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vVe previously presented analyses of gas flow into and out of a partly failed nuclear waste container for 
various assumed hole sizes and failure times.1,2 We also estimated the release rate of 14C by advection and 
counter-diffusion from the failed container. Here we present an estimate of 14C release rate and cumulative 
release for hole sizes of one to 300-j.lm and failure at emplacement and 300 years. A more detailed discussion 
of the theory and illustrations is given in Zwahlen et al. 1,2 

Gas flow is described by the viscous flow law 

71'1.4(P2 - P6) 
Q = 16j.lCRT (1) 

Here Q is the moles of gas flowing per unit time, P and Po are the gas pressure inside and outside the 
container, and j.l is the gas viscosity. In a waste container of volume V containing n moles of gas, the 
equation can be transformed into a differential equation for n, 

dn(t) 
dt 

71'r4[(nRTjV)2 - Pgl 
16j.lCRTw 

with the initial quantity of gas given by the ideal gas law 

nCO) = P(O)V 
RT(O) 

(2) 

(3) 

Here, T, the average internal temperature, and Tw, the wall temperature are known functions of time, and 
j.l is an empirical function of Tw . 

'<\Then air flows into the container, 14C can be released by counter-diffusion. The counter-diffusion is described 
by 

dc d2 c 
v-

d 
=D-

d 
2' z Z 

(4) 

with boundary conditions c(O) = Co and c(C) = O. Also v is the slug flow velocity of air, where v is negative 
for counter-diffusion. The release rate 111 is 

{ 

71'r2vco~, V <> 0; 
111 = eO: - 1 

71'r2coDjC, V = 0 
(5) 

where a: = vCj D. 

For the calculations, the following data is used 

Container gas volume, V = 1.22 m3 
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Wall thickness, R = 0.01 m 
External gas pressure, Po = 0.1 MPa 
Internal gas fill pressure, P = 0.1 MPa 
Internal gas fill temperature, 298 K 
Internal gas temperature-time data from Site Characterization Plan3 [po 7-41] 
Initial 14C inventory 3.1 Ci (1.1 x 1011 Bq) per package 
Volatile 14C fraction = 10% (assumed) 
Diffusion coefficient = 0.27 x 10-4 m2/s [Source: Ref. 4] 

Figures 1 and 2 show the 14C release rate and and Figures 3 and 4 show the cumulative releases for holes of 
one to 300-pm and the hole occurring at emplacement and 300 years. We describe the curves for the hole 
occurring at emplacement, and then suggest a source term. 

For a I-pm hole, argon flows out for all time and carries with it 14C0 2 . The initial release rate is 10-6 

Ci/year (3.7 x 104 Bq/a) and decreases as the argon flow decreases. 

For a 5-pm hole, the initial 14C02 release rate is 5 x 10-4 Ci/year (1.9 x 107 Bq/a) and the release is mainly 
by advection. At about 900 years, air begins to flow into the container, and the release decreases sharply 
due to the counter-diffusion resistance of the air flow. 

For a lO-pm hole, the initial release rate is almost 10-2 Ci/year (3.7 x 108 Bq/a). At about 70 years, air 
begins to flow into the container, and the release rate decreases sharply. As the cooling rate slows down, the 
air inflow rate decreases and the counter-diffusion resistance decreases. Then the 14C release rate reaches a 
near constant rate. 

For holes 20-pm or larger, the pressure inside the container falls rapidly to near atmospheric when the hole 
occurs. About 50% of the argon and 14C02 is released immediately, after which air begins to flow into the 
container. The air inflow rate is independent of the hole size and is determined solely by the cooling rate. 
However, the air velocity (and thus the resistance to diffusion) does depend on hole size. 

Thus, for all holes bigger than 20-pm, 0.144 Ci (5.3 x 109 Bq) of 14C is released at penetration. 

For the 20-pm and 30-pm holes, the air inflow is a resistance to diffusion and the initial release rate is low. 
As the air inflow rate decreases, the 14C02 release rate increases. 

For the 100-pm, 200-pm, and 300-JLm holes the air inflow velocity is so small that there is little, if any, 
resistance to the outward diffusion of 14C02. The slight increase in the release rate for the 100-pm hole is 
due to the decrease in the air inflow rate. The later decrease in the release rate for these three hole sizes is 
due to depletion of the 14C02 in the container. 

The cumulative release graph is easily understood. For holes of 20-pm to 300-pm, the cumulative releases 
start at 0.144 Ci (5.3 x 109 Bq), the initial amount released, and then increase. For the 300-pm hole, all 
of the 14C is released in under 200 years. For the 20-JLm and 30-pm holes, the initial release accounts for 
nearly all of the release. 

For holes occurring at 300 years, the major difference is that for the larger holes only about 30% of the 
argon and 14C02 is released at penetration time because the waste container is cooler and the internal gas 
pressure is less than that emplacement. Thus the initial release pulse is 0.097 Ci (3.6 x 109 Bq) of 14C. 

This is our recommended source term. Assume an initial release of 0.144 Ci/package (5.3 x 109 Bq/package) 
for a hole occurring at emplacement and 0.097 Ci/package (3.6 x 109 Bq/package) for a hole occurring at 
300 years. From the curves presented here, an upper bound for the time-dependent release rate of 14C can 
be obtained by using the maximum release rate at each time. Clearly this wiII give a cumulative release 
greater tha.n the assumed volatile fraction of 14C, but this gives a conservative estimate. 
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Figure 1. Release Rate of C-14 for Various Hole Sizes, Hole Occurring at 0 Year 
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Figure 2. Release Rate of C-14 for Various Hole Sizes, Hole Occurring at 300 Year 
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Figure 3. Cumulative Release ofC-14 for Various Hole Sizes, Hole Occurring at 0 Year 
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Figure 4. Cumulative Release of C-14 for Various Hole Sizes, Hole Occurring at 300 Year 
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