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68 TEST #5.2.8 - 30-FT FREE DROP TEST: TOP END DROP ORIENTATION

Test # 6 Step 5..8 - MDS Nordlon Test Plan INIQA 1368 F-294 (1)
Hypothetical Accident Condition 30-ft Free Drop
(Ref: MDS Nordion Dwg. F629401-01 1, see Figure 2.10.12-F124)

Date test conducted: February 25, 1998

Conditions
* Drop height = 30 feet
* Orientation: Inverted (top end drop). Puncture pin is removed fiom drop test pad.
* Temperature: 9.4° C
* Time of drop: 4:40 p.m.

Photographic Record (Figures 2.10.12-F125 through 2.10.12- F132)

9802-23308-77 F-294, pre-drop

9802-23308-78 to 9802-23308-84 F-294, post-drop

Observations
* Crush shield as per photographs.
* Crush shield top retainig bolts still in place. Crush shield retained (jammed) on top of the

container.
* Part of cruish shield top ringmissing.
* Most severe deformation on half of circumference.
* Most crush shield fins attached. Some crsh shield fins with broken pieces. Some fins

flattened.
* Fireshield intact Slight outward bowing along top circumference.
* Set-up: Puncture pin removed.
* Set-up: 30-foot drop height verified with phumb line.
* Additional damage as per photographic records.
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Figure 2.10.12F125
Photograph 9802-23308-77
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Figure 2.10.12-F127
Photograph 9802-23308-79
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- Figure 2.10.12-F128
Photograph 9802-23308-80
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Figure 2.10.12-F129
Photograph 9802-23308-81
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IFigure 2.10.12-F130
Photograph 9802-23308-82
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Figure 2.10.12-F131
Photograph 9802-23308-83
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69 TEST#5.2.9 -PUNCTURE TEST: IMPACT ON THE CRUSHSHIELD
UPPER PLATE

Test # 7 Step 5.2.9 - MDS Nordion Test Plan IN/QA 1368 F-294 (1)
Hypothetical Accident Condition Puncture Test
(Ref: MDS Nordion Dwg. F629401-012, see Figure 2.10.12-F133)

Date test conducted: February 25, 1998

Conditions
* Drop height = 40 inches from top of 26-inch high puncture pin (67 inches from plate)
* Orientation: Inverted (top end drop). 26-inch puncture pin is reinstalled on drop test pad.
* Impact target Top of crush shield
* Temperature: 8.90C
* Time of drop: 5:00 p.m.

Photographic Record (Figures 2.10.12-F134 through 2.10.12-F138)

9802-23308-85 Verification of 40-inch drop height, using measured steel rod

9802-23308-86 to F-294, post-drop
9802-23308-89

Observations
* 6-inch diameter main deformation, 16-inch diameter gradual deformation.
* No penetration. However, footprint of the pin on the upper plate of the crush shield.
* Approximately 2 inches vertical deformation.
* 26-inch high puncture pin (second pin) was used.
* The puncture pin fastening to the steel pad was checked before and after the test

The puncture pin did not move daring the test
-* The puncture pin face was not damaged after the test
* Set-up: 401M2 inches over puncture pin height, verified visually with bar.
* Additional damage as per photographic records.
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Figure 2.10.12-F134
Photograph 9802-23308-85
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Figure 2.10.12-F135
Photograph 9802-23308-86

IN/Ti? 9301 F294, Revision 4 -4ppendix 2.10.12 Page 175- Jt~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~y 20U5~~~~~~DVITR 9301 F294, Revision 4 -Appendix 2.10.12 Page 175- July ZO3



Chapter 2

Figure 2.10.12-F136
Photograph 9802-23308-87
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:Figfure 2.10.12-F137
Photograph 9802-23308-88
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Figure 2.10.12-F138
Photograph 9802-23308-89
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6.10 TEST #5.2.10 - PUNCTURE TEST: IMPACT ON SIDE FIRESHIELD:
NAME PLATE ZONE - -

Test#8

Date test conducted:

(Additional test, not listed in the Test Plan, to assess effect of
reinforced area of the outer fireshleld shelL)
Hypothetical Accident Condition Puncture Test
(Similar to Ref: MDS Nordion Dwg. F629401-024,
see Figure 2.10.12-F139)
February 25, 1998

Conditions
* Drop height = 40 inches from top of 26-inch high puncture pin (67 inches firm plate)
* Orientation: Side puncture on nameplate (Centre-of-gravity on fireshield.)
* Temperature: 7.2C
* Time of drp: 5:28 pm.

Photographic Record (Figures 2.10.12-F140 through 2.10.12-F144)

9802-23308-90 Target area, showing removal of nameplate

9802-23308-91 - F-294, pre-drop

9802-23308-92 to 9802-23308-94 F-294, post-drop

Observations
* Shipping skid cleared the steel pad (impact plate).
* Packaing remained balanced on pin (pin penetrated fireshield).
* 1-foot diameter deformation by 1-im inch deep.
* 283 circumference (of 6-inch diameter indent) penetrated.
* 26-inch high puncture pin (second pin) used.
* The puncture pin fastening to the steel pad was checked before and after the test

The puncture pin did not move during the test.
* The puncture pin top face was not damaged after the drop test
X The shipping slkd landed on the reinforced concrete pad just outside the steel pad.

The shipping skdd did not bottom out first
* Set-up: 40 inches over puncture pmdrop height, verified visually with bar.
* Set-up: Nameplates removed on impact target
* Additional damage as per photographic records.
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Figure 2.10.12-F140
Photograph 9802-23308-90
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Figure 2.10.12-F141
Photograph 9802-23308-91
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Figure 2.10.12-F143
Photograph 9802-23308-93
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Figure 2.10.12-F144
Photograph 9802-23308-94
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611 TEST 5.2.11 - SHIP THE DROP TESTED F-294 TESTPACK GING TO
MDS NORDION, OTTA WA

The drop-tested F-294 test packaging was shipped to MDS Nordion from CRL (Chalk River
Laboratory) AECL, Chalk River, Ontario on 3rd March, 1998. See section 7.1 for details.

7. POST-DROP TESTS ON F-294 TEST SPECIMEN

7.1 TEST #5.3.1 - RECEIPT OF TESTED F-294 SPECIMEN

#1. Test # 5.3.1 as per test plan document IN/QA 1368 F294 (1)
Receipt of tested F-294 specimen.

Date of the test: March 3 1998 - March 5 1998

#2 Test Observations

#1. The drop tested F-294 specimen came in at MDS Nordion, Ottawa premises at
5.15 PM on 3rd March 1998 (Tuesday) from CRL, AECL-Research Co., Chalk
River, Ontario on the cobalt waste trailer (see Figure 2.10.12-F145).

#2. The tested F-294 specimen was tied down on the cobalt waste trailer at three (3)
points. However, it was fully secured on the trailer bed (see Figures 2.10.12-146
and 2.10.12-F148).

#3. The tested F-294 specimen was propped up (raised) on the wooden blocks,
placed underneath the shipping (removable) skid to secure the container onto
the trailer bed (see Figures 2.10.12-F147 and 2.10.12-F149).

#4. On March #4 1998, the tested F-294 specimen was unloaded from the trailer bed
onto a staging area, receiving bay, Industrial Operations building.

#5. Plans to disassemble tested F-294 specimen were discussed with QA.
(See memo from V. Shah to D. Sidney: 98-March-05.)

#6. A box came with the tested F-294 specimen. The box contained drainline cap;
vent cap; F-313 canier handle.

#2.3 Photos

Five photographs are attached (Figures 2.10.12-F145 through 2.10.12-F149).

#3. Notes

Video pictures of the skid and tested F-294 specimen were taken.

#4. Personnel

Name |Title

Test conducted by: G.Chupick Senior Decontamination Operator

Test Conducted by: D. Whitby Industrial Q.C.

Reviewed by: V. Shah Package Engineer
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Figure 2.10.12-F145
The Drop Tested F-294 Specimen Arriving at MDS Nordion, Ottawa
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Figure 2.10.12-F146
The Drop Tested F-294 Specimen on the Trailer
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Figure 2.1O.12-F147
The Drop Tested F-294 Specimen Chocked on the Trailer
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Figure 2.10.12-F148
The Drop Tested F-294 Specimen Tie Downs
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Figure 2.10.12-F149
The Drop Tested F-294 Specimen Chocked on the Waste Trailer
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7.2 TEST #5.3.2 - DIMENSIONAL MEASUREMENTS OF THE F-294
AFTER THEDROP

#1 Test # 5.3.2, as per test plan document IN/QA 1368 F294 (1)
Dimensional Measurements of the F-294 After the Drop

Date test conducted: April 3, 1998

#2 Person conducting test/procedure

Dave Whitby, Industrial Quality Control.

#3 Test details

The same features that were dimensionally measured on the F-294 container before the
drop were repeated after the drop as specified by Package Engineering.

The measurements were again performed by Dave Whitby of Industrial QC using the same
instrumentation. All instruments were calibrated and traceable to a national standard with
the exception of the 24 in. vernier caliper and the inside micrometer. In these cases, the
measurement on the caliper or micrometer was transferred to a surface plate and height
gauge to check the measurement setting on calibrated equipment.

Instrument Serial Number Calibration Date Accuracy

12 in. Digital Caliper 7040843 97/06/26 0.001I in.

Height Gauge 9000141 97/07/03 ± 0.0002 in.

Dial Indicator 6C0271 97/07/02 ± 0.0005 in.

Inside Micrometer G94R n/a n/a

24 in. Vernier Caliper V-24-2 n/a n/a

Measurements after the drop were conducted and recorded on 1998 April 03.

Some diameters were measured in two planes. Plane 'X' is a vertical plane through the
center of the container and the drainline. Plane 'Y' is through the center of the container,
900 to plane 'X'. All single measurements were taken through plane 'X'. See Figures
2.10.12-F150 and 2.10.12-F151.

#4 Plug Assembly F029402-002

Dimension
Feature No. Dimension on Drawing Actual Comments

Shielding plug O.D. 1 14.705 inJI4.695 in. X - 14.703 in. 3 in. from end.
diameter Y- 14.713 in.

Flange O.D. 2 21-1/2 in. diameter. 21.484 in.

Plug shield height 3 11.990 inJl2.000 in. 11.991 in.

Plug height 4 14 in. 14.010 in.

Lift lug height 5 2-1/2 in. (dwg F029402-010) 1.843 in.

INT 31F9.Rvso Apni 2.01 Pae12 uy20
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#5 Crack Shield Assembly F029402-018

#6

Dimension Dimension on
Feature No. Drawing Actual Comments

O.D. 6 17-5/8 in. diameter 17.614 in.

I.D. 7 n/a 11.966 in. _

Height ~ 8 1-15/16 in. Ref. 1.898 in. /

Container F029402-024

Dimension Dimension on
Feature No. Drawing. Actual Coments

Upper Cavity 9 14.785 inJI4.795 X - 14.823 in. caio-p only
I.D. in. diameter Y - 14.813 _ _ _ _

Upper height 10 not dimensioned 1l4 lin. Fig. 2.10.12-F152 EF
Gasket seating 11 not dimensioned 0.156 in. Fig. 2.10.12-F152 CD
zone height -

Gasket seating 12 16-314 in. diameter 16.975 in. Fig. 2.10.12-F152
zone I.D. - diameter at C

Lower cavity 13 1 .S Gin./11.510 X - 11.501 in.
I.D. in. diameter Y - 11.516 in.

Lower cavity 14 20.0 in. Ref 20.254 Fig. 2.10.12-F152 GH
height (edge)

Lower cavity 15 n/a n/a Fig. 2.10.12-F152 GI
height (center)

#7 Observations

* All diameters were taken in the X plane unless otherwise specified.
* The variation of some diameters/dimensions (e.g., crack shield assenbly, or plug flange

OD.) was significant due to roughness and waviness, and replicating the exact original
nmasurement position proved difficult; the differences in the before and after measurements
could therefore be attributed to both deformation and/or the inability to repeat the exact
measurement location.

* The cavity heights (depth) were measured adjacent to the cavity wall only.
* Some additional measurements were taken at different heights in the upper cavity, see

Figure 2.10.12-F153
* There was no visual damage evident within the cavity; there were no cracks evident within

the cavity (see Figure 2.10.12-F154).
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#8 Personnel

Name Title

Test prepared by D. Whitby Industrial Quality Control.

Approved by: V. Shah Package Engineering

Figure 2.10.12-F150
Plan View of the F-294 Indicating the Location of Planes X and Y
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Figure 2.10.12-F151
F-294 Measurement Locations Through Plane X
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Figure 2.10.12F152
F-294 Cavity
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Figure 2.1O.12-F153

F-294 Upper Canvity I.D. Measurements After the Drop

L.~~~~~~~~~~~~~~~~~~~~~~
_ . .. : _ . , .~* r

IN/FR 9301 F294, Revision 4 -Appendix 2.10.12 Page 197- July 2003INITR 9301 F294, Revision 4 -Appen& Z 10. 12 Page 197- July 2003



Chapter 2

Figure 2.10.12-F154
F-294 Cavity After the Drop (no visible damage)
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7.3 TEST #5.3.3 - AIR PRESSURE TEST OF THE DROP TESTED F-294 CA VITY

#1. Test # 5.3.3 as per test plan document IN/QA 1368 F294 (1):
Air pressure test of the F-294 cavity (post-drop).

Test with "neoprene" gasket.

Date test conducted: March 13, 1998

#2. Person conducting the test/procedure

Greg Chupick conducted the air pressure leak test of F-294 cavity as per procedur
IN/MP 0019 ZOOO Issue G, Appendix 1 with following noted excepti _

#2.1 Test details

The Joint configuration is as follows:
* draininecap:50f1-lb.±l00 /o
* "UNBRAKOX bolts: 16 out of 16 inplace.
* Gasket "neoprene gasket 16-3/ in. OD x l5-1/8 in. ID x-3/16 in. thick. "Neoprene"

material: MDS Nordion Stores stock: 2R039201

The torques provided on the bolts or other closures (i.e., caps) were not touched or
disturbed after the drop test.

The cavity was not filled with water. The cavity was pressurized with 45 psig. air.

#2.2 Observations

When the F-294 plug closurejoint was subjected to soap bubble (leak tek) leak test, no
soap bubbles were observed around the gasket area. Also no soap bubbles were observed
around the drain line cap area.

The pressure gauge readings:
At start 11.30 am 45 psig
At finish 1.30 pm 45 psig

#2.3 Photographs

Three photographs are attached (Figures 2.10.12-F155 through 2.10.12-F157).

#2.4 Conclusions

With the "neoprene' gasket in the joint, the drop-tested F-294 cavity air pressure leak test
passed.

#3. Notes

#3.1 The torque wrench used is No. 1296500071
Calibration Date: 98/02/18
Calibration Due Date: 99/02/18
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#4. Personnel

Name Title

Test conducted by: G. Chupick Senior Decontamination Monitor

Reviewed by: V. Shah Package Engineer

Reviewed by: D. Whitby Industrial Q. C.

Figure 2.10.12-F155
Air Pressure Test of the Cavity of the Drop-Tested F-294 Packaging

INTR 9301 F294, Revirion 4 -4ppendir 2.10.12 Page 200- July 2003
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Figure 2.10.12-F156
Air Pressure Test of the Cavity of the Drop-Tested F-294 Packaging

Applying "Leak-Tek" (soap) Solution on Top Closure Plug
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Figure 2.10.12-F157
Air Pressure Test of the Cavity of the Drop-Tested F-294 Packaging

Applying "Leak Tek" (soap) Solution on the Drainline Cap
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7.4 TEST#5.3.4 - HELIUMLEAK TESTOF THEF-294 C4VITY

#1. Test # 5.3.4 as per test plan document IN/QA 1368 F294 (1):
Helium Leak Test of the F-294 cavity.

Date test conducted: March 13, 1998

#2 Person who conducted the test/procedure

Chris Nicholson, Greg Chupick and V. Shah conducted the helium leak test of F-294
cavity as per procedure IN/OP 0598 F294 Issue A with following noted exceptions.

#2.1 Test details

The Joint configuration is as follows:

1) UNBRAKO bolts: 16 out of 16 in place.

2) Gasket: Neoprene gasket.

Size: 16-3/8 in. OD x 15-i/s in. ID x 3/16 in. thick. "Neoprene"
material: MDS Nordion Stores stock: 2R039201

The torques provided on the bolts or other closures (i.e., caps) were not disturbed or
adjusted after the drop tests conducted at AECL, CRL, Chalk River Ontario, Canada on
February 25, 1998.

There was no water in the cavity. The cavity was pressurized with 14 psig. helium.

The ambient temperature was 210C.

#2.2 Observations

The container was "sniffed" around the top plug closure, ventline caps and drainline cap.

When the F-294 plug closure joint was subjected to sniffer helium leak test, it met
leaktightness level of 4 x 10-7 atm cc sec.
When the F-294 drainline joint was subjected to sniffer helium leak test, it met
leaktightness level of 6 x 1I atm cc/sec.

When the F-294 vent line joint was subjected to sniffer helium leak test, it met
leaktightness level of 4 x 10-7 atm cclsec.

#2.3 Photographs

Three photographs are attached (Figures 2.10.12-F158 through 2.10.12-F160).

#2.4 Conclusions

With "neoprene" gasketed plug joint, the F-294 cavity passed the helium leak test as the
leaktightness level of 6 x 1I atm cc/sec, which exceeds the required leaktightness level
of 1 x 10F4 atm cc/sec as stated in procedure N/OP 0598 F294 Issue A.
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#3. Notes

#3.2 Helium Leak Testing Equipment:

Varian 947 Helium Leak Detector # 10487/6-809-416

Calibration information:

* The machine has a built-in calibration standardt This is traceable to national
standard as per certificate provided by the manufacturer.

* The machine is verified to the built-in calibrated standard at the start of every
leak test.

#4. Personnel

Name Title

Test conducted by: C. Nicholson Development Technician

Test conducted by: G. Chupick Senior Decontamination Monitor

Test conducted by: V. Shah Package Engineer

Reviewed by: D. Whitby Industrial Q.C.
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Figure 2.10.12-F158
Helium Leak Test of the Cavity of the Drop-Tested F-294 Packaging
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Figure 2.10.12-F159
Helium Leak Test of the Cavity of the Drop-Tested F-294 Packaging

Sniffing for Leaks at Top Closure Plug Joint
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Figure 2.10.12-F160
Helium Leak Test of the Cavity of the Drop-Tested F-294 Packaging

Sniffing for Leaks at the Draluline Cap
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7.5 TEST #5.3.5 - Damage Assessment of the Tested F-294 Specimen
MDS Nordion Test Plan IN/QA-1368 F294 (1)
Damage Assessment of the Tested F-294 Specimen
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#1 Introduction

The F-294 test packaging was subjected to eight (8) drop tests conducted on 1998
February 25 at Chalk River Laboratory, AECL, Chalk River, Ontario, Canada.

Drop Test Description

#1 Normal free drop test, top end orientation (3-ft drop).

#2 30-ft free drop. Side oblique drop orientation (on lift lug #4).

#3C Puncture test: impact on the zone near lift lug fin #4 (40-inch drop).

#4 Puncture test: impact cylindrical fireshield (40-inch drop at midheight of
fireshield, on lift lug #4 axis).

#5 Puncture test: impact on fixed skid lower plate (40-inch drop).

#6 30-ft free drop test: top end drop orientation.

#7 Puncture test: impact on the crushshield upper plate (40-inch drop at
center zone of crushshield).

#8 Puncture test: impact cylindrical fireshield (40-inch drop at midheight on
name plate zone).

The drop tested F-294 assembly was returned to MDS Nordion, Ottawa for assessment
after the above drop tests.

The drop tested crushshield had to have several fins flame cut to enable its removal from
the container. All cut fins were saved for assessment.

Leak tests were performed to determine the cavity leak tightness.

The damage assessments were performed by Vinod Shah and Dave Whitby on the drop
tested F-294 packaging. Unless otherwise specified, the damage assessments were
conducted on the dates between 1998 April 03 and 1998 April 14.

The following tests were performed and the results recorded.

#2 Plug Removal and Assessment

The plug fasteners were numbered as shown in Figure 2.10.12-F161. The torque required
to loosen each fastener is as specified in Table 2.10.12-T12.

There was no obvious damage on any of the closure plug fasteners. The closure plug was
easily lifted out of the cavity with no evidence of binding or jamming. The operation of
removing the plug was just the same as during the pre-drop condition. The gasket had no
visible damage, was still pliable and performed well after the drop as was evidenced with
the leak test results.

The cavity had appeared clean and undamaged as documented in the Test Report #5.3.2
Dimensional Measurements of the F-294 after the Drop. There were light ridges in the
upper cavity that could be felt by hand (approximately 0.005 in. proud). There was no
evidence of cracking on the surfaces of the cavity wall.

There was no visible damage to the plug, other than the crushed lifting eye and light marks
on some of the bolt holes left by the threaded fasteners. All welds appeared sound with no
cracking. The dimensional results were recorded in Test Report #5.3.2.
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#3 Crush Shield Fin Damage Assessment

The fins were numbered as in Figure 2.10.12-F162, and the deformation of the outer edge
on each fin was'quantified in the planes shown in Digital Photos 5 and 6.

Graduated rules and/or a tape measure were used for measuring the fins. The deformation
for each fin had two characteristic shapes as shown in Digital Photos 5 and 6; these shapes
and the measured deformations are referred to in Tables 2.10.12-T13 and 2.10.12-T14.

#4 Crush Shield Puncture Zone

The deformation caused by Drop Test #7 was a 2-1/4 in. impression on the top of the
crushshield and a 2-13/16 in. proud deflection on the underside. See Digital Photo 4.

The deformation profile of the crush shield is given in Figure 1.10.12-F166.

#5 Container Fin Damage Assessment

The container fins were numbered as shown in Figure 2.10.12-F 162 and the fin
deformation was measured as was done with the crush shield.

Graduated rules and/or a tape measure were used for measuring the fins. The deformation
for each fin had four characteristic shapes as shown in Digital Photos 7, 8, 9 and 10; these
shapes and the measured deformations are shown in Tables 2.10.12-T15 and 2.10.12-Ti6.

#6 Puncture Pin Damage Zones

See Table 2.10.12-T17

#6.1 Observations

1. The fin deformation for each of the puncture pin locations indicates that the pin did
not come in direct contact with the container wall.

2. The estimated closest proximity to the container wall was the torn fin #29, which was
1/2 in. from the reinforcing plate, and 1-1/4 in. from the container wall (shell).

#7 Fireshield Damaged Areas

After the drop tests, the cylindrical fireshield was cut in to three (3) segments, see Digital
Photo 3.

Segment No. Position on F-294 Container -Deformation

1 around Lift Lug # 1 slight deformation around lower mounting
brcket only.

2 around Lift Lug #4 the most deformed - from Drop Tests #2, #3
and #4.

3 around Lift Lugs #2 and #3 puncture pin zone from Drop Test #8

#7.1 Fireshield Segment #1

Only slight deformation - the lower mounting bracket was recessed approximately 1/8 in.
from its normal position, Photo 15.
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#7.2 Fireshleld Segment #2

Significant deformation at the top due to Drop Tests #2 and #3, and a puncture pin
damage zone at midheight due to Drop Test #4.

The puncture pin partially tore through the fireshield wall as shown in Digital Photos 16
and 17. The deformation profile and approximate area of the opening are shown in Figure
2.10.12-F163.

The upper damage zone due to Drop Tests #2 and #3 was deformed as shown in Digital
Photos 18 and 19.

#7.3 Fireshield Segment #3

Due to Drop Test #8, the puncture area included the ID plate mounting plaque on the
fireshield wall. The puncture pin partially tore through the fireshield wall as shown in
Digital Photos 21 and 22. The deformation profile and the approximate area of opening
are shown in Figure 2.10.12-164.

#8. Fixed Skid Puncture Zone

A puncture zone impression was as shown in Digital Photo 26 due to Drop Test #5.

Other fixed skid deformation is shown in Digital Photo 24. The deformation profile is
shown in Figure 2.10.12-F165.

#9 Removable Shipping Skid

For assessment, the deformed shipping skid was oriented with the lowest comer touching
the floor and the three remaining comers set on blocks such that the undamaged portion of
the skid was horizontal to the floor. All measurements were taken in the planes parallel or
normal to the floor as shown in Digital Photos 27 to 31.

#10 Conclusions

1. Integrity of stainless steel shell surrounding the lead shielding in the container
assembly.

1.1 There were no cracks in the external primary shell (inclusive of welds)
of the container of F-294 test packaging.

1.2 There were no cracks in the shell (inclusive of welds) of the closure plug
of the F-294 test packaging.

1.3 There were no cracks in the cavity of the container of the F-294 test
packaging.

1.4 All the container/fin root welds were intact and not cracked, with the
exception of few root welds located at the top container zone near the
closure plug.

2. The shapes of the impacted fins followed the standard deformation profiles (S- or
J-curves). An extensive photographic record as well as a deformation measurement
record of the impacted fins has been compiled.
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3. Integrity of Thermal Protection

3.1 As a result of the puncture pin tests, there were very small openings in
the cylindrical fireshield. (27 in2 out of 9,257 in2).

3.2 As a result of the puncture pin test, there were no openings in the thermal
protection integral with the crush shield.

3.3 As a result of the puncture pin test, there were no openings in the thermal
protection integral within the fixed skid plate assembly.

#11 Personnel -_ _

Name Title

Prepared by D. Whitby Industrial Quality Control

Approved by V. Shah , Package Engineering

Table 2.10.12-T12
Opening Torques for the Closure Plug

Bit#M Ao. . -O en goruevift.-1I

l1: - 30

2 70

3 90

4 90

5 20

6- _- 0:: 30

7 5

8 30 :

9 40

10 0

11 140+

12 140+...220 (binding)

13 120 (binding)

14 140+ ...180

15 140 ...220

16 140+ .. 210 (2nd torque wrench)
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Table 2.10.12-T13
Crush Shield Fin Shapes

-:Shape,

DimensIo DescritionCharacteristc

A maximum horizontal deformation from the plane normal to J shape - Photo 5.
upper donut ring.

B maximum deformed vertical height from the upper donut ring. J shape - Photo 5.

C maximum horizontal deformation from the plane normal to Straight - Photo 6.
upper donut ring.

D maximum deformed vertical height from the upper donut ring. Straight - Photo 6.

Table 2.10.12T14
Deformation Measurements on the Crushshleld Fins

FinNo". FnShape -Dim.A D lm'. . - i-.D Co..ent

I J- Photo 5 6 in. 7 - 7/8 in. cracked weld
2 J- Photo 5 4 in. 8 in. cracked weld
3 J- Photo 5 7 - 7/8 in. 3 - 7/8 in.
4 1- Photo 5 7 - 3/4 in. 3 - 3/4 in.

5 J- Photo 5 7 - 7/8 in. 3 - 1/4 in.

6 J- Photo 5 7 - 1/2 in. cut

7 J- Photo 5 7 - 7/8 in. cut

8 J- Photo 5 cut 7 - 5/8 in. cracked weld

9 J- Photo5 cut 8 in. cracked weld

10 1- Photo 5 7 - 7/8 in. 1/2 in. cracked weld
1 J- Photo 5 8 in. 1/4 in. cracked weld
12 J- Photo 5 7 - 1/8 in. 3 - 1/4 in. cracked weld

13 J- Photo 5 7 - 1/2 in. 3 - 1/4 in. cracked weld

14 J- Photo 5 7 - 3/4 in. 3 in. cracked weld

15 1- Photo 6 6 - 3/8 in. 6 in. cracked weld

1 6 I- Photo 6 6 - 1/2 in. 5 - 1/2 in. I in. detached

17 I- Photo 6 6 in. 6 in. I 1/4 in.

18 I- Photo 6 7 in. 5 - 1/4 in. I - 1/4 in.

19 I- Photo 6 7 in. 4 - 1/4 in. broken weld

20 I- Photo 6 6 in. 4 in. broken ring

21 I- Photo 6 7 in. 4 - 1/4 in. broken ring

22 I- Photo 6 4 - 1/4 in. 3 - 1/2 in. cracked weld

23 I- Photo 6 5 - 1/2 in. 4 in. cracked weld

24 I- Photo 6 ._5 - 1/2 in. 4 in. cracked weld

25 I- Photo 6 . 6 in. 4 in. cracked weld

26 I- Photo 6 6 in. 4 in. cracked weld

27 I- Photo 6 6 - 1/2 in. 5 in. cracked weld

28 I- Photo 6 . 6 in. 4 in. cracked weld
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Table 2.10.12-Ti5
Fin Shape Definition

DimensonDertnh

J-Shape Deformed Fin

A Overall height, from upper weld to highest point of the fin. 9

B Distance, from upper weld to center of curved portion of fin. 9

C Horizontal deformation of curved portion, from normal plane. 9

D Horizontal deformation of top edge, from normal plane. 9

S-Shape Deformed Fin _ _

A Overall height, from upper weld to highest point of the fin. 7

B Height from upper weld to upper most S section. 7

C Horizontal deformation of upper most S section. 7

D Horizontal deformation of the middle S section. 7

E Horizontal deformation of the lower S section. 7

F Height fiorom upper weld to the middle S section. 7

G Height from upper weld to the lower S section. 7

Straight (I) Bent Fin

A Overall height, from upper weld to highest point of the fin. 10

B Height from upper weld to the bend 10

C Horizontal deformation at top of fM. ______10

U-Shape Deformed Fin

A Overall height, fiom upper weld to highest point of the fin. 8

B Height from upper weld -to the bend. *8

C Horizontal deformation at top of fin. -8

D Horizontal deformation of the middle section. 8

Lower Section Bow

H Maximum horizontal deformation of lower section bow. n/a

J Height from top of skid plate to maximum bow. n/a
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Table 2.1.12-T16
Container Fin Deformation Measurements

No.F ~ J~1~A Dhnmint D i x DimaSE DisF Dtrdi Dvm Dlmf Comments,

1 no daimage LL #1
2 I Photo 10 3/4 in. 5/32 in. 4 in.
3 1 Photo 9 14-5/8 in. 10-3/4 in. 1-1/2 in. 2-5/16 in.
4 J Photo 9 14-7/8 in. 10-1/2 in. 1-3/4 in. 1-1/2 in. cracked top weld
5 J Photo 9 14-27/32 in. 10-5/16 in. 1-7/8 in. 1-3/4 in. 9/32 in. 16 in.
6 J Photo 9 15 in. 10-7/8 in. 1-1/4 in. 2-1/4 in. cracked top weld
7 J Photo 9 15-5/32 in. 11-17/32 in. 1-15/16 in. 1-7/32 in. cracked top weld
8 S Photo 7 15-29/32 in. 14-11/16 in. 5/16 in. 1/8 in. 3/8 in. 12-3/4 in. 10-13/16 13/16 in. cracked top weld

in.
9 I Photo 10 15/16 in. support
10 no damage LL #2
11 I Photo 10 | 1-1/16 in.
12 U Photo 8 14-22/32 in. 10 in. 1-13/32 in. 2-1/2 in. broken top weld
13 no damage =
14 no damage

15 no damage

16 I Photo 10 I 13/32 in. 3/16 in. I18 in.
_ ~ ~~~ I.4

17 J Photo 9 | 15 in. 10-25/32 in.1 3-13/16 in. I 5/32 in. broken top

18 seePhoto 14

19 see Photo 14 LL #3

20 I Photo 10 1 15/32 in.

21 no damage

22 no damage

23 no damage

24 no damage

25 I Photo 10 1-23/32 in.

26 U Photo 8 15-12/32 in. 12-9/16 in. 3-13/16 in. 3-1/2 in.

27 see Photo 1

28 see Photo I11 LL #4
29 see Photo 13

30 U Photo 8 15-1/4 in. 13-1/8 in. 4-1/4 in. 4-5/8 in.

31 J Photo 9 15-5/8 in. 13-1/2 in. 4-5/8 in. 3-7/8 in.

32 J Photo 9 16 in. IS in. 2-1/16 in. 2 in. slight J shape

33 J Photo 9 16 in. 15 in. 7/8 in. 1-1/16 in. slight J shape

34 J Photo 9 16 in. IS in. 1/8 in. 3/16 in. slight J shape

35 J Photo 9 16 in. 15 in. 5/16 in. 3/8 in. slight J shape

36 J Photo 9 15-1/2 in. 12 in. 3/8 in. 1-1/4 in. slight ishap
I _______ I I

y
N.-/
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Table 2.10.12-T17
Puncture Pin Damage Zones

Dr-p-Test No. Location of Impact - in No. Phot NO.-

3 container, lift lug #4 LL #4 and #29 11

4 cylindrical fireshield midpoint #28 and #29 11

5 bottom plate of fixed Skid fxedskid 26

7 upper plate of crushshield crushshield 4

8 cylindrical fireshield - nameplate #18 & #19 14

Figure 2.10.12-F161
Closure Plug Fastener Numbers

I LL#3

LLs4 LL:2

LLU2
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Figure 2.10.12-F162
Fin Numbering for the Crush Shield and the Container
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Figure 2.10.12-F163
Deformation of Fireshield during Puncture Pin Drop Test #4
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Figure 2.10.12-F164
Deformation of Fireshleld (nameplate zone) during Puncture Pin Drop Test #8
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-Figure 2.10.12-F165
Deformation on the Bottom of Fixed Skid due to Puncture Pin Drop Test #5

UPPER PLATE

Figure 2.10.12-F166
Deformation Profile on Crush Shield due to Puncture Pin Drop Test #7
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Digital Photo No. 1 (c:\droptest\249adoc)
Unloading of the F-294 Packaging
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Digital Photo No. 2 (c:\droptest\photos\114a.doc)
Deformed Area on the F-294 Packaging Assembly
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Digital Photo No. 3 (c:\droptest~photos\fs.doc)
The Cutting of the Fireshield
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Digital Photo No. 4 (c:\droptest\photos\cshield.doc)
The F-294 Crush Shield

ower Doughnut Ring
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Digital Photo No. 5 (h:\flles\pckengrg\fln#2.doc)
Standard J-shape Crush Shield Fin
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Digital Photo No. 6 (c:\droptest\photos\fin#13.doc)
Standard I-shape Crush Shield Fin
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Digital Photo No. 7 (c\:droptest\photos6\fm8.doc)
Standard S-shape Fin
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Digital Photo No. 8 (c:\droptest\photos6\fin12.doc)
Standard U-shape Fin
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Digital Photo No. 10 (c:%droptestXphotosUfln.doc)
Standard I-shape Fin

1Ni71� 930) F294. Reviiion 4 -Appendix 2.10.12 Page 231- .hdy 2003
INIM 9301 n94, Revision 4 -Appm& 2.10.12 Page 231- Grul 2003



Chapter 2

Digital Photo No. 11 (c:\droptest\photos\114.doc)
Deformation on Lift Lug #4
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Digital Photo No. 12 (c:\droptest\photos\114.doc)
IDeformation on Lift Lug #4, Top
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Digital Photo No. 13 (c:\droptest\photos\fm29.doc)
Fin #29
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Digital Photo No. 14 (c:\droptest\photos\tear.doc)
Puncture Pin Damage Zone from Drop Test #8

"', I T,. ~r, A:

To the bottom of footprint
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Digital Photo No. 15 (c:\droptest\photos\segl.dac)
Fireshleld Segment #1
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Digital Photo No. 16 (c:\droptest\photos\seg2c.doc)
Fireshleld Segment #2
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Digital Photo No. 17 (cAdroptest\photos\seg2.doc)
Fireshield Segment #2 Lower Puncture Zone
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Digital Photo No. 18 (c:\droptest\photos\seg2a.doc)
Fireshield Segment #2 Upper Puncture Zone
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Digital Photo No. 19 (cAdroptest\photos\seg3c.doc)
Fireshleld Segment #2, Top View
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Digital Photo No. 20 (cAdroptest\photos\seg2b.doc)
Fireshield Segment #2, Inboard View
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Digital Photo No. 21 (cAdroptest\photos\seg3.doc)
Fireshield Segment #3

Opening for
Lift Lug #3

Puncure Impression with
i tear through the wall.
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Digital Photo No. 22 (cAdroptest\photos\seg3a.doc)
Fireshield Segment #3, Inboard View (c:\droptest\photos\seg3a.doc)
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Digital Photo No. 23 (c:\droptest\photos\seg3b.doc)
Fireshleld Segment #3, Inboard View
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Digital Photo No. 24 (c:\droptest\photos\skid3.doc)
F-294 Fixed Skid
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Digital Photo No. 25 (c:\droptest\photosskldiddoc)
Measuring the Puncture Zone
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Digital Photo No. 26 (c:\droptest\photos\skldl.doc)
- Puncture Impression from Drop Test #5
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Digital Photo No. 27 (cAdroptest\photos4\skid.doc)
Shipping SkId, View 1

� - � --�, ---7
mmmwm� I.1 I

6whai- I - - -

mnx 9301 Fm. Revbion 4 -Appendk2.1O.12 Page 248- Ju& 2003
DV/U 9301 F294. Revblon 4 -Appendix 2.10.12 Page 248- July 2003



Chapter 2

~~~~~ ~~~~Digital Photo No. 28 (c:\droptesftsldd2.doc)
: ~~~~~~~Shipping Skid, ViewF 2
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Digital Photo No. 29 (c:\droptest\skid3.doc)
Shipping Skid, View 3 (c:\droptest\sldd3.doc)
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Digital Photo No. 30 (c:\droptest\sldd4.doc)
Shipping Skid, View 4
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Digital Photo No. 31 (c:\droptest\skldS.doc)
Shipping Skid, View 5
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Digital Photo No. 32 (c:\droptest\photos\cracLkdoc)
F-294 Container Fins

Cracked upper fillet welds
etween Fin #6, #7, #8 and
ontainer exterior shell.
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7.6 TEST #5.3.6 - INSPECTIONAND DIMENSIONAL EASUREMENT OF
C-188 DUMMY CAPSULES

#1. Test # 5.3.6 as per test plan document IN/QA 1368 F294 (1):
Inspection and dimensional measurement of C-1 88 dummy capsules.

Date test conducted: March 16, 1998

#2. Person who conducted the test/procedure

Helen Sheehan conducted the inspection and dimensional measurement of C-188 dummy
capsules as per guidelines of standard capsule inspection procedure CO-C/IT-0001 and as
per requirements stated by V. Shah.

#2.1 Test details

The following dimensions were measured on C-188 dummy capsules.
* Overall Dimensions: (at cap end, at tube center and at cap-to-tube junction)
* Overall length
* Straightness
The dimensional data is given in Table 2.10.12-TI 8.

#2.2 Observations

#2.2.1 F-313 carrier/buffers

After the drop, when the F-294 closure plug was opened, it was discovered that
the F-313 carrier was restrained in two locations at the top. It was restrained,
using wood and plastic foam buffers as per (see Figure 2.10.12-F 167). In addition,
the carrier handle was not on the F-3 13 carrier. Also, the C- 188 dummy capsules
were located as per Figure 2.10.12-F168.

This is further addressed in Chapter 2, Appendix 2.10.13.

These modifications were carried out by the Test Operator (CRL, AECL) to
protect the G-gage accelerometer.

#2.2.2 All C-188 dummy capsules

There were no gouge marks on the C-188 dummy capsules.

IN/TR 9301 F294. Revision 4 -Appendix 2.10.12 Page 254- July 2003
INITR 9301 F294, Revision 4 -Appendk 2.10.12 Page 254- July 2003



Chapter 2

Table 2.10.12-T18
Recorded Dimensions of C-188 Dummy Capsules

C488 Overal ~ -, Number OJ). at Tub >Ox t Tub OtherDA,

60200 17.776 0.003 .382 .379 .379 .379 .382

60201 17.777 0.002 .382 .379 .379 .379 .381

60202 17.776 0.003 .382 .380 .380 .380 .382

60203 17.777 0.004 .382 .378 .378 .378 .382

60204 17.771 n/a .383 .380 .38- .380 .383

60205 17.775 0.003 .383 .380 .380 .380 .383

60206 17.775 0.004 .382 .380 .380 .380 .382

60207 17.778 0.003 .382 .379 .379_- .379 .382

#2.3 Photographs

Photographs will be provided, if available.

#2.4 Conclusions

1. When we compare the dimensions of C-188 dummy capsules before and after the
F-294 drop tests, there is no significant change in the C-188 dimensional.

2. There were no gouges on the C-1 88 dummy capsules after the drop tests.

Notes

Personnel

#3.

#4.

-Name Title

Test conducted by: H. Sheehan Quality Control Technician

Reviewed by: V. Shah Package Engineer

Reviewed by: D. Whitby Industrial Quality Control
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Chapwt 2

Figure 2.10.12-F168
Location of C-188 Dummy Capsules within F-313 Carrier during the Drop Test

r60200.
I(S)

60203000 ~~~~~~~~~(S)

00°°06 (P)~~~~~~~~~~~~~~~~~~P

60206 <</
(P) no i -fr-) no _'

60202 -' L- 60201
(S) ' ' (S)
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7.7 TEST #5.3.7-HELIUMLEAK TEST OF THE C-188 DUMMY CAPSULES

#1. Test # 5.3.7 as per test plan document IN/QA 1368 F294 (1):
Helium Leak Test of the C-188 dummy capsules.

Date test conducted: March 25, 1998

#2.0 Person who conducted the test/procedure

John Culbertson conducted the helium leak test of C-188 dummy capsules as per
manufacturer's operating instructions for the helium leak testing equipment and ANS
N542-77 Standard: Appendix A2.2.6.1, A2.2.6.2, and A2.2.6.3.

#2.1 Test details

Step #1: The eight (8) C-188 dummy capsules are numbered as follows:

Item

1

2

3

4

5

6

7

8

Serial Number of C-188
Dummy Capsule

60200

60201

60202

60203

60204

60205

60206

60207

Pellet or Slug

Slug

Slug

Slug

Slug

Pellet

Pellet

Pellet

Pellet

Weight In grams

230.

229.

232.

229.5

194

194.5

193.5

193.

Step #2: All eight (8) C-188 dummy capsules were inserted in a pressure vessel
containing helium and pressurized with helium to 350 psig for two (2)
hours.

Step # 3: Each C-188 dummy capsule was individually helium leak tested.

Step # 4: The ambient temperature was 210C.

#2.2 Observations

All eight C-I 88s that were helium leak tested met leaktightness level of 2 x I1-9 atm
cc/sec.

#23 Photos

Photographs were not taken. There was no visible damage on dumny C-188 capsules.

#2.4 Conclusions

After the drop test of F-294 prototype container, the dummy C-188s passed the helium
leak test, as the leaktightness level of 2 x 10-9 atm cc/sec exceeds the required
leaktightness level of I x I0-8 std cc/sec as stated in procedure ANS N542-77 standard
(Appendix A2.2.6.4).

INITR 9301 F294, Revision 4 -Appendix 2.10.12 Page 258- July 2003



Chapter 2

#3. Notes

#3.1 Helium Leak Testing Equipment:
Varian 947 Helium Leak Detector# 10487/6-809-416
Calibration information:

The machine has a built-in calibration standard.
The machine is verified to the built-in calibrated standard at the start of every leak test

#4. Personnel

. Name Title

Test Conducted by: . J Culbertson Materials Specialist

Reviewed by: V. Shah - Package ngineer

Reviewed by: D. Whitby Industrial Q.C.

Figure 2.10.12-F169

This figure left blank intentionally.
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7.8 TEST #5.3.8 - INSPECTIONAND DIMENSIONAL MEASUREMENT OF
F-313 SOURCE CARRIER

#1. Test # 5.3.8 as per test plan document IN/QA 1368 F294 (1):
Inspection and dimensional measurement of F-313
source carrier.

Date test conducted: March 16, 1998

#2. Person who conducted the test/procedure

Helen Sheehan conducted the inspection and dimensional measurement of F-313
source carrier (Figure 2.10.12-F170) as per incoming inspection procedure and as per
requirements stated by V. Shah.

#2.1 Test details

The following dimensions were measured on F-313 source carrier.
0

B

0

S

Overall diameter
Overall length
Height from top elevation of support rod to bottom elevation of support rod.
Height of center post assembly.

#2.2 Test Results

See Figure 2.10.12-F171 for legend:
1. Overall Length (A) = 19.794 in. (see Note)
2. Height from bottom feet of support rod to top plate. (measurement at center of

hole pattern).
DimensionBl 17.459 in.
Dimension B2 17.454 in.
Dimension B3 17.486 in.
Dimension B4 17.500 in.

3. Height of each plate from the bottom of feet of support rod.
Dimension C 0.359 in.
Dimension D 1.407 in.
Dimension E 6.429 in.
Dimension F 11.497 in.
Dimension G 16.560 in.
Dimension H 17.486 in.

#2.3 Photographs

Photographs, if available, will be provided.

#2.4 Conclusions
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#3. Notes

#3.1 F-313 drawing
The F-313 source carrier was fabricated to-Drawing F31301-OO1 Issue B.

#3.2 Configuration of F-294 cavity:

After the drop, when the F-294 closure plug was opened, it was discovered that
the F-313 carrer was restrained in two locations at the top. It was restrained,
using wood and plastic foam buffers as per Figure 2.10.12-F172. In addition, the
carrier handle was not on the F-313 carrier. Also, the dummy C-188 capsules were
located as per Figure 2.10.12-F173.

#3.3 Calibrated measuring instruments were used to measure dimensions.

#3.4 The handle of the F-313 carrier had been removed. Consequently the mounting
screw for the handle to the post was not located as per pre-drop configuration.

#4. Personnel

Name Title

Conducted by: H. Sheehan Quality Control Technician

Reviewed by: D. Whitby Industrial Quality Control

Reviewed by: V. Shah Package Engineer
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Figure 2.10.12-F170
F-313 Source Carrier

Not..
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a Bottom Plat.
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Figure 2.10.12-F171
F-313 Source Carrier - Legend for Dimensional Measurements
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Figure 2.10.12-F172
Location of "Buffers" and C-188 Dummy Capsules in F-313 Carrier

during F-294 Drop Tests
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Figure 2.10.12-F173
Location of C-188 Dummy Capsules in F-313 Carrier during F-294 Drop Tests
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7.9 TEST#5.3.9-R RDIATIONSURVEYAFTER THE DROP

Contents

Section Title

1. Test # 5.3.9 - Radiation Survey After the Drop

2. Person Conducting the Test/Procedure

2.1 Test Details

2.2 Observations

2.3 Conclusions

3 Personnel

List of Figures

-

Figure

2.10.12-F174

2.10.12-F175

2.10.12-F176

2.10.12-F177

2.10.12-F178

2.10.12-F179

2.10.12-F 180

Description

Loading Diagram for F-294

Radiation Survey: F-294 Package Configuration (Crush
Shield and Fireshield in Place)

Radiation Survey: F-294 Container Configuration (Crush
Shield and Fireshield Removed)

Radiation Survey: F-294 Container Configuration (Crush
Shield and Fireshield Removed, Placement of meter as if
Fins were not Damaged)

Photo: Identification of Position of Damaged Zones 1 and 3

Photo: Identification of Position of Damaged Zone 2

Photo: Identification of Position of Damaged Zone 4

List of Tables

-

Table Number

2.10.12-T19

Description

Radiation Survey at the F-294 Damaged Zones
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#1 Test # 5.3.9 as per test plan document IN/QA 1386 F294 (1)
Radiation Survey After the Drop

Date test conducted: March 17, 1998

#2 Person conducting the test/procedure

D. Whitby conducted the radiation surveys.

#2.1 Test details

The F-294 was loaded in the same manner as the pre-drop survey; with the same forty
(40) C-188 sources decayed to 366,160 curies Cobalt-60 on March 17, 1998 as per the
loading diagram attached (see Figure 2.10.12-F174). The loading was again done as any
typical preparation for shipment, complete with a cavity argon purge and all fasteners
appropriately torqued in Cell 06 within Industrial Operations, MDS Nordion, Ottawa.

After the thermal testing, the upper crushshield was set in place as close as it could be to
its proper damaged position. The three segments of the cylindrical sectioned fireshield
were assembled and secured in place. The loaded flask was then moved on to the levelator
for access to the underside (position #8 on the survey report), which is also an area of low
backgromd activity levels, providing for accurate survey results. The second and third survey
were performed with the fireshield and crush shield removed.

The F-294 shipping package was surveyed with the same two calibrated instruments as
the pre-drop survey as outlined in the Radiation Integrity for New Transport Packaging
Procedure CO-QC/TP-000l (2). The highest reading for each elevation/location on the
F-294 was recorded on the attached forms CO-QCfTPF4-000l (2).

The first post-drop survey was completed with the upper crush shield and the sectioned
fireshield in place on 1998 March 24 (see Figure 2.10.12-F175).

The second survey was completed on the container with both the fireshield and the crush
shield removed on 1998 March 26 (see Figure 2.10.12-F176). Both the first and second
survey included contact readings within the damaged zones.

A varied third survey was completed on 1998 March 26 (see Figure 2.10.12-F177). The
damaged fins of the F-294 permitted a more intimate contact reading with the survey
meter on the container wall. Therefore, the readings gathered on the first two surveys are
the highest readings attained per CO-QC)TP-0001, but are not necessarily good for before
and after comparison readings, as the proximity of the meter to the sources is closer on the
damaged F-294. Therefore, the third survey was to attain readings as if the fins were not
damaged; the contact readings were taken at approximately the same distance from the
container wall as the pre-drop survey. Readings were recorded, only if different from the
second post-drop survey.
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There were no unusually high localized readings with either instrument for all
configurations.

Max. Reading
on Contact

Max. Reading
@ 1 MeterConfiguration Figure

F-294 Package

F-294 Container

F-294 Container (varied)

30 mR/h

30 mR/h

26 mR/h

1.9 mR/h

3.5 mR/h

n/a

2.10.12-F175

2.10.12-F176

2.10.12-F177

Special additional measurements were taken around the F-294 damaged zones. These are
recorded in Table 2.10.12-T19.

# 2.2 Observations

There was a moderate increase in the fields around all areas, with a considerable increase
at the bottom center of the container.

(post-drop reading)/(pre-drop reading) = % increase

30/14 = 2.14 or approximately 100% increase

#2.3 Conclusions

All configurations meet the acceptance criteria of 1 rem/h at one meter from the external
surface of the package. [1OCFR 71.51 (a) (2)]

#3 Personnel

Name Title

Test prepared by: D. Whitby Industrial Quality Control

Reviewed by: K. O'Hara Industrial Engineering, Physics

Approved by: V. Shah Package Engineering
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- Table 2.10.12-T19
Radiation Survey at the F-294 Damaged Zones (Additional Readings)

Location din g. Reading Opit Redn Raig

Fig. 2.10.12-F178 Upper damaged 8.5 1.4 Upper section, at 3.0 1.0
Position #1 zone at lift lug #4 lift lug #2

Fig. 2.10.12-F179 Puncture pin 26 3.5 Midsection, at 12 2.0
Position #2 damage zone near lift hig #1

lift lug #3

Fig. 2.10.12-F178 Puncture pin 26 2.4 Mid-section near 10.4 2.2
Position #3 midsection lift lug lift lug #2

#4

Fig.2.10.12-F180 Topoffinsof 4.0 1.4 Topoffins, 3.0 1.4
Position #4 damaged zone, 16 between lif lugs

in. from center #2 and #3

Highest reading on 22 1.6 Over bolt holes 10 1.4
top of plug (over on opposite side
bolt hole pattern) (nr. lift lug #1)

Overventline 10
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Figure 2.10.12-F174
Loading Diagram for F-294
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Figure 2.10.12-F175
Radiation Survey: F-294 Package Configuration (Crush Shield and Fireshield in Place)
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Figure 2.10.12-F176
Radiation Survey: F-294 Container Configuration (Crush Shield and Fireshield Removed)
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Figure 2.10.12-F177 -
Radiation Survey: F-294 Container Configuration (Crush Shield and fireshield Removed,

Placement of Meter as if Fins were not Damaged)
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Figure 2.10.12-F178
Digital Photo: Identification of Position of Damaged Zones 1 and 3

(G:\QA\QC\PHOTOS\lF294.BMP)
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Figure 2.10.12-F179
Digital Photo: Identification of Position of Damaged Zone 2

(G:\QA\QC\PHOTOS\2F294.BMP)
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Figure 2.10.12-F180
Photo: Identification of Position 4 of Damaged Zone

(G:\QA\QC\PHOTOS\3F294.BMP)
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7.10 TEST#5.3.10-NORMAL THERMAL ESTAFTER THEDROP
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#1 Test # 5.3.10 as per test plan document IN/QA 1368 F294 (1)
Normal Thermal Test After the Drop

Date test conducted: March 17 - 24, 1998

#2 Person(s) who conducted the test/procedure
Ed Psutka, Industrial Operations
Greg Chupick, Industrial Operations Monitor
Dave Whitby, Industrial Quality Control

#3 Test Details

The F-294 test packaging was subjected to eight (8) drop tests conducted on February 25,
1998 at Chalk River Laboratory, AECL, Chalk River, Ontario, Canada. After the drop
tests, the F-294 Shipping Package was subjected to the same normal thermal testing after
the drop test as was performed prior to the drop test when loaded with Co-60 as
outlined in The Procedure for Steady State Thermal Test IN/OP 0597. The drop-tested
F-294 was loaded by the same technician, Ed Psutka of Industrial Operations, and the
thermal testing was carried out by Greg Chupick, the Industrial Operations Monitor, and
Dave Whitby of Industrial Quality Control. The same four tests were again carried out on
the four different configurations.

1. with fireshield and crush shield, no added insulation
2. without fireshield or crush shield, no added insulation
3. without fireshield or crush shield, with added insulation
4. with fireshield and crush shield, with added insulation

#3.1 Instrumentation

All the instrumentation used on the pre-drop thermal test was also used on the post-drop
test. A third temperature reader was used due to the higher number of thermocouple
locations on the drop-tested F-294. The following instrumentation was used.

Instrument Make Model CaL Date Accuracy Nordion No.

Temperature Omega OM-302 1997 Sept. ± 20C 6-810-021
Logger _

Temperature Fluke 2166A 1997 Oct. ± 0.5% 6-810-022
Reader

Temperature Omega 650 1998 Feb. ± loC 6-810-013
Reader

Thermocouple Omega HH-K-20 1998 Jan. ± 2.21C or n/a
wire Type K ±0.75%

The thermocouples each had a flame fusion junction that could be mounted on the
container wall. The method of affixing the thermocouples onto the container was
improved over the pre-drop thermal test. Each thermocouple junction was fusion
welded onto a stainless steel flat plate, approximately l/2 in. square and approximately
0.030 inch thick which, in turn, was tack welded directly on to the container wall.

IN/TR 9301 F294, Revision 4 -Appendix 2.10.12 Page 278- July 2003
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The F-294 flask was prepared for thermal tests prior to loading just as the pre-drop test,
except with an additional thermocouple located in the cavity. Two thermocouples were
mounted on the cavity wall, in line with the drainline, radially opposed to each other
and axially on the cavity center line. A third thermocouple was mounted in line with the
most damaged area of the F-294, near lift lug #4 (see Figure 2.10.12-F18 1). A fourth
thermocouple was mounted on the underside of the container plug, adjacent to the vent
line exit hole. The wire for the four thermocouples was routed out the F-294 plug vent
line to Type K connectors.

Thermocouples were also mounted actively onto the same three C-188 sources, using
hose clamps for a secure contact. The thermocouples were positioned at approximately
the center of the sources; the Source Technician then placed these sources (sin's 59475,
59432, 59532) within the F-313 cage assembly as shown on the Loading Diagram
attached (see Figure 2.10.12-F183). The thermocouple wire was routed through the
drainline to Type K connectors.

#3.2 Source Loading In Cell 06

The F-294 was loaded 1998 March 17 with the same sources-in the same loading
configuration as the pre-drop thermal test. The activity for that date was-366,160 curies
Cobalt-60, as per the loading diagram attached (see Figure 2.10.12-F183). The loading
was done as any typical preparation for shipment, complete with a cavity argon purge
and the plug fasteners torqued to 100 ft-lb. in Cell 06 within Industrial Operations,
MDS Nordion, Ottawa.

The loaded container was removed from Cell 06 and placed in the shipping bay. The
thermocouples were mounted on the container as listed in Table 2.10.12-420 and shown
in Figure 2.10.12-F1 84. Some additional thermocouples were mounted onto the damaged
areas of the container (see Figures 2.10.12-F181 and 2.10.12-F182).

#4 Actual Thermal Tests

#4.1 Test #1 - Fireshield and Crush Shield Removed
The F-294 was loaded at approximately 13:00 on 1998 March 17; after preparation,
temperature readings were acquired at 14:20 and successive readings were taken to
demonstrate a thermal steady state condition up to 1998 March 19 (see Test #1, Table
2.10.12-T21 and Figure 2.10.12-F185).

#4.2 Test #2 - Fireshield and Crush Shield in Place
The fireshield and the upper crush shield, which had been damaged during the drop test,
had to be cut from the container assembly prior to loading. The fireshield was cut into
three segments and the more damaged crush shield had to have some fins flame cut for
removal.

To re-assemble the fireshield in place, the lower edge was fastened normally while the
upper area was strapped together. The seams were taped to prevent air flow between the
segments. The puncture holes on the fireshield were also taped to prevent air flow bypass.
The crushshield was set in place on top of the container, although it could not be fastened
down. As the crushshield was propped up by the lifting eye welded on top of the plug, we
had to cut out an elliptical hole approximately 4 in. x 6 in. so that the crush shield would
seat as close as possible to the top of the container. This hole was taped so that there

J.T 931F9.Rvsin4-pedi .01 ae29 uy20
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would not be any bypass of air flow. Temperature readings were taken on March 19
through to March 20 (see Test #2, Table 2.10.12-T22).

#43 Test #3 - Fireshield and Crush Shield Removed - Insulated
One-half-inch Kaowool insulation strips were cut and taped on to the upper and lower
sections, as per instructions from V. Shah on March 20. Temperature readings were then
recorded from March 20 and again on March 23 (see Test #3, Table 2.10.12-T23).

Test #4 - Fireshield and Crush Shield in Place - Insulated

The fireshield and upper crush shield were assembled into place as in Test #2 and the
appropriate additional thermocouples were tacked into position after Test #3 on March
23. Temperature readings were recorded through to March 24 (see Test #4, Table
2.10.12-T24).

#5 Observations

The thermocouple mounted on C-188 s/n 59432 must have broken during the loading
procedure as it was not operating properly afterward; therefore this thermocouple was not
allocated to a channel during the testing.

Position 5 on the Omega 650 temperature reader, which corresponds with channel 25, was
inoperative and was not used for these tests.

Based on Test #1, it appears that temperature equilibrium is reached in approximately 24
hours from the start of the test.

The highest temperature readings are shown in Table 2.10.12-T25.

#6 Conclusions

1. Four cases (tests ) were carried out as follows:
* without fireshield and crush shield, no added insulation
* with fireshield and cnrsh shield, no added insulation
* without fireshield and crush shield, with added insulation
* with fireshield and crush shield, with added insulation

2. The decay heat load was simulated using quantity forty (40), full-scale active C-188
cobalt-60 sources. The C-188 capsules were loaded in a single ring within the F-313
source carrier. These C-1 88 sources were the same ones used in the pre-drop thermal
test. The curies used at the start and finish of the post-drop thermal test are as follows:

* at the start: 1998 Mar 17 - 366,160 curies (5.638 kW)
* at the finish: 1998 Mar 24 - 365,237 curies (5.624 kW)

3. The F-294 cavity was purged with argon. Therefore the F-294 cavity environment was
argon.

4. It is estimated that the time required for the temperature to reach equilibrium is
24 hours, based on Case 1.

5. The highest temperatures of the following designated location/components are based
on Case 4 (F-294 with fireshield and crushshield, with added insulation) are as per
table below.
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Item Location Temperature(C)

1 C-188 413

2 Cavity wall 193

3 Underside of the F-294 closure plug 222

4 Top of the F-294 closure plug 111

5 Mid height ofthe F-294 external containerwall 110

6 Top of lift lug fin (most accessible surface) 56

7 Ambient - 23

6. The lowest temperatures of the following designated locationtcomponents are
based on Case 1 (F-294 without fireshield and crushshield, without added
insulation) are as per table below.

Item Location Temperature (OC)

1 C-18- 368

2 Cavity wall 167

3 Underside of the F-294 closure plug 206

4 Top of the F-294 closure plug 87

5 Mid height of the F-294 external container wall 91

6 Ambient 25

#7 Personnel

Name Title -

Test prepared by: D. Whitby Industial Quality Control

Reviewed by: G. Chupick Industrial Monitor, Decontamination Services

Approved by: V. Shah Package Engineering
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Table 2.10.12-T20
Thermocouple Locations

ChaelLcto

1 C-188 source, midpoint of shn 59532
2 C-188 source, midpoint of sIn 59475

3 Underside of shielding plug, adjacent to ventline exit hole
4 Cavity wall midheight, in line with damaged lift lug #4

5 Cavity wall midheight on the side opposite the drainline
6 Cavity wall midheight on the same side as the drainline
7 Container wall between the fins, middle section, in line with drainline
8 Ambient, at elevation even with cavity midpoint
9 Top center of shielding plug

10 Ambient, approxinately one meter above top of container

11 Top of lift lug #2
12 Container wall lower section, adjacent to the drainline

13 Underside of container, center, middle of indentation frm puncture pin
14 Container wall, upper section, under damaged fins, mid-way between lift lugs #1 and #2 (damage zone #2)
-15 Container wall, middle section, mid-way between lift lugs #1 and #2 (damage zone #2)
16 Container wall, lower section, mid-way between lift lugs #1 and #2 (damage zone #2)
17 Air temperature, top edge of fireshield, in line with drainline

18 Air temperature, lower edge of fireshield, in line with drainline
19 Air temperature, upper section, between damaged fins near lift lug #4
20 Container wall, middle section; under fin folded over from puncture pin, near lift lug #4

21 Container wall, upper section, in line with drainline.

22 Top of damaged lift hlg #4
23 Top of insulation, over t/c #21

24 Top of insulation, over tIc #12
25 Inoperative

26 Container wall, upper section, adjacent to damaged lift lug #4 (on reinforcing pad)

27 Air temperature, lower section, between damaged fins, near lift lug #4
28 Container wall, upper section, adjacent to damaged lift lug #4 (other side of fin from tic #26)

29 Top of insulation, over t/c #26
30 Top of insulation, lower section, next to lift lug #4

31 Top center of crush shield
32 Top of crush shield, equidistant between center and outside edge of plate, in line with lift lug #2

33 Top of crush shield, outside edge of plate, in line with lift lug #2

34 Top edge of fireshield, in line with drainline
35 Mid-height of fireshield, in line with drainline

36 Bottom edge of fire shield, in line with drainline
37 Air temperature, between damaged fins of crush shield, in line with drainline

38 Top of upper donut ring on crush shield, in line with lift lug #2
39 Top of lower donut ring on crush shield, in line with lift lug #2

40 Top of fireshield, puncture pin damaged zone #1, near lift lug #4

41 Top of fireshield, near lift lug #2
42 Top of insulation, upper section, between fins of damage zone #2
43 Top of insulation, lower section, between fins of damage zone #2

. )
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Table 2.10.12-T21
Test #1 - Recorded Temperatures

(No Added Insulation; Crush Shield and Fireshield Removed)

1420 15.:0 11530 16.00 1630 17.00 1730 18:00 1830 19:00 8:30 10:00 11.00 12.00 13.00 14.00 15:45 8:45 10:50

I 357 358 359 359 359 360 360 359 360 368 367 367 368 368 368 368 368 368

2 398 400 400 400 400 399 399 399 398 404 404 404 405 405 405 405 405 405

3. 167 171 174 178 181 183 186 188 189 204 205 206 204 206 204 206 206 206

4 128 132 136 139 143 146 148 150 152 167 167 167 167 168 168 168 167 167

5 144 149 151 153 155 157 158 159 161 173 173 173 173 174 174 174 174 174

6 138 142 146 149 152 155 157 159 161 174 174 175 175 175 175 175 175 175

7 48 53 57 61 64 67 -71 73 76 90 90 90 91 91 91 91 91 91

8 24 24 24 25 25 24 25 25 24 25 24 24 25 25 25 25. 23 25

9 42 46 49 53 56 62 63 67 69 83 87 88 88 86 85 83 85 87

10 - 26 27 27 29 28 28 32 30 31 33 31 29 28 31 33 32 30 29

-1 25 26 27 29 30 31 32 33 34 3S 41 41 41 41 42 41 41 41 41

12 33 40 45 48 52 55 58 60 62 64 77 77 77 77 77 77 78 77 77

13 22 22 23 23 24 24 25 26 26 27 32 32- 33 33 33 33 33 33 33

14 37 43 48 52 55 58 62 64 66 68 83 84 - 84 84 85 85 84 84 84

15 41 50 54 59 62 66 69 72 73 75 91 91-. 91 92 92 -92 91 91 91

16 31 38 42 45 48 51 54 57 58 60 74 75 - 75 75 76 75 76 74 75

17 24 26 26 27 27 28 28 28 28 29 31 31 31 31 31 32 31 31 31

18 22 22 22 22 23 23 23 23 23 23 24 23 23 24 24 24 28 28 28

19 24 28 29 30 31 31 32 32 33 34 36 38 38 38 37 -38 39 - 38 39

20 41 49 54 58 62 65 68 71 73 75 88 88 89 89 89 89 89 89 88

21 42 46 50 53 56 59 61 62 64 77 78 78 78 78 78 77 77 77

22 27 29 30 32 34 35 36 37 38 44 44 45 45 45 45 44 45

23 42

24 22

25 43

26 42 46 49 53 56 59 62 63 65 80 80 80 82 81 81 80 80 80

27 22 26 1 27 1 27 128 1 29 1 30 l 31 1 31 1 25 1 25 | 25 1 25 1 25 1 26 26 1 26 1 26

I
28 1 1 43 1 48 1 52 1 55 1 58 1 61 1 63 1 65 1 67 1 82 1 82 1 82 1 80 1 83 1 83 1 83 1 82 1 83
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Table 2.10.12-T22
Test #2, Recorded Temperatures

(No Added Insulation, with Crush Shield and Fireshield in Place)

Channel > :98/319. r.''<'i:t s 9803204 ."

16:00 17:00 8:45 9:45 11.00 11:50

1 371 371 373 373 372 372

2 406 406 407 407 407 407

3 209 209 212 212 212 212

4 169 170 172 172 172 172

5 173 174 176 176 176 175

6 178 178 181 180 180 179

7 94 95 97 97 97 97

8 24 24 24 23 24 23

9 98 98 103 102 103 102

10 28 27 28 26 25 25

11 51 52 53 53 53 53

12 68 67 68 69 68 68

13 32 32 32 31 31 31

14 91 92 94 94 94 94

15 95 95 97 97.97 96

16 61 59 63 63 65 61

17 51 51 52 51 51 51

18 33 33 36 34 34 36

19 50 50 50 50 50 50

20 87 88 89 89 89 88

21 86 86 88 87 88 88

22 57 56 57 1 56 57 57

Channe- :98/03/19 98/03/i X

16:00 17:00 8:45 9:45 11.00 11:50

23 - - - - -

24 _ _ _ _ _

25 _ _ _ _ =

26 89 90 92 92 92 92

27 24 24 24 18 24 23

28 91 92 94 94 94 94

29 - - - - - -

30 - - - - - -

31 42 42 43 43 43 43

32 39 39 40 40 40 40

33 40 40 41 41 41 41

34 34 34 34 34 34 34

35 29 29 29 29 29 29

36 28 29 28 27 28 28

37 46 46 47 45 47 47

38 43 44 44 44 44 44

39 57 58 59 58 58 58

40 38 39 39 39 39 39

41 37 37 37 37 37 37

42 - - - - - _

43 = - - __

_ _

J N I T R 9 3 0 ) F 2 9 4. R e visio n 4 - A p p e n dix 2.1 0.1 2 P a g e 2 8 4- J uly 2 0 0 3~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
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Table 2.10.12-T23
Test #3,-Recorded Temperatures

(With Added Insulation, no Crush Shield or Fireshield in Place)

15:30 16:30 9:30

I 373 374 377

2 408 408 411

3 211 211 213 -

4 174 175 179

:5 181 182 187

6 182 183 187

7 96 97 102

8 24 24 24

9 92 91 93

10 27 28 26

11 45 45 46

12 89 *91 96

13 33 34 37

14 96' 97 100

15 97 99 103

16 90 92 98

17 32 33 33

18 28 29 28

- 19 41 42 43

20 96 98 102

21 96 97 100

22 48 48 nor

15:30 16:30 9:30

23 66 .66 64

24 70 72 75

25

26 -93 -94 97

27 27 27 28

28 95 96 99

29 71 72 71

30 67 73 78

31

32

33

34

36=

37

38

39 40 40 40

40

41 .

42 65 66- -66

43 65 67 73
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Table 2.10.12-T24
Test #4, Recorded Temperatures

(With Added Insulation, Crush Shield and Fireshield in Place)

Channel -98/03M23 + 9 4 3124 .. ̀7 Channld 9 1 31 23el , -'- - -~"~ 98/1'~ 0 31 24

11:15 13:05 15:10 16:50 8:20 9:15

1 378 379 379 379 381 381

2 411 411 412 412 413 413

3 213 215 218 218 221 222

4 181 182 183 184 186 186

5 187 187 188 189 191 191

6 188 189 191 191 193 193

7 104 105 106 107 109 108

8 24 23 23 23 23 23

9 99 103 106 108 110 II1

10 28 28 28 31 27 29

11 50 53 55 56 56 56

12 94 94 94 95 96 96

13 37 36 35 35 36 35

14 102 105 108 109 111 11

15 105 107 108 109 111 110

16 97 97 97 98 99 99

17 49 51 52 53 53 52

18 32 33 32 33 33 32

19 52 53 53 54 54 54

20 101 101 102 103 104 104

21 102 106 108 109 111 111

22 57 61 62 63 64

11:15 13:05 15:10 16:50 8:20 9:15

23 73 75 76 78 79 79

24 72 71 70 71 70 71

25

26 100 103 105 106 109 109

27 24 24 24 25 24 23

28 102 106 108 109 111 111

29 82 84 80 86 87 87

30 63 61 61 63 64 64

31 31 42 44 45 45 45

32 30 41 42 43 43 43

33 31 39 40 41 41 40

34 31 34 34 35 34 35

35 27 29 29 29 29 29

36 27 27 27 28. 27 27

37 44 46 47 47 48 47

38 35 44 45 46 46 46

39 50 54 56 56 56 57

40 38 41 41 42 42 42

41 32 36 36 37 37 37

42 72 75 76 77 78 79

43 74 72 73 70 74 65

__ _ =___
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Table 2.10.12-T25
Thermocouple Location with Highest Temperature Readings

Final Temperature (IC)
Channe Location -Test #1 Test #2 Test #3 Test #4

C-188 source, midpoint of sin 59532 368 372 377 381
2 C-188 source, midpoint of s/n 59475 405 407 411' 413
3 Underside of shielding plug, adjacent to ventline exit hole 206 212 213 222
4 Cavity wall midheight, in line with damaged lift lug #4 167 172 179 186
5 Cavity wall midheight on the side opposite the drainline 174 175 187 191
6 Cavity wall midheight on the same side as the drainline 175 179 187 193
7 Container wall between the fins, middle section, in line with drainline - 91 97 102 108
8 Ambient, at elevation even with cavity midpoint 25 23 24 23
9 Top center of shielding plug 87 102 93 III
10 Ambient, approximately one meter above top of container 29 25 26 29
11 Top of lift lug #2 41 53 46 56
12 Container wall, lower section, adjacent to the drainline 77 68 96 96
13 Underside of container, center, middle of indentation from puncture pin 33 31 37 35
14 Container wall, upper section, under damaged fins, mid-way between lift 84 94 100 III

lugs #1 and #2 (damage zone #2) :
15 Container wall, middle section, mid-way between lift lugs #I and #2 91 96 103 110

(damage zone #2)
16 Container wall, lower section, mid-way between lift lugs #1 and #2 75 61 9-

(damage zone #2) - -
1 7 Air temperature, top edge of fireshied, in line with drainline 31 51 33 52
18 Air temperature, lower edge of fireshield, in line with drainline 28 36 28 32
19 Air temperature, upper section, between damaged fins near lift lug #4 39 50 43 54
20 Container wall, middle section; under fin folded over from puncture pin, 88 102 104

near lift lug #4 T
21 Container wall, upper section, in line with drainline. 77 88 100 I11
22 Top of damaged lift lug #4 45 57 i/r 64
23 Top of insulation, over t/c #21 n/a -n/a 64 79
24 Top of insulation, over t/c #12 - n/a n/a 75 71
25 Inoperative n/a n/a n/a n/a
26 Container wall, upper section, adjacent to damaged lift lug #4 80 92 97 109

(on reinforcing pad)
27 Air temperature, lower section, between damaged fins, near lift lug #4 26 23 28 23

Container wall, upper section, adjacent to damaged lift lug #4 83 94 99 III
(other side of fin from t/c #26)

29 Top of insulation, over t/c #26 n/a n/a 71 87
30 Top of insulation, lower section, next to lift lug #4 n/a n/a 78 64
31 Top center of crush shield n/a 43 n/a 45
32 Top of crush shield, equidistant between center and outside edge of plate, n/a 40 n/a 43

in line with lift lug #2
33 Top of crush shield, outside edge of plate, in line with lift lug #2 n/a 41 n/a 40
34 Top edge of fireshield, in line with drainline n/a 34 n/a 35
35 Mid-height of fireshield, in line with drainline n/a 29 n/a 29
36 Bottom edge of fire shield, in line with drainline n/a 28 n/a 27
37 Air temperature, between damaged fins of crush shield, in line with drainline n/a 47 n/a 47
38 Top of upper donut ring on crush shield, in line with lift lug #2 n/a 44 n/a 46
39 Top of lower donut ring on crush shield, in line with lift lug #2 n/a 58 40 57
40 Top of fireshield, puncture pin damaged zone #1, near lift lug #4 n/a 39 n/a 42
41 Top of fireshield, near lift lug #2 n/a 37 n/a 37
42 Top of insulation, upper section, between fins of damage zone #2 n/a na 66 79
43 Top of insulation, lower section, between fins of damaged zone #2 n/a n/a 73 65
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Figure 2.10.12-FS1i
Digital Photo: Locations and Identifications of Damaged Zone #1

(G:\QA\QC\PHOTOS\4F294.BMP)
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Figure 2.10.12-F182
Digital Photo: Locations and Identifications of Damaged Zone #2
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Figure 2.10.12-F183
Loading Diagram of F-294 and Locations of Thermocouples in the F-294 Cavity
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Figure 2.1O.12-F184
Thermocouple Locations (plane through drainline)

.
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Figure 2.10.12-F185
Thermocouple Locations (other planes)
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Figure 2.10.12-F186
Test #1 Temperature vs. Time - Plot of Selective Thermocouples
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8. DISCUSSION OF TEST RESULTS

8.1 F-294 TESTPACKAGING CLOSURE PLUG BOLTED JOINT GASKET

As the F-294 closure joint with the flexitallic gasket failed the air pressure test, it was decided to
change the gasket design from "flexiltallic" to "neoprene" material.

The air pressure tests for the F-294 container cavity, using neoprene gasket were successful.
Hence a change was made in the design of the F-294 closure plug bolted joint to use "neoprer
gasket. "Neoprene" gasket was used on the F-294 test packaging plug bolted closure joinV

8.2 NORMAL DROP TEST

The F-294 test packaging was subjected to the Normal drop test. As th aging weight is
between 5,000 kg and 10,000 kg, the required drop test distance is 3 f(36 inches).

The F-294 was drop tested in top end drop orientation froqvcistance of 3 feet. (36 inches).
The significant deformation was in the lower don utn-f the crush shield. The lower donut
ring suffered about 0.5 in. of deformation oPwae-like pattern.

Therefore, from the shielding standpoint, there are two significant implications:
1. the dose point moved closer towards the source (0.5 in.)
2. the sources moved to the underside of the closure plug (1.0 in.)

8.3 DEFORAIED FLASKIPACKAGING PROFILE

8.3.1 F-294 Deformation Profile After Normal Drop Test

The F-294 was drop tested in top end drop orientation from a distance of 3 feet. (36 inches).
The significant deformation was in the lower donut ring of the crush shield. The lower donut
ring suffered about 0.5 in. of deformation of wave like pattern. See Figure 2.10.12-F187.

Therefore, from the shielding standpoint, there are two significant implications:
1. the dose point moved closer towards the source (0.5 in.)
2. the sources moved to the underside of the closure plug (1.0 in.)

8.3.2 F-294 Deformation Profile After Two Sets of 30-ft Drop Tests and Five Sets
of Puncture Tests

The approximate deformation profile of the F-294 packaging is as per Figure 2.10.12-Fl 88.

IN/TR 930) F294, Revision 4 -Appendix 2.10.12 Page 294- July 2003
INITR 9301 F294, Revision 4 -Append& 2 10.12 Page 294- July 2003



Chapter 2

Figure 2.10.12-F187
Deformation Profile resulting from Normal 3-Ft Drop Test in

a Top End Orientation of F-294

(Ref. Dwg. F629401-023)
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Figure 2.10.12-F188
F-294 Deformation Profile resulting from Two 30-ft Free Drops and

Five Puncture Pin Drop Tests
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Yb> 8.4 DECELERATION (G-LOAD) DATA -

Four tri-axial accelerometers were mounted on F-294. See Figure 2.10.12-F189 for location
(position) of accelerometers. The data for deceleration is given in Table 2.10.12-T26 (Ref. [56]).

-Table 2.10.12-T26
Maximum Absolute Decelerations for F-294 Transport Packaging (g's)

Accelerometer 116 1362 LOS 20 46 1323 60 22
Location GI

Accelerometer 113 LOS LOS Los LOS LOS LOS LOS
Location G2

Accelerometer 130 66 LOS 26 58 118 32 14
Location G3

Accelerometer 277' 73 23 35 0 - 0 50 15
Location G4

Notes:

1. The very high G4 value for Test No. I is not valid. G4 is mounted on the bottom of container fixed skid, a thin
plate supported around the perimeter of the skid acting as a diaphragm. As per Figure 6 of A-16485-TN-l,
page 9, (Ref. [55]) the maximum level attained by G4 does not occur until after the initial impact.

The crush shield does not significantly deform during this test. The rigidity of the F-294 package in this
orientation and drop speed is a possible cause for the high deceleration value observed.

2. Test No. 2 is the first 30-ft drop. G0 is very near the impact point for Test No. 2. It is observed to measure the
highest deceleration value. G3 and G4 are located further away from the impact point, and are subject to
"pivoting" effect on impact. The crush shield fins on the impact target are greatly deformed, helping to reduce
the maximum deceleration value.

3. Test No. 6 is the second 30- drop. The maximum value attained by Gi for Test No. 6 is similar to that
maximum attained for the first 30-ft drop, Test No. 2. Again, the crush shield fins on the impact target are
greatly deformed, helping to reduce the maximum deceleration value.

4. LOS = Loss of signal.
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Figure 2.10.12-F189
Location of Accelerometers on F-294 Test Packaging
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@' 8.5 INTEGRITY OF THERMAL PROTECTION

The issue of integrity of thermal protection is divided in two classes:

1) Loss of thermal protection.
When there is loss of thermal protection, the thermal protection devices have been
completely and fully removed due to impact of drop tests. For example, as a result
of the drop test impact, the detachment of the crush shield (which has an integral
fireshield) from the flask, would constitute such a loss of thermal protection.

2) Damage to the thermal protection.

When there is damage of thermal protection, the protection devices have been not
been completely and fully removed due to impact of drop tests. For example, as a
result of the drop test impact, the cylindrical fireshield is deformed. The thermal
insulation is still present but its configuration may be altered, i.e., compressed or
displaced.

8.5.1 Loss of Thermal Protection

On the F-294 test packaging, prior to the drop tests, the thermal protection consists of:
* Side: (cylindrical fireshield - 6786 in2 area)
* Top: (fireshield integral with crsh shield -707 in2 area)
* Bottom: -(ireshield integral with fixed skid- 1,764 in2 area)

Prior to the drop tests, the total thermal protection area is 9,257 in2 (i.e., 6,786 + 707 + 1,764).

After the drop test program, the status of the thermal protection is as follows:

When the cylindrical fireshield was subject to puncture tests, the fireshield was damaged
due to the impact of 6 in. diameter puncture pin. There was no clean full through puncture
hole opening; rather, the damage can be best described a tear of the shell
(i.e., as partial puncture and not clean full though hole opening).

1) Due to Test #4: the opening area on the fireshield = 21 in2

Due to Test # 8: the opening area on the fireshield = 6 in2

2) Due to Test # 7: on the top fireshield, integral with the crush shield, the pin
puncture damage is confined to indentation of the upper plate of the crush shield
and not a full through puncture hole opening. Therefore, there was no loss of
thermal protection in the top.

3) Due to Test #5: on the bottom fireshield (integral with the fixed sldd), the pin
puncture damage is confined to indentation of the lower plate of the fixed skid and
not a full through puncture hole opening. Therefore, there was no loss of thermal
protection at the bottom.

After the eight drop tests, the total loss of thermal protection is 27 in2.

After seven planned drop tests, the total loss of thermal protection is 21 in2.

In percentage terms, the loss of thermal protection is 21/9257 = 0.2% of the original thermal
protection.
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In actual terms, the loss of protection is 21 in 2, from a total of 9257 in2 of original thermal
protection.

To summarize:

1) There is no loss of crush shield. There is no loss of cylindrical fireshield. There is
no loss of fixed skid. Therefore, there is no loss of gross thermal protection
devices. However, due to a number of puncture drops, there are partial openings in
the cylindrical fireshield amounting to 0.2% loss of localized thermal protection.
After the F-294 is subjected to eight (8) drop tests, 97.8% of the thermal
protection remains intact.

8.5.2 Damage to the Thermal Protection

Due to Test #2 and #3:
the deformed area on the cylindrical fireshield = 301 in2 (top corner)

Due to Test #4:
the deformed area on the fireshield 176 in2 (side, mid-height)

Due to Test #5:
the deformed area on the fixed skid =28 in2 (bottom, center)

Due to Test #7:
the deformed area on the crush shield = 113 in2 (top, center)

Due to Test #8:
the deformed area on the fireshield = 220 in2 (side, name plate)

After the eight drop tests, the total damaged thermal protection area is 838 in2.

Based on eight drop tests, the damage to the thermal protection is

838 in2 /9,257 in2 = 9 % of the original thermal protection

After the seven planned drop tests, the total damaged thermal protection area is 618 in2.

Based on seven planned drop tests, the damage to the thermal protection is

618 in2/9,257 in2 = 6.67%

8t6 CONTAINMENTSYSTEMINTEGRITY:.LEAKTIGHTNESSOFCAVITY

8.6.1 Integrity of the Cavity of F-294

Prior to the drop test, the cavity of F-294 was air pressure tested at internal pressure of 45 psig. at
20'C for a period of two (2) hours. No loss of pressure was observed. Subsequently, the cavity
was subjected to helium leak test, the cavity was leak tight to 4. x le-7 atm cc/sec.

The F-294 was then subjected to a series of eight drop tests. After the drop tests, before opening
the plug, the container was subjected to air pressure test and helium leak test. To conduct these
tests the drainline cap was fastened and torqued to 50-ft-lb. torque. No other torques were
disturbed.

The cavity was pressure tested at 45 psig at 20'C for a period of 2 hours and there was no loss
of pressure.

Subsequently, the cavity was pressurized to 15 psig and subjected to sniffer helium leak test.
The cavity was leaktight to 1 x I04.atm cc/sec.
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Therefore it is concluded that the integrity of the F-294 cavity is sound before the drop tests and
'\..-' after the drop tests.

8.6.2 The Closure Plug Bolt Torques

Prior to the drop tests, the torques on the fasteners were as follows:

1. Bolts: 100 ft-lb 10%
2. Vent #1: open (to permit accelerometer cables to go through)

Vent #2: 20 ft-lb ± 10%
3. Drainline cap: open (to permit accelerometer cables to go through)

After the drop tests, the torques on the fasteners were as follows. The fasteners are numbered as
per Figure 2.10.12-F190.

1. Bolt: Opening torques of the bolts are recorded as per Table 2.10.12-T27.

Table 2.10.12-T27
Post-Drop: Opening Torques for F-294 Closure Plug

,:fot Co - OeigTru (ft.4.. i

#1 30

#2 70

#3 90

#4 90

#6 X30

_#7 5 .

#8 30

#9 40

#10 0

#11 140+

#12 - 140+-220-binding

#13 120 -binding

#14 140+-180

#15 140+-220

#16 140+ -210 (2nd torque wrench)

2 Vent #1: open (to permit accelerometer cables to go through)
Vent #2: 20 ft-lb. i 10%

3. Drainline cap: open (to permit accelerometer cables to go through)
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Figure 2.10.12F190
The Numbering of Closure Plug Bolts

LL#3

LL=4 LL*2

LL# 1

8.7 C-188 DUMMY CAPSULES/F-313 SOURCE CARRIER (SUBSTITUTED
RADIOACTIVE CONTENTS)

8.7.1 The integrity of c-188 Dummy Capsules

Eight (8) full-scale C-188 dummy capsules were helium leak tested prior to the drop test of
F-294.

The same eight (8) C-188 dummy capsules were located in a F-313 carrier and installed in the cavity
of F-294. Figure 2.10.12-F 191 shows that the F-313 carrier was buffered between the top of the
carrier and the bottom of the plug to protect the accelerometer cables during the drop tests.
The C-188 dummy capsules were not restrained and were free to bounce up or down and
sideways. However, the F-313 carrier was restrained.

The C-188 dummy capsules were helium leak tested after the drop tests. They were leaktight to a
level of 2 x IP atm cc/sec.

Therefore it is concluded that the integrity of the C-188 capsules is sound.
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-V - IFigure 2.10.12-F191 .
Location of Dummy C-188s In F-313 Carrier during F-294 Drop Tests
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8.8 RDIADTIONSURVEYS BEFOREAND AFTER THE DROP TESTPROGRAM

Table 2.10.12-T28 provides the radiation readings on the F-294 test packaging before the
drop tests and after the drop tests. The locations for radiation readings are identified in
Figure 2.10.12-F192.

8.8.1 Acceptance/Rejection
The design acceptance criteria is 80% of 1,000 mrem/h at 1.0 meter from surface of tested F-294
packaging, based on maximum radioactive contents.

Step 1 Radioactive Content

Prior to drop test, Radioactive content = 375,510 (January 6, 1998)

After drop test, Radioactive content = 364,958 (March 26, 1998)

Step 2 Licensed Radioactive Content

Licensed radioactive content = 360,000 Ci

Extra curies = 4,958 +- 360,000 = 1.38%

Step 3 Design Acceptance Criteria (DAC)

DAC = 80% of 1,000 mrem/h

= 800 mren/b at 1 m from the drop tested package surface

Step 4

After the drop tests, the highest reading of 1.8 mrem/h at 1 m from the drop tested
package surface is at location 5 (side mid-height of package) and at location 8 (bottom
of package)

Step 5

As radiation reading of 1.8 mrem/h at 1.0 m from the surface of drop tested package is
less than the 800 mem/h allowable, the F-294 package meets the acceptance criteria.

Additional credit, due to radiation survey source of 364,958 being greater than maximum
licensed capacity of 360,000, has been ignored.

8.8.2 Estimate of Lead Slump

When we examine the before and after drop radiation readings for the package, we make the
following observations:

Step 1

At bottom of container, on contact, before the drop, the reading = 14 mrem/h.

Step 2

At bottom of container, on contact, after the drop, the reading = 30 mrem/hr.

I~I 90 F9.Reiio Apedi .0.2Pae34-Jly20
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Step 3

Therefore, increase in radiation reading =30 + 14 - 2.143

The decrease in radiation reading = 14 + 30 = 0.47

Step 4

Estimate n, half value layer (HVL) for lead (Pb) (where n = number of HVL)

(0-5) = 0.47
n log 0.5 =log 0.47
therefore n = 1.1

Step 5

It appears that 1.1 HVL of Pb "slump" has taken place after the drop tests. Assuming
0.4 in. of Pb = HVL, it is estimated that 0.44 in of Pb "slump" has taken place, at the
bottom of fixed skid (location). This amount of Pb "slump" would have taken place in
F-294 due to three (3) F-294 drop tests in top end drop orientation.

Test #1: Normal 3-ft. drop in top end

Test #6: 30-ft. drop in top end

Test #7: Puncture Pin in top end

8.8.3 Special Cases

Selective radiation readings at various locations of F-294 damaged zones were also recorded.
The observations are:

I. The highest contact reading of 26 mrem/h was at the puncture pin zone of mid-
section of fireshield.

2. The highest 1.0 m reading of 3.5 mrem/h was at puncture pin damage zone near
lift lug #3.

As the highest reading of 3.5 mrem is less than the design acceptance criteria of 800 mremlh,
it is clear that the F-294 has met the shielding criteria.
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Table 2.10.12-T28
F-294 Radiation Surveys: Before and After the Drop Test

the Drop ;,,., : * E *.f;;|D

Beorth roij;ftre/

1.0 m from Surface Location

1 0.4 0.8

2 0.4 0.8

3 0.35 0.8

4 0.95 1.4

5 1.8 1.8

6 1.2 1.6

7 0.8 1.0

8 1.4 1.8

Contact with Surface

1 2.2 4.0

2 2.0 2.6

3 1.0 1.6

4 2.8 5.0

5 12.0 16.0

6 6.5 5.5

7 0.3 0.6

8 14.0 30.0
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Figure 2.10.12-F192 : -I
Identification of Locations on F-294 Container for Radiation Survey
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8.9 STEADYSTATE THERMAL TEST:PE-DROPANDPOST-DROP

8.9.1 Pre-Drop Steady State Thermal Test

#1. Four thermal tests (cases) were carried out as follows:

Test 1 - with fireshield and crush shield, no added insulation
Test 2 - without firesbield and crush shield, no added insulation
Test 3 - without fireshield and crush shield, with added insulation
Test 4 - with fireshield and crush shield, with added insulation

#2. The decay heat load was simulated using quantity forty (40), full-scale active C-188
cobalt-60 sources. The C-188s were loaded in F-313 source carrier. The curies used at
the start and finish of the pre-drop thermal test are as follows:

at the start - January 6, 1998 -375,510 curies (5.782 kW)
at the finish -January 14, 1998 -374,428 curies (5.766 kW)

#3. The F-294 cavity was purged with argon. Therefore the F-294 cavity environment was
argon.

#4. The highest temperature of C-188 in the F-294 cavity is 4170C, at an ambient of 200C.
This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with added
insulation).

The lowest temperature of C-188 in the F-294 cavity is 3860C at an ambient of 230C.
This was attributed to Test 2 (i.e., F-294 without fireshield and crush shield, no added
insulation).
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#5. The highest cavity wall temperature of F-294 is 175'C at an ambient of 20'C. This was
attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with added insulation).

The lowest temperature of cavity wall of F-294 is 1580C at an ambient of 230C. This was
attributed to Test 2 (i.e., F-294 without fireshield and crush shield, no added insulation).

#6. The highest temperature of underside of the F-294 closure plug is 2000C at an ambient of
200C. This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with
added insulation).

The lowest temperature of underside of the F-294 closure plug is 1790C at an ambient of
230C. This was attributed to Test 2 (i.e., F-294 without fireshield and crush shield, no
added insulation).

#7. The highest temperature of top of the F-294 closure plug is 112'C at an ambient of 20(C.
This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with added
insulation).

The lowest temperature of top of the F-294 closure plug is 1010C at an ambient of 230C.
This was attributed to Test 2 (i.e., F-294 without fireshield and crush shield, no added
insulation).

#8. The highest temperature of mid height of the F-294 external container wall is 107°C at
an ambient of 20°C. This was attributed to Test 4 (i.e., F-294 with fireshield and crush
shield, with added insulation).

The lowest temperature of mid height of the F-294 external container wall is 90°C at an
ambient of 23°C. This was attributed to Test 2 (i.e., F-294 without fireshield and crush
shield, no added insulation).

#9. The highest temperature of most accessible surface of the F-294 (considered to be top of
lift lug fin) is 53°C at an ambient of 20°C. This was attributed to Test 4 (i.e., F-294 with
fireshield and crush shield, with added insulation).

#10. It is estimated that the time required for the temperature to reach equilibrium is 24 hours,
based on Test 1.

8.9.2 Post Drop Steady State Thermal Test

#1. Four cases were carried out as follows:
Test 1 - without fireshield and crush shield, no added insulation
Test 2 - with fireshield and crush shield, no added insulation
Test 3 - without fireshield and crush shield, with added insulation
Test 4 - with fireshield and crush shield, with added insulation

#2. The decay heat load was simulated using quantity forty (40), full scale active C-188
cobalt-60 sources. The C-188 capsules were loaded in a single ring within an F-313 source
carrier. These C-188 sources were the same ones that were used in the pre-drop thermal
test. The curies used at the start and finish of the pre-drop thermal test are as follows:

at the start - March 17, 1998 - 366,160 curies (5.638 kW)
at the finish - March 24, 1998 - 365,237 curies (5.624 kW)
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#3. The F-294 cavity was purged with argon. Therefore the F-294 cavity environment was
argon.

#4. The highest temperatures of C-188 in the F-294 cavity is 4130C, at an ambient of 23'C.
This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with added
insulation).

The lowest temperature of C-188 in the F-294 cavity is 3680C at an ambient of 250C.
This was attributed to Test 1 (i.e., F-294 without fireshield and crush shield, no added
insulation).

#5. The highest cavity wall temperature of F-294 is 1930C at an ambient of 230C. This was
attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with added insulation).

The lowest temperature of cavity wall of F-294 is 1670C at an ambient of 250C. This was
attributed to Test 1 (i.e., F-294 without fireshield and crush shield, no added insulation).

#6. The highest temperature of underside of the F-294 closure plug is 2220C at an ambient of
230C. This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with
added insulation).

The lowest temperature of underside of the F-294 closure plug is 2060C at an ambient of
250C. This was attributed to Test 2 (i.e., F-294 without fireshield and crush shield, no
added insulation).

#7. The highest temperature of top of the F-294 closure plug is 1110C at an ambient of 230C.
This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield, with added
insulation).

The lowest temperature of top of the F-294 closure plug is 870C at an ambient of 250C.
This was attributed to Test 1 (i.e., F-294 without fireshield and crush shield, no added
insulation).

#8. The highest temperature of mid-height of the F-294 external container wall is 1100C at an
ambient of 230C. This was attributed to Test 4 (i.e., F-294 with fireshield and crush shield,
with added insulation).

The lowest temperature of mid height of the F-294 external containerwall is 910C at an
ambient of 250C. This was attributed to Test 2 (i.e., F-294 without fireshield and crush
shield, no added insulation).

#9. The highest temperature of most accessible surface of the F-294 (considered to be top of
lif lug fin) is 560C at an ambient of 230C. This was attributed to Test 4 (i.e., F-294 with
fireshield and crush shield, with added insulation).

#10. It is estimated that the time required for the temperature to reach equilibrium is 24 hours,
based on Test 1.
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9. SUMMARY OF TEST OBSERVATIONS, RESULTS AND KEY FINDINGS
On February 25, 1998, a single full-scale prototype F-294 was subjected to a series of eight (8)
drop tests as listed below:

Test #1: Normal Free Drop Test: top end drop orientation

Test #2: 30-ft Free Drop: side oblique drop orientation

Test #3C: Puncture Test: impact on the zone near lift lug fin #4

Test #4: Puncture Test: impact cylindrical fireshield

Test #5: Puncture Test: impact on fixed skid lower plate

Test #6: 30-ft Free Drop Test: top end drop orientation.

Test #7: Puncture Test: impact on the crush shield upper plate

Test #8: Puncture Test: impact cylindrical fireshield (nameplate zone)

In this section, the key findings of the drop test program, are listed.

9.1 F-294 PROTOTYPE CONTAINER

The F-294 prototype container was fabricated to a quality program. A history file to support this
claim is available for audit purposes. The F-294 prototype container was modified to F-294
test packaging.

9.2 GASKET

Prior to the drop test, there was a change in design of the closure plug bolted joint of F-294 test
packaging. The flexitallic gasket was replaced by a "Neoprene" gasket. With the "Neoprene"
gasket, both the cavity air pressure test and the cavity helium leak test passed successfully.

9.3 WEIGHT

The weight of the test packaging is 21,482 lb. The design weight of the F-294 transport package
is 21,000 lb. max. Therefore, the F-294 drop test results, using F-294 test packaging weight,
are conservative.

9.4 F-294 DROP TESTPROJECT

The F-294 drop tests were carried out at CRL, AECL-Research Co., Chalk River, Ontario,
Canada on February 25, 1998. Seven planned drop tests, as per Ref. [48], were carried out. One
unplanned drop test was also carried out. The drop test was observed by representatives from
USNRC, AECB, MDS Nordion and AECL Research Co.

CRL has provided the following deliverables for the F-294 drop tests project:
* Black and white photographs
* Video film
* High-speed film
* Preliminary Drop test report A-16485-TN-2 (Ref. [56])
* Measured Accelerations for F-294 during the drop tests: A-16485-TN-1 (Ref. [55])
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9.5 C-188 DUMMY CAPSULES

Eight (8) C-188 dummy capsules were used. Four (4) were slug type and four (4) were pellet
type.

Prior to the drop tests, the eight (8) C-188 dummy capsules were helium leak tested and were
leak tight to 2 x le0 atm. cc/sec. After the drop tests, the same eight (8) C-188 dummy capsules
were helium leak tested and were leak tight to 2 x 1P0 atm. cc/sec.

9.6 DAMAGETOF-294TESTPACKAGING -

After the drop, the following observations are summarized.
1. There were no cracks in the F-294 cavity wall or the extenal primary shell of the container (flask).

There were no cracks in the closure plug.
2. Some fin-to-fin welds had fractured. Some fins had deformed significantly.
3. Fin/container welds had not cracked.
4. The closure plug was in place and had not come loose. Fifteen (15) out of sixteen (16) fasteners of

the closure plug were tight The "neoprene" gasket was not damaged. The lift lug of the closure
plug was compressed by 0.66 in. primarily due to puncture pin impact

5. In the normal drop test (3-ft free drop in top end drop orientation), the crush shield lower donut
plate deformed 0.5 in.

6. In the 30-ft free drop tests, the fins of the cmsh shield and the container have buckled in the
standard J shape or S- shape.

7. In the puncture pin tests on top of the crush shield, only pin foot print was left on the upper plate.
The sandwich plates had deformed; however, the pin did not tear through the plates.

In the puncture pin tests on bottom of the fixed skid, only pin foot print was left on the lower
plate. The sandwich plates had deformed; however, the pin did not tear through the lower plate.

In the puncture pin tests on the cylindrical fireshield, the pin tore the sandwich shell of the
fireshield. The total opening area is approximately 21 sq. in. for Test #4 and 6 sq. in. for Test #8
(an unplanned puncture test on the nameplate zone of the cylindrical fireshield).

9.7 INTEGRITY OF THERMAL PROTECTION

1. Prior to the drop tests, the total area of the thermal protection on the F-294 test packaging is
9,257 sq. in.

2. After the drop tests, there is an opening of21 sq. in.
3. There is no loss of gross thermal protection; i.e.,2the crush shield with top integral fireshield did not

fly off. The cylindrical fireshield was filly retaned. The thermal protection within the fixed skid
was not lost.

4. There is local loss of thermal protection, which amounts to 21/9257-0.2% of total thermal
protection. After the F-294 is subjected to eight (8) drop tests, 99.8% of the thermal protection
remains intact
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9.8 INTEGRITYOF THE CONTAINMENTSYSTEM

After the drop test, the closure plug stayed in place.

Before the drop tests, the cavity of the F-294 was pressure tested and helium leak tested and was
found to be leaktight.

After the drop tests, the cavity of the F-294 was pressure tested and helium leak tested and was
found to be leaktight.

9.9 MEASUREDACCELERATIONS (G-LOAD)

1) In the normal 3-ft free drop test in the top end drop orientation, the maximum deceleration
measured was 130 g's at bottom of the cavity. At the top of the plug the measured
acceleration was 116 g's.

2) In the 30-ft free drop test, in the top end drop orientation, the measured maximum
deceleration was 132 g's on top of the plug.

2) In the 30-ft free drop test, in the side oblique drop orientation, the measured maximum
deceleration was 136 g's on top of the plug.

9.10 RADIATIONSURVEYBEFOREANDAFTER THEDROPTESTS

9.10.1 Before The Drop Radiation Survey

Before the drop tests, the radiation survey data are as follows:
1. The survey source was 375,374 Ci. of cobalt-60 (January 7, 1998).
2. On contact, the maximum reading is 14 mrem/h at bottom of the fixed skid.
3. At one meter from the surface of the package, the maximum reading is 1.8 mrem/br at mid-height

of the container.
This data meets the standard regulatory requirements of 200 mrem/h on contact and 10 mrem/h at
one meter from the surface of the package.

9.10.2 After the Drop Radiation Survey

After the drop tests, the radiation survey data are as follows:
1. The survey source was 365,221 Ci. of cobalt-60 (March 24,1998).
2. On contact, the maximum reading is 30 mrem/hr at the bottom ofthe fixed skid.
3. At one meter from the surface of the package, the maximum reading is 1.8 mrem/hrat bottom of

the fixed skid and at mid-height on the side of the container.
This data meets the standard regulatory requirements of 1000 mrem/h at one meter from the
surface of the package.

iN/FR 9301 F294. Revision 4 -Appendix 2.10.12 Page 3)2- July 2003
INIM 9301 F294, Revision 4 -Appendix 2.10.12 Page 312- July 2003



Chapter 2

9.10.3 Special Cases

Selective radiation readings at various locations of F-294 damaged zones were also recorded. The
observations are:
1. The highest contact reading of 26 mren/h was at the puncture pin zone of mid-section of fireshield.
2. The highest 1.0 m reading of 3.5 mrem/h was at puncture pin damage zone at the mid-section of

the container, along the lift lug #3 axis.
As the highest reading of 3.5 mrem/hr is less than the design acceptance criteria (DAC) of 800
mremlh, it is clear that the F-294 has met the shielding criteria.

9.10A Lead Slump

As a result of eight drop tests, the total cumulative lead slump is of the order of 0.44 in. at the
bottom of the container. There is also some lead slump on the side of the container, based on
radiation survey data.

Based on the thermal test data, it is also inferred that there is lead slump at the bottom of the
closure plug.

9.11 THERMAL TESTS DATA

9.11.1 Before the Drop Thermal Test Data

1. The decay heat was simulated using 40, C-188s. At the start, January 6, 1998, the curies
were 375,510 Ci. of cobalt-60; at the finish, January 14, 1998, the curies were 374,428 Ci.
of cobalt-60. F-294 cavity had an argon environment.

2. The maximum temperatures are as follows:

I. 4170C
2. Top of plug: 112'C
3. Bottom of plug: 200VC
4. Cavity wall: 1750C
5. Container external wall (mid-height): I1070C
6. Top of lift lug (accessible surface): 530C
7. Ambient 200C

9.11.2 After the Drop Thermal Test Data

1. The decay heat was simulated using 40, C-188s. At the start, March 17, 1998, the curies
were 366,160 Ci. of cobalt-60; at the finish, March 24, 1998, the curies were 365,237 Ci.
of cobalt-60. The F-294 cavity had an argon environment

2. The maximum temperatures are as follows:
1. C-188:4131C
2. Topofplug: 111C
3. Bottom of plug: 2220C
4. Cavity wall: 1930C
5. Container external wall (mid-height): 1 0WC
6. Top of lift lug (accessible surface ): 560C
7. Ambient: 230C
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10 COMPARISON OF TEST RESULTS TO ACCEPTANCE CRITERIA STATED
IN REF. [48]

10.1 ACCEPTANCE CRITERSI

1. The test packaging shall be radiation surveyed prior to drop tests and after the drop tests.
The Design Acceptance Criteria (DAC) shall be 80% of the regulatory allowable 1000
mrem/h radiation at 1.0 m. from the surface of the drop tested packaging, based on
maximum radioactive contents in the package (Para 71.51 (a) (2) of Ref. [1]).

2. There shall be no weld fractures or fractures in the primary stainless steel shell that
envelopes the lead shielding in the plug and in the container assembly. Fractures in the
fillet weld between the fin and container shell or fractures in the fin shall not be a cause of
rejection.

3. There shall be no loss of thermal protection (i.e., no through puncture holes in the
fireshields such that the container wall is directly exposed to the flame of fire in the
hypothetical thermal test or loss of crush shield). The damage and displacement of the
thermal protection is to be less than 10% of the total insulated area (9,260 in2).

4. After the drop tests, dummy C-188s to meet the leaktightness of 1 x 107 std. cc/sec of air.

10.2 RADIATIONSURVEYAFTER THE DROP TESTS

Using a radiation survey source of was 365,221 Ci. of cobalt-60 (March 24, 1998), at one (1)
meter from the surface of the drop tested package, the maximum reading is 1.8 mrem/hr at
bottom of the fixed skid and at mid-height on the side of the container.

Also, in a damaged zone, at one (1) meter from the surface of the package, the maximum reading
is 3.5 mrem/hr at mid-height on the side of the container (near the puncture pin impact zone),
along the axis of lift lug #3.

As the highest reading of 3.5 mrem/hr is less than the Design Acceptance Criteria of 800 mrem/h,
it is clear that the F-294 has met the shielding criteria.

This demonstrates that the F-294 test packaging has met the acceptance criteria per Item 1 of
Section 10.1.

10.3 PRIMARYSHELL OFCONTAINERAND CLOSUREPLUG

Before the drop tests, the cavity of the F-294 was pressure tested and helium leak tested and was
found to be leaktight.

After the drop tests, the cavity of the F-294 was pressure tested and helium leak tested and was
found to be leaktight.

Therefore, the integrity of the cavity is sound (i.e., no cracks).

The external shell of the drop tested container was visually examined and found to be free of
cracks. The fn-to-container welds were also examined visually and found to be free of cracks.

The external shell of the closure plug was visually examined and found to be free of cracks.

This demonstrates that the F-294 test packaging has met the acceptance criteria per Item 2 of
Section 10.1.
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10.4 INTEGRITYOF THERMAL PROTECTION

1. Prior to the drop tests, the total area of the thermal protection on the F-294 test packaging
is 9,257 sq. in. (rounded up to 9,260 sq. in.)

2. After the drop tests, there is an opening of 21 sq. in. in the cylindrical fireshield.

2.1 There is no loss of gross thermal protection; i.e., the crush shield with top integral
fireshield did not fly off. The cylindrical fireshield was fully retained. The thermal
protection within the fixed skid was not lost.

2.2 There is local loss of thermal protection, which amounts to 21/9260 = 0.2 % of
total thermal protection. As the puncture pin caused a partial tear of the cylindrical
fireshield, a small area of the container wall can be exposed to flame of the fire. Therefore,
acceptance criteria 3 of section 7 of Ref. [48] is considered satisfied. However, after the
F-294 is subjected to eight (8) drop tests, 99.8% of the thermal protection area remains
intact.

2.3 After the seven planned drop tests, the total damaged thermal protection area is
618 in 2. Based on seven planned drop tests, the damage to the thermal protection is
618 in2/9,257 inr = 6.67%, which is less than 10%. This meets the acceptance criteria
stated in Item 3 of Section 10.1.

10.5 INTEGRITYOF C-188 DUMMY CAPSULES

Prior to the drop tests, eight (8) dummy C-1 88s were helium leak tested and were found to be
leaktight to 2 x 0I atm cc/sec. After the drop tests, the same eight (8) dummy C-188s were
helium leak tested and were found to be leaktight to 2 x I1P atm cc /sec.

This demonstrates that the dummy C-188s have met the acceptance criteria (the leaktightness
of 1 x 107 std. cc/sec of air) per Item 4 of Section 10.1.

11 CONCLUSIONS
1. The F-294 drop test program was carried out as per Test Plan Ref. (48] and Quality Plan

Ref [49].

2. On February 25, 1998, a single full-scale prototype F-294 was subjected to a series of
eight (8) drop tests as listed below:
Test #1: Normal Free Drop Test: top end drop orientation
Test #2: 30-ft Free Drop: side oblique drop orientation
Test #3C: Puncture Test: impact on the zone near lift lug fin #4
Test #4: Puncture Test: impact on the cylindrical fireshield
Test #5: Puncture Test impact on the fixed skid lower plate
Test #6: 30-ft Free Drop Test: top end drop orientation.
Test #7: Puncture Test: impact on the crush shield upper plate
Test #8: Puncture Test impact on the cylindrical fireshield (nameplate zone).
Tests 1 to 7 were stated in the test plan; test #8 was unplanned.

3. The F-294 drop test program has fully and amply demonstrated that the full-scale F-294
test packaging meets the regulatory requirements pertaining to the mechanical drop tests
as per Ref (1].
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1. INTRODUCTION

A total of eight (8) drop tests were conducted on a single, full-scale F-294 test packaging, on February 25th
1998 at AECL-CRL, Chalk River, Ontario, Canada. Representatives from USNRC, AECB, MDS-Nordion
and AECL-CRL were on hand to observe the drop tests.

The eight drop tests are designated as follows:
Test #1: Normal Free Drop Test: top end drop orientation
Test #2: 30-fl Free Drop Test: side oblique drop orientation
Test #3C: Puncture Test: impact on the zone near lift lug fin #4
Test #4: Puncture Test: impact on the cylindrical fireshield
Test #5: Puncture Test: impact on the fixed skid lower plate
Test #6: 30-ft Free Drop Test: top end drop orientation.
Test #7: Puncture Test: impact on the crush shield upper plate
Test #8: Puncture Test impact on the cylindrical fireshield (nameplate zone)

The Engineering Information Drawings for the F-294 test packaging are provided in Chapter 2, Appendix
2.10.12 (also see Figure 2.10.13-F1).

The F-294 transport package is described in Chapter 1. The Engineering Information Drawings for the
F-294 transport package are provided in Chapter 1, Appendix 1.4.2 (also see Figure 2.10.13-F2).

There are differences between the F-294 test packaging and the F-294 transport package. The differences
are identified and the impact of these differences is assessed in this Appendix.

2. F-294 TEST PACKAGING

The F-294 prototype container has been fabricated as per DWG. F029401-001 Issue C and Technical
Specification DS 0757 F294 Issue A. The F-294 prototype container has been demonstrated to meet the
quality standard (CAN-CSA Z299.3-1979 and three elements of CAN-CSA Z299.2-1979) specified in
the technical specification DS 0757 F294 Issue A (Ref. [3]). A history file is available to support that the
F-294 prototype container is a qualified packaging. This F-294 prototype is designated the full-scale F-294
test packaging.

The full-scale F-294 test packaging consists of the assembly of the following components:
1) F-294 prototype container

* A container (flask) assembly.
* The cylindrical fireshield.
* The top integrl crush shield and fireshield
* The removable shipping skid.

2) F-313 source cage, inclusive of eight (8) C-188 dummy capsules.
3) Quantity = four (4) dummy weights, evenly distributed.
4) Accelerometer instrumentation.

The drawings produced as a result of converting F-294 prototype container to F-294 test packaging are
given in drawing list as per Table 2.10.13-Tl. The Engineering Information Drawing of the F-294 test
packaging is given in Chapter 2, Appendix 2.10.12.
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Table 2.10.13-T1
Drawing List - F-294 Test Packaging

74X0<- Drawyi -n;g-#0-iki;t; TitleA -;>;
F629401-002 Drop Test Modifications
F629401-003 Puncture Pin 6 in. Dia. X 16 in. High
F629401-004 Puncture Pin 6 in. dia. x 26 in. High
F629401-005 Normal free drop Test
F629401-006 30-ft free drop test
F629401-007 Puncture test No. IA
F629401-008 Puncture Test No. lB
F629401-009 Puncture Test NO. 2
F629401-010 Puncture Test No. 3
F629401-011 30-ft free drop test #2.
F629401-012 Puncture Test #4
F629401-013 Weight Assembly
F629401-014 Tube
F629401-015 End Plate
F629401-017 Mounting Plate
F629401-018 Mounting Plate Lower
F629401-019 F-294 Test Specimen
F629401-020 Flow Diagram

2.1. SIMILARITIESAND DIFFERENCES BETWEEN THE F-294 TRANSPORT
PA CKA GE AND F-294 TESTPACKAGING

The similarities and the differences between the current F-294 transport package and the full scale
F-294 test packaging are listed in Table 2.10.13-T2. The differences are identified as *DEV*. Most of
the differences are marginal dimensional changes and are considered insignificant. The differences that
are considered significant are addressed below in section 2.2

2.2 DIFFERENCES

2.2.1 Overall Weight

The actual weight of the F-294 test packaging is 21,482 lb. The design weight of F-294 transport package
(Dwg. F629401-001 Rev. C) is 21,000 lb. max. The difference is 482 lb.

2.2.2 Lift Lug

The lift lug region of the current F-294 transport package is different from the lift lug region of the F-294
test packaging (see Figure 2.10.13-F3).

2.2.3 Secondary Shell And Extra Thermal Insulation: Thermal Protection

In the F-294 transport package, the top and bottom comers of the container have a secondary shell
enveloping the primary shell. The gap between the secondary and primary shells is filled with thermal
insulation, which provides extra thermal protection in the top and bottom comer of the container. However,
this additional thermal protection does not exist on the F-294 test packaging.
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2.2.4 Fastening of the Crush Shield

In the F-294 test packaging, the crush shield was fastened with 16 fasteners (8 on the top and 8 on the
side). Shim plates were added to four mounting pads to facilitate assembly of the crush shield and the
container.

In the F-294 transport package, the crush shield is designed to be fastened with 16 fasteners (8 on the top
and 8 on the side). The shim plates, if required shall be used to facilitate the assembly of the crush shield
and the container. Some of the crush shield fins shall be modified at appropriate places to facilitate the
assembly of the crush shield and the container using 8 side fasteners.

2.2.5 Closure Plug Joint Configuration

For the F-294 test packaging, the closure plug joint configuration and neoprene gasket are shown in
Figure 2.10.13-F4.:

For the F-294 transport package, the closure plug joint configuration and neoprene gasket is shown in
Figure 2.10.13-F5.

The comparison of the plug/container closure of the F-294 transport package versus the F-294 test
packaging is given in Table 2.10.13-T3. The elements that are different are identified as *DEV*
(deviation).

The minor differences are:
* gasket size
* retention of gasket (grove design)
* mounting of gasket (i.e., tabs)

2.2.6 F-294 Cavity and F-313 or F-457 Source Carrier

The F-294 test packaging has a cavity of nominal size, 11.5 in. in diameter x 20 in. high. The lower cavity
end cap is nominal 11.5 in. ID x 0.5 in. thick. The F-313 source carrier is loaded within this cavity. The F-
313 source carrier has nominal dimensions of 11.25 in. diameter x 19.718 in. overall height

The F-294 transport package has a cavity of nominal size 11.5 in. dia. x 19.75 in. high. The lower cavity
end cap is nominal 11.5 in. ID x 0.75 in. thick. The F-313 or F-457 source carrier is loaded within this
cavity. The F-3 13 source carrier has nominal dimensions of, 11.25 in. diameter x 19.468 in. overall height
The F-457 source carrier has nominal dimensions of 11.25 in. diameter x 19.47 in. overall height.

2.2.7 Crack Shield

The F-294 test packaging has a donut-shaped crack shield, welded on top of the closure plug to shield any
radiation streaming from the cavity. The crack shield is of nominal size: OD = 17.63 in., ID = 11.95 in.,
height = 1.94 in. The crack shield is made up of cast lead within stainless steel casing. Therefore, the
shielding consists of materials: 1) lead and 2) stainless steel.

The F-294 transport package has a donut-shaped crack shield, welded on top of the closure plug to shield
any radiation streaming from the cavity. The crack shield is of nominal size: OD = 17.63 in., ID = 11.63
in., height = 2.0 in. The crack shield is made up of solid stainless steel. Therefore, the shielding consists of
stainless steel material only.
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2.2.8 Drop Test Related Items

1) To facilitate drop testing in various attitudes, the lifting eye hooks are attached to the removable
skid. The zones around the holes, where the lifting eye hooks are attached, are reinforced.

2) F-294 test packaging has attachment/mounting pads for the accelerometers and cables to be
removed from the F-294 test specimen. Four (4) accelerometers are mounted on the F-294 test
packaging.

3. IMPACT OF DIFFERENCES

3.1 OVERALL WEIGHT

The actual weight of the F-294 test packaging (used on Feb. 25 1998 drop test program) is 21,482 lb. The
maximum design weight of F-294 transport package is 21,000. lb. Therefore the difference is 482 lb.; in
other words, the F-294 test packaging is marginally heavier than the F-294 transport package. Therefore,
the drop test results based on 21,482 lb. weight of F-294 test packaging, are marginally conservative.

3.2 LIFTLUG

See Figure 2.10.13-F3.

As the lift lug region of the current F-294 transport package design has additional reinforcements
(double shell [primary and secondary] and 1-inch thick reinforcement plate) versus the lift lug region of the
F-294 test packaging (single primary shell and 0.5-inch thick reinforcement plate), the lift lug region of the
F-294 test packaging is considered weaker than the lift lug region of the current F-294 transport package
design. The effects of these differences will be negligible as structurally the F-294 test packaging is
marginally weaker than the current F-294 transport package design. Therefore, in the drop and puncture
tests, the F-294 test packaging is likely to suffer more damage than a test specimen fabricated to F-294
transport package design.

3.3 SECONDARYSHELL AND EXTRA THERMAL INSULATION

The absence of the secondary shell at the top and bottom comer of the F-294 test packaging means
that the primary shell is more vulnerable to fracture, rupture and tear during the F-294 drop tests. The
presence of the secondary shell on the F-294 transport package provides additional protection to the
primary shell. Therefore the drop test results, based on absence of secondary shell on the top and bottom
comers of the F-294 test packaging, are marginally conservative.

3.4 FASTENING OF THE CRUSH SHIELD TO THE CONTAINER

The fasteners specified for connecting the crush shield to the container are identical for the F-294 test
packaging configuration and for the F-294 transport package configuration. Therefore the same amount
of applied bolting (connecting) force is available for both configurations.

In the F-294 transport package configuration, some of the fins of the crush shield are re-designed to permit
easier access to fasten the eight (8) side bolts using standard tools. From the point of view of the retention
of the crush shield during the F-294 drop tests, this design difference is insignificant as the applied bolting
load to connect the crush shield to the container for both configurations is the same.
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3.5 CLOSURE PLUG JOINT

Step #1
The closure joints for the F-294 test packaging and the F-294 transport package are depicted in Figure
2.10.13-F4 and Figure 2.10.13-F5 respectively. Table 2.10.13-T3 provides the comparison between two
configurations.

Step #2
As the closure bolts are the same for both configuration and as the applied torque of 100 ft-lb. per bolt
are the same for both configuration, the bolting load available to make the closure plug joint is the same
for both joint configurations.

Estimate applied load per bolt:
T = 0.2 x Dnom x Fb-

1200 = 0.2 x 1.0 x Fct-

Fba = 6,000 lb.

The total bolting load (F) available is:
Fjn, = Fba x number of bolts

=6,000x16
= 96,000 lb.

where
T = torqueperbolt= 100 f-1b. =-1,200 in.-lb.
Dnom = Nominal diameter of the bolt 1 i'.
Fbt t = Applied force per bolt
Fj,.o = Appliedforce on the closureplug joint

Step #3 F-294 transport package gasket seating load, Fs(
FSG b *bG*y

where
b = effective gasket seating width
G =gasket diameter
y = gasket seating stress = 200 psi

(Ref. [17] i.e., ASME VIII Div. I: Table UA-49-1)

Basic gasket seating width, bo = actual width of gasket /2
= (16.38 - 15.44) x 0.5/2
= 0.235 in.

When bo < 1/4 in., the effective gasket seating width, b = bo = 0.235 in.

When bo S 1/4 in., diameter at location of gasket reaction, G -
G = Mean diameter of gasket contact face

= (16.38 + 15.44) x 0.5
= 15.91 in.

Gasket seating Load, Fso
Fsa =n*b*G*y -

= 1 * 0.235 * 15.91 *200
= 2,400 lb.

The gasket seating load for the F-294 transport package is 2,400 lb.
As the gasket seating load for F-294 transport package is 2,400 lb. and as the applied bolt load for the
closure joint is 96,000 lb., the balance of load 93,600 lb. is available to resist any operating loads due to
internal pressure and maintain leaktight closure plug joint.
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Step #4 F-294 test packaging: gasket seating Load, FsG

FSG =2*b*G*y
where

b = effective gasket seating width
G = gasket diameter
y = gasket seating stress = 200 psi

(Ref. (17] i.e., ASME VIII Div. I: Table UA-49-1)
Basic gasket seating width, bo = actual width of gasket /2

= (16.38 - 15.13) x 0.5/2
= 0.313 in.

When bo> 1/4 in, the eflective gasket seating widh b = (e boy2 = ('1(0.313)2= 0.280 in.

When bo > 1/4 in., diameter at location of gasket reaction, G
G = Outside diameter of contact face - 2b

= 16.38 - 2 x 0.280
= 15.82 in.

Gasket seating Load, Fs(
F50 =z*b*G*y

= * 0.280 *15.82 * 200
= 2,784 lb.

The gasket seating load for the F-294 test packaging is 2,784 lb.

As the gasket seating load for F-294 test packaging is 2,784 lb. and as the applied bolt load for the closure
joint is 96,000 lb., the balance of load of 93,216 lb. is available to resist any operating loads due to internal
pressure and maintain leaktight closure plug joint.

Step #5
The balance of load available for F-294 test packaging joint configuration is 93,216 lb. The balance of load
available for the F-294 transport package is 93,600 lb.

As the balance of load available to provide a leaktight closure plug joint is almost same (i.e., 93,000 lb.) in
both configurations, the leaktight closure plug joint shall be maintained in both joint configurations.

3.6 F-294 CA VITYAND F-313 SOURCE CARRIER

Step #1
The cavity end cap of F-294 test packaging is 0.5 in. thick.

The cavity end cap of F-294 transport package is 0.75 in. thick.

As the end cap of cavity of F-294 test packaging is marginally thinner than the end cap of the cavity of the
F-294 transport package, during the drop tests, the F-294 test packaging configuration is more vulnerable
to deformation and damage than the F-294 transport package configuration. After the drop test of the
F-294 test packaging, the cavity was leak tested and found to be leaktight. Therefore it is concluded that
after the drop test, the cavity of the F-294 transport package shall remain leaktight.

INF 931_9,Rvso Apni .01 ae8 1'20
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Step #2
The F-313 carrier.
In the F-294 test packaging, the F-313 carrier had the overall height of 19.718 in. nominal x 11.5 in. dia.
nominal. In the F-294 transport package, the F-313 carrier overall height shall be 19.468 in. nominal x
11.25 in. dia. nominal. The F-457 source carrier has an overall height of 19.47 in. nominal x 11.25 in.
diameter nominal. In other words, the F-313 carrier in F-294 test packaging configuration is 0.25 in. longer
than the F-313 source carrier in the F-294 transport package configuration. Therefore, the longer F-313 carrier
in the F-294 test packaging configuration is marginally more vulnerable to deformation than the shorter
F-313 carrier in the F-294 transport package configuration. The C-188 dummy capsules were loaded
within the F-313 carrier in the F-294 test packaging and subject to the drop test program.
Subsequently, the C-188 dummy capsules were found to be leaktight. Therefore it is concluded that the
C-188 dummy capsules will remain leaktight in the "shorter" F-313 carrier/l;-294 and F-457 carrier/F-294
transport package configurations, subjected to the drop test program.

3.7 CRACK SHIELD

The F-294 test packaging uses a crack shield made of cast lead encased in stainless steel. The F-294
transport package uses a crack shield made of stainless steel only. The impact of the difference in shielding
materials is assessed and calculations are presented in Chapter 5, Appendix 5.5.8.

For the F-294 test packaging, using a lead and stainless steel crack shield, for 360 kCi of cobalt-60, the
surface dose is estimated to be 1.52 mrem/h and the dose at one (1) meter from the surface is estimated to
be 1.2 mrem/h.

For the F-294 transport package, using a stainless steel crack shield, for 360 kCi of cobalt-60, the
surface dose is estimated to be 4.56 mrem/h and the dose at one (1) meter from the surface is estimated
to be 3.6 mrern/h.

These doses are well within the allowable of 200 mrem/h on contact and 10 mrem/h at one (1) meter from
the surface of the F-294 package for normal conditions of transport.

3.8 DROP TEST RELATED ITEMS

#1. To facilitate drop testing, the lifting eye hooks are attached to the removable skid at four (4) comer
locations. The local zones around the holes for the lifting eye hooks were reinforced.

#2. Four (4) tri-axial accelerometers were mounted on the F-294 test packaging.

#3. The modifications were carried out by the test operator (CRL, AECL) in the F-294 cavity.
Two shock buffers were located between the F-313 source carrier and the underside of the
F-294 closure plug. The purpose of the shock buffers was to prevent destruction of the G-gage
accelerometers mounted under the closure plug during the F-294 drop testing. The G-load data
was considered more important than other considerations like cushioning the impact of the
F-313 carrier due to buffers. Despite the cushioning, the C-188 capsules were free to move axially
and radially.

These three items are required on the test packaging to carry out drop tests. These items do not impact
adversely the drop test results.
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4. CONCLUSIONS

4.1 There are eight differences between the F-294 test packaging and the F-294 transport package.
They are:

* Overall weight
* Lift lug
* Secondary shell and extra thermal protection.
* Fastening of the crush shield to container
* Closure Plugjoint
* F-294 Cavity and source carner
* Crack shield
* Drop test related items

4.2 In all cases, with the exception of "Drop test related items", where a difference exists between
the F-294 test packaging and the F-294 transport package, the drop tested F-294 test packaging
configuration is considered structurally weaker than the F-294 transport package configurations.
Therefore, the results of the drop tests using F-294 test packaging are considered marginally
conservative.
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Table 2.10.13-T2
Parameters of Current F-294 Transport Package Design and F-294 Test Packaging

4 (SARev. 3) F 4 Test ? ang Deiiatio I

Item Parame~~~te'r. AF241O1IseQ ~2410(isseC *E
1. height 8.5 in. 80.5 in.

Overall width _78 in. 78 in
Package length 78 in. 78 in.

weight 21,000 lb. max. 21,482 lb. *DEV*
shell OD 36 in. 36 in.

2. shell material ss3G4L ss304L
Main shell thickness 0.5 in. 0.5 in.

Container shell top Dished cone (600) Dished cone (600)
shell bottom Dished head Dished head
welds (see drawing) Dwg. F629401-001 Dwg. F629401-001

Issue C Issue A *DEV*
lead shielding 11.25 in. at center 11.25 in. at center
double shell at yes: 0.5 in. /insulation no *DEV*
top corner 0.375 inJO.5 in. -
double sheli at bottom yes: 0.5 in. /insulation no '*DEV*
corner 0.375 in.JO.5 in.
overall size 11.5 in. dia. x 19.75 in. 11.5 in. dia x 20 in. ht. *DEV*

ht. -_-
2.1 shell

Cavity material/thickness ss3O4L/0.5 in. ss304L/0.5 in.
bottom plate
materialthickness 0.75 inJC-276 Hastelloy 0.5 inJC-276 Hastelloy *DEV*
Fin #1 (top corner)

2.2 number 16 16
Cooling overall size 16 in. ht. x 11.2 in. width 16 in. ht. x 11.2 in.

Fins at top, 4 in. width at width at top, 4 in. width
bottom at bottom

thickness 0.375 in.- 0.375 in.
cutout area 10 in. x 1.0 in. (approx.) nl *DEV*
material ss3O4L ss3O4L
Fin #2 (top corner)
number 8 8
overall size 16 in. ht. x 11.2 in. width 16 in. ht. x 11.2 in.

at top, 4 in. width at width at top, 4 in. width
bottom at bottom

thickness 0.375 in. 0.375 in.
cutout area 10 in. x 1.0 in. (approx.) nil
material ss3O4L- - ss3O4L *DEV*
Fin #3 (top corner)
number 8 - 8 -
overall size 15.5 in. ht. x 11.2 in. 15.5 in. ht. x 11.2 in.

width at top, 4in. width width at top,4 in. width
at bottom at bottom -_-

thickness 0.5 in. 0.5 in. -

cutout area 10 in. x 1.0 in. (approx.) nil -
material ss304L ss3O4L *DEVS
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Table 2.10.13-T2 (Cont'd.)

Fi294 (SA R. 3) F-29 Te kai tion

Fin #5 (side fin)
2.2 number 36 36

Cooling thickness 0.375 in. 0.375 in.
Fins height 27 in. 27 in

(Cont'd.) width 4 in. 4 in.
cutout area 3.75 in. x 1.0 in. nil *DEV*
material ss304L ss304L
Fin #6 (bottom comer)
number 36 36
overall size 10 in. ht. x 3 in. width at 10 in. ht. x 4 in. width at

top top
13.5 in. width at bottom 13.5 in. width at bottom

thickness 0.375 in. 0.375 in.
cutout area 12 in. x 1.0 in. (approx.) nil *DEV
material ss304L ss304L
Fin #7 (bottom)
number 8 8
overall size 4 in. ht. x 8 in. width 4 in. ht. x 8 in. width
thickness 0.375 in. 0.375 in.
cutout area nil nil
material ss30(4L ss3O4L
number 4 4

2.3 size/shape see F629401-001 Issue B 1.25 in. thick x 17.625 *DEV*
Lift Lug sheet 4 ht.

Fin thickness variable: 1.25 in. at top uniform 1.25 in. thick *DEV*
(Fin #4) and 2.0 in. at base

fin material ss304 ss304L *DEV*
at base of lift lug fin ss304 pad; 1.0 in. thick x ss304L pad

8 in. average width x 7 in. 0.5 in. x 9 in. x 11 in. *DEV*
length

_ at base of lift lug fin secondary sheil primary shell *DEV*
type recessed recessed

3. gasket neoprene neoprene
Main Plug flange thickness 2.5 in. 2.5 in.
/Container bolts 'UNBRAKO" soc. hd. "UNBRAKO" soc. hd.

Closure number of bolts 16 16
length of bolts 2.0 in. 2.0 in.
depth of hole 1.25 in. 1.25 in.
size/typ of thread 1-8-UNC 1-8-UNC (coarse thread)

[bolt material low alloy steel low alloy steel
shell thickness uniform 0.5 in. uniform 0.5 in.

4. height to top of liftlu 16.5 in. 16.5 in.
Main OD of shell 14.7 in. 14.7 in.
Plug OD of flange 21.5 in. 21.5 in.

shielding material lead lead

"-
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KJ Table 2.10.13-T2 (Cont'd.)

- Item ~~~Parameter F-2494-tSAPRIeVo3 'F294 Tstj PAckaing eito
inde ~ F629,401-01 IseC {09F.iIssu ) (DV

height 48.5 in. 48.5 in.
5. OD 47.38 in. 47.38 in.

Cylindrica ID 44.38 in. 44.38 in.

Fireshield outer wall 0.25 in. 0.25 in. -______
inner wall 0.25 in. 0_25_in.
insulation thickness 1.0 in. X_ __in.

insulation tye Kaowool Fibrefrax** *DEV*
OD 17.63 in. 17.63 in.

6. ID 11.63 in. _1__.8 in. _ __*DEV

Crack height 2.0 in. .94 in. *DEV*
Shield shield material ss304 lead, encased in ss304 *DEV*

insulation type Kaowool Fibrefax"
type double pipe double pipe - _-____

7. material C-276 Hastelloy C-276 Hastelloy -
Drainline gasket Neoprene Neoprene

closure - threaded cap threaded cap
size 44 in. x 44 in. x 10.25 in. 44in.x 44 in. x 10.25

_ _ _ _ _ _ .n ._ _._.

8. top plate 44 in. x 44 in. x 0.5 in. 44 in. x 44 in. x 0.5 in.
_ ____ X______ (ss304) (ss304)

Fixed insulation 42 in. x 42 in. x 1.0 in. 42 i~x42im x 1.0min.
(Kaowool) .OD

Skid bottom plate 44 in. x 44 in. x 0.5 in. - 44 in. x 44 in. x 0.5 in.
(A-36) (A-36)

[structural channel 8 in. x 3 in. 8 in. x 3 in.
I material ASTM A-36 ASTM A-36

9 size 78 in. x 78 in. x 8 in. 78 in. x 78 in. x 8 in.
Removable channel 8 in. x 3 in. 8 in. x 3 in.

Skid material A-36 A-36
10. number of fins 28 28

Crush fin material cold rolled AISI C1020 cold rolled AISI C1020
Shield top plate size/material 0.5 in. thick x 30 in. dia. .5 in.hidcx30in.dia(A-

(A-36) 36)
with bottom plate 0.5 in. thick x 30 in. dia. 0.5 in. thick x 30 in.

Integral size/material (A-36) dia.
(A-36)

Top insulation 1.0 in. thick x 28 in. dia. 1.0 in. thick x 28 in.
Fireshield size/material /Kaowool dia. /Kaowool

Fibrefrax: Trademark of Union Crboide Corp. for high temperature ceramic fibre insulation
*** Transite: Trademark of Johns Manville Corp. insulation.
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Table 2.10.13-T3
Closure Comparison: Current F-294 Transport Package Design

versus the F-294 Test Packaging

Item Descri9tion | -294 "PTrais ckaOe F-294 Test akai n

1.0 Gasket
type Neoprene Neoprene
____EID 15.44 in. 15.13 in. *DEV*
OD 16.38 in. 16.38 in.
thickness 0.188 0.188

2.0 Bolts
___ type UNBRAKO 1960 UNBRAKO 1960
number/size/type 1 in. dia. cap screws UNC 1 in. dia. cap screws UNC
material Low alloy steel Low alloy steel
UTS 180. ksi 180. ksi
YS 155. ksi 155. ksi
length 2.0 in. 2.0 in.

3.0 Threaded Hole in Container Flange
Thread Type I in. dia. UNC 1 in. dia. UNC
Depth 1.25 1.25
Material of flange ss3O4L ss304L,

4.0 Torque _

Specified 100 ft.-lb. per bolt 100 f-lb. per bolt l
5.0 Retention

Tabs yes no EDEV*
_ groove yes no I *DEV*

J~~fTR ~ 930 _24 eiin4-pedx21.3Pg 4 y20
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Figure 2.10.13-Fl
F-294 Test Packaging - Information Drawing

(Dwg Number F629401-021: Sheet 3 of 5)
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Figure 2.10.13-F2
F-294 Transport Package - Information Drawing

(Dwg Number F-629401-001: Sheet 3 of 5)

i'
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Chapter 2

Figure 2.10.13-F3
Lift Lug Fin Region - Current F-294 Transport Package Design

Versus F-294 Test Packaging

F-294 TRANSPORT
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Figure 2.10.13-F4
Closure Plug Joint Configuration for F-294 Test Packaging
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Figure 2.10.13-F5

Closure Plug Joint Configuration for F-294 Transport Package
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1. INTRODUCTION

On February 25 1998, a single full-scale prototype F-294 was subjected to a series of eight (8) drop tests
as listed below:

Test #1: Nonmal Free Drop Test: top end drop orientation
Test #2: 30-ft Free Drop: side oblique drop orientation
Test #3C: Puncture Test: impact on the zone near lift lug fin #4
Test #4: Puncture Test: impact on the cylindrical fireshield
Test #5: Puncture Test: impact on the fixed skid lower plate
Test #6: 30-ft Free Drop Test: top end drop orientation.
Test #7: Puncture Test: impact on the crush shield upper plate
Test #8: Puncture Test: impact on the cylindrical fireshield (nameplate zone)

The entire test program has been presented in Chapter 2, Appendix 2.10.12. By way of tests, it was
demonstrated that

1. the integrity of the containment system is maintained
2. the integrity of the shielding is maintained.

The deceleration loads (g-loads) resulting from these eight (8) drop tests are recaptured in Table 2.10.14-
T1. Four tri-axial accelerometers were mounted on F-294. See Figure 2.10.14-Fl for location (position) of
accelerometers.

The performance of the F-294 Transport Package when subjected to the measured deceleration loads, in
various drop orientations, is presented in this section by stress analysis and is shown to demonstrate that
the integrity of containment system and the shielding shall be met The stress analysis also serves to
quantify the safety factors and the margin of safety available for the F-294 components.

Table 2.10.14-T1
Maximum Absolute Decelerations for F-294 Transport Packaging (g's)

Test # # < ; 1 -< z 2. 3K 4 5~' i}~ <7- - 8
Accelerometer 116 1362 LOS 20 46 1323 60 22
Location G I__ ___ _ __ _ __ __ _ _ _

Accelerometer 113 LOS LOS LOS LOS LOS LOS LOS
Location G2

Accelerometer 130 66 LOS 26 58 118 32 14
Location G3

Accelerometer 277' 73 23i 35 0 0 50 15
Location G4__

Notes:
1. The very high G4 value for Test No. 1 is not valid. G4 is mounted on the bottom of container fixed skid, a thin plate

supported around the perimeter of the skid acting as a diaphragm. As per Figure 6 of A-16485-TN-1, page 9 (Ref
[55)]), the maximum level attained by G4 does not occur until after the initial impact.
The crush shield does not significantly deform during this test. The rigidity of the F-294 package in this
orientation and drop speed is a possible cause for the high deceleration value observed.

2. Test No. 2 is the first 30-ft drop. GI is very near the impact point for Test No. 2. It is observed to measure the highest
deceleration value. G3 and G4 are located further away from the impact point, and are subject to "pivoting7 effect on
impact. The crush shield fins on the impact target are greatly deformed, helping to reduce the maximum deceleration
value.

3. Test No. 6 is the second 30-ft drop. The maximum value attained by G1 for Test No. 6 is similar to that maximum
attained for the first 30-ft drop, Test No. 2. Again, the crush shield fins on the impact target ar greatly deformed,
helping to reduce the maximum deceleration value.

4. LOS - Loss of signal.
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1.1 FREE DROP

The F-294 package can be dropped in any of the four designated free drop orientations shown in Figure
2.10.14- F2. The drop orientations are identified as

Orientation#1.I - End Drop - Top
Orientation #1.2 - End Drop - Bottom
Orientation #2 - Side Drop
Orientation #3.1 - Corner Drop - Top
Orientation #3.2 - Corner Drop - Bottom
Orientation #4 - Oblique Drop

To cushion the impact during the 30-fl drop test, the F-294 package has a top crush shield. The crush
shield assembly sits flush on the container top fins and is bolted at sixteen (16) locations to the container
top fins. In addition to the above energy absorbing elements, the F-294 container has:

* the external cooling fins on the container
* the fixed sid
* the shipping Skid

all of which serve as energy absorbing devices during the 30-ft drop test. Depending on the drop
orientation, not all of the energy absorbing devices come into play.

The analytical assessment of the F-294 package subject to the 30-ft drop test is given in detail in Appendix
2.10.9. In the following sections, each drop orientation is discussed in detail.

Figure 2.10.14F1
Location of Accelerometers on F-294 Test Packaging
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Figure 2.10.14-F2
Drop Test Orientations

DROP ORIENTATION
.1.,

TOP END DROP

OROP ORIENTATION
81.2

BOTTOM END DROP

DROP ORIENTATION
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SIDE COPU

DROP ORIENTATION
u3.1

TOP CORNER DROP

DROP ORIENTATION
'3.2

BOTTOM CORNER CROP

CROP ORIENTATION
34

0BLIOUE
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2. F-294 STRESS ANALYSIS IN END DROP - TOP ORIENTATION

2.1 MAGNITUDE OF G-LOADS

1. Based on the 30-ft. free drop test of the full-scale F-294 packaging in the top end drop orientation,
the measured deceleration of F-294 are as follows:

GI = 132 ges (top of closure plug)
G2 = LOS (bottom of closure plug)
G3 = 112 (bottom of cavity)
G4 = LOS (bottom of fixed skid)
LOS = loss of signal

2.2 EFFECT OF G-LOADS ON THE LEAD SHIELDED CONTAINER AND
COMPONENTS

Using 132 g's as deceleration load in the top end drop orientation (Figure 2.10.14-F3), the stress analysis of
components of F-294 is carried out.

2.2.1 Bolting on the Closure Plug

See Figure 2.10.14-F4.
Estimate bolt g-load (max) based on static UTS

Number of bolts = 16, 1 in. dia. UNBRAKO, UNC (coarse thread).
Total bolt area, ABOLT = 8.816 in2 (i.e., 16 bolts x 0.551 in2 per bolt)
Static UTS = 180,000 psi

Based on deceleration load of 132 g's in the top drop orientation, the applied load on the bolt,
PIMPACr = weight of plug and contents x Deceleration G-load

= WpLW & cons x 132
= 1,115 x 132
= 147,180 lb.

Gasket seating load, mso = 2,400 lb.

Pressure build-up load Wphm = 4,000 lb.

Therefore, total load on 16 bolts, PmTAL

PTOTAL = P&WACT + Fso + WPoug
= 147,180 + 2,400 + 4,000
= 153,580 lb.

What is the stress in the bolt?
Bolt stress, as =PToTAI/ABOLT= 153,580 1b18.816 in2

= 17,420 psi.

The allowable static UTS at 20'C is 180,000 psi in tension.
Safety Factor, SFstRss.asED = allowable stress/applied stress

= static UTS/bolt tensile stress
= 180,000 psi/17,420 psi
= 10.33

Margin of Safety, MsTREsssasm = SFs tEss-BmsED -1 = 10.33-1 = 9.33

As the Margin of Safety (MS) > 0, the bolts as specified will maintain the plug closuretcontainer joint.

The bolt stress (17,420 psi) is less than yield stress = 155,000 psi of the bolt material. Therefore the bolt
material has not yielded in the 30-ft. free drop of F-294 in top end drop orientation (Test # 6).
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RVITR 9301 F294, Revision 4 - Appendbc 2.10.14 Page 6 - July2003



Chapter 2

2.2.2 Male Flange

At 132 g's deceleration load, what are the stress levels in the male and female flange of the bolted closure?

See Figure 2.1.14-7F5.

It is assumed that the ligament area around the bolt holes is the critical area in terms of failure mode.
Effective Ligament area is considered that area 1.5 Diameters from bolt hole center line.

Minimum ligament area in shear around the bolt holes AS
AS =5/16*1+0.5*1

= 13/16 2

Number of bolt holes = 16
Total ligament area = 16 x 13/16 = 13 in2

Based on deceleration load of 132 g's in the top drop orientation, the applied load on the bolt,
PmPACr = weight of plug and contents x Deceleration G-load

= WPuW&cOmqre x 132
= 1,115 x 132
= 147,180 lb.

Gasket seating load, mso = 2,400 lb.
Pressure build-up load Wbg = 4,000 lb.

Therefore total load on 16 bolts, PTOTAL

PTEAL = PIPACr + Fir + Wpb-g
= 147,180+2,400+4,000
= 153,580 lb.

Shear stress in the ligament zone, T
P = PWrsJATozAL %AEsr^ A

= 153,580416 x (AS)]
= 153,580413]
= 11,820 psi

SFsBAsmn = allowable stress/applied stress

= 0.6 x UTS/r
= 0.6 x 70,000/11,820
= 3.55

MSM EW,&ISM S1SnESSeAED - I355 - I2.55

As the Margin of Safety (MS) > 0, the male flange as specified is acceptable.

2.2.3 Female Flange

At 132 g~s deceleration load, what are the stress levels in the female flange of the bolted closure?

See Figure 2.10.14-F6.

The weld joint WCC7 between the female flange to the cavity liner (location B as per Figure 2.7.1.1-i)-
F3.3) is the critical area in terms of failure mode. It is assumed that the entire deceleration load of 132 g's
is resisted by weld WCC7 only. This is conservative as the deceleration load is shared by components other
than weld joint WCC7.

INf 931P9.Rvso Apni .01 ae7 *y20
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Area of the butt weld,
AwpD =X*D,*t*0.7
AwEw = 2 * {(2 * 7.392)+0.5} * 0.5 * 0.7
AwELD = 16.8 in2

Based on deceleration load of 132 g~s in the top drop orientation, the applied load on the bolt,
PImPAcr = weight of plug and contents x Deceleration G-load

=WpLw&cOr ax rsx 132
=l,115x 132
= 147,180 lb.

Gasket seating load, FSO = 2,400 lb.

Pressure build-up load Wph - 4,000 lb.

Therefore total load on 16 bolts, PmOTAL
PWSTAL = PROPACr + Fsr + Wpwg

= 147,180 + 2,400 + 4,000
= 153,580 lb.

Stress in the weld, sWEwD

OWE1D = ParmjAwaiD
= 153,580 1b116.8 in2

=9,lSOpsi

For weld with 100% joint efficiency (fully radiographed weld joint)'

SFS=Ess-BAsED = allowable stress/applied stress in tension
= UTS/T
=70,000/9,150
=7.65

MSsTsasm = SFUmsiSs BASED-1 = 7.65 - 1 = 6.56

As the Margin of Safety (MS) > 0, the female flange as specified is acceptable.

2.2.4 Stripping of Internal Threads of Bolt Hole Under Impact Load

See Figure 2.10.14-F7.

Note: The bolt hole thread depth is 1.25 in. The effective engagement length is 1.0 in.

What G loads can the internal threads of the bolt hole in the female flange of the bolted closure withstand without
stripping?

Area of shear of the threads per bolt hole = 1.8 in2

Effective area of thread to be stripped = 1.44 in2
Numberofbolts= 16
Min. compressive strength UCS = 70,000 psi

Based on deceleration load of 132 g's in the top drop orientation, the applied load on the bolt,
PIMPAcr = weight of plug and contents x deceleration G-load

= WpLur &awrENrs x 132
= 1,115 x 132
= 147,180 lb.

Gasket seating load, FsG = 2,400 lb.

Pressure build-up load Wpwg = 4,000 lb.

JN/TR 930) F294, Revision 4 - Appendix 2.10.14 Page 8- July 2003
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Therefore total load on 16 bolts, PTOTAL

PTMTAL = PMWACr + Fsa + Wphig
= 147,180 + 2,400 + 4,000
= 153,580 lb.

Shear stress in the bolt hole threads, r
= PWAJABoLT HOLE THREAW

= 153,580416 x 1.44]
= 6,670 psi.

For stripping of bolt hole threads, the safety factor and margin of safety are:
SFsnmss-BsED = allowable stress/applied stress in shear

= 0.6 x UTS/,r
= 0.6 x 70,000/6,670
= 42,000/6,670
= 6.29

MSnSu-BASED = SFmmss-BAsED-1 = 6.29 - I 5.29

As the Margin of Safety (MS) > 0, the bolt hole threads as specified are acceptable.

2.2.5 Container Welds

In the top end drop, at the top of the container there are a number of welds that retain the shell structure
for the lead shielding within the container or the plug. We shall examine these welds in their ability to
withstand the deceleration load based on 132 g's.

See Figure 2.10.14-F8 for identification of welds and the dimensions.
* WCCl = conical dished head to container top flange, external, fillet, circumferential
* WCC2 = conical dished head to container top flange, internal, fillet; circumferential
* WCC7 = container flange to cavity upper tube, butt, c ereal
* WCC3 = container outside shell to conical dished head, butt, circumferential
* WF = cooling fins to container shell, conical dished head, fillet, longitudinal

Weld designated WCC1: Area Al H = 27r x 11.812 x 0.5 x 0.707 = 26.23 in2

Weld designated WCC2: Area A2, d = 2n x 12.812 x 0.5 x 0.707 = 28.46 in2

Weld designated WCC3: Area A3, = 2it x 17.500 x 0.5 x 0.707 = 38.87 in2

Weld designated WCC7: Area A 7,k*_ = 2'x x 7.392 x 0.5 x 0.707 = 16.42 in2

Weld designated WF: Area AWF = 229 in2

AwF = No. of fins x no. of fillet welds x thickness of weld x length of weld x 0.707
=36x2x0.375x12x0.707=229in 2

Strength of weld in shear 0.6 x UTS of weld Surs
= 70,000 psi, same as the parent material ss3O4L.

Assume for fillet welds, a weld joint efficiency of ill = 80%h (as the welds are liquid penetrant inspected and
radiographed) and for butt welds, a weld joint efficiency of 112 = 1000

% (as the welds are liquid penetrant
examined and fully radiographed). (Table UW-12 of ASME VIII Division 1).

Thus the maximum capacity of the weld joint is:
Weld WCCI: PI = Joint efficiency ill x 0.6 x Surs x Ax i :

(in shear) = 0.8 x 0.6 x 70,000 x 26.23
= 0.882 x106 lb.
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Weld WCC2: P2 = Joint efficiency A1 x 0.6 x SuTs x A7,

(in shear) = 0.8 x 0.6 x 70,000 x 28.46
= 0.956 x106 lb.

Weld WCC3: P3 = Joint efficiency Tn2 X SU X A3, ,ffi,,

(in tension) = 1.0 x 70,000 x 38.87
= 2.72 x10 6 lb.

Weld WCC7: P7 = Joint efficiency nl2 X SUTS X A7,dcjd _nt

(in tension) = 1.0 x 70,000 x 16.42
= 1.14 x106 lb.

Weld WF: PWF = Joint efficiency l I x 0.6 x SUTS x AwF

(in shear) = 0.8 x0.6x70,000 x229
= 7.694 x 106 lb.

In the top drop orientation the weight of the lead shielding is segmented into four zones: WI, W2, W3, W4

respectively.

The weight WI acts directly on the lower cavity end plate and affects lower cavity buckling.

The weight W2 acts directly on the off-set ring flange between upper and lower cavity and affects buckling
of upper cavity.

The weight W 3 and W 4 is directly acting on the container female flange, the container conical head and
welds WCC1, WCC2, WCC3, WCC7 and WF. Therefore the welds WCC1, WCC2, WCC3, WCC7 and
WF collectively resist the impact of weight W3 + W4 in top end drop orientation.

The estimate of weights WI, W 2, W3, W4 is given here:
WI = volume x density of lead

= ic x 6.252 x(11.25) x 0.410
=566lb.

W2 = volume x density of lead

= IC x (7.8922 - 6.252) x (31.75) x 0.410
= 950 lb.

W3 = volume x density of lead

= IC x (12.9682 - 7.8922 x (41.75) x 0.410
= 5,695 lb.

W31 = volume x density of lead
= t x (10.52 - 7.8922 x (41.75) x 0.410
= 2,580 lb.

W 4 = volume x density of lead

=ICx(17.5 2 - 12.9682)x(31.)x0.410
= 5,514 lb.

JNTR ~ 931_9.Rvso Apnix21.4Pg 0 uv20
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Therefore, the g-load capability of welds WCC1, WCC2, WCC3, WCC7, and WF collectively is:

G-load = allowable impact load/relevant weight

= [P i +P 2 + P3 + P7 + PV]I[W3 + W4]
= [(0.882 + 0.956 + 2.72 + 1.14 + 7.694) x 10611(5,695 + 5,514]
= [13.392 x 106411/,209:
= 1,194 g~s

Safety Factor (SF) G-load capability/applied G-loads 1,194/132 9.04

Margin of Safety g-load based, MFLoADBAS s SF - 1= 9.04 - 1 = 8.04

The cumulative impact load on welds WCC1, WCC2, WCC3, WCC7 and WF due to deceleration load of
132 ges is

PuPAcr =[W3 + W4 ]x 132 gs
= [5,695 + 5,514] x 132
= lA79 x 106lb.

The collective effective area of welds, inclusive of joint efficiency, is
A =i xAjgd+il xA , +T2xA +71xA~a,+70 xA,

A = 0.8 x 26.23 + 0.8 x 28.46 + 1.0 x 16.42 + 1.0 x 38.87 + 0.8 x 229.

A = 282.2 in2

The average stress on the welds WCC1, WCC2, WCC3, WCC7 and WF is
OAVGV =P AM/A

- 1A79 x 106 Ibt82.2 i 2

-5,243 psi.
The average stress in the welds is above the Yield stress of 25,000 psi for ss 304L parent metal and far
below static UTS of 70,000 psi.
Safety Factor, SFsimssBsED = allowable stress/applied stress in shear

= 0.6 x 70,000/5,243
= 8.01

Margin of Safety, MSSTRESS-BASED= SFSTRESS-BASED - 1 = 8.01 - I = 7.01
As the Margin of Safety (MS) > 0, the container welds as specified are acceptable.

2.2.6 Closure Plug Welds

There are two welds in the plug assembly that resist the deceleration loads based on 800 g's. These welds
are identified as WPC1 and WPC2 respectively (see Figure 2.10.14-F8).

Weld designated WPC1: Area A = 2% x 6.358 x 0.5 x 0.707 = 14.1 in2

Weld designated WPC2: Area A 2 =, = 2ix x 6.858 x 0.5 x 0.707 = 15.23 in2

Strength of weld in tension: UTS of weld Surs = 70,000 psi, same as the parent material ss3O4L.

For butt weld, a weld joint efficiency iq2 = 100% (as the welds are liquid penetrant inspected and
radiographed).

Thus the maximum capacity of the weld joint is:

Weld WPC1: Pi = Joint efficiency 112 x Surs X A1,.,rctmfcretiaJ

(intension)= l.0x70,000x 14.1
=0.987 x10 6 lb.

Weld WPC2: P2 = Joint efficiency iq2 x SUTS x A2, cfandaI

(in tension) = 1.0 x 70,000 x 15.23
= 1.066 x106 lb.
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The weight of the shield plug (1,070 lb.) + contents (F-313 source carrier (25 lb.) + C-188 sources
(20 lb. approximately)) = 1,115 lb.
The impact load on weld WPC1 due to deceleration load of 132 g's is

PmPACT = WLUG+CONTENTSX 132 g's= 1,115 x 132 = 147,1801b.

The load sharing by weld WPC2 is ignored.
The effective area of weld WPCl inclusive of joint efficiency, is

A = 112 X Al,
A = 1.0 x 14.1
A = 14.1 in2

The average stress on the welds WPC1 (in tension under the top end drop) and ignoring any load sharing
by weld WPC2,

(TAvG. = PMPACT/A

= 147,180 lbJ14.1 in2

= 10,438 psi.
The average stress in the weld is below the yield stress of 25,000 psi for ss 304L parent metal and far
below static UTS of 70,000 psi.
Safety Factor, SFsTREss-BAsED = allowable stress/applied stress

= 70,000/10,438
=6.7

Margin of Safety, MSsJrSa-s = SFsa - I = 6.7 - 1 =5.7
As the Margin of Safety > 0, the closure plug welds as specified are acceptable.

2.2.7 Buckling of Lower Cavity Tube

See Figures 2.10.14-F9 and 2.10.14-FIO.
The weight of lead borne by the steel tube + cap

W 1= i X 6.252 X 11.25 x 0.41
WI = 566 lb.

Assume the load is applied at the centre of the tube. Then the collapse pressure load, using Euler's
formula is

PC = E/L,
where

E = 28 x 106 psi
s = 20 in.

I = 2nd moment of area = 340 in4
Pc = 234.8 x 106 lb. (collapse load).

Applied impact load = 132 g's x weight of lead borne by tube
= 132x 566
= 74,712 lb.

Safety Factor (SF) = collapse load to buckle cavity tube/applied load
= 234.8 x 1064 74,712 lb.]
-3,130

Margin of Safety, MSLoADBAsEm= SF - 1 = 3,130 - 1 = 3,129

As the Margin of Safety > 0, it is concluded that the lower cavity tube will not buckle under a G-load
of 132 g's.
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t y 2.2.8 Bending of Lower Cavity End Plate

See Figure 2.10.14-Fl 1.
In this model, the cavity end plate is under external applied pressure as a result of impact The applied
pressure acts on the cavity tube end cap.

G-loa,0dpw = 132 g!s.

The applied pressure on the cavity tube cap is
p = weight of lead x 132 gs/AcAp

= 566 x 132/[i x 6.252]
=-74,712/122.73 -
= 610psi

The thickness of the end cap is 0.75 in. thick. Is 0.75 in. thick Hastelloy C-276 tube cap strong enough to
resist 610 psi maximum applied pressure?

For Hastelloy C-276, the material properties are:
Yield Stress (YS) = 41,000 psi.
Ultimate Tensile Strength (UTS) = 100,000 psi.

Using ASME VIII, Division I (Refl7I)

s = cp/td]2

where
c = constant depending on end tube to cap joint configuration

= 0.2 (ASME VM, Division 1, Figure UG-34(i)).
p = applied pressure = 610 psi
t = thickness of cap = 0.75 in.
d = 11.5 in inside diameter
s = cp/[t/d]2

s = 0.2 x 610 4 0.75/1 1.52 e

s = 28,683 psi.

Safety Factor, SFsrEssBAsED = allowable stresslapplied stress
= static UTS/ 28,683
= 100,000 psi/ 28,683 psi
= 3.48

Margin of Safety, MSSmRESS-BASED= SF -1 = 3.48 - 1 = 2.48

The maximum stress in the end cap s = 28,683 psi is below the YS of 41,000 psi and the UTS of 100,000
psi. As the Margin of Safety (MS) > 0, the end cap material will not yield.

2.2.9 Buckling of Upper Cavity Tube

See Figure 2.10.14-F 12.
The weight of lead borne by the steel tube + flange ic x [7.8922- 6.252] x 31.75 x 0.41

W2 = 950 lb.

The loads (WI + W2) are applied at the centre of the tube. The line of action of deceleration force is in
line with the centre of gravity of the upper tube. Therefore this is the case of compressive stress leading to
buckling. Then the collapse load, using Euler's formula is

PC = le EL
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where
E =28x 106psi
L ~= 11 in.
I = 2nd moment of area = r/4 [7.8924 - 6.254] = 1,848 in4

Pc = 46,438 x 106 lb. (collapse load).

Applied impact load on the lower cavity tube:
= weight of lead borne by tube x G-load
= 1,516 x 132
= 200,112

Safety Factor, SF = collapse load required to buckle cavity tube/applied load
= 46.4 x 109/[0.2 x 106 lb.]
= 232, 000

Margin of Safety, MSLOADBASED= SF - I = 232,000 - I = 231,999
As the Margin of Safety > 0, it is concluded that the upper cavity tube will not buckle.

2.2.10 Bending of Upper Cavity Ring Flange

See Figure 2.10.14-F13.
In this model, the cavity ring flange plate is under external applied pressure as a result of impact.
The applied pressure acts on the upper cavity tube and the upper cavity ring flange. The g-load on
the upper cavity tube is = 132 g's.

Based on 132 g's deceleration load, the applied pressure on the cavity ring flange is
p = weight of lead x 132 g's/ARwmomGE

= 950 x 132/[-x x (7.8922- 6.252)]
= 125,400/73
= 1,718 psi.

Is 0.5 in. thick stainless steel forging (ring flange) strong enough to resist 1,718 psi maximum applied
pressure?

For stainless steel (ss3O4L) A-182, the material properties are:
Yield Stress (YS) = 25,000 psi.
Ultimate Tensile Strength (UTS) = 70,000 psi.

Case 77, Table X of Ref. [4].
sr =

where
Sr = maximum radial stress
A = constant depending upon a/b = 7.892/6.25 = 1.262, J3 = 0.0195
co = p = applied pressure = 1,718 psi
t = thickness of ring flange = 0.5 in.
a = 7.892 in. ring flange outside radius
b = 6.25 in. ring flange inside radius
sr = i o a2 /t2

Sr = 0.0195 x 1,718 x 7.8922/0.52
sr = 8,346 psi
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Safety Factor, SFmsws&BAsED= allowable stress/applied stress

= static UTS/ 8,346
= 70,000 psi/ 8,346 psi
= 8.38

Margin of Safety, MSsmSSiAsD= SF - 1 = 8.38 -1 = 7.38

The maximum stress in the ring flange s, = 8,346 psi is above static YS of 25,000 psi. but less than
UTS of 70,000 psi. As the Margin of Safety >0, the ring flange will deform but will not rupture.

2.2.11 Container Top Flange

See Figure 2.10.14-F14.
In this model, the container top flange plate is under external applied pressure as a result of impact.
The applied pressure acts on the container top flange and the conical shell. The container ring flange
has 1.5 in. min. thickness up to 10.5 in. radius; and 2.75 in. thickness for radius greater than 10.5 in.

Based on 132 g's deceleration load, the applied pressure on the container top flange is
p = weight of lead x 132 g's/ARwpRANGE

= (WI + W2 + W31) x 132/[n x (10.5 2-- 7.8922 )]
= (566 + 950 + 2580) x 132 150.7 -
= 4096 x 132 /150.7
= 3,588 psi

Is 1.5 in. thick stainless steel plate (ring flange) strong enough to resist 3,588 psi applied pressure?

For stainless steel (ss3O4L) A-240, the material properties are:
Yield Stress (YS) = 25,000 psi.
Ultimate Tensile Strength (UTS) = 70,000 psi.

Case 77, Roark, 4th Edition.

Sr =13oaa.

Sr = 0.03 x 3,588 x 10.52/1.52
Sr = 5,280 psi.

where
Sr m= iXImum radial stress
13 = constant depending upon a/b = 10.5/7.892 =1.33, 1=0.03
o = p = applied pressure = 3,588 psi -

t = thickness of ring flange = 1.5 in.
a = 10.5 in. ring flange outsideradius
b = 7.892 in. ring flange inside rdius

Safety Factor, SFsESS.BASED = allowable stress/applied stress
=static UTS/ 5,280
=70,000 psi! 5,280 psi
=13.2

Margin of SafetyMSsn8a&AsED SF - 1 = 13.2 - 1 = 12.2

The maximum stress in the ring flange sr = 5,280 psi is below YS of 25,000 psi and UTS of 70,000 psi.
As the Margin of Safety (MS) > 0, the ring flange material will not yield.
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2.2.12 Effect of Peak Force on the Stainless Steel Shell Directly Under the Base of
the Lift Lug Fin

See Figure 2.10.14-F15.
The lift lug region around the top conical shell of the container has been modified to allow for

1. Inclusion of 0.375 in. thermal insulation around the container primary conical shell.
2. Inclusion of 0.5 in. thick ss304 secondary conical shell all around the container primary

conical shell, resulting in double conical shell construction; the void space is sandwiched
with 0.375 in thick thermal insulation.

3. One (1) inch thick reinforcing base plate (ss304) welded to the secondary conical shell.
4. The modified lift lug is welded at the base to the 1 in. thick reinforcing base plate.
5. The modified lift lug material changed from ss3O4L to ss304.
6. The hole of the lift lug is welded with a bearing sleeve of material ss304 ASTM A-666.
7. The lift lug is changed from uniform thickness of 1.25 in. to variable thickness of 2 in.

at the base and 1.25 in. in the balance of the fin.

There are four (4) lift lug fins on the F-294. At the base of each of the lift lug fins, the 0.5 in. thick ss
secondary conical shell is reinforced with a pad approximately 1.0 in thick x 6.75 in. wide at top x 9.5 in. wide at
bottom x 7 in, height. Afer the top end drop, the crush shield displaces (moves) downby 3.8 in. but the lift lug tip
which is not only recessed but is located between the fins of the crush shield and consequently the lift lug fin is not
impacted. However the 0.5 in thick container fins (qty = 2) adjacent to the lift lug fin are impacted. The (bearing)
compressive load on the shell wall at the base ofthe lift lug fin is computed as follows:

The impact load, W., = WF294 x G-load
= 21,000 lb. x 132
= 2.772 x 10611b.

The bearing stress, ac
ac = We, /area under compression

= Wh, /effective area per pad x 4 pads
= [2.772 x 106]/{(7 x (9.5 + 6.75) x 0.5) x 4)
= [2.772x 1061/227.5
= 12,184 psi.

Safety Factor, SFsTR&ESSBASED = allowable stress/applied stress

= static UTS/12,184
= 70,000 psi/12,184 psi
= 5.74

Margin of Safety, MSSESS-BASED = SF - 1 = 5.74 - 1 = 4.74

Since the maximum stress 1Ss = 12,184 psi in the container wall is less than the static ultimate compressive
stress and yield stress of the secondary conical dished head (material ss304 UTS = 75,000 psi and YS =
30,000 psi), the container reinforced secondary conical shell wall will not yield. The safety factor = 5.74
implies that the container secondary conical shell under the base of the lift lug fin will not fail (fracture).
The primary conical shell is not affected as most of the stress is taken up by the secondary conical shell.
As the Margin of Safety > 0, the reinforcement design feature at the base of the lift lug fin as specified is
acceptable.
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2.2.13 C-188 Sealed Source Under Top End Impact

The case of C-188 sealed source capsule under top impact is presented here. The model chosen to represent
this case is given in Figure 2.10.14-F16. Measured G-load in the cavity of F-294 is 118 g's; at the plug G=
132 g's, therefore G = 132 g's is used in the following analysis.

Therefore the stress developed in the capsule outer shell only will be due to the mass of the entire C-1 88 at
132 g's. The weight of C-188 is Wcu. = 230 g = 0.51 lb.

The support reaction P due to 132-g level is:

P = -WCIS8 x G-load = -0.51 x 132 = 67.32 lb.
The axial stress for this condition is given by:.

Ocmnp = P/Aw.,Ow' 'flm Wa
= 67.32/(x/4 (03762 - 0.3382))
= 67.32/0.0213
=3,160 psi.

Safety Factor = allowable stress/applied stress
= UTS for ss3l6L at 8360F/applied stress
= 60,000 psi/3,160 psi
= 19.0

Margin of Safety = SF - 1 19.0 -1 = 18.0

The yield stress of ss3 16L at 836 IF = 16,000 psi. (Ref. [26])

As the a. (3,160) < Yield Stress (16,000 psi), the tube shall not yield in the top end drop.

Let us examine C-188 sealed source capsule under end impact for budding. The model chosen to represent this
case is shown in Figure 2.10.14-F16. The ends of the capsule are free to rotate, translation is fixed because the
ends of the C-188 are trapped between the bottom plate of F-313 or F-457 source carrier and the shield plug. Any
restraing of C-188 sealed source capsule by intermediate spacer plates of the soure holder has been ignored.
The restraint offered by the inner capsule of C-1 88 is ignored.

The critical buckling load (Euler load) is given by
p., eEIWC ]2:

where
E = modulus of elasticity = 24 x IO6 psi at 9500F
I = 2nd moment of area = n/64 (0.3764 - 0.3264) = 4.267 x 0I in'
l1 -= length ofthe colum 17.777-0 .9 16.877 in.
k = effective length factor, dependent of the conditions of fixity of the cohmn.

In this case the column is free to rotate i.e., hinge ie., zero moment reaction, but translation is zero. Therefore
the column end condition code is "pin-jointed and fixed end". In this case K = 1.2 (Ref (24] CISC
Handbook 1967).

Therefore

P, = n2 24 x 106 x 4.267 x- 10-4/(1.2x 16.877)2

= 246.5 lb.
The weight of the C-188, Wc.s 8s 0.51 lb.
The applied impact load on C-188, PmppUED = 0.51 x 132 g's = 67.3 lb.
Is buckling initiated?

I .T 93)F9.Rvo Apnix21.4Pg 7 uy20
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As PAPpLUD (67.3 lb.) < Pe, (246.5 lb.), buckling is not initiated.
SFoLoAD BAsED = critical buckling load/applied g-load at impact point

= 246.5/67.3
= 3.66

MSCLOAD BASD = SF-1 = 3.66-1 = 2.66

Assuming no credit of the restraint offered by the inner capsule of the C-188, as the Margin of Safety (MS)
> 0, the C-188 sealed source will not exhibit onset of buckling in a F-294 subject to 30-ft free drop test in
the top end (inverted) drop orientation. It must be noted that the C-188 source is a Special Form source and
meets 10 CFR Para. 71.77. The URNRC source registration number is NR-222-S-103-S (see Chapter 4,
Appendix 4.4.2).

2.2.14 Lead Slump in the Top End Impact

An end drop of a cask in which lead is not bonded to the steel shell will cause the lead to settle, thus
creating a void in the end opposite the point of impact (see Figure 2.10.14-F 17). An analysis of such an
impact, based on the energy absorbed by the lead (as a result of its deformation) and by the outer steel shell
(as a result of its circumferential strain from internal lead pressure) has been made (Ref [25]).

The change in the lead volume in an impact may be estimated from equation:

AV = RWH/(tscys + RaPb) . . . . . . . . . . Equation 1
For negligible changes in the outer radius, R, and the inner radius of lead, r, the change in the height of the
lead column, AH is

AH = AV/[ n(R2 - r2)] . . . . . . . . . . Equation 2

combining equations 1 & 2 yields

AH = RWH/[7t((R 2 - i9)(tsas - Rapb)] . . . . . . Equation 3 K>

where
AH = amount of lead slump, in.
R = outer radius of lead cylinder = 17.5 in.
r = inner radius of lead cylinder = 6.25 in.
ts = thickness of ss304 shell = 0.5 in.
H = drop test height = 30-ft = 360 in.
WF294 = weight of the F-294 container = 21,000 lb.
Cas = dynamic flow stress of steel = 50,000 psi
(;pb = dynamic flow stress of lead = 5,000 psi

As noted, equation 3 is based on an unbonded lead condition since neither the support provided by steel
shells nor the possibility of collapse of the inner shell by buckling is taken into account. For an end impact
of a cylindrical cask having non-buffered ends (without any shock absorbers), the amount of lead slump is:

AH = RWH/[r((R - r?)(tsas - RapPb)]
= 17.5 x 21,000 x 360/[4 (17.52 - 6.252) (0.5 x 50,000 + 17.5 x 5,000)1
= 17.5 x 21,000 x 360/839.5 x 112,500
= 1.4 in.

In the end impact, all (100%) of the potential energy attributed to 30-ft drop height of the package has
been shown to be absorbed by 1) the crush shield and 2) the fins on the container (see Appendix 2.10.9).
Consequently there is no unabsorbed energy remaining; therefore neither the container lead shielding nor
the container shells are called upon to absorb impact energy.

JN/R 901 294 Reison - ppedix2.1.1 Pae 1- J~y 00
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Therefore, the estimate of lead slump AH = 1.4 in. based on the cask without shock absorbers, absorbing
all the PE due to 30-ft drop height as impact energy, is conservative. In addition, the lead shielding is
normally bonded to the steel shell which further mitigates the lead slump. For pinposes of shielding
calculations in the post hypothetical accident conditions situation, the effect of lead slump of 1.4 in.
has been taken into consideration and the radiation doses calculated in Chapter 5, Section 5.4.

2.3 SUMMARY OF TOP END DR OP ANAL YSIS

1. 'The highest measured G-load for the F-294 subjected to 30-ft. free drop test in the top end
(inverted) drop orientation, is 132 g's.

2. Using 132 g's deceleration load at the crush shield/container impact point, the following
components of the F-294 package were stress analyzed; the corresponding stresses or loads,
Safety Factors (SF) and Margins of Safety (MS) are listed here:

Closure Plug
Stress (psi) SF MS

- bolts: avg. bolt stress 17,420 10.33 9.33

- male flange shear stress 11,820 3.55 2.55

- female flange - WCC7 weld 9,150 7.65 6.65

- stripping bolt hole, shear 6,670 - 6.29 5.29

- welds WPC1 10,438 6.7 5.7

Container
Stress (psi) SF MS

- weld group WCC1, WCC2, WCC7
WCC3 and WFI 5,243 8.01 7.01

- lower cavity tube (buckling) 3,130 3,129

- lower cavity tube end cap 28,683 3.48 2.48

- upper cavity tube (buckling) 232,000 231,999

- upper cavity tube ring flange 8,346 8.38 .7.38

- container top flange 5,280 13.2 12.2

- ext. reinforced secondary conical
shell, local region under lift lug 12,184 5.74 4.74

The major changes are:
1. Lower cavity end plate thickness from 0.5 in. to 0.75 in. thick.
2. The lift lug fin material and base region modified
3. A secondary conical shell at the top of the container.
4. The reinforcementplateundeneaththe lif lug fin fromO.5 in. to 1.0 irL
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In the top end 30-ft free drop test of the F-294 in top end (inverted) drop orientation, for the
components identified in the closure plug and the container, all Safety Factors, SFs > 1 and
Margin of Safety, MS > 0. The margin of safety is based on static UTS. The most vulnerable
zones are:

* male flange of the closure plug
* lower cavity tube end cap.

However, there will not be ductile failure of the above two vulnerable F-294 components.
Therefore the structural integrity of:

1. the ss304L envelope surrounding the lead shielding in the closure plug AND
2. the ss3O4L envelope surrounding the lead shielding in the container body

is sound and there are no cracks; thus the lead shielding does not have potential leak paths in a
scenario of lead melt.

3 The closure plug bolts will not shear under 132 g's deceleration loads. Consequently, the closure
plug shielding will be in place over the inner shell assembly which houses the C-188 Special Form
sealed sources.

4. The thermal protection is sound. No damage or loss of thermal protection.

5. Under 132-g's deceleration load in the cavity, the direct stresses in C-188 are well below the yield
stress. The C-188 sealed source will not buckle. C-188 sealed source is classified Special Form
meeting the 10 CFR 71.77 requirements; therefore C-188 provides the leaktight containment
despite the fact that it deforms permanently under Special Form tests. The USNRC source
registration number for C-188 is NR-222-S-103-S (see Chapter 4, Appendix 4.4.2).

6. At a location opposite to the impact point, the amount of lead slump is expected to be negligible
as all the impact energy is absorbed by the crush shield and container fins and a very small
magnitude, if any, is absorbed by the lead shielding. For purposes of post hypothetical shielding
evaluation tests, lead slump of 1.4 in. is used. The radiation shielding calculations are presented
in Chapter 5, Section 5.4.
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Figure 2.10.14F3
F-294 in Top End Drop Orientation
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Figure 2.10.14-F4
Top Closure Bolted Joint Details
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Figure 2.10.14-F5
Ligament Area of the Male Flange
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Figure 2.10.14-F7
Bolt Hole in the Ring Flange
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Figure 2.10.14-F8
Container Identification of Welds and Weights of Segments
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Figure 2.10.14-F9
Cavity Tube Assembly under Axial Load
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Figure 2.10.14-F10
Lower Cavity Tube and End Cap under Axial Load
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Figure 2.10.14F12
Upper Cavity Tube
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Figure 2.10.14-F14
Container Top Flange under Axial Load
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Figure 2.10.14F15
Container Lift Lug Fin/Shell Area
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Figure 2.10.14-F16
C-188 Sealed Source under End Impact
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Figure 2.10.14F17
Lead Slump in the Top End Drop
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K> 3. F-294 STRESS ANALYSIS IN END DROP - BOTTOM ORIENTATION

The analysis of F-294 subject to 30-ft dop in the bottom end drop orientation is given in detail.

See Figure 2.10.14-FI8, depicting 30-ft drop in the bottom end drop orientation.

Based on measured G-load = 132 g's for the F-294 subjected to 30-ft. free drop test in the top end
(inverted) drop orientation, the F-294 container is expected to be subjected to deceleration loads of
132 g's in bottom drop orientation.

3.1 EFFECT OF G-LOADS ON THE LEAD SHIELDED CONTAINER AND
COMPONENTS

3.1.1 FIxed slid Assembly

The effective weight on the fixed skdd assembly is:
* the container weight inclusive of the plug, crush shield and firesbield = 20,030 lb.
* the weight of the shipping skid = 970 lb. is subtacted from F-294 packaging weight of

21,000 lb.
See Figure 2.10.14F19.

The skid assembly as per Figure 2.10.14F20 simplified analysis was presented in the SAR Rev. A. The
credit offered by container bottom fins welded to the skid top plate was ignored. Figure 2.10.14-F21 shows
a skid assembly with bottom fin above the top skid plate. Analysis of the skid assembly inclusive of the
bottom container fin is presented.

Nomenclature
A.-I,, = area of individual sections 1 to 5
Yb = distance of center of gravity (cog) of individual section from bottom of channel (datum)
M = multiplier of [area, A x moment arms ]
lb = multiplier of [area, A] x [Moment arm, YB]2

Ig = 2nd moment of area of individual sections through their cog.
ye = distance ofthe neutral axis of the composite beam from the bottom of the channel (datum).

Table 2.10.14-T2
Composite Beam Assembly: 2nd Moment of Area

A, finplate 12x 11.125+2= 2x 12x4- 96x 13.125= 1260x 13.12- 48x23 /12 =64
4 13.125 96 1260 16537.5

A2 plate 44 x 8 +0.75 +2+ 44x0.5 = 22 x 10.875 = 239.2 x 10.87= 44 x 0.253/12 =

0.5 0.25 22 239.25 2,601.8 0.057
1 0 .8 7 5_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

A3 plate 2x 8+0.75+ 1 0.5x2x2- 2x9.75 19.5x9.75 = (0.5x. /122x2
0.5 x2 9.75 2 19.5 190.1 0.667

A4 plate 44 x 8 + 0.25 = 44 x 0.75 = 33 x 8.375= 276.3 x 8.3755 44 x 0.3753/12
0.75 8.375 33 276.3 2314.6 0.193

A5 MC8x3.5 4. 6.713x2= 13.4x4= 53.6x4 = Iyx2 =63.8x
C2annel 8 x 13.4 53.6 214.4 2 = 127.6
22.8 166A _ 1,848.7 _________192.5

_____ __ _______ S 166.4 11,848.7 21,858.4 192.52
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Step #1
Calculate the location of neutral axis (N/A) for skid assembly
let y# = the distance from bottom of channel to the neutral axis of the composite beam

Now
y# = I[area x moment arm]/Y;[area]

= Y:[A x Yb ]IY£[A]
= 1848.7/166.4
= 11.11 in.

Hence the neutral axis is approximately y# = 11.11 in. from the datum (bottom of channel).

Step #2
Calculate 1; = 2nd moment of area of the composite beam

16 =+\ MIA
where

= 2nd moment of area of the composite beam = in'
Ib = I[Axyb] = 21,858.4 in4

Is = 2nd moment of area of individual sections through their centre of gravity
= 192.5 in'

M = for composite section I[area x moment arm] = 1,848.7 in3

A = for composite section I[area] = 166.4 in2

= lb + Ig -M/A
= 21858.4 + 192.5 - [1848.7]2/166.4
= 22,050.9 - 20,539.
= 1,511.8 in4

Step #3
Linear load in the plate
With deceleration g-load of 132 gs, the linear load on the 44 in. x 44 in. plate is:

X) = G-load x WoowrAu4sEsR L PIsHmsm ength of fixed skid
= 132 gs x 20,030 IbJ44 in.
= 60,090 Ibmin.

Step #4

Analyse the skid assembly as a composite beam, under linear load (o lb.nm.
Maximum bending moment MMA

MMAX = c)x l 2/8
= 60,090 x 44 x 44/8
= 14.54 x 106 mn-lb.

Step #5
Estimate stresses in the 44 in. x 44 in. top plate of skid assembly

5.1 Bending stresses:
Distance of top plate from neutral axis, cl
cl = (I10.75 - 11.11) = - 0.36 in. (top plate to neutral axis)
I,, = 1,511.88 in4, 2nd moment of area of composite beam
Bending stress at the top plate b.,wp

M= Aj x CIA
= 14.54 x 10 6 x 0.36/1511.88
= -3,462 psi.

I~~~~~fTR~~~ ~ 930 _2 eiin4-Apni .01 ae3-Jl20
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5.2 Compressive stresses:

The compressive stress in the top plate ac
cY Im= pact load/plate area

- 132 g's x 20,030 1bJ44 x 44

= -1,365 psi.

Conclude: It appears that the top plate of the skid assembly shall be subjected to compressive stress of
3,462 + 1,365 = 4,827 psi., which is less than 30,000 psi yield stress of ss304 top plate material. Therefore
the top plate of the skid assembly is not likely to yield.

Step #6
Estimate stresses in the 44 in. x 44 in. bottom plate of skid assembly

6.1 Bending stresses:
Distance of bottom plate from neutral axis, cl
cl = (8.75-11.11) = -236 in. (top plate to neutral axis)
In = 1,511.88 in4, 2nd moment ofarea of composite beam
Bending stress at the bottom plate. Cyb.p

UbXp MMA) X CA/
- 14.54x 106 x(-2.36)/1511.88

-22,700 psi.

The bottom plate of the skid assembly is ASTM A-36, which has YS = 36,000 psi and UTS =

58,000 psi. Under 132 g's deceleration, the bottom plate of the skid assembly is subjected to the bending
stress of 22,700 psi, which is below yield stress. The bottom plate of the skid assembly is not likely to
yield.

Step #7
Estimate stresses in the channel of the skid assembly

Bending stresses:
Distance of channel from neutral axis, 02

C2 - =-11.11 (bottom of channel to neutral axis)
I. = 1,511.88 in4, 2nd moment of area of composite beam

Bending stress at the bottom of channel Cb,WV=ofdcamm

fboumofdaid = MMX XC-

= 14.54x 106 x- 11.11/1511.88
-- 107,000 psi.

Conclude: The bottom channel will permanently deform. -

Step #8
Safety Factors and Margins of Safety.

8.1 Top plate of skid assembly:
The top plate of the skid assembly is ss304. The static UTS =75,000 psi.
Safety Factor = allowable stress/applied stress

- 75,000/4,830
= 15.52

Margin of Safety = SF - 1 = 15.52-1 = 14.52
The top plate of fixed skid assembly is not likely to yield.
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8.2 Bottom plate of skid assembly:

The bottom plate of the skid assembly is ASTM A-36.
The static UTS = 58,000 psi.
Safety Factor = allowable stress/applied stress

= 58,000/22,700
= 2.55

Margin of Safety = SF - 1 = 2.55 - 1 = 1.55
The bottom plate of fixed skid assembly is not likely to yield; the plate will not fracture.

8.3 Channel of skid assembly:

The channel ofthe skid assembly is made of ASTM A-36.
The static UTS = 58,000 psi.
Safety Factor = allowable stress/applied stress

= 58,000/107,000
= 0.54

Margin of Safety = SF-1 = 0.54-1 = -0.46

The channel of the skid assembly will fail; it will deform and bend outwards.

The reinforcing gussets in the channel may restrain excessive bending outwards.

3.1.2 Container Weld WCC5

In the bottom end drop, at the bottom of the container there are a number of welds that retain the shell
structure for the lead shielding within the container. We shall examine these welds in their ability to
withstand the deceleration loads.

See Figure 2.10.14-F22 for identification of welds and the dimensions.

WCC4 = container outside shell to tori-spherical dished head, butt weld, circumferential.
WCC5 = container closure plate to tcri-p al botbom dished head, butt weld, ciufeaL
WF = cooling fins to container shell, tori-spherical dished head, double fillet, weld longitudinal and radial.
Weld designated WCC4: Area A4t,,ffiws= 22n x 17.500 x 0.5 x 0.707 = 38.87 in2

Weld designated WCC5: Area A 5 ,s i_. = 27t x 7.5 x 0.5 x 0.707 = 16.66 in2

Weld designated WF: Area AWF = 229 in2

AWF = no. of fins x no. of fillet welds x thickness of weld x length of weld x 0.707
=36 x 2 x 0.375 x (13.5 -4.0) x 0.707 = 181 in2

Strength of weld in tension: UTS of weld Surs = 70,000 psi, same as the parent material ss3O4L.

Assume for fillet welds, a weld joint efficiency of 1I = 80% (as the welds are liquid penetrant and
radiographic inspected) and for butt welds, a weld joint efficiency of 112 = 100% (as the welds are liquid
penetrant examined and filly radiographed).

In the bottom drop orientation the weight of the lead shielding is segmented into four zones: WI, W2, W3 ,

W4 respectively.

The weight WI, W2, W3 and W4 is directly acting on the container shell bottom plate, the container tori-
spherical dished head, bottom fins and welds WCC4, WCC5, and WF. Therefore the welds WCC4, WCC5
and WF collectively resist the impact of weight [WI +W2 + W3 + W4] in bottom end drop orientation.
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The estimate of weights WI, W2, W3, W4 are recaptured here:
iW, = 566 lb.
W2 = 950 lb.
: W3 = 5,695 lb.
W4 =5,514 lb.

The cumulative impact load due to deceleration load of 132 gs is
PlPAci [Wi + W2 + W3 + W4] X 132 gFs-

= [566 + 950 + 5,695 + 5,514] x 132
= [12,725] x 132
= 1.68 x 106 lb.

The cumulative impact load due to deceleration load of 800 g's is shared between
1. weldsWCC4,WCC5andWF1 -:
2. qty = 36 bottom Fin # 6
3. qly = 9 bottom Fin #7

1) The collective effective area of welds, inclusive ofjoint efficiency, is

A -ill x A4, i1i + xIA x A snid + TAd x AWF
A 1.Ox 38.87 +0.8x 16.66+0.8x 181.
A =197 2it

2) The direct area of 36 fin #6 is-

= qty. x effective length x thickness
= 36 x (13.54.5) x 0.375

121.5 in2

3) The direct area of 9 fin# 7 is

= qrty. x effective length x thickness
= 9 x (8 - 2) x,0.375

-20.25 2 -in

The total area resisting the deceleration load:

ATOrAL= AWELDs + A #N6 + AMNj#7

-197 + 121.5 + 20.2
338.7 in2

The entire deceleration load is taken up by welds, bottom fins #6 and #7, then the average stress on the welds
WCC4, WCC5, and WF is

AVA =PMACrA
= 1.68 x 1061l.338.7 in2

= 4,960 psi.

The average stress in the welds of 4,960 is below the yield stress of 25,000 psi for ss 304L parent metal
and far below static UTS of 70,000 psi. So the welds will not fracture.

Safety Factor, SFMrRESS-BAS= allowable stress/applied stress in shear
= 0.6 x 70,00014,960

42,00014,960
= 8.46 - - 8

Margin of Safety, MSSTRESSBASEDM SF~nsxRs.&ssD1 = 8.46- 1 =7.46
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3.2 SUMMARY OF BOTTOM END DROPANALYSIS

1 Based on actual F-294 drop test in the top end (inverted) orientation, the highest measured G-loads
in the F-294 plug location is 132 g's. Therefore, based on test data of similar package, the G-load
in the bottom end drop orientation of F-294 is expected to be 132 g's.

2. Based on 132 g's deceleration loads, the following components of the F-294 package were stress
analyzed; the corresponding stresses or loads, Safety Factors (SF) and Margins of Safety (MS) are
shown below:

Container
Stress (psi) SF MS

-weld WCC4, WCC5 and WFI 4,960 8.46 7.46
Fixed skid assembly

- top plate (ss304) 4,830 15.52 14.52

- bottom plate (A-36) 22,700 2.55 1.55

- channel (bottom flange) 107,000 0.54 -0.46

The margin of safety of F-294 components with the exception of the skid assembly, based on static
UTS, is greater than zero (0). Consequently there will be no ductile failure of the shell of the
container. Therefore the structural integrity of both
* the ss304 envelope surrounding the lead shielding in the plug AND
* the ss304 envelope surrounding the lead shielding in the container body
is sound (i.e., no cracks); thus the lead shielding does not have potential leak paths in a scenario of
lead melt. The structural integrity of the lead shielded cask is sound.
Even though it is shown that the top and bottom plates of the skid assembly are not likely to yield,
the top plate and the bottom plate of the skid assembly may deform permanently due to interaction
of impact forces transmitted via structural channels. Consequently the fixed skid assembly is likely
to deform like a "dished head". The channel flange will deform significantly to the point it will
fracture.

3. No loss of thermal protection. The bottom thermal protection (44 x 44 plate), within the fixed skid
plates, may be deformed like a "dished head" but not lost as the fixed skid is welded extensively to
the container bottom fins (qty = 36 fin #6 and qty = 9 fin #7). The thermal insulation sandwiched
between top and bottom plates will remain in place even though the skid plates may deform.
Consequently, for the ensuing fire test, the thermal protection shall remain in place to protect the
lead cask in the fire test.

4. C-188 sealed source is classified Special Form meeting the 10 CFR 71.77 requirements; therefore
C-188 provides the leaktight containment. The USNRC source registration number for C-188 is
NR-222-S-103-S (see Chapter 4, Appendix 4.4.2).

5. At a location opposite to the impact point, the amount of lead slump is expected to be negligible as
all the impact energy is absorbed by the shipping skid, the fixed skid and container fins and a very
small magnitude, if any, remains to be absorbed by the lead shielding. For purposes of post
hypothetical shielding evaluation tests in the bottom drop orientation of F-294, lead slump of
1.4 in. estimated for the top end drop orientation of F-294 shall be used. The radiation shielding
calculations are presented in Chapter 5, Section 5.4.
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K>~ Figure 2.10.14-F18
F-294 Bottom End Drop
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Figure 2.10.14F19
Loading Arrangement of the Removable Shipping Skid
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Figure 2.10.14-F20
Fixed Skid Assembly as a Composite Beam

Figure 2.10.14-F21
Fixed Skid Assembly inclusive of Bottom Container Fins as a Composite Beam
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Figure 2.10.14-F22
Container in Bottom End Drop # Identification of Welds and Weights
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4. STRESS ANALYSIS OF F-294 COMPONENTS IN SIDE DROP

4.1 G-LOADS

See Figure 2.10.14-F23 for Side Drop -Type 1.

See Figure 2.10.14-F24 for Side Drop -Type 2.

Based on measured G-load for F-294 in 30-fl. free drop test of 1) in side oblique drop orientation, highest
G-load = 136 g's and 2) in the top end (inverted) drop orientation, highest G-load = 132 g's, it is inferred
that for the side drop of F-294, the G-load shall be in the order of 136 g's.

4.2 EFFECT OF G-LOADS ONLEAD SHIELDED CONTAINER AND
COMPONENTS

The F-294 component analysis is based on 136 g's.

4.2.1 Lower Cavity Tube Under Side Impact

See Figure 2.10.14-F25.

The analytical model is shown in Figure 2.10.14-F25. The bottom half of the tube is uniformly supported
by the lead below it, and the top half is being compressed by the inertial weight, at impact, of the lead above
it For this analysis, the G-load in the cavity is assumd to be 136 g's.

Actual applied pressure, P (psi)
P =WxG/A

where
W = weight

= volume (V) x density of lead (pLEu)

V = volume of lead=dxhxL =12.5 x 11.25 x20= 2,812.5 m 3

pE,, = 0.41 lbAm3

W = 2,812.5 x 0.41 = 1,153.1 lb.
A =area= 0.5idL=0.5inxl2.5x20=393in 2

G = G-load = 136 g's.
P =WGIA = 1,153. x 1361393 - 399 psi.

The critical external pressure Pc, at which elastic buckling occurs is calculated below. From Ref.[4],
pp. 354, Case 34, Table XVI, Support condition: Curved edges free, straight edges at A and B clamped:

Pc =Ee (k2 -1)/[12r3 (1 -i)]
where

E = modulus of elasticity ofss304L = 27.6 x 106 psi
It = Poisson's ratio for stainless steel = 0.3
t = lower cavity tube wall thickness = 0.5 in.
r = lower cavity tube inside mdius = 5.75 in.
k = factor from Tabe XVI (where ktana x cot ka =1)= 3 for a 90°
Pc = 27.6 x 106 x 0.53 x (32_ 1>[12 x 5.753x (1 - 0.32]

= 14,930 psi.

Since the collapse pressure Pc (14,930 psi) is greater than the applied pressure P (399 psi), the cavity tube
will not buckle. The cavity tube will not ovalize; therefore the source holder will not be compressed as a
result of permanent displacement of the cavity wall. In other words, the source to the cavity wall geometry
will be maintained before and after the impact test in the side drop orientation.
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Factor of Safety (FS) = collapse pressure/applied pressure = 14,930/399 = 37.4
Margin of Safety (MS) = SF - 1 = 37.4 - 1 = 36.4
As the margin of Safety > 0, the lower cavity tube as specified is acceptable.

4.2.2 Shipping Skid to Fixed Skdd - Retaining Skid Bolts

See Figure 2.10.14-F26
There are eight (8) retaining skid bolts of 1 in. dia., SAE Gr. 8 (i.e., 150,000 UTS).
Upon impact, the impact load shall be

PIMPAcr = WCONrAMUESS SHPmNG SKuD x G-load
= 20,030 lb. x 136 ges
=2.724 x 106 lb.

Stress in bolt = PDmPAcT/ bolt area
=2.724x 106 /8x0.551
= 620,000 psi

Safety Factor = allowable stress/applied stress
= 0.6 x UTSI620,000 psi
= 0.6 x 150,000 psi/620,000 psi
= 0.193

Margin of Safety = Safety Factor - 1 = 0.193 - 1.0 =-0.807

As the Safety Factor is less than 1, the eight (8) retaining bolts shall be sheared. Consequently, the shipping
skid shall be detached from the rest of the package. This is of no consequence as the shipping skid offers no
thermal protection during the subsequent fire test. The shipping skid is a non-containment and a non-
shielding component of the F-294 package. Therefore, its retention is not considered critical.

4.2.3 Closure Plug Bolts

See Figure 2.10.14-F27.
In the side drop, the closure plug is held to the container by 16 fasteners of 1 in. dia., UNBRAKO (i.e.,
180,000 UTS). The clearance between the shank of the fastener and the untdreaded bole is 0.0625 in. The
clearance between the plug and the container upper caviy is 0.040 in

Therefore, in the side impact, the cylindrical side of the plug body will impact prior to the start of shearing
of plug/container bolts. Therefore, in this calculation it is assumed that

* the weight of the ss flange of the plug assembly is resisted by 16 bolts.
* the weight of the plug (i.e., lead shielding etc.) is resisted by the one-third (1/3) cylindrical

arc of the container upper cavity.

The weight of the plug flange and shield ring is estimated to be
WPLUGF RjNE = 500 lb.

The deceleration load is 136 g's. Therefore the impact load on the bolts is
PmPACr = WPLUG LQnGE x G-load

= 500 x 136
= 68,000 lb.

Shear area per bolt, AsHEAR ARm
ASHEARARYA = 0.551 in2

Shear stress per bolt, t
= Pu&PAcI4AsHE1AR EA x number of bolts]
= 68,000/[0.551 x 16]
= 68,000/8.816
= 7,720 psi.
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Safety Factor (SF)
SF = allowable stress/applied shear stress

= 0.6 x UTS/ft
0.6 x 180,000/7,720

= 14.0
Margin of Safety, MSsMssBAsED = SF - 1 14 - 1 13

As the Margin of Safety > 0, the closure plug bolts as specified are acceptable.

4.2.4 Plug Cylindrical Body

Onethird (1/3) of the cylindrical upper cavity body resists the side inpact
WPLUGESSSANG = 1,070-500 = 570 1b.

The impact load, at deceleration of 136 g's is
PMPACr = WpLuG [5 FLANmGEX 136 g8s

= 570 x 136 lb.
= 77,520 lb.

Area resisting the impact A = 0.33 x n 14.790 x 10 154.7 in2

Bearing stress, bg--
06=dhg = PWACIrA

= 77,520/154.7
=501 psi.

Safety Factor (SF)
SF allowable stress/applied compressive smss

= UTS/abe:
=70,000/501
= 139.7

Margin of Safety, MSSMWSS-BASED SF - 1 = 139.7 - 1 = 138.7
As the margin of Safety (MS) > 0, the closure plug body as specified is acceptable.

4.2.5 Plug welds WPC1 and WPC2

There are two (2) plug welds that resist the side impact. See Figure 2.10.14-F28, for the weights and
dimensions. In addition the plug bolt share the side impact. In the following calculation, it is assumed that
the entire deceleration load is taken up by only one weld WCPI; this is conservative.

WPCI: Weld area = c x 12.710 x 0.5 x 0.707 = 14.1 in2

As the weld is fully radiographed, the joint efficiency is 1000
%.

Weld WPC1 resists 100% of the weight of the plug assembly.

Therefore the impact load is
PIDPACT = WPLUG x Deceleration load

= 1,070x 136 g's
= 145,520 lb.

Shear stress, X = PWACfWeld area
= 145,520/14.1
= 10,320 psi
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Safety Factor (SF)
SF = allowable stress/applied shear stress

= 0.6 x UTS/t
= 0.6 x 70,000/10,320
= 42,000/10,320
= 4.07

Margin of Safety, MSSTRESSmBASED= SF - 1 = 4.07 - 1 = 3.07
As the Margin of Safety (MS) . 0, the closure plug welds as specified are acceptable.

4.2.6 Container Shell

In the side drop, the container shell is subjected to deceleration loads due to 136 gUs. In particular the
circumferential welds WCCI, WCC2, WCC3, WCC4, WCC5, WCC7 and longitudinal weld WCLI and
longitudinal container to fin fillet welds WF resist the deceleration loads. Figure 2.10.14-F29 depicts the
loading.

Step #la
Estimate the weights carried above weld WCC4.

Weight WI = Volume of lead x density of lead
= [ik x17.52 x 6.125 + a x ((17.5+7.5)2)2 x 5.125] x 0.410
= [5,893.7 + 2,516] x 0.410
= [8,409.7] x 0.410
= 3,447 lb.

Step #lb
Estimate the weights carried above weld WCC3, WCC7, WCL1. See Figure 2.10.14-F29.

The weight of lead above the cavity tube is excluded as that weight directly impacts the cavity tube
structure.

Weight W2 = density of lead x net volume of lead
= density of lead x (volume of lead minus volume of lead projected above cavity)
= [((i x(17.52 - 6.252) x 20) + {I x ((17.52- 7.92) x 1.8125) + {Ic x 8.688

x ((17.5 +12)/2)2 - 792 }] - [ {2 x 6.25 x 20 x (17.5 - 6.25)) + {1.8125 x2
x 7.9 x (17.5 - 7.9)) + {8.688 x 2 x 7.9 x (((17.5 + 12)/2) - 7.9))]]

= 0.410 x [[16,790 + 1,388 + 4,235] - [2,812 + 275 + 940]]
=0.410x[22,413 -4,027]
= 0.410 x 18,386
= 7,538 lb.

W =WI +W 2
= 3,447 + 7,538 lb.
= 10,985 lb.

Step #2
Estimate the impact load based on 136 g's deceleration in side drop orientation.

PpMACr = Weight W x Deceleration load (136 es)
= 10,985 lb. x 136 gs
= 1.493x 106 lb.
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Step #3
Estimate the effective areas of welds.

There are eight (8) welds that resist this magnitude of impact load. The welds are: WCC1, WCC2, WCC3,
WCC4, WCC5, WCC7 and longitudinal weld WCL1 and longitudinal container to fin fillet welds WF. As
far as the fin-to-shell welds are concerned, it is assumed the bottom half of the 36 fins resist the impact
load.

Area of weld WCC1: AwcCI 2ix x 11.812 x 0.5 x 0.707 = 26.23 in2

Area of weld WCC2: Awcc2 = 2x x 12.812 x 0.5 x 0.707 - 28.46 in2

Area of weld WCC3: Awcc 3 - 2x X 17.5x 0.5 x 0.707 = 38.87 in2

Area of weld WCC4: AwcC4 = 21C x 17.5x 0.5 x 0.707 = 38.87 in2

Area of weld WCC5: Awcc5 = 2n x 7.5x 0.5 x 0.707 = 16.66 in2

Area of weld WCC7: Awcc7 = 2U x 12 x 0.5 x 0.707 = 26.65 in2

Area of weld WCL1: AWcLI = 26 x 0.5 x 0.707 = 9.19 in2

Area of weld WF: AWF= no. of fins x no. of fillet welds x thickness of weld x length of weld x 0.707
=18x2x0.375x26x0.707
= 248 in2

Joint Efficiency for fillet weld Bi = 80%
Joint efficiency for bu weld l2 = 100%

Effective Area of weld WCC1: A3crnvE, wcci = Awcc, x 111= 26.23 x 0.8 = 20.98 in2

Effective Area of weld WCC2: AmmCom WCc2 = Awcc2 x 1q'= 28.46 x 0.8 = 22.77 n2

Effective area of weld WCC3: AcnvvE woc3 = Awuc3 xn2= 38.87 x 1.0 = 38.87 in2

Effective area of weld WCC4: Amwnw, WCc4 = Awcc4 X 12= 38.87 x 1.0 = 38.87 in2

Effective area of weld WCC5: AuF nvF, WCC5 = AwccS xi 2 =16.66 x 0.8 = 13.32 it2

Effective area of weld WCC7: Am wmcC '= AwCC5 x ill = 26.65 x 0.8 = 21.32 in2

Effective area of weld WCLl: AunmcvtwCLI = AWLI X 112= 9.19 x 1.0 = 9.19 in2

Effective area of weld WF: A&FwCnVEWF =AWF XT i= 248.0 x 0.8 198.4 in2

Step #4
Estimate the stress on the welds

T= PMPACr4 AEpncawoc + AEmwnVWCC2 + Apmcnv wcc + AMWD IFWC4:
+ AmwF~CE wm + Amnove,wcc7 + Ammcnvi, wcuL + AmEmfCMVB WF]

= 5.822 x 106420.98 + 22.77 + 38.87 +-38.87 + 13.32 + 21.32 + 9.19 + 198.4]
= 1.493 x 1064363.7]
= 4,105 psi

Safety Factor (SF) = allowable stress/applied stress
= 0.6 x UTS/. .

= 0.6 x 70,000 psi/4,105 psi

= 42,000/4,105
= 10.23

Margin of Safety, MSS1RESSSED= SF - I = 10.231 - 9.23

As the Margin of Safety (MS) > 0, the container welds as specified are acceptable.
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4.2.7 Container Shell Under the External Cooling Fin

See Figure 2.10.14-F30.
The impact load is acting on the fireshield and then transmitted to external cooling fins welded on the
container shell. The magnitude of this impact load is

PsDE IMPAcr = WFzA x G-load
=21,000X 136
= 2.856X 106 1E.

The impact area is bounded by four fins and 44-inch length of the container. The effective shell impact area
that resists this impact is AsHELLIMrAcrAIBA= 4 x 44 x 3.142 = 553 in2. The average compressive stress in
the shell

= PsYHE IPACT/ASHELL IMPACr AREA
= 2.856 x 106 /553
= 5,170 psi.

Safety Factor (SF) = allowable stress/applied stress
= UTS/ac
= 70,000/5,170
= 13.53

Margin of Safety, MSsBAsED = SF - 1 = 13.53 - 1 = 12.53

As the SF > 1 and as MS > 0, the container shell will not fracture in the zone around the cooling fins and
the shell in a 30-ft side drop of the F-294.

4.2.8 C-188 In Side Drop Impact

The C-188 sealed source is classified Special Form meeting the 10 CFR 71.77 requirements; therefore,
C-188 provides the leaktight containment. The USNRC source registration number for C-188 is NR-222-
S-103-S (see Appendix 4.4.2).

The C-188 is in the F-294 cavity. The C-188 is normally held within the F-313 source holder with three (3)
clear spans of 5 in. with the balance of column length free (i.e., overhang). In a side drop, the C-188
loading case is represented in the model as per Figure 2.10.14-F31. The G-load which the C-188 could be
subjected to is 136 g's. However, for design analysis we shall use G-load = 1,000 g's to be conservative.

The detailed analysis is presented in Chapter 4, Appendix 4.4.5. It is calculated that the maximum bending
stress (beam analysis) is

,w = 47,800 psi

SF = allowable stress/applied stress

= UTS of ss3l6L at 8360 F/abg
= 60,000/47,800
= 1.25

Margin of Safety, MS = SF - 1 = 1.25 - 1 = 0.25

The shear stress, X = 5,926 psi
SF = allowable stress/applied stress

= UTS of ss3l6L at 8360 F/
= 0.6 x 60,000/5,927
= 6.07

Margin of Safety, MS = SF - 1 = 6.07 - 1 = 5.07
As the Margin of Safety > 0, the C-188 in side impact will be structurally sound.
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4.2.9 Estimate of Lead Movement or Slump

When the container without the fins is approximated to a cylindrical cask with flat end plates dropped in
side drop orientation, the container will absorb energy upon impact in three ways:

1. by deformation of end plates
2. movement of lead
3. deformation of cylindrical outer shell.

A relatively small amount of energy is absorbed in bending the steel shell at the point of impact and is,
therefore neglected in this analysis. Such a model is presented in Figure 2.10.14F32.

Shappert (Ref [8], page 59) has provided a method of estimating the amount of lead movement for
such a cask. We shall apply formula as per ReE [8], page 59 to estimate lead movement in the F-294
container. It should be noted that 75% of the energy absorption has been accounted for in Appendix 2.10.9,
consequently only the remaining 25% of the potential energy due to the 30-ft drop height of the package
needs to be considered. However, the 25% factor shall be increased to 36% of 30-ft drop height energy to
provide a conservative estimate of the lead slump.

The formula is:
WHAsRL(Ts= [Fj(O)][R/ts(apt/(s) + 2(R&LXt"fts)] + F2 (0)

where
W = effective cask weight = 21,000 lb. - Wdd= 21,000-980 = 20,020 lb.
H = effective drop height = 36% of 30 feet = 129.6 in.
F(0) =0 - 1t2(sin20)
F2(0) sinG(2 - cos0) - 0
R =the outer shell radius =18 in.

K> ts =the outer shell thickness = 0.5 in.
L =length of the shell = 50.25 - 6.0 = 44.25 in.
Usr = the dynamic flow stress of ss304 shell, psi = 50,000 psi
cypb = the dynamic flow stress in lead = 5,000 psi
te = thickness of ss304 end plate = 0.5 in.
9 = the angle defined in Figure 2.10.14-F33, deg.

Above formula is based on assumptions that the yield point stress of the ss304 end piece is the same as
that of the ss304 shell and that the end pieces are of equal thickness. In order to use above formula, the
angle 9 and the cask geometry must be known. The angle 9 may be determined firom Figure 2.10.14-F34
(reproduced from Ref [8], Shappert, p 61), which is based on above formula. The maximum displacement
of shielding represented by the outer shell flattening, 6, may be calculated by 6= R(1 - cosG).

Calculate Non-dimensional Resistance Parameter #1.
= [Rts(crpij/cs) + 2Q/L)Xt.its)]
= [18/0.5(5000/50000) + 2(18/44.25)(0.5/0.5)]:-
= [3.6 + 0.8135]
= [4.4135]

Calculate Non-dimensional Energy Parameter #2.

= [WHAs s]
= [20020 x 129.6/(0.5 x 18 x 44.25 x 50000)]
=[0.1303]

Use nomograph as per Figure 2.10.14-F34, with Parameter #1 = 4.4135 and parameter #2 =0.1303.
Connect the line between the two parameters and read the value of 0 = 20°.

I .I 931F9,Rvso pedi .01 ae4-.uy20
INIM 9301 F294, Revision 4 - Appendix 2.10.14 Page 49 - July2003



Chapter 2

Therefore
6 = R( - cosO)
5 = 18(1 - cos(20'))
8 = 18(1 - 0.939)
S= 1.086 in.

Now 5= ts + Ajd
where

ts = thickness of flattened ss304 shell = 0.5
hAid = amount of lead shielding displaced
A1M = 5 - tS

= 1.086 - 0.5
= 0.586 in.
= 0.6 in. (rounded up).

To summarize, in the side drop orientation, it is estimated that the amount of lead shielding displaced in
the F-294 container is 0.6 in., which represents approximately 1.5 half-value layers of lead shielding for
cobalt-60.

4.3 Summary of Side Drop #1 and #2 Analysis

1. Based on tests of similar packages, it is estimated that the 0-loads in side drop can be of the order
of 136 g's.

2. Based on 136 g's deceleration load, the following components of the F-294 package were stress
analyzed, the corresponding stresses or loads, Safety Factors (SF) and Margins of Safety (MS) are
listed here:

Plug
Stress (psi) SF MS

- Bolts, shear 7,720 14 13
-Cylindrical body, bearing 501 139.7 138.7
- Weld: WPCI 10,320 4.07 3.07

Container
Stress (psi) SF MS

- weld group WCCI, WCC2, WCC3,
WCC4, WCC5, WCC7, and WFI 4,105 10.23 9.23

- lower cavity tube (buckling) 37.4 36.4
- ext. shell, under cooling fin 5,170 13.53 12.53

Other components
Shipping skid to fixed skid bolts will shear.
In the side drop, the three (3) most vulnerable zones are:
* bolts fasteing the shipping skid to the fixed skid
* plug weld WPC1
* container shell ext. welds

It is expected that the bolts fastening the shipping skid to the fixed skid will shear. In the case of
the closure plug welds the margin of safety, based on static UTS is greater than zero (0).
Consequently, it appears that this will not lead to the ductile failure of the plug welds nor the
container external shell welds. Therefore the structural integrity of:

I
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* The ss304 envelope surrounding the lead shielding in the plug is sound and there are no cracks;
thus the lead shielding does not have potential leak paths in a scenario of lead melt.

* The ss304 envelope surrounding the lead shielding in the container body is sound and there are
no cracks; thus the lead shielding does not have potential leak paths in a scenario of lead melt

* The closure plug bolts will not shear under 136 g's deceleration loads; consequently the closure
plug shielding will be in place over the inner shell assembly which houses the Special Form
C-188 sealed sources.

3. There is some damage to the thermal protection. The cylindrical fireshield is flattened by an area
approximately 44 in. long and 12 in wide. The thermal insulation shall be compressed, however
there is no loss of thermal protection.

4. The C-188 sealed source, in a side drop, is subjected to a maximum bending stress of 47,800 psi,
based on 1000 g's deceleration load. The safety factor is 1.25 and the margin of safety is +0.25.
There is an additional margin of safety attributed to the design G-load of 1,000 g's versus G-load
of 136 g's in the F-294 cavity.
C-188 sealed source is classified Special Form meeting the 10 CFR 71.77 requirements; therefore,
(>188 provides the leaktight containment The USNRC source registration number for C-188 is
NR-222-S-103-S (see Chapter 4, Appendix 4.4.2).

5. Assuming 36% of the impact energy is absorbed by the container cylinder, the lead shielding
and the ends, the amount of lead shielding displacement (flattened) is expected to be 0.6 in., which
represents approximately 1.5 half-value layers of lead shielding for cobalt-60.
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Figure 2.10.14-F23
F-294 in Side Drop #1 (entire length of channel impact)
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Figure 2.10.14-F24
F-294 Side Drop #2 Orientation (channel impacting on ends)

-iic
-rL'

.-

APPROX. SON

L

I!

:IIII

Fir ~~~~~~~~~~~~~~II ' ::0wII

'78"

.-- I

4+

II
I I
I.
II - I
i I -

I-
i--~

,c eerF

SUIJsELACC .
S .r7

/ // // / / / / /
-

JNT 931F9.Rvso Apnix21.4Pg 3 uy20
MM 9301 F294, RevUlon 4 - Appendix Z 10. 14 Page 53 - Juwly 2003



I

Chapter 2

Figure 2.10.14-F25
Side Drop: Lateral Load on the Lower Cavity Tube
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Figure 2.10.14-F26
Shearing Bolts - Shipping SIdM to Fixed Skid
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Figure 2.10.14-F27
Plug Cylindrical Body Impacting on Side - Plug Bolt Shearing
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Figure 2.10.14-F28
Plug Cylindrical Body Impacting on Side - Plug Welds
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Figure 2.10.14-F29
Container Welds
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Figure 2.10.14-F30
Container Shell under Fin Side Impact
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Figure 2.10.14-F31
C-188 Model in a F-294 Side Drop Impact
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Figure 2.10.14-F32
Container Model for Estimating Lead Slump or Displacement In Side Drop

.t

Figure 2.10.14-F33
End View of the Deformation in a Steel-encased Solid Lead Cylinder
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Figure 2.10.14-F34
Nomograph for Determining Half Angle of Flat Developed (8) due to Impact

of a Cylindrical Cask with Axis Horizontal (from Ref. [81, p 61)
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5. F-294 STRESS ANALYSIS IN CORNER DROP - TOP

See Figure 2.10.14-F35.

5.1 G-LOADS

30-ft free drop test of F-294 in the top comer (570 from the horizontal) drop test orientation has not been
carried out. However the F-294 was subjected to 30-ft free drop test in side oblique drop orientation
(36.50 from the horizontal). The details of the test program are given in Chapter 2, Appendix 2.10.12.
In the side oblique orientation, the measured G-loads are:

GI- 136 g's (top of closure plug)
G2= LOS (bottom of closure plug) (LOS = Loss of Signal)
G3= 66 g's (bottom of cavity)
G4= 73 g's (bottom of fixed skid).

For the top comer drop, it is estimated that the G-loads will be similar to side oblique corner drop of F-294.
Therefore, for the top comer drop, G= 136 g's shall be used to carry out the stress analysis of the F-294
components.

5.2 EFFECT OF G-LOADS ON F-294 COMPONENTS

5.2.1 Buckling of Lower Cavity Tube

See Figures 2.10.14-F36 and 2.10.14-F37.
WI = weight of lead borne by steel tube + end cap

= tn x 12.52/4 x 11.25 x 0.41
=5661b.

GI = 136 g's (design)

In this model, the cavity end plate is under external applied pressure as a result of impact The applied
pressure acts on the cavity tube end cap which is transmitted to the lower cavity tube.

Calculations are presented to demonstrate the cavity tubes ability to resist buckling, due to application of
eccentric load, during the 30-ft free drop in top corner orientation.

As per equation 27, Chapter 11, Ref. [4], the maximum stress produced in the eccentrically loaded tube is
given by
a = [P/A] * [1 + (ec/r 2) x sec(P x (IJr)2 /4EA)}°]
where

P =amium applied load = WI cos 330 x G 1 566 x 0.8386 x 136 =64,552 lb.
A =area oftube = i (6.252- 5.752) = 18.84 it2

r = radius of gyration = l/4(ro2 + r1
2) = 0.25 x (6.252 _ 5.752) = 4.246 in.

c = distance fiom axis I to the extreme fibre on the side nearest the load
= 6.26 (same as the outside radius.

E =28x 106psi
L = 20 in. length of the tube

Evaluate
= sec{P(/r)2/4EA}J0

= sec {64,552 x (20/4.246)2/4 x 28 x 106 x 18.84)05
= sec (0.026)
=SWc (1.4920)
= 1.0003
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Therefore
ca = [64,552/18.84] * [1+ (3.75 x 6.25/4.2462) x {1.0003}]

= [64,552/18.84] * [1+1.300]
= [64,552/18.84] * 2.300
= 7,890 psi

Safety Factor (SF) = allowable stress/applied stress
= UTS/d
= 70,000/7,890
= 8.87

Margin of Safety, MSSTESS-BASED= SF - I = 8.87 - 1= 7.87

For ss3O4L, the UTS = 70,000 psi and YS = 25,000 psi. As the Margin of Safety (MS) > 0, the cavity
lower tube will not buckle.

5.2.2 Bending of Lower Cavity End Plate

See Figure 2.10.14-F38.
The lower cavity end plate (cap) thickness is 0.75 in. thick.

In this model, the cavity end plate is under external applied pressure as a result of impact. The applied
pressure acts on the cavity tube end cap.

The applied pressure on the cavity tube cap is
p = weight of lead x in-axial component of g-load of 136 g's/AcAp

= 566 lb. x 136 g's cos330 /[ x 6.252]
= 566 lb. x 136 g's x 0.839/122.73
= 526 psi

Is 0.75 in. thick Hastelloy C-276 tube cap strong enough to resist 526 psi maximum applied pressure?

For Hastelloy C-276, the material properties are:
Yield Stress (YS) = 41,000 psi.
Ultimate Tensile Strengthf (UTS) = 100,000 psi.

From ASME VIII
s = cp/[t/d2

where
c = constant depending on end tube to cap joint configuration

= 0.2 ((ASME VH, Division 1, Figure UG-34 (i))
p = applied pressure = 2,062 psi
t = thickness of cap = 0.75 in.
d = 11.5 in. inside diameter
s = cp4t/d]2

s = 0.2 x 526/[0.75/11.5]2
s = 24,734 psi.

Safety Factor (SF) = allowable stress/applied stress
= UTS/d

= 100,000/24,734
= 4.04

Margin of Safety, MSsnEsS.BASw= SF - I = 4.04 - 1= 3.04

The maximum stress in the end cap s = 24,734 psi is below the YS of 41,000 psi and the static UTS of
100,000 psi. As the Margin of Safety (MS) > 0, the lower cavity end cap will not deform permanently.

JN/TR 9301 F294. Revision 4 - Appendix 2.10.14 Page 64- Jury 2003
RM 9301 F294, Revision 4 - Appendbr Z 10. 14 Page 64 - July 2003



Chapter 2

5.2.3 Weld WCC6 Between the Cavity Tube to the Cavity End Cap

Check the shear strength of weld WCC6 as per Figure 21 0.14-F43.
Axial load WA = 566 x G cos 33° = 566 x 136 x 0.839

= 64,852. lb.
Weld area AwID = X x 11.5 x 0.5 x 0.7 =12.64 i 2 ;

The weld is fully radiographed.

Shear stress c = 64,852/12.64 = 5,110 psi, which is less than the YS of 25,000 psi ss3O4L or UTS of
70,000 psi.
Safety Factor (SF) = allowable stress/applied stress

= 0.6 x UTS/ r
=0.6x70,000/5,110
= 42,000/5,110
=8.21

Margin of Safety, MSSTRESSBASED = SF - 1 = 8.21 - I = 7.21

As the Margin of Safety (MS) > 0, the weld WCC6 as specified is acceptable.

5.2.4 Plug Bolts

See Figure 2.1-.14-F39.
Estimate bolt stresses based on static UTS

Number of bots = 16
Total bolt area, AwLT = 8.816 in2

Static UTS = 180,000 psi
Weight of plug and contents, -wpLur& cornT = 1070 + 45= 1,115 lb.

Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
PWMACa AXBAl = weight of plug and contents x Axial component of deceleration G-load

= WPG&cONTrS X 136 cos 330
= 1,115 x 136 x 0.839
= 127,225 lb.

Gasket seating load, FsG = 2,400 lb.
Pressure build-up load Wpl, = 4,000 lb.

Therefore total load on 16 bolts, PORTAL
PT0`rAL = PMPACT + FsG + Wpg

= 127,225 + 2,400 + 4,000
= 133,225 lb.

What is the tensile stress in the bolt ?
Bolt stress, a = PTOTAL/ABOLT = 133,225 1b18.816in2

= 15,160 psi.

Based on deceleration load of 136 gis in the top drop orientation, the applied load on the bolt,
PwR{AcrpSmEARN= weight of plug and contents x transverse component of deceleration G-load

- WPLUG& Cmns X 136 sin 330

= 1,115 x 136 x 0.544
=82,500 lb.

Gasket seating load, FS0 = 2,400 lb.
Pressure build-up load WpSg= 4,000 lb.
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Therefore total load on 16 bolts, PTOTAL
PTOTAL = PuePACr (SHEAR) + FsG + Wpwg

= 82,500 + 2,400 + 4,000
= 88,900 lb.

What is the shear stress in the bolt?
Bolt stress, r = PTOTAL/ABOLT= 88,900 1b18.816 in

= 10,090 psi.
Combine the tensile and shear stresses to obtain the principal stresses.

al = cs/2 ± [ (cs/2) + I
= 15,160/2 ± 4I[(15,160/2)2 + (10,090)2]
= 7,580 ± 12,620
=20,200 or

052 = -5,040 psi

The allowable static UTS at 20'C is 180,000 psi.
Safety Factor SFsTESS..BASED = allowable stress/maximum applied stress

= static UTS/bolt maximum principal stress
= 180,000 psi/20,200 psi
= 8.91

Margin of SafetyMSsnms-&.,sED = SFsntEss-BASED -I
= 8.91 -1
= 7.91

As the Margin of Safety (MS) > 0, the bolts are capable of maintaining a closure joint.

5.2.5 Male Flange

What are the stress levels in the male and female flange of the bolted closure?
See Figure 2.10.14-F40.
It is assumed that the ligament area around the bolt holes is the critical area in terms of failure mode.
Effective ligament area is considered that area 1.5 diameters from bolt hole centerline.

Minimum ligament area in shear around the bolt holes AS.
AS =5/16*1+0.5*1

= 13/16 in2

Number of bolt holes = 16

Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
PnMPACrAxLJC = weight of plug and contents x deceleration G-load

= WpLu&CONrmrs x 136 cos 330
= 1,115 x 136 x 0.839
= 127,225 lb.

Gasket seating load, FsG = 2,400 lb.
Pressure build-up load Wplg = 4,000 lb.
Therefore total load on ligament area, PmTAL

PTWrAL = PIMPACr + Fsr. + Wpwg

= 127,225 + 2,400 + 4,000
= 133,225 lb.
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Shear stress in the ligament zone, t
= PJarm/ATw AL JR ' Am
- 133,225/[16 x (13/16)]
- 10,250 psi

SFsimssBsED = allowable stress/applied stress

= 0.6 x UTS/r
= 0.6 x 70,000/10,250
= 42,000/10,250
= 4.09

MSStRESS-BASED = SFsims-mAsED -1 = 4.09-1 = 3.09

As the Margin of Safety (MS) > 0, the male flange as specified is acceptable.

5.2.6 Female Flange

See Figure 2.10.14-F41.

It is assumed that the joint between the female flange to the cavity liner (location B as per Figure 2.10.14-
F41) is the critical area in terms of failure mode. This weld joint is subjected to both axial and shear impact
forces in the top comer drop orientation of the package.

Area of the butt weld,
AwEI =x*D*t*0.7
AwEw = I * 15.284 * 0.5 0.7
AwED = 16.8m 2

Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
PwJpAcrTAxLAJ = weight of plug and contents x deceleration G-load

= WPLUO & CONrEs x 136 cos 330
= 1,115 x 136 x 0.839
= 127,225 lb.

Gasket seating load, FS0 = 2,400 lb.
Pressure build-up load Wplg = 4,000 lb.

Therefore total load on 16 bolts, PTOTAL
PsarAL = P1MYACr + Fso + Wpg

= 127,225 + 2,400 + 4,000
- 133,225 lb.

Stress in the weld, cwGm

CwELD = PTorAJAwEID
= 133,225 lb116.8 in2

= 7,930 psi
For weld with 100% joint efficiency (fully radiographed weld joint);
SFSnRmSSBAsED = Allowable stress/applied stress

= UTS/cd

- 70,000/7,930

=8.82

MSSSBASW = SFsRss.BASED -1 = 8.82 -1 = 7.72
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Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
PImpAcr (sHEAR) = weight of plug and contents x transverse component of deceleration G-load

= WPLuG& cTEN X 136 sin 330
= 1,115x 136x0.544
= 82,500 lb.

Gasket seating load, Fso = 2,400 lb.
Pressure build-up load Wpw, = 4,000 lb.

Therefore total load on 16 bolts, PTOTAL

PTOTAL = PMPAcr (SHAR) + Fsi + WPog
= 82,500 + 2,400 + 4,000
= 88,900

Shear stress in the weld, TwEw

'CEWD = PTOTAI/AWELD

= 88,900 lb.16.0 in2

= 5,290 psi
For weld with 100% joint efficiency (fully radiographed weld joint),
SFmrIEss.ASED = allowable stress/applied stress

= 0.6 x UTS/A
= 0.6 x 70,000/5,290
= 7.93

MSSTRESS.BAED = SFSIRESS-BASED

= 7.93 - 1
= 6.93

As the Margin of Safety (MS) > 0, the female flange as specified is acceptable.

5.2.7 Stripping of Internal Threads of Bolt Hole Under Impact Load

See Figure 2.10.14-F42.

What stresses can the internal threads of the bolt hole in the female flange of the bolted closure withstand
without stripping? Effective thread area per bolt hole = 1.44 in2.

Based on deceleration load of 136 gs in the top drop orientation, the applied load on the bolts,
PDMPACuAJUAL = weight of plug and contents x deceleration G-load

= WpLuG&cONTms x 136 cos 330

= 1,115 x 136 x 0.839
= 127,225 lb.

Gasket seating load, Fso = 2,400 lb.
Pressure build-up load Wpl,,, = 4,000 lb.
Therefore total load on 16 bolts, P 1TAL

PTOTAL = PVPACT + Fsr + Wpg
= 127,225 + 2,400 + 4,000
= 133,225 lb.

Shear stress in the bolt hole threads, T
= PTOrAiJABOLT HOLE EamS

= 133,225/[16 x 1.44]
= 5,780 psi.
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For stripping of bolt hole threads, the safety factor and margin of safety are:
SFSTREssBSED = allowable stresslapplied stress

= 0.6 x UTS/f
= 0.6 x 70,000/5,780
= 42,000/5,780
- 7.26

MSmJESS.BASED = SFSWIESS-BASED
= 7.26 - 1
= 6.26

As the Margin of Safety (MS) > 0, the design of the internal threads of the bolt hole is acceptable.

5.2.8 Container Welds

See Figure 2.10.14-F43.
In the top corner drop orientation, the weight of the lead shielding is segmented into four zones: WI, W2,
W3, W4 respectively.-

The weight WI acts directly on the bottom plate cavity and affects cavity buckling.

The weight W2 acts directly on the off-set flange between upper and lower cavity and affects buckling of
upper cavity.

The weight W3 is directly acting on the container female flange and weld joints WCC1, WCC2, WCC7 and
WF respectively.

The weight W4 is directly acting on the container conical head and weld joints #WCC3 and WF.

Therefore, collectively, welds WCC1, WCC2, WCC3, WCC7 and WF resist the impact of weight W3 and
K...' W4 in top comer drop orientation. Not all the weight W3 and W4 is directly impacting the welds due to load

sharing by inner shell cavity assembly.

The estimate of weights WI, W2, W3, W4 is given here:
WI = 566 lb.
W2 = 950 lb.
W3 = 5,695 lb.
W4 =5,514 lb.

Step #1
Calculate the axial impact load due to W3 and W4 .
The cumulative impact load on welds WCC1, WCC2, WCC3, WCC7 and WF due to the deceleration load of
13 6 g's is P&AcXrzxuiL

= [W3 +W4 ]x 136 g's cos 330

= [5,695 +5,514 ]x 136 x 0.839
=1.28x106lb.

Step #2
Calculate weld areas.
Weld designated WCCI: Area A 1 ~~= 2n x 11.812 x 0.5 x 0.707 = 26.23 in2

Weld designated WCC2: Area A t _ 2n x 12.812 x 0.5 x 0.707 = 28.46 in2

Weld designated WCC3: Area A 3x=,df 2n x 17.500 x 0.5 x 0.707 = 38.87 in2

Weld designated WCC7: Area A7,ft , 2ir x 7.392 x 0.5 x 0.707 = 16.42 in2

Weld designated WF: Area AwF = 114.5 in2

AwF = No. of fins x no. of fillet welds x thickness of weld x length of weld x 0.707
= 18 x 2 x 0.375 x 12 x 0.707 = 114.5 in2
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There are 36 fins at the top of the container; however, in the top comer drop orientation it is assumed that
only 18 fins to outer container shell welds are effective.

The collective effective area of welds, inclusive of joint efficiency, is
A = II x Alximunfacn + III x A2,&=fmcuai + '12 X A3,c nnfati +

'12 XA7,ccuf.Ut + T1I X AWF
A =0.8x26.23+0.8x28.46+ 1.0x38.87+ 1.Ox 16.42+0.8x 114.5
A =190.6 in2

Step #3
Calculate average stress in the weld due to axial component
The average tensile stress on the welds WCC1, WCC2, WCC3, WCC7 and WF is

aAVQ P1M]ACrAXIAmJA
= 1.28 x 106 11,190.6 in2

= 6,710 psi.
The average stress in the welds is well above the yield stress of 25,000 psi for ss3O4L parent metal and
below static UTS of 70,000 psi.

Step #4
Calculate the radial impact load due to W3 and W4 .

The cumulative impact load on welds WCC1, WCC2, WCC3, WCC7 and WF due to deceleration load of
136 g's is PINWACrAxUAL = [W3 +W4] x 136 g's sin 330

= [5,695 + 5,514] x 136 x 0.544
= 0.83 x 106 lb.

Step #5
Calculate average shear stress in the weld due to transverse component
The average shear stress on the welds WCC1, WCC2, WCC3, WCC7 and WF is

tAVG. = pINeAcr HMSVOLSE/A

= 0.83 x 106 190.6 in2

= 4,360 psi.
Combine the tensile and shear stresses to obtain the principal stresses.

a1 = a/2 ± 4[ (a/22 + e ]
= 6,710/2 ± i [(6,710/2)2 + (4,360)2]
= 3,355 ± 5,500
= 8,855 or

a2 =-2,145 psi
Safety Factor, SFST ss.BAsED = allowable stress/applied stress

= 70,000/8,855
=7.9

Margin of Safety MSSTRESS..BASED = SFSMhESS.BASED - 1 =7.9 - 1 = 6.9
As the Margin of Safety (MS) > 0, the container welds as specified are acceptable.

5.2.9 Container Top Flange

See Figure 2.10.14-F44.
In this model, the container top flange plate is under external applied pressure as a result of impact.
The applied pressure acts on the container top flange and the conical shell.
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Based on 136 cos 330 = 136 x 0.839 = 114 g's deceleration load axial component, the applied pressure
on the container top flange is

p = weight of lead x 114 gWs/AR RNGFioE

= (WI + W2 + W3) x 1 14/[Ic x (10.52 - 7.8922)1
= (566 + 950 + 5314) x 1 14/150.7
=6,830x 1141150.7
= 5,170 psi

Is 1.5 in. thick stainless steel plate (ring flange) strong enough to resist 5,170 psi maximum applied
pressure?
For stainless steel (ss304L) A-240, the material properties are:

Yield Stress (YS) = 25,000 psi.
Ultimate Tensile Strength (UTS) = 70,000 psi.

Case 77, Table X, Ref. [4].
Sr =13coa?1t 2

where
sr - maximum fradial stress
13 = constant depending upon a/b 10.5/n.892 133, = 0.03
- -= p = applied pressure = 5,170 psi
t = thickness of ring flange = 1.5 in.
a = 10.5 in. ring flange outside radius
b = 7.892 in. ring flange inside radius
sr co e)a/t 2

Sr 0.03 x 5,170 X 10.52/1.52
Sr = 7,600 psi.

Safety Factor, SFSTRESS-BASED = allowable stress/applied stress
= static UTSt7,600
=70,000 psil7,600 psi
=9.21

Margin of Safety, MSSTRESSBASED= SF - 1 = 9.21 - 1 = 8.21
The maximum stress in the ring flange sr = 7,600 psi, which is below YS of 25,000 psi and below UTS of
70,000 psi. As the Margin of Safety (US) > 0, the ring flange will not deform permanently.

5.2.10 Effect of Peak Force on the SS Shell Directly Under the Foot of the Lift Lug Fin

See Figure 2.10.14-F-45.
There are four (4) lift lug fins on the F-294. Underneath the base of each of the lift lug fins, there are the
following components:

* a 1.O in thick reinforcement base plate (pad) (material ss304)
* a secondary conical shell 0.5 mi. thick (material ss304)
* 038 in. thick thermal insulation
* a primaty conical shell of the lead cask (material ss3O4L).

The 0.5 in. thick ss shell is reinforced with a pad approximately 1.0 in. thick x 6.75 in. wide at top x 7 in.
height x 9.5 in. wide at bottom. After the top corner drop, the crush shield displaces (moves) down by 5 in.
The lift lug tip is not only recessed 7 in. from top of the non-deformed crush shield, but is also located
between the crush shield fins so that the lift lug's impact is marginally delayed. However the 0.5 in thick
container fins (qty = 2) adjacent to the lift lug fin are definitely impacted prior to the lift lug fin. The impact

K> load on the container fins has been estimated:
Pip,, = F-294 weight x G-load

= 21,000 x 136
=2.856x 106 l.
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The (bearing) compressive load on the secondary conical shell wall at the base of the lift lug fin is
computed as follows:

cyc Peak force/effective secondary conical shell area under compression
P P,~/A

= [ 2.856x 106 ]/(10.52 x I1)
= [2.856x 1061/115.7
= 24,680 psi.

Safety Factor, SFMEsS.BASED = allowable stress for secondary shell ss304/applied stress
= static UTS/24,680
= 75,000 psi/24,680 psi
= 3.03

Margin of Safety, MSSnhESS-BASED = SF - 1 = 3.03 - 1 = 2.03

Since the maximum stress a, = 24,680 psi in the container secondary conical shell wall is less than the
yield stress of 30,000 psi and static ultimate compressive stress of the secondary conical dished head
(material ss304 UTS = 75,000 psi), the container reinforced wall will not rupture (dynamic). The container
wall at the foot of the lift lug fin, will not be deformed plastically. It must be noted that the estimated stress
and the deformation of the container wall are based on instantaneous "peak force" and therefore they are
fairly conservative. As the secondary conical shell takes most of the impact, the container primary conical
shell wall is protected by the secondary conical shell. Therefore the structural integrity of the primary
conical shell is sound. As the Margin of Safety (MS) > 0, the design of the reinforcement feature around
the lift lug fin base is acceptable.

5.2.11 C-188 Sealed Source Under Top Corner Impact

The case of the C-188 sealed source capsule under top corner impact is presented here. The model chosen
to represent this case is given in Figure 2.10.14-F46. The effective G-load in the cavity of F-294 is 136 g's.
Therefore the stress developed in the capsule outer shell only will be due to the mass of the entire C-188 at
136 g's. The weight of C-188 is Wci 1ss = 230 grams = 0.51 lb.

The support reaction PAxa^ due to 136-g level is:
PAxXAL -Wc.1as x G-load axial component = -0.51 x 136 cos 330 = 0.51 x 136 x 0.839 lb.

=58.2 lb.

The axial stress for this condition is given by:
cax..L = PAXsAOdltA,.9iLm waD

= 58.2I(nl4 (0.3762 - 0.3382))
= 58.2/0.0213
= 2,740 psi.

PTRAwsvo = -Wc. 188 x G-load transverse component = -0.51 x 136 si 330 = 37.4 lb.

The transverse stress for this condition is given by:
d,~h.. = P1RAN5vEtSE/Ao,* i. Wad

= 37.8/(7c4 (0.3762 - 0.3382))
= 37.8/0.0213
= 1,780 psi.
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Combine the compressive and shear stresses to obtain the principal stresses.
val =af/2±[ (aI) 2 + ]

= 2,740/2 ± 4[(2,740/2)2 + (1,780)2]
=1,370 ± 2,250
= 3,620 or

CT2 =-80 psi
Safety Factor (SF) = allowable stress/applied stress

= UTS for ss316L at 8360F/applied stress
= 60,000 psi/3,620 psi
=16.6

Margin of Safety SF - 1 = 16.6 - 1 = 15.6
The yield stress of ss316L at 836 0F = 16,000 psi. [Ref.[26]]

As the maximum principal stress (3,620) < Yield Stress (16,000 psi), the tube shall not yield in the top
corner drop nor fracture (dynamic) as the maximum principal stress 3,620 psi < static UTS of 60,000 psi.

Let us examine the C-188 sealed source capsule under end impact for buckling. The model chosen to
represent this case is shown in Figure 2.10.14-F46. The ends of the capsule are free to rotate, translation is
fixed because the ends of the C-188 are trapped between the bottom plate of the F-313 source carrier and
the shield plug. Any restraining of the C-188 sealed source capsule by intermediate spacer plates of the
F-313 source holder has been ignored. Any additional restraining by the inner capsule of C-188 has also
been ignored.

The critical buckling load (Euler load) is given by
P.f = le 2 ]i ] 2

where
E = modulus of elasticity = 23.8 x 106 psi at 8360F -
I = 2nd moment of area = x/64 (0.3764 - 0 3 264) = 4.335 x 10- i 4

1 = length of the column = 17.777 - 0.9 = 16.877 in.
k = effective length factor, dependent of the conditions of fixity of the column.

In this case, the column is free to rotate i.e., hinge i.e., zero moment reaction, but translation
is zero. Therefore the column end condition code is "pin-jointed and fixed end". In this case,
K = 1.2 (Ref.[24] CISC Handbook 1967).

Therefore
P, = ie x 23.8 x 10 x 4.267 x 10/(1.2 x 16.877)

= 245 lb.
The weight of the C-188, Wc-SS= 0.51 lb.
Therefore the G-load in the cavity which may initiate buckling of C-188:

PWACr = G-lo axial component x Wc.gs
- 136xcos330 x0.51
= 136x0.51
- 58.2 lb.

For C-188, as the applied impact load Pagr (58.2 lb.) < the critical budding load P,, (245 lb.), the C-188 shall
not be subject to buckling. Factor of Safety (FS) = 245/58.2= 4.2

As the Factor of Safety (FS) > 1, it is concluded that the C-188 sealed source will not yield nor buckle in
the top corner drop impact. It must be noted that the C-188 source is a Special Form source and meets 10
CFR Para.71.77; therefore C-188 provides the leaktight containment. For C-188, the USNRC source
registration number is NR-222-S-103-S (see Appendix 4.4.2).
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5.3 SUMMARY OF TOP CORNER DROPANALYSIS

1. Based on data of similar tested packages, for F-294 the g-load in the top end drop orientation is
expected to be 136 g's.

2. The following components of the F-294 package were stress analyzed; the corresponding stresses
or loads, Safety Factors (SF) and Margins of Safety (MS) are listed here:

Plug
Stress (psi) SF MS

- bolts: avg. bolt stress 20,200 8.91 7.91
- male flange shear stress 10,250 4.09 3.09
- female flange-tension, weld (WCC7) 7,930 8.82 7.82
- female flange-shear, weld (WCC7) 5,290 7.93 6.93
- stripping bolt hole, shear 5,780 7.26 6.26

Container
Stress (si) SF MS

- weld group WCC1, WCC2, 8,855 7.9 6.9
WCC7, WCC3, WF
- lower cavity tube (buckling) 7,890 8.87 7.87
- lower cavity tube end cap 24,734 4.04 3.04
- container top flange 7,600 9.21 8.21

- ext. secondary conical shell, 24,680 3.03 2.03
local area under lift lug
- weld, cavity end cap/tube (WCC6) 5,110 8.21 7.21

In the top comer 30-ft drop of F-294, for all the components in the container and the closure
plug, the margin of safety is greater than 0. Consequently there will be no ductile failure of the
components in the container and the closure plug.
Therefore the structural integrity of
* the ss3O4L envelope surrounding the lead shielding in the plug AND
* the ss3O4L envelope surrounding the lead shielding in the container body

is sound and there are no cracks; thus the lead does not have potential leak paths to escape in a
scenario of lead melt. In addition, it is shown that lead would not melt in the F-294 lead-cask in a
regulatory fire test of F-294 (see Chapter 3 for details).

3. The closure plug bolts will not shear under 136 g's deceleration loads. Consequently, the closure
plug shielding will be in place over the inner shell assembly which houses the C-188 Special Form
sealed sources

4. Thermal protection: The top corner of the cylindrical fireshield will be displaced towards the
container cavity. The top fireshield, which is integral with the crush shield, shall be displaced
toward the top closure plug. The conical shell is double wall construction and the space is filled
with thermal insulation. In all three (3) zones, the thermal insulation will be compressed locally but
there will be no loss of thermal protection.

5. C-188 sealed source: the C-188, in a top comer impact, has been demonstrated to withstand the
deceleration load of 136 g's in the F-294 cavity. The C-188 is not likely to yield nor buckle. It must
be noted that the C-188 source is a Special Form source and meets 10 CFR Para.71.77; therefore J
C- 188 provides the leaktight containment. For C-188, the USNRC source registration number is
NR-222-S-103-S (see Chapter 4, Appendix 4.4.2).
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-Figure 2.10.14-F35
F-294 in Top Corner Drop Impact
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Figure 2.10.14-F36
Lower Cavity Tube under Impact Load

This figure left blank intentionally.
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Figure 2.10.14-F37
Lower Cavity Tube under Eccentric Loading
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Figure 2.10.14-F38
Lower Cavity Tube End Cap under Impact Load

INT 930 .24 Reiso 4.Apni 1.4Pg 8 .hv03
17VITR 9301 F294, Revision 4 - Appendix 2.10.14 Page 78 - July2003



Chapter 2

Figure 2.10.14-F39
Plug Bolts under Impact Load
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Figure 2.10.14-F40
Plug Flange under Impact Load
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Figure 2.10.14-F41
Container Upper Cavity Weld WCC7
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Figure 2.1O.14-F42
Stripping of the Bolt Hole in the Closure Flange
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Figure 2.10.14-F43 :
Container: Identification of Welds
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Figure 2.10.14-F44
Container Flange Under impact
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Figure 2.10.14-F45
Container Shell under the Base of Lift Lug Fin
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Figure 2.10.14-F46 I
C-188 in Top Corner Drop
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6. F-294 STRESS ANALYSIS IN OBLIQUE SIDE DROP ORIENTATION

See Figure 2.10.14-F47.

6.1 G-LOADS

Actual 30-ft free drop test of F-294 in side oblique drop orientation was carried out. The details of the
test program are given in Chapter 2, Appendix 2.10.12. In the side oblique orientation (36.50 from the
horizontal), the measured G-loads are:

* G1= 136 g's (top of closure plug)
* G2= LOS (bottom of closure plug)
* G3= 66 g's (bottom of cavity)
* G4= 73 g's (bottom of fixed skid).

Therefore, for the side oblique comer drop, G= 136 g's shall be used to carry out the stress analysis of
the F-294 components.

6.2 EFFECT OF G-LOADS ON F-294 COMPONENTS

6.2.1 Buckling of Lower Cavity Tube

See Figures 2.10.14-F48 and 2.10.14-F49.
WI =weight of lead borne by steel tube + end cap

=n x 12.5 2/4x 11.25 x0.41
=566 1b.

GI = 136 g's (design)

In this model, the cavity end plate is under external applied pressure as a result of impact. The applied
pressure acts on the cavity tube end cap which is transmitted to the lower cavity tube.-

Calculations are presented to demonstrate the cavity tube's ability to resist buckling, due to application of
eccentric load, during the 30-ft free drop in top corner orientation.

As per equation 27, Chapter 11, Ref. [4], the maximum stress produced in the eccentrically loaded tube
is given by

a = [P/A] a [1 + (ec/i?)x sec{Px(Jr)2/4EA)03]
where

P = maximum applied load = W1 cos 53.50x G1 = 566 x 0.5948 x 136 = 45,800 lb.
A = area of tube = x (6.252-5.752) 8.84 in2

r = radius of gyration = 1/4(ro 2+rl2) = 025 x (6.252 - 5.752) = 4.246 in.
c = distance firm axis 1 to the exreme fibre on the side nearest the load

= 6.26 (same as the outside radius.
E =28 x l 6 psi
L =20 in. length ofthe tube

Evaluate
= sec{P(I/r)2 /4EA)--
=sec {45,80x (20/4.246)2/4 x 28 x106 x 18.84)0}
= sec (0.0219)
=sec (1.2570)
=1.0003
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Therefore
CY = [45,800/18.84] * [1 + (3.75 x 6.25/4.2462) x {1.0003}]

= [45,800/18.84] * [1 + 1.300]
= [45,800/18.84] * 2.300
= 5,600 psi

Safety Factor (SF) = allowable stress/applied stress
= UTS/a
= 70,000/5,600
= 12.5

Margin of Safety, MSSTnESS.BASED= SF - 1 = 12.5 - 1= 11.5

For ss3O4L, the UTS = 70,000 psi and YS = 25,000 psi. As the Margin of Safety (MS) > 0, the cavity
lower tube will not deform permanently.

6.2.2 Bending of Lower Cavity End Plate

See Figure 2.10.14-F50.

The lower cavity end plate (cap) thickness is 0.75 in. thick.

In this model, the cavity end plate is under external applied pressure as a result of impact. The applied
pressure acts on the cavity tube end cap.

The applied pressure on the cavity tube cap is
p = weight of lead x in-axial component of g-load of 136 g's/AcAp

= 566 lb. x 136 g's cos53.5O/[7x x 6.252]
= 566 lb. x 136 ges x 0.595/122.73
= 373 psi

Is 0.75 in. thick Hastelloy C-276 tube cap strong enough to resist 373 psi maximum applied pressure?

For Hastelloy C-276, the material properties are:
Yield Stress (YS) = 41,000 psi.
Ultimate Tensile Strength (UTS) = 100,000 psi.

From ASME VIII
s = cp/[t/d]2

where
c = constant depending on end tube to cap joint configuration

= 0.2 ((ASME VIII, Division 1, Figure UG-34 (i))
p = applied pressure = 373 psi
t = thickness of cap = 0.75 in.
d = 11.5 in. inside diameter
s = cp/[t/d] 2

s = 0.2 x 37340.75/11.5]2
s = 17,540 psi.

Safety Factor (SF) = allowable stress/applied stress
= UTS/aF

= 100,000/17,540
= 5.7

Margin of Safety, MSSWBASED= SF - 1 = 5.7 - 1= 4.7

The maximum stress in the end cap s = 17,540 psi is below the YS of 41,000 psi and the static UTS of
100,000 psi. As the Margin of Safety (MS) > 0, the lower cavity end cap will not deform permanently.
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6.2.3 Weld WCC6 Between the Cavity Tube to the Cavity End Cap

i Check the shear strength of weld WCC6 as per Figure 2.10.14-55
Axial load WA = 566 x G cos 53.5° = 566 x 136 x 0.595

= 45,800. lb.
Weld area AwEL = X x 11.5 x 0.5 x 0.7 =12.64 in2

The weld is fully radiographed.

Shear stress ' = 45,800/12.64 = 3,630 psi, which is less than the YS of 25,000 psi ss3O4L orUTS
of 70,000 psi.

Safety Factor (SF) = allowable stress/applied stress
= 0.6 x UTS/¶
= 0.6 x 70,000/3,630
= 42,000/3,630
- 11.5i

Margin of Safety, MSsEs sBASED= SF - I = 11.5-1 = 10.5

As the Margin of Safety (MS) > 0, the weld WCC6 as specified is acceptable.

6.2.4 Plug Bolts

See Figure 2.1-.14-F51.
Estimate bolt stresses based on static UTS.

Number of bolts= 16
Total bolt area, ABxOT = 8.816 in;
Static UTS = 180,000 psi

Weight of plug and contents, wpLuoC0NTr5 = 1070 + 45= 1,115 lb.

Based on deceleration load of 136 g~s in the top drop orientation, the applied load on the bolts,
PDwACTrUAL = weight of plug and contents x axial component of deceleration &-load

= WPLUGI&cmws X 136 cos 53.50
= 1,115 x 136 x 0.595
= 90,225 lb.

Gasket seating load, Fso = 2,400 lb.
Pressure build-up load Wt = 4,000 lb.

Therefore total load on 16 bolts, PTOAL

PTOTAL = PIMPACr + Fso + WPftg
= 90,225 + 2,400 + 4,000
= 96,625 lb.

What is the tensile stress in the bolt ?
Bolt stress, ci = PToTA/ABoLT = 96,225 lbJ8.816 in

= 10,920 psi.

Based on deceleration load of 136 g~s in the top drop orientation, the applied load on the bolt
PnWACr(SHWA = weight of plug and contents x tansverse component of deceleration G-load

= WPLUG&CONrM x 136 sin 53.50
= 1,115 x 136 x 0.804
= 121,920 lb.

Gasket seating load, Fsa = 2,400 lb.
Pressure build-up load.Wft= 4,000 lb.
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Therefore total load on 16 bolts, PToTAL

PjrTAL = PUOwACrMeAM) + FSO + Wpiug
= 121,920 + 2,400 + 4,000
= 128,320 lb.

What is the shear stress in the bolt?
Bolt stress, I = PTOTALABOLT= 128,320lbJ8.816 in

= 14,560 psi.
Combine the tensile and shear stresses to obtain the principal stresses.

al = &2 ± 4[(a1 2) + T2 ]
= 10,920/2 ± [(10,92o/2)2 + (14,560)2]
= 5,460 ± 18,200
= 23,660 or

a2 = -12,740 psi

The allowable static UTS at 20'C is 180,000 psi.

Safety Factor, SF5 Rss.BAsED = allowable stress/maximum applied stress
= static ULTS/bolt maximum principal stress
= 180,000 psi/23,660 psi
= 7.60

Margin of Safety, MSSMRESSBASMD = SFStREss.BAsED -1

=7.60 - 1
= 6.60

As the Margin of Safety (MS) > 0, the bolts are capable of maintaining a closure joint.

6.2.5 Male Flange

What are the stress levels in the male and female flange of the bolted closure?
See Figure 2.10.14-F52.

It is assumed that the ligament area around the bolt holes is the critical area in terms of failure mode.
Effective ligament area is considered that area 1.5 diameters from bolt hole centerline.

Minimum ligament area in shear around the bolt holes AS.
AS =5/16*1+0.5*1

= 13/16in2

Number of bolt holes = 16

Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
PUmeACrAxJL& = weight of plug and contents x deceleration G-load

= WpLUGomuns x 136 cos 53.5°
= 1,115 x 136 x 0.595
= 90,225 lb.

Gasket seating load, Fs0 = 2,400 lb.

Pressure build-up load Wx = 4,000 lb.

Therefore total load on ligament area, PTOTAL

PTOTAL = PIMPACr + FSr, + WPhS

= 90,225 + 2,400 + 4,000
= 96,625 lb.
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Shear stress in the ligament zone, -

X=ApATruaA Am

= 96,2251[16 x (13/16)]
- 7,400 psi

SFsIKE-sBASED = allowable stress/applied stress
= 0.6 x UTS/ r
= 0.6 x 70,000/7,400
= 42,000/7,400
= 5.67

MSSMESS-BASED = SFsTEss.BAsED -1 = 5.67 -1 = 4.67
As the Margin of Safety (MS) > 0, the male flange as specified is acceptable.

6.2.6 Female Flange

See Figure 2.10.14-F53.
It is assumed that the joint between the female flange to the cavity liner (location B as per Figure 2.10.14-
F53) is the critical area in terms of failure mode. This weld joint is subjected to both axial and shear impact
forces in the top corner drop orientation of the package.

Area of the butt weld,
AwmE =r*D*t*0.7
AwEwD =* 15.284 * 0.5 *0.7
AwEw = 16.8in 2

Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
P1MPACrAxLAL = weight of plug and contents x deceleration G-load

= &Cmnwu x 136 cos 53.50
= l,l lS x 136 x 0.595
= 90,225 lb.-

Gasket seating load, Fs8 2,400 lb.

Pressure build-up load Wft 4,000 lb.

Therefore total load on 16 bolts, PryTA:

PTOrAL = PIMPACr + FsO + Wpftg
= 90,225 + 2,400 + 4,000
= 96,625 lb.

Stress in the weld, cyWEm
OWELD = PToTrA/AwED

= 96,625 lbJ16.8 n2

= 5,750 psi
For weld with 100% joint efficiency (fiully radiographed weld joint)
SFsTESSBASED = Allowable stress/applied stress

= UTS/c-

= 70,000/5,750
- 12.28 :

MSmwS.sBASED =SFsTREs.BAsED -1 = 12.28-1 = 11.28
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Based on deceleration load of 136 g's in the top drop orientation, the applied load on the bolts,
PmAcr (SHAR) = weight of plug & contents x transverse component of deceleration G-load

= WpLuG&cONFTJfs x 136 sin 53,50
= 1,115 x 136 x 0.804
= 121,800 lb.

Gasket seating load, Fsr = 2,400 lb.
Pressure build-up load Wpug = 4,000 lb.
Therefore total load on 16 bolts, PTOTAL

PToTAL = PwAcr(sHEAR) + Fsr, + Wpws
= 121,800 + 2,400 + 4,000
= 128,200

Shear stress in the weld, TrwaE

TWgo = PTO'/AwRw
= 128,200 lb./16.8 in2

= 7,630 psi
For weld with 100% joint efficiency (fully radiographed weld joint),
SFsussBsASED = allowable stress/applied stress

= 0.6 x UTS/d
= 0.6 x 70,000/7,630
=5.4

MSSTRESS.BASED = SFStESS.BASED

= 5.4 - 1
=4.4

As the Margin of Safety (MS) > 0, the female flange as specified is acceptable.

6.2.7 Stripping of Internal Threads of Bolt Hole Under Impact Load

See Figure 2.10.14-F54.
What stresses can the internal threads of the bolt hole in the female flange of the bolted closure withstand
without stripping? Effective thread area per bolt hole = 1.44 in2.

Based on deceleration load of 136 gas in the side oblique drop orientation, the applied load on the bolts,
P"ACrAxUAL = weight of plug and contents x Deceleration G-load

= WpLWu&o hNT X 136 cos 53.5
= 1, 15x 136x0.595
= 90,225 lb.

Gasket seating load, FsG = 2,400 lb.
Pressure build-up load Wpl, = 4,000 lb.
Therefore total load on 16 bolts, PTorAL

PTOTAL = PWmACr + Fs5 + Wpg
= 90,225 + 2,400 + 4,000
= 96,625 lb.

Shear stress in the bolt hole threads, s

X PTAL/ABOLT HOLE THEAS

= 96,625/[16 x 1.44]
= 4,195 psi.
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For stripping of bolt hole threads, the safety factor and margin of safety are:

SFsnwsSED = allowable stress/applied stress
= 0.6 x UTS/t
= 0.6 x 70,000/4,195
= 42,000/4,195
= 10.01

MSMUSS-Bss>8AM= SFsTREss-BASE D

= 10.01 -1

=9.01
As the Margin of Safety (MIS) > 0, the design of the internal threads of the bolt hole is acceptable.

6.2.8 Container Welds

See Figure 2.10.14-F55.
In the top comer drop orientation, the weight of the lead shielding is segmented into four zones: WI, W2,
W3, W4 respectively.

The weight WI acts directly on the bottom plate cavity and affects cavity buckling.

The weight W2 acts directly on the off-set flange between upper and lower cavity and affects buckling of
upper cavity.

The weight W3 is directly acting on the container female flange and weld joints WCC1, WCC2, WCC7 and
WF respectively.

The weight WI is directly acting on the container conical head and weld joints #WCC3 and WF.

Therefore, collectively, welds WCC1, WCC2, WCC3, WCC7 and WF resist the impact of weight W3 &
W4 in top comer drop orientation. Not all the weight W3 and W4 is directly impacting the welds due to load
sharing by inner shell cavity assembly.

The estimate of weights WI, W2, W3, W4 is given here:
WI = 566 lb.
W2 = 950 lb.
W3 = 5,695 lb.
W4 = 5,514 1b.

Step #1
Calculate the axial impact load due to W3 and W4.

The cumulative impact load on welds WCC1, WCC2, WCC3, WCC7 and WF due to the deceleration load of
13 6g's is PzNAaAxUAL

= [W3+W 4 ] x 136 g's cos 53.5°
= [5,695 +5,514 ] x 136 x 0.595
= 0.907 x 106 lb.

Step #2
Calculate weld areas.
Weld designated WCCl: - Area A 1 fj, 2iC x 11.812 x 0.5 x 0.707 = 26.23 in2

Weld designated WCC2: Area A 2l S= 21 x 12.812 x 0.5 x 0.707 = 28.46 in2

Weld designated WCC3: Area A 3 .f 2ic x 17.500 x 0.5 x 0.707 = 38.87 in2

Weld designated WCC7: Area A 7 ,, 2n x 7.392 x 0.5 x 0.707 = 16.42 in2

Weld designated WF: Area AWF = 114.5 in2
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AWF = No. of fins x no. of fillet welds x thickness of weld x length of weld x 0.707
= 18 x 2 x 0.375 x 12 x 0.707 = 114.5 m 2

There are 36 fins at the top of the container, however, in the top comer drop orientation it is assumed that
only 18 fins to outer container shell welds are effective.

The collective effective area of welds, inclusive of joint efficiency, is
A = III x A1,,k=da,, + 11I X AZdi, + T12 x A3,xf, +

112 XA7cnftU + 11I X AWF
A =0.8x26.23+0.8x28.46+1.0x38.87+ 1.0x16.42+0.8x 114.5
A = 190.6 it 2

Step #3
Calculate average stress in the weld due to axial component
The average tensile stress on the welds WCC1, WCC2, WCC3, WCC7 and WF is

CYAVG = PIMpACT AJmiJA
= 0.907 x 106 1b1190.6 i 2

= 4,760 psi
The average stress in the welds is well above the yield stress of 25,000 psi for ss3O4L parent metal and
below static UTS of 70,000 psi.

Step #4
Calculate the radial impact load due to W3 and W4 .

The cumulative impact load on welds WCC1, WCC2, WCC3, WCC7 and WF due to deceleration load of
136 g's is PIMAcrAxILA = [W3 + W4] x 136 g's sin 53.50

= [5,695 + 5,514] x 136 x 0.804
= 1.226 x 106 lb.

Step #5
Calculate average shear stress in the weld due to transverse component
The average shear stress on the welds WCCI, WCC2, WCC3, WCC7 and WF is

TAVG. = PUVWACrMhANSVERE/A
= 1.226 x 106 b1190.6 in2

= 6,432 psi.

Combine the tensile and shear stresses to obtain the principal stresses.
/= a2 ± 4(a/2)2+ ' 2]

4,760/2+ ±4t(4,760/2) + (6,432)2]
- 2,380 ± 6,858
= 9,238 or

02 = -4,478 psi

Safety Factor, SFSTRss-BAsED = allowable stress/applied stress
= 70,000/9,238
=7.5

Margin of Safety MSsTREsssBASm = SFmSREssfBAsED - 1 =7.5-1 = 6.5
As the Margin of Safety (MS) > 0, the container welds as specified are acceptable.
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6.2.9 Container Top Flange

See Figure 2.10.14-F56.

In this model, the container top flange plate is under external applied pressure as a result of impact. The
applied pressure acts on the container top flange and the conical shell.

Based on 136 cos 53.5° = 136 x 0.595 = 81 g's deceleration load axial component, the applied pressure on
the container top flange is

p =weight of lead x Sl g's/ARw oFL&AI
= + W2 + W3) x 81/ir x (10.52 - 7.8922)]
= (566 + 950 + 5314) x 81/150.7
= 6,830 x 81/150.7
= 3,671 psi

Is 1.5 in. thick stainless steel plate (ring flange) strong enough to resist 3,671 psi maximum applied
pressure?

For stainless steel (ss3O4L) A-240, the material properties are:
Yield Stress (YS) = 25,000 psi.
Ultimate Tensile Strength (UTS) = 70,000 psi.

Case 77, Table X, Ref. [4].
Sr wele

where
Sr = maximum radial stress

= constant depending upon a/b - 10.5/7.892 = 1.33, J = 0.03
So - =p=appliedpressure = 3,671 psi
t =tickness ofring flange = 1.S in.
a =10.5 in.nng flange outside radius
b = 7.892 in. ring flange inside radius
Sr = i`/X
Sr = 0.03 x 3,671 x 10.52/1.52
Sr 5,400 psi.

Safety Factor, SFsrmssasw = allowable stress/applied stress
= static JTS/5,400
= 70,000 psi/5,400 psi
= 12.96

Margin of Safety, MSsmEssBAsED = SF - I = 12.96 - = 1 1.96

The maximum stress in the ring flange sr = 5,400 psi, which is below YS of 25,000 psi and below UTS of
70,000 psi. As the Margin of Safety (MS) > ), the ring flange will not deform permanently.

6.2.10 Effect of Peak force on the SS Shell Directly Under the Foot of the Lift Lug Fin

See Figure 2.10.14-F-57.
There are four (4) lift lug fins on the F-294. Underneath the base of each of the lift lug fins, there are the
following compon ts:

* a 1.0 in. thick reinforcement base plate (pad) (material ss304)
* a secondary conical shell 0.5 in thick (material ss3O4)
* 0.38 in. thick thermal insulation
* a primay conical shell of the lead cask (material ss3O4L)
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The 0.5 in. thick ss shell is reinforced with a pad approximately 1.0 in. thick x 6.75 in. wide at top x 7 in.
height x 9.5 in. wide at bottom. After the side comer drop, the crush shield displaces (moves) down by 5 in.
The lift lug tip is not only recessed 7 in from top of the non-deformed crush shield, but is also located
between the crush shield fins so that the lift lug's impact is marginally delayed. However the 0.5 in thick
container fins (qty = 2) adjacent to the lift lug fin are definitely impacted prior to the lift lug fin. The impact
load on the container fins has been estimated:

P p = F-294 weight x G-load
=21,000 x 136
=2.856 x 106 lb.

The (bearing) compressive load on the secondary conical shell wall at the base of the lift lug fin is
computed as follows:

aic = Peak force/effective secondary conical shell area under compression
=P ,a/A

= [2.856x 106Y(10.52 x 11)
= [2.856x 106Y 15.7
= 24,680 psi.

Safety Factor, SFSTEss.BAsED = allowable stress for secondary shell ss304/applied stress
= static UTS/24,680
= 75,000 psi/24,680 psi
= 3.03

Margin of Safety, MSSTRESSBASED= SF - 1 = 3.03 - 1 = 2.03

Since the maximum stress a, = 24,680 psi in the container secondary conical shell wall is less than the
yield stress of 30,000 psi and static ultimate compressive stress of the secondary conical dished head
(material ss304 UTS = 75,000 psi), the container reinforced wall will not rupture (dynamic). The container
wall at the foot of the lift lug fin, will not be deformed plastically. It must be noted that the estimated stress
and the deformation of the container wall are based on instantaneous "peak force" and load sharing has
been ignored and therefore they are fairly conservative. As the secondary conical shell takes most of the
impact, the container primary conical shell wall is protected by the secondary conical shell. Therefore the
structural integrity of the primary conical shell is sound. As the Margin of Safety (MS) > 0, the design
feature of the reinforcement around the base of the lift lug fin is acceptable.

6.2.11 C-188 Sealed Source Under Top Corner Impact

The case of the C-188 sealed source capsule under top comer impact is presented here. The model chosen
to represent this case is given in Figure 2.10.14-F58. The effective G-load in the cavity of F-294 is 136 g's.
Therefore the stress developed in the capsule outer shell only will be due to the mass of the entire C-188 at
136 g's. The weight of C-188 is Wc.1ss = 230 grams = 0.51 lb.

The support reaction PAALj. due to 136-g level is:
PAjxLk = -Wc.iss x G-load axial component = -0.51 x 136 cos 53.5° = 0.51 x 136 x 0.595 lb.

=41.3 lb.
The axial stress for this condition is given by:

PamL = PIAv& m

= 41.3/(X/4 (0.3762 - 0.3382))
= 41.3/0.0213
= 1,940 psi.

PTRANSVERSE = -Wc.iss x G-load transverse component = -0.51 x 136 sin 53.5° = 55.8 lb.
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The transverse stress for this condition is given by:
=PMLANSVIRSE/Aot. sdl.Inm. waf

=55.8/Qr/4 (0.3762 - 0.3382))
= 55.8/0.0213
=2,620 psi.

Combine the compressive and shear stresses to obtain the principal stresses.-
ai =t2± d(qt2)2+'

=1,940/ ±'i[(1,940/2)2 + (2,640)2]
=970 ± 2,794
=3,764 or

~ -1,824 psi

Safety Factor (SF) = allowable stress/applied stress
= UTS for ss3l6L at 8360F/applied stress
= 60,000 psi/3,764 psi
- 15.4

Margin of Safety SF - I = 15.4-1 =I14.4

The yield stress of ss3l6L at 836 IF = 16,000 psi. [Ref. [26]]

As the maximum principal stress (3,764) < Yield Stress (16,000 psi), the tube shall not yield in the top
comner drop nor fracture (dynamic) as the maximum principal stress 3,764 psi < static UTS of
60,000 psi.

Let us, examine the C-i 88 sealed source capsule under end impact for buckling. The model chosen to
represent this case is shown in Figure 2.10. 14-F46. The ends of the capsule are free to rotate, translation
is fixed because the ends of the C-188 are trapped between the bottom plate of the F-313 sorecarrier
and the shield plug. Any restraining of the C- 188 sealed source capsule by intermediate spacer plates of the
F-3 13 or F-457 source holder has been ignored. Any additional restraining by the inner capsule of C-i1 88
has also been ignored.

The critical buckling load (Euler load) is given by

PC, E/k]
where

E = modulus of elasticity = 23.8 x 106 psi at 8360 F
I = 2nd moment of area = 7r/64 (0.376' - 0.326~) = 4.335 x I W4 in4 .

1 = length of the column = 17.777 -0.9 = 16.877 in.
k =effective length factor, dependent of the conditions of fixity of the column.

In this case, the column is free to rotate i.e., hinge i.e., zero moment reaction, but translation
is zero. Therefore the column end condition code is "pin-jointed and fixed ed.In this case,
K = 1.2 (Ref. [24] CISC Handbook 1967).

Therefore
Plj =iex 23.8 x 10 6 x4.267 x l0e/(l.2 x 16.874

=245 lb.
The weight of the C-188, WC.in= 0.51 lb.

Therefore theG(-load in the cavity which may initiate buckling of C-188:
P"~Acr =G-load axial component x Wc.1,,s

= 136 x cos 53.50 x 0.51
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ForC-188, as the applied impact load PIMACr (41.3 lb.)< the critical buckling loadP,(245 lb.), the C-188 shall
not be subject to buckling. Factor of Safety (FS) = 245/41.3= 5.93
As the Factor of Safety (FS) > 1, it is concluded that the C-1 88 sealed source will not yield or buckle in the
side oblique corner drop impact. It must be noted that the C-1 88 source is a Special Form source and meets
10 CFR Para.71.77; therefore C-188 provides the leaktight containment. For C-188, the USNRC source
registration number is NR-222-S-103-S (see Chapter 4, Appendix 4.4.2).

6.3 SUMMARY OF SIDE OBLIQUE CORNER DROP ANAL YSIS

1. For F-294 the g-load in the side oblique drop orientation is 136 g's (measured).
2. The following components of the F-294 package were stress analyzed; the corresponding stresses

or loads, Safety Factors (SF) and Margins of Safety (MS) are listed here:
Plug

Stress (psi) SF MS

- bolts: avg. bolt stress 23,660 7.6 5.6

- male flange shear stress 7,400 5.67 4.67

- female flange-tension, weld 5,750 12.28 11.28
(WCC7)
- female flange-shear, weld 7,630 5.4 4.4
(WCC7)
- stripping bolt hole, shear 4,195 10.01 9.01

Container
Stress (psi) SF MS

- weld group WCCI, WCC2, 9,238 7.5 6.5
WCC7, WCC3, WF

- lower cavity tube (buckling) 5,600 12.5 11.5

- lower cavity tube end cap 17,540 5.7 4.7

- container top flange 5,400 12.96 11.96

- ext. secondary conical shell, 24,680 3.03 2.03
local area under lift lug
- weld, cavity end cap/tube 3,630 11.5 10.5
(WCC6)

In the side oblique corner 30-ft drop of F-294, for all the components in the container and the
closure plug, the margin of safety is greater than 0. Consequently there will be no ductile failure
of the components in the container and the closure plug.
Therefore the structural integrity of
* the ss3O4L envelope surrounding the lead shielding in the plug AND
* the ss3O4L envelope surrounding the lead shielding in the container body

is sound and there are no cracks; thus the lead does not have potential leak paths to escape in a
scenario of lead melt. In addition, it is shown that lead would not melt in the F-294 lead-cas in a
regulatory fire test of F-294.(see Chapter 3 for details).
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3. The closure plug bolts will not shear under 136 g's deceleration loads. Consequently, the closure
plug shielding will be in place over the inner shell assembly which houses the C-188 Special Form
sealed sources

4. Thermal protection: The top comer of the cylindrical fireshield will be displaced towards the
container cavity. The top fireshield, which is integral with the crush shield, shall be displaced
toward the top closure plug. The conical shell is double wall construction and the space is filled
with thermal insulation. In all three (3) zones, the thermal insulation shall be compressed locally
but there shall be no loss of thermal protection.

5. C-188 sealed source: the C-188, in a side oblique corner impact, has been demonstrated to
withstand the deceleration load of 136 g's in the F-294 cavity. The C-188 is not likely to yield
nor buckle. It must be noted that the C-188 source is a Special Form source and meets 10 CFR
Para.71.77; therefore C-188 provides the leaktight containment. For C-188, the USNRC source
registration number is NR-222-S-103-S (See Chapter 4, Appendix 4.4.2).
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Figure 2.10.14-F47
F-294 in Side Oblique Corner Drop Impact
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Figure 2.10.14-F48
Lower Cavity Tube under Impact Load
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Figure 2.10.14-F49
Lower Cavity Tube under Eccentric Loading
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Figure 2.10.14-F50
Lower Cavity Tube End Cap under Impact Load
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Figure 2.10.14-F1 1
Plug Bolts under Impact Load
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Figure 2.10.14-F52
Plug Flange under Impact Load
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Figure 2.10.14-F54
Stripping of the Bolt Hole in the Closure Flange
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Figure 2.10.14-F55
Container: Identification of Welds
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Figure 2.10.14-F56
Container Flange under Impact
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Figure 2.10.14-F57
Container Shell under the Base of Lift Lug Fin

-4-

0-

IN/fR 930) F294, Revision 4 -Appendix 2.10.14 Page 107- .h4y 2003
INITR 9301 F294, Revision 4 -Appendix 2.10.14 Page 107 - July2003



Chapter 2

Figure 2.10.14-F58
C-188 in Side Oblique Corner Drop
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7. SUMMARY

7.1 TOPEND DROPANALYSIS

1. The highest measured G-load for the F-294 subjected to 30-ft. free drop test in the top end
(inverted) drop orientation, is 132 g's.

2. Using 132 g's deceleration load at the crush shield/container impact point, the following
components of the F-294 package were stress analyzed; the corresponding stresses or loads,
Safety Factors (SF) and Margins of Safety (MS) are listed here:

Closure Plug
'Stress (psi) SF MS

- bolts: avg.- bolt stress 17,420 10.33 9.33

-male flange shear stress I11,820 3.55 2.55
-female flange - WCC7 weld 9,150 7.65 6.65

- stripping bolt hole, shear 6,670 6.29 5.29

- welds WPCI 10,438 6.7 5.7

Container

Stress (psO SF MS

- weld group WCC1, WCC2, WCC7, 5,243 8.01 7.01
WCC3 and WF-
- lower cavity tube (buckling) 3,130.0 3,129.0

- lower cavity tube end cap 28,683 3.48 2.48
- upper cavity tube (buckling) 232,000O 231,R99.0

- upper cavity tube ring flange 8,346 8.38 7.38

- container top flange 5,280 13.2 12.2
- ext reinforced secondary conical 12,184 5.74 4.74
shell, local region under lift lug

The major changes are:
1. Lower cavity end plate thickness from 0.5 in. to 0.75 in. thick.
2. The lift lug fin material & base region modified
3. A secondary conical shell at the top of the container.
4. The rei nt plate underneath the lift lug fin from 0.5 in. to 1.0 in.

In the top end 30-ft free drop test of the F-294 in top end (inverted) drop orientation, for the
components identified in the closure plug and the container, all Safety Factors, SFs > 1 and
Margin of Safety, MS > 0. The margin of safety is based on static UTS. The most vulnerable
zones are:

* male flange of the closure plug
* lower cavity tube end cap.

However, there will not be ductile failure of the above two (2) vulnerable F-294 components.
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Therefore the structural integrity of:
* the ss304L envelope surrounding the lead shielding in the closure plug AND
* the ss304L envelope surrounding the lead shielding in the container body

is sound and there are no cracks; thus the lead shielding does not have potential leak paths in a
scenario of lead melt.

3 The closure plug bolts will not shear under 132 g's deceleration loads. Consequently, the closure
plug shielding will be in place over the inner shell assembly which houses the C-188 Special Form
sealed sources.

4. The thermal protection is sound. No damage or loss of thermal protection.
5. Under 132-gs deceleration load in the cavity, the direct stresses in C-188 are well below the yield

stress. The C-188 sealed source will not buckle. C-188 sealed source is classified Special Form
meeting the 10 CFR 71.77 requirements; therefore C-188 provides the leaktight containment
despite the fact that it deforms permanently under Special Form tests. The USNRC source
registration number for C-188 is NR-222-S-103-S (see Chapter 4, Appendix 4.4.2).

6. At a location opposite to the impact point, the amount of lead slump is expected to be negligible
as all the impact energy is absorbed by the crush shield and container fins and a very small
magnitude, if any, is absorbed by the lead shielding. For purposes of post hypothetical shielding
evaluation tests, lead slump of 1.4 in. is used. The radiation shielding calculations are presented
in Chapter 5, Section 5.4.

7.2 BOTTOM END DROP ANALYSIS

I Based on actual F-294 drop test in the top end (inverted) orientation, the highest measured G-loads
in the F-294 plug location is 132 g's. Therefore, based on test data of similar package, the G-load
in the bottom end drop orientation of F-294 is expected to be 132 g's.

2. Based on 132 g's deceleration loads, the following components of the F-294 package were stress
analyzed; the corresponding stresses or loads, Safety Factors (SF) and Margins of Safety (MS) are
shown below:

Container
Stress (psi) SF MS

-weld WCC4, WCC5 & WF1 4,960 8.46 7.46
Fixed skid assembly

- top plate (ss304) 4,830 15.52 14.52

- bottom plate (A-36) 22,700 2.55 1.55

- channel (bottom flange) 107,000 0.54 -0.46

The margin of safety of F-294 components with the exception of the skid assembly, based on static
UTS, is greater than 0. Consequently there will be no ductile failure of the shell of the container.
Therefore the structural integrity of both
* the ss304 envelope surrounding the lead shielding in the plug AND
* the ss304 envelope surrounding the lead shielding in the container body
is sound (i.e. no cracks); thus the lead shielding does not have potential leak paths in a scenario of
lead melt. The structural integrity of the lead shielded cask is sound.
Even though it is shown that the top and bottom plates of the skid assembly are not likely to yield,
the top plate and the bottom plate of the skid assembly may deform permanently due to interaction
of impact forces transmitted via structural channels. Consequently the fixed skid assembly is likely
to deform like a "dished head". The channel flange will deform significantly to the point it will
fracture.
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3. No loss of thermal protection. The bottom thermal protection (44 x 44 plate), within the fixed skid
plates, may be deformed like a "dished head" but not lost as the fixed skid is welded extensively to
the container bottom fins (qty = 36 fin #6 and qty = 9 fin #7). The thermal insulation sandwiched
between top and bottom plates will remain in place even though the skid plates may deform.
-Consequently, for the ensuing fire test, the thermal protection shall remain in place to protect
the lead cask in the fire test.

4. C-188 sealed source is classified Special Form meeting the 10 CFR 71.77 requirements; therefore
C-188 provides the leaktight containment. The USNRC source registration number for C-188 is
NR-222-S-103-S (see Chapter 4, Appendix 4A.2).

5. At a location opposite to the impact point, the amount of lead slump is expected to be negligible
as all the inact energy is absorbed by the shipping skid, the fixed skid and container fins and a
very small magnitude, if any, remains to be absorbed by the lead shielding. For purposes of post
hypothetical shielding evaluation tests in the bottom drop orientation of F-294, lead slump of
1.4 in. estimated for the top end drop orientation of F-294 shall be used. The radiation shielding
calculations are presented in Chapter 5, Section 5.4.

7.3 SIDEDROPANALYSIS

1. Based on tests of similar packages, it is estimated that the G-loads in side drop can be 136 g's.
2. Based on 136 g's deceleration load, the following components of the F-294 package were stress

analyzed, the corresponding stresses or loads, Safety Factors (SF) and Margins of Safety (MS)
are listed here:

Plug
Stress (si) SF MS

- Bolts, shear 7,720 psi 14.0 13.0

-Cylindricalbody,bearing 501 psi 139.7 138.7

-Weld WPCI 10,320 psi 4.07 3.07

Container
Stress (ps) SF - MS

I

- weld group WCC1, WCC2, WCC3, 4,105 10.23 9.23
WCC4, WCC5, WCC7 and WFl

- lowr cavity tube (buckling) 37.4 36.4

- ext shell,nLdercoolingfin 5,170 13.53 12.53

Other components
Shipping skid to fixed skid bolts will shear.
In the side drop, the three (3) most vulnerable zones are:
* bolts fastening the s ing sldd to the fixed sldd
* plug weld WPCl
* continer shell ext welds
It is expected that the bolts fastening the shipping skid to the fixed skid will shear. In the case of
the closure plug welds the margin of safety, based on static LTS is greater than 0. Consequently,
it appears that this will not lead to the ductile failure of the plug welds nor the container external
shell welds. Therefore the structural integrity of:
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* The ss304 envelope surrounding the lead shielding in the plug is sound and there are no cracks;
thus the lead shielding does not have potential leak paths in a scenario of lead melt.

* The ss304 envelope surrounding the lead shielding in the container body is sound and there are
no cracks; thus the lead shielding does not have potential leak paths in a scenario of lead melt.

* The closure plug bolts will not shear under 136 g's deceleration loads, consequently the closure
plug shielding will be in place over the inner shell assembly which houses the Special Form
C-188 sealed sources.

3. There is some damage to the thermal protection. The cylindrical fireshield is flattened by an area
approximately 44 in. long and 12 in. wide. The thermal insulation will be compressed, however
there is no loss of thermal protection.

4. The C-18 sealed source, in a side drop, is subjected to a maximum bending stress of 47,800 psi,
based on 1,000 g's deceleration load. The safety factor is 1.25 and the margin of safety is +0.25.
There is an additional margin of safety attributed to the design G-load of 1,000 g's versus G-load
of 136 g's in the F-294 cavity.
C-188 sealed source is classified Special Form meeting the 10 CFR 71.77 requirements; therefore C-188
provides the leaktight containment The USNRC source registration number for C-188 is NR-222-S-
103-S (See Chapter 4, Appendix 4.4.2).

5. Assuming 36% of the impact energy is absorbed by the container cylinder, the lead shielding and
the ends, the amount of lead shielding displacement (flattened) is expected to be 0.6 in., which
represents approximately 1.5 half-value layers of lead shielding for cobalt-60.

7.4 TOP CORNER DROP ANALYSIS

1. Based on data of similar tested packages, for F-294 the g-load in the top comer drop orientation is
expected to be of the order of 136 g's.

2. The following components of the F-294 package were stress analyzed; the corresponding stresses
or loads, Safety Factors (SF) and Margins of Safety (MS) are listed here:

Plug
Stress (psi) SF MS

- bolts: avg. bolt stress 20,200 8.91 7.91
- male flange shear stress 10,250 4.09 3.09

- female flange-tension, weld (WCC7) 7,930 8.82 7.82

- female flange-shear, weld (WCC7) 5,290 7.93 6.93

- stripping bolt hole, shear 5,780 7.26 6.26

Container
Stress (psi) SF MS

- weld group WCC1, WCC2, 8,855 7.90 6.90
WCC7, WCC3, WF

- lower cavity tube (buckling) 7,890 8.87 7.87

- lower cavity tube end cap 24,734 4.04 3.04

- container top flange 7,600 9.21 8.21

- ext. secondary conical shell, local area 24,680 3.03 2.03
under lift lug

- weld, cavity end cap/tube (WCC6) 5,110 8.21 7.21
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In the top corner 30-ft drop of F-294, for all the components in the container and the closure plug,
the margin of safety is greater than zero (0). Consequently there will be no ductile failure of the
components in the container and the closure plug.
Therefore the structural integrity of
* the ss3O4L envelope surrounding the lead shielding in the plig AND
* the ss3O4L envelope sumounding the lead shielding m the container body

is sound and there are no cracks; thus the lead does not have potential leak paths to escape in a
scenario of lead melt. In addition, it is shown that lead would not melt in the F-294 lead-cask in a
regulatory fire test of F-294.(see Chapter 3 for details).

3. The closure plug bolts will not shear under 136 g's deceleration loads. Consequently, the closure
plug shielding will be in place over the inner shell assembly which houses the C-188 Special Form
sealed sources

4. Thermal protection: The top corner of the cylindrical fireshield will be displaced towards the
container cavity. The top fireshield, which is integral with the crush shield, shall be displaced
toward the top closure plug. The conical shell is double wall construction and the space is filled
with thermal insulation. In all 3 zones, the thermal insulation shall be compressed locally but there
shall be no loss of thermal protection.

5. C-188 sealed source: the C-188, in a top corner impact, has been demonstrated to withstand the
deceleration load of 136 g's in the F-294 cavity. The C-188 is not likely to yield nor buckle. It must
be noted that the C-1 88 source is a Special Form source and meets 10 CFR Para.71.77; therefore
C-188 provides the leaktight containment. For C-188, the USNRC source registration number is
NR-222-S-103-S (See Chapter 4, Appendix 4.4.2).

7.5 SIDE OBLIQUE DROP ANALYSIS

For F-294 subject to 30-ft. free drop test, the safety factors and margin of safety of the F-294 components
in each F-294 drop test orientation are re-captured here.

1. For F-294 the g-load in the side oblique drop orientation is 136 g's (measured).
2. The following components of the F-294 package were stress analyzed; the corresponding stresses

or loads, Safety Factors (SF) and Margins of Safety (MS) are listed here:

Plug
Stress (psi) SF MS

- bolts: avg. bolt stress 23,660 7.6 - 6.6

- male flange shear stress 7,400 -5.67 4.67

- female flange-tension, weld (WCC7) 5,750 12.28 11.28

- female flange-shear, weld (WCC7) 7,630 5.4 4.4

- stipping bolt hole, shear 4,195 10.01 9.01
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Container
Stress (psi) SF MS

- weld group WCC1, WCC2, 9,238 7.5 6.5
WCC7, WCC3, WF

- lower cavity tube (buckling) 5,600 12.5 11.5

- lower cavity tube end cap 17,540 5.7 4.7

- container top flange 5,400 12.96 11.96

- ext. secondary conical shell, 24,680 3.03 2.03
local area under lift lug

- weld, cavity end cap/tube (WCC6) 3,630 11.5 10.5

In the side oblique comer 30-ft drop of F-294, for all the components in the container and the
closure plug, the margin of safety is greater than zero (0). Conseqently there will be no ductile
failure of the components in the container and the closure plug.

Therefore the structural integrity of
* the ss304L envelope surrounding the lead shielding in the plug AND
* the ss3O4L envelope surrounding the lead shielding in the container body
is sound and there are no cracks; thus the lead does not have potential leak paths to escape in a
scenario of lead melt. In addition, it is shown that lead would not melt in the F-294 lead-cask in a
regulatory fire test of F-294.(see Chapter 3 for details).

3. The closure plug bolts will not shear under 136 g's deceleration loads. Consequently, the closure
plug shielding will be in place over the inner shell assembly which houses the C-188 Special Form
sealed sources

4. Thermal protection: The top comer of the cylindrical fireshield will be displaced towards the
container cavity. The top fireshield, which is integral with the crush shield, shall be displaced
toward the top closure plug. The conical shell is double wall construction and the space is filled
with thermal insulation. In all 3 zones, the thermal insulation shall be compressed locally but there
shall be no loss of thermal protection.

5. C-188 sealed source: the C-188, in a side oblique comer impact, has been demonstrated to
withstand the deceleration load of 136 g's in the F-294 cavity. The C-188 is not likely to yield nor
buckle. It must be noted that the C-188 source is a Special Form source and meets 10 CFR
Para.71.77; therefore C-188 provides the leaktight containment. For C-188, the USNRC source
registration number is NR-222-S-103-S (See Chapter 4, Appendix 4.4.2).

8. CONCLUSIONS

8.1 The highest measured G-loads of the full scale F-294, subjected to 30-ft free drop tests are:
1. top end drop orientation: G = 136 g's
2. side oblique drop orientation: G = 132 g's

8.2 The stress analysis of the F-294, in all drop test orientations, demonstrate that adequate safety
factors and margins of safety exist such that the integrity of the stainless steel envelope around the
lead shielding is sound.

8.3 The stress analysis of the F-294, in all drop orientations, demonstrate the closure plug will remain
fastened to the container of the F-294 package and the structural integrity of C-188 sources is
sound. Therefore it is demonstrated that the containment system integrity is sound.

8.4 The results of the actual F-294 drop tests as presented in Chapter 2, Appendix 2.10.12 substantiate
the stress analysis presented in Chapter 2, Appendix 2.10.14.
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