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1. PREPACE

Quad-Cities Nuclear Power Station consists of two
units (Unit 1 and Unit 2), each with a General Electric BWR-3 Reactor.
The station is owned by Commonwealth Edison Company (65%) and Iow
Illincis Gas and Electric Company (25%), and is operated by
wealth Edison Company. The twoc utilities share the electrical

in proportion to the ownership.

The station will loose full core discharge capability at the
Fall 1981 Unit 2 refueling outage. A limited number of unused fuel
racks of the original design are available to be installed, which
could extend the date for loss of full core discharge capability to
the Fall of 1982. No further extension is currently possible.

Commonwealth Edison Company, in its function as operator, pru-
poses to increase the spent fuel storage capacity by replacing the
present spent fuel storage racks with new high density ssorage racks.
This modification will include use of a neutron absorber material in

the racks, as an increase of Keff from 0.90 to 0.95.

The specification for design, construction and gquality assur-
ance of the high density racks A was prepared by Quadrex, a San Jose
based company. The mechanical design, seismic analysis, hydrothermal
analysis and other related calculations as well as fabrication of the
hardware will be performed by Joseph Oat Corporation. Joseph Oat Cor-
poration, based in Camden, N.J., possesses ASME Code stamps for Section
III, Class 1, 2, 3 and MC pressure vessels and components. Oat also
has a qualified Q.A. program in accordance with 10CFR 50 Appendix B.

Southern Science Applications, Inc. of Dunedon, Florida., is
serving as a consultant to Joseph Oat Corporation in the areasg nf
criticality analysis and other radionuclide evaluations. Southern
Science has a qualified Q.A. System aud:ted and accepted by the Q.A.
division of Joseph Oat Corporation.

Consulting support on the overall effort is provided by NUS
Corporation of Rockville, Maryland.

1.1
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3. RACK CONSTRUCTION

The racks will be constructed from ASTM 240-304, austenitic steel
sheet material, ASTM 204-304 austenitic steel plate material, and ASTM
182-F304 austenitic steel forging material. Boraflex, a patented brand
name product of Bisco* will serve as the nuetron absorber material.

The detailed radiological properties of Broaflex may be found in Sec-

tion 4 and Section 10.

A typical module will contain storage cells which have 6" minimum
internal cross-sectional opening. These cells will be straight to
within #0.125". These dimensions ensure that fuel assemblies with
maximum permissible channel deformationscan be inserted into the

storage cells,

Figure 3.1 shows a horizontal cross-section of an array of 3 x 3
cells. The cells provide a smooth and continuous surface for lateral
contact with the fuel assembly. The construction of the rack modules
may best be described by exposing the basic building blocks of this
design, namely the "cruciform", "ell" and "tee" elements, shown in
Figure 3.2. The cruciform element is made of 4 angular sub-elements,
"A" (Figure 3.3) with the neutron absorber material tightly sandwiched
between tlie stainless sheets. The cruciform assembly
has 5" high stainless strips, which ensure against slippage of the

"poison" material downwards due to gravitation loads or operating
conditions. The fabrication procedure leads to 100% surface contact
(in macroscopic sense) between the poison and the stainless sheets.
The top of the cruciform is also end welded using a spacer strip as
shown in Figure 3.4. Skip welding at the top ensures proper venting
of the sandwiched space in the cruciform spokes.

The "ell" and "tee" elements are constructed similarly using angu-
lar sub-element "B", and flat sub-element "C" (Figure 3.5). Having
fabricated the required quantities of the "cruciform", "tees" and
"ells”, the assembly is performed in a specially designed fixture
which serves the function of maintaining dimensional accuracy while

* Bisco, a Division of Brand, Inc., 1420 Renaissance Drive,
Park Ridge, Illinois
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The spent fuel storage racks are designed to assure that a k

NUCLEAR CRITICALITY ANALYSIS

Design Bases

eff

equal to or less than 0.95 is maintained with the racks fully

loaded with fuel of the highest anticipate” reactivity and flooded

with unborated water at a temperature corresponding to the highest

reactivity. The maximum calculated reactivity includes a margin

for uncertainty in reactivity calculations and in mechanical

tolerances, statistically combined, such that the true kecc will
be equal to or less than 0.95 with a 95% probability at a 95%

confidence level.

Applicable codes, standards and regulations or pertinent sections

thereof include the following:

General Design Criterion 62 - Prevention of Criticality
in Fuel Storage and Handling.

NRC .ccter of April 14, 1978, to all Power Reactor
Licensees - OT Position for Review and Acceptance of
Spent Fuel Storage and Handling Applications, including
modification letter dated January 18, 1979.

NRC Standard Review Plan, Section 3.8.4 and 9.1.2 as they
apply to spent fuel racks.

Requlatory Guide 3.41, Validation of Calculational
Method for Nuclear Criticality Safety (and related

ANSI N16.9-1975).

ANSI N210-1976, Design Objectives for Light Water
Reactor Spent Fuel Storage Facilities at Nuclear
Power Plants.

ANSI N18.2-1973, Nuclear Safety Criteria for the
Design cf Stationary Pressurized Water Reactor Plants.

The design basis fuel assembly is an 8 x8 array of fuel rods
(BWR type) containing UO2 at a maximum uniform enrichment of
3.2% U-235 by weight, corresponding to 15.49 grams U=-235 per axial

4.1



centimeter of fuel assembly. Fuel assemblies containing gado-
linium burnable poison or assemblies of other configurations or
enrichments, e.g., 7 x7 array, may also be safely accommodated in
the spent fuel storage racks providei the maximum reactivity is
less than or equal to the reactivity of the design basis fuel

assembly.

To assure the true reactivity will always be less than the calcu-

lated reactivity, the following conservative assumptions were

made:

- Moderator is pure, unborated water at a temperature
corresponding to the highest reactivity.

= Lattice of storage racks is infinite in all di’ 3c-
tions; i.e., no credit is taken for axial or raauial
neutron leakage.

. Neutron absorption in minor structural members is
neglected; i.e., spacers and Inconel springs are
replaced hy water.

. Pure zirconium is used for cladding and flow channel;
i.e., higher neutron absorption of alloying materials
in Zircaloy is neglected.

. The spent fuel storage rack will accomcdate, with

the required subcriticality, fuel assemblies with
maximum expected distortion of the Zr flow channel.
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As stated above, the fuel pool will contain spent fue
> ” - - > " [ =30 P -
with varying "time-after-shut-down tg. Since the heat
1 1, e - = SR -
Yy Wit increasing ¢ _, 1t 1s

emission falls off rapidly
r

obviously conse
Y

blies are fresh (ts = 100 hours), and they all have had
four years of operating time in the Reactor (Ref. 1).
The heat emission rate of each fuel assembly is assumed
to be egqua and it can be computed from Ref. (2).

As shown in Figures 2.1 and 2.2, the modules occupy an
irregular floor space in the pool. For purposes of the
hydrothermal analysis, a circle circumscribing the a
rack floor space is drawn. It is further assumed th
the cylinder with this circle as its base is pa

fuel assemblies at the nominal pitch of 6.22". (Figure 5.1).

The downcomer space around the rack module group varies,

Ei
M

a1
€«
W
e

-

;

as shown in Figure 5.1. The minimum down
available in the pool is assumed to be the total gap avail-
able around the . 2alized cylindrical rack; thus
maximum resistance to downward flow is incorporated into

the analysis.

No downccmer flow is assumed to exist between the rack

modules.

In this manner, a conservative idealized model for the
rack assemblage is devised. The water flow is axisym-
metric about the vertical axis of the circular rack

assemblage, and thus, the flow is two dimensiocnal (axi-

symmetric three ensional). The governing equation

u

dim
to characterize the flow field in the ol can now be
written. It is shown in Ref. (4) that the resulting

integral equation can be solved for the lower plenum

o
Ko

u
velocity field (in the radial direction) and axial

Y-
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velocity (in-cell velocity field), by using the method
& 1 3~ T e r A = - W —
of collocation. It should be added here that the hydrc

, b | &£ - - - - 1

iyvnamic loss coefficients which enter into the formula-

3 = Tet = l 1148~ 1 1e =alan From 11

e integral eguation lso taken from well

recognize s
crepancies in repo

r
values are consiste

After the axial velocity field is ev

alua
straight-forward matter to compute the fue

1
cladding temperature. The knowledge of the overall flow

field =nables pinpointing the storage location with the
minimum axial flow (i.e: maximum water ou
This is called the most "choked" location
nized that these storage locations, where
supports are located, have some additiona
resistance not encountered in other cells

find an upper bound on the temperature in such a c

is assumed that it is located at the most "choked" loca-

tion. Knowing the global plenum velocity field, the
revised axial flow through this choked cell can be cal-
culated by solving the bernoulli's eguation fo
circuit through this cell. Thus, an abs

u
on the water exit temperature and maximum fuel cl

temperature is obtained. It is believed that in view of
s

the preceding assumption, the temperature
this manner over-estimate the temperature rise th

actually be obtained in the pool.
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SEISMIC ANALYSIS

6.1 Analysis Outline

The spent fuel storage racks are seismic category I equip-
ment. Thus, in accordance with Ref. (1), they are required to
remain functional during and after an SSE (Safe Shutdown Earth-
guake). As noted previosly, these racks are neither anchored to
the pool floor, nor are they attached to the side walls. The
individual rack modules are not interconnected. Furthermore, a
particular rack may be completely loaded with fuel assemblies
(which corresponds to greatest ra~k inertia), or it may be par-
tially loaded so as to produce n.imum geometric eccentricity in
the structure. The coefficient of friction, u, between the supports
and pool floor is another indeterminate factor. According to
Rabinowicz (2], the results of 199 tests performed on austenitic
stainless plates submerged in water show a mean value of y to
be .503 with a standard deviation of 0.125. The upper and lower
bounds (y £ 20) are thus 0.753 and .253, respectively. Two sep-
arate analyses are performed for this rack assembly with values
of y equal to 0.2 (lower limit), and 0.8, respectively. In summary,
the following six separate analyses are performed:

1. Fully loaded rack (all storage locations occupied);
u = 0.8 (u = coefficient of friction)
2. Fully loaded rack., u = 0.2
3. Half loaded rack to produce maximum geometric asymmetry about
the major dimension of the rectangular rack
u=20.8
4. Half loaded rack to produce maximum geometric asymmetry about
the major dimension of the rectangular rack
y = 0.2
5. Half loaded rack to produce maximum loading asymmetry about
a diagonal
= 0.8

6. Half locaded rack to produce maximum loading asvmmetry about
a diagonal

u = 0,2



The method of analysis employed is the Time History method. The
ground acceleration coincidently in three directions is s

by the owner of the power plant.

The object of the seismic analysis is to determine the struc-
tural response (stresses, deformation, rigid body notion, etc.)
due to simultaneous application of the three orthogunal excita-
tions. Thus, recourse to approximate statistical summation tech-
niques such as SRSS method (Ref. 3) is avoided and the dependabil-

ity of computed results is ensured.
The siesmic analysis is performed in four steps; namely

(i) Development of non-linear dynamic model consisting of
beam, gaps, spring, damper and inertia coupling ele-
ments;

(ii) Derivation and computation of element stiffnesses using
a sophisticated elastostatic model;

(iii) Layout the eguations of motion, decouple these equations
and solve them using the "component element time inte-
gration" procedure (Ref. 4). Determine nocdal forces.

(iv) Compute the detailed stress field in rack structure
using the detailed elastostatic model from the nodal
forces calculated in Step III above. Determine if the
stress and displacement limits (given in Section 6.5)

are satisfied.

A brief description of the dynamic model now follows.




6.

2

Fuel Rack - Fuel Assembly Model

6.

2.

1

Assumptions

a.

The fuel rack metal structure is represented by
five lumped masses connected by appropriate elas-
tic springs. (Refer to Figure 6.1).

The fuel assemblies are represented by five lumped
masses located, relative to the rack, in a manner
which simulates either full or partially filled
conditions.

The fuel rack base is considered as a rigid bedy
supported at four points.

The rack base supports may slide or lift off the
pool floor.

The pool floor is assumed to have a known ground
accelaration in three orthogonal directions.

Fluid coupling between rack and assemblies, and
between rack and adjacent racks is simulatea by
introducing appropriate inertial coupling into the
system kinetic energy.

Potential impacts between rack and assemplies is
accounted for by appropriate spring gap connectors
between masses involved.

Fluid damping between rack and assemblies, and
between rack and adjacent rack is simulated by
inclusion of appropriate equivalent linear damping.
The supports are modeled as rigid beams for dynamic
analysis. The bcttom of the support legs is attach-
ed to a frictional spring as described in 3ection
6.2.2. The elastic p.operties of the support
beams are derived and used in the final computa-
tions to determine support leg stresses.

The effect of sloshing is shown to be negligible
and is hence neglected. It is to be noted that

the top of the rack is over 20' below the free

water surface.




6.2.2 Model Description
The absolute degrecs of freedom associated with each
of the mass locations i, i* is as follows (Figure 6.1).
LOCATION & DISPL%CEMENT " N RCTA'E‘ION 2
(NODE) X Y z ’X &
1 Py Py Pj3 dy ds dg
1% Point is assumed fixed to base at XB,YB,Z=0
2 P7 P9 911 912
2% P8 plO
3 P P
13 15 %7 %
3 P14 P16
4 P19 P21 923 924
ol P20 P32
5 P2s P27 ¥33 929 93¢0 93
il Pas P28

Thus, there are 32 degrees of freedom in the system.

Note that elastic motion of the rack in extension 1is
represented by generalized coordinates P3 and Pj3;.

This is due to the relatively high axial rigidity of
the rack. Torsional motion of the rack relative to

its base is governed by 3y~

A schematic description of the rack supports is given
in Figure 6.2. The members joining nodes 1 to 2, 2 to
3, etc., are beam elements with deflection due to bend-
ing and shear capability (Ref. 4, pp 156-161). The
elements of the stiffness matrix of these beam ele-

ments are readily computed if the effective flexure



modulus, torsion modulus, etc. for the rack struc-
ture are known. These coefficients follow from the
elastostatic model as described later. The node
points i* (1 =1,2 ... 5) denote the cumulative |
mass for all the fuel assemblies distributed at |
5 elevations. Referring to G.E. specification

(Ref. 5), the bending and torsional stiffnesses of

the fuel assembly (channeled or unchanneled) are sev-

eral orders of magnitude smaller than the rack beam

elements. Hence, it is reasonable to neglect the

spring elements joining these lumped masses. In

order to demonstrate that fuel assembly structural

springs can be disregarded to produce conservative

results, the case (refer to Section 6.1) which yields

maximum rack primary stress is also run with beam

springs connecting fuel assembly lumped masses. The

results are available in Ref. (7). The nodes i* are

located at X = Xg, Y = Yg in the global coordinate

system shown in Figure 6.1. The coordinates (Xg: Yg)

are determined by the center-of-mass of the set of

fuel assemblies. For a completely loaded rack

Xg = ¥Yg = 0.

Fluid Coupling

An effect of some significance requiring careful
modeling is the so-called "fluid coupling effact”.

If one body of mass m, vibrates adjacent to another
body (mass mz), and both bodies are submerged in a
frictionless fluid medium, then the Newton's equation

of motion for the two bodies have the form

(my + Mpy) k& - My k} applied forces on mass m;(6.1)

My, k} + (m, + Mzz)k} = applied forces on mass M,

My, My2, Mp; and Mj; are fluid coupling coefficients
which depend on the shapes of the two bodies, their
relative disposition; etc. Fritz (5) gives data for

Mij for various body shape and arrangements. It is to



6.2.4

be noted that the form of Eq. (6.1) indicates that
effect of the fluid is to add a certain amount of
mass to the body (Mll to body 1), and an external
force which is proportional to the acceleration of
the adjacent body (mass mp). Thus, the acceleration
of one body affects thc¢ force field on another. This
force is a strong function of the inter-bedy gap,
reaching large values for very small 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 as described in
detail in Reference*(ﬁ). The fluid coupling is be-

tween nodes i and i (i =2, 3 ... 5) in Figure 6.1.
Furthermore, nodal masses i are coupled to the refer-

ence frame through inertial coupling coefficients.

Finally, virtual mass is included in vertical direc-
tion vibration equations of the rack; and virtual
inertia is added to the governing eguations corres-

ponding to rotational degrees of freedom, such as Ay

Tt g Srgr .

Damping

In reality, damping to the rack motion arises from
material hysteresis (material damping), relative inter-
component motion in structures (structural damping),
and fluid drag effects (fluid damping). (Ref. 17)

Only fluid damping is included in the analysis. The

*
fluid damping acts on the i nodal masses, as well as
on i nodal masses. The equivalent values of linear

dampers for various types of motions are derived in
Ref. (7). An analysis of rack stresses in the ab-
sence of fluid damping is also performed to obtain

an understanding of the contribution of damping in

abating stresses and displacements.

6.6



(o )

N

wn
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stiffness of the vertical pan
ing the defiection of a 6" di
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edge. The sp<cing constant calculate S manner
should provide an upper bound on the local stiffness

of the structure.

A brief description of the elastostatic model now

follows.




6.

3

Stress Analysis

6.

3.

1

Stiffness Characterisc.ics

The fuel rack is a multi-cell, folded-plate struc-
ture which has what is colloguially called an "egg-
crate” configuration. This type of construction is
very similar to the so-called "stressed-skin" con-
struction of ribs spars and cover plates which are
widely used in aivcraft construction. Techniques
developed in the field of aircraft structural analy-
sis are utilized herein to find the stresses and de-
formations in such structures. These methods have
been thoroughly tested and their reliability has been
documented in a number of well-known publications
(e.g. Ref. 8 thru 12).

Figure 6.4 shows two cross-sections of the fuel rack
which is modeled as a rectangular network of plates
interconnected along nodal lines shown as points in

Fig. 1-A. An arbitrary load with components Fx*,
Fy', Fz! acts as an arbitrary elevation on one of
the nodal lines. We find the displacements and

stresses due to such a typical load according to
the stressed skin model as follows:

The torsional deformations are solved for by using
the classical theory of torsion for multi-celled,
thin-walled cross-sections (Ref. 13).

The bending deofmration is found by using the theory
of shear flow (Ref. 12) wherein all axial stresses
are carried by the effective flanges (or stringers)
formed by the intersections of the plates and all
transverse shears are carried by the plates modeled

as shear panels.

From a knowledge of the shear flows, the bending and
torsional deformations, it is possible to provide a
set of influence functions or the following section

properties for the fuel rack as a whole:

6.8




W

(EI)eq = Bending rigidity (in two places)

(GJ)gq = Torsional rigidity

(AE)eq = Extensional rigidity ‘
ks = Shear deformation coefficient

Such properties are used for the dynamic analysis of
seismic loads. The detailed equations are documented
in Ref. (7).

6.3.2 Combined Stresses and Corner Displacements

The cross-sectional properties and the Timoshenko
shear correction factor calculated in the previous
section are .2d into a dynamic analysis of the sys-
tme shown in Figure 6.5 with a specified ground mo-
tion simulating earthquake loading. From the dynamic
v Fz' Mx' My’
M,) acting as shown in Figure 6.6 are computed for a
large number of times t = At, 2 At ... etc, at a
selected number of cross sections. The displacements
(U Uy, u,) at selected nodal points on the z axis
are also provided by the dynamic analysis as well as
rotations (8., 9y, 8,) of the cross~-sections at the

analysis, the stress resultants (F,, F

nodes.

Figure 6.7 shows a typical sub-division of the struc-
ture into elements, ncdes and sections. The stresses
are caiculated at all sections and the displacements
at all four corners of the rack are calculated at

these elevations.

Since o varies linearly over the cross-section and
achieves its extreme values at one of the four cor-
ners of the rack, the shear stresses due to torsion-
al loads (Mz) achieve their extreme values near the
middle of each side. The shear stresses due to
lateral forces (Fy, Fy) will achieve their extreme

values at the center of the cross section or at the
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6.4 Time Integration of the Egquations of Motion

Having assembled the structural model, the dynamic equa-
tions of motion corresponding to each degree of freedom
can be written by using Newton's second law of motion;
or using Lagrange's equation. For example, the motion
of Node 2 in x-direction {governed by the generalized

coordinate p9) is written as follows:
The inertial mass is

+ B

My * Any 211

where msq is the mass of node 2 for x-directicnal motion.

Ajy1 is the fluid coupling mass due to interaction with
*
node 2

8211 is the fluid coupling mass due to interaction of node

2 with the reference frame (interaction between adjacent
racks) .

Hence Newton's law gives

(mpy + A1y + Bp11) P7 + A1z Pg + B2y u = Q2

where Q, represents all the beam spring and damper forces

on node 2, and Asi2 is the cross term fluid coupling effect
of node 2 ; and B,y, is the cross term fluid coupling effect

of the adjacent racks. U represenrts the ground accelera-
tion.

Let
99 = Py = 4
i.e: g4 is the relative displacement of node 2 in x-direc-

with respect to the ground. Substituting in the above
equation, and rearranging, we have

(myy* Axpy* Boyy) 99 + App5 9g = Qp = (myy + Ayyq + Byyy

*Ag13 * B3y ®
Similar equation for each one of the 32 degrees of freedom

+ B

can be written out. The system of equations can be repre-

sented in matrix notation as:

6.11




where the vector [Q) is a function of ncdal displacement
and velocities, and {G) depends on the coupling inertias

and ti.e ground acceleration.

. . : -1
Pre-multiplying above eguation by [M] renders the re-
sulting equations uncoupled in mass.

We have:

{q) = lMl'l (Q] + [M]'l (G}

This equation set is mass uncoupled, displacement coupled;
and is ideally suited for numerical solution using the cen-
tral difference scheme. The computer program developed

by G.E. and described in Ref. (4) performs this task in an
efficient manner. This computer program, named "DYNAHIS"
in Oat's computer program library is documented in Ref.

(4), and also internally at Oat.

Having determined the internal forces as a function of
time, the computer program "EGELAST" computes the detailed
stress and displacement field for the rack structure as

described in the preceding section.




Structural Acceptance Criteria

There are two sets of criteria to be satisfied by the rack modules:

(a) Kinematic Criteria: This criterion seeks to ensure that

adjacent racks will not impact during SSE (condition E' in

Ref. 14), assuming the lower bound value of the pool surface
friction coefficient. It is further required that the fac-
tors of safety against tilting specified in Rof. (15) are

met (1.5 for OBE, 1.1 for SSE).
(b) Stress Limits: The stress limits of the ASME Code,
. g _ _ with latest Addendum
(l)Criteria: Section III, Sub-Section NF, 1980 EditionAwere

chosen to be mat, since this Code provides the most consistent

set of limits for various stress types, and various loading
conditions. The following loading cases (taken out of the

set specified in Ref. (14) are meaningful.

SRP Designation " ASME Designation
(1) D+ L Level A (normal condition)
(ii) D+L +E Level B (upset condition)
(ii1) D+L+ T, No ASME Designation. Primary mem-

brane plus bending stress required
to be limited to lesser of 2 S+ and

% Y
Su
(iv) D + L + To + E No ASME Designation. Stress limit
same as (iii) above
(v) D+ L + T, +E No ASME Designation. Stress limit
same as above
(vi) D+ L + Ta + E' Level D (faulted condition)
where
D: Dead weight induced stresses
L: Live load induced stresses
E: O.B.E. (Time history loading)
B': 8.85.E.
Tot Stresses due to assymmetric heat emission from the fuel
assemblies
Tp: Thermal stresses due to postulated high energy pipe
break

Yield stress of the material, Su’ gltimate ctress




The conditions Ta and TO cause local thermal stresses to be
produced. The worst situation will be obtained when an isolated stor-
age location has a fuel assembly which is generating heat at the maxi-
mum postulated rate. The surrounding storage locations are assumed to
contain no fuel. Furthermore, the loaded storage location is assumed
to have unchanneled fuel. Thus, the heated water makes unobstructed
contact with the inside of the storage walls thereby producing maxi=-
mum possib.ie temperature difference between the adjacent cells. The
secondary stresses thus produced are limited to the body of the rack.

i.e., the support legs do not experience the secondary (thermal)

stresses.
(2) Basic Data: The following data on the physical proper-
ties of the rack material are obtained from the ASME Code,
Section III, appendices.
TABLE 6.1 PHYSICAL PROPERTY DATA
Property Young's field Ultimate Allowable
Modules Strength Strength Stress
R oAty o R,
value  28.3x10° 25 KSI 71 KSI 17.8
Psi KSI
Reference Table Table Table Table
I-6.0 I-2.2 I-3.2 1-7.2

—— B e e——————— e e C e ——

(3) Stress limits for normal, upset and faulted conditions:
The following limits are obtained from NF-3230 in conjunc-

tion with Appendix XVII as modified by the USNRC Regulatory
Guide 1.124.

(3.1) Normal and upset conditions (level A or level B).
(i) Allowable stress in tension on a net section =
= = (. - '
Fy .GSy or Ft (.6) (25000) 15000 Psi

F, is equivalent to primary membrane stresses

tEvaluated at 200°F. This temperature is higher than the pool water
bulk temperature under any of the loading conditions under considera-
tion.




(11) On the gross section, allowable stress in

shear 1is

= (0.4) (25000) = 10,000 Psi

(iii) Allowable stress in compression, F

a = 3

a

where

kil .
=t = the largest effective slenderness

ratio
. 2T E _
Cc (—5;—) = 147.81

Substituting numbers, we cbtain, for both -upport

leg and "egg crate" region:
F, = 15000 Psi

(iv) Maximum bending stress at the outermost fiber

due to flexure about one plane of symmetry:

F.. = = 00 Psi
b .605y 15000 Psi

(v) Combined flexure and compression:

a mx m BY ¢
s - ‘UX_T”" bl |
Fa Dy Fbx y by
where

£ 3 Direct compressive stre.s in the section
fox® Maximum flexural stress x-axis

£, : Maximum flexural stress y-axis

by

Cux * Smy ; 0.85
a

Dy =1 - &7~

- Fex
6.15



(3.2)

(3.3)

D, = 1 = 53—

I e)r

where

P, = L121°E

o 23k
(—;;)

(vi) Combined flexure and compression (or tens‘on)

4 4 f
a + bx + “by < 1.0

The above requirement should be met for both direct

tension or compression case.

Faul’:ed Condition:
F-1370 (Section III, Appendix F), states that the

limits for the faulted condition are

S
1.2 (FX) times the corresponding
t

limits for normal condition. Thus the multipiica-

tion factor is

Factor = (1.2)(%%%%%) = 2.0

Thermal Stresses:
There are no stress limits for thermal (self-limit-
ing) stresses in Class 3-NF Structures for linear

type supports.

However, the range of primary and secondary stress
intensity is required to be limited to 3 Sm in

the manner of class 1 components. S, is the allow-
able stress intensity of the rack material at the

maximum operating temperature.

'
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7. MISCELLANEQUS ANALYSES

In addition to the ground motion analyses, the following mechanical
loads are analyzed:
a. Dropped Fuel Accident I

A fuel assembly (weight - 600 lbs.) dropping from 36" above a
storage location and impacting the base. Local failure »f the
base plate is acceptable; however, a substantial impaci with
the pool liner is not allowed. The sub-criticality of the
adjacent fuel assemblies is not be violated.

b. Droppec Fuel Accident II

One fuel assembly droupped from 36" above the rack and hits
top of rack. Permanent deformation of the rack is allowed
but is required to pe limited to the top region such that
the rack cross-sectional geometry at the level of the top
of the active fuel @nd below) is not alteied.

c. Jammed Fuel Handling Equipment and Horizontal Force
A 2000 1lb. uplift force and 1000 1b. horizontal force applied
at the top of rack at the "weakest" storage location. The

force is assumed to be applied on one wall of the storage cell
boundary as an upward shear force. The damage, if any, is re-
guired to b2 limited to the region above the top of the active

fuel.

The above lcading conditions are analyzed to determine an upper
bound on the plastic deformation zones. It is shown that the plastic
deformation is limited to the rack structure well removed from the
active fuel regions. Thus the subcriticality of the fuel arrays is
not modified or violated.



10.

NEUTRON ABSORBER MATERIAL

The material utilized for neutron attenuation in the racks 1is
Boraflex; a proprietary product of Bisco, a Division of Brand
Industrial Services. This material is available in sheet form
which facilitates easy handling and a close control of lateral
dimensions during fabrication. This material has found wide-
spread acceptance due to its durability, and a remarkable reten-
tion of physical and mechanical properties when subject to high
or low flux irradiation under typical fuel pool environments.

A brief resume’ of the established information on this material

is given in the following:

10,1 Chemical Compcsition

The 2lemental composition of the Boraflex proposed can be
divided into two catagories, the polymeric matrix system
and the boron carbide power. The elementil composition of
each to the nearest 0.5 wt. % is listed below:

TABLE I

Elemental Composition of Boraflex Components
by Weight %

ELEMENT POLYMER B4C
Silicon 41% -
Oxygen 37% -
Hydrogen 4.5% -
Carbon 17.5% 23.5%
Boron - 76%
Iron; soluble

horons - 0.5%

10

The minimum B loading is 0.014 qrams/cm2 at a nominal thick-
ness of .070". The criteria suggests a formulation based on

10

42 wt. % boron carbide to assure that the specified B con~-

tent is exceeded at the minimum acceptable manufacturing
tolerance thickness (- 10% typical, £ .010" maximum). The

elemental content of Boraflex based on this formuiation would

be as follows:

10.1
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TABLE II

Elemental Compositicn of Boraflex Containing
42 wt. % B,C (by wt. §&)

Silicone 24.0%
Jxygen 21.5%
Hydrogen 2.5%
Carbon 20.0%
Boron 32.0%

Iron, soluble boron - trace

Note that the isotopic Blo content expressed as wt. % of
total boron is typically 18.0 -l ¥

Physical Properties

Boraflex has been extensively tested for physical and
mechanical characteristics when subjected to high and low
rate irradiation while contained in air, deionized water

or borated water environments. Careful laboratory data on |
neutron attenuation, elemental boron leaching, residual
activity, gas generation, etc. were also taken and docu-
mented. Bisco report 748-10-1 contains detailed description
of the procedures and recorded results. It is shown that
the exposure of boraflex in air to 2.81 x 108 rads gamma
from a spent fuel source results in noc significant physical
changes nor in the generation of any gas. Irradiation to
the level 1.03 x 10 rads gamma with a substantial con=-
current neutron flux in air, deionized water, and borated
water environments causes some increase in hardness and
tensile strength of boraflex. During that irradiation a
certain amount of gas is generated but beyond the level of
lx 1010 rads gamma it drops off considerably. The rate of gas
generati n is found to be greater when B4C is irradiated in
deionized or borated water in absence of poraflex, thus
confirming the function of boraflex polymer as our escapsulant
which mitigates the interaction between boron carbide and
the environment. Vent holes are provided on top of each
storage cell compartment to eliminate gas entrapment.

10.2
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11. IN-SERVICE SURVEILLANCE PROGRAM FOR BORAFLEX NEUTRON ABSORBING
MATERIAL

11.1 Program Intent

A sampling plan to verify the integrity of the neutron ab-
sorber material employed in the high density fuel racks in the long~-
term environment is describ-d in this section.

The program is intended to be conducted in a manner which
allows access to representative absorber material samples without dis-
rupting the integrity of the fuel storage system. The program is
tailored to evaluate the material in normal use mode, and to forecast

future ~hanges using the data base developed.

11.2 Description of Specimens

The absorber material, henceforth referred to as "poison”
used in the surveillance program must be representative of the mater-
jal used within the storage system. It must be of the same composi-
tion, produced by the same method, and certified to the same criteria
as the production lot poison. The sample coupon must be of similar
thickness as the poison used within the storage system and no* less
than 4" x 4" on a side. Figure 1 showed a typical coupon. E&n
poison specimen must be encased in a stainless stell jacket of an
identical alloy to that used in the storage system, formed so as to
encase the poison material and fix it in a position and with toler-
ances similar to that designed into the storage system. The jacket
would be closed by tack welding in such a manner as to retain its
form throughout the use period yet allow rapid and easy opening
without contributing mechanical damage to the poison specimen con-

tained within.
11.3 Test

The test conditions represent the vented conditions of
the cruciform elements. The samples will be lccated adjacent to the
fuel racks and suspended from the spent fuel vool wall. Eighteen
(18) test samples are to be fabricated in accordance with Figure 1

and installed in the pool when the racks are installed.

11.1



The procedure for fabrication and testing of samples

shall be as follows:

a. Samples shall be cut to size and carefully

in milligrams;

weighed

b. Length, width and average thickness of each specimen

to be measured and recorded;

c. Samples shall be fabricated in accordance with Figure

1 and installed in pool;

d. Two samples shall be removed at each time

per the schedule shown in Table 1.

11.5 Specimen Evaluation
After removal of the jacketed poison specimen
fuel pool at the designated time, a careful evaluation of
men will be made to determine its actual condition as well
apparent durability for continued function. Separation of
from the stainless steel specimen jacket must be performed
to avoid mechanically damaging the poison specimen. Immed

instant

from the
that speci-
as its

the poison
carefully
iately upon

removal, the specimen and jacket section should be visually examined

for any effects of environmental exposure. Specific attention should

be directed to the examination of the stainless steel jacket for evi-
dence of physical degradation. Functional evaluation of the poison

material is accomplished by the following measurements:

a. A neutron radiograph of the poison specimen will

allow for a determination of the maintenance of uniformity

of the boron distribution;

b. Neutron attenuation measurements of the s

pecimen made

in a fashion consistent with that described in the Poison
Material Qualifying Test Data will, by comparing v ith

the attenuation of preirradiated poison as 1li

sted in

that document, allow evaluation of the continuing nuclear

effectiveness of the poison. Consideration must be

given in the analysis of the attenuation meas

the level of accuracy of such measurements as indicated by

11.2
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the degree of repeatability normally observed by the

testing agency;

¢. A measurement of the hardness of the poison material
will establish the continuance of physical and structural
durability. Hardness acceptability criterion requires
that the specimen hardness will not exceed the hardness
listed in the qualifying test document for lab test
specimen irradiated to 10'' rads. The actual hardness
measurement should be made after the specimen has been
withdrawn from the pool and allowed to air dry for not
less than 48 hours to allow for a meaningful correlation

with the preirradiated sample;

d. Measurement of the length, width and average thick-
ness and comparison with the pre-exposure data will in-
dicate dimensional stability within the variation range

reported in the Boraflex laboratory test reports.

A detailed procedure paraphrasing the spirit of this
program is prepared for step-by-step execution of the
test procedure and interpretation of the test data.

11.3
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