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ANALYSE DU TRANSPORT DE MASSE PAR DIFFUSION PANS UN TAMPON FISSURÉ

par

Nava C. Garisto et Frank Garisto

RÉSUMÉ

Des conteneurs cylindriques de combustible nucléaire irradié
seraient logés dans des trous verticaux forés dans la roche et entourés
d'un matériau tampon à base de bentonite, dans l'enceinte d'évacuation
(stockage permanent) réalisée pour le Programme Canadien de Gestion des
Déchets de Combustible Nucléaire. Le tampon doit absorber et/ou ralentir
les radionuclides libérés par lixiviation du combustible après rupture des
conteneurs. Il y a néanmoins quelque preuve que le tampon puisse être
prédisposé à la fissuration. Dans le présent rapport, on étudie numérique-
ment les conséquences de la fissuration sur la diffusion de l'uranium à
travers le tampon. On y présente la dérivation des équations de transport
de masse ainsi que la méthode de la solution numérique pour déterminer la
diffusion à solubilité limitée de l'uranium dans un système de tampon fis-
suré pour des conditions aux limites correspondant à l'état entraîné et à
l'état demi-perméable de la surface de contact roche/tampon.

Les résultats indiquent que, pour les conditions aux limites
correspondant à l'état entraîné, le flux total d'uranium à travers le sys-
tème de tampon fissuré est, comme prévu, supérieur à celui à travers le
système de ̂ ampon non fissuré. L'effet des fissures est fortement fonction
du rapport D/Deff où D et Daff sont respectivement les coefficients d'eau
interstitielle (de pores) et de diffusion effective dans le tampon. Toute-
fois, bien qu'une diminution de Daff augmente l'effet des fissures sur le
flux cumulé total à travers le système de tampon fissuré (par rapport à un
système de tampon non fissuré à valeur de Def£ supérieure), elle diminue le
flux cumulé total à travers le système de tampon fissuré (par rapport à un
système de tampon fissuré à valeur de Deff supérieure). Enfin, pour des
conditions aux limites correspondant à l'état demi-imperméable, l'effet des
fissures sur le flux total de radionuclides est relativement faible.

Énergie atomique du Canada limitée
Établissement de recherches nucléaires de Whiteshell

Pinava, Manitoba ROE 1L0
1989

AECL-10003
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by

Nava C. Garisto and Frank Garisto

ABSTRACT

In the disposal vault design for the Canadian Nuclear Fuel Waste
Management Program, cylindrical containers of used nuclear fuel would be
placed in vertical boreholes in rock and surrounded with a bentonite-based
buffer material. The buffer is expected to absorb and/or retard
radionuclides leaching from the fuel after the containers fail. There is
some evidence, however, that the buffer may be susceptible to cracking. In
this report we investigate numerically the consequences of cracking on
uranium diffusion through the buffer. The derivation of the mass-transport
equations and the numerical solution method are presented for the
solubility-limited diffusion of uranium in a cracked buffer system for both
swept-away and semi-impermeable boundary conditions at the rock/buffer
interface.

The results indicate that for swept-away boundary conditions the
total uranium flux through the cracked buffer system is, as expected,
greater than through the uncracked buffer. The effect of the cracks is
strongly dependent on the ratio D/Deff, where D and D8ff are the pore-water
and the effective buffer diffusion coefficient, respectively. However,
although a decrease in Deff enhances the effect of cracks on the total
cumulative flux (relative to the uncracked buffer), it also decreases the
total cumulative flux through_the cracked buffer system (relative to a
cracked buffer with a larger D9ff value). Finally, for semi-impermeable
boundary conditions, the effect of cracks on the total radionuclide flux is
relatively small.
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1. INTRODUCTION

In the disposal-vault design for the Canadian Nuclear Fuel Waste

Management Program, cylindrical containers of used nuclear fuel would be

placed in vertical boreholes in rock and surrounded with a bentonite-based

buffer material (Hancox, 1986). The buffer is expected to fulfil several

functions: (i) to swell as groundwater seeps into the vault, thus

providing mechanical support for the containers; (ii) to retard groundwater

access to the containers and to ensure that the convective flow of

groundwater in contact with the containers is negligible; and (iii) to

absorb and retard radionuclides leaching from the fuel after failure of the

containers (Siegenthaler, 1987).

However, there is some evidence that the buffer may be

susceptible to cracking due to, for e.vample, excessive fluid pressure

(Siegenthaler, 1987), cementation and mineral transformation (Couture,

1985; Howard and Roy, 1985; Coons et al., 1987), or moisture depletion

(Selvadurai, 1988). Consequently, the healing properties of the buffer

with respect to such cracks are important and are being studied (Pusch,

1988).

The objective of the present report is to estimate the effect of

buffer cracks on the rate of dissolution of the used U02 fuel using

solubility-limited dissolution models (Garisto and Garisto, 1986). In

these models the used-fuel dissolution rate depends on the mass transport

of uranium species through the buffer. Similar calculations could also be

used to describe the mass transport of other radionuclides through the

cracked buffer system.

Several related studies of mass transport through cracks are

available in the literature (Ahn, 1988; Zavoshy et al., 1988; Lever et al.,

1983; Rasmuson and Neretnieks, 1981; Neretnieks, 1980; Sudicky and Frind,

1982). However, these studies are generally concerned with mass transport

in fractured rock and, because the diffusion-convection equations are

solved for semi-infinite geometries, they are not directly applicable to

the study of mass transport through a finite buffer layer. Moreover, most
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of these previous studies are mainly concerned vith the effect of diffusion

in a direction perpendicular to the crack, whereas ve are interested in the

transport of radionuclides through cracked buffers in both directions,

i.e., perpendicular and parallel to the fracture.

The equations describing the transport of dissolved uranium in

the cracked buffer system are described in Section 2, the numerical method

used to solve these equations is outlined in Section 3, and the results of

the calculations are presented in Section 4.

2. THE MASS-TRANSPORT EQUATIONS

2.1 MASS TRANSPORT IN UNCRACKED BUFFER

After the container has failed completely, dissolved uranium

diffuses, in a radial direction, away from the whole length of the

container (end effects are neglected). The radial mass transport of

uranium in the buffer can be approximated by a one-dimensional diffusion

equation (i.e., the groundwater velocity is zero). This approximation

simplifies the mathematics without affecting the essential features of the

problem ve wish to investigate (Garisto and Garisto, 1988a).

Consider used fuel at x = 0 dissolving into a finite buffer

medium (0 < x < a). The properties of the buffer material are described by

the porosity, e, the tortuosity, t, and the retardation factor for uranium

in the buffer, R, defined by

R = 1 + p8Kd(l-e)/e (2.1)

where pB is the density of dry buffer in the limit of zero porosity

(g-cnr3) and Kd is the distribution coefficient (cm^g"
1). The

concentration of dissolved uranium, c, can be described by the generalized

one-dimensional diffusion equation (Melnyk and Skeei, 1987)
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3X 2

( 2 . 2 )

where x and t are the space and the time variables, respectively, c is the

uranium pore-water concentration, and D is the pore-water diffusion

coefficient. The diffusion equation (2.2) is subject to the following

initial and boundary conditions:

c ( x , t ) = 0 , t = 0 and 0 < x < a ( 2 . 3 a )

c ( x , t ) = cx , x = 0 , t > 0 ( 2 . 3 b )

. < x 2 ( c ( a , t ) - c 2 ) , x - a , t > 0 . ( 2 . 3 c )

The concentration of uranium at the buffer/fuel interface (x = 0) is

constant and is equal to cx, the solubility of U02. At the rock/buffer

interface (x = a), we use a flux boundary condition where c2 is the

"background" concentration of uranium in the groundwater and a2 is a mass-

transfer coefficient.

The boundary condition in Equation (2.3c) specifies the flux per

unit exposed surface area, SE. The exposed surface area, SE, is defined as

the average sum of the cross-sectional areas of the buffer pores (see

Figure 2.1) in contact with the (container) surface at x = 0. The exposed

surface area, SE, can be related to the geometric surface area of the

buffer, SG, using the approximate relationships

Pore Volume = SExa = eSGa . (2.4)

In writing Equation (2.4) it is assumed that the tortuosity, x, represents

the average pore length per unit geometric length and that the porosity is

equal to the connected porosity. Consequently, we obtain the relationship,

SE = S 0(E/T) . (2.5)



x = a
buffer pores

FIGURE 2.1: A Schematic Representation of Geometric (SG) and Exposed (SE)

Surface Areas of the Buffer (not to scale)



- 5 -

Thus, the flux per unit geometric surface area, FG, is given by the

equation

In particular, at x = a (t > 0), we have

FG = (fr)(-ofj-) = (e/x)«2(c(a,t) - c2) . (2.7)

Using the transformations t* = t/R and x* = xt, it can be shown

that the solution cR T(x,t) to Equations (2.2) and (2.3) can be expressed

in terms of cR=1,T=1(x,t), the solution of Equations (2.2) and (2.3) with

both R = 1 and T = 1, i.e.,

cRT(x,t;a) = cn=1,T=1(xt,t/R;aT) (2.8)

where, for clarity, we have explicitly shown that cR T is dependent on the

value of a. Similarly, mR T(t;a), the total amount of used fuel dissolved

in time t (per unit exposed surface area), can be written in terms of

m R > T(t;a) = R m R = 1, T = 1(t/R;ax) . (2.9)

Analytical expressions for the functions cR = 1,T=I(x,t) and mR=1 ,T=1(tja)

are given in the report of Garisto and Garisto (1988b).

Equation (2.8) shows that the velocity of the uranium

concentration front moving through the buffer decreases as the value of R

increases and as the value of i increases. To understand the relevance of

Equation (2.9), we must know the time behaviour of JnR=1,T=1(t;a). At short

times, the boundary at x = a has only a small effect on mR_1,T_1, and it

can be shown that mH=1,T=](t;a) is proportional to t
1/2. Thus, for these

short times, Equation (2.9) shows that the amount of dissolved fuel

increases as R increases. This enhancement of the used-fuel dissolution

rate caused by sorption of uranium on the buffer has been previously noted

(Bensky and Oliver, 1985) and is an example of the so-called "thermodynamic

pump" effect (Garisto and Garisto, 1986).
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2.2 MASS TRANSPORT IN THE BUFFER/CRACK SYSTEM

Consider the buffer/crack system illustrated in Figure 2.2. Here

df is half the crack width (cm), a is the buffer thickness (cm) and L is

half the inter-crack spacing (cm). Since end effects are not taken into

account, the crack/buffer system, in theory, extends from y = -•*> to y = <*>.

However, because of the symmetry imposed on the system by using zero-

flux boundary condtions at y = -d and y = L, we need study only the

subsystem from y = -d to y = L. Note that, henceforth, we distinguish

between dimensional variables (with a ~ above the symbol) and dimensionless

variables.

The two diffusion equations required to describe mass transport

in the buffer/crack system are

y — - for the crack (2.10a)
3t Rc-c

2 l3x2 9y2J
and

— - = — — + - for the buffer (2.10b)
3t RBT| Ux

2 3y2 J

where c, Rc, xc and cB, RB and xB are the pore-water concentration,

retardation factor and tortuosity in the crack and buffer, respectively.

The diffusion equations statisfy the initial conditions

c(x,y,t) = cB(x,y,t) = 0 , t = 0, all x and y (2.11)

For the boundary conditions at x = 0 and x = a, we use the following equations:

c = Cj crack, x = 0 (2.12a)

- 0 — 5 £ _ = «2(c(a, t) - c2) crack, x = a (2.12b)

buffer, x = 0 (2.12c)

B ~ „
-D = a2(cB(a,t) - c2) buffer, x = a (2.12d)

9()
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FIGURE 2.2; A Schematic Drawing of the Buffer/Crack System Where a is
Half the Crack Width, a is the Buffer Thickness and t is Half
the Inter-Crack Spacing (not to scale)
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As previously mentioned, ve neglect end effects and use zero flux boundary

conditions at y - C and y - -S, i.e.,

— . 0 at y - -S (2.13a)
ay

and

- 0 at y - L . (2.13b)
3y

Finally, the continuity conditions at the buffer/crack interface require

that

c - cB at y = 0, continuity of concentration (2.14a)

and

CCD 9c eB6 9cB
- — at y - 0, continuity of flux (2.14b)

T§ 9y T| 3y (calculated per Sa)

The diffusion equation (2.10a) can be simplified. The crack is

narrow compared to the length and/or width of the buffer zone. Moreover,

diffusion is faster in the crack than in the buffer. Therefore, the

concentration in the crack should, to a good approximation, be uniform

along the y direction. Let us average the concentration in the crack (over

the crack width), i.e.,

? - ; I c(x,y,t)dy
d

c satisfies the averaged diffusion equation

JL £l + I f JL
at

Using the boundary conditions (2.13a) and (2.14b), ve obtain

Jt R,.T! 9x" JR C C CTJ lay J-,
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To solve the buffer/crack diffusion equations (i.e., Equations

(2.10b) and (2.15)), vith initial, boundary and interface conditions (2.11)

- (2.14), we first transform from dimensional variables to dimensionless

variables using the following transformations:

X . cVc^ (2.16a)

Y -

c2 =

x . X/S, 0 < x < 1

y - yVff, 0 < y < L = t/S

d » d7a

t = t (D/RBrga
2) .

The buffer/crack equations in dimensionless variables are

(2

(2

(2

(2

(2

(2

.16b)

.16c)

.16d)

.16e)

.16f)

•16g)

S •" rf * »«J_. <2-"*>
and

— * + (2.17b)
3t 3x2 3y2

where

a - (RBtg/Rct| ) and 0 « (e8RB/ccRcd) . (2.18)

The dimensionless equations satisfy the initial, interface, and boundary

conditions written below:

X(x,t) - Y(xfy,t) « 0, t - 0, all x and y (2.19a)

X(x,t) ~ Y(x,y,t) , y - 0, t > 0 (2.19b)
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| |<x,y , t ) - 0 , y - L, t > 0 (2.19c)

X(x,t) - Y(x,y,t) - 1 , x « 0 , all y, t > 0 (2.19d)

" fx " S2c[x<xtt) - c2j , x - 1, t > 0 (2.19e)

~ fx * *aBly<x»y»t> " C2l» x - 1, al l y, t > 0 (2.19f)

where

52C - «2aTc/D and &2B - a2atB/D

3. THE NUMERICAL METHOD

3.1 DESCRIPTION OF THE NUMERICAL METHOD

Numerical methods are required to obtain solutions of the coupled

diffusion equations (2.17) that satisfy the conditions (2.19) since

analytical solutions are not available. Therefore, we first subdivide the

xy region x • 0 to 1, and y • 0 to L using a grid with equal spacings, A.

The grid spacings in the x and y directions are equal, i.e., A - Ax - Ay

(see Figure 3.1). Ve then convert the partial differential equations into

finite-difference equations for each node of the grid.

The derivatives in Equation (2.17a), vhich describes diffusion in

the crack (the crack equation), are replaced by difference quotients using

the Crank-Nicolson method (Crank and Nicolson, 1947) for 93X/dx2 and a

first-order Taylor expansion for 3Y/9y, i.e.,
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M-l I

A

j=o
i=0 1 2

-> A <-
N-l N N+l

FIGURE 3.It The Grid Used to Derive the Finite-Difference Equations.

The solid lines represent the grid in the region of

interest, x = 0 to 1 and y = 0 to L, with A = Ax = Ay.

The dashed lines overlay imaginary grid points outside

this region. They are used to calculate the derivatives

in the flux boundary conditions (2.19e) and (2.19f).
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The finite-difference equation for diffusion in the crack is

| (x? + 1 / 2 - x?) = <x[xs+i/2 - 2x;+ 1 / 2 + x? i i / 2 + x j + 1 - 2x? + x j ^

+ tefci+i/2 - 3Y?:J/2 - n+,y2] (3-D

or

(2/r + 2a + 3|3A)XJ + 1/2 - aXJ+J/2 - aXJlJ/2 (3.2)

= 2(l/r - a)X; + aX; + 1

where we have used the interface condition (2.19b), i.e., Y i 0 = Xt. In

these equations, r = 6t/2A2, St is the dimensionless time step, and the

superscript n is used to denote the n-th time step. The reason for the use

of half-time steps will become clear later. The difference equation for

the flux boundary condition associated with Equation (3.2) is

_ C2) ( 3 . 3 )

corresponding to the differential equation (2.19e).

We replace the derivatives in Equation (2.17b) (the buffer

equation) by difference quotients using the alternating-direction-implicit

(ADI) approximation for a two-dimensional partial differential equation

(Peaceman and Rachford, 1955). In the ADI approximation the differential

equation is replaced by two difference equations, one for the time t + St/2

and one for the time t + St:

(F ) J + j/f = Y ? , ^ + £ - 2)Y?/;J + Y?,j + 1 (3.4a)

and

The difference equation for the flux boundary condition associated with

Equations (3.4) is
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B(Y8tJ - c2) (3.5)

corresponding to the differential equation (2.19f).

The computer program CBC (Cracked Buffer Code) was written to

solve the coupled difference equations (3.2) and (3.4). The numerical

solution proceeds as follows: starting with the initial conditions at

t = 0, we solve Equations (3.2) and (3.4) at each time interval, in a

repetitive sequence of steps, using the results of previous time intervals

to generate the solutions for the current time interval. Gradually

increasing values of r are used, with sufficiently small values of r at

short times to ensure numerical stability of the solution. Each sequence

includes the following steps:

Step 1: Solve Equation (3.4a) at time t + St/2.

Step 2: Solve Equation (3.2) at time t + 6t/2.

Step 3: Simultaneously solve Equations (3.2) and (3.4b) at time t + St.

Thus, solutions of the coupled difference equations (3.2) and (3.4) are

obtained at integer time steps n(5t). It should be noted that in the ADI

method the intermediate solutions of the difference equations at t + 8t/2

are usually not accurate and are not used (Gerard and Wheatley, 1984).

Further details regarding Steps 1, 2 and 3 are provided below. Those

readers who are not interested in these details may proceed directly to

Section 3.2.

Step 1; Solve Equation (3.4a)

Equations (3.2) and (3.4a) should be solved simultaneously to

obtain the values of YL(^, where i = 1,...,N and j = O,..,H-1, and

^i,o = ^i• However, because of the structure of these equations, they can

be solved as follows: (i) Equation (3.4a) is solved to obtain Yi ^ for

i = 1,...,N and j = 1,..,M-1; and (ii) Equation (3.2) is solved to obtain

X£ or, equivalently, Y £ („.



- 14 -

Equation (3.4a) represents a set of linear algebraic equations of

the form

t'1 - $ (3.6)

where t is an N(M-l) x N(H-l) coefficient matrix, Y* is the vector of

unknowns and B includes contributions from the boundary-condition equations

(3.3) and (3.5), which are needed to eliminate the imaginary points X H + 1

and Y N + l j appearing in the difference equations (3.2) and (3.4a). The

values of Y o j (j = 1 to M-l) are fixed by the boundary condition (2.19d)

and are equal to 1. If the unknowns ?re ordered in the sequence

,l> Y l , 2»

then the matrix A is tridlagonal (see Figure 3.2), as is usually the case

for the ADI method (Gerald and Vheatley, 1984). Moreover, in this case,

because of the structure of the matrix A, Equation (3.6) can be solved by

determining the solutions of the (M-l) equations:

^ - f r = B^ , I = 1, (M-l) (3.7)

where Ax is an N x N matrix and the vector Yt = (Yx t,Y2 1>....tYN j).

In the CBC code, we solve Equation (3.6) using the matrix

subroutines in the IMSL™ library. After solving Equation (3.6), we

calculate Y i M using the interface condition (2.19c), which is approximated

by the difference equation

+X2 - WV.k'-l - n+iil >'3 • (3.8)

Step 2; Solve Equation (3.2) at time t + St/2

Equation (3.2) represents a set of linear equations of the form

shown in Equation (3.6). Here, A is an N by N tridiagonal matrix if the

unknowns are ordered in the sequence (Xx, X2, ,XN} (see Figure 3.3).
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Step 3.' Solve the coupled equations (3.2) and (3.4b) at time t + St

In this step the coupled set of algebraic equations (3.2) and

(3.4b) are solved simultaneously to obtain values of Yt .. at time t + 5t.

The algebraic equations can be written in the form shown in Equation (3.6).

Here the matrix of coefficients A* is an NM x NM band matrix, with total

band width (2M + 1) if the unknowns are ordered in the sequence

1*1 , 0 » * 1 , 1 » • • • • »^l ,M » ^ 2 , 0 » » ^ 2 , M ' ^ N , 0 » ^ N , 1 ' '••> ^ N , M '

(see Figure 3.4). The matrix A is not a tridiagonal matrix because

Equation (3.2) couples points in the horizontal direction, i.e., YL 0 is

coupled to Yi+1 0 and Yi_1 0, whereas the ADI equation (3.4b) couples

points in the vertical direction, i.e., Yiri is coupled to Y i > j + 1 and

^i,j-i* More importantly, the solution of Equation (3.6) for the coupled

equations (3.2) and (3.4b) cannot be reduced to the solution of a set of

simpler equations as is usually possible for the ADI equations, e.g.,

Equation (3.4a).

3.2 COMPARISON TO ANALYTICAL RESULTS

We have compared the numerical results from the CBC code to

analytical results in the limit of no coupling between the buffer and the

crack. The analytical results for diffusion in an uncoupled buffer system

were obtained from the work of Garisto and Garisto (1988b). The

corresponding numerical results were obtained by using a very small crack

width (10~7 cm) in the CBC runs. The results of these calculations are

compared in Figure 3.5. For large values of the retardation factor R, the

results from the CBC code agree well with the analytical results for times

greater than approximately 100 years. For smaller values of R the

agreement is good for even shorter times.

Figure 3.5 also shows that the agreement with the analytical

results improves at shorter times if the grid spacing is reduced. In this

report, however, we are mainly interested in the total amount of fuel that

has dissolved after times greater than ~ 100 years. The comparison in

Figure 3.5 indicates that a 10 x 10 grid is adequate for determining the
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Only non-zero matrix elements are shown in this figare.
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long-time behaviour (100 years or more) of the crack/buffer system. The

effect of using a smaller grid spacing to determine the solution of the

coupled buffer/crack diffusion equations is illustrated in Figure 3.6. For

this particular case, the differences between the two runs cannot be

distinguished on the scale of the graph in Figure 3.6.

4. RESULTS AND DISCUSSION

A.I BUFFER WITH TB = 1 AND £„ ^ 0.1

The buffer/crack equations (3.2) and (3.4) have been used to

determine the rate of used-fuel dissolution both in the presence and

absence of cracks in the buffer. We have solved the buffer/crack equations

for various parameter values using the CBC code. The solution of these

equations gives us the concentration of dissolved uranium in the buffer and

crack as a function of space and time. These solutions are then used to

calculate ffiB and ffic (mol-cnr
2), the cumulative flux of (dissolved) uranium

entering the buffer and the crack at £ = 0, respectively. The cumulative

release fluxes are calculated per unit geometric surface area. The average

cumulative flux through the whole buffer/crack system, m (mol-cnr2), is

calculated using the equation

ffl = (mBL + mcd)/(L + d) . (4.1)

Finally, we also determine QCB, the total flux of dissolved uranium that

moves from the crack into the buffer across the crack/buffer interface.

Calculations have been carried out for the cases specified in

Table 4.1. For all these cases we have used the following parameter values

to describe the mass transport of uranium species in the buffer: RB = 1666.0

(i.e., Kd = 100.0 cn^-g-
1) (Oscarson et al., 1984); Rc = 1.0; ec = 1.0;

sB = 0.1 (Oscarson and Cheung, 1983); TB = Tc = 1.0; a = 25.0 cm (Wardrop

et al., 1985), S1 = 10"
10 mol'cnr3 and c2 = 10~

15 mol-cnr3 (Lemire

and Garisto, 1989) and D = 1.0 x 10"5 cm^s"1. The results are presented

in Figures 4.1 to 4.10.



- 20 -

8 9 10 ! I

logT(s)
12



- 21 -

FIGURE 3.5: A Comparison of Numerical CBC Results and Analytical Results

for Mass Transport in an Uncoupled Buffer System. The

cumulative flux at x = 0 (calculated per geometric surface

area), m (mol*cnr2), is plotted as a function of time for a

buffer with a * 25 cm, L = 25 cm, eB =0.1 and tB - 1.0.

A constant-concentration boundary condition is used at

x = 0, with cx = 10~
10 mol'cm"3, and a flux boundary condition

is used at x = a with a2 = 10~
10 cm-s"1 and c2 = 10"

15 mol'cnr3,

(see Equation (2.12)).

(a) RB = 1666.0 (Kd = 100.0 cm^g"
1)

x - CBC results for a grid with M = 10, N = 10

• - CBC results for a grid with M = 20, N = 20

o - analytical results

(b) RB = 134.2 (Kd = 8.0 cm^g"
1)

x - CBC results for a grid with M = 10, N = 10

o - analytical results
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FIGURE 3.6: A Comparison of Coupled Buffer/Crack Calculations with a

10 by 10 Grid (A = 0.1) (—•—) (see Table 4.1, case 1) to a

20 by 20 Grid (A = 0.05) (—x—). In both calculations, mc
and mB, the cumulative fluxes released into the crack and

buffer, respectively, are plotted as a function of time.
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TABLE 4.1

DEFINITION OF CASES FOR MASS-TRANSPORT CALCULATIONS

Case df(cm) L(cm) a2(cm«s"
1) M N &

1 1.0 25.0 10-10 10 10 0.10
2
3
4
5
6
7
8

1.0
2.0
0.1
1.0
1.0
1.0
1.0

25.0
25.0
25.0
5.0

125.0
125.0
5.0

1
10"
10"
10"
10"
1
1

10

10

10

10

10
10
10
10
50
50
10

10
10
10
50
10
10
50

0.10
0.10
0.10
0.02
0.10
0.10
0.02

Figure 4.1 compares the calculated cumulative release fluxes for

the crack/buffer system with the cumulative release fluxes for the separate

crack and buffer systems. The fuel dissolution rate at the crack/fuel

interface is enhanced by the presence of the buffer because the mass

transfer of uranium from the crack into the buffer increases the

concentration gradient along the crack and, consequently, the flux also

increases.

In the crack/buffer system, the diffusive flux along the crack is

expected to be larger than the diffusive flux in the buffer (parallel to

the crack) since the effective diffusion coefficient in the crack is

greater than that in the buffer. Consequently, the concentration of

uranium at the crack/buffer interface (7 = 0) will be larger (equal at

steady state) than the uranium concentration in buffer away from the crack

(y* > 0). Thus, dissolved uranium always moves from the crack to the buffer

rather than in the other direction.

The mechanism described above also explains why the cumulative

release flux in the buffer of the coupled system is smaller than for the

uncoupled buffer. That is, transfer of uranium from the crack to the

buffer decreases the concentration gradients in the buffer, at least in

the x direction. This reduces the used-fuel dissolution rate at tha

buffer/fuel interface. In spite of these differences, the average
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FIGURE 4.1: A Comparison of the Cumulative Flux Released into Coupled
and Uncoupled Crack/Buffer Systems. The rock is semi-impermeable.

• - m.

o - mr
x - m

for the coupled system (see Table 4.1, case 1)

A - mc for the corresponding uncoupled crack

A - mB for the corresponding uncoupled buffer



- l o g E c u m u l a t i v e f l u x 3 ( m o l - c m )
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FIGURE 4.2: A Comparison of the Cumulative Flux Released into Coupled

and Uncoupled Crack/Buffer Systems for Swept-Away Boundary

Conditions at the Rock/Buffer Interface:

o - mc
x - m

for the Coupled System (see Table 4.1, case 2),

A - mc for the Corresponding Uncoupled Crack,

A - mB for the Corresponding Uncoupled Buffer
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cumulative release fluxi fSt for the crack/buffer system is virtually

identical to the cumulative release flux through an uncracked buffer.

Thus, for this case, the presence of the crack does not affect the

dissolution rate of the solid.

The results in Figure 4.1 describe a case in which the rock at

the rock/buffer interface is semi-impermeable, i.e., the mass transfer

coefficient describing the mass transport of uranium from the buffer into

the rock, a2, is small. The flat portion of the curves in Figure 4.1

indicates saturation of the buffer material (Garisto and Garisto, 1988b).

That is, for semi-impermeable boundary conditions, the fuel at ft = 0

dissolves relatively rapidly until the buffer becomes saturated. After

this point, the used-fuel dissolution rate is controlled by the rate at

which dissolved uranium crosses the rock/buffer interface. The cumulative

release flux needed to saturate the buffer equals RB£:£. For the case

shown in Figure 4.1, this quantity is equal to 4.17 x 10~6 mol-cm"2, in

agreement with the results in Figure 4.1.

The case with swept-away boundary conditions at the rock/buffer

interface is shown in Figure 4.2. The presence of the crack has

essentially no effect on the dissolution rate of the solid at x = 0,

because, for swept-away boundary conditions, QCB is small compared to the

cumulative release flux through the buffer. Since the cumulative flux

through the crack is greater than through the buffer, the average cumula-

tive release flux in the crack/buffer system is greater than for uncracked

buffer. However, this effect is relatively small if the crack width is

small compared to the length of the buffer, as shown in Figure 4.2.

In Figures 4.3 to 4.6, we investigate the effect of the crack

width on the cumulative uranium release flux at x* = 0 for semi-impermeable

boundary conditions at the rock/buffer interface. The cumulative release

flux through the crack (per unit geometric surface area) increases as the

crack width decreases (see Figure 4.3). This can be understood in terms of

the mass transfer of (dissolved) uranium from the crack to the buffer. The

transfer of uranium from the crack to the buffer has a larger effect on the

uranium concentrations in the narrow crack than in the wide crack. Thus,

the transfer of uranium from the crack into buffer has a larger effect
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FIGURE 4.3t A Comparison of the Cumulative Flux Released into the Crack

for Cases with Different Crack Width (see Table 4.1):

x - m. for Case 4 (d = 0.1 cm),

for Case 1 (d = 1.0 cm),• - mc

o - mc for Case 3 (d = 2.0 cm)
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FIGURE 4.4: A Comparison of the Cumulative Flux Released into the Buffer

for Cases with Different Crack Width (see Table 4.1):

x - mB for Case 4 (d = 0.1 cm),

• - mB for Case 1 (d = 1.0 cm),

o - m_ for Case 3 (d = 2.0 cm)
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Figure 4.5: A Comparison of the Amount of Uranium Transferred

from the Crack to the Buffer for Cases with Different Crack

Width (see Table 4.1):

x - QCB for Case 4 (d = 0.1 cm),

• - QCB for Case 1 (d = 1.0 cm),

o - QCB for Case 3 (d = 2.0 cm)
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FIGURE 4.6: A Comparison of the Cumulative Flux Released into the

Buffer/Crack System, Calculated per Unit Geometric Surface

Area of the Container for Cases with Different Crack Width

(see Table 4.1):

x - m for Case 4 (d = 0.1 cm),

• - m for Case 1 (d = 1.0 cm),

o - m for Case 3 (d = 2.0 cm)
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on the concentration gradients in the narrower cracks. Consequently, the

increase in the diffusive flux along the crack, caused by the transfer of

uranium across the crack/buffer interface, is greater for narrower cracks.

Figure 4.4 shows that the cumulative release flux into the buffer

at the buffer/fuel interface also increases as the crack width decreases,

at least for long times. To understand this behaviour, we need to know

QCB, the amount of uranium that is transferred from the crack to the

buffer. Because the wider cracks contain more dissolved uranium, QCB

should be larger for systems with wider cracks (see Figure 4.5). Thus,

since the amount of material required to saturate the buffer is the same in

all three cases, the release flux through the buffer/fuel interface will be

larger when the crack width is smaller.

Interestingly, in spite of the results shown in Figures 4.4 and

4.5, the average release flux for the crack/buffer system is virtually

identical for all three cases (see Figure 4.6). This is because the cracks

make up a larger fraction of the average cross-sectional area in the

buffer/crack systems with the wider cracks.

In Figures 4.7 and 4.8, we show the effect of the inter-crack

spacing in the buffer/crack system on the uranium release fluxes. In this

series of runs, the crack width is held constant and semi-impermeable

boundary conditions are used at the rock/buffer interface. At short times,

the cumulative release fluxes at either the crack/fuel or buffer/fuel

interfaces are essentially equal in all three cases (i.e., cases 1, 5 and 6

of Table 4.1). This is expected since the three systems should behave

similarly until the diffusive flux in the y direction is influenced by the

boundary (condition) at y = L for the system with the smallest value of L.

At this point, the flux of uranium from the crack into the buffer decreases

sharply for the system with the smallest L value, whereas for the systems

with larger values of L the cumulative flux of uranium from the crack to

the buffer continues to increase until the effect of the boundary condition

at y = L is "felt". Thus, the cumulative release flux of uranium at the

crack/fuel interface should be largest for the system with the largest

value of L.
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FIGURE 4.7:
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log t ( s)
A Comparison of the Cumulative Fluxes Released into the Buffer

(Dashed Lines) and the Crack (Full Lines) for Cases with

Different Inter-Crack Spacing and a Constant Crack Width

(d = 1.0 cm). Semi-impermeable boundary conditions are

imposed at the rock/buffer and rock/crack interfaces (see

Table 4.1).

• - Case 5 (L = 5.0 cm)

x - Case 1 (L = 25.0 cm)

o - Case 6 (L = 125.0 cm)
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FIGURE 4.8: A Comparison of the Average Cumulative Flux Released into the

Whole Buffer/Crack System, m (mol*cm~2), for Cases with

Different Inter-Crack Spacing and a Constant Crack Width

(d = 1.0 cm). Semi-impermeable boundary conditions are

imposed at the rock/buffer and rock/crack interfaces (see

Table 4.1).

• - Case 5 (L = 5.0 cm)

x - Case 1 (L = 25.0 cm)

o - Case 6 (L = 125.0 cm)
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Similar arguments can be used to explain the differences in the

cumulative release fluxes at the buffer/fuel interface. That is, mass

transfer of dissolved uranium from the crack to the buffer decreases the

concentration gradients in the buffer (along the x direction). This causes

a decrease in the used-fuel dissolution rate at the buffer/fuel interface.

This effect should be smallest for the system with the largest L value, since

for this case QCB is a smaller fraction of the total dissolved uranium

required to saturate the buffer. In fact, the cumulative release flux at the

buffer/fuel interface in the system with L = 125 cm is essentially the same

as for the uncoupled buffer (see Figure 4.1). This is expected because the

effect of the crack becomes less important as the inter-crack separation

increases, i.e., as d/L decreases.

The average uranium release fluxes through the buffer/crack

systems are shown in Figure 4.8. At short times, the average release flux

for the system with L = 5 cm is largest since the crack represents a larger

fraction of the system when L is small (and the cumulative fluxes through

the buffer or crack are the same for all three cases at short times). At

long times, the total release flux for the system with L = 125 cm will be

largest because more uranium is required to saturate the buffer/crack

system with the largest value of L/d, i.e., the system with the largest

fraction of buffer material. A simple calculation shows that the

cumulative release flux at saturation (i.e., the flat portion of the curves

in Figure 4.8) should be 1.19 times greater for the system with L = 125 cm

than for the system with L = 5 cm , and 1.03 times greater for the system

with L = 125 cm than for the system with L = 25 cm. This latter difference

is not visible on the scale of the graph in Figure 4.8.

Swept-away boundary conditions at the rock/buffer and rock/crack

interfaces are used for the runs in Figures 4.9 and 4.10. As before, we

investigate the effect of the inter-crack separation on the total amount of

uranium dissolved at the crack/fuel or buffer/fuel interfaces.

The value of L has a minimal effect of the cumulative release

fluxes at the buffer/fuel or crack/fuel interfaces, at least for the cases

shown in Figure 4.9 (i.e., cases 2, 7 and 8 of Table 4.1). The weak

dependence of the cumulative release fluxes on system parameters, for
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swept-away boundary conditions, was also observed in the comparison of

coupled and uncoupled crack/buffer systems (see Figure 4.2). As previously

noted, for swept-away boundary conditions, the fluxes in the x direction

are relatively large and, therefore, they are only slightly perturbed by

the mass transfer of uranium across the crack/buffer interface.

The average cumulative release fluxes through the buffer/crack

system are shown in Figure 4.20. The release fluxes increase as the value

of L decreases since the crack width makes up a larger fraction of the

length of the buffer/crack system and the release flux through the crack is

larger than through the buffer.

4.2 BUFFERS WITH Tp * 1 AND SB = 0.1

The calculations in Section 4.1 indicate that, for the reference

buffer (T B = 1, eB = 0.1 and RB = 1666), the presence of a crack has a

relatively small effect on the fuel dissolution rate, as long as the crack

width is small compared to the length of the buffer. It should be noted

that, for the calculations in Section 4.1, the effective diffusion

coefficient of dissolved uranium in the buffer, D, f { = DeB/x|, is only

10 times smaller than the diffusion coefficient 6 in the crack. Are the

results in Section 4.1 affected by the value of the ratio D/Oaff? This

question is addressed in this section by carrying out calculations for

buffers with tB > 1; i.e., the effective diffusion coefficient in the

buffer is decreased.

Figure 4.11 shows the cumulative release fluxes in cracked and

uncracked buffers with tB = 10 and semi-impermeable boundary conditions at

the rock/buffer interface. The presence of the crack enhances the

cumulative release flux at short times by about a factor of 1.6. At longer

times the crack has esentially no effect on the total cumulative release

flux.

These calculations for a buffer with TB = 10 should be compared

to the similar calculations (see Figure 4.1) carried out for a buffer with

xB = 1. In the latter case, the presence of the crack had essentially no

effect on the total amount of dissolved fuel at even short times.
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FIGURE 4.9t A Comparison of the Cumulative Fluxes Released into the Buffer

(Dashed Lines) and the Crack (Full Lines) for Cases vith

Different Inter-Crack Spacing and a Constant Crack Width

(d • 1.0 cm). Svept-avay boundary conditions are imposed

at the rock/buffer and rock/crack interfaces (see Table 4.1).

• - Case 8 (L = 5.0 cm)

x - Case 2 (L = 25.0 cm)

o - Case 7 (L = 125.0 cm)
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FIGURE 4.10: A Comparison of the Average Cumulative Flux Released into the

Whole Buffer/Crack System, m (mol-cm"2), for Cases with

Different Inter-Crack Spacing and a Constant Crack Width

(d = 1.0 cm). Svept-avay boundary conditions are imposed

at the rock/buffer and rock/crack interfaces (see Table 4.1).

• - Case 8 (L - 5.0 cm)

x - Case 2 (L = 25.0 cm)

o - Case 7 (L = 125.0 cm)
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FIGURE 4.11: A Comparison of the Cumulative Flux Released into Coupled

and Uncoupled Crack/Buffer Systems. The rock is semi-

impermeable and TB - 10.

• - m.

o - mc

x - m

for the coupled system (see Table 4.1, case 1)

for the corresponding uncoupled buffer
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Comparison of Figures 4.1 and 4.11 shows, as expected, that the increase in

TB (decrease in D,ff) decreases the cumulative release flux through the

buffer/crack system. Thus, the time required to dissolve enough uranium to

saturate the buffer is increased from about 1011 seconds for the buffer

with TB = 1 to about 10
13 seconds for the buffer with TB = 10.

Figure 4.12 shows the cumulative release fluxes in cracked and

uncracked buffers with TB = 10, D/Deff and swept-away boundary conditions

at the rock/buffer interface. In this case, the presence of the crack

increases the total cumulative release of dissolved fuel at long times by

approximately a factor of 40. This result for a buffer with T B = 10,

should be contrasted with the previous results for a buffer with T B = 1

(see Figure 4.2), where the crack had only a small effect on the cumulative

release flux of dissolved uranium. Thus, the ratio D/Deff is very

important in determining the effect of buffer cracks on the extent of fuel

dissolution.

Note, however, that, although the effect of cracks on the

cumulative release flux of uranium is more important for buffers with large

TB (i.e., large D/D.ff), the cumulative release flux of uranium is smaller

for the buffer/crack system with TB = 10 than for the buffer/crack system

with xB = 1 by about half an order of magnitude (compare Figures 4.2 and

4.12)

The effect of TB on the cumulative release fluxes through the

buffer/crack system can be estimated for swept-away boundary conditions, by

using the analytical expressions for the steady-state concentrations in the

uncoupled systems derived in Garisto and Garisto (1988b), Equation (2.8)

and the expression for the flux per unit geometric surface area given in

Equation (2.6). The ratio (m/mB)ss, which represents the enhancement of

the release flux due to the cracks, is given approximately by the

expression

"B-'SS V ij + a y
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For T B - 10, eB = 0.1, d = 1 cm and L = 25 cm we obtain an enhancement factor

of (m/mB)ss » 39.4, in agreement with the results in Figure 4.12. In

addition, using the same approximations for buffers with different values of

porosity and tortuosity (elf xl and e2, T 2 ) , we find that

+ d

Thus, (m(xB - 10)/m(TB = l))ss = 0.29, in agreement with the results in

Figures 4.2 and 4.12. The enhancement factor, calculated using Equation

(4.2), is shown in Figure 4.13.

5. SUMMARY

In this report we have analyzed numerically the consequences of

buffer cracking on the solubility-limited dissolution rate of used U02

fuel. The cases studied in this report represent hypothetical crack widths

and inter-crack spacings in a reference buffer system based on the

disposal-vault design for the Canadian Nuclear Fuel Waste Management

Program.

Our results indicate that, for semi-impermeable boundary

conditions at the rock/buffer interface, the flux of dissolved uranium

through the crack is enhanced in the presence of the buffer (because the

transfer of material from the crack to the buffer increases the

concentration gradients along the crack), whereas the flux through the

buffer decreases in the presence of cracks. Thus, overall, the total flux

through the buffer/crack system is similar to the flux through an uncracked

buffer, for semi-impermeable boundary conditions.

For swept-away boundary conditions at the rock/buffer interface,

the transfer of material from the crack to the buffer has essentially no

effect on the flux in the buffer (because of the relatively high fluxes
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FIGURE 4.12» A Comparison of the Cumulative Flux Released into Coupled and

Uncoupled Crack/Buffer Systems for Swept-Away Boundary

Conditions at the Rock/Buffer Interface and tB - 10:

• - mn

o - mc
x - m

A - mn

for the Coupled System (see Table 4.1, Case 2),

for the Corresponding Uncoupled Buffer
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FIGURE 4.13: The TB Dependence of the Steady-State Flux Enhancement

Factor Due to Cracks, for Swept-Away Boundary

Conditions at the Rock/Buffer Interface

(eB = 0.1 cm, L = 25 cm, cf = 1 cm)
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through the buffer, for this case). Since the flux through the crack is

greater than the flux through the buffer, the total flux through the

buffer/crack system is greater than through uncracked buffer. The

magnitude of this effect increases as the ratio D/Da{£ = x£/eB increases

(i.e., Daff decreases).

As has been noted, cracks in buffers with small values of D # f (

have a large influence on the cumulative uranium flux (compared to the

uncracked buffer). However, the total cumulative flux through a cracked

buffer system with small 6<£f is smaller than the total cumulative flux

through a cracked buffer with a larger D.ff. Hence, small values of Daff

tend to decrease the overall extent of fuel dissolution.

In this report we have specifically addressed the problem of

uranium diffusion through a cracked buffer system, in order to determine

the effect of cracks on the fuel dissolution rate. However, the numerical

method developed here can be easily applied to the other radionuclides of

interest in the safety assessment of used-fuel disposal. This work is now

in progress. In the future, we shall also generalize our equations to

include convective mass transport.
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