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SUMMARY

The Crystal River Power Station Unit 3 high density fuel storage
racks have been designed to meet the requirements for Seismic
Category I structures. Detailed structural and seismic analyses
of the high density storage racks have been performed to verify
the adequacy of the design to withstand the loadings encountered
during installation, normal operation, the severe and extreme
environmental conditions of the operating basis and safe shutdown
earthquakes and the abnormal loading conditions of an accidental
fuel assembly drop event.

The response of the rack structure to specified static and dy-
namic loading conditions has been evaluated by means of linear
elastic analysis using the finite element method. Non-linear
analysis and energy balance techniques have been used to evaluate
structural damage resulting from accidental fuel assembly drop.
For the specified loading conditions, the maximum stresses and
d~flections of the rack structure have been calculated and shown
to be less than the allowable values.

I+ has been concluded from the results of the structural and
seismic analyses that the storage racks are adequately designed
to withstand the loadings associated with normal operating and
abnormal conditions.
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2. INTRODUCTION

Nuclear Energy Services, Inc. (NES) has designed high density spent
fuel storage racks as shown in the drawings listed in Reference 1,
to be installed in the Crystal River Unit 3 fuel pools. The racks
are designed to provide storage locations for up to 1158 fuel assem-
blies; 549 assemblies in Pool A and 609 assemblies in Pool B and

are designed to maintain the stored fuel, having an equivalent
uranium enrichment of 3.3 weight percent U-235 in UO,, in a safe,
coolable, and subcritical configuration du.-ing normai and abnormal
conditions.

This report presents +he results of the structural analysis per-
formed by NES to evaluate the design adequacy of the high density
spent fuel racks to withstand the loadings which could occur during
installation, normal operating and abnormal conditions, including
the dynamic loadings resulting from the specified Operating Basis
and Safe Shutdown Earthquakes and the effect of fuel assembly

impact on the fuel storage cells during earthquake events. The
seismic response has been calculated by response spectrum modal
superposition technigues using seismic response spectra for 1.0 per-
cent equipment damping for the Operating Basis and Safe Shutdown
Earthquakes. The combination of modes and spatial eart™~uake com-
poneats in the seismic response analysis are based on NRC Regula-
tory "uide 1.92 (Reference 2). The impact effect has been considered

by applying appropriate impact factors to the loads/stresses devel-
oped by the seismic an=.iysis.
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3. DESCRIPTION OF THE STORAGE RACKS

The arrangement of the storage racks in Pocl A and in Pool B are
shown in Figures 3.1 and 3.2 respectively. The fuel storage rack
configuration in Pool A contains a variety of storage arrays in-
cluding five (5) storage racks with a 6x6 array of fuel storage
locations, ten (l10) storage racks with a 6x5 array of fuel stor-
age locations, one (1) storage rack with a 4xF array of fuel stor-
age locations, one (1) storage rack with a 4x6 array of fuel stor-
age locations plus four (4) failed fuel storage locations and one
(1) storage rack with a 4x5 array of fuel s*orage locations plus
two (2) failed fuel storage locations. Pool B has twenty-five
(25) storage racks with a 5x5 array of fuel storage locations.

Each storage rack consists of an assembly of fuel storage cells
spaced 10.5 inches on center and welded to a base grid structure.
Each storage cell is a double wall Type 304 stainless steel Lox
(8.9375 inches I.D.). The double wall construction provides

four (4) compartments in which poison elements can be placed.

The top opening of the storage cell is flared to facilitate inser-
tion of the fuel assembly; the bottom member of the storage cell

provides the level support surface required for the fuel assembly
and contains the cooling flow orifice.

The bottom member of each storage cell sits on and is welded to

the rack base unit which is basically a grid structure constructed
from Type 304 stainless steel wide flange and box beam members. A
schematic drawing of a 6x6 rack base unit a single storage assem-
bly is shown in Figure 3.3. Continuous space bars are provided at
the middle and top of the storage cells to ensure that the required
pitch (10.5 inches) is maintained between storage cells in both
directions (north/south and east/west). The spacer bars which are
intermittantly welded to the storage cells also maintain the verti-
cal alignment of the cells. Support feet attached to the bottom

of the rack base raise the rack above the pool floor to the height
required to provide an adequately sized cooling water supply plenum
(for natural circulation). Each support foot contains a remotely

adjustable jackscrew to permit the rack to be leveled following
wet installation.

The horizontal seismic loads are transmitted from the rack struc-
ture to the spent fuel pool walls at the rack base elevation
through the bumpers between the racks and the lateral seismic
bracing between the pool walls and the peripheral racks. No

shear loads are transmitted to the pool floor. The vertical
dead-weight and seismic loads are transmitted directly to the

pool floor by the support feet. The seismic bracing is fabricated
from Type 304 stainless steel and is provided with restraint clips
to facilitate wet installation and subsegquent adjustment.

31
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Cantilevered Storage Cell
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FIGURE 3.3

SPENT FUEL STORAGE RACKS SCHEMATIC (6x6)
CRYSTAL RIVER UNIT #3



APPLICABLE CODES, STANDARDS AND SPECIFICATIONS

The following design codes and regulatory guides have been used
in the design/analysis of spent fuel storage racks.

1'

A.1.S.C. Manual of Steel Construction, Seventh
Edition, 1970.

USNRC Regulatory Guide 1.61, "Damping Values for
Seismic Design of Nuclear Power Plants", October
1973.

USNRC Regulatory Guide 1.92, "Combination of Modes
and Spatial Components in Seismic Response Analysis",
Rev. 1, February 1976.

USNRC Standard Review Plan, Section 3.8.4.

Specification for High Density Spent Fuel Storage
Racks, Crystal River - Unit No. 3, Gilbert Associates,
Inc., Specification No. Sp-6486, February 25, 1977.

"USNRC Proposed Position for Review and Acceptance
of Spent Fuel Storage and Handling Application.”
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5. LOADING CONDITIONS

The following load cases and load combinations have been considered

in the analysis in accordance with the requirements of USNRC Stan-
dard Review Plan, Section 3.8.4 (Reference 3).

5.1 Load Cases

Load Case 1 - Dcad Weight of Rack, D + L (Normal Load)

Under normal operating conditions, the rack is subjected to the
dead weight loading of the rack structure itself plus the loads
resulting from the storage cells and fuel assemblies stored in
the cells. Dead weight analysis considered two stcrage condi-
tions: a fully-loaded rack (36 assemblies) and a partially-
loaded rack (9 assemblies).

Load Case 2 - Dead Weight of Rack Plus 1 G. Vertical
Installation Load, D + I.L. (Normal Load)

During installation the rack is subjected to the loading resulting
from its own structural weight, weight of the empty storage cells

plus a 1 G. vertical load resulting from a suddenly applied crane
load.

Load Case 3 - Dead Weight of Rack Plus Uplifting
Load, (D + U.L.) (Abnormal Load)

The possibility of the fuel handling bridge fuel hoist grapple
getting hooked on a fuel storage cell was considered. The axial
upward or downward force considered for this load case was 350
pounds.

Load Case 4 - Operating Basis Earthquake, E
(Severe Environmental Load)

The rack, fuel assemblies, and virtual water mass react to the
simultaneous loading of the horizontal and vertical components
of the seismic response acceleration spectra specified for the
Operating Basis Earthquake in the Crystal River Unit 3 Seismic
Design Specifications (Reference 4) and presented in Table 5.1.
The seismic loading is considered for two storage conditions:

a fully-loaded and partially-loaded rack (36 and 9 assemblies,
respectively).



Load Case 5 - Safe Shutdown Earthguake, E'
TExtreme Environmental Load)

Same as Load Case 4 except that the seismic response acceleration
spectra corresponding to the Safe Shutdown Earthquake was used in
the analysis (see Table 5.1).

Load Case 6 - Assembly Drop Impact Load,
(Abnormal Load)

The possibility of dropping a fuel assembly on the rack from the
highest possible elevation during spent fuel handling was consi-
dered. A 1700 pound weight was postulated to drop on the rack

from a height of 34 inches. Three cases we¢re considered: 1) a
direct drop on top of a single storage cau, 2) a subsequent tipping
of the assembly onto surrounding storage cans, and 3) a straight
drop through the storage can and impact onto .ne rack grid structure.

Thermal Loading, T (Normal Load)

The stresses and reaction loads due to thermal loadings are in-
significant since clearances are provided between racks to allow
unrestrained growth of the racks for the maximum expected tem-
perature differential based on a maximum pool temperature of
205°F (see Appendix B).

5.2 Load Combinations

(a) For service load conditions, the following load
combinations are considered using elastic working
stress design methods of AISC (Reference 5):

(1) D+ 1L (la) D+ L + T
(2) D+ I.L.
(3) D+ L + E (3a) D+ L+T+E

(b) For factored load conditions, the following load
combinations are considered using elastic working
stress design methods of AISC (Reference 5):

(4) D+ L + T+ E'

(5) D+ T+ U.L.
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TABLE 5.1
SEISMIC RESPONSE ACCELERATION SPECTRA
Seismic Acceleration

Earthguake Mode Frequency OBE Event SSE Event
Direction Number CPS 1% Damping 1% Damping

Case 1 - Fully Loaded Rack (36 Assemblies)

X-1 (N-8S) 1 4.37 0.15 0.30
2 11.74 0.41 0.82

3 17.57 0.25 0.50

4 18.68 0.21 0.41

5 19.71 0.17 0.34

6 20.22 0.16 0.32

7 20.46 0.11 0.22

8 -~ 23.48 0.09 0.18

9 26.20 0.07 0.14

10 28.34 0.065 0.13

11 31.70 0.065 0.13

X-2 (E-W) 1 4.35 0.15 0.30
2 11.73 0.41 0.82

3 12.48 0.415 0.83

4 13.06 0.415 0.83

5 13.55 0.415 0.83

6 13.78 0.41 0.82

7 13.90 0.41 0.82

8 19.93 0.16 0.32

9 20.18 0.16 0.32

10 23.46 0.095 0.19

11 26.18 0.07 0.14
X~-3 1 56.3 0.033 0.067
(Vertical)* 2 58.8 0.033 0.067
3 58.8 0.033 0.067

* G value equal 2/3 horizontal svectra
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TABLE 5.1 (cont.)
SEISMIC RESPONSE ACCELERATION SPECTRA
Seismic Acceleration

Earthgquake Mode Frequency OBE Event SSE Event
Direction Number CPS 1% Damping 1% Damping

Case 2 - Partially-Loaded Rack (9 Assemblies)

X-1 (N-S) 1 6.30 0.16 0.32

2 16.94 0.28 0.56

3 12.99 0.24 0.48

4 18.6 D.34 0.42

S 19.72 0.16 0.32

6 20.22 0.16 0.32

T 20.46 0.15 0.30

8 28.32 0.07 0.14

g 28.86 0.07 0.14

10 33.89 0.06 0.12

X-2 (E-W) 1 6.28 0.16 0.32

2 12.49 0.415 0.83

3 13.06 0.415 0.83

4 13.95 0.415 0.83

5 13.78 0.415 0.83

6 13.90 O.815 0.83

7 16.93 0.28 0.56

8 19.93 0.16 0.32

9 20.19 0.16 0.32

10 33.86 0.06 0.12
X-3 p 65.26 0.0267 0.053
(Vertical)* 2 95.33 0.0267 0.053
3 106.02 0.0267 0.053
4 121.85 0.0267 0.053

* G value equal 2/3 horizontal spectra
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6. STRUCTURAL ACCEPTANCE CRITERIA

The following allowable limits constitute the structural acceptance
criteria used for each of the loading combinations presented in
Section 5.2.

Load
Combinations Limit
1, 2, 3 S
la, 3a 1.58
4, 5 1.68

Where S is the required section strength based on the
elastic design methods and the allowable stresses de-
fined in Part 1 of the AISC "Specification for the
Design, Fabrication and Erection of Structural Steel
for Buildings", Fehruary 12, 1969. The yield stress
value for stainless steel is taken as 30.0 ksi.

The acceptance criteria for Load Case 6, the accidental fuel assem=-
bly drop onto the rack, is that the resulting impact will not
adversely affect the leak-tightness integrity of the fuel pool
floor and liner plate and that the deformation of the impacted
storage cells will not adversely affect the value of kef¢f.



7. METHOD OF ANALYSIS

7.1 Rack Structural Analysis

7.1.1 Mathematical Model

A 6x6 rack module, assumed to be located at the north-west corner
of the spent fuel pool B (Figure 3.2) has been analyzed in detail.
This module conservatively represents the controlling structural
case since it has the larger member span and it will be axially
loaded by the lateral seismic loads from the maximum number of
fuel assemblies located adjacent to the rack. Analyses have been
performed for two conditions of fuel loading. 1In the first case,
the analysis assumed the 6x6 module (36 fuel assemblies) and the
complete pool to be fully loaded with fuel assemblies. 1In the
second case, *he analysis assumed the 6x6 module to be partially

loaded (9 fuel assemblies) and the adjacent racks in the pool to
be fully loaded with fuel assemblies.

In order to perform static, dynamic, and stress analyses of the
fuel storage rack structure, the rack has been mathematically
modeled as a three-dimensional finite-element structure consist-
ing of discrete three-dimensional elastic beam and plate elements
interconnected at a finite number of nodal points as shown in
Figures 7.l.a through 7.l.c. Stiffness characteristics of the
structural members are related to the cress sectional area, effec~-
tive shear area and moment of inertia of the element sections.

Six degrees of freedom (three translations and three rotations)
are permitted at each nodal point.

Appropriate boundary conditions are assumed for both static and
dynamic analysis. For the static dead weight analysis, the dis-
tributed masses of the structural elements are lumped at the sys-
tem nodal points. For the rack installation load analysis, loads
corresponding to the 36 empty cells are applied at the appropriate
system nodal points. Similarly for Load Case 3, a vertical load
of 350 pounds is applied at the worst location on the rack base
structure. Applicable boundary conditions for the static load
cases are shown in Figures 7.2 through 7.4 and 7.7 of this report.

For the horizontal seismic analysis, the distributed masses corre-
sponding to the individual storage cells, fuel assemblies and con-
tained water mass are lumped at appropriate nodal points. Additional
lumped masses, located at appropriate points around the rack, account
for the interaction between adjacent racks. The resulting lumped
mass multi-degree-of-freedom model best represents the dynamic char-
acteristics of the racks base structure acting in unison. The bound-
ary conditions and lumped mass locations for the seismic analysis

are shown in Figures 7.5, 7.6, 7.8, and 7.9.
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7.1.2 Mathematical Pormulation of the Static Analysis

The static analysis of the finite element model has been performed
using the direct stiffness methods of structural analysis. If the
force displacement relationship of each of the discrete structural
elements is known (the element stiffness matrix) then the force-
displacement relationship for the entire structure can be assembled
using standard matriz methods as shown below.

For each element
ku=¢ (1)
where:
k = Element stiffness matrix
u = Element nodal displacement vector

f = Element nodal force vector

For the idealized system the equation of equilibrium may be written,
in matrix form, as follows:

KU=PF (2)
where:

K = Assembled stiffness matrix for the system

NG

1

U
F

Nodal displacement vector for the system
External nodal point force vector

1f sufficient boundary conditions are specified on U to guarantee
a unique solution, Equation (2) can be solved for the nodal point
displacements at each node in the structure, knowing the system
stiffness matrix and external force matrix. From the displacement
response of the system, the internal forces and stresses in each
structural element can be calculated.

7.1.3 Mathematical Formulation of the Dynamic Analysis

Eigenvalue Analysis

The eigenvalues (natural frequencies) and the eigenvectors (mode
shapes) for each of the natural modes of vibration are calculated
by solving the following frequency eguation:

F -] fod -} @
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where:
wn = Natural angular frequency for the nth node
M = System mass matrix

¢n = Mode shape vector for the nth mode

0 = Null vector

The eigenvalue/eigenvector extraction is performed using the House-
holder-QR technique.

Dynamic (Seismic) Load Analysis

Considering only translational degrees of freedom and assuming
viscous (velocity proportional) form of damping, the equaticn of
motion in matrix form can be expressed as follows:
MUy + Uge) + COp + KUp = 0 (4)
where:
Et = Relative acceleration time history vector
Egt = Ground acceleration time history vectcr
C = Damping matrix
Ug = Velocity time history vector
Ug = Relative displacement time history vector
Rearranging equation (4)
MUy + CO, + Ku, = Mg, = P_g¢ (5)
To uncouple eguation (5), assume
U = oY,
where:

$ = Characteristic free vibration mode shapes matrix

Y, = Generalized coordinate displacement time history
vector

Applying the above coordinate transformation and multiplying equa-
tion (5) by the transpose of ¢ and using orthogonality conditions,
the following uncoupled equations of motion are obtained:
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.. . 2 .-l P
Yoo * 2updn Ype * owp” Ype = My 7 Ry Uge

where:

Y.+ = Generalized displacement coordinate time history
for nth mode

An = Damping ratio for the nth mode expressed as percent
of critical damping

Mp = Generalized mass for the nth mode

2
- Og MOn - E‘i oin
The mode shape %, is normalized such that M; = 1
R, = Participation factor for the nth mode
= ¢ MI = Mjdip
I = Column vector whose elements are generally unity

The solution for the differential egquation (6) is given by the
Duhamel Integral

" Rn

Yne = ﬁ"n S "/ngt e -Anwp (t=T) 8Sin wp (t-T) AT

Using the response spectrum method of analysis, the maximum values
of the generalized response for each mode is given by:

v Rn S
Yn max = — :n (7)
where:

§ max = Maximum generalized coordinate acceleration response
B th
for the n mode.

San = Maximum spectral acceleration value for the nth mode
(from the applicable response spectrum curve, con-=

sidering a *10% variation in the calculated natural
frequency for the nth mode).

From the maximum generalized coordinate response the maximum
acceleration (U, max) and maximum inertia forces (F, nay) at each
mass point are given by:

Un max = Yn max ¢in

Fomax = Mn Yn max
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The inertia forces (Fp mayx) for each of the system natural modes

are applied as external static forces, and system response (dis~-
placements, member internal forces and stresses) are calculated
using the procedure described in Section 7.1.2. Total system
response is then obtained by combining the individual modal response
values in accordance with Regulatory Guide 1.92 (Reference 2): lower
modes having large contribution to the response are considerec and
higher modes with negligible participation are neglected.

The combined seismic response of the three spatial components of
the earthguake has been obtained by takinyg the square root of the
sum of the squares of the corresponding maximum response values
due to the three components calculated independently (Regulatory
Guide 1.92, Reference 2).

7.1.4 Stress Analysis

From the internal forces at the ends of each structural member, the
stresses are calculated using the following eguations:

I3 e Ixl
a A
Mx2
fbe - __I_E X C3
Mx3 x C2

fpx3y = “03

frax = fa * fpxa * fbx3

fmin = fa * fpx2 - fbx3

where:
f, = Axial Stress
‘px2 = Bending stress due to moment about member X2 axis
fpxl = Bending stress due to moment about member X2 axis

fmax = Maximum tensile stress due to axial load plus
biaxial bending moments

fmin = Maximum compression stress due to axial load plus
biaxial bending moments

Fxl = Member axial force in member X1 direction

Mxl, Mx2, Mx3 = Moment about member X1, X2. X3 axes
respectively

A = Member cross sectional area

12, I3 = Moment of inertia about member X2 and X3 axes
respectively



C2, C3 = Edge distance of the structural section from
neutral axes in X2 and X3 direction of member
coordinate system.

The structural analysis and stress analysis calculations are per-
formed using the STARDYNE computer program (Reference 6).

7.2 Water Sloshing Effects

The sloshing effects of water on the fuel racks have been eval-
uated using the analytical methods given in ASCE's "Structural

Analysis and Design of Nuclear Plant Facilities", Reference 7.

These calculations are presented in Appendix C.

7.3 Fuel Assembly Impact Loads

The "rattling" effects of the fuel assembly inside the cell have
been accounted for by using suitable impact factors as described
in Appendix D.

7.4 Protection Against Overturning

A stability analysis of the rack structure under seismic loading
has been performed by means of energy balance technigues using
maximum rack velocities generated in the seismic analysis de-
scribed in Section 7.1. This analysis is presented in Appendix E

7.4 Accidental Fuel Assembly Drop Analysis

Linear and non-linear analysis technigues using energy balance
methods as indicated in Appendix F are used to assess the struc-
tural damage resulting from a fuel assembly dropping on the rack
from a height of 34 inches.
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Vertical Masses

and Loads
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X3 D 1066 1bs
' X2
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X1 O

Rack weight including 36 fuel
assemblies (fully-loaded) is

Ll 4istributed at grid level.

FIGURE 7.2

APPLIED LOADS AND BOUNDARY CONDITIONS - LOAD CASE 1
DEAD WEIGHT OF FULLY-LOADED RACK (36 ASSEMBLIES), D+L

7-10



{
:: :; Vertical Masses

' 108 1bs
- (-}
(® 216 1bs
X2
432 1lbs
X1 CD

Typical
Installation
Lifting
Location
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vertically downward to empty rack
to simulate an installation impact

load.

FIGURE 7.3

APPLIED LOADS AND BOUNDARY CONDITIONS - LOAD CASE 2
EMPTY RACK DEAD WEIGHT PLUS INSTALLATION LOAD ANALYSIS (D+I.L)
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Vertical Masses
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FIGURE 7.4

APPLIED LOADS AND BOUNDARY CONDITIONS - LOAD Cal® 3
ACCIDENTAL UPLIFT LOAD (™U.L)



Horizontal Masses
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FIGURE 7.5

HORIZONTAL LUMPED MASSES AND BOUNDARY CONDITIONS - LOAD CASES 4 AND 5
SEISMIC ANALYSIS OF FULLY-LOADED RACK (36 ASSEMBLIES) (E AND E')
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X1
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Support Feet

FIGURE 7.6

VERTTCAL LUMPED MASSES AND BOUNDARY CONDITIONS - LOAD CASES 4 AND 5
©.ISMIC ANALYSIS OF FULLY-LOADED MODEL (36 ASSEMBLIES) (E AND E')
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X3
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" assemblies (partially loaded)

NS
‘%5? 1Y is distributed at grid level.

FIGURE 7.7

APPLIED LOADS AND BOUNDARY CONDITIONS - LOAD CASE 1
LEAD WEIGHT OF PARTIALLY-LOADED RACK (9 ASSEMBLIES) D+L'
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FIGURE 7.8

HKORIZONTAL LUMPED MASSES AND BOUNDARY CONDITIONS - LOAD CASES 4 AND 5
SEISMIC ANALYSIS OF PARTIALLY-LOADED MODEL (9 ASSEMBLIES) (E AND E')
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VERTICAL LUMPED MASSES AND BOUNDARY CONDITIONS - LOAD CASES & AND
E

5
SEISMIC ANALYSIS OF PARTIALLY-LOADED MODEL (9 ASSEMBLIES) (E AND E')
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8. THE RESULTS OF THE ANALYSIS

The results of static and seismic structural/stress analysis of
the Crystal River Unit No. 3 high density fuel storage racks per-
formed with the STARDYNE computer code are contained in Reference 8.

Appendices A through H contain the beam properties table used in
the rack analysis, the thermal expansion analysis, the water slosh-
ing analysis, the effective fuel assembly impact factor calculation,
the rack stability analysis, the accidental fuel assembly drop ana-
lysis, and the seismic wall bracing and failed fuel canister rack
stress analysis.

8.1 Rack Structural/Stress Analysis

The natural frequencies of vibration of the representative 6x6 fuel
storage rack are given in Table 8.1 along with their corresponding
modal participation factors. For the fully-loaded rack, the first
mode frequencies of 4.37 and 4.35 cycles per second represent the
combined first mode frequency of the rack base structure and the
fundamental storage cell frequency in the North-South and East-
West directions, respectively. Similarly, the combined first mode
frequencies for the partially-loaded rack are 6.30 and 6.28 cycles
per second. The freguencies for the partially-loaded rack are
higher than that for the fully-locaded rack due to its reduced weight.

The results of the rack structural/stress analysis, which includes
fuel assembly impact, are summarized in Tables 8.2.a for the fully-
loaded rack and 8.2.b for the partially-loaded rack. These tables
present the maximum stresses and deflections in each type of rack
structural member for the various load combinations developed in
accordance with the NRC Standard Review Plan, Section 3.8.4 and
comparas them with the allowable values as specified in the accep-
tance criteria of Section 6. From these tables it can be seen that
the maximum stresses and deflections in various structural members
of the racks are nominal and within the allowable limits.

8.2 Spent Fuel Pool Wall and Floor Loads

The maximum reaction loads transmitted to the pool walls and floor
of both spent fuel pools A and B resulting from the dead weight
and seiswmic accelerations are presented in Table 8.3. These maxi-
mum reaction loads are calculated by considering each pool to be
fully-loaded with spent fuel storage racks, failed fuel canisters,
and the full compliment of spent fuel assemblies including control
rods as specified in the design criteria (Reference 3).



8.3 Water Sloshing Effects

Detail calculations to evaluate the effects of sloshing water on
the fuel storage racks indicate that the upper 13.68 feet of pool
water for the north/south earthgquake and the upper 13.68 feet of
pool water for the east/west earthguake will be subject to sloshing.
The remaining pool water will move as a constrained solid mass in
rigid contact with the pool walls. Consequently, there will be
10.51 feet and 10.10 feet of contained water for the north/south
and east/west earthquake respectively between the top of the fuel
racks and the sloshing water mass. Therefore, it has been con-
cluded that sloshing of pool water in a seismic event will have
insignificant effects on the fuel stcrage racks.

8.4 Seismic Bracing and Failed Fuel Canister Racks

The structural design and stress analysis of the seismic bracing
and failed fuel canister racks are presented in detail in Appen-
dices G and H with the results summarized in Table 8.4. The
stresses in these structures, as well as resulting fuel pool
concrete bearing stresses, are within allowable limits of the
AISC Code (Reference 5) and the ACI Code (Reference 9) in accor-
dance with the NRC Standard Review Plan, Section 3.8.4.

8.5 Accidental Fuel Assembly Drop Analysis

The results of the fuel assembly drop analysis using energy bal-
ance methods are summarized in Table 8.5. From Table 8.5 it can
be seen that for the straight drop of fuel assembly on top ¢of the
storage cell, the maximum stress in the fuel storage cell is
greater than the dynamic yield stress for stainless steel, thus
indicating that the fuel storage cell will undergo scme local
permanent deformation, however, due to the lateral supports pro-
vided by the adjacent cells, the cell will not collapse during
such an accident event. From Table 8.5 it can also be seen that
the maximum shearing stress in the weld between the cell walls

and the cell base plate and the maximum bending stress in the 8
inch diameter bearing plate under each leg exceed the allowable
values, thus indicating that during the fuel drop accident event,
the weld between the cell and the cell base plate will partially
shear off and the bearing plate will bend resulting in local
crumbling of concrete under each leg. The external kinetic energy
of the dropped fuel will be absorbed in the local deformation of
the flare at the top of the fuel storage cell, in the partial
shearing of the cell wall/cell base plate weld, in the local crumb-
ling of the concrete and in the minor deformation of the liner plate
under the rack support feet.

For the case of the inclined drop of ti~2 fuel assembly on top of
the storage rack, the maximum external kinetic energy (24.16 in.k.)
per storage cell is considerably less than the kinetic energy

(57.8 in.k.) for the straight drop of fuel assembly on top of the
storage cell. Therefore, the damages to the storage rack and the
liner plate resulting from the inclined drop of fuel assembly on



top of the storage rack will be less severe than that of the straight
drop of fuel assembly on top of the storage cell.

The free fall of fuel assembly through the storage cell from a
height of 34.0 inches above the top of the storage cell and its im-
pact on top of the cell base plate and rack base structure was ana-
lyzed using empirical missile equations (the Ballistic Research
Laboratory and Stanford Research Institute Formulae). The results
of the analysis indicates that the maximum thickness of steel plate
that could be perforated by such a missile is greater than the thick-
ness of the cell base plate. However, the flange member of the rack
base structure will resist further penetration of the fuel assembly.
Since for this fuel assembly drop case the external energy is an-
sorbed in the flexural deformation of the flexible cell base plate
and rack base structure, the reaction load transmitted to the rack
base structure, rack feet and pool floor is less than that for fuel
assembly drop on top of the storage cell. Therefore, the damage

to the pcol floor will be less severe for the fuel assembly drop
through the storage cell than that fcc the fuel assembly drop on
top of the storage cell. The analysis indicates that the cell base
plate and the rack base structure will undergo extensive local de-
formations; however, the overall structural integrity of the stor-
age rack structure and the leak-tight integrity of the pool floor
will be maintained.

It should be noted that the fuel assembly drop analyses have been
performed by conservatively assuming that no energy will be absorbed
by the fuel assembly itself. The energy absorbed in the deformaticn
of the flexible fuel assembly should result in reduced damage to

the storage rack and the pool liner plate than that predicted by

the conservative analysis.

It has, therefore, been concluded that neither the straight or in-
clined drop of the fuel assembly on top of the storage cell or the
straight drop of the fuel assembly through the storage cell and
impact on top of the rack base structure will damage the storage
rack and the pool liner plate sufficiently to adversely affect the
value of keff or the leak-tight integrity of the pool.

8.6 Rack Stability Analysis

The stability analysis of the fuel storage racks using energy bal-
ance methods are given in Appendix E. The analysis indicates that
during an OBE event the storage racks will not lift up and during
an SSE event the legs of the storage racks could 1lift up as much
as 0.081 inches; however, the racks will not overturn.

The maximum stresses in the rack structure rack feet and pool liner
plate on recontact with the pool floor are within their allowable
stress values. Therefore, it has been concluded that during a
seismic event the fuel storage racks will remain stable and the
structural integrity of the rack structure and the leak-tight in-
tegrity of the liner plate will not be adversely aZffected by the
1lift up and recontact of the storage racks.



TABLE 8.1
NATURAL FREQUENCIES OF VIBRATION
AND MODAL PARTICIPATION FACTORS

Modal Participation

Mode Frequency
Factor (X10-1)

Number (CPS)

Case 1 - Fully-Loaded Rack (36 Assemblies)

X1 Direction
(N-S)

(E-W)

X3 Direction X2 Direction
(Vertical)

1 4.37 15.2200
2 11.74 0.0222
3 17.57 12.0180
4 18.68 0.2171
5 19.71 -1.8210
6 20.22 -0.0433
7 20.46 0.3553
8 23.48 -0.1152
9 26.20 -6.8702
10 28.34 6.4800
11 31.70 8.6130
1 4.35 15.2680
2 11.73 0.1950
3 12.48 11.7710
B 13.06 0.1837
5 13.55 -1.7611
6 13.78 -0.0385
7 13.90 0.3447
8 19.93 6.8378
9 20.18 9.2786
10 23.46 0.0803
11 26.18 6.6378
1 56.3 27.6400
2 58.8
3 58.8



X1 Direction

X2 Direction

X3 Direction

Mode
Number

TABLE 8.1 (cont.)

NATURAL FREQUENCIES OF VIBRATION

AND MODAL PARTICIPATION FACTORS

Frequency
(CPS)

Modal Particip
Factor (X107

tion
i)

Case 2 - Partially-Loaded Rack (9 Assemblies)

(N-8)
OO U B WN

(E-W)
ABLWNH OWVWONOAUBWNE O

(Vertical)

6.30
16.94
17.59
18.69
19.72
20.22
20.46
28.32
28.86
33.89

6.28
12.49
13.06
13.55
13.78
13.90
16.93
19.93
20.19
33.86

€5.26
95.33
106.02
121.85

15.3284
0.4910
11.9309
0.0954
-1.8127
-0.04CL
0.3544
6.7109
8.3323
0.1010

15.4623
11.7261
0.1293
-1.7572
-0.0371
3.4435
-0.1049
6.9985
9.0867
0.0329

12.16
-0.0
-3.23
-0.0
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TABLE 8.3

SPENT FUEL WALL AND FLOOR LOADS

Pool A Wall Loading Summary

Max. Wall Load for Each Seismic Bracing* (Xips)
Operating Basis Safe Shutcdown
Load Location Earthquake (OBE) Earthguake (SSE)
(See Figure 3.1) 1% Equip. Damping 1% Equip. Damping
A 13.7 27.4
B 47.1 94.2
e 331 27.4
D 47.1 94.2

Total wWall Load* (kips)
wall OBE ! SSE
Designation 1% Equipment Damping | 1% Equipment Dam»ing
North Wall 479.2 959.0
South Wall 479.2 859.0
East Wall 800.7 1601.0
West Wall 800.7 1601.0

* Center line of seismic bracing is 8.5" above the spent fuel pool floor.

Pool B Wall Loading Summary

Max. Wall Load for tach Seismic Bracing (Kips)
Operating Basis Safe Shutdown
Load Location Earthguake (OBE) Earthquake (SSE)
(See Figure 3.2) 1% Equip. Dampiny 1% Equip. Damping
A 21.2 42.8
B 8.5 17,1
(-4 3.2 8.6
D 41.6 83.1
E 48.5 96.9
T 27.7 55.2




TABLE 8.3 (cont.)

SPENT FUEL WALL AND FLOOR LOADS

Pool B Wall Loading Summary

Total Wall Load (kips)

Wall OBE SSE
Designation 1% Equipment Damping 1% Equipment Damping
North Wall 559.7 1129.9
East wall (1) 499.0 596.9
South Wall (2) 37.5 196.9
East Wall (2) 415.5 828.0
South Wall (1) 445.2 898.8
West Wall 914.5 1824.9
Pool Floor Load Summary
Spent Fuel Maximum fFloor Loads (kKips)
Load Storage Rack OBE SSE
Description Array Size 1% Equip. Damping 1% Equip. Damping
6x6 11.4 19.2
Max. Load For 6x5 9.5 16.0
.ach of the 5x5 7.92 3. 3
; Corner Feet 4x6 7.6 —12.8
: 4x5 6.33 10.7
| Max. Load For 6x6 30.2 31.8
! Each of the 6x5 25.2 26.5
| Corner Feet 5X5 21.0 442
| Center “4%6 20.1 21.2
! 4x5 16.8 17.7
i
| 6x6 28.9 47.0
! Max. Load For 6X5 _ 24.1 39.2
! Each of the 5%5 20.1 32.6
. Mid-Edge Feet 46 19.3 .
i 4x5 16.1 26.1
!  motal Poel Pool A 1686.0 2886.0
Floor Load
: Pool B 1937.0 3115.0
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TABLE 8.4

SEISMIC WALL BRACING ANALYSIS RESULTS

POOL A

SEISMIC BRACING

CONCRETE BEARING PLATE

DESCRIPTION | COMPRESSIVE STRESSES (KSI) BENDING STRESSES (KSI) __CONCRETE BEARING STRESSES (KSI
(SEISMIC OBE SSE OBE SSE OBE SSE
LOCATION BRACING) | CALC| ALLOW| CALC | ALLOW | CALC | ALLOW | CALC | ALLOW CALC | ALLOW | CALC | ALLOW
3.5% SCH 40 |
North walT xs 40s TYypE | 4.91| 17.90| 9.83| 28.63 | 9.83 | 19.8 | 19.6 | 27.0 0.539] 1.05 | 1.15 | 1.785
3.5" SCH 40
South Walll ST 40S TYPE [4.91 | 17.90 | 9.83 | 28.63 | 9.83 | 19.8 | 19.6 | 27.0 0.539] 1.05 | 1.15 | 1.785
East wall | & SCH 40 8.69 | 17.93 |17.38 | 28.69 |11.09 | 19.8 | 22.2 | 27.0 0.764] 1.05 | 1.53 | 1.785
ST 40S TYPE
6" SCH 40
west Wall | sT 40s Type |8.69 | 17.93 |17.38 | 28.69 |11.09 | 19.8 | 22.2 | 27.0 0.764| 1.05 | 1.53 | 1.785




TABLE 8.5

RESULTS OF ACCIDENTAL FUEL ASSEMBLY DROP (LOAD CASE 6)

Straight Drop on Top of Storage Cell

Weight of Fuel Assembly (kip)
Maximum Drop Height (in)

Kinetic Energy of Drop to be
Absorbed (in-k)

Maximum Strain in Storage Cell (in/in)
Maximum Cell Deformation (in)

Maximum Stress in Cell (ksi)

Maximum Transmitted Reaction Load (kips)

Maximum Stress in the Weld Between the

Cell Wall and the Base Plate (ksi)

Maximum Stress in Rack Base Structure
(ksi)

Maximum Stress in Jackscrew (ksi)

Maximum Local Bearing Stress on
Concrete Floor (ksi)

Maximum Bending Stress in the Bearing
Plate (ksi)

Maximum Punching Shear Stress in the
Liner Plate (ksi)

Inclined Drop on Top of Storage Cell

Maximum External Kinetic Energy per
Storage Cell (in-k)

1.70
34.0
57.80

0.00243

0.397
45.15
224.7
52.8

26.5

111.6
2.8¢

34.32

32.6

24.16<57.80

Allowable

Value

0.485%1

41.42

38.6 3

41.4

180.04

3.575

41.4

41.4
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TABLE 8.5 (cont.)

RESULTS OF ACCIDENTAL FUEL ASSEMBLY DROP (LOAD CASE 6)

Straight Drop Through the Storage Cell

Maximum Free Fall Impact Velocity 32.58
(ft/sec)
Maximum External Kinetic Energy (in.k.) 336.6

Maximum Unsupported Plate Thickness
That May be Perforated by Missile
Free Fall Velocity, in

BRL Formula 0.460
Stanford Research Institute 0.445
Formula

Maximum Deformation of the Storage 2.08

Cell Base Plate and Flange Member of
The Rack Base Structure (in.)

Maximum Transmitted Reaction Load (kips) 141.9

1. Ultimate strain for stainless steel.

Allowable
Value

2. The allowable stress value represents dynamic yield stress

for stainless steel.

3. Allowable stress in the weld - 1.6 x 21 x 41.4 = 38.6 ksi.

36
4. Yield stress value for 17-4PH stazinless steel.

5. Based on Paragraph 10.14 of ACI 318-71. There will be local
crumbling of concrete under each leg but the steel liner will

not be perforated.
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9. CONCLUSIONS

The results of the seismic and structural analysis indicate
that the deflections and/or stresses in the rack structure
resulting from the loadings associated with the normal and
abnormal conditions are within allowable deflection and
stress limits for Seismic Category I structures.

Sloshing of pool waters in a seismic event will have insig-
nificant effects on the fuel storage racks.

The earthquake generated stresses in the seismic wall bracing
and failed fuel canister racks are within the specified allow-
able values.

The analysis of the accidental fuel assembly drop condition
indicates acceptable local structural damage to the storage
cells with no buczkling or collapse and local crumbling of the
pool concrete floor with no puncturing of the stainless steel
liner. Therefore, no significant changes in the value of keff
will occur and the leak tightness of the fuel pool will be
maintained.

It is concluded that the designs of the Crystal River Unit 3
high density fuel storage racks, the associated seismic brac-
ing, and the failed fuel canister racks are adequate to with-
stand the loadings of normal and abnormal conditions.
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APPENDIX

Member Property Table
Thermal Expansion Analysis
Water Sloshing Analysis

Impact Factor to Account for the Impact Between Fuel Assembly
and Storage Cell

Stability Analysis for Crystal River Unit 3 Fuel Storage Racks
Accidental Fuel Assembly Drop Analysis
Seismic Wall Bracing Design and Analysis

Failed Fuel Canister Analysis
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storage rack will be lifted up by an amount 8§, to Cc' ’
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FUEL ASSEMPLY DROP ON SPENT FUEL STORAGE CELL
Coze |
Reference (1) NES 81A0426 "Final Structural
77 Design of a Fuel Storage Well Crash Pad for
| f/q‘ Fuel Assenbly ¢he LACBWR Huclser Power Plant®, Nuclear
S ?« Energy Services, Inc. Danbury, Connectlcut
£ October 5, 1975. .
_J.Tr__z
\"‘ .
" Storage Weight of Fuel Assembly W =(355au50)1bs
Cell = 1700 \bs r
Maximum drop height h =34 in -
Conservativzly neglect the energy losses
in the loczl deformation of the flare at
. top of the Fuel Storage Cell. The lozal
E\QJJ Cefornmaticon of the flare at top of the
cell will raduces darmage to the cell (there-~
fore less Zzmzzz t5 the stored fuel)} and
will alss red:cs S2mage to the liner plate
and reinicrzei concrete floor unZer the
storage c2il.
Assume Uniform Storage Cell Compression
External Kiretic Energy of the Fueil asssmbly
= [700x 30 =5780 in.x’
Internal Strain Energy of the storaga cells
- A28.
N = number of cells effective in absorbing the energy : 1
A = Cross sectional area of cell
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Equating External and Internal Energy
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Strain in Storage Cell
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Percent of Ultimate Strain

86, = —=x x 100 =_9:°2183, 4 j1qp =0.37897
o €u 0.485 4

Maximum deformation of the cell = €.

6, = Exl =o.0x83, x 163.375= 0.2p in.”

Yaximun Stress in the Cell
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Per Cent of Ultimate Strain

= €, = E = °f-
- u; X 100 00.0;8254—2 X 100 = 0. Sel*f;

Maximum deformation of the cel’

by = € L = 000243, L3915 =4.297 “ in.

CONCLUSIONS:

(1) Drop of fuel assembly on the fuel storage cell will
cause the following damage:

a. There will be local deformation at the top
of the fuel storage cells,

b. There will be shearing of the weld between
g Shose Col) Useldls and 2 leee p&jl

( ¢. There will be local cruwbllng of concrete

A -T\Ad‘. ‘ » _;ubboy‘t T..?QL Sall wg., \_)J.JJ MM

(2) There will be no bucnllﬂg or collapse of the fuel

storage cell so that significant changes in ke
will not occur.

(3) Ths liner plate will nct be perforated
(4) There will not be any lezkace.
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Reference 1: Topical Report BC-TO?-9A Rev. 2 "Desi gn
" of Structures for Missile Impact" Bechtel
Power Corp., San Francisco, California.
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hy, = 340 7

Rl Assanbly o= o400 7
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Maximum kinetic energy of impact Ee = V170 ~/,([54.~ +3/-\—)-.3’;‘.',,6 in.x”

=28050.0 £+ 1bs

———

Maximum velocity of impact Vg = w/g x 32. 17 Xle¥r14)= 32.58 ft/sec --

12

’
Assuma the fuel 285iwwaliv as & nissile striking the stainless
steel bu.e plate. The analysis for the plate thickness that
could be perforated by a missils can ke performed using Ballistic
Research Lab. (BRL; eguation given in Referencel .

The BRL Formula is shown below, mcdified by setting a material
censtant X = 1 and solving dxre::‘.) for steel plate thicknzsze,
T, which will just be perforates > the missile.

where:
T = teel plate thicliness to just perforate (inches)

¥ = liass of the Missila (1b sec?/f:
1722

——————
32\7
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A= Freoabd Aras of Pl Agsawdily = By 175x0§ = T (v, 2
W = Weight of the Missile (lb) = | 700 - i

Vs = Striking Velocity of the Missile Normal to
Target Surface (ft/sec) = 2z.s2

D = Diameter of the Missile (in) =-J%? -\fE_E_JL__.
w

= 2.+938%in +~—

{-2=2=( 32,56\2} nity =
T = Y B ' = 0.4‘60 in

2 aps

The thickness, t,, of a steel barrier required to prevent per-
foration should gxceed the thickness for threshold of perfora-
tions. It is recommended to increase the thickness, T, by 25
percent to prevent perforation.

t, = 1.25T (2-8)

‘.:p = 1.25 x 0.460. = 0.575 inzo-So in

tanford Research E 3 (1 @ 2 i
g5 i -l 5 = (16,000 T + 1,500 = 7
Institute (Ref. 1) D 46,000 i ' W, )
T = steel thickness to ke just perforated (in)

-
D = diameter of the missile (in) = 24985 in
E = critical kinetic enersy reguired for per-
foration (ft-1b), =z@0s50.0 (page 6 <7, ’0)
S = ultimate tensile sirsacth of the target minus -
the tensile stress in the steel (psi) = 114000.0
W = lgiiztN nf 2 SO2S Sifa Ragecenaw »ied A N ~ b 3 ’
~8agta o a sguars sifs Zetise B rigid suppsrts (in)
= 4 in
Wg = length of a standard width (4 in). (See Re<:. \)
= 4 in
~
'+ 280998 . \\&ooo / -2 ‘
-~ )———fj——' ( \bocoo T " 1=200.2Tx! )
2:93% 6,550 \ ’

2 o -
s S VS 0:09375T - 0.2305( = ¢
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1. SUMMARY

The adequacy of natural circulation flow to cool the spent fuel

assemblies in the rack matrix was verified by establishing, for

the worst row of assemblies, a thermal-hydraulic balance between
the driving head produced by decay heat generation and the pres-
sure losses existing in the natural circulation flow path.

Calculations have shown that under conservative assumptions the
maximum assembly exit temperatures are below the saturation tem-
perature of the pool water at fuel assembly elevations. Conse-
quently, local boiling will not occur in any fuel assembly even
with the bulk temperature of the spent fuel pool at its maximum
value.



2. INTRODUCTION

In the NES rack design the cross flow of water between adjacent
fuel assemblies is prevented by the stainless steel cells in the
fuel rack. The effect is such that each of the fuel assemblies
becomes isolated and, therefore, sits in its own thermal chimney.
The chief thermal-hydraulic concern is the possibility of 1local
boiling due to flow starvation in some cells of the rack matrix
as a result of excessive pressure losses in the natural circula-
tion loops established in the spent fuel pool.

The adequacy of the natural circulation flow to cool the hottest
assembly in the rack configuration has been verified by esta-
blishing a thermal-hydraulic balance for the worst row of assem-
blies. Pressure losses in the downcomers, in the rack inlet
plenum, and along the fuel assemblies were explicitly considered
in the analysis. Crossflows in the rack inlet plerum area have
been conservatively neglected.

The purpose of the analysis is to demonstrate that, even under
the most conservative circumstances, local boiling will not
occur in the most adversely located fuel assemblies which, as
a result of flow maldistribution, might receive less than the
fuel pool average assembly flow rate.



3. METHOD OF ANALYSIS AND ASSUMPTIONS

The natural circulation flow is calculated by establishing a
thermal hydraulic balance for the worst row of assemblies.

The flow is maintained by the thermal driving head or draft
produced by the decay heat generation in each assembly. The
pool itself is modeled as a large volume with a bulk temperature
unaffected by local disturbances. The pressure losses consid-
ered in the analysis include:

l. Friction losses in the downcomer region, in the
rack inlet plenum and in the fuel assembly.

2. Losses in bends (including the right angle turn
that the flow must negotiate to turn from the
horizontal rack inlet plenum channel into the
vertical fuel assemblies).

3. Form losses in the fuel assembly inlet-outlet
nozzles and spacer grids.

The chief concern is the possibility of substantial pressure
drop along the inlet manifold channel, causing flow starvation
of the fuel assemblies in the limiting fuel assembly string.
Pressure losses alcong the channel in the fuel assemblies, spacer
grid losses and inlet/exit pressure losses were explicitly con-
sidered in the analysis. Cross-flows have been neglected. All
fuel assemblies are assumed to be generating the heat rate cor-
responding tc 1.2 times the average power fuel assembly. A pool
bulk temperature of 2050F is assumed.

The detaziled thermal-hydraulic calculations are presented in
Appendix A.



4. RESULTS OF ANALYSIS AND CONCLUSIONS

The thermal-hydraulic calculations indicate that even with the
most conservative assumptions, the natural circulation in the
spent fuel pocl is adequate to preclude local bciling by a
substantial margin. The maximum temperature increase in the
assembly with the minimum flow 1is 29.10F which would result in
an outlet temperature of 233.1°F assuming a bulk pool tempera-
ture of 205°F.

The saturation temperature corresponding to the static head at
the top of the fuel assembly is 2400F.
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