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Resume

Tout degagement accidentel d'isotopes d'hydrogene dans 1*instal-
lation proposee pour la recuperation du tritium pourrait provoquer
une explosion ou un incendie. Dans ce rapport, on donne des estimations
en ce qui conceme l'initiale montee transitoire et la hauteur finale
du nuage de gaz chauds resultant dies divers modes de combustion.
L'equivalent de dose de rayonnement, provenant du passage sous le vent
du nuage porteur de tritium, est estime a moins de 100 mrem dans
n1importe quel mode de combustion ou dans n'importe quelles conditions
meteorologiques. Le modele employe pour.calculer la hauteur finale
du nuage depend d'une hypothese d'entrainement et le nuage a faible
densite perd de l'energie par entrainement a une cadence plus lente
que dans les phenomenes atmospheriques conventionnels. Far consequent,
la hauteur finale estimee pour le nuage est conservatrice et il s'ensuit
que le veritable equivalent de dose de rayonnement devrait etre inferieur
a celui predit.
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ABSTRACT

An accidental release of hydrogen isotopes at a proposed tritium
recovery plant may result in a fire or explosion. In this report
estimates are given for the initial transient rise and final height of
the cloud of hot gases which results from various modes of combustion.
The radiation dose equivalent caused by the downwind passage of the
tritium-bearing cloud is estimated to be less than 100 mrem in any mode
of combustion or weather condition. The model used for calculating the
final height of the cloud depends on an entrainment assumption, and the
low-density cloud loses energy by entrainment at a slower rate than in
conventional atmospheric processes. Consequently, the estimated final
cloud height is conservative, and, therefore, the actual radiation dose
equivalent would be lower than predicted.
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SUMMARY

In this report an estimate is given for the final rise, or "effective

release height" of a fireball resulting from the combustion of the

partial or entire hydrogen inventory of the proposed Tritium Recovery

Plant (TRP), following a postulated release from the storage tanks

(Harrison, 1980). Although there is no simple theory which will adequately

describe such an event, the formulas derived by Morton, et al, (1956),

which were intended to apply to a different situation, are believed to

give a reasonable and probably conservative estimate of the final height.

Using the release heights predicted, estimates of the downwind ground-

level radiation dose equivalent (hereinafter called 'dose') due to

overhead passage of the tritium cloud are given, both for the case of

ignition of the entire hydrogen inventory, and for the case where only

the tritiated part of the inventory is ignited. The maximum exposure

varies from a few millirem to less than 100 millirem. Based on a simple

model for the steady rise of low-density gases, it is also possible to

estimate the duration of the initial transient and the initial rate of

rise of the fireball, which is found to agree reasonably well with other

predictions.

HEAT OF COMBUSTION

From Lee's report (Lee, 1980), the hydrogen inventory is 13.3 kg,

principally in the form of D , HD and DT, in order of decreasing

concentration, with a specific heat of combustion of 58 kcal/gm mole for

a total heat of combustion equal to

Q = 13.3*103-58-103-4.187/4.03 = 8.0-108 J.
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In the case of pool burning of a liquid hydrogen spill, Lee's

estimate for the energy required to heat the fuel to ambient temperature

is a few percent of that available, and the amount lost by radiation

from the flame in any mode of combustion is generally estimated at ten

or fifteen per cent. For an idea of the amount of energy that might be

used up creating blast damage, etc, the energy required to lift a 100-

ton (~10 kg) building a distance of 10 metres is

W=Mgh=105'9.8*10*107 J
9

negligible compared to the s:10 J available. Thus it may be estimated,

conservatively, that 75% of the heat of combustion computed above is

available for buoyant rise of the cloud of combustion products.

INITIAL TRANSIENT RISE

Modes of combustion such as detonation, deflagration, or volumetric

explosion, take place in a few milliseconds, and on this time scale the

motion of the fireball can be neglected, as pointed ovjt by Lee. After

combustion is complete, the initial rise of the hot cloud can be described

by the simple equation,

(virtual mass)•(upward acceleration) = buoyant force - drag force

or V p* du/dt = Vg(PQ- p) - ^ A C ^ u
2

where V, A, p, p and u are the volume, frontal area, density, virtual

density and upward velocity of the cloud, g is the gravitational constant,

p is the ambient density, and C is a drag coefficient. The virtual mass

accounts for the acceleration of the surrounding fluid. Based on

experiments with solid masses accelerating in water, the "virtual density"
*

is given by p =p+0.58p (Dryden, et. al., 1956). The virtual mass affects

only the initial transient, and not the steady rise. The solution of the

above equation is of the form

u(t) = u tanh(t/t )
o o

The hot cloud starting from rest therefore approaches its steady upward

velocity u in a characteristic time t , where
o o

and where
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o
l2V(pV/PoACDg(Po-p)J

!

The values of u and t depend on the shape of the cloud, that is, on
o o

the characteristic length V/A, on the density ratio p/p , and on the

drag coefficient C , which is expected to be roughly in the range 0.5 to

1.0. The available evidence suggests that a spherical cap or mushroom

shape is a good model for the shape of the cloud. Davies and Taylor (1950)

found that the formula

uo = 2/3 (rg)*5 -0.79 gV" / 6

could be based on a simple theoretical model which agreed with observations

of air bubbles rising in water, where r was the radius of curvature of

the top of the bubble, and V/A « r/5. Taylor (1950) found the formula

to be in good agreement with the observed rate of rise of the cloud from

even such a large-scale event as an atomic explosion. The corresponding

value of t is
o

Q p*/Po

for a cloud of low density. From Lee's analysis, r is typically 8

metres and p/p X 0.2, giving the values

t z 0.7 s
o
u s 9 m/s
o

Even allowing for some uncertainty in extrapolating the above

results to the present case, it seems safe to say that the cloud will in

the first stages rise at a rate of 5 to 10 metres per second, and will

reach that speed in roughly two or three seconds.

Pool and diffusional burning are slower processes and require

several seconds to consume all the fuel. Therefore, some upward motion

of the cloud will occur during combustion. Lee has analysed these cases

using the entrairuiient assumption and the equations of Morton, et al (1956).

His result for the upward velocity at the end of the burning regime can

be expressed as

u ~ 0.365 g^ [<Po-p)/p]'
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Since p/p Z 0.2, typically, this gives

u « 0.73 g*5 V 1 / 6

The agreement between this formula and that of Davies and Taylor

suggests that the cloud is near its "equilibrium" rate of rise given by

the formula for an instantaneous puff, or in other words, that the rate

of rise after the first few seconds does not depend on the mode of

combustion. This is plausible and probably correct, but the agreement

may be fortuitous. It is noted that the above formula, derived from an

entrainment assumption; gives increasingly large u as p is decreased,

whereas Davies' and Taylor's formula

U Q = 0.79 g

applies to clouds or bubbles of low density (p/p « 1 ) , and gives a

limiting value of u . This apparent discrepancy is explained by the

fact that the entrainment assumption is valid only if the cloud has

enough inertia to actually cause mixing at its boundary. As the cloud

density decreases, the motion depends less on entrainment and more on

the external flow pattern, which approximates a potential flow and leads

to Davies' and Taylor's simple formula,

U Q = 2/3 (rg) "*

This fact was noted by Batchelor (1954), and imposes a limitation

on the entrainment assumption in predicting the upward velocity.

CALCULATION OF FINAL HEIGHT OF CLOUD

The above argument says, in effect, that for a rising cloud of low

density, the initial loss of buoyancy by entrainment will be less than

that predicted by the equations of Morton, et. al. (1956). Thus the use

of their equations should give a somewhat conservative estimate of the

final height of the cloud. The equations for an instantaneous puff give
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a maximum cloud height proportional to the one-fourth power of the ratio

of total heat to the potential temperature gradient in the atmosphere;

in SI units

H = 1.43 Q

where T1 is the observed atmospheric temperature gradient and T '
9

= 9.86 K/km is the adiabatic lapse rate.

The observed lapse rate can be of either sign; if T1 < -T ', then
—~ a

the atmosphere is very unstable, and there is theoretically no limitation

on the height of the cloud, since H is imaginary in the above equation.

In practice, the puff will rise to a very great height, hundreds of

metres. If T1 > -T ', the coefficient of Q decreases with increasing

T1, i.e. as the atmosphere becomes increasingly more stable. "Average"

or "standard" atmospheric conditions correspond to T1 = -6.5 K/km.

Positive values of T1 represent inversion conditions; the greater T1,

the stronger the inversion. In the case of an inversion, the depth of

the inversion layer is usually not known but may be several hundred

metres. The final cloud height, as given by the above formula, may be

less than the inversion layer thickness, in which case the cloud ascends

but remains trapped in the inversion layer. If the inversion is shallow

enough, the cloud may penetrate it and continue to rise in the unstable

layer above.

LAPSE RATES AT CHALK RIVER NUCLEAR LABORATORIES (CRNL)

Lapse rates at CRNL were observed on a continuous basis for several

months by Barry (1966), who compiled their frequency distribution. From
o

his data the following table can be generated, using 0 = 6*10 J, which

represents 75% of the available heat of combustion, and the formula

relating H,Q and T1. This table gives a realistic idea of the maximum

heights to which the tritium cloud may be expected to rise under different

weather conditions at CRNL.
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Conditions

Unstable

Near Mean

Typical
Inversion

Strong
Inversion

Strongest
Inversion
Observed

Lapse Rate
Interval
T' (K/km)

(-26.6,-11.4)

(-11.4, 0)

(0, 25)

(25, 50)

-

Typical Lapse
Rate T1 (K/km)
in Interval

-15

-6.5

20

40

70

Percent of Time
Observed
(approx.)

30%

40%

25%

5%

-

H metres

-

293

170

149

133

DOSE CALCULATION

As a simplification, it will be assumed that the cloud rises to its

final height H and then begins to drift downwind, where it mixes with

the surrounding air and forms a distribution that can be described by

the usual Gaussian model. For a total tritium content C curies and

effective release height H, the ground-level concentration downwind as

the cloud passes is given by Turner (1970),

C =
o

2C
exp (->s(H/O

z

The ground-level dose is then

E = C AtRf
o o

where At = /2TF a /U = effective time of exposure to the cloud

U = wind speed, m/s

R = breathing rate, m /s

f = a factor which converts curies to rem for ?. yci:ro»i r.-;p-r

tritiated water vapour.
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From Johnson, et al (1979), p 18-21, the values for R and f that will be

used are

R = 0.33-lcT3 m3/s (adult male, light activity)

f = 200 rem/Ci (inhalation and skin exposure)

Then

E = (RfC/mJO a ) exp(-h(H/a )2 rem
o y z z

The values of o and O for a puff release are not as well known as

those for a continuous release, and Turner (Table 5.2) quotes values

only at 100 m and 4 km downwind for three weather types. If it is

assumed that a is proportional to a , then the maximum ground-level

dose, which occurs when a =H//2, can also be computed.
z

In the following computations, the values of R and f quoted above are

used. The tritium content C of the plant is taken, as 10 curies, and for

all cases, a nominal wind speed of 5 m/s (=;12 mph) is used. The dose

is inversely proportional to the wind speed.

CASE 1 - RAPID COMBUSTION OF ENTIRE TRP INVENTORY

Using the numerical values stated, the ground level dose is given by

E Q = (420/a az) exp (-h(B/az)
2) rem

For the concentration at 4 km downwind, a and a are given by Turner (1970)

For the maximum value of E downwind, it is (conservatively) assumed
o

that a =0 =H//2, with H=350 in unstable weather. The results are contained
y z

in the following table.

Ground-Level Dose - Case 1

Weather H a (4 km) a (4 km) E (4 km) E (max)
y z o o

m m m mrem mrem

Unstable 350 300 220 1.6 2.5

Neutral 293 120 50 10~6 3.6

Very Stable 149 35 7 . - 14
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In the above table, the value of 0 at maximum (=H//2) is hypothetical

and may not occur at all, in which case the maxima are overestimates.

This appears to be true especially for neutral and stable weather types.

The calculated maximum is not very sensitive to weather type, but the

distance at which it occurs is, and for neutral and stable conditions,

it may be expected to occur many km from the source, if it occurs at

all.

CASE 2 - RAPID COMBUSTION OF TRITIATED INVENTORY ONLY

As a subsidiary case, we consider what happens if the highly tritiated

part of the inventory (D_ + DT) undergoes rapid combustion separately

from the remainder of the inventory (D and DH). This represents the

situation that would occur if the D2 and DT were stored separately and

burned separately, without interaction, or if the D did not escape

and burn at all. The DT inventory is approximately 0.4 kg, and the heat

of combustion obtainable is

Q2 ~ 0.8-(0.4/13.3)-8.0-10
8J = 0.2-108J

Since the temperature of combustion and resulting cloud density are

about the same as in the previous analysis, the initial rate of rise of

the cloud, which scales as the one-sixth power of the cloud volume, will

be reduced to about one-half of that obtained previously, or approximately

4 to 5 m/s.

The final cloud height will be reduced by a factor

(0.8-0.4/13.3)^ = 0.4

Repeating the calculations of Case 1 with the reduced cloud height gives

the following table.

Ground-Level Dose - Case 2 •

Weather H a (4 km) a (4 km) E (4 km) E (max)
y z o o

m m m mrem mrem

Unstable

Neutral

Very Stable

140

117

60

300

120

35

220

50

7

5

4

.3

.6

lO"16

16

23

87
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CASE 3 - STEADY COMBUSTION OF TRITIATED INVENTORY

Here the tritiated inventory is assumed to burn separately from

the main inventory, but the burning is assumed to take several minutes;

a figure of 10 minutes is chosen as reasonably representative if the DT

gas were to escape through a smail diameter pipe. In this case the

formula of Morton et. al. (1956) can be used to obtain an estimate of

the final cloud height. Because the flame is small and the combustion

more gradual, Morton's formula for the maintained heat source is appropriate.

For the height H it gives

H = 31 Q,V(1+T'A")3/8 m

Q

where Q, is the power of the source in kw. The release of 0.2*10

joules in 10 minutes gives Q = 33.3 kW so that

H = 74.5/(l+T'/T')3/8 m.

For unstable conditions the choice H = 150 m is believed to be

conservative; in near-mean conditions (T'/T' = -0.66) and typical
cL

inversion conditions (T'/T1 = 2.5), the formula gives h = 112 m and 46
a

m, respectively. The formula for E for this case is the same as for
o

Cases 1 and 2, except that a and 0 should be taken from the graphs

for steady sources instead of Table 5.2 of Turner (1970). The three

weather categories are taken to represent mean values of (A,B), (C,D)

and (E,F) weather conditions respectively. The following table results.

Ground-Level Dose - Case 3

Unstable

Near-Mean

Inversion

Weather

(A,B)

(C,D)

(E,F)

H

m

150

112

46

E (1 km)
o
mrem

8.9

5.0

16

E (4 km)
o
mrem

0.7

' 7.5

37

E (10 km)
o
mrem

0.1

2.2

16
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SCALING OF DOSE WITH MASS RELEASED

The calorific value Q and activity of a mass M of a particular

mixture are both proportional to M, and the cloud height H following
h hrapid combustion is proportional to Q , i.e. to M . The Gaussian model

for downwind dose can then be written as

E(a,M) = 5| exp (-biflVa2)
a

where a is a characteristic dispersion width, and a and b are constants.
2 j_

For a given M, the maximum dose occurs where O - bM , so that

E (M) =
max

Thus the maximum dose scales as the square root of the amount released.

In the far distance, when the effect of release height is no longer

important, the dose is roughly proportional to M. These formulas are

useful for comparing releases of varying amounts.

CONCLUSION

There is no simple and complete theory for computing the rise of

the fireball resulting from ignition of the TRP inventory. The equations

of Davies and Taylor are expected to give a reasonable prediction of the

initial rate of ascent, but the lack of a simple mechanism to dissipate

energy makes it difficult to predict the intermediate stages between

initial ascent and final height. The equations of Morton, et. al. were

intended to apply to the case where density differences are small, and

where entrainment dissipates the energy. In the fireball, entrainment

is much less important, initially at least. Therefore energy dissipation

will be slower and the final height can be expected to be greater than

that predicted by Morton's formula. Consequently, all the estimates of

dose given are expected to be too high.

Comparing the conditions of Cases 2 and 3, and taking into account

the fact that more information is available on dispersion from steady

sources than from instantaneous sources, and also taking into account
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the fact that the maximum doses in Case 2 are based on especially

conservative assumptions, it appears that Case 3 should be regarded as

the "worst case" for estimating the hazard to the public in the event of

a hydrogen explosion or fire at the TRP.
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