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) 3.71.22 Packaae..rription 
A. PackagC 

(1) Gross Weight of L-oaded Shipping Ccntain-.r is 7M, .O lhs.  
(2) Model Nuaber - 92/C 
(3) The shipping container is made of carbon steel and 

is described in the documnents listed in 71.22 A (3), 
except that the two assemblies are separated hy 
1/4 inch thick 6 inch wide carbon steel spacer 
blocks and the overall length is increased to 
216 1/2"inches, as shown in sketches #P-ll and 
P-12.  

(4) Receptacles 

The containment vessel for the two (2) fuel 
bundles is the 43 in. diameter outer shell of 

the shipping contziner.  
(5) The pressure release valves and lifting devices are 

also shown in the referenced drawings. There a.-e 
Ano sampling ports.  

B. Cont.nts of the Pyck.oe 
Each shipping con.tair,.r shall house two fuel 
bundles. The most rea:tive of these bundles 
have enrichments of 3.5 w/o U2. Each fuel bu;odle 
shall be encased in a plastic bag.  
The radioactive constituents are unirradiated 
uranium dioxide fuel pellets, enriched to a maximum 
of 3.5 w/o U 235. The maximum radioactivity fur 
each fuel bundle is 0.7 curies. The maximum for 
each loaded fuel container is 1.4 curies, with the 
maximum radioactivity for a shipment of eight (P) 

License No. SNM-1067, Docket 70-1100 Revision: Date: 2/.•2 / 1.
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3.71.23

I9

3.71.24

containers or sixteen (16) fuel bundles being 
eleven (11' curies.  

The maximum amount of uranium dioxide ceramic pellets 
in each shipping container is 2100 lbs., i.e., 105n 
lbs., per fuel bundle.  

Paragraphs a (3) and a (4) are not applicable.  
Paragraph b. (6) i.. not applicable.  

Packaqe Evaluation " 
(a) The package satisfies the standards specified in 

the applicable paragraphs in Sub-part C, as discuss.d 
below: 
71.31 - General Standards for All Packaging 

a. There will be no; siganificant chemical, calvanic 
or other reacticn among the packaging ccponeits 
or betweeen the packaging components and the 
package contents. The shipping container is 
made of carbon steel and the contents are 
zircaloy clad ftel b.undles wrapped in polyeth;',lene 
bags.  

b. The shipping container is equipped with a pos!tive 
closure which will prevent inadvertent openinq.  

c. Lifting Devices: 
(1) Same as 71.23 of this section.  

Procedural Controls 
Prior to each shipmc-nt, the container shall hc inspected to 
assure that: 

(a) The container has not been significantly damaced.  
(b) The closure of the package and any sealing gaskets.  

are present and are free from defects.  
(c) The internal gauge pressure of the container will 

not exceed, during tic anticipated Period of

Revisio~n:



transport, the maximum normal opcrtinq pressure.  3.71.33 Criticalitv Sta,.,-d:; For ris.ile ,'trial MUMS 
The package is so desisned and constructed, and its contents 
are so limited that it would he sub-critical if it is assumead 
that water leaks into the containment vessel, and 

(1) Water moderation of the contents occurs to the 
most reactive credible extent consistent with the 
chemical and physical form of the contents, and 

(2) The containment vessel is fully reflected on all sides 
by water.  

luclear safety calculations were performed and show a k eff 

of 0.91 for the above conditicns. Physics constants for 
the various regions of the assembly were obtained from the 
same codes as were used in previous safety calculations.  
P)lease refer to aiendment ,No. 8, as amended, to the subject 
License.  

3.71.34 Evaluation of a SinQle Packace 
(a) The effect of the transpco t environment of the 

safety of any single packtge as described in 71.34 
of this section, applies for normal conditions 
of transport.  

The effect on the loaded container of conditions likely to 
occur in an accident is as described in 71.34 (2) of this 
section, except that an additional study was undertaken 
t:o demonstrate that the six inch separation between asserblies 
will be retained. This study enclosed as Appendix P-1 
confirms that the separation is not reduced by the 30 foot drop.  

License No. SNM-1067, Docket 70-1100 POvision: Date: 2/,-3/7]
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3.71.37 Evaluation of an Arrav of Pec.'aqps of Fiqsil` .t-riaI 
(a) The effect of the transport envir rn,,ent on t•e 

nuclear safety of an array of packages was 
evaluated by assuming: 

(1) That two (2) damaged shipping containers became 
abutted top-to-top under water, thus involving 
four (4) fuel asremblies in close proximity.  
It was further ai:sumed that separation between 
pairs of assembl-es would be provided only by 
the collapsed steel walls and the top restraining 
structure of the strongbacks of the two (2) 
shipping containe.rs. It was postulated that t~is 
separation betwee-n pairs of bundles could never 
be less than 12 inches, because in the und-mag.ad 
condition the separation is mcre than twice thit, 
and the 30 foot c:rop tests have shown that the 
containment shell dc'i not collpse, the bundles 
remain in the same r-llative position with respect 
to the top of the co!.,;.ainer, and the 6 inch 
separation remairs intact between the two (2) 
bundles in each container. Any other alignment 
of the shipping containers, or abutment, other 
than top-to-top should result in a less reactive 
situation, because of the steel structure within 
the lower sections of the shipping container and 
the runners that provide a base for each container.  
Nuclear safety calculations were performed and showed 

•k eff to be x 0.91.  

. License No. SNM-1067, Docket 70-1100 Revision: Date: '/&`-3/T1
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(2) That tw:o (Q) dawa.gd shippin: containc's 

bccc-c ah.ttid Side-to-sidc under ,';er, and 
the stron ok. shifted sid;:vs so thi..t the 
outer;ost bundles are 6 inches apart and 

separated by the two (2) steel shells, (each 
is 1/8 inch thick), and the two (2) steel 

strongback ecges (each is 1/4 inch thick).  
Nuclear safety calculations were performed 

and shown k eff to be - 0.92.  
The nuclear safety calculations for the acc:ident 

conditions are presented in Reference C.  
3.71.40 ;pecific Standards for a Fissile Class III Shipment 

This container shall be used as a Fissile Class Ill Shipmen: 
and Meets the criterid of 71.40 (a). Nuclear safety analyses 

performed previously, for Amendment No. 8 as amended to the 
subject License, showed that tMe loaded containers are sub
critical when stored three (3) high in an array that is 
infinitely long and infinitely wide. This assures that the 
undamaged shipment of to high, tc ; wide and two long would be 
subcritical with an icWentical shi, ",nt in contact with it, and 
the two shipm~ents closely reflect.- on all sides by water.  
"7he analysis presented as part of the require..erts of 
paragraph 71.37 shows that the shim;ent would be sub-critical, 
if subjected to the hypothetical accident conditions specified 
in 71.40 (b).  

License No. SNM-1067, Docket 70-1100 Revision: Date: 2/23/71
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BWFC BUCKLING LOAD ANALYSIS

The following analysis was conducted to verify that the 
failure load of the shipping container spacer assemblies 
exceeds the fuel assembly critical buckling load. The 
analysis is also documented in BWNT document ID 32-1224342-00, 
"51032-2 Container Spacer." 

1.0 PURPOSE 

The purpose of this analysis is to verify that the failure 
load of MK-B and MK-BW shipping container spacer assemblies 
exceeds fuel assembly critical buckling load.  

2.0 SUMMARY 

An extremely conservative buckling and compression failure 
analysis was performed on the MK-B spacer. This represents a 
worst case analysis for both spacers since the MK-B spacer is 
taller and the MK-B fuel assembly has a higher critical 
buckling load.  

The critical buckling load for the MK-B fuel assembly is 3584 
pounds (Ref. Doc. B&W 32-1176304-00). To determine the 
buckling load of the MK-B spacer, each support was modeled as 
a column with pinned ends. Each support is actually a 
composite member. To provide a more conservative analysis, 
the smallest member of the composite was considered to carry 
the full load. The critical buckling load for each support is 
32,800 pounds. With four supports, this translates to a 
buckling load in excess of 131,200 pounds.  

The compressive failure load was calculated to be 15,000 
pounds for each support. This translates to a spacer 
compressive failure load in excess of 60,000 pounds.  

3.0 CALCULATIONS 

The MK-B spacer was modeled as four (4) supports made of 1/2 
schedule 40 stainless steel round tubing. The following 
support properties were used: 

Modulus of Elasticity (E) = 28,000 ksi 
Tensile Strength (Su = 60,000 psi ( 

Wall Thickness (t) = 0.109 inches 
Inside Diameter (d) = 0.622 inches 
Outside Diameter (D) = 0.840 inches 
Support Length (L) = 12 inches (conservatively long) 
Area (A) = 0.250 in2

2



Moment of Inertia (I) = ?-D 4/64 - 7r.d 4/64 
= ?.0.8404/64 - 7.0.6224/64 
= 0.0244 - 0.0073 
= 0.0171 in 4

Each support was modeled as a column with pinned ends. The 
following equation was used for the critical buckling load:

Critical Buckling Load: P,, = f 2 .E.I/L2  (3) 

= 9.870-28e6.0.0171/144 
= 32,800 pounds per support

For the entire spacer the buckling load is in excess of 
131,200 pounds.  

The compressive failure load was calculated using the same 
member as analyzed for buckling. The following equation was 
used:

Critical Compressive Load: Pcr = A'Su 
= 0.250.60,000 
= 15,000 pounds 
support

per

For the entire spacer the critical compressive load is in 
excess of 60,000 pounds.  

4.0 CONCLUSION 

It is impossible for the spacer to fail before the fuel 
assembly buckles. This conclusion can be drawn by visually 
comparing the fuel assembly to the spacer. The minimum load to 
cause failure of the MK-B shipping container spacer assembly 
is in excess of 60,000 pounds. This is well over the 3584 
pound critical buckling load of the fuel assembly.  

These calculations shall also serve to verify the performance 
of the MK-BW spacer. This spacer is more heavily constructed 
than the MK-B spacer and is required to carry less load.  

5.0 REFERENCES 

(1) Gere & Timoshenko, Mechanics of Materials, PWS, Boston, 
1984, page 744.  

(2) Gere, p746.  

(3) Gere, p557.
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MODEL 51032-2 SHIPPING

1.0 PURPOSE 

The purpose of this analysis is to determine if the required 
separation between fuel assemblies in the Shipping Container Model 
No. 51032-2(Ref. 1) is maintained following a 30 foot drop of the 
container on its side. The analysis method found in Appendix P-1 
of References 2 and 3 will be followed.  

2.0 SUMMARY 

This conservative analysis indicates that for a 30 foot drop of the 
shipping container on its side, the top fuel assembly could 
fracture the positioning brackets and impact onto the separating 
blocks, assuming no impact energy is absorbed by the brackets or 
the fuel assembly itself. The maximum "clear" distance between 
separation blocks required to maintain a 6 inch minimum separation 
between fuel assemblies is 11.4 inches.  

3.0 IMPACT VELOCITY AND ENERGY 

For a 30 foot drop, the Impact Velocity is, 

v = (2gh) 12 = ((2) (386 in/sec2) (30 ft) (12 in/ft)) 1 2 

v = 527 in/sec 

Fuel Assembly Weight(maximum for licensing) - 1650 lbs. (Ref.2) 

Impact Energy = ½ mv 2 = k(1650/386) (527)2 = 593,592 in-lbs.  

4.0 ENERGY ABSORBED BY BRACKET AND FUEL 

It was found, in the corresponding section of the analysis in 
Appendix P-I of Reference 2, that the amount of available energy 
absorbed by the brackets and the fuel assembly during the fracture 
of the bracket bolts is negligible. Therefore, for conservatism, 
it will be assumed, in the calculation of the maximum separator 
block spacing, that the energy absorbed by the bracket and fuel is 
zero.  

5.0 IMPACT OF FUEL ASSEMBLY ON SEPARATOR BLOCKS 

5.1 Separator Block Spacing 

In accordance with the assumption in section 4.0, the 
fuel assembly would impact the 6"xB"x9"long separator 
blocks with a large amount of kinetic energy. Since the 
separator blocks are relatively rigid, this energy will 
be absorbed in the fuel assembly primarily by "plastic

4
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strain." The impact velocity would be the maximum 
velocity calculated in Section 3(i.e. 527 in/sec).  

For impact at this velocity, it is unlikely that the 
spacer grids will provide significant lateral shear 
resistance. Therefore, it will be assumed that the fuel 
rods act individually, instead of as a composite 
structure. It will also be assumed in this section that 
the separator blocks are rigid and do not deflect upon 
impact.  

The MK-B9 Fuel Rod weight-per-inch (Ref. 4) is 
approximately 6.94/151 z 0.046 lbs/in. Thus, for a span 
of length "L", the impact energy that must be absorbed by 
a single fuel rod is, 

Ef = ½ my2 = -(0.046 lbs/in) (L) (527 in/sec) 2/(386 in/sec2) 

Ef = (16.55) (L) in-lbs.  

FUEL ROD 

AB 

C :SEPARATOR BLOCK 

L = 29 In.  

Assuming plastic hinges form at locations A, B, and C on 
the impacting fuel rod, the internal work is derived by 
the following, 

Work = ½P6 where P = 16Mp/L (case 2d, p.225, Ref. 6) 

(Ref. 5) Mp the fully plastic moment at 
each hinge of the deformed fuel rod.  

6 = (L/2) (0) 
Substitution gives, 

Work = 4Mpe
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For the fuel rod cross section (Ref. 7),

Mp = ay'4/3"(R3 - R3) where ay = yield stress 
2R = O.D. of cladding = 0.430" 
2Rý= I.D. of cladding = 0. 377" 

Although the previous expression is actually only applicable 
for perfectly plastic materials, and Zircaloy-4 exhibits 
strain hardening, it is considered valid in this case due to 
the "approximate" nature of the calculation. To somewhat 
compensate for the strain hardening effect, ay will be taken 
as the average of the yield and ultimate strength of the Zirc
4 fuel rod. The yield strength and ultimate strength of cold
worked Zirc-4 cladding at 70 0 F are 81,000 psi and 112,000 psi, 
respectively (Ref. 8).  

.*. y (81,000 + 112,000)/2 = 96,500 psi.  
* Mp = (96,500) (4)((0.430/2)3-(0.377/2)3)/3 = 417 in-lbs.  

It should be noted that this neglects the possible increase in 

strength under dynamic loading.  

Equating internal work to impact energy gives the following, 

4Mpe = ½mV2 

* 9 = (Ef)/4Mp) = ((16.55 (L) )/((4) (417)) = (0.0099) (L) rad 

Therefore, the maximum plastic deflection of the fuel rod is, 

8 = e'L/2 = ( (0.0099) (L) ) (L/2) = (0.00496) (L 2 ) = 8.  

Fuel assembly-to-separator block spacing (See Figure 1), prior 
to drop, assuming the fuel assembly outer envelope is 8.54 in.  
for MK-B, can be calculated as follows, 

(24.375 - (2)(8.54) - 6)/2 = 0.648 in.  

Therefore, 8M. z 0.648 in., to maintain a 6 inch minimum fuel 
assembly spacing.  

Substitution gives the following expression, 

( (0.00496) (L2 ) ) = 0.648 

It is concluded that the maximum "clear" distance between 
separator blocks required to maintain a 6 inch minimum 
separation between fuel assemblies is, 

, L = (0. 6 4 8 /0. 0 0 4 9 6 )l2 - 11.4 in.
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Figure 1 - Strongback Channel
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5.2 Separator Block Bolts 

The impact force of the fuel assembly on the separator 
block following a 30 foot drop of the container on its 
side will be estimated. It will be assumed that this 
force will be transferred to the separator block bolts in 
the form of a direct shear force through their cross 
sectional area. The designed bolts are made from 5/8" 
diameter Grade 8 High Strength Steel(Ref. 9).  

A finite element model of the separator block using 
"shell" elements (STIF 63) was made on ANSYS 4.4A (Ref.  
10) to estimate the block stiffness. Loads ranging from 
2,000 to 100,000 pounds were applied at the center of one 
side of the block (nodes 105 & 106), while two points in 
the approximate location of the bolts were constrained in 
6 degrees-of-freedom and the nodes along bottom edge of 
the block were constrained in the Z-direction to simulate 
the constraint of the strongback that the block is bolted 
to (See Figure 2).  

The results can be seen in Figure 3 in terms of an 
apparent linear "Load vs. Deflection", from which the 
approximate stiffness of the separator block, in its 
actual orientation, is determined. It should be noted 
that in this section it is assumed that the strongback 
and F/A are rigid and do not deflect or absorb energy 
upon impact. All energy is thus absorbed by the 
separator block and bolts, where the stiffness of the 
block is the limiting case. This is also conservative.  
The calculated stiffness of the block is 52,000 lbs/in.  
An unrestrained deflection, "x", is then determined for 
the above stiffness by equating kinetic energy and 
"elastic" potential energy as follows, 

½mv2 = ½kx2  where m = 1650 lbs./9 blocks = 183 
lbs.  

v = 527 in/sec (Section 3.0) 
k = 52,000 lbs./in. (Figure 3) 

x = ((183) (527)2/(386) (52,000)) "2 = 1.59 in.

9



Figure 2 
Separator Block ANSYS Model 
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The impact force can then be estimated as follows,

F = kx = (52,000)(1.59) = 82,680 lbs.  

The allowable shear stress is as follows (Ref. 11), 

Taw = (0.6) (ay) = (0.6) (130,000) = 78,000 psi.  

The shear stress in the bolts is then, 

S= F/ A where A 1 ,• = (2) ((7r) (5/8)2/4) 

T = 82,680/0.614 = 134,747 psi. >> 78,000 psi.  

Assuming 2 bolts are used per separator block, the required bolt 
diameter can be determined as follows, 

Tr. = (F) /((2) (r) (d) 2/4) 

d. = ((2) (82,680)/(7r) (78,000))h2 = 0.821 in. - 7/8" 

5.3 Realistic Separator Block Loading 

In the previous section, a conservative impact load was 
estimated for purposes of examining the strength of the 
separator bolts only. A more realistic maximum impact load 
can be estimated from the drop testing results of references 
12 and 13. Since the drop height, container material, 
geometry, and strongback supporting structure of the 51032 
container and the 927 container are essentially the same, the 
dynamic loading applications upon impact would be 
approximately the same.  

The 30 foot side drop test results showed that the fuel 
assemblies remained in the hold-down brackets and the brackets 
remained in place across the strongback. This shows that a 
significant amount of energy was absorbed prior to loading the 
brackets. It is therefore concluded that the loading required 
to shear the 3/8 inch SAE J429 Grade 5 bolts of the 51032-2 
("limiting"), would not be reached in the bracket assemblies 
during impact. This loading, however, will be calculated and 
used as an estimate of the maximum loading that the separator 
block could see if the bolts were to break in a 30 foot side 
drop.  

From Reference 9, the yield strength of Grade 5 bolts is 
92,000 psi. Therefore, the shear strength of the bolts is, 

Ty = (0.6) (92,000 psi) = 55,200 psi

12



The cross-sectional area of the bolts (per bracket assy) is, 

At = (2 bolts) (7r) (0.375 in.) 2/4 = 0.221 in 2 

The maximum impact load would then be, 

F,, = (55,200 psi) (0.221 in 2) (10 bracket assy's) = 
121,933 lbs.  

The corresponding maximum "g" factor is then, 

"g" factor = 121,933 lbs./1,650 lbs. = 74 g's 

Assuming, conservatively, that the "dynamic" yield strength of 
the 1/4 inch strongback equals the "static" yield strength, or 
36,000 psi., and that the one inch separator block bolts are 
used, the maximum bearing load that the strongback can take is 
calculated as follows, 

Pn = 2tday (Ref. 14) where t = 1/4 inch 
d = 1 inch 

P..== (2) (0.25 in.) (1 in.) (36,000 psi.) (9 separator 
Blocks) 
= 162,000 lbs.  

"g" factor = 162,000 lbs./l,650 lbs. = 98 g's 

M.S. = 98 - 74 x 100% = 32% 
74 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

It has been shown by the present analysis that the maximum "clear" 
spacing between separator blocks, to maintain a 6 inch minimum fuel 
assembly separation, following a 30 foot drop of the shipping 
container on its side, is 11.4 inches. It has also been shown 
conservatively that, as a minimum, 7/8" diameter bolts should be 
used to withstand the shear of the impact force. It is recommended 
that 1" bolts be used. It is also recommended that a 3/8" inch 
rectangular gusset be fillet welded within each separator block, 
perpendicular to the length of the square tubing and located 
lengthwise between bolt holes. This will stiffen the separator 
block, minimize deformation due to such high impact loads, and most 
likely eliminate interference of the separator block with the other 
adjacent fuel assembly.  

It should be noted that the 121,933 pound impact force calculated 
corresponds in section 5.3 corresponds to about 13,548 pounds per 
each of the nine separator blocks. In references 2 and 3 it was 
stated that the separator block, with gusset plate, could take a

13



compressive load of greater than 30,000 pounds without 
significantly deflecting; and without a gusset plate at about 
16,000 pounds.  
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BWFC BUCKLING LOAD ANALYSIS

The following analysis was conducted to verify that the 
failure load of the shipping container spacer assemblies 
exceeds the fuel assembly critical buckling load. The 
analysis is also documented in BWNT document ID 32-1224342-00, 
"51032-2 Container Spacer." 

1.0 PURPOSE 

The purpose of this analysis is to verify that the failure 
load of MK-B and MK-BW shipping container spacer assemblies 
exceeds fuel assembly critical buckling load.  

2.0 SUMMARY 

An extremely conservative buckling and compression failure 
analysis was performed on the MK-B spacer. This represents a 
worst case analysis for both spacers since the MK-B spacer is 
taller and the MK-B fuel assembly has a higher critical 
buckling load.  

The critical buckling load for the MK-B fuel assembly is 3584 
pounds (Ref. Doc. B&W 32-1176304-00). To determine the 
buckling load of the MK-B spacer, each support was modeled as 
a column with pinned ends. Each support is actually a 
composite member. To provide a more conservative analysis, 
the smallest member of the composite was considered to carry 
the full load. The critical buckling load for each support is 
32,800 pounds. With four supports, this translates to a 
buckling load in excess of 131,200 pounds.  

The compressive failure load was calculated to be 15,000 
pounds for each support. This translates to a spacer 
compressive failure load in excess of 60,000 pounds.  

3.0 CALCULATIONS 

The MK-B spacer was modeled as four (4) supports made of 1/2 
schedule 40 stainless steel round tubing. The following 
support properties were used: 

Modulus of Elasticity (E) = 28,000 ksi (1 
Tensile Strength (St) = 60,000 psi () 

Wall Thickness (t) = 0.109 inches 
Inside Diameter (d) = 0.622 inches 
Outside Diameter (D) = 0.840 inches 
Support Length (L) = 12 inches (conservatively long) 
Area (A) = 0.250 in 2

2



Moment of Inertia (I) = 7T'D 4/64 - 77d 4 /64 
= 7T.0.8404/64 - 7r.0.622 4/64 
= 0.0244 - 0.0073 
= 0.0171 in 4

Each support was modeled as a column with pinned ends. The 
following equation was used for the critical buckling load:

Critical Buckling Load: P,, f f2.E.I/L? (3) 

- 9.870-28e6.0.0171/144 
= 32,800 pounds per support

For the entire spacer the buckling load is in excess of 
131,200 pounds.  

The compressive failure load was calculated using the same 
member as analyzed for buckling. The following equation was 
used:

Critical Compressive Load: P'r = A.Su 
= 0.250.60,000 
- 15,000 pounds 
support

per

For the entire spacer the critical compressive load is in 
excess of 60,000 pounds.  

4.0 CONCLUSION 

It is impossible for the spacer to fail before the fuel 
assembly buckles. This conclusion can be drawn by visually 
comparing the fuel assembly to the spacer. The minimum load to 
cause failure of the MK-B shipping container spacer assembly 
is in excess of 60,000 pounds. This is well over the 3584 
pound critical buckling load of the fuel assembly.  

These calculations shall also serve to verify the performance 
of the MK-BW spacer. This spacer is more heavily constructed 
than the MK-B spacer and is required to carry less load.  

5.0 REFERENCES 

(1) Gere & Timoshenko, Mechanics of Materials, PWS, Boston, 
1984, page 744.  

(2) Gere, p746.  

(3) Gere, p557.
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MODEL 51032-2 SHIPPING

1.0 PURPOSE 

The purpose of this analysis is to determine if the required 
separation between fuel assemblies in the Shipping Container Model 
No. 51032-2(Ref. 1) is maintained following a 30 foot drop of the 
container on its side. The analysis method found in Appendix P-I 
of References 2 and 3 will be followed.  

2.0 SUMMARY 

This conservative analysis indicates that for a 30 foot drop of the 
shipping container on its side, the top fuel assembly could 
fracture the positioning brackets and impact onto the separating 
blocks, assuming no impact energy is absorbed by the brackets or 
the fuel assembly itself. The maximum "clear" distance between 
separation blocks required to maintain a 6 inch minimum separation 
between fuel assemblies is 11.4 inches.  

3.0 IMPACT VELOCITY AND ENERGY 

For a 30 foot drop, the Impact Velocity is, 

v = (2gh)"' = ((2)(386 in/sec2 ) (30 ft)(12 in/ft))'a 

v = 527 in/sec 

Fuel Assembly Weight(maximum for licensing) - 1650 lbs. (Ref.2) 

Impact Energy = ½ mv 2 = k(1650/386) (527)2 = 593,592 in-lbs.  

4.0 ENERGY ABSORBED BY BRACKET AND FUEL 

It was found, in the corresponding section of the analysis in 
Appendix P-i of Reference 2, that the amount of available energy 
absorbed by the brackets and the fuel assembly during the fracture 
of the bracket bolts is negligible. Therefore, for conservatism, 
it will be assumed, in the calculation of the maximum separator 
block spacing, that the energy absorbed by the bracket and fuel is 
zero.  

5.0 IMPACT OF FUEL ASSEMBLY ON SEPARATOR BLOCKS 

5.1 Separator Block Spacing 

In accordance with the assumption in section 4.0, the 
fuel assembly would impact the 6"x8"x9"long separator 
blocks with a large amount of kinetic energy. Since the 
separator blocks are relatively rigid, this energy will 
be absorbed in the fuel assembly primarily by "plastic
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strain." The impact velocity would be the maximum 
velocity calculated in Section 3(i.e. 527 in/sec).  

For impact at this velocity, it is unlikely that the 
spacer grids will provide significant lateral shear 
resistance. Therefore, it will be assumed that the fuel 
rods act individually, instead of as a composite 
structure. It will also be assumed in this section that 
the separator blocks are rigid and do not deflect upon 
impact.  

The MK-B9 Fuel Rod weight-per-inch (Ref. 4) is 
approximately 6.94/151 z 0.046 lbs/in. Thus, for a span 
of length "L"', the impact energy that must be absorbed by 
a single fuel rod is, 

Ef= ½ my2 = 3-(0.046 lbs/in) (L) (527 in/sec) 2/(386 in/sec2) 

Ef • (16.55) (L) in-lbs.

A

FUEL ROD 

B

-SEPARATOR BLOCK

Assuming plastic hinges form at locations A, B, and C on 
the impacting fuel rod, the internal work is derived by 
the following, 

Work = ½P6 where P = 16Mp/L (case 2d, p.225, Ref. 6) 

(Ref. 5) Mp the fully plastic moment at 
each hinge of the deformed fuel rod.  

6 = (L/2) (0) 
Substitution gives,

Work = 4Mp9
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For the fuel rod cross section (Ref. 7),

Mp = ay'4/3"(R 3 - R3) where ay = yield stress 
2R = O.D. of cladding = 0.430" 
2R = I.D. of cladding = 0.377" 

Although the previous expression is actually only applicable 
for perfectly plastic materials, and Zircaloy-4 exhibits 
strain hardening, it is considered valid in this case due to 
the "approximate" nature of the calculation. To somewhat 
compensate for the strain hardening effect, ay will be taken 
as the average of the yield and ultimate strength of the Zirc
4 fuel rod. The yield strength and ultimate strength of cold
worked Zirc-4 cladding at 70OF are 81,000 psi and 112,000 psi, 
respectively (Ref. 8).  

.' .. Y (81,000 + 112,000)/2 = 96,500 psi.  
Mp (96,500) (4) ((0.430/2)3-(0.377/2)3)/3 = 417 in-lbs.  

It should be noted that this neglects the possible increase in 
strength under dynamic loading.  

Equating internal work to impact energy gives the following, 

4Me8 - ½-mv2 

"e = (Ef)/4Mp) = ((16.55 (L) )/((4) (417)) = (0.0099) (L) rad 

Therefore, the maximum plastic deflection of the fuel rod is, 

6 = 9-L/2 = ((0.0099) (L) ) (L/2) (0.00496) (IL) = 

Fuel assembly-to-separator block spacing (See Figure 1), prior 
to drop, assuming the fuel assembly outer envelope is 8.54 in.  
for MK-B, can be calculated as follows, 

(24.375 - (2)(8.54) - 6)/2 = 0.648 in.  

Therefore, 6S. z 0.648 in., to maintain a 6 inch minimum fuel 
assembly spacing.  

Substitution gives the following expression, 

((0.00496) (1?) ) = 0.648 

It is concluded that the maximum "clear" distance between 
separator blocks required to maintain a 6 inch minimum 
separation between fuel assemblies is, 

.*. L = ( 0 . 6 4 8 / 0 . 0 0 4 9 6 )'l2 z 11.4 in.
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Figure 1 - Strongback Channel
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5.2 Separator Block Bolts

The impact force of the fuel assembly on the separator 
block following a 30 foot drop of the container on its 
side will be estimated. It will be assumed that this 
force will be transferred to the separator block bolts in 
the form of a direct shear force through their cross 
sectional area. The designed bolts are made from 5/8" 
diameter Grade 8 High Strength Steel(Ref. 9).  

A finite element model of the separator block using 
"shell" elements (STIF 63) was made on ANSYS 4.4A (Ref.  
10) to estimate the block stiffness. Loads ranging from 
2,000 to 100,000 pounds were applied at the center of one 
side of the block (nodes 105 & 106), while two points in 
the approximate location of the bolts were constrained in 
6 degrees-of-freedom and the nodes along bottom edge of 
the block were constrained in the Z-direction to simulate 
the constraint of the strongback that the block is bolted 
to (See Figure 2).  

The results can be seen in Figure 3 in terms of an 
apparent linear "Load vs. Deflection", from which the 
approximate stiffness of the separator block, in its 
actual orientation, is determined. It should be noted 
that in this section it is assumed that the strongback 
and F/A are rigid and do not deflect or absorb energy 
upon impact. All energy is thus absorbed by the 
separator block and bolts, where the stiffness of the 
block is the limiting case. This is also conservative.  
The calculated stiffness of the block is 52,000 lbs/in.  
An unrestrained deflection, "x", is then determined for 
the above stiffness by equating kinetic energy and 
"elastic" potential energy as follows, 

.½mv 2 = ½kx2  where m = 1650 lbs./9 blocks = 183 
ibs.  

v = 527 in/sec (Section 3.0) 
k = 52,000 lbs./in. (Figure 3) 

x = ((183) (527)2/(386) (52,000))112 = 1.59 in.
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Figure 2 
Separator Block ANSYS Model 
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The impact force can then be estimated as follows,

F = kx = (52,000)(1.59) = 82,680 lbs.  

The allowable shear stress is as follows (Ref. 11), 

Tii0, = (0.6) (ay) = (0.6) (130,000) = 78,000 psi.  

The shear stress in the bolts is then, 

T = F/Ab,, where Abju = (2) ((7r) (5/8)2/4) 

T = 82,680/0.614 = 134,747 psi. >> 78,000 psi.  

Assuming 2 bolts are used per separator block, the required bolt 
diameter can be determined as follows, 

%Hm = (F) / ( (2) (7r) (d) 1/4) 

d. = ((2) (82,680)/(7() (78,000))112 = 0.821 in. - 7/8" 

5.3 Realistic Separator Block Loading 

In the previous section, a conservative impact load was 
estimated for purposes of examining the strength of the 
separator bolts only. A more realistic maximum impact load 
can be estimated from the drop testing results of references 
12 and 13. Since the drop height, container material, 
geometry, and strongback supporting structure of the 51032 
container and the 927 container are essentially the same, the 
dynamic loading applications upon impact would be 
approximately the same.  

The 30 foot side drop test results showed that the fuel 
assemblies remained in the hold-down brackets and the brackets 
remained in place across the strongback. This shows that a 
significant amount of energy was absorbed prior to loading the 
brackets. It is therefore concluded that the loading required 
to shear the 3/8 inch SAE J429 Grade 5 bolts of the 51032-2 
("limiting"), would not be reached in the bracket assemblies 
during impact. This loading, however, will be calculated and 
used as an estimate of the maximum loading that the separator 
block could see if the bolts were to break in a 30 foot side 
drop.  

From Reference 9, the yield strength of Grade 5 bolts is 
92,000 psi. Therefore, the shear strength of the bolts is, 

Ty = (0.6) (92,000 psi) = 55,200 psi
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The cross-sectional area of the bolts (per bracket assy) is, 

Abh = (2 bolts) (7) (0.375 in.) 2/4 = 0.221 in 2 

The maximum impact load would then be, 

F,, = (55,200 psi) (0.221 in 2 ) (10 bracket assy's) = 
121,933 lbs.  

The corresponding maximum "g" factor is then, 

"g" factor = 121,933 lbs./l,650 lbs. = 74 g's 

Assuming, conservatively, that the "dynamic" yield strength of 
the 1/4 inch strongback equals the "static" yield strength, or 
36,000 psi., and that the one inch separator block bolts are 
used, the maximum bearing load that the strongback can take is 
calculated as follows, 

Pm = 2tday (Ref. 14) where t = 1/4 inch 
d = 1 inch 

P,,= (2) (0.25 in.) (I in.) (36,000 psi.) (9 separator 
Blocks) 
= 162,000 lbs.  

"g" factor = 162,000 lbs./1,650 lbs. = 98 g's 

M.S. = 98 - 74 x 100% = 32% 
74 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

It has been shown by the present analysis that the maximum "clear" 
spacing between separator blocks, to maintain a 6 inch minimum fuel 
assembly separation, following a 30 foot drop of the shipping 
container on its side, is 11.4 inches. It has also been shown 
conservatively that, as a minimum, 7/8" diameter bolts should be 
used to withstand the shear of the impact force. It is recommended 
that 1" bolts be used. It is also recommended that a 3/8" inch 
rectangular gusset be fillet welded within each separator block, 
perpendicular to the length of the square tubing and located 
lengthwise between bolt holes. This will stiffen the separator 
block, minimize deformation due to such high impact loads, and most 
likely eliminate interference of the separator block with the other 
adjacent fuel assembly.  

It should be noted that the 121,933 pound impact force calculated 
corresponds in section 5.3 corresponds to about 13,548 pounds per 
each of the nine separator blocks. In references 2 and 3 it was 
stated that the separator block, with gusset plate, could take a
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compressive load of greater than 30,000 pounds without 

significantly deflecting; and without a gusset plate at about 

16,000 pounds.  
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