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ABSTRACT 

Fire accidents pose a serious threat to nuclear facilities. It is imperative that 
transport casks or shielded containers designed to transport/contain radiological 
materials have the ability to withstand a hypothetical fire. A numerical simulation 
was performed for a shielded container constructed of stainless steel and lead 
engulfed in a hypothetical fire as outlined by 10 CFR §71.73. The purpose of this 
analysis was to determine the thermal response of the container during and after 
the fire. The thermal model shows that after 30 minutes of fire, the stainless steel 
will maintain its integrity and not melt. However, the lead shielding will melt 
since its temperature exceeds the melting point. Due to the method of construction 
of the container under consideration, ample void space must be provided to allow 
for thermal expansion of the lead upon heating and melting, so as to not overstress 
the weldment. 

 
1. INTRODUCTION 

Various capabilities are available at the Idaho National Laboratory (INL) to study irradiated 
nuclear fuels and materials. Such fuel and material research is needed to support the continued 
development and improvement of nuclear energy. On-site interfacility transfers of radiological 
materials and samples are to be accomplished using a Horizontal Transfer Cask (HTC). The 
HTC is intended for use in transporting limited quantities of post irradiated experiment samples 
between the various facilities at the INL Materials and Fuels Complex (MFC) to analytical 
equipment located within Modular Shielded Enclosures (MSEs). The HTC provides radiological 
shielding to protect workers during the transfer of radioactive materials. It is not sealed, and does 
not provide primary containment for pressure or radiological contamination during transit. 
Primary containment is obtained using a 500 mL internal transfer canister or other appropriate 
container. 

The design of the pig must be sufficiently robust that it can withstand hypothetical 30-minute fire 
as outlined by 10 CFR §71.73. The source of the fire is combustion of spilled hydrocarbon fuel, 
which burns at 1073K (800°C). The fire burns for 30-minutes before it is extinguished. A 
thermal analysis was performed to assess whether the cask can survive the fire and prevent a loss 
of shielding or reconfiguration of the cask and payload. The performance criterion for the 
analysis is described as follows: “Fire analysis that demonstrates the ability of the container and 
internal components (as necessary) to maintain shielding performance during and after a fire. 
Containers are to withstand a postulated 10 CFR §71.73 fire and prevent the loss of lead 
shielding (specifically, exposure of the container for 30 minutes to a heat flux from a radiation 
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environment source at 1,475°F (800°C) with an emissivity coefficient of 0.9 without decreasing 
the amount of lead shielding in the container or causing reconfiguration of the shielding).”  
 
2. MODEL DEVELOPMENT  

The HTC consists of a pig and a transfer module. The term “pig” is defined by the U.S. Nuclear 
Regulatory Commission [1] as a colloquial term describing a shielded container used to ship or 
store radioactive materials. The pig is fabricated from 11 gauge 304 stainless steel plate and 
layers of wrapped lead. Figure 1 shows a photograph of a prototype pig. The overall dimensions 
are 0.851 m long and 0.412 m diameter at the widest point. It is comprised of three sections with 
increasing diameter from left to right and is designed to prevent radiation streaming. The 
leftmost section is referred to here as the “nose.” The nose section consists of a hinged door that 
serves as a rapid transfer port through which the payload can be transferred into a MSE. The 
section to the right of the nose is referred to as the “neck.” The rightmost section with the largest 
diameter and length is an outer skin surrounding the “body.” The parts are fabricated as separate 
pieces then assembled as a weldment. There are two washer-shaped support rings and five 
longitudinal ribs constructed of stainless steel that provide structural support between the main 
body and the stainless steel shell. A bottom cover plate was added to the body to provide 
additional containment.  
 
The transfer module (shown in Figure 2) sits within the neck and body of the cask and holds the 
canister containing the set of specimens or “payload” that is transferred into a MSE. The rapid 
transfer port mates to a MSE and the transfer module slides horizontally to deposit the payload 
into the MSE. Figure 3 illustrates the fabrication technique that incorporates layers of lead rolled 
around a tube. Lead is widely used through the nuclear industry as a shielding material due to its 
high atomic weight and effectiveness at blocking radiation. Lead sheets are quite malleable and 
can be easily wrapped or stacked. Stainless steel plate encases the lead and provides structural 
support. The transfer module is shaped like a dumbbell with puck-shaped plugs at either end, 
which are filled with lead encased in a stainless steel shell. The middle section of the transfer 
module has a tray to hold the radioactive materials being transported. Figure 4 shows a cross-
section of the cask design. The hatched areas indicate regions that are filled with lead.  
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Figure 1 - Photo of cask prototype. Figure 2 - Photo of transfer module with simulated 
payload. 

 

 

Figure 3 - Photo showing layers of rolled 
lead shielding. 

Figure 4 - Cross-section of transfer cask showing wrapped 
lead shielding. 

 

The HTC was modeled using ABAQUS CAE [2] version 6.11-1 for construction of the finite 
element model and ABAQUS Standard to calculate the transient temperatures and heat fluxes. 
The finite element model geometry was constructed using three-dimensional solid elements with 
structured meshing. All part instances were assigned eight-node linear heat transfer brick 
elements (DC3D8). ABAQUS is listed as verified and validated (V&V) software in the INL 
Enterprise Architecture Repository of qualified scientific and engineering analysis software. 
Validation has been performed by solving several test problems and verifying the results against 
analytical solutions provided in heat transfer textbooks. A formal V&V assessment has been 
completed for conditions applicable to this analysis [3]. 
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3. CALCULATIONS AND ANALYSIS 

A numerical simulation was performed for the HTC engulfed in a hypothetical fire as outlined by 
10 CFR §71.73. The source of the fire is combustion of spilled hydrocarbon, which burns at 
1073K (800°C). The fire burns for 30-minutes, until it is extinguished. 
 
The solution procedure consists of an initialization step followed by transient heat transfer 
with the HTC exposed to the fire for 30 minutes, concluded by transient heat transfer over a 
six-hour cooldown period. Heat transfer modes considered in the analysis include: (1) 
Conduction – across gaps, parts in direct contact or through solid walls, (2) Convection – in 
gaps, enclosures or on external surfaces, and (3) Radiation – across gaps or from external 
surfaces. The model assumes direct contact between the lead sheets. During both the fire and 
the cool down period, there is free convection and radiation heat transfer exchange between 
the cask exterior surfaces to the surrounding air. Ambient conditions are essentially quiescent.  
 
The initial temperature of all components is assumed to be 323K (50°C). The thermal mass of 
the payload is not included in the analysis, which adds conservatism to the evaluation. The 
bounding heat generation from the radioactive payload (300W) is not considered. The heat flux 
to the HTC consists of free convection plus thermal radiation exchange between the external 
surface and the surrounding air. The emissivity of the fire and the cask are assumed to be 0.9, 
which is very conservative. For reference, the emissivity of oxidized stainless steel is 
approximately 0.3 [4]. Since it is expected that the lead shielding will melt, the latent heat due to 
phase change (2.32 x 104 J/kg) has been included in the analysis [5]. The solid-liquid phase 
change is assumed to occur over the temperature range between 590K (317°C) and 601K 
(326°C) in order to improve the convergence of the numerical solution. 
 
The fire analysis is performed with the cask in the most adverse orientation wherein the cask 
exterior surface is idealized as a vertical plate. The actual cask configuration has been simplified 
and is represented as a cylinder for the purposes of calculating the heat transfer coefficients. The 
cask is engulfed in a fire at an air film temperature of 1073K (800°C) and the assumed 
temperature difference between the cask surface and the air is assumed to be 650K. During the 
fire, the free convection heat transfer coefficient between the cask and the surroundings is 
calculated from the following correlation [4] for Nusselt number (Nu) 
  

 H
4 Ra59.0Nu  (1) 

 
where RaH is the Rayleigh number based upon cask height. The assumption that the cask wall 
can be idealized as a vertical plate is appropriate since [4] 
 

 25.0Gr
35

L
D  (2) 

 
where Gr is the Grashof number.  
 
The door of the rapid transfer port is idealized as a horizontal plate cooler than the surrounding 
air. The following correlation for heat transfer to the upper surface of a cold plate [4] is applied 
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 D
4 Ra27.0Nu  (3) 

 
where RaD is the Rayleigh number based upon transfer port diameter. Thermal radiation 
exchange occurs with the surroundings at 1073K (800°C). 
 
During the cooldown period, the cask is assumed to be oriented horizontally, since that is the 
most adverse configuration for heat transfer. The air film temperature is assumed to be 500K 
after the fire ends and this value is used for the air properties. The assumed temperature 
difference between the cask surface and the air is assumed to be 25K in the Raleigh number 
calculation. The free convection heat transfer correlation applicable to the circumference of the 
cask [4] is 
 

 
3

DRa125.0Nu  (4) 
 
When the cask is horizontal, the rapid transfer port door is vertical and the applicable free 
convection heat transfer correlation [4] is 
 

 D
4 Ra59.0Nu  (5) 

 
During cooldown, free convection heat transfer is accompanied by thermal radiation exchange to 
the surroundings at 298K (25°C). 
 
Heat transfer across gas gaps is modeled using the gap conductance and gap radiation models. 
Heat transfer coefficients for conduction across gas gaps were calculated as a function of gap 
size and temperature. In this region, heat transfer occurs by conduction with a Nusselt number 
equal to one. Gas gaps are present between the transfer module and the internal tube as a result 
of machining tolerances. The cavities within the rapid transfer port (nose region) and between 
the end of the transfer module and the bottom cover plate are also modeled using gap 
conductance. Thermal contact between adjacent parts was accomplished using a tie constraint.  
 
There are ten air-filled regions located between the outer skin and the main body, separated by 
two radial support plates and five longitudinal ribs. The support plates divide the annular region 
into a small upper cavity above a larger lower cavity. Because of blockage by the support ribs, 
these regions within the respective cavities are considered to be rectangular enclosures, rather 
than concentric cylinders, and the following correlation [4] is applied 
 

 

25.0
28.0

LRa
Pr2.0

Pr22.0Nu  (6) 

 
where  is the aspect ratio (height/length) of the cavity. The length of the cavity is the average 
distance between the longitudinal ribs. The Raleigh number (RaL) is based upon this length. The 
height of the cavity is the distance between the body and the outer skin. 



The 15th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, NURETH-15    NURETH15-007 
Pisa, Italy, May 12-16, 2013 

 

 

4. RESULTS 

The thermal model shows that after 30 minutes of fire, the outer skin of the cask reaches the fire 
temperature. From Figure 5, it is seen that the highest predicted temperature occurs on the 
external surface 1073K (800°C), which is below the solidus temperature (1673K or 1400°C) of 
304 stainless steel [6]. Therefore, the stainless steel cask will maintain its integrity and not melt. 
The specimen tray is the coolest part of the assembly, with a minimum temperature of 332K 
(145°C).  
 
However, when the shielded container is exposed to the heat from the fire, the lead changes 
phase from a solid to a molten state. As shown by the temperature distribution within the lead-
filled components in Figure 6, the lead reaches the highest temperature in the nose region. Here, 
the lead shielding reaches a temperature of 1042K (769°C), which exceeds the melting point of 
lead (601K or 326°C). The transfer module is much cooler than the other cask components, with 
a minimum temperature of 336K (63°C). Figure 7 shows an end view of the cask assembly, 
looking right to left with the cover plate removed. The five longitudinal ribs used for structural 
support in the main body region can be seen. The gas gap between the main body and the 
transfer module is effective at reducing the heat flux to the transfer module. 
 
Figure 8 shows the temperature distribution of the cask components at the end of a six-hour cool 
down period. Results from the thermal analysis show that six hours after the fire, the 
temperatures of all components are less than 418K (145°C). The lead will have re-solidified. The 
highest temperature occurs in the specimen tray. The temperatures within the transfer module are 
higher than the other cask components, since it is somewhat insulated from heat loss to the 
ambient environment by the surrounding components. The thermal mass surrounding the left end 
of the transfer module keeps it hotter than the right end, which has less thermal resistance to heat 
loss. 
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Figure 5 - End of fire temperature distribution within cask (cutaway view). 

 

 
Figure 6 - End of fire temperatures of lead-filled components (cutaway view). 
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Figure 7 - End of fire temperature distribution (end view with bottom cover plate removed). 
 

 

 
Figure 8 - End of cooldown period temperature distribution within cask (cutaway view). 



The 15th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, NURETH-15    NURETH15-007 
Pisa, Italy, May 12-16, 2013 

 

 

Figure 9 shows the temporal variation of temperature for the hottest nodes of the lead and of the 
stainless steel material. The hottest node on the stainless steel structure occurs on the outer skin. 
The stainless steel temperature rises to a peak at 12.7 minutes into the 30-minute fire and 
remains at this temperature until the fire is extinguished. At that time, the temperature drops 
sharply. During heat up, the maximum lead temperature is lower than the maximum stainless 
steel temperature. The lead takes longer to heat up and its temperature is still rising when the fire 
ceases. The lead reaches a peak temperature of 1042K (769°C) at 30 minutes into the fire. The 
lead temperature decreases sharply after the fire is extinguished, but not as sharply as the 
stainless steel outer skin temperature. A discontinuity in the curve occurs at the solidification 
temperature of lead (601K or 326°C). There is a crossover point that occurs 24 seconds after the 
fire ends, where the lead temperature exceeds that of the stainless steel during cooldown. By the 
end of the cooldown period, the lead and stainless steel temperatures drop to a minimum of 349K 
(76°C) and 306K (33°C), respectively. 
 

 
Figure 9 - Variation of maximum lead and stainless steel temperatures with time. 
 
To estimate the amount of void space necessary to preclude structural failure due to thermal 
expansion of the molten lead, the total change in the volume of the lead due to the increase from 
room temperature to the fire temperature is calculated. The isobaric volumetric coefficient of 
thermal expansion for molten lead is given by the following expression [7] 
 

 T9.9516
1]K[ 1

molten  (7) 

 
where T is the temperature in degrees K. Using the maximum possible temperature of the molten 
lead (1073K)  during the fire provides a conservative value for the thermal expansion coefficient 
(i.e., 1.18 x 10-4 K-1). From [6], the volumetric coefficient of thermal expansion for solid lead is 
83.99 x 10-6 K-1. The volume change of the solid lead from room temperature to its melting point 
can be expressed as 

 ssolidsolid TV   (8) 
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where 
 

 .K)298601(Ts  (9) 
 
For the molten lead, the change in volume due to an increase in temperature is expressed by 
 

 lmoltenmolten TV  (10) 
 
where the maximum change in temperature for the molten lead is given by the difference 
between the maximum temperature and the melting temperature 
 

 .K)6011073(Tl  (11) 
 
Therefore, the total maximum change in volume due to an increase in temperature from room 
temperature to the fire temperature is calculated from 
 

 lmoltenssolidlead TTV .  (12) 
 
From Equation 12, the maximum increase in volume of the lead during the fire is approximately 
8%. This calculation does not take credit for the thermal expansion of the stainless steel. Pressure 
vessels will undergo elastic deformation which will relieve some of the overpressure caused by 
thermal expansion [8]. 

5. CONCLUSIONS 

Typical lead-filled transport casks are fabricated by pouring molten lead into a stainless steel 
shell and allowing it to cool to room temperature. In that scenario, thermal expansion of the lead 
when it is melted during the hypothetical 30-minute fire will not lead to additional stress since 
the liquid state was the initial form of the lead. However, the fabrication method for the HTC 
employs layers of solid lead at room temperature for the shielding. When exposed to the fire, the 
lead within the HTC melts and becomes a liquid. This liquid continues to expand as it is heated 
within a confined volume. Allowance for adequate void space should be incorporated into the 
design, so as not to overly stress the structure and welds. 
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