.
REg,
(AR REG,
3 ‘a,

-

0 $TATeg

- »
s - ig
%, o

' UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20555

(a3
w02 ¥

8,

',‘Q'..‘ ‘Uels w

Docket No.: 50-395

APPLICANT: South Carolina Electric & Gas Company
FACILITY: V. C. Summer Nuclear Station

SUBJECT: SUMMARY OF MEFTING WITH SOUTM 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 cupies of 2 papers handed out at the meeting.

CONCLUSION

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.
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on Hopkins, Project Manager
Licensing Branch No. 4
Division of Licensing

Enclosure:
As stated

cc: See next page
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SUMMER

Mr. 0. W. Dixon, Jr.

Vice President, Nuclear Operations
South Carolina Electric & Gas Company
P.0. 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.
Group Manager - Nuclear Engineering
& Licensing
South Carolina Electric & Gas Company
P.0. 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, 0'Reilly, Regicnal Administrator

U.S. Nuclear Regulatory Commission,
Region II

101 Marietta Street, N.W., Suite 2900

Atlanta, Georgia 30323



Enclosure 1

ATTENDEES JULY 25, 1984 MEETING

NRC

J. Hopkins
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. Kuo

. Kim

. Lombardo

G
P
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0. Rothberg
J
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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“OT POSITION FOR REVIEW AND ACCEPTANCE OF SPENT FUEL STORAGE AND
HANDLING APPLICATIONS” g

USNRC (1978-79)

“THE PEAK RESPONSE éhOH EACH DIRFCTION SHOULD BE COMBINED RY THE
SQUARE ROOT OF THE SUM OF THE SQUARES”

----- ALSO IN NUREG-0800
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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)

M &% 1/
H GAP

HOW ACCURATE. IS THFE SOLUTION FOR RATTLING FUEL ASSEMBLIES??
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GENERALIZED SOLUTION [SOLER & SINGH (1981)]
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CASE MAXTMUM FLOOR LOAD (NEWTON'S)

1. NO WATER 1 2,67 X 10°
2.  FRITZ WITH DAMPING ; 2,228 X 10°®
3, GENERALIZED SOLN WITHOWE | 1.997 X 10°

5A_MP_I_N_%1 — ‘

4,  GENERALIZED SOLN WITH<DAMPInG ™* 1.535 x 10* ‘

S.  GFNERALI7ZED SOLN WITH 1% OF 1.766 X 10°

COMPUTED DAMP ING \

CONCLUS 10N ‘

WITHOUT FORM DRAG EFFECTS: GENERALIZED SOLN GIVES AT LEAST 25%
REDUCTION IN COMPUTED FLOOR LOAD



TIME INCREMENT (Secs)

-4

4 X 10

4
325 X 10

A ,0059 sec

8 .0131 sec

1.298" @ 13,77 sec

0,17" 8 = 5 sgc

= 0,8” [TUO DIMENSONAL

LOADING ]
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| | Xa,¥g = OFFSET OF FUEL ASSEMBLY
H AR GRQUP CENTROID FROM RACK
MODULE CENTER. -

FIG. 13 RACK MODEL SHOWING

DCGREES OF FREENOM



FIG.2; IMPACT SPRING ORIENTATION AT TOP OF RACK



14 DEGREE-OF-FREEDOM RUN
RACK F - GPU OYSTER CREEK PLANT

ASSUMPTION:
4% STRUCTURAL DAMPING

NO FORM DRAG

3. ASSEMBLIES VIBRATE [N UNION,
4, NO ADDIT.ONAL DAMPING OF THFE FUEL ASSEMRLY .IMPACT LOCATION.

S, SAFF SHUTDOWN EARTHQUAKF. - IN X-~DIRECTION, AND VERTICAL
EARTHOUAKF

6. 5/8" SIDE GAP

cmmp llﬁﬂ‘ R‘uﬁ

?eﬁlMUH DISPLACEMENT

TIME STEP OTTOM
FILE NAME _(SECS)
DGPT60 ,0003 6631 000952
DGPTH ,0002 6631 ,0009517
NGPT62 ,0001 6631 ,0009517

CONCLUSION:  CONVFRGENCE _1S_COMPLETE AND TOTAL
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V.C. SUMMER RESULTS
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Fioe, of e Thii¢ Conference on “Vibration in
Wucteoar Piant”, - 1982,

British Nucina  Energy Society (1983) Enciosure 3

DYRAMIC COUPLING IR A 2LOSELY OPACED TWI<-EODY SYSTEM

VIERATING T4 A LIQUID I'E0IUM: THE CASE OF TUEL _RACKS

A.I. SOLER
Professor of Mechanieal Engineering ind Applied Mechanics
University of Pennsylvania, Philadelphia, PA, 19104 U,.S.A.

E.P. SINGH
Vice President Engineering, Joseph Oat Corporation,
2500 Broadway, Camden, NJ 08104 U.S.A.

SUMMARY

An approximate analysis of the effects of confined fluid on the mass
and damping present in high density spent fuel storage racks is performed.
It is shown that inelusiocn of large displacement effects is required to
yield realistic resulls for rack forces and pool floor sladb forces. The
theory is developed for square cell geometries, ant a single two degree of
freedom numerical example is presented to i{llustrate the effects.

NOMENCLATURE

¢ ¢ Characteristic dimension of gap (Fig. 2)

re t Friction Coefficient (Eq. 16)

h ¢ Nominal gap between body | and body 2 (Fig. 2)

hy + Gap in annulus { at time t. (Fig, 1)

K t  Loss coefficient

Ke t Kinetic energy of the fluid set in motion

L t Length of bodies 1 and 2 (dimension perpendicular to the
plans of motion)

Py t  Hydrostatic pressure in gap 1.

Qp14Qp2 t Generalized forces corresponding to system Lagranglan in X

and Y directions, respectively,
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Sy t Length co-ordinate in gap 1.

Uy : :;aplaccnont of body 1 (inmer body) in X-direction (Fig.
Uy : :tnpl:cu-cnt of body 1 (inner body) in Y-direction (Fig.
vy + Displacement of body 2 in X-direction (Fig. 2)

Vs i Displacement of body 2 im Y-direction (Fig. 2)

Wy ¢ Width of gap { at time t (Eq. 3)

i,.i. t Velocity of body inner and outer bodies, respectively.

¢y ¢t Dimensionless width of gap 1

" ¢ Ratic of length to nominal width of gap (Eq. 7)

P t Mass density of the fluid medium.

INTRODUCTION

1. Dynamic coupling between proximate bodies vibrating in a fluid medium
is a well known phenomencn (1], In the special case of a two body system
executing planar motion where one body is complete.; enveloped by another,
Fritz (2] derived expressions for the virtual mass and the couplant
inertial force under the assumption that the motions are 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 accourt 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 cne such
example. The fuel rack dynamic coupling pr.blem will be described in some
detail since it provided the primary impetus for this study.

. The term "poison" denotes a product containing the !0 isotope, used
for capturing neutrons.

2. A "poisoned" or high density storage rack is essentially an assemblage
of cellular members of square cross sectional openings. Fuel storage racka
are about 16' (4,88 m.) high and vertically submerged in fuel pools
containing approximately 40' of water, Spent fuel assemblies, after their
removal from the reactor core, are placed in these cellular locations for
long term radiocactive decay,

3. Figure 1 shows a typleal channelled DWR fuel aaaonhy in a storage
cell, Curbs on fuel reprocessing have accentuated utllities' need to use
"poisoned" storage racks, as oppoced to open lattiee censtruction employed
in the past. Water in the pool acts Lo moderate the emittsad neutrons and
to transpert the spent [fuel decay heat, However, in the event of an
earthquake, it also produces dynamia coupling between the fuel assembly and

e -
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the cellular container around it. The gap between the fuel assembly and
the container is in the order of 0.006-0.008 m. on each side. For example,
the cells for BWR fuel assemblies (approximately 0.133 m side dimension)
are typically made 0.152% 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
fts surrounding vibrating fuel cell. A multitude of fuel vibrating in
unison and impacting slorage containers can yield a large overturning force
on the storage racks. Ultimately, this load must be borne by the pool
floor slab, and its supporting structure. Moreover, 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 indicale 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
structure is all but impossible in most cases. It is important to develop
a seismic model that yields conservative results for floor slab forces, yet
is not so conservative that unrealisticaily high floor loads are ob‘ained.

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 since the length of the fuel assembly
is an order of magnitude greater than the characteristie gap Aimension.
Thus it is sufficiently accurate to model the problem in two dimersions as
shown in Figure 2. The outer body of square cross seotional spening
simulates a single storage cell. The fuel assembly is modelled .s an
unperforated square cross-section to simulate a channeled BWR “uel
assembly. It is intuitively obvious that the effect of elastic deformat. on
of the cell and channel walls on the fluid motion will be insignifiecan..
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 btody is
labelled 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 kinetie energy assuming inviscid flow. Lagrange's
equations of mntion 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 Lhe fluid forces for large amplitude motion under
Inviscid conditions, Fluid damping due to duet flow type losses due to
form drag can also be derived from force equilibrium, if the duct
turnaround coefficients are known. Expressions for equivalent damping due
to drag are also given here for the sake of completeness.

5. In the following section, the detailed analysis of the subject problem
13 given, The results of the analysis are illustrated by treating a
typical numerical problem in some detail. The primary intent of this
tnalysis is to demonstrate that accurate determination of fluid effects
Fequires inclusion of the effect of mot.ons that are large compared to the
D between fuel assembly and cell walls. To illustrate the potential
effects, a simple two degree of freedom model is subjected to a simulated
Selamic event, and a comparison between small and large displaccement
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solutions 1is made to illustrate errors sustained in using the small
displacement theory.

agnggxinate Analysis of Duct Flow

6, We consider the 2-D cross section shown in Figure 2. Negleecting
out-of-plane flow, and assuming small gap width h; compared to the
characteristic length ¢, permits the incompressible flew continuity
equation to be written, in each portion of the duct, as

W, + ~-% -2 (1)
5’: iy
which yields the solution for the local fluid velocity
’ (i"-i')s + B, (t)
s hoE ey i | (2)

et
In terms of displacements U; (t), V4 (t), 4 = 1, 2 shown in Figure 2, we
define

If " 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

hy,35h 1% &) hy,u=h (13 &) ()

Applying Equation (2) to sach region, and interpreting Sy as either x or y,
’.t i y -.:vi' yi.lds

- . . (5)
Uy = Wyy/hy + By(t) 5 Uy = = Wox/hy + By(t)

At corners, we ~equire flow continuity in the local Sy direction and impose
the following conditions to determine By(t);

hy Uy (%72) = hp up(®/2) ; hp ua(= 3)= hg Uy (/2) -
hy u3(-®/2) = hy Uy(®/2)5 hy uy(®/2) = hy U,(-%/2)
where ug (€/2) denotes uy evaluated at § :ﬁ} in region 1.

7. The following final solutions are obtained for the approximate flow
velocity distribution.

- W
U, (5,¢t) = 2%12 ... YIg 1w =51
-cl) (l-cl)
uﬁl uﬁz . (n
Uz(s,t) E 2(1=¢,) i (1-¢,) /c
2 2
U (8,t) = "2 .. 1o

2(l+c1) (14:1)
818




- uw ny
U, (s,t) = e . 2 ¥,
2(1+c2) (1+c2) -

The kinetic energy of the fluid can be written in the form

4 ¥,
- 3
i=l -§ 2
2

where we have temporarily employed the notation U = a; + By Si/e and |,
is the length of the container, integrating yields

o hy [c 2 312]
uy . e e L ¢p-] cu (9)
i=]1
After eliminating @3» By by inspection of Equation (7), we obtain
3 . .
p c'L 2 2
¢ = —&h [‘1 Nt oW, J (10)
with 2 2
" - N s
(11)
2 2
‘ = + —
: 3(1=¢,%) (1-:1!)
We f a K ¢ K
g % " g (=) - S ) =1,
El wi a w't

and obtain the formal results

0 - 3 9 ¢ N P ¢ 3
£ c? o o c3 . 1 P4
& 1 %3 *3 "1(3 W, M+ S— "2)

1 2
3 3¢ 2 ¢
c 1 » 2 2 2
5 B T L .
Q 3 3 3 ¢ 2 ¢
£2 _ o ¢c3 . 2 . 2 .
T vy i "2(3"le "1t T, "2>
3[3 ¢ 290
~pC 1 -2 2 .2
O \Tw, W+ W, ¥ )

8. Using Equation (11) to evaluate 0&,‘/ 0w1 permits us to finally write

Qry as
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. *1 . 2 ‘ . ’1 & 2
s B Tk ke W 2%"2'1""2
(13)
.- ’2 s 3 * . . '2 a2
S NN *'TH *1MNmTT N
where 3 4
: i
3 i=1 ,9§=2
pC L 1 1
m, = P il A - (15)
2 11-e, %) (1-e4%) b

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 virt.al mass effects in the leading terms of Equation (13).
The coupled quadratic terms in the generalized velocities appear solely
from the .=:zumption that € need not be small compared to uni y. For
small vibrations, with €; — 0, then ¥, —» 0, and m;, = % p o L/y. It
should be noted that the quadratic terms in Equation ?13) 0 not behave as
velocity squared damping terms, but appear to behave more like non-linear
springs. This is easily seen by considering the uni-directional motion
case with Wy = 0. It is clear, there, that the term v H: changes sign
only when g, changes sign; that is, no net energy is dissipated during a
complete harmonic motion cycle.

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 compute additional contributions to Equation (13)
which aceount for frictional forces and the turning losses. The following
approximate analysis is used to develop the additional terms necessary Lo
include dissipative 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 change due to shear stress is

2 p _,2_'_3___""“1,“1'

9 54 h1 h‘ (16)

where f* {s the friction loss factor defined by the relation

£r ,
Tea =7 P "xl“x

12. Equation (10), written for each portion of the duct, can be integrated
to yield the pressure distribution in each region, Note, however, that for
arbitrary 2-D motiona, proper attention must be focussed on the local flutd
flow direction in each duct in order to ascertain the location of points of
flow reversal. The arbitrary time functions arising from the integration
of Equation (16) are determined by applying corner pressure matohing
eonditions. From Figure 3, for i, J combinations 1,2 t 2,3: 3,4 ; b,1,

- —a
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empirical equations for pressure loss duc to abrupt turning of the flow may
be written as:

Py “Pj K "
__1._.-! vlvm, P2V v + Uy o

where K is a loss coefficient,

13. For a general 2-D motion (;11, i.lz # 0), the pressure in each region is
fully determined by using Equations (16) and (17); contributions to the

generalized forces Qp;(Equation (13)), due to frictional and turning
losses, are calculated from the expressions

c:/2
F, =L / ®,Pp,) dy
Z e/, o (18)
l'y - L j P‘-Pz) dx
<,

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

4, For the purpose of illustration, we restrict further damping
computations to uni-directional motion, say w2 # 0. It is clear that toe
plane x = 0 is a plane of symmetry for the fluid flow; for such a motion,

the pressure distribution due to friction losses in regions 2, 1, 4 in
Figure 2 are obtained from Equation (16) as

p v y? 53 i’z,’}zJ

pz(xot) - ‘Y jea
)
2

+ A,(t) ; x 30
3 e2h (1-¢ :
2 4 s (‘9)
p £* " w2,W2|Y e
pl(y,t) = ih - + Al(t) i Y & 7
p £+ u? 53 ﬁz v'ezl
P‘(X.t) = 5 + A‘(t) i X320
3¢ h (l-cz)
Using Equation (18) to compute F, yields
c/ s Aa
2 pf'u3CLw2'tvzl
L ) ) (20)

+ « (A,~A,) C L
(1+c2)ﬂj (1-:2)3 7
Using Equation (19), and E

quation (7) in Equation (17) at the
e/2 v ¥ = X ¢/ ylelds:

corners x =
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c

2. o 2 ‘
A,~A Wvew, w (2-¢,)
dd. o __T__z 3 — —Tz IR L0 B Ra—
. Y aeey) 31-e,)’ |
" L (21)
2 -
A:-A W ﬁ (2+¢ ) r 1
1 4 _u 2 2 X S ¢ ut* |1 4
b Jianis u+c2)’ i 3u+c2)5
A ’A‘ 4

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

'y s C‘Ez) H.z I‘.lzl

where 2 2 4 (22)
(143¢,”) [4-3c.,“+€, )
y2 Cut" |1+ g e Ke Wi A
c AL Sl L 4(1-c,2)3 4§ (1ee,)?
g W *2 ) 2
\

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 Ky, lto are introduced representing the
elastic stiffness coupling the structure to ground, lumped masses "I' "O
representing the mass of the respective solid bodies, and non<linear
elements F,o*, Fy® which act only when impact between the bodies occurs,
Then if Y(t) represents a known ground motion, and relative co-ordinates U,
v are introduced by the relations

UpzU+Y Vy=zvael (23)
the equations of motion for the system shown in Figure 4 can be written as

(Hxilz)"j-llzvl G-KIUOFz'OPu.-HIY

. ' . ™ (2‘)
-DzuO(HOODz)VI-O-KOV«th - Fy -MOY
where the impact elements
Fy* (hy) = 04f hy >0
- (25)
F, (hz) = 0 if hy >0
the fluid mass my is given as P
v oe L 1
"2 ® gy 1+ _—_7—3(1% )
2

and the fluid forces are

2
«PC ¥ o €y . 2 - l ,
‘ 2 '
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O-‘---“’-‘-Oo----‘.'*--‘*"’*. - - -

17. It is clear that if the motions U, v are assumed small, then it mnay be
argued that conservative result: are cbtained by ineluding only the effect
of a constant fluid mass i-ﬂiﬂ-z L | and neglecting the effect of G.
However, if the effect of large motioms is incorporated with respect to
nominal gap size, then mere realistie results can be achieved, since it is
easily shown that increases in the flaid effects encompassed in 0 are larger
than the in~reases in fluid mass.

18. To illustrate the fluid effects, equations (24) and (26) are solved,
for a given time history ground motion Y(t), using a modification of the
time history computer code presented in Reference 6. Typical geometrv 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 simple 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 effeots
of confined fluid, the following input data is used:

Rack Mass My = 9368.8 Kg

Fuel Assembly Mass(169 cells) Mp = 53586.1 Kg

¢= . 1520w t he=7.937mm.;Lo=53.3m

Ky = 60590.9 N/m. ; Ky = 60590.9 x 10% y/m,

% 0,025 ; K= .9

P = 1019.71 Kg/m3 x 169 cells = ,1723 x 106 kg/m3
19. To simulate the impact force on the cell walls, non-linear gap
elements with stiffness 10 Ko are used. These gap elements become active,

when the hp or hy approach valua .01 h,

The seismic acceleration Y(t) used in the simulation is Y(t) = A sin 0 ¢
vhere

A=.5g =«1Hertz 0 £ ¢t € .2 seo

(26)
A=1.0g = 5 Hertz t ) .2 sec

A total event duration of 1.3 sec. is assumed, The following five
simulations are performed using the two degree of freedom model:

\
)

Sase Remarks
1 Vibration in air; no fluid mass or damping
2 Vibration in fluid; small deflection model - &
e 0 when calculating my and fluid damping orroe&

3 Vibration in fluid; large deflection model used
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for computing fluid masses offect - no fluid

damping
§ Same as case 3 except fluid damping included
o Same as case 4, except f*, K reduced to 1% of
{ values used in case A,

Discussion of Results of Simulation Runs

20. The following table summarizes the results obtained from the five
simulations. Figures 5 and 7 show typical time histories of the rack
spring force. The magnitude of the rack apring force range i3 a direct
measure of the expected rack stress level at the rack base and the
subsequent loads transmitted to the pool floor slab through the rack feet
(which are not modelled in our simple simulation).

TaBLE )
e = Max
Case :::k Spring ng« Local Impact Force Fluid Damping
ge (N x 10°9) Range from Gap -6 Forae ll:gn
Springs (N x 10*°) (N x 10°°)
1 2.678 12.005 S
2 2,228 9.599 756
3 1.997 10.555 Snamamn
h 1.535 . 0. 1.503
5 1.766 7.499 h.852

Examination of the maximum foree ranges shown in Tuble 1 produces the
anticipated results; namely, the inclusion of [(luid damping coupled with
large deflection effects significantly reduces the foros range in the fuel
rack. Comparison of the results of case 4 with case 2 shows a reduction of
312 in the rack force range by the inclusion of large deflection affects in
the calculation of fluid mass and fluid dampirg. The impacts with the cell
wall are eliminated, thus eiimina“ing the need for calculation of local
impact effocts on the rack cell wall. The results of case 3 indicata that
at least for this simulated seismic input, the inclusion of only large
deflection effects in the fluid virtual mass and the ocomplete neglect of
fluid damping serves to reduce the force range in the rack. The local
Stress range in the rack cell wall 1s Inereased in this case however. The
Authors hesitate to draw any lasting conclusions from the ocase 3 results
slnce a change in input seismic frequence content may very well reverse the
conclusions inferred from this data.

b
i
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21, Thy results obtained in case 5 merit some further elaboration., The
reduction in fluid damping to 1% of the values used in case U is an attempt
to simulate the possible damping effect of unchannelled fuel assemblies.
It 15 clear that the damping and virtual mass effectsa from an unchannelled
fuel asasembly should be substantially less since the confined fluid has
more unobstructed area in which to flow as the fuel assembly moves relative
to the cell wall. In addition, there are substantial differences in ihe
flow-rield which should be considered in any analysis of unchannelled fuel.
Nevertheless, case 5 may give some indication of what might be expected ir
only unchannelled fuel assemblies are in the rack, Table 1 shows that the
rack force range certainly increases over the results obtained in case ¥;
the rack force level is still substantially less than the results obtained
for case 2. Loocal impact with the rack cell wall oecours during the event
although the impact range 1is less than that of case 2. A somewhat
surprising results, on first reading, is obtained for the maximum fluid
damping force range. Since the damping coefficients have been reduced, one
might expect that the damping force range should alao be reduced. However,
we recall that the damping force is of the form

Pg ~ C(&) || (21

¥ is maximum when &~ 0, and goes to zero as the gap closes. C (g)
achieves its largest value when the gap closes, and is relatively small
when £~ 0, Examination of the detailed numerical output from the
simulationa show that the damping force exhibits a sharper and higher peak
in case 5, compared to case 4, but the energy dissipation due to the fluid
damping is higher in case &, The increased dissipation in case ! preoludes
C (€) from growing too large since the gap never becomes too small, The
effect of fluid damping on the raek spring force range i3 measured by the
dissipation level during the event, rather than the peak value of the fluid
damping force. Thus, the expected result that a decrease in the effective
fluid friection coefficient results in ine~eased rack force level is
obtained.

22. Examination of the detailed time history of rack foree level shows
that in air the rack essentially vibrates at its natural frequency of #1
Hertz with amplitudes modified by the local impact forces. Although net
shown here in the results, during the 1.3 second time of the avent,
vibration in air results in a total of twenty-two impacts with the outer
cell walls, With the additional of fluid mass, the graphs shov that the
rack essentially vibrates at the foreing frequency of elther 10 or § Hertsz,

The addition of fluid mass effects in cases 2-5 reduces the number of
impacts to a total of three during the time span of the avent,

CONCLUSIONS

23, It has been demonstrated that in high density fuel racks containing
channelled fuel assemblies, large displacement effeots ocoupled with the
ino.usion of fluid damping results in a significant decrease in rack foree
range and possibly the complete elimination of loeal Ampacta between rack
oell and fuel assembly. It has also been shown that an approximate
analysis of the large displacement effect is easily implemented into a time
history lumped mass analysis, In a 3<D motion eruss ocoupling effeots
between the two oneplane motions will ocour in the inertial terms due to



jarge displacements; although not carried out in detail herein, similae
'”", coupling in the fluid damping terms is expeoted.

24, Experimental work 1is currently plamaed to verify the analysis
prosented here. Once the analysis has beem matohed with experiment, fop
poth channelled and unchannelled fuel, the accurate inclusion of fluid
damping effects should become an accepted feature of the 3-D dynamie
analysls of high density fuel storage racks.
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FUEL ASSEMBLY —

/- CELL WaALL

NOSE OF FUEL ASS'y.
FIG.1, TYR BWR FUEL ASSEMBLY IN CELLULAR CONTAINER.
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FIGURE 4, DYNAMIC MODEL.
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FIG. €; CASE 2 FLUID MASS AND
DAMPING, SMALL DEFLECTION
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FIG.7; CASE 4 FLUID MASS AND
DAMPING, 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 or 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
fluid velocity field and the calculation of fluid kinetic energy and
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 he before the assunption 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
axial terms would reduce the 30% result to maybe 20% because the flow would
split i.e. the present results probably gave an upper boundary.

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 axia® motion. Dr. SOLER agreed.
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Seismic analysis of free standing submerged racks is complicated
bv the presence of water and structural non-linearities such as
fuel assembly cell impact and floor interface friction. A dirsct
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.



Introdustion:

Subsequent to the U.S. government announcement of indefinite
suspension of spent fuel reprocessing in 1977, the nuclear power
industry has scrambled to increase 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, built for 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 stdrage lccations ensured
subcriticality 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 materiais interposed between the cells to
maintain nuclear subcriticality. Matching of the new "high
density rack supports®” with the original floor ancher 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
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
analysis of such racks under postulated floor motions, referred
to as Safe Shutdown and Operating Basis earthquakes in the
lexicon of the nuclear power industry, is the subject of this
paper. Representative of other work in this area of interest is
the rather qualitative paper by Habedank and co-authors [1].



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 pcol 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 désign and construction; however,
reduction in the rack structural strength can only be made after
an exhaustive analysis of the resultant non-linear effects. In
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 zlong 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




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 1limiting static and dynamic coefficients of
friction at the rack and pool floor interface. In order to draw
tenable conclusions, analyses are performed 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 coefficients of friction are also considered. 1In 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 pilt), i=1,2...N,. All internal forces
contributing to system deformation are associated with
generalized extensions 5j(Pi)- Internal force elements Fy
may be non-linear functions of the generalized deformations
pi(t) such as gap or friction elements. Lagrange's equations,
written in terms of generalized forces Qj(t), and

i



generalized external forces G;(t) are

(). . 0, (t) + G, (t) (1)
de B; P i=1,2...5,

-~

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

Ne 26, Ne
Q(t) = ) o — ) F, By €2)
k=1 api k=1

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

1 ;‘ g‘ > o
T=2 M.. P:P: (3)
2 i=1 j=1 13717

For a geometrically linear system (equilibrium equations based on
the undeformed configuration), the generalized masses "ij are
independent of coordinates Pk » Using egs. (2) and (3) in eq.
(1) yields the system equations of motion in the form

[m]{B} = [B]{F) + {c) (4)

where [M] is of order N, x N,; [B], the coupling coefficients
matrix, is of order N, x N¢, {p}, {6} are column matrices
containing N, rows, and {F} is a column matrix containing
Ngrows. A set of inertially decoupled equatiuns evolved from
eq. (5), is ’



{p)= [M]7 (8] (¢} + []"}{c) (5)

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

FUEL RACK MODEL .

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

1. Modelling of the rack structure

The rack structure may be modelled by elastic beam elements
as long as appropriate cross section properties can be derived
and as long as shear deformation and totatory inertia effects are
included. 1In specific design applications, the authors have used
four beam elements and five nodal points to describe the rack
structure. 1In this paper, since the emphasis is 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 attention on the main
differences between the two rack configurations studied; namely,
the significant difference in the shear resistance.

2. Modelling of the fuel assemblies

Bach fuel assembly should be treated as an individual
distributed mass elastic element. 1In the actual fuel rack, an
element may be located anywhere in the x-y 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 =~hase 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



rack are magnified leading to higher stress and load levels., 1In
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 impacy. with the
rack. We emphasize that in any real design study, the
possibility of impacts at various heights should be included in
the model. 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 eam 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
fuel assemblies is simulated by introducing appropriate inertial
coupling terms into the system kinetic energy. Similar inertial
coupling is introduced to account for ftluid structure effects
between adjacent racks. Fluid damping effects are neglected in
this study. As showa in Figure 2, potential'impacts between the



L
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 inclusicn
of large deformation effects near the impact points may
considerably affect the results.. Herein, we do not include the
effects of gap closure on the fluid inertia terms since there is
some preliminary evidence (4] that neglect of the effects is
conservative,

In computing kinetic energy contributions from the rack, we
use appropriate consistent mass matrices. Therefore, the
contribution to the system kinetic energy due to the rack, T;, is

given by
- . T 53 L . T -
2Ty = {p3, pas}iMg) {= } + [pe, P13} M) (P€}
E Ply T pl3
g . T 51
+ {Plo P7oPSoPlz}[MB] p7 (6)
ps
] P12
. . . T 62
+ {P2/P3s= Pus= P11} IMg]] Py
= Py
= P11

where ([Mg], ([Mp] and ([Mg] are the appropriate mass matrices
for extensional, torsional and flexural motions.,



it A, Ip are the rack cross section effective metal area and
polar moment of inertia, respectively, then

*
p.. AH plI H
- v 1 1/2 = P 1 1/2
(Mg] (12 AL - iy 171
13 9 11 H _ 13H
35 70 210 420
r .
[HB] - P AH 9 13 13H _ 11 H (8)
70 35 420 210
118 13H u? _ n?
210 420 105 140
-13H -11H -n? H2
420 210 140 105

" and pv' are effective mass densities accounting for

fluid effects. The contribution to the system kinetic energy due
to the rack base is

2y = my B 4wy Ba? ¢ my By ¢ LB ¢ L he? 4 1 pe? (9)

where mpi, Iy, Iy» 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 [5]. 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,



2Ty = Ay,(py? + Pe’) + Ap1(pg? + Pro?) + 2A12 (P7pe + PaP1o) (10)

Similarly, the kinetic energy due to fluid coupling between a
fuel rack and adjacent structure is given as

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

2
2T, = By, p;? + By; P’ + By P7° + B;) Py

(x)v » (y) . . (x)o . (Y)o -
+ 2By p1Uy + 2By paUz + 2B); pyU; + 2B;; pels (11)

+ 0 (0,2, 0,

where Uj (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

v a v 3 . " . 2
s = MM (ps” + P10°) + M(P3 + Yy Py = Xg Ps)
- i s 2 " v B (12)
=0 [(D1 = Ygpe) + (By + XgPe) |
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
equal to the vertical movement of the rack base at fuel assembly
centroid location, and that the fuel assembly mass fraction (1=1)
M moves with the base in the X-Y plane. 1In the study herein, we
have arbitrarily set A = .5 which implies that 50% of the fuel
assembly mass is involved in the impact process and tne impacts
. .



all occur at the top of the rack. If more conservatism is
desired 1A may be increased. It would be far better to include
more degrees of freedom and allew for the possibility of impacts
below the top level, however, than to attempt to determine a
proper value for . 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
irduce 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 qj(t), relative to ground, defined as
follows:

p‘ - qi + Ul(t) H i=1,7,8

pi. » qi + Uy(t) ; i=2,9,10

Py =g +Us(t) ;i =3,14 (13)

pi - Qi H i ."5'6311'12;13

The governing equations may be represented as follows:

14
LA

" = Q;(t) + G (t) - [ﬂu'h + a;oUz2 + a0 3] (14)

393

i - 1'2000014

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 coefficients Ajj of

10



equation (10) are given as

All'H“SA]z"(lh*'Hu) 7Azz-M1+Ha (15)

where M, = fluid mass displaced by fuel assembly
Ma = hydrodynamic mass

We use the Fritz model for concentric cylinders employing
equivalent radii R;, R; defined as

* *
Ry = a /Vx Ry = b /in (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')/z.

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

My = wp HR,%f_ (17)

where £, is the number of cells containing spent fuel
assemblies. If the nominal gap g is defined as

g = (b*-a')/z, then [5] suggests that the hydrodynamic mass
is

My = SL M1/(1 + 12 R,2/H2) (18)

The fluid mass that would fill the c2ll volume in the absence of
the fuel assembly is denoted by Mz in [5]; the effect of this

virtual fluid mass is incorporated directly in eq. (8) by
defining an effective p"*.

11




The effect of fluid inside of the rack structure has been
accounted for in the kinetic energy term T3(Ai5). 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

3
HB = .ﬁi:i_:i. 1 9= 1 +
12 go ¥

(19)

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

B, = Hﬂ/z i B2 = - (HH + o, HW tp)/z (20)

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 f£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 Mhyr Ixs, Iy for
the base plate. The effect of virtual fluid movements o. the
rack is simulated by defining an effective mass density p,"*
in the matrix [Mg] 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



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 wused to simulate resisting moments due to
floor-structure interaction. Full details of the »ehavior 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)

Krorsion = GIP/H

KexTEnsTon™ EA/H
(21)
K & 12 E I ; ¢ = 12 ETI a
. B3 (1+¢) G A H?
E I

K L .
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.

13



IMPACT SPRING RATE ( 4 Gap Elements)

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 = £a64xD/az ; D= Etd/12(1-v?) (22)

Ky is determined by assuming that the impact is simulated by a
uniform rcressure acting over a circular section of cell wall of
radius a and thickness t. The radius a is taken as b*//% where
b* is the inside dimeasion 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 Kg for
a support of height h is

e Ao o B LB (23)
ks Kp e Kir
where KF = E AS/h 3 AS = support ieg cross section area.
-yt . B -y
and KLF = 1.05 ECB/(l ve) ; KLR 1.05 n E B/(1-v%) (24)

KLp represents the local elasticity of the pool floor with Eq
being the Young's modulus of concrete and B being 'he width of

14



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 siangle 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 rate ([(3] p. 293).

Ky = E.B%/6(1-v?) (25)

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
are 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 1load P.
Therefore, from (6], assuming that the support has area moment of
inertia Ig when considered as a beam,

3/2

12 E I
— : 5) (26)

Is
‘ = H v = 8052 3 - 40157 (

£ 3
h (1+y) Ash Ash

ls

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

15



b a?d 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 entire cross section is capable
of beamlike shear transfer; we need only examine the cross
section details to derive expressions for A, I, Ip. 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 Equation (21).

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

« 3
Moo= 321 [E (M5 + y; Ny
(27)
* J i * J
v --jzl [§ Visl 5 W -jzlgnij

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

12 E I o 6 E I .

V,, = = W - )
ij " u2
(28)
M, =+ 6EI *_ 4E1 s
j H? H
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Also, bearing in mind the constraint of the end closure,. we have,

E A * *
“ij = —;— (U + Yy @) (29)

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

- Y 2 A -
"..+GE(nI)W *45{014_{{ i }9
n? H j i 4
V. se I En3 w' +s 8 EnI e' (30)
He H? :

If we now replace egn. (30) by the corresponding equations for an

equivalent uniform beam acted upon Dby end generalized forces

n', v', N', and having effective cross section area A',

inertia property I', and shear coefficient o', we can show
*

that the A', 1, ¢" (for use in eq. (21)) which correspond
to the ETC unit are given as

i *
= n I; A =n A
*
1+¢
* . 2 (31)
Y. “A
(44¢ ) 1 _ aln 1+ ) ) i
1*.. j-l i 4
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80 that

(32)

The results for A', I', 0' can’ be used in eq. (21) in lieu
of A, I, ¢. It is clear that between the two geometries the only
essential difference is in the magnitude of 0'. The
considerably larger value of ¢* obtained using eq. (32) for the
ETC unit (as opposed to eq. (21) for the HCC unit) leads to a
much smaller spring rate Ksygar being obtained for the ETC
unit, It remains only to compute a value for Ip for both the
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 .
the torsion problem, it can easily be shown that Ip for the HCC
construction is simply ((7], p. 278)

I)ace = Ki1(G 2 ) a%b (33)

where K, is a tabulated function of b/a.
An analysis of the end cross section of the ETC construction
using Figure 8, yields

. «nr + 24(1+v)

= 2 2
I, xp)BTC > - Il o(x?+ Y *) (34)

where Ip, I are the area polar and bending inertia properties
of an individual cell, and n is the total number of cells in the
unit,

18



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
x 10% psi (195 KPa) and the rack height H = 161.125% (409.26
em,).

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."

I,* (Unit) 346825 in." 367993 in."

Area of Unit 472.9 in.? 502.4 in,2?

Ip" (unit) 111321.8 in." 14939 in,"

By, x18"y, x 2.35 ; 1.322 179.71 ; 100.53
Krorsion (Eq. 21) 7.520 x 10° in.#/rad 1.009 x 10° in.#/rad.
KEXTENSION 8306 x 10% 4/in. .8818 x 10% 4/in,
KSHEAR-Y <1214 x 10°% 4/in. 294 x 10% 4/in.
KSHEAR-X 1214 x 10® #/in. 294 x 10% 4/in,

Kpx 1084 x 10'? in.#/rad .1150 x 10'? in.4/rad
Kpy 0609 x 10'? in.#/rad .0646 x 10'2 in.#/rad
KimpacT (fa=108) 715 x 10% 4/in. 5.084 x 10% 4/in.

Kg (Eq. (23) 0925 x 10% 4/in. 0958 x 10% #/in.

Ky (Eq. (25) 5.971 x 10° in.#/rad 5.9%1 x 10® in.#/rad
K¢ (Bq. (26) 2.004 x 10% 4/in 2.004 x 10° #/in.
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The seismic load time histories used have statistically
independent components in the global directions. The particular
records used are those from three different plant
specifications. (See Figures 9-11 showing one horizontal
ccC.gonent), ~

For the HCC unit, net beam forces and mcments are used to
compute extreme fiber stresses in the rack and in tne supports on
the basis of the formula.

[M1]c) x [M2|c2

I, I;

(35)

o
A

where A, I,, I, 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 total cross section
properties for rack stress evaluation is 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 =entroid is at X., Yo in
the cross section experiences a direct stress of the form

E
g = ; [(QIu-qs) + !C(qlx'Qu) - XC(Q12‘Qs)] (36)

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

20

B E
.- 6—-2— [(a9=az) + x_ (q13-q¢) ]
c H

(37)

» ﬁ- [q“-q..] oSt Gy
H H

20

b, o



2E
e et [a7-q1) - Y_(q13-96)] + 2= (q;2-q5)
c Hz ¢ H

by {38)
+ — g5
H

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

Suax ® 'aol - loaxl . 'oBY| (39)

We emphasize that eq. (39) does not include any local stress
effects induced 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. 1In 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
impadt 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
precluded if the maximum corner deflection of the rack in either
direction is less than 50% of the rack spacing.

21



To assess the two rack constructions, the following
simulations are performed:

Table 2 Simulation Studies
Case Description - Seismic Load
= .8 Fig. 9

1 FPull rack; COF
’ (.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; CufF = .8 Fig. 11
{.15 x 1.5 = Max. G. Level)
20 Sec. Duration

S 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 different 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 1loaded. In all cases,
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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 Rj which are
limited to the wvalue 1 or 2 for an OBE, or SSE event,
respectively ([8]. :

R; = direct stress on a net section/allowable OBE tensile

(compressive stress)

Ry = gross shear on a net section/allowable OBE shear
R3 = maximum bending stress in one plane/allowable OBE value
Ry = combined flexure and compression ratio

Rs = additional combined flexure and tension (compression)
ratio

It has been found from a large number of simulations of
different HCC racks that factors R, or Rg wusually govern
structural integrity in both rack and in support legs. In Table
3, we show only values for Ry, and Ry or Rs at the most critical
location.

23
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Aavie 9

Honeycomb Construction End Connected Tybe Construction
Rack Support Rack Support
CASE R1 R4, RS Rl R4, RS R1 R4,R5 R1 R4,RS
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
“ .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
MAXIMUM RACK DEFLECTIONS/TRANSMITTED LOADS
Honeycomb Construction End Connected Tube Cons?n;cﬂon
Case X Y Vax, * Single | Impact X Y Max.* | Single | Impact
Fir.Ld,| Leg Ld.| Load Fir.Ld.| Leg Ld,| Load
In, in, 1bs, Ibs, Ibs, In, in, Ibs, Ibs, lbs,
1 1,175 |.084 536600 257700 201400 1.049 11,629 1,230,000( 411300 578500
2 «573 |.489 232450 121000 138300 1.624 |1,55 345,70~ 156100 241800
3 «187 j.086 402200 215900 49370 <489 | 753 809,400| 257700 357800
4 oIt (,0Cs 25480C 211600 113100 624 | ,568 772,700 297700 350520
5 1,35 |1.62 496300 340900 79540 2,14% 12,392 602,200( 200000 181500
6 «826 |,343 611000 309800 216800 «856 1,45 985,500| 343100 588300

L]
Static Load = 184,000# for Cases 1,2,3,4,6

= 103,300f for Case S
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DISCUSSIUN 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 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 ‘nstant when a single foot is in
contact is increased.

For the seismic events considered here, stress levels in
the supports legs have the same order of magnitude 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 ratioc 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 hereir, 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 to the outermost cells; also, local stress
raisers will certainly be imposed 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
compared to whit might be present in the HCC rack:
therefore, gross stress levels (prior to inclusion -.
stress raisers) in the thin walled cells on the order of
the allowable stress should be viewed with concern.

Because of its increased tendency to slide, the ETC rack
generally experiences greater horizontal displacements.
For some of the simulations studied herein, inter-rack
impact may occur since the predicted maximum
displacements exceed fifty percent of the assumed
spacing between adjcent racks.

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

The increased displacements found for the case of the
half loaded rack dramatically show the effect of 3-D
motions and the potential for rigid body rotations
about the vertical axis. It is noted that this effect
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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. .

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 mcdel wenls 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 presente! ir the foregoing point up
the significance of inter-c=ll 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 1is certain to be all the more important if
consclidated pin storage is contemplated.
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NOMENCLATURE

system kinetic energy
generalized internal, external forces.
generalized coordinates

number of internal force elements, degrees
of freedom

coupling coefficient matrix

mass matrices for extension; bending;
and torsion of rack

effective mass densities
rack cross section metal area; rack height

mass and inertia properties of rack
base

specified seismic motion of pool floor
total mass of fuel assembly

fluid coupling coefficients (egs. (10)
and (11)

defined in eq. (12)

hydrodynamic mass (eq. (18)

number of cells in fuel rack

number of cells containing fuel assemblies
height of rack support leg

metal area, metal inertia of support leg
cross section

equivalent rack properties for
ETC unit

side length of a single fubl cell

wall thickness of fuel cell



NOMENCLATURE - Page 2

Rj(i=1,2...5) structural integrity factors
E Young's Modulus of rack metal

centroid of fuel assemblies moving as a
group

Xcr¥e
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FIG.2; IMPACT SPRING ORIENTATION AT TOP OF RACK
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