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1.0 Summary 

A thermal stress analysis was performed on the PWR 10/24 

Rail Cask% for the cool-do-.rn transient conditions. "The initial 
temperature distribution was based on the normal operating 

steady state thermal condition with auxiliary cooling.  

The elastic-plastic stress analysis of the basket indicate 

that the plastic strain was within the allowable strain to 

f"• 1- ie 1 i of IlSO aluminum.  

The inner stainless steel shell remained elastic through

out the cool-down transient and within the allowable stress 

levels. The gap between the basket and the inner shell was not 

closed, therefore no structural interference between the basket 

and inner shell was experienced.  

The absorber sleeve-stresses were found to be within the 
material allowable stress at the appropriate temperatures.  

No structural interference was experienced between the ab

sorber sleeves and the aluminum basket.  

The low cycle high temperature fatigue analysis indicates 
the aluminum basket, inner shell, and absorber sleeves will have 

a life cycles to failure in excess of 400 cycles, the design 

life of the system.
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2.0 Introduction

The thermal stress analysis was performed for the 10/24 rail cask with 

PWR loading and a decay heat load of 97.2 kw. The analysis was completed 

prior to the September 18, 1974 AEC letter which resulted in a reduction in 

the decay heat load to 70 kw. Since the thermal stress evaluation based on 

97.2 kw shows that the cask system will satisfactorily sustain repeated 

cycles of the prescribed cooldown procedure at the elevated temperatures 

cLssoc-.ated with 10 i:w d-cCay hoat load will re.sult in est :e-'e thwrnil stres3is.  

For this reason the analysis was not performed for the reduced decay heat load.  

The analysis described in sect. XI-3.4 indicated that the BWR cask 

arrangement was subjected to a lower state of stress than the PWR cask.  

This conclusion was based on the results of the steady state thermal analysis 

without auxiliary cooling, theypost fire steady state analysis, and the lower 

heat generation rate for the BWR cask.

VIII-C2



It was therefore decided to analyse only the PWR Cask during the 

cool-down transient. In order to do this effectively the steady state 

thermal condition with auxiliary cooling had to be determined.  

This report describes the detailed thermal, stress, and fatigue' 

evaluations performed to establish the structural integrity of the inner 

stainless-steel primary containment shell, the absorber sleeves, and the 

adaquacy of the. aluminum basket design for the cool-down thermal transient 

condi Ltion.  

The nature of the cool-down transient imposes a three dimensional 

heat transfer condition resulting in corresponding three dimensional 

stresses. To eleminate the necessity of performing a questionable three 

dimensional thermal-stress solution, a planar two dimensional approach was 

taken based on conservative assumptions described in more detail in 

Sections 3.1 and 3.3.

The 

Phase I 

Phase II -

cooldown of the cask occurs in four phases, described as follows: 

400 0 F pressurized water is introduced into the cask. This water 

cools the cask by boiling and becoming superheated to initially 

around 800 0 F. As cooling occurs, the exhaust steam will drop 

in temperature and the cask vill fill with 400°F pressurized water.  

When the cask is full, phase II begins.  

During phase II the cask is depressurized and the water is allowed 

to boil, cooling the cask in the process. As the steam leaves the 

cat, it is condensed and injected back Into the cask to maintain a 

constant water level. When the steam exhaust during phase II
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reaches 220 0 F, phase III begins.

Phase III - During phase III, the feed water is circulated and cooled until 

the water leaving the cask reaches 180 0 F. When this occurs 

phase III and cooldown is complete and the cask is ready for 

unloading.
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3.0 Analysis 

The general approach of this analysis of the PWR 10/24 

na' ailask was to reduce a three-dimensional cool-do;•n process 

to a conservative two dimensional solution within the present 

day state-of-the-art of thermal-stress analyses. This analysis 

was also performed with the intent of utilizing all applicable 

da-t-, ther-mal-stress models, material and thermal properties, 

etc, that was generated for the analysis in Sect. XT-3.4.  

The following sections describe in detail the assumptions, 

modifications, and approaches taken in this analysis.
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3.1Conditions Analyzed

Because of high boiling heat transfer coefficients, it is 
apparent that the Phase I condition will produce the most sev

ere thermal stress condition on the aluminum basket, absorber 

sleeve corners, and the inner shell.  

The injection of saturated watnr at 400Ko•:'!.7 -03%si) will 

first generate stea1m. As the water lTvel reaches th! bottoma 

of to.* basket , absorber, and fuel elements, thaose portions 

above 400rLF will also generate steam. The heat flow in the 

vertical direction will be appreciable, to the extent that the 

boiling water in the absorber sleeve will effectively cool 

down a large portion of the sleeve ahead of the water-steam 

interface, The condition selected to be analysed assumed the 

conservative approach that at the level which nucleate boiling 

was taking place, only radial heat flow existed. Also that the 

initial temperature distribution in the cask at the start of 

this transient, was steady state with au:iliary cooling.  

Section 3.3 indicates that the nucleate boiling coefficients 

far exceed those of free convection and conduction in water.  

The area of the cask affected by the boiling heat transfer will 
experience the most savere thermal-gradients and result in the 
largest stresses. The results in sections 4.1 and 4.2 assumed 

the cask system is exposed to the boiling water conditions in 

the fuel element cavities and the rectangular po-rts. Due to 

the very large heat transfer coefficient, conservatively high 
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thermal gradients were produced along with the most severe 

stressed condition the cask will ever experience in actual 

operation.  

The othor Phases !I, III, develop a less severe thermal-stress 

state in the fuel cask than Phase I. On this basis they were not i.nvesti

gated.
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3.2 '.:odel Changes

The 4inite element models used in this analysis were 

essentially the same as those used in Section XI-3.4. Changes 

were made to accommodate the difference in the steady state 

normal operating condition with auxiliary cooling, and the 
increased concern with the structural integrity of the absorber 

sle••- and the primary z-ontainment inner zshe!!, 

The following sections indicate these specific changes in 

more detail.  

3.2.1 Thermal Analysis 

The steady state thermal analysis model of Section XI-3.4 
was changed in the area of the auxiliary cooling ducts. A con
vection link was placed in duct representing the cooling water '-

at 181 *F and the appropriate forced convection coefficient.  

For the cool-down transient use the fuel generation elements 

(equivalent conducting solids) were eliminated and replaced by 
convection links to simulate the nucleate boiling coefficient 

for 4000 F saturated water.  

When the wall temperature was initially less than 4000 F 

a natural convection coefficient was used.  

The properties of the helium in the absorber sleeve to 

aluminum basket gap of .015" were retained since that area was 

sealed off from the water by virtue of the design of the assem

bly.
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The water filled gap between the basket and the Inner stainless steel shell, 

during the cool down transient, was represented as a conduct

ing solid since the Grashof number did not indicate that natural 

or forced convctiLon wvould take place.  

The triangular and rectangular parts had additional nodes 
at their centers with convection links to the walls to repre

sent the nucleate boiling or natural convection coefflicients, 

depending on the initial wall tenperature.  

The new element model is show•n in figure 1.  

3.2.2 Stress Model 

The stress model was changed in the repre
sentation of the inner shell. wvo isoparametric elements through 

the thickness of the shell replaced the single element of the 

model in Section XI-3.4. This new change will compute the bend

ing stress as a function of circumferential location. The 

model is shown in figure 2.  

A separate model of the absorber sleeve was developed to 

more adequately describe the e::tensional and bending stresses 

in the stainless steel inner and outer cans. These models are 

shown in figures 3 and 4,
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3.3 Heat Transfer 

The purpose of the 10/2': Rail Cask cool-do;wn process is \_d 

to reduce the temperature of the fuel cask and the fuel rods 
to a suitable temperature to insure a safe immersion into the 

spent fuel pool.  

The following analysis treats the heat transfer in a 
typical spent fuel rod bundle during the first phase of the 
cool-down process. This phase occurs during that period of time 
in whic-h Sup rheatec steam is initially generated by 4oo'iF 
feedwater at 247 psi pressure, flowing into the cask system 
at a rate of 60oo lb/hr. By the end of this phase the fuel el
ements will be covered with water and the cask completly filled.  

The analysis contained herein determines the heat trans
fered to or from the inner wall of the absorber sleeve from 
saturated water at 4000F. and to determine the heat transfer 
model for heat transfered across the gap between the aluminum 
basket and stainless steel inner shell.  

The heat transfer analysis is divided into two parts, The 
analysis in the first part is concerned with the heat transfered 
into or out of the inside wall of the absorber sleeve, while 
the analysis in the second part is concerned with the heat 
transfer across the gap mentioned. above.  

3.3.1 Heat Transfer Between Water and Inside Wall of 
Absorber Sleeve.  

During the cool-down, the heat transfer process is unsteady.  
However, in order to ascertain the structural integrity of the
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of the shipping cask during cool-down, upper limits for the 

heat transfer are obtained utilizing a quasi-steady solution 

based on steady state heat transfer relations.  

The most highly stressed condition on the system ;;as 

assumed to be the case of instantaneous filling of the system 

with water at 400 0 F. This would result in producing the largest 
7 

ter.)erature differences and thermal gradients in the absorber 

~eer~s, anlu inum basket, and i:nnýr shell.  

The inside absorber wall is idealized as an infinite flat 

plate. The bounding medium is taken to be saturated water at 

400pF, 247 psi. Using water as the bounding medium for the 

total vertical distance along the inner sleeve wall results 

in conservative heat transfer rates. In the actual case initial

ly the cooling medium will be segmented into a steam layer 

above a saturated water layer. Due to the infusion of saturated 

water at 6000 lb/hr. the average vertical velocity of super

saturated steam is 7.6 in./sec. Oection 5 while that of 

the satured water is .076 in./sac. These results will be used 

later to establish that forced convection is neglible compared 

to free convection heat transfer.  

Since the water, during the nucleate boiling process, 

yields a much higher wall heat transfer coefficient, it is 

assumed that the total height of the absorber sleeve cavity, 

which contains the fuel elements, is filled with satured water 

at 400 0F, This assumption will allow a planer two-dimensional
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analysis to be performed. Also, it will insure that the ther

mal gradients in this plane are the most severe as compared 

to a three-dimensional heat flow solution where heat is supplied 

lon-itud•inally to this plane. The longitudinal heat flow.would 

have the affect of maintaining the plane::at the initial temp

erature distribution and producing the appearance of lesser 

radial thermal gradients.  

3.3.1.1 Nucleate Boilinv 

When a surface of temperature 71 is submerged in 

a liquid at saturation temperature and pressure, boiling occurs 

if 7- is greater than the saturation temperature. Roshenow 

(Ref. 3) correlated experimental data for nucleate pool boiling.  

From this correlation a free convection heat transfer coeffic

ientA can be obtained and is given by 

Vraere4T.- 7.- , and k is a coefficient depending solely on 

the properties of the saturated liquid and the properties of 

the fluid-heating surface combination. Specifically, 

3 

LC7f/-•6fI /J (2) 

where 

= specific heat of saturated liquid, Btu/lb-°F 

= temperature excess = - F 

= enthalpy of vaporization, Btu/lb.  

= Prandtl number of saturated liquid 
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/x = liquid viscosity, lb/hr-ft 

Cj- = surface tension of liquid-vapor interface, lb/ft 

= density of saturated liquid, lb/ft3 

= densitv of satir,-ted vapor, lb/ft3 

CSS = const, determined from exDerimental data 

while Roshenow's result is based on boiling heat transfer 

correlations from long horizontal wires E qs. (1) and (2) 

are valid for all geometries for pool boiling. That is, 

geometry does not signilicantly influence the heat transfer 

coefficient for pool boiling (Ref. 4). 'This would be 

expected since the heat transfer is primarily dependent on 

bubble formation and agitation, which is dependent on 

surface area not on surface shape. The value for the 

constant C5s depends on the fluid-surface combination. A 

number of investigators have obtained values of Cs. from 

experiments (Ref. 5). Mlost values lie betieen 0.0027 and 

0.13. The larger value 0.13 represents water-platinum and 

water-copper combinations and is used in this investigation 

for the water-stainless steel combination. Evaluating the 

coe:ficient K from Eq. (2) for boiling water at 400°F yields 

_ 3_TU (3) 

so that the boiling heat transfer coefficient recommended is 

r q-- h-(4) S3(Irw- Fr) zh I -5
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where

ge_ 
____Pr(r'- he (5) A- -P •- •),r'-h•,

It should be noted that Eq. (4) represents an u-cper bound for 

the boiling heat transfer coefficient. If 7- - / is suffi

ciently large, bubbles are formed so rapidly that they blanket 

the heating surface and coalesce, thus forming a vapor film 

which decreases the heat transfer coefficient, 

3.3.1.2 Free Convection 

For the case where the wall temperature is less 

than the ambient water temperature, 7- free convection heat 

transfer through the saturated water represents an upper bound 

for the heat transfer coefficient. In general, it is found 

that the average free convection heat transfer coefficient can -J 

be represented by the following relationship: 

S= c • Pri -J (6) 

where the subscript J indicates that the Nusselt, Grashof, 

and Prandtl numbers are evaluated at the film temperature 

The average Nusselt number, A - , Grashof 

numbers_ 6d 7_)? and the Prandtl 

number, • = nuo o
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In the relation for z , represents the gravita
tional constant, , the coefficient of volume expa-nsion 

S• 6 7T - 7., L - the length of 
the fully developed boundary layer and -z_.n the kinematic 

vizcosity. In the rela-ion for f,-: . cpz represents 
the specific heat capacity, • the thermal conductivity 
and -eZ the dynamic viscosity. Note again that these proper
"ties must be evaluated at the film temperature $ for Eq. (8) 

to be valid.  

±he average heat transfer coefficient obtained from Eq. (6) is 

f4= 4 7 (8) 

where 6 7-= 7-0 

For 77oo 400 OF and.for 300 OF 7•ý : 375 °F 

67 n P. > , values of C and m which correlate 
well with experiment are 0.10 and 1/3 respectively (Ref. 6, 7) 
Honce the average heat transfer coefficient _JL can be put 

into the form 

. A (6 A(9) 

where the coefficient A depends on the film temperature and 
hence on the wall temperature, For the temperature range 
300 OF < TW • 375 0 F pertinent data for e are
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given in the table below (for properties of saturated water 

at 1 400 OF see Ref. 4).  

-t=A e(- T) 1/3 

A 
300 -F 350 OF 65.0 100 'F 

325 0 F o r 70,7 75 F 

350 -F 375 F 70.4 50 F 
375 °F 388 F 75.5 250 F 

Table 1, - Coefficients A and h ( " < T. ) 
It was previously stated that heat transfer due to forced con
vection is negligible compared to free convection, An order of 
magnitude analysis of the boundary layer equations shows that 

the forced convection heat transfer is neglegible compared to 

free convection heat transfer whenever 

where a Re U L is the Reynolds number of the 
ambient fluid. For saturated water at 400 OF and a plate 

length of 12 ft. the above ratio is IX I0 

Also, although the process is transient, steady state heat 
transfer coefficients are extremely reliable, Only for very high
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velocity flows must the steady state heat transfer coefficients 

be modified (see also Ref. 5).  

Finally, the heat transferred from the 800 -F fuel rods 

to t,,e pressurized saturaCed water is used to change tht vol

ume fraction of saturated steam in the water while its tempera

ture is maintained at 400 OF.  

Since the water is opaoue to thermal radiation, the heat 

trarsflr due to radiation froyn the spent Iuel -_.ods "to th" ab

sorber wall has been neglected.  

3.3.2 Inner Shell to Basket Gao 

If a fluid is contained between two vertical plates 

at different temperatures and at a distance . S apart, various 

models of heat transfer between the walls are possible (Ref. 9, 

and 10) depending "gap" Grashof number, < &j , where 

For G 1- s 2 V I , conduction across the fluid 

layer is the predominate mode of heat transfer and is appro

priate for the .020" gap betw-een the inner shell and aluminum 

basket. There is only one location in this gap (nodes 119, 120) 

near a cooling duct that has a maximum temperature difference 

of 72 0F across the gap. The Grashof number for this single 

point is 
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based on upper value of t);z for saturated water 

at 400 OF. All other locations in the gap were at lower 

temperatures. Therefore, it was reasonable to assume that in 
tha gap the predomi nate mechanism of heat transf.er is conduction 

in view of the fact that the Grashof number for steam is much 
less than 1 x 10 3 Also, the effect of heat transfer due to 
radiation was found neglegible to be com-pared with conduction.  
For radiative heat transfer equation betwean two plates at 

di-'f&ernt t1eratu-res 7, and S,- is, 

~ Tj ( 7m- 7 (10) 

where the walls are assumed gray (absorbtion and emittance are 

independent of wavelength of radiation). The water is a 

radiatively non-participating media which tends to overestimate 

the calculated value 6,ee in Eq.(l0). Considering a worst-case 

steady state wall temperatures in the 0.020 in. gap of 

S298 'F and Z_- 2 2 7/-f -57 

(stainless steel) Eq. (10) yields 

A hi- r= 

The conduction in the 0.020" gap with the same wall-to-wall 

temperature difference of 72 OF is
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A \4" 

Therefore conduction appears to be the only significant form 

of heat transfer that need be considered.  

For the cool-dovm transient case for which a numerical 

solution is obtained for heat conduction throulgh the gap 

medium, appropriate values of density, specific heat and 

conductivity must be chosen. Each of these properties do not 

depend strongly on temperature at the saturation conditions.  

rore specifically, for saturated water between 2200 F and 

400 *F, the change in heat capacity is-&Z, the change in 

density is - 10% and the change in thermal conductivity-3% 

Therefore the assumption that they remain constant throughout 

the cool-down transient does not significantly degrade the 

solution.
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3.4 Stress 

The elastic-plastic stress-strain solution in the ANISYS 
program is based on initial yielding taking place in accord
ance with the von Kises-Hencky yield criterion as defined by 

where lu- are principal stresses and U is the 

yield point in simple tension.  

The kinematic hardening rule is used in conjunction with 
Eq. (1) above. This is the acceptable choice in comparison 
with isotropic hardening when load reversals and large changes 
in load orientation take place.  

The inelastic solution in ANSYS is based on the Prandl
Reuss flow relationship, 

OleX 

(2) 

dE Gr, ý 

With this formulation and the above considerations of 
yield surface and hardening rule, the load dependence and mat
erial nonlinearity are considered by solving for the strain in 

small steps along the load path.
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3.4.1 nasket 

The finite element model of the alum.inum basket 

consisted of an elastic-plastic, two dimensional, plane stress 

2.4.2 Absorber Sleeve 

The absorber cans were modeled as axisymetric plate 

elements having a nearly infinite radius of curvature. Thiz 

type o' element is theoretical!y "be*twveen" a plan÷ stress and 

plan-a strain finite eleme.nt. The stress solution for the 

absorber was elastic.  

2.4.3 Inner Shell 

The stress analysis of the inner shell was based on a plane 

stress solution to be compatable with the aluminum basket,since 

they were part of the same model (see figure 2). The element 

represented an elastic element without the inelastic option.  

This was justified since the resultant stresses (see section 4.3.) 

were within the elastic range.
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3.5 Fatigue Evaluation 

The basket aluminum experiences plastic deformations 

during its heat-up and cool-down cycles. The Rail Cask has 

an operating life that includes 400 of these cool-dow-n transients.  

Therefore, estimates of the high-temperature, low cycle fatigue 

behavior of the aluminum were made based on the work of Halford 

and i4anson (Ref. 12).  

Essentially the approach that was developed by the above 

mentioned authors, is to first estimate the life cycles, 

,A , by the universal slopes equation (Ref, 11) which is 

ZLIE _._-__ 0d6-o.&() 

A t+ D. / 

where M = ultimate tensile strength; total strain 

range; and D= true tensile ductility. Experimental data indicates 

that M41 is a reasonable estimate of the fatigue life.  

The second estimate is based on considering creep affects 

directly under severe elevated temperatures by the" following 

relationship.  

#/ lvzr-(2) 

/ 4 (kAF-) ,.i~+ - )A, 

where AX = actual life cycles; /' =life cycles in the absences 

of creep effects; A = factor related to time of stress/cycle; 

A= the time intercept on the stress rupture curve; F = test
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frequency; m = exponent in the stress-rupture relationship.  

The approach for estimating the lower bound fatigue life 

resolves itself by selecting the lowest number of cycles be
tween Al from Eq. (1) or from Eq. (2) above.  

The comparison of this method with experimental data is 

shown in figure 5 , for nearly the same aluminum as 1180 

and temperatures of 300 F and 600 'F. This data was used in 

this analysis and is discussed further In sectioni 4.6.  

The fatigue evaluation of the stainless- steel inner shell 

will be performed using the curve in ASI,, Section III, 

Appendix I, figure I - 9.2, page 434. For completness, a copy 

of this curve is included in this report as figure 6
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3.6 Comnuter Code 

The ANSYS (Engineering Aalysis SYStem) Computer code 
was used exclusively in the cool-down transient thermal-stress 
and deformation solution annd evaluations of tha 10/24 In.  
Rail Cask. The elements selected for this analysis were plane 
stress triangles and quadrilaterals. The thermal solution 
utilized conducting solids, radiation and convection links.  
Interference or gap elements were used between the Inner Stain
les-Ztewl 0011 an-d the Aluminum Basket.  

3.6.1 Descriition 

The ANSYS (Engineering ANalysis SYStem) computer 
program is a large scale general purpose computer program for 
the solution of several classes of Engineering Analysis problems.  
Analysis capabilities include static and dynamic; plastic, 
creep and swelling; small and large deflections; steady state 
and transient heat transfer avid steady state fluid flow.  

The matrix displacement method of analysis based upon 
finite element idealization is employed throughout the program.  
The library of finite elements available numbers more than 
thirty for static and dyna.mic analyses, and more than ten for 
heat transfer and fluid flow analyses, This variety of elements 
gives the ANSYS program the capability of analyzing frame 
structures (two dimensional frames, grids and three dimensional 
frames), piping systems, two dimensional plane and axisymmetric 
solids, flat plates, three dimensional solids, axisyrMetric and 
three dimensional shells and non-linear problems including inter
faces and cables. \__
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Loading on the structure may be forces, displacements, 

pressures, temperatures or response spectrums. Loadings may 

be arbitrary time functions for linear and non-linear dynamic 

analyses. Loadirins for heat transfer analyses include inter

nal heat generation, convection and radiation boundries, and 

specified temperatures or heat flows.  

The ANSYS program uses the wave front (or "Frontal") 

direct solution method for the system of simultaxneous linear 

e:-u:&.ions developed by the mnatrix displacement method, and 

gives results of high accuracy in a minimum of computer time.  

The program has the capability of solving large structures.  

There is no limit on the number of elements used in a problem.  

The number of nodes can be in excess of 2500 for three dimen

sional problems, and 5000 for two dimensional problems. This 

solution method places i "wave front" restriction on the problem 

definition, The "wave front" restriction depends on the amount 

of core storage available for a given problem. Up to 500 degrees 

of freedom on the wave front can be handled in a large core.  
The wave front limitation tends to be restrictive only for an

alysis of arbitrary three dimensional solids or in the use of 

A1'SYS on a small computer.  

Geometry plotting is available for all elements in the 

ANISYS library, including isometric and perspective views of 

three dimensional structures, Plotting subroutines are also 

available for the plotting of stress and displacements from 

two and three dimensional solid or shell analyses, mode shapes
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from dynamic analyses, distorted geometries from static 
analyses, transient forces and displacements vs. time curves 
from transient dynamic analyses, and stress-strain plots from 
plastic and creep analyses. Velocities and accelerations may 
also be plotted from dynamic analyses.  

The input data for the MASYS program has been designed 
to make it as easy as possible to define the problem to the 
co-mputer. Options for multiple coordinate systems in cartesian, 
cylindrical, or spherical coordinat*es are available, as well as 
;iultiple region generation capabilities to minimize the input 
data for repeating regions.  

Sophisticated geometry generation capabilities are in
cluded for two dimensional plane and axisymmetric structures 
and for intersection three dimensional shell structures.  

3.6.2 Verification NJ 
The ANSYS computer program is a large-scale general 

purpose computer program employing finite element technology 
for the solution of several classes of Engineering Analysis 
problems. The program has been used for production analyses 
since early 1970. The program has been used by the structura, 
nuclear, mining, chemical and automotive industries, as well as 
by many consulting firms.  

The ANSYS program is based on classical engineering con
cepts and documented finite element and numerical analysis 
techniques. The primary sources of information are the follow
ing manuals, the ANSYS User's Manual, which provides the in
structions for the use of the program and gives a brief descrip\__

VIII-C26



tion and/or references for the theory of the methods used, and 

the ANSYS Exarmles lanual, which is a collection of demonstra

tion problems and solutions.  

T-ile S program is continuously being verified by new 

users, governmental agencies, and engineering committees. The 

following is a partial, list of publications certifying 'the 

validity of A14SYS analyzes: 

1) "Symposiumq on En:gineering Computer Software 
V.crilcaun, 3aia _ .  
from presentations at the ASI'ii First Nat-ional 
Congress on Pressure Vessels and Piping, 
San Francisco, California, M.ay 1971. Published 
by ASMM, New York, 1971.  

2) "Thermal Structural Analysis Programs - A 
Survey and Evaluation", from presentations at 
the Third Annual Pressure Vessels and Piping 
Conference, and the 27th Annual Petroleum
Mechanical Engineering Conference, New Orleans, 
La., September 1972. Published by ASME, 
New York, .1972.  

3) "Pressure Vessels and Piping 1972 Computer 
Programs Verification - An Aid to Developers 
and Users", sponsored. by the Committee on 
Computer Technology, the Pressure Vessel and 
Piping Division, ASV.E. Published by ASI•E, 
New York, 1972.  

4) "Three Dimensional Continuum Computer Programs 
for Structural Analysis", from presentations at 
the Winter Annual Meeting of the American Society 
of Mlechanical Engineers, New York, N.Y., Nov. 1972 
Published by AST0E, New York, 1972.  

5) "Guidelines and Procedures for Design of Nuclear 
System Components at Elevated Temmeratures", RDT 
Standard F9-5T, Published by the Division of 
Reactor R&D, A.B.C., Oak Ridge National Labor
atory, M•arch 1974.
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6) Reimers, Carl, "Evaluation of Three 
Dimensional Structural Analysis 
Capabilities", Report No, 8716-01 (13) 
ER, Aerojet I-.anufacturing Company, 
Fullerton, California, 1973.  

7) "Structural Itechanics Computer Frograms -.  
Surveys, Assessments, and Availability", 
edited by W0;. Pilkey, et al., University 
Press of Virginia, Charlottesville, 1974, 
Pps, 15, 63, 116, 140, 146, 153, 219, 266t 
533, 687, et..  

Pub~iihed results of a nay.ies using the AN..Y -p'ogram 

appear in many engineering journals, including the ASfE Trans
actions and Mlachine Design,
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4.0 Results and Conclusions

The results contained in the following sections have been 

e:½tracted from the data found in Section 6. The results for the most 

part have been exhibited in graphical form for ease of review and assess

ment.  

4.1 Transient Thermal Analyves.  

Figures 7 thru 15 show the iso-thermal lines for.  

'U'l: cool-down transient. 7i,-ure 7 indicates the temperature 

distribution in the aluminum basket for the initial steady state 

temperature condition. Figures 8 thru 15 show the temperature 

variation as a function of time from zero time to 0.15 hours 

(9.0 minutes). The larger gradients in the vicinity of the 

cooling ducts is clearly indicated.  

In order to limit the number of stress solutions, the 

temperatures at selected locations were plotted. Also temper

ature differences were examined and the times of greatest dif

ference were considered as possible time points to generate 

stress solutions. The locations selected in the cask are shown 

in figure 16. The temperatures and temperature differences can 

be founid in figures 16A thru 29.  

The steady state temperature solution for the absorber 

sleeves are plotted in figures 30 thru 32. These temperatures 

were used in the steady state and transient stress solution and 

the results are described in Section 4.4.  

The temperature distribution and implied temperature gradi
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ents are sho.'m in figures 33 thru 37 for the steady state 

initial condition and the selected time points for the stress 

analysis. Figure 37 shows that even after .15 hrs. (9 min.) 

a stady state condition is nearly reached.  
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4.2 Psket Stresses 

From the analysis of the thermal solution the times of' 

interest in the cool-dowm transient for stress solutions, were 

determined. These solution times are: 

1) time 0.0 hr. (Isothermal 400 or) 

2) time = o.o hr. (Steady-state Auxiliary Cooling) 

3) time = 0.00050 hr. (1.8 see.) 

4) ti---- (7.2 oz 

5) time = 0.004 hr. (14.4 sec.) 

6) time = 0.020 hr. (72 sec.) 

7) time = 0.15 hr. (540 sec.) 

8) time = 1.0 hr. (Isothermal 400 OF) 

The isothermal temperature states are included to simulate 

a cycle of operation. (-Note that after plastic deformation, an 

isothermal state is no longer a stress-free state and must be 

included) 

At each of the indicated times, an elastic-plastic plane-

stress solution for the aluminum basket wias completed. The 

resulting stress intensity contours for each of these times 

are presented in Figs. 38 - 43. These curves point-out the 

regions of stress concentration in the cross-section. In the 

area of most severe concentration (Elem. 247,. also Figure 52) 

the strain range experienced in the indicated loading cycle was 

determ-ineds For Elem. 247 the plot of Oa S. s is shown in 

Figure 44. In this figure, the indicated strain range is

I rTTT- r1• I



approximately 0.21.1 However, since C and Ey Are not 

necessarily principal stresses, the equivalent stress should 

be used to determine the required strain range needed in the 
lrattiu,, analysis. Te- co:•uuter ou-. ut ( Section 6 ) indicates 

that the maxiAmum equivalent strain reached is 0.24r.. Since 
Figure 44 indicated that there is very little stress reversal, 

the =aximum strain range will be taken as 0.24;;.  

Since the stress model was too coarse to accurately in
d'•a- th-3 _,•-Lrface stre.ises caused by " ini 

shock, the surface strains were conservatively estimated by 

f's = Cý A

The maximum AT that the aluminum will experience where 
there bill be the very high boiling heat transfer taking place 
is inside the most central rectangular port, (thermal model 
node 96) and is 6 TL = 456 - 400 = 56 'F. This AT results 
in a strain of less than 0.1; and is therefore much less than 
the strain determined in Elem. 247 of the basket model.  

The plot of the stress-strain loop, Figure 4-4, indicates 
that for the thern-al cycle, -.,.he strains do not appear to be 
accumulating, i.e., ratchetting is not taking place as indicated 
b% the element returning to zero st.-ain at'the end of the cycle.  
This is expected since there is no steady pressure type driv
ing load.  

From Fig, 44 the aluminum response may be estimated for 
the case in which creep would be included in the analysis. For the

VIII-C32



Rev. 1, 6/75 

case of aluminum creep, the longest hold period would be at the 

isotiherma! 400 OF point in the cycle. Since there is no driv

ing force, the stresses in the aluminum relax by exchanging 

creao stAtrain for elastic strain. Thus there is probably very 

little or no additional total strain, On Figure 44 the relaxa

tion .-,would be indicated by the stress moving toward zero; with 

no strain change from the 400 oF isothermal point. This would 

no'y aCTfct t.i ratch~tting .nce :vith the rel-xation the residual 

stress would be removed, and the material would appear more 

like the original, stress-free, aluminum. Therefore, it is con

cluded that the thermal cycle applied to the aluminum basket 

does not result in ratchetting that would cause the diameter of the basket to 

increase. The following discussion investigates ratchetting in what is considered 

the most critical section of the basket. The analysis is conservative in that it 

is based on temperatures associated with a decay heat load of 97.2kw and that 

the strain acts over a full one inch of the basket periphery.
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The first step in the description of the Simplified Basket Model 

is to note that the critical section of the Basket is the small section at the 

tip of the 450 Absorber Port. (see sketch below) 

62 /77C e. .5°c77q.  

The essential features of the response of the critical section and 

the rest of the Basket to the thermal gradients may be simulated by a two 

bar mechanism, one massive bar and one weak link bar. The massive bar 

simulates the bulk of the basket and the small bar simulates the critical 

section and outer fibers of the basket.  

In the two bar model, the stress-strain conditions that exist at 

the critical section will be used but any ratcheting strain that is found will 

be assumed to

VIII - C33a
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Ratcheting of the Aluminum Basket (Cont.) 

exist over a larger section of the outer fibers. Thus, a conservative value 

for the radial growth due to ratcheting will be obtained..  

F - Z-- - - . . .-F.= 

i!• _. . .. 7..  
-441 

Si. .... . .... ...AJ TC C/. ..  

'--S -I."• Dco aa7 .  

- '19 -...4 Q .j .  

7Y47'SAME Ag$auIOMfl 

The two bar assembly will be used to simulate the ratcheting by 

imposing different temperatures on the bars which produce strains in the smaller 

bar to the same level as was seen in the basket finite clement analysis. In 

the two bar simulation, the average force across the bars (P) will be zero since 

there is no pressure drop across the basket assembly.  

Simple elastic-plastic ratcheting studies [Miller, Ref. 1i3 have shown 

that systems like the two bar mechanism with zero P force will not ritchet but 

are cases of cyclic plastic strain. However, when temperature dependent material 

properties, cyclic hardening, and creep are considered, some accumulated strain 

may develop before the cycle stabilizes. Since the tolerances between the alumint 

basket and the stainless steel are small. It is important
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Ratchetinq of the Aluminum Basket (Cont.)

to assess the potential for this type of growth.  

From the previous finite element analysis of the basket, t•,e strain 

range observed at the critical section was approximately 0.2%. To induce 

this strain on the smaller bar, the bars will be forced to different temperatures.  

The LT between the bars is:

0.U021 

AT

= d YT = 13.7(10)-6 AT 

- 156 0F

by alternately placing this AT between the bars and taking them to the iso

thermal condition the smaller bar will go through the prescribed strain range.  

To determine the levels of temperature, the temperature distributionr 

of the basket for normal operdtion will be examined. Linear approximations to 

these distributions are given below.* 

0 .4o97.2 KW' X.S. MIeM..A-.  
W1 /AM Y. r-OCUP.W4 5TM ugtwoldAA 

46 - (9 7. 2 K-w) .. .

zLz.

&p- ---

- *.-.. I

0

* To be consistent with the earlier work, the old. 97.2 kw Heat Load was 

used.
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From the sketches of the limiting temperature distributions, a 

reasonable approximation for the bar model temperatures is:

Steady-state Bar A 456 F 
Bar B 300 

Isothermal Bar A 400 

Considering the expected 14 day cycle time of the cask the 

temperature Histograms were selected.  
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Ratcheting of the Aluminum Basket (Cont.) 

The two bar assembly will be modeled with the ANSYS Program 

(Rnf. 1). The simple two element model is shown below: 

iL 
-- * II " 

5 4 7 -:;Ii. I L. :;"' 

The relative thickness of the critical section beam was represent

atively selected as 10% that of the heavy beam. The Nodes of the Y =0 face 

will be constrained to displace equal amounts in the Y direction. This type 

of constraint does not restrain the Y-Direction growth but forces the two elements 

to always have the same Y strain.  

Material properties for the aluminum were taken from SAR Section XI.  

Additionally, creep properties for the aluminum were needed. Since the 1080 

Alloy is not used for structures, creep properties were not available. Attempts 

to find creep data of similar Alloys were also very sketchy. The final data used 

were for Alloy 5052S-0 and Alloy 1060-0. The conversion to a suitable creep 

expression is given on the following pages. Note that only the steady-state 

creep rates were used.
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Creep Expression For Aluminum (Cont.) 

= Creep Rate in in./in./Hr.  

A, k, & rm = Empirical constants determined from experimental data 

Tr = Absolute Temperature 

d = Stress (psi) 

On the following page the creep rate data is plotted ( vs.0').  

50orwupc of J !:'~s 'h 1 ~ it3 .)' 41t¾. ;o i C3I ::~:i~ 

(Note the data for 575°F was not used.) 

The slopes of the two lines is: 

Temp F Slope E vs.cf 

400 2.65 
475 2.52 

The average slope-is taken as the m parameter.  

m = 2.59 

Computing the intercept at O" = 1.0 using the average 

slope yields: 

Temp OF Ae - k/Tr (= Thedo = 1.0 intercept) 

400 1.61 (10) 
475 1.10 (10) -12 

Writing the creep expression as 

log e/l.0 -0.434 k(rL) + m log 1.0 f log A 

and plotting strain rate vs. I/Tr will yield the required remaining 

constants.
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Creep Expression For Aluminum (Cont.)

",*1%

/0-1.1

444 

.; a 

tb S 

-- S 
- P 
--- I 

1S'p)� 
4; a

= Ct4.34 A

O. 00/& 0,001.

From the slope, the constant is found: 

k = 20617.  

Including the k parameter in the creep rate expression for

c'= 1.0

log t 1 .O = (-0.434) (206-17)

Taking the 400 F Data Point

log (1.61 (10) -13) = (-0.434) (20617) 1 
860

1-- + log A 
T 

r 

+ log A

A = 4.07 (10)- 3
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Creep Express [on For Aluminum (Cont.)

The final expression selected for aluminum is therefore:

S= 4.07 (10)
-3 20617 

e T

Checking this data against the data extracted from the references yields 

the following table.

VIII - C33J

2.59
in/in/Hr

I

Tenp .:.-o P, (Ei-qA.1 J)-• 

-7100 (,.67 (1 Of- IM UNbY 
41oo 1.0 (to 3, o '1?1( " 

47 2oe to~oY tO,2-9.C, 7F 3,".  

47 K 4q oo £~o("1o)- 3.•C/Ef-= 
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Rachetinq of the Aluminum Basket (Cont.) 

Results 

The solution for the temperature Histogram was carried for four 

cycles. Plots of Y-stress vs. Elastic + Plastic + Creep Strain are shown 

for the two bars of the model on the following pages.  

The results indicate the critical section of the basket is incrementafly 

compressed during the cycling. It is believed that this incremental compression 

is a result of the comnressive creep occuring in the heavy membor of the two bar 

structure. The heavy member is not stressed highly but does reach higher 

temperatures during the cycle; therefore the significant compressive creep, Further 

it is believed that this type of response is representative of the basket structure.  

The magnitude of the calculated incremental strain is found to be 

-5 approximately 4.0 (10) in/in per cycle, (see plot below). If it is assumed 

that this incremental growth would continue over the life of the cask and would 

not be retarded due to cyclic plastic and creep hardening, the final accumulated 

strain would be approximately 2.0%.  

If this strain were assumed to act over an inch of outer radius of the 

disc the change in dimension of the fuel port would be about 20 mil on one of the 

outer sides. This dimensional change will not interfere with the operation of 

the cask.  

Note also that this calculation indicates that the average diameter of 

the aluminum discs will decrease very slightly during operation. Further note 

again that the temperature cycle used was based on the old heat load of 90 kw.  

With the newer heat load and reduced temperatures, the incremental strains wo'"d 

be significantly reduced.
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4.3 Inner Shell Stresses 

The maximum thermal stress in the inner shell Is shown in figure 46 to 

be 3047 psi. The circumferential stress due to the 247 psi saturation pressure 

is 7533 psi resulting in a total stress of 9970 psi. The longitudinal stress 

is 3767 psi assuming the Inner shell reacts all the pressure load. The 

evaluation is based on the Von Mises - Hencky failure criterion as follows: 

i=9970psi, CU = 3767psi 

2 

"o 23250 psi (from Sect. XI -1 of this report) 

2 - G2 cft2 + Or 8720 psi 

Therefore the structural Integrity of the Inner shell is maintained.  

In reviewing the operating range of normal conditions it is found that 

the cool-down and unloading operation is a less severe condition in the 

range since there are no external loads present in this case.
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4.4 Absorber Sleeve Stresses 

The maximum stress in the absorber sleeve located at 450 occurs in 

element #113, see figure 52. The stress Intensity is 37,100 psi from the data 

in Section 6. This stress is under the 3 x Sm code allowable for shake-down 

and is 47,100 psi for 304 stainless steel at 4000F.  

The maximum stress Intensity in the double fuel element absorber 

sleeve is 43940 psi occurring In the spacer between the 2 sleeves, see 

figuLC 52. This stress i: also beLuw the 3 x S code alluwable stress.  m 

The membrane compressive loading in the inside of the double fuel 

element sleeve on the outer most face of the can, will produce an elastic 

buckle. This buckle will disappear as the cool-down continues and will not 

exist at the end of the transient.
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'. Deflections 

The clearance between the aluminum basket and the inner •j 

stainless steel shell as shown in figure 50, indicates that no 

interference takes place. The average clearance is slightly 

less than .055' with a ma'--i of .076" and a minimum of .047" 

During the cool-down, the clearance at nodes 6 and 7 (W= - ) 
was plotted in figure 51, as a function of time. Thi-. indicates 

that the gap decreases initially and then increases monotonically.  

•••e reasorn fo" this is ,•nat" the ports in the al.UinLJuM :aske t and 

the peripheral sections of the fuel element cavities are causing 

the aluminum to increase in temperature in the presents of 400 0 F 

water. Since the aluminum has a larger expansion coefficient 

than the stainless steel inner shell, the gap decreases at first.  

As the inner shell heats up and expands, and the mean temperatur

of the aluminum basket decreases, the gap tends to increase* 

The conclusion is that, under no circumstance during the 

cool-down transient, will the aluminum basket interfere or inter

act with the stainless steel inner shell.
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4.6 Fatigue Evaluation 

The maximum basket strain in element #247 is .24f from 

section 4.2. The low cycle fatigue life for 4.00 cycles is 

1.15' at 300 0F. Therefore the basket aluminum is structurally 

adequate for its intended use.  

The maximum peak stress in the absorber sleeve is 

86,924 psi in element #67 (sleeve spacer, see Figure 52).  

'.h!• 'tress baspd on n ztre~ s cone ntration fac or of 5 for 

the weld. According to Figure 6, the fatigue life at this 

stress level is almost 2000 cycles. Therefore, the absorber 

sleeve is structurally adequate, 

Due to the low stress level in the inner shell (section 4.3), 

a fatigue evaluation was not considered significant'in this 

analysis.
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SECTION' III - APPENDIX I-STRESS TABLES
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5.0 Detailed Calculations

This section contains the detailed calculations for the convection 

areas, flow areas, flow rates, etc.
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CASK FLOW 

AREA - PWR

Inside Area of Cask 

2 Ac = 7r"Rc

=Ac = 1590.4 in 2 

Area of Basket w/ci Fuel Cavities 

2 A b = Tf Rb 

2 
Ab = 1587.6 In 

Area of Fuel Cavities In Aluminum

R = 22.5" From NL 
Drwg. No. 70651F, Rev. 1 
Sht. 2 of 7

Rb = 22.48" Based on 

.020" Hot Gap - Ref. 1

Single Fuel Element

Asf
2

Asf = (9.705)2 = 94.19 in 2 

Double Fuel Element

Adf = LxW

L = 9.705 in from NL 
Drwg. No. 70652F, Rev. 0, 
Sht. 2 of 2

L = 20.41" (NL 70652F, Rev. 0 
Sht. 2 of 2)

W = 9.705"

Adf = (20.41) (9.705)

Adf = 198.08 in2
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CASK FLOW 

AREA - PWR 

Cross-Sectional Area of 
Absorber Sleeve (NL 70652F, Rev. 0 

Sht. 2 of 2) 

Mean length of one side of Sleeve 

L = 8.956 + 9.633 
2 

L . = 9.29" 

Thickness of Sleeve 

t = .2425 + 2 (,048) 

t = .339 in.  

Area A = 4 Lm t .• as 

A as = 4 (9.29) (.339)

A s = 12.6 in 

Area of Ports 

Rectangular Port 

Ac0 = 2 (4.85) (3.-iS) (For Dimensions See 
Ref. 1) 

2 
AO = 30.56 in /oPort
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CASK FLOW 

AREA - PWR

Triangular Ports (See Ref. 1)

2 
= (.7) (4.68) = 3.28 in 

2 2-1 (2.25) (4.3) = 4.84 in 

- (4.0) (1.10) =4.4 in 

2 
2 ½ (1.1) (.3) =.17 in 

= ýn = 12.69 in 2

Fuel Pin Area 

One fuel El. Area = 204 x T1D 
4

Total fuel Afe = 10 x28.5=28

= 28.5 in2 (D =.422") 

2 
15 In
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CASK FLOW 

AREA - PWR 

Total Flow Area 

Atot = AcAb+ 6Asf+ 2Adf- 10Aas+ 2An+ 7Ab -AFE 

Atot = 1590.4 - 1587.6 + (6) (94.19) + (2) (198.08) 

- (10) (12.6) + (2) (30.56) + (7) (12.69) - 285 

2 2 
A = 706.19 In (4.904 Ft) 
tot 

Vertical Steam Velocity 

Steam Conditions 

Temp. - 400OF 

Press. - 248 psi 

Q = 6000 #/hr 

3.  
Vg 1.86 Ft /# (Ref. 2) 

Atot = 706.19 In. 2 = 4.904 Ft. 2 

C = 1.67 #/Sec.  3 

A . V. T = Vg . 0 = (1.86) (1.67)= 3.106 Ft.  
tot 

V .633 Ft/Sec 

V = 7.60 "/Sec Steam Velocity
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Total time to fill cask with water assuming no Steam Generation:

A 
tot

2 
= 4.904 Ft

L = 155.94" or 11.25 Ft (Aluminum Basket) 

Q = 1.67 #/Sec.  

3 Volume =Ato . L = 55.17Ft

P = 53.65 #/Ft3 0 @ 400 F, p -248 psi

Time T Voi.P = (55.17) (53.65) 

Q (1.67) 

T = 29.5 Min.
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FORCED CONVECTION 
COEFFICIENT FOR WET DUCT

The sink temperature In the wet duct during Auxiliary Cooling (Steady

State) is 181°F 

Forced Convection Coefficient

h = C (T - TO)b 

T = Sink temperature 

To Source temperature 

b = 0 for forced convection 

Therefore

4hfc 

C 

or C

- C(Ti -TO) 0= C 

= 696.0 BTU/hr - Ft 

= 4.833 BTU/hr- In
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. SURFACE AREAS 
-CONVECTION LINKS 

ALUMINUM

The following convection areas pertain to the Aluminum Surface.  

Area is based on per inch of longitudinal length and equals 
1/2 the areas between adjacent Nodes.

Area (In2 ) 

1.213 
2.426 
2.424 
2.423 
2.423 
2.423 
1.726 
1.726 
2.423 
2.423 
2.423 
2.425 
2.426

1.213W

DDescription 

DOUBLE 
FUEL 

ELEMENT 

1

FUEL 
ELEMENT 

450

5

2". 426 
2.426 
2.426 
2.426.  
2.426 
2.426 
2.426 
2.426 
2.426 
2.426 
1.618 

.809 

.809 

.808 

.809 
.809 

1.618 
2.426 
2.426 
2.426

VIII - C104

Node No.  

.2 
30 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
39 
13
91 
92 
93 
94 
95 
130 
156 
185 
135 
162 
190 
209 
217 
242 
241 
240 
239 
238 
237 
236

-v



SURFACE AREAS 
- CONVECTION LINKS 

ALUMINUM

Area (In 2 )

1.213 
2.426 
2.426 
2.426 
2.426 
2.426 
2.426 
2.426 
1 .213

Descri tion 

I 
FUEL ELE.  
@ 900

96 1.213 4 
97 2.426 RECTANGULAR 
98 2.0 PORT 
129 1.574 1 
147 2.0 
146 2.426 
145 1.213 
253 1.925 
254 2.35 UPPER 

255 1.675 TRIA. PORT 
266 3.0 
293 4.854 
316 2.819 
306 1.142 
265 1.5 
109 1.925 
110 1.5 
111 1.142 LOWER 
118 2.819 TRIA. PORT 
137 4.854 
164 3.0 
163 1.675 
136 2.35

VIII - Clos

Node No.

153 
154 
155 
184 
235 
264 
315 
314



6.0 Computer results
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Immersion of Cask into Fuel Storage Pool 

The 10/24 Rail Cask can arrive at the fuel reprocessing plant in 

either the Normal Condition of Transport (no auxiliary cooling) or 

with the auxiliary cooling system operating properly. If the auxl.,

lary cooling system is operating, the cask Undergoes the cooldown 

procedure described in Section VIII Appendix C.- If the cask is at 

the higher temperatures reached under normal transport conditions, 

cooling will be provided through the cask internal cooling channels 

and operated until cask temperatures are reduced to those usually 

maintained by the auxiliary cooling system during transport. Then 

the cooldown procedure of Section VIII Appendix C will be followed.  

In either situation, the cask temperatures after cooldown will be the 

same when the cask is lowered into the fuel unloading pool. These 

temperatures are estimated to be 200 0 F for the Inner shell and water 

jacket and 240°F for the outer shell. The cask containment vessel 

will be filled with water at about 180°F; the unloading pool water 

will be at about 1000 F. During unloading of the fuel, the cask will 

cool slowly and eventually reach ambient temperature after removal 

from the unloading pool. Consequently, during the cask unloading 

process, shell temperatures will range from 200 to 240°F down to 

ambient temperature. Under normal transport conditions cask shell 

temperatureS.are 300 to 400°F (Sec. 3.1). Evaluation of stresses 

in the cask shells for cyclic operation over the full temperature range

VIII-Cl 1la
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between ambient and normal transport conditions chown the strecces 

to within allowable limits (Sec. 3.8). Since the range of cask shell 

temperatures is much less during fuel unloading than during the nor

mal operating cycle, cask shell stresses during this operation must 

also be withing allowable limits.
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APPENDIX D 

Thermal Analysis of Cask Including 

Top and Bottom Section Details 

A detailed analysis of the NLI 10/24 cask was made to provide axial 

temperature distributions and temperature data for the ends of the cask.  

This data was generated specifically for use in the thermal stress analysis 

calculations.  

The calculation models for the top and bottom of the cask are shown 

in figures Dl and D2, respectively. The calculated steady state temperature 

profile corresponding to the cask with auxiliary cooling is summarized in 

Exhibit 3. The transient response of the cask to submersion in the fuel un

loading pool was also analyzed and the results of these calculations are 

summarized in Exhibits 4, 5, 6, 7, and 8 corresponding to 10, 20, 30, 60, 

and 120 minutes after submersion, respectively. The TRUMP computer program 

was used for this analysis. In these models, the node centers are located at 

the geometric center of the subregions. The node numbers appearing in Figures 

Dl and D2 are identical to those used. in the TRUMP analysis and permit the 

resulting temperatures to be correlated with the calculation models.  

The cask has radial symmetry which allowed the models to be generated 

with an included angle of Tr/6 radians. Other assumptions and conditions for 

the analysis include:

VIII - D1
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o 70 kw internal heat generation In the center 10 foot axial 

section 

o Cask in full sun on 130F day 

o Natural convection and radiation heat transport from cask 

surface along axial length and off the ends of the cask 

o Natural convection of helium and radiation heat transport 

assumed between the basket and the ends of the inner cavity 

o A 200F temperature differential is assumed across the empty 

neutron shield cavity for the post-fire test condition 

The input data corresponding to these operating conditions along with the 

material properties are summarized in Exhibits D1 and D2.  

The calculated temperatures for the top end of the cask are shown in 

Figures D3 and D4 for the normal and post-fire test conditions, respectively.  

The temperatures for the bottom section of the cask are shown In Figures 

D5 and D6 for the normal and post-fire test conditions, respectively.  

These temperatures are representative of a point at the geometric center 

of the nodes. The TRUMP computer printout for the analysis of the top 

section of the cask is found in Exhibit D1 and the printout for the bottom 

section is found in Exhibit D2.
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Exhibit D1 

TRUMP Printout for Top 

Section of NLI 10/24 Cask
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