 0 o e

w

with large distortion., {2) troating, tluid rlow sroend farern.

cal discontinuicys, (3) han'Ting wave trensients in the vio i

ultimite nbhjective i+ to perfarm the anals

transicut load.

This Fulerian formdation has bheon suceensively ; . <
hydrodynamic technigues (soch as MAC, TCH, TMF, ctel) Ch Lo
teraction problers.  The resulting computer progrape, [CROO, TCHr D0 T e e
plied to many reactor salety problens which are reported in R . et
ture of the formulation is a pencralized wmethod for treating th i ' o Teoot
the movenent of the stroctere with reopeet to the stotiong . t i
pling technique for the hydrodynamic and structurad calceulaticas © 00 ! can il
at the flnid-ctructure interface are rijperously satiaficd.

Two types of irregulav cells are cousidored and their forenlooioo crre T
ICE technigque are deccribed,  The first one is for Interfoces bBoro cou o anl o A
able structure, where the fluid slides tangentially along the vovio, foandare. A 1el o

on the moving boun

cquatien i« derived here, allowing the adjustment of the pres
the fluid by an amount proportional to the actual woss flux acrosye the

for fluid adjacent to the perforated structure vhere tiuid ticw threugh

irregular cell i
te

coolant passage takes place. A modificed Poisson equation is obtained
for the voluwae perforation and the flow-arca availability of the pertein
two equatious, in conjunction with the governing Pois=on equation of the 1CH technique,
solved iteratively. Ceonvergence is attained when boundary conditicns ot all interfaces

satisficed.

barndare. The s

The developed scheme enables the implicit Eulerian hydrodynamic technigues to bhe coupled

with any structural dynamic program. Prescntly, a corotational coordinate finite e¢levent

program, WHAMS, is cmployed for calculating the structural respense. Three sa

are presented to illustratc the analysis. The results are discussed.

ple problems
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1. Tutroduction
Analysis of fluid-structure interaction is a complex subject since it involves caloula-

tions of fluld transicuts nd the resulting structural respousc. In the safety analysis of

nuclear reactors, the probles of fluid-structure interaction is further complicated Ly the

fact that (1) the otructural components usually have both geosmetrics) and material nonline -

arities; (2) the fluid i+ almost inviscid and tends to slide along the tanpgent to the inter-

face; (%) geonetrical dincontinuiticn Tike sharp corners and drrepolaritics rav exist in the

fluid region; (4) wide wpectrum of cxeurcion phenomena such as the wave propagation, -dium

slug impact, sodium apillage, crpanding pas bubble, as well as Ltwo-phane fiow and turbel

could or cur during an HCOA; €9) the presence of perforated structures, tube bundles, and o ]-

cortain ditficnltivn on many nunvrical techoiques,  Since there are nu-

bows usually fmposic .
merous finite-olement ctrncterl-dynamicn provrams available tor solving complicated otree-
tures with material nonlinear. tic ., the trend of corrent research thus focuces on the de velog-

ment of ¢ffective mothod to treet the §luid transient and the {Tujd-cteucture intera 0.

In atbtemsts ta wodve thee caupled Tiaid=-<rru ture problen, substantial rescarcl Ttort o
i i i )

rical techniques crd computer codes for perfor

been devoted to the deve'opnient of nn

analysis of fluid-structure interaction.  Conventiconally, the Lagranglan and one-dime: o

piping o

characteristic methads werss uoed in the analy: i of resctor eontainrent a

Oy

respectively.  In the containment analyaia, the Lagrangian technique is extremely uocfnd

analyzing the wave propapation, coolant slug impact, acd containment responne nuder ace 2deot
strong fluid distortions, such as bubble migration ol

Y0

loads,  However, it cannot harnd e

dium spiilape. Likewise, the characteristic method 1o quite effective in calculating jpro ure-
pulste propagsations in Uhe pipe sy tem. Unfortunately, it cannot give detailed descriptinn . of

the fluid motion inside major piping components lTike e¢lbow, valve, and heat exechangoer.
This paper deceribes a two-divensional Fulerian formulation for treating fluid tronsients

and fluid-structure interactions in the primary containment and piping componcents of nnelear
3 IR & N

development of a goeneralized coupling srheme so thoet o owelld

reactors.  The emphasia is on thee
vith

developed finite-clement structural--dynmaic program, WHAMS [1], can be linked topether

those fmplicit iterative hedrodynamic techniques, such as the Marker and Cell Methad (3

Implicit Continuous—fluid Fulerian (17F) [3] techniyue, and the Twplicit Multi-field (1)
method. Fresently, this coupling schame has been successively incorporated into both the ICE
'« The resulting com-

and M techniques for analyzing the fluid-structure interaction problen

puter programs, 1CECO [5], TCEPEL [6], and MICE {7} have been applicd to nany reactor
problems which ave reported in the literaturc.

In this paper, a genecralized Eulerian method based on the ICE technique is prescated. Tt
treats rigorously (1) the sliding boundavy coudition at the fluid-structure interface, and (2)
the fluid motion adjacent to the perforated structures. To illustrate the analysis several

sample problews arce given and their resulrs are discussed in detail.

Method

2. Description of th
2.1 Basic lHyd
The partial diffcrential equations used in the method are the continuum-mechanics conser-

dynamics

vation equations of mass, momentum, and energy, and the equation of state of the media. Only

nonturbulent flow is considered, and no external cnergy source is assumed to exist inside the

fluid region. The Eulerian coordinates system is used in the formulation, so that the algo-

rithm can be applied to excursions involving arbitrary matcrial distortions.
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As sugpvsted by Harlow and Amsden in the ICE tochnique, the equatinong of o0 o0

plicit finite-difivren oo oo,

tum are expressed in the advanced-time forms using an i

Figure 1 shows an Eulerian finite-difference mesh, fllustrating the conterine 0 cve -0 0
variables relative to a typical cell.  The velocitien are defined at el bound oo e
at i 2 1/2 and v at j 2 1/2. Other fluid wariables are 511 defined o the colD 0 0 7
simplify the deccription of the method the detailed derivations of finjte-tliteon o ow, -,
sions of mass and momentum equations will not be precented here, bal ore plon : H

Since elbaws of different angles are comaonly used to ace e o
of any piping loop, it iu important to develop a matheratical moded F o o eld o
Strictly speaking, the analysis of fluid transients in the eibos o uine ot .
a three-dimensfoanl model,  However, o two-dimensional oodel [a] 000 boon 3o ,
mate the transient flow in the elbow of any angle, the two dimen § . noL e b
radial r-dircction and tte tanpential S-dircction,

2.2 Jhe Flnid-Strus ture Int L

The interface between the fluid and the defereable crructure © oo w0 ‘ .
primary vesscel, pipe wall, cte.) is treated as o free sevioace of i ot :
pressure distribution that determine, fts motion.  Sush fnterfocio ! o tien i b
with the motion of the structure generated by the intornal dedr . e uve P
Since the viccosity of Lhe fluid (like water or sodium) in ver thi, tin Vidio oo tar
condition is used at the interface which requires that the floid 30 aldend oo 30 00
the interface, but in the normal direction, the fluid and the ctrg tore are Lo o8 o0 o0 o
togcther.

A convenicnt way to satis{y the slidiug boundary condition §o S0 dterativel o i
the pressure on tne fluid interface by an amount proportional o the oo f1 0 1ot o 1y
fluid normz2) to the bouadary of the deformable structure.  Thae, den tines Loond o4 1

previous and new fteraves, respectivelv, the relazation equatica for the proe oo St -
structurc interfacial cell (k,1) is
=h+l =h ok - - = ‘ .
bl _gh 28 T oy em . 1
k, & R Y e 0 B! K, 5 (1
deneity, ie Velecits

In the above cquation, P is the advanced-time pressme, o is the

tor of the fluid

vector at the midpoint of the structure segment, Vi is the velocity ved
ticle, n is the vnit norml of the boundary pointing into the fluid, -t is the tiro stog,

£ is the smallest valud between v oond

ér and &z ar. the ccll dimensions, and o

the pressure iteration, oune can sec that if the particles atterpt to oress the boanlary the

pressure in the boundary cell will be dncreased, forcing fluld to tlow away fron the bound

and vice versa.

2.3 Treatment of Per
The fluid-structure interaction analysis becowes very complicated i one includes

1ocampeonents cortaining

all

the complex components in the analysis, especially for those structura
numerous coolant passageways. They net only redirect the coolant motion, but also impese
constraints on the fluid movement and the core-gas bubble expansion. Consequently, the

presence of these structural components could have a significant influcace on the response

of the reactor containment.
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To purform tiv hydrodynamic analyois of a perfurated structure a control-volu o

is utflized, which solves the cannervation equations of rmoa.n, momentur, and enerpy.  For o osic-

plicity, we assume that (1) the flow inside the coolant Dac e is one-dimensional Lut

visenus, and (2) the available {low arecas are lumped alnng the crnter line of the Fulerion
cell. The basic idens §u to uae the actual fluid volume and the actual flow area in Lie

contrul-volune formalarion. With thin backprosad in mind, o vodificd Poionon equaticn for
hydrodynamic proecoarce fo obtained, which applys to the repion adiacent Lo the porforaz 4

structure.  For cell (i,]) locatod above the perforated straotare the correspoading Poloson

equation 15

b | ? ; P,
P, VAR Py ey f2 7ix1,]
1,j (:, ‘r/ }
i, '
[T (-2 ) T, + P
i i,j-1 1) IJ.! i, i41
1 - s (2)

where ¢ 10 the gonio apecdy Wi the sonrce terr, 2 ds the arca ratio & Sined ay th o tagl

flow arca Lo the caca ob the reapective control sarface,

2.4 Fluld-Goraetare Tuteraction Tavoly

Halri

shod Can extendsd TOE ve o aiveiltane oy rels o e

The Jmplicit coalti-ficld

pressure, deasity, and veloo ity components during cach jteration,  No bowu:
nceeded to detormine the proesaares fo the cell adjacent to o roving structure, as rocooirod g
the TCE technigque vhich nses the Polcoon eqgnation. Once the velooity componcias on foor siden

of & cell are defined, the pressure aud densdty in ownis coll will be adivgted aecor Tindy,

Thuy, for cells cnntaining a stroctural cepment, the Thhid velovity roupunents of ear i mate-

rial field arc determined from the nonponetratiog condition:
(v, = v,) = n=0 . (3)
In casen where the Falerian mesh and structiral boundary do not coincide, interpdations
are required to determine the interface velocity.  Such velocity interpolation wcheros oo be
incorpourated into cxisting large scaled multi-field compnter codes to perform the fiail-
structvre analysis involving two-phase flow.
3. Sample Problens

3.1 Shock Tube

To examine the accuracy ot the Eulerian method, a shock tube problem is prescnted.  The

nblem

configuration of the shock tube involves a 100-em-long, 10-cm-dia cylindrical tube with rigid
walls and end caps [illed with an idcal gas. The tube is divided into two equal regicas of

; Lhe

gas by a diaphragm. The internal energies and temperatures on boch sides are tha sz
density and pressurc on the left side are twice the values on the right side. At time t=0,
the diaphragm is removed. A shock wave initiated at the interface is propagated toward the
right side, while a rarefaction wave moves in the opposite direction. The problem is solved
by the implicit integration scheme.

Figure 2 presents the pressure profile at t=500 us after the diaphragm is removed. ‘The

result shows no noise at the shock and the rarefaction. Also, the solution is very stable,



C. Y. Wang 5
even without using anv form of viscosity. Figure 3 shows the computed veloo ity profile oo

€=500 3.5, Apain, thc selution is very pood.

3.2 Slug Impact

The Fulerian method is emploved here to situdy the slup it DY ARSI
the penctration openings on the reactor cover and the ruptured wenl, tor ;
used in this study in shown in Fig. 4. Tt cens s of A reactor core, A prinoore e
moveable vessel head, and rhe holddown boles. core harre! the ore-s L

st o foree deocw e ted snd ot

are assuned to be rigid. Consequently, larpe i)

servative. Two penctration holes are Jocated on the vessel heod 7ol b

indicate the location: of the leak paths.  These joietrvation | dniris] Poood,
to opon when the impuloes at the roopective positiooe readh the pre worady o .
down bolts are assuied to respond claotic-planti. iy,

Figurce 5 preseats reactor confipurations ot 15,9 and oo P T AT
phenomenaz after the siug inyact. In Fio, S5a the pentra ol : : ;
pulses generated by the sluy impirct and saddendy bocore opon b0 P D T
actor cover noved upward and certain anounts of oo ant gl T .
penetrations and the side opening ot the vessel-oover Faotd : :
at about 273 moce at which time the primary contalnrent ale i o 7 o .

The sodinm-spillage analvsic is of preat Inportan. o to toe trooc o M
to the secendary containment.

3.3 The Effect of the Upper Tuternal Structure on PR .

This exawple Juvestigates the o ffect of the cppor=core Jnterasdl crra o e 0 o o
irpact ol containnent response duriap an HCDAL 1t res the rosatt o S
onc with thin particular structure and the other without.  Vipnre ¢ it ' .
configuration (with the upper—-core internal structure) used in the oncelo b o0 T o
systen is deseretized inte 10 x 28 meshes, Here, we pros ot el ol '

Figure 7 gives the reactor confijuration ot 24 naee for the oo ocowiith 0b 0 orpg
ternil structure. Sipaificant flow blockage near the low A 4! o . MR
figure. The upper—core internal has pronounced mitivating ~Tooet on the o0 =6 [ .
For the caleulation withour this structure the perk dmpact oo 50 7307~ TN E L e
for the case with this structure the peak value Jo onlv J1.0 « 1')'" Neoo More ocer oot
son reveals that in the case with the uppor intoernal the HeDS cobie s o
velocity of the sodiuw «lug, the axial kinetic cnerpgy of tie TTuid, and Crowverss bl -
formation are considerably reduced corpared to the respective values for the s wvith o

LR \l = N -

this structure. Thug, this study éemonstrates that the uppesr internal oty

bility of confining the HCDA bubble cxpansion, slowiug dewn the upward moticon
slug. as well as reducing the slup impact loading.

4. Louclusions

It has been demonstrated that the lLulerian formulation described pre-icnsly is cap.bile
of annlyzing the two—dimensionally fluid transient and fluid-structure ntoractions in the

developod

primary containment and piping components. The generalized hydrodynamic soh

facilitates the treatment of the irregular cells created by the movement of the structure

and avoids the complex procedures at the fluid structure interface.
The method has several special features. First, it provides a rigorous hydrodyuamic

analysis at tihe fluid-structure interface wherc the sliding boundary condition'is satisfied.
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Secoud, it uses an effectrive approach for treating wave propapation near the perforated struc-

ture. Third, the Interfacial treatment can be casily dncorporated into the ICE type nalti-
field methods to perform the coupled fluid-structure analysis invelving the two-phase flow.
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.

Fig. 7.
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The Location of the Ccll Variables in a Eulerian Computational Cell.
Pressurce Profile at t=500 ys.

Velocity Profile at t=500 us.

sact and Sodium Spillapye Annlysis.

i

Initial Configuration Used for Slug
Reactor Configurations at Two Different Times.
Tate raal Strus tars

Initial Reactor Configuration fer Calculation with Upper

Reactor Configuration at 24 ms (with Upper Internal Structure).
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