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Abstract

The thermal convective motion induced in groundwater due to the decay heat generated
by the high level waste in the WP-Cave has been studied by means of coupled
thermo-hydraulic numerical models. The WPC concept is proposed as an alternative
to the KBS-3 repository concept for construction in crystalline rock. However, in the
absence of specific site fissure data, the rock mass has been modelied as a quasi-porous
medium.

The repository was assumed to be filled 40 years after unloading of the fuel from its
reactors. For a further 100 years the whole repository is cooled, before being backfilled
and sealed off. Maximum waste temperatures and the fluid fluxes crossing the backfilled
bentonite diffusion barrier were monitored to 3000 years after fuel unloading. At the
same time, the effects of the hydraulic cage and of a highly permeable rock zone beneath
the central storage volume on the induced fluid flows have been assessed.

Keywords
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Summary

The compact design of the WP-Cave concept leads to concern for high waste tempe-
ratures. In addition, the buoyancy forces in a continuous, saturated rock mass can be
expectedtoinduce convective cell motion in the pore and fissure waterin the surrounding
host rock.

In order to assess the orders of magnitude of the temperature field and of the strength
of the induced flows, a numerical modelling programme has been pursued. To this end
a model was set up in cylindrical coordinates with the finite difference flow and transport
code TROF-2DP, thereby making use of the economies offered by the WP-Cave
geometry. The materials were represented as quasi-porous media since no specific site
(with its associated fissure data) was under consideration.

Initial heat loads of 1.13, 0.81 and 0.6MW at the time of waste placementin the repository
were considered. The essential circumferential "smearing™ of the storage channels, a
consequence of the cylindrical model, has resulted in estimates of peak temperatures
which are slightly higher than in the detailed near-field thermal calculations (see SKB
TR 89-26), so that the lowest heat loading of 0.6MW yielded a maximum temperature
in the centre of the storage region of 160°C rather than 150°C.

The study reveals that the density of the bentonite/sand diffusion barrier plays a
significant réle in reducing the amount of water flowing upwards through the storage
volume in the primary convection cell.

The hydraulic cage, the outermost constructive element in the WPC concept, reduces
the flow of groundwater through the storage region but has a very minor effect upon the
thermally driven convective flows originating within it. If solute does cross the bento-
nite/sand barrier, the presence of the cage and the modifications it causes to the outer
portions of the convective motion will tend to mix the solutes with that groundwater
carried by the cage. The existence of this mechanism accentuates the importance of
the quality of the bentonite/sand batrrier.



A hypothetical, highly permeable zone was introduced in the host rock, crossing the
model domain horizontally immediately below the storage region. Its presence does not
radically increase the flow through the repository, but stimulates the motion between
the bentonite barrier and the hydraulic cage and hence the mixing within this outer region
of any solutes which do escape across the diffusion barrier. This result underlines the
need for site qualification.



1. Introductory Remarks

The WP-Cave concept for the storage and final disposal of high level radioactive wastes
involves the hydraulic isolation of an essentially cylindrical storage volume from passing
groundwater by means of a two- stage barrier.

The first (inner) stage is a diffusive barrier formed by a 5 m thick enclosure of backfilled
bentonite in an excavated annular space surrounding the storage volume. The second
stage is a hydraulic "cage" formed by a network of drillholes and ring galleries. Figure
1 is a reproduction of this overall geometry.

The purpose of the present report is to present the results of preliminary calculations
of coupled thermo-hydraulic processes in the near field. These have been undertaken
to check whether thermally induced circulations within either of the two barriers could
diminish the effectiveness of the barriers themselves.

The work has been carried through in two stages. In the first stage a uniform distribution
of the heat source intensity within the storage region was assumed. A more detailed
model ofthe heat source was introduced in the second stage calculations. In both stages,
the WP-Cave was modelled with and without the presence of the hydraulic cage. The
following parameters have been varied:

- the magnitude of the heat source
- hydraulic conductivity of the bentonite barrier
- hydraulic conductivity of the inner rock mass



2. The Model

2.1 General overview - geometric representation

A mathematical model of the near field of the WP-Cave has been constructed using the
cylindrical coordinate feature of the hydrological transport code TROUGH-2DP, [1],
whereby advantage has been taken of the cylindrical nature of the WP-Cave geometry
in order to be able to make use of this feature and to avoid the necessity of creating a
three dimensional model. The resulting model domain may be thought of as a "cake
slice™. The idealised geometry is illustrated in Figure 2. In this figure, the vertical axis
(z) coincides with the vertical axis of symmetry of the WP-Cave.

Figure 3 shows the simplified geometry finally adopted for economy of modelling. The
combination of buoyancy source terms in the hydraulic equation for every discrete
volume over the field and the extreme contrasts of thermal conductivity between the
cage and the neighbouring host rock (10° compared with 10° ms-1) have demanded
fine discretisation of the problem in both space and time.

The conical features of the bentonite barrier and of the hydraulic cage have been
replaced by horizontal discs to enable the number of discrete volumes and hence the
time of computation to be reduced. This reflects the constraint imposed by the finite
differencing in the TROUGH code to the use of rectangular control volumes. The orders
of magnitude of the hydraulic flow vectors leaving the bentonite barrier are maintained
in spite of the simplification.

The first stage model consisted of 29 (radial direction) by 38 (vertical) nodes. This was
verified successfully for the situation without the hydraulic cage against a more refined
model (31 by 70 nodes), which included the conical features of the bentonite barrier.
The model size necessary for a satisfactory representation of the conical portions of
the hydraulic cage to the same level of detail was 112 by 150 nodes. Since the results
sought from the model were principally the fluxes across the bentonite barrier, the
simplified representation of the cage geometry was judged to be worthwhile and justi-

fiable.

The second stage model contains more detail in the heat generating storage volume
than the two versions discussed above, but the conical features remain absent. The
model dimensions were 34 by 75 nodes.



One consequence of the use of cylindrical geometry is the implicit acceptance of axi-
symmetry not only of construction and of material properties, but also of physical pro-
cesses. Thus, notransversal groundwater flow has been considered and the only source

of fluid flow is buoyancy forces.

2.2 Assumptions in the model

The physical system:

There are three basically different ways in which diffusive/ advective heat transport in
a fluid-filled permeable medium can be simulated:

- to assume that the fluid is always locally at the same temperature as the solid
matrix material;

- to assume that the solid material locally has a characteristic temperature which
the fluid does not attain in real times because of the action of a heat transfer
resistance between the two media;

- to assume that the solid is composed of blocks of material so large that heat
exchange with a passing fluid at their surfaces influences the temperature distri-
bution within each particular block. The fluid may then be assumed either to take
the surface temperature of the solid locally or to exchange heat with the solid
surface via a heat transfer resistance.

In the present case the first and simplest model has been used in order to establish
primarily the expected orders of magnitude of the coupled effects.

This model assumption may be applied to situations in which very slow fluid flows occur
even when the grain or block size of the solid is substantial. As will be seen later, the
slow flow assumption appears to be justified in the present case. So far, although the
necessary algorithm is available, no check has been made on the applicability of the
implicit assumption in this model of locally uniform temperature distributions across

grains or blocks.



The result of selecting the first of the three alternative model assumptions is that the
repository host material is forced to correspond to a porous medium. The equations for
coupled heat and fluid transport in such a material are presented in Appendices | and
Il

Thermal-hydraulic coupling:

Two equations have to be solved at each step in time, one for fluid flow and one for
thermal energy transport. The first is a diffusion equation, if the Darcy flow assumption
is maintained; the second a standard advection diffusion transport equation.

Buoyancy forces are reflected by the inclusion in the head diffusion equation of potential
sources, which perturb the potential field and thus modify the fiuid flows. The flow field
is accounted for in the thermal energy transport equation by the advective transport
terms, which contain the velocity components in the orthogonal coordinate directions.

If the fluid fluxes are sufficiently small in this induced flow field the contribution of
advective transport becomes insignificant. In the present case, the low flow porosities
and permeabilities create such a situation, so the further simplification of only partial
coupling could be permitted in the final calculations. Partial coupling permits the
buoyancy forces to affect the flow field, but the advective transport terms in the thermal
energy equation may be dropped. Such a step saves several global iterations of the
field solutions in each timestep, thus reducing computational time by a factor of at least
three (three global iterations is the minimum allowed in the TROUGH code for fully
coupled solutions). The assumption of partial coupling was therefore adapted.

The Waste and the Excavations - Initial Conditions:

A further assumption made in the model concerns the intensity of heat generation. For
these rather preliminary calculations it has been (conservatively) assumedthat the entire
waste inventory is deposited simuitaneously in the storage cavern forty years after
unloading from the reactors.

For a period of one hundred years after the placement of the used fuel the repository
is cooled forcibly so that the cooling air does not exceed 40°C. At this time (140 years
from unloading) the repository is closed.



Simultaneously with the closure, the whole gallery/shaft system is assumedto be rapidly
backfilled with a sand/water mixture and the surrounding rock mass, which will in reality
have been drained of water, is furthermore assumed to become instantly resaturated.
Thereafter, long-term effects on the hydraulic system, caused by convergence of the

excavations are ignored.



3. Heat Source Initial and Boundary Conditions

3.1 The Heat Source Intensity

Figure 4 shows the specific heat release rate time history for PWR spent fuel after a
burn up to 38'000 MWd/ton Uranium. These data have been published in SKN Report
16 [4]. This curve has been approximated by a fifth order polynomial in (log,,t):

]
X a,liog,, 11"

0(1)=0,-1 ("'=° ) 3.1

The resulting curve of this polynomial function, derived by a least squares error fitting
procedure is also plotted on Figure 4. The maximum discrepancy between the data
curve and the fitted curve is of the order of 3% at ca. 200 years after unloading. Table
3-1 below lists the coefficients a,,:

4.041038 x 10°
-6.134463 x 10"
-9.398288 x 10
9.499749 x 10
-3.287113 x 10
3.707720x 10

Table 3-1: Coefficients of the logarithmic polynomial heat source function.

As stated above, the entire inventory is assumed to be placed in the repository simul-
taneously, 40 years after unloading from reactor. At this instant, the start of the model
calculation, three levels of heat output have been used: 1.13 MW, 0.81 MW and
0.60 MW. In each case, Q, has been normalised to the desired level. During the first
100 years following disposal a thermal sink is applied to the model volume representing
the waste caverns to maintain the temperature at the desired temperature of 40°C. The
strength of the volumetric heat source intensity, Sy, is obtained by scaling Q, to account
for the relation between the real waste package and model source domain volumes.



3.2 Initial and Boundary Conditions

General:

Apart from the upper boundary, which represents the upper limit of the groundwater
system and is at a predetermined height above the repository, the other boundaries are
selected to provide sufficient buffer volume between themselves and the perturbation
represented by the heat-generating waste. This becomes apparent upon studying
Figures 2 and 3.

Hydraulic:

The upper and lower horizontal boundaries have been fixed as no-flow (zero head
gradient) boundaries whilst the outer radial boundary is fixed at the initial head level for
the whole field of 10.0 m.

In order to improve the validity of the uniform fixed head value along the vertical,
cylindrical outer boundary the outermost cells in the horizontal direction were arbitrarily
allotted hydraulic conductivities (K) equal to 10% of that of the host rock. Likewise the
storativity coefficients (see Appendix Il) were set ten times higher than those host rock.
This tactic effectively increases the outer radius of the domain. The last 300 m are
thereby effectively to 3 km.

Thermal:

The seabed temperature in the case of coastal sub-seabed disposal is defined at 4°C
and the typical vertical geothermal gradient, corresponding to a radial earth heat flux of
50 mW/m? varies little from 1.4°C per 100 m over the first 1000 m of depth below the
surface. These geothermal values imply that all significant geothermal heat flow must
be via conduction. In its turn this statement implies that advective vertical heat transport
is negligible. Thus the vertical connectivity of the hydraulic system is weak. A continu-
ously connected system with no apparent resultant water inflows or outflows at the
surface would tend to experience large scale free convection circulations of fluid
throughout its whole volume, resulting in a somewhat reduced geothermal gradient.
Distinct upwards or downwards regional water movement over long periods arising with
the formation of convection cells will cause characteristic distortion of the temperature
gradient resulting from pure conduction alone.



For conservatism in the present case, which concerns a generic site, a continuously
connected active hydraulic system has been assumed. An average initial temperature
of 9.6°C was employed for the whole domain, corresponding to the initial true tempe-
rature at the mid-depth of the cave. This temperature level was then also used as the

reference temperature for viscosity and density.

The outer boundaries of the domain are maintained fixed at this same temperature
during the problem time.



4. Cases Calculated

Three different assumptions regarding the design have been considered:
- no hydraulic cage
- with hydraulic cage

- with hydraulic cage, but in addition a 10 m wide horizontal,
highly permeable (2 x 10®° ms™) band directly below the
repository storage volume.

In addition, the thermal load of the radioactive waste and the hydraulic properties of the
near field materials were varied for the different cases calculated. Table 4-1 gives an
overview of all the cases calculated. All relevant parameters and material properties
are described in Chapter 5. It should be noted that for the last set of these calculations
(Cases 6to 8), a set of conservative hydraulic parameters were used in the region within
the bentonite diffusion barrier. The conductivity of the bentonite shell itself was raised
by one order of magnitude and the conductivity of the rock within the barrier was raised
by two orders of magnitude. The intention here was to make allowance for decom-
pression and additional cracking in the rock following the excavation of the surrounding
shell.



Table 4-1: Cases Calculated

First Stage

X 0.81 Model refinements introduced.
Hydraulic conductivity raised in
upper part of bentonite shell and
reduced in lower part
X 0.81
X 0.81
b4 1.13
b3 0.81 Reduced hydraulic conductivity in |}
upper half of bentonite shell also
x 0.6 Uniformly raised hydraulic conducti-
vity of bentonite shell and enhanced
hydraulic conductivity of the
(decompressed) rock mass within i
the bentonite shell (conservative
material set)
X 0.6
X 0.6

-10 -



5. Thermal Load and Material Properties

For the initial (first stage) calculations the thermal load of the waste was setto 1.13 MW,
the value corresponding to the full tonnage load of the WP-Cave repository. However
a maximum allowable temperature criterion of 150°C was introduced in the course of
the safety analysis. This was achieved by decreasing the tonnage of spent fuel in the
repository to a level corresponding to an initial thermal loading of 0.81 MW, Since the
geometrically simplified source model used in the present study tends to overestimate
the peak temperatures, it was decided to reduce the thermal loading still further, rather
than develop a more accurate near field model. Therefore an initial thermal loading of
0.6 MW was applied to the last calculations. The initial thermal load strength is tabulated
against the maximum temperature in Table 5-1 below.

Table 5-1: Thermal Source Term and Resulting Peak Temperatures According to
here Used Simplified Temperature Calculation Model.

The Tables 5-2, 5-3 and 5-4 present all essential properties of solid material used for
the calculations. It will be noticed that in Tables 5-2 and 5-3 the hydraulic conductivity
of the host rock is given as a continuous function of depth. A stepwise variation of this
property has finally been used in the model.

Table 5-5 contains the properties of the groundwater with exception of the viscosity.
This is calculated as an exponential function as given below:

-11 -



4
Inp= Y b T" 5.1
m=1

The coefficients in this expansion for viscosity of pure water are listed in Table 5-6. They
are derived from data in Schmidt & Grigull [5].

Table 5-2: Material Properties of the undisturbed Host Rock

2.17x10% x g*8
(d is depth [m])

1.0x 10*
2.7x 10°

9.0x 10"
36-3.74x10°T
[Tin"C]
1.8x10°
8.0 x 102

-12-



Table 5-3: Material Properties used for Regions Inside the Bentonite/Sand Barrier

2.17x10°d"'*®| 2.0x10* 2.0x107

- 1.0x10°%
- h:4.0x107 | h:2.5x10%
v: 1.0x10®° | v:9.0x107

6-3.74x10°T
- 2.1

16.7

9.0x10™M
- 1.0x10?
- 9.0x10™"

-13-



Table 5-4: Material Properties Used for Different Parts of the Bentonite/Sand Barrier

1.0x10™

1.0x10™
1.0x10™"° - - -
1.0x10™ | 1.0x10™ | 1.0x10™"" { 1.0x10"°

1.0x10™" (estimated)

-14 -



Table 5-5: Properties of Water

9.98 x 10?
0.6

1.8x10°

4.88 x 107°

418 x 10°

Table 5-6: Coefficients for the fitted polynomial exponent of the expression for viscosity
(5.1)

-2.9095017 x 10?
1.4100172 x 10*

-3.6361410 x 107
3.4843856 x 10°

-15-



6. PRESENTATION OF RESULTS

The results of the calculation runs, insofar as they affect transport of solutes from the
repository, are exposed in Tables 6-1 to 6-7 for the stage 1 calculations and in Tables
6-8 to 6-12 for the stage 2 calculations. Each table contains a number of reference
velocity components at eight (stage 1 calculations) and ten (stage 2 calculations)
respectively preselected monitoring points on the outer surface of the bentonite barrier
for each of the cases at one particular instant in time. The nodal points of the finite
difference cells, whose vector components have been tabulated, are indicated in Figures
5a (stage 1) and 5b (stage 2). The vertical components in monitor cells 1, 2, 7 and 8 in
Figure 5a and 1, 2, 3, 8, 9, and 10 in Figure 5b are defined on the outer surface of the
bentonite barrier as are the horizontal components in cells 3, 4, 5 and 6 in Figure 5a
and 4, 5, 6, and 7 in Figure 5b.

This approach permits the release rates from the near field of the repository, defined
here as that volume lying within the bentonite shell, to be determined for input to a
migration computation. The monitoring points numbered 1 to 8 (stage 1) and 1 to 10
(stage 2), their coordinates and nodal addresses are shown in Figures 5a and 5b.

Figure 6 shows the resulting temperature in the source region for the two stages and
ditferent thermal loads applied. As is seen in the Figure the difference is negligible
between the results of Stage 1 and Stage 2 models.

The induced flow, Darcy’ s velocity, is presented in Figures 7 to 17. Point 2 in Stage 1
and Point 3 in Stage 2 respectively were selected for the reference vectors. The Figures
contain the time histories, up to 3000 years, of both horizontal and vertical velocity
components at the reference points, Figure 7 in Case A, Figure 8 for Case B etc.

The general forms of the velocity time histories correlate closely to those of the tem-
perature in the centre of the waste storage region. The storage region heats up very
rapidly after the 100 years of controlled cooling following disposal (at t = 40 years),
giving rise to a plateau on each curve up to t = 140 years followed by an immediate rise
and a slow decay.

-16 -



Table 6-1: Exit speeds (Darcy velocities in m/yr)

out of Bentonite  Table 6-2: Exit speeds (Darcy velocities in m/yr) out of Bentonite

Barrier Barrier
Case A Case B Case C Case A Case B Case C
(no cage) (with cage) (with cage + (no cage) (with cage) (with cage +
h.c. zone) h.c. zone)

Time {yrs] 93.6 93.6 936 Time [yrs] 394 394 394
Max Temperatures Max Temperatures

[cl rel

Sources (3r21) 4.00x 10! 4.00 x 10*' 4.00 x 10! Sources (3r21) 1.98 x 10*2 1.96 x 10*2 1.96 x 10*2
Cage (16/21) 1.24x 10" 1.20 x 10" 1.20x 10°! Cage (16/21) 4.71 x 10! 470 x 10°! 4.70 x t0*'
U1 (4/26) 1.09 x 10 6.09 x 107 3.20x 10° U1 (4r26) 7.90 x 10 2.33x 10% 1.75x 10°
w1 381x10° 350x10% 1.47 x 10* w1 3.39x 10* 3.25x 10* 1.08 x 10?
u2 (8/26) 7.29x 10° 402 x10°* 2.54 x 10° U2 (8/26) 5.60x 10° 1.04x 103 1.45x 10"
w2 2.45x 10* 2.15x 10 1.23x 10* w2 265x 10* 250x 10+ 9.45x 10*
U3 (10/24) 544 x10* 5.06 x 10°® 1.06 x 10 us (10/24) 262x10° 1.57x 10° 6.66 x 10
w3 294 x 10* 2.01 x 10* 4.32x10° w3 295x 10* 1.42x10* 3.26x10*
U4 (10/22) 382x10° 366 x10°® 1.20 x 10* U4 (10/22) 1.86x10° 1.34 x 10 7.67 x 10
w4 4.02x10° 3.06 x 10* 6.60 x 10° W4 357x10* 1.92x 10* 5.21x10*
us (10119) -392x10* -3.77x 10 1.54 x 10°* us (10/19) -1.99x 10° -1.48 x 10° 9.94 x 10
W5 3.38x 10°% 2.44 x 10 3.20x 10* W5 3.16 x 10* 1.60 x 10 3.32x10°
us (10/16) -5.93x 10°* -5.54 x 10* -295x 10 Ue (10/16) -2.89 x 10° -1.79 x 10 -181x10*
wWeé 1.66x 10° 1.05x 10°% 9.79x 10 wé 2.02x 10* 1.09 x 10" 1.11 x 10?
uz (8/14) -6.90 x 10°* -3.68 x 10° -5.09x10% uz (8/14) -5.24 x 10° -781x10* -1.21 x 10
w7 1.03 x 10* 1.33x10° 248 x 10 W7 1.41x 10* 234 x 10* 254 x 10°
us (4114) -1.02x 10°* -7.36 x 107 -7.78x 10 Us (4714) 7.3t x 10°* -8.14 x 10°* -285x10°
w8 1.41x10*° 2.13x10% 298 x10* w8 1.69x10* 288 x10* 271 x10°3

-17 -




Table 6-3: Exit speeds (Darcy velocities in m/yr)

out of Bentonite  Table 6-4: Exit speeds (

Darcy velocities in m/yr) out of Bentonite

Barrier Barrier
Case A Case B Case C Case A Case B Case C
(no cage) (with cage) (with cage + (no cage) (with cage) (with cage +
h.c. zone) h.c. zone)

Time [yrs) 754 754 754 Time [yrs] 1290 1290 1290
Max Temperatures Max Temperatures

[Cl [C]

Sources (3/21) 1.18 x 10*? 1.18 x 10*2 1.18 x 10*2 Sources (3/21) 7.16 x 10" 7.14x 10" 7.14 x 10*'
Cage (16/21) 3.73x 10" 3.72x 10! 3.72x 10" Cage (16/21) 2,70 x 10! 2.69 x 10" 269 x 10"
U1 (4/26) 5.19x 10°* 0.00 x 10*° 9.1 x 10°*® Ut (4/26) 3.21x10* -5.81x 107 531x10®
w1 242 x10* 231x10* 7.14x10* w1 1.49x 10* 1.43x10* 428 x10*
U2 (8/26) 3.76 x 10 -260x 10 7.82x10% U2 (8/26) 236x10° -4.12x10* 425x10°
wa2 1.99 x 10 1.88 x 10 6.32x 10* W2 1.25 x 10* 1.19 x 10* 3.82x 10*
u3 (10/24) 1.29 x 10* 483x 10 4.09x 10* VK] (10/24) 6.39x 10* 1.51x10° 2.38x10*
w3 202x10* 8.38x 10* 204 x 10* w3 1.17x 10* 467 x 10" 1.18 x 10
U4 (10/22) 9.45x 10°® 5.49x 10 475 x 10* U4 (10/22) 490 x 10°* 247 x10°* 2.77x 10
W4 235x 10 1.09 x 10 3.31x10* w4 1.36 x 10* 5.98 x 10* 1.94x10*
us (10/19) -1.01 x 10 -6.29x 10* 6.20x 10* us (10/19) -5.33x10* -3.04 x 10* 363x10*
W5 2.14x10* 9.32x 10% 227x 10° W5 1.25x 10 5.16 x 10 1.37x 10°
ue (10/16) -1.43 x 10°* -5.88x 10 -1.11 x 10° us (10/16) -7.22x10° -2.16 x 10 6.43x10*
We 1.51 x 10 8.21x10% 7.84 x 10° we 9.10x 10°® 5.03x 10* 482x10°
Uz (8/14) -3.42x10° 391x10* -2.72x 10 uz (8/14) -2.06 x 10* 456 x10* -453x10*
W7 1.16 x 10* 206x10* 1.81 x 10* w7 7.39x 10* 1.37x 10* 1.12x10*
us (4114) -4.69 x 10 -5.81x10* -1.44 x 10° us (4/14) 2.79x 10°* -3.78 x 10°* -7.97 x 10°*
ws 1.34 x 10* 234 x10* 1.88x 10% ws 8.42x 10" 1.50 x 10 1.15x 10?

-18 -




Table 6-5: Exit speeds (

Darcy velocities in m/yr) out of Bentonite  Table 6-6: Exit speeds (Darcy velocities in m/yr) out of Bentonite

Barrier Barrier
Case A Case B Case C Case A Case B Case C
(no cage) (with cage) {with cage + (no cage) (with cage) (with cage +
h.c. zone) h.c. zone)

Time [yrs] 1470 1470 1470 Time [yrs] 2190 2190 2190
Max Temperatures Max Temperatures

(cl il

Sources (3/21) 6.35 x 10*' 6.34 x 10*' 6.34 x 10" Sources (3/21) 451 x 10" 450x 10" 450 x 10!
Cage (16/21) 2.49 x 10*! 2.49 x 10°! 2.49x 10" Cage (16/21) 2.00 x 10*' 2.00x 10! 2.00 x 10°"
Ut (4/26) 284 x10* -5.81 x 107 455x10°® U1 (4/26) 1.94 x 10°* -4.36 x 107 2.85x 10°®
Wi 1.31x 10* 1.26 x 10* 3.75x 10* w1 8.77x10° 8.46 x 10° 251 x10*
U2 (8/26) 2.09x 10* -4.34 x 10°* 3.63x10* uz2 (8/26) 1.44 x 10° -3.26 x 10 2.37x10*
w2 1.11 x 10* 1.05x 10 3.35x 10" w2 7.47 x 10°® 7.13x 10° 224 x10*
U3 (10/24) 5.38x 10* 1.12x10°® 2.08 x 10* u3 (10/24) 3.30x 10* 5.11x 107 1.38x10*
w3 1.02x 10 4.03 x 10° 1.03x10* W3 6.58 x 10° 260x 10°® 6.74 x 10°
u4 (10/22) 417 x10* 204 x 10* 242 x10* U4 (10/22) 265x10°® 1.25x10°® 1.60x 104
w4 1.18 x 10* 514 x10°* 1.69x 10* W4 764x10° 331x10° 1.12x10*
us (10/19) -454 x10* -2.55 x 10 3.17x 10* us (10/19) -281x10° -1.52x10°* 2.10x 10*
W5 1.09x 10* 4.47 x 10°® 1.20 x 10° W5 7.08 x 10° 2.87x 10* 8.04 x 10*
ue (10/16) -6.10x 10°* -1.69x10°® -5.60 x 10* ue (10/16) -3.68x10° -7.91x107 -3.70x10*
Wé 7.95x 10° 4.41x10° 4.24 x 10° Weé 5.21x10* 3.00x 10°* 286x10*
u7 (8/14) -1.81x 10* 434x10* -2.27 x10® u7 (8/14) -1.22x10% 3.58 x 10°* 1.20x10°*
w7 6.53x 10°* 1.22x10* 9.84 x 10 w7 4.41x10° 8.56 x 10° 6.60x 10*
us (4/14) -2.45 x 10°* -3.49x 10 -683x10° us (4/14) -1.65x 10* -2.47 x 10 -4.65x 10
w8 7.42x10% 1.33x10* 1.01x10° ws 5.00x 10° 9.16 x 10° 6.79 x 10*
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Table 6-7: Exit speeds (Darcy velocities in m/yr) out of Bentonite

Barrier
Case A Case B Case C
(no cage) (with cage) (with cage +
h.c. zone)

Time [yrs] 3000 3000 3000
Max Temperatures

[Cl

Sources (3/21) 3.58 x 10*' 3.58 x 10! 358 x 10
Cage (16/21) 1.73x 10! 1.73 x 10" 1.73x 10"
U1 (4/26) 1.45 x 10 -2.41x 107 2.13x10*®
Wi 6.44 x 10 6.23x 10* 1.85x 10*
U2 (8/26) 1.08 x 10° -2.32x 10 1.76 x 10
w2 549 x 10 525x10% 1.66x 10*
U3 (10/24) 2.42x10° 4.12x 107 1.02 x 104
W3 4.75 x 10° 1.90 x 10°* 4.95x 10*
U4 (10/22) 1.98 x 10°* 9.69 x 107 1.19x 10"
w4 5.53 x 10° 2.42x10* 8.24 x 10°
us (10/19) -1.99 x 10 -1.06 x 10°* 156 x10*
W5 513x10% 2.10x 10% 594 x 10*
Us (10/16) -2.59 x 10°* 507 x 107 2.74x10*
We 3.77 x 10* 2.23x 10 212x10?
(Vg (8/14) -9.18 x 10°* 279x 10°* 128 x 10°*
W7 3.23x10% 6.43x 10° 496 x 10*
us (4/14) -1.24x 10® -1.82x 10* -3.42x10*
ws 3.67x10% 6.84 x 10* 503x10*
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Table 6-8: Exit fluxes (Darcy velocities in m/yr) across Bentonite Barrier at time : 243.6 yrs from fuel unloading.

Monitor Point Comp Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
(see Fig. 5) (no cage + (with cage + (with cage + (with cage + (no cage + (no cage + (with cage + (no cage +
0.81 MW) 0.81 MW) h.c. zone + 1.13 MW) 0.81 MW) 0.6 MW) 0.6 MW) h.c. zone +
0.81 MW) 0.6 MW)
1 U 3.24x 10* 3.11x10% 3.36 x 10°® 428 x 10° 9.49x 10 3.95x 10* 3.76 x 10° 3.66 x 10*
W 3.05x 10° 3.13x 10* 3.51x10* 431x10* 114 x 10° 4.15x 10° 436x10° 4.20x 10°
2 u 402 x 10 3.85x 10* 4.18x 10* 531x10* 1.22x10* 514 x 10* 491 x 10* 477 x 10*
w 284x10* 292x10* 3.29x10? 402 x 10* 1.11x10° 409 x 10? 429x10° 414 x10*
3 U 1.01 x 10* 9.63x 10* 1.09x 10° 1.33x 10° 396x10* 1.78x 10 1.72x10* 1.66 x 10°
W 1.83x 10? 1.89x 10° 2.23x10* 250x10? 9.49 x 10 3.36x 10* 354 x10° 3.38x10?
4 U 2.04x 10 2.08x 10° 246 x 10° 287x10° 8.40 x 10* 3.03x 10* 413x10* 2.36x 10
w -2.43 x 10 -8.66 x 10°*° 343 x10* -1.19x 104 7.96 x 10 -1.74 x 10 -4.89 x 10* 5.32x10°
5 u -1.03x 10° -1.06 x 10° 2.21x10* -1.46x10° 1.96 x 10* 1.94 x 10 226 x 10 -2.42 x 10*
w -9.59 x 10 -7.01 x 10 1.89x 10? -9.64 x 10* -8.15x 10* -9.45 x 10° 268 x 10° 1.36 x 10*
6 u 6.11x10* -6.24 x 10* -1.83x 10" -861x10* -3.49x 10* -2.04 x 10 -2.37x 10* -3.99x 10?
w 1.19x 10* 2.13x10* 1.81 x 10? 295x10* -2.90 x 10 8.92 x 10* 3.03x 10* 1.59 x 102
7 U -9.63 x 10 -9.74 x 10* -2.33x 10° -1.34x 10° -7.35x 10 -299 x 10 -4.09 x 10 -3.74 x 10°*
w 3.71x 10* 2.79x10* 4.12x10% 384 x10* 270x 10* 331 x10* -1.85x 10 1.85x 10?
8 u -1.30x 10° -1.30 x 10* -2.72x10° -1.80x 10° -1.06 x 10°® -1.80x 10 -1.80x 10* -1.79x 10*
w 1.06 x 10° 1.07x 10° 250x10° 1.47x10° 8.33x 10* 3.35x 10° 353x10° 3.75x10°
9 U -3.49 x 10°* -3.48x10* -4.50 x 10 -481x10* -3.27 x 10°* -493x10° -4.88 x 10° -4.85x 10®
w 1.16x 10° 117 x 10° 268x10?° 1.61x10° 9.27 x 10 407 x10? 427 x 10 4,51 x10*
10 U -2.96 x 107 -2.96 x 107 -3.71x 107 -408 x 107 -2.79 x 107 -3.84x10°* -3.79x 10 -3.77 x 10°*
W 1.17 x 10°? 1.18 x 10° 269x 10° 1.63x 10? 9.37 x 10* 4.13x10° 4.33x10° 457 x 10°

Total heat source strength at 40 yrs =

0.81 MW (cases 1, 2, 3)
1.13 MW (case 4)
0.81 MW (case 5)
0.60 MW (cases 6, 7, 8)
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Table 6-9: Exit fluxes (Darcy velocities in m/yr) across Bentonite Barrier at time : 543.6 yrs from fuel unloading

Monitor Point Comp Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
(see Fig. 5) (no cage + (with cage + (with cage + (with cage + (no cage + 0.81 (no cage + (with cage + (no cage +
0.81 MW) 0.81 MW) h.c. zone + 1.13 MW) MW) 0.6 MW) 0.6 MW) h.c. zone +
0.81 MW) 0.6 MW)
1 u 2.30x 10% 2.15x 10% 234 x 10" 3.01x 10" 6.83 x 10° 4.77 x 10° 4.47 x 10° 436 x 10°
W 2.22x10° 2.26 x 10* 2.54 x 10° 3.14x 10° 8.76 x 10* 5.30x 10? 5.55x 10° 5.38x10°
2 U 2.85x 10* 267x10* 293 x 10* 3.71x10* 8.75x 10° 6.26 x 10 587 x10* 572x10*
W 2.07x10° 211x10° 2.39x 10* 293x10° 856 x 10°* 5.27 x 10° 552x10? 5.35x 10’
3 u 7.15x10* 6.64 x 10 757 x10* 9.23x 10 287 x10* 235x10°% 225 x 10° 2.18 x 10°
w 1.36x 10? 1.38x 10° 1.64 x 10° 1.91 x 10° 7.40x 10* 483x10* 5.04 x 10* 4.86 x 10°
4 U 1.43x 10? 1.45x10? 1.73x 10° 201x10? 584 x10* 8.72x 10° 193 x 10* -6.85x 10
w -1.12x 10 -5.48 x 10°* 3.01x10* -7.59 x 10°° 1.18 x 10* -2.69x10* -1.19x 104 -1.12x10%
5 u -7.47 x 10 -7.67 x 10* 8.29 x 10* -1.06 x 10 1.29x 10* 9.61x 10° 1.21 x 10* -385x10*
W -6.22x 10 -5.08 x 10 1.81x10° -7.05x 10* -1.11x10% -7.95x 10" 214 x10% 1.41 x10?
6 U -4.23x 10 -4.29x10* -1.88x 10* -5.96 x 104 -2.43x 10* 992x10°% -1.25x 10* -3.76 x 10°
W 1.38x 10°* 131 x10* 1.52 x 10* 1.81x10* 3.11x10° -762x 10" 236 x 10° 1.39x 10?
7 U -6.63x 10 -6.63x 10* -1.59 x 10° -9.22x 10* -5.06 x 10 -797x10* -1.85x 10 242x10*
W 3.28x10* 214 x10* 3.78x 10° 297 x 10 257 x10* -561x10* -369x10* 1.88x10°
8 U -9.16 x 10°* -9.09x 10* -1.87 x 10°* -1.26 x 10 -7.53x 10 -1.89x 10 -1.88x10* -1.86 x 10*
w 8.09 x 10 8.06 x 10* 1.82x10° 1.12x 10° 6.54 x 10 484x10° 5.05x 10* 526 x 10*
9 u -237x 10°* -2.34 x 10 -2.90 x 10°® -3.26 x 10 -2.22 x 10°® -4.19x 10% -4.10 x 10° -4.06 x 10
W 883 x10* 8.81 x 10* 1.94 x 10° 1.22x10? 7.21x 10 5.28 x 10? 553x10* 5.75x 10
10 U -2.01 x 107 -1.99 x 107 -2.39 x 107 -2.78 x 107 -1.89x 107 3.24x10°* -3.17x 10 8.14x10*
w 8.90 x 10* 8.88 x 10 1.95x 10* 1.23x10% 7.28 x 10* 5.31x10% 556 x10° 578 x 10

Total heat source strength at 40 yrs =

0.81 MW (cases 1, 2, 3)
1.13 MW (case 4)
0.81 MW (case 5)
0.60 MW (cases 6, 7, 8)
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Table 6-10: Exit fluxes (Darcy velocities in m/yr) across Bentonite Barrier at time : 1444 yrs from fuel unloading

Monitor Point Comp Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
(see Fig. 5) (no cage + (with cage + (with cage + (with cage + (no cage + (no cage + (with cage + (no cage +
0.81 MW) 0.81 MW) h.c. zone + 1.13 MW) 0.81 MW) 0.6 MW) 0.6 MW) h.c. zone +
0.81 MW) 0.6 MW)
1 U 9.06 x 10 834 x 10 9.15x 10* 1.16 x 10* 275x 10" 2.28x10°% 2.08x10% 207 x 10°
w 8.81 x 10* 8.98 x 10* 1.01x 103 1.25 x 10? 357 x10* 2.58 x 10° 271 x 10? 263x10°
2 u 113 x 10* 1.04 x 10* 1.13x10* 1.44x 10* 3.53x10* 299 x 10* 2.79x 10* 2.72x10*
W 8.23x 10* 8.39x 10* 9.54 x 10 1.17x 10° 350x 10 2.58 x 10? 2.71x10? 263x 10°?
3 U 282x10* 256 x 10* 293 x 10* 3.56x 10 1.16 x 10* 1.16 x 10° 1.10x 10? 1.07 x 10°
w 5.42x10* 552 x 10* 6.57 x 10* 769 x 10* 3.05x 10* 246 x 10° 2.56 x 10? 2.48 x 10°
4 U 561 x10* 564 x10* 6.78 x 10* 7.86 x 10* 228 x10* 352x10°* 550 x 10° -3.61x10*
W -4.09x 10* -2.19x 10* 1.25x 10* -3.05x 10+ 489x10% -1.44x10* -6.71 x10% -1.87 x10°%
5 U -295x 10* -3.03x10* 2.29x10° -4.22x 10* 493 x 10* 2.94 x 10% 4.07 x 10* -1.88x 10*
w -2.44 x 10 -2.05 x 10* 7.74 x 10* -2.85x 10* -4.98 x 10 -4.18 x 10° 550 x 10* 6.29 x 10*
6 U -1.65 x 10 -1.67 x 10 -8.21 x 10 -2.32x 10 -9.52x10% -3.15x 10% -4.39x 10° -1.63x10*
w 551 x10° 454 x 10* 6.16 x 10° 6.31x 10° 1.30 x 10* -4.02x 10° 6.58 x 10°* 585x10?
7 u -2.57x 10 -257x 10* -6.18x 10 -3.58 x 10 -1.97 x 10" -2.37x 10* -5.33x 10° 1.43x10*
w 1.35x 10+ 8.65x 10° 1.61x103 1.20 x 10 1.07 x 10 -295x 10* -1.96 x 10+ 8.12x10*
8 u -3.60 x 10°* -355x 10 -7.26 x 10° -494 x 10° 2,97 x 10° 8.31x10° -8.25x10° -8.17x 10°
w 3.30x10* 3.28x 10* 7.25x 10* 457 x 10 270 x 10* 2.46 x10? 256 x 10°? 265x10°
9 8] -9.18 x 107 -9.03 x 10 -1.10x 10°¢ -1.26 x 10°* -8.58 x 107 -1.66 x 10° -1.16 x 10°® -1.59 x 10
w 3.59 x 10* 357x10* 7.74 x 10* 4,98 x 10 296 x 10* 2.58 x 10? 270 x 10* 2.80x10°
10 U -7.80x 10* -7.70 x 10°* 9.09x10* -1.08 x 107 -7.34x10* -1.28x 10°* -1.23x 10* -1.23x 10*
w 361x10* 360x10* 7.77x10* 5.01 x 10 298 x 10* 2.58 x 10° 271 x10° 280x10°

Total heat source strength at 40 yrs =

0.81 MW (cases 1, 2, 3)
1.13 MW (case 4)

0.81 MW

case 5)

0.60 MW (cases 6, 7, 8)
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Table 6-11: Exit fluxes (Darcy velocities in m/yr) across Bentonite Barrier at time : 2344 yrs from fuel unloading

Monitor Point Comp Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
(see Fig. 5) {no cage + (with cage + (with cage + (with cage + (no cage + (no cage + (with cage + (no cage +
0.81 MW) 0.81 MW) h.c. zone + 1.13 MW) 0.81 MW) 0.6 MW) 0.6 MW) h.c. zone +
0.81 MW) 0.6 MW)
1 U 5.47x 10 504 x 10 5.50 x 10°® 6.95x 10* 1.68 x 10°® 1.41 x 10* 1.31x10% 1.27 x 10°
W 532x10* 5.43 x 10 6.13x 10* 756 x 10* 217 x 10* 1.60 x 10? 1.68 x 10° 163 x10%
2 U 6.80x 10°® 6.23 x 10°® 6.83 x 10* 8.69 x 10° 2.15x 10° 1.85x10* 1.72x10* 1.68x 10"
W 496 x10* 5.07 x 10* 577 x10* 7.07 x 10* 2.12x10* 1.60x10° 1.68x10* 1.63x10°?
3 u 1.71x10* 1.64 x 10 1.76 x 10* 214 x10* 7.11x10°% 7.21x10* 6.85x 104 6.67 x 10*
w 3.27x 10* 334x10* 398x10* 465x 10* 1.85x10* 1.54 x 10° 1.61x 10° 156 x 10°
4 u 3.38x10* 340x10* 4.09x 10* 4.74 x 10* 1.37x 10* -2.38x10* 3.04x10° -2.56 x 10
w -2.60 x 10°® -1.35x 10 7.63x10° -1.89x 10° 2.79x 10° 9.25x 10" -4.29 x 10° -1.32x 10%
5 U -1.78 x 10 -1.83 x 10* 1.33x10* -254x10* 297x10° 1.66 x 10* 237x10° -1.17x10*
w -1.49 x 10 -1.24 x 10* 474 x 10* -1.73x 10* -4.77 x 10 -2.76 x 10* 253 x 10* 3.85x10*
6 u -9.93x 10* -1.00 x 10* -5.03 x 10 -1.40 x 10 -5.73x10% -1.79x 10°* -258 x 10°® -9.97 x 10
w 3.17x 10% 263x10% 3.74x10* 361x10° 6.34x 10* -2.64 x 10 3.16x 10 354 x10?
7 U -1.55x 10 -1.55x 10* -3.72x10* -2.15x 10* -1.18 x 10* 2.74x 10" -2.97 x 10° 9.11 x 10°
W 8.06 x 10* 5.24 x 10° 9.88 x 10 7.30x 10® 6.39 x 10° -1.87 x10* -1.24 x 10 495x 10*
8 U 217 x 10* -2.14 x 10* -4.38 x 10* -2.98 x 10 -1.79x 10°* -5.02x 10 -4.99 x 10 494 x 10°
w 2.01x10* 2.00x 10* 4.40 x 10* 278 x 10* 1.65x 10* 1.54 x 10* 160 x 10° 166 x10°
9 U -5.53x 107 5.43x 107 -6.61x 107 -7.57x 107 517 x 107 -9.74 x 10°* -9.45x 10 -9.33x10*
W 2.18x 10* 217x10* 4.69 x 10* 3.03x 10* 1.80x 10* 1.60x10° 1.68x 10? 1.73x 10*
10 U -4.70x 10°* -463x10* -5.46 x 10* -6.48 x 10* -443x10* -7.50 x 10°® -7.29x 107 -7.18x107
w 2.19x 10+ 219x 10* 470 x 10 3.05x10* 181x10* 1.60x 10° 1.68x10% 1.74x10°

Total heat source strength at 40 yrs =

0.81 MW (cases 1, 2, 3)

1.13 MW (case 4)
0.81 MW (case 5)

0.60 MW (cases 6, 7, 8)
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Table 6-12: Exit fluxes (Darcy velocities in m/yr) across Bentonite Barrier at time : 3000 yrs from fuel unloading

Monitor Point Comp Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
(see Fig. 5) (no cage + (with cage + (with cage + (with cage + (no cage + (no cage + (with cage + {no cage +
0.81 MW) 0.81 MW) h.c. zone + 1.13 MW) 0.81 MW) 0.6 MW) 0.6 MW) h.c. zone +
0.81 MW) 0.6 MW)
1 u 4.31x10* 3.94 x 10* 440 x 10" 5.56 x 10°® 1.33x 10" 1.11x 10° 1.03 x 10* 1.02x 10°*
W 4.18x 10* 4.27 x 10" 4.82x10* 595x 10* 1.70 x 10* 1.26x 10° 1.33x10° 1.29x10°
2 U 5.35 x 10° 491 x10° 537 x 10* 6.82x10°* 1.70 x 10° 1.46 x 10 1.36 x 10 1.32x 10*
W 3.90x 10* 3.99x 10" 454 x 10 5.56 x 10" 1.67 x 10* 1.26x 10° 1.32x10° 1.20x10%
3 U 1.34x 10* 1.21x10* 1.39x 10* 1.69x10* 5.62x10° 568x10* 540x10* 526 x 10*
w 257x10* 263 x 10* 3.13x 10* 366 x 10* 1.46 x 10* 1.21x10° 1.27 x 10 1.23x 10?
4 U 266x10* 2.68x10* 3.22x10* 3.73x 10* 1.08x10* -1.91x10°* 244 x10% -1.99x 10°®
w -2.11x10* -1.07 x 10 6.00 x 10° -1.50x 10 2.13x10% -7.36 x 10 -3.40 x 10° -1.05 x 10
5 u -1.40 x 10* -1.43 x 10* 1.09x 10° -2.00 x 10* 234 x10° 1.35x 10° 192 x10° 8917 x10®
W -1.18x 10* 981x10° 3.74 x 10* -1.36 x 10 -4.44 x 10°* -2.23x 10* 1.87x10°¢ 3.04 x 10
6 u -7.82x10® -7.91x10% -3.95 x 10 -1.10x 10" -4.51 x 10 -1.34x 10® -1.98 x 10° -7.86x10*
w 2.42x10°® 2.06 x 10° 294 x 10° 289 x 10° 432x10°* -2.14x 10° 227x10* 2.79x10*
7 u -1.22x10* -1.22x 10 -293x10* -1.70 x 10* -9.30x 10% 3.42x10°® -2.26 x 10* 7.28 x 10°
W 6.28 x 10° 4.13x10° 7.78 x 10* 5.76 x 10° 497 x 10° -1.49 x 10* -9.85x 10 3.90x 10*
8 U -1.71x10* -1.69x10° -3.45x10* -235x 10°® -1.41x10* -395x 10° -3.92x 10* -3.88x 10°
w 1.58 x 10* 1.58x 10* 3.46 x 10* 220x10* 1.30 x 10* 1.22x10? 1.27 x 10° 1.32x10°?
9 U -4.36 x 107 -4.28 x 107 -5.21x 107 -5.98 x 107 -4.08 x 107 -7.62x10* -7.39x 10* -7.30x 10°*
w 1.72x10* 1.71x 10 3.69x 10* 239 x 10* 1.42x 10* 1.26x 10° 1.33x 10° 1.37x 10*
10 u -3.71x 10°* -3.59x 10°* -428x10* -5.09x 10°* -3.49 x 10°* -5.86x 107 -5.68 x 107 -5.67 x 107
w 1.73x 10 1.72x10* 3.711x10* 240 x 10* 1.43x10* 1.27x10° 1.33x 10° 1.38 x 10°?
Total heat source strength at 40 yrs = 0.81 MW (cases 1, 2, 3)
1.13 MW (case 4)
0.81 MW (case 5)
0.60 MW (cases 6, 7, 8)
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7. Conclusions and Recommendations

The results presented in the previous chapter demonstrate the great importance of the
hydraulic conductivity of the bentonite/sand barrier and of the rock mass inside this
barrier. They also indicate the almost proportional dependence of Darcy velocity on the
temperature and thus on the thermal load in the repository. The influence of the hydraulic
cage upon internally generated buoyant, convective motion is only minor.

The presence of a 10 meter thick highly conductive zone as simulated in Cases C, 3
and 8 has a noticeable effect upon the circulation patterns. Such a zone, passing directly
below the storage region is crossed by the bentonite barrier as well as by the hydraulic
cage and facilitates the circulation of fluid in the major convective cell in the space
between diffusive barrier and hydraulic cage. It is through the high conductivity zone,
when it is present, that most of the fluid is drawn into the space within the hydraulic
cage. Thus the mixing and removal of solutes which cross the bentonite is promoted
by the presence of such a feature. On the other hand, a comparison of the tabulated
results in Chapter 6 of the cases with and without the high conductivity zone reveals
the redistribution of the flows at the monitoring points. Although the changes close to
the zone tend to be large, the integrated net flow across the bentonite barrier changes
very little.

The calculations have been pursued out to a time of 3000 years. From the tables and
figures presented in the previous chapter it has been observed that the temperatures
and flow velocities induced by the heat-generating waste follow similar patterns. The
hundred year period of controlled cooling has a very strong limiting effect. The spent
fuel however still exhibits such a strong heat release rate at the end of this period, that
rather high temperatures still occur afterwards at the centre of the repository. The
induced circulations reflect closely the form of the temperature curve. The motion is at
its most intense at about 300 years (highest temperatures about 200 years) and after
3000 years has decayed again by approximately one order of magnitude.

Within the bentonite shell the flow speeds at early times tend to be somewhat higher
than outside. Peak differences of a factor of four can be detected around the time of
closure. With the spreading of the temperature disturbance as time increases the
induced velocities become rather uniform over the whole near field.
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The effects of the very highly conductive hydraulic cage are twofold. First of all, it
connects the regions above and below the heat source. Very high hydraulic velocities
are induced in the vertical tubes (up to thousands of metres per year). However the net
quantity of fiuid transported is small, so that its thermal influence on the core of the
convective cell as it passes through the waste storage volume is minimal. It may be
seen upon examination of the tables 6-1 to 6-8 that just a slight redistribution of the
transport velocities across the bentonite barrier occurs.

The reason for this is the second effect of the cage’s presence, which is to provide a
sharp separation of the upwards and downwards-moving flows induced in the major
convective cell. The high hydraulic conductivity of the cage renders it sensitive to small
pressure gradients. Consequently a number of small mechanically induced convection
cells build up, driven alternately by the ascending flow within the cage and the
descending flow outside.

Whereas this motion, which is also observed to vary with time, is intense and liable to
cause mixing of any solute crossing itin the major circulation pattern, it does not radically
affect the latter.

The possible effect of dispersion by motion in the cage of solute emerging from the near
field should be borne in mind in a migration analysis.

The geometrical simplifications undertaken in the interests of computational time have
not prevented the essential features of the WP-Cave from being simulated in a satis-
factory manner.

It may be seen that the hydraulic cage, designed to prevent groundwater from seeping
through the near field of the repository has a very minor effect upon flows generated by
thermal buoyancy forces within the near field itself. The axisymmetric model represents
adequately the situation within a well-designed hydraulic cage, in that no lateral
groundwater motion is represented. Thus the influence of buoyancy-induced advective
migration added to the pure diffusion, which would provide the sole migration mechanism
within this enclosed volume if the heat source were not present, may now be assessed.

The potential sensitivity of the repository to a hydraulically highly conductive feature is
a cause for concern and underlines the need for site qualification. A sensitivity study
for establishing the effect of various, typical hydraulic inhomogenities at a range of
distances and positions relative to a repository situated in a passing groundwater flow
would provide useful background information for this procedure.
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The temperatures generated within the waste storage volume of this compact repository
unit are high, particularly under the originally proposed thermal loading, presented here
in Cases A, B, C and 4. Despite the fact that the total heat generation rate is respected,
the axial symmetry of the model contributes slightly to these high temperatures, since
even in the refined, second stage model the discrete storage channels are smeared
into circular discs of greater volume. Reducing the initial heat load diminishes the peak
temperature in almost linear proportionality.

-28 -



8. Nomenclature

Variables and Coefficients used in the main text and in the appendices

U:gﬁ;gzx?f:’@(}g&:gxpg)

5

R NXSs<CcCc A~ 00
-

Volumetric expansion coefficient of bulk soild [K™]
Volumetric expansion coefficient of fluid [K™]
Coefficients in the heat source polynomial expression
Volumetric expansion coefficient of solid portion alone [K]
Coefficients in the polynomial fit to viscosity
Specific heat [J kg™ K]

Acceleration due to gravity [m s?]

Piezometric head, potential [m]

Thermal conductivity [W m™ K]

Hydraulic conductivity [m s™]

Bulk modulus of drained solid matrix [Pa]

Bulk modulus of the pore fluid [Pa]

Bulk modulus of the solid portion alone [Pa]
Viscosity ratio, p/u [-]

Porosity [-]

Pressure [Pa]

Initial heat source intensity/ton | [W]

Density deficit (1 - p/p) [-]

Mean stress level [Pa]

Pressure dependent storage coefficient [Kg m™ Pa™]
Temperature dependent storage coefficient [kg m*® K]
Thermal energy source strength [W m™)

Time [s]

Temperature [K]

Horizontal average pore water velocity [m s™]
Horizontal Darcy velocity [m s7]

Specific volume [[m® kg™]

Vertical average pore water velocity [m s™]

Vertical Darcy velocity [m s7]

Horizontal distance [m]

Vertical distance [m]

Biot's constant [-]
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B Compressibility = (bulk modulus)” [Pa™]

) Viscosity [kg m™ s7]

p Density [kg m™]

0 Temperature [K]

Subscripts

f, 1 fluid or liquid property

i j referring to generalised cartesian coordinates
r reference value

S solid property
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APPENDIX |

Basic th f led thermal-hydraulic flow

The algebraic formulation presented in this appendix uses a set of symbols which is
explained, together with the relevant units, in the Nomenclature List (Chapter 8 of the

main report)

1. Piezometric Head E tion for Flow in a Vertical Plan

A differential equation describing the time varying head distribution in a vertical plane
can be derived by considering the continuity criterion for a two-dimensional flow (Bear,
[2]). In the Cartesian coordinate system used here, x refers to horizontal and z to vertical
distance. Temperature-dependent properties are related to a reference temperature
condition, T,. The total piezometric head or hydraulic potential (h, corresponding to
Bear's @) is defined by:

bl ., (AL1)
P.8

the sum of the pressure head and elevation head.

By using the Boussinesq assumption, whereby density variations affect the vertical
component of momentum by imposition of a buoyancy force (= momentum source) but
do not affect continuity, together with the Darcy flow relationships, one obtains the
general relationship for the Darcy velocity:

oh oz
=—K.M| —-R—
U, =-K, M( ox, Rax J (AL2)
where:
Xi, X; are generalised coordinate directions,
z is the vertical sense and
K, is defined at the reference temperature
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More specifically, in the vertical (x,z) plane:

v=-k_m (AL3.1)
ox

in the horizontal direction and

W= —K,,M(a—h —R) (AL32)
oz

in the vertical direction.

If these relationships are substituted for the corresponding component velocities in the
fluid continuity equation, a new equation for h results:

oh 0 oh d oh oT

sp-a—t = a(Knng—)*"é;(K”M(a_z—RD_s’*E (AL4)

where:

Sp specific pressure-dependent storage coefficient (Appendix
i)

Si specific temperature-dependent storage coefficient which is
treated as a time-varying source term in thermal coupled
problems (see also Appendix Il)

M (viscosity ratio) W,
1)

R (density deficit) ( P )

P,

The density deficit (R) represents the buoyancy effectin the flow field. It can be calculated
as a function of the temperature, R(T), using the expansion coefficient (B) of the fluid,
for which data are available:

P
RT) = 1-& =
@) o

r

p;@) B(©)dO (ALS5)

,‘i&q‘ 3
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In the present case a constant cubical expansion coefficient, a, has been employed,
resulting in the simplified expression:

R(T)=a/{T-T,) (AL6)
where:

4 = 1% _ lov

f = por =~ wvoT

Under uniform density conditions itis clearthat R becomes zero and the buoyancy effect
disappears. Equation (Al.4) then describes the flow in a plane of arbitrary orientation.
A precisely analogous situation occurs for concentration-dependent fluid density.

Reference 2 has also provided expressions for temperature and pressure dependence
of viscosity and thermal conductivity of water.

2. Thermal Energy Transport in a Porous Medium

The heat transport in a fluid-saturated porous medium takes place both in the liquid and
in the solid components: in the solid by conduction only, in the liquid both by conduction
and by convection.

The transport equations are:

0 9 o). 2 oT, ,

5, (=npCT) = ax((l_n)k‘_g)+az((l_n)k‘a_zj+(l n)s?, (AL7)
for the solid and

) P) 0 of oT,) af  oT,

5, ("PICT) +5-(npuCT) +=(npwCT) = g(nk,afj+§z-(nk,a—zlj+n5,r (ALS)

for the fluid, where:
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ST is a general, time varying source term [W m?]
s, | are suffices referring to solid and liquid respectively
u, w are hydraulic (pore water) flow velocities

The source terms contain the heat flux between solid and liquid in addition to possible
heat sources. At slow groundwater flows thermal equilibrium between solid and fluid
can be assumed with good justification. Then, at any location, the temperatures of the
solid and liquid will always be equal (T, = T)). In this case, the heat transport problem
is simplified drastically, the process being described by one equation only:

0 — d 0 _ 9(-dT) d-dT T
g(pCTHg;(”pl”C'T)+a_z("pIWClT) = 5 (k, ax)+ = (k, 3, )+S (AL9)

where the source terms represent heat sources in the calculation domain and:

k=S k),

pC =(1-n)p,C, +np,C,

It should be noted that the above expression for effective thermal conductivity (see Ref.
3) does not include the effect of hydrodynamic dispersion upon the value of the effective
fluid conductivity. This effect has been ignored in the current version of TROUGH-2DP,
since itsinfluence atlow flow speed in low porosity materials, where material conductivity
tends to exceed fluid conductivity, is expected to be small.

3. Method of Solution

Equation (Al.4) and (Al.9) are the two equations which are solved in coupled fashion in
the present model. The former, developed from the fluid continuity relationship repre-
sents diffusion of potential, the latter represents combined diffusion and advection of

thermal energy.

The computer code TROUGH-2DP uses the implicit formulation of the finite difference
versions of (Al.4) and (AlL.9). That is to say coefficients where solution-dependent, are
calculated iteratively in terms of the unknown field values at the end of each timestep.
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An iterative solution to the field matrix equation which is set up from the resulting
algebraic equations for each nodal point in the domain is made by Gaussian Elimination.

When coupled processes are to be studied, as in the present case, the corresponding
equations are solved iteratively and alternately until a converged solution for the current
timestep is reached. This is necessary since the temperature distribution determines
the buoyancy sources in the hydraulic potential equation and the resulting fluid velocities
determine the advective heat transport terms in the thermal energy equation.
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APPENDIX I

Changes in the Mass of Fluid Stored in the Pores of a Saturated, Porous Medium Under
Conditions of Varying Pressure and Temperature

This process can in some circumstances strongly affect transient flow processes. The
fact that the temperature also varies in the present case leads us to derive the relati-
onships leading to the time-dependent term in the equation of mass conservation. This
term defines the rate of change of mass of pore fluid per unit volume of bulk material:

dm

d d
I 7P = Py (AIL1)

where sufix f refers to the fluid and:
v;  volume fraction of fluid (= porosity n)
p;  fluid density

If the suffix s refers to the solid portion we can also define:
vs  asthe volume fraction of the solid (= (1-n))

And we have: vot+v,=1 (AIL2)

We must now rewrite (All.1) in terms of partial differentials:

dm

d
@ E(V/pj)

(AIL3)

= Vpy,Pr t Ppg Yy

vf s

op;dS,, d 0
_ vﬁ{ﬁ _Pfa_p+_pf§z}

Bm 0V 0Sn_ vdp 9V IT
3S, or "opor or o e +

35, ot Topor ar o

vf Pf

using the most general form, including dependences upon mean stress level, pore
pressure and temperature.
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We can say that:

Jp, op; Pp ap, _
as, " » K a7 = Pr

and noting that changes in porosity are determined by changes in the volume fraction
of the solid. The fluid density does not depend on mean stess level in the solid.

We note from (All.2) that:

v, =-0v,
so that:
W« ov, o Vp vy

If in the second term of (All.3) the dependence on mean stress may be neglected, the
relationship can be rewritten as follows:

dm { op; avf}a_p N { Ip, 8vf}a_T

dt "oop TP, [ oar TProT [
_ 1_ 1), %n{dp or
= {pﬂ)vﬂ,(Kf Ks)+ X, }at + {pﬂv/o(af+a:)+pjo(ab—as)}-é-? (AIL4)

Using the relationship:
p=pgh
it becomes possible to rewrite (All.4) in terms of hydraulic head h, rather than pore

pressure p. This enables the storage coefficients for equation (Al.4) in Appendix | to be
defined:
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d(np;)  oh oT
dt =5, ot +Sa ot

Thus for the case where stress changes are neglected:

T 1) apg
S, = p,{pfovﬂ»(g ";(:)+K—b}

Su ={Ppvpla;+a,)+pyla, —a,)}
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