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ABSTRACT

A model has been developed, describing the steady state transport of
dissolving species of radionuclides from a single canister in a repository for
spent nuclear fuel out into the passing water in fractures in the surrounding
rock matrix. The transport of nuclides is described by a network of transport
resistances, coupled together in the same way as an electrical circuit network.
With the model a number of calculations are done for various sets of fracture
geometry data. The calculations indicate that the resistance network model
gives results comparable to those of a complex 3-dimensional numerical

model.
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SUMMARY

In this report a model is developed, describing the steady state transport of
dissolving species of radionuclides from a single canister in a repository for
spent nuclear fuel out into the passing water in fractures in the surrounding

rock matrix.

The transport of nuclides is described by a network of transport resistances,
coupled together in the same way as an electrical circuit network.

The model is developed in steps, where the initial basic network describes
transport from a completely corroded canister, through a brckfill of compacted
bentonite clay, surrounding the canister and into a fraciure intersecting the
repository hole. It is assumed that the backfill clay will penetrate a short
distance into the fracture. From the backfill nuclides enter the fracture via a
number of transport routes leading directly into the fracture mouth or through

the rock matrix.

This basic network model is subsequently expanded to cover other types of
damage to the canister, fabrication damage or localized corrosion resulting in a
hole of limited size in the canister wall and shearing of the canister resulting in
a fracture in the canister wall. To the model is also added a transport route
leading to the so called "disturbed zone" around the transport tunnel in which
the repository is located.

With the model, calculations are done for a number of different data sets in
which the fracture geometry is varied around a central case in which fractures
with a aperture of 0.1 mm are spaced at 1 m between each and with backfill
penetrating 1 cm into the fracture mouth.

In the cases with localized damage to the canister it is assumed that the hole in
the canister or the wall fractures are situated directly opposite to a fracture in

the rock.

The calculations for the central case are compared to results obtained for the
same case in a 3-dimensional numerical model. The results show a very good
agreement between the two models indicating that the ezsv to use resistance
network model will give suiticently aceurate resuitr. o 15 aiso sicwn thas tie

proposed approach gives a model that is easily expanded to more complex
transport scenarios, still retaining a very simple system of linear equations.
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INTRODUCTION AND BACKGROUND

The present report describes a model for steady state field transport. It is an
extension to the model used in KBS-3 (1983). The underlying concept is
based on the transport by diffusion of dissolving species of radionuclides from
a single canister in a repository for =;=nt nuclear fuel out into the passing
water in the fractures. Only transport by diffusion is considered in this model
since the hydraulic conductivity of the backfill is very small. It has been
shown earlier that the advective transport in the backfill de facto is negligible
compared to the transport by diffusion.

In the initial model nuclide transport is described by the resistances to the mass
transfer of radionuclides

by diffusion through the backfill of compacted bentonite

by diffusion through the rock matrix

by diffusion through a plug of backfill penetrating into the fracture

by diffusion through a plug of stagnant water in the fracture

transfer into a channel of flowing water in the fracture - the width of the
channel varying from w=0.1 to 9 m and with a water velocity of

up=e'"u,. €' being the effective flow porosity, and u, the superficial

* ¥ ¥ ¥ ¥

water velocity in the system.

In order to simulate the overall transport the resistances are coupled in a
resistance network.

Figure 1 shows a simplified view of the transport paths. A nuclide that
dissolves at the fuel's surface will diffuse out through the water in the gap
between the fuel pellet and the zircaloy tube. The gap may eventually fill with
corrosion products formed by the oxidation of the fuel and the zircaloy. The
species then proceeds to diffuse out through the hole in the copper canister and
further out through the backfill. Some of the species diffuse into the rock
surrounding the backfill, some goes through the fractures which intersect the
hole and some will diffuse upward to the backfill in the tunnel above. The
fraction of the species taking the different routes depends on the relative
resistances. At early times after breakthrough of the canister there is an
ingtadonary huild.p of .2 concentiation profile in the backiil and in the rock.
For nonsorbing specics it will only have a short duration .n the urder of ens of
years in the backfill. In the rock the buildup can take much longer but it is
difficult to assess the time since the extent of the rock is not known.



The transport route to the flowing water in the fracture will depend on the
location of the fracture and on how it intersects the repository hole. It may also
be noted that there may be one, two or more fractures intersecting a particular
hole.
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Figure 1. Simplified view of the transport paths.



There is no simple mathematical model that fully can handle this complex
situation. There are several models that describe the transport in the different
pathways independently. There are also some models that couple some of the
pathways in the same model. In order to use the models independently one
needs to know the boundary conditions and as these depend on the other
models one must in principle solve all the part models simultaneously. We do
it in the present model by adding resistances in the same manner as one does it
for an electrical circuit. This leads to a very simple concept and also to a very
compact and transparent model.

There are of course obvious drawbacks using this approach because it is
necessary to simplify the system. In the real system the geometry is complex
and the pathways are not independent of each other. The intersecting fracture
with its channel(s) may intersect at any angle and be in any location relative to
the canister. The channel is not an even slit but has a variable aperture and
variable flowrates locally. The rock transport properties are also variable and
the fracture may be filled by clay to some distance from the hole. Due to the
variability of these and other properties it does not seem warranted to use an
"exact" geometric description of each canister. It seems more adequate to make
some simplifying generalizations and to accept that some errors will be
introduced by the simplifications. It seems reasonable to assume that it would
not be possible to obtain such a detailed knowledge of the data needed for a
"full" description anyway that a more sophisticated model would be of use.
instead we have chosen to proceed in a stepwise manner, developing and
testing the submodels in various ways.
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2.1

2.1.1

GEOMETRIC MODEL

The canister (radius = I, m) is held in a repository hole with the radius I, m.

The annulus between the canister and the perimeter of the hole is filled with a
backfill consisting of bentonite clay. In the models the canister is considered as
infinitely long (end effects are disregarded)

The rock matrix is fractured by parallel fractures at equal distances (s m
between each fracture). The fractures intersect the repository hole
perpendicular to the canister axis. The fractures are assumed to have an

average width of d m.

Clay from the repository hole may penetrate into the fracture to a distance of

O m.

Since a number of planes of symmetry can be identified, see figure 2, the
geometry of the system can be simplified. Thus if we consider the case where
a channel of limited width (w m) "hits" a canister, the canister will divide the
channel in two parts, that can either be of equal size or distributed with the
fraction { to one side and (1-{) to the other, each flowing along one side of the
canister with a contact length of n-ry before they merge again downstream of
the canister. Each half of the canister together with the part of the channel
passing it can be treated separately. The fracture in which the channel is
running is of equal width in the entire nearfield surrounding the canister.

(figure 2)

Submodels
Transport along the gap inside the zircaloy tubes

In a canister that has been penetrated the zircaloy tubes must also be breached
for the nuclides to diffuse out. The general corrosion rate of zircaloy can be
assumed to be very low. It is possible that the tubes still are mostly intact and
that the nuclides must diffuse in the narrow gap between the tube and the fuel
pellets. The gap may also be filled with corrosion products of either zircaloy or
uranium oxide in a higher oxidation state. The diffusion resistance in the gap is
very large and unless the uranium itself diffuses away to a large extent the rate
of movement by diffusion will be low in the tube. Also it is difficult to
conceive how most of the mass in the tube would disappear without something
else filling in the void either as corrosion products or by mechanical creep.
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Also if the zircaloy would corrode the escaping nuclides would have to move a
long distance through the corrosion products in order to reach the hole in the

canister.

There are so many possible cases which one could consider including the
effects of partial dissolution of the uranium oxide and so many dubious
assumptions one would have to make that we have elected at present no to
address this problem. Instead we assume that there is no transport resistance
inside the degraded canister. This certainly overestimates the release rate.

Transport through the canister wall
The damage to the canister can be of different types and extent, namely

1. the entire canister wall is assumed to be completely corroded,
resulting in a free release of dissolved nuclides from the entire
canister surface.

2. localized corrosion resulting in a hole of limited size in the canister
wall.

3. a canister fracture, either caused by shearing of the canister, e.g.
during an earth quake, or through a construction error, resulting in a
fracture of limited width extending around the entire canister

perimeter.

For the initial scenario for modelling the release of nuclides, the damage to the
canister is assumed to be of the first type.

This model is then extended to cover also damages according to type 2, a
circular hole of limited diameter in the canister wall as well as type 3, a slitin
the canister, with uniform aperture around the entire canister.

Transport in the backfill

The transport in the backfill is by diffusion and Fick's law is directly
applicable. The basic model is based on the case of radial diffusion from a
torally depraded caaister o ibe rock surface. Fur 'he case where the rock 1s
assumed to be impermeable except for the fracture which intersects the hole at
a known location an anzlytical solution was found (Neretnieks, 1983 )

The transport route through the rock which also leads the species into the
fracture with a known water concentration (c_=0) was recently studied
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(Lee et al., 1989). Analytical expressions were devised which allows for the
calculation of the transport into a small slit from the clay (Lee et al, 1989). The
numerical model has been extended to also handle the transport to the flowing
water in the fracture with a concentration profile which was built up by
instationary diffusion into the slowly flowing water in the fracture (App II). In
this numerical model also presence of clay in the mouth of the fracture was
included. This model, although more sophisticated than the previous cannot
handle the buildup of the concentration profile in the water in the fracture
correctly. To do this it would be necessary to use a fully 3-dimensional
solution describing the hole with its clay plug, the rock with the fracture and
the flowing water in the fracture. This has recently been done (see App II),
showing that for the combination of parameter values that can be expected, the
error is small. The reason is that the concentration profile in the water in the
rock extends for many tens of centimeters whereas only the first few
centimeters of the rock nearest the edge of the fracture will transport any
appreciable amounts of dissolved species.

As an extension to the extended model (a hole in the canister wall) an
additional transport path is added, leading from the damaged canister through
the backfill to the disturbed zone surrounding the tunnel above the repository
holes.

Transport in the water in the fracture

Water flows in the fracture and it will pick up more and more dissolved
species as it flows past the clay in the hole. For an idealized fracture consisting
of a parallel walled slit with potential flowrate a solution for the diffusion
equation was used (Neretnieks 1980). The same solution has subsequently
been derived also stating error bounds by Pigford et al. (1990). Andersson et
al (1981) incorporated this notion in a 3-dimensional model calculation where
the diffusion through the backfill to the fracture and the onward diffusion into
the passing water was calculated.



Figure 2.

RESISTANCE MODEL
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A sector of the backfill with thie canister and the rock with the fracture.

The transport of radionuclides from a damaged canister can be subdivided into
two main transfer processes:

1) diffusion perpendicular to the flow in the channel and
2) advective transport of dissolved species along the channel

each of these main processes will in its turn consist of a number of

subprocesses.

The subprocesses that will be considered for the diffusion perpendicular to the
flow are

*  diffusion through the backfill to the fracture mouth
*  diffusion through a plug of backfill, penetrated into the fracture by ¢

m.
transfer into the flowing water in the channel, via the fracture mouth

diffusion vi» the rock to the fracture ceiling/floor

transfer from: ihe Jroc ors cenling/ffloc: inte di fowing water
diffusion from the fracture ceiling/floor into a penetrated plug of
backfill matenal

* #* ¥ ¥
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For each of the subprocesses the contribution to the total flowrate of
radionuclides into the channel can be calculated as N, =k, AAc; where k. is

the mass transfer coefficient for subprocess i.

The total flowrate of dissolved species into the flowing water in the fracture
will be calculated by coupling the resistances to the mass transfer by the
different subprocesses (R,=1/k;A;) to a total mass transfer resistance

(R[=1/ktA[) from which the flowrate of nuclides can be calculated as
N,=kAAc.

For a simple geometry this resistance can be derived from Fick's law

N = - D-A-Z= = =2 .AC ¢))

and

122 o r=-X )
R X D-A

where x is the diffusion length and A the diffusion cross section.

For the modelling of the diffusion process a sector of the canister together with
connecting back-fill, rock and fracture with the boundaries O<y<d,

O<x<ry+{w and ©<6<w+Aw (see figure 2) is regarded. For not too small ry,
compared with r, the geometry of the sector can be transformed to a parallel-
epiped, whereby rectangular symmetry is achieved.



3.1 Resistance model when canister wall is completely corroded.

The transport of nuclides from a damaged canister through the nearfield can be
described by a network of transport resistances, coupled together in the same
way as an electrical circuit network. The starting potential for this network, ¢,

is the nuclide concentration on the outside of the corroded canister.

yd
Backfill
Rock
s
£ o ™S
s 3
C \
y=3 -
T~ ; - Fracture c,
y=0
x=0 x=a x=a+g

Figure 3. Transport routes from the canister to the fracture.

The simplest case would be that the transport though the rock matrix is
coupled in parallel with the transport through the film resistance in the flowing
water in the fracture. The resistance network would then be

AR

In this case the nuclide concentration will be the same in the fracture mouth
and along the hackfiltrock inerface. Frrtheriocre is the film resistance over
the rock-fracture interface neglected. The total resistance for the system then

R e ]

Ry+Rr
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If we instead consider the transport routes through the backfill-fracture mouth
and backfill-rock-fracture as two separated independent transports we can
describe the system as

This model will give a step change in concentration as we move from the
fracture mouth to the rock face.. The weakness of both these models is that a
mean value of the rock resistance is very difficult to evaluate properly.

As the rock resistance at the very edge will be very small, compared to that of
the main part of the rock matrix as well as the film resistance, the model will

produce a very large nuclide transport at the very edge.

One way of solving this problem is to consider the area near the edge
separately, treating the edge as part of the fracture opening. Conceptually this
is maybe a little problematic, since it is not possible to define the extension of
this edge area in terms of an absolute distance or as a fraction of the width of

the fracture opening.

If, however we assume that the backfill clay will penetrate into the fracture
opening, even for a very short distance, even as short as one or a part of a
fracture width a model solution becomes quite obvious.
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Figure 5.
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Diffusion routes with a clay plug penetrating into the fracture.

RCl ,R c2 Resistance in the backfill clay

RPI, RP2 -"- in the clay plug

RR3 -"- in the rock edge

RR - in the rock matrix

R, Equivalent film resistance in the fracture water

Resistance model with a clay plug penetrating into the fracture mouth.

As the nuclides migrate inio the flowing wair in the {racture a concenration
profile devclons in the water close to the fracture mouth. This profile is a result
of a mass transfer resis.ance i the waier 2. Jescrited by Neretnieks, (1986).
By placing the film resistance after the connections between Ny, Ng to N5 we
introduce ihe effeci tiat tie divusicn streains whrough the rock and e edge
will enter the fracture at a point quite close to the interface between the clay
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plug and the fracture water, consequently it will diffuse against a concentration
quite close to that of the mentioned interface.

Ne
N 6
C=C
o]
‘\
N * N
& KN
N\N
3
N 1 \ Q‘
N
\\ ; == c
1 o0
Figure 6. Diffusion model with the rock matrix sectioned in one edge and one
rock cell.

Figure 7. Resistance model corresponding to the model in figure 6.

The solution is carried out stepwise. As a first step we resolve the inner
network, equivalent to that of Figure 5. For solution purposes the network is
pictured as
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Where TR1 = RCl + Rpl
S TRz =Rc2
TR3 =Rg3 (3a-3e)
TR4 =Rg
TRs =Rp;

The resulting overall resistance is calculated the same way as electrical
resistance circuits are evaluated. According to the rule of star-polygon
transformation any star of resistances can be replaced by a polygon with the
same nodes, such that all potentials and streams outside the nodes remain
unchanged. The rule is of course reversible.

For the simple case of a triangle, as in our model we get

TR;-TR,
TRy; = ...(42)
Ty i 17 TR +TRy+TR3
= TR;-TR3
TRis = ...(4b)
- 127 TR{+TR2+TR3
TR,-TR3
TRy3 = ...(4c
13 = TR+TR,+TR;3 )
and for the coupled triangles
with the resulting resistance
(TR4+TRs3)(TR5+TR >
R =TR,, =+ (TR +TR3)TP5+TR9) (5)

TR4+TE5 +TR12+TR 3

With the rock segmented into two parts, the "edge” and one "rock cell” the
model described here is supplemented with a pair of resistances Rcg and Ryg,
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coupled in parallel across the network, as in figure 7. The resulting resistance
for this part of the network becomes

Ry = 1
"1 L _ 1 ©
R, Rcs+RRrs

Finally we add the equivalent film resistance, Rg coupled in series with the
rest of the network. Consequently the resulting diffusion resistance for the
whole network becomes

Rges = Ry + Rp ©)

Diffusion through the backfill to the rock interface - canister
wall completely corroded

The result of an evaluation of the mass transfer resistance is greatly dependent
on a correct estimation of the parameters for diffusion length and cross
sectional area. Especially critical are the values to be used for estimation of the
resistances in the backfill for diffusion through the clay into the fracture

mouth, since the height of the segment varies from d to —g— from the canister

surface to the fracture opening and the diffusion lengths from a to Ya2+d2.

With the above mentioned assumptions the transport equation can be
expressed in Cartesian coordinates

2 2
o0, 9% g ®)

ax2 dy?
with the following boundary conditions

ac

3 =0 for O<x<a, y=0 )
g—;— =0 for O<x<a, y=d 10)

c=¢, x=0 (r=rl) O<y<d (11)
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and

=— = 1f(y) x=a (r=15) , O<y<d (12)

We assume that there are two competing transport routes through the backfill
into the fracture, one (1) leading through the backfill to the fracture mouth, the
other (2) via the interface between backfill and rock through the rock matrix to
the fracture ceiling/floor.

Furthermore a calculation made with the assumption of ¢=0 in the fracture
(Lee et al, 1989) shows that the concentration along the backfill/rock interface
very close to the fracture edge assumes a constant value. Since the actual
concentration in the fracture, at least close to the fracture mouth will have finite
values the concentration profile along the rock surface will reach a constant
value even closer than indicated by Lee.

Let us assume that the contribution to the total flowrate via route 1 is N'=¢-N
and via route 2 N"=(1- ¢)-N, so

QN S
£ = — O<y<2
W) Afiss Dy Y 2
and
(1-9) ‘N 5
£ = — S<y<d
) Arccx *D1 2 Y

This indicates that the flux is considered as constant over the fracture mouth,

O<y<%. At y=—g— there is a step change in flux to another constant value along
the backfill/rock interface.

By treating the two transport routes separately, calculating the diffusion rates
for each route, assuming the flux across the other barrier is zero we can
determine the respective contribution to the total transport resistance through
the backfill from the tvo routes and also find ar representation of the
coneenttion prorile a the backiill/tock maix ixvterface.
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For transport only through the fracture mouth the boundary condition at x=T,
1s

@— = f'(y) where f'(y)=const at 0<y<8 and =0 at —8—<y<d

ox 2 2

For this case the solution of eq 1 (Lee et al 1989) gives

. . N7
sinh(—=x)
E=1-N—(0 Z —Zd—cos(——y)sm(——““ &y —d ) (13
0 A D-¢o (nm) 2 d 2 nwn
=1 cosh(—d—-a)
or rearranged to give the equivalent nuclide flowrate
N _ AD (13a)
€o-C inh (n x)
sinh(—
( La+ z 24 cosEE y)sin(—rin—as—)————d——)
2-d (nm)? d d 2 nw
=1 osh(ﬁ——a)

From this expression we get the average value of i in (eq. 1) for the

calculated transport route as
smh(—x)
5. da+ Z ————~02d os(—y)sm( ) )—————
(co¢)D ¥ -1 (om)? OSh(—a“a)
—=&)= (14)

Afract

This equation has been developed for a case where the diffusion leads to an

opening situated between y=0 and y=3/2. In order to accommodate the
calculations of the diffusion routes to the rock surface a more generalized form
of the solution is needed.

The general solution to the diffusion equation in the two-dimensional region
(O<y<d and O<x<a) (Ozisik and Mikhailov, 1984) with the boundary
conditions

cly=p = const = ¢g (15



17

g %€ g (16)
dY y=0 OY y=d

-a‘?-c-l =Quf(y) where (17)
X x=a
1 for B<y<p+v
) = 0 for all other values } 0<p=d (18)
7
I EASARARLLLLLS LR R LR
d N by
N N e=e)
N N
\
\
N R
t B+v
\
Y
\ B
04V N
1T O O O T T
—
: s
Figure §. Schematic view of the region near the canister for diffusion to an

arbitrary section at x=a.

&)-A =Qp& | f : Yy 00 | f(y)-cos Yy dy-—L—tanh(@na
(A) fractlxza QodL (y)dy+22008(d) Qo o (y)-cos ( d)dymntan(d)

n=1
(19

The term (Zt)'Afract is equivalent to the summation function F(x,y) in (Lee et

al, 1989 ) and can be regsrded as an equivaient diffusion length of a clay plug
with the zrea Ag, ., from which the transport resistance for the diffusion

ihrough the Pan 7Bl to the £ clwe mond™s ~or pe ~elodated
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If Qy=1 the expression is evaluated for the mid point of the section (y=P '%) to

d 0o p+o
=4 . Ty, . cos Yy gy.—1 . 7na
F(a, ( {3+—) d[ f(y)dy + 2 2 cos ( 3 ) fp f(y)-cos ( 3 ) dy e tanh( 1 ) (20)

n=1

nn(B#%) I Bro

= 2 A dogin &Y. Tna
F(a, (B+—>> +Z —cos(—3—) —dsin (—37) -tanh(®02) 21

= B+2)
F(a, (B+3 Dy =22 2d __cos mnP ) «(sin (’“‘(BJr ) - sin(® B)) tanh(@2)  (22)
d a1 (mn)? d
- ) p
F(a, ((5+L’»——— 2 cos2( m(d ) .sin (7m )) tanh(¥32) (23)

=1 (

For ratios of ‘—5<<1 simplifications will give large errors since the amplitude

of the oscillating summation term will be large.
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Mass transfer resistances
The parameters for the diffusion in the rock matrix are easier to estimate.

The "edge" is arbitrarily defined as having the same height as length = the
penetration length of the clay plug = ©.

The diffusion route through the rock via the clay plug will enter the plug at a
distance 521 from the fracture mouth. The diffusion routes through the edge and

the rock matrix to the fracture roof will enter the fracture very close to the
leading front of the plug, i.e. at a distance of ¢ from the fracture mouth.

The cross sectional areas of the rock segments are taken as the segment area on

the interface between rock and backfill.

1. Resistance in the backfill clay leading to the fracture mouth, Ry

F(x,y)
Rep = ——222 24
c1 Are:Do (24)

where F(x,y) is the value of the equation (16) at a position x=a and in a
fracture with a width of v=d/2 and with B=0.

2.  Resistance in the backfill clay leading to the rock edge (Re»).

Rey = 20Y) 25)

where F(x,y) is the value of the equation (16) at a position x=a for an edge
with a width of v=0 and with B=8/2. Furthermore we assume that

8/2 < 0 <d-8/2.

3.  Resistance in the backfill clay leading to the rock matrix (Rg)

Reg = S %9) 26)

where F(x,y) is the value of the equation (23) at a position x=a for a rock cell

with a neight of u=d-9/2-¢ and with = 0/2+0.
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4. Resistance in the rock edge for the flow going via the clay plug (Rg»).

1
Rgs = 27
R3 u-rz.DR-ln(zwf ) @7

5. Resistance in the rock edge for the flow via the fracture roof
(Rr4)-

_ 1 28
R4 Ty DR In(1+¥2) (28)

6. Resistance in the rock matrix (Rgg)

1 .
RRe = (29)

@B/ @D +o?
E-rg‘DR-ln( 2 2 )

o-(1+V2)

As for R this expression can be used as long the plug is shorter than the
distance to the system boundary in the y-direction, that is for all o < (d-8/2).
For ¢ 2 (d-8/2) Rggis let to be oo.

7. Resistance in the clay plug, (RPl, Rpy)

r2+% In B—tg

In(—=) 2ty
Rpj=—=2— and Rpp=—— (30)

7-8-Dp 7-3-Dp

8.  Filmresistance, (Rp)

Rp = 2 31)
2
4--Dw-ug(rp+0)-8
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Data used in calculations

Backfill diffusivity ~ Dg=4-10"11  [m%s]
Clay plug diffusivity Dp=4-1010  [-"]

Rock diffusivity Dy = 7,4-10713 [-"]
Water diffusivity Dy = 3.9-10° [-"-]
Canister radius r; =0.375 [m]
Radius of bore hole r, =0.75 [m]
Angle at which the film

resistance is calculated Q =n/4 {rad]

The resistance models cannot satisfactorily handle penetration lengths (c) = 0.
If, however, the lower boundary for © is set at any value > 0 the model can be
applied.

When o becomes larger than d (half the fracture spacing) the calculations of
the backfill resistances for the diffusion routes leading to the rock matrix yield
erroneous results. Therefore the length of the rock/backfill interface must be

limited to (d-8/2) even if the plug penetration is greater than that.

The equation for the resistance Ry also has a validity limit at 0=(d-8/2). At
o=(d-8/2) it will yield division by zero and for >(d-6/2) give negative values
of Rpe. The limit value for Rpg as 0—(d-8/2) is oo.

The resistances calculated for the transport routes through the backfill clay
become conservative approximations, since the resistances are superimposed,
i.e in any point in the backfill the model assumes that diffusion takes place
towards each of the sectors at the interface backfill/fracture mouth - rock
surface instead of along the route with the steepest concentration gradient.
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Diffusion in the backfill with a hole in the canister wall

For the case where the canister is subject to a local corrosion attack, we can
assume that the penetration of the canister wall will be in the form of a

cylindrical hole of limited size, e.g. with a diameter of A m.

Since the diffusion source on the canister wall has an entirely different
geometry than the fracture and the rock wall have as diffusion recipients an
analytical solution of the transport of nuclides through the backfill will require
a 3-dimensional solution of the diffusion equation (eq. 8). For modelling
purposes this is not practical, therefore a simplified approach is proposed,
connecting the effect of the reduced size of the diffusion source to the
resistance model based on a completely corroded canister wall, developed in

chapter 3.1.

Canister
wall
YA t
d
d - : -

i
]
t

a-’: i
] : -

E ) Backfill - Rock

=] f - -~ -

8 - - - -

A ' - Fracture
: D) in rock
Hole
! Channel
Aw YV SRR .
R o T 2 0 2
r r r +8&w X
1 2 2

Sector of a canister with a hole in the wall

In a three-dimensional solution of the case assuming that the entire canister
wall had been corroded it has been shown (App II) that the concentration
profile in the bentonite filling very close to the fracture mouth reaches a value
quite close to that of the concentration at the canister (c ). Here the resistance

to the mass transfer is described by

F(x,y)
Ry = —22— 24
C1= A Do (24)
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This indicates that we in this two-dimensional model conceptually can
visualize the resistance in the clay backfill to the flow into the fracture mouth
as concentrated to a bentonite plug with a length of F(a,%) and a cross
sectional area of A, .. In the same way the resistances to flow through the

backfill to the rock wall (edge and rock cell) can be replaced by bentonite plugs
with cross sectional areas equal to the edge and rock cell respectively and with

lengths equal to the value of F(a, (B+1’2—)) from (eq. 23). Outside these plugs
the rest of the bentonite backfill has the same concentration as at the canister
wall, c .
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Equivalent mass transfer resistances

If we now reintroduce the canister wall with a cylindrical hole, with a diameter
of A m, filled with corrosion products the release of nuclides from the canister
is reduced considerably since the diffusion rate is directly proportional to the
mass transfer area.

This reduction of nuclide release can be considered as a result of an additional
mass transfer resistance, in the opening of the hole in the canister wall.

With this representw .on of the mass tianster resisiancs in the system we caa
see how the concentration profile will develop. Starting inside the canister
wall, where the initial concentration is c;, the concentration will fall due to the
transport resistance, R, exerted by the corrosion products in the hole and
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subsequently by the equivalent entry resistance Ry to a concentration plateau,
c, represented by the white area in the backfill in figure 10. This area of
constant concentration will extend in a continuous band, however thin,
throughout the backfill.

Downstream this concentration plateau the resistance model remains exactly
the same as in the earlier model (figure 7). Consequently in order to describe
the nuclide transport for this case the resistance network developed for the
completely corroded canister only needs to be complemented with the
resistance Ry ;. = Re . + Rey coupled in series in front of the former

network.

Resistance network with a hole in the canister wall

The value of this entry resistance can easily be calculated, if we can assume
that the corrosion products in the hole will protrude into the backfill clay to
form a semi-sphere., With the further assumption that the concentration on the
surface of this semi-sphere is uniform and = ¢ the transport of nuclides into the
backfill clay will proceed radially from this area. If the hole is small compared
to the thickness of the backfill assumptions will introduce relatively small

€ITOrS.

For the mass transfer from a sphere into a surrounding medium the transfer
rate will be

N=- D-A-%IQ =- 4.n~r2-D-dErQ (32)

Integrating between the limits r andr

sphere
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N - I %: 4-1-D-AC (33)
l’m r

N = 4.1-D-AC (34)
1 1
Tsphere T2

If the concentration difference is spread over a large distance, so that
T >> T here WE 8O
r ‘N
Sphere = 1 (35)
4-7012 pere: AC-D

N __ N the
A-AC 4.n.rs2phere.AC

Defining the mass transfer coefficient k; =

expression can be transformed to

Ki-Tsphere _ Ki-dsphere _
5 =1 or S 2 (36)

As discussed on p. 7 in this report the mass transfer resistance is related to the

mass transfer coefficient as R;= Ell\—x we get for this case
ken = m and dp .. = dygpe = A
From equation (36) we get

Rep = —1 (37)

n-A-D¢

By analogy with the other backfill resistances Ry can be regarded as an
2
), and a length that in

equivalent clay plug with the same area as the hole, (1t 2

this case is equal to one quarter of the hole diameter, (%).

The mass transfer resistance in the hole in the canister wall depends on how
and when the damage occurs. If there is a construction error causing the hole it
is reasonable that the mass transfer resistance is calculated as a cylindrical plug
of stagnant water with a diameter of A m and a length of the canister wall
thickness t = 0.06 m. If on the other hand the damage is caused by pit
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corrosion the mass transfer resistance is due to a plug of corrosion products.
In the latter case the resistance is calculated as

_ 4t (38)

Reorr= 2
7-A"-Dcorr

D¢, is the effective diffusivity in the plug of corrosion products. It can be
estimated from the diffusivity in pure water corrected with the relative volume

available to diffusion, equivalent to the porosity of the plug, €, and the
diffusion length, which is related to the tortuosity or the windling factor of the

plug, T.
Do = Dy, -fkn(e,T) (39

Since the precipitation of corrosion products in the hole proceeds at a very low
rate and under high pressure, it is reasonable to assume that the plug of
corrosion products will consist of a dense lattice of relatively large crystals.
Thus the porosity will be low, probably in the same order of magnitude as the
compacted bentonite, though with a larger tortuosity as a result of the larger
particles. The effective diffusivity will therefore be larger than that of the
backfill, but considerably less than that of pure water. A reasonable estimate of

the effective diffusivity of the plug of corrosion products is 410719 m?s.

The equivalent resistance of the hole, RH ole = RC orr T RCH thus becomes

41
Ryote= —1— (———+ 1) (40a)

A ADcor Dc

For the case of a hole caused in the fabrication process the equivalent
resistance becomes

4.1
Rifole= —— -(——+5) (40b)
n-A ADw C
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Diffusion in the backfill with a slit in the canister wall

The third alternative type of damage to the canister is that caused by a shearing
of the canister resulting in a fracture extending around the entire canister
perimeter. Also this type of damage will result in a considerably lower release
rate of nuclides compared to the case with completely corroded canister wall.
To estimate the effect on the release of nuclides by the fracture we can use the
same line of reasoning as for the circular hole in the canister, i.e. we can
represent the resistance to the mass transfer by a plug of backfill with the same
area as the fracture and with a length corresponding to the value of the factor
F(x,y) in eq. 24 evaluated as F(a,y) where 7 is the aperture of the canister
fracture.

The resistance of this plug is thus

F(x,Y) @1)

Rse= ——"—
s¢ 2-n-r17¥-De

The value of the factor F(ay) s for 0.001 < ¥

aperture, i.e. F(a,y) = 2y - 6Y. the value decreasing as the aperture increases.
For this case let us assume a value of 4y. This will result in an equivalent slit
exit resistance of

< 0.1 between 2 and 6 times the

__ Y 2
" 2.mr;yDe mrp-De (42)

Rsc

i.e. the resistance is independent of the fracture aperture.

Since the damage to the canister can occur at any time the diffusion resistance
in the fracture itself is calculated as if the space in the fracture is filled with
pure liquid, i.e. no corrosion products inhibit the diffusion from the inside cf
the canister through the fracture until the nuclides reach the backfill. The
resistance in the fracture is therefore calculated with an effective diffusivity

equal to that of water Dp - = Dy, = 3.9- 107 ms.

If the thickness of the canister wall is small compared to the canister radius the
resistance in the fracture thus becomes

t
2-7-11-yDw 43)

RFrac=
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and the equivalent resistance of the whole rupture system Ry, = Rgc + Ry

t + 2 = 1 t +..i_ 44
2-nryDw mnri-Dc 2-mn (’Y-Dw DC) (44)

RRupt=

This means that the ratio -;— will influence the mass transfer rate in the rupture

Dw

if it is in the same order of magnitude or larger than D °F 100. With a
c

canister wall thickness of 60 mm the mass transfer resistance in the canister
fracture will have a significant influence if the aperture is in the order of 1 mm

or less.
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3.6 Diffusion through the bore hole backfill to the disturbed zone

In addition to the transport paths described above, an other outflux route of
potential importance can be identified. This is the transport of nuclides through
the backfill in a vertical direction towards the transport tunnel above the
repository hole and into the water flowing in the so called "disturbed zone™.
This disturbed zone is a highly conductive fracture zone that is developed
around the transport tunnel as a result of the drilling of the tunnel (Figure 12).
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Figure 12. Repository for used nuclear fuel, showing anticipated fracture zones in
the rock matrix.



Figure 13.

30

In order to include this case into the basic resistance network model we
assume that the diffusion source is a plane across the entire repository hole at
the level of the top of the canister. We assume further that the concentration
profile in the system has developed in the way described in chapter 3.3, i.e.
the concentration along the plane over the entire cross section is uniform as
equal to that on the outside of the canister surface, including a potential
concentration difference caused by an entry resistance as in the cases with
limited canister damage.

We assume further that the water flow in the disturbed zone is so large that any
equivalent film resistance to the uptake of nuclides in the flowing water is
negligible, but can easily be added in the same manner as before.

With these assumptions we can define a diffusion resistance occurring in the
backfill extending from the plane mentioned above in level with the top of the
canister to the level of the "disturbed zone". The value of this resistance,

RCDist’ is calculated from eq (2) as
Repist = — 45)
n-t5-De

where ¢ is the distance from the top of the canister to the disturbed zone.

R
CDist

CDist

Resistance network with transport route to the disturbed zone added.
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The resistance, defined in this way, only takes into account the diffusion
resistance in the clay above the canister top, implying that the damage would
be placed on or very close to the top, resulting in a very conservative
estimation of the backfill resistance if the damage were situated further down
on the canister. This resistance is then coupled to the resistance network at a
point between the resistance in the canister damage Ry, or RRupt) and the

initial basic network, as shown in figure 13.

In the equation system this resistance is incorporated as coupled in parallel
with the initial basic network since the end points of the basic network and the
route to the disturbed zone have the same potential, C_, although they are not

physically the same points.

This transport route can subsequently easily be expanded to incorporate
transport into the tunnel sand/bentonite filling and further into fractures

intersecting the tunnel.
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EQUATION SYSTEM FOR THE RESISTANCE NETWORK

The resulting resistance of the whole network is resolved by a series of
manipulations using the star-polygon rule and the Ohm's laws.

L)
3
—
| I
Ng
P R
c2 N, R4
N
4
R 3
N
3 R
M (o "}
c
N N N -
0 1 TRy TRz 5

In setting up the equation system a number of help variables, TR, are used.

TRI = RCI + RPI
TR, = RP,

TR3 = RC6 + RR6

Using the star-polygon rule on the triangle TR3-RCy-RR4 gives

RCy-RRy

TRH B RC2+RR4+TR3

(46)

(47)

(48)

(49)
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RC,-'TR3
RC;+RR4+TR3

TRz =

and
RR4-TR3

TR;3

~ RC,+RR4+TR;3

—] el T,

(50)

(1)

Ifthen TR4= TRy + RR3 the the star-polygon rule can be used on the

triangle TR1-TR5-TRy yielding

TRi- TRy,
TR1+TR12+TR4

TRo1 =

TR1-TR4
TR1+TRp+T}

TR12- TRy
TR1+TR132+TRy

TRo3 =

leaving us with (TR23+TR13) and (TR22+TR2) coupled in parallel

TR; = (TRp3+TR13)-(TR2+TR9)
TR23+TR13+TR22+TRy

(52)

(53)

(54)

(55)
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and the resulting resistance
RRES =TR5; + TRs + RF (56)
Thus we get the total equivalent flow rate in the sector as

(Co-C.o)

_ _ 1
Qeq0 =No “RRES (58)

The equation system for solving the flow rate through the different routes then
becomes

Np=Nj + Ny +Ng (59)
Ns=N;+Ny-Ng (60)
Ny =N3+Ny (61)
N7-TRy + N5 TRy = Np-RCy + Ng-RRy (62)
N;-TR; + N5-TRy = Ng-TR3 (63)
N;-TR; = Np-RC; + N3:RR3 (64)

and the concentrations along the backfill-rock interface become

Ci_
'ég = 1 - Nl'RC] (65)
G _
E—O— =1-NyRC; and (66)
Cs _
a)- =1 - NgRCg (67)

and finally the concentration at the interface between the clay plug and the
liquid film

g—% = (N4+Ns5+Ng)-RF (68)
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RESULTS

The calculations are done in two parts. First the resistance network modelling
the case with the entire canister wall corroded is solved, and a number of
simulations are done. The results from these calculations are presented in
figures 14 to 25 and compared with corresponding calculations made with a
3-D model of the same system. Simulation data for the models with a hole in
the canister wall, a ruptured canister and influence from transport to the
disturbed zone are then calculated from the results from the calculations of the

first case.

The equation system has been solved for the following set of data:

Fracture data used in calculations

Fracture aperture §=103-10%m

Fracture spacing s=2d=1,10m

Clay plug penetration c=10%103,1020.1,05m
Water flow rate inrock  uy= 10 m*/m?,a

Canister hole diameter A =2.5-103 m (hole area = 5 mm?)
Canister fraciure aperture Y= 10 - 10“m

Distance from top of

canister to disturbed zone M =15m

Calculations for model with completely corroded canister

The results can be studied in figures 14 - 17 , where the equivalent flow rates
are given vs the plug lengths (6). As a reference value is shown the equivalent
flow rate that would arise if all resistances except the backfill resistance would
be set at zero, corresponding to a hypothetical case where the canister ,
surrounded by compacted bentonite is suspended in an infinite volume of
water, flowing pasi the canister with very high velocity, ie. no film
resistance. The mass transfer resistance for this reference case will then be

In2

Ryef = -—k 59
ref K'S'DC (69Y)
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which with s = 1 m gives R, = 5.52-10° s/m>. This corresponds to an
equivalent flow rate,
Qegref = 3.717 l/a,m or 18.6 l/a,canister.

100 3
] s Qegtot l/a
"""" Qeqfrac 1/a
o4 | Qeqedge l/a
— - e Qegrock l/a
é ] Qegref 1/a,m
- ]
z '3
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.0001 .001 .01 1 1
Plug length [m]

Figure 14. Resistance network model, completely corroded canister. Equivalent
flow rate per fracture at backfill/rock interface. Fracture spacing 1 m,
fracture aperture 0.1 mm
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Figure 15. Resistance network model, completely corroded canister. Equivalent

flow rate per fracture at backfill/rock interface. Fracture spacing 1 m,
fracture aperture 1 mm
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Resistance network model, completely corroded canister. Equivalent
flow rate per fracture at backfill/rock interface. Fracture spacing 10 m,
fracture aperture 0.1 mm
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Resistance network model, completely corroded canister. Equivalent
flow rate per fracture at backfill/rock interface. Fracture spacing 10 m,

{fracture aperture 1 mm

The general conclusion that can be drawn from these Figures is that in all cases
the film resistance is the dominating diffusion barrier and that a penetration of
clay into the fracture mouth only has limited influence on the total flow rate of
nuclides in the system. Regardless of the length of the plug penetration the
flow rate through the rock paths (edge and rock matrix) will be of the same
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order of magnitude. The plug only influences the flow rate through the fracture
mouth.

If we relate the equivalent flow rates along the respective paths to the total
equivalent flow rate, as in figures 18-21, we can see that the contribution to
the total flow rate via the fracture dominates as long as the ratio of the

penetration length of the clay plug to the fracture aperture is in the order of 100
or less, regardless of fracture spacing.

K]
g
<
g
(=4
1
Plug length [m]
Relative equivalent flow rates at backfill/rock interface vs plug length.
Fracture spacing 1 m, fracture aperture 0.1 mm.
k!
g
=4
g
=4
0.0 TTT 7T T T TTT T T
.0001 .001 .01 .1 1

Plug length [m]

Relative equivalent flow rates at backfill/rock interface vs plug length.
Fracture spacing 1 m, fracture aperture 1 mm.



39

1.0 e 2eqre] fractare
g
g
=4
g
(=4
0.0 T TYTTYTTHY T TTYYTIT YT
.0001 .001 .01 .1
Plug length [m]
Figure 20. Relative equivalent flow rates at backfill/rock interface vs plug length.
Fracture spacing 10 m, fracture aperture 0.1 mm.
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Figure21.  Relative equivalent flow rates at backfill/rock interface vs plug length.

Fracture spacing 10 m, fracture aperture 1 mm.

In figures 22 and 23 the concentration profiles at the backfill/rock interface are
presented for two different sets of parameters. In figure 22 we can see how the
concentration varies for differeit fracture geometries, and in figure 23 for
different penetration lengths of the clay plug. From these figures it is obvious
that the concentration in the backfill deviates from a value of ¢/co=1 only in an
area very close to the fracture mouth.
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Figure 23. Concentration profile along backfill/rock interface vs plug penetration.

Fracture spacing 1 m, fracture aperture 0.1 mm
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Figure24a & b.  Concentration profiles at the clay plug/fracture water interface vs plug
penetration for different fracture geometries.

Figure 24a shows the concentration at the interface between the clay plug and
the flowing water in the fracture. Figure 24b shows the relation between the
contribution to the equivalent flow rate by the clay plug and the equivalent film
resistance in ihe flowing water. The arca below the curves represents the
influence from the film resistance and the area beiween the curves and the line
with the ordinate valuz = 1.0 that of the clay plug.

As a summary of the calculated data for different fracture geometries and plug
lengths the total equivalent flow rate per fracture and per entire canister is
presented in figures 25a and 25b respectively.
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In order to validate the resistance network model comparison has been made
between the above presented simulaiion results and resulis obtained from
simulations made with a 3-D numerical method (App II) for a central data set,
i.e. with a fracture spacing of 1 m and a fracture aperture of 0.1 mm. The
comparisor is presented in figures 2€ and 27. From these can be seen that the
correlation between the two methods is very good.
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Calculations for the model with a hole in the canister wall

If the damage to the canister is restricted to a single hole instead of the entire
wall being corroded the basic resistance network is amended as shown in
figure 11 simply by adding a resistance, Ry ., in series with the initial

network. This resistance is calculated using the equation

4.
Riote= —1— (— + L) (40b)

A ADw Dc

Assuming that the damage to the canister is caused by a fabrication error

during the welding of the canister not detected at the final inspection, the size
of the hole has to be very small. We assume that the area of the hole is 5 mm?

corresponding to a diameter (A) of 2.5-10°3 m.

The equivalent resistance to the nuclide diffusion for this case thus becomes

Rypole™ 2.00-10° a/m> corresponding to an equivalent flow rate contribution of
=50.1073
Qequle" 5.0-10” Va.
059 =———— Completely corroded canister
"""" Hole 2.5 mm
L N Hole 10 mm
o == == Hole 100 mm

Qeqtot = N/co [Val

.0001 .001 .01 .1 1
Plug length [m]

Comparison between completely corroded canister and holes in the
canister wall. Total equivalent flow rates per fracture.
Fracture spacing 1 m, aperture 0.1 mm.

The total equivalent flow rate will therefore be dominated by the resistance in
the hole, as can be seen in figure 28 where the total equivalent flow rate into a
single fracture with the canister wall completely corroded is compared with the
resulting flow rate from a hole in the wall, with hole diameters varying from
2.5 to 100 mm.
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Calculations for the model with a slit in the canister wall

If the damage to the canister as described in chapter 3.4 is caused by a
shearing of the canister resulting in a fracture extending around the entire
canister the basic resistance network is amended in the same way as was done
for the case with a hole in the canister wall, by adding a resistance, RRupt to

the initial network. his resistance is calculated with the equation

1 .t .4 44
2-1‘6*1’1 ('Y’DW+DC) ( )

RRupt =

As in the case of a hole in the canister wall, the entry resistance, RSC’ is
independent of the size of the canister damage. The value of this resistance
becomes Rgpn = 1.34-10° a/m’, corresponding to an equivalent flow rate
contri-bution of QeqSC = (0.74 1/a. The influence of the fracture itself, will as
in the case with the hole be quite substantial, for fracture apertures of about 1
mm and less.

Depending on the nature and severity of the shearing action on the canister the
aperture of the canister {racture can vary within wide limits, however if the
fracture would open by more than a few centimeters the probability of a
simultaneous dislocation of the canister parts would be so large that a
completely new set of boundary conditions would have to be applied.

The influence on the total equivalent flow rate of nuclides from a fractured
canister is presented in figure 29.

== Completely corroded canister
Canister fracture 0.01 mm

Qeq tot = N / co [l/a]

e e AR AR 2
.001 .01 .1 i
Plug length [m]}

Comparison of completely corroded canister and fractures it inc
canister wall. Total equivalent flow rates per fracture.
Fracture spacing 1 m, rock fracture aperture 0.1 mm.
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Calculations for model combined with transport to the disturbed
zone

In order to incorporate the transport of nuclides from the damaged canister up
through the backfill in the repository hole to the disturbed zone adjacent to the
transport tunnel a resistance

Repiss = —— 45)
T 'I‘2°DC

is connected to the network model at a point between the resistance in the
canister damage and the initial basic network.

The distance between the top of the canister and the disturbed zone is set to
1.5 m and with a repository hole radius r, =0.75 m and the backfill diffusivity

De= 41011 m?%/s the resistance is Repist = 0.67-10% a/m> This corresponds
to an equivalent flow rate contribution of QeqCDist =1.49 1/a per canister.

Figure 30 shows the influence of the disturbed zone on the total equivalent
flow rate in the diffusion system of the uppermost fracture for the central
fracture geometry case. It is reasonable to assume that the flow path to the
disturbed zone won't influence the flow rate to lower situated fractures.

10
! L}
............................... e Hole in canister wall
N 1+ with Qeq Dist. zone
= gt L T NI ~ — = =« without Qeq Dist zone
g i ] = —e———  Completely corroded canister
> % e with Qeq Dist. zone
p i e without Qeq Dist zone
- .01 -
S E
g p
& 001
0001 T T T 1
.0001 .001 .01 .1 1

Plug length [m)]

Influence of flow path to the disturbed zone on the total equivalent
flow raie in the diffusion system of the uppermost fracture.
Fracture spacing 1 m, fracture aperture 0.1 mm

The diagram shows that the disturbed zone has a marked effect for the case
with a completely corroded canister but for a case with a localized damage to
the canister wall the influence from the disturbed zone is barely marginal.
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CONCLUSIONS

A model has been developed describing the diffusion pattern of radionuclides
released from a damaged canister in the near field of a repository for spent
nuclear fuel. The model is based on a network of mass transfer resistances
coupled together in the same way as an electrical circuit network. The
equations used to describe the network are consequently based on laws
normally used in Electrical Engineering. The resulting equation system
consists throughout of simple linear equations, so the system is very simple
and fast to solve using conventional methods.

Initially a basic network describing the transport from a completely corroded
canister, through the backfill of compacted bentonite clay surrounding the
canister and into a fracture dissecting the repository hole is presented. It is
assumed that the backfill clay will penetrate a short distance into the fracture.
From the backfill nuclides enter the fracture via a number of transport routes
leading directly into the fracture mouth or through the rock matrix.

This basic network model is subsequently expanded to cover other types of
damage to the canister, fabrication damage or localized corrosion resulting in a
hole of limited size in the canister wall and shearing of the canister resulting in
a fracture in the canister wall. To the model is also added a transport route
leading to the so called "disturbed zone" around the transport tunnel in which
the repository is located.

Simulations made using the model are compared with calculations for the same
system using a 3-dimensional numerical solution model. This comparison
shows a very good agreement between the two models. The resistance
network model is vastly more simple to use and to modify than the 3
dimensional numerical model.

The conclusion that can be drawn from the results of the simulation
calculations is that the resistance network model developed in this report offers
a simulation tool with large flexibility and very short calculation time compared
to other more complex models without loosing significant accuracy and
validity. The model can easily be expanded to incorporate additional transport

paths.
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NOTATIONS

A Diffusion area [m?]
a thickness of the backfill [m]
b distance far away (along x-axis) [m]
c, concentration of radionuclides at the surface of the canister [mol/m?]
c;  concentration of radionuclides [mol/m3]
C dimensionless concentration (-]
d half distance between fractures (s/2) [m]
D; effective diffusivity [m?/s]
k;  mass transfer coefficient [m3/m?2,a]
N  mass flow of radionuclides [mol/a]
Q  equivalent volumetric flow rate (=N/cy) [m3/a]
5 radius from center of the hole [m]
R; resistance to flow [a/m3]
S distance between fractures [m]
te contact time [a]
t thickness of canister wall [m]
TR,, help variables

u, Darcy velocity (flux) [m3/m?2,a]
up  water velocity in the fracture [m/a]
W width of the block [m]
w  width of a channel [m]
x;  distance along the x-axis [m]
y;  distance along the y-axis {m]
B, v y-coordinates for the general solution of the diffusion equation [-]
) aperture of the fracture [m]
€ effective porosity [-]
ul error function parameter

[0} distance from top of canister to the disturbed zone [m]
A diameter of the hole in the canister wall (case 2) [m]
Y aperture of a fracture in the canister wall [m]
G penetration of clay plug into the fracture [m]
T tortuosity (-]
4 channel division fraction [-]
6 angle of enclosure [rad]
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Appendix I.
DATA USED IN CALCULATIONS

Table 3.

Data used in calculations

Backfill diffusivity Do=4101  [m¥s]

Clay plug diffusivity Dp=41010 [

Rock diffusivity Dy = 7410713 [-"]

Water diffusivity Dy, =3.9-10° [-"]

Canister radius r; = 0.375 [m]

Radius of repository hole 1, =0.75 [m]

Width of parallel-epiped WwW=1 [m]

Envelope angle at which the

film resistance is calculated € =xn/4 [rad]

Fracture aperture 8=103-10% [m]

Fracture spacing s=2d=1,10 [m]

Clay plug penetration o = 10%, 103, 102, 0.1, 0.5 [m]
Water flux in rock u,= 10 [m3/m?,a]
Canister hole diameter A =25103 [m](hole area = 5 mm?)
Canister fracture aperture Y= 10%- 102 [m]

Distance from top of
canister to disturbed zone

n=15 [m]
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Appendix II
2 & 3-D CALCULATIONS TO VALIDATE THE RESISTOR

MODEL

In order to compare and validate the results of the simulations made with the
resistance network model a numerical solution is made of the transport of
radionuclides from a totally corroded canister is developed using the same
geometric model as that described in chapter 2.

The cylindrical geometry of the system, canister-backfill-rock, is simplified
and transformed to a system of rectangular geometry as in SKB 89-38 (Lee et
al., 1989)

The calculations are performed for a system in steady state for radionuclides of
very long half-life. The nuclide concentration at the wall of the canister is
assumed to be constant. The backfill layer is assumed to be sufficiently
impermeable to the water flow to render the liquid in the backfill pores to be

stagnant.

Radionuclides diffuse from the canister into and through the backfill,
continuing both through the porous rock and through the mouth of the fracture
to reach the flowing water in the fracture.

Within the fracture in the sector around the hole, the diffusion of radionuclides
from all the directions and the water flowing around this sector ccntribute to
build up a concentration profile.

The mechanisms of transport considered in the model are diffusion through the
solid material (bentonite, plug and rock) and advection plus diffusion in the
fracture.

Figure 31 shows a schematic view around the canister with the mouth of the
fracture plugged by backfill (rectangular coordinates are used as discussed
above). Radionuclides may reach the flowing water by

. diffusing through the backfill to the fracture mouth, then through the
plug in the fracture into the flowing water - path Q,,

. diffusing through the backfill-porous rock, into the fracture - path Q,.

. diffusing through the backfill, the rock, plug in the fracture, into the
flowing water in the fracture - path Q3.
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The model was solved for a 3-D system. This solution is very computer time
consuming. Also a 2-D solution was developed.

Simplified schematic view near the canister when the fracture is
plugged a length ¢ with bentonite. The mouth of the fracture is open to
the diffusion of radionuclides.

Mathematical model, 3-D

It is noted that the radionuclide concentration will be changing in all three
directions in the Cartesian system. The water flow is in the z-direction
simulating the water flowing around the hole.

The governing equations for the different solid-materials and the flowing water
in the fracture may be obtained from Table 18.2-2. (Bird et al., 1960).

Assuming that the densities and diffusivities for the solid materials are constant
and that the water is flowing in the z-direction, i.e. vy =v, = 0,

The governing equation for transport in the solid regions is
2
Viea=0 (70)

The governing equation for the fracture including diffusion from the rock and
from the plug into the flowing water and the fluid transport (advection) along
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the fracture, parallel to the surface of the interface backfill-rock

Dy, Vica +v-Vea= 0 (71)

The boundary conditions are expressed as follows

. at the canister surface, plane x = 0, the concentration.is constant
for O0<y <%
c=Cy (72)
0<z<W
. there is no flux across the planes at y = 0 and y = s/2 (symmetric
assumption).
for 0<x<oo
B_C 0= 0 (73)
dy = O0<z<W

for 0<x <o

oc
— =0 74
dy IY=S’2 0<z<W 74
. therc is no flux across the planes z = 0 and z = W in the direction
perpendicular to these boundaries, except in the fracture.
ac
5y lz=0= 0 (75)
oc
S0 76)
. at long distances away from the interface backfill-rock, x = o, the
boundary condition is
for §2<y<$
oc /2<y 2
a7

ZKIX:N: O<z<W
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Mathematical model, 2-D

The 3-D model is reduced to 2 dimensions by averaging the development of
the concentration profile in the fracture water. By studying the results from the
3-D calculations one can deduce that an average value of the mass transfer
resistance is reached when the concentration profile has been allowed to
develop during 25% of the contact length along the fracture mouth, i.e. after

an envelope angle of /4.

In the 2-D model it is assumed that this average concentration profile is
effective along the entire contact length.

In the x- and y-directions the geometry is symmetrical.
Calculations are done for different concentration profiles in the fracture. These

profiles are calculated assuming a constant concentration at the fracture mouth
and diffusion from the backfill into the flowing water.

In this case the boundary condition at the mouth of the fracture, x= a+0, is that
the concentration is constant .

c=¢C1 for 0< y< 5/2 (78)

and along the wall of the fracture, at y= /2, the concentration is

c=cyerfc (M) for x>a+o (79)
where
— _X-a-C 80

The contact time, L is calculated as

_frrd
t’"“—“uos (81)

where 1,, is the radius of the interface plug-water in the fracture measured from

the center of the canister, D w is the effective diffusivity of the free water, s is

the space between fractures, u is the Darcy velocity, and d is the aperture of
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the fracture. The factor f determines the location at which the concentration
profile is calculated.

Two cases are considered:
. The fracture is free of backfill
. A part of the fracture is penetrated by the backfill, forming a plug.

The first case is a special case of the second one, where the length of the plug
is zero or negligible.

I1.3 Methodology of the solution
Bentonite Rock N
v
—”’ l
Oy z walter 8/2 ’///I
y= - 5 4
W
x=())( x= a x= a+0 / f lA’
Plug
Figure 32. Schematic view of the geometric grid used in the computing of the

release of radionuclides in 3-D. Not at scale.

The grid used is very fine in the nodes close to the interfaces (clay-rock, rock-
water, clay-water) and increases in a geometrical way by a factor of
abonut 1.5. Figure 32 shows a view of the discretization used in the direction
perpendicular to the water flow. In the direction of the water flow, a
equidistant discretization is used. This means that the number of nodes is quite
large. For a typical grid the dimensions are 55x20x20 nodes (22 000 nodes).
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The governing equation (70) with the respective boundary conditions was
numerically solved by using the IFDM (Integral Finite Differential Method)
calculating the material balance for each node. The flow of radionuclides by
diffusion, except in the fracture, at any direction may be calculated by Fick's
law

N = DAAC (82)
AL

where AL is the diffusion length in the grid node.

The equivalent volumetric flow rate, Q, may be used to express the flow of
contaminants, N. The equivalent flow rate is defined as the volume of solution
with concentration ¢ per time unit that would be generated by a contaminant

flow of N moles per time unit. (Neretnieks, 1978)

A (L
Q=N_pa_% (83)
Co AL

where c is the concentration of the radionuclides, A is the diffusion area, and
AL is the distance over which the driving force acts.

If we call "C" the dimensionless concentration defined as c/c o the transport of

radionuclides by diffusion along, e.g. the x-axis, between two consecutive
nodes with effective diffusion coefficients Di and Dj may be written as

Qij=- ’ (84)
2D; Ay; Az;  2Dj Ay; Az;

If we call R; P the resistance to flow between nodes i and j along the axis in

particular

Axi + AXJ
2D; Ay; Az 2Dj Ay; Az;

R;; = (85)

then
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Cj- G =- Qi Ry (86)

Therefore, the mass balance for each node, i, may be written as

2 Q=2 C’i;.?i =0 87
j i R

When the water flow into the fracture in the z-direction is considered in the
calculations, we get

A(E

Az

+ v-C (88)

Ql, =X, = DA

The system of equations defined by equation (87) with the concentrations as
unknowns is solved using a routine from the NAG library. The solution of the
system of equations give the concentrations at each node, and the equivalent
volumetric flow rate between adjacent nodes is calculated using equation (87).

Results and discussion

The geometric dimensions of the system, the water flow, and the effective
diffusivities for the rock, bentonite, bentonite (plug), and free water are
tabulated in Appendix I. The effective diffusivity for the bentonite used in
plugging the fracture is assumed to be ten times larger than the effective
diffusivity of the backfill. The flux (Darcy velocity) was assumed to be 0.1

1/(m2.2).

The flow of radionuclides that reaci the flowing water through different paths
is calculated using the 2-D model. The calculations were performed for
different spacings between fractures, different concentrations at the mouth of
the fracture (c,), different contact times, and different plug lengths. In the first
set of calculations no plug in the fracture mouth was considered. In the second
set different plug ler: “ths in the fracture were used.
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The 2-D model requires the assumption of a concentration in the fracture
mouth. Moreover, the calculations are done for a given section (we have
chosen m/4). The advantage of this approach is its short computing time
compared to that obtained from the 3-D model. The 3-D model was used to
solve a few cases which are taken as reference cases for the 2-D calculations
and for the resistor model.

The values of the equivalent flow rate, Q;, are related to an equivalent
volumetric flow rate Q equal to 1.15 V/a. This reference equivalent flow rate
was calculated assuming zero concentration at the mouth of the fracture and no
plug for a fracture aperture of 0.1 mm and a fracture spacing of 1 m.

Results, 2-D model

The 2-D model is solved for two cases, a) no plug in the fracture and b) with
plug in the fracture.

The results from the 2-D model are calculated for different concentrations, ¢,,
at the mouth of the fracture. The imposed concentration profile within the
fracture is calculated by equation 79.

From the 3-D model developed in a later stage in this report and also from the
resistor model , was shown that the condition of concentration at the mouth of
the fracture changes for any change introduces in the system as for example
changes in the spacing between fracture, in the fracture aperture, in the plug
length, etc. Then the release of radionuclides for any change introduced in the
system, may be obtained if the new concentration condition is known. In this
report, the release is obtained at the concentrations ¢, in the respective figures

showing the results for the 2-D model.



11.4.1.1

Figure 33.

59

Results for case without plug in the fracture

The 2-D model was used to test the influence of some parameters on the
release of radionuclides into the flowing water. First we studied the influence
of the contact time on the nuclide release, expressed as equivalent flow rate.
The penetration length (or the shape) of the concentration profile in the fracture
is determined by the contact time. Calculations were performed for contact
times corresponding to envelope angles of ©/4, n/2 and w (Equation 81).

The fraction of equivalent flow rate which flows directly into the fracture
mouth (Qlth) is slightly increased with the contact time for a given value of

the concentration c,. See Figure 33.

o 1.0

< |

-

o 0.81

- [

8 0.61

[} E

H

Z 0.4

G 0 n/4

—°——

0.2- /2

— ; n

Q

™ 0.0 Y T T T y T T T

0.0 0.2 0.4 0.6 0.8 1.0

conc. c¢i1/¢ce

Flow rate dependency on the contact time and the dimensionless
concentration at the mouth of the fracture Cy. For s =1m, and

& = 0.1 mm.

Calculations for different fracture spacings were made, and the results are
shown in Figure 34. The release of radionuclides per fracture is increased by
about 0.1 Q, when a fracture spacing of 5 mis used instead of 1 m for a given
value of the concentration c;. If the fracture spacing is increased, from 1 t0 5
m, the water flow rate in the fracture is also increased in the same proportion.
This means a decrease of the concentration 1n the {racture. The concentration at
the fracture mouth was calculated by applying the simplified model (resistor
model) for the release of contaminants. This model include an equivalent
"film" resistance to take into account the diffusion in the flowing water in the
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fracture. Values for these concentrations are plotted at Figure 34. The release
per fracture decreases when a spacing of 1 m is used, for the case shown in
Figure 34 this reduction is of about 60 %. If the equivalent flow rate (Qt/QO) is
related to the length of the canister (5 m), we get that the total release from the
canister decreases when a larger spacing is used. The total release for the 5
fractures using a spacing of 1 m is about 1.0-Q, (5-0.2-Q_) while that for a

spacing of 5 m the total release is 0.38-Q,.
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Flow rate dependency on the dimensionless concentration at the mouth
of the fracture, for different fracture spacings. 8 = 0.1 mm.

The influence of the fracture aperture on the fraction of nuclides which reach
the flowing water through the rock (Q,/Q,) is also studied. Figure 35 shows
that this fraction is increased with the concentration in the fracture and it is
smaller for larger fracture apertures. For the reference case this fraction varies
from 30 % for zero concentration in the fracture to 60 % for a concentration at
the fracture mouth of 0.90-C .
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Results for case with plug in the fracture

The fracture was plugged with bentonite. Calculations were performed for a
fracture aperture of 0.1 mm, spacings between fractures of 1 m and contact
time evaluated at an angle of /4. Release for different plug lengths are shown
in Figure 36 as a function of the concentration at the fracture mouth. The
calculations were performed for a given concentration at the fracture mouth. If
the plug length is increased this concentration will be smaller.

Values for the conceniration in the fracture are taken from the resistor model
and plotted in Figure 36. The thick curve shows as the release changes with
the plug length. For example, if there is no plug the concentration at the
fracture mouth is about 0.9-C_, and the release is about 0.18-Q,. For a plug
length of 10 cm the concentration at the fracture is 0.6-C_ and the release is
about 0.12-Q_. This shows that the influence of the plug is not significant, due
to the fact that the resistance in the flowing water is more important.
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The intersection of the thick line with the curves of flow rate gives the
relative equivalent flow rate obtained from concentration at the mouth
of the fracture, calculated in the resistor model.

The distribution of the total equivalent flow rate in the different paths (Ql, Q2
and Q,) are modified with the variation of the plug length. Figure 37 shows

the fraction of the nuclides which flow only through backfill and bentonite
plug in the fracture, Q,/Q,. It is observed a strong decrease of this fraction

when the plug lengths is increased. The thick curve shows how the release
changes with the plug length.

The fraction of nuclide flow rate through the paths Q, (see Figure 31) to the
total nuclide flow rate (Q,/Q,) is strongly increased by effect of the plug.
When the plug length is larger, most of the nuclides escape through the rock.
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The fraction Q,/Q, of radionuclides via the path bentonite-rock for different
plug lengths is shown in Figure 38. The release of nuclides calculated for
concentrations in the fracture taken from the resistor model is almost constant,
about 9 % of the total release escape via path Q.

11.4.2 Results, 3-D model

The release of radionuclides from the canister, calculated using the 2-D model
is dependent of the boundary condition at the mouth of the fracture. We have
assumed a certain concentration profile in the fracture. The release of
radionuclides may be calculated if the concentration at the mouth of the fracture
is known beforehand for a given flow rate of water in the fracture and for a
certain plug-length.

To match the resistor model with the release of radionuclides from the canister,
we need a reference case, for this reason we have developed a 3-D solution.
The release so calculated is considered as the "real” release from the canister.
The results of the 3-D model also may be used to compare with the results of

the 2-D model.
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Figure 39. Equivalent flow rate as a function of the plug length. For s=1 m,

6=0.1 mm, and water flux of 0.1 l/mz‘a.

The solution of the 3-D model is very computer time consuming. The typical
grid size has been about 20,000 nodes. The model was solved for different
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plug lengths, for a fracture spacing of 1 m, a fracture aperture of 0.1 mm and a

water flux in the fracture in the z-direction of 0.1 ]/rnz.a.

The release of radionuclides from the canister expressed as equivalent flow
rate is shown in Figure 39 above. This results indicate that the influence of the
plug is not significant. The release is reduced by about a 25 % when the plug
length is increased from 0.1 mm (in practice no plug) to 200 mm.

The concentration profile built up in the water flowing around the depository
hole, is shown in Figure 40 below. The figure shows small variations in
concentration for contact angles between ®/2 and n. The major variation
occurs at the inlet of the water-path, for contact-angles less than 7t/4.
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Figure 40. Concentration profile at the interface fracture water - plug. For a plug
of 10 cm in length.

concentration profile at the interfaces bentonite-rock and bentonite-plug
( ., see Figure 31), is shown in Figure 41. This concentration profile is
pr tically flat with a small and pronounced drop at the vicinity of the fracture
mouth. The mean concentration is approximately 0.98-c,.
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Figure 42 shows the concentration profile from the canister surface through
the backfill and the bentonite plug into the water in the fracture.
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fracture. For a plug of 10 cm in length.
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A comparison of the results obtained with the 3-D model is made with those
obtained in the 2-D mods! for boundary condition at the mouth of the fracture
obtained from the 3-D model. The results are shown in Table 4. The table
shows a higher release of radionuclides from the canister by approximately
30 % for the 2-D model. The reason may be that the concentration profile
imposed in the fracture in the 2-D model is based solely on the diffusion
through the mouth of the fracture and does not account for the diffusion from
the rock into and along of the fracture. This can be corroborated by observing
in Figure 42 that the concentration profile into the fracture for the 2-D model
lies under the curve for the concentration profile obtaining from the 3-D

model.

Comparison of the total equivalent flow rate calculated by the two
numerical models.

Total equivalent flow rate
2-D Model 3-D Model
Plug-length c,fe, Qs Q
[mm] [ [Va] [/a]

0.1 0.94 0.135 0.095
10. 0.88 0.127 0.093
100 0.64 0.105 0.080
200 0.53 0.088 0.070

Conclusion

The results from the numerical solutions of the 2-D and 3-D models do not
show a clear and large difference in the magnitude of the equivalent flow rate
of radionuclides whether a clay plug is introduced into the fracture or not. It
was found that the release is decreased by a factor of 1.5 to 2 when the plug
length increases from 0 to 50 cm.

Changes in the conditions in the system studied (changes in aperture, spacing,
plug-length, etc) not only affects the total equivalent flow rate, it also changes
the distribution of the equivalent flow rates between the different flow paths.
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It is observed that the release of radionuclides obtained from the 2-D model
with respect to the 3-D model is overestimated by about 30%. This difference
arises as was shown, because the concentration profile imposed within the
fracture does not account for the contribution to this profile from the lateral
diffusion from the ceiling and floor of the fracture.
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