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This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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'CCF, mLEASED FOLLOWING 
THE RmuIIEaE: OF 48-IN. DIAmTER C'yT-tINDERS 

Cylinder type X 4 

Time from rupture to end of fire, min 
Vapor sublimated during remainder of fire, kg 
Vapor sublimated after fire, kg 
Duration of post-fire release, xnin 
Total m6 released, kg (% initial m6) 

6.47 
499 
914 
131 

3,745 (39) 

4.35 
424 

1,230 

4,926 (39) 
139 
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ESTIMATION OF TIME TO RUPTURE IN A FIRE 

TRANSIENT HEAT TRANSFEWSTRESS ANALYSIS MODEL + 

USING 6FIRE, A LUMPED PARAMETER UF, CYLINDER 

W. Reid Williams and James C. Anderson 
Central Engineering Servicesflechnical Programs and ServicedEngineering Analysis 

Lockheed Martin Energy Systems, Inc. 
Oak Ridge, Tennessee 3783 1-6332 USA 

ABSTRACT 

The transportation of UF, is subject to regulations 
requiring the evaluation of packaging under a 
sequence of hypothetical accident conditions 
including exposure to a 30-min 800°C (1475°F) 
fire [IO CFR 71.73(~)(3)]. An issue of continuing 
interest is whether bare cylinders can withstand 
such a fire without rupturing. To address this 
issue, a lumped parameter heat transfer/stress 
analysis model (6FIRE) has been developed to 
simulate heating to the point of rupture of a 
cylinder containing UF, when it is exposed to a 
fire. The model is described, then estimates of 
time to rupture are presented for various cylinder 
types, fire temperatures, and fill conditions. An 
assessment of the quantity of UF, released from 
containment after rupture is also presented. 
Further documentation of the model is referenced. 

INTRODUCTION 

Estimating the time to rupture of UF, cylinders 
engulfed in fire has been a topic of continuing 
interest for a number of organizations, as 
evidenced by the numerous papers on this topic 
presented at earlier UF, Handling Conferences in 
1988 and 1991 /88UF, and 91UFJ. This paper, 
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along with others being presented this week, 
presents the current status of ongoing modeling 
activities. 

There are several approaches to modeling the 
thermal aspects of a UF, cylinder engulfed in fire: 
back-of-the-envelop, lumped parameter, and finite 
differencelfinite element. Results from the first 
approach were presented in 1988 m W 8 8 ] .  The 
lumped parameter approach to thermal modeling 
is emphasized in this paper. Others have focused 
on the latter approach. In keeping with the 
lumped parameter approach, stress analysis is 
currently limited to evaluating hoop stress and 
comparing it to the ultimate stress of the cylinder 
shell. 

The interest in estimating time-to-rupture is two- 
fold. First, packaging regulations dictate that 
specific requirements be met, as noted in the 
abstract. The second, more general issue is 
whether UF, cylinders will survive fires postula- 
ted for facility safety analyses. This paper 
presents a range of results for various initial 
conditions and fire temperatures. 

MODEL DESCRIPTION 

The lumped parameter model, 6FIRE, consists of 
five basic elements (solid UF,, liquid UF,, vapor 
UF,, the cylinder wall in contact with liquid UF,, 
and the cylinder wall in contact with vapor UFd 
linked by appropriate heat transfer and phase 
change relationships. Figure 1 pictorially 
represents the model at initial and intermediate 
stages. The heat and mass transfer relationships 
between the various elements are presented 



schematically in Figs. 2 and 3. Stress analysis is 
limited to estimating hoop stress. 

Thermal Analvsis. There are several key 
modeling assumptions. First, it is assumed that 
there is relatively unrestricted flow of vapor and 
liquid within the cylinder; therefore, localized 
pressure buildup is unlikely. Second, the solid, 
liquid, and vapor phases of UF, need not be in 
equilibrium (Le., each bulk phase can exist at 
different temperatures). Third, the cylinder is 
fully engulfed and is lying on its side. The 
second assumption is particularly significant since 
it permits solid to remain even as the liquid and 
vapor temperatures far exceed the triple point 
temperature for UF,, and it does not restrict the 
pressure of the vapor to the vapor pressure of the 
condensed phase. 

The modeling of the solid UF, element assumes 
that the solid has fallen away from the upper 
inside surface of the cylinder. The solid consists 
of fissured lumps, so the bulk solid has voids that 
can be filled with liquid or vapor. As melting 
occurs, the bulk solid settles downward. It is 
assumed that the solid remains at an essentially 
constant temperature, although modeling of vapor 
condensation will result in some temperature rise. 
The mixing of inflowing liquid with the solid to 
form a warm solid or cool liquid is not modeled 
since the resulting intermediate temperature phase 
would take up less volume than allowing them to 
remain at their bulk temperature conditions. It is 
assumed that maximizing the volume of the 
condensed phases will result in a higher internal 
pressure. 

Liquid UF, forms from the melting of the solid 
UF, adjacent to the walls of the cylinder or at the 
top surface of the solid. Initially, the liquid is 
assumed to flow into the void spaces of the solid; 
when the void spaces are filled, the liquid 
overflows the solid. Heat transfer between liquid 
within the void spaces and the solid is not 
modeled, as noted above. The liquid phase is 
assumed to be well mixed. 

Vapor UF, is formed by sublimation of the solid 
UF, until the triple point pressure is reached 
within the cylinder. Subsequently, vapor is 
formed by evaporation or boiling of the liquid. 

CYLINDER 
CENTERLINE 

SOM Q T' V I W R  CAQ 

Fig. 1. Initial and intermediate 
spatial relationships between elements 
of the 6FIRE model. 

The model allows for condensation from the vapor 
and the eventual colfapse of the vapor pocket as 
liquid forms and expands. The vapor phase is 
also assumed to be well mixed. 

The cylinder wall is modeled as two sections with 
a "moving" boundary between them corresponding 
to the liquid-vapor interface. The lower section is 
in contact with liquid, while the upper section is 
in contact with the vapor phase. Each section is 
assumed to have its own uniform temperature. As 
the liquid level rises, that portion of the wall (Le., 



its mass and energy content) that was in contact 
with the vapor is "transferred" to the lower 
section. 

All heat and mass transfer relationships (see 
Figs. 2 and 3) are set up between the various 
elements based on interfacial areas. The heat 
transfer correlations utilized are described by 
Anderson [JCA94b]. It is assumed that all heat 
transferred to the solid (except that transferred by 
vapor condensation) sublimates or melts UF6 at 
the surface of the solid. The solid surface 
temperature for the purpose of determining heat 
transfer rates is a function of pressure if the 
pressure of the vapor is less than the triple point 
pressure; otherwise, the solid surface temperature 
is the triple point temperature. 

Stress Analvsis. Stress analysis is limited to an 
estimation of hoop stress and a comparison of that 
stress to the ultimate stress of the cylinder shell 
material. When hoop stress exceeds ultimate 
stress, cylinder rupture is assumed. 

Physical ProDerties. Physical properties corre- 
lations for UF, are those described by Anderson, 
Kerr, and Williams rJCA94uJ. Density and heat 
capacity are the only thermophysical properties 
required for shell materials; constant values are 
utilized in 6FIRE (see Table 1). Ultimate stress 
correlations are based on AMSE data [ASME]. 

RESULTS 

6FIRE Results. Comprehensive results from a 
6FIRE simulation are presented graphically in 

Fig. 2. Heat transfer relationships 
considered in 6F'IRE. 

Table 1. Shell Material Properties 

A-285 0.11 0.283 

A-5 16 

Monel 

0.127 

0.11 

0.283 

0.319 

Figs. 4 through 6.  These results are for a 
nominally filled 48X cylinder having an initial 
temperature of 100°F; the fire temperature is 
1475°F. 

Figures 7 and 8 provide estimates of time to 
rupture from parametric studies of the effects of 
fire temperature and initial fill, respectively. 
Nominally filled cylinders have 5% ullage at 
250°F, so results at 95% fill in Fig. 8 correspond 
to nominally filled cylinders. 

Figure 9 provides 6FIRE stress estimates from the 
simulation of an SA cylinder in a 1500°F fire. 
This example was developed for comparison to 
results from the 1965 fire tests conducted at the 
Oak Ridge Gaseous Diffusion Plant [AIM]; Test V 
ended with an explosion at 8% min. 

Post-Ruuture AnaIvsis. Table 2 summarizes 
results from 6FIRE (see Fig. 5) as well as from 
several analyses undertaken to characterize the 
release of UF, from 48-in. diameter cylinders 
following their rupture in a fire. At the time of 

UPPER 
WALL 

; 
LOWER 

WALL 

,submerged) , 
-------, 

Fig. 3. M a s  transfer relationships 
considered in 6FIRE. 



cylinder rupture, it is assumed that 
ail liquid and vapor m6 in the 
cylinder is immediateiy released; 
the liquid UF, would flash to a 
mixture of solid and vapor. While 
some of the UF, solid formed by 
flashing would probably deposit 
near the release point, it is 
conservative to assume no 
deposition. 

The other analyses (independent of 
6FIRE) focused on the amount of 
UF, vapor sublimated during the 
remainder of the 30-min regulatory 
fire and subsequent to it. For these 
latter analyses, a constant UF, solid 
surface temperature corresponding 
to the sublimation point {133.8"F 
(56.6"C)I is assumed, and both 
latent and sensible heat changes 

to vapor UF, at the average of the 
UF, sublimation temperature and 
the wall temperature] are utilized in 
determining the amount of UF, 
vapor that would sublimate. In the 
rupture-to-end-of-fire analysis, the 
fire and cylinder wall temperatures 
are assumed to remain constant. In 
the post-fire analysis, the ambient 
temperature is held constant at 
100°F (37.8"C) while the cylinder 
wall temperature decreases Fom its 
end-of-fire temperature as heat is 
transferred to the environment and 
the UF, inside. All heat trans- 
ferred to the UF, is conservatively 
assumed to sublimate vapor. Half 
the UF, released during the post- 
fire period occurs within 15 min 
and over 90% is released within 
one hour. 

[from solid uF,5 at 100°F (37.8"C) 

FUTURE ACTIVITIES 

Future activities will be undertaken 
as time and tiinding permit, 
including documentation of the 
6FIRE model. Other potential 
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Fig. 4. UF6 and cylinder wall temperatures vs time 
for a 48X cylinder in a 1475°F fire. 

20000 m 
Fig. 5. UF, and cylinder wall masses vs time for a 
48X cylinder in a 1475°F fire. 
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Fig. 6. Internal pressure, hoop stress, and ultimate 
stress vs time for a 48X cylinder in a 1475°F fire. 



activities are described in the 
following paragraphs. 

1 \\ 

a ;  IO 

1 

Fig. 7. Time to rupture vs fire temperature for 
various UF, cylinders. . 

I 

Information has been identified that 
may permit estimation of evapora- 
tiodcondensation rates. A1 terna- 
tively, this information might be 
used to define equilibrium between 
liquid and vapor phases having 
different temperatures. 

The use of ASME data alone 
results in zero ultimate stress 
between 1300 and 1400°F (see 
Fig. 10). Additional high-tempera- 
ture stress data may be identified 
and incorporated into 6FIRE. 
High-temperature data have already 
been evaluated and incorporated 
into 6FIRE for A-516 steel (see 
Fig. 11) [ASME and BCG]. 

6FIRE has been prepared to allow 
evaluation of the effects of cylinder 
expansion at elevated temperatures 
and pressures. Correlations for this 
expansion need to be added. 

I* I 

Fig. 8. Time to rupture vs percent fill for various 
UF, cylinders in a 1475°F fire. 

Another useful feature would be the 
simulation of potential cylinder 
valve leakage to determine how 
long cylinders would survive 
without catastrophic rupture. 
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