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ABSTRACT

Resctions between UFg and combustible gases and the
potential for UFg-fillad cylinders to rupturs when
exposed to fire are addressed. Although the
absence of kinetic data prevents specific
identification and quantification of the chemical
species formed, potential reaction products
resulting from the release of UFg into a fire
include UF,, UO2F9, HF, C, CF;, COF3, and short
chain, fluorinated or partially fluorinsted
hydrocarbons. Such a release adds energy to a fire
relative to normal combustion reactions. Time
intervals to an assumed point of rupture for UFg-
filled cylinders exposed to fire are estimated
conservatively. Several related studies are also
sumnarized, including a test series in which saall
UFg-filled cylinders were immersed in fire
resulting in valve failures and explosive ruptures.
1t is concluded that all sizas of UFg cylinders
currently in use may rupture within 30 min when
totally immersed in a fire. For cylindars adjacent
to fires, rupture of the larger cylindars appears
much less likely.

ROMENCLATURE
A - area, f£e2
E = total heat requirements for heating a
cylinder and UF¢ from initial to final
conditions, Btu
F = view factor .
&H = enthalpy change from initial to finsl

conditions, Btu/lb
pressure, psia
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heat flux relative to the cylinder
surface area, Btu/heft

heat rate, Btu/h

cylinder radius, in

wall thickness, in

absolute temperature, °R
emissivity

Stefan-Boltzman constant

0.173 x 10-8 Beu/hefr?. g%
ultimate stress, psia

time to rupture, min

subscripts dencting fire and cylinder,
respectively

£
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L}

INTRODUCTION AND SUMMARY

In 1985, the Nuclear Regulatory Comaission (NRC)
requested that consideration be given to several
UFg-fire issues as a part of an ongeing progras to
develop an Accident Analysis Handbook. The issues
concern (1) the reactions occurring betwsen UFg
releassd into a fire and combustible gases and
combustion products and (II) the potential for UFg-
filled cylinders to rupture when exposed to fire.
The results presented in this paper represent the
current statur of investigation into these issuss.

Potential reaction products resulting from the
release of UFg into a fire include UF,, UO2F;, HF,
C, CF;, COF2, and short chain, fluorinated or
partially fluorinated hydrocarbons. UFg raactions
with combustible gases add energy to a fire
relative to normal combustion reactions with O;.
However, energy release appears to be maximized by
the complete combustion of hydrocarbons to Hy0 and
CO2 along with the complete hydrolysis of UFg by
H20. The absence of kinetic data precludes
identification of the most likely chemical spacies
resulting from the release of UFg into a fire or,
consequently, the corresponding energy increass.
The development of appropriats kinetic data would
require a substantial experimental progras.

Time intervals to an assumed point of rupture for
UFg-filled cylinders (liquid UFg at 300°F) exposed
to fire have been estimated in vhat should ba
considered conservative, preliminary calculations.
Consideration was given to cylinders fully fmmersed
in a fire and to those adjacent to a fire. Fire
conditions utilized in the analyses encompass MRC .
criteria and a proposed ASTM standard. Several
related studies are summarized, including a seriles
of tests in which small UFg-filled cylindare
{corresponding to 5A- and BA-eized cylindara) were
immeraed in fire resulcing in valve failures and
explosive ruptures., It appears reasonsble to
concluds that all sizes of UFg cylinders eurrantly
in use may rupture within 30 ain when totally
immersed in a fira; in some cases, there may bs
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insufficient time to begin fighting s« fire before
rupture occurs. For cylinders adjacent to fires,
rupture of the larger cylinders (i.e., 30B, 48X,
48Y) appears much less likely.

I. UFg-FIRE PRODUCT REACTIONS

The reaction of UFg with H20, which occurs rapidly
in the ambient enviromment, would also occur in a
fire due to the large quantities of Hz0 formed frum
the combustion of hydrocarbons. Free-radical
reactions between UFg and combustion products would
also be favored by the high temperatures of a fire.
Possible reaction products include UF,, HF, C, CFy,
and COFz; fluorine will also substitute freely into
hydrocarbon chains (-CpHzp+).(1) Under non-fire
conditions, UFg and hydrocarbon oils have reacted
explosively. Rapp(2) described consequent reaction
products as "black carbonaceous smoke,” “carbon and
reduced uraniuam in the residue,* “uranium in the
reduced state and an elevated carbon content,”
“s0lid rasidues ... consisted of # UFg containing
about 4% UsFg in association with a small amount of
fluorinated carbonaceous material,” and "reduced
uranium fluoride.” Experimental reaults indicate
that the "reaction between uranium hexafluoride and
hydrocarbon oil becomes vigorous at 70 to 80°C,
forming UF,, carbon, and lov molecular weight
fluorinated compounds (CF4, CaFg, C3Fg, C4F10)-"

He further states that “where excess UFg is
involved the reduced uranium most probably would
consist of some UF5, UsTg and/or UsF17." 1In the
absence of kinetic data, the final chemical species
resulting from a release of UFg into a fire and the
corresponding energy increase cannot be determined.
While a few well chosen experiments may provide

useful information, obtaining sufficient data to
predict with reasonable accuracy what occurs when
UFg is released into a fire would require a major
experimental program.(3)

Nevertheless, potential effects of the release of
UFg into a fire can be evaluated. Several possible
reactions involving UFg and CH,, H2, C, and CO--
combustible materials chosen as surrogates for the
broad rangs of gases present within a fire--are
listed in Table 1 along with combustion reactions
(lsading to formation of H70 and CO2) and the UFg
hydrolysis reaction. Consideration has been given
to energy trade-offs occurring vhen the surrogate
materials (e.g., CH,, Hp, C, CO) react with UFg
rather than 0. Results of this comparison are
given in Table 2; in all cases, sore heat is
Teleased by Teacting the surrogates with UFg rather
than with 03. On the other hand, the heat of
reaction for UFg and H20 is -101.5 kJ/mol UFg,
vhich exceeds the increased energy raleases
tabulated in Table 2. Consequently, energy release
into the fire appsars to be maximized by complete
cosbustion of hydrocarbons along with the complete
hyérolysis of UFg.

1f a carbon-to-hydrogen ratio approaching 2 (i.s.,
-Cplizn-) is assumed for a fuel contributing to a
fire, a simple mass balance yields an off-gas
composition of about 138 Hp0 assuming dry air for
combustion. This composition significantly exceeds
ambient concentrations. When UFg is released into
a fire environment--vhether as a sudden, explosive
release or in a slower release through a crack, the
subsequent flashing and turbulence should yield
rapid mixing and reaction of the UFg, with either
H20 or combustible materials.

Table 1. Some Possible Reactions batwesn UFg and Fire Products?

BHryn,  8Grxn.

Reactions ki/mol  ki/mol

1. UFg(v) + 2 HyO(v) -> UOpFa(s) + & HF(V) -101.5  -123.8
2. UFg(v) + 0.25 CHy(v) -> UF4(s) + 0.25 CFg(v) + HF(v) .250.4 -239.9
3. UFg(v) + Ha(v) -> UF4(s) + 2 HF(v) -309.4 -306.0
4. UFg(w) + 0.5 C(s) -> UF4(s) + 0.5 CF4(v) -229.3 -199.1
5. UFg(v) + CO(v) =-> UF4(s) + COFa(v) .291.0  -241.6
6. CHy(V) + 2 Oy -> CO2(v) + 2 HaO(v) -802.3  -300.8
7. Hy(v) + 0.5 03(v) -> Hy0(v) 2418 -228.6
8. C(s) + 0z(v) -> COa(v) -393.5 -39%.4
9. C(s) + 0.5 02(V) -> CO(V) -110.5 -137.2

2 The values of AHpy, and AGry;, are based on data taken from Ref. 4.

Reference conditions are 25°C and 0.1 MPa.

Table 2.

Energy Trade-offs for Reaction with UFg vs Oz

Change in energy released (kJ/mol UFg)

Net increase in

- — s T g aneYgy Telaase
Reactant (8Rpxn ¥/UFg) - (&Hpypn W/02) = Net Change to fire (%)
CHy, -250.4 -802.3 / 4 -49.8 25
Hy -309.0 -241.8 =67,2. 28
c -229.3 -393.5 7 2 -32.6 17
co -291.0 -393.5 « (-110.5) -8.0 3




II. CYLINDER RUPTURE DUE TO FIRE

The time required to rupture a cylinder exposed to
fire has been conservatively estimatad. Results
are compared to experiments conducted in 1965.

FIRE CONDITIONS

There are several sources of fire conditions which
may be used for analysis of fire effects. NRC
criterie are as follows:(5)

‘Exposure of the whole specimen for not
less than 30 minutes to a heat flux not
less than that of a radiation snvironment
of 800°*C (1475°F) with an emissivity
coefficient of at least 0.9, For
purposes of calculation, the surface
absorptivicy must be either that value
which the package may be expected to
possess if exposed to a fire or 0.8,
whichever is greater. ...

Buck and Belason included the following description
of a design fire environment relative to a proposed
ASTM standard:(6)

A total heat flux of 174 ki/a?

(15.28 Btu/ft“s) with componants of
158 kW/m? (13.89 Btu/ftZ.s) radiative
heat flux and 16 ki/a? (1.39 Btu/ft2.s)
convective heat flux, aversge flame
temperatures of between 983°C (1700°F)
and 1261°C (2300°F) ...

They also argue that "in ... large hydrocarbon pool
fires, it [is] reasonable to assume an emissivity
of 1.0° since "the flames only have to be 3 to 6
feet thick to be optically opaque.”

The tabulated results presented subsequently -assume
a flame temperature of 1475°F and a flame
emissivity of 1.0. It is also assumed (for the
case of complete immersion in a fire) that the
convective heat flux to the cylinder, which would
be about 108 of the total heat flux based on the
proposed ASTM standard, is negligible relative to
other uncertainties.

CYLINDER RUFTURE CONDITIONS

Based on nominal cylinder characteristics (see
Table 3), a cylinder containing the maximum
quancity of UFg would be completely filled with
liquid at 300°F. This condition was initially
considered as a criterium for ‘imminent rupture;

however, more realistic fasilure conditions carn be
extrapolated from data obtained by hydraulically
rupturing UFg cylinders. Such dats are summarized
in Table 4.

For cylinders--308 and smaller--that exhibic
ductile failure (hoop stress), hydrostatic failure
conditions obtained at room teaperatures were
extrapolated to fire conditions by multiplying the
hydrostatic failure pressure and volume increase by
a materials degradation factor of 0.35 based on an
assunsd temperature of 1200°F.(10) This factor wvas
used for both steel and monel; however, a factor
greater than 0.35 is more probable for monel (i.e.,
monel experiences less degradation than steel).
Because data were not available for 5A and 8A
cylinders, the following relation for determining
failure pressure vas used:

oy = P r/c . (1)

In this instance, o, was calculated froa the
failure pressure of a 12B cylinder, then failure
pressures were svaluated for the smaller cylinders.
The volums increase of 5A and 8A cylinders was
assumsd to be the same as that of a 12B
cylinder.(1ll)

The failure mechanism for 10- and l4-ton cylinders
is brittle fracture: the stiffening rings develop
cracks where the ends are welded together that
propagate inward through the tack weld joining the
rings to the cylinders. If the stiffening rings
were not present, the volume increase of these
cylinders is expected to be coaparable to that of
the 30B cylinders. For these 10- and l4-ton
cylinders, failure pressure at fire conditions was
determined from Eq. 1 based on failure conditions
for 30B cylinders; however, the volume increase vas
only slightly reduced from that determined from the
hydrostatic rupture tests. The rationale for this
approach is that brittle failure is not accelerated
by higher temperatures, but there is a potential
for a greater volume increase, up to about 10%,
from hoop stress prior to failure. Assuming only a
slight reduction in volume increese is therefore
considered reasonable. (12)

Given estimates of the failure pressure and final
volume of UFg cylinders, the final temperature of
UFg can be estimated from physical property
correlations for liquid density, compressibiliry,
and vapor prassure. Estimated conditions for UFg
cylinder failure in a fire are also presented in
Table 4. The total heating requirements, from a
range of i{nitial conditions (solid UFg at 70°F
through liquid UFg at 225°F), to the final rupture

Table 3. Cylinder Characteristics®

Tare Maximunm Internal Internal Average Surface
weight, capacity, volume, diamster, length, aras,
Type 1% b f£e3 in in el
SA 55 55 0.284 5 24.99 3.00
8A 120 255 1,319 8 45,34 3.61
128 185 460 2.38 12 36.36 11.0%
k1)) 1,400 5,020 26.0 29 - 68,02 52.21
48X 4,500 21,030 108.9 48 103.99 134.0
48Y 5,200 27,560 142.7 48 136.27 167.8

4Table values are basad on Ref. 7.



Table 4. Estimated Conditions for Failure of UFg Cylinders Exposed to Fire

Cylinder Characteristics

Hydrostatic Testing Results®

Estimated Fire Faflure Conditions

Wall Failure Failure Volume Failure Volunme Final UFg
thickness, mode pressure, increase, pressure, increase, temperature,

Type Material in. psia $ psia L] °F

S5A Monel 1/4 1900 20 434
8A  Monel 3/16 900 20 400
12B  Monel 1/4 Hoop stress 2265 s3 800 20 396
30B A516 steel 172 Hoop stress 2315 30 800 10 367
48XP  A285 steel 5/8 Brittle frac  12BS 6.3 625 5 340
48Y AS516 steel 5/8B Brictle frac 1780 6.3 625 5 340

2See Refs. B and 9.

bHydrostutic test results are from testing of a &48A cylinder.

conditions were estimated using UFg enthalpy
correlations and a heat capacity for steel of
0.12 Btu/lb«*F.(13) It is conservativaly assumed
that the final cylinder wall temperature is equal
to the final UFg temperature.

HEAT TRANSFER ANALYSIS

The starting point for evaluating the radiative
heat flux from the fire to the cylinder is

Q = A) F1p 0 (T4 - T4/ (—h + —t -1). @

It is then assumed that the cylinder temperature is
negligible relative to that of the fire. Noting
that A; Fy7 equals Az F21 and assuaing that the
enissivity of the fire, ¢), is 1, the following
equation for the radiant heat flux to the surface
of the cylinder is obtained:

q2 = 0.173 x 10°% Fy; o )% . e

For a cylinder totally immersed in a fire, F;; - 1;
for a cylinder external to a fire, the view factor
from the effective surface of the cylinder to the
fire, F2), can be approximated based on the
surfacas illustrated on Fig. 1. While the view
factor correlation utilized in the approximation is
itself rigorous, (14) the effective geometry shown
on Fig. 1 is only an approximation; the fllustrated
geometry is expected to become more reasonable as
the separation distance between the fire and the
cylinder increases. Reported values for the
emissivity of the cylinder, ¢3, range from 0.3 or
less for iron and steel to 0.95 for various paints
and soot, (15)

The time to rupture for a cylinder exposed to fire
i{s approximated by

r = 60 E/q2 A7 . )

Two cases are subsequently considered. The first
assunes total immarsion of the cylinder in the
fire. The second assumes that the cylindar is
outside the fire.

Case 1: A Cylinder Immersed in a Fire

It is assumed that the surface of a cylinder
totally immersed in a fire rapidly blackens from
soot; thus, it is reasonable to set the cylinder
enissivicy, ¢z, equal to 0.95. Also, F23 = 1.0 and

A2 1s the total surface area of the cylinder. The
radtative heat flux from the fire to the cylinder
is calculated by Eq. 2, then the time to cylinder
rupture is estimated from Eq. 2. Estimated time
intervals to rupture are given on Fig. 2 for a
range of initial conditions and a flame
temperature of 1475°F; specific results assuming
sclid UFg initlally at 70°F are tabulated in
Table 5. A multiplication factor to obtain the
time to rupture at other flame temperatures is
gilven on Fig. 3. For example, a 48X cylinder that
is estimsted to rupture in 27.3 min at a flame
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Fig. 1. Geometry for svaluating view factors
betwesn & fire and a cylinder.
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Fig 2. Estimated time interval to cylinder rupture
based on a flawe temperature of 1475°F.

temperature of 1475°F would rupture at 12.3 min
based on a 1900°F flame which yields a
multiplication factor of 0.45.

Case 2: A Cylinder Adjacent to a Fire

For this second case, fires of several sizes were
considered. Fire diameters at the ground surface
of 10, 20, and 50 ft were selected, and effective
flane heights twice the fire dianeter were assumed
based on the work of Mudan.(1l6) [Greater height to
diameter ratios could have been assumed; but, since
the fire is approximated as a right-circular -
cylinder (see Fig. 1) rather than acz a cone, a
ratic of 2 was considered a compromise. ] Figure &
summarizes view factors, F2), from the cylinder ro
the fire; the view factors are not a strong
function of cylinder size when separation distances
exceed about 10 ft. A surface area multiplier,
wvhich is the ratio of the effective surface area
(length x diameter) tc the total surface area (sees
Table 4), 1is given in Table 6. For a cylinder

Table 5. Estimated Time Interval
to Cylinder Rupture

UFg phase Solid
Cylinder temparature 70°F
Flame temperature 1475°*F
Heat flux 23,000 Btu/hr-fty
Total haat Time to
Cylinder requirements, rupture,
type - - - - Bty - min LT
S5A 6,400 5.7
SA 21,900 6.8
128 38,000 9.1
308 364,000 18.5
48X 1,400,000 27.3
48Y 1,810,000 28.2
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Fig. 3. Multiplication factor for adjusting
the results given in Fig. 2 to temperaturss
other than 1475°F.

adjacent to a fire, its emissivity, e¢g, can range
from less than 0.3 up to 0.95, depending on the
surface finish, az noted earlier.

To estimate the time to rupture for a cylinder
adjacent to a fire multiply the time to rupture for
a cylinder immersed in a fire (Fig. 2 or Table 5)
by the flame temperature wsultiplication factor
(Fig. 3) and the surface area multiplier (Table 6)
and divide by the view factor (Fig. 4). If an
emissivity other than 0.95 iz casumed for the
cylinder, multiply the result by 0.95 and divide by
the assumed eaissivity. For example, a 12B
cylinder initially at 70°F will rupture in about

1 h vhen exposed to a 20-ft diam, 1900°F fire at e
distance of 10 ft (i.e., 9.1 x 0.45 x 3.66 + 0.24 =
62 min). Table 7 indicates time interval ranges
needed to reach rupture conditions for a range of
fire conditions.

RELATED STUDIES

In October 1965, cylinders containing from 5 to
250 1b of UFg were exposed to fire in a series of
tests conducted at the Oak Ridge Caseous Diffusion
Plant (ORGDP).(17) These teets were conducted “to
determine if the cylinders would hydrostatically or
explosively rupture {and] the time available for
fire fighting before either incident occurred.*
The cylinders were mounted vhere they would be
conpletely within the fire. A summary of the rests
is given in Table 8. During Test V, the cylinder
vall temperature approached about 1000°F and UFg
tenperatures within the cylinder varied between 330
and 440°F at the instant the cylinder explosively
Tuptured. Kallett concluded ‘that the tests
"confirmed that [an] UFg cylinder rupture of
explosive force is possible and that it can occur
within a time sufficiently short as to poseibly
preclude fire fighting unless initiated very
promptly. The explosions noted cannot be
considered any more sevare ¢r hazardous than those
dus to other chemical or gas explaosions. The
amount of water blown from the tank by the forca of
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the explosion contributed largely to the fireball
formation, a cause which, in most transportation
accidents, is unlikely to be so available.® Valve
failures precluded explosions in Test I and IV.

Duret and Bonnard described the results of
experimental and modeling efforts which included
consideration of internal heat transfer in an UFg
cylinder exposed to fire.(18) 1In a direct
comparison with Mallett's results {(vhich would be
Tests 111 and V), they estimated a time to cylinder
rupture of 8 min 40 s assuming a fire temperature
of 800°C (1472°F); rupture would oceur at an UFg
temperature of 160°C (320°F). 1In their analysis,
the cylinder wall temperature approached 600°C
(1112°F) at the end of 6 min. Predicted failure
durations for 30B and 48Y cylinders exposed to
B0O°C and 900°C fires were alsc presented (see
Table 9).

UNCERTAINTIES IN THE ANALYSES

Direct comparison cf time estimates to cylinder
rupture based on the approach described herein (see
Table 5) to the results of the ORGDF tests (see
Table 8) shows a conservative estimate of that
time. Estimated times were 5.7 and 6.8 min for 5A
and BA cylinderc, respectively, assuming a fire
temperature of 1475°F, while Malletr’s data
indicated actual rupturc occurred at 8 ain for a
SA-sized cylinder and at 8.5 and 10.5 min for two
8A-sized cylinders. A number of consarvative
assuaptions were made in these analyses; a
nonconservative assunption i{s offset by the
conservative assumptions. The various assumsptions
and their i{mpacts--both in genaral, as well as on
the comparison between calculations end

—axperiment-~are discussed in the following
paragraphs.

. It has been assumed for
these analyses that the cylinder vall temparature
will have a negligibls f{mpact on the heat flux.
However, Mallett’s data, as well ax the modeling of
Duret and Bonnard, indicate that wall temperatures

Table 6. Surface Arca
Multipliers for Case 2

Cylinder
type Multiplier
SA 3.46
8A 3.42
128 3.66
308 3.81
48X 3.87
48y 3.69

Table 7. Range of Time Iutervals to Rupture
for a Cylinder Adjacent to a Fire, min*

Separacion distance (ft)

Cylinder
type 10 20 40
Fire temperaturs: 1900°F
Cylindex emisgivicy: 0,95
S5A 16 - 57 20 - 116 31 - 0+
8A 16 - 69 21 - % 32 - *
1238 23 - 98 30 - ¥ 46 - *
308 44 - * 58 . * 89 - *
48X 62 - * B3 - * *
48Y 62 . w 52 - » *
Fire temperature: 1475°F
5A 3% - * 45 - * 67 - *
8A 36 - 47 - * 71 - %
128 51 - =* 67 - * 101 - #
308 98 - « * *
48X * * *
48Y * * *
Fi{re temperature: 1S00°F
5A L9 . * 64 - * 97 - *
178 52 - » 67 « * 102 - ®
128 73 - * 95 . * *
308 * Y *
LAX * * *
48Y ® * *
Fire temperature: 1475°F
SA 108 - +* * *
BA 114 - » * *
128 * * *
308 * * *
48X -* * 13
48Y * * *

AThe first number ir each range corresponds
to an initial condition of liquid UFg at the triple
point {147.3°F) asxposed to & 50-{t diameter fire;
the second number corrasponds to solid UFg at 70°F
and a 10 £t firs, An asterisk, *, indlcates a time
greatar than 2 h,




Table B. Summary of ORGDP Fire Tests

Test 1 11 111 1v v

Cylinder Data

Diameter, in. 3.5 5 8 5 8

Length, in. 7.5 30 48 30 48

Material Monel Honel Nickel Monel Nickel

UFg mass, 1b 5 55 248.9 53.04 245

Fallyre Dats

Hode Valve Explosion Explosion Valve Explosion
failure failure

Time, ain a 10 10.5 b 8.5

a. 7Two cylinders were tested simultaneously with valve failures
occurring at 4 min and 6 min. The first failure occurred when teflon seals
melted; the second when silver solder melted.

b. The two cylinder valves failed at 8 min and 9 min. The release was

complete in 10 min.

exceeding 1000°F can occur. The reduction in heat
flux resulting from the various wall temperaturss
is shown in Table 10. A further increase in the
time to cylinder rupture would result from the heat
capacity of the steel due to the additional
tepperature rise. Further analysis taking into
account the complex phenomena of heat transfer
within the cylinder is required to estimate
cylinder wall temperatures.

. The enthalpy of the compressed UFg
at the point of rupture has been estimated from a
correlation for saturated liquid enthalpy at lesser
cemperatures. This corralation is expected to
underestimate the saturated enthalpy at higher
temperatures. Accounting for the effects of
compression, and improving the enthalpy correlaticn
for higher temperatures, would increase the final
enthalpy and, hence, the time to rupture.

Eaissivity. In the analysis of a cylinder immersed
in a fire, an emissivity of 1 was used for the
fire. This assunption appears reasonable for large
fires. Howvever, relative to the argusent of Buck
and Belason, a fire emissivity less than 1 might be
appropriate. based on the relative size of the fire
and cylinders, for estimating the tima relative to
Hallett’s data. Cylinder emissivity could be less
than 0.95 which was chosen as an upper limit
likely to be obtained in a fire environment.

Lesser enissivities would increase the estimated
time to rupture.

Table 9. Time to Failure for
Cylinders Exposed to Fire
(Estimates by Duret and Bonnard)

Fire Time to

Cylinder temperature, failure,
type *c min
308 800 35
308 900 28
48Y 800 61

48Y 900 47

A . Convective heat transfer
accounts for about 103 of the total heat flux in &
fire environment. Inclusion of the convective
component would decrease the time required to heat
a cylindar to the point of rupture. Neglect of the
convective flux is offset by the other assumptions
already discussed.

The cooling effects of radiation and convection
from the cylinder to the environment for cylinders
adjacent to a fire were not considered. Inclusion
of such effects would increase the predicted time
to rupture for cylinders not totally immersed in a
fire.

CONCLUSIORS

The estimated time intervals to rupture for UFg-
filled cylinders exposed to fire should be
considered preliminary, conservative estimates.
Resolution of the various uncertainties discussed
above should increase the estimated time intervals.
The data of Mallet indicate that increased
estimates are plausible. Consideration of cylinder
expansion prior to rupture significantly impacts
the time to rupture.

The estimated time intervals given on Fig. 2 and in
Table 5 indicate that all sizes of cylinders may
rupture within 30 min when totally immersed in a
fire, although resolution of the uncertainties may

Table 10. Reduction in Rsdiant Heat Flux, %,
Due to Cylinder Wall Temparature

Wall temperature, °F 1475°F 1900°F
300 2.4 1.1
600 . 9.0 4.1
1000 32. 15.




increase time estimates for the 48X and 48Y

cylinders beyond 30 min.

For cylinders adjacent to

fires, rupture of large cylinders appears much less

likely.

Test results show that valve fallure may

occasionally preclude cylinder rupture.

When a cylinder fails in a fire, the relense of UFg
into the fire will add energy to the fire.

10.

11.

12.

13.
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