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KOMENCLATURE

b fracture aperture, t©

D depth of repository, o

2 gravirational comstant, m/s2
i hydrastatic gradient, u/o

k permeability, ol

R radius of repository, ©
T temperature, °C
v ve: ical velocity, afs

Yo inizial horizontal velocity, m/s

x horizontal ccordinate in the east-—west
direction, &

g

horizontal ccordinzie in the north-—
south direction, =

z vertical coordinate, c
o density, kg/o3

L viscosity kg/z/s

INTRQDUCTION

Heat released from a nuclear waste repository
ir a geological formation causes significant
tesperature changas in the surrounding rock
masses. These will in turn heat up groundwater in
the formations and induce buoyancy £fluid flow. £n
understanding of th: resulting perturbation to
the original regional hydrological pattern may be
crucial in the determinaticn of repository perform-
arce in isolating nuclear waste materials £rcm the
biesphere.

In low permeability crystalline rocks, such as
granite, groundwater flow is wmainly through frac-
tures. For simulatcion of regional flows, several
authors in their calculations approximated the rock
forration with nultiple fractures by a pcrous
r2xdium model (1-3). In our present study, we
adopted a different approach that several major
fractures may be important and should be simulated
in detail. This is the case if there exist natural
faults near the repository, or if there exists a
sectionally-connected fracture path which can
be represented by a singla major fracture. Further,
this kind of study may also be used to give «
vorst—scenario order~of-magnitude result which will
provide guidance 1lm our understanding of the
problen.

Due to the slcw decay of actinides in the
nuclear waste end the low thermal conductivity of
rocks, the thermohydrological impact of tke repes-:
itory is expected to persist for thcusands -f years
after the emplacemeat of the wastes. Our simula-
tions are carried out through this time span.

In the following section, the mogel we used
will be described, following which the mathematical
approach employed will be indicated. Then calcula-
tiocgal results will be presanted and discussed.



HOUEL IDEALIZATION

In this paper, the nuclear waste repository is
1dealized to be a flat eircular disk with a given
tine-varying pover density dependent on the
particular nuclear waste forw storved. The repoai-
tory is assumed to be 1500 m in radius and 500 =
telov the land surface. Only the case of spent
fuel waste is cansidered and a surface cooling
period of 10 years is arbitrarily taken from the
tice of discharge from a pressurized water reactor
to burial ian the repository. Kuclear waste density
is adjnzsted so that initial areal power density is
10 »"/m”. Power decay curve of such a case is
given in Figure 1 together with a corresponding
curve for reprocessed high level waste for
conpsrison.

Two types of fracture geometry are assumed.
The first 15 a single major fractire vertically
intersecting the repository whose axis is in
the plana of the fracture. A recharge and a
discharge zone are assumed 5 km ¢m either side of
the repository. Studies were made of the thermally
induced buoyancy flow in the fracture plane and its
interaction with natural regional hydrostatic
gradient from the recharge to the discharge zones.
Three values of hydrostatic gradient were used: 2,
1 and 41, where 1 1s a typical value given by

1= 0.001 n/m M)

i.e., the water level in the recharge zone is 10 o
higher than that in the discharge zoze. F¥For a
fracture with aperture b = 1 um and a correspording
"parallel-plate” permeability of

k= b2/12 = 8.33 x 107 o2, )

the initial horizontal flow velociry near the land
surface (ar 20°C) is found to be

-0

mis = 2.6 X l(l-5 ¥afyr.

v = k9B 4 - 811 x 10
. [€)]
where p, . and g are respectively density, viscos—
ity, and the gravitational constant factor.
Results of flow velacities will be presented in
unit of Ve

The second type of geometry studied is that of
a wvo-fracture system. This corresponds to the
first rype with the addition of one more vertical
fracture intersecting the original fracture
aormally at the repository axis or several dis~
tances away from it. Figure 2 shows the zase where
the two fractures intersect along the axis of the
repository as well as the case sway from the axis.
Studies were made on these models to understanéd the
interaction or interference between two intersect-
ing fracture planes as a function of the intersec-
tion locations (one in East-West direction and the
cther in North-South direction).

In ooth sets of calculations, the uppey boun-
dary is caintained at fixed l:z-penl:ue of 20°¢. An
acbient geothermal gradient of 30 °C/kn 1s sssumed.
The side boundaries (i.e., recharge or discharge
boundary) of each fracture is maintained at hydro-
stztic pressure and ambient temperature. The lower

boundary at 2 km below the respository and 2.5 km
below land surface is a no-flow (closed) bonndary.

MATHEMATICAL APPROACH

A numerical model "CCC" developed at Lawrence
Berkeley Laboratory (4) was used to study the
thermohydrological flow in the fractures. The
program "CCC" (which is named after conductionm,
convection end consolidation) uses an Integrated—
Finite-Difference acheme to compute single-phase
mass and heat flow in a three-dimensional system
in which effects of gravity and temperature-
depecdent density and viscosity are included.

One dimensional theory of Terzaghi is used in
this program to calculate land subeidence or
swelling. It has been well validated, having
been verified against nine snalytic or semi-
analvtic solutions and one £ield experiment.

Due to the small volume of water present in
the fractures (fracture apecrture being only of
order of dx), the convective comtribution to the
therral field is minimal and conduction is the main
heat transfer mechanism. Thus the calculatior may
be carried out in two steps. irstly conduction
calculation was wade either by "CCC" or equiv-
alently by 2 semi-analytical program (5) to obtain
the temperature field as a function of time. Then,
based on these results, convection in the fractures
was calculated by "CCC" to obtain £luid velocities
as a function of various key parameters. Fluid
velocity is of course what is of particular
interest in a waste isolation problem. Values of
thernal conductivity for granite of 2,5 I=/°C
and thermal diffusivity of .15 x 107" &“/sec
are chosen as inputs to our calculations.

Figure 3 displays the mesh design correspond-
ing to one-half of the fracture plane. It is
structured te describe best posalble heat and
flow gradients and to keep the elemests to within a
reasonable number to optimize computation cost.

INTEFACTION OF BUOYANCY FLOW AND REGIONAL FLOW

First let us discuss the remperature field as
2 function of time after waste emplacement in the
repository. igure &4 displuys the temperature vs.
depth profile along the axis of the repository for
different times after waste burial, the repository
being assumed to be fully occupied by waste simul-
taneously at t = 0. Before the waste burial, the
profile is a straight line representing a normal
original georhermal gradient. At early times the
temperature rise is localized near the repository
depth. However, after 1000 years, heat from the
repository has reached and begun to leak cut of the
land surface, and a lineasr temperature profile
again 1s obtained f-om the land surface to the
repository. The vertical temperature gradients,
both egbove and below the repository, drive the
bouyaccy flow. Radially, the temperature is fairly
uniforn within the radius of the repository, beyond
vhich the temperature decreases sbarply.

To study the interaction of buoyancy flow and
regioral flow, a single majcr fracture through the
axis of the repository is assumed. The thermally
induced flow patterns within the plane fracture
after 1000 years are shown in Figure 5 for the case
of zero regional hydraulic gradient. In this case



teo syomerric coavection cells are developed around
the edges of the repository. Heated water flows up
from the central area of the repository with
incoming water drawn from the recharge zones on the
two sides 5 km from the repository center and from
the ground surface far avay from the center of

the repository. It is to be moted that large
convection cells ({.e., with diareters of same
order as the depth of repository) are induced
during the life oI the repository- This cannot be
ignored in considering thermohydrological behavior
around 3 Tepository.

Figure 6 shows the flow velocities ar differ-
ent times as a function of position on land surface
along the length of the fracture. Thus the
relative magnitude of the vertical flow velocities
near the land surface can be studied. It is seen
that these outflow velocities at early times
maximize at two symmetric off-center locatiors, a
result of the convective fluid movements. At
iater times, hovever, the heat leakage at the
surface interferes with the convective flow, and a
central maxiruc develops. Ine vertical velocities
for different times slong the axis of the reposi-
tory are shown in Figure 7. After the initial
transient period, the vertical velocities above the
repository are approximatley irdependent of depth
because of the surface constant-temperature
constant-pressure boundary. The zero velocity at
depth -2.5 km is due o the izposed no-flew
boundary at that depth.

With the presence of rezianal hydraulic
gradient of 1 = C.00ln/m, the flow patterns are
distorted from the symretric zero-regional-gradient
results (Figure 8). On the recharge side (i.e.,
the side with higher hydraulic head), the regional
flow counteracts the torizontal convective movement
above the repository eand prousoctes it below the
tepository. On the discharge side (with lower
hydraulic headj, the opposite effects occur. The
infiuence of the regional flow on vertical ocutflow
velocities along the length of the fracture
1s shcwn in Figure 9. Ooly a slight supprossion of
the vertical velocity on the recharge side and a
slight increase+on the discharge side are cbserved,
indiczting a weak coupling of buoyancy and natural
reglonal flows. Figure 10 displays these results
for regiomal gradients of 1 = 0, 0.001, ané 0.C04
o/o at time t = 1000 years- The last case for 1 =
0.004 o/m, with a pear-surface velocity of 4 v_,
is approximately equal in magnitude to the verfical
outflow velocity at the repositnry epicenter.

EFFZCIS OF FRACTURE-FRACTURE INTERACTION

To investigate the interaction of the buoyancy
£flows in two intersecting vertical fractures, the
geometry similar to that shown in Figure 2 1s used.
The basic geometry {3 the same as that of the last
section: a plane fracture in the East-West (E-W)
direction passing through the axis of the circular—
disk repository with or without a regional hydrau-
lic gradient along it. NOW a second plae= fracture
in the North-South (N-S) direction 1s introduced
that Intersects normally the first fracture at the
axis of the repository or at different distances
avay from it. The Influence on the flow velocities
in the first E-W fracture duve to this second K-S
intersecting fracture is Studied here.

The first case considered is when the two
vertical fractures intersect at the axis of the
repository (case shown in Figure 2). A regional
hydraulic gradient of 1 = 0.G01 w/m Is imposed on
E-W fracture, with the recharge and discharge zone
assumed at equal distance {5 km) on either side of
the repository. The other fracture has zero
regional gradient. With such a symmetrical
geometry, but different regional flows in the two
fractures, the interference is found to be negli-
gible. The flows in the two fractures behave as if
they are single fractures. Thus the vertical
outflow velocities along the E-W fracture and the
N-S fracture are exactly the same as those shown in
Figure 9 and Figure 6 respectively. Furthermore,
the net recharge drawn from all four sides
are equivalent.

However, 1f the E-W fracture 1s fixed {i.e.,
it passes through the repository axis), significant
interaction is moticed when the N-S fracture
intersects the E-¥W fracture at locations away from
the vepasitory axis. Figures 11, 12, and 13 display
the results when the intersection is at x = -800,
—-1500, and -2000 meters fron repository axis,
corresponding to locations within, at, or outside
the repository radius. A reglonal hydraulic
gradient 1s still maintained in the E-W fracture.

The case of x = =800 yields results shown in
Figure 1l1. The curves labeled E-W give the vertical
velocities along the E-¥W fracture (i.e., x axis).
The locaticn where the X-S fracture intersects it
1s iIndicated by the black dot. Thus the intersec-
tion point 1s off cenrer on the x-axis in the E~W
direction. The curved labeled K-S give the vertical
velocities along the N-S fracture (i.e., y-axis).
The black dot on these curves indicates the
location where it is intersected by the E-W frac-
ture (x axis). It 1s always at the peint of
symmetry ir the y direction. In the x-y plane, the
two black dots represent the same point and thus
shouid have the same value for vertical velocity.
The results for each fracture without the presence
of the other are shown as dotted lines. For the
preseat cace of x = -800 m, i.e., intersection
point vithin the repository radius, only minor
interaction is noticed.

For the case of x = ~1500 0 and 2070 m
corresponding respectively te intersection loca-
tions at the rim of the reposito.y and outside,
{Figures 12 aad 13), ouch stronger interaction
between the fracture flows oczur. This can easily
be understood as fellows. For the case of x = 0,
the vertical flow velocities at the intersection
point in either fracture in the absence of the
other are equal, since, as shown In the last
section, effects of regional pradient on vertical
velocities are negligibie. Tove zhen the Inter-
section 1s made, no adfustces.s 2w velocity
are necessary in the romso: los. .« and tne systen
behaves as independent fractuzves. the other
hand, for other values of x, the v ..zities at the
interaction point in these fractures ip the
absence of each other would be guite different,
since the temperature fields they experiemce are
quite different. In general, the E-W fra-ture
through the repository axis experiences a much
higher temperature rise than the off-axis N-S
fracture. Thus when int2rsection 1s imposed, ouch



adjustment in fluid flow velocities occcurs. Essen-
tially the N-5 fracture acts as an additional re-
charge to the stronger flow velocities in the E-W
fractzra. This iInfluences the convection pattern
not only locally but globally over large distances.

DISCUSSION

The magnitude of the groundwater flow depends
on the fracture system of the rock formation and
tte driving forces on the groundwater present.

The proper characterization of a fractured rock
mass is site-specific and 1n outstanding problem of
research. In the present paper we made consid-
erable idealization so that we could focus on two
izportant physical processes: 4interaction berween
buovancy flow and regional hydraulic gradient,

and fracture-fracture interference.

The results reported in this paper shew that
the repasitory represents a finite-extent heat
source which perturbs the original groundwater
flow and induces convective movements over thou-
sands of years. The —{sothermal gr dwater
flow is driven by the hydraulic gradient and
the buoyzacy force of the heated water relative to
the surrounding colder water. Although the gravi-
tational force acts verrically along the
z-direction, the developcent of coavective cells
around .ae edges of the repository induces changes
in pressure field which in turn couple to the
aatural horizontal regional gradient. The regiomal
flow slightly suppresses the vertical covement on
the recharge side and enhances it on the discharge
side. As the wastes Leat up the rock formation
around the repository, the presence of the ground
surface begins to affect the theriLally-induced
cenvective movements. Although the regional flow
only weakly affects the vertical component of the
flew velocity, the addition of the zegional hori-
zontal component allow the water particles and
radionuclel to flow thrcagh possibly longer paths.
This, of course, may have important implications in
the consideration of radionuclei-rock interactions
such as adserption and dissolution.

The buoyancy flow depends strongly on the
available recharge. Intersectinpg fractures may act
&s addiriopal recharge paths from ome to smolher
with strong influence on fluid flow patterms. This
c¢eronstrates the need for careful considerations
when one studies single fracture results.

Althougn the Intersectimg fracture model used
iz the present arvalysis is very sicple, it
possesses soce of the same physircal behaviors as
t of the zore corplex fracture systems. This
Zel, cezplemerted with porous pediuc and other
es cf codels, should previde insight into the
=ics of the therpohydrological flow in frac-
tured rock messes.
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Figure 1. Areal power density of heat generated by
the nuclear wastes stored in a repository.
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Figure 2. Geometry of two-fracture systems with the
E- fracrure {along the reglonal hydraulic
gradiept) intersected normally by the
K-S fracture at the rcpesitory axis (solid
%-5 fracture) or away from it (dashed K-S
fracture).
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Figure 3. Mesh desiga cerresponding to one-half of
the fracture plane.
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Figure 5. Thermally induced flow patterns within the 2=
fracture plane 1000 years after waste
burial for the case cof zero regional
hydraulic gradient.
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Figure 7. Vertical velocities along the axis of the
repusitory at diffevent times for the case
of zero regiomal hydraulic gradient.
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Figure 10. Effects of differeant regional hydraulic
gradient {1 on the surface oucflow velocities
along the length of the fracture at 1000
years after waste burial.
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l. Surface outflow velocities at 1000 years
along the length x of the E-W fracture and
the length y of the N-S fracture. The
fracture-fracture Intersec:lon 1s located
at x = -B00 m and y = 0 within the repository
radius.
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Figure 12. Surface curflow velociries at 1000 years,

o

aiong the length x of the E-¥ fracture
and the length y of the N-5 fracture.
The fracture-fracture intersecticn 1s
located at x = -1500 = and y = O through
the ric of the repository.
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Figure 13. Surface outflow velocities at 1000 years
along the length x of the E-W fracture ard
the length y of the X-S fracture. The
fracture-fracrure intersection is located
at x ~ <2000 = and y = 0 outside the
repository radius.



