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SUMMARY 

Raaionuclides escaping trom a repository for high level nuclear waste 

in crystalline rock may eventually be carriea by the flowing water in 

fissure zones. In such zones the rock is broken in blocks ot varying 

sizes and shapes. Also, the water velocity may vary consiaeraDly in 

such zones. A previously developed model which lumps the different 

blocks into a single PSEUD0B0DY is tested by comparing it with an 

exact analytical solution which can account for the diffusion into 

blocks of any size distribution. The approximate simplified model 

which is based on a numerical scheme, and thus is more versatile, 

gives errors which are small compared to the "normal" variation in 

observed block size distributions and other data. 

A method for determining an "average" Peclet number (or dispersion 

length) in a strongly varying velocity f iela is testea and found to 

give small errors compared to the present confidence limits in pre

dicting dispersion data tor large migration distances. 

A simple criterion is proposed for defining the cutoff limit in the 

block size distribution, below which the blocks can be modelled as if 

they were in equilibrium with the flowing water. 

A simple sensitivity analysis shows that much can be gainea if the 

confidence limits for block size distribution, water flow rate, 

dispersion data, sorption data, and matrix diffusion data can be 

narrowed down. 



CONTENTS 
Page 

Background 1 

The physical situation and modelling approach 3 

Mathematical model 5 

Comparison between the PSEUDOBODY approximation and 12 

the exact solution 

Dispersion in a varying flow field 

A criterion for treating the diffusion into 

smaller blocks as instantaneous 

16 

18 

The sensitivity of the modelled cases to some 30 

parameters 

Discussion and conclusions 33 

Acknowledgements 34 

Notation 35 

References 38 

Figures 41 



BACKGROUND 

-, 
J. 

The Swedish concept for a repository for spent nuclear fuel is to em

place the fuel in copper canisters and to store these at large depth, 

typically 500 m, in crystalline rock. The bedrock is fissured even at 

these depths and water seeps through the fissures. At a larger scale 

- on the oroer of one kilometer apart - long zones have been observea, 

where the rock is more fissured than in the rest of the rock. These 

zones may be very long and extend to large depths. They are usually 

vertical or near vertical. These zones are callea lineaments. 

The repository wi 11 be situated in less fissured rock. If the copper 

canisters degrade and water contacts the spent fuel, the radionuclides 

may be leached by the seeping groundwater. The radionuclides will 

first move in the 11 good 11 rock ana then eventually emerge into the 

lineament. The lineament is more porous, more fissured and there are 

also parts where the rock has been crushed into small particles. The 

surface area available for sorption in the lineament may be consider

ably larger per water volume than in the 11 good 11 rock. This may enhance 

sorption and nuclide retardation. On the other hand, there may be 

parts of the lineament where the water movement is upwards and as the 

seepage rate is larger, the residence time of the water n,ay be 

shorter. This gives less time for nuclide interaction with the rock 

matrix. 

In a previous paper (Neretnieks and Rasmuson, 1984) the impacts of 

strongly varying velocities and block sizes along the flow path were 
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investigatea. The Integratea Finite Difference ~1ethoa (IFUM) was usea 

in the calculations. This numerical scheme can, in principle, hanale 

any velocity field ana block size distribution "exactly". This would, 

however, require extensive computer time and memory space. An attempt 

was made to account for blocks of various sizes by the ~'i!NC (Multiple 

Interacting Continua) approach. This method accounts for the large 

sorption surface but small volume of small blocks and small surface 

area but large volume of large blocks. 

The purpose of the present paper is to investigate some simplifying 

assumptions in greater detail. To this end a recently derived analyti

cal solution (Rasmuson, 1~85b), taking into account any block size 

distribution, is utilized. 
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THE PHYSICAL SITUATION AND MODELLING APPROACH 

The physical situation is treated at length Dy Neretnieks and Rasmuson 

(1984). It is only outlined here. Crystalline bedrock has been observ

ed to be fissured on several scales. There are the large scale linea

ments at di stances of k i l ometers apart or more with widths ot up to 

several tens of meters. Their vertical extension can probably De many 

kilometers and the lineaments can often be followed for many kilo

meters or tens of kilometers on the ground surface. In the lineaments 

the rock is broken and crushed and consists of blocks of various 

sizes. There may be a considerable amount of "fine" material. This has 

been observed in all the areas investigated in Sweden for the Nuclear 

Fuel Safety project (KBS, 1983). The bodies of rock between the 

lineaments are also fractured, but the fractures are usually at larger 

spacings than within the lineaments and the rock is on the average 

less permeable (KBS, 1~83). 

The hydraulic conductivity of the lineaments as well as of the "good" 

rock decreases with depth. Also the driving force for the water move

ment - the hydraulic gradient - decreases with depth (Carlsson et al., 

1983) . 

In principle, it is possible to do rigorous calculations of the three 

dimensional flow field and to superimpose the transport equations on 

the flowlines in a full three dimensional calculation, including the 

effects of velocity dependent dispersion tensor and the effects of 

interaction by the radionuclides with rock blocks of different sizes 
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along the flow path. In fact, rigorous three dimensional flow path 

calculations have been performed for such cases (Carlsson et al., 

1983) and there are model formulations which account for the above 

effects for nuclide transport (Hopkirk and Gilby, 1983; Neretnieks and 

Rasmuson, 1984). There also seem to be no difficulties in principle to 

fully incorporate them into existing codes. The major drawbacks at 

present seem to be that larger computer memories and computing times 

are needed and that the results may not be quite as transparent as 

when only a few effects rrust be accounted for. In some cases not all 

effects may be of importance for predicting radionuclide transport and 

it may be advantageous to have simpler, more transparent rrodels for 

scoping calculations and for studying the relative importance of the 

various variables. At present the data on the hydraulic conductivity, 

lineament widths and block size distribution, fissure spacing, 

channeling effects and several other quantities are not very accurate

ly known. It may al so be expected that for some of the quantities the 

natural variation in the data is considerable. For practical reasons 

many of the data wi 11 be obtained by sparse sampling. The standard 

deviation of, for example, the hydraulic conductivity has been found 

to be quite large (Carlsson et al., 1983). 

In this study we attempt to investigate the impact of some simplifying 

assumptions which lead to considerably simpler computing schemes than 

the rigorous approach. We also attempt to compare the errors introduc

ed by the simplifying assumptions with those due to natural variations 

in the data. 
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MATHEMATICAL MODEL 

The movement of the nuclide in the rock can formally be described by 

the following equation 

• Cv ( 1) 

Sk denotes reaction mechanism number k. This formulation aoes not 

distinguish between the solid and the fluid phase and can in principle 

be app 1 i ed directly to a heterogeneous medium by accounting for the 

material properties, velocities and reactions in the various phases. 

For example, this is done in the TRUMP-method (Edwards, 1972). Usual

ly, it is preferred to distinguish the processes in the flowing phase 

from those in the solid phases. The coupling is then done at the 

boundaries between the phases. In the case where there is no con

centration gradient perpendicular to the flow direction, equation (1) 

simplifies to 

(2) 

Equation (2) accounts for the interaction with the solid by instan

taneous reversible surface sorption, advection, Fickian type disper

sion, decay and some as yet not defined reaction S. Equation (2) is 

extended to apply to a nuclide in a chain in a straightforward manner 

by adding a term Ra* "-* ·cf* on the right hand side which accounts 

for the production of the nuclide under consideration from its mother 
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nuclide. S accounts for the depletion of the nuclide in the water due 

to the diffusion into the porous water-saturated rock. 

oC 
s = l J D £ _p dA 1 

- m V s A I p p on ( 3) 

where Vs is total solid volume and A1 interfacial surfacE: in the 

control volume. 

-n is the inward directed normal at the surfaces of the solid in con-

tact with the water in the control volume. The integration is made 

over all the surfaces within the control volume. The formulation of 

equation (3) is quite general. For regular bodies such as infinite 

slabs, cylinders ana spheres, S becomes: 

for a continuous distribution 

1 ~ af+l ~) 
s = - - J -b- f ( b) D £ ~ I db 

m o p p uX x=O 
( 4a) 

and for a discrete distribution 

i i 
1 af+l . 1. ,· oCP 

S = - - Z: -.- F(b l) 0 I m bl p£p~x=O 
( 4b) 

af is 0, 1 or 2 tor slabs, cylinders or spheres respectively. For 

the individual size fraction 11 i 11 the transport equation (1) can be 

writ ten 



7 

( 5) 

Equation (5) is written in this way for future reference. It is coupl

ed to equation (2) by the relation 

at r = bi ( 6 J 

The surface and volume retardation coefficients are aefinea by 

R = 1 + K a a a 
(7) 

(8) 

To evaluate S in equation (4) it is in principle necessary to evalu

ate equation (5) the same number of times, N, as there are size frac

tions if conventional numeric methods are used to solve the equations. 

Rasmuson (1~85b) has solved equations (2), (4b), (5) and (6) by ana

lytical methods for some simple initial ano boundary conditions: 

( 9) 

where 6, Pe, R, A and y are dimensionless parameters based on the 

smallest block size and bi/b and F(bi) specify the block-size 

distribution. 
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Equation (9) is actually a special case of a more general solution in

cluding, for example, size variable diffusivities and sorption capa

cities. 

The solution (equation (9)) will be used here to study the errors in

troducea by the simplifying assumptions proposed and described in 

depth by Neretnieks and Rasmuson (1984). The basic assumptions for 

lumping the various block sizes into one shape seem to have first been 

proposed by Pruess and Narasimhan (1982). They called it the MINC 

(t'1ultiple Interacting Continua)-approach. In the following we denote 

this approach the PSEUD0B0DY-approach. In this method the blocks in an 

element of space are divided into a number of shells and it is assumea 

that all the shells, regardless of blocksize and shape, at the same 

distance from the surface behave alike. This is ot course an approxi

mation because the shape of the blocks influences the transport in a 

shell at a given aistance, and even for the same shape a shell at a 

given distance reacts differently if the area ratio of adjacent shells 

is different (Neretnieks and Rasmuson, 1984). 

The PSEUD0B0DY-assumption makes it possible to construct equally sizea 

pseudoblocks having a given area A(x) for diffusion at a distance x 

from their surface. The pseudoblocks have the same A(x) and the same 

volume as the real block size distribution in the element. For these 

pseudoblocks the transport equation (5) can be written 

(10) 



9 

A(x) can be interpreted as the crossectional area normal to the 

transport direction in a pseudoblock at a distance x from the block's 

surface. For real regular bodies like infinite slabs, cylinders and 
at 

spheres A(x) a r if the distance from the surface is exchangea for 

the radius. Equation (10) can now be used once insteao of using equa

tion (5) N times to evaluate S. 

It is interesting to note that even tor a uniform blocksize distribu

tion the PSEUDOBODY-approach is exact only for 11 smooth 11 block shapes 

such as spheres, infinite cylinders and slabs, but not for shapes with 

corners and edges such as cubes or square rods. For spheres, or cubes, 

with diameter 2b the cross-section for diffusion A(x) at distance x 

from the surface is given by: 

A(b,x) ( 11) 

If we have a distribution of spherical blocks we obtain: 

A ( x) 

2 
) ; ( 12) 

Introducing these results into equations (2) and (10) we obtain for 

constant Dpe:p 
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2 
ocf ocf o cf 1 3 i oc 

R - + V - - D -- = - O: - F(b )} D e: J 
a ot oz L oz 2 m bi p p ox I x=O 

(13) 

and 

oC 
K-p = 

ot 

0 3 i X 2 o(;n 
O:: -. F(b ) (1 - -. ) __c:_} 

X 2 -;-x l l :..x 

- K " C p 

for O, x, bi 

- -. ) u i b b u 

bl 

(14) 

We can here again see the gross simplification of the governing equa

tions for cubes and spheres compared to the rigorous solution. For 

cubes the simplification is even larger than for spheres because the 

equation of diffusion in a cube requires more computing effort than 

for a sphere. In cases where not only the size of the blocks varies 

but a 1 so their shape, a PSEUDOBODY type approximation seems to be 

attractive. Unfortunately, the equations above do not seem to have 

reasonably simple analytical solutions. 
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It can be seen in equation (12) that A(x) is readily evaluated if 

F(bi) is known for the block size distribution. In practice A(x) may 

be fitted to some simple function, e.g. a polynomial or spline poly

nomial function, to further reduce the computing effort. If DpEp 

also varies with x, the product DpEp A(x) can be handled in the 

same way. 
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COMPARISON BETWEEN THE PSEUDOBODY APPROXIMATION AND THE EXACT SOLUTION 

The two rrethods are compared by investigating the differences in the 

effluent concentration of Np-237 for some sample cases. The same data 

are used for these calculations as were used by Neretnieks and 

Rasmuson (1984). They are summarized in Table 1. 

The physical situation modelled is the flow in a lineament which 

contains two blocksizes and is also in contact with the surfaces of 

the 11 good 11 rock on both sides of the lineament. Note that in the 

analytical solution, the blocks are approximated by spheres. The 

PSEUDOBODY approach does not distinguish between cubes and spheres. 

Two block size distributions are used. In the one called "Small" the 

fines are made up of 0.02 m blocks. In "Large" the fines consist of 

0.1 m blocks. In all other respects the two distributions are alike. 

In this example the water velocity and dispersivity are assumed to be 

constant in order to utilize the analytical solution exactly. The 

influence of varying water velocity will be investigated separately 

below. The data are summarized in Table 2. The initial and boundary 

conditions used assume zero initial concentration of Np-237 and at 

times larger than zero the inlet condition is a decaying band release 

with infinite duration. C(z=O) = C0 • e-~t fort) 0. 
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Block size Number of Volume fraction Outer surf ace 
diameter m blocks in REV* F(bi) area A(b i) 

in REV m2 

Case f-02 9375 0.0909 22.5 

"small" 0.5 6 0.9091 9 

a, (200)** ( 2) 0.5 

Case r-1 75 0.0909 4.5 

"large" 0.5 6 0.9091 9 

a, (200 rn)** ( 2) u.5 

* The representative elementary volume (REV) is 3.3 m wide, 0.5 m 

high and 0.5 m long. It also includes two surfaces from which 

diffusional transport takes place into two very large blocks. 

** In the exact solution the very large blocks are modelled by a part 

of a large sphere (diam= 200 m). Since the penetration depth is 

very sma 11 in comparison to the radius the flat wa 11 s adjacent to 

the lineament are accurately accounted for. The volume of these 

blocks is not included in the REV. 

Table 1. Data used for comparison of exact solution and PSEUDOBODY 

approach. 



Parameter 

Travel distance, L 

Water residence time, tw 
Peclet number, Pe 

Surface retardation coefficient, 

Volume equilibrium coefficient, K 

Effective diffusivity in blocks, 

Dpe:p = De 
Half life of Np-237, Tl/2 

Flow porosity, Ef 

Ra 

Dimension 

m 
s 

m3/m3 

m2/s 
years 

14 

Value 

475 
7.8125•10 7 

21. 875 and 0. 875 

1 

1.35•10 4 

5•10-14 

2.14•10 6 

5 •10- 4 

Table 2. Data used comparing exact and PSEUDOBODY solutions. 

The results at z = L are depicted in Figures 1 and 2. The agreement is 

surprisingly good. The PSEUDOBODY approach tends to give somewhat 

earlier breakthrough in this case compared to the exact solution, but 

the peak is very accurately predicted. It may be noted that there is a 

noticable difference between the two cases 11 Large 11 and 11 Small 11 as 

there is an impact of the size of the fines in this case. Fines mainly 

influence the early part of the breakthrough curve. 

Two conclusions are drawn from the results. The PSEUDOBODY approach 

should be a powerful tool in numerical calculations with block size 
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distributions, especially where chain decay must be accounted for, as 

compared to "exact" numerical calculations where every block size and 

shape must be accounted for separately. This will significantly reduce 

the computing effort. For single species the analytical solution 

should provide a powerful tool when very accurate calculations are 

needed. 
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DISPERSION IN A VARYING FLOW FIELD 

The analytical solution used in the previous analysis is derived for 

the case of constant velocity. This solution is also exact for the 

case with no dispersion but variable velocity. Neretnieks and 

Rasmuson (1984) showed this by introducing 

z d 
C = f V(~) 

0 
(15) 

to transform the velocity into a residence time. If the 11 dispersion 11 

is caused mainly by channeling effects and the Fickian type of disper

sion is small in comparison (Neretnieks, 1983) even very large 

"dispersion" effects may be modelled exactly by the transform (15) in 

a flow field with arbitrarily varying velocity. 

When Fickian type dispersion cannot be neglected numerical methods 

must be used at present in cases where the velocity varies along the 

flow path. The longitudinal dispersion may be approximately accounted 

for in a varying flow field by using the following averaging method 

(Neretnieks and Rasmuson, 1984): 

t 2 
w Pe = -,_----

L dz 
ex 6 [V(z)j2 

(16) 

This average is based on the method of adding variances of flow sec

tions coupled in series (Levenspiel, 1972). The idea has been carried 
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to its extreme by making the flow sections infinitesimally small. This 

approximation improves as the dispersion coefficients decrease. 

The effects of these approximations are also shown in Figures 1 ana 2 

for the cases defined in Tables 2 and 3. The dash-dot line shows the 

results of a "proper" numerical handling of the dispersion in a vari

able flow field. The dispersion length in this case is kept constant -

250 and 10 m respectively - along the flow path with varying veloc

ity. In the approximate calculations using equation (16) and constant 

velocity (but the same residence time) the equivalent average disper

sion lengths are 542.86 m and 21.71 m respectively. The results for 

these cases are given by the dashed lines in Figures 1 and 2. Con

sidering that the averaging has been done over a velocity ratio span 

of 8000, the differences are surprisingly small. 

Parameter Dimension Value 

Dispersion lengths, a: m lCJ and 250 

Hydraulic gradient, m/m 1/Z for Z>25 

Water flux, Vo m3 /m 2 •s U.l/Z 3 for Z>25 

Water residence time, tw s 7.8125•10 7 

Table 3. Additional data for the varying velocity case. 
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A CRITERION FOR TREATING THE DIFFUSION INTO SMALLER BLOCKS AS 

INSTANTANEOUS 

It would be useful to have a criterion for deciding when the insta

t ionary saturation phase of the smaller blocks in the lineament must 

be accounted for. If the travel time is long in comparison to the 

equilibration time, the uptake of the smaller blocks may instead be 

modelled as instantaneous with a retardation factor Ra appearing in 

the transport equation. This would save computer time (and discretiza

tion work) especially in the case of chain decay where a numerical 

solver must be used. Due to the complicated situation such a criterion 

has not been derived exactly. 

A first indication of what penetration distances to expect auring a 

certain contact time can be obtained by solving equation (5) for the 

concentration profile in a semi-infinite slab particle which suddenly 

is contacted with a fluid having concentration Co of a stable 

tracer. The solution is (Bird et al. 1960, p. 354): 

= erfc ( x ) 

2/ DPEP t.t 
K 

( 17) 

It is valid for cases when the penetration depth is small in compari

son to the size of the body. 
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Here, we use the approximation that the part of the body where the 

concentration would become larger than 0.48 Co, during a certain 

contact time tit, can be said to be instantaneously equilibrated. The 

argument is 0.50 in equation (17) for this C/Co. The 11 equilibrated" 

depth ne is then directly obtained from equation (17): 

(18) 

The problem is then reduced to determining the contact time tit to use 

in equation (18). If the release is constant in time and takes place 

during a known time interval, T1each, then this can be used. For an 

infinite decaying band release the number of halflives, T112, might 

be used after which the concentration has decayed to insignificant 

values. After 3 halflifes the activity is 1/8. Here it will be 

attempted to use tit = 3 T112• A comparison is made below between the 

exact solution and a solution where the blocks with a radius smaller 

than ne are assumed to be at all times in equilibrium with the 

flowing water. This tests if the chosen tit:s are reasonable. 

Using the data in Table 2 we find ne = 0.027 m for Np-237. This 

means that blocks twice this size would be instantaneously equilibrat

ed. In the example with the small blocks (0.02 m) these might well 

have been included in the surface retardation factor Ra. In Figures 

3 and 4 the analytical solution (Rasmuson, 1985b) with three block

sizes, is compared with the case where the smallest blocks in each 

distribution are taken into account with an Ra-factor. For the peak 

the results are good in the first case but deviate considerably in the 

second case as expected, especially for the large Peclet numbers. 
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This analysis is at best a first estimate of the penetration depth. 

The assumed cutoff in concentration - 48 % - and the handling of the 

contact time is arbitrary. The effects of longitudinal dispersion to 

prolong and the decay to shorten the contact time are al so neglected 

here. Therefore, another case is chosen to approach this problem and 

to check the previous assumptions; the case of flow through a bed with 

mono-sized blocks. Since, in a distribution, the smaller blocks occupy 

only a fraction of the total volume, the error in using an Ra-factor 

will be less than for the case of uniform blocks. 

For uniform spherical blocks the transport equations for a single 

decaying species and no sorption on the external fracture surfaces, in 

dimensionless form, are: 

The boundary conditions are: 

when A = 0 

u = 1 
f 

or when A * 0 

6 = 0 

6 = 0 

A 
- - u 

3R f 
(19) 

(20) 

0 < y < l:!.y ( 21 a) 

0 < y < l:!.y (21b) 



u = 0 
f 

ou 
___e_l = o 
op p=O 

u = u 
p f 

u = 0 
p 

6 .> 0 

p = 1 

0 < p < 1 

y > 0 

y = 0 

6 > 0 

y = 0 

The dimensionless quantities in equations (19) - (26) are: 

3 D E 

6 = ~ p 
b 

zV Pe = -
DL 

K R = -
m 

z 
mV 

21 

(2 2) 

( 23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 
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( 3 2) 

(33) 

(34) 

*) For later reference. 

The solution of these equations for Uf is given elsewhere (Rasmuson 

and Neretnieks, 1980) as 

( 3 5) 

For large values of R, which physically means that the accumulation 

capacity of the water is negligible compared to the accumulation 

capacity of the rock blocks of the system, the solution becomes 

insensitive to the values of R. In Rasmuson and Neretnieks (1981) it 

was shown that R has no influence if 6 > 1 and R > 10. This occurs 

when K is large, as in the case of interest here. Then (35) simplifies 

to: 

(36) 

Another helpful variable is now introduced. This variable is related 

to the penetration depth in equation (18) and also to the 

dimensionless time yin equation (32): 



T = K b2 /D E p p 

23 

(37) 

We see that if the penetration depth Tle in equation (18) is equal to 

the radius of the sphere b then T = 6t. 

We can now proceed to compare the results of the exact solution, equa

tion (36), for a given 6t, with the results for the case where all the 

particles of size b = Tle are in equilibrium with the flowing phase. 

For a stable species, "A.= CJ, the boundary condition (21a) gives 6Y = 

2 •6t -T- = 2. For a decaying species when we choose 6t = 3 T1;2, the 

dimensionless decay constant A is obtained from equation (34) as A = 

"A.• T = +n 2 • 3 T112 = 3 ln 2 = 2.0794. NotE that the parameter A may 
1/2 

be regarded as a ratio of two characteristic tin1es A = tdiff/tdec• 

where tdiff is a characteristic time for diffusion into the rock 

blocks and tdec is a characteristic time for radioactive decay. In 

chemical engineering context A is similar to the Thiele modulus and is 

a measure of the importance of diffusional resistance to the reaction 

in a catalyst particle. For our criterion the blocks rrust be fully 

penetrated before decay sets in. This implies that A must be 

sufficiently low or, equivalently, T1;2 sufficiently long. With 

these values for 6Y for the non-decaying case and A for the decaying 

case plots of Uf may be constructed as a function of the 

dimensionless time, y, for various values of the bedlength parameter, 

6, and Peclet number, Pe. The plots are normalised on the abscissa 

using y/ 6 as variable so that the breakthrough curves are always 

centered around the value 2/3. 
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These exact solution curves are compared with the case where the 

particles are in equilibrium. This case is aescribed by the following 

relations also given in the same dimensionless form: 

2 1 +R ouf ouf 6 o2uf 
---+------
3 ~ oY oo Pe 00 2 

_ ( l +R )A 
3R uf (3b) 

with the same boundary conditions as before: equations (21)-(23). 

The solution is well known for the non-decaying case (Lapidus and 

Amundson, 1952). The superposition of decay onto this solution is 

obvious and gives: 

uf(o,y) = l e-Ay/2 [ f (/2 Pe (l+R) _ /3 Ry Pe ) 
2 er c 6Ry 8 6 (l+R) 

+ ePe • f ( ✓/6 Pe (l+R) + /3 Ry Pe7 
er c 6Ry 8 6 (l+R))] 

It shoula be noted that the solution is aependent on 6/y only ana not 

on 6 and y separately. For large R this solution is also independent 

of R because (l+R)/R + 1. If Pe + CX) (no longitudinal dispersion) we 

obtain a shock-wave arriving at the dimensionless time: 

2 l+R 
y=3o-R- ( 40) 

In Figures 5-7 the results for 6 = 10, 100, 1000 and Pe = 2, 10, 50, "' 

for R + CX) and infinite leach time ~y are depicted for the non-decaying 

case. It is seen that the agreement between the two solutions ((36) 
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and (39) or (40)) is generally poor for 6 = 10 but quite good for 6 = 

1000. However, if the contact time, t:.t, in equation (18) is large 

enough the peak-heights may be close even for small 6 1 s. 

In Figures 8-9, !5.y = 2. 0 for the non-decaying case. It is seen that 

for early times the agreement may be poor but that the maximum values 

are close. Figures 10-11 show the same results for the decaying case 

( A = 3 in 2) and D,:/ = co. The curves agree we 11 at the maxi mum al so in 

this case. 

There is a further case of interest which lies between the decaying 

and the non-decaying case above. This case describes the situation 

where a nuclide, because of solubility limitations, is released to the 

flow field with a constant concentration Co during the time b.Y 

(equation 21a) but decays so that the aecay term in equation (19) must 

be included. 

Rasmuson (1984) has obtainea an analytical solution for this case 

(equations (19)-(26)) also. After long times a steady-state is obtain

ed. It is 

l I 46 A ' 
= exp [2 Pe (1 - 1 + Pe (3R + /I,_' coth IA - 1))] 

( 41) 

This solution is again compared with the case where the particles are 

in equilibrium, equation (38). Also here a simple analytical solution 

has been derived (Parlange and Starr, 1978). It is: 



• erfc [/ oPe (l+R), 
6Ry 

/ 3 Ry Pe !:1_ 1 

8 6 ( 1 +R ) + 2 ] + 

+ exp [1 Pe (1+/1+4 oA (l+R)1)] • 
7 "J R Pe 

• erfc [/o Pe (l+R)1 /3 Ry Pe kY_]1 

6 Ry + ~ o (l+R) + ~} 

After long times a steady-state is obtained: 

26 

(42) 

(43) 

For a non-decaying species A= 0 and equation (42) reduces to equation 

(39). Again for large R the solution becomes independent of this para

meter. For the case of no longitudinal dispersion (Pe + Cl)), equation 

(42) simplifies to a decayed shock-wave according to: 

(44) 

To get an influence of the decay, t.t in equation (18) is again chosen 

to be 3 T1f2. The results for 6 = 10, 100; Pe = 2, 10, 50, Cl); A= 3 

ln 2 and infinite leach time, t.y = Cl)' are shown in Figures 12-13. Also 

in this case the approximation seems to be permissible. Here, we may 
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actually obtain an exact criterion by matching the steady-states, 

equations (41) and (43). Using the series expansion of coth x for 

small x we get 

A 
r5 « 1 ( 45) 

or 

1 . -
A 

(46) 

Accordingly, good agreement is obtained if tit in equation (18) is 

chosen according to: 

15 
tit « .R.n 2 T 1/2 

The criterion used in this paper is: 

It thus can be concluded that the criteria underlying equation (18) 

may be used to obtain a cutoff which selects those 11fines 11 which can 

be lumped into the volume fraction assumed, in the model, to be 
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instantaneously equilibrated. In Table 4 values of bcutoff for some 

of the important raaionuclides are given for two aissolution times, 

105 and 10 6 years ana effective diffusivity Dpe:p :::: 

5•10- 14 m2/s. The minimum of 3 T1;2 and T1each is usea for b.t in 

equation (18) giving the lowest bound for bcutoff· It is seen that 

bcutoff is on the order of mi 11 imeters - cent imeters except for the 

highly penetrating 1-129 (due to its low sorption capacity). Due to 

the relatively low K-values of Sr-90 and Cs-137, these nuclides have 

the same order of bcutoff as have the actinides. If we increase the 

effective diffusivity by a factor of 10, the values of bcutoff in 

Table 4 are increased by a factor of /Io ~ 3.2. 

bcutoff (m) 

Nuclide K (m 3;m 3 ) T 112 (years) b.t = min (3 Tl/2' Tleach) 

Tleach = 
105 10 6 (years) 

Sr-90 10.8 28.1 3.5l•iu- 3 3.51-10- 3 

Cs-137 135 30.2 l.03 •10- 3 1.03.10- 3 

Tc-99 135 2.12•10 5 3.42-10- 2 8.6i•lo- 2 

1-129 0.002 1.7-107 8.87 2.81.10 1 

U-238 1.35•10 4 4.51•10 9 3.42•10- 3 l.08•10- 2 

Np-237 II 2.14•10 6 3. 42 -10- 3 l.08•10- 2 

Pu-239 II 2 .44•10 4 2.92•10- 3 2.92-10- 3 

Am-243 II 7.37•10 3 l.61•10- 3 l.61·10- 3 

Table 4. Values of bcutoff for some important radionuclides for 

two dissolution times 10 5 and 10 6 years. Dpe:p = 5•10- 14 

m2/s. Sorption data from KBS (1~83, Table 12-7). 
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Returning to the block size distribution in the lineament, we predict 

that for Np-237 the cutoff, assuming infinite leach time, should be at 

blocksizes 0.054 m. This means that the 0.02 m blocks can be incluaed 

in the Ra factor whereas the 0.10 m blocks must be treated rigorous

ly. The values of 6, Pe and R for these cases are given in Table 5. 

The Ra-factor is obtained as: 

up to bi = bcutoff (47) 

For both cases SMALL and LARGE Ra = 2.4531•10 6 • Note that 

here, also for case LARGE, the smallest blocks are assumed to be equi

librated, which is a poor approximation. 

SMALL 

LARGE 

6 

2.3426•10 2 

9.3703 

Pe 

0.875, 21.875, CD 

II 

R 

2.6987•107 

II 

Table 5. Values of dimensionless parameters in lineament problem. 

The 6:s are for the smallest blocks. 

The results for these calculations have already been shown in Figures 

3 and 4 and were seen to behave as predictea. 

The discussion so far has been limited to spherical blocks. However, 

choosing the equivalent radius of the other shapes, to obtain the same 

surface-to-volume ratio, the same criteria should apply (Rasmuson, 

1985a). 
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THE SENSITIVITY OF THE MODELLED CASES TO SOME PARAf.1ETERS 

At present there is very little data available (accessible) on the 

widths of lineaments and blocksize distributions within these. The 

investigations of 4 Swedish sites (Ahlborn et al, 1983 a-d) show that 

the widths of lineaments and distances between lineaments vary strong

ly. This is also true for the hydraulic conductivities both of the 

"good" rock and of the lineaments. Hydraulic calculations for these 

sites show that there are quantities which influence the hydraulic 

gradient and thus flow rate, which are subject to some variations 

(Carlsson et al, 1~83). Other important factors subject to variations 

are the sorption data (Andersson et al, 1983) and matrix diffusion 

data (Skagius and Neretnieks, 1~83). Also dispersion data are scarce 

and variable. The "natural" variations of the mentioned quantities are 

at least a factor of 2 around the mean. Usually the variations are 

even larger. 

A simplified sensitivity analysis is presented below based on the pre

vious examples where each of these parameters is changed, one at time, 

by a factor of 2 in the direction where the Np-237 release would 

decrease. The direction is chosen because there is a tendency in 

safety analysis work to choose conservative values and this approach 

would bring the data nearer to "best estimate" values to the parameter 

instead of further away. Tables 6 and 7 below define the various 

cases. In the example in Table 6, Pe = 0. 875 for the base case, and in 

Table 7 it is Pe = 21.875. The analytical solution is used in the 

calculations and the results are presented in the last columns in the 

Tables as the ratio of maximun1 Np-237 concentration for the varied 

case to that for the central case. 



In general the peak height is more sensitive to perturbations in the 

input parameters for Pe = 21.875 (base case) than for Pe = 0.875 (base 

case). The only exception is for a variation in the Peclet-number, 

where we get a higher sensitivity for Pe = 0.875. This is due to the 

fact that dispersion plays a minor role for Pe = 21.875 and higher 

(compare Pe = oo, Figure 4). It is seen that the sensitivity of the 

peak height is large for a perturbation in the water residence time, 

tw, but rather low for a variation in the fraction of 0.10 m 

blocks. However, higher sensitivity to departures in F are obtained 

with other block-size distributions. 

Figures 14 and 15 show the breakthrough curves for the different 

variations. Note that variations (3) and (4) nearly coincide except at 

the peak. This is to be expected since at early times an increase in 

either Dpc:p or K by the same constant factor has the same effect 

on the uptake (a ✓ Dpc:p K'). At longer times shape and size-effects 

become important. 
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Central case Vari at ion 
cmax 

cmax 
cen 

Water residence time tw s 7.8125•10 7 15.625•10 7 (1) 0.35 

Peclet number Pe 0.875 1. 75 ( 2) 0.50 

Volume equilibrium 
m3/m3 1.35•10 4 2.7•10 4 constant K (3) 0.58 

Effective diffusivity Dpe:p m2/s 5.10- 14 10 -10- 14 (4) 0.68 

Fraction of 0.10 m F(0.10) 0.0909 0.1818 (5) 0.79 
blocks 

Table 6. Definition of the various cases in the sensitivity analysis. 

The other data are as in Tables 1-2. 

Water residence time 

Peel et number 

Volume equilibrium 
constant 

Effective diffusivity 

Fraction of 0.10 m 
blocks 

tw s 

Pe 

K m3/m3 

Dpe:p m2/s 

F(0.10) 

Central case Variation 

7.8125•10 7 15.625•10 7 (1) 

21. 875 43.75 (2) 

1. 35 •10 4 2.7•10 4 (3) 
5.10-14 10-10- 14 ( 4) 

0.0909 0.1818 (5) 

cmax 

cmax 
cen 

2.1.10- 2 

0.62 

0.13 

0.26 

0.45 

Table 7. Definition of the various cases in the sensitivity analysis. 

The other data are as in Tables 1-2. 
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DISCUSSION AND CONCLUSIONS 

The PSEUDOBODY approach of lumping all different rock blocks irrespec

tive of shape and size into blocks of a uniformly sized pseudoshape 

gives acceptably small errors for the cases studied if compared to the 

variations which must be expected due to natural variations in block

size distribution. For the same reason, the very simple criterion for 

determining the blocksize, below which a more accurate resolution con

tributes little to the final results, seems to be a useful one. It may 

considerably reduce the computing effort and may also reduce the 

effort in the field to gather accurate information on the size-dis

tribution of the finest fraction. For determining bcutoff some 

additional information rrust, of course, be provided to define the 

cases of interest (which nuclides and what release time). The cutoff 

limit in particle size which is of interest to model "exactly" is in 

the range of mm to cm. The smaller sizes will influence some of the 

shorter lived nuclides. The longer lived actinides Np-237 and U-238, 

which due to solubility limitations can be expected to have long leach 

times, will "equilibrate" particles of cm size. 

Considering the present uncertainties in determining the dispersion 

length (or even firmly describing the dispersion mechanisms), the 

accuracy of the averaging method for determining the dispersion length 

in a variable flow field provides some justification for using such 

simplifying approaches. 

The very simple sensitivity analysis shows that much can be gained if 

field data with narrower confidence limits can be otained. 



34 

ACKNOWLEDGEMENTS 

This work was supported by the Swedish Nuclear Fuel Supply Company, 

division KBS. The work was performed while both authors were on leave 

and were academic guests at the Department of Chemical Engineering at 

the Federal Institute of Technology in ZUrich, Switzerland. 



35 

NOTATION 

A(x) crossection for diffusion at distance x from L 2 

block surf ace 

a interfacial rock surface per unit fracture volume L- 1 

b block radius L 

C concentration in water M/L 3 

Cf concentration in water in fissures M/L 3 

Cp concentration in water in microfissures M/L 3 

C0 inlet concentration in the water M/L 3 

D diffusivity L 2/T 

D E 

Da = p, apparent diffusivity in microfissures L2/T 

DL longitudinal dispersion coefficient L2/T 

Dp diffusivity in water in pores L 2/T 

F(bi) volume fraction of blocks with radius bi 

f(x) block size distribution L- 1 

H Heaviside's step function 

i hydraulic gradient 

K volume equilibrium constant 

m 

Pe 

R 

r 

surface distribution coefficient 

mass equilibrium constant 

Ef 
= 1-i::f 

zV 
= 0 , Peclet number 

L 

= ~' distribution ratio 

surface retardation coefficient 

radial distance from center of block 

reaction rate due to diffusion into block 

react ion rate 

L/L 

L 

M/L 3T 

M/L 3 T 



T 
_ Kb 2 

- Dpe:p 

T1each time for dissolution of waste 

T1/2 half life 

t time 

~t contact time in equation (18) 

tw water residence time 

Uf 

V 

-
V 

X 

y 

z 

z 

= Cf/C0 , dimensionless concentration 
in water in fissures 

steady state value of Uf 

= Cp/C0 , dimensionless concentration 
in water in microfissure 

average velocity of water in fissures 

water flow rate 

solid volume 

velocity vector 

radial distance from surface of block 

2D{p 
= ___,,_,......,_ t contact time parameter 

Kb 2 ' 

dimensionless time for dissolution of waste 

depth below ground level 

distance in flow direction 

Greek letters 

0: dispersion length 

O:f form factor; 0, 1 and 2 for slab, cylinder and 

sphere, respectively 

30 e: 
6 = --{I- ;v' bed length parameter 

Ef porosity of fissures 

36 

T 

T 

T 

T 

T 

L/T 

L 

L 

L 

L 
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£p porosity of rock matrix 

~ residence time, defined in equation (15) T 

TJe penetration depth, defined in equation (18) L 

A = " Kb 2 

DP £P , decay parameter 

" decay constant of radionuclide r-1 

p =~,dimensionless radial di stance 

Pp density of solid rock M/L 3 

Superscript 

i block size group 
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FIGURES 

Figure 1: Comparison between numerical PSEUD0B0DY calculations (V = 

const. and V = variable respectively) with analytical solution 

(equation (9)) with averaged (equation (16)) Peclet number but V = 

const. a: = 10 m. 

Figure 2: Same as Figure 1 but a:= 250 m. 

Figure 3: Calculations with analytical solution (equation (9)). 

Comparison of exact treatment of block-size distribution with solution 

with immediate equilibration of smallest blocks (Ra = 2.4531•10 6 ). 

Data in Tables 1-2. Case "small". Pe = 0.875, 21.875 and ex, 

Figure 4: Same as Figure 3 but Case 11 large 11 • 

Figure 5: Comparison of the case of instationary diffusion (equation 

(36)) with the case of immediate equilibration of the blocks 

(equations (39)-(40)) for monosized blocks. No decay and infinite 

leach time. Pe = 2,10,50,cx,; R = ex, and o = 10. 

Figure 6: Same as Figure 5 but o = 10 2 • 

Figure 7: Same as Figure 5 but o = 10 3 • 

Figure 8: Same as Figure 5 but finite leach time ty = 2.0. 

Figure 9: Same as Figure 6 but finite leach time 6Y = 2.0. 
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Figure 10: Same as Figure 5 but decay A= 3 in 2. 

Figure 11: Same as Figure 6 but decay A = 3 in 2. 

Figure 12: Same as Figure 10 but constant source strength. 

Figure 13: Same as Figure 11 but constant source strength. 

Figure 14: Sensitivity analysis. Data in Table 6. Base case (0), 2 

tw (1), 2 Pe (2), 2 K (3), 2 Dpe:p (4) and 2 F (0.10) (5). 

Figure 15: Sensitivity analysis. Data in Table 7. Base case (O), 2 

tw (1), 2 Pe (2), 2 K (3), 2 DpEp (4) and 2 F (0.10) (5). 
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