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Abstract

A finite slab approximation method was developed to predict the long-term leachability. It
is based on the assumption that the diffusional characteristics of radionuclides in a waste mat-
rix are not dependent on matrix geometry but dependent on volume to surface ratio (V/S)
and diffusion coefficient. Consequently it can be expressed as the solution of the equations
obtained from a finite slab with an equal V/S ratio (imaginary diffusion length).

The calculational results by the finite slab approximation method have been compared with
the results obtained for finite cylinder and sphere with corresponding diffusional analysis. The
results of this simple model have showed a good agreement and presented a general applica-
bility for the long-term prediction of the radionuclide leaching behavior.
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1. Introduction

Generally, low and intermediate-level radioac-
tive wastes have been solidified by using several
binding agents, i.e., cement, polymer, bitumen,
etc.. When those are disposed of in repository
area, leaching process by ground water has been
found to be one of the major ways by which the
radionuclides may be released from the waste
container to the environment. To provide en-
gineering data for the design of waste disposal site
and to simulate long-term risks to human environ-
ment, three quantities of radionuclide leaching
characteristics must be identified, i.e., the amount
of radionuclide in the waste matrix, the amount in
the environment, and the leach rate from the mat-
rix. Here the environment means the just outside
the matrix.

Due to the restriction of the test time, many
investigators[1-5] have extended their results from
short-term test to predict the long-term leaching.
Most of the experimental results[2,6,7] on the
leaching of radionuclides from the waste matrix
have indicated that the dominant mechanism of
leaching process is a diffusion, therefore the
leachability can be expressed as a function of
diffusion coeficient, although the rate controlling
step of leaching mechanism remains unidentified.

Numerous papers[3,4,5,8,9] have been pub-
lished to presdict the long-term leachability of
radionuclide from a solidified waste matirx by em-
ploying mathematical or empirical models. Empir-
ical models are the simplest and the results of
mathematical models are limited to a waste matrix
in the form of cylinder or sphere.

In the case when analytic solutions does not ex-
ist for the actual geometry of waste matrix, or
even though when there exists a solution it re-
quires tedious computational summations of infi-
nite series and/or all of the expression for the
three leaching quantities cannot be obtained
simultaneously, the simple approximation method
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by semi-finite slab model has been generally ap-
plied to the prediction of long-term leaching. Be-
cause this approximation generates a large calcu-
lational uncertainty with time, new method with
general applicability is required for the long-term
prediction.

Although, the amount of radionuclide in the en-
vironment was suggested in the general form of
equation by Bell{10], other quantities, i.e., the
amount in the matrix and the leach rate from it,
has not been proposed in the same manner.

So, the object of this study was to develop an
approximation method which has a general appli-
cability from the results of short-term test.

General Equations for Leachability

Several studies{2,6,7] that
leaching of radionuclide from a waste matrix

have suggested
mainly depends on the diffusion mechanism. If
diffusion coefficient is constant with respect to
time and space, the general equation of radionuc-
lide leaching is

aC

Bt = Dv2C-aC {1)

C(r ,00=Cy . 2)

CR,)=0 3)
where

C: the concentration of radionuclide inside the
matrix

D: the diffusion coefficient

A : decay constant

r: position vector within matrix

R: position vector at the surface of matrix, and

Cy: initial concentration of radionuclide in the

matrix

And it may also be subject to another condition,
for example, zero flux across a boundary or an
axis of symmetry.

Theoretical analyses{11,12,13] have suggested
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that the equation (1) can be readily solved by tak-
ing the transformation

Clrt) =W (r,texp(— A1)

where, ¥ (r,t) is the solution for the case of
stable isotope.

The general equation for the fractional leach
rate, FR(t), of radionuclide from waste matrix was
derived by Bell[10],

FR(t)= —Vicoacp(— aff, Paa (@
=exp(— AtFR,(t)

where, FR,, means the fractional leach rate of
stable isotopes in the container and n is a vector
normal to the surface of the container.

The fractional amount of radionuclide accumu-
lated in the environment, FE(t), can be expressed
from the material balance on the surface of the
matrix.

S _FRiy— 2 FEW 5)

by setting ¢ = FE(t)exp( A t), then equation (5)
becomes
g D dw

“at = vcgd), an @

FE(t):—VLCOexp(— a1 J; ‘ [f s z—‘fdA]dt

t
—exp(— At) fo FR,(t)dt (6)
=(— AYFE,) (7)

Total amount of a radionuclide in the matrix at
time t normalized by the initial amount of that
nuclide, FM(t), was derived from the relationship
between the amount of stable isotope in the en-

vironment and that in the matrix.

wirgdv=vCo— | (=D{| ¥ dai @)
v 0 s dn

The radionuclide fraction within the matrix is

given by
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Mo=g, [[f, cnoav

:T/é‘o exp(— A t)ﬂfv W(r,)dV ©)

From equation (8)

1

FM(t)zmeXp(— ADIVCy
' dv
-, (—DJ: d—ndA)dt] (10)
=exp(— A )FM,(t) (11)

As shown in the equations (4), (7), and (11), the
three quantities can be simply described from the
multiplication of exp(— At) by the quantities of
stable isotope.

Finite Slab Approximation

The proposed approximation method is based
on the hypothesis that the mass transfer within a
matrix is not dependent on matrix geometry but
dependent on volume to surface ratio (V/S), and it
is expressed as the equations obtained from a fi-
nite slab model with an equal V/S ratio.

[=V/S

where | is imaginary diffusion length of a matrix
The three quantities of a leachability are given
by the following equations for stable isotopes:

2D =

FR,="5 2, expl—t B%) 12)

FE.=1-2 5, ol < 87 (13

FM, =1FE, (19
2m-1)

Bm*if 27”

where 7 is a dimensionless leaching time (Dt/F),
and t is real time. The equations (12), (13), and
(14) indicate that the leaching quantities can be

expressed as function of . Figure 1 shows the
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Figure 1. The Multiplication of the Fractional Leach
Rate with Total Leaching Time Plotted
Against Dimensionless Time, 7.

multiplication of the fractional leach rate with total
leaching time plotted against the dimensionless
time 7. The total leaching fraction released to the
environment was plotted in Figure 2. These fi-
gures can be easily used to describe the leaching
quantities if the dimension less time and the decay
constant of a radionuclide are known.

Comparative Results

1. Finite Cylinder
Imaginary diffusion length of finite cylinder is
given by

L/a

=1751/°

and dimensionless leach time is expressed as

1+2L/a

- [ L/a

02 1%

where a is the radius of the cylinder and L is the
cylinder’s half geight.

Table 1 shows that the cumulative leaching frac-
tions calculated by finite slab approximation were
compared with those by Nestor[8]. According to
the table, this model shows a good agreement
with the actual leaching calculation. In the case of
L/a<5.0, the largest deviation from the cumula-
tive leaching fractions obtained by Nestor[8] is less
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Figure 2. The Total Leaching Fraction in the Environ-
ment Plotted Against Dimensionless Time, 7

than 25 percent when the leach fraction is about
65 percent.
2. Sphere
The leaching quantities for spherical form of
waste matrix were obtained by using the equation

D o
FR,=% 3 exp(~Dtp?) (15)
6 =~ 1
FE,=1——7r 2 ——exp(—Dt #%) (16)
R® =1 Bg
where
Bu="%

Imaginary diffusion length of sphere is
I=R/3

where R is the radius of sphere.

The comparison of the results from the equation
(16) with those by finite slab approximation
method was plotted against dimensionless time
(Dt/P) in Figure 3. It shows that the calculations
by the suggested approximation method oversti-
mates 20 percent more with respect to the actual
value calculated when leach fraction is about 55
percent, and this seems to be the result of differ-

ence of the form of the waste matrix container.



Long-Term Prediction of Radionuclide Leaching...J.-Y. Doh and K.-J. Lee 201

Table 1. The Comparison of the Calculations by Finite Slab Approximation Method With That by

Nestor [8]
La 03 05 10 3.0 50
Drtr‘/ztzh‘)d b a b a b a b a b
0.0003 0.10141 0.1042 0.7636 0.0782 0.57570 0.0586 0.04505 0.0456 0.42550 0.0430
0001  0.18077 0.1903 0.13671 0.1427 0.10353 0.1070 0.08142 0.0833 0.07679 0.0430
0003 030175 03296 0.22928 0.2472 0.17494 0.1854 0.13866 0.1442 0.13142 0.1360
001 051055 05981 0.39252 0.4512 0.30400 0.3385 0.24498 0.2633 0.23312 0.2482
002 067096 0.8008 0.52243 0.6319 0.41050 0.4785 0.33588 0.3723 0.32095 0.3511
003 077179 0.9013 0.61002 0.7520 0.48490 0.5834 0.40148 0.4559 0.38480 0.4299
004 084016 0.9511 0.67601 0.8329 0.54284 0.6665 0.45401 0.5257 0.43625 0.4961
005 088724 0.9757 0.72830 0.8874 0.59036 0.7330 0.49820 0.5857 0.47977 0.5534
006 092012 0.9880 0.77087 0.9241 0.63055 0.7861 0.53647 0.6379 0.51765 0.6039
007 094324 0.9940 0.80606 0.9489 0.66524 0.8287 0.57025 0.6835 0.55125 0.6486
008 095957 0.9970 0.84543 0.9656 0.69561 0.8628 0.60048 0.7233 0.58146 0.6882
009 097116 0.9985 0.86010 0.9768 0.77249 0.8901 0.62781 0.7581 0.60888 0.7233
010 097940 0.9993 0.88091 0.9844 0.74648 0.9120 0.65571 0.78885 0.63395 0.7544
012 098946 0.9998 0.92347 0.9929 0.78745 0.936 09654 0.8383 0.67834 0.8066
015 099613 1.0000 0.94617 0.9978 0.83567 0.9710 0.75065 0.8919 0.73365 0.8648
020 099927 1.0000 0.97547 0.9997 0.89196 0.9905 0.81879 0.9448 0.80413 0.9256
025 099986 1.0000 0.98880 1.0000 0.92865 0.9969 0.86766 0.9718 0.85540 0.9591
030 099997 1.0000 099483 1.0000 0.95280 0.9990 0.90311 0.9856 0.89306 0.9775
040 099999 1.0000 0.99893 1.0000 0.97933 0.9999 0.94785 0.9962 0.94134 0.9932
050  1.00000 1.0000 0.99978 1.0000 0.99094 1.0000 0.97183 0.9990 0.99775 0.9979

a. The calculations by Nestor

b. The calculations by this finite slab approximation method

Sphere
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Figure 3. The Comparison of The Results From Equa-
tion (16) with Those from Finite Slab
Approximation Plotted Against Dimension-
less Time, 7.

Conclusion

The prediction of long-terrn leaching behavior

from short-term test will experience a limitation
due to physical and chemical properties of the
environment and waste matrix during leaching
time such as dispersion coefficient, porosity, and
chemical reactions. Several experiments show that
the leachability of radionuclide from waste matrix
is subsequently decreased with time by other fac-
tors such as surface resistance, therefore the pre-
diction from short-term test is considered to be
conservative.

The comparisons were performed for cylindrical
and spherical waste form with our suggested
method. According to this comparison, the results
from finite slab approximation are also conserva-
tive and more practical with respect to the rigor-
ous results.

Finite slab approximation has 3 merits;

1) It represents the fractional amount in the en-

vironment for practical shapes of waste mat-
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rix form as a function of dimensionless time
(Dt/P) which is important factor in the three
leaching quantities.

2) It provides an easy calculational application
to the long-term prediction.

3) It can express the leachability by using simple
table or graph as a function of dimensionless
time (Dt/F).
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