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prompied the evolution of the free standing hugh dens
racks storage concept. Increasingly, the new generatior
hugh density racks are being designed for {ree standing
under
postulated floor mouions, referred to as Safe Shutdowr
and Operating Basis earthquakes in the lexicon of the
power industry, 1s the subject of

installation. The structural analysis of such racks
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Representative of other work i this area of interes
the rather qualitative paper by Habedank and co-authors
(1]

A free standing rack module is a hughly non-linear
structure. During a seismuc event the fuel asserablies car
“rattle” mnside their storage locations. and the module
itsell may shde on the pool floor. Furthermore, the rack
Lft off feet

causing tmpact between pool floor and the rack suppor

may at one Oor more suppor locations
structure. Exigency of the marke! place calls for econo

mues 1n design and construcuon; however, reductior
the rack structural strength can only be made afier ar
exhaustive analysis of the resultant non-linear effects. I
this paper we present a swochmque which can be utilizec
to make such an analysis

To illustrate the procedure, we consider two types of
rack construcuon; one in which the storage cells are
I« other along their long edges in a

certain patiern (honey-comb construction) and another

attached eacth
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in which the connection between the cel
at the op and poliom (end connecCie
The latier construction involves ot

the welding of the former, and therefore 15 a
economical design. From a safety standpoint, the
nding concern relates 10 the increase 1n Ihe rack stre
levels and ngid body displacemenis as the inter-ce
longitidutinal welds are elimnated It 15 necessary t
develop a8 methodology to address such concerns during
the initia' design and licensing effort T
intended (o provide such a 100l

A storage rack a structure submerged in water
whuch greatly complicates its mouon. Proper simulatior
of rack dynamics requires consideration of hydraul
coupling and virtual mass effects. Such effects are in
using simplified models hncx'
our object herein is 10 establish a o0l for comp&mon‘
purposes only, we propose a fourteen degrees-of-free
dem mode! 10
hensive mode! has been employed by the authors ir

amalyzing racks for individual plants [2

cluded 1n thus analysi

simulate rack behavior. A more compre

It 15 importan
40 emphasize that whal we are demonstrating here 15 a
simpler version of what would be required Lo qualify an
| anit, however, the methodology employed
velop the model 15 essentially the same f
Comparnison of different rack geometries on the basis
of their structural response 1s affected by three major
variables, (1) the acceleration time hustory, which vanes
from plant to plant, (i) the fracuon of module storags
locations occupied, (w) and the hmuung static and
dynamuc coeflicients of friction at the rack and poo
floor interface. In order to drew tenable conclusion
analyses are performed using three arbitrary sets of
earthquake tume histones. Two conditions of rack load

ing (all or hali of the locatons occupied), and 1w

values of the coefficients of ficuon are also considered
In &ll & 1otal of six cases are utilized 10 infer characiens
ucs of the rack structural behavior

The three orthogonal seismic excitations are apphed
coinctientally. The results reveal some striking peculiar
iies of the rack 3-D structural reponse. The marked
increase 1n the rack stress levels and displacement
pred:cted by thus study as the design 1s vaned from the
“end connecied

“honev-comb” 1 construction hugh

lghts the problem areas of the latter design. Perhap:
more umporian., bevond the numencal resu pre-
sented here, the analysis suggests 8 methodical tech
nique to evaluate candidate designs for a parucular

apphcaton

response o/ a free signding

2. Theon

We consider a system governed by absolute gene
alized coordinates p (1), 1= 12. . N, All internal force
contributing 10 system qael rmalion are associalec witl
generalized extensions & ( p, ) Iternal force c:cmcn}s“
mav be non-linear funcuion of'the M SiiaxisirazeRoldisiosts
tons p such as gap or fncuon elements. Lagrange
equauons, written in terms of generalized forces () 1)
wnd generalized external forces G (/) are

Since all of the p
demonstrated tha

where the dot () indicates time derivative and 8, are
called coupling coefficients [3] &,, relate the generalized
velocities p (1) and the generalized extension rates 8,

The system kineuic energy 7 1s written as

EM;;

For a geometnically linear system (equilibrium equa
tions based on the undeflormed confliguration
eralized mass.. M

the gen
are independerit of coordinates

Using eqs (2) and (3) 1n eq. ‘1) wields the svsten

equations of motion in the form

(M){(p)=|[B])(F ( (4

L}

where [ M ] i1s of order N, X N, [ B], the coupling coeff
cients matnx, 15 of order A, x N . G | are columr
matnces containung N, rows, and (F) 1s a columr
matrix containing N, rows. A set of inertially decouple

equalions evolved Tom eg
(&

Eq. (5) 15 solvable by dire
using & tme history computer code described in ref. |3
(p. 33¢

integration technuque

3. Fuel rack mode!

The following items should be considered in the
development of any fuel rack-fuel assembly dynamuc

mode
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3.1 Modelling of the rack structure

The rack structure may be modelled by elasuc beam
elements as long as appropriate cross section properues
can be denved and as long as shear deformation and
rotatory inertia effects are included. In specific design
applications. the authors have used four beam elements
and five nodal points 1o describe the rack structure. In
this paper, since the emphasis 1s on a comparison of two
different rack geometries, we have adopted a simpler
model for the rack structure involving only a single
beam element. This simplification helps to focus atten-
uon on the main differences between the two rack
configurations studied; namely, the significant dif-
ference in the shear resistance

3.2 Modelling of the fuel assemblies

Each fuel assembly should be treated as an individ-
ual distributed mass elastic element In the actual fuel
rack. an element may be located anywhere, in the x-)
plane and will impact with the fuel rack surrounding
metal at one or more vertical locations. An assemblage
of fuel assemblies will certainly not move in phase
during a seismuc event. For the purposes of evc'ving a
conservative model, we have assumed that all of the fuel
assemblies move as a unit; thus, the impacts with the
fuel rack are magnified ieading to higher stress and load
levels. In a detailed mode! where the rack 1s simulated
by five nodal points, impacts between fuel rack and fuel
assemblies may oczur a' different levels; in the simpler
model used herein for companson purposes, we assume
that impact between fuel rack and fuel assemblies oc-
curs only at the top of the rack, and that 50% of the fuel
assembly mass 1s tnvolved in any impact with the rack
We emphasize that in any real design study, the possi-
bility of impacts at vanous heights should be included
in the mode! For thus illustrative comparison, we feel
that the sahent feaiures of the behavior of each rack
type will be correctly demonstraied with the simpler
model

Figs 1 and 2 show the model considered in this
paper. The fuel rack metal structure 15 a single " ~~m
element whose end points have a general six degree of
freedom moton. The ensembie of fuel assemblies are
conservatively assumed 1o move in phase under seismic
excitation, and their effect on the fuel rack 1s considered
10 have the potenual of 50% of the effective mass
impacting the rack a! the uppermost point. The offse! of
the lumped mass from the rack beam centerline enables
simulation of a parually filled rack with induced tor-
sional moments. The fuel rack base 15 & npd plate,

Sewsmuic response of a free standing fuel rack n?
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Fig 1. Rack model showing degrees of freedom

supported at the four corners by rigid supports that may
shde or Lft off the pool floor. The pool floor is excited
by a known ground acceleration in three orthogonal
directions

Fluid coupling between rack cell walls and the en-
semble of fuel assembhes 1s simulated by introducing
appropriate inertial coupling terms into the system
kinetic energy. Similar inertial coupling is introduced to
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Fig. 2. Impact spring onentation at top of rack
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accoun: for fluid siructure effects between adjacent
racks. Flud dampmx effects are neglected in this study
As shown in fig. 2. potenual impacts between the rack
beam and the Iumped mass representing the fuel assem-
blies are accounted for by inclusion of appropriate gap
elements. The fluid inertial couphing serns are based on
nominal clearances 'n this investigation. however, it has
been shown {4! that inclusion of large deformation
¢ffects near the impact points may considerably |ﬂect
the results Herein, we do not include the effects of gnp
closure on ome

"1n'co'mpu.lmg kinetic energy contributions from the
rack, we use appropriale consistent mass matrices
Therefore. the contribution to the system kineuc energ)
due 1o the rack, 7,. 1s given by

[ Pa { P
271'(P.\-P|A)1[Mk}:ﬁ,.: { Pe. p“‘1[M7]lP::
|52\
+(Pyprpspin) [ My)
\Pn‘
ol
*{ pabo = ba=P1r) [MB] (6)

L=

where (Mg ). [My] and [ My] are the appropriate mass
matrices for extensional, torsional and flexural motions
If A, 1, are the rack cross section effective metal area
and polar moment of inertia, respectively, then

pPAH |1 4
M) = = ' 1
[ (] 3 4 1]
LT A
(My]= ; i 1] (7)
PTENEE RE G T gl L
3 70 210 420
K 13 13 1M
PR 70 35 420 210
MEET et H?
210 420 105 140
-13H =11H =M’ H?
| T420 210 140 105 |
(8)

p* and p* are effectve mass densities accounung for
fluid effects. The contribution to the system kineuc

Seismic response of a free standing fuel rack

energy due 10 the rack base s
2T, mmy pi+my piemy pi+ 1, pis 1 pi% 1 pi
(9)

where m, . 1, . 1 . 1, are the effective mass, and mass
moments of inertia of the base, including Muid mass
effects

The contribution to systern kinetic energy due (o
fluid coupling between fuel rack and fuel assembhes 1
expressed by the 2-D model given in ref. [5] The
necessity for accounting for 3-D fluid structure interac-
tion is a question that ments future study. Using the
2-D approximation, we obtain for the kinetic energ)
due to rack-assembly interaction,

2T, = Ay piepi)+ A, pi +plo)
+2A5,(prpe* PP o)

Similarly, the kinetic mgy due to fluid oouyhng rc

i'pd
+2B3'p\U, +25"’P:Uz* 2B,2'p-U,
+ 2B polse O(UF U7

U(i=1, '2 '!)
motions. ”

Finally. the contribution 1o the system kinetc energ,
due 1o the mass of the fuel assembly group 15 written as

(10)

(x)p? (v) (x)p2
«= Bii'pi+ B)| pi=+ Bi'pi+

(11)

wfud pool floor sersm.c’

Xpps)'

« (1= M[(p, = YepV + (s Xpp)]
(12)

275’AM(P:"P§0)*M(P3" Yeba~—

M is the total fuel assembly mass and A 1s the mass
fraction assumed acting a! the top of the rack in the
horizontal plane. We have assumed that vertcal move-
ment of the fuel assemblies i1s equal to the vertical
movement of the rack base at fuel assembly centroid
Jocation, and that the fuel assembly mass fraction (1 = A)
M moves with the base in the X~ ) plane. In the study
herein, we have arbitrarely set A = 0.5 which imphes
that 50% of the fuel assembly mass is involved in the
impact process and the impacts all occur at the top of
the rack. 1/ more conservatism is desired A may be
increased. 1t would be far better 10 include more degrees
of freedom and allow for the possibility of impacts
below the top level, however, than to atiempt to de-
termine & proper value for A. For the purposes of the
companson simulation here, it 1s felt that the value of A
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used will not negate any conclusion developed as long
as A is sufficient 10 induce significant impacts between
rack and assembhies. Eqgs. (6)-(12) establish the system
mass matrix [M] in eq (4) for the 14 ¥ 14 model
considered herein. We introduce dicplacement coordi-
nates ¢, (7). relative to ground. defined as follows

po=qg+ U(1), 1=178,

p=q+U(r), 1=2910, S
po=gqg+Ul(r), i=23]4, .

P.=gq i=4561112.13

The governing equations may be represented as [ollows

14

S Mo=0(1)+G (1)~|a,l, +a,U;+a,l]

i=12,...14 (14)

In what follows. we discuss briefly the computation of
some of contributions to the elements of the set of
equations [14)

4. Fluid sdded mass effects

Consider a typical cell with an internal fuel assembly
shown in fig. 3. Assuming that the assembly and the cell
are vibrating. it 15 shown by Fntz (5] that the constant
coefficients 4, of eq. (10) are given as

Apn=My Ap= =(M,+ My). Ay=M + My, (13)

where M, = fluid mass displaced by fuel assembly, M,
= hydrodynamic mass. We use the Fnitz model for
concentric cylinders emploving equivalent radii R,, R,
defined as

R, =a®/Vr. R,mb*/ir, (16)

a* 15 the side length of the square fuel assembly and
b* > a® 15 the inside dimension of a typical square cell;
1.e. the nomunal clearance between assembly and cell 15
(b* -a®)/2

For a rack of heignt H, assumung all assembhies move
in phase, we obtain

M, =mp HRIf,, (17)

where /, 1s the number of cells containing spent fuel
assemblies. 1f the nomunal gap g 1s defined as g= (#* -
a®)/2. then rel (5] suggests thal the hydrodynamic
MAass 1§

R S
MH-T‘M,/(I*DR;/H‘) (18)
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Fig 3 Rack cross secuon and typical cell geometry - honey-
comb construction

The fluid mass that would fill the cell volume in the
absence of the fuel assembly is denoted by M, in ref
[5): the effect of this virtual fluid mass is incorporated
directly in eq. (B) by defining an effective p*.
The effect of fluid inside of the rack structure has
been accounted for in the kinetic energy term 7.(A, )
g now consider the effect of the fluid ‘outside of the'
. ALY agrye el Rt (e
We consider fig. -4 which shows‘a vibrating
ical willl of width W and height # Following case
13 of rel. [5], we assume the hydrodynamic mass term as

p_u"‘H

W
¢-l*-ﬁ (19)

hen, in the fourteen degree of freedom simulation
model, the coefficients, B,,, B,, at each level are given

T o e oy pr- (20)

ith W being the value lpb}opn:u for X or ¥ motuion

The above discussion is concerned with flud cou-
pling effects induced by horizontal vibrations. To
account for fluid effects in vertical vibrations, we simply
define an effective mass density for the base plate using
case 6 of refl. [5] and add it to the base plaie metal mass



4 Fuel rack wall mode! used (o obtain flud coupling

Th2 total effective mass density is then used in the

¢ 7

computation of m, , /,, 1 for the base plate. The effect
of virtual fluid movements on the rack is simulated by
defining an effective mass density p* ir the matrix [ M,
in eq (8) p? 1s computed by adding 1o the rack meta
mass, a mass equal to the mass of fluid displaced by the

FaCK

5. Internal forces

The internal force element: represenung system elas
ucity, disappative fricton and impact effects are simu
iled by using standard spring. fnction and gap cle
ments described 1n ref. [3]. The mode! shown in fig
contains © elasuc springs 1o mode! twe bending planes
exiension, and torsion of the rack beam. The mode
contains four gap elements modelling contact betweer
the fuel assembly lumped mass and the top of the rack

The model used four gap elements alligned in the verts

cal direcuon and located at the x. ) coordinates of the
base plate supports 1« simulate the support behavior ir
the verucal direcuon and has sixteen friction elements
10 simulate support leg flexibility and the shding poten
ual of the supports. Finally eight rotauonal fncuona
elements at the base supports are used 1o simulate
resisung moments due to floor-structure interaction
Full details of the behavior of these elements and the
development of their associated coupling coefficients
are found in ref [3). herein. we simply specify the
Spring rates assocated with each of the ciements

free standing Juel rack

K penping = E/

The coefficient a represents the effect of shear

uon, and / 1s the area moment of mnerti; the
sechion associated with beam bending Note tha
shear and bending spring pair 1s needed for eact plar

ol bending

5.2, Impaci spring rate (4 gap elemenis

The potential impact between fuel assembly ma
and fuel rack is simulated by incorporation of a
Spring-gap combination. Each impact elements acts ir
compression only with spring constant given as

K, =f(64nD /0o, D= Et -p¢) (22)

K, is determined b assumung that the impact is simu
lated by & uniform pressure acung over a circular sec
ton of cell wall of radius @ and thickness 1. The radius ¢
15 taken as b* /yr where b* is the inside dimensior
an individua’ cell and /, is the number of cells contair
ing fuel assemblies

Suppor: i€g spring rate (4 gap elemen:

The effect of support iegs al each corner of the fue!
rack base 1s simulated by four compression only gag
elements 1o permit lift off of any or al supports. The
local spring rate K, for a support of height #

where K, = EA,
and

* SUppOrt leg cross sectior

Kiy=105E B/(1~»?) Kig=1050EB/(} - ?)

(24

K ; represents the local elasticity of the pool fioor wit}
£, being the Young's modulus of concrete and B being
the width of the support leg pad [3]. K, represents the
local elasticity of the rack Just above the suppor! leg
the coefficient v is taken arbitrarely as equal (o the rati
of the metal area of single cell to included ares of single
cell
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5.4 Floor rotational and friction elements

The elfect of lacal floor elasucity on rocking motion
(support leg bending) is represented by rotational springs
with spring rate ([3] p. 293).

Ky=EB /6(1~»%) (25)

These rotational springs are moment limited since if
edung of the pad occurs, no further moment van be
resisted

Associated with each support leg compression ele-
ment spring are two orthogonal friction elements located
in the plane Z = ~h (see fig. 1). The friction element
local spring rate is assumed as the spring constant of a
support leg when considered as a guided cantilever
beam of length h under an end load P. Therefore, from
tef. {6). assuming that the support has area moment of
inertia /, when considered as a beam,

3 / 12

12E. 1 1, R v

K o=t e 85—t~ 4157 = |
TN (1+4) Ak {.h’,’

(26)

6. Application to typical upits

Figs 3 and 5 show a cross section through & level of
the rack structure of two practical rack constructions
The first 15 a fully connected honeycomb construction
(HCC) whuch 15 considered as @ beam-like structure with
cross section dimensions & and @, having certain area
and inertia properties; the second is an end connected
tube construction (ETC) which has no shear transfer
capability between tubes except al top and bottom of
the rack. For the HCC rack, eq. (21) can be used
directly to model rack elasticity since the entire Cross
section is capable of beam-like shear transfer, we need
only examine the cross section details to derive expres-
sions for A4, 1, I, For the ETC construction, however,
since no shear transfer between cells can occur, we must
undertake additional analysis in order to arrive at the
proper spring rates for eq. (21).

Fig. 6 shows a free body of the ngid ring connecting
all of the tube-like cells at z = H and constrains them 1o
move as a unit. If there are ./ cells at level ;, then
equilibrium requires that for a 2-D motion

J
MN*e Z [Z(M,,"‘)',N,/)].

Ll
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000000
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b 8,304 e
Fig 5 Rack cross section and typical cell geometry. uncon-
nected tube construction

\

e P (iyu); Ne=T TN, (27)

=) i J=1

Castigliano's Theorem for the ith tube yields (assumuing

TYPICAL CELL

Fig 6. Free body analysis of end ring in ETC rack
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=,

& fixed base)

M --0"7—“'.-0-—'—./—-0., (28)

Also. bearing 1n mund the constraint of the end closure,
we have,

N.,-%(U“),ﬂ‘) (29)
In eqs. (28). (29). 4. ] refers 10 the properties of the
individual cell. and we have neglected shear effects in

the bending of the individual cells. Using egs (28), (29),
in eq. (27) yields, for the case of n total cells in the unit,

£ 6E(nl )W* A4F v A -
M -*-——;I—;———'+—,T nl+§;-—:—)0.
gL o 12Enl W - GEI:IO,‘
H’® H?
N'-%’!L"‘ (30)

If we now replace eq. (30) by the corresponding equa-
tons for an equivalent uniform beam acted upon by
end generalized forces M* V* N* and having effec-
Live Cross section area 4*, inertia property /* . and shear
coefficient ¢*. we can show that the 4% 1%, ¢* [for use
in eq. (21)] which correspond 1o the ETC unit are given
as

I.
=nl, A*=nd,
1+ ¢*
(4+9°)1° | yiA
TR ANl L i)
so that
I“enl+ T T4 ¢ =Y Ty (32)
yEaet t i

The results for 4% /*, ¢* can be used in &g (21) in hieu
of A 1. ¢ It s clear that between the two geometries
the only essential difference s in the magnitude of ¢*
The considerably larger value of ¢* obtained using eq
(32) for the ETC unit (as opposed 1o eq. (21) for the
HCC unit) leads 1o a much smaller spring rate K g e.p
being obtained for the ETC umt. It remains only to
compute & value for /, for both the HCC and the ETC
conligurations, and then to apply the simulauon 1o
typical in-service units.

| ]9,..

b

T :’—f
; 0...‘, I ﬂb'a Eou'J ¢
J & [ L___\__‘_
N
F"""; Y
. l(J Lo
b

Fig 7. HCC cross section for torsional ngidity analysis

The torsional analysis for the HCC unit 1s based on
the classical analysis of St Venant described in ref [7)
and apphed to the cross section of fig. 7. By using the
membrane analogy for the torsion problem. it can easily
be shown that /_ for the HCC construction is simply
(7). p. 278)

1p)ee ™ Ki(Gt/c)a’s, (33)

where K, is a tabulated function of b/a.
An analysis of the end cross section of the ETC
construcuon using fig. & yields

24(1 + »)

T R -n1,+—T/£(x3+ ¥e) . )

'
Cle® o . P
ALY e REL
——
| |
\Yu

‘é ) T v
f |

i

T®=T0TAL CROSS SECTION TORQUE
© «ANGLE OF TWIST/UNIT LENGTH

Fig 8 ETC end cross section under torsion




where /. ] are the area polar and bending ineruia
properties of ar. ndividual cell, and n 15 the total
number of cells in the unit ;

It should be emphasized that in the above anzlysis.
we have assumed that the ends of the individual tubes
are assumed (o be connected in such a manner as to
enforce the requirement that piane sections remain
plane. This reguirermnent may or may not be satsfied in
any specific ETC design

7. Application to typical configuration

We consider the configurations of figs. 3 and 5 for
the case b= 124.128" (315.2 cm) o= 92.8125" (2357
em) having a 9 x 12 cell arrangement for a total of 108
cells. The support legs are assumed to be four B" x
12" % 1" (204 cm x 30.5 em x 2.54 cm) plate sections
forrung a box at each corner. Table 1 shows the spring
rates computed for the two units assurung that the
material 15 stainless :teel having a Young's modulus
E=283x10°psi (195 kPa) and the rack height H =
161.125" (409.26 cm).

The sessmic load-time histories used have statisti-
cally independent components in the globa! directions
The particular records used are those from three differ-

ent plant specifications. (See figs. 9-11 showing one
horizonta! component.)

For the HCC unit. net beam forces and moments are
used to compute extreme fiber stresses in the rack and

Table 1

Spring rates for mode!

lem HCC UTC

Ares of cell 4379 sq 1n 4652 5. in

dean = 3555 in* 33.56 in*

1® (unit) 616 926 in* 654 996 1n*

I1* (unit) 346 825 n* 367 993 in*

Area of unit 4729 0’ 502 4 i’

1 (umit) 111 321 8 in* 14 939 in*

¢ 8, 2.35;1.322 179.71,100.53
Kyorsion (6§ (21)] 7.520x10%n ® /rad  1.009%10° in & /rad
K gxrension 08306 x 10" & /in 08818 x 10" & /in
Ksngan.» 0.1214x10* # /in 0.294 x10° # /in
Kgmean - 2 01214 x10* & /in 0.294 x 10* # /in

Ky 0.1084x 10" in # /rad 0.1150x 10" ¢n & /rad
Kyy 0.0609x 10" 1n # /rad  0.0646 x 10" in & /rad
Kimpacr (fa=108) 0715x10° # /in 5.084x10° # /in
Kgleg (23)) 0.0925 x10* # /in 0.0958 x 10" = /in

Ky leg (25)) 5971 %10 in # /rad 5971 x10% in # /rad
K leq (26)) 2.004%10" & /in 2004 x10" ® /in

Al Soler. K. P Singh / Seismic response of a free sianding fue! rack 32

in the supports on the basis of the formula

4 7, e

where A4, /,, /, are the appropriate geometric properties
for the supports or for the entire rack cross section of
the HCC unit. As noted previously, the use of the 1otal
cross section properties for rack stress evaluation 1s
Justified for the HCC unit since the full cross section is
available for shear transfer. The evaluation of stress in
the ETC unit requires some additional analysis The cell
whose centroid 1s al X.. Y, in the cross section exper
ences a direct stress of the form

(35)

£ ,
°0'ﬁ((‘lu"43)" Y9 =)~ X (g2~ 4))
(36)

Due 10 bending of the cells in two planes. we have. for a
cell of nomunal cross section (¢ X ¢), at the base of the
rack

20 6F
= = (9= 0 + X (41 - 4)]
2E 6E
=l = a5 a. (37)
20 6F /
(l) -F‘ -q')°)f(413-qﬁ)]
2 22
*7(412-45)*7% (38)

The maximum rack stress in any cell wall can be con-
structed, at any time instant, from the expression

Opax = |0p| + |0 x|+ |0gy]. (39)

We emphasize that eq. (39) does not include any local
stress effects induced by non-ngidity of the rack base,
load transfer between supports and adjacent cells or
tubes, etc.

For a giver time history of stress in the supports, in
the HCC rack cross section, or in the ETC individual
cell cross section, a determination of unit structural
integrity may be carned out. In accordance wi h ref. (8]
structural integrity muy be interpreted as setung limits
on forces and moments acting separately or together on
a defined cross section. For the HCC construction, the
entire rack cross section can be used ir the structural
integrity evaluation; for the ETC construction, we must
examune the cross section of the critical cell.

! 4n addition 10 ress Jimitation djacer




i syenbyliey ¢ %y
ISONOG38) 3L

KR ow o oW oW oW o oW o4O o 08 Oo%M o1 em oM o9 ow e L o s e LY ez &t

9
)

P
L
—— — -
“
G e e SRR S ’ :
& |
W = &
-
4

Sewsmic response of a free standing fuel rack

LA
(5-8) NOILWIII00

o'y

S
< - — e ama E ——d - —— e - 4 -
[
i Tas B ok ek 3 1 o e
5
:
3 F
4 ! i SEe 5 i : s > 5 = = Hibwle ol RS akidw IS
1 SRS S . S |
o B
<
e o — - — e —,— e e e o -4 b— — ¢ - — . e e TN SIS w—
&
- -+ 2 - — Pl - — b b————— —_—— _— ST s R — J1
o

L




Soler, K P Singt Seismic response of @ free standing fue

10 Farthquake 2

me w0
(5-8) NOILIWNITIUY

Fig




L ¥4 bypey o diy

(SONOO3S) Wil
own o o o' 0w a8l oW e [ 1 Qs ow [ ¥ 4 an [ és ae ¢ e 'Y ez o9 "
=
<
-
- S é
o -
< =3
3 _ s
3 _ .
=
S " | i &
s 8
: | N
& ¢
s s
5
W 2 Mw
~
g |l i mm
: I 3
s il . 3
& RiE | 24
°&
& s
- =3
& F=F E = ;
.A -
L -
3 =
v
~ k& S S e -
| L e
<
s
-
=i mmany e il e
~
e
-




Al Soler, K P Singh / Seismic response of a free standing fuel rack

.

full rack; COF = 0.2

full rack, COF = 0.8

full rack, COF = 08

half rack load COF = 0.8
full rack; COF = 0.8

.

Tabie 2

Simulation studies

Case Description Seismuc load
1 full rack. COF = 0 8 fig. 9

(0.302 x 1.5 = max g level)
15 s duration

fig v

(0.302 x 1.5 = max. g level)
15 5 durauon

fig 10

(017 % 1.5 = max g level)
i2 5. duraton

fig. 11

(0.15x 1.5 = max g level)
20 5. duration

same as case |

fig. 10

(0.17x2.5= max g level)
12 s. duration

if the maximum corner deflection of the gack in either
n is less than 50% of the pack: nd

To assess the two rack constrdetions, the simulations
given in table 2 are performed. Values used for coeff)-
cients of frniction, 0.2 < COF < 0.8 are accepted upper
and lower bound values. Simulatiors 1-5 are performed
with the seismic input amplified by 1.5 on all three
input directions. Simulation 6 is perforimed with the
appropnate seismic inputs amplified by 2.5. Thus, case
6, when compared to case 3 shows the effect of employ-
ing different amplifications on the same seismuic event
Simulation $, using a half louded rack, highlights the
effect of ngid body rotation of the rack around the
vertical axis. The half loaded cases assume that all cells
on one side of the unit diagonal are loaded. In all cases.
structural damping of 2% 1s assumed at a frequency of
20 Hz. Table 3 summarizes the results obtainsd for
stresses and table 4 shows the maxumum corner dis-
placements and maximum floor loads transmutted by
the rack. We may define factors R, which are imited to
the value 1 or 2 for an OBE, or SSE event, respecuively

(8}

327

=103 300 for Case 5

( Table 3
CASE Honeyveomb construction End connected tube consiruction
Rack Support Rack Support
Rl R4 RS R R4 RS Rl R4.RS R1 R4.RS
1 0.002 0.081 0.385 1.46 0.200 1.2) 0.613 1.898
2 0.00] 0.03¢ 0.182 0.35¢6 0104 0.642 0.232 0.548
3 0.001 0.068 0.322 0964 0.155 0.955 0.372 1.27
“ 0.001 0.065 0316 0.957 0.180 112 0 406 1.38
8 0.003 0127 0485 1.93 0.123 1.004 0.294 1.082
3 0.002 0.061 0.513 1.664 0.204 1322 C.499 1.50
Table 4
Maximum rack defiections /transmitted joads
Case Honeycomb construcuon End connecied tube construction
X Y Max * Single Impact X Y Max * Single Impact
i (in) (in) fir id leg id load (in) (in) fir Id beg Id load
(lbs) (Ibs) (ibs) (Ibs) (lbs) (Ibs)
1 11758 0.084 536 600 257 700 201 400 1.049 1.629 1 280 000 411 300 578 500
) 2 0.573 (489 232 600 121 000 138 300 1.624 1.55% 345 700 156 100 241 BOO
3 0187 0.08¢6 402 200 215 900 4% 370 0499 0.752 809 400 257 700 357 800
4 0111 0.064 334 800 211 600 113100 0.624 0.56% 772 700 297 700 350 500
5 1.38 1.62 496 300 340 900 79 540 2.145 2.392 602 200 200 000 181 500
6 0.826 0.342 611 000 309 800 216 800 0.856 145 985 S00 343100 SBE 300
Y Siauc load = 184 000% for Cases 1,2,34.6,
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R, = direct stress on a net section/allowable OBE
tensile (compressive stress),
R, = gross shear on & net section /allowable OBE shear.
R,= maximum bending stress in one plane/allowable
OBE value,
R .= combined flexure and compression rato,
R.= additional combined flexure and tension (com-
pression) ratio
It has been found from a large number of simula-
tions of different HCC racks that factors R, or R,
usually govern structural integrity in both rack and in
support legs In table 3, we show only values for R,. and
R, or R, al the most enitical location.

8. Discussion and conclusions

From the simulation results, we can draw the follow-
.ing conclusions ;

1) An accurate picture of the results can only be
obtained using 3-D nonlinear time history analysis
regardless of the rack modelled. A large contribu-

. tion to the maximum rack horizontal displacements

can be made during an instant when the rack 1s only
supported on one foot and the seismic loads cause a
pivot of the rack about the only remaining contact
point

Maximum displacements, with a full rack. may be
found when the upper bound coefficient of friction
value is used. This can be explained by noting that
there is a greater tendency for an individual support
leg to stick when in ground contact and therefore
the possibility of pivoting during an instant when a
single foot 1s in contact is increased

For the seismuc events considered here, stress levels
in the supports legs have the same order of magni-
tude in both HCC and ETC racks.

Stress levels in the rack cells, above the base, are
significantly higher in the ETC unit than in the
HCC unit. The ratio of cell stress levels (ETC /HCC)
15 10 10 20 in the simulations considered here. While
the levels reported here due 10 beam type stress
resultants may not imply wiolation of gross failure
critena, 1t 15 noted that effects near the supports,
and construction details not modelled herein, will
certainly induce stress raisers on the computed levels
reported here. For example, any flexibility at the
rack base plate will cause more load to be shifted 1o
the outermost cells; also, local stress raisers will
certainly be imposed on those cells nearest the sup-
ports. Therefore, 1t 15 prudent to ensure that the

-

.

4

rack stress levels in the thin walls of the cells.
induced by gross dynamic motions. remain low
enough so that stress raisers have munimal effect on
unit performance. By the very nature of the con-
struction, stress raisers should tend to be higher in
the ETC rack compared to what might be present in
the HCC rack; therefore, gross stress levels (pnor 1o
inclusion of stress raisers) in the thin walled cells on
the order of the allowable stress should be viewed
with concern.

(5) Because of its increased tendency to shide. the ETC

rack generally expenences greater honzontal dis-

plncemems.zvr 1 i

(6) The maxumum load (static plus dynamic impact)
transnutted to the floor from the total number of
support feel in contact at any instant 1s larger with
the ETC rack. This 1s attributed to the increased
propensity of the ETC rack to lift off the pool fioor.
possibly pivot on & single support leg. and subse-
quently re-contact the floor with a substantial 1m-
pact.
The increased displacements found for the case of
the half loaded rack dramatically show the effect of
3.D motuions and the potenual for ngid body rota-
uons about the verucal axis. It 1s noted that this
effect 1s substantially affected by the imitial assump-
tion on the amount of fuel assembly mass par-
ticipating in impacts with the cell walls
On the basis of the above results, we conclude that in
general, the HCC rack offers greater safety margins in
the rack body, is less prone to excessive displacement.
and results in lower dynamic loading on the pool floor
Although the mode! used herein is - vely simple. it
does exhibit the features of the wion and the
expected impacts. In any real design ation a more
elaborate mode! would be calied for. accounts for
impacts at different levels, additional . .. degrees of
freedom. etc.. In the study reporied on here. however,
the simplest model 1s appropnate since we week onl; &
companson of results from two different constructions
The numernical studies presented in the foregoing
point up the significance of inter-cell welding. The
longitudinal welds connecting the cells in the honey-
comb construction are found to improve the stress levels
and kinematic response of the rack significantly over
the end connected construction. The difference 15 cer-
tain 10 be all the more important if conschidated pin
storage i1s contemplated.

(7

_m—
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sysiem kinelic energy
generalized internal, ex-
ternal jorces

generalized coordinates
number of internal force
elements. degrees of free-
dom

coupling coefficient ma-
trx

mass matnces for exten-
sion, bending. and tor-
sion of rack

effective mass densities
rack cross secuon metal
area. rack height

mass and inertia proper-
tes of rack base

specified seismic mouon
of pool floor

total mass of fuel assem-
bly

fluid coupling coefficients
feqs. (10) and (113
defined in eq. (12)
hydrodynamic mass |eg
(18))

number of cells in fuel
rack

number of cells contain-
ing fuel assemblies

height of rack suppori leg
metal area, metal inertia
of support leg cross sec-
ton

I8,4% 002 equivalent rack properuies
for ETC unit

¢ side length of & single fuel
cell

i wall thickness of fuel cell

R(i=12..5) structural integrity factors

& Young's Modulus of rack
metal

. centroid of fuel assem-
blies moving us a group
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