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Abstract

e se——

onal dynamic code has been developed to determine the nonlisear response
o g:‘g‘::‘“;h. EIGR core consists of several thousands of hexagonal core blocks. These
o rranged in layers stacked together. Esch layer contains many core blocks surroumded on
are a uter periphery by reflector blocks. The entirs assenbly is contained within a pre~
their 4 concrete TEACLOE vessel. Gaps exist between adjacent blocks in sny horizontal plane.
;::;l::“ block 1n a given layer is comnected to the blocks directly above and below it via
three dowell pius.

The present analytical study is directed towards an investigation of the nonlinear re-

e of the reactor core blocks in the event of a seismic occurrence. The computer code
npo: Joped for a specific mathematicalmodel which represents a vertical arrangement of
is dev ?blo cks. This comprises a "block module”™ of core elements which would be cbtained
h’.‘t:c:nz  cylindrical portion consisting of seven fuel blocks per layer. It is anticipated
:‘7“:“. usber of such modules properly arranged could represant the entire core. Eence, the
predicte 4 responss of this module would exhibir the response charactetriatica of the cors.

sk element employed is a f aite discrete mass haviug iive degrees cf freedom
m.:::“ :1:“ vertical axis being ex/ uded, The governing <quations for each mass '
rota in terms from the inertis effect, the restoring forces, and :he surrounding weil fsput
;cntn program sets up five second order ordinary differentisl equations for sech
otul;u ch'mlﬂ further broken into ten first order 0DE's. The GEAR, multistep integration
:::;;sc for stiff ODE, vas used for solving these equations.

A basic force algorithn is vritten for vertical force and for horizontal plane forces
for a typical layer of blocks. Each layer of seven hexagonal blocks is arranged with ome
in the center surrounded by the remsining six. The entire module is coo’aived in an 18-faced
constraint wall. The vall can move with any assigoed input time history. '
26 -any Bo rizontal layer, there are sixcy separate surfaces for any potentisl cootact

between any two adjacent surfeces. When such contact occurs, the blocks involved experience

compressive force between thex. Since this force is equal and opposite in nature, it need
a o calculated tvice for indiviiual surface points of contsct whenever two adjacent dlocks
not savolved. Each Block face contact ie simulated by two gapped-restoring elementa attsched
ut'eth. top and bottom ends of the block. These restoring elements are arranged amoig che
:“u blocks in:such & vay that for any layer thers exist thirty independenr interelement
forces to be calculatad at each end of the block, In case of vertical forces each block is
attached with six vertical restoring elements 4t the six corner pointc. It should be moted
that each restoring element has gap elevents in the springs aad exhibits only cospressive
acrion. - ’ : ’

The rasults obtained vere compared vith those derived from an existing

code (03CVERT). In one plane of symetry there are three masses whose motions .l Mmau
close to the rvo-dimensional results. Bovever, a coxpling from the third direction has
been indicated from the three-dimensional results.

Tork performed nder the auspices of the U.S. lu:lur lt:uhmry Comission,
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1. Introduction . 2

This paper describes a three-dimensional FORTRAN computer code (05C3D) which wvas de-
veloped to determine the nonlinear response characteristics of an HIGR core. O0SCID is an
extended version of two existing codes OSCIL and OSCVERT [1) designed to predict the dynamic
responae of a horizontal one-dimensional nonlinear spring-mass system and a two-dimensicnal
gysten including large planar rotations respectively. °

The HIGR core shown in Fig., 1 consists of eeveral thoussnd hexragomal core blocks
surrounded on their outer periphery by raflector blocks. Several inveetigetors [2,3,4] have
studied the nonlingar dynsmic response of thase blocks by snalyzing simple one- or two-
dinemsional mathematical models as well as by performing scale model tests with models
simulating either a vertical or horizontel plane of the core. The present study involves a
step advance of the previous attempts by considering an analytical model which consists of
several layer of blocks, each layer having seven blocks in a horizontal plane. Each block
possessas two horizental and two rotational degrees of freedom coupled with the vertical
degrae of freedom, the rotation about the vertical axis being excluded.

Pig. 2 shows a horizootel slice of the antire core. The view indicetes that the fuel
blocks in each layer ars arvanged in spproximately 55 block cells, esch cell consisting of
sevan blocks. The present aualytical study is directed towards en investigation of the non-
linear rasponse of ona such block cell in the event of a seismic occurrence. . The computer
code 1s developed for this specific mathematical model which represents a verticel arrange-
ment of leyers of blocks. Thie comprises the "ELOCK MODULE" of the core elements which
would be obtained by cutting a eylindrical portion consisting of sevan fuel blocks per layer.
In other words, a number of such modules properly arranged could reprasent the entire core.
Hence, the predicted responss of this module would exhibit the response characteristics of

the core.

2. Model Description
Fig. 3 shovs & 'block module' with four layers. Each layer of seven hexagonal blocks is

arranged with one in the center surrounded by the remaining six. The entire module 1s con-
tained in a constraint wall having 18 faces ae shown in Pig. 4. Gaps exist between adjacent
blocks in any horizontel plene. Each core block in a given layer is comnected to the blocks
diractly above and below it via dowell pins. The bottom most layer is commected to the
constraint wall via dowell pins. Tha wall can mova with any assigned input time history.

The basic tlock element employed is a regular hexagonal solid element with an equal side
length of 'b' and height of '2h'. It is a finite discreta mass having five degrees of
freedom, rotations sbout the vertical axis being excluded, It is modelled with springs and
dupari to simulate the stiffness effecte of the finite body at the time of inpact with the
adjacent blocks. " Each blocl has sets of such restoring slements at its top and bottom face
levels. One dowell pin, instead of three as in the case of a realblock, is attached at the
center of the lowar face at each block.

A baeic force algorithm vas written for vertical end horizontal plane forces for a
typical layer of blocks. Ia the case of vertical forces each block has six equal verticel
nitorﬂ.n; slements, each delined by a linear s.ring and g damping coefficient attached to
its bottom face. These and in fact all restorisg elements are designed to develop a dis-
placement and velocity dependent restoring force when mnder a stats of comprassion bat null



force when under tension {i.e., under tension .n:‘-g.p forms betwaen adjacent elements). The
six elements are located at the six corner points of the hexagonal bage.

In any horizontal layer as shown in Fig. 4, there are eixty separate surfaces for
potential contact between adjacent surfaces. This includes seven masses with six faces
each and an 18-facad constraint wall. Each block face contact is sinulated by gapped-
restoring elements attached at the top and bottom of the blotk, which exhibit only com-
presaive force to the surfaces in contact. There exists initial gapa in these restoring
elements because of the actual core block arrangemanta. Two kinda of contacta can occur
during the dynsmic motion of the module: One betwsen two adjacent block faces and the other
between a block face and the constraint wall face. Thus there exist thirty independent
{nterelement contact forces to be calculatad at each layer of the block module as can be
seen from Fig. 4. In order to calculate these independent forces, the restoring elements
are arranged among the blocks in a definite fashion. The algorithm sdopted is shown in
Fig. 4. The face identification number of each block and the block identificstion numbers
are also indicated in the sketch. For the six outgr blocks, the face number corresponding
to the block identification number does not possesa any restoring element aince the force
on this face is calculated from the adjacent block which has the restoring element. Also
the central block (#7) does not have auy reatoring elements attached to it since the flce:
adjacent to it alresdy possesses these from the outer blocks. Thus only the outer six
blqckl with five restoring elements in each need be considered for the force calculstions.
Since theae forces are equal and opposite in nature, they need not be calculated twice for
individual surface points of contact whenever two adjacent blocks are involved. When the
contact occurs between the wall and a block face, the motion of the wall is transmitted to
these adjacent blocks via these restoring elemeats.

The dowell pins, three per element in a Teal core, azre represented by a aingle central
pin having the circuler restoring elaments with gaps. The pin forces ere calculated in a
fashion similar to above. ZIunterelement pin clearance is present and the function of pins
is to ksep the colum aligned in the vertical direction while however fnducing rotations.

3. Governing Equations of Motion

In all the restoring elementa, spring coustanta simulate the elastic propertiea of the
core blocks. The dynsaics of the ayatem is determizied by the solution of the sct of second
order nonlinear ordirary differentisl equationa. These governing equations are given by ‘

MX, + R (KX, LX) = B, (X iw) o
4= 1,2..« N L
where
generalized mess -
generalized displacement of a masa (degrea of freedom)
generalized velocity and acceleration respectively
total generalized reatoring forces in the direction of
xw - generalized displacement and velocity of the conntraintx:a:: e correspondiog mass

e
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F, - total disturbing forces exerted by the constraint wall in the direction of X, of
the corresponding mass 1
N - total mmber of differentisl equatiovs for a "block module' under fnvestigation

and equal to (5x n) vhere 'n' is the mmber of blocks in the module
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Each sdditionsl lsyer adda 35 equations to the system. Each restoring force equation

has many terms arising from the base springs, dowell pins, corner aprings and grsvity. The
governing equations for each mass contain terms from the inertis effect, the restoring

forces, and the surrounding wall input forces,

4, Numerical Methods
In 0SC3D fiva second ordar ordinary differsntial equations are developed for each mass

Thass equations f£all into the class of stiff differsntial equations as defined by GEAR [S].
These five sscond order equations sre further broken into ten first order ODE's. The GEAR
multistep integration psckage for stiff ODE written by A. C. Uindmarsh {6], was used for ]
solving these equations. Use of this method was necesssry to ensure convergence and
numerical stsbility of the solutions snd it is a major improvement over other single step
methods.

A prime feature of GEAR is its ability to solve stiff ODE problemns. A set of equations

1s called stiff if it involves both very rspidly changing terms and very slowly changing

terms, all of a dscaying nsture. In other words, the eigenvalues of the Jacobian matriz

have negstive real parts. Agein the property of stiffness is local, s problem nay bo stiff
in sowe regions of 't' and not :l.n others. Ths difficulty with stiff problems ia that most
conventional wethods for solving the ODE's require incremental values of "t' commensurate
with the minfmum time constant, while the total time range of the problem is commensurate
with the maximum time constant. As s result, the problem camnot be rum to completion in a
reasonsble number of steps. With GEAR's methods, the time step can take very smsll values
in order to achieve the convergence and stability of the solution, Moreover, the GEAR
package conusins variants of Newton's method for iteration purposes to solve stiff systeas
It wae found that for the type of system under considmration, GEAR had the best clplbﬂit:l;l

for solving the ODE's.

S. Results and Conclusions -
Several test runs were made in order to check the reliability of the solutions. Th
- e

results of a single layered csse with sinusoidal wall motion was compared against an
equivalent two-dimensional model computer results,for which were obtained using the existing
OSCVERT code. Elocks 6, 7 and 3 shown in Pig. § correspond to the three masses of the 2D
podel. - The results were published in a quarterly progress report [7]. For the fnital time
steps there is an excellent correlation between the two results. As the time advances, the
effects from the motion of blocks 1, 2, 4 and 5 alter the displacement characteristics of

the central three blocks. In addition, strong coupling from the thivd direction was noticed
otice

4n the block motion.
The results of a three layered system subjected to a ainusoidal wall motion at &

frequency of 8 cps and 0.25 inch asplitude are displayed in Figs. S through 7. These are
three-dimensionsl plots sahowing the two horizoutal block responses (i.e., U- snd V-directions)
as functions of time. In thie particular case the wll motion is limited to a horizoneal
displacesent ia the U-direction. These time dependent 'snake curves’ confirm the anticipated
harmonic response characteristics to a period excitation. The sharp changes in these 'snake
curves' indicate the collisions either between two blocks or e block and the constraint wall
Agein, the uppermost layer experiences larger and wore pronounced displacements as compared ]

—— e
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to the lower layers. The symmetry between the blocks 1 and 5, 2 and 4 can also be noted.

With regard to execution time, it varies widely depending on problem size and the number
of collisions occurring in each time step. In particular, addition of the third dimension
csuses a great increase in the nunber of collisions. When a collision occurs,the time for
convergence is considerably increased. As an exal?le., the above mentioned problem which
constitutes 210 first order CDE's required an uv.'ng'e computer time of 150 seconds for
executing ons time step of 0.0l second. .

The code has been programed to permit the acalysis of a 10 lzyered systei, the actual
core height. However, owing to the large storage requirements, the presently operational
varsion of the code s only suitable for configurstions of up to five layers. Even at this
Jlevel, it vas necessary to atore the large Jacoblan matrix ar:xi- of the GZAR package in an
out~of-core large core memory device. Some atorege optinmizatfin through the use of a

_ modifisd GEAR package using a block storage format might be possible.
In conclusion, the program 0SC3D successfully incorporates all the features needed for
the analysis of a three-dimensionsl model of an HIGR-core. The solutions have been found
. to convarge and sre numerically stable. It remains to thoroughly proof test the code by
conducting long time runs of multi-layer block configurations. Thess results will then be
verified agaiust experimental results developad with a three-dimensional vibrations' teat
rig. Xventually, this code will be used in future studies to Investigate the effects of a
ssismic disturbance of the constraint wall. Also, the interazction behavior of block
responaes will be studied when both horizontal and vertical wall motions are applied

gimultaneously.
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