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Docket No.: 50-395

APPLICANT: South Carolina Electric & Gas Company

FACILITY: V. C. Sumer Nuclear Station

SUBJECT: SUMMARY OF MEETING WITH SOUTP CAROLINA ELECTRIC & GAS
COMPANY

GENERAL

On July 25, 1984, the NRC staff met with South Carolina Electric and
Gas Company (SCE&G) to discuss the structural analysis performend for
the rerack of the spent fuel pool. The meeting was held in Bethesda,
Maryland. A list of those perscns who attended the meeting is included
as Enclosure 1.

DISCUSSION

SCE&G made a presentation concerning the. structural analysis performed
for the rerack and their refueling schedule. Specifically, for the
structural analysis, the hydrodynamic mass and the convergence of the
solution were discussed.;

Enclosure 2 is a copy of the view-graphs used at the meeting. Enclosures
3 and 4 are copies of 2 papers handed out at the meeting.

CONCLUSION

4

The NRC staff stated that they needed additional information submitted
with respect to the hydrodynamic mass, the convergence of the solution,
and the stress analysis of the dropped fuel accident. SCE&G stated that
they would submit additional information on these subjects.

,y

M /} . _-

Mon Hopkins', Project Manager
Licensing Branch No. 4
Division of Licensing

1

| Enclosure:
i As stated

cc: See next page
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i

Mr. O. W. Dixon, Jr.
| Vice President, Nuclear Operations'

South Carolina Electric & Gas Company
P.O. Box 764 (Mail Code F-04)
Columbia, South Carolina 29218

cc: Senior Vice President
South Carolina Public Service Authority
223 North Live Oak Drive
Moncks Corner, South Carolina 29461

J. B. Knotts, Jr., Esq.
.

Bishop, Liberman, Cook, Purcell
and Reynolds

1200 17th Street, N.W.
Washington, D. C. 20036

Mr. Mark B. Whitaker, Jr.
c

Group Manager - Nuclear Engineering
& Licensing

South Carolina Electric & Gas Company *

P.O. Box 764
Columbia, South Carolina 29218

Resident Inspector / Summer NPS
c/o U.S. Nuclear Regulatory Commission
Route 1, Box 64
Jenkinsville, South Carolina 29065

James P. O'Reilly, Regional Administrator
U.S. Nuclear Regulatory Commission,

Region II
101 Marietta Street, N.W., Suite 2900
Atlanta, Georgia 30323
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ATTENDEES JULY 25, 1984 MEETING-

NRC

J. Hopkins

G.~ Lear

P. Kuo

S. Kim-

'O. Rothberg

J. Lombardo

C. Herrick - Consultant (FRC)

T. Belytschko - Consultant

SCE&G Joseph Oat Corporation

D. Nauman K. Singh

N. Clark

A. Monroe

0. Dixon

.
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"0T POSITION FOR REVIEW AND ACCEPTANCE OF SPENT FUEL STORAGE AND'
.

HANDLING APPLICATIONS" - '

,
.

USNRC (1978-79).

SECTION IV PARAGRAPH,C3) .

. .. . .
..

"THE PEAK RESPONSE FROM EACH DIRECTION SHOULD BE COMBINED BY THE

SQUARE ROOT OF THE SUM 0F THE SQUARES";
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(II) ISOLATED BODY IN WATER
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STANDARD' SOLUTION
'

.

R.J. FRITZ, "THE EFFECT OF LIQUIDS ON THE DYNAMIC MOTIONS OF
.

; IMMERSED SOLIDS", JOURNAL OF ENGINEERING FOR INDUSTRY (1972)
'
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HOW ACCURATE IS THE SOLUTION FOR RATTLING FilEL ASSEMBLIES??
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. GENERALIZED SOLUTION (SOLER & SINGH (1981)]

.

, . 2p1
(.. - Y.) +

..

(X -Y)Q M1
= X*

1 1 I 1p ,.

,- 1 . . . . *
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r-,

. ..
,

-Y)W
-

2. .. .

+t(.X - Y ) (X
.

1 (X -Y)
2 1. 1 2 2 2 2

2

y2 . 2.. ,, .

(X -Y)Q M (X -Y)+=-

2 2 2 2 2p
2 6

..

-Y)
q2y1 . .. - 2. . .
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WHERE. .

3
P C. L ._ E -

7

[I j I = 1,2=

H (1 - 6 2)2z

I
3

p Ca L ,3 3
[ , w ~ v ,..a . + )g =

I
~

2H 3(1 - E ) (1 - E .)2
; I )
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I = 1, J=2
I = 2, J=1
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CASF WAXIMUM FLOOR LOAD (NEWT 0'N'S)

1. NO WATER 2.67 X 10'
,

2. FRITZ WITH DAMPING 2.228 X 10'- '

..
,

.

3. GENERALI7ED SOLN WITH0lK 1.997 X 10
'

6

DAMPING - -
,

.

84 . GENERALI7.ED SOLN WITHimMPtnG "' 1.535 x 106
'

5. GENERALI7ED SOLN WITH 1% OF 1.766'X 106
COMPUTED DAMPING

CONCLUSION:
-

!. .

l
. WITHOUT FORM DRAG EFFECTS: GENERALIZED SOLN GIVES AT LEAST 25% i

REDUCTION IN COMPUTED FLOOR LOAD
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I TIME INCREMENT (Secs) DISPLACEMENTt
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4i -

.4 X 10 a .0059 SEC.
1

:: :;

.325 X 10 a '.0131 SEC.
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1 00M M
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14 DEGREE-0F-FREEDOM RUN
'

RACK F - GPil OYSTER CREEK PLANT

ASSUMPTION:
*

'

1. 4% STRilCTURAL DAMPING
,

. ,

2. NO FORM DRAG

3. ASSEMBLIES VIBRATE IN UNION.<

:

4. NO ADDIT'.ONAL D,MPING 0F THE FilEL'ASSF.MBLY . IMPACT LOCATION.*
"

5. . SAFE SHllTDOWN EARTHQUAKE - IN X-DIRECTION, AND VERTICAL<

EARTHollAKF.

'

6. 5/8" SIDE GAP
!

C01-""'" RllNS '

MAXIMUM DISPL'ACEMENT. .

TIME STEP TOP ROTTOM.

flLE N/LM.E (SECS) (INCH) (INCH) *

DGPT60 .0003 .6631 .000952'

,

'

DGPT61 .0002 .6631 .0009517

; DGPT62 .0001 .6631 .0009517

.
-

.

CONCLIISION: GONVFRr;FE E_IS'COMPl.ETE AND TOTAL
.

|
|: .
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V.C. SllMMER RESilLTS

.
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RACK I,D, X-D[SP(4 CEMENT Y-DISP 14 CEMENT
. KMUAL CIMIT ACTUAL TIMIT

REGION II 0.74" 0.94" 1" 1,313",

(# '/g") ( 4 (/ ")11 x 9 4
.

.

.

REGION I 0,78" 0.94" 0,86" 1,313"

( g '/t) (#Il X ll
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'i's oc. of the Tlii c; Conforence on " Vibration in.-

, . *4uclear Plant" - 1982
j Biitisi) Nuctoa . Energy Society (1983) Enclosure 3

-

DYl!AMIC CO';PLING IN A C!.0SELY OPACE' TUO-EODY SYSTEM
t
'

VIERATING I4 A LIOUID l'RDIUM: THE CASE OF FUEL RACKS
.

. .

A.I. SOLER
| >

! Professor of Hochanical Engineering sad Applied Mechanics
I
g University of Pennsylvania, Philadelphia, PA,19104 U.S. A.

i

K.P. SINGH '

,

Vice President Engineerir.3, Joseph Oat Corporation *,

2500 Broadway, Camdon, NJ 081081 U.S.A.
I

SUM 4ARY *

.

An approximate analysis of the effects of confined fluid on the mass
and damping present in hi6h density spent fuel storage racks is performed.
It is shown that inclusien of large displacement effects is required to
yield realistic results for rack forces and pool floor. slab forces. The
theory is developed for square cell geometrica, autd a simple two degree of
freedom numerical example is presented to illustrate the effects.

NOMENCLATURE

Characteristio dimension of gap (Fig. 2)o :

t' Friction Coefficient (Eq.16)
,

h Nominal gap between body 1 and body 2 (Fig. 2)

h Cap in annulus i at time t. (Fig. 1)i :

K Loss coefficient
-

,

K Kinetic energy of the fluid set in. motionr .:

L : Length of bodies 1 and 2 (dimension perpendicular to the
Plans of motion).

.

pi t Hydrostatic pressure in gap 1. '

.

Ort,0f2 : Generali:ud forces corresponding to system Lagrangian in X
and Y directions, respectively.

.

815

,
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.

: Length co-ordinate in gap 1.Si

Ug : Displacement of body 1 (inner body) in X-direction (Fig.
2)

: Displacement of body 1 (inner body) in Y-direction (Fig.U2
2) a

yj Displacement of bod / 2 in X-direction (Fig. 2)

V2 : Displacement of body 2 in Y-direction (Fig. 2)

Wg - Width of gap i at time t (Eq. 3)|

h,,$, a Volocity of body inner and outer bodies, respectively.

,

eg : Dimensionless width, of gap i

H
~

Ratio or icngth to nominal width of gap (Eq. 7)

: Hass density of the fluid medium.
| p

'

INTRODUCTION

1. Dynamic coupling between proximate bodies vibrating in a fluid medium
is a well known phenomenon [1]. In the special case of a two body system
executing planar motion where one body is completely enveloped by another,
Fritz (2] derived expressions for the virtual mass and the couplant'

inertial force under the assumption that the motions aro of small
amplitude. Fritz's work has been the basis of the dynamic modelling of
fluid coupling in much of the structural analysis performed in the nuclear
industry [3]. Dong [4] gives a concise account of previously published
work on dynamic coupling between closely spaced bodies executing small
amplitude motions. Unfortunately, the assumption of infinitesimal
vibrations is rather untenable in many applications. The case of
" poisoned"# fuel storage racks containing spent nuclear fuel is one such
examplo. The fuel rack dynamic coupling prabicm will be described in some
detail since it provided the primary impetus for this study.

| The term " poison" denotes a product containing the B10' isotopo, used
' for capturing neutr.ons.

2. A " poisoned" or high density storago rack is essentially an assemblage
; of cellular members of square cross sectional openings. Fuel storage racks
! are about 16' (11.88 m. ) high and vertically submerged in ruol pools

containing approximately 40' of water. Spont fuel assemblica, after their
removal from the reactor coro, aro placed in these cellular locations for
long term radioactivo decay.

|
3. Figure 1 shows a typical channolled DWn fuoi anacmbly in a storago 8;

cell. Curbs on fuel reprocessing have accentuated utilitics' need to uso e

| "poisonod" storago racks, no oppocod to open lattico construction employed
.

In the past. Water in the pool acts to moderato the omitted neutrons and |
to transport the spent ruol decay heat. Howavor, in the event of an i

earthquako, it also produces dynamic coupling betwocu tho fuoi nosembly and |
#

q

|
'

t .
,

.
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the cellu1T cont 2ince ar;und it. The gap betwcon the fuel assembly and
the container is in the order of 0.006-0.008 m. on each sido. For example,
the cells for BWR fuel assemblics (approximately 0.133 m sido dimension)
are typically mado 0.1524 m squarc. When subjected to a given ground
motion, a fuel assembly is free to vibrate and local impacts with the
storage cell may occur. The magnitude of impact, of course, is a strong
function of the dynamic coupling between the vibrating fuel assembly and
its surrounding vibrating fuel cell. A multitudo of fuel vibrating in*

unison and impacting storage containers can yield a largo overturning force
on the storage racks. Ultimately, this load must be borne by the pool
floor slab, and its supporting structure. Morcover, in free-standing racks
(unanchored to the floor), excessive rigid body displacement of the rack,
and consequent inter-rack impact are also areas of concern. These
considerations indicate the importance of modelling the fuel assembly / cell
dynamic coupling in an appropriate manner. This is especially important in
operating plants, since strengthening of their pool floor and support,

i structure is all but impossible in most cases. It is important to develop
: a seismic model that yields conservativo results for floor slab forces, yet
; is not so conservative that unrcalistically high floor loads are obtained.
8

I 4. It is recognized that the velocity of water in the gap between the
fuel assembly and the storage cell will be three dimensional. However, the

} axial component will be quite small sinco the length of the fuel assembly
is an order of magnitude greater than the characteristic gap dimension.
Thus it is sufficiently accurate to model the proble'n in two dimor.sions Ts
snown in Figure 2. The outer body of square cross sectional Opening
simulates a single storage cell. The fuel assembly is modelled cs an
unperforated square cross-section to simulate a channeled BWR "uol
assembly. It is intuitively obvious that the ofrect of elastic deformation '

of the cell and channel walls on the fluid motion will be insignificanc.
Therefore, the walls of the two bodies are assumed to be rigid. For {analysis, the inner body is labelled as body 1, and the outer body islabelled as body 2. The fluid inertia forces on body 1 due to an imposed -

two dimensional motion on body 2 are determined by writing the system
Lagrangian for the fluid kinetic energy assuming inviscid flow. Lagrange's '

equations of motion are used to determine the generalized force. The
amplitude of oscillations of the inner body (body 1) is allowed to be ,

comparable in magnitude to the inter-body gap. The resulting expression
shows that the dynamic coupling consists of a virtual mass, a coupling
inertial mass of the type derived by Fritz, and an additional non-linear
force which may be referred to as " fluid spring". These three forces
completely characterize the fluid forces for large amplitude motion under
inviscid conditions. Fluid damping due to duct flow type losses due to
form dras can also be derived from forco equilibrium, if the duct
turnaround coefficients are known. Expressions for equivalent damping due
to drag are also given here for the sako of completeness.

S. In the following section, the detailed analysis of the subject problemis given. The results of the analysis are illustrated by treating a
|typical numerical problem in some detail. The primary intent of this '

Analysis is to demonstrate that accurato determination of fluid ofrects
requires inclusion of tho effect of motions that are large compared to the

e

!gap between fuel assembly and cell walls. To illustrato the potential
effects, a simplo two degree of freedom modol is subjected to a simulated i

|seismic event, and a comparison betwoon small and largo displacement

j 817
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solutions is made to illustrate errors sustained in using the small
disp acement theory.l

Approximate Analysis of Duct Flow

6. We consider the 2-D cross section shown in Figure 2. Neglecting
out-of-plane flow, and assuming small gap width hi compared to the

|
characteristic length c, permits the incomprensible flow continuity
equation to be written, in each portion of the duct, as

-I-b (1)ab =
~

ni

which yields the solution for the local fluid velocity

b = -(i - s ) S~

y g+Bg(t) (2)
i .

In terms of displacements Ut (t), Vi (t), i = 1, 2 shown in Figure 2, we
define

ei = W (t) / h h ; i = 1, 2 (3)Wi=Ut-V;t i

If 5 is defined as the nominal gap width around the entire periphery, then
the current gap widths in any portion of the cross section are given by the
relations

h j ,3 m h ' 1 T E.j ) ; h ,4 * h I I I2) (N)2

Applying Equation,(2) t2 each region, and interpreting Si as either x or y,
Z, = - Ui , Z_ = - V , yieldsi

O = h y/h g + B (t) ; IJ2 * ~ W x/h2 + B (t)j j j 2 2
(5), . . .. ..

3 + B (t) ; u4 - W x/h4 + B (t)W y/h'

u3 : j 3 2 4

At corners, we require flow continuity in the local Si direction and impose
the following conditions to determine B (t);i

hg uj (C/2) = h2 U ( /2) ; h2 "2(~ 2): h U I /2)2 3 3 o
(6)

h3 u (_0/2) h U (.0/2); h4 uq(c/2) h U (.0/2)3 4 4 j g

whereut(c/2)denotesutevaluatedatSshinregion1.
7. The fo11owin6 final solutions are obtained for the approximate flowi

velocity distribution.

- ps,, us
1 YU3 (S, t) /c ; y = cf''= +,

h; 2 (1-cy ) (1-c )y
(7) ius us1 2 x |U (S,t)

2 j= -

'2(1-c I II~C I2 2

! p2 Db
1 Y/| U (s,t) '= +

3
| 2 (1+cy ) (1+cy)

C
,

,
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as
= - 1 us

-

0 (s, t) 2 x4 --
j

2 (1+c 'I (1+C I2 2

The kinetic energy of the fluid can be written in the form
4 c/2

hKg= g g, ,g gj) Sd L (8)
'

_

c i.g 2i=1

is the length of the container. integrating yieldswhere we have temporarily employed the notation ui =ai + 1 S /c and L1
4 "

p h. 2 8
2'

Ef" ~ ,. 12 + CL
i=1 (9).

After eliminating at, #1 by inspection of Equation (7), we obtain
' * '

*ocL"f " W *1 "I 2 + *2 "2
2 -

1 (to)with .
.

. - 2g
2

_ , __ 2
3 (1-c I (1~C I3 2

'

. _- 2 (11),
_ , __ 2

3 (1-c2) (1~C1)
_

We form f2E 3E8 g.Qgg = yi i
g

-
-

) i = 1, 2kB ",i 9 "i
and obtain the formal results

O)f oC $ OC #
"

T" 4h 1 1+ENi\ d W N1+
If1 *

l *

1 BW
~

22

-

0 + 01 2 (12)1 1

O 3f2 3- 4 I#
"

T
"pC

4' "2 + 4T
oC 2 -4h 2 "2 g "1 + q "2 j

2 +

'

3 a4
'W R "1 2*QN 2\

1 8 *2pC

2)8
Using Equation (11) to evaluateOfi a d&/dW1 permit's us to finally writei

t

i
,
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h+ +Ofy = my 1 1 2 1 2 2
~

(13)t2 2 *2-

Of2 " "2 "2 + 6 "2 +$1 "1 "2 2 "I
2- -

~

where
.

N

$g = h2 2 I "
(14)

. (1-cy )2
'

3pC L 'l 1
"
i=1 ,j=2

~

"i"2h +
2 2 i=2 ,j=1 (15)3(1-cg) gy_g5 )

9. Equations (13) and (15) provide the contribution of the fluid in the
gap to the system Lagrangian and includes all conservative effects. We
clearly see the virtaal mass effects in the leading terms of Equation (13).
The coupled quadratic terms in the generalized velocities appear solely
from the cacumption that 6 1 need not be small compared .,to unity. For
small vibratuna, with E1 -* 0, then 91 --* 0, and mi -+ "3Pc3L/ . Ithshould be noted that the quadratic terms in Equation (13) do not behave as
velocity squared damping terms, but ap ear to behavo more like non-linear

jsprings. This is easily seen by considering the uni directional motiongcase with Wg = 0. It is clear, there, that the term j hf changes sign
only when E2 changes sign; that is, no net energy is dissipated during a
complete harmonic motion cycle.

i 10. The usual small motion analysis includes only the virtual mass
effects; the effect of fluid friction can be shown to be negligible. In
our case, where large motions, relative to the nominal gap width h, are
admissible, we need to computo additional contributions to Equation (13)
which account for frictional forces and the turning losses. The following
approximate analysis is used to develop the additional terms necessary to
includo dissipativo effects.

-

11. If the balance between pressure and frictional shear forces along any
straight portion of the duct is considered, Reference 5 shows that the
governing relation for the fluid pressure chango due to shcar stress is

y f*p U U
,3 P II i i== - 2 = = -aS .hg g (16)y h

,

where f# is the friction loss factor defined by the relation

Tgi " P U U
1 1

12. Equation (10), written for each portion of the duct, can bo integrated-

to yield the pressure distribution in cach region. Note, however, that for
arbitrary 2-D motions, propor attention must be focussed on the local fluid |flow direction in cach duct in order to ascertain the location of points of iflow reversal. The arbitrary timo functions arising from the integration
of Equation (16) are determined by applying corner pressuro matching I

conditions. From Figurc 3, for 1, j combinations 1,2 : 2,3: 3,4 : 4,1, I

|
- I

!
-

e.
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empirical cquation2 far prenura losa du) t3 cbrupt turning cf thn flow may
be uritton est

b = - f V, V, ; 2Vg = Uf+U$p

uhere K is a loss coefficient.
,

13. Forageneral2-Dmotion(Ii,h
' 2 (/ 0), the pressure in each region ist

fully determined by using Equations 16) and (17); contributions to the
generalized forces Qri(Equation (13)), due to frictional and turning
losses, are calculated from the expressions

c/2
F =L @39 ) dyx 1

c/2 (18)
-

F =L (P - P ) dxy 4 2

-c,2
Note that the direct effect of shear forces is neglected in Equation (18).

.

Ill . For the purpose of illustration, we rostrict futther damping
computations to uni-directional motion, say W

,

2 / 0. It is cicar that the
plane ,x = 0 is a plane of symmetry for the fluid flow; for such a motion,
the pressure distribution due to friction losses in re61ons 2, 1, il inFigure 2 are obtained from Equation (16) as

p f* p x A,

P (x,t) 2 2, = + A2(t) x 402 2 3g
3c h (1-c I

3 2
' *

2+ (19)-

p f* y W2 "2 Y'

P g (y , t) 4h tAl i Yd
= c

l 27
0 2 3s 0p f* v x

2 2P 4 (x, t) = 2 3 + ^4 (t) ; x 403e h (1-c I2

Using Equation (18) to compute F yieldsy
c/

p f*p 3' C L W2 . .

NFy 4 -P I d* * 2 22L (p=
2 96

-
'

ed o 1 1 (20)
+ + (A -A'

] (1+c ) (1~'2)3
4 2

,

2
,

er
Usin6 Equation (19), and Equation (7) in Equation (17) at the cornors x =

.

,en c/2 s Y ' I .0/2 yields:
.:s

> ele
'

i 1

| |
;

t

821i .

!

l



.. < s w.

.

A -A D (2-c I2 l 2 2 K 2 1" ' + Mf* 1+
T (1-c }2p 8 3 '

2 3II~C I2,' ,

s

e ,(21)
2 4A (2+c IA5-A4 =V 2 2 x 2 1< + pf* 1+-

,

U 4p
(1+C2) 3(1+c I2 .' A ~A

2 4 '

15. Solving Equation (21) for and substituting in Equation (20)p
yields the resulting velocity squared non-linear damping force as

Fy=C 6)2 2 2
,

~
where ~

2 2 4 (22)(1+3c I [4-3c2 +C2 I '

2 , 2 K
>+ T, pp CL 4pf 1+

2 )3
2 22c ( 2) 4 4(l-C II~C I2- .

s A

Dynamic Analysis

16. The simple dynamic model shown in Figure 4 is now considered as a
vehicle to obtain numerical results which illustrate the effects of the
fluid coupling. Linear springs K, K are introduced representing theI o
clastic stiffness coupling the structure to ground, lumped masses M , My Orepresenting the mass of the respective solid bodies, and non-linear
elements F 5, Fa' which act only when impact between the bodies occurs.2

Then if Y(t) represents a known ground motion, and relative co-ordinates U,
y are introduced by the relations

U2: U+YIY2=v+Y (23)

the equations of motion for the system shown in Figure 4 can be written as

(My + H ) 0 - m2 U "I ' + F4" - H Y2 V U-K
I 2 I

(24),,

- m2 U + IMO + m2) V -U-K O y + F ' - F ' - Ho Y
,,

2 4

where the impact elements

F ' (h ) = 0 if h4>04 4

F ' (h ) = 0 if h2>02 2

the fluid mass m2 is given as
2 - -

U0 L 1
.

m I+2" 2 23 (1-c I
-

2, .

and the fluid forces are
2

CL 2 *-

G= -C (c II I
2 2 2 (26)22'

2(1-c I2
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17 It is clear that if the motions U, y are assumed small, then it may be
'

,

g argued that conservative results arg obtained by including only the effect
of a constant fluid mass 2 npe L and noglecting the effect of G.,

However, if the effect of larke motions is incorporated with respect to
nominal gap size, t_ hon mere realistic results can be achieved, since it is
easily shown that increases in the fluid effects encompassed in 0 are larger
than the increases in fluid mass.

18. To illustrato the fluid ofrects, equatior.s (24) and (26) are solved,
for a given timo history ground motion Y(t), using a modification of the
time history computer code presented in Reference 6. Typical geometry and
material values are assigned which are representative of a fully loaded
fuel rack containing 169 cells simulated by a two degree of freedom dynamic
model. Note, however, that such a simplo model is only for illustrative
purposes; the authors have developed a more realistic rack and fuel,

assembly group model which uses '.nirty-two degrees of freedom to accurately
simulate potential for rack deformation, impact, and sliding under a

| realistic 3-D seismic event. For the purpose of illustrating the effects
| of confined fluid, the following input data is used: ,

?

| Rack Mass Mo = 9368.8 Kg

Fuel Assembly Mass (169 cells) Mg a 53586.1 Kgi

c = .1524 m. : h a 7 9375 mm . I L = 53 34 m,

Ky = 60590 9 n/m. ; Ko = 60590 9 x 104,
N/m..

I f*= 0.025 g K = .9
i
'
g p = 1019 71 Kc/m3 x 169 cells = .1723 x 106 Kg/m3

I 19 To simulate the impact force on the cell walls, non-linear cap
*

'

| elements with stiffness 10 Ko are used. Those cap elements become activo,
<

when the h2 or hg approach valua .01 h.
i -

The seismic accolcration Y(t) used in the simulation is Y(t) : A sin 0 twherea

I
A = .5 g = 10 Hertz 0 (t 4 .2 see

i (26)
= 5 Hertz t >f .2 seeA =1.0 g

A total event duration of 1 3 sec. is assumed. The following fiveg

g simulations are performed using the two degree of freedom modelt
i i

1
) _ case Remarks
s'

1

| Vibration in airl no fluid mass or damping

| 2 Vibration in fluid; small deflection modol - e i.

a 0 when calculating m2 and fluid damping effect,

. I 3 Vibration in fluid; large deflection model used'
I

l
I

,p 823 *

.
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for computing fluid masses offect - no fluid
damping

4 Same as case 3 except fluid damping included
|

5 same as case 4, except fa, K reduced to 15 of
( values used in case 4.

Discussion of Results of Simulation Runs

20. The following table summaris:es the results obtained from the rivo
simulations. Figures 5 and 7 show typical timo histories of the rack
spring force. The magnitudo of the rack spring forco rango is a direct I
measure of the expected rack stress levol at the rack base and tho

|subsequent loads transmitted to the pool floor slab through the rack foot
,

(which are not modolled in our simplo simulation). '

TABLE 1

Summry of Results - thx. Forco Range I

|
Case Rack Spring Forco Local Impact Forco Fluid DampingRango (il x 10-6) Range from Cap i

Springs (il x 10-6) ForcoRagno I

(il x 10" ) |
|

1 2.678 12.005

2 2.228 9 599 .756

3 1 997 10.555
'

4 1.535 O. 1.503,

5 1.766 7.499 4.852

Examination of the maximum forco rangos shown in Tablo 1 produces the
anticipated results; namely, the inclusion of fluid damping coupled with

,

largo deflection offects significantly reduces the force range in tho fuel g
rack. Comparison of the results of caso 4 with caso 2 shows a ruduction of |31% in the rack forco ranco by the inclusion of largo dorloction offcets in

gthe calculation of fluid mass and riuid dampirg. The impacts with the coll
wall are eliminated, thus climina*,ing the need for calculation of local
impact effcets on the rack coll wall. The results of caso 3 indicato that
at least for this simulated seismio input, tho inclusion of only largo
deflection offects in tho fluid virtual mass and the completo noglect of
fluid damping servos to reduce the forco ranco in the rack. Tho local f

.

stress rango in the rack call wall is increased in this caso however. Tho 6authors hositato to draw any laiting Conclusions from the caso 3 ronuits
sinco a chango in input seismio frequenco content may very woll roverco the
conclusions inferrod from this data.

|

1
|-

!
i

82fl I

.__ __ - _ -- _- _-__ . _ _ _ . . _ _ . _-. .- _ _ _ _ _ _ _ _ - - _ _ - _ _ - _ _ _ _ _ _ _ _ _ -



_ _ _ _ _ _ _ _ _ _ _ _ _ . - _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ .

'

s . . w.s

.

21. Th3 results obtained in caso 5 merit some further elaboration. The
reduction in fluid damping to 1% of the values used in caso 4 is an attempt*

to simulate the possiblo damping offcot of unchannolled fuel assemblics.
It is cicar that the damping and virtual mass ofrocts from an unchannolled
fuoi assembly should be substantially less sinco the confined fluid has
moro unobstructed area in which to flow as the fuol assembly moves relativo
to the cell wall. In addition, there are substantial differences in the
flow-field which should be considered in any analysis of unchannolled fuel.
Nevertholoss, case 5 may civo somo indication of what might be expected if
only unchannelled fuel assemblics are in the rack. Tablo 1 shows that the
rack force ranco certainly increases over the results obtained in caso 43
the rack force lovel is still substantially less than the results obtained

I for case 2. i.ocal impact with the rack cell wall occurs during the ovent
althouch the impact ranco is less than that of case 2. A somewhat
surprising results, on first reading, is obtained for the maximum fluid
damping force rango. Since the damping coefficients have boon reduced, one
might expect that the damping force range should also bo reduced. Ilowever,
we recall that the damping force is of the form

C(E)A|0 (27)Fd 'v

W is maximum when 6,9 0, and goes to zero as the gap closos. C (C )
achieves its largest value when the gap closos, and is relatively stan11
when E,~ 0. Examination of the detailed numerical output from the

| simulations show that the damping forco exhibits a sharper and highor peak
in case 5, compared to case 4, but the energy dissipation due to the fluid
damping is hicnce in caso 4. The increased dissipation in case 4 precludes
C (E ) from growing too largo since the gap never becomes too smdl. The
effect of fluid damping on the rack spring force rance is measured by the

j dissipation levol during the ovont, rather than the peak value of the fluid
| damping force. Thus, the expected result that a decrease in the ofrective
i fluid friction coefficient results in increased rack forco lovel is

obtained.

22. Examination of the detailed timo history of rack force level shows

| that in air the rack essentially vibrates at its natural frequency of 41
' llertz with amplitudes modified by the local impact forecs. Although not

shown here in the results, during the 13 second time of the event,
| vibration in air results in a total of twenty-two impacts with the outer
| cell ua11s. With the additional of fluid mass, the craphs shou that the

rack casentially vibratos at the forcin6 frequency of either 10 or 5 llortz.,

| The addition of fluid mass offects in casos 2-5 reduces the numbur of
| impacts to a total of three durinC the timo span of the ovent.
| ',

| CONCLUSIONS
|

'

23. It has boon demonstrated that in high density fuoi racks containing,

channolled fuel assemblics, largo displacement effects coupled with the'

inclusion of fluid damping results in a significant decreano in rack forco.
| ranco and possibly the completo elimination of local ',impacta between rack
- cell and fuel assembly. It has also been shown that an approximato

, analysis of the larco displacement offect is casily implomonted into a timo
I

history lumped mass analysis. In a 3-D motion cross coupling ofrccts
betwoon tho two on-plano motions will occur in the inortial terms due to

|

.
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,

pege' displacements 1 although not carried out in detail herein, similar
;

coupling in the fluid damping terms is espected.

pe, EsPerimental work is currently planned to verify the analysis
presented here. Once the analysis has been matched with experiment, for

ipth channelled and unchannelled fuel the accurate inclusion of fluid ;gamping -effects should become an accep,ted feature of the 3-D dynasio,

: analysis of high density fuel storage racks.
' -

.
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FIG. s; CASE 2 FLUID MRSS AND
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FIG.7; CRSE 4 FLUID MRSS RND
DRMPING, LARGE DEFLECTION
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PRESENTATION AND DISCUSSION

In presenting the paper Dr. SOLER said that it dealt with work arising from!,
a seismic analysis and qualification of high density spent fuel storage
racks. He defined the problem and gave an outline of the model adopted |with the assumption of no axial vibration. He discussed the derivation of '

6

f fluid velocity field and the calculation of fluid kinetic energy and I

damping forces. He gave a numerical example and discussed the results.

Dr. J.D. DUTHIE (UKAEA) noted that the force transmitted to the support was
reduced by the inclusion of large added mass terms and asked why that was.
Dr. SOLER discussed this in the terms of the way the damping built up and
the analysis which included all the large deflection effects as compared
with the case which only included the small mass effects. The force in the
rack spring was 30% less for the former. Mr. DUTHIE thought they would be
about the same. He then asked if Dr. SOLER had any feel for how short the
length of the axial contact needs to be before the assu:aption of no axial
fluid velocity breaks down. He thought this would reduce the very large
values of added mass. Dr. SOLER said he would expect that the inclusion of

I axial terms would reduce the 30% result to maybe 20% because the flow would'

split i.e. the present results probably gave an upper'bcundary.

Dr. D.E. HOBSON (CEGB) said that he would expect that at the ends of the
storage racks the high fluid pressures predicted would not be realised due
to axial movement and this would induce a pressure distribution which was
very non-uniform in the axial direction. This would introduce close
distortion of the element, bending and axial motion. Dr. SOLER agreed.

, . :--
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Seismic analysis of free standing submerged racks is complicated
by the presence of water and structural non-linearities such as
fuel assembly cell impact and floor interface friction. A direct
time integration technique has been proposed to analyze this
class of structures. Application of the time integration tech-
nique on a fourteen degree of freedom lumped mass model of the
rack reveals some heretofore unpublished quirks in the struc-
ture's behavior. The method of analysis is utilized to compare
the seismic response of some representative rack designs. Results
show wide differences in the structural. response, depending on
the fabrication details of racks.
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Introduction: '

Subsequent to the U.S. government announcement of_ indefinite
suspension of spent fuel reprocessing'in 1977, the nuclear power
industry .has scrambled to incr' ease. its capacity for on-site
storage.. The storage pools in most of the commercial reactors

were initially designed to store 1-1/3 core worth of spent fuel.
The storage rack modules, builtsfor storing the spent fuel ~in the
pool, were typically of open lattice construction. The racks

were anchored. to the pool floor, and were frequently braced to
the side walls of the pool and to each other. Wide pitch !

(center-to-center spacing) between the sto' rage lccations ensured ;

suberiticality_ of the fuel array. ostensibly, the most viable
'

and cost effective procedure to increase fuel pool- storage

capacity lay in replacing these rack modules with the so-called
high density racks. The latest version of high density racks-

consists of cellular storage locations arranged in a tight pitch
with neutron absorber materials interposed between the cells to

, maintain nuclear subcriticality. Matching of the new "high
) density rack supports" with the original floor anchor locations
!

is usually quite cumbersome, if not impossible. Moreover, it is

desirable to minimize the in-pool installation time for personnel
radiation safety. These considerations, among others, prompted

i the evolution of the free standing high density racks storage
concept. Increasingly, the new generation high density racks are
being designed for free standing installation. The structural.

i analysis of such racks under postulated floor motions, referred
to as Safe Shutdown and Operating Basis earthquakes in the

| lexicon of the nublear power industry, is the subject of this
j paper. Representative of other work in this area of interest is
| the rather qualitative paper by Habedank and co-authors [1]..

t '

l
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A free standing rack module' is a highly non-linear
structure. During a seismic event the fuel assemblies can
" rattle" inside their storage ~ locations, and the module itself-

may slide on the pool floor. Furthermore, the rack may lift off

at one or more support feet locations causing impact between pool
'

floor and the rack support structure. Exigency of the market
'

place calls for economies in design and construction; however, I

reduction in the rack structural strength can only be made af ter;

an exhaustive analysis of the resultant non-linear effects. In

i this paper we present a technique which can be utilized to make
such an analysis.

To illustrate the procedure, we consider two - types of rack
construction; one in which the storage cells are attached to each
other along their long edges in a certain pattern (honey-comb
construction) and another in which the connection between 'the
cells is made only at the top and bottom (end connected tube
construction). The latter construction involves only a fraction

~

of the welding of the former, and therefore is a far more
>

economical design. From a safety standpoint, the overriding

concern relates to the increase in the rack stress levels and:

rigid body displacements as the inter-cell longitudinal welds are
eliminated. It is necessary to develop a methodology to address
such concerns during the initial design and licensing effort.
This paper is intended to provide such a tool.

A storage rack is a structure submerged in water which
greatly complicates its motion. Proper simulation of rack

dynamics requires consideration of hydraulic coupling and virtual
mass effects. Such effects are included in this analysis using'

simplified models. Since our object herein is to establish a tool
for comparison purposes only, we propose a fourteen!

degrees-of-freedom model to simulate rack behavior. A more,

comprehensive model has been employed by the authors in analyzing
racks for individual plants [2]. It is important to emphasize.

that what we are demonstrating here is a simpler version of what
would be required to qualify an actual unit; however, the

.
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methodology employed to develop the' model is essentially the

same.

Comparison of different rack geometries on the basis of

their structural response is affected by three major variables;

(i) the acceleration time history, which varies from plant to

plant, (ii) the fraction of module storage locations occupied,
'

(iii) and the limiting static and dynamic coefficients of

friction at the rack and pool floor interface. In order to draw

tenable conclusions, analyses are perfdrmed using three arbitrary

sets of earthquake time histories. Two conditions of rack

loading (all or half of the locations occupied) , and two values

of the coef ficients of friction are also considered. In all a

total of six cases are utilized to infer characteristics of the

rack structural behavior.
~

The three orthogonal seismic excitations are applied

coincidentally. The results reveal some striking peculiarities

of the rack three-D structural response. The marked

increase in the rack stress levels and displacements predicted by

this study as the design is, varied from the " honey-comb" to "end

connected" construction highlights the problem areas of the

latter design. Perhaps more important, beyond the numerical

results presented here, the analysis suggests a methodical

technique to evaluate candidate designs for a particular '

application.

THEORY

We consider a system governed by absolute generalized

coordinates pi(t), i=1,2...N All internal forcesz.

contributing to system deformation are associated with

generalized extensions 63(pi). Internal , force elements Fj
may be non-linear functions of tihe generalized deformations

pi(t) such as gap or friction elements. Lagrange's equations,

written in terms of generalized forces 0i(t), and

l
i
i

"

3

E
i
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generalized external forces G (t) are
i

b ( E ) - E = Q (t) +Gg(t) (1)
dt

3hg 3pi i = 1,2...Ng

-

Since all of the pi(t) are independent, it is easily
demonstrated that

f 36 f

1 F0 (t) ( '= "
1 k k ik

3hgk=1 k=1

.

where the dot (-) indicates time derivative and Bik are called
coupling coefficients [1]. Bik relate the generalized
velocities hi(t) and the generalized extension rates 6g(t).
The system kinetic energy T is written as

-
.

N, N zT=1 [ [ M 66 (3)g3 1 J2 i=1 j=1

,

For a geometrically linear system (equilibrium equations based on
the undeformed configuration), the generalized masses Mji are

independent of coordinates pk. Using eqs. (2) and (3) in eq.
(1) yields the system equations of motion in the form

(M){*p} = (B){F} + {G} (4)
*

where" (M) is of order N x Nz; [B), the coupling coefficientsz
matrix, is of order N x Ng, {p}, {G} are column matricesg

containing N rows, and {F} is a column matrix containingz

Ngrows. A set of inertially decoupled equations evolved from
eq. (5), is '

>

4
4

,
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,

{p}= (M)~1(B) [F} + (M) {G} (5)
*

Equations (5) are solvable by direct integration techniques
|- using a time history computer code described in Ref. 3 (p. 336).

FUEL RACK MODEL4
,

. .

* The following items should be considered in the development
of any fuel rack - fuel assembly dynaritic model:,

;

.

1. Modellino of the rack structure
| 6E

f The rack structure may be modelle'd by, elastic beam elemer$ts
{ as long as appropriate cross section properties can be derived

'

and as long as shear deformation and rotatory inertia effects are
4 included. In specific design applications, the authors have used

four beam: elements and five nodal points to describe the rack

i -structure. In this paper,- since the emphasis is on a comparison

] of two different rack geometries, we have adopted a simpler model
i for the rack structure involving only a single beam element.

This simplification helps to focus attention on the main
dif ferences between the two rack configurations studied; namely,
the significant difference in the shear resistance.

:

!

| 2. Modellino of the fuel assemblies
!
1 Each fuel assembly should be treated as an individual
I distributed' mass elastic element. In the actual fuel rack, an

,

j element may be located anywhere in the x-y plane and will impact
i with the fuel rack surrounding metal at one or more vertical
!

locations. An assemblage of fuel assemblies will certainly not
move in chase during a seismic event. For the purposes of

.

| evolving a conservative model, we have assumed that all of the

fuel assemblies move as a unit; thus, the impacts with the fuel

-

:

|

|
| 5
i
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l- rack _are magnified leading to higher stress and load levels. In
!

a detailed model 'where the rack is simulated by five nodal

points, impacts between fuel rack and fuel assemblies may occur
| at different levels;- in the simpler model used herein for

comparison purposes, we assume that impact between fuel rack and
fuel assemblies occurs only at the top of the rack, and that 50%

of the fuel assembly mass is involved in any impact. uith the
e

rack. We emphasize that in any real design study, the

possibility of impacts at various heights should be included in

the m.odel. For this illustrative comparison, we feel that the
salient features of the behavior of each rack type will be
correctly demonstrated with the simpler model.

Figures 1 and 2 show the model considered in this paper.
The fuel rack metal structure is a single beam element whose end

;

points have a. general six degree of freedom motion. The ensemble

of fuel assemblies are conservatively assumed to move in phase
under seismic excitation, and their effect on the fuel rack is

considered to have the potential of 50% of the effective mass

; impacting the rack at the uppermost point. The offset of the
; lumped mass from the rack beam centerline enables simulation of a

partially filled rack with induced torsional moments. The fuel

rack base is a rigid plate, supported at the four corners by
rigid supports that may slide or lift 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 ensemble of.

i

fuel, assemblies is simulated by introducing appropriate inertial '

! coupling terms into the system kinetic energy. Similar inertial

coupling is introduced to account for fluid structure effects

between adjacent racks. Fluid damping effects are neglected in
this study. As shown in Figure 2, potential, impacts between the

;

i

i
j 6
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rack beam and the lumped mass representing the fuel assemblies

are accounted for by inclusion.of appropriate gap elements. The
fluid inertial coupling terms are based on nominal clearances in

this investigation; however, it has been shown [4] that inclusion

of large deformation effects near the impact points may

considerably affect the results., Herein, we do not include the

ef fects of gap closure on the fluid inertia terms since there is

some preliminary evidence [4] that neglect of the effects is

c6nservative.
In computing kinetic energy contributions from the rack, we

use appropriate consistent mass matrices. Therefore, the

contribution tio the s~ystem kinetic energy due to the rack, T isi,

given by

= {hs, hig}[M I {h3
T T .

2T1 I+
E hig ' 13 T py

r. 3
i T P1

fhle h7th5th12}IM l+
B (6)4 y

PS
.

P12,. g

1 r. .
3

!

T P2
+ lh2th9s- hge- h11}[M I

B 9
4 . >
- Pg

.

- Pil' s

where [M le IM ] and [MB] are the appropriate mass matricesE T
for extensional, torsional and flexural motions.

*
.

a

'

i

7
4

!

{

j

| ' y
! "
,
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If A, I are the rack cross section effective metal area andp
polar moment of inertia, respectively, then

[ME)" k ) I kM I " [1/2 ) I7)1/2 T 13

13 9 11 H _ 13H
35 70 210 420

(MB IOI"

70 35 420 210

2 2llH 13H' H _H4

210 420 105 140

2 2
'

-13H -llH -H H

420 210 140 105

* *
p and py are effective mass densities accounting for
fluid effects. The contribution to the system kinetic energy due
to the rack base is

2 =m I + "b 2 +m 3 +I + I h5 + I h6 (9)2T
bt 2 b3 x y z4

where mbie Ixe Iye Iz are the effective mass, and mass
moments of inertia of the base, including fluid mass effects.

The contribution to system kinetic energy due to fluid

coupling between fuel rack and fuel assemblies is expressed by
the 2-D model given in Reference [51 The necessity for

accounting for 3-D fluid structure interaction is a question that
merits future study. Using the 2-D approximation, we obtain for,

the kinetic energy due to rack-assembly interaction,

'

8

E
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2T3 =A22(h7 +h9 ) +Agg(h8 +h10 ) + 2A12 (h7h8 + h9910) (10)

Similarly, the kinetic energy due to fluid coupling between a *

'

fuel rack and adjacent structure is given as

(x) (x)2Tg = Big pg 2+B (y)h2 (y)hg2 2
ig + Bgg p7 +Bgi

,

.

(x), (y) (x), (y),, , , , ,

+ 2B12 P1U1 + 2B12 P2U2+ 2B12 97U1 + 2B12 P9U2 (11)

+ 0 (D 2, 6 2)
3 2

where Ui (i=1,2,3) are specified pool floor seismic motions.
Finally, the contribution to the system kinetic energy due

to the mass of the fuel assembly group is written as

t 2.. .

2Ts = AM (ps' + pgo ) , ggp.3+y P4 -X Ps)
. .

B B

t 2 O2), , , ,
j +(1-A)M[(p1-YP6)

B (P,2 + X P 6 ) )+
B

i
i

; M is the total fuel assembly mass and 1 is the mass fraction
assumed acting at the top of the rack in the horizontal plane.
We have ' assumed that vertical movement of the fuel assemblies is

I equal to the vertical movement of the rack base at fuel assembly
centro'id location, and that the fuel assembly mass fraction (1-1)
M moves with the base in the X-Y plane. In the study herein, we
have arbitrarily set 1 = 5 which implies that 50% of the fuel

!

assembly mass is involved in the impact process and the impacts
. %

9.

l

|

T.
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all occur at the top of the rack. If more conservatism is
desired A may be increased. It would be far better to include..

more d,egrees of freedom and allow for the possibility of impacts
below the top level, however, than to attempt to determine a
proper value for A. For the purposes of the comparison

simulation here, it is felt that the value of A used will not

negate any conclusion developed as long as A is sufficient to

induce significant impacts between rack and assemblies.

Equations (6)-(12) establish the system mass matrix [M] in

equation (4) for the 14x14 model considered herein. We introduce

displacement coordinates gi(t), relative to ground, defined as
follows:

Pg = qi + Ut(t) ; , i = 1,7,8

Pi = qi + U2(t) ; i =2,9,10

(13)p '= qi + U3(t) ; i =3,14g

pg = qi ; i =4,5,6,11,12,13
.

The governing equations may be represented as follows:

14

+Gt(t) - [a U1 + ai2U2 + a130 3](14)M )q) = O (t)g t ty

i = 1,2,.. 14

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

FLUID ADDED 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 is shown by Fritz [5] that the constant coef ficients Aij of

i

10
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equation (10) are given as

All =M iA12 = - (M1 +M) ; A22 =M1 +M (15)H H H

where Mi = fluid mass displaced by' fuel assembly
M. = hydrodynamic massd

We' use the Fritz model for concentric cylinders employing
equivalent radii R , R2 defined as1

* *
R1 = a //w R2 = b //w (16)

*
a is the side length of the square fuel assembly and b*>a*
is the insidr dimension of a typical square cell; i.e. the

nominal clearance between assembly and cell is (b*-a*)/2.

For a. rack of height H, assuming all assemblies move in phase, we
obtain

2g (17)M1 vp,HR1=
a

where f is. the number of cells containing spent fuela
assemblies. If the nominal gap g is defined as

(b*-a*)/2, then [5] suggests that the hydrodynamic massg =

is

M /(1 + 12 R2 /H2) gyg)MH" l

9

The fluid mass that would fill the cell volume in the absence of
the fuel assembly is denoted by M2 in [5 ] ;. the effect of this f
virtual fluid mass is incorporated d'irectly in eq. (8) by I

defining an effective p*.*

11-
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The effect of fluid inside of the rack s.tructure has been
accounted for in the kinetic energy term T3(Aij). We now

consider the effect of the fluid outside of the rack (say between
the rack being studied and adjacent structures). We consider

Figure 4 which shows a vibrating vertical wall of width W and
height H. Following case 13 of Reference [5], we assume the
hydrodynamic mass term as

.

3p W H

MH" I *"1+ I19I
12 go t H

Then, in the. fourteen degree of freedom simulation model, the
coefficients Bgt, B12 at each level are.given as

Bg =M/ ; B12 = - (MH + #w " p)/ - ( 0)i H

with W being the value appropriate for X or Y motion.
The above discussion is concerned with fluid coupling

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 Reference 5 and
add it to the base plate metal mass. The total effective mass
density is then used in the computation of mb r Ixt I for

3 y
the base plate. The effect of virtual fluid movements oc the
rack is simulated by defining _ an effective mass density py *

in the matrix (ME] in equation (8). py
*

is computed by
adding to the rack metal mass, a mass equal to the mass of fluid
displaced by the rack.

INTERNAL FORCES

The internal force elements representing system elasticity,
disappative friction and impact effects are simulated by using

.

12

W
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standard spring, friction and gap elements described in Reference
3. The model shown in Figure 1'contains 6 elastic springs to
model two bending planes, extension, and torsion of the rack
beam. The model contains four gap elements modelling contact
between the fuel assembly lumped mass and the top of the rack.
The. model uses four gap elements aligned in the vertical

direction and located at the x,y coordinates of the base plate
,

supports to simulate the support behavior in the vertical

direction and has sixteen friction elements to simulate support
leg flexibility and the sliding potential of the supports.
Finally, eight rotational frictional elements at the base
supports are used to simulate resisting 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 [3]; herein, we simply specify the
spring rates associated with each of the elements.

RACK ELASTICITY (6 Elements) -

b RSION = GIP /H
'

~

EXTENSION" ^!

(21)

, SHEAR
,12 E I . , 12 E I a,

H3(1+$) GAH 2

.

IK =
BENDING

! H

The coefficient a represents the effect of shear deformation, and
I is the area moment of inertia of the cross section associated
with beam bending. Note that one shear and bending spring pair
is needed for each plane of bending.

.

D

13
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IMPACT SPRING RATE ( 4 Gap Elements)
i

The potential impact between fuel assembly mass and fuel
rack is simulated by incorporation of a spring-gap combination.
Each impact element acts in compression only with spring constant
given as -

-

Ky = f,64 WD/a ; D = Et /12 ( 1- v2) (22)
2 3

.

Ky is determined by assuming that the impact is simulated by a
uniform pressure acting over a circular section of cell wall of
radius a and thickness t. The radius a is taken as b*//w where
b* is the inside dimension of an individual cell and fa is
the number of cells containing fuel assemblies.

SUPPORT LEG SPRING RATE (4 Gap Elements)

- The effect of support legs at each corner of the fuel rack
base is simulated by four compression only gap elements to permit
lift off of any or all supports. The local spring rate K fors
a support of height h is

9

1 1 1 ,1, ,
(23)

S *F LF LR

where Kp = E A /h ; A = support leg cross section area.S g

I and K = 1.05 E B/(1-v2) , g = 1. 05 n E B/ ( 1- v2) (24)p c LR

Kp represents the local elasticity of the pool floor with EL
e

being the Young's modulus of concrete and B being the width of
.

.

*

14
-.

i

_ _ _ . _ _ . ,- - . _ - __ . _ _ __ _ _ _ _ _ __ __. - --



.. . . .

!
l

.

the support leg pad [3]. KLR represents the local elasticity.

of the rack just above the support leg; the coefficient n is,

taken arbitrarily. as equal to the ratio of the metal area of
single cell to included area of single cell.

-

FLOOR ROTATIONAL AND FRICTION ELEMENTS

.

The effect of local floor elasticity on rocking motion

(support leg bending) is represented by rotational springs with
spring ratie ([3] p. 293).

KH=E 0(1~ ' (c
.

These rotational springs are moment limited since if edging of
the pad occurs, no further moment can be resisted.

Associated with each support leg compression element spring
ars two orthogonal friction elements located in the plane 2 -h=

(See Figure 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 (6], assuming that the support has area moment of
inertia I when considered as a beam,s

,

12 E I 3/2* 1 I 1",

K sg= ; 9 = 8.52
- 4.157 (s 2) (26)3h (1+t) A,h Ah2

s

APPLICATION TO TYPICAL UNITS

Figures 3 and 5 show a cross section through a level of the
rack structure of two practical rack constructions. The first is

! * a fully connected honeycomb construction (HCC) which is

considered as a beamlike structure with cross section dimensions
.

;
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b qd a, having certain area and inertia properties; the second
is an end connected tube construction (ETC) which has no shear
transfer capability between tubes except at top and bottom of the
rack. For the HCC rack, equation (21) can be used directly to
model rack elasticity since the bntire cross section is capable
of beamlike shear- transfer; we need only examine the cross

section details to derive expressions for A, I, I For the ETCp.

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 Equation (21).

~

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

* J
[ [[ (M ) + yM = g)))Ng g,

j=1 i

(27)
. J i J,

[ [[ V ))
V' =- [ [N .g ; N =

j=1 i g3j=1 i

Castigliano's Theorem for the ith tube yields (assuming a fixed
base)

.

ij , _ 12 E I
* *g _6EIy 0

3 2H H

(28)

13=+6EI W +4EI *
M 0

2H H
*

.,

.

1

|
.

.
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.

Also, bearing in mind the constraint of the end closure,.we have,
* *

N ) = E A (U 0 ) (29)g +yg
H

In equations (28), (29), A, I refers to the properties of the
individual cell, and we have neglected shear effects in the
bending of the individual cells. Using eqs. (28), (29), in eq.
(27) yields, for the case of n total cells in the unit,

* ^
M =+6E (n I) W ,4E {nI + [ [ }Oi

2H H j i 4
,

* * *y , , 12 E n I ,-6 E n Ig O (30)3 2H H

* *
N =nEA g

H

If we now replace eqn. (30) by the corresponding equations for an
equivalent uniform beam acted upon by end generalized forces
M*, V*, N*, and having effective cross section area A*,
inertia property I*, and shear coefficient $*, we can show
that the A*, I*, (* (for use -in eq. (21)) which correspond
to the ETC unit are given as

-

-
.

I *
n I; A =nA=

*

1+(

.-

* * 2 (31)Yi^(4++ ) I = 4(n I [ [ ]
*

i *
1+, j=1 1 4.

<

G
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so that

[[Y A
i*2 ,ijI =nI+[ [ yg

*

3 , 4 (32)
j i nI

The results for A*, I*, (* can' be used in eq. (21) in lieu
of A, I, f. It is clear that between the two geometries the only
essential difference is in the magnitude of (*. The
considerably larger value of $* obtained using eq. (32) for the '

ETC unit (as opposed to eg. (21) for the HCC unit) leads to a
much smaller spring rate KSHEAR being obtained for the ETC
unit. It remains only to compute a value for I for both thep
HCC and the ETC configurations, and then to apply the simulation
to typical in-service units.

The torsional analysis for the HCC unit is based on the
classical analysis of St. Venant described in (7) and applied *'

'

the cross section of Figure 7. By using the membrane analogy .
I the torsion problem, it can easily be shown that I for the HCCp

construction is simply ((7), p. 278)

p)HCC=K(Gh)ab (33)3I
t

where K1 is a tabulated function of b/a.
An analysis of the end cross section of the ETC construction

using Figure 8, yields

p)ETC " "II =I + I [ (X +I K) (34)p p K

.

where I I are the area polar and bending inertia propertiesp,

of an individual cell, and n is the total number of cells in the
uni.t.

t

.
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It should be emphasized that in the above analysis, we have,

assumed that the ends of the individual tubes are assumed to be,

connected in such a manner as to enforce the requirement that

plane sections remain plane. This requirement may or may not be
satisfied in any specific ETC design.

APPLICATION TO TYPICAL CONFIGURATION

We consider the configurations of Figures 3 and 5 for the

case b = 124.128" (315.3 cm.), a'= 92.8125" (235.7 cm.) having a

9 x 12 cell arrangement for a total of 108 cells. The support
legs are assumed to be four 8" x 12" x 1" (20.4 cm. x 30.5 cm. x

'

2.54 cm.) plate sections forming a box at each corner. Table 1

shows the spring rates computed for the two units assuming that
'

the material is stainless steel having a Young's Modulus E = 28.3
6x 10 psi (195 KPa) and the rack height H = 161.125" (409.26

cm.).

Table 1 Spring Rates for Model,

Item HCC UTC

Area of Cell 4.379 sq. in. 4.652 sq. in.

Icell =35.55 in." 33.56 in."
I* (Unit) 616926 in." 654996 in."x
I* (Unit) 346825 in." 367993 in."y
Area of Unit 472.9 in.2 502.4 in.2
I* (Unit) 111321.8 in." 14939 in."p

Wy,x39*y,x 2.35 1.322 179.71 100.53
8 8KTORSION (Eq. 21) 7.520 x 10 in.4/ rad 1.009 x 10 in.9/ rad.
8 8KEXTENSION .8306 x 10 t/in. .8818 x 10 t/in.

KSHEAR-Y .1214 x 108 6t/in. .294 x 10 t/in.

KSHEAR-X .1214 x 108 6t/in. .294 x 10 t/in.

KBX .1084 x 10 12 in.9/ rad .1150 x 10 12 in.9/ rad
*

KBY .0609 x 10 12 in.4/ rad .0646 x 10 12 in.9/ rad
8KIMPACT (fa=108) .715 x 10 t/in. 5.084 x 106 t/in.

Kg (Eq. (23) .0925 x 10s 9/in. .0958 x 10 8 #/in.
KH (Eq. (25) 5.971 x 10s in.6/ rad 5.9'71 x 10 8 in.4/ rad

sKg (Eq. (26) 2.004 x lo t/in 2.004 x 10 8 t/in.

.

19
.



. m> ,,
.c _ ,

.-cw , -
-- .*:

,,

'

x -

, . '.%
-

.

'^
, , .

,
% .-

The seismic load. time. histories used have statisticallys

T . independent components in the global directions. The particular
"

records used are those from three different ~ plant
-specifications. (See Figures 9-11 showing one horizontal

-

cc:aponent) .
.

For the HCC unit, net beam forces and moments are used to
'\ : compute extreme fiber stresses in the dack -and in t5e supports on
i the tiasis of the formula.

.

|N M' 'C 'M C21 1 2
, a= + + (35)-

A I t I2
,

-

1- ,

where A, I I, 1 are the appropriate geometric properties for the2

supports or for the entire rack cross section of' the HCC. unit.,

.

As . noted previously, the use of the total cross section'm

properties for rack stress evaluation is justified for the HCC
j unit since the full cross section is available for shear
i transfer. The evaluation of stress in the ETC unit requires some

additional analysis. The cell 'whose centroid is at X Y inc, c
'' the' cross section experiences a direct stress of the form

.

" ao " b [(q14-q3) +YC(q11-qq) - X (912-QS)] (36),

CH
,

' ^
s

.

"Due to bending of the cells in two planes, we have',- for a cell of
nominal cross section (cxc), at the base of the rack"

#
BX " 6E ((99-92) +X (913-G6))N 2 c

(37),

2 s [qll_q J,, 6 E -
-

q%
H H

,

'

N

.x
' .

I % ge

A
' '

j 20
,

i

+

W5. Ie . .s
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.

6 E [97-91) - Y (q13-qs)) + .(912-95)
2E-

i =-

2 c
- c H H

.

'

(
+.6E- qs

H

T -

.

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

MAX " 00 + O + #a
BX BY

rWe emphasize that eq. (39) does not include any local stress

effects induc.ed by non-rigidity of the rack base, load transfer

between supports and adjacent cells or tubes, etc.

For a given 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
carried out. In accordance with [8], structural integrity may be
interpreted as setting limits on forces and moment acting

'

separately or together on a defined cross section. For the HCC
construction, the entire rack cross section can be used in the
structural integrity evaluation; for the ETC construction, we

must examine the cross section of the critical cell.
.

In addition to stress limitations, adjacent racks must not
impact during a seismic event. In -he simulation herein, virtual

mass effects from gaps between racks have been included based on
adjacent rack separation equal to 3" (76.2mm). Therefore,

assuming the worst motion of adjacent racks, inter-rack impact is
s Iprecluded if the maximum corner deflection of the rack in either

direction is less than 50% of the rack spacing.

.

21
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To assess the two rack ' constructions, the following |simulations are performed: .

Table 2 Simulation Studies

Case Description Seismic Load'

-
.

1 Full rack; COF = .8 Fig. 9
. (.302 x 1.5 = Max. G. Level)-

15 Sec. Duration

2 Full rack; COF = .2 Fig. 9
(.302 x 1.5 = Max. G. Level)~

15 Sec. Duration
.

3 Full rack; COF = .8 Fig. 10

(.17 x 1.5 = Max. G. Level)- 12 Sec. Duration
.

4 Full rack; COF = .8 Fig. 11
(.15 x 1.5 = Max. G. Level)
20 Sec. Duration

5 Half rack load; COF=.8 Same as case 1
6 Full rack; COF-= .8 Fig. 10

(.17 x 2.5 = Max. G. Level)
12 Sec. Duration

Values used for coefficients of friction, .2<COF<.8 are accepted
upper and lower bound values. Simulations 1-5 are performed with
the seismic input amplified by 1.5 on all three input
directions. Simulation 6 is performed with the appropriate
seismic inputs amplified by 2.5. Thus, case 6, when compared to
case 3 shows the effect of employing dif ferent amplifications on
the same' seismic event. Simulation 5, using a half loaded rack,

highlights the effect of rigid 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,

*

-
.

|. *

1 ,

| x
'

_ . . . _ . . _- . ._ . - _ __. .- . ,..-.,.. . . --. ., _ . - - . . - ._. . . - ,



, +,

.

structural damping of 2% is assumed' at a frequency of 20 HZ.
Table 3 summarizes the results obtained for stresses and Table 4
shows the maximum corner displacements and maximum floor loads
transmitted by the rack. We may define factors Ri which are
limited to the value 1 or 2 for an OBE, or SSE event,
respectively [8]. '

-

R1 direct stress on a net section/ allowable OBE tensile=~

(compr'ssive stress) -e

n2 gross shear on a net section/ allowable OBE shear=

R3 maximum bending stress in one plane / allowable OBE value=

.

Rg combined flexure and compression ' ratio=

.

R5 additional combined flexure and tension (compression)
=

ratio

It has been found from a large number of simulations of
different HCC racks that factors Rg or R$ usually govern

structural integrity in both rack and in support legs. In Table
3, we show only values for R , and Rg or R5 at the most critical1

location.

.

.
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Honeycomb Construction
End Connected Tube Construction

Rack Support Rack Support
CASE R1 R4,R5 R1 R4.R5 R1 R4,RS RI R4,R5

1 .002 .081 .385 1.46 .200 1.21 .613 1.898
2 .001 .038 .182 .356 .104 .642 .232 .548
3 .001 .068 .322 .964 .155 .955 .372 1.27

.

4 .001 .065 .319 .957 .180 1.12 .406 1.35
5 .003 .127 .485 1.93 .123 1.004 .294 1.082
6 .002 .061 .513 1.664 .204 1.322 .499 1.50

Table 4

'

MAX 1 MUM RMX DEFLECTIONS / TRANSMITTED LOADS

.

Honeycomb Construction
End Connected Tube Construction

Case X Y Max.* Single impact X Y Max.' Single Ingact
Fir.Ld. Log Ld. Load Fir.Ld. Leg Ld. Loadin. In. Ibs. Ibs. Ibs. In. In. Ibs, lbs. Ibs.

1 1.175 .084 536600 257700 201400 1.049 1.629 1,230,000 411300 578500

2 .573 489 232 00 121000 138300 1.624 1.55 345,700 156100 241800

3 187 .086 402200 215900 49370 499 .753 809,400 257700 357800

4 .111 .G04 24800 211600 113100 .624 .568 772,700 297700 350500

5 1.35 1.62 496300 340900 79540 2.145 2.392 602,200 200000 181500

6 .826 .343 611000 309800 216800 .856 1.45 985,500 343100 588300

e

Static Loed = 184,0007 for Cases 1,2,3,4,6

1 = 103,3007 for Case 5

.

- 24.
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DISCUSSION AND CONCLUSIONS
.

From the simulation results, we can draw the following
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 contribution to the maximum

rack horizontal displacements can be made during an
instant when the rack is on1 supported on one foot and

the seismic loads cause a pivot of the rack about the

only remaining contact point.

2. 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 is in
contact is increased.

3. For the seismic events considered here, stress levels in
the supports legs have the same order of magnitude in
both HCC and ETC racks.

4. 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) is 10
to 20 in the simulations considered here. While the
levels reported here due to beam type stress resultants
may not imply violation of gross failure criteria, it is
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
!

r

i cause more load
1-
,

!
25
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- to be shif ted to the outermost cells; also, local stress

raisers will certainly be impoced on those cells nearest.

the supports. Therefore, it is prude.t'to ensure that

the -rack stress levels in the thin walls of the cells,

induced by gross dynamic motions, remain low enough so
that stress raisers have minimal- effect ~ on- unit

|} performance. By the very nature of. the construction,

stress raisers should tend to be higher in the ETC rack
2

- compared to what might be present in the HCC rack;

therefore, gross stress levels (prior to inclusion t., c

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 slide, the ETC-rack.

t

generally experiences greater horizontal displacements.
For some of the simulations studied herein, inter-rack

N impact may occur since the predicted maximum
i displacements exceed' fifty percent of the assumed

spacing between adjcent racks.
.

6. The maximum load (static plus dynamic impact)
transmitted to the floor from the total number of

j support feet in contact at any instant is larger . with
! the ETC rack' This is attributed to the increased.

propensity of the ETC rack to lift off the pool floor,
possibly pivot on a single support leg, and subsequently
re-contact the floor with a substantial impact.

7.- The increased displacements found for the case of the
half loaded rack dramatically show the effect of 3-D

"r

motions and the potential for rigid body rotations

about the vertical axis. It is noted that this effect,

;
d

,

.
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is substantially affected by the initial assumption on the
amount of fuel assembly mass participating in impacts with
the cell walls. -

4

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 model used

herein is relatively simple, it does exhibit the features of the
3-D motion and the expected impacts. In any real design
application a more elaborate model we'ild be called for, which
accounts for impacts at different levels, additional rack degrees
of freedom, etc.. In the study reported on here, however, the
simplest model is appropriate since we seek only a comparison of
results from two different constructions.>

.

The numerical studies presented ir, 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 is certain to be all the more important if
consolidated pin storage is contemplated.

.

I *

| *

.

.
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NOMENCLATURE'

I
1

T system kinetic energy

Qi,Gi generalized internal, external forces.

pi,qi generalized coordinates
.

Ng,Ng number of internal force elements, degrees
of freedom

[B] coupling coefficient matrix

[M ],[MBlilM ] mass matrices for extension; bending;E T
and torsion of rack

* *p , py effective mass densities

A;H rack cross section metal area; rack height

mbirIxt lyrI z mass and inertia properties of rack
base

U (t) specified seismic motion of pool floori
,

M total mass of fuel assembly,

~

BffBf,A)g fluid coupling coefficients (egs. (10)

and (11)
1 defined in eq. (12)

MH hydrodynamic mass (eq. (18)

f number of cells in fuel rackc

f number of cells containing fuel assembliesa

h height of rack support leg

Ast I metal area, metal inertia of support legs
cross section

I*,A*,4*,I equivalent rack properties for*
p

ETC unit

c side length of a single fubl cell

t wall thickness of fuel cell

- as.
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NOMENCLATURE - Page 2
,

.

R (i=1,2.. 5) structural integrity factorsi

E Young's Modulus of rack metal
'

X rYc centroid of fuel assemblies, moving as ac
group

.

S
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