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ABSTRACT 

An axisymmetric model of the 5320 package was 
created to perform hypothetical accident 
conditions (HAC) thermal calculations. The 
analyses assume the 5320 package contains 359 
grams of plutonium-238 (203 Watts) in the form 
of an oxide powder at a minimum density of 2.4 
g/cc or at a maximum density of 11.2 g/cc. The 
solution from a non-solar 100°F ambient steady-
state analysis was used as the initial conditions 
for the fire transient. A 30 minute 1475°F fire 
transient followed by cooling via natural 
convection and thermal radiation to a 100°F non-
solar environment was analyzed to determine 
peak component temperatures and vessel 
pressures. The 5320 package was considered to 
be horizontally suspended within the fire during 
the entire transient. 

I. INTRODUCTION 

A schematic of die 5320 package is presented in 
Figure 1. The package is designed to ship up to 
203 Watts of plutonium oxide (Pu-238) powder, 
and is configured with double containment (EP-
61 and EP-62 vessels). The product is placed in 
an EP-60 which is screwed closed and loaded into 
the EP-61. The EP-61 is seal welded and the EP-
62 is closed with bolts and sealed via a Flexitallic 
gasket Shielding is provided by water extended 
polyester (WEP). The WEP is poured into the 
outer aluminum tank during package fabrication. 
Aluminum v/ebs within the shield tank provide a 
conductive heat transfer path through the WEP as 
shown in Figure 2. Additionally, vertical 
aluminum fins along the outside of the aluminum 
tank facilitate heat dissipation to the ambient 

II . ANALYSIS 

Thermal analysis of the 5320 package is 
complicated by the WEP/WEB shielding 
structure. The radial heat transfer into the 
package during the fire is dominated by the 
aluminum web structure. The webs conduct heat 
into the package during a fire while the WEP 
actually cools the aluminum webs by conducting 
some heat away. The WEP is quite a good 
insulator (k=0.2 Btu/hr.-ft.-°F) which limits the 
conduction of heat out of the webs and into the 
WEP. During a fire the WEP in contact with the 
aluminum webs will heat up substantially, while 
the WEP near the center region between the webs 
will remain relatively cool. The cool spot has 
been measured in a previous pool fire test To 
further complicate matters, the T6061-6 aluminum 
webs melt at 1080°F [1] and the WEP 
disintegrates at a lower temperature. Sacrificial 
disintegration occurs on the WEP outer surface 
after the aluminum fins and shield tank outer wall 
melt. The amount of WEP lost to disintegration 
was estimated to be 20% in the pool fire (1700°F) 
test (without content heat source). Also, the 
impact limiter (tophat) fell off the package 18 
minutes into the pool fire test Therefore, a 
special HAC model for the 5320 package was 
developed to address these complexities as shown 
in Figure 3. 

The HAC model was benchmarked against pool 
fire test data (without product heat source) to 
verify its predictive capabilities. The general 
purpose conduction based heat transfer code 
P3/Thermal version 2.6 was used to perform the 
calculations. 
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A. Model Geometry 
Figure 3 is a schematic of the HAC model of the 
5320 package. The HAC model is axisymmetric, 
and the impact limiter (tophat) was not included. 
The smear©! WEP/WEB shielding structure was 
reduced to 5.4 in. from 6.0 in. to account for the 
disintegration of WEP/WEB observed in the pool 
fire test. This implies that at 5.4 in. the 
temperature never exceeded the melting 
temperature of the aluminum webs (1080°F). 
Therefore, the smeared WEP/WEB portion of the 
HAC model with outer radius 5.4 in. should not 
be subjected to the same 1475°F regulatory fire 
condition as are the other package outer surfaces. 
Instead, the WEP/WEB outer surface (radius 5.4 
in.) is subjected to an increasing fire temperature 
up to 1425°F throughout the 30 minute period. 

Furthermore, the smeared properties of the 
WEP/WEB were modified to account for the cool 
spots in the middle of the WEP between WEBs. 
Using a traditional homogenized smeared model 
(i.e. mass weighted average of density and 
specific heat) of the WEP/WEBs overpredicts the 
heat absorbing capacity of the WEP. Transient 
heating analysis of the WEP/WEB region with a 
special model of the WEP and webs only was 
used to determine the effective heat capacity 
assuming a homogenized mixture. The effective 
specific heat: was determined to be 0.25 Btu/lb-0F 
as opposed to the weighted average value of 
0.456 Btu/lb-0R 

B. Materials 
The thermal properties used in the analyses are 
presented in Tables 1 and 2. The honeycomb 
spacers and WEP/WEB structure have directional 
dependent conductivities (radial / axial). 
Radiative heat transfer also occurs within the 
package air gaps. Surface emissivity in the gaps 
within the package are 0.25 and increase linearly 
to 0.4 from 300°F to 1000°F [5]. The package 
outer surface emissivity is 0.25 for steel and 0.20 
for aluminum [6]. 

C. Internal Heat Generation 
The heat generation rate from radioactive decay of 
the plutonium-238 is 203 Watts (693 Btu/hr). 
One low density and two high density (product at 
bottom of EP-60 and product at top of EP-60) 
configurations were considered. For the low 
density case., a volume of 151.4 cm 3 (5.35(10)"3 

ft3) inside the EP-60 is filled by powder with a 

heat generation rate of (1.3(10)5 Btu/hr-ft3). The 
volume of the powder is 36.5 cm 3 (1.29(10)"3 

f t 3 ) for the high density case and the heat 
generation rate is 5.566 W/m 3 (5.38(10)5 Btu/hr-
ft 3). A third product loading case with the high 
density material concentrated at the top of the EP-
60 represents the possibility of the product 
moving within the EP-60 during the HAC prior to 
the fire. 

D. Boundary Conditions 
As already mentioned, the WEP/WEB outer 
surface is subjected to an increasing fire 
temperature up to 1425°F throughout the 30 
minute period as shown in Table 3. All outer 
surface absorptivities were taken to be 1.0 and the 
fire emissivity was 0.9. The package is assumed 
to be suspended in a horizontal position within the 
fire in the benchmark and actual HAC analyses. 
Natural convection to all surfaces was included. 
A turbulent heat transfer coefficient of 
0.19(AT)0-3 3 Btu/ft.2-°F [7] was used on the top 
and bottom (thermal shield and baseplate) of the 
package. Table 4 presents the convection heat 
transfer coefficient as a function of temperature 
difference between the package outer surface side 
and the ambient. 

£ . Initial Conditions 
A non-solar 100°F ambient steady-state solution 
was used as the initial conditions for the fire 
transient. The initial condition for the high 
density product at the bottom of the Ep-60 case 
was also used as the initial condition for the high 
density product at the top of the EP-60. In the 
high density product at the top case the initiation 
of the 30 minute fire and movement of the product 
from the bottom of the Ep-60 to the top of the Ep-
60 occur instantly at time zero. 

A package outer surface emissivity of 0.25 was 
used during initial condition calculations. The 
convection coefficient from the side of the 
package was increased 10 fold from that used 
during the fire to account for the effects of the fins 
prior to the fire. 
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III. BENCHMARKING 

Two sets of pool fire test data were used to 
benchmark the HAC model. The first test was 
made prior to the addition of the thermal shield 
below the impact limiter (tophat). The two tests 
were virtually identical with a 200°F package 
preheat and 1700°F average pool fire temperature. 
The model described above was analyzed using a 
1700°F ambient fire temperature on all package 
outer surfaces except the WEB/WEP. At the 
WEB/WEP outer surface (reduced radius to 5.4 
in.) the time dependent temperature is shown in 
Figure 4. 

The comparisons of peak temperatures are 
presented in the Table 5. The test temperatures 
varied substantially around the inner shell due to 
the windy pool fire test conditions. The 580°F is 
an average of the measured values of 445°F and 
715°F. A comparison of the computed transient 
temperatures at the inner shell (WEP/Tank 
interface) with the pool fire test data in Figure 5 
demonstrates the conservative aspects of the 
WEP/WEB portion of the model. As already 
mentioned, the middle WEP temperature is cool 
because of the low WEP conductivity. The 
smeared axisymmetric model is unable to resolve 
the circumferential variation between the WEBs. 
Otherwise, the HAC model is a good predictor of 
temperatures. The same model is used to 
compute peak temperatures during the HAC 
transient with a product heat source. 

IV. RESULTS 

The top and bottom (thermal shield and baseplate) 
convection coefficients remained the same during 
the initial condition and throughout the fire. 
During the fire, the radiation and convection was 
modeled identically to the benchmark analysis. 
After the 30 minute fire the package cools via 
natural convection and radiation. An outer 
package surface emissivity of 0.8 was used 
during cooling. Also, during cooling the natural 
convection correlations are unchanged from those 
used during the fire. 

Table 6 summarizes the peak temperatures of 
interest during the HAC fire transient. The peak 
temperatures generally occur during the cooling 

portion of the transient The thermal gradient 
across the EP-61 body and EP-62 body was 3°F 
and 2°F, respectively, for all three content cases. 
The complete thermal transient is well illustrated 
in Figure 6 at three locations in the package for 
the low density product case. 

The average air temperatures in each of the three 
vessels (EP-60, EP-61, and EP-62) are presented 
in Table 7. The average EP-60 vessel air 
temperature was determined by averaging the 
product centerline maximum temperature, the 
product top outer surface temperature, and the 
product bottom outer surface temperature. The 
EP-61 and EP-62 average vessel air temperatures 
were computed by averaging the top, middle, and 
bottom inner and outer air gap temperatures, 
respectively. 

These temperatures were used to compute vessel 
pressures. The pressures include contributions 
from air, water moisture, helium, and o-ring 
outgassing and are summarized in Table 8. 

VI. CONCLUSIONS 

The 5320 package was analyzed under 
Hypothetical Accident Thermal Conditions 
including a 203 watt content heat source. The 
model accounted for the unique WEP and 
webbing structure of the radiation shield and the 
sacrificial decomposition of the WEP during the 
fire transient The effects of the content heat 
source are evidenced by the peak temperatures 
occuring in the EP-61 primary containment 
vessel and content centerline 15 minutes and 30 
minutes after the fire, respectively. 
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IX. FIGURES AND TABLES 

Table 1: 
Thermal Conductivity At Various Temperatures 

Material Cond. (Btu/hr.-ft-°F) 
Carbon Steel [2] 41.1 @ 77 

16.9 @ 1472 
Stainless Steel (304)[2] 7.7 @ 32 

9.4 @ 212 
12.6 @ 932 

Air [2] 0.014 @ 32 
0.024 @ 392 
0.029 @ 752 

Aluminum (6061) [1] 90.0 
Honeycomb Spacer 0.45/0.23 

Pu Oxide 
(high density) 

3.12 @ 571 
1.67 @ 1292 
1.67 @ 1293 

Pu Oxide 
(low density) 

0.055 @ 571 
0.074 @ 1112 
0.074 @ 1113 

WEP/WEB 4.5/3.8 
Thermal Shield [3] 0.021 @ 100 

0.083 @ 1200 
Stainless Steel (316) [2] 7.67 @ 70 

9.17 @ 400 
11.5 @ 1000 

values not shown as temperature dependent are 
assumed constant 
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Table 2: 
Density and Specific Heat at various 
Temperatures 
Material Density Sp.Heat 

ab/ft.3) (Btu/lb)(0F) 
carbon steel 490.7 0.12@167 
(1020) [4] 0.135 @ 392 

0.15 @ 752 
stainless steel 494.4 0.12@32 
(304) [4] 0.135 @ 752 
stainless steel 491.8 0.116 @ 200 
(316) [4] 0.126 @ 400 

0.131 @ 600 
0.135® 800 

0.137 @ 1000 
air [4] 0.0805 0.237 
energy 23.8 0.12 
absorber [5] 
aluminum 168.6- 0.23 
6061-T6[3] 
WEP[1] 78.0 0.48 
WEB/WEP 81.9 0.25 
thermal shield 8.0 0.25 
[7] 
Pu Oxide 156.1 .0646 @ 572 
(low den.) .072 @ 752 

.074 @ 932 
.0747® 1113 

Pu Oxide . 686.7 .0646® 572 
(high den.) [8] .072 @ 752 

.074 @ 932 
.0747® 1113 

values not shown as temperature dependent are 
assumed constant 

Table 3: 
Fire Temperature Applied To Reduced Radius 
Time (Hours) Temperature (°F) 

0 200 
0.1 300 
0.2 450 
0.3 600 
0.4 1400 
0.5 1425 

Table 4: 
Convection Coefficient and Temperature 
Difference (outer shell) 
Temperature 
Difference in°F 

Coefficient in 
Btu/hr.-fL2-°F 

0 0 
10 0.38 
20 0.46 
30 0.50 
40 0.54 
50 0.57 
60 0.60 
70 0.62 
80 0.75 
90 0.78 
100 0.81 
150 0.92 
200 1.01 
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Table 5: 
Benchmark Temperatures Measured and 
Computed 
Location Measured 

Temp. (°F) 
Analysis (°F) 

Al. Flange 1110 1311 
EP-62 Flange 1110 1291 
Ep-62 
Dome/Flange 

1090 1184 

Inside 
Thermal Shield 

1300 1358 

Outside 
Thermal Shield 

1850 1686 

EP-62 Dome 1100 1049 
Aluminum/ 
Steel Flange 

1150 1340 

Inner Shell 580 619 
MidWEP/WEE 237 742 
EP-62 Below 
Honeycomb 

Below 1020 1074 

Table 6: 
Peak Temperatures in °F during HAC 

Location Low High High 
Density Density Density 

(Bot) (Top) 

Ep-61 Seal 714 529 820 
Ep-62 Seal 999 977 981 
Inner Shell 715/806 689/782 698/792 
0.5 hr/peak ' • -

Ep-61 Weld 718 529 831 
Ep-61 Body 752 857 851 
Ep-62 Body 891 867 877 
Product Max 1573 1145 1130 
Grad. 95 98 99 
Across 
Flange 
Grad. 168 174 174 
Through 
Flange 

Table 7: 
Average vessel air temperatures in °F 
Location Low High High 

Density Density Density 
(Bot) (Top) 

Outer air 1026 1012 998 
gap (EP-62) 
toner air 771 747 864 
gap (EP-61).. 
Inner Vessel 745 723 780 
(EP-60) • 
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One Quarter Schematic OF WEP/WEBs 

Outside Of Aluminum Shell 

Table 8: 
Peak Pressures in psia 

Vessel Low 
Density 

High 
Density 
(Bot) 

High 
Density 
(Top) 

Ep-60 694.6 688.0 681.5 
Ep-61 79.3 38.0 167.8 
Ep-62 45.4 44.6 46.7 
Ep-61* 435.1 412.3 476.3 
Ep-62* 111.3 106.5 120.0 

Figure 2 

* denotes interior vessels assumed to leak 

Schematic of 5320 Package Schematic of 5320 Model 
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