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THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT AND HAC
(FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

3-85

Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-3/and/3-24-16



THIS PAGE INTENTIONALLY LEFT BLANK.

3-86

Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-3/and/3-24-16



Appendix 3.6.2

THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT AND HAC
(FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

INTRODUCTION

Thermal analyses of the ES-3100 shipping container are performed to determine the temperature
distribution within the packaging during Normal Conditions of Transport (NCT) as specified in

10 CFR 71.71(c)(1).'" Transient thermal analyses are performed by treating the problem as a cyclic
transient with the incident heat flux due to solar radiation applied and not applied in alternating 12-hour
periods.

Additionally, thermal analyses of the ES-3100 shipping container are performed to determine the

thermal response of the packaging to Hypothetical Accident Conditions (HAC) as specified in

10 CFR 71.73(c)(4)."" Since physical testing of the ES-3100 shipping container was conducted with no
internal heat source or insolation during cool-down,"”! temperature increases due to internal heat loads of
0.4, 20, and 30 W as well as temperature increases due to the application of insolation during cool-down
following the HAC fire are calculated. Although earlier revisions of 10 CFR 71 specifically state that
insolation does not need to be evaluated before, during, or after HAC, the current version of 10 CFR 71
and associated guidance are unclear regarding the need for consideration following HAC testing. Since
the Nuclear Regulatory Commission (NRC) has taken the position that insolation must be considered and
evaluated following fire testing, analyses are conducted to determine the effect of insolation following the
HAC fire on the ES-3100 shipping container. The predicted temperature increases may be used to adjust
physical test data for those loads not included in the physical tests.

FINITE ELEMENT MODEL DESCRIPTION

A two-dimensional axisymmetric finite element model of the ES-3100 shipping container is constructed
using MSC.Patran® and imported as an orphaned mesh into ABAQUS/CAE™ for application of
boundary conditions, interactions, and loads. The model is constructed of DCAX4 (four-node linear
axisymmetric heat transfer quadrilateral) and DCAX3 (3-node linear axisymmetric heat transfer
triangular) elements for evaluation for NCT and HAC. The actual contents of the ES-3100 shipping
container are not specifically modeled—instead, the content source heat load (if desired) is modeled by
applying a uniform heat flux to the inner surfaces of the containment vessel. This is a conservative
approach in that package temperatures will not be reduced in a transient analysis by the heat capacity of
the contents. A schematic of the finite element model is presented in Figure 1 with details of the upper
and lower portions of the model shown in Figure 2 and Figure 3, respectively. The model consists of
five materials: stainless steel (drum, liners, and containment vessel), Kaolite, neutron absorber, silicone
rubber, and air in the gaps between the drum liner and containment vessel and between the drum liner and
top plug. Degree-of-freedom “ties” are made at the interfaces of the different material regions in order to
allow the heat to flow through the model. Thermal properties of the materials used in the analysis are
presented in Table 1.

Heat is transferred to the model from the contents (i.e., decay heat of the contents) via heat flux boundary
conditions applied to the inner surface of the elements representing the containment vessel. Additionally,
solar heat fluxes are applied to the model during NCT and HAC post-fire cool-down via heat flux
boundary conditions. The heat applied to the model via the boundary conditions is transferred through
the model via conduction and thermal radiation. Heat is rejected from the external surfaces of the model
via natural convection and thermal radiation boundary conditions.
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Figure 1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container.
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Figure 2. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
(upper portion detail).
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Figure 3. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
(lower portion detail).
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Table 1. Thermal properties of the materials used in the thermal analyses.

. Temperature Thermal Conductivi Densi Specific heat ..
NMaterial F"F) (Btw/h-in.-°F) v (lbm/ir:.};) (gm/lbmﬁF) Emisstity
-279.67 0.443® 0.285@ 0.065@ 0.22®
-99.67 0.607 - 0.096 -
260.33 0.799 - 0.123 -
Siainless sieel 620.33 0.953 = 0.133 -
980.33 1.088 - 0.139 -
1340.33 1.223 = 0.146 -
1700.33 1.348 - 0.153 -
2240.33 1.526 = 0.163 =
68 0.0093® 0.011© 0.2 =
212 0.0091 - — -
Kaolite 1600 392 0.0081 - - -
572 0.0072 = - -
1112 0.0082 - - -
31 0.0457© 0.0579 0.125© -
Neutron absorber 73.4 0.0485 - 0.186 -
(Catalog 140 0.0400 - 0.239 -
No. 277-4) 212 0.0295 - 0.242 o
302 0.0305 = 0.291 =
Silicone rubber — 0.0161® 0.047® 0.300® 1.0®
-9.67 1.074x107® 4.064%10~@0 0.240® -
80.33 1.266x10° - 0.241 -
170.33 1.445%x10° - 0.241 -
260.33 1.628x10° - 0.242 ~
350.33 1.796x10° - 0.244 -
440.33 1.960x10° - 0.246 -
530.33 2.114x10° - 0.248 -
620.33 2.258x107 = 0.251 =
Air 710.33 2.393%x10° = 0.254 =
800.33 2.523x10° = 0.257 -
890.33 2.644x107 - 0.260 =
980.33 2.759x107 - 0.263 -
1070.33 2.870x107° - 0.265 —
1160.33 2.985%107 - 0.268 -
1250.33 3.096x10° - 0.270 -
1340.33 3.212x107 - 0.273 -
1520.33 3.443x107° - 0.277 -

Notes: (a) F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.

(b) Hsin Wang, Thermal Conductivity Measurements of Kaolite, ORNL/TM-2003/49.

(c) Based on a baked density of 19.4 Ibm/ft* (0.011 Ibm/in®). Specification JS-YMN3-801580-A003 requires a baked density of
22.4+ 3 Ibm/ft’. Using a lower value for the Kaolite density results in higher temperatures on the containment vessel because the
heat capacity of the Kaolite is minimized—allowing more heat to flow to the containment vessel; therefore, the thermal analyses
are performed using a low-end density of 19.4 Ibm/ft’. The HAC analyses also consider a high-end density of 30 Ibm/ft’.

(d) FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August 11, 1995.

(e) W.D. Porter and H. Wang, Thermophyical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290, ORNL, Dec.
2004. Specific heat values are presented in MJ/m’-K in ORNL/TM-2004/290—converted to mass-based units using a density of
105 Ibm/ft’.

(f) Based on a cured density of density of 100 Ibm/ft’ (0.0579 Ibnvin®). B. F. Smith and G. A. Byington, Mechanical Properties of
277-4,Y/DW-1987, January 19, 2005presents a range of measured densities between approximately 100 and 110 Ibn/ft® for
Catalog No. 277-4. Therefore, in order to minimize the heat capacity of the material and allow more heat to be transferred to the
containment vessel, the lower-bound value is used. The HAC analyses also consider a high-end density of 110 Ibm/ft’.

(g) THERM 1.2, thermal properties database by R. A. Bailey.

(h) Conservatively modeled as 1.0.

(i) Constant density value evaluated at 100°F.
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MODELED HEAT TRANSFER MECHANISMS

The heat transfer mechanisms included in the thermal model such, as thermal radiation, natural
convection, and insolation (solar heat flux) are described in detail in the following sections.

Heat Transfer Between Package Exterior and Ambient
The heat transfer between the exterior of the package and the ambient (or fire) is modeled as a

combination of radiant heat transfer and natural convection. The heat transfer due to radiant exchange
with the environment is calculated as:™

" 4 4
9 rad =0Fe (Ts _Ta )’ (1)
where o© Stefan-Boltzmann constant,

F. = overall exchange factor,

T, = container outer surface temperature (absolute), and

T, = ambient or fire temperature (absolute).

The overall interchange factor is calculated as:™

F = ()

where g, = emissivity of package surface,

5 surface area of the package,
surface area of the surroundings, and
€5 = emissivity of surroundings.

Z >
[

For NCT and the cool-down period following the HAC fire, the area of the surroundings is assumed to be
much larger than the surface area of the package; therefore, Eq. 2 reduces to:

F ~¢, . 3)

p

An emissivity value of 0.22,') which is typical of clean stainless steel, is assumed for the outer surfaces
of the drum during NCT and during the cool-down period following the HAC fire. In reality, the

outer surfaces of the drum will have a much higher emissivity following the HAC fire; therefore, this
assumption is conservative.

During the HAC fire, the area of the surroundings is assumed to be approximately equal to the surface
area of the drum; therefore, Eq. 2 reduces to:

2 N S @)
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During the HAC 30-minute fire, an emissivity of 0.8 is assumed for the drum, and an emissivity of 0.9 is
assumed for the fire per the guidance of 10 CFR 71.74(c)(4)."") This results in an overall exchange factor
0f 0.7347 during the HAC fire using Eq. 4.

The natural convection heat transfer from the package surface to the ambient air is calculated as:

q"convection = h (Ts - Ta ) (5)
where h = natural convection heat transfer coefficient,
T, = container outer surface temperature, and

T, ambient or fire temperature.

During the NCT transient thermal analyses and the steady-state thermal analyses (used to obtain the
starting temperature distribution in the package for NCT and HAC when a content heat load is present),
the shipping container is assumed to be in an upright (vertical) orientation. The top of the drum is

modeled as a heated horizontal flat plate facing up using the following correlation:'

k
h:(fjc‘ Ra“, (6)

where  k thermal conductivity of air,
L = characteristic length (= D/4 per Ref. 6),
D = diameter of the package,
Ra = Rayleigh number,
C, = constant (see Table 2), and
C, = constant (see Table 2).

The Rayleigh number in Eq. 6 is defined as:

3
Ry =EPATL (7)
Vo

= acceleration of gravity,
coefficient of thermal expansion,
temperature difference,
kinematic viscosity [p/p],
absolute viscosity,

thermal diffusivity [k/(p C,)],
density of air, and

= specific heat of air.

where

I

T

g
p
A
v
n
a
p
C

P

The properties of air used in the natural convection calculations are presented in Table 3.

3-93

Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-3/and/3-24-16



Table 2. Coefficients for natural convection correlations.

Coefficient Rayleigh Number Range Value
C 10*<Ra< 10’ 0.54
! 10’ <Ra< 10" 0.15
C 10*<Ra<10’ 0.25
2 10’ <Ra< 10" 1/3
é Ra< 10’ 0.680
3 Ra>10° 0.825
& Ra<10’ 0.670
4 Ra> 10’ 0.387
c Ra< 10’ 0.25
5 Ra>10° 1/6
c Ra< 10’ 4/9
6 Ra>10° 8/27
¢ Ra< 10’ 1
1 Ra > 10° 2

Source: F.P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd ed., John

Wiley & Sons, New York, 1985.

Table 3. Properties of air used in natural convection calculations.

Thermal . . Kinematic Thermal
Tem}it;rature Conductivity 1Db$SIty3 ngj;gc H:?t Viscosity Diffusivity Israngtl
(°F) (Btwh-inoF) | Pm/in) | ( m-°F) (in.2/h) (in.2/h) AR
-9.67 1.074x107 5.039x10° 0.240 6.384x10" 8.872x10! 0.720
80.33 1.266x107 4.196x107 0.241 8.867x10" 1.255%x10? 0.707
170.33 1.445%107 3.595x107 0.241 1.167x10° 1.668x10° 0.700
260.33 1.628x107 3.147x10° 0.242 1.474x10° 2.137x10? 0.690
350.33 1.796x10° 2.796x107 0.244 1.807x10° 2.634x10° 0.686
440.33 1.960x107 2.516x10° 0.246 2.164x10° 3.164%x107 0.684
530.33 2.114x107 2.286x107 0.248 2.543x107 3.722x10° 0.683
620.33 2.258x107 2.097x10° 0.251 2.940x10? 4.291x10° 0.685
710.33 2.393x107 1.935x10° 0.254 3.360x10° 4.871x10? 0.690
800.33 2.523x107 1.797x107 0.257 3.800x10° 5.468x10° 0.695
890.33 2.644x107 1.677x107 0.260 4261x10° 6.082x10° 0.702
980.33 2.759x107 1.573x107 0.263 4.739x10° 6.696x10° 0.709
1070.33 2.870x107 1.480x107 0.265 5.234x10° 7.310x107 0.716
1160.33 2.985x107 1.397x10° 0.268 5.742x10° 7.979x10° 0.720
1250.33 3.096x107 1.324x107 0.270 6.261x10° 8.649x107 0.723
1340.33 3.212x107 1.258x107 0.273 6.802x10° 9.374x10° 0.726
1520.33 3.443x107 1.144x10° 0.277 7.912x10° 1.088x10° 0.728

Source: F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2" ed., John Wiley & Sons, New York,

1985.
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During the NCT transient thermal analyses and the steady-state thermal analyses, the sides of the drum

are modeled as a vertical flat plate using the following correlation:'®

CS
h =(EJ C,+ C,Ra =

9/16 6
[0.492}
14| —=
Pr

= _C7

; ®)

where L = characteristic length = the drum height,

£
I

constant (see Table 2),

Cs = constant (see Table 2),
constant (see Table 2),

Cs = constant (see Table 2),

C; = constant (see Table 2), and
Pr = Prandtl number.

&
I

The bottom of the drum is conservatively modeled as adiabatic during the NCT transient analyses and the

steady-state analyses.

During the HAC 30-minute fire and the post-fire cool-down, the shipping container is assumed to be

in a horizontal orientation (as it is during furnace testing). As such, the top and bottom of the drum

are modeled as vertical flat plates using Eq. 8 having a characteristic length, L, equivalent to the drum
diameter, and the sides of the drum are modeled as a horizontal cylinder using the following correlation

(10° <Ra<10"):1%

8/27

1/6
h:{EJ 060+ 0387Ra

9/16
[0.559

14| ——

Pr

where D = diameter of the package,

, )

The calculated natural convection film coefficients used in the thermal analyses of the ES-3100 are
presented graphically in Figure 4 and Figure 5 for NCT and HAC, respectively.
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Figure 4. Natural convection film coefficients applied to the drum surfaces during
NCT and steady-state conditions.
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Figure 5. Natural convection film coefficients applied to the drum surfaces during HAC.
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Insolation

The following insolation (incident solar radiation) data is required for NCT per 10 CFR 71.71(c)(1):!)

Form and location of surface Total insolation for a 12-hour period
(cal/cm?)
Flat surfaces transported horizontally
Base None
Other surfaces 800
Flat surfaces not transported horizontally 200
Curved surfaces 400

The total insolation values specified in the previous table are for a 12-hour period. For analytical
purposes, these values are “time-averaged” over the entire 12-hour period (i.e., divided by 12).
Therefore, the incident solar heat fluxes (q"so1.r;) used in the analyses for NCT and cool-down following
the HAC fire are as follows:

During NCT, the drum is in an upright (vertical) orientation; therefore, the following heat fluxes are
applied to the external surfaces of the drum to represent insolation:

Top Q"sotari =1.7074 Btu/h —in2, 10}
SIS q"solar,i =0.8537Btu/h —in.2 s (1 1)
Bottom P -

During the cool-down period following the HAC 30-minute fire, the drum is assumed to be in a
horizontal orientation; therefore, the following heat fluxes are applied to the external surfaces of the drum
to represent insolation:

Top qQ" e =0.4269Btu/h —in2, (13)
Sides qQ" e =0.8537Btu/h —in2, (14)
Bottom q" o =0.4269Btu/h —in.2 . (15)

The insolation is applied as a square-wave function (i.e., alternating on and off in 12-hour periods) in
the thermal analysis. The heat flux values presented in Eqs. 10—15 represent the insolation absorbed by
the package surface since a drum absorptivity of 1.0 was conservatively assumed. An analytical study
has been performed on a similar shipping package that investigated three methods of applying the
insolation.” The three methods consisted of 1) performing a steady-state analysis assuming the
insolation is applied continuously by distributing the heat flux evenly throughout a 24-hour period,

2) performing a transient analysis assuming the insolation is represented by a step function (i.e., applied
and then not applied in 12-hour cycles, and 3) performing a transient analysis where the incident
insolation is represented by a sinusoidal function that varies throughout the day. The results of the study
indicate that the method used in applying the insolation has a significant effect on the temperatures of the
outermost portions of the package. However, since the total insolation over any 24-hour period is the
same for all cases, internal package temperatures are relatively unaffected by the way in which the
insolation is applied. Since the containment vessel O-ring temperatures are of primary concern in this
evaluation, the step function method for applying the insolation is suitable.
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Heat Transfer Across Gaps in the Package

Heat transfer across all gaps in the package is modeled by a combination of radiant exchange and
conduction. Natural convection heat transfer is not included across the gaps in the model. Scoping
studies performed for a similar shipping package indicate that the heat transfer due to natural convection
in relatively small gaps is approximately a factor of 6 times less than the heat transfer due to radiant
exchange.”! These calculations assumed a temperature difference of 9°F across the gap. Based on these
previous calculations, the effect of neglecting the natural convection in the gap regions is minimal. The
emissivity values used in the analysis for all internal radiating surfaces in the model are presented in
Table 1.

Radiant exchange across gaps is modeled using the cavity radiation feature of ABAQUS/Standard.”®!
For each cavity (or enclosure), radiation surfaces are defined as shown in Figure 6 and Figure 7.

Figure 6. Radiation cavity surface definitions (top portion of the model).
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Figure 7. Radiation cavity surface definitions (bottom portion of the model).

As shown in Figure 6 and Figure 7, the various gaps in the model are divided into five separate cavities
(designated ‘E1’ through ‘ES’ in the figures) with between three and five surfaces (designated ‘S1’
through ‘S5’ in the figures) in each cavity for radiation calculations. Because the gap between the CV lid
and top pad is small in relation to its characteristic length, radiation exchange is modeled using the gap
radiation feature in ABAQUS/Standard with a view factor of 1.0 assigned. As a result, a shell element
(type DSAX1) is defined in the model with the radiation surface E3S4 (see Figure 6) superimposed to
close off cavity 3. The DSAXI element is assigned the properties of air, and surface E3S4 is assigned a
small emissivity value of 0.01 since it is an imaginary surface used to close the cavity.

Content Heat Load

In order to simulate the decay heat generated by the ES-3100 shipping container contents, a uniform heat
flux is applied to the element edges representing the inner surface of the containment vessel in the model.
Content heat loads of 0, 0.4, 20, and 30 W are investigated in this report. The uniform heat flux (q"source)

for a given content heat load is calculated using the following equation:

Qx3.4123

q"SOl.erC = 2
z[“Df ]+n(DiXH)

4

) (16)
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where, Q = content heat load (W),
D; = inside diameter of the containment vessel (5.06 in.),
H height of the containment vessel cavity (31.00 in.).

Il

Using Eq. 16, a content heat load of 0.4 W results in a uniform heat flux of 2.5608x10 Btu/h-in.2, a
content heat load of 20 W results in a uniform heat flux of 0.12804 Btu/h-in.2, and a content heat load of
30 W results in a uniform heat flux of 0.19206 Btu/h-in.2.

DISCUSSION OF ANALYTICAL RESULTS

All thermal analyses discussed in this report were performed using ABAQUS/Standard™ on an Intel
Pentium 4-based Microsoft Windows 2000 computer. Temperatures are monitored at selected locations
in the model as shown in Figure 8 through Figure 11.

Steady-state Conditions Analyses Results

Steady-state thermal analyses are performed on the finite element model of the ES-3100 shipping
container for three cases having content heat loads of 0.4, 20, and 30 W. The temperature distribution
results from these analyses are used as the starting temperature distributions within the model when
performing the transient thermal analyses for NCT and the HAC 30-minute fire. The boundary conditions
for these steady-state analyses include a combination of thermal radiation exchange and natural
convection applied to the top and sides of the drum using an ambient temperature of 100°F. The bottom
of the drum is modeled as an adiabatic surface (i.e., no heat transfer). Additionally, the content heat load
is simulated by applying a uniform heat flux to the surfaces of the elements representing the inner surface
of the containment vessel. The calculated steady-state temperature distribution within the model of the
ES-3100 shipping container for content heat loads of 0.4, 20, and 30 W is presented in Table 4.

As presented in Table 4, the maximum accessible surface temperature of the package when exposed to an
ambient temperature of 100°F in the shade is 100.43°F (38.02°C), 114.39°F (45.77°C), and 120.08°F
(48.93°C) for content heat loads of 0.4, 20, and 30 W, respectively.

Normal Conditions of Transport Analyses Results

Transient thermal analyses are performed on the finite element model of the ES-3100 shipping container
to simulate NCT with content heat loads of 0, 0.4, 20, and 30 W. The insolation required for NCT

per 10 CFR 71.71(c)(1)"" is applied to the top and sides of the drum in alternating 12-hour periods

(i.e., 12 hours on and 12 hours off) with the drum bottom remaining adiabatic during the transient thermal
analysis. An ambient temperature of 100°F as stipulated in 10 CFR 71 is used in the NCT analysis. The
initial temperature distribution within the package for the NCT transients was determined from steady-
state analyses (with radiation and natural convection boundary conditions applied to the top and sides

of the drum) for each internal heat load. For the case with no internal heat source (0 W), the initial
temperature distribution within the package was assumed to be at a uniform 100°F. As with the steady-
state analyses discussed previously, applying a uniform heat flux to the internal surfaces of the elements
representing the containment vessel simulates the content heat load.

The transient thermal analyses simulate a five-day period of cyclic solar loading with 12 hours of
insolation being applied at the beginning of each day (i.e., sunrise) followed by 12 hours in which there is
no insolation to end the day (i.e., sunset). This five-day period allows for “quasi steady-state” conditions
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to be reached. While the temperature of a particular node within the model changes with respect to time
in the transient analyses, the maximum temperature that node reaches from day-to-day does not change
once a “quasi steady-state” condition is reached. In particular, the maximum temperature of the key
location on the containment vessel (i.e., at the O-ring) on day 5 is within 0.004°F of the maximum
temperature of the same location on day 4.

The maximum temperatures of several locations within the model are summarized in Table 5 for content
heat loads of 0, 0.4, 20, and 30 W. The maximum temperatures reported in Table 5 represent “quasi
steady-state” conditions. Temperature-history plots of several locations within the model are also
depicted graphically in Figure 12 through Figure 15 for various content heat loads. Additionally,
temperature contours of the model at sunrise (0 hours), sunset (12 hours), and 68 to 70 minutes after
sunset for a typical day (after the package temperatures reach “quasi steady-state™) of the transient are
presented in Figure 16 through Figure 19 for various content heat loads. The temperature contours

at 68 to 70 minutes after sunset are presented because the temperature of the CV flange (i.e., O-ring
location) peaks at this time. The elements representing the air between the drum liner and containment
vessel and between the drum liner and top plug liner are not shown in the temperature contours presented
in these figures so that the containment vessel temperature contours can be more easily viewed.

The maximum temperature in the model occurs at the top center of the drum lid in most instances.

The drum lid maximum temperature is 243.86°F (117.70°C), 243.89°F (117.72°C), 245.32°F (118.51°C),
and 246.03°F (118.91°C) for content heat loads of 0, 0.4, 20, and 30 W, respectively, and occurs at sunset
in each case (see Table 5). For the case with a content heat load of 30 W, the maximum temperature

in the model occurs in the sidewall of the CV approximately 80 minutes after sunset and is 252.87°F
(122.71°C). The maximum temperature at the containment vessel O-ring is 189.28°F (87.38°C),
189.90°F (87.72°C), 217.07°F (102.82°C), and 230.51°F (110.28°C) for content heat loads of 0, 0.4,

20, and 30 W, respectively, and occurs at approximately 68 to 70 minutes after sunset in each case (see
Table 5).
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Figure 8. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—
nodal locations of interest defined in Table 3.4a (elements representing air not shown for clarity).
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Figure 9. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity), upper portion detail.
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Node r(in.) Z (in.)
255 3.180 | 21.528
351 4.300 | 21528
3655 9.185 | 21.528
6574 2530 | 21528

3665

3rd chime from the top

Figure 10. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity), middle portion detail.
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r 6338 _| 0000 | 4775
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Figure 11. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity), lower portion detail.
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Table 4. ES-3100 shipping container steady-state temperatures (100°F ambient temperature,
no insolation).

Node map ® Node coordinates (in.) Matzi:ll;::a;t;zd(zi:s)t ate
No. r z 04W [ 20W | 30w
4746~ 5 o oren 2 0.000 | 4.505 | 100.83 | 134.54 | 150.15
6339 255 3.180 | 21.528 | 100.75 | 131.57 | 146.21
351 4300 | 21.528 | 100.71 | 129.45 | 142.87
_— iy 474 4300 | 37.535 | 100.46 | 117.90 | 125.67
6716~ . y 494 7.325 | 37.535 | 10032 | 110.87 | 115.19
6647 2o Y/ A 536 7.385 | 42.755 | 10021 | 105.50 | 107.19
Sﬁ% 3655® | 9.185 | 21.528 | 100.28 | 107.58 | 109.92
332‘:’ % ) 3780® | 9.185 | 42.755 | 10021 | 10529 | 106.89
4740 3807® | 0.000 | 0320 | 100.43 | 114.39 | 120.08
3865® | 9.185 | 0.008 | 100.32 | 108.97 | 111.97
3880 | 3.178 | 4.505 | 100.74 | 130.48 | 144.23
3888 | 4300 | 4.505 | 100.71 | 128.60 | 141.42
6574 . 4721 | 3.500 | 35275 | 100.59 | 124.08 | 134.90
™ ’ 4 4740 | 4300 | 35275 | 100.57 | 12292 | 133.15
g" > 4746®™ | 0.000 | 43.065 | 10020 | 104.99 | 106.43
6158 | 0.000 | 37.579 | 100.57 | 123.14 | 133.42
6339 | 0.000 | 42.859 | 100.25 | 107.42 | 110.04
6359 | 2.530 | 36.075 | 100.80 | 133.51 | 148.56
6365 | 3.425 | 36.075 | 100.79 | 133.33 | 148.28
6369 | 3.750 | 35.525 | 100.79 | 133.27 | 148.20
6385 | 3.750 | 37.175 | 100.78 | 132.85 | 147.58
e ) 6389 | 2310 | 5.025 | 10097 | 14127 | 160.06
630 _L 6398 | 0.000 | 4.775 | 100.96 | 14091 | 159.55
2 6399 | 0.000 | 5.025 | 100.96 | 140.94 | 159.60
ool 6574 | 2.530 | 21.528 | 10133 | 157.70 | 183.56
N 6647 | 0.000 | 36.075 | 100.80 | 133.56 | 148.63
e 3888 6715 | 0.000 | 37.135 | 100.79 | 133.40 | 148.40

Notes:  (a) See Table 3.4a and Figs. 8—11 for details of node locations.
(b) These are nodes at the accessible surfaces of the package (i.e., the drum, drum lid, and drum bottom plate).
(c) Approximate location of the CV O-ring.
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Table 5. ES-3100 shipping container maximum “quasi steady-state” temperatures during NCT with various
content heat loads.

Node map @

Node coordinates (in.)

Maximum “quasi steady-state”
temperature (°F)

No. v Z OW | 04W | 20W | 30W

- 535 2 0.000 | 4.505 | 180.59 | 181.23 | 210.15 | 224.69
5339 g 255 | 3.180 | 21.528 | 179.33 | 179.93 | 207.32 | 221.43
351 | 4300 | 21.528 | 179.59 | 180.14 | 204.73 | 217.27

I ) o 474 | 4300 | 37.535 | 198.88 | 199.20 | 212.72 | 219.58
6715~ 494 | 7325 | 37.535 | 207.40 | 207.56 | 214.40 | 217.87
6647 ¢35 - [ 536 7.385 | 42.755 | 226.44 | 22649 | 22831 | 229.24
232% 3655 | 9.185 | 21.528 | 198.09 | 198.15 | 200.81 | 202.16

jf: % > 3780 | 9.185 | 42755 | 22347 | 22351 | 225.13 | 225.95

4740 3807 | 0.000 | 0320 | 19048 | 190.70 | 199.84 | 204.43
3865 | 9.185 | 0.008 | 195.87 | 19597 | 199.91 | 201.90

3880 | 3.178 | 4.505 | 180.72 | 181.28 | 206.65 | 219.52

3888 | 4.300 | 4.505 | 181.03 | 181.55 | 205.08 | 217.01

ssra—_| = 4721 | 3.500 | 35.275 | 189.45 | 189.90 | 209.53 | 219.47
iy % 4740 | 4300 | 35275 | 190.56 | 190.98 | 209.37 | 218.68

e > 4746 | 0.000 | 43.065 | 243.86 | 243.89 | 24532 | 246.03
6158 | 0.000 | 37.579 | 198.42 | 198.84 | 217.12 | 226.32

6339 | 0.000 | 42.859 | 233.98 | 234.06 | 237.32 | 238.95

6359® | 2.530 | 36.075 | 189.28 | 189.90 | 217.07 | 230.51

6365® | 3.425 | 36.075 | 189.27 | 189.88 | 216.88 | 230.23

6369 | 3.750 | 35.525 | 189.23 | 189.85 | 216.79 | 230.12

6385 | 3.750 | 37.175 | 18939 | 190.00 | 216.57 | 229.72

6389 ) 6389 | 2310 | 5.025 | 179.94 | 180.70 | 215.75 | 233.27
6209 ‘\ 6398 | 0.000 | 4775 | 179.99 | 180.76 | 215.52 | 232.92
3882/ 6399 | 0.000 | 5.025 | 179.99 | 180.76 | 215.55 | 232.96
3088 6574 | 2.530 | 21.528 | 179.27 | 180.35 | 229.19 | 252.87
6647 | 0.000 | 36.075 | 189.40 | 190.02 | 217.24 | 230.72

oo e 6715 | 0000 | 37.135 | 189.44 | 190.06 | 217.14 | 230.54

Notes:  (a) See Table 3.4a and Figs. 8-11 for details of node locations.

(b) Approximate location of the CV O-ring.
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——Node 6359 (CV flange @ O-ring) ——Node 6574 (CV mid-height) —— Node 6399 (CV bottom, center)
——— Node 4721 (Neutron absorber, top) Node 4746 (Drum lid, center) —— Node 3655 (Drum, mid-height)

Temperature (°F)

Time (hours)

Figure 12. Transient temperatures of the ES-3100 shipping container for NCT (no content
heat load) see Figure 8 through Figure 11 for node locations.
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——Node 6359 (CV flange @ O-ring) ——Node 6574 (CV mid-height) ——Node 6399 (CV bottom, center)
——— Node 4721 (Neutron absorber, top) —— Node 4746 (Drum lid, center) ——Node 3655 (Drum, mid-height)

260 127

Temperature (°F)

100 f + f 38
0 12 24 36 48 60 72 84 96 108 120

Time (hours)

Figure 13. Transient temperatures of the ES-3100 shipping container for NCT (0.4 W content
heat load) see Figure 8 through Figure 11 for node locations.
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——Node 6359 (CV flange @ O-ring) —— Node 6574 (CV mid-height) —— Node 6399 (CV bottom, center)
——Node 4721 (Neutron absorber, top) —— Node 4746 (Drum lid, center) ——Node 3655 (Drum, mid-height)

260 127

250 1
240 |
230 -
220 1/-
210 4 -
200 | -
190 |
180 1/

170 1 -/

Temperature (°F)

160

150 { |/

140 |
130 |/

120 |

110

100 ; f : 3 ‘ ‘ ‘ ‘ 38
0 12 24 36 48 60 72 84 96 108 120
Time (hours)

Figure 14. Transient temperatures of the ES-3100 shipping container for NCT (20 W content
heat load) see Figure 8 through Figure 11 for node locations.
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——Node 6359 (CV flange @ O-ring) —— Node 6574 (CV mid-height) ——Node 6399 (CV bottom, center) |
| —— Node 4721 (Neutron absorber, top) —— Node 4746 (Drum lid, center) —— Node 3655 (Drum, mid-height)

260 127
250 ‘ ‘
240
230 +

220

Temperature (°F)
»
o

Time (hours)

Figure 15. Transient temperatures of the ES-3100 shipping container for NCT (30 W content
heat load) see Figure 8 through Figure 11 for node locations.
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Temperature (°F )
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Figure 16. Temperature distribution in the ES-3100 shipping container for NCT (no content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Figure 17. Temperature distribution in the ES-3100 shipping container for NCT (0.4 W content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Figure 18. Temperature distribution in the ES-3100 shipping container for NCT (20 W content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Figure 19. Temperature distribution in the ES-3100 shipping container for NCT (30 W content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Hypothetical Accident Conditions Analyses Results

Transient thermal analyses are performed on the finite element model of the ES-3100 shipping container
(undamaged configuration) to simulate HAC as prescribed by 10 CFR 71.73(c)(4).""! A 30-minute fire of
1475°F (800°C) is simulated by applying natural convection and radiant exchange boundary conditions to
all external surfaces of the drum (assuming the drum is in a horizontal orientation) with content heat loads
of 0, 0.4, 20, and 30 W. There are no heat flux boundary conditions simulating insolation applied to the
model before and during the 30-minute fire. The initial temperature distribution within the package
having content heat loads of 0.4, 20, and 30 W is obtained from their respective steady-state analyses.
The initial temperature distribution within the package having no content heat load (0 W) is assumed to
be at a uniform temperature equal to the ambient temperature of 100°F (37.8°C). As with the steady-state
analyses discussed previously, applying a uniform heat flux to the internal surfaces of the elements
representing the containment vessel simulates the content heat load.

Following the 30-minute fire transient analyses, 48-hour cool-down transient thermal analyses are
performed using the temperature distribution at the end of the fire as the initial temperature distribution.
During post-fire cool-down, natural convection and radiant exchange boundary conditions are applied to
all external surfaces of the drum (assuming the drum is in a horizontal orientation). Additionally, cases
are analyzed in which insolation is included during the post-fire cool-down. For the cases in which
insolation is applied to the model during cool-down, insolation is applied during the first 12-hour period
following the 30-minute fire, then alternated (off, then on) as was done for NCT.

Based on previous analyses of a similar package" (see Appendix 3.6.1), it was noted that using the
low-end density of Kaolite results in higher containment vessel temperatures than using the high-end
density of Kaolite. For this reason, the NCT and HAC thermal analyses were run using a density of
19.4 Ibm/ft’ (see Table 1). Similarly, the low-end density of the neutron absorber (100 Ibm/ft’) was also
used in these analyses. However, while using these low-end densities will result in higher temperatures
to the containment vessel, using the high-end densities for these two materials will result in higher
temperature differences from the baseline HAC case. Thus, runs are also made for heat loads of 0, 0.4,
20, and 30 W using a Kaolite density of 30 Ibm/ft* and a neutron absorber density of 110 Ibm/ft’.

The maximum temperatures calculated for the ES-3100 shipping container for HAC are summarized
in Table 6 for the analyses using a Kaolite density of 19.4 Ibm/ft’ and a neutron absorber density of
100 Ibm/ft’. The maximum temperatures calculated for the ES-3100 shipping container for HAC are
summarized in Table 7 for the analyses using a Kaolite density of 30 Ibm/ft’ and a neutron absorber
density of 110 Ibm/ft’. The thermal analyses that use the low-end density values for Kaolite and the
neutron absorber achieve the higher package temperatures (see Table 6). Temperature-history plots

of several locations within the model are also depicted graphically in Figure 20 through Figure 23 for
content heat loads of 0, 0.4, 20, and 30 W for the analyses using a Kaolite density of 19.4 Ibm/ft’ and a
neutron absorber density of 100 Ibm/ft’.

The HAC thermal analyses presented in this report are performed using a finite element model that
represents an undamaged ES-3100 shipping container. While the cumulative damage from NCT and
HAC drop tests, crush tests, and puncture tests, must be considered when evaluating the performance of
the package to HAC, the temperature differences (i.e., adjustments) calculated from the data presented in
Table 6 and Table 7 are of value when combined with the physical test data when making this assessment.
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Table 6. ES-3100 shipping container HAC maximum temperatures (Kaolite density of 19.4 Ibnv/ft* and
neutron absorber density of 100 Ibm/ft’).

Node coordinates (in.)

HAC maximum temperature (°F)

oW 04 W 20 W 30 W
Node map @ No. . 7 Insolation during | Insolation during | Insolation during | Insolation during
cool-down? cool-down? cool-down? cool-down?
No® Yes No Yes No Yes No Yes

4746 A 2 0.000 | 4.505 | 2255 | 2321 | 2262 | 2328 | 2555 | 261.7 | 269.5 | 2757

. 255 3.180 | 21.528 | 1945 | 2125 | 1952 | 2132 | 223.8 | 2413 | 237.8 | 2553

351 4300 | 21.528 | 1958 | 211.9 | 196.4 | 212.5 | 2223 | 237.8 | 2348 | 2503

5158 ! asa 474 | 4300 | 37.535 | 3929 | 3950 | 3932 | 3954 | 407.6 | 409.7 | 4142 | 4163

6715 ' 494 7325 | 37535 | 6712 | 672.0 | 6714 | 6723 | 679.1 | 680.0 | 6825 | 683.3

6647 6369~ ﬁ A 536 7.385 | 42.755 | 13804 | 1380.4 | 1380.4 | 1380.4 | 1380.9 | 1380.9 | 1381.1 | 1381.1

%‘// 3655 | 9.185 | 21.528 | 1457.8 | 1457.8 | 1457.8 | 1457.8 | 1458.0 | 1458.0 | 1458.1 | 1458.1

jﬁ% > 3780 | 9.185 | 42.755 | 1427.8 | 1427.8 | 1427.9 | 1427.9 | 1428.1 | 1428.1 | 14282 | 14282

4740 3807 | 0.000 | 0320 | 14545 | 1454.5 | 14545 | 1454.5 | 14549 | 14549 | 1455.0 | 1455.0

3865 | 9.185 | 0.008 | 1470.1 | 1470.1 | 1470.1 | 1470.1 | 1470.1 | 1470.1 | 14702 | 1470.2

3880 | 3.178 | 4.505 | 230.6 | 236.4 | 2312 | 237.0 | 257.1 | 2625 | 269.4 | 274.8

3888 | 4300 | 4.505 | 2369 | 241.7 | 2375 | 2423 | 2615 | 266.1 | 2729 | 2775

5574\ | -asss 4721 | 3.500 | 35275 | 2457 | 2528 | 2462 | 2533 | 2668 | 273.8 | 276.6 | 283.6

] 4740 | 4300 | 35275 | 2584 | 2635 | 2588 | 2640 | 278.1 | 283.1 | 287.1 | 292.1

g?? > 4746 | 0.000 | 43.065 | 1448.0 | 1448.0 | 1448.0 | 1448.0 | 14482 | 14482 | 14483 | 14483

6158 | 0.000 | 37.579 | 3087 | 311.6 | 309.1 | 312.0 | 3283 | 3312 | 337.3 | 3402

6339 | 0.000 | 42.859 | 13351 | 1335.1 | 13352 | 13352 | 13364 | 1336.4 | 1336.9 | 1336.9

6359 | 2530 | 36.075 | 2367 | 247.6 | 2373 | 2483 | 2662 | 2766 | 279.8 | 289.9

6365 | 3.425 | 36.075 | 236.6 | 247.6 | 2373 | 2483 | 2660 | 2764 | 279.5 | 289.7

6369 | 3.750 | 35525 | 2365 | 247.6 | 2372 | 2482 | 2658 | 2762 | 2793 | 289.5

6385 | 3.750 | 37.175 | 2373 | 2482 | 2379 | 2488 | 266.1 | 2764 | 279.4 | 289.5

6389 > 6389 | 2310 | 5.025 | 2190 | 227.4 | 2199 | 2282 | 2553 | 263.1 | 2722 | 279.9

gggg jJ 6398 | 0.000 | 4775 | 2197 | 2279 | 2205 | 228.7 | 2556 | 2633 | 2725 | 280.0

2 6399 | 0.000 | 5.025 | 2197 | 227.9 | 2205 | 2287 | 2556 | 2633 | 2725 | 280.0

§§§2i 6574 | 2.530 | 21.528 | 196.1 | 2149 | 1973 | 2160 | 2467 | 263.8 | 2699 | 286.5

6647 | 0.000 | 36.075 | 2372 | 248.0 | 2379 | 248.6 | 2668 | 277.0 | 280.4 | 290.4

3807 73885 | 6715 | 0.000 | 37.135 | 237.4 | 2481 | 2380 | 2488 | 2668 | 2770 | 2804 | 2904
Notes:  (a) See Table 3.4a and Figs. 811 for details of node locations.

(b) Baseline case for AT comparisons.

(c) Approximate location of the CV O-ring.
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Table 7. ES-3100 shipping container HAC maximum temperatures (Kaolite density of 30 Ibm/ft’ and neutron
absorber density of 110 Ibm/ft’).

Node coordinates (in.)

HAC maximum temperature (°F)

oW 04 W 20 W 30 W
Node map ® No. . 7 Insolation during | Insolation during | Insolation during | Insolation during
cool-down? cool-down? cool-down? cool-down?
No® Yes No Yes No Yes No Yes
4746 536-\ - 2 0.000 4.505 209.9 218.9 210.6 219.6 240.4 248.8 254.6 262.8
6339 255 3.180 21.528 185.5 207.7 186.1 208.4 215.1 236.6 2293 250.6
351 4.300 21.528 185.6 207.4 186.2 208.0 2123 2333 225.0 2459
6158 A 474 4.300 37.535 342.9 3455 3433 345.9 358.1 360.7 365.0 367.5
6715 | 494 7325 37.535 596.3 597.4 596.5 597.6 604.7 605.8 608.3 609.4
6647 6359/# = 536 7.385 42.755 1366.8 | 1366.8 | 1366.8 | 1366.8 | 1367.4 | 1367.4 | 1367.6 | 1367.6
%_y 3655 9.185 21.528 1452.8 | 1452.8 | 1452.8 | 1452.8 | 1453.0 | 1453.0 | 1453.1 | 1453.1
:-// > 3780 9.185 42.755 1420.8 | 1420.8 | 1420.8 | 1420.8 | 1421.0 | 1421.0 | 1421.2 | 14212
4740 3807 0.000 0.320 14494 | 14494 | 14494 | 14494 | 14498 | 1449.8 | 14499 | 14499
3865 9.185 0.008 1467.3 | 1467.3 | 1467.3 | 1467.3 | 1467.4 | 14674 | 14674 | 1467.4
3880 3.178 4.505 213.1 2214 213.7 222.0 240.0 2479 252.5 260.3
3888 4.300 4.505 217.0 224.4 217.6 225.0 242.1 249.1 253.8 260.7
6574—\ /-3655 4721 3.500 35.275 228.0 237.5 228.5 238.0 249.7 259.0 259.7 269.0
] 4740 4.300 35.275 236.5 243.8 236.9 2443 256.7 263.9 266.0 273.2
g?_ > 4746 0.000 43.065 1441.8 | 1441.8 | 1441.8 | 1441.8 | 1442.0 | 1442.0 | 1442.1 1442.
6158 0.000 37.579 2773 281.8 277.8 282.3 297.5 302.0 306.7 311.2
6339 0.000 42.859 1299.5 | 1299.5 | 1299.6 | 1299.6 | 1301.1 | 1301.1 | 1301.7 | 1301.7
6359 | 2.530 36.075 225.1 237.3 225.8 2379 254.7 266.1 268.3 279.6
63659 | 3.425 36.075 225.0 237.3 225.7 237.9 254.5 266.0 268.1 279.3
6369 3.750 35.525 2249 237.2 225.6 237.8 2543 265.8 267.9 279.2
6385 3.750 37.175 225.5 237.6 226.2 238.3 254.6 266.1 268.0 279.2
6389 > 6389 2310 5.025 205.3 215.9 206.2 216.8 242.0 251.9 259.2 268.9
%XJ 6398 0.000 4.775 205.8 216.3 206.7 217.1 2422 252.0 259.2 268.8
2 6399 0.000 5.025 205.8 216.3 206.7 217.1 2422 252.0 259.3 268.8
ggg_// 6574 2.530 21.528 187.8 209.1 189.0 210.2 238.9 258.4 262.4 281.3
\ 6647 0.000 36.075 225.6 237.7 226.3 238.3 255.2 266.5 268.9 280.0
807 s 6715 0.000 37.135 225.8 237.8 226.4 238.4 255.2 266.5 268.9 280.0

Notes:  (a) See Table 3.4a and Figs. 8-11 for details of node locations.

(b) Baseline case for AT comparisons.

(c) Approximate location of the CV O-ring.
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Figure 20. ES-3100 shipping container transient temperatures for HAC—no content heat load and lower
bound Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations).
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Figure 21. ES-3100 shipping container transient temperatures for HAC, 0.4 W content heat load and lower
bound Kaolite and neutron absorber densities (see Figure 8 for through Figure 11 for node locations).
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(b) Insolation during post-fire cool-down.

Figure 22. ES-3100 shipping container transient temperatures for HAC, 20 W content heat load and lower
bound Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations).
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Figure 23. ES-3100 shipping container transient temperatures for HAC, 30 W content heat load and lower
bound Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations)
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Appendix 3.6.3
THERMAL STRESS EVALUATION OF THE ES-3100 SHIPPING CONTAINER

DRUM BODY ASSEMBLY FOR NCT (FINAL DESIGN
WITH CATALOG 277-4 NEUTRON ABSORBER)
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Appendix 3.6.3

THERMAL STRESS EVALUATION OF THE ES-3100 SHIPPING CONTAINER DRUM BODY
ASSEMBLY FOR NCT (FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

INTRODUCTION

Static stress analyses of the ES-3100 shipping container are performed to determine the maximum
thermal stresses within the packaging when exposed to Normal Conditions of Transport (NCT) as
specified in 10 CFR 71.71(c)(1).""! Transient thermal analyses were previously performed™ (see
Appendix 3.6.2) on the ES-3100 shipping container to determine its response to NCT. The thermal
analyses treat the problem as a cyclic transient with the incident heat flux due to solar radiation applied
and not applied in alternating 12-hour periods. The calculated temperature distributions within the drum
body assembly for NCT at various times are then mapped onto the structural model, and static analyses
are performed for each time step in the thermal analyses.

FINITE ELEMENT MODEL DESCRIPTION

A two-dimensional axisymmetric finite element model of the ES-3100 shipping container is constructed
using MSC.Patran”! and imported as an orphaned mesh into ABAQUS/CAE™ for application of
boundary conditions, interactions, and loads. The model is constructed of CAX4I (four-node bilinear
axisymmetric quadrilateral, incompatible mode) elements for stress evaluation. These elements are
chosen because they can accurately capture bending stresses with only one element through the thickness
of a structure. A schematic of the finite element model is presented in Figure 1 with details of the upper
and lower portions of the model shown in Figure 2 and Figure 3, respectively. The model consists of
three materials: stainless steel (drum, drum bottom plate, and drum liner weldment), Kaolite, and neutron
absorber. Details of the model are discussed in the following sections.

Surface-to-surface contact interactions are modeled between contacting surfaces in the static stress model.
These interactions are shown graphically in Figure 2 and Figure 3. For all interactions, the tangential
behavior is modeled as “frictionless” while the normal behavior is modeled as “hard contact.” For the
interactions modeled between the bottom of the neutron absorber and the drum liner and between the
drum Kaolite bottom and the drum bottom plate, the contacting surfaces are not allowed to separate after
contact is made.

The radial degree-of-freedom (U;) of each node along the centerline of the model is fixed to simulate
symmetry. Additionally, the axial degree-of-freedom (U,) of one node on the drum bottom plate is fixed.

The temperatures calculated for NCT in Appendix 3.6.2 are stored in the ‘NCT.fil’ file for each of the
content head loads analyzed. The temperature distribution for each time of interest is mapped onto the
static stress model using the ‘* Temperature’ keyword. The specific times of interest from the
transient thermal analyses are at each increment in the final day/night cycle (after “quasi steady-state”
is reached).

The mechanical properties of the materials used in the static stress analyses are presented in Table 1.
The modulus of elasticity of Kaolite presented in Table 1 is calculated from the first two points of the
compressive stress-strain assuming a Poisson’s ratio of 0.01 ]
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Drum

Drum Liner

Drum Flange

Drum Bottom Plate

Drum Kaolite

Neutron Absorber

.

Figure 1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly.
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Drum Flange

Merged Nodes

- Surface-To-Surface Contact
(Allow separation after contact)
Drum
—— Surface-To-Surface Contact
(No separation after contact)

Drum Liner

Neutron
Absorber

Drum Kaolite

Figure 2. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly (upper portion detail).
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Merged Nodes

— Surface-To-Surface Contact
(Allow separation after contact)

——— Surface-To-Surface Contact
(No separation after contact)

= Fixed radial degree-of-freedom

& Fixed axial degree-of-freedom

Neutron
Absorber
Drum
Drum Liner
Drum
Kaolite

Drum Bottom Plate/

Figure 3. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly (lower portion detail).
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Table 1. Mechanical properties of the materials used in the static stress analyses.

Coefficient of
. Temperature M‘)du?“.s of ; s ; Density thermal
Material % elasticity Poisson’s ratio . 3 :
(°F) (osi) (Ibm/in”) expansion
(in./in./°F)
-40 28.6x10°®@ 0.29® 0.285© 8.2x107°©
. 100 28.14x10° - - 8.6x10°
Stainless Steel 200 27.6x10° - - 8.9x10°
300 27.0x10° . - 9.2x10°
Kaolite = 29,2109 0.019 0.013® 5.04x10°®
-40 1.991x10¢® 0.33® 0.0608 ™ 7.056x10° 0
4 - - - 7.222x10°°
32 - = = 7.222x10°®
70 0.984x10° 0.28 - -
100 0.403x10° 0.25 - =
104 - = - 7.000x10°
Neutron Absorber 140 B B B 6.444%10°
176 = = - 5.778x10°°
212 = = = 5.389x10°
248 - ~ - 5.056x10°
284 - = = 4.889x10°
302 - —~ = 4.833x10°

Notes: (a) ASME Boiler and Pressure Vessel Code, Sect. II, Part D, Subpart 2, Tables TE-1, B column, and TM-1.

(b) R. A. Bailey, Strain — A Material Database, Lawrence Livermore National Laboratory, 1989.

(c) F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.

(d) K. D. Handy, Impact Analysis of ES3100 Design Concepts Using Borobond, DAC-EA-801699-A001, BWXT Y-12, Oct. 2004.
The Poisson’s ratio of Kaolite is assumed to be a small value of 0.1.

(e) Metallic Materials and Elements for Aerospace Vehicle Structures, MIL-HDBK-5E, May 1986.

(f) Specification JS-YMN3-801580-A003 requires a baked density of 22.4 + 3 Ibm/ft’.

(g) E-mail communication, Ken Moody (Thermal Ceramics, Inc.) to Paul Bales (BWXT Y-12), 12/9/04.

(h) B.F.Smith and G. A. Byington, Mechanical Properties of 277-4, Y/DW-1987, January 19, 2005.

(i) W.D. Porter and H. Wang, Thermophysical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290, ORNL,
Dec. 2004. Coefficient of thermal expansion at each temperature taken as the maximum of values for Runs #2, #3, and #5.

DISCUSSION OF ANALYTICAL RESULTS

All static stress analyses discussed in this report were performed using ABAQUS/Standard'® on an Intel
Pentium 4-based Microsoft Windows 2000 computer. These analyses are sequential-coupled
thermal/structural analyses.

As previously stated, the nodal temperature results for the final day/night cycle of the transient thermal
analyses of the ES-3100 shipping container were stored in results files (NCT.fil) for each content heat
load analyzed. Because automatic time-stepping was used in the transient thermal analyses, the number
of increments stored in each ‘NCT.fil’ file differs for each content heat load analyzed. The static stress
analyses of the ES-3100 are performed for each time increment analyzed in the thermal analyses for the
final day/night cycle during NCT by copying the ‘NCT.fil’ and ‘NCT.prt’ files from the thermal analysis
of interest to the directory where the stress analysis is being performed and entering the ‘*Temperature’
keyword with the proper syntax for the time of interest. For example, for a content heat load of 0.4 W,
the thermal stresses for time = 14.127 hours after sunrise (2.127 hours after sunset) on the final day/night
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cycle (i.e., step = 11, increment = 29) are analyzed by entering the following keyword syntax via the
keyword editor in ABAQUS/CAE:

*Temperature, file=NCT, bstep=11l, binc=29, estep=11, einc=29

A separate static analysis is performed for each time step in the final day/night cycle of each thermal
analysis for each content heat load.

The results of the static stress analyses for content heat loads of 0.4, 20, and 30 W are presented in
Figure 4 through Figure 6. The stresses presented in these figures are the maximum nodal Mises stresses
of each component at each point in time—as such, they don’t necessarily occur at the same node location
during the duration of the time period analyzed. The x-axes (i.e., time) are scaled in these figures such
that the onset of sunrise on the final day/night cycle from the thermal analyses begins at time = 0 hours.
Additionally, the stress (Mises) contours of the components of the finite element model are shown at
various times in Figure 7 through Figure 11 for the case with a content heat load of 0.4 W. The time
chosen for each stress contour plot coincides with the time that particular component reaches its
maximum stress during the day/night cycle. The stress contours for the other heat loads investigated are
similar to the 0.4 W case.

In addition to the static stress analyses performed for NCT, a static stress analysis is performed for
exposure of the package to a -40°F ambient temperature (i.e., cold condition). A transient thermal
analysis (24 hours in duration) is performed on the ES-3100 thermal model described in Appendix 3.6.2
to obtain the temperature distribution within the drum body assembly for exposure to cold conditions
(see Appendix C for details). The package is assumed to be at an initial uniform temperature of 77°F, and
no content heat load is applied. The natural convection coefficients (applied to the top and sides of the
drum) are calculated for a -40°F ambient as described in Appendix 3.6.2 and are shown in Figure 12.

A schematic of the thermal model showing several node locations for which the temperatures are tracked
is presented in Figure 13. The transient temperatures calculated for cold conditions are presented in
Figure 14 for several node locations. The maximum thermal stresses are presented in Figure 15 for this
cold condition. Additionally, stress contours of the drum liner weldment, drum, and drum bottom plate
are presented in Figure 16 through Figure 18 for the cold conditions at various times.

3-132

Y/LE-717/Rev 5/ES-3100 HEU SAR/Ch-3/and/3-24-16



Drum Bottom Plate (Max=6,494 psi)

Drum (Max=8,223 psi)

—— Drum Liner Weldment (Max=8,708 psi)

—— Neutron Absorber (Max=201 psi)

Drum Kaolite (Max=151 psi)

o e M 0

'
'
'

.

T T, e P R P s
N
H
'

S

-

10000 §----

12000 +---

14000
13000 4---

9000

8000 {----

(1sd) ssans sasiy

2000-\

21 22 23 24

19 20

1M 12 13 14 15 16 17 18

10

Time (hours)

ing

drum body assembly duri

iner

ta

ipping con

Figure 4. Thermal stresses (Mises) in the ES-3100 sh

a typical NCT day/night cycle—0.4 W content heat load.
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Figure 5. Thermal stresses (Mises) in the ES-3100 shipping container drum body assembly during a

typical NCT day/night cycle—20 W content heat load.
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$, Mises
(Ave. Crit.: 75%)
+9.708e+03

Figure 7. Drum/drum liner weldment Mises stresses (psi) during NCT at t = 14.127 hours
(+2.127 hours after sunset)}—0.4 W content heat load.

3-136

Y/LF-717/Rev 5/ES-3100 HEU SAR/Ch-3/and/3-24-16



S, Hises
(Ave., Crit.: 75%)

.223e+03
.54le+03
.859e+03
.178e+03
.496e+03
.814e+03
.133e+03
.451e+03
.770e+03
.088e+03
.406e+03
.247e+02
.304e+01

Figure 8. Drum/drum liner weldment Mises stresses (psi) during NCT at t = 4.724 hours
(+4.724 hours after sunrise)—0.4 W content heat load.
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3, Mises

{Ave. Crit.: 75%)
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+9.813e+00

Figure 9. Drum/drum bottom plate Mises stresses (psi) during NCT at t =12.814 hours
(+0.814 hours after sunset)—0.4 W content heat load.
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Figure 10. Neutron absorber Mises stresses (psi) during NCT at t = 12.867 hours
(+0.867 hours after sunset)}—0.4 W content heat load.
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S, HMises
{Ave. Crit.: 75%)

+6.197e-01

Figure 11. Drum Kaolite Mises stresses (psi) during NCT at t = 3.992 hours
(+3.992 hours after sunrise)—0.4 W content heat load.
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Figure 12. Natural convection film coefficients applied to the drum surfaces during cold conditions.
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