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6.0 RACK STRUCTURAL CONSIDERATIONS

The purpose of this section is to demonstrate the structural
adequacy of the James A. FitzPatrick Plant spent fuel rack design
under normal and accident loading conditions following the
guidelines of the USNRC OT Position Paper (Ref. 6.12). The method
of analysis presented uses a time-histcry integration method
similar to that previously used in the licensing reports on high
density spent fuel racks for Fermi 2 (USNRC Docket No. 50-341),
Quad Cities 1 and 2 (USNRC Docket Nos. 50-254 and 50-265), Rancho
Seco (USNRC Docket No. 50-312), Grand Gulf Unit 1 (USNRC Docket
NO. 50-416), Oyster Creek (USNRC Docket No. 50-219), V.C., Summer
(USNRC Docket No. 50-395), Diablo Canyon Units 1 and 2 (USNRC
Docket Nos. 50~275 and 50-323), Vogtle Unit 2 (USNRC Docket No.
50~425) and Millstone Point Unit 1 (USNRC Docket No. 50-245). The
results show that the high density spent fuel racks are
structurally adeguate to resist the postulated stress combinations
associated with level A, B, C, and D conditions as defined in
References 6~1 and 6-2.

6.1 ANALYSIS OUTLINE (FOR NEW PROPOSED RACK MODULES)

The spent fuel storage racks are Seismic Class I equipment.
They are reguired to remain functional during and after a Safe
Shutdown Earthquake (Ref. 6-3). As noted previously, these racks
are neither anchored to the pool floor nor attached to the
sidewalls. The individual rack modules are neot interconnected.
Furthermore, a particular rack may be completely loaded with fuel



assemblies (which corresponds to greatest rack inertia), or it may
be completely empty. The coefficient of friction, u, between the
supports and pool floor is another indeterminate factor.
According to Rabinowicz (Ref. 6-4), the results of 199 tests
performed on austenitic stainless steel plates submerged in water
show a mean value of u to be 0.503 with a standard deviation of
0.125. The upper and lower bounds (based on twice the standard
deviation) are thus 0.75) and 0.253, respectively. Analyses are
performed for single rack simulations assemblies with values of
the coefficient of friction equal to 0.2 (lower limit) and 0.8
(upper limit), respectively. In order to predict the limiting
conditions of rack module seismic response, the rack module with
the maximum aspect ratio (length to width ratio), and maximum mass
inertia should be evaluated. Therefore, the 6x14 and 11x12 modules
merit seismic simulation for critical conditions of loading. They
are:

(o} Fully loaded rack (all storage locations occupied),
4= 0.8; 0.2 (4 = coefficient of friction)

0 Nearly empty rack (6»x14 only)

The simulations were performed using normal (unconsolidated) fuel:
simulations are also performed for a heavier fuel. These modules
are labelled Modules B and C in Section 2. As stated before, the
former was selected due to its largest mass inertia, and the
latter due to its maximum aspect ratio. 2~D multi-rack analyses
are also performed to examine the interaction between racks.

The seismic analyses were performed utilizing the time-
history method. Pool slab acceleration data in three orthogonal
directions was developed and verified to be statistically
independent.



The objective of the seismic analysis of single racks is to
deternine the structural response (stresses, deformation, rigid
body motion, etc.) due to simultaneous application of the three
statistically independent, orthogonal seismic excitations. Thus,
recourse to approximate statistical summation techniques such as
the "Square-Root-of-the-Sum-of-the-Squares" method (Ref. 6-5) is
avoided. For nonlinear analysis, the only practical methed is
simultanecus application of the seismic loading to a nonlinear
nodel of the structure.

Pool slab acceleration data are developed from specified
response spectra from two earthquakes: SSE and OBE. Seismic time
histories are calculated from the plant response spectra at level
326.8' at 1% damping. Figures 6.1 -~ 6.12 show the time~histories
and comparison of the corresponding velocity spectra and the
design spectra for SSE and OBE conditions.

The seismic analysis of a single rack is performed in three
steps, namely:

Development of a nonlinear dynamic model consisting of
inertial mass elements, spring, gap, and friction
elements.

2. Generation of the equations of motion and inertial
coupling and solution of the equations using the
"component element time integration scheme"
(References 6-6 and 6-7) to determine nodal forces and
displacements.

3 Computation of the detailed stress field in the rack
just above the baseplate and in the support legs
using the nodal forces calculated in the previous
step. These stresses are checked against the design
limits given in Section 6.5.



A brief description of the dynamic model follows.

6.2 FUEL RACK = DYNAMIC MODEL

Since the racks are not anchored to the pool slab or attached
to the pool walls or to each other, they can execute a wide
variety of motions. For example, the rack may slide on the peool
floor (so-called "sliding condition"); one or more legs may
momentarily lose contact with the liner ("tipping condition"): or
the rack may experience a combination of sliding and tipping
conditions. The structural model should permit simulation of these
kinematic events with inherent built-in conservatisms. Since the
modules are designed to preclude the incidence of inter-rack
impact, it is also necessary to include the potential for
inter-rack impact phenomena in the analysis to demonstrate that
such impacts do not occur. Lift off of the support legs and
subsequent liner impacts must be modelled using appropriate impact
(gap) elements, and Coulomb friction between the rack and the pool
liner must be simulated by appropriate piecewise linear springs.
The elasticity of the rack structure, relative te the base, must
also be included in the model even though the rack may be nearly
rigid. These special attributes of the rack dynamirs require a
strong emphasis on the modeling of the linear and nornlinear
springs, dampers, and compression only stop elements. The term
non-linear spring is the generic term to denote the mathematical
element representing the situation where the restoring force
exerted by the element is not linearly proportional to the
displacement. In the fuel rack simulation the Columb friction
interface between the rack support leg and the liner is a typical
example of a non-~linear spring. The model outline in the remainder
of this section, and the model description in the following



section, describe the detailed modeling technigque to simulate

these effects, with emphasis placed on the nonlinearity of the
rack seismic response.

6.2.1 Qutline of Model for Computer Code DYNARACK

a. The fuel rack s.ructure is a folded metal plate assemblage
wvelded to a baseplate and supported on four leys. An odd-
tnaped module may have more than four legs. The rack
siructure itself is a very rigid structure. Dynamic analysis
ot typical multicell racks has shown that the motion of the
structure is captured almost completely by modelling the rack
as a twelve degree-of-freedom structure, where the movement
of the rack cross-section at any height is described in terms
of six degrees-of-freedom of the rack base and six degrees of
freedom defined at the rack top. The rattling fuel |is
modelled by five lumped masses located at H, .75H, .S5H,

+25H, and at the rack base, where H is the rack height as
measured from the base.

The seismic motion of a fuel rack is characterized by

random rattling of fuel assemblies in their individual
storage locations. Assuming a certain statistical coherence
(i.e. assuming that all fuel element: move in-phase within a
rack) in the vibration of the fuel asuemblies exaggerates the
computed dynamic loading on the rack structure. This
assumption, howvever, greatly reduces the required
degrees-of-freedom needed to model the fuel assemblies which
are represented by five lumped masses located at different
levels of the rack. The centroid of each fuel assembly mass
can be located, relative to the rack structure centroid at
that level, so as to simulate a partially loaded rack.

The local flexibility of the pedestal is modelled so as to

account for floor elasticity, and local rack elasticity just
above the pedestal.

The rack base support may slide or lift off pool floor.

+ The pool floor has a specified time-hi of seismic
accelerations along the three orthogonal dir. _ons.




Fluid coupling between rack and fuel assemblies, and between
rack and adjacent racks, is esimulated by introducing
apprepriate inertial coupling into the system kinetic energy.
Inclusion of these effects uses the methods of References 6-4

and 6-6 for rack/assembly coupling and for rack/rack coupling
(see Section 6.2.3 of this report).

Potential impacts between rack and fuel assemblies are

accounted for by appropriate "compression only" gap elemerts
between masses involved,

Fluid damping due to viscous effects between rack aad
assemblies, and Dbetween rack and adjacent rack, is

conservatively neglected: form drag, howvever, may Dbe
included.

The supports are modeled as "compression only" elements for
the vertical direction and as "rigid links" for transfer:ring
horizontal stress. The bottom of a support leg is attached
to a frictional spring as described in Section 6.3. The
cross-section inertial properties of the support legs are

computed and used in the final computations to determine
support leg stresses.

The effect of sloshing is negligible at the level of the top
of the rack and is hence neglected.

+ The possible i.cidence of inter-rack impact is simulated by

gap elements at the top and bottom of the rack in the two
horizontal directions. The most conservative case of
adjacent rack movement is assumed; each adjacent rack is
assumed to move completely out of phase with the rack being
analyzed. This maximizes the potential for impact.

Rattling of f assemblies inside the storage locations
causes the "gap" between the fuel assemblies and the cell
wall to change from a maximum of twice the nominal gap to a

theoretical zero gap. Fluid coupling coefficients are based
on the nominal gap.




The cross coupling effects due to the movement of fluid from
one interstitial (inter-rack) space t¢ the adjacent one is
modelled using potential flow and Kelvin's circulation
theorem. This formulation has been reviewed and approved by
the Nuclear Regulatory Commission, during the post-licensing
multi-rack analysis for Diablo Canyon Unit I and II reracking
project. The coupling coefficients are based on a consistent
modelling of the fluid flow, While updating of the fluid
flow coefficients, based on the current gap, is permitted in
the algorithm, the analyses here are conservatively carried

out using the constant nominal gaps that exist at the start
of the event.

Figure 6.13 shows a schematic of the model. Twelve degrees of
freedom are used to track the motion of the rack structure.
Figures 6.14 and 6.15, respectively, show the inter-rack impact

springs (to track the potential for impact between racks) and fuel
assembly/storage cell impact springs at a particular level.

As shown in Figure 6.13, the mode. for simulating fuel
assembly motion incorporates five rattling lumped masses. The five
rattling masses -re located at the baseplate, at quarter height,
at half height, at three quarter height, and at the top of the
rack. Two degrees of freedom are used to track the motilon of each
rattling mass in the horizontal plane. The vertical motion of each
rattling zass is assumed to be the same as the rack base. Figures
6.16, .17 and 6.18 show the modelling scheme for including rack
elasticity and the degrees of freedom associated with rack
elasticity. In each plane of bending a shear and a bending spring
are used to simulate elastic effe¢ ts in accordance with Reference
6.6. Table 6.2 gives spring ._nstants for these bending springs as

well as corresponding constants for extensional and torsional rack
elasticity.




6.2.2 Model Description

The absolute degrees of freedom associated with each of
the mass locations are identified in Figure 6.1 and in Table 6.1.
The rattling masses (nodes 1%, 2%, 3%, 4%, s*) are described by
translational degrees-of-freedom g7-qi¢.

Uj(t) 1is the pool floor slab displacement seismic
time~his*ory. Thus, there are twenty-two degrees of freedom in the
system. Not shown in Fig. 6.13 are the gap elements used to model
the support legs and the impacts with adjacent racks.

6.2.3 Eluid Coupling

An effect of some significance requiring careful
modeling is the "fluid coupling effect". If one body of mass (my)
vibrates adjacent to another body (mass my), and both bodies are
submerged in a frictionless fluid medium, then Newton's equations
of motion for the two bodies have the form:

w " &
(my + M33) X3 + M1y X; = applied forces on mass my + O (x12)
" " B
+M21 X3 + (mp + Mp3) X; = applied forces on mass mpy + O (x;z)

X1, Xz denote absolute accelerations of mass m; and my,
respectively.

M11, HMj2, M2, and Mp; are fluid coupling coefficients which
depend on the shape of the two bodies, their relative disposition,
etc. Fritz (Ref. 6-9) gives dat: for mij for various body shapes
and arrangements. The above equation indicates that the effect of
the fluid is to add a certain amount of mass to the body (M3
body 1), and an external force which is proport’ al to the




acceleration of the adjacent body (mass my). Thus, the
acceleration of one body affects the force field on another. This
force is a strong function of the interbody gap, reaching large
values for very samall gaps. This inertial coupling is called fluid
coupling. It has an important effect in rack dynamics. The lateral
motion of a fuel assembly inside the storage location will
encounter this effect. So will the motion of a rack adjacent to
another rack. These effects are included in the equations of
motion. For example, the fluid coupling is between nodes 2 and 2+
in Figure 6.13. Furthermore, the rack equations contain coupling
terms which model the effect of fluid in the gaps between adjacent
racks. The coupling terms modeling the effects of fluid fleowing
between adjacent racks ar. computed assuming that all adjacen:
racks are vibrating 180° out of phase from the rack being
analyzed. Therefore, only one rack is considered surrounded by a
hydrodynamic mass computed as if there were a plane of symmetry
located in the middle of the gap region.

The rack-to-rack hydrodynamic mass c~unling coefficients Miq
are inversely proportional to the i 1jular gap between the two
bodies. This gap is a function of time as the two bodies vibrate,
so that the hydrodynamic coefficients Mjj are functions of time as

well. In the previous equations, the notation O (x;2), 0 (x3%)

represent additional nonlinear fluid restoring forces that arise
from the development of the interbody fluid coupling «f{fects.
These nonlinear restoring forces are only important as the gaps
between bodies become small as they are also proportional to the
inverse of the square of the current gap. Proper accounting of

the effect of gap size on the hydrodynamic mass Mj4 and on the



fluid restoring forces due to film squeezing is permitted at each
step in the dynamic simulation. If the hydrodynamic mass is
conservatively based on the nominal gap, and no updating is
included, then these additional geometric nonlinear terms are not
present.

Finally, fluid wvirtual mass is included in the vertical
direction wvibration equations of the rack; virtual inertia is

also added to the governing equation corresponding to the
rotational degree of freedom, qg(t) and gz2(t).

6.2.4 Ramping

In reality, damping of the rack motion arises from

material hysteresis (material damping), relative intercomponent
motion in structures (structural damping), and fluid viscous
effects (fluid damping). In the analysis, a maximum of 1%

structural damping 1s imposed on elements of the rack structure
during OBE seismic simulations and 2% for SSE simulation. Material
and fluid damping due tc fluid viscosity are conservatively
neglected. The dynamic model has the provision to incorporate
form drag effects; however, no form drag has been used for this
analysis. Subsequent to the completion of all dynamic runs which
are reported in Tables 6.5 and 6.6, key (governing) cases were
rerun with 1% damping for both OBE and SSE simulations per FSAR
requirements. The results show a very minor increase in the
equipment response, and all required stress and displacement
limiis are satisfied.

6.2.5 lmpact

Any fuel assembly node (e.g., 2*) may immact the
corresponding structural mass node 2. To simulate this impact,
four compression-only gap elements around each rattling fuel
assembly node are provided (see Figure 6.15). The compressive
loads developed in these springs provide the necessary data to
evaluate the integrity of the cell wall structure and stored array
during the seismic event. Figure 6.14 shows the location of the
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impact springs used to simulate any potential for inter-rack
impacts. Section 6.4.2 gives more details on these additional
impact springs. Since there are five rattling masses, a total of

20 impact springs are used to model fuel assembly-cell wall
impact.

6.3 ASSEMBLY OF THE DYNAMIC MODEL

The cartesian coordinate system associated with the rack has
the following nomenclature:

0 X = Horizontal coordinate along the short direction of
rack rectangular platform

0 Y = Horizontal coordinate along the long direction of
the rack rectangular platform

0 2 = Vertical coordinate upward from the rack base

If the simulation model is restricted to two dimensions (one
horizontal motion plus vertical motion, for example) for the
purposes of model clarifjcation only, then a descriptive model of
the simulated structure whicn includes gap and friction elements
is shown in Figure 6.19.

The impacts between fuel assemblies and rack show up in the
gap elements, having local stiffness Ky, in Figure €.13. In Table
6.2, gap elements 5 through 8 are for the vibrating mass at the
top of the rack. The support leg spring rates Kg are modeled by
elements 1 through 4 in Table 6.2. Note that the local compliance
of the concrete floor is included in Kg. To simulate sliding
potential, friction elements 2 plus 8 and 4 plus 6 (Table 6.2) are
shown in Figure 6¢.19. The friction of the support/liner interface
is modeled by a piecewise linear spring with a suitably large
stiffness K¢ up to the limiting lateral load, uN, where N is the



current compression load at the interface between support and
liner. At every time step during the transient analysis, the
current value of N (either zero for liftoff conditien. or a
compressive finite value) is computed. Finally, the support
rotational friction springs Kp reflect any rotational restraint
that may be offered by the foundation. This spring rate is
calculated using a modified Bousinesg equation (Ref. 6-4) and is
included to simulate the resistive moment of the support to
counteract rotation of the rack leg in a vertical plane. This
rotation spring is also nonlinear, with a zero spring constant
value assigned after a certain limiting condition of slab moment
loading is reached.

The nonlinearity of these springs (friction elements 9, 11,
13, and 15 in Table 6.2) reflects the edging limitation imposed on
the base of the rack support legs and the shifts in the centroid
of load application as the rack rotates. If this effect is
neglected; any support leg bending, induced by liner/baseplite
friction .orces, is resisted by the leg acting as a beanm
cantilevered from the rack baseplate. This leads to higher
predicted loads at the support leg - baseplate junction than if
the moment resisting capacity due to floor elasticity at the floor
is included in the model.

The spring rate Kg modeling the effective compression
stiffness of the structure in the vicinity of the support, is
comp.ced from the equaticn:

1 1 1 1
Kg K1 K2 K3



Ky = spring rate of the support leg treated as a
tension-compression member

Kz = local spring rate of pool slab

Kj = spring rate of folded plate cell structure above
support leg

As described in the preceding section, the rack, along with
the base, supports, and stored fuel assemblies, is modeled for the
general three-dimensional (3-D) motion simulation by a twenty=-two
degree of freedom model. To simulate the impact and sliding
phenomena expected, up to 64 nonlinear gap elements and 16
nonlinear friction elements are used. Gap and fricticn elements,
with their connectivity and purpose, are presented in Table 6.2.
Table 6.3 lists representative values for the B and C modules
used in the dynamic simulations.

For the 3-D simulation of a single rack, all support elements
(described in Table 6.2) are included in the model.* Coupling
between the two horizontal seismic motions is provided both by any
offset of the fuel assembly group centroid which causes the
rotation of the entire rack and/or by the possibility of liftoff

Since inter-rack impact does not occur in the subject
modules, only 8 gap elements are used around the bottom and
top edges of the rack instead of the twenty described in
Table 6.2. Since their purpose is only to signal if an
impact occurs, the exact number utilized has no bearing on
the final reported results.



of one or more support legs. The potential exists for the rack to
be supported on one or more support legs during any instant of a
complex 3-D seismic event. All of these potential events may be

simulated during a 3-D motion and have been observed in the
analyses.

6.4 TIME INTEGRATION OF THE EQUATIONS OF MOTION
6.4.1 Time-History Analysis Using Multi-Degree of Freedom
Rack Model

Having assembled the structural model, the dynamic
equations of motion corresponding to each degree of freedom are
written by using Lagrange's Formulation. The system kinetic enerqgy
can be constructed including contributions from the solid
structures and from the trapped and surrounding fluid. A single
rack is modelled in detail. The system of equations can be
represanted in matrix notation as:

(M) (") = (Q) + (G)

where the vector (Q) is a function of nodal displacements and
velocities, and (G) depends on the coupling inertia and the
ground acceleration. Premultiplying the above equations by (M)~
renders the resulting eaquation uncoupled in mass.

We have: (q") = [M)"1 (Q) + (M1=1 (G}

Note that since the mass matrix can L updated at every time
step because of the time varying hydrody- amic effects, the
inversion of the equations is carried out at every increment when
the wupdating option is used. The effect of the previously
mentioned nonlinear fluid restoring forces is included in the




generalized forces Q and accounted for in the analysis when the
updating option is used. As noted before, the analyses performed
here do not use the updating option.

As noted earlier, in the numerical simulations run to verify
structural integrity during a seismic event, the rattling fuel
assemblies are assumed to move i.i phase. This will provide
maximum impact force level, and induce additional conservatism in
the time-history analysis.

This equation set is mass uncoupled, displacement coupled at
each instant in time, and is ideally suited for numerical solution
using a central difference scheme. The proprietary, USNRC
qualified, computer program "DYNARACK"* is wutilized for this
purpose.

Stresses in various portions of the structure are computed
from known element forces at each instant of time and the maximum
value of critical stresses over the entire simulation is reported
in summary form at the end of each run.

” This code has been previously utilized in 1licensing of

similar racks for Fermi 2 (USNRC Docket No. 50-341), Quad Cities
1 and 2 (USNRC Docket Nos. 50-254 and 265), Rancho Seco (USNRC
Docket No. 50-312), Oyster Creek (USNRC Docket No. 50-219), V.C.
Summer (USWRC Docket No. 50-~395), and Diablo Canyon 1 and 2 (USNRC
Docket Nos. 50-275 and 50-323), 8t. Lucie Unit I (USNRC Docket No.
50-335), Byron Units I and II (USNRC Docket Nos. 50-454, 50-4K5),
Vogtle 2 (USNRC Docket 50-425), and Millstone Unit 1 (USNRC ™ ket
50~245).
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In summary, dynamic analysis of typical multicell racks has
shown that the motion of the structure is captured almost
completely by the behavior of a twenty-two degree of freedom
structure; therefore, in this analysis model, the movement of the
rack cross~-section at any height is described in terms of the rack
degrees of freedom (qQ3(t),...ng(t) and g17-q22(t)). The remaining
degrees of freedom are associated with horizontal movements of the
fiel assembly masses. In this dynamic model, five rattling masses
are used to represent fuel assembly movement in the horizontal
plane. Therefore, the final dynamic model consists of twelve
degrees of freedom for the rack plus ten additional mass degrees
of freedom for the five rattling masses. The totality of fuel mass
is included in the simulation and is distributed among the five
rattling masses.

6.4,2 Evaluation of Potential for Inter-Rack Impact

Since the racks are closely spaced, the simulation
includes impact springs to model the pntential for inter-rack
impact. To account for this potential, yet still retain the
simplicity of simulating only a single rack, gap elements are
located on the rack at the top and at the baseplate level. Figure
6.14 shows the location of these gap elements. Where impacts
between racks is permitted by specification, twenty gap elements
at each level would be used as shown. The rack design
specification precludes any impacts between racks or between rack
and walls during any single event; therefore, only sixteen impact
springs are retained (8 at top and 8 at baseplates) solely to
demonstrate that the postulated gaps do not close completely due
to rack motion.



6.5

STRUCTURAL ACCEPTANCE CRITERIA
There are two sets of criteria to be satisfied by the

rack modules:

a. Kinematic Criterion
This criterion seeks to ensure that the rack is a
physically stable structure. The FitzPatrick racks are
designed to preclude inter-rack impacts. Therefore,
physical stability of the rack is considered along with
the criterion that inter-rack impact or rack-to-wall
impacts do not occur.
b. Stress Limits

The stress limits of the ASME Code, Section 1III,
Subsection NF, 1983 Edition are used since this code
provides the most appropriate and consistent set of
limits for various stress types and various loading
conditions. The following loading combinations are
applicable (Ref. 6-1) and are consistent with the plant
FSAR commitments.

Leading Combination Stress Liait

D+ L Level A service limits

D+ L+ To

D+ L+ To+E

D+ L+ Tyq+E Level B service limits

D+ L+ Tog + Pg

D+ L+ Ty +BR' Level D service limits

D+ L+ Fq The functional capability

«f the fuel racks should
be demonstrated.
where:

D = Dead weight-induced stresses (including fuel
assembly weight)

6-17



L = Live lLoad (0 for the structure, since there
are no moving objects in the rack load path).

Fgq = Force caused by the accidental drop of the
heaviest locad from the maximum possible
height.

Pg = Upward force on the racks caused by postulated

stuck fuel assembly
E = Operating Basis Earthquake (OBE)
E' = Safe Shutdown Earthquake (SSE)

To = Differential temperature induced loads (normal
or upset condition)

Ta = Differential temperature induced loads
(abnormal design conditions)

The conditions T, and T, cause local thermal stresses to
be produced. The worst situation will be obtained when an
isolated s“orage location has a fuel assembly which is generating
heat at “he naximum postulated rate. The surrounding storage
locatiorns are assumed to contain no fuel. The heated water makes
unobst ucted contact with the inside of the storage walls, thereby
producing the maximum possible temperature difference between the
adjacent cells. The secondary stresses thus produced are limited
to the body of the rack; that is, the support legs do not
experierce the secondary (thermal) stresses.

6.6 MATERIAL PROFERTIES
The data on the physical properties of the rack and

support materials, obtained from the ASME Boiler & Pressure Vessel
Code, Section III, appendices, are listed in Table 6.4. Since the



maximum pool bulk temperature is less than 150 F, this is used as
the reference design temperature for evaluation of material
properties.

6.7 STRESS LIMITE FOR VARIOUS CONDITIONS

The following stress limits are derived from the
guidelines of the ASME Code, Section III, Subsection NF, in
conjunction with the material _roperties data of the preceding
section.

6.7.1 Normal and Upset Conditions (Level A or Level B)

a. Allowable stress in tension on a net section

= Fe = 0.6 Sy or

Fe = (0.6) (23,150) = 13,890 psi (rack material)

x
ct
L

is equivalent to primary membrane stresses
(.6) (23,150) = 13,890 psi (upper part of
support feet)

=
(ad
i}

(.6) (101,040) = 60,625 psi (lower part of
support feet)

b. On the gross section, allowable stress in saiear
is:

Fv = .4 Sy
(.4)" (23,150) = 9,260 psi (main rack body)

Fe = (.4) (23,1%50) = 9,260 psi (upper part of
support feet)

= (.4) (101,040) = 40,416 psi (lower part of
support feet)



Allowable stress in compression, Fu:

1 X1 2
L [1 oy r2 /2Cc SY

Fa -

5 k1l k1 J 3

& b B8 N8 B4 ) /8Ce] = [( ) /8C o 1)

3 r r

where:
(2v2 E) 12
R 8| . Se——)
Sy

kl/r for the main rack body is based on the full
height and cross section of the honeycomb region.
Substituting numbers, we obtain, for both support
leg and honeycomb region:

Fa = 13,890 psi (main rack body)
Fa = 13,890 psi (upper part of support feet)
= 60,625 psi (lower part of support feet)

Maximum allowable bending stress at the outermost
fiber due to flexure about one plane of symmetry:

Fp = 0.60 Sy = 13,890 psi (rack body)
Fp = 13,890 psi (upper part of support feet)
= 60,625 psi (lower part of support feet)

Combined flexure and compression:

fa Cmx fbx Cmyfby
—— + <.l

Fa DxFpx DyFpy
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where:

fa = Direct compressive stress in the
section

fox = Maximum flexural stress along x-
axis

foy = Maximum flexural stress along y-
axis

me = Cny = 0,85

fa
Dy = 1 = ==
Flex
fa
= ] -
Dy Fley
where:
12 "2 g
Flex/ey =
klpx ’
23 ( 4 |
Tbx:y

and the subscripts x,y reflect the particular
bending plane of interest.

Combined flexure and compression (or tension):

- f f
a A bx x by

The above requirement should be met for both the
direct tension or compression case.

< 1.0

N
'
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6.7.2 Level D Service Limjts

F=1370 (ASME Section III, Appendix F), states that the
limits for the Level D condition are the minimum of 1.2 (Sy/F¢)
or (0.78y/F¢) times the corresponding 1limits for Level A
condition. Since 1.2 Sy is greater than 0.7 S, for the lower part
of the support feet, the factor is 1.674 for the lower section
under SSE conditions. The factor for the upper portion of the
support foot is 2.0.

Instead of tabulating the results of these six different
stresses as dimensioned values, they are presented in a
dimensionless form. These so-called stress factors are defined as
the ratio of the actual developed stress to its specified limiting
value. With this definition, the limiting value of each stress
factor is 1.0 for the OBE and 2.0 (or 1.674) for the SSE
condition.

6.8 RESULTS FOR THE ANALYSIS OF SPENT FUEL RACKS
USINC A SINGLE RACK MODEL AND 3-D SEISMIC MOTION

A complete synopsis of the analysis of the modules
subject to the postulated earthquake motions, is presented in a
summary Table 6.5 which gives the bounding values of stress
factors Ry (i = 1,2,3,4,5,6). The stress factors are defined as:

Rf = Ratio of direct tensile or compressive stress on a
nel section to its allowable value (note support
feet only support compression)

Ry = Ratio of gross shear on a net section in the x-
direction to its allowable value



Ry = Ratio of maximum bending stress due to bending
about the x-axis to its allowable value for the
section

R4 = Ratio of maximum bending stress due to bending
about the y-axis to its allowable value

Rg = Combined flexure and compressive factor (as defined
in 6.7.1e above)

Rg = Combined flexure and tension (or compression)
factor (as defined in 6.7.1f above)

Ry = Ratio of gross shear on a net section in the y-
direction to its allowable value.

As stated before, the allowable value of Rj (i =1,2,3,4,5,6) is
section of the support where the factor is 1.674)

The dynamic analysis gives the maximax (maximum in time
and in space) values of the stress factors at critical locations
in the rack module. Values are also obtained for maximum rack
displacements and for critical impact loads. Table 6.5 presencs
critical results for the stress factors, and rack to fue! imp.ct

load. Table 6.6 presents maximum results for horizontal
displacements at the top and bottom of the rack in the x and y
direction, "x" is always the short direction of the rack. In

Table 6.6, for each run, both the maximum value of the sum of all
support foot loadings (4 supports) as well as each individual
maximum is reported. The table alsc gives values for the maximum
vertical load and the corresponding net shear force at the liner
at essentially the same time instant, and for the maximum net
shear load and the corresponding vertical force at a support foot
at essentially the same time instant.



The results presented in Tables 6.5, 6.6 are representative
of the totality of runs carried out. The critical case for
structural integrity calculations is included. Appendix A to this
Section 6 contains a partial output from cone of the DYNARACK
simulation runs of a single rack under 3-D excitation. The
initial pages showing input data and model description are given
along with the final summary pages giving maximum loads,
displacements, and stress factors.

The results corresponding to SSE give the highest load
factors. However, the results given Icvr the SSE still vyield
maximum stress factors (Rj) below the limiting value for the OBE
condition for all sections.The critical load factors reported for
the support feet are all for the upper segment of the foot and for
SSE simulations are to be compared with the limiting value of 2.0,
Results for the lower portion of the support foot are not critical
and are not .eported in the tables.

Analyses show that significant margins of safety exist
against local deformation of the fuel storage cell due to rattling
impact of fuel assemblies.

Results obtained for partially loaded racks will be
enveloped by the cata presented. Overturning has also been
considered for the case of the C rack adjacent to an open area.
This has been done by assuming a multiplier of 1.5 on the SSE
horizontal earthquakes (more conservative than the OT Position
Paper) and checking predicted displacements if there were no
obstacles. The horizontal displacements do not grow to such an



extent as to imply any possibility for overturning. Run CO03
presents the maximum displacements for the case where the
horizontal excitation level is increased by 50%.

6.9 IMPACT ANALYSES
6.9.1 Impact Loading Between Fuel Assembly and Cell Wall

The local stress in a cell wall is conservatively
estimated from the peak impact loads obtained from the dynamic
simulations. Plastic analysis is used to obtain the limiting
impact load. The limit load is calculated as 4585 lbs. per cell
which is much greater than the loads obtained from any of the
simulations,

6.9.2 Impacts Between Adjacent Racks

All of the dynamic analyses assume, cons=~rvatively, that
adjacent racks move completely out of phase. Thus, the highest
potential for inter-rack impact is achieved. The displacements
obtained from the dynamic analyses are less than 50% of the rack-
to-rack spacing or rack-to-wall spacing.

It is also noted that the new fuel racks do not breach
the theoretical plane between the new racks and the contiguous
existing racks, indicating that impact with existing rack modules
will not occur. This is a plausible conclusion in view of the
fact that the existing racks and new racks have markedly different
structural characteristics and their displacement time histories
will be randomly phased with respect to each other.

Therefore, we conclude that rno> impacts between racks or
between racke and walls occur during the SSE event.

6.10 WELD STRESSES

Critical weld locations under seismic loading are at the
bottom of the rack at the baseplate connection and at the welds on
the support legs. Results from the dynamic analysis using the
simulationr codes are surveyed and the maximum loading is used to
gqualify the welds on these locations.
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6.10.1  Baseplate to Rack Welds and Cell-to-Cell Welds

Section NF permits, for the SSE condition, an allowable
weld stress 7 = ,42 S, = 28,600 psi. Based on the worst case of
all runs reported, the maximum weld stress for the baseplate to
rack welds is 15860 psi 1{or SSE conditions. This value occurs
using a fuel weight of 1200 1lbs. per cell. For normal fuel
icading the weld stress under SSE at this location is reduced to
10785 psi.

The weld between baseplate and support leg is checked
using limit analysis techniques. The structural weld at that
location is considered safe if the interaction curve satisfies

F/Fy + Mp/My < 1

where Fy, My are the limit load and moment under direct load only
and direct moment only. F, My are the absolute values of the
actual peak force and moments applied to the weld section. This is
a much more conservative relation than the actual interaction
curve. For the worst case simulation, this criterion gives F/Fy +
Mp/My = .409 for the support leg to bas«plate weld.

The critical area that must be considered for fuel tube
to fuel tube welds is the weld between the fuel tubes. This weld
is discontinuous as we proceed along the tube length.

Stresses in the fuel tube to fuel tube welds develop
along the length of each fuel tube due to fuel assembly impact
with the tube wall. This occurs if fuel assemblies in adjacent
tubes are moving out of phase with one another so that impact



loads in two adjacent tubes are in opposite directions which would
tend to separate the channel from the tube at the weld. The
critical load that can be transferred in this weld region for the
SSE condition is calculated as 5056 1bs. at every fuel tube
connection to adjacent tubes. An upper bound to the load required
to be transferred is

J2 x 377.4 x 2 = 1067 lbs,

where we have used a naximum impact load of 377.4 lbs. (from Table
6.5), assumed two impact locations are supported by each weld
region, and have increased the load by /2 to account for 3-D
effects.

6.10.2 Heating of an Isclated Cell

Weld stresses due to heating of an isolated hot cell are
also computed. The assumption used is that a single cell is
heated, over its entire length, to a temperature above the value
associated with all surrounding cells. No thermal gradient in the
«artical direction is assumed so that the results are
conservative. Using the temperatures associated with this unit,
analysis shows that the weld stresses along the entire cell length
do not exceed the allowable value for a thermal loading condition.
Section 7 reports a value for this thermal stress.

6.11 SEISMIC QUALIFICATION USING MULTIPLE TIME HISTORIES

It is recognized that the time histories corresponding
to a given spectrum are non-unique by definition. Therefore, to
provide added confidence in the results, two additional sets of
synthetic SSE time histories have been generated to investigate
the sensitivity of rack behavior to different seismic events
obtained from the same response spectrum. Figures 6.20 to 6.31



show the additional SSE's together with a comparison of the
regenerated and the original spectrums. The events are designated
as 2nd SSE (H4, H5, H6 time histories) and 3rd SSE (H7, H8, H9
time histories). Tables 6.7 and 6.8 are similar in contert to
Tables 6.5 and 6.6 and present the results of these additional
analyses using the two new earthquake sets. While the individual
results are different, as would be expected, the conclusions
presented ir Section 6.8 and 6.9 based on the base time history
analysis remiin the same.

6.12 MULTI -RACK ANALYSIS

sSummary of Analysis

In order to further confirm the structural adequacy of
the racks, a line of modules has been subjected to a single
horizontal plus the vertical earthquakes to assess the
implications of multi-rack effects. The model used and the
methodology have been previously used in rack licensing efforts
at other dockets, most recently Vogtle Unit 2, and have been
approved by the USNRC. In order to examine maximum rack
displacements, we assume that the 6x14 racks are turned 90
degrees to expose the direction kinematically more unstable to
the seismic excitation direction.

Figure 6.32 shows the 2-~D scenario studied for the five
rack array. The following degrees-of-freedom are defined in the
rodel showr here:

X1, X5, X9, X13,X17 = horizont«l displacement of
rattling fuel

X2, X6, X10, X14.X18 = horizontal displacement of
mass center of rack
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®3, @7, @11, 15,19 = clockwise rotation of rack
module

X4, Xg, X12/ X16:%20 = vertical displacement of rack
plus fuel

The gap elerents 3, 4, 10, 11, 16, 17, 22, 23, 28, 29
represent impa.t springs to track rattling fuel-to-fuel-cell
impact loads as a function of time. Gap elements 1, 2, 5, 6, 9,
12, 15, 18, 21, 24, 27 and 30 are impact springs used to track
potential rack-to-wall or rack-to-rack impacts. Gap elements 7,
e, 13, 14, 19, 20, 25, 26, 31, 32 are impact springs to track the
vertical load in the support feet in each rack. Each spring
represents the cumulative stiffness of two support feet
reflecting the two dimensional nature of the model.

Finally, friction elements are used at each suppert location
t> simulate the potential for sliding. The limiting load in each
friction element is based on the instantaneous locad in the
element associated with the support.

Fluid coupling associated with the fluid external to the
racks is included in the model. The three dimensional nature of
the :=xternal fluid coupling is accounted for by conservatively
assuming a larger than actual hydrodynamic gap parallel to the
horizontal direction of the earthquake when computing the
contribution to hydrodynamic mass due to cross coupling of the
motion. This conservatively limits the fluid coupling
contribution of the flow in fluid gaps parallel to the horizontal
excitation direction and is consistent with the USNRC position in
this matter.



Fluid coupling between fuel and rattling mass is included.
Based on the fuel configuration, we can estimate the kinetic
energy of the fluid flow in a conservative manner and  nclude the
appropriate coupling effect in the analysis.

The kinetic energy and generalized forces of the structural
assemblage shown in Figure 6.32 can be determined and the
governing equations developed by applying the Lagrangian
techniques. The USNRC qualified computer code DYNARACK used in
the single rack 3-D analysis is then used to study the behavior
of the assemblage under the postulated seismic loading for the
plant.

Referring to Section 2 of this report, the particular
modules studied are Modules A (next to the South Wwall), Bl, B2,
Cl, and C2 (next to the North Wwall). This array is chosen
because it contains the largest racks and, a rack with the
largest length to width ratio. This array also has a low rack-to-
wall coupling contribution, which would maximize the kinematic
response of the racks. As noted earlier, we have turned the C
racks in this model to expose the weakest direction to an
overturning moment.

All of the cells in all of the racks are assumed fully
occupied with normal fuel assemblies. This is the critical case
based on the single rack analysis results.

The coefficient of friction, u, is .5 and is kept constant
through the entire event. This is the mean value of the



coefficient of friction expected in the pool. The earthquakes
applied are the N-S SSE and the vertical SSE. A similar model has
been employed in a previous licensing submittal for Vogtle Unit
8.

The support feet are modelled by gap elements and the
bearing pad areas accounted for in the calculation of the pool
floor stiffness.

Table 6.9 summarizes the design basis values used in the
simulation run. ’

Table 6.10 summarizes the results of the regular fuel multi-
rack analysis and demonstrates that there are no rack-to-rack
impacts or rack-tou-wall impacts. The results show that the
support foot loads are consistent with the single rack
simulations. Figures 6.33 to 6.35 show the time history of the
gaps between modules Bl and B2, B2 and Cl1, and Cl1 and C2. Figure
6.36 shows that the support foot movement for rack B2 is quite
small. This is typical for all racks in the analysis. The
kinematic results obtained from the 2-D multi-rack have the same
orders of magnitude as the 3-D single rack analyses.

6.13 DEFINITION OF TERMS USED IN SECTION 6.0
81, 82, 83, 84 Support designations
Pi Absolute degree-of-freedom number i
qdi Relative degree-of-freedom number i
" Coefficient of friction
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6.1

6.2

6.3

6.4

Ui

X,y coordinates

z coordinate

Pool floor slab displacement time
histery in the i-th direction

horizontal direction

vertical direction

K
1 Impact spring Dbetween fuel
assemblies and cell
K Linear component of friction spring
f
Kg Axial spring at support leg
locations
N Compression load in a support foot
K
R Rotational spring provided by the
pool slab
Subscript i When used with U or X indicates
direction (i = 1 x-divection, 1 = 2
y-direction, i = 3 z-direction)
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Table 6.1

DEGREES OF FREEDOM

Displacement. Rotation
Location Ux Uy Ug Oy 8y 6
(Node)
1 Pr, P2 P3 ¢ a5 g6
f“ f 2 P17 P18 P19 q20 921 4922
K Point 2 is assumed attached to rigid rack at E'
f the top most point. z
ij 2® P7 P8 %
i 3* P9 P10 |
% 4" P11 P12
% 5" P13 P14
% 3° P15 P16
vhere: |
Py = qi(t) + Uyp(t) i=1,7,9,11,13,15,17 ﬁ

qi(t) + Up(t) i=2,8,10,12,14,16,18 | .
e qi(t) + Us(t) i=3,19

Uj(t) are the 3 known earthquake displacements.




Tabla 6.2
NUMBERING SYSTEM FOR GAP ELEMENTS AND FRICTION ELEMENTS

I. Nonlinear Springs (Gap Elements) (64 Total)
Nunber Node location Rescription

Support S§1 compression only element
Support S2 compression only element
Support 83 compression only element
Support S4¢ compressiin onl' element
2,2" rach/fuel assembly Impact
elenent

Y rack/fuel assembly impact
element

Y rack/fuel assenbly impact
element

Y rack/fuel asserbly mpact
element

Other rattling masses for nodes 1%, 3%, 4* and s*

'

Bottom cross~ Inter-rack impact elements
section of rack

(around edge)

Inter~rack impact elements
Inter-rack impact elements
Iinter~rack impact elements
Inter-rack irpact elements
Inter-rack impact e&lenments
Inter-rack impact elements
Inter-rack impact a2lements

B v v = »
&

"

Top cross-section Inter-rack impact elements
of rack Inter-rack impact elements
(around edge) Inter-rack impact elements
Inter-rack impact elements
Inter~rack impact elements
Inter-rack impact elements
». ter-rack impact elements
Inter~rack impact elements

o - - . s D

-~




| NUMBERING

8% TEM FOR GAP ELEMENTS AND FRICT.,ON ELEMENS

Table

6.2 (continued

I1. Exiction Elements

Nunber

CEeEdoUesWNW

e e e b e
OUMeWwN O

Node location

Support
Support
Support
Support
Support
Support
Support
Support
81
S1
52
52
83
83
54
54

(16

S1
81
82
52
53
83
54
54

total)

P L T LT LT . T At i R

Rescription

direction
direction
direction
direction
direction
direction
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