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1 Introduction
••ass."-'•-•t- -

Copper Canister

Figure 1: KBS-3 repository concept

This report presents the mathematical models and results obtained for
a set of scoping calculations which estimate the possible extent of the
vertical migra.ion of canister corrodants, oxidants (forming a redox front)
and radionuclides between a copper canister contain'ng spent nuclear fuel,
and an overlying emplacement tunnel. The situation is illustrated in figure
1. This shows the KBS-3 [I] concept for the disposal of spent nuclear fuel
in copper canisters, vertically emplaced in deposition holes bored in the
floor of a tunnel, situated deep underground. The deposition holes are
filled with a buffer of bentonite and the tunnel is backfilled with a mixture
of sand and bentonite.

The conceptual model for the CALIBRE near-field code [2], [3] focusses on
the radial migration pathway through the bentonite buffer and out to the
fractured host-rock, and does not include the buffer above the canister, nor
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the storage tunnel. As these components also provide possible migration
paths for corrodants, oxidants and radionuclides, scoping calculations were
performed to investigate the impact they may have, for comparison with
the migration pathway considered in the CALIBRE model. The scoping
calculations were performed on behalf of SKI, in support of their Project-
90 reference repository performance assessment exercise [4].

In addition to the Project-90 calculations of the migration of oxidants
and radionuclides performed with CALIBRE [5], CALIBRE calculations
of the radial migration of corrodants through the buffer and surrounding
fractured rock were also performed. The results of these calculations are
presented in a separate document [6].

A brief description of each model is given in the next section, together
with the assumptions and data sources used. The full mathematical de-
tails are given in the appendix. Section 3 presents the model results for
the corrodant, oxidant and radionuclide migration, together with some
discussion of the results.

2 Model Descriptions

2.1 Corrosion Model

The following summarises some of the Project-90 conclusions concern-
ing canister corrosion. A more detailed account of the chemistry of the
corrosion processes which are expected to occur within a deep, geologic
repository is given in Volume 1, chapter 4 of the Project-90 report [4].

A copper canister emplaced in crystalline rock deep underground is ex-
pected to corrode by the formation of cuprous sulphides. Possible corro-
dants in the groundwater are therefore the sulphide and also the sulphate
species. Sulphides are able to combine directly with the copper, whereas
direct attack by sulphates is almost certainly not possible at temperatures
below 100 degrees Celcius. Sulphates can be converted to sulphides or sul-
phur by the action of bacteria, however. The conversion is rate-limited by
the supply of organic carbon in the groundwater, which acts as a nutrient
for the bacteria. According to the KBS-3 study, the supply of organics and
sulphate in the groundwater flowing through the backfilled tunnel should
be sufficient to maintain a concentration of sulphides of up to 1 mg/1,
compared with measured concentrations of below 0.1mg/l.

With this background knowledge, the corrodant transport calculations
presented in this report provide a very conservative estimate of the pos-



sible future corrosion rates of the canisters. The assumptions made in
the models are consistent with those made in the KBS-3 copper canister
corrosion report however [7], and the same basic data is used.

The assumptions common to the KBS-3 corrosion report and to the cal-
culations presented here are as follows:

• Corrodants in the form of sulphides and sulphates are present in the
bentonite buffer in large concentrations, to the extent that the pore
water is saturated at the solubility limits of these species.

• The corrodant species are not sorbed by the bentonite, so that pre-
cipitate may also reside in the buffer pores.

• The initial total concentration (i.e. dissolved and precipitated) of
each corrodant in the bentonite is 147.656 moles/m3.

• The solubility limit of sulphide is 3.125 x 10~2 moles/m3 (1 mg/1).

• The solubility limit of sulphate is 20.833 moles/m3 (2 g/1).

• Both the sulphate and sulphide species are able to react almost
instantaneously with the copper, so that effectively a zero concen-
tration of corrodants is maintained at the corrosion surface.

Given the present state of knowledge of copper corrosion chemistry and
the likely repository and groundwater conditions, the above assumptions
are highly conservative, particularly in the case of the sulphates. Despite
this built-in conservatism, the calculations indicate that early failure of
the canisters (i.e. in times less than 104 years) by corrosion still has a
very low probability, in accordance with the Project-90 conclusions.

For the migration of corrodants from the tunnel to the canister, a solubility-
limited diffusion model is solved. In the presence of uncertainty regarding
the chemical balance between sulphir'°s and sulphates, two extremes of
effective corrodant are treated:

• sulphide only;

• sulphate only.

Each is treated as a solubility-limited diffusion problem for the corrodant
concentration, C. The problem is modelled in a one-dimensional mode,



with appropriate boundan' conditions at the upper canister cap and at
the tunnel. The proposed boundary conditions are

C = 0 at the canister cap, and

C = Csoi at the tunnel,

where C*,/ is the solubility limit.

The latter condition is only feasible if it can be sustained by the net supply
of corrodants through the tunnel, and this will be investigated.

Within the context of a one-dimensional model, there is still some scope
for varying the degree of geometrical realism associated with the problem.
In the first instance we consider simple vertical solubility-limited diffusion.
As a variation we consider radial diffusion within a conical region above
the canister.

2.2 Redox Front Model

For the redox front motion, a simple estimate of how fast the front can
go is derived, using a 1-dimensional approximate solution based on quasi-
stationary methods. It is also assumed that all of the oxidant produced
by the canister escapes through the upper cap and migrates to the tunnel.

2.3 Radionuclide Migration Model

For the radionuclide migration to the tunnel, a family of models of in-
creasing realism is constructed. The simplest model treats the case where
the front has reached the tunnel, and a steady-state diffusion model is
applied, with the following boundary conditions:

C = 0 at the tunnel,

C = CSoi at the canister.

With the front already at the tunnel, the solubility limit is that appropriate
for oxidising conditions.

The next level of realism accounts for the ability of the tunnel to sustain
the transport of radionuclides away from the deposition hole at the flux
levels implied by the simple model.

Finally, we consider the ability of the canister to sustain a supply implied
by the simple model. For some nuclides, especially those with very high
solubility limits, the release rate from the canister is the governing effect.



3.1

Results Summary

Corrosion

Two models are developed, using different geometries for the process de-
scribing the migration of corrodant from and through the backfill to the
canister cap. With a linear model (described in more detail in the ap-
pendix) the results are as follows. Assuming that 2 moles of copper are
corroded by 1 mole of corrodant, we can deduce the following table of cor-
rosion times. Tc, for various thicknesses of copper caps. This assumes that
corrosion proceeds at a uniform rate, taking no account of pitting corro-
sion. In Project-90, uneven corrosion was not thought to be a determining
factor in the lifetimes of canisters, as the extent of pitting is believed to
decrease with time. A pitting factor (i.e. ratio of pitting corrosion depth
to uniform or general corrosion depth) of 5 is used in Project-90. This is
considered to be a conservative estimate if the factor actually decreases
with time. Hence the estimates of canister lifetimes given in the table may
be reduced by up to a factor of 5, if pitting is accounted for.

Cap Thickness

(metres)

0.01

0.06

0.1

0.2

Moles [Cu]

in cap

6.3 x 102

3.8 x 103

6.3 x 103

1.3 x 104

Tc (years)

Sulphate

5 x 104

4 x 10s

7x lO 5

1.4 x 106

Tc (wars)
Sulphide

7 x 107

2.5 x 108

4.3 x 108

8.8 x 108

Table 1: Corrosion times for various cap thicknesses

It should be noted that within the linear model the only case where the
bentonite contributes a significant proportion of the total amount of cor-
rodant required to corrode the cap is for sulphate based corrosion with a
cap thickness of lcm.

When we consider instead a model with solubility-limited diffusion in a
conical region above the canister these conclusions require slight adjust-
ment, but the overall picture is similar. With a larger accessible volume of
bentonite, the corroding agents in the bentonite are now able to account
for 781 moles of copper (for sulphide) or 386 moles of copper for sulphate.
For a very thin cap these numbers are slightly above and below the total
number of moles in the cap. For such a cap the corrosion time based on an
even corrosion is therefore of the order of the time taken for the corrodant
dissolution front to reach the tunnel. These times are 7.6 x 104 years for
sulphate and 5.4 x 107 years for sulphide. For larger cap thicknesses the



backfill contributes only a proportion of the total needed. Under the as-
sumption, as before, of a concentration sustained at the solubility limit at
the tunnel, the steady corrosion rate for a conical model is approximately
2 times that for the linear model. The ability of the tunnel to maintain
the supply of corroding agents (i.e. to maintain the concentration at the
solubility limit) is therefore important.

When the steady-state is reached, it is required that the tunnel be able to
sustain a supply of DC^i moles per year of corrodant, for each canister,
where D is the bentonite diffusion coefficient, Csai is the solubility limit of
the corrodant and L is the vertical distance between the tunnel and cap.
For d = 1.3 x 10~3 m2/y and / = 2.5 m and the solubility limits defined in
section 2.1, the required supply rates are 1.1 xlO~2 moles/y for sulphate
and 1.625 xlO~5 moles/y for sulphide.

We can obtain an estimate of the supply. 5, of corrodant to the tunnel,
per canister, as

5 = vAcCsoi

where Ac is the area of the appropriate cross-section of the tunnel, shown
in figure 2 and v is the Darcy velocity of groundwater through the tunnel.

Figure 2: Definition of tunnel capture cross-section Ac

Also, we have
v ~0.ll .m~V"1-

Ac ~ 15m2

Hence we obtain

• sulphate: S = 3 x 10"2mol.yr~1;

• sulphide: 5 = 5 x lO^mol.yr"1.
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Compared with the required rates calculated above, the maintainance of
the concentration of corrodant at the solubility limit at the top of the hole
seems plausible. It should be emphasized however, that these figures are
based on various assumptions, including that of a fast, even reaction with
the copper.

Note also that if we couple the corrosion to a dissolution process in the
tunnel also, the corrosion times for thicker caps will be longer than those
given above. A propagating dissolution front moving out into the tunnel
will result in a concentration C < C^i at the top of the deposition hole,
resulting in a lower flux at the cap. For the thicker caps, the numbers
given above should therefore be regarded as lower bounds on the time
needed for a steady corrosion process.

3.2 Redox Front

As in [3], a key piece of information is the time at which the front reaches
the tunnel, for various canister failure times. The analysis in the appendix
provides an upper bound for the rate of front motion, and therefore a lower
bound for the time for the front to reach the tunnel. On the assumption
that all theoxidant produced is available to migrate vertically to the tunnel
and oxidise the bentonite, we can deduce the following minimum bentonite
traversal times, TB- We see that on the time-scale of radionuclide leaching
and migration, the front may reach the tunnel relatively soon after canister
failure. With this information it would be conservative to assume that
conditions in the bentonite are oxidising after canister failure, as far as
the radionuclide migration scoping calculations are concerned.

Failure Time

(years)

103

104

10s

TB

(years)

600
2.7 x 103

2.8 x 104

Table 2: Redox front transit times for various can failure times

3.3 Radionuclide Transport

In the simplest model of this process, the flux of radionculides to the
tunnel is given by:



Xuclide

Am-243
Pu-242

Xp-237
U-238
Zr-93

Flux
(Bq per year)

2 x 1 0 *

3.5 x 101

2.4 x 10s

7.6
2.2 x 10-1

CALIBRE
Case VN16

4

2.25
1 xlO 4

1.7 x 101

1.7 x 10"2

Table 3: Vertical radionuclide fluxes to tunnel

(1)

where D is the bentonite diffusivity, Cu is the element solubility limit.
As is the surface area of the canister cap and L is the distance between
the cap and the tunnel. Here we assume that the redox front has reached
the tunnel, so that the solubility limits under oxidising conditions are
required. A compilation of values used in final modelling is given in [9].
We can scope the effective fluxes only for radionuclides for which finite
estimates of the solubility limits are given. Certain elements (e.g. Tc) are
denoted as having a "high" solubility limit, for which the simple model
described in the appendix cannot be applied. The fluxes for these nuclides
are governed by the canister release rate, to be considered shortly. For
the other elements, a range of solubilities has been given, together with a
best estimate. For comparison with the Project-90 CALIBRE calculations
of radionuclide migration to the surrounding near-field, we use the best
estimate values for both the solubility limits and the bentonite diffusivity.

The results of this simplest model are summarized in table 3, together with
the maximum flux results obtained with CALIBRE for case VN16 (the
fully oxidising case). The estimates of fluxes to the tunnel are considerably
larger (by 1-5 orders of magnitude) than the CALIBRE results, with the
exception of U-238. This nuclide has a very long half-life (4.47 xlO9 years)
and so the conservative assumption made in the scoping calculations, of
zero decay of the radionuclides after release, is more accurate for this
nuclide. It should also be noted that the scoping calculations take no
account of sorption in the bentonite, which will delay the arrival of the
nuclides at the tunnel, thereby enhancing the effects of decay. The result
for U-238 indicates that for solubility-limited nuclides, the vertical flux to
the tunnel could be as important as the radial flux to the fractured rock.

The simple model is refined (see appendix) to account for the resistance
of the tunnel material. This has been carried out for a tunnel of infinite
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height and for a tunnel of finite height. It is found that the resistance
of the tunnel has an insignificant effect on the flux over a wide range of
tunnel advection speeds. For example, to consider an extreme case, the
flux was decreased to 40% of its raw value (i.e. that given above) if the
tunnel advection ?peed was as low as 0.1 mm/yr.

Another way in which the flux predicted by the simple model may be
reduced is through the inability of the canister to sustain a supply of
radionuclides at the required rate. We therefore turn our attention to the
ability of the canister to supply radionuclides. The inputs to the required
calculation are the inventory of the radionuclides at a time t — To, and an
effective release rate as a fraction per year.

Given the inventory at some base time, a conservative (here high) estimate
of the inventory at some later time may be found by forward integration
of the Bateman equations for decay and growth in a closed system. This
has been implemented in an efficient computer code developed by Intera.
An initial data set common to all the source term calculations is given in
[9]. This allows the calculation of the inventory, as a concentration, at
some time t = To > 2100 years.

In practice we do not expect the entire canister to act as a source for
vertically migrating radionuclides. However, it is difficult to present a
coherent argument for picking any particular fraction of the canister as
the appropriate region. Therefore, to get a bound on the total amount, it
is assumed that the whole canister volume may supply material vertically.

For further analysis we fix the time at To = 104 years, the base case canister
failure time. At this time release rate fractions of 10~4/yr and 1.8 x
10~5/yr are applied to nuclides leached via matrix release, for oxidising
and reducing conditions respectively. These rates are derived from the
average release rate fractions calculated using CALIBRE, employing the
matrix release model described in [5]. In the case of 1-129, where 90%
of the inventory is assumed to be released from the grain boundaries, a
release fraction of 3.65 xl0~5 per year is used [5].

The results are summarized in table 4 for oxidising conditions, and in
table 5 for reducing conditions. The scoping calculations are again com-
pared with the CALIBRE results, for case VN16 (oxidising conditions)
and case VN6 (reducing conditions). In both cases the scoping calcula-
tion results for the non-solubility limited nuclides are of the same order
of magnitude as the CALIBRE results. Both nuclides are poorly sorbed
and 1-129 is again a long-lived nuclide, so the assumptions made in the
scoping calculations are closer to the CALIBRE conditions. For reducing
conditions, the results for the solubility-limited nuclides are also closer to



Nu elide

Tc-99

1-129

Np-237

U-238

Pu-242

Release Rate Flux

[Bq/yr]

9 x l O 7

8 xlO4

7.4 x 106

4.1 x 101

1.6 x 106

Sol. Limit Bound

[Bq/yr]

High

High

2.4 x 106

7.6

3.5 x 101

Control

Factor

RR
RR
SL
SL
SL

CALIBRE

Case VN16

2 x 107

4 x 104

1 xlO4

1.7 x 101

2.25

Table 4: Fluxes to tunnel: bounds from release rates and solubility limits
under oxidising conditions

Nuclide

Tc-99

1-129

Np-237

U-238

Pu-242

Release Rate Flux

[Bq/yr]
1.6 xlO7

8x lO 4

1.4 x 106

8.0

2.8 x 107

Sol. Limit Bound

[Bq/yr]
3.2 x 101

High

6.4

3 x 10-2

3.6 x 102

Control

Factor

SL
RR
SL
SL
SL

CALIBRE
Case VN6

5.5 x 101

4 xlO4

4.1 x 10"1

2.4 x 10"3

1.5 x 101

Table 5: Fluxes to tunnel: bounds from release rates and solubility limits
under reducing conditions

the CALIBRE results.

The following conclusions may be drawn from the scoping calculations.
Preliminary analysis, based on the simplest model, suggests that vertical
fluxes to the tunnel are similar in magnitude to the horizontal fluxes to
the fractured rock. This takes no account of the ability of the tunnel to
actually sustain such fluxes. Accounting for the mass transport resistance
of the tunnel indicates that the fluxes are indeed sustainable. This result
is insensitive to the choice of models (see appendix for details) for the
tunnel transport. Finally, if we account for the release rate and limited
supply of radionuclides from the canister, we find that fluxes to the tunnel
may also be controlled by the canister release rate (together with the
nuclide inventory) if this is less than the solubility limited release rate.
The controlling release factors are, in turn, strongly dependent on the
redox conditions.
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Appendix: Mathematical Models

Solubility-Limited Diffusion: Linear Model

Our first conceptual model involves vertical dissolution of corroding species
in the bentonite above the canister, with transport to the canister cap.
In this model we do not consider the tunnel effects - it is assumed that a
concentration at the solubility limit may be sustained at the boundary of
the bentonite buffer and tunnel. Our aim is to solve the following equation
describing solubility-limited diffusion of corroding agents:

Å = DcZ2

where A denotes the total (dissolved plus precipitated) corrodant concen-
tration, of which c is the dissolved concentration. The concentration c
satisfies

, t)=( Cso, if A(z,t) > eCso,

The corresponding inverse relationship is

The associated initial conditions are A = Ao (dissolved plus precipitated
concentrations) and c = Caoi- The boundary condition at the canister is
c = 0, corresponding to fast reaction with the canister, and c = CiOi at the
tunnel z = L. This model assumes instantaneous dissolution of precipi-
tated material. Under these conditions, a moving front is created. The
front corresponds to the point at which precipitated corrodants dissolve.
We label it by the variable Z{t).

Dissolution Front

We aim to solve the following equation which represents a travelling dis-
solution front Z(t) in the plug above a c? lister buried in rock. In the zone
where there is no precipitate, the following mass balance equation holds:

with
c = 0 at z = 0 and c = C,oi at z = Z(t)
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At the dissolution front, the front speed is determined by the diffusive flux
towards the cap and the precipitate concentration, Ao — eCsoi. The mass
balance equation at the front is given by:

D

Solutions of the following form were tried for Z and c,

Z(t) = l

where /?, 7 and n are constants.

Substituting the above into (2) gives

Another substitution into (3) together with (4) yields, at the front:

= /1 VTF(/IO - eC,ol). (5)

Using (4) in the moving boundary condition c = Csoi at z = Z(t) we have

C,o, = peTi(fiy/I/ÄD). (6)

Now by eliminating j3 between (5) and (6) we find

= Aerf(A)eA2, (7)
^{Ao - eCsol)

where

Thus we have

erf(A)

where 0 has been chosen equal to CJ0//erf(A) to satisfy *,he boundary
condition c = C,oi at z = Z.

We may now write down the flux at z = 0, as a function of t, namely,

_ 2DC,oi I e _ dol 2A
UX " f(A)/HV \D ~ Z(t) ^F

12



Ouasi-stationarity in a linear description

The parameters appropriate for the analysis are [7]:

• L = 2.5m

• AQ = 147.656 moles/m3;

• e = 0.35;

• Caol = 20.833 moles/m3 (2 g/1) and 3.125 x 10-2moles/m3 ( 1 mg/1);

• D = 1.3 x 10"3 m2/yr.

In both cases it is dear that Ao » eCsoi. Under these conditions, by
computing the values of A numerically, we find that A = 0.16 and 6 x
10~3 respectively. For such values, by examining the forms of the various
expressions, we see that there is no significant error incurred in performing
a quasi-stationary approximation, and writing

2{Ao - eCsot)

Flux(* = 0) = DCsol^r-

while the front is within the bentonite (Z < L). This also has the advan-
tage that it allows one to attach the solution directly to the steady-state
solution when the front reaches the tunnel, where C = Csoi is imposed.

Finally, we may write the flux of corrodant arriving at the canister, in
moles per year, per square metre, as

F ( ' ) = ( ? VttTT
where 0 = DCsoi/L and To is the time for the front to reach the tunnel.
The values of a, 0, To for the two cases are

• C,o, = 20.833: a = 1.4 , 0 = 0.01 , To = 1.6 x 104.

t Csol = 3.125 x 10"2: a = 0.056 , 0 = 1.6 x 10"5 , To = 1.1 x 107.

The flux in moles per year is given by multiplying by the area of the circular
cap, of radius 0.4 m. When the dissolution front reaches the tunnel we
assume that the concentration is sustained at the solubility limit at the
boundary between the bentonite and tunnel.

13



Refined Model: Conical Geometry

Now we consider a refined mode] which has a more realistic diffusion ge-
ometry in the bentonite cap. The idea is to consider radial diffusion in a
conical region, defined by the upper cap of the canister and the boundary
of the deposition hole. This conical region is shown in figure 3.

TUNNEL

Figure 3: Effective conical geometry for refined corrosion calculation

In effect we are rounding the top of the canister and the deposition hole.
Within the cone, solubility limited diffusion is assumed to take place ra-
dially. Given that L — 2.5m, and the known values of T\ and r2, it is a
simple matter to establish that R\ = 2.95m and R-z = 5.475m.

Within a quasi-stationary approximation, it is straightforward to treat
this problem. We solve

DV2c(r,t) = ec (8)

with boundary conditions;

c = 0 on r = R\ and c = C,oi on r = R(t),

and also, on r = R(t)

oc

Given the parameter values, we can find a good approximation following
the methods of [8].
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In the quasi-stationary approximation we look for a solution of the form

The boundary conditions above were solved using this form of c, giving
a(t) and b(t) as functions of R(t). Then we have c(r,t) in the following
form

Substituting (10) into (9) we obtain a differential equation for R(t), which
may be integrated to give

From (10) we can calculate the flux at r = rl7 namely,

DCsoi
Flux =

R1(l-R1/R(t)Y

In this way we obtain the flux as an implicit function of the time, through
the front variable R(t), for times such that

Ri < R{t) < R2-

We can now make some comparisons with the linear model. For small
times, the equation of the dissolution front is given by

and the flux at the cap is approximately

DCsol

R-Ri '

This gives precisely the same prediction as the linear model. For small
times, the behaviour of the dissolution front and the associated corrosion
rates are identical.

As time passes, the front in the conical model slows, relative to that
in the linear model, since a greater volume of corrodant is available for
dissolution, driven by the corrosion at the cap. The front reaches the
tunnel floor at To = 7.6 x 104 years {Csoi = 20.8) and TD = 5.4 x 107 years
{C,oi = 3 x 10"2).
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By applying an integral conservation law to the the concentration profile
given above, we may calculate the number of moles JV of copper than can
be corroded away by the time the front reaches the tunnel. The result is,
in the standard units,

N = 782 - (19 x Coi)

giving figures of 781 moles for sulphide and 386 moles for sulphate. These
are, respectively, slightly more and less than the total amount of copper
in a cap of thickness 1 cm, but are considerably less than the totals in
caps of thickness 6 cm or greater.

Cylindrical Geometry

A model for radial migration of corrodants is developed here, for compar-
ison with the results of the CALIBRE calculations [6].

In the cylindrical case we solve

DV2c(r,t)=ec (11)

with boundary conditions;

c = 0 on r = T] and c = Csoi on r — R(t),

and also, on r = R(t)

^ (12)

Given the parameter values, we can find a good approximation following
the methods of [8].

In the quasi-stationary approximation we look for a solution of the form

c(r,t) = a{t) + b{t)\nr.

The boundary conditions above are solved using this form of c, giving a(t)
and b(t) as functions of R(t). Then we have c(r,t) in the following form:

Substituting (13) and the formula for b(t) into (12) we have the following
differential equation for R{t):
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which is integrated to give

* 2 l n - + i(r?

From (12) we can calculate the flux at r = r l7 namely,

Flux = -

In this way we obtain the flux as an implicit function of the time, through
the front variable Ä(f), for times such that

r, < R(t) < r2.

The formula above for the flux is in moles per year per square metre. We
can calculate the total flux per year by multiplying by the area of a rep-
resentative length of the canister. In order to provide a direct verification
example for the numerical calculations of [6], we take the representative
length to be 0.5m. The following graphs show the results of the flux cal-
culation for the two given values of the solubility limit. The time axis is
truncated at the point at which the front reaches the edge of the bentonite
{R(t) = r2). Good agreement is obtained with both the CALIBRE [6] and
KBS-3 results [7].
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Figure 4: Flux as a function of time, for Caoi = 3.125 x 10~2 (top) and
Caoi — 20.833 (bottom) moles per cubic metre.

Estimate of Redox Front Location

The CALIBRE code calculates the radial migration of a redox front orig-
inating in the canister, through the bentonite buffer and out into the
fractured host-rock. It does not consider the possibility of vertical migra-
tion towards the tunnel. In this scoping model we are therefore estimating
how fast a redox front could migrate upwards from the upper canister cap
to the top of the bentonite plug. As described in [3], an upper bound can
be found by use of quasi-stationary methods. However, since the condi-
tions for quasi-stationarity need not be satisfied, we investigate briefly the
likely errors incurred by use of such methods.

The oxidant concentration is described by c%x{z,t). It satisfies

where eB and Dfx are the bentonite porosity and oxidant diffusivity re-
spectively.
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We make a linear quasi-steady-state approximation Z(t) for the front lo-
cation and find the slope and intercept using the conditions

<£(*,*) = 0 at z = Z(t) and QBZ = -DJ&,
uz

at the front. This gives the concentration function in the following form
n_

where QB is the concentration of reductant in the bentonite.

We also have an integral equation derived from the conservation of oxidant:

Lc f GOX(T) dr = QBZ+ I* eBcB
x(z, t)

JT JO
dz

where t = T corresponds to the time when all the reductant from the
canister has run out. We use

• Lc for the canister length;

• Gox for the production rate of oxidant.

In writing this equation, we assume that the canister porosity is zero,
that the fuel contains no reducing components, and that all oxidising
components flow through the upper cap. This is consistent with a view
towards obtaining an upper bound on the front speed.

We substitute (14) into the integral relation above, to give the following
differential equation for Z(t),

which was solved numerically using the backward difference for Z and the
values for Gox(t) given in [3].

The solution to this was obtained for a variety of canister failure times.
In all cases, the bound

applies. For earlier failures, (e.g. T = 1000 years) the bound is about twice
the numerical solution, but for later failures Z(t) ~ Zo(t). Having inves-
tigated the problem at the more accurate level, we can therefore use the
bounding estimate to provide reasonable values for scoping calculations.
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Radionculide Migration

The simplest conceptual model for radionuclide migration assumes that
the turnover rate of water through the tunnel is sufficiently high to main-
tain a zero concentration of radionuclides at the edge of each deposition
hole. However, we may also ask about the effect of more realistic tun-
nel parameters on the magnitude of the radionuclide release rates. The
boundary condition specified at the boundary between the tunnel and
deposition hole is that of zero concentration, and at the top of the fuel
canister, the concentration is set equal to the solubility limit, Csoi-

Under these assumptions, the steady-state flux out of the system is

DC,olAs

where D denotes the radionuclide diffusivity in the bentonite and As is
the surface area of the cap.

An alternative model proposed by G. de Marsily [10] suggests that the
effect of the tunnel is to decrease the flux by a numerical factor well
within an order of magnitude. The model assumes horizontal advection
within the tunnel coupled with vertical diffusion, and the application of
an averaged matching condition at the tunnel-hole boundary. It considers
the problem in two dimensions, so that the top of the canister is treated as
a line-segment source rather than as a cap. Although this model gives an
encouraging vindication of the simplest model, it has the drawback that
it involves a tunnel which is infinitely tall, and as a consequnce relies on
what would be a diffusive flux though the tunnel roof to carry away some
proportion of the radionuclide flux from the hole.

It remains therefore to treat the case of a tunnel roof of finite height. This
may be carried out by adapting de Marsily's model to the case where a zero
flux boundary condition is applied at the tunnel roof. For definiteness we
label the simplest model as Model A, that of de Marsily as Model B, and
the finite roof height version as Model C. We begin by reviewing Model
B, illustrated in figure 5.

In the tunnel region the radionuclude concentration is regarded as satis-
fying:

Dr2£ - VT
dz2 dx

where subscript T denotes the tunnel. The assumption of zero horizontal
diffusion suggests that this will lead to a conservative estimate of the
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Figure 5: Model B for tunnel transport effects

capacity of the tunnel to carry away material.

We look for a solution of the advection-diffusion equation in the region
z > 0 and 0 < x < /, with value zero on x — 0 and value Co on z = 0.
The solution given by de Marsily is

The flux at z — 0 for 0 < x < / is easily computed to be

from which we compute Co by matching this to the net flux from the can:

/^(C,,, - Co)

On eliminating Co from the equations, the flux Fg associated with Model
B can then be computed as

FB = FA
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IDmC»where FA is the Model A flux, FA = lD»£*t, and

Q =

It is dear from this that the flux from Model B reduces to that from Model
A in the limit that Vj- —» oo.

TUNNEL

L

x=0 x=l

Figure 6: Model C for tunnel transport effects

In the case of Model C a zero flux boundary condition is applied at the
tunnel roof, which is located at z = H. Model C is illustrated in figure 6.
In this case the solution can be found by a Fourier series method. We find
that

_ I f - J
Following the same procedure as for Model B, the flux associated with
Model C may be found as

-F

where F* is the Model A flux and
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Figure 7: Flux correction factors for infinite and finite tunnel height;
DT = 0.005m2 .yr"1

The values of a and /? for relevant parameters, and a variety of tunnel
advection speeds, may now be found. The most convenient measure of
the effects of the tunnel transport resistance is in the ratios j£ = ^ ^ and

We consider the following parameter values:

• tunnel height H = oo (model B) and H — 3m (model C);

• / = 0.8m;

• Bentonite diffusivity DB = 0.0013m2.yr"1;

t Tunnel diffusivity DT = 0.005 and 0.015m2.yr~\

• Depth L = 2.5m;

• Tunnel advection speeds in the range 10"4 < Vj < lm.yr"1.

For each of the two values of the tunnel diffusivity DT we plot the ratios
as a function of the advection speed Vj. Figure 7 shows the results for
DT = 0.005m2.yr"1 for model B {H = oo) and Model C (H = 3m). It
is clear that the correction to the original flux supplied by the tunnel
resistance is a weak function of the tunnel advection speed which is close
to unity over most of the range of interest. If we increase the tunnel
diffusivity, then as shown in figure 8 these conclusions are undisturbed,
and the correction factors to be applied to Model A are closer to unity.
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Figure 8: Flux correction factors for infinite and finite tunnel height;
DT = 0.015m2.yr-1
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