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APPENDIX 2.10.2

NUHOMS®-MP197 CASK LID BOLT ANALYSIS 

2.10.2.1 Introduction 

This section evaluates the ability of the transport cask closure to maintain a leak tight seal under 

normal and accident conditions. Also evaluated in this section, are the bolt thread and internal 

thread stresses, and lid bolt fatigue. The stress analysis is performed in accordance with 

NUREG/CR-6007 [1].  

The NUHOMS®-MP197 cask lid closure arrangement is shown in Appendix 1.4, Drawing 1093

71-7. The 4.5 inch thick lid is bolted directly to the end of the containment vessel flange by 48 

high strength alloy steel 1.50 inch diameter bolts. Close fitting alignment pins ensure that the lid 

is centered in the vessel.  

The lid bolt is shown in Appendix 1.4, Drawing 1093-71-7. The bolt material is SA-540 Gr. B24 

class 1 which has a minimum yield strength of 150 ksi at room temperature [2].  

The following ways to minimize bolt forces and bolt failures for shipping casks are taken 

directly from NUREG/CR-6007, page Xiii [1]. All of the following design methods are employed 

in the NUHOMS®-MP197 cask closure system.  

"* Protect closure lid from direct impact to minimize bolt forces generated by free drops. (use 

impact limiters) 

"* Use materials with similar thermal properties for the closure bolts, the lid, and the cask wall 

to minimize the bolt forces generated by fire accident 

"* Apply sufficiently large bolt preload to minimize fatigue and loosening of the bolts by 

vibration.  

"* Lubricate bolt threads to reduce required preload torque and to increase the predictability of 

the achieved preload.  

"* Use closure lid design which minimizes the prying actions of applied loads.  

"* When choosing a bolt preload, pay special attention to the interactions between the preload 

and thermal load and between the preload and the prying action.
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The following evaluations are presented in this section:

"* Lid bolt torque 
"* Bolt preload 
"* Gasket seating load 
"* Pressure load 
"* Temperature load 
"* Impact load 
"* Puncture load 
"* Thread engagement length evaluation 

"* Bearing stress 
"* Load combinations for normal and accident conditions 

"* Bolt stresses and allowable stresses 
"* Lid bolt fatigue 

The design parameters of the lid closure are summarized in Table 2.10.2-1. The lid bolt data and 

material allowables are presented in Tables 2.10.2-2 through 2.10.2-4. A maximum temperature 

of 200'F is used in the lid bolt region during normal and accident conditions. The following load 

cases are considered in the analysis.  

1. Preload + Temperature Load (normal condition) 

2. Pressure Load + 1 Foot Drop (normal condition) 

3. Pressure + 30 Foot Comer Drop (accident condition) 

4. Pressure + Puncture Load (accident condition) 

2.10.2.2 Bolt Load Calculations 

Symbols and terminology used in this analysis are taken from NUREG/CR-6007 [1] and are 

reproduced in Table 2.10.2-1.  

2.10.2.2.1 Lid Bolt Torque 

A bolt torque range of 1,440 to 1,510 ft. lb. has been selected. Using the minimum torque, 

F, = QIKDb = 1,440x12/(0.1x1.500) = 115,200 lb., and 

Preload stress = Fa / Stress Area (Table 2.10.2-2) = 115,200/1.404 = 82,050 psi.  

Using the maximum torque, 

F, = QIKDb = 1,510x121(0.1x1.500) = 120,800 lb., and 

Preload stress = F, / Stress Area (Table 2.10.2-2) = 120,80011.404 = 86,040 psi.
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2.10.2.2.2 Bolt Preload ([1], Table 4.1) 

For the maximum torque of 1,510 ft. lb., 

Fa = 120,800 lb., and 

For the minimum torque of 1,440 ft. lb., 

Fa = 115,200 lb., and 

Residual torsional moment for minimum torque of 1,440 ft. lb. is, 

Mtr= 0.5Q =.5(1,440x12) = 8,640 in. lb.  

Residual torsional moment for maximum torque of 1,510 ft. lb. is, 

Mir= 0.5Q =.5(1,510x12) = 9,060 in. lb.  

Residual tensile bolt force for maximum torque, 

Far= Fa = 120,800 lb.  

2.10.2.2.3 Gasket Seating Load 

Since an elastomer o-ring is used, the gasket seating load is negligible.  

2.10.2.2.4 Pressure Loads ([1], Table 4.3) 

Axial force per bolt due to internal pressure is 

2( Ph -) 
F, = Dp 

4 Nb 

Dig for outer seal (conservative) = 69.873 in. Then, 

;z(69.873 2 )(50 - 0) =3,994lb.bolt.  
a = 4(48) 

The fixed edge closure lid force is, 

DP (Pn, - Ph) = 72.31(50) - 9041b. in.-.  
Ff= 4 4
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The fixed edge closure lid moment is,

(P1i - P -,)D2 _ 50(72.312) -8,170in. lb. in 1.  
Mf= -32 32 

The shear bolt force per bolt is, 

F 7E~t, (pt, - p,)D.2 = n(27.8 x 106 X4.5X50X72.3 1)2 

2NbECtC(1-N.,) 2(48X27.6X10 6 X7.OX1-0.305) 

The lid shoulder takes this shear force, so that F, = 0.  

2.10.2.2.5 Temperature Loads 

From reference 4, the lid bolt material is SA-540, Type B24, class 1, 2Ni ¾Cr 1/3Mo. The Lid is 

made of SA-693 Type 630, or SA-705 Type 630, both of which are 17Cr 4Ni 4Cu. The Cask 

Flange is constructed from SA-182 Type FXM-19, which is 22Cr 13Ni 5Mn. Therefore, the 

bolts have a coefficient of thermal expansion of 6.7x10-6 in./in. °F- at 2000 F, the lid has a 

coefficient of thermal expansion of 5.90x10 6 in./in. OF- at 2000 F, and the flange has a 

coefficient of thermal expansion of 8.5x10"6 in./in. °F-1 at 2000 F [2].  

Fa = 0.25 7rDb2 Eb (al T1 - ab Tb) 

Fa = 0.25(nt)(1.5002)(27.1X106)[(5.90x10-
6)(130) - (6"7x10-6)(130)] = -4,981 lb.  

Even though the lid and flange are constructed from different materials, the shear force per bolt, 

F,, due to a temperature change of 1300 F is, 0 psi, since the clearance holes in the lid are 

oversized (1.69 in. diameter) allowing the lid to grow in the radial direction.  

F,=0.  

The temperature difference between the inside of the lid and the outside of the lid will always be 

less than one degree. Consequently, the resulting bending moment is negligible.  

Mf=0.
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2.10.2.2.6 Impact Loads ([1], Table 4.5)

The non-prying tensile bolt force per bolt, Fa, is, 

1.34 sin(xi)(DLF)(ai)(Wj + W.) = 1.34 sin(xi)(1. 1)(ai)(96,000) - 2,948(ai) sin(xi) lb./bolt.  

Fa =Nb 48 

Note: W1 + W, is conservatively assumed to be 96,000 lbs. [Actual weight from Section 2.2 = 

5,611 (lid) + 22,918 (basket and hold down ring) + 22,467 (canister) + 43,005 (fuel assemblies) 

= 94,001 lbs.] 

The shear bolt force is, 

cos(xi)(ai)(Wi) = 6,000(ai)cos(xi)lb./bolt.  
F, = Nb 48 

The lid shoulder during normal and accident condition drops takes shear force. Therefore, 

F,=0.  

The fixed-edge closure lid force, Ff, is, 

1.34sin(xi)(DLF)(ai)OVt +Wc) - 1.34sin(xi)(1.1)(ai)(9
6 ,000) = 622.9 sin(xi)(ai) lb. in."1 

Ff = ,rDib yr(72.31) 

The fixed-edge closure lid moment, Mf, is, 

1.34sin(xi)(DLF)(ai)(Wi +Wc) - 1.34sin(xi)(1.1)(ai)( 9 6 ,O0 0 ) -5,630sin(xi)(ai) in.lb~in-1 

M2f =81r 8Rev. 4/01 
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Normal Condition Loads 

Even though the 1 foot side drop is the only credible normal condition impact event, all 1 foot 

drop orientations are conservatively considered for the lid bolt analysis. Since the bolts are 

protected by the impact limiter during a 900 end drop, the worst case scenario is taken to be 

roughly a 600 C.G. over comer drop. From the impact limiter 1 foot normal condition analysis 

(Appendix 2.10.8, Table 2.10.8-13), the maximum axial g load for a 1 foot 60' comer drop is 5 

gs. Since the axial acceleration is used, xi is taken to be 900.  

ai = 5 gs, and xi = 90' 

Therefore, 

Fa = 2,948x5xsin(90°) = 14,740 lb./bolt, 
F, = 0 lb./bolt, 

Ff= 622.9x5xsin(900) = 3,115 lb./bolt, and 

Mf= 5,630x5xsin(90') = 28,150 lb./bolt.  

Accident Condition Loads 

The accident condition impact load is taken to be the axial acceleration due to a 30 foot, 600 

comer drop (Appendix 2.10.8). Since the axial acceleration is used, xi is taken to be 90'.  

ai = 34 gs, and xi = 900 

Therefore, 

Fa = 2,948 x 34 x sin(900) = 100,232 lb./bolt, 
F, = 0 lb./bolt, 

Ff= 622.9 x 34 x sin(90°) = 21,179 lb./bolt, and 

M1 = 5,630 x 34 x sin(900 ) = 191,420 lb./bolt.  

Puncture Loads ([1], Table 4.7): 

The non-prying tensile bolt force per bolt, F,,, is, 

- sin(xi)Pun 
Nb
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where,

0.75Z-D2bSYl 

Pun = The smaller of - 0.6nDPbtjSd 

~0.257rDpbS fb 

*Flow stress of puncture bar (45 ksi. for mild steel).  

10.751r(6 2)(106,300) = 9.017 x10 6 

= The smaller of 0.67r(6)(9.5)(14 0,O00) = 7.125x10 6 

r0.25;r(62)(45,000) = 1.272x 106 

=:>pun= 1.272 x 106 lb.  

The puncture force is greatest when xi = 90'. Conservatively neglect the protection provided by 

the impact limiter. Then, 

- sin(xi)1.272 x 106 
F. 4 -26,5101b.  

Since this force is negative (inward acting), the actual resulting bolt force, F. = 0, because the 

applied load is supported by the cask wall and not the lid bolts. The shear bolt force is, 

F, = cos(9O0 )Pun lb./bolt.  
Nb 

The lid shoulder during puncture takes shear force. Therefore, 

F,=0.  

The fixed-edge closure lid force, Ff, is, 

- sin(xi)Pun --sin(90')1. 2 7 2 x 106 -5,601lb.in~1.  

F zDgb 9(72.31) 

The fixed-edge closure lid moment, Mf, is, 

- sin(xi)Pun = - sin(90*)1.272 x 106 lb.in 1.  

4ir 4;r 
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LID BOLT INDIVIDUAL LOAD SUMMARY 

Non-Prying Torsional Prying 

Applied Tensile Moment, Prying Force, Moment, 

Load Force, Fa M, (in. lb.) Ff (lb.in."') Mf 
(lb.) (in. lb. in.-') 

Maximum 
Torque 120,800 9,060 0 0 

Residual 
Minimum 

Torque 115,200 8,640 0 0 

.•-tin ILoad 0 0 0 0

50 psig Internal

______________ I I

3,994 0 904

I ~ +

Preload 

Gasket 

Pressure 

Thermal 

Impact 

Puncture

-4,981 

14,740 

100,200

J I.

0

0 

0 

0

0

J __________ I __________ .1

0 

3,115 

21,180

-5,601

8,170 

0 

28,150 

191,400 

-101,250

Rev. 0 4/01

Load 
Case

300OF 

1 Foot Normal 
Condition Drop 

(5 gs) 
30 foot Accident 
Condition Drop 

(34 gs) 
Drop on six inch 

diameter rod
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2.10.2.3 Load Combinations ([1], Table 4.9) 

A summary of normal and accident condition load combinations is presented in the following 

table.

LID BOLT NORMAL AND ACCIDENT LOAD COMBINATIONS 

Non-Prying Torsional Prying 

Combination Description Tensile Moment, Prying Force, Moment, 
Force, Fa M, (in. lb.) Ff Qb.in."1) Mf 

(11 1 (in. b n.')

A.  

Preload + Maximum 
Temperature Torque 

(Normal B.  
Condition) Minimum 

Torque 

Pressure + Normal Impact 
(Normal Condition) 

Pressure + Accident.  

Impact 
(Accident Condition) 
Pressure + Puncture 
(Accident Condition)

115,800 

110,200 

18,730 

104,200 

3,994

9,060 

8,640 

0 

0 

0

0

0 

4,019 

22,080 

-4,697

0

0 

36,320 

199,600 

-93,080

Rev. 0 4/01

Load I
Case 

1.  

2.  

3.  

4.
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Additional Prying Bolt Force

Since the prying forces applied in load case 4 (pressure + puncture) acts inward, normal to the 

cask lid, an additional prying bolt force, Fap, is generated (Ref. 1, Table 2.1). No additional force 

is generated for the outward loadings however (load cases 1, 2, and 3), because of the gap 

between the lid and flange at the outer edge. Fap, is calculated in the following way.  

r 2M f -C j(B - f C2 B P 

.. 4~'-Lb (D~to-Dib) fC( 
St, Nb IC+C2 

where, 

CI~ 1E t2 (D10 - D1 j )Elf tj~ Lb 
Ci = 1, C2  D - N Djb NbDb f3(D; -Dtb;)u-N 

*Applicable for outward load only, for negative Mf, replace Dl, with Dn1.  

= 8 73 27.8 x10 6 (4.53) + (74.68- 68.42)(27.6 x 106 )(7.0)3( 2.27 lX106) =3(68.42_-72.31)2 1 --0•.3 ÷72.31 (48)(1.500*2)(27.110) 

= 0.607, 

B is the non-prying tensile bolt force, and P is the bolt preload. Since F, = 0, F, < P, and 

therefore B = P. Parameters B, P, Fj, and Mf are quantities per unit length of bolt circle. For the 

applied inward force, 

P = B = F"Nb - (110,200)(48) = 23,2801b. in.-1, 

;rDlb 7r(72.31) 

Mf = -101,250 in.lb. in.:I, and Fy= 0 lb. in.l.
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Therefore,

E 2(-101,250) 1(23,280-0)- 0.607(23,280-23,280)1 

Fw - Ir(72.31)) (68.42-72.31) ' 

48 { 1+0.607 

= 84,750 lb./bolt.  

It is observed that the additional tensile bolt force due to prying for the puncture is less than the 

accident impact force. The puncture is therefore not critical for bolt stress evaluation.  

Bolt Bending Moment ([1], Table 2.2) 

The maximum bending bolt moment, Mbb, generated by the applied load is evaluated as follows: 

__ n~ Kb f 

Mb ~ Nb )LKb + K, 

The Kb and K1 are based on geometry and material properties and are defined in NUREG/CR

6007 [1], Table 2.2. By substituting the values given above, 

Kb=(N, YE, YD: ( 48 Y27.1x10 6 Y3.557 x 105,and 

Tb h ý )-DL, 64 )~4.0L 72.31X64 E i 35 7x1~ n 

t 27.8X 106(4.53) 
KI Eti D/ 2 05)F) 2 

( )( - N Dl) D •0" (-74.68) 

-8.588 x 106 

Therefore, 

(yr72.31 3.557X10 5  .]M =0.1882Mf.  

Mb -, 4848 ,3.557x- +8.588x10 6 

For load case 2, Mf= 36,320 in. lb. Substituting this value into the equation above gives, 

Mb = 6,836 in. lb. / bolt.
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Bolt Stress Calculations ([1], Table 5.1)

2.10.2.4.1 Average Tensile Stress 

The bolt preload is calculated to withstand the worst case load combination and to maintain a 

clamping (compressive) force on the closure joint, under both normal and accident conditions.  

Based upon the load combination results (see Table LID BOLT NORMAL AND ACCIDENT 

LOAD COMBINATIONS on page 8), it is shown that a positive (compressive) load is 

maintained on the clamped joint for all load combinations. Therefore, in both normal and 

accident load cases, the maximum non-prying tensile force of 120,800 lb., from the maximum 

torque individual load case, is used. The temperature load is conservatively neglected since it 

tends to decrease the applied bolt load.  

Normal Condition 

DF 123120,800 

S, = 1.2732-f- = 1.2732 8 = 86,040 psi. = 86.0 ksi.  
ba 1.3372 

Accident Condition 

120,800 
S= 1.2732 1.'800 = 86,040 psi. = 86.0 ksi.  S• 1.3372 

2.10.2.4.2 Bending Stress 

Normal Condition 

6,836 
SO= 10.186 Mbb = 10.186 ' = 29,340 psi. = 29.3 ksi.  

Dba 1.337' 

2.10.2.4.3 Shear Stress 

For both normal and accident conditions, the average shear stress caused by shear bolt force F, 

is, 

SbS = O.  

For normal and accident conditions the maximum shear stress caused by the torsional moment 

MAis, 

Sb1 = 5.0932K-M- = 5.093 9,060 = 19,310 psi. = 19.3 ksi.  
Da 1.337'

Rev. 0 4/01
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2.10.2.4.4 Maximum Combined Stress Intensity 

The maximum combined stress intensity is calculated in the following way ([1], Table 5.1).  

Sb, = [(SM + Sbb) 2 + 4 (Sbs + Sbt) 2]0 '5 

For normal conditions combine tension, shear, bending, and residual torsion.  

Sbi = [(86,040 + 29,130)2 + 4 (0 + 19,310)2]105 = 121,500 psi. = 121.5 ksi.  

2.10.2.4.5 Stress Ratios 

In order to meet the stress ratio requirement, the following relationship must hold for both 

normal and accident conditions.  

R2+R2 <1 

Where Rt is the ratio of average tensile stress to allowable average tensile stress, and R, is the 

ratio of average shear stress to allowable average shear stress.  

For normal conditions 

Rt = 86,040/95,600 = 0.93 1, 

R, = 19,310/57,400 = 0.349, 

R' + R,' = (0.900)2 + (0.336)2 = 0.923 < 1.  

For accident conditions 

Rt = 86,040/115,500 =0.745, 

R, = 19,310/69,300 0.279, 

R, + R,2 = (0.745)2 + (0.279)2 = 0.633 < 1.  
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2.10.2.4.6 Bearing Stress (Under Bolt Head)

The maximum axial bolt force is 120,800 lb. The lid bolt head is a 2.25 inch diameter socket 

head. The diameter of the bolt hole in the NIJHOMS®-MP197 cask lid is 1.69 inches. Therefore 

the bearing area, A, under the lid bolt head is, 

A = (n/4)(2.252 - 1.692) = 1.733 in2.  

The bearing stress is, 

Bearing Stress = 120,800/1.733 = 69,706 psi. = 69.7 ksi.  

The allowable bearing stress on the lid is taken to be the yield stress of the lid material at 3000 F.  

The lid may be manufactured out of SA-693 TP630 or SA-705 TP630. The minimum yield 

strength of both materials at 3000 F is 101,800 psi.

2.10.2.5 Analysis Results

A summary of the bolt stresses calculated above is presented in the following table: 

SUMMARY OF STRESSES AND ALLOWABLES

Bearing (ksi) 
Allowable (ksi) 

(S. of lid material)

The calculated bolt stresses are all less than the specified allowable stresses.
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2.10.2.6 Fatigue Analysis 

The purpose of the fatigue analysis is to show quantitatively that the fatigue damage to the bolts 

during normal conditions of transport is acceptable. This is done by determining the fatigue 

usage factor for each normal transport event. For this analysis it is assumed that the transport 

cask lid bolts are replaced after 85 round trip shipments. The total cumulative damage or fatigue 

usage for all events is conservatively determined by adding the usage factors for the individual 

events. The sum of the individual usage factors is checked to make certain that for the 85 round 

trip shipments of the NUHOMS®-MP197 cask, the total usage factor is less than one. The 

following sequence of events is assumed for the fatigue evaluation.  

1. Operating Preload 
2. Pressure and Temperature Fluctuations 
3. Road vibration 
4. Shock 
5. Test Pressure 
6. 1 foot normal condition drop 

Since the bolt preload stress applied to the NUHOMS®-MP197 cask lid bolts is higher than all of 

the other normal and accident condition loads, the stress in the bolt will never exceed the bolt 

preload stress. Consequently, the application and removal of preload is the only real cyclic 

loading that occurs in the lid bolts. The following analysis is therefore very conservative since it 

assumes that the usage factor is the sum of all of the individual event usage factors, and not 

simply the usage factor for bolt preload.  

2.10.2.6.1 Operating Preload 

Assuming that the bolts are replaced after 85 round trips, the number of preload cycles is two 

times the number trips or 170 cycles.  

The maximum tensile stress due to bolt preload is 86,040 psi, and the maximum shear stress due 

to residual bolt torsion is 19,310 psi. The corresponding stress intensity is then 

S.I. = 186,0402 + 4(19,3102) = 94,3 10 psi.  

2.10.2.6.2 Test Pressure 

The hydrostatic test pressure, according to Reference 3, is 1.25 x 50 psi. (design pressure), or 

62.5 psi., and will only be performed once. Reference 1 provides bolt loads due to 50 psi internal 

pressure. So for 62.5 psi pressure, the bolt loads are the following.  

Fa = 3994X(62.5/50) = 11,993 lb./ bolt.  

Fs = Ox(62.5/50) =0 lb. / bolt.  

Ff= 904 x(62.5/50) = 1,130 lb.in."' 

Mf= 8170X(62.5/50) = 10,213 in.lb.in.t 
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Mbb = 0.1895 Mf. in.lb. / bolt.

The minimum lid bolt diameter is 1.337 in. Therefore from NUREG/CR-6007 [1], we get the 

following 

Sb = 1.2732-f- = 1.2732 4,993 2556psi., 
Dba 1.3372 

0 •1895(10,213) - 2 psi, 
Sbb = 10.186-ý-b = 10.186 = 8,248psi,, 

1.337' 

Since internal pressure causes no bolt torsion, and all shear loads are taken by the lid shoulder, 

Sb, =0, and Sbf = 0.  

S.L = Sbi = [(Sba + Sbb) 2 + 4(Sbs + Sbt)2]0 5 = [(3,556 + 8,248)2 + 4(0)2]0.5 = 11,805 psi.  

2.10.2.6.3 Vibration / Shock 

Since the NUHOMS®-MP197 cask may be shipped either by truck or by rail car, the shock 

loading for both cases will be considered.  

Truck Shock 

Shock input was obtained from ANSI N14.23 [4]. This standard specifies shock loads that 

correspond to normal transport over rough roads or minor accidents such as backing into a 

loading dock. Since the NUHOMS®-MP197 cask will be transported on interstate highways or 

major good roads, the shock loads will not be applied continuously to the normal transport mode 

for the package. The fatigue calculation assumes an average trip of 3,000 miles averaging 45 

miles per hour. The total driving time would then be 3,000 miles / 45 mph. = 67 hours. Assume 

the driver stops and leaves the interstate every 4 hours and assume that one shock could be 

experienced during each of these stops. The return trip package behavior is assumed to be the 

same as the "loaded" trip even though the cargo is no longer present. Therefore shock loading 

occurs 18 (shocks per trip) x 2 (round trip) x 85 shipments = 3,060 cycles.  

ANSI N14.23 [4] specifies a peak shock loading of 2.3 gs in the longitudinal direction. The 

weight of the lid, basket, canister, and fuel assemblies is conservatively assumed to be 95,000 lb.  

The actual maximum weight of the lid, basket, and canister is 94,001 lb. (Section 2.2). The bolt 

force due to truck shock is, 

(95,000 lb)(2.3 gs) / (48 bolts)(1.404 in2 per bolt) = 3,242 psi.
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Rail Car Shock 

Again, assume 85 round trip shipments, averaging 3,000 miles each way. NUREG 766510 [5] 

reports that there are roughly 9 shock cycles per 100 miles of rail car transport. Therefore the 

total number of cycles is 3,000 (miles) x 2 (round trip) x 85 (shipments) x 0.09 (Shocks per 

mile) = 45,900 cycles.  

NUREG 766510 [5] specifies a peak shock loading of 4.7 gs in the longitudinal direction for rail 

car transport. Consequently, the bolt force due to rail car shock is 

(95,000 lb)(4.7 gs) / (48 bolts)(1.404 in2 per bolt) = 6,625 psi.  

Vibration 

Since vibration accelerations are higher on a truck than on a rail car, the truck vibration loads are 

considered bounding. According to ANSI N14.23 [4], the peak vibration load at the bed of a 

truck in the longitudinal direction is 0.3 g's. This results in a stress of 423 psi, which is 

negligible for a high strength bolt.  

2.10.2.6.4 Pressure and Temperature Fluctuations 

The following bolt loads result from the maximum temperature change of 2300 F (Section 

2.10.2.2.5) 

Fa = -10,850 lb./ bolt.  
Fs = 0 lb. / bolt.  
Ff = 0 lb.in."1 

Mf = 0 in.lb.in. 1 

Since the temperature load tends to reduce the axial load in the lid bolts, the temperature load is 

conservatively neglected. The maximum pressure difference between in the inside and the 

outside of the lid is conservatively taken to be 50 psi. The bolt loads due to this pressure 

difference are (Section 2.10.2.2.4), 

Fa = 3,994 lbJ bolt.  
Fs =0 lb./ bolt.  
Ff= 904 lb.in."1 

Mf= 8,170 in.lb.in."1 

Mbb = 0.1895 Mf. in.lb. / bolt.
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The minimum lid bolt diameter is 1.337 in. The tensile and bending stresses in the lid bolts, 

generated by pressure fluctuations, are the following [1].  

F 3,994 
Sb, =1.2732--a- = 1.2732 ' 2,845psi., 

"DI. 1.337 

= •0 .1601895(8,170) 
Sbb 1 0 18 6 Mb -10.186 =.1 7 =6,598 psi.  

bb ID 3i.337~ 

Since internal pressure and temperature loads cause no bolt torsion, and all shear loads are taken 

by the lid shoulder, 

Sbs = 0, and Sbt = 0.  

The stress intensity due the combine temperature and pressure fluctuations is as follows.  

S.L = SbI = [(Sb + Sbb)2 + 4 (Sbs + Sbt)2]0 5 = [(2,845 + 6,598)2 + 4(0)2]0.5 = 9,443 psi.  

Assuming this cycle occurs once each one way shipment, the total number of pressure and 

temperature fluctuation cycles is 170.  

2.10.2.6.5 1 Foot Normal Condition Drop 

The normal condition drop consists of a 1 foot drop in an orientation that results in the most 

damage. For the side drop the resulting shear load is taken entirely by the lid / flange interface.  

For the end drop, the load is transferred to the cask body via the impact limiters, protecting the 

bolts. Therefore the worst case scenario is taken to be roughly a 60' C.G. over comer drop. From 

Section 2.10.2.2.6, the resulting bolt loading is the following.  

Fa = 14,740 lb./bolt, 
F, = 0 lb./bolt, 

Ff = 3,115 lb./bolt, and 
Mf= 28,150 lb./bolt.  

Mbb = 0.1895 Mf.  

The tensile and bending bolt stresses generated are the following.  

F 14,740 
S. = 1.2732-i- = 1.27321 2 = 10,499 psi., 

D2d 1.337' 

Sbb = 10.1 8 6 M = 10.186 0.1896(28,150) = 22,747 psi, 
1.3373
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Since the impact load causes no bolt torsion, and all shear loads are taken by the lid shoulder, 

Sb5 = 0, and Sbt = 0.  

S.I. = Sb, = [(SM + Sbb) 2 + 4 (Sbs + Sbt)210'5 = [(10,499 + 22,747)2 + 4(0)2]0-1 = 33,246 psi.  

Conservatively assume that the cask is dropped once per shipment, resulting in 85 normal 

condition drops before the lid bolts are changed.  

2.10.2.6.6 Damage Factor Calculation 

The following damage factors are computed based on the stresses and cyclic histories described 

above, a fatigue strength reduction factor, KF, of 4 [6], and the fatigue curve shown in Table I

9.4 of ASME Section III Appendices.  

Stress S.. x KF Cycles Damage 

Event Intensity (psi.) S, (psi.) n N Fco 

(psi.) nI/N 

Operating 9ý4,310 377,240 2-11,933 170 250 0.68 

Preload 
Test 11,804 47,216 26,526 85 20,000 0.00 

Pressure 
Truck 3,242 12,968 7,285 3,060 0.00 

Shock 
Rail Car 6,625 26,500 14,888 45,900 300,000 0.15 

Shock 
Pressure and 9,443 37,772 21,220 170 50,000 0.00 

Temperature 
1 Foot Drop 33,246 132,984 74,710 85 1,500 0.06 

Impact Load ... .0.90 

Here, n is the number of cycles, N is taken from Figure 1-9.4 of reference 7, and Sa is defined in 

the following way.  

If one cycle goes from 0 to + S.L, then Sa = (1/2) x S.L x KF x KE.  

If one cycle goes from -S.L to + S.L., then Sa = S.L x KF x KE.  

Where, KE is the correction factor for modulus of elasticity. The Modulus of Elasticity of SA

540, Grade B24, Class 1 is 26.7x10 6 psi. @ 3000 F. Therefore, KE = 30.0x10 6 / 26.7x106 

1.1236 [7] [2].
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Minimum Engagement Length for Bolt and Flange

For a 1 1/2"- 6UNC - 2A bolt, the material is SA-540 GR. B24 CL.1, with 

S, = 165 ksi., and 
Sy = 150 ksi (at room temperature) 

The threaded insert material is constructed from type 304 stainless steel [91 and have the 

following material properties.  

SU = 70 ksi., and 
Sy = 30 ksi (at room temperature) 

The minimum engagement length, Le, for the bolt and flange is ([8], Page 1149), 

2A 
Lo=3.1416K I -~[l+.57735n(E3,,K,~ ~j 

Where, 
2 

A, = tensile stress area = 1.404 in.2, 
n = number of threads per inch = 6, 
K, ma = maximum minor diameter of internal threads = 1.350 in. ([8], p. 1292) 

Es,,n = minimum pitch diameter of external threads = 1.3812 in. ([8], p. 1292) 

Substituting the values given above, 

4 = 2(1.404) = 1.089 in.  

(3.1416)1.350[1 + .57735(6)(1.3812-1.350)] 

J = A. xSu . [4] 

A, x S 

Where, J is a factor for the relative strength of the external and internal threads, S,, is the tensile 

strength of external thread material, and Sui is the tensile strength of internal thread material.  

A, = shear area of external threads = 3.1416 nL, Kn ,. [ 1/(2n) + .57735 (E,,d - K, ,a)] 

An = shear area of internal threads = 3.1416 nlLe Dsin [1/(2n) + .57735(Ds, nd - En
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For the bolt / Helicoil insert connection: 

En ft= = maximum pitch diameter of internal threads = 1.4022 in. ([8], p. 1294).  

Dsmi, = minimum major diameter of external threads = 1.4794 in. ([8], p. 1292) 

Therefore, 

A, = 3 .14 16 (6)(1.089)(1.350)[1/(26) + .57735 (1.3812 - 1.350)] = 2.808 in.2 

A, = 3.1416(6)(1.089)(1.4794)[l1(2×6) 
+ .57735 (1.4794 - 1.4022)] = 3.883 in.2 

So,

2.808(165.0) = 1.705 
3.883(70.0)

The required length of engagement, Q, to prevent stripping of the internal threads is, 

Q = Le J = (1.089)(1.705) = 1.857 in.  

The actual minimum engagement length = 2.25 in. > 1.857 in. (limited by threaded insert length).  
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Ram Port Cover Bolt Analysis

This section evaluates the ability of the ram port closure to maintain a leak tight seal under 

normal and accident conditions. Also evaluated in this section, are the ram port cover bolt thread 

and internal thread stresses. The stress analysis is performed in accordance with NUREG/CR

6007 [1].  

The NUHOMS®-MP197 cask ram port closure arrangement is shown in Appendix 1.4, Drawing 

1093-71-6. The ram port cover plate is bolted directly to the end of the containment vessel 

flange by 12 high strength alloy steel 1.00 inch diameter bolts.  

The following evaluations are presented in this section:

"* Lid bolt torque 
"* Bolt preload 
"* Gasket seating load 
"* Pressure load 
"* Temperature load 
"* Impact load 
"* Puncture load 
"* Thread engagement length evaluation 

"• Bearing stress 

"* Load combinations for normal and accident conditions 

"* Bolt stresses and allowable stresses

The design parameters of the ram port cover are summarized in Table 2.10.2-5. The ram port 

cover bolt data and material allowables are presented in Tables 2.10.2-2 through 2.10.2-4. A 

maximum temperature of 300'F is used in the lid bolt region during normal and accident 

conditions. The following load cases are considered in the analysis.  

5. Preload + Temperature Load (normal condition) 

6. Pressure Load + 1 Foot Drop (normal condition) 

7. Pressure + 30 Foot Corner Drop (accident condition) 

8. Pressure + Puncture Load (accident condition)
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2.10.2.8.1 Bolt Load Calculations 

Symbols and terminology for this analysis are taken from reference 1 and are reproduced in 

Table 1.  

Lid Bolt Torque and Bolt Preload 

A bolt torque range of 100 to 125 ft. lb. has been selected. Using the minimum torque, 

Fa = QIKDb = 100xl2/(O.1xl.00) = 12,000 lb., and 

Preload stress = Fa / Stress Area (Table 2) = 12,000/0.606 = 19,800 psi.  

Using the maximum torque, 

F, = QIKDb = 125x12/(0.1xl.00) = 15,000 lb., and 

Preload stress = Fa i Stress Area (Table 2) = 15,000/0.606 = 24,750 psi.  

Residual torsional moment for minimum torque of 100 ft. lb. is, 

Mtr=0.57Q =.5(100x12) = 600 in. lb.  

Residual torsional moment for maximum torque of 125 ft. lb. is, 

Mtr= 0.SQ =.5(125x12) = 750 in. lb.  

Residual tensile bolt force for maximum torque, 

Far= Fa = 15,000 lb.  

Gasket Seating Load (Seal - Parker 2-418, Fluorocarbon, Ref 2): 

Since an Elastomer o-ring is used, the gasket seating load is negligible.  

Pressure Loads (Ref. 1, Table 4.3): 

Axial force per bolt due to internal pressure is 

F a =N 4Nb
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D18 for outer seal (conservative) = 20.02 in. Then,

F. = Yr(20.022)(50 - 0) = 1,312 lb./bolt.  

4(12) 

The fixed edge closure lid force is, 

Ff = Dibt (PU - PIo) 22.00(50) _ 275 lb. in.-:.  
4 4 

The fixed edge closure lid moment is, 

Mf = (P, - P,°)D - 50(22.002) =756in. lb. in.  

32 32 

The cask bottom flange shoulder takes the shear force, so that F, = 0.  

Temperature Loads: 

From reference 3, the lid bolt material is SA-540, Type B24, class 1, 2Ni ¾Cr 1/3Mo. The ram 

port cover and the cask bottom plate is made of SA-240 Type XM-19, which is 22Cr l3Ni 5Mn.  

Therefore the bolts have a coefficient of thermal expansion of 6.9x10 6 in./in. 'FI at 300' F, and 

the flange has a coefficient of thermal expansion of 8.8x10-6 in./in. OF, at 3000 F [2].  

Fa = 0.25 iTDb2 Eb (a, T, - ab Tb) 

Fa = 0.25(nt)(1.002)(26.7x10 6)[(8.8x10-6)(230) - (6.9x10-6)(230)] = 9,164 lb.  

Even though the ram port cover and bottom flange are constructed from different materials, the 

shear force per bolt, F,, due to a temperature change of 1800 F is, 0 psi, since the clearance holes 

in the cover are oversized (1.63 in. diameter) allowing the cover to grow in the radial direction.  

FS=0.  

The temperature difference between the inside of the lid and the outside of the lid will always be 

less than one degree. Consequently, the resulting bending moment is negligible.  

Mf=0.
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Impact Loads (Ref. 1, Table 4.5): 

During a bottom end drop or bottom comer drop, the cask bottom plate will protect the ram port 

cover from the inertial load of the cask internals (canister, basket, and fuel). Therefore, the ram 

port cover bolts will not experience any additional loads during an impact event.  

Puncture Loads (Ref. 1, Table 4.7): 

The non-prying tensile bolt force per bolt, Fa, is, 

- sin(xi)Pun 
Nb 

where, 

0.757rDpbSyl 

Pun = The smaller of -0. 6 ;rDPbtLS., 

0.25rD,,,Sfpb 

*Flow stress of puncture bar (45 ksi. for mild steel).  

0.751(62 )(43,300) = 3.673 x 106 

= The smaller of 10.6;r(6)(2.5)( 9 4 .2 0 0 ) = 2.663 X 106 

0.25,r(6 2)(45,000) = 1.272x 106 

=Pun = 1.272 x 106 lb.  

The puncture force is greatest when xi = 90°. Conservatively neglect the protection provided by 

the impact limiter. Then, 

- sin(xi)1.272x 106 -106,030 lb.  
Fa= 12 

Since this force is negative (inward acting), the actual resulting bolt force, Fa = 0, because the 

applied load is supported by the cask wall and not the lid bolts. The shear bolt force is, 

F, = cos(90 )Pun lb./bolt.  
Nb 

The lid shoulder during puncture takes shear force. Therefore,
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Fs = 0.  

The fixed-edge closure lid force, Ff, is, 

- sin(xi)Pun - sin(90')1.272 x 106 - 18,410 lb.in'.  

FI - ,rD, Yr(22.00) 

The fixed-edge closure lid moment, My, is, 

-sin(xi)Pun -sin(90°)1.272x10
6  -101,250in.lb.in 1.  

M f = 41r = 4ir1120i•bi

RAM PORT COVER BOLT INDIVIDUAL LOAD SUMMARY 

Non-Prying Torsional Prying 

Applied Tensile Moment, Prying Force, Moment, 

Load Force, Fa M, (in. lb.) Ff (lb.in."') (i. ,M. -1.

Maximum 
Torque 

Residual 
Minimum 

Torque 

Seating Load 

50 psig Internal 

250°F

(lb.) 

15,000 

12,000 

0 

1,312 

9,164

750 

600 

0 

0 

0 

0

F -t

0 

0

0 

0

0 

275 

0 

0

0 

-18,410

(in. b. in.0 

0

0 

0 

756 

0 

0 

0 

-101,250

I Foot Normal 
Condition Drop 0 

(5 
Impact 30 foot Accident 

Condition Drop 0 
(34 gs) 

Drop on six inch 
Puncture diameter rod 0
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Load 
Case

Preload 

Gasket 

Pressure 

Thermal

2.10.2-26



2.10.2.8.2 Load Combinations (Ref. 1, Table 4.9):

A summary of normal and accident condition load combinations is presented in the following 

table.  

RAM PORT COVER BOLT NORMAL AND ACCIDENT LOAD COMBINATIONS 

Non-Prying Torsional Prying 

Load Combination Description Tensile Moment, Prying Force, Moment, 

Case Force, F,, Mt (in. lb.) Ff (lb.in.") Mf 
___ __ __ (lb.) _ _ _ _ __ (in. lb. in.') 

A.  
Preload + Maximum 24,164 750 0 0 

1 Temperature Torque 
(Normal B.  

Condition) Minimum 21,164 600 0 0 

Torque 

2. Pressure + Normal Impact 1,312 0 275 756 

(Normal Condition) 

Pressure + Accident 
Impact 1,312 0 275 756 

(Accident Condition) 

4. Pressure + Puncture 1,312 0 -18,130 -100,500 
(Accident Condition)
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Additional Prying Bolt Force and Bending Bolt Moment (Ref. 1, Table 2.1 and Table 2.2) 

Since the prying forces applied in load case 4 (pressure + puncture) acts inward, normal to the 

cask lid, an additional prying bolt force, Fap,, is generated (Ref. 1, Table 2.1). No additional force 

is generated for the outward loadings however (load cases 1, 2, and 3), because of the gap 

between the lid and flange at the outer edge (Ref. 3).  

Prying forces for the ram port cover plate bolts are determined from FEM analysis, for the 

puncture load case. The ram port cover is not a full cover plate extending to the diameter of the 

cask. Therefore, use of NUREG/CR-6007 methodology for calculating the fixed end moments 

(which is used to calculate prying loads) due to these load conditions is not appropriate for the 

ram port cover bolts.  

A 2-dimensional finite element model is used to compute the ram port cover bolt prying forces 

caused by the puncture event. Details of the finite element analysis performed are provided in 

Reference 7.  

A single link element is used to represent the ram port cover bolts. Consequently, the resulting 

force computed in this link element is the total prying force generated in all of the ram port cover 

bolts. The ram port cover bolt total prying force, computed in reference 7, is 251,360 lb.  

Therefore, the ram port cover bolt prying force per bolt, Fap, is, 

Fap = 251,360 = 20,950 lb./bolt 
12 

Since this bolt load is less than the load generated by the minimum bolt preload (21,164 lb./bolt 

from load case LB.), the prying force generated by the puncture event is not critical with respect 

to bolt stress, and will not result in loss of the ram port cover seal.
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2.10.2.8.3 Bolt Stress Calculations (Ref. 1, Table 5.1)

Average Tensile Stress: 

The bolt preload is calculated to withstand the worst case load combination and to maintain a 

clamping (compressive) force on the closure joint, under both normal and accident conditions.  

Based upon the load combination results (see Table RAM PORT COVER BOLT NORMAL 

AND ACCIDENT LOAD COMBINATIONS), it is shown that a positive (compressive) load is 

maintained on the clamped joint for all load combinations. Therefore, in both normal and 

accident load cases, the maximum non-prying tensile force of 24,164 lb., from the maximum 

torque preload + temperature load case, is used.  

Normal Condition: 

F 24164 
St,= 1.2732- = 1" 0.8782 39,910 psi. = 39.9 ksi.  

Accident Condition: 

F 24,164 IS~ 1.72 -=1 24'312 = 39,9 10 psi. = 39.9 ksi" 
Si, = 1.2732- = 1.2732 0. =399 

D .0.8782 ,0pi 99ki 

Shear Stress: 

For normal and accident conditions the maximum shear stress caused by the torsional moment 

M is, 

Sb& = 5.093--- = 5.093 750 _ 5,644psi. = 5.64 ksi.  
Dm 0.878p 

Maximum Combined Stress Intensity: 

The maximum combined stress intensity is calculated in the following way (Ref. 1, Table 5.1).  

Sbi =[S, 2 + 4Sb ]0 .5 

For normal conditions combine tension, shear, bending, and residual torsion.  

Sbi= [39,9102 + 4 (5,644)2 ]0.5 = 41,480 psi. = 41.5 ksi.
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Bearing Stress (Under Bolt Head)

The maximum axial bolt force is 24,164 lb. The ram port cover bolt head is a 1.50 inch diameter 

socket head. The diameter of the bolt hole in the NUHOMS®-MP197 Cask lid is 1.12 inches.  

Therefore the bearing area, A, under the lid bolt head is, 

A = (7r14)(1.50 2 - 1.122) = 0.782 in2.  

The bearing stress is, 

Bearing Stress = 24,164/0.782 = 30,900 psi. = 30.9 ksi.  

The allowable bearing stress on the ram port cover is taken to be the yield stress of the cover 

material at 3000 F. The ram port cover is manufactured from SA-240 Type-XM-19 or SA-183 

Type FXM-19, which has a yield strength 43.3 psi. @ 3000 F.  

2.10.2.8.5 Results 

A summary of the stresses calculated above is listed in the following table: 

SUMMARY OF STRESSES AND ALLOWABLES

Rev. 0 4/01

Normal Condition Accident Condition 

Stress Type 
Stress Allowable Stress Allowable 

Average 
Tensile 39.9 92.4 39.9 115.5 

(ksi.) 

Shear (ksi) 5.64 55.4 5.64 69.3 

Combined Not Required 

(ksi) 41.5 124.7 (Reference 1) 

Bearing (ksi) Not Required 

Allowable (ksi) 30.9 43.3 (Reference 1) 

(S, of lid material)

2.10.8.2.4
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2.10.2.8.6 Minimum Engagement Length for Bolt and Flange

For a 1"- 8UNC - 2A bolt, the material is SA-540 GR. B24 CL.1, with 

S. = 165 ksi., and 

SY = 150 ksi (at room temperature) 

The ram port cover threaded insert material (Helicoil #1 185-16CN-2500) is constructed from 

type 304 stainless steel and has the following material properties.  

S, = 75 ksi., and 
Sy = 30 ksi (at room temperature) 

The minimum engagement length, Le, for the bolt and flange is ([8], Page 1149), 

L= 2A4 

3.1416K, ! +.57735n(E,,• -Knnm)] 

Where, 

A, = tensile stress area = 0.606 in.2, 

n = number of threads per inch = 8 

Kn n= maximum minor diameter of internal threads = 0.890 in. ([8], p. 1287) 

Esmn= minimum pitch diameter of external threads = 0.9100 in. ([8], p. 1287) 

Substituting the values given above, 

Le= 2(0.606) - 0.732 in.  

(3.1416)0.890 + .57735(8)(0.9100-0.890 

J= A, x S.. [8] 
An x S~i 

Where, S,, is the tensile strength of external thread material, and S,, is the tensile strength of 

internal thread material.  

A, = shear area of external threads = 3.1416 nL, K,,, [1/(2n) + .57735 (Es, i - K,,,=)] 

An = shear area of internal threads = 3.1416 iLe D,,min [1/(2n) + .57735(D., i - E. ,,.)]
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For the bolt / Helicoil insert connection: 

En,. = maximum pitch diameter of internal threads = 0.9276 in. ([8], p. 1287).  

Ds,,n = minimum major diameter of external threads = 0.9830 in. ([8], p. 1287) 

Therefore, 

A, = 3.1416(8)(0.732)(0.890)[1/(2x8) + .57735 (0.9100 - 0.890)] = 1.212 in.2 

An = 3.1416(8)(0.732)(0.9830)[1/(2x8) + .57735 (0.9830 - 0.9276)] = 1.710 in.2 

So, 

= 1.212(165.0) - 1.559 

1.710(75.0) 

Q = LeJ= (0.732)(1.559) = 1.141 in.  

The actual minimum engagement length = 2.50 in. > 1.141 in. (limited by threaded insert length).
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2.10.2.9 Conclusions 

1. Bolt stresses meet the acceptance criteria of NUREG/CR-6007 "Stress Analysis of Closure 

Bolts for Shipping Casks".  

2. A positive (compressive) load is maintained during normal and accident condition loads 

since bolt preload is higher than all applied loads.  

3. If the NUHOMS®-MP197 cask lid bolts are replaced after every 85 round trip shipments, 

they will not fail due to fatigue during transport.  

4. The bolt, insert, and flange thread engagement length is acceptable.  

5. The ram port cover bolts are acceptable with respect to bolt stress, seal compression, and 

engagement length.
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Table 2.10.2-1 

Design Parameters for Lid Bolt Analysis 

* Db Nominal diameter of closure bolt; 1.500 in.  

* K Nut factor for empirical relation between the applied torque and achieved preload 

is 0.1 for neolube 

* Q Applied torque for the preload (in.-lb.) 

* Dtb Closure lid diameter at bolt circle, 72.31 in.  

9 Dig Closure lid diameter at the seal (outer) = 69.873 in.  

* E, Young's modulus of cask wall material, 27.6x10 6 psi. @ 2000 F. [2] 

9 El Young's modulus of lid material, 27.8 x 106 psi. @ 2000 F. [2] 

* Nb Total number of closure bolts, 48 

* N., Poisson's ratio of closure lid, 0.305, ([10], p. 5-6).  

0 Pei Inside pressure of cask, 50 psig.  

* D1, Closure lid diameter at outer edge, 74.68 in.  

* Pli Pressure inside the closure lid, 50 psig.  

0 t, Thickness of cask wall, 7.00 in.  

* tj Thickness of lid, 4.5, 4.0 in.  

* lb Thermal coefficient of expansion, bolt material, 6.7 x 10.6 in. in.-' OF' at 200°F[2] 

0 I, Thermal coefficient of expansion, cask, 8.5 x 10-6 in. in."1 OF1 at 200°F [2] 

* 1, Thermal coefficient of expansion, lid, 5.90 x 10-6 in. in. 1 OF'I at 200OF [2] 

e Eb Young's modulus of bolt material, 27.1 x106 psi. at 200°F [2] 

* ai Maximum rigid-body impact acceleration (g) of the cask 

e DLF Dynamic load factor to account for any difference between the rigid body 

acceleration and the acceleration of the contents and closure lid = 1.1 

* W, weight of contents = 43,005 lb. (fuel) + 22,918 lb. (basket) + 22,467 lb. (canister) 

= 88,390 lbs., conservatively use 90,000 lb. (Section 2.2) 

* WI weight of lid = 5,611 lbs., say 6,000 lbs.  

* W,+W1 90,000 + 6,000 = 96,000 lbs.  

* xi Impact angle between the cask axis and target surface 

* Syl Yield strength of closure lid material, 106.3 ksi. @ 200- F. [2] 

* SU. Ultimate strength of closure lid, 140,000 psi.  

* Syb Yield strength of bolt material (see Table 2.10.2-3).  

* Sub Ultimate strength of bolt material (see Table 2.10.2-4).  

* PIo Pressure outside the lid.  

* Lb Bolt length between the top and bottom surfaces of closure, 2.27 in.  

* Pun Maximum impact force that can be generated by the puncture bar during a normal 

impact.  

Drb Puncture bar diameter, 6 inches as per 10 CFR 71.73 (c) (3).
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Table 2.10.2-2 

Bolt Data ([1], Table 5.1)

Lid Bolts: 

Bolt: 

N: 

P: 

Db,:

1 1/2"- 6UNC - 2A 

no of threads per inch = 6 

Pitch = 1/6" = .167 in.  

Nominal Diameter = 1.50 in.  

Bolt diameter for stress calculations = Db - .974 3p = 1.50 - .9743 (.167) = 1.337 

in

Stress Area = 7-T4 (1.337)2 = 1.404 in2 

Ram Closure Bolts' 

Bolt: 1"- 8UNC - 2A 

N: no of threads per inch = 8 

p: Pitch = 1/8" = .125 in.  

Db: Nominal Diameter = 1.00 in.  

Dba: Bolt diameter for stress calculations = Db - .97 4 3p = 1.00-.9743 (.125) = 0.878 in 

Stress Area = 7r4 (0.878)2 = 0.606 in2
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Table 2.10.2-3 

Allowable Stresses in Closure Bolts for Normal Conditions of Transport 

(MATERIAL: SA-540 Gr. B24 CL.1) 

Temperature Yield Stres Normal Condition Allowables 

(OF) (ksi) 

Ftb (2. ) F0b S.  

(ksi) (ksi) (ksi) 

100 150 100.0 60.0 135.0 

200 143.4 95.6 57.4 129.1 

300 138.6 92.4 55.4 124.7 

400 134.4 89.6 53.8 121.0 

500 130.2 86.8 52.1 117.2 

600 124.2 82.8 49.7 111.8 

Notes, 

1. Yield stress values are from ASME Code, Section II, Table Y-1 [2] 

2. Allowable Tensile stress, Fib = 2/3 Sy ([1], Table 6.1) 

3. Allowable shear stress, Fvb = 0.4 Sy ([1], Table 6.1) 

4. Tension and shear stresses must be combined using the following interaction equation: 

t +•-. b < 1 .0 [1] 

Ftb F%' 

5. Stress intensity from combined tensile, shear and residual torsion loads, S.I. < 0.9 Sy 

([1], Table 6.1)
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Table 2.10.2-4 

Allowable Stresses in Closure Bolts for Hypothetical Accident Conditions 

(MATERIAL: SA-540 Gr. B24 Cl.1)

Temperature Yield Stress(l) 
(OF) (ksi)

100 
200 
300 

400 
500 
600

150.0 
143.4 
138.6 
134.4 
130.2 
124.2

Accident Condition Allowables 

0.6 Sy Ft4 Fvb (2,) 

(ksi) (ksi) (ksi)

90.0 
86.0 
83.2 

80.6 
78.1 
74.5

115.5 
115.5 
115.5 
115.5 
115.5 
115.5

69.3 
69.3 
69.3 
69.3 
69.3 
6 9.3

Notes: 

1. Yield and tensile stress values are from ASME Code, [2] Table Y-1, Note that S, is 165 ksi at 

all temperatures of interest.  

2. Allowable Tensile stress, Fib = MINIMUM(0.7 S,, Sy), where 0.7 S, = 0.7 (165) = 115.5 ksi.  

([1], Table 6.3) 

3. Allowable shear stress, Fvb = MI[NIMVUJM(0.42 S,, 0.6 Sy), where 0.42 Su = 0.42 (165.) = 69.3 

ksi. ([1], Table 6.3) 

4. Tension and shear stresses must be combined using the following interaction equation: 

2 2 

b yb < 1.0 [1] 
•tb F yb
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Table 2.10.2-5 

Design Parameters for Ram Port Cover Bolt Analysis 

"* Db Nominal diameter of closure bolt; 1.00 in.  

"* K Nut factor for empirical relation between the applied torque and achieved preload 

is 0.1 for neolube 
* Q Applied torque for the preload (in.-lb.) 

* Dib Closure lid diameter at bolt circle, 22.00 in.  

D Dig Closure lid diameter at the seal (outer) = 20.02 in.  

Ec Young's modulus of cask flange material, 27.0x10 6 psi. @ 3000 F.  

"* Nb Total number of closure bolts, 12 

"* NM Poisson's ratio of closure material, 0.305, (Ref. 6, p. 5-6).  

"* Pei Inside pressure of cask, 50 psig.  

"* D1, RAM Port Cover diameter at outer edge, 23.88 in.  

"* Dj, Closure lid diameter at inner edge, 17.26 in.  

" Pu Pressure inside the closure lid, 50 psig.  

"* t Thickness of lid, 2.5 in.  

"* lb Thermal coefficient of expansion, bolt material, 6.9 x 10.6 in. in.-' OF' at 300OF 

* Thermal coefficient of expansion, cask, 8.8 x 10-6 in. in.-' OF' at 300OF 

* 11 Thermal coefficient of expansion, cover, 8.8 x 10.6 in. in."1 OF' at 300OF 

* Eb Young's modulus of bolt material, 26.7x106 psi. at 300*F 

*E Young's modulus of cover material, 27.0 x 106 psi. @ 3000 F.  

* Sy, Yield strength of cover material, 43.3 ksi. @ 3000 F.  

S,, Ultimate strength of cover, 94.2 ksi.  

"* Syb Yield strength of bolt material (see Table 3).  

"* Sub Ultimate strength of bolt material (see Table 4).  

"* P1, Pressure outside the lid, 0 psi.
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CHAPTER 3

THERMAL EVALUATION 

3.1 Discussion 

The NUHOMS®-MP197 packaging is designed to passively reject decay heat under normal 

conditions of transport and hypothetical accident conditions while maintaining appropriate 

packaging temperatures and pressures within specified limits. Objectives of the thermal analyses 

performed for this evaluation include: 

"* limits to ensure components perform their intended safety functions; 

"* Determination of temperature distributions to support the calculation of thermal 

stresses; 

"* Determination of the cask and the DSC cavity gas pressures; 

"* Determination of the maximum fuel cladding temperature. Determination of 

maximum and minimum temperatures with respect to cask materials 

To establish the heat removal capability, several thermal design criteria are established for the 

packaging. These are: 

" Containment of radioactive material and gases is a major design requirement. Seal 

temperatures must be maintained within specified limits to satisfy the containment 

function during normal transport and hypothetical accident conditions. A maximum 

long-term seal temperature limit of 400 TF is set for the Flourocarbon O-Rings [81 & 

[15].  

" Maximum temperatures of the containment structural components must not adversely 

affect the containment function.  

"* To maintain the stability of the neutron shield resin during normal transport 

conditions, an allowable temperature range of -40 to 300 TF (-40 to 149 °C) is set for 

the neutron shield.  

" In accordance with 10CFR71.43(g) the maximum temperature of accessible package 

surfaces in the shade is limited to 185 TF (85 OC).  

" A maximum fuel cladding temperature limit of 570 °C (1058 'F) is set for the fuel 

assemblies with an inert cover gas [9].  

" A maximum temperature limit of 327 'C (620 'F) is set for the lead, corresponding to 

the melting point [11].
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The ambient temperature range for normal transport is -20 to 100 OF (-29 to 38 °C) per 

1OCFR71(b). In general, all the thermal criteria are associated with maximum temperature limits 

and not minimum temperatures. All materials can be subjected to a minimum environment 

temperature of -40 F (40 0C) without adverse effects, as required by 10CFR7I(c)(2).  

The NUHOMS®-MP197 is analyzed based on a maximum heat load of 15.86 kW from 61 fuel 

assemblies. The analyses consider the effect of the decay heat flux varying axially along a fuel 

assembly. The heat flux profile for a fuel assembly with a peak power factor of 1.2 and an active 

length of 144 in. is used for the evaluation. A description of the detailed analyses performed for 

normal transport cofiditions is provided in Section 3.4 and accident conditions in Section 3.5. A 

thermal analysis performed for vacuum drying conditions is described in Appendix 3.7.4. A 

summary of the analysis is provided in Table 3-1. The thermal evaluation concludes that with 

this design heat load, all design criteria are satisfied.
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3.2 Summary of Thermal Properties of Materials 

The analyses use interpolated values when appropriate for intermediate temperatures where the 

temperature dependency of a specific parameter is deemed significant. The interpolation 

assumes a linear relationship between the reported values.  

1. BWR Fuel 

Thermal Conductivity 

Temperature (Btulhr-in-0 F) Specific Heat Density 
(O)(Btu/Ibrn-F) 

(Ibm/inS 

Transverse Axial 

116.804 0.0137 0.0437 0.0574 0.105 

214.424 0.0160 ". 
.  

312.419 0.0186 

410.726 0.0215 ". .  

509.254 0.0249 ." .  

608.009 0.0288 0.0437 0.0574 0.105 

The fuel conductivity analysis, including determination of specific heat and density values, is 

presented in Appendix 3.7.1.  

2. Helium

3. Neutron Shielding (Polyester Resin)
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4. SA-240, Type 304 Stainless Steel

Temperature [I] Thermal Conductivity [1] Thermal Conductivity Diffusivity [1] Specific Heat Density [1] 

M (Btu/hr-ft-OF) (Btu/hr-in-OF) (fe2/hr) (Btu/lIbm-oF) (ibm/in3) 

70 8.6 0.717 0.151 0.117 0.282 

100 8.7 0.725 0.152 0.117 

150 9.0 0.750 0.154 0.120 ...  

200 9.3 0.775 0.156 0.122 

250 9.6 0.800 0.158 0.125 ...  

300 9.8 0.817 0.160 0.126 ...  

350 10.1 0.842 0.162 0.128 ...  

400 10.4 0.867 0.165 0.129 

450 10.6 0.883 0.167 0.130 

500 10.9 0.908 0.170 0.131 ...  

550 11.1 0.925 0.172 0.132 

600 11.3 0.942 0.174 0.133 ...  

650 11.6 0.967 0.177 0.134 ...  

700 11.8 0.983 0.179 0.135..  

750 12.0 1.000 0.181 0.136 

800 12.2 1.017 0.184 0.136 ...  

850 12.5 1.042 0.186 0.138..  
900 12.7 1.058 0.189 0. 138_..  

950 12.9 1.075 0.191 0.138..  

1000 13.2 1.100 0.194 0. 139_ ..  

1050 13.4 1.117 0.196 0.140..  

1100 13.6 1.133 0.198 0.141..  

1150 13.8 1.150 0.201 0.141..  

1200 14.0 1.167 0.203 0.141..

1 9i0 14.3
125 0 1.3.

U.LU2) 00.1 
0.208 0.143

1J~~~~A1~~ LUIS__ __ _ __ _ _

1•sA 14.7
1400 14.9 
1450 15.1

1 Cnf 1� -�

1.225 
1.242 
1.258

0.210 
0.212 
0.214
U.'IU

0.1430.143 
0.144 
0.145 
0.145

IJ�J�J j .- ,.-, j . ___________-

0.282
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5. SA-36 Carbon Steel 
"--'------]Thema Conductivity [1] Thra odctvt ifsivity [ 1] Specific Heat "-ensity[1 

tuhr-ft-0 ___.Btuthr-in_ OF)_ _ (fe_._(Btu/lbm- b n" 

70 23.6."-- ' 1.967 0.4540. 70 28 

10 23.9 1.992 0 4 30.111..... -...  

15 0 2 4 . " - - - - -- - 0 .4 3 3 -" 0 .1 15. .  

2 00 2 4 .4 _ _ _ 2 . 3 1 0 .4 2 2 - - -- 0 .. -- - - -

25 442.033 0.414 0.1218

32!; 0 2 4 .4 -•• - - -

250 24.4 2.033 OA0----3 ------

350--4.3-2.025 
0.396 0.126 -...  

400 24.2 _ 2.017 0.386'- -- 0.128-

45 -7- ----- 2391.9925 0.375 0.13 

50 23.7 1.0975 , 0.3864 0.133"' 

550 -- 23.4 --- 1.950 0.355 0.1315" 

6. .' 4 0 0" 2 3 . 1 - -. - - - - - 0 - --3 - -6 - " 0 .1 3 7 - ' 
S- 1.975 0.364 " 6500 22.7 ___ _ 1.9 0.333 -. 1-

700 22.44 1.867 0.320 0. 1435 

ff 502. 1.833 0.308 0.146"' 

- -- - - - -2 1- 1.808 0.29830. _ - --014 9 ' 

8550 212. 1.7670.320 --- 0.152 ...  

"------- 1.80 ------900 2 0.9 1.4-.7 0.15 62.  850 21.98.  
950 20.5 1.708 00.6627 0.5 ..D.__.  

1.708024 --------- '-

950~~ 8051000 20.0 1.6 8- -- 

- -0- -- - -- - 1.6 3 3 0 3 70 .16 9"' 

1100 19.2 _ - - •1.600 0."--" ---..  

1150--- 18.7 15 80230.180 _ 

1201. -7 0.19 0.189 • .  

1250q 17.51.____--------1458 0"-.----179--------..  
----------- 

2211350 15.8 1.317_019 .7 
1400 _-1-.- 1.275 0.077 0.407-.  

1450 15.1 1.258 014021 
150 .15.1 - 1.258 -- 0.169 0.183 
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6. SA-705, Type 630 Stainless Steel

Temperature[ 1 

70 
I00 
150 
200 
250 
300 
350 
400 
450 
500 

600 

750 
800 
850 
900 
950 
1000 
1050 
1100 
1150 
1200 
1250_ 
1300 
1350 
140 
1450 
1500

Thermal conductivity [11] Thermal Conductivity Diffusivity I1 pcfcHa est 1 
__.__tu/ht-ft-°l• (Btu/hr-in-°F)._ (f 2_/_)(Btuflbm-OF) l- mi 

9.9 0.825 0.188 0.108 0.282 

10.1 0.842 0.189 0.110 

10.4 0.867 0.189 0.113 

10.6 0.883 0.189 0.115 

10.9 0.908 0.190 0.118 

11.2 0.933 0.190 0.121 

11.4 0.950 0.191 0.122 E d 

11.7 0.975 0.191 0.126 

12.0 1.000 0.191 0.129 

12.2 1.017 0.190 0.132 

12.5 1.042 0.190 0.135 

12.7 1.058 0.190 0.137 5..  

13.0 1.083 0.188 0.142 

13.2 1.100 0.186 0.145 ...  

13.4 1.117 0.183 0.150 6 

13.5 1.125 0.180 0.154 ...  

13.6 1.133 0.176 0.158 6 

13.7 1.142 0.172 0.163 

13.8 1.150 0.167 0.169 _ 

13.8 1.150 0.162 0.172 

13.9 1.158 0.153 0.186 _ 

14.0 1.167 0.152 0.197 

14.1 1.175 0.134 0.216 
14. -- 1.183 0.129 0.226 .  

-- 14.4 1.200 0.140 • 0.2197.  

S~14.6 1.217 0.1520.9-.  
S14.8 1.233 -- 0.171 --- 0.-7-.  

15.0 1.250 0.185 0.166 

15.2 .___ 1.267 0.194 0.161 

15.4 1.283 0.201 0.1570.282 
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*8. Wood 
Thermal Conductivity°' 

(Btu/hr-in-0F) 

Min. i Max.  
0.0019 0.0378 

(i) bounds, perpendicular to and parallel to the grain, wood conductivities in both References 4 and 5 for moisture 

contents up to 30% and specific gravities between 0.08 and 0.80. The bounding minimum conductivity is used 

during normal conditions and during the pre- and post-fire accident condition. The maximum wood conductivity is 

used during the fire accident condition.  

(ii) wood is conservatively given no thermal mass (p=O, C, =0) 

9. Poison Plates 

Specific Heat Density 
Btu/lbm-.F I bm/inl 

0.214 0.098 

Properties are from Reference 2 for aluminum. The thermal conductivities are specified in 

Section 3.3 for the neutron poison plates and will be verified via testing.

10. Aluminum Alloy 6063-T5
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11. Lead 

Tern rature Conductivity Specific Heat Density 

(K) [2] (OF) (W/rn-K) [2] (Btu/hr-in-0 F) (kJ/kg-K) [21 (Btu/lbm-*F) (kg/m) 2] (Ibm/in) 

200 -100 36.7 1.767 0.125 0.030 11,330" 0.409 

250 -10 36.0 1.733 0.127 0.030 ......  

300 80 35.3 1.700 0.129 0.031 ......  

400 260 34.0 1.637 0.132 0.032 ......  

500 440 32.8 1.579 0.137 0.033 

600 620 31.4 1.512 0.142 0.034 11,330 0.409 

12. Emissivities and Absorptivities 

Thermal radiation effects at the external surfaces of the packaging are considered. Impact limiter 

external surfaces are painted white. The emissivity of white paint varies between 0.93-0.95 and 

the solar absorptivity varies between 0.12-0.18 ([2] & [6]). To account for dust and dirt, the 

thermal analysis uses a solar absorptivity of 0.30 and an emissivity of 0.90 for the exterior 

surfaces of the impact limiters.  

The external surface of the cask body is weathered stainless steel (emissivity = 0.85, [6]). To 

account for dust and dirt and to bound the problem, the thermal analysis uses a solar absorptivity 

of 0.9 and an emissivity of 0.8 for the cask body external surface.  

After a fire, the cask surface will be partially covered in soot (emissivity = 0.95, [7]).  

Painted surfaces are given a post-fire emissivity of 0.90. The cask body surfaces are given a 

post-fire emissivity of 0.80. To bound the problem all surfaces are given a solar absorptivity of 

unity after the fire accident condition.
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3.3 Technical Specifications for Components 

The neutron poison plates will have the following minimum conductivity:
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3.4 Thermal Evaluation for Normal Conditions of Transport 

The normal conditions of transport are used for determination of the maximum fuel cladding 

temperature, NUHOMS®-MP 197 component temperatures, confinement pressures and thermal 

stresses. These steady state environmental conditions correspond to the maximum daily 

averaged ambient temperature of 100 TF and the 10CFR Part 71.71(c) insolation averaged over a 

24 hour period.  

3.4.1 Thermal Models 

The finite element models are developed using the ANSYS computer code [10]. ANSYS is a 

comprehensive thermal, structural, and fluid flow analysis package. It is a finite element 

analysis code capable of solving steady-state and transient thermal analysis problems in one, 

two, and three dimensions. Heat transfer via a combination of conduction, radiation, and 

convection can be modeled by ANSYS. The three-dimensional geometry of the packaging was 

modeled. Solid entities were modeled by SOLID70 three-dimensional thermal elements.  

SURF152 surface effect elements were used for the application of the solar heat load.  

Two finite element models are used for the normal conditions of transport evaluation: 

* A cask body model to determine temperature distributions within the cask body, 

impact limiters, and thermal shield.  

o A basket model to determine temperature distributions within the DSC and it's 

contents. This model also includes the helium gap between the DSC and the cask 

cavity inner surfaces.  

The interior nodes of the cask body model line up with the exterior nodes of the basket model.  

The analysis is performed by first running the cask body model. The temperatures on the inner 

cavity surfaces are then applied as a boundary condition to the exterior nodes of the basket 

model. This approach allowed the modeling of sufficient detail within the packaging while 

keeping the overall size of the individual models reasonable.  

3.4.1.1 Cask Body Model 

To determine component temperatures within the cask body during normal conditions of 

transport, a finite element model of the cask body is developed. The three-dimensional model 

represents a 90' symmetric section of the packaging and includes the geometry and material 

properties of the impact limiters, thermal shield, the cask body, lead, neutron shielding (resin in 

aluminum containers), and outer shell.  

The neutron shielding consists of 60 long slender resin-filled aluminum containers placed 

between the cask body and outer stainless steel shell. The aluminum containers are confined 

between the cask body and outer shell, and butt against the adjacent shells. For conservatism, an 

air gap of 0.01 in. at thermal equilibrium is assumed to be present between the resin boxes and 

adjacent shells. Radiation across these gaps is conservatively neglected. The redwood and balsa
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within the impact limiters are modeled as a homogenized region containing bounding material 

properties.  

The finite element plot of the cask body model is shown in Figure 3-1.  

Generally, good surface contact is expected between adjacent components. However, to bound 

the heat conductance uncertainty between adjacent components, the following gaps at thermal 

equilibrium are assumed: 

* 0.0100" radial gaps between resin boxes and adjacent shells 

0 0.0300" radial gap between lead and cask body 

e 0.0600" radial gap between cask lid and cask body 

* 0.0625" axial gap between cask lid and cask body 

* 0.0600" radial and axial gaps between ram plate and cask body 

* 0.0625" axial gap between rear impact limiter and thermal shield 

* 0.0625" axial gap between thermal shield and cask body 

* 0.1250" axial gap between front impact limiter and cask body 

* 0.0625" axial gap between thermal shield and impact limiter 

All heat transfer across the gaps is by gaseous conduction. Other modes of heat transfer are 

neglected.  

Heat Dissipation 

Heat is dissipated from the surface of the packaging by a combination of radiation and natural 

convection.  

Heat dissipation by natural convection is described by the following equations for the average 

Nusselt number [111: 

UL =IL L 0.13(GrLPr) forPrGrL>1 (Horizontal cylinders and vertical surfaces) 

NUL = CkL 059(GrLPr)114 for 104 < PrGrL < 10 (vertical surfaces) 
k 

where, 
GrtL = Grashof number = p2g gpT-Ta)LO/IX

2 

p = density, lb/ft3 

g = acceleration due to gravity, ft/sec2 

P3 = temperature coefficient of volume expansion, 1/R 

gx = absolute viscosity, lb/ft-sec 

L = characteristic length, ft 

Pr = Prandtl number 

H, = natural convection coefficient 

3-11 
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The heat transfer coefficient, HK, for heat dissipation by radiation, is given by the equation: 

Hr = G2 r(T - TA2 ) ]Btulhr- ft 2 - F 

where, 
G12 = the gray body exchange coefficient 

= (surface emissivity) (view factor) 
T, = ambient temperature, OR 
T2 = surface temperature, 'R 

The total heat transfer coefficient Ht = HI + H,, is applied as a boundary condition on the outer 

surfaces of the finite element model.  

3.4.1.2 Basket Model 

To determine component temperatures within the canister and its contents during normal 

conditions of transport a finite element model is developed. The three-dimensional model 

represents a 900 symmetric section of the packaging and includes the geometry and material 

properties of the canister, basket, fuel assembly active lengths, basket peripheral inserts, and the 

helium between the canister and the cask body.  

The finite element plot of the basket model is shown in Figure 3-2.  

To bound the heat conductance uncertainty between adjacent packaging components the 

following gaps at thermal equilibrium are assumed: 

* 0.0100" surrounding outside of the fuel compartments 

* 0.0100" between the fuel compartment wrap and plates parallel to the wrap 

* 0.0400' between the fuel compartment wrap and plates perpendicular to the wrap 

* 0.0950" between perpendicular plates 

* 0.0100' between plates and basket rails 

* 0.1250" axial gap between bottom of canister and cask body 

Maximum Fuel Cladding Temperature 

The finite element model includes a representation of the spent nuclear fuel that is based on a 

fuel effective conductivity model. The decay heat of the fuel with a peaking factor of 1.2 was 

applied directly to the fuel elements. The maximum fuel temperature reported is based on the 

results of the temperature distribution in the fuel region of the model. As described in 

Appendix 3.7.1, the homogenized fuel properties are chosen to match both the temperature drop 

between basket walls and fuel assembly center pin, and the effective conductivity of the fuel 

assemblies.
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Average Cavity Gas Temperature

The cavity gas temperatures are calculated using maximum component temperatures under 

normal and hypothetical accident conditions of transport. For simplicity and conservatism, the 

average gas temperature within the canister is assumed to be the average of the maximum fuel 

cladding and canister wall temperatures. Within the cask body the average cavity gas 

temperature is taken to be the average of the maximum cask body and canister wall temperatures.  

3.4.1.3 Decay Heat Load 

The decay heat load corresponds to a total heat load of 15.86 kW from 61 assemblies (0.260 

kW/assy.) with a peaking factor of 1.2. A typical heat flux profile for spent BWR fuel with an 

axial peaking factor of 1.2 was used to distribute the decay heat load in the axial direction within 

the active length regions of the models. This heat flux profile is shown below. Within the 

basket model, the decay heat load is applied as volumetric heat generation in the elements that 

represent the homogenized fuel. Within the Cask Body model the heat is applied as heat fluxes 

into the elements that model the cask cavity wall.  
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3.4.1.4 Solar Heat Load 

The total insolation for a 12-hour period in a day is 1475 Btu/ft2 for curved surfaces and 738 

Btu/ft2 for flat surfaces not transported horizontally as per 10CFR Part 71.7 1(c). This insolation 

is averaged over a 24-hr period (daily averaged value) and applied as a constant steady state 

value to the external surfaces of the cask body model. Solar absorptivities of 0.30 and 0.9 are 

used for the painted and stainless steel surfaces of the packaging, respectively. Daily averaging 

of the solar heat load is justified based on the large thermal inertia of the NUHOMS®-MNP197 

packaging.  
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3.4.2 Maximum Temperatures

Steady state thermal analyses are performed using the maximum decay heat load of 0.260 kW 

per assembly (15.86 kW total), 100'F ambient temperature and the maximum insolation. The 

temperature distributions within the cask body and basket models are shown in Figures 3-3 and 

3-4, respectively. The temperature distribution within the basket is shown in Figure 3-5. The 

fuel assembly temperature distribution is shown in Figure 3-6. A summary of the calculated cask 

component temperatures is listed in Table 3-1.  

3.4.3 Maximum Accessible Surface Temperature in the Shade 

The accessible surfaces of the NUHOMS®-MP197 packaging consist of the personnel barrier and 

outermost vertical and radial surfaces of the impact limiters. The cask body model is run without 

insolation to determine the accessible surface temperature of the impact limiters in the shade.  

The maximum accessible surface temperature of the impact limiters in the shade does not exceed 

110 OF.  

The personnel barrier surrounds approximately one fourth of the cask body and has an open area 

of at least 80%. Heat transfer between the cask and barrier will be minimal due to the small 

radiation view factor between the cask and barrier. The personnel barrier rises 90 in. above the 

base of the transport frame and limits the accessible packaging surfaces to only the impact 

limiter surfaces. Accessible surfaces of the packaging remain below the design criteria of 185 oF 

(85 °C).  

3.4.4 Minimum Temperatures 

Under the minimum temperature condition of -40*F (-40"C) ambient, the resulting packaging 

component temperatures will approach -40'F if no credit is taken for the decay heat load. Since 

the package materials, including containment structures and the seals, continue to function at this 

temperature, the minimum temperature condition has no adverse effect on the performance of the 

NUHOMS®-MP197.  

Temperature distributions under the minimum ambient temperatures of -20oF and -40°F with no 

insolation and the maximum design heat load are determined. Table 3-2 lists the results of these 

analyses.  

3.4.5 Maximum Internal Operating Pressure 

The maximum internal pressures within the NUHOMS®-MP197 cask body and DSC during 

normal conditions of transport are calculated within Appendix 3.7.3.  

3.4.6 Maximum Thermal Stresses 

The maximum thermal stresses during normal conditions of transport are calculated in Chapter 2.
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3.4.7 Evaluation of Cask Performance for Normal Conditions of Transport 

The thermal analysis for normal transport concludes that the NUHOMS®-MP197 packaging 

design meets all applicable requirements. The maximum component temperatures calculated 

using conservative assumptions are low. The maximum seal temperature (217*F, 103'C) during 

normal transport is well below the 400°F long-term limit specified for continued seal function.  

The maximum neutron shield temperature is below 300°F (149°C) and no degradation of the 

neutron shielding is expected. The predicted maximum fuel cladding temperature is well within 

allowable fuel temperature limit of 1058°F (5700C). The comparison of the results with the 

allowable ranges is tabulated below:
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3.5 Thermal Evaluation for Accident Conditions 

The NUHOMS®-MP197 packaging is evaluated under the hypothetical accident sequence of 

10CFR71.73. In order to demonstrate that the seal, fuel cladding, and lead temperatures remain 

below thermal design requirements, four analytical models are developed as discussed below.  

3.5.1 Fire Accident Evaluation 

The fire thermal evaluation is performed primarily to demonstrate the containment integrity of 

the packaging. This is assured as long as the containment seals remain below 400°F and the 

cavity pressure is less than 50 psig (4.4 atm absolute pressure). Four models are used for the 

evaluation: 

"* A cask cross-section model for the determination of the peak fuel cladding 

temperature.  

"• A cask body model to evaluate the performance of the seals under hypothetical 

accident conditions.  

"* A trunnion-region model to demonstrate that lead remains below its melting point 

during hypothetical accident conditions.  

"• A bearing block-region model to demonstrate that lead remains below its melting 

point during hypothetical accident conditions.  

During the free drop and puncture conditions, the steel encased wood impact limiters are locally 

deformed but remain firmly attached to the cask. Because of the very low conductivity of wood, 

a minimal amount of wood is required to provide adequate insulation during the fire accident 

condition. Therefore, there is a negligible change in the thermal performance of the impact 

limiters due to dimensional changes caused by the hypothetical accident conditions of 

10CFR71.73. Under exposure to the thermal accident environment the wood at the periphery of 

the impact limiter shell would char but not bum.  

An average convective heat transfer coefficient of 2.75 Btu/hr-ft2e-F is utilized for the fire 

accident evaluation as calculated in Appendix 3.7.2.  

3.5.2 Cask Cross Section Model 

To demonstrate that the peak fuel cladding temperature remains below thermal design limits, a 

cask cross-section finite element model of the NUHOMS®-MP197 packaging was developed.  

The three-dimensions, quarter-symmetry model includes the cask body, canister, basket, and fuel 

along the 144" active fuel length. To bound the heat conductance uncertainty between adjacent 

packaging components the same gap assumptions made in sections 3.4.1.1 and 3.4.1.2 are 

applied to the model.
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During the pre-fire condition, convection and radiation from the external surface of tlis model 

are as in normal conditions of transport (100 0F ambient). During the fire phase, a constant 

convective heat transfer coefficient of 2.75 Btu/hr-ft2ý-F is used. As per 10CFR71.73, a 30 

minute 1,475°F flame temperature with an emittance of 0.9 and a surface absorptivity of 0.8 is 

used during the fire accident condition. During the fire accident condition, gaps within the cask 

body and basket were removed to maximize heat input into the model from the fire. These gaps 

are included during the pre- and post-fire accident conditions. See Section 3.4.1 for a detailed 

description of the model including the method used to calculate the maximum fuel cladding 

temperature and the average cavity gas temperature. The decay heat load is applied as per 

Section 3.4.1.3.  

The Cask Cross Section finite element model and the temperature distribution at the end of the 

fire accident condition are shown in Figures 3-7 and 3-9, respectively. The maximum 

temperature distribution within the fuel assemblies is shown in Figure 3-10.  

3.5.3 Cask Body Model 

To demonstrate the integrity of the seals during the fire accident, the cask body finite element 

model of the NUHOMS®-MP197 packaging developed in Section 3.4.1.1 was run under 

hypothetical accident conditions. Pre-Fire, Fire accident, and Post-Fire cool-down boundary 

conditions are determined as per Section 3.5.2. During the fire accident condition, gaps within 

the packaging were removed to maximize heat input into the model from the fire. These gaps are 

included during the pre- and post-fire accident conditions. The decay heat load is applied as per 

Section 3.4.1.3.  

The Cask Body finite element model and the temperature distribution at the end of the fire 

accident condition are shown in Figures 3-1 and 3-8, respectively.  

3.5.4 Trunnion Region Model 

To determine the peak transient lead temperature in the region of the trunnions, a trunnion region 

finite element model was developed. The two-dimensional, axisymmetric model represents the 

geometry and material properties of the trunnion block, trunnion plug, and cask body in the 

region of the trunnion.  

To bound the heat conductance uncertainty between adjacent packaging components the 

following gaps at thermal equilibrium are assumed: 

* 0.0100" between the trunnion plug and the neutron absorbing resin 

* 0.0100" between the trunnion plug and the trunnion block 

* 0.0100" between the resin and the cask outer shell 

* 0.0100" between the trunnion block and the cask outer shell 

* 0.0300" radial gap between lead and cask body 

Pre-Fire, Fire accident, and Post-Fire cool-down boundary conditions are determined as per 

Section 3.5.2. During the fire accident condition, gaps within the packaging were removed to 

3-17 
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maximize heat input into the model from the fire. These gaps are included during the pre- and 

post-fire accident conditions. The decay heat load is applied as a flux including a peaking factor 

of 1.2.  

The trunnion region finite element model and the temperature distribution at the time of peak 

lead temperature are shown in Figures 3-11 and 3-12, respectively.  

3.5.5 Bearing Block Region Model 

To determine the peak transient lead temperature in the region of the bearing block, a bearing 

block region finite element model was developed. A three-dimensional quarter-symmetry finite 

element model was created of the bearing block including the geometry and material properties 

of the adjacent neutron shielding and the corresponding portion of the cask body. Solid entities 

were modeled by SOLID70 three-dimensional thermal elements.  

To bound the heat conductance uncertainty between adjacent packaging comp6nents the 

following gaps at thermal equilibrium are assumed: 

* 0.0100" radial gaps between resin boxes and adjacent shells 

o 0.0300" radial gap between lead and cask body 

o 0.0600" gap between the bearing block and the resin/resin boxes in radial, axial, and 

circumfrential directions 

Pre-Fire, Fire accident, and Post-Fire cool-down boundary conditions are determined as per 

Section 3.5.2. During the fire accident condition, gaps within the packaging were removed to 

maximize heat input into the model from the fire. These gaps are included during the pre- and 

post-fire accident conditions. The decay heat load is applied as a flux including a peaking factor 

of 1.2.  

The bearing block region finite element model and the temperature distribution at the time of 

peak lead temperature are shown in Figures 3-13 and 3-14, respectively.  

3.5.6 Maximum Internal Operating Pressure 

The maximum internal pressures within the NUHOMS®-MP197 cask body and DSC during 

hypothetical accident conditions of transport are calculated within Appendix 3.7.3.  

3.5.7 Summary of Results 

Table 3-3 presents the maximum temperatures of the cask components during the fire event. The 

maximum temperatures calculated for the seals and the fuel cladding are 279°F and 680'F, 

respectively.
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3.5.8 Evaluation of Package Performance during Fire Accident Conditions 

It is concluded that the NUHOMS®-MP197 packaging maintains containment during the 

postulated accident conditions. The maximum seal temperature is below the 400TF limit 

specified for seal function and the fuel cladding temperature is well below the limit of 1058TF 

(5700C).  

A comparison of the results with the temperature limits is tabulated below: 

Temperature •F 

Component Maximum Limit 

Seal 279 400 max.  

Fuel Cladding 680 1058 max.  

Lead 478 620 max.
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TABLE 3-1 

COMPONENT TEMPERATURES IN THE NUHOMS-MP197 PACKAGING 

Normal Transort Fire Accident 

Component Maximum ('F) Minimum* ("F) Allowable Ran: (*F) Peak(0F) Allowable Ran qe(F) 

Thermal Shield 186 -40 ** 1172 

Impact Limiters 195 -40 ** N/A N/A 

Resin 249 -40 -40 to 300 N/A N/A 

Lead 299 -40 620 max. 478 620 max.  

Cask Body 302 -40 ** 535 ** 

Outer Shell 263 -40 ** N/A ** 

Flourocarbon Seals, Ram Plate 217 -40 -40 to 400 270 -40 to 400 

Flourocarbon Seals, Lid 204 -40 -40 to 400 279 -40 to 400 

Canister 388 -40 ** 485 ** 

Basket Peripheral Inserts 482 -40 ** 564 ** 

Basket 578 -40 ** 661 ** 

Fuel Cladding 598 -40 1058 max. 680 1058 max.  

Average Cavity Gas (Cask Body) 345 -40 N/A 504 N/A 

Average Cavity Gas (Canister) 493 -40 N/A 583 N/A 

* Assuming no credit for decay heat and an ambient temperature of -40°F 

** The components perform their intended safety function within the operating range.  
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TABLE 3-2 

TEMPERATURE DISTRIBUTION IN THE NUHOMS®-MP197 PACKAGE 

(MINIMUM AMBIENT TEMPERATURES) 

Maximum Component Temprature 

Component 
-20 'F Ambient -40 OF Ambient 

Thermal Shield 65 47 

Impact Limiters 73 56 

Resin 128 111 

Lead 183 167 

Cask Body 187 170 

Flourocarbon Seals, Ram Plate 187* 170* 

Flourocarbon Seals, Lid 187* 170* 

Canister 282 267 

Basket Peripheral Inserts 381 367 

Basket 482 468 

Fuel Cladding 505 492 

* Taken to be the maximum temperature within cask body and lid.  
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TABLE 3-3 

MAXIMUM TRANSIENT TEMPERATURES DURING FIRE ACCIDENT 

Maximum 
Component Transient 

1172 
Thermal Shield (End of Fire) 

478 
Lead (4.7 Hours) 

535 

Cask Body (End of Fire) 

270 

Flourocarbon Seals, Ram Plate (31.0 Hours) 
279 

Flourocarbon Seals, Lid (12.0 Hours) 

485 

Canister48 (4.9 Hours) 

564 

Basket Peripheral Inserts (159 Hours) 

661 

Basket61 (24.9 Hours) 

680 

Fuel Cladding 
680 

(27.9 Hours) 

Average Cavity Gas (Cask Body) 504 

Average Cavity Gas (Canister) 583 
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FIGURE 3-1 

FINITE ELEMENT PLOT, 
CASK BODY MODEL 
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FIGURE 3-2 

FINITE ELEMENT PLOT, 
BASKET AND CANISTER MODEL 
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FIGURE 3-3

TEMPERATURE DISTRIBUTION, 
CASK BODY MODEL 

(NORMAL CONDITIONS OF TRANSPORT) 
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FIGURE 3-4 

TEMPERATURE DISTRIBUTION, 
BASKET AND CANISTER MODEL 

(NORMAL CONDITIONS OF TRANSPORT) 
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FIGURE 3-5 

TEMPERATURE DISTRIBUTION, 
BASKET 

(NORMAL CONDITIONS OF TRANSPORT) 
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FIGURE 3-6 

TEMPERATURE DISTRIBUTION, 
FUEL ASSEMBLIES 

(NORMAL CONDITIONS OF TRANSPORT) 
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FIGURE 3-7 

FINITE ELEMENT PLOT, 
CASK CROSS-SECTION MODEL
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FIGURE 3-8 

TEMPERATURE DISTRIBUTION, 
CASK BODY MODEL, END OF FIRE 

(HYPOTHETICAL ACCIDENT CONDITIONS) 
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FIGURE 3-9

TEMPERATURE DISTRIBUTION, 
CASK CROSS SECTION MODEL, END OF FIRE 
(HYPOTHETICAL ACCIDENT CONDITIONS) 
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FIGURE 3-10 

TEMPERATURE DISTRIBUTION, 
FUEL ASSEMBLIES, PEAK TEMPERATURES 
(HYPOTHETICAL ACCIDENT CONDITIONS) 
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FIGURE 3-11 

FINITE ELEMENT PLOT, 
TRUNNION REGION MODEL 
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FIGURE 3-12 

TEMPERATURE DISTRIBUTION, 
TRUNNION REGION MODEL 

(TIME = 4.7 HOURS) 
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FIGURE 3-13

FINITE ELEMENT PLOT, 
BEARING BLOCK REGION MODEL
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FIGURE 3-14 

TEMPERATURE DISTRIBUTION, 
BEARING BLOCK REGION MODEL 

(TIME = 2.9 HOURS) 
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