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ABSTRACT 

A robust engineered barrier system (EBS) is employed in the current design concept for the 
potential high-level nuclear waste repository at Yucca Mountain, Nevada, USA. The primary 
component of the EBS is a multi-barrier waste package container. Simplifying the geometry 
of the cylindrical waste package container and the underlying invert into the equivalent 
spherical configuration, mathematical models are developed for steady-state and transient 
diffusive releases from the "failed" waste container with multiple perforations (or pit 
penetrations) at the boundary of the invert. Using the models the steady-state and transient 
diffusive release behaviors from the "failed" waste container are studied. The analyses show 
that the number of perforations, the size of perforation, the container wall thickness, the 
geometry of the waste container and invert, and the adsorption of radionuclide in the invert 
are the important parameters that control the diffusive release rate. It is emphasized that the 
"failed" (or perforated) waste package container can still perform as a potentially important 
barrier (or diffusion barrier) to radionuclide release. 

INTRODUCTION 

A robust engineered barrier system (EBS) is employed in the current design concept for the 
potentia1 high-level nuclear waste repository at Yucca Mountain, Nevada, USA. The primary 
component of the EBS is a multi-barrier waste package container, which will be designed to 
meet the regulatory requirements (10 CFR 60) for substantially complete containment and 
controlled release after it is breached. Except for a smail fraction of the waste package 
containers that fail prematurely due to materials andor manufacturing defects, the waste 
package containers are likely to fail by localized corrosion, especially by pitting corrosion 
[ 1,2 1. This paper discusses mathematical models developed for the diffusive mass transfer of 
radionuclides from a "failed" waste package container with multiple perforations that may 
form by pitting corrosion. The developmental efforts discussed in this paper were to develop 
diffusive mass transfer models specifically for the source-term caIcuIation in the Repository 
Integration Program (RIP) which was used in the recent iteration of total system performance 
assessment-1995 (TSPA-1995) of the potential repository [ 11. 
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DESCRIPTION OF THE CONCEPTUAL MODEL 

The current design concept for the potential repository describes a cylindrical waste package 
container placed horizontally on the invert in the emplacement drift. After a failure of waste 
package container by pit penetrations, the waste form (either spent nuclear fuel or vitrified 
high-level waste) inside the container are assumed to be exposed immediately to the near-field 
environment, making it available for alteration/dissolution. Then, radionuclides may be 
released and transported through the failed waste package and underlying invert (assumed to 
be crushed tuff.grave1) to the edge of the EBS. 

Waste package containers are assumed to fail by pitting corrosion, and the diffusive mass 
transfer rate of radionuclide from the "failed" waste container is restricted by the number of 
perforations on the container (Le., by the area available for diffusion). The waste is assumed 
to be distributed uniformly inside the waste container. To simplify the model development, 
the cylindrical waste package container and the underlying invert are approximated by an 
equivalent spherical configuration, and this is depicted schematically in Figure 1 in which the 
waste container is shown with multiple perforations. The perforations are formed from pitting 
corrosion and assumed to be filled with fine, gel-like porous corrosion products. The 
perforations are assumed to be cylindrical with a uniform radius. The perforations are also 
assumed to form uniformly over the entire surface of the waste container. It is assumed 
conservatively that both downward and upward perforations are equally available for 
radionuclide release, and, once outside the waste container, all the radionuclides are 
immediately released into the underlying (crushed tuff gravel) invert, and allowed to migrate 
toward the host rock. The contribution of each perforation to the radionuclide release is 
assumed to be independent of other near-by perforations, Le. the diffusive mass transfer rates 
from each perforation are all the same. This assumption may be conservative in that the 
concentration gradients just inside adjacent perforations may be less than for the case in an 
isolated perforation. Although it is expected that the container wall becomes thinner with 
time due to wastage from general corrosion, the wall thickness is assumed to remain constant. 

STEADY-STATE DIFFUSIVE RELEASE RATE FROM WASTE PACKAGE 
AND ENGINEERED BARRIER SYSTEM 

Taking into consideration the conceptual model discussed in the previous section, a 
mathematical model for steady-state diffusive mass transfer from a waste package container 
with multiple perforations was developed by one of us [3]. Since the diffusive release models 
(steady-state model discussed in this section and "quasi-transient" model in the next section) 
were to be implemented into the RIP code, and since the code calculates internally the decay 
of radionuclides, the decay term is not considered in the model development. 

Diffusive Mass Transfer Through A Single Perforation 

As shown in Figure 2, the perforation is assumed to be cylindrical in shape of length 2 and 
radius r. The diffusion path consists of the approach to the opening disk of the perforation 
from the waste form side, the path through the cylindrical portion of the perforation which is 
filled with corrosion product, and the path through the exit disk separating the perforation 
from the invert. The qualitative shape of the averaged one-dimensional concentration field 
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through the perforation is also shown in Figure 2. ei and Di is the porosity and diffusion 
coefficient, respectively, in the region i (i = 0, 1, and 2, which are defined below). The mass 
transport rate riz”, under steady-state condition, through the three sections is 

f i  .” = 40, e2r ( Ci* - C;> 

where C,  = concentration of radionuclide at the surface of waste form; 
C ,  ’ = concentration of radionuclide at the opening disk of the perforation; 
C,  = concentration of radionuclide at the exit disk of the perforation; and 
C, ’ = concentration of radionuclide at the interface between the perforation and 

invert. 
Other symbols were already defined. Addition of Equations (la), (lb) and (IC) leads to 

r 1 

Solving for riz” gives 

Equation (3) describes the steady-state diffusive mass transfer rate through a single cylindrical 
perforation. 

Diffusive Mass Transfer from Waste Package Container with Multide Perforations 

If there are N uniformly distributed perforations on the waste package container, and if the 
perforations form non-interactive domains and act as emitting sources, the equation for the 
steady-state diffusive mass transfer rate (a,,””) from the container can be obtained by simply 
changing Equation (3) as follows 

c, -c; 
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Diffusive Mass Transfer Throwh Engineered Barrier System (Invert) 

In the equivalent spherical approximation shown in Figure 1, the invert can be considered as a 
spherical shell around the waste package, which forms the field in which diffusion takes 
place. Considering only the radial diffusion under steady-state condition, the general solution 
for the diffusion equation is 

A 
R 

C(R)  = -  + B  

where R is the radial distance from the center of the sphere. Constants, A and B are 
determined from the following boundary conditions 

C = C 2  at R = a  

C = O  at R = b  

(5 )  

where a is the distance from the center of the sphere to the edge of the waste container, and b 
is the distance from the center of the sphere to the edge of the EBS. The concentration at the 
boundary of the EBS (Le., the edge of the invert) is conservatively set to zero (Equation 6b) 
to yield the maximum diffusive mass transfer rates at the EBS boundary. The resulting 
solution is 

C ( R )  = - c2 (5 - 11 
b - a  R 

(7) 

Thus, the equation for the steady-state diffusive mass transfer rate from the entire spherical 
surface of radius a is obtained as follows 

* ss 4 a D, e2 C, 
M,, = - 4 n a 2 D 2 e 2  - 

b 

Note that MEBF is constant for any R in a I R I b, and hence Equation (8) is used for the 
mass transfer rate at the outer invert boundary at R = b. 

Using arguments essentially equivalent to the method of matched asymptotic expansion, C, in 
Equation (8) can be equated to C,’ in Equation (4). Thus, equating in Equation (4) with 
NEB/ in Equation (8) and solving for C,, an equation for the steady-state radial diffusive 
mass transfer rate at the edge of EBS (i.e. invert) is expressed as 

Equation (9) shows that the diffusive mass transfer rate depends on the number of 
perforations (N) in the waste container, the container wall thickness ( I ) ,  and the geometry of 
the waste container and invert (a and b). Note that in an unsaturated porous medium, the 
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porosity, E ,  is replaced with the fractional volumetric water content, 8, which becomes equal 
to the porosity in the saturated porous medium. 

An equation for the steady-state radial diffusive mass transfer rate at the EBS edge from a 
bare spherical waste form can be obtained by setting N + 00, resulting in 

"QUASI-TRANSIENT" DIFFUSIVE RELEASE RATE FROM WASTE PACKAGE 
AND ENGINEERED BARRIER SYSTEM 

Using a similar approach in developing the analytical solution for the steady-state radial 
diffusive mass transfer rate (Equation (9)), a mathematical model for a "quasi-transient" 
diffusive mass transfer rate at the EBS boundary through the "failedt waste container is 
developed. The term "quasi-transient" is used because the model assumes steady-state 
diffusion through the perforations of the "failed" waste package container and then a transient 
diffusive mass transfer through the spherical shell of the invert surrounding the waste 
container (see Figure 1). The approximation for steady-state diffusion through the waste 
package container is justified after approximately 1,000 years, because the distance for 
diffusion through the waste container (12 cm) is less than that through the invert (100 cm). 
Since the diffusive release model was to be incorporated into the RIP code, the decay term is 
not considered in the model development. The solution, including the transient diffusion 
through a constant number of perforations, was developed in [4]. 

A conventional way to express a transient radial diffusive mass transport through the spherical 
shell of invert (see Figure 1) with a linear reversible adsorption reaction of radionuclide is 

D, is the diffusion coefficient in the diffusing medium (Le., invert); K, is the retardation 
coefficient of radionuclide in the invert and defined as 

K 2 = l  + kd,2 Pb.2 

e2 

where kd,2 is the distribution coefficient (cm3/g) of radionuclide in the invert, and Pb,2 is the 
bulk density (g/cm3) of the invert. Equation (1 1) is solved with the following boundary and 
initial conditions: 

C =C2 at R = a  and t > O  

c = o  at R = b  and t > 0 
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C = O  for a 5 R I b and at t = O  (1 3c) 

As in the steady-state diffusion case, the concentration at the EBS boundary is set to zero 
(Equation (13b)). Utilizing a solution for a similar case quoted by Crank [SI, the solution to 
Equations (1 1) and (13a) to (13c) is found as 

The transient diffusive mass transfer rate at the edge of EBS (at R = b) ,  MEET , is obtained 
by expressing as in Equation (8), thus resulting in 

By following the same arguments as in the steady-state diffusive mass transfer case (Equation 
(9)), equating MWF in Equation (4)  with ATEB/ in Equation (15) and solving for C, lead to the 
equation for the "quasi-transient" diffusive mass transfer rate at the edge (R=b) of EBS as 
follows: 

where 

1 
N z r 2  

P, =- 

4 z a b c , D 2  
b - a  

P, = 

x r  
4 

OD 

2a  1 +-c 
b n-i 

With t + = (i.e., approaching steady-state), Equation (16) becomes equal to Equation (9). 
Also, with t + 00 and N + 00 ( i.e. approaching the release from the bare waste form under 
steady-state), Equation (16) becomes Equation (10). 

DIFFUSION COEFFICIENT IN UNSATURATED POROUS MEDIA 

Using an apparatus to study unsaturated flow, Conca and coworkers [6,7] measured aqueous 
diffusion coefficients in a wide spectrum of geologic materials at varying degrees of water 
saturation. It was suggested from their study that parameters such as diffusion coefficient and 
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hydraulic conductivity are functions primarily of water content and not materials 
characteristics. The diffusion coefficient data for a wide variety of geologic materials were 
used to develop a relation for the diffusion coefficient in unsaturated porous media as a 
function of the percent volumetric water content, $ (i.e. + = 100 x 8 )  [l]. The functional 
form is expressed as 

log D = - 8.255 (k0.0499) + 1.898 (20.0464) log$ (1 7 )  

where D is the diffusion coefficient in the unit of cm2/sec. The numbers in the parentheses 
are one standard deviation. The diffusion coefficients in the corrosion products filling the 
perforations and (crushed tuff gravel) invert (i.e., D, and D,, respectively) are calculated with 
Equation (17). It is assumed the diffusion coefficient just inside the perforation (Do) is equal 
to cm2/sec. 

RELEASE RATES FROM "FAILED" WASTE PACKAGE CONTAINER 

The diffusive mass transfer rate models discussed in the previous sections are used to 
calculate the release rates from a "failed" waste package container with a constant number of 
perforations. Because data for the transport properties of radionuclides in the porous 
corrosion products filling the perforations (or pits) are not available, it is assumed that the 
corrosion products have the same porosity (e.g., 0.4) and water content as the invert material 
(Le., crushed tuff gravel). In reality, the corrosion products have a "gel-like" structure which 
is much finer and has a larger surface area than the invert material, thus they would have a 
greater capacity for holding moisture. It is assumed that all pits (or perforations) have a 
uniform area of 1 mm2 which corresponds to a radius of 0.564 mm. The waste container is 
assumed to have a pit density of 10 pits/cm2. Taking the pit density, the uniform pit area, 
and the nominal surface area (about 37 m') of the waste container, the total number of pits 
that can form on the waste container is about 4 million. This corresponds to about 10 % of 
the total surface area. The current design for the waste package container calls for a 2-cm 
thick corrosion-resistant inner layer and a 10-cm thick corrosion-allowance outer layer. 
Accordingly, a constant container wall thickness ( I )  of 12 cm is used in the calculations. The 
thickness of the invert (b-a)  used in the calculations is 1.0 m. Details of other parameter 
values are discussed in the TSPA-1995 report [l]. 

In Figure 3, the steady-state diffusive release rates at the EBS boundary from a "failed" waste 
package container as a function of the number of perforations (Equation (9)) are compared 
with the steady-state release rate from the bare waste form (Equation (10)). Effects of the 
container wall thickness on the release rates are shown in the figure. The release rates are 
"normalized" to the concentration at the waste form surface. In the calculations, a volumetric 
water content of 10% is assumed for both the crushed tuff gravel invert and the corrosion 
products filling the perforations. As shown in the figure, the steady-state diffusive release 
rate is strongly dependent on the number of perforations, and to a less extent, on the container 
wall thickness. The release rates from the "failed" waste container are always lower than 
from the bare waste form. These range from four orders of magnitude lower for the waste 
container pitted with a relatively small number of perforations (lo') to one order of 
magnitude lower for the waste container heavily pitted with one million perforations. If the 
container wall is thinned due to the wastage from general corrosion, the release rate from the 
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container (having a given number of perforations) with a thinner wall is higher than the 
container with a thicker wall. The results demonstrate that the "failed" (or perforated) waste 
container can still perform as a potentially important barrier to radionuclide release. Note that 
the calculated release behaviors are true for the solubility-limited radionuclides which would 
maintain 'relatively' constant concentrations at the waste form surface (Le., C,  in M"K, 
constant). The release behavior for the inventory-limited radionuclides may not be the same 
because their concentrations at the waste form surface may change depending on the waste 
form dissolutiordalteration rate and other factors. 

The transient diffusive release rates at the EBS boundary (normalized to the concentration at 
the waste form surface), which are calculated with Equations (16) to (16c) with the 
distribution coefficients of 20, 200 or 1000 cm3/g in the invert, are shown for the waste 
container with IO3 perforations in Figure 4-A and with lo5 perforations in Figure 4-B. The 
steady-state release rates are also shown in the figures. With. a larger distribution coefficient 
(kd) in the invert, a greater retardation of the EBS diffusive release rate is achieved. The 
differences between the steady-state and the transient release rates at any given time are 
greater for larger values of the distribution coefficient. Similar EBS release behaviors are 
predicted with a higher number of perforations in the waste container (Figure 4-B), but the 
release rates are increased accordingly. The transient release rates approach the steady-state 
rates with time; it takes about 40,000 years with kd = 20 cm3/g in the invert, and about 
400,000 years with kd = 200 cm3/g in the invert. The results indicate a potentially significant 
performance of the 1-m thick invert as a diffusion barrier. 

The transient EBS diffusive release behaviors from a waste package container with various 
degrees of perforation are shown in Figures 5-A and 5-B for the invert with the distribution 
coefficient of 20 cm3/g and 200 cm3/g, respectively. As shown in the figures, the diffusive 
release rates are proportional to the number of perforations on the waste container (Le., the 
areas available for diffusion). Again, with higher k i s ,  the release rates are retarded to later 
times. These analyses indicate perforated waste containers can still perform as a potentially 
important barrier to radionuclide release. It is emphasized that for a more realistic evaluation, 
the evolution of the waste container perforation (or pitting) with time should be included in 
the assessment of the EBS (including the waste package) and repository performance. 

SUMMARY AND CONCLUSION 

A robust EBS is employed in the current design concept for the potential high-level nuclear 
waste repository at Yucca Mountain, Nevada, USA. The primary component of the EBS is a 
multi-barrier waste package container. Except for a small fraction of the waste package 
containers that fail prematurely due to the materials and/or manufacturing defects, the waste 
package containers are likely to fail by localized corrosion, especially by pitting corrosion 
[1,2]. Failure of waste container is defined as having at least one pit penetration. 

Simplifying the geometry of the cylindrical waste package container and the underlying invert 
into the equivalent spherical configuration, mathematical models are developed for steady- 
state and "quasi-transient'' diffusive releases from the "failed" waste container with multiple 
perforations (or pits) and at the boundary of the invert. The steady-state and transient 
diffusive release behaviors from the "failed" waste container and at the EBS boundary are 
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studied using the models. The analyses shows that the number of perforations, the size of 
perforation, the container wall thickness, the geometry of the waste container and invert, and 
the adsorption of radionuclide in the invert are the important parameters that control the 
diffusive release rate. The results indicate that the "failed" (or perforated) waste package 
container can still perform as a potentially important barrier (or diffusion barrier) to 
radionuclide release. For a more realistic evaluation, the evolution of the waste container 
perforation (or pitting) with time should be included in the assessment of the EBS (including 
the waste package) and repository performance. 
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Figure 1. Schematic of radionuclide release through multiple cylindrical perforations on the 
waste package container for the equivalent spherical configuration approximation 
of the container and the underlying invert. 

Porous Perforation I 

CNShed 
Tuff 
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X 

Figure 2. Schematic for the conceptualization of diffusive radionuclide transport through a 
cylindrical perforation in the waste package container, and the qualitative shape of 
the averaged one-dimensional concentration field through the perforation. 
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Figure 3. Comparison of the steady-state diffusive release rates at the EBS (invert) boundary 
from a waste package container with multiple perforations to the bare waste form. 
The porosities and volumetric water contents of both the crushed tuff invert and 
the corrosion products filling the perforations are assumed 0.4 and lo%, 
respectively. 
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Figure 4. Transient and steady-state diffusive release behaviors at the EBS boundary from 
the waste package container with (A) lo3 perforations and (B) lo5 perforations. 
The porosities and volumetric water contents of both the crushed tuff invert and 
the corrosion products filling the perforations are assumed 0.4 and lo%, 
respectively, and a waste container wall thickness of 12 cm is assumed. 
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Figure 5. Transient diffusive release rates at the EBS boundary from the waste package 
container with various degrees of perforation and with the distribution coefficient 
in the invert of (A) 20 cm3/g and (8) 200 cm3/g. The porosities and volumetric 
water contents of both the crushed tuff invert and the corrosion products filling the 
perforations are assumed 0.4 and lo%, respectively, and a waste container wall 
thickness of 12 cm is assumed. 
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