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ABSTRACT

Evaluation of the thermohvdrological conditions near high-level nuclear
waste packages is needed for the design of the waste canister and for
overall repository design and performance assessment. Most available
studies in this area have assumed that the hvdrologic properties of the
host rock do not change in response to the thermal. mechanical. or chemi-
cal effects caused by waste emplacement. However, the ramifications of
this simplifying assumption have not been substantiated.

We have studied dissolution and precipitation of silica in thermally
drniven flow systems. including changes in formation porosity and permea-
bility. Using numerical simulation. we compare predictions of thermohy-
drological conditions with and without inclusion of silica redistnibution
effects. Two cases were studied, namely, a canister-scale problem. and a
repository-wide thermal convection probiem, and different pore models
were emploved for the permeable medium (fractures with uniform or
nonuniform cross sections). We find that silica redistribution generally
has insignificant effects on host rock and canister temperatures. pore pres-
sures. or flow velocities.



INTRODUCTION

Emplacement of high-level nuclear wastes in water-saturated rock for-
mations will give rise to the development of a hydrothermal convection
system, in which fluid flow is driven by buoyancy forces. Fluid convec-
tion is expected to persist for thousands of years because of the slow decay
of actinides in the nuclear waste and the low thermal conductivity of for-
mation rocks. Over and above the natural convection flow, there is a uni-
directional flow of the formation water from a cooler region towards
hotter pressure sinks created by the storage tunnel and canister holes, until
they are saturated and pressure equilibrates (~ 100 years).

A quantitative understanding of these thermohydrologic flows is crucial
for design and performance assessment of a nuclear waste repository.
This paper studies the impact of silica redistribution in non-isothermal
flow fields on performance of a nuclear waste repository situated in a
saturated geologic formation. A study of a similar problem for the par-
tially saturated tuff formations at the Nevada Test site was recently under-
taken by Braithwaite and Nimick (1984).

The solubility of silica in subcritical conditions depends primarily on
temperature. Groundwater flowing towards regions of higher temperature
is deficient in silica and will dissolve silica-containing rock minerals along
the flow path. Conversely, water flowing towards cooler regions will gen-
erally be supersaturated. and silica precipitation will take place along the
flow path. In the context of nuclear waste isolation, it is not the redistri-
bution of silica.as such which is of concern, but its potential impact on
the transport of heat. fluid, and chemical constituents. (Possible effects on
the mechanical properties of the rock were not considered in the present
study.) The hydrologic impacts of silica redistribution are brought about
by changes in formation porosity and permeability from silica dissolution
or precipitation. Strong effects of silica redistribution on rock porosity
and permeability have been observed in laboratory experiments (Morrow
et al,, 1981; Moore et al., 1981; Keith et al., 1983; Vaughan, 1985).

The porosity changes can-be easily related to precipitated or dissolved
mass. but the permeability change associated with this change in porosity
is a2 much more complex problem, as the porosity-permeability correla-
tions depend on many geometric factors, such as pore-size distribution,
pore shapes. and connectivity. Since there is a wide variation in these
geometric properties among natural rock formations, the porosity-
permeability correlations will generally depend on the rock type and will
be site specific. We have derived several correlations for different pore
shape and size distributions in idealized permeable media, which are
believed to capture essential features of real systems.

In the present study we have considered both a room-scale problem
which was previously considered, without including silica redistribution
effects. by Pruess and Bodvarsson, (1982), and a repository-scale problem.



Under suitable approximations, these models were converted to two-
dimensional axisymmetric models; and coupled thermal, hyvdraulic, and
chemical flow fields were simulated numerically. The results indicate that
the effects of silica redistribution on the canister and the host rock tem-
peratures. formation porosity, and flow velocity are generally insignificant.
The only appreciable impact of silica redistribution was on permeability
enhancement of the formation rock in the immediate vicinity of the canis-
ter hole. This phenomenon results in increased flux of formation water
(by up to 30% over the reference case) into the storage room and the can-
ister hole.

MODELING APPROACH

The simulations presented in this study were carried out with the aid of
the numerical code MULKOM (Pruess. 1983). which was developed at
Lawrence Berkeley Laboratory for modeling of multi-phase. multi-
component fluid and heat flow in porous and fractured media. The ver-
sion of MULKOM used here accounts for water in liquid and vapor form
and for dissolved as well as for solid silica. the latter being represented as
quantz polymorph. All phases and the rock formations are assumed to be
in local thermal equilibnum. Our code has the capability to handle finite
rates of quartz dissolution and precipitation (i.e.. kinetics). but in the
simulations reported below we have assumed that dissolved silica concen-
trations correspond to equilibrium quartz solubilities. as given by Four-
nier and Potter (1982). The assumption of instantaneous local equili-
brium for dissolved silica will provide a conservative (upper) limit on the
amount of matenal dissolved or precipitated in a certain rock volume per
unit time. This. in turn. will provide a conservative estimate on expected
porosity and permeability changes. and on overall thermohydrologic
impact of silica redistribution.

The mass balance equations for water and silica. and the energy balance
equation. can all be written in the following general form:

dil fMPar=[FYndo+ [ QN alL (1)
Ve Ve
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The accumulation terms are written as f{ollows:

water (k = 1): MV = ¢(S;p; + S.p.) . (2a)

silica (k = 2): M = S, p, + IS5 XD + S0, X/, (2b)



heat (I\ = 3) ‘M(J) = [(l - $)prCr + aSsPsC:}T + ¢(S/p/ul + Srprur) .
(2¢)

Here & is the gross porosity for unit formation volume, comprising the
“active™ porosity ¢ and the volume of solid silica (quartz). “Active”
porosity represents the void volume, per unit formation volume, available
to the fluid phases. This term will subsequently be referred to as “*poros-
11y 1o be consistent with traditional nomenclature. The term S. denotes
the fraction of volume in ¢ occupied by quartz. We have the following
relationship between active porosity and quartz volume fraction:

d>=5(l -Ss) 3)

Thus dissolution or precipitation of quartz (changes in S;) will produce
changes in porosity ¢. which in turn will change formation permeability,
k. The terms p;. p,. p;. and p, are the densities of liquid. vapor. quartz,
and formation rock phases. respectively. The terms C; and C, are quartz
and rock specific heats, and u,;. u, are specific internal energies of liquid
and vapor. The terms X/* and X, are the mass fractions of dissolved
silica in liquid and vapor phases. The expressions for mass flux of water
and heat flux are identical to those used by Pruess and Narasimhan (1983)
and need not be repeated here. Mass flux of dissolved silica is expressed
in terms of liquid and vapor phase fluxes as

F@ =F X+ F X7, (4)

Thermophuvsical properties of liquid water and vapor were computed from
the equation of state formulation given by Haar et al. (1979). with the
exception of viscosity. which was obtained from the correlation provided
by the International Formulation Commitiee (1967). The densities of
water and silica were assumed additive, i.e.. the volume of water or vapor
containing dissolved silica was assumed equal to the volume of pure water
or vapor at the same conditions of pressure and temperature.

The governing equations as given above are highly nonlinear and
strongly coupled due to variable fluid properties. relative permeabilities.
phase transformation effects, and the dependence of permeability upon
porosity. The equations are discretized in space with the integral finite
difference method. using first order forward finite differences in time. All
flux terms are handled fully implicitly and are 100% upstream weighted.
The resulting set of coupled nonlinear algebraic equations is solved by
means of Newton-Raphson iteration. The linear equations obtained at
each iteration step are solved with a sparse version of LU-decomposition
(Duff, 1977).



POROSITY-PERMEABILITY RELATIONSHIP

The porosity-permeability relationships used in this study were derived
from a highly idealized model of permeable media shown schematically in
Figure 1. The permeable medium is assumed to have a set of noninter-
secting planar flow channels with, in general. nonuniform cross-sectional
area. Under suitable approximations (Verma and Pruess, 1986). the per-
meability and porosity are correlated by

k. _ g 1 =T + I/}
ko 9 3 (5)
I =T+ Ny =)

where T is the fraction of flow-channel length with aperture b (Figure 1). v
represents the area ratio ( » = b/b). and 8 is normalized porosity given by

¢ — &
= — .

Figure 1. Idealized model of permeable media.



The term ¢, 1s the critical porosity defined as the smallest value to which
porosity can be reduced by silica scaling on the flow-channel wall. Per-
meability of the matrix reduces to zero at this porosity. Critical porosity
is correlated to the geometric factors by

=T(b - b). (7

In the current study we have used three different porosity-permeability
relationships. namely. simple cubic (i.e., all the flow channels are identical
in aperture and have uniform area of cross section, ¢. = 0), series (Figure
1) with ¢, = 0.8. and series with ¢, = 0.95. The latter case was chosen
to explore effects of an extremely strong dependence of permeability upon
porosity changes. These relationships over a limited range are shown in
Figure 2. Note that the change in slope at ¢/¢p = 1 is due to a change in
horizontal scale at this point.
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Figure 2. Porosity-permeability relauonshlps for three different models
considered in this study.



CASES STUDIED

We have evaluated silica redistribution effects for a room-scale model
previously studied by Pruess and Bodvarsson (1982), and for a
repository-scale model.

Room-Scale Model

This model represents a 2-D axisymmetric approximation for a sym-
metry element of a reference repository design from the BWIP project.
The approximations and assumptions behind this model have been dis-
cussed in detail in a report by Pruess and Bodvarsson (1982), to which the
interested reader is referred. The geometric approximation used for
modeling the flow system is shown in Figure 3. A linear string of 8.5
waste packages is placed at the axis of a cylinder of 19.89 m radius. at the
mantle of which ambient boundary conditions of 7 = 57.3°C and p = 130
bars are maintained. The hole containing the waste packages is connected
to a portion of a drift (*“room™). which is represented as a cvlinder of
.5.97 m radius and 3.05 m height. Throughout the period during which
the drift remains open. approximately 50 vears, the pressure in the room
is maintained at p = 1 bar. The computational grid. shown in Figure 4. is

T=573°C
P =130 Bars
D=3978m
No-flow e
Adiabatic // \
33.53 ,r‘ -
‘/
" -« -|—No-flow
] Adiabatic
-—-{i-::::::f: ==a
Canisters |
\
\
\
\
\
\
\

Figure 3. Axisymmetric representation of the room-scale problem.
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Figure 4. Discretization of the room-scale problem.

identical 10 the “coarse mesh™ used by Pruess and Bodvarsson (1982).
Other problem specifications for the “room-scale model™ are given in
Tables | and 2. '

Repository-Scale Model

In this problem. the repository is idealized to be a flat circular disk with
a given time-varying power density. The repository is assumed to be 1500
m in radius and situated in a fully saturated rock mass 900 m below the
ground surface (Figure 5). The axisymmetric mesh used for numerical
computation is shown in Figure 6. The top of the model is bounded by
an isothermal impermeable surface 150 m below the ground level, at 10°C
and corresponding hydrostatic pressure (1.62 MPa). The bottom surface
1s impermeable and at 85°C. corresponding to a 30°C/km ambient geother-
mal gradient. The lateral boundary is maintained at steady state pressure
and temperature corresponding to ambient hydrostatic pressure gradient
and ambient geothermal gradient, respectively. Regional flow is ignored.

In order to reduce the numerical effort, i1t is assumed that the entire
repository is instantaneously loaded and filled to an areal power density of
22 W /m?. The effects of the pressure sink related to the storage tunnel
are also i1gnored because resaturation is expected to take place within a



Table 1 Parameters Used in Room-Scale Problem

Canister Storage
Parameter Pillar Plug Storage Hole  Tunnel
Permeability (m?) 107'¢ 1070 10710 10710
Porosity 0.001 0.50 0.769 0.50
Sp. heat (J/kg°C) 953.0 880.0 589.8 840.0
Density (kg/m?) 2790.0 2100.0 2895.0 2780.0
Thermal
cond. (J/ms°C) 2.3 2.192 2.3 50

short time (~100 vears) compared 10 the time period of regional fluid
movement (~ 10 000 vears) considered in this study.

The repository parameters used in the present study are presented in
Table 3. Although the current study was not intended to provide a site-
specific analysis. we have emploved formation properties suggested for the
BWIP site in Hanford (DOE Report. 1982).
between the waste canister. backfill material. and the repository host rock.

No distinction 1s made

Table 2 Relative Heat-Generation Rates of Waste Canisters

Time after

Emplacement (vears) Relative Heat-Generation Rate

0 1.0

5 0.849
10 0.723
15 0.621
20 0.539
30 0.424
40 0.361
50 0.330

70 0.285
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Figure 6. Discretization of the axisymmetric repository model.
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Table 3 Repository Site Parameters Used in Repository-Scale Model

Parameter Saddle Mt. Wanapum  Grande Ronde
Horiz. permeability (m?) 107'3 3Xx 1071 1078
Vert. permeability (m?) 107" 3 X 10718 10718
Porosity 0.002 0.001 0.001
Thermal cond. (J/ms°C) 2.3 2.3 23
Density (kg/m?) 2800 2800 2800
Heat capacity (J/kg°C) 950 950 950

The power density is assumed to decline with time. corresponding 1o that
of spent fuel (Figure 7).

RESULTS

The results of this study are presented in two parts. one for the room-
scale model and another for the repository-scale model. Since the physical
phenomena penaining to the performance assessment of a nuclear waste
repository are different at these two scales. a qualitative description of the
phenomenology is given before the numerical results. This will facilitate
presentation of the results and clanfy the approach used in the simulation.

Room-Scale Model

General Phenomenology

The case studied by Pruess and Bodvarsson (1982) without inclusion of
silica redistribution will be referred to as the “reference case.” We quote
- Pruess and Bodvarsson (1982) for description of the reference case before
discussing the results of silica redistribution:

*It is assumed that the waste packages are emplaced ‘hot’ at a tempera-
ture of 300°C. In low permeability rocks, most of the heat generated by
the canisters is removed by thermal conduction. After emplacement in a
relatively cool (54°C) host rock, canister temperatures initially decline,
but, within a few days, heat loss to the rock decreases to a level below the
rate of heat generation in the canisters. Subsequently, both temperatures
and temperature gradients increase everywhere in the system, with the
largest increases occurring in the immediate vicinity of the canister storage
hole. About two years after emplacement, temperature gradients have
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Figure 7. Decay of the power density with time.

increased to the point where all generated heat is being removed from the
canisters. This causes canister temperatures to first stabilize. and then to
slowly decline as heat output diminishes. At greater distance from the
canister storage hole. temperatures remain lower, and maximum tempera-
tures are reached somewhat later.

“Pnor to backfilling, canister storage holes and storage rooms are close
to atmospheric pressure (1 bar), while groundwater pressure at the depth
of the reference horizon is approximately 130 bars (13 MPa). This causes
pore fluids to migrate toward the pressure sink (canister holes and storage
rooms). Due to the small compressibility of liquid water, the pressure
pulse diffuses rapidly outward, away from storage rooms and canister
holes. and reaches the boundaries of the low-permeability zone in a matter
of days. Subsequently, a quasi-steady flow field is maintained throughout
the open period of the repository, with water influx at the boundary of the
low permeability zone closely matching discharge into the excavations.”

As water flows towards the excavations. temperature and silica solubil-
ity generally increase. Therefore, the water flowing into a pore space is
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always deficient in silica with respect to the local solubility. and local
equilibrium is achieved by dissolution of silica from the rock mass. Dis-
solution of silica results in an increase in flow rate because of the
enhanced formation permeability. However, this flow increase causes
secondary effects which tend to diminish these changes: an increased flow
rate tends to reduce the temperature along the flow path, thus diminishing
the fluid mobility because of higher fluid viscosity at lower temperatures.

When the permeability enhancements are very large near the canister
holes. a low pressure front propagates rapidly into the rock surrounding
the canister holes. If the pressure drops below the saturation pressure,
boiling occurs and the resulting two-phase zone acts as an additional bar-
rier to the flowing fluid because of relative permeability effects.

Thermal and Hydrologic Effects

For the reference case and the new cases studied with inclusion of silica
redistribution, the computed total fluid flow into the storage room and the
canister hole essentially equals the total fluid flow at the boundany of the
model. This indicates that quasi-steady flow conditions are present at all
times due to the low fluid compressibility and the slow rates of change in
the temperature field. The changes in total flow rate with time for all four
models are illustrated in Figure 8. The figure indicates that for the refer-

‘

1: Model 1
t ,~Series ¢, = 095 1
_ L /" ~Series ¢ = 08 ;
o i o
b r 7, ~Cubic 1
> ocir S -
~ ‘ /., ~Reference
S | / Y '
L
S
€
z
2
“ oozs

0 10 20 30 40 50
Time (years)

Figure 8. History of total fluid flow rates into the canister holes and
storage room for room-scale problem.
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ence case the flux initially increases due to reduced viscosity of the heated
fluid. Later. as the thermal output from the canisters decreases. the rock
and fluid temperatures decrease and the flow diminishes. The figure also
indicates that redistribution of silica enhances the total fluid flow rates by
up to 30% with respect to the reference case.

Figure 9 illustrates the temperature history at two different locations in
the rock mass for the reference case and the series model with ¢, = 0.95.
The results of the other two studies fall within these limits, with the cubic
case being closer to the reference case and the series model with ¢, = 0.8
being closer to the senies model with ¢, = 0.95. A similar trend was
found in the temperature profiles at 10 and 30 years after emplacement
(Figure 10). These two figures illustirate that redistribution of silica causes
the rock temperature to reduce evervwhere at all times. However, the
differences are generally small (<10°C over most of the flow system).

Upon reexamining Figure 8 one can conclude that silica redistribution
brings about two counteracting phenomena affecting the fluid flow: the
formation permeability is increased and the fluid mobilities are decreased

Crr—mmmmmmr—r—7r""T-r+ 7T T T T T T T T T T
[ Z:144m 1
R=03 1
200 — Reference Case 4
O --- Series Model ch, = 095
<
4
2
S 150
[ %}
Q
§
[t
100 -
501141141114111111111LL11#

0 10 20 30 40 30

Time (years)

Figure 9. Vanations in temperature at different locations in room-scale
problem with and without inclusion of silica redistribution effects.

Y
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Figure 10. Temperature profiles at different times in room-scale problem
with and without inclusion of silica redistribution effects.

with respect to the reference case. The net result is an enhancement of
flow because the former effect is dominant.

An inflection in the flow rate for the series model with ¢, = 0.95 at
approximately 28 years is caused by boiling in the rock mass (see Figure
8). The presence of two-phase conditions presents a larger flow resistance
due to relative permeability effects. After disappearance of the steam
phase at approximately 28 years, the flow rate rises again and reaches a
plateau at approximately 44 years.

Porosity enhancement for the series model with ¢, = 0.8 at two dif-
ferent times is presented in Figure 11. The results of the two other
models fall within 0.008 of this curve. This observation at first seems
counterintuitive in light of large flow-rate differences among the three
models considered in this study. But the observation seems plausible
when one considers the fact that higher flow rates result in lower tempera-
ture rise and temperature gradients.
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Figure 11. Porosity enhancement at 10 and 42 vears in room-scale model
(¢, = 0.8).

Boiling in the Rock Mass

It was found in a previous study (Pruess and Bodvarsson. 1982) that a
very fine spatial resolution is required near the canister hole in order to
predict the exact (very small) extent of the boiling (two-phase) zones.
However, because of the high cost of numenical computation when using a
“fine mesh.” only a *“coarse mesh™ calculation was carried out here (see
Figure 4). so that the extent of the boiling zone is underestimated in this
study.

For this reason no boiling is observed in the reference case, the cubic
model. or the series model with ¢, = 0.8. But a steam phase appears in
the first ring of rock elements surrounding the canister hole for a senes
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model with ¢, = 0.95 (actual extent of boiling is probably larger). One
may therefore conclude that the extent of boiling in the cubic model and
the series model with ¢, = 0.8 is intermediate between the boiling zones
observed by Pruess and Bodvarsson (1982) in their “‘fine mesh™ simula-
tion of the reference case without silica redistribution effects, and the
series model with ¢, = 0.95.

The “fine mesh™ calculations of the reference case (Pruess and Bodvars-
son, 1982) show that the maximum rock volume in which boiling occurs
is 0.46 m? per canister. This value is reached 10 months after emplace-
ment. at which time boiling extends 10 a radial distance of 13.2 cm
beyond the wall of the canister hole. The rock mass thus desaturated is
resaturated in 44 years. before the assumed backfilling and decommission-
ing of the repository.

Table 4 compares the extent of boiling in the reference case and the
series model with ¢. = 0.95. From the table we can see that silica redis-
tribution effects tend to enlarge the two-phase zone and to reduce the resa-
turation time. These changes are brought about because dissolution of sil-
ica enhances the permeability primarily near the canister hole and there-
fore causes low pressures (and boiling) to advance further into the rock
mass. Enhanced permeability also causes fasier resaturation. because of
overall increased fluid flow and cooling rates.

Repository-Scale Model
General Phenomenology

It is assumed that the entire repository is loaded at once and that there are
no pressure sinks within the repository. Since a repository is expected to
receive waste over a few decades and resaturation is expected to take place
within 100 vears, the impact of the above-mentioned assumptions on a
simulaticn study for up to 10 000 vears is expected to be negligible.
Heating of the repository and its surroundings due to radioactive decay of

Table 4 Extent of Boiling and Resaturation Times With and
Without Inclusion of Silica Redistribution Effects

Boiling Vol./  Radial Extent  Resaturation
Canister (m?) of Boiling (m)  Time (vears)

Reference
case 0.46 0.132 44

Series model
o, = 0.95 =092 = 0.67 28
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the waste causes a natural convection cell to develop in which flow is
driven by the buoyancy force of the heated water relative to the surround-
ing colder water. In this convection cell, water moving towards the repo-
sitory generally moves towards higher temperatures, thus dissolving silica
along its flow path. Upon leaving the repository, the point of maximum
temperature. the silica enriched water moves towards regions of lower
temperature and solubility, and precipitation of silica along the flow chan-
nel takes place. This phenomenon will, in general, result in an overall
increase in flow resistance in a medium with homogeneous permeability.

Porosity and permeability changes are not only brought about by silica
redistribution on a macroscopic scale, but also by local changes in solubil-
ity due to changing temperatures. When the temperatures in the reposi-
tory and the host rock rise due to waste emplacement, silica from the flow
channel walls dissolves, resulting in increased rock porosity and permea-
bility. When the temperature declines these effects are reversed.

Flow and Temperature Field

Figure 12 displays the temperature vs. depth profile along the axis of the
repository for the reference case (no silica), at different times after waste
emplacement. The initial undisturbed temperature profile is a straight
line. representing a normal geothermal gradient of 30°C/km. At early
times the temperature rise is localized near the repository horizon. After
approximately 1000 vears. heat from the repository reaches the top of the
formation and begins to leak out. Radially. the temperature is fairly uni-
form within the radius of the repository, beyond which the temperature
drops sharply. The effects of silica redistribution on these temperature
profiles are so small that a plot will fall within a line’s width of the refer-
ence plot.

A comparison of the temperature histonies of the repository center for
the reference case and the series model with ¢, = 0.95 is given in Figure
13. It shows that silica redistribution results in somewhat lower reposi-
tory temperature. but the differences are <7°C at all times. which is not
significant. Redistribution of silica also has an insignificant effect on the
vertical flow velocities (Table 5). The results indicate that at early times
(~ 100 vears) redistribution causes a reduction in flow. However, at later
times (=500 vears) the effects are reversed because the local dissolution
dominates over the changes brought about by nonisothermal flow.

CONCLUSIONS

We have studied effects of silica redistribution in thermally driven flow
fields near high-level nuclear wastes emplaced in saturated rocks, both on
a room scale and on a repository-wide scale. Our studies are not neces-
sarily indicative in a quantitative sense of the effects to be expected at the

~
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Figure 12. Vertical temperature profiles along the repository axis.

various potential repository sites currently under consideration. However,
we believe that some general conclusions can be drawn.

Silica redistribution will tend to increase effective formation permeabil-
ity and fluid migration velocities, while diminishing formation tempera-
tures near the canister holes. None of these effects appear to be significant
and of any concern. especially when viewed against general uncertainties
in applicable formation parameters at any specific site. For example,
changes in predicted temperatures from silica redistnbution effects are
generally below 10°C everywhere except in the immediate vicinity of the
waste packages. where somewhat larger effects appear possible. These
conclusions were arrived at on the basis of conservative assumptions,
which tend to overpredict thermohydrological effects of silica redistnbu-
tion. Specifically we mention the assumption of instantaneous local
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Figure 13. The effects of silica redistribution on the temperature history
of the repository center (“series” model with ¢. = 0.95).

Table § Vertical Flow Velocity through the Repository Axis With
and Without Inclusion of Silica Redistribution Effects

Vertical Velocity (X 107 '°m/sec) at Times (years)

Cases
100 500 1000 5000

Reference 2.97 4.33 3.87 1.81

Series model
¢, =095 2.92 . 4.36 4.00 1.86

«




21

equilibrium for dissolved silica concentrations, and the very severe
porosity-permeability relationship used here which accounts for permea-
bility effects of pore throats and bottlenecks in flow channels.

From the viewpoint of assessing thermohydrological conditions, and
migration of dissolved species near a high-level nuclear waste repository
in saturated rock, our results suggest that effects of silica redistribution
may be safely ignored. However, near nuclear waste packages emplaced
in partially saturated media, conditions may be different. It is possible
that “*heat pipe” conditions with persistent liquid-vapor counterflow may
evolve (Pruess and Wang. 1984), which could cause substantial amounts
of mineral redistnbution in the near-canister region.
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NOMENCLATURE

b fracture aperture

C specific heat

k intninsic permeability

F mass flux of component /
M accumulation term of component §
n unit normal vector

Q" source term for component i
S saturation

! time

T absolute temperature

u specific internal energy

X " mass fraction of silica

1 volume
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Greek Symbols

r fractional length (Figure 1)
normalized porosity

v area ratio for fracture (= b/b)

p density

@ gross porosity

g area of element

® porosity ‘¢ = §(1 — S)i

Subscripts and Superscripts

¢ critical values
I index of mineral component
/ liquid phase

gnd block number

initial condition

r formation rock
s solid phase silica
v vapor phase
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