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ABSTRACT

Fluid and heat flow in fractured porous media can be of great complexity, and a
quantitative description requires the development of simplified mathematical and numer-
ical methods. This report presents a detailed formulation, and partial evaluation, of an
“effective continuum approximation” for non-isothermal multi-phase flow, which had
been introduced previously only in a heuristic fashion. The key concept on which the
effective continuum approach must rely is (approximate) local thermodynamic equili-
brium between fractures and rock matrix. The applicability of this approximation is dis-
cussed and studied by means of numerical simulations for emplacement of high-level
waste packages in partially saturated fractured tuff. The simulations demonstrate that
the validity of the effective continuum approximation cannot be ascertained in general
terms. The approximation will break down for rapid transients in flow systems with low
matrix permeability and/or large fracture spacing, so that its applicability needs to be
carefully evaluated for the specific processes and conditions under study.

The effective continuum approximation has been applied for a preliminary study of
fluid and heat flow near a high-level nuclear waste repository on a regional scale,
employing a highly simplified stratigraphic description. It was found that substantial
gas phase convection was taking place, with convection velocities being very sensitive to
permeability, porosity, and tortuosity of the fracture network.
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Effective Continuum Approximation for Modeling
" Fluid and Heat Flow in Fractured Porous Tuff

1.0 Introduction

Geological formations suitable for isolation of high-level nuclear wastes below the

water table should meet the following requirements: (1) very low permeability of the

intact rock, (2) sparseness and lack of connectivity of fractures, and (3) preservation of

the mechanical integrity of the rock during repository construction and during the
period of thermally induced stress. Of the aforementioned requirements, assessment of
(1) for a potential repository site appears fairly straightforward, while (2) and (3) may be

extremely difficult to ascertain.

The perforﬁance assessment problem poses itself rather differently for the unsa-
turated tuffs at the Nevada Test Site. The tuff formations do have very low matrix per-
meability, but their waste isolation capability does not depend upon the sparsity of
natural or thermally induced fractures. In fact, at the potential repository horizon in
the Topopah Spring unit, fracturing is .intense with fracture spacing estimated at no
more than a few feet. The fractures are believed to be generally well connected. The
waste isolation capability of this kind of formation is brought about not by an absence
or sparsity of permeable pathways, but by hydrologic mechanisms which tend to restrict

water flow to the very tight rock matrix. Even under rather unlikely conditions of pre-

valent fracture flow, contaminant migration may be very slow due to diffusion into the

matrix pores.

With few exceptions, the contaminants which could be released from high-level
nuclear waste packages can only be transported in the liquid phase, which under “nor-

mal” (ambient) conditions is held in the rock matrix by extremely strong capillary and
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adsorptive .forces. An important task of performance assessment under these conditions
is, therefore, the demonstration that transport of the liquid phase, or at least transport
of dissolved species, remains confined to the low matrix permeability even when ther-
mohydrological conditions are perturbed from high-level waste emplacement. This task
poses a considerable scientific challenge because of the great complexity of fluid, mass
and heat flow processes in a partially saturated fractured porous medium. However,
evaluation of thermohydrological con.ditions after waste emplacement in the tuff can
probably be much more easily accomplished than a demonstration that no major frac-
tures exist or will be induced near a repository situated in saturated rocks below the
water table. The purpose of our studies is to develop a methodology which permits a
quantitative Aescription of fluid and heat flow (and ultimately the migration of chemical
species) in partially saturated fractured rock, and to demonstrate and apply this metho-
dology for the specific conditions encountered near a potential high-level waste reposi-

tory in the Topopah Spring Unit of the Yucca Mountain tuffs.

The approach followed toward this end has been described in a previous report
(Pruess, Tsang and Wang, 1984), and can be summarized briefly as follows. We have
developed a general capability for computer modelipg of multi-phase, multi-component
fluid and hea.p flow in permeable media, which is based on generally accepted physical
principles and mechanisms. Our implementation of these principles in the simulation
. code TOUGH borrows heavily from methodologies developed for simulating thermally
enhanced oil recovery, and geothermal reservoir performance (Pruess, 1986). Applying
TOUGH to the problems at hand we have followed a two-track approach. We have stu-
died fluid and heat flow processes near high-level waste packages on a small spatial scale,
where we can resolve in great detail the processes operating on the level of individual
fractures and matrix/fracture interfaces. In addition, we have attempted to develop an
approximation to the fluid and heat flow processes in which the complexity of dual-

porosity behavior is replaced by a single “effective continuum,” which would simplify the
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description such as to make calculations for space- and time-scales of practical interest
feasible, while preserving the essential features of multi-phase fluid and heat flow in a

fractured porous medium.

In our previous repoit (Pruess et al., 1984), we suggested an effective continuum
description in which fracture effects are represented by means of a large, effective (rela-
tive) permeability. This approximation was dévised based on the thermohydrological
behavior observed in the fractured porous medium simulations, and it was shown to pro-
vide a close approximation to simulated system behavior for a certain time p.eriod after
waste emplacement. Because the explicit fracture calculations were very costly, they
could only be extended for a time period of six months. to a year, and a veriﬁcatioﬁ of
the effective continuum approximation was only possible for this limited time period.
‘This was rather unsatisfactory because-it was to be expected that the effective contin-
uum approximation would be process-dependent." Therefore7 a verification for a wider

range of conditions and parameters was desirable.

The work reported here extends our previous treatment in several ways. We
present results of comparative explicit fracture/effective continuum calculations for
several periods during the thermohydrological cycle following waste emblacement
(heating-drying, cooling-resaturation). As explicit fracture calculations are very costly, it
is not practical to extend them all the way to the time at which maximum temperatures
are reached near the waste package (of the order of 10 yr after emplacement), and to the
slow subsequent cooling and resaturation process. To accomplish a comparison between
explicit fracture and effective continuum calculations at later times it is, therefore, neces-
sary to first run the problem out to the desired time using the effective continuum
approximation. At the desired time, the problem. is then restarted using either the expli-
cit fracture approach or the effective continuum approximation, and the results for both
approaches are compared for a limited time period (< 1 yr). This procedure requireé

that the eflective fracture calculation be initialized at different times, using



4o

thermodynamic conditions computed in effective continuum approximation. This initial-
ization is made based on the principle of “local thermodynamic equilibrium” between
matrix and fractures, and a special computer program was written for the required pre-

processing of thermodynamic state variables.

We also present results of initial sensitivity studies, aimed at evaluating the
effective continuum approximation for a range of possible formation pafameters at the
prospective repository horizon. We are particularly interested in studying the effects of a
very tight rock matrix. As is discussed below, the effective continuum approximation will
break down for systems with a very tight matrix and a large contrast between matrix
and fracture permeability. The results of the very tight matrix simulations yield addi-
tional insight into the various competing multi-phase processes in fractured porous

media.

On the more theoretical side, we attempt to provide a general basis for effective
continuum approximations, which we had previously introduced only in ad hoc fashion.
We show that the assumption of local thermodynamic equilibrium between matrix and
fractures is sufficient to derive general multi-phase relative permeabilities for represent-
ing fracture effects in a single continuum treatment. On this basis it is possible to
extend an effective continuum approximation over the entire saturation range, from dry
to partially saturated to completely saturated. Furthermore, some general insights are
obtained into the accuracy expected from effective continuum approximations for

different flow processes, and for different formation parameters and conditions.

Finally, we have applied the effective continuum approximation to model fluid and
heat flow near a nuclear waste repository in partially saturated rock on a regional scale.
This work employs a highly simplified stratigraphic description for an initial scoping

study of possible large-scale convection phenomena.
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2.0 Effective Continuum Approximation

When a fractured porous medium with well-connected fractures and a tight rock
matrix is subjected to a hyarologic or thermal perturbation, it will undergo a change in
thermodynamic conditions which will tend to propagate rapidly through the fractures
but will migrate only slowly into the tight unfractured rock. Because of the different
response times of fractures and rock matrix, in general a disequilibrium will evolve in
which there may be considerable differences in temperatures and (liquid and gas) phase
pressures between fractures and matrix. The magnitude of these differences will depend
upon the relative time scales of the external perturbation, and the equilibration procesé
between fractures and rock matrix. If the rate of change in thermodynamic conditions
caused by the external perturbation is “sufficiently’ slow and the equilibration between
fractures and rock matrix “sufficiently’” rapid, then fractures and rock matrix will
remain in approximate thermodynamic equilibrium locally at all times. In this case, the
description of the thermohydrologic process can be simplified considerably, because it is
not necessary to keep track of the changes in fracture and matrix conditions separately,
the two being linked by local thermodynamic equilibrium. Therefore, one (compleﬁe) set
of thermodynamic variables will be sufficient to characterize the state of the system
locally, and it should then be possible to represent the fractured porous medium by

means of a single effective continuum.

From the discussion given above it is clear that the feasibility of an effective contin-
uur'n description will depend on the nature of the external perturbation, upon the pro-
perties of the fractured porous medium, and upon the space- and time-scales of observa-
tion. It is an approximation which should never be used indiscriminately but needs to

be carefully evaluated for any particular set of circumstances and conditions.

When an effective continuum approximation is applicable, it is necessary to obtain
expressions for the effective continuum parameters in terms of properties of the intact

matrix rock, and the network of interconnected fractures. Denoting quantities
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pertaining to fractures with subscript { and to rock matrix with subscript m, we have for

a volume V of the system
V=V, +V, (1)

Let ¢, be rock matrix porosity, i.e. the void fraction of intact rock, and ¢; porosity of
the fractures. Under idealized circumstances the fracture domain might be considered to
consist entirely of void space (¢=1); however, ‘“‘real’” fractures will in general have con-
siderable roughness and may contain fill, so that ¢;<<1. The partitioning into matrix and
fracture domains is not unique but partly a matter of convenience. For certain analyses
it may be advantageous to include wall rock to a certain depth into the ‘‘fracture

domain”’ (see Table 1); in such a case ¢,<<1 is possible.

Equivalent continuum porosities are

ém = bm -\;—m (~ ¢ if Vp << V), and (2a)
- Ve .
O =0 (¢ Vi/Vi if Ve << Vo). _ (2b)

An analogous averaging formula can be used to compute effective continuum liquid (or

gas) saturation S; in terms of the matrix and fracture saturations, S; ,, and S;

_ Sim ®m Vi + S, 1t 6 V¢
¢mvm+¢fvf .

S, (3)

The treatment for effective continuum characteristic curves is considerably more
difficult. To obtain useful results, it is necessary to introduce two assumptions in addi-
tion to the condition of approximate local thermodynamic equilibrium between matrix
and fractures. These assumptions are (1) flow is single-component, and (2) absolute con-
tinuum permeabilities of matrix and fractures can be treated as scalars. In Appendix A

we show that under these conditions it is possible to derive an expression for total (liquid
or gas) phase flux, which can be interpreted as referring to a single effective continuum

with absolute permeability



k = km + kf (4)*

and relative permeability

— Em kﬂ;m + Ef kﬂlf

k fm T
# kK, +k

(5)

Here k,, (k) is the equivalent single-phase continuum permeability of the matrix (frac-
tures) and kg, (kg,y) is the corresponding relative permeability for phase 8 (= liquid,
gas). Note that different relative permeability functions are expected to apply in matrix
and fractures.

In these equations, we have defined relative permeabilities relative to total single
phase permeability k, so that 0 < ks < 1. Alternatively, the reference continuum per-

meability may be chosen as k,, so that

k =Ky (6)
and
. kn + k¢ k¢
 Ka " Xm

This is the normalization that was previously chosen by Pruess, Tsang, and Wang
1984). The special approximations for k4 made in the Pruess et al. paper were possible
A

because kg remained essentially constant throughout the processes considered.

The quantitative evaluation of the effective continuum relative permeabilities is
straightforward. Given a certain average liquid saturation S;, the corresponding liquid
saturations S; ; and S; , in fractures and matrix can be found from Equation 3 and
the condition of suction equilibrium (see appendix):

Ps,f (Sl, 1‘) = Ps,m (Sl, m)- ) (8)

*We recently received a report by Klavetter and Peters (1986) in which an equation equivalent to 4 was used for
liquid phase flow.



Here P, is the (negative) suction pressure, representing capillary and phase adsorption
effects. Knowing the saturations in matrix and fractures, one caﬁ evaluate the effective
continuum relative permeabilities by explicit computation from Equation 5 or 7. Exam-
ples are given in Figures 1 through 4. Figures 1 and 2 refer to the two cases presented
previously by Pruess, Tsang and Wang (1984; see Table 1), while Figures 3 and 4 use
more recent parameters for matrix permeability, relative permeability, and capillary
pressure (Braithwaite, 1984). When plotted on a log-log scale versus gas saturation, it is
seen that effective liquid relative permeabilities exhibit a characteristic ‘““double-hump”
shape. This is caused by a sharp reduction in liquid permeability in the fractures for
rather small average gas saturations. Similar effective liquid phase permeabilities had
been proposed previously by Peters and Gauthier (1984), Montazer and Wilson (1984),
and Peters and Klavetter (private communication, 1985). However, these authors did
not consider gas phase and non-isothermal effects, and based their model on capillary

equilibrium between matrix and fractures.

A comment is in order regarding the applicability of the approximation of single-
component flow, which was used in the derivation of effective continuum relative per-
meabilities. The nuclear waste isolation problem in tuff is a two-component (air and
water) problem. In the general case, when the compositions (component mass fractions)
of the phases in matrix and fractures are different, no composition-independent effective
permeability can be derived. However, in many cases of practical interest in the waste
isolation problem, phase compositions will be relatively constant over certain spatial
domains. For example, near the canisters the gas phase will be virtually 100% vapor
over extended time periods, whereas at larger distance, beyond the condensation zone, it
will be almost 1009 air. The liquid phase will be essentially 100% water throughoﬁt, as
air solubility is small. Therefore, the flow problem will be essentially single-component,
in both liquid and gaseous phases (except in the vicinity of the condensation zone) so

that this approximation may be expected to work well.
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The approximation of treating permeability as a scalar may or may not be realistic,
depending upon fracture geometry and waste package arrangement. In the case treated
by Pruess, Tsang, and Wang (1984), this approximation is accurate because for the par-
ticular geometry considered the pressuré gradient driving global flow is parallel to the

fractures.

The assumption of approximate local thermodynamic equilibrium between matrix
and fractures was also well justified in the calculations of Pruess, Tsang, and Wang. For
the parameters used the driving mechanism for thermohydrological change was
sufficiently slow to permit virtually complete thermodynamic equilibration between
matrix and fractures locally at all times. Equilibration is expected to become less com-
plete for (a) sma.llér matrix permeability, (b) larger matrix porosity, (¢) larger fracture

spacing, and (d) larger rates of heat input.

We wish to emphasize that in a discretized description of fluid and heat flow (e.g.
finite differences), the applicability of the effective continuum approximation will in part
depend upon the spatial scale of discretization. When coarser computational grids are
used, all transient effects are averaged over larger spatial domains. This will diminish
and slow transient changes, so that system behavior will then better approximate the
requirement of local thermodynamic equilibrium between matrix and fractures. How-
ever, coarser gridding will increase space truncation errors and may not be acceptable for
a given spatial scale of interest.

Generally speaking, whenever the idealized assumptions and conditions considered

above and in Appendix A are not valid, it will be necessary to carefully examine specific

cases to determine whether or not an effective continuum approximation can be applied.
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3.0 Modeling of Fluid and Heat Flow

We have performed numerical simulations with our code ‘“TOUGH,” using the
same idealized emplacement configuration (see Figure 5) and formation and discretiza-
tion paramel;ers (see Tables 1 and 2) as had been studied previously by Pruess, Tsang,
and Wang (1984). In an attempt to evaluate the process-dependence of the effective con-
tinuum approxima'tion, we have proceeded as follows. We have used the effective contin-
uum approximation to simulate fluid and heat flow over a period of 1,000 yr. This simu-
lation was interrupted at several intermediate times, at which the effective continuuh
results were used to initialize calculations with explicit fractures (Table 3). Because of
computing costs, these latter calculations could be carried out for time periods of at
most several hundred days. The explicit fracture results were then compared with the

effective continuum predictions.

The initialization of explicit fracture calculations from the effective continuum
results was done as follows. The effective continuum results are available, at any desired
time, in the form of a list of thermodyna.mic conditions {X; ,; i= 1,2,3; n =1, ...,N} for
all elements V, (n = 1, ..., N) of the flow domain. The primary thermodynamic vari-
ables X; (i = 1,2,3) used in the TOUGH code are different for different phase composi-
tions, being (P-pressure, T-temperature, PA-air partial pressure) for single-phase condi-
tions, and (P, S = gas saturation, PA) for two-phase conditions. Initialization of the
explicit fracture calculations is made on the basis of approximate thermodynamic equili-
brium locally between matrix and fractures. More specifically, all volume elements
belonging to domain ”matrix” at a given radial distance r from the waste package
centerline are initialized with thermodynamic conditions identical to those computed in
effective continuum approximation. Fracture volume elements are initialized in such a
way that they are in thermodynamic equilibrium with the matrix at a given radial dis-
tance r. This condition is easily implemented for s.ingle-phase points, where fractures

have the same (P, T,PA) as the matrix. For two-phase points, however, saturations in
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matrix and fractures in general will be different, due to different suction pressure rela-
tionships. Therefore, we proceed as follows. Using the effective continuum data
(P,S,PA) we compute the suctién pressure Psuc,;n (S) for the matrix. Requiring that
Poucr (St) = Pgye,m (S) we obtain gas saturation in the fractures so that the complete set
of fracture conditions will be (P, S;, PA). Computation of S; requires solution of the
non-linear Equation 8 for suction equilibrium between matrix and fractures, which is
done by means of Newton-Raphson iteration. We have written a preprocessor program,
which works sequentially through the file of thermodynamic conditions computed in
effective continuum approximation, and generates a TOUGH-compatible file of locally
equilibrated thermodynamic conditions for a system with explicit fractures. The pro-
cedure outlined above is approximate, iﬁ that we ignore the diflerence between average
saturation S in the effective continuum and matrix saturation S_,. However, for the for-
mation parameters used in the present work, it can be shown from Equation 3 that

| S-S5, | never exceeds 0.015 so that the approximation is satisfactory.

4.0 Results of Simulations

Results of explicit fracture and effective continuum calculations after initial waste
emplacement (t = 0; see Table 3) had been presehted previously (Pruess, Tsang, Wang,
1984) and will not be repeated here. In those calculations, we had found excellent agree-
ment between explicit fracture and effective continuum predictions. A comparison
between the two approaches was facilitated by the fact that immediately after canister
emplacement all thermohydrological conditions change rapidly. At later times the level
of (dis-)agreement between explicit fracture and effective continuum calculations is much
more difficult to ascertain because all changes take place at small rates. Therefore, the
total changes in thermohydrologic conditions obtained over a typical simulated period of
200 days are small. Furthermore, these changes reflect not only “true” differences in

behavior of explicit fracture and effective continuum systems, but also contain effects
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from space- and time-discretization. A meaningful comparison cannot be done by simply
comparing calculated numbers but requires a rather detailed analysis of the simulated
physical processes. This analysis will be presented separately for the different times after

emplacement at which the calculations were made.

Before discussing these detailed simulations, we wish to point out some general
features of the system under study. The general thermohydrological behavior of either
the explicit fracture or the effective continuum system can be described as follows (see
Figure 6). In a zone near the canisters, r, < r < r;, heat transfer occurs predominantly
by conduction. Maximum temperatures exceed 100° C so that a substantial amount of
vaporization takes place. However, the maximum net amount of vapor generated per
waste package is only approximately 33 kg, which represents a total heat of vaporization
equivalent to 8 hrs of canister output (at a rate of 3kW). In terms of heat balance aﬁd
transport, therefore, the fluid contribution in the near zone is small. At larger distance,
r < r <1, the system operates as a ‘heat pipe”’, with temperatures near 100° C and
small temperature gradient. In this zone most of the heat transfer is accomplished by
vapor-liquid counterflow with vaporization and condensation. Near the inner end of the
heat pipe (r > r;), liquid is vaporized. The vapor flows outward and condenses near the
outer end of the heat pipe (r < r,). From the inner portion of the condensation zone,
liquid flows inward toward the heat source, while from the outer portion it flows out-
ward. The heat pipe is not in steady flow conditions. At early times as the rock heats
and partially dries, the outward vapor flow (slightly) exceeds inward liquid flow. At
later times, formation temperatures begin to decline in response to diminished heat out-
put from the waste package. This is accompanied by a slow process of resaturation in
which inward liquid flow (slightly) exceeds outward vapor flow in the heat pipe. Thus,
initially r; and r, increase with time; but later both decrease and eventually, when all
temperatures drop below 100°C, the heat pipe collapses. In the region r > r, heat

transfer is again dominated by conduction.
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As far as conductive heat transfer is concerned, there is no difference between the
explicit fracture and effective continuum models. Therefore, we expect that whatever
differences in these two descriptions may be observed will be caused by different

behavior in the heat pipe region.

4.1 Restart After 5 yr

Figure 7 presents simulated temperatures in effective continuum approximation at a
distance of 0.3355 m from the canister centerline. It is seen that the explicit frac‘ture
calculation started at 5 yr corresponds to a period where the system is still heating up,
although slowly. When initializing the explicit fracture calculation from the effective
continuum results obtained at t = 5 yr, the following behavior is observed. All pres-
sures in the fractures out to approximately 2.7 m drop rapidly by a small amount (~ 800
Pa). It is near r = 2.7 m that the most intense vaporization takes place. Approxi-
mately 40% of the vapor is being generated in the rock matrix, while the remainder is
being generated in the fractures from liquid discharged by the rock matrix. The vapor:-
zation taking place in the fra.cturés causes a small temperature drop (=~ 0.1°C) in the
fractures relative to the matrix. Beyond 4.5 m radial distance, the pattern is reversed.
Outward flowing vapor condenses in the fractures, depositing its latent heat there so
that the temperature in the fractures is slightly higher than in the matrix. The conden-
‘sate is being sucked back into the matrix by capillary force. Inside the matrix, the liquid
condensate flows down the suction g.radient. Liquid saturation and suction pressure
reach a maximum nearr = 6 m. Atvcloser distance, therefore, liquid flows inward in the
matrix; at larger distance it flows outward. For distances 2.7 m < r < 5.5 m, including
the zone of most intense vaporization and the inner part of the condensation zone, the
system functions as a heterogeneous heat pipe with outward vapor flow in the fractures
slightly exceeding inward liquid flow in the matrix. The high permeability of the frac-

ture system constrains gas phase pressures near 1 bar so that the temperature
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throughout the heat pipe is near 100° C.

In Figure 8 we have plotted simulated temperature changes over the 190.2 day
period following t = 5 yr. It is seen that in the region interior to the heat pipe the
eflective continuum calculation predicts only approximately half as large a temperature
increase as the explicit fracture calculation (1.6°C as compared to 3.2° C). Within the
heat pipe region, predicted temperature changes are very small (< 0.2°C), and there is
good agreement between effective continuum and explicit fracture calculations. Just
beyond the heat pipe region (r > 6 m) temperatures increase by approximately 2°C,
with the effective continuum model overpredicting the-increase by épproximately 10%.
Beyond approximately r = 12 m, the 2 calculations give indistinguishable results.
Further insight can be gained by examining the total rate of radial heat flow (Figure 9).
It is observed that, because of declining heat output from the waste package, heat flow
rates during the simulation period decline for r < 8 m while they increase at larger dis-
tance. In the region interior to the heat pipe, heat flow rates for explicit fractures apd
effective continuum agree well. Throughout the heat pipe region (2.7 m < r < 5.5 m)
the effective continuum approximation overpredicts total heat flow by ~ 4%. From the
temperature and heat flow results, it appears, therefore, that the effective continuum
model provides a slightly more efficient heat pipe mechanism than the flow system with
explicit fractures. This can also be seen from the total rates of radial liquid flow shown
in Figure 10. Note that at the inner boundary of the heat pipe, near r = 3.0 m, inward
liquid flow in the effective continuum model is approximately 309 larger than for expli-
cit fractures, while for r > 3 m there is excellent agreement between the two descrip-
tions. Physically, the difference in behavior can be understood as follows. In the
effective continuum, vapor has the high effective fracture permeability available wherever
it forms. In the explicit fracture system, however, vapor generated in the matrix
(approximately 40% of the total) must first discharge into the fractures before it can

flow along high-permeability paths. Therefore, in the explicit fracture system there is an
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additional flow resistance, corresponding to the short path (< 0.11 m) through low-
permeability matrix. Because of this, vaporization near the inner end of the heat pipe is
less efficient in the explicit fracture system, which explains the observed differences in
temperatures and heat flow rates. Another slight difference in behavior occurs near the
outer end of the heat pipe. In the explicit fracture calculation, the condensate forms on
the surface of the rock matrix. It must ‘then flow a certain distance into the matrix per-
pendicular to the block face before it can flow radially inward or outward. This presents
an additional (small) flow resistance for liquid which is not present in the effective con-

tinuum.

We wish to emphasize that these diﬂ'erenc_es in the heat pipe mechanism are quite
small. Effective continuum and explicit fracture systems produce the same physical
behavior, and all fluid and heat flow rates agree to within a few perceht everywhere
except in a narrow region near the inner boqndary of the heat pipe. Figure 10 also
‘shows that suction pressures in the effective continuum agree very well with those in the
explicit fracture system, and that the differences in suction pressure between matrix and
fractures are negligibly small everywhere except in a narrow region near the inner.boun-
dary of the heat pipe. This gives strong support for the validity of fhe effective contin-

uum approximation for the conditions and parameters studied here.

4.2 Restart After 26.28 yr

The largest extent of the dried zone in the effective continuum calculation is r =
0.607 m, which is reached after 8.66 years. Subsequently a slow process of resaturation
takes place. The simulation discussed here was performed in order to examine in detail
the behavior of the explicit fracture system and the effective continuum in the resatura-
tion period.

In the effective continuum calculation, rewetting of grid block AA3 (corresponding

to the region 0.305 m < r < 0.366 m) occurs at 26.40 yr, or 45.1 days subsequent to
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restarting at 26.28 yr. Upon initializing the explicit fracture calculation from the
effective continuum results after 26.28 yr, all fracture pressures out to r = 3.3 m, the
“ne_ér end” of the heat pipe, drop in similar fashion as had been observed in the calcula-
tion after t = 5 yr. The pressure drop is only slight (< 550 Pa), and again is caused by
a small temperature drop in the fractures from vaporization of liquid. In complete anal-
ogy to the behavior observed after t = 5 yr, and for the same reasons, the heat pipe
mechanism in the explicit fracture system is slightly less efficient than in the effective
continuum. This is illustrated in Table 4, which .compa.res rates of outward vapor flow
in the heat pipe region for the two cases. In the central portion of the heat pipe agree-
ment is excellent, but near the ends somewhat larger vapor fluxes are obtained in the
eflective continuum calculation. Therefore, the heat transfer mechanism is slightly more
efficient in the. effective continuum model, which explains why it will generally predict
slightly lower temperatures in the région interior to the heat pipe and slightly higher
temperatures on the exterior (see Figure 11). As a consequence of this difference, the
explicit fracture calculation even predicts some increases in temperatures in the interior
region, in which in fact all temperatures decline in this period. Most of the temperature
_change computed for the explicit fracture system in the region interior to the heat pipe
is not realistic; if simply reflects the fact that because of the slightly less efficient
(shorter) heat pipe, the length of the conductive zone interior to the heat pipe is slightly
larger so that all temperatures there must rise by AT ~ (3T/dr) Ar, where Ar is the
increase in length of the conductive zone (= decrease in length of the heat pipe). The
effect is magnified in Figure 11, but it is actually not lér’ge when considering that
dT/dr~ 10°C/m near r = 3 m so that a 10 cm effective shortening of the heat pipe
region explains the observed ft\emperature differences of < 1°C between effective contin-
uum and explicit fractures. A 10 cm change in heat pipe length is small in comparison

to the total heat pipe length of approximately 4.5 m (Figure 11).
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The above considerations show that the differences in temperature change noted
between effective cqntinuum and explicit fractures are a sirhple “baseline” effect caused
by a few percent difference in effective heat pipe length. They are not cumulative; i.e.,
they will not continue to increase with time. Heat and moisture transfer behavior of
both systems is virtually identical; however, slightly different temperature distributions

arise in response to a nearly identical (quasi-steady) heat flux.

Upon making the transition from effective continuum to explicit fractures, we In
effect superimpose a step increase in temperature on the general trend of declining tem-
peratures in the region interior to the heat pipe, to compensate for a slight loss in
effective heat pipe length. Because of this temperature effect, rewetting of grid block
AA3 (corresponding to the region 0.305 m < r < 0.366 m) is delayed in the expliciﬁ frac-
ture system. It occurs at 26.79 yr, or 186.5 days subsequent to restarting at 26.28.yr,
compared to 26.40 yr or 45.1 days subsequent to restarting in the effective continuum.
This might appear to indicate significant differences between eﬂ'ect._ive continuum and
explicit fracture systems. However, as we have discussed above, this difference reflects a
one-time temperature baseline effect when going from effective continuum to explicit
fractures. There is no significant difference in behavior of effective continuum and expli-

cit fracture systems, which could cause deviations to accumulate with time.

5.0 Explicit Fracture and Effective Continuum Simulations for Very Tight

Matrix

Recent measurements have suggested that the value‘of 32.6 microdarcies used for
matrix permeability for the Topopah Spring densely welded tuff in the calculations
reported in Section 4 may be high, and that a value of 1.9 microdarcies may be more
representative (Braithwaite, 1984). For such a tight matrix, the process of thermo-
dynamic equilibration between fractures and matrix may be considerably slower, which

raises questions about the applicability of an effective continuum approximation.
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Table 5 summarizes the formation parameters used in the tight matrix simulations
(Braithwaite, 1984). For this new set of explicit fracture calculations, we also use the
Wang and Narasimhan (1985) exponential characteristic curves for the fractures instead
of the linear relationships used in the previous calculations (see Table 1). Appendix B
summarizes the basic statistical formulation of the characteristic curves for rough-walled
fractures and the procedures used to determine parameters from experimentally measur-
able data. Since the fracture apertures are much larger than typical pore sizes in the
matrix, under suction equilibrium only a very small amount of liquid water can be
retained in the fractures. This is held by capillary force as liquid meniscuses around frac-
ture contact areas. The smaller initial .liquid saturation in the fractures (see Table 5 and
Table 1), together with the smaller fracture volume and finer computational mesh (six
layers instead of four were used, see Table 2), make the new calculations more difficult
and time consuming than the previous calculations discus;ed in Pruess, Tsang and Wang
(1984). We have carried out the explicit fracture calculations to 0.1 yr and compared

them with the corresponding effective continuum calculations.

Before we present the detailed comparison, we Qill discuss another reason for our
interest in the tight matrix simulations. In our earlier calculations with a matrix permea-
bility of 32.6 microdarcies, the fractured porous medium .a.round the canister remains
partially saturated during the entire evaporation-condensation-resaturation cycle follow-
ing waste emplacement. With a gaseous phase always present in the entire flow region,
vapor is easily transported to the fractures through the permeable matrix and along the
fractures. It is then possible to'approximaté the fractured porous medium by an effective
continuum with a large constant relative permeability to describe the gas flow. With a
tight matrix restricting flow, however, the condensation zone can become fully saturated,
and the liquid phase will block the gas flow. If we use the large constant relative permea-
bility approximation for tight matrix simulations, the eflective continuum calculations

suddenly grind to a halt when part of the system approaches fully saturated conditions.
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This problem is overcome by using saturation-dependent effective relative permeabilities
as derived in Section 2 and Appendix A. With a physically more meaningful saturation-
dependent relative permeability approximation, the effective continuum calculations can
proceed smoothly through the full range of saturation changes during the entire ther-

mohydrological cycle.

We also encounter two other minor numerical difficulties in the explicit fracture cal-
culations for the tight matrix case. If we treat the fracture elements in the computa-
tional grid as pure fluid nodes containing no solids, the heat balance equation will force -
the simulation to take very small time steps, because of the extremely small heat capa-
city of regionas containing essentially only a gas phase. For rough-walled fractures with
asperities, the average fracture width should be at least an order of magnitude larger
than the aperture deduced from fluid fluxes according to the parallel-plate model (Abelin
et al., 1985). For computational stability, fracture elements should contain some solid
material, which here was chosen as a modest 10% by volume. With this, we can proceed
with the simulations and overco;ne the difficulty associated with the heat balance equa-

tion.

Another numerical difficulty is associated with the fluid flow equation; it occurs
when the fracture elements are drying up. If we use the same capillary cutoff of -5000
bars for both the matrix and the fracture elements, we in effect ask the computer code
to simulate the change of fracture saturation from an initial value of 2.7%107% to the
value of 4.3 107! at -5000 bars suction for the fracture characteristic curves used in
this study. Certainly we are not interested in saturation changes in that small range. If
we change the fracture capillary cutoff to -50 bars, the numerical diﬂ"lcult); associated
with the drying of fracture elements can be overcome. The capillary cutoff affects only
the (extremely small) value of liquid saturation at which the phase transition from two-
phase conditions to single-phase gas conditions occurs in the inner conduction zone

(Pruess and Wang, 1984) and does not affect the heat-pipe region.
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Figure 12 compares the saturation profiles from the explicit fracture calculation to
the saturation profile from the effective continuum calculation at a time of 0.1 yr after
waste emplacement. Between the curve of ‘“matrix 2’° closest to the fractures and the
curve of “matrix 6’’ deep inside the tight matrix, the shaded area indicates the range of
variation in matrix saturation. The effective continuum approximation predicts a low
saturation value in the inner conduction region. At r = 0.3355 m, the effective contin-
uum saturation is only 32% of the volume-weighted average of the saturation values of
the matrix and discrete fracture elements at the same radius. With the low permeability
of the tight matrix restricting flows, more liquid is retained in the matrix away from the
fractures. The large saturation difference between “matrix 2’’ and ‘“‘matrix 6” indicates
the extent of disequilibrium in one of the thermodynamic variables - the saturation. The
matrix elements closer to the fractures have saturation values approximately the same as
that predicted by the effective continuum model. The effective continuum .model does
predict the general pattern of low saturation in the inner region and the nearly fully
saturated zone in the condensation region. In the discrete fracture calculations, the.frac-
ture saturation remains low even though the matrix in the condensation region is nearly

fully saturated.

The effect of low permeability of the tight matrix on restricting vapor transport can
be clearly seen in the gas pressure profiles in Figure 13. In the innermost matrix element
at r = 0.3355 m, the pressure exceeds 4.3 bars from build-up of vapor generated by
heating. Very steep pressure gradients, both laterally and radially, are created by the
confinement of vapor in the tight matrix. The pressure in the fractures remains essen-
tially constant at the value of 1 bar, while the ﬁressures in the matrix increase from 1
bar near the fractures to over 4.3 bars deep inside the matrix. The pressure difference
between the innermost matrix region and the fractures indicates a disequilibrium in

another thermodynamic variable - the pressure. In the effective continuum, there is

essentially no pressure build-up; the vapor, once generated by heating, can easily flow
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radially outward through the large relative permeability representing. the fractures. In
the discrete-fracture tight-matrix calculations, the vapor generated in the tight matrix

must first flow to the fractures before moving effectively outward into colder regions.

The liquid flow is driven by both the pressure and the capillary pressure. Figure 14
shows that there are large capillary pressure diflerences between the matrix grid blocks,
and between the effective continuum predictions and the volume-weighted aver#ge of the
discrete fracture-tight matrix calculations. Both Figure 13 and Figure .14 indicate that
the driving pressure gradients for gas flux and liquid flux in the effective continuum
model are quite different from the gradients in the discrete-fracture tight-matrix calcula-
tion.

Figure 15 compares the effective continuum gas flux with the sum of the radial
fluxes through the matrix and through the fractures. Most of the gas is lowing through
the fractures. The effective continuum approximation overestimates the maximum gas
flux by a factor of 2.4. Figure 16 compares the effective continuum liquid flux with the
sum of the radial fluxes through the matrix and through the fractures. Most of the
liquid flux is in the matrix. The effective continuum overestimates the inward liquid flow
by a factor 2.6 and the outward liquid flow by a factor 1.4. The effective continuum
does predict the position of the peak fluxes well, but grossly overestimates the magni-

tudes of the fluid fluxes.

The comparison of the third thermodynamical variable, the temperature, from the
two models is shown in Figure 17. In comparison to the explicit fracture calculation, the
effective continuum model predicts a slightly lower temperature in the inner conduction
region and a more extended heat pipe region where the temperature remaips near
100° C. The temperature in the matrix 'and the temperature in the fracture are essen-
tially the same with a maximum difference of 1.2°C. The local thermal equilibrium is a
good approximation. The approximately 11°C difference between explicit fracture and

effective continuum temperatures in the inner conduction region is caused by the
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differences in fluid flow in the heat pipe region. The extent of the heat pipe region is
larger for larger matrix permeability. The effective continuum does not take into account
the resistance in lateral flow between the matrix and the fractures and predicts a longer
heat pipe. After 36.5 days the heat pipe region in the effective continuum extends from
approximately 0.7 m to 1.0 m. It is characterized by temperatures near 100°C with
small gradients (Fig. 17) and a local maximum in heat flow rate (Fig. 18). In the
discrete-fracture tight-matrix calculation, the heat pipe is shortened and in fact almost
suppressed by the additional lateral flow resistance. It is also of interest to note that in
the heat pipe region, the gas phase flow in the fractures carries approximately 47% of

the total heat flow.

Figure 19 shows that the effective continuum model predicts the distribution of air
very well. All the air with its chemically active oxygen component is purged by vapor
from the immediate vicinity of the canister during the thermal period after waste

emplacement.

In conclusion, the effective continuum model breaks down for the tight-matrix con-
ditions as specified in Table 5. When lateral flow is choked from small matrix permea-
bility, the fracture and the matrix will not be in equilibrium. The effective continuum
predicts high gas flux and liquid flux in the heat pipe region and overestimates the
extent of the heat-pipe region. However, the effective continuum does predict the posi-
tion of the heat pipe region well. The effective continuum saturation is close to the
matrix saturation immediately near the fractures. The effective continuum pressure is
close to the fracture pressure in the explicit-fracture model. The temperature distribu-
tion and the air mass distribution are less sensitive than the saturation and pressure to
the model used in simulating the waste emplacement effects.

Table 6 compares the computer times for the two simulations. The explicit-

fracture tight-matrix calculation takes longer CPU-time and more time steps. The

effective continuum calculation is faster than the explicit-fracture tight-matrix



calculation by a factor of approximately 43. The effective continuum calculation can
take 5.6 times larger time steps and the computational work per time step is reduced by
a factor of approximately 7.7. The fracture elements with an exponential relative per-
meability curve require more computing time. On average the computer time per time-
step per grid block for the explicit fracture calculation is 30% longer than for the

effective continuum calculation.

6.0 Study of Heat and Fluid Flow on a Regional Scale

The only work available in the literature on regional-scale temperature and ther-
mohydrological effects of an underground repository in hard rock is for the case of a
saturated medium (Wang et al., 1981). In a fully saturated medium where liquid is the
sole phase present at ambient conditions, the lower density and viscosity of the heated
liquid in the vicinity of the repository gives rise to a buoyancy pressure gradient which
drives the warm liquid upward toward the surface. In the unsaturated tufl, we expect a
similar thermally induced buoyancy flow for the gas phase. Simple considerations of gas
viscosity and density changes in response to the repository heat load indicate that the
gas buoyancy velocity may be on the same order of magnitude as that found for liquid in
a saturated medium of similar absolute permeability. However, in a partially saturated
medium, fluid and heat transport will be considerably more complex than in the single
phase.liquid case because of possible condensation of the vapor component in the gas
phase. A simulation which will model the movement of the two phases and the tempera-

ture pattern as a function of time should provide much insight.

6.1 Modeling Approach

A schematic diagram of the modeled region is shown in Figure 20. The repository
is modeled as a uniform heat source in the shape of a circular disk, 5 m in thickness and

1500 m in radius. The thermal output of the repository is assumed to be 57 kW/acre at
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initial waste emplacement, and to subsequently follow the time decay function as
specified for an 8year-old spent fuel waste package (Langkopf et al., 1985). The reposi-
tory is located 225 m above the water table, which serves as the lower boundary in the
modeling study (constant pressure and temperature; vanishing capillary presure); and at
348 m below the ground surface, the upper boundary. The temperatures at the water
table and ground surface are maintained at 30.85°C and 12.85°C, respectively,
throughout the simulation. The region modeled extends to a radius of r = 3380 m, and
is assumed to have the same material and thermal properties as the welded tuff at the
repository level (Langkopf et al., 1985). The fractured porous medium is modeled as an
equivalent continuum. A summary of problem specifications is given in Table 7. The
computation is carried out in two steps. First, we ob.tain the equilibrium thermal gra-
dient and the equilibrium liquid and gas saturations at ambient conditions. This is
accomplished by simulating a one-dimensional vertical column between the ground sur-
face and the water table, with all problem specifications in place except for the heat
source at the repository level. A liquid infiltration of .1 mm/yr is assumed, giving rise to
a liquid saturation of about 87% (Langkopf et al., 1985; Sinnock et al., 1984) at the
repository level before waste emplacement. The temperatures and saturations obtained
from the simulations on the vertical column then serve as initial conditions to the two-

dimensional simulation with the heat source in place.

6.2 Results and Discussions

The repository-wide simulations show‘ that the temperature never exceeds 100° C at
any time even in the repository center grid blocks (Figure 21). At the repository hor-
izon, the temperature peaks 60 yr after emplacement at about 93° C. The modest rise in
the temperature is attributed to the relatively coarse discretization employed for this

repository-wide numerical simulation (grid block volumes > 20,000 m®). This does not
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allow resolution of conditions on a waste package scale, where in fact higher tempera-
tures are encountered (see Sections 4 and 5). No significant gas pressure build-up is.
observed throughout the simulation up to 5000 yr after waste emplacement. Since the
temperature remains below 100° C and the gas pressure remains around 1 bar, the liquid-
saturation profiles change little in comparison to preemplacement conditions, indicating
that no significant redistribution of water is taking place. The liquid and gas fluxes at
100 yr after emplacement are shown in Figures 22 and 23 respectively. We note that the
liquid fluxes are downward; their magnitude is on the order of the imposed infiltration
rate of. 1 mm/yr.. The apparent absence of convection circulation fluxes in the liquid
phase in Figure 22 is due to the very low permeability of the tuff rock matrix, to which
liquid flux is confined at the prevailing l.mtura.tion of approximately 87%. The liquid
buoyancy fluxes are very small and are masked by the imposed downward infiltration
flux. The larger downward liquid fluxes near the repository are caused by condensation

of vapor (see vapor fluxes in Figure 23).

Interestingly, the direction of gas flux vectors immediately below the repository
(Figure 23) is opposite to that of conventional convection circulation. This is explained
as follows. The gas phase in a partially saturaﬁed medium consists of both vapor and
air, with air being the dominant component (98% by weight) at ambient conditions. As
the temperature rises, the vapor content in the gas phase increases near the repository,
but the gas phase remains mostly air away from the repository. Hence the composition
of the gas phase can take on a rather complicated spatial variation. Our simulation
includes both the Darcy and binary diffusion terms for the gas flow. Since the pressure
gradient drives the Darcy fluxes for both vapor and air, whereas the gradient of mass
fraction of each gas component drives the respective diffusive flux, we suspected that the
curious direction of the gas fluxes below the repository in Figure 23 may have resulted
from the interplay between pressure and composition gradients. To check this point we

performed a simulation with binary diffusion turned off. The resulting fluxes at 100 yr
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after emplacement are plotted in Figure 24. Now the gas flux vectors can be easily inter-
preted as forming a convection cell. A closer examination of the gas pressure and the
mass fractions in the gas phase for the two calculations (with and without binary
diﬂusion) substantiates our qualitative arguments above for the different gas flux direc-
tions in Figure 23 and 24. The higher temperature at the repository level gives rise to
an increased mass fraction of vapor in the gas phase, as indicated by the minimum in
the plot of air mass fraction versus depth at the repository edge (Figure 25) for the case
where binary diffusion is absent. The local air mass fraction is mostly determined by
temperature, which is essentially set by heat conduction, so that the air mass fraction
profile for the case where binary diffusion is included is almost identical to that of Figure
25. The bina.;'y diffusion mechanism drives a vapor flux away from locations of higher
vapor concentration and draws an equal and opposite air flux, thus filling in the
minimum in the air-mass fraction profiles slightly in Figure 25, resulting in a slight
increase in the gas pressure at the repository level. In Figure 26, we plot the difference
in gas pressure between the cases with and without binary diffusion. The small increase
in the gas pressure due to binary diffusion at the repository level is sufficient to cause a
net gas flux away from the repository level both below and above the repository, thus

transforming the convection pattern as shown in Figure 24 into the pattern shown in

Figure 23.

In Figure 27 the gas convection velocities along the repository center line are plot-
ted for the numerical simulations both with and without binary diffusion. The (+) and
(-) signs on the curve for the velocities with binary diffusion denote an upward velocity
above the repository horizon, and a downward velocity below the repository horizon.
Ouf simulation shows that the gas pore velocities in the fractures at 100 yr after waste
emplacement range from 4.5 m/yr to 1174 m/yr along the axis passing through the

center of the repository.
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7.0 Conclusions

The results of our work can be summarized as follows:

We have developed a general theoretical basis for approximating multi-phase fluid
and heat flow processes in a fractured porous medium by means of an effective con-
tinuum description. Formulas were derived for expressing effective continuum

parameters in terms of matrix and fracture data.

Several assumptions need to be invoked in order that an effective continuum
approximation may be derived. The most crucial of these is that there be approxi-

mate local thermodynamic equilibrium between matrix and fractures at all times.

The validity of tﬁe effective continuum approximation cannot be ascertained in
general. It depends upon formation parameters, and upon the characteristics of the
thermohydrological processes to be described. The approximation will break down
for rapid transients, and for conditions of very tight rock matrix, or large fracture
spacing.

Simulation studies on a waste package scale have shown that the effective contin-
uum approximation is valid for the particular conditions and parameters investi-
gated if matrix permeability is of the order of 30 microdarcies, but may give inac-
curate results for liquid and gas phase fluxes if matrix permeability is as small as 2
microdarcies. (Note that our simulations did not explicitly include effects of Knud-
sen diffusion; therefore; the above values should be interpreted as effective per-
meabilities). W
Application of the effective continuum approximation for a repository-wide model
showed development of significant gas phase convection on a regional scale in
response to the thermal loading. Convection patterns are sensitive to the strength

of binary diffusion (i.e., to average fracture porosity and tortuosity).
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Even under conditions where the effective continuum approximation is not accu-
rate for predicting thermohydrological conditions, it may be useful for evaluating
the migration of chemical species in variably saturated fractured rock. The
effective continuum approximation will brovide a conservative (upper) estimate for
migration of species, because it overpredicts the velocities of liquid and gas phase

flows.
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Appendix A: Characteristic Curves for an Effective Continuum

Let us consider single-component two-phase flow in a fractured porous medium.

We write Darcy’s law in the following form.

F&mwﬁ==°Emk&m(££ (VPgm - Poim 8) (A1)
L #8 Jm :
)
Fptractures = ~ K Kgye ﬁ'] (VPsr - ppr 8) (A2)
L Hs )f
The notation is
F = mass flux
B8 - = phase index (8 = liquid, gas)
subscript m = relating to matrix |
subscript = relating to fractures
k,, (k) = equivalent single phase continuum permeability
of matrix (fractures)
kgm (kg == relative permeability to phase # in matrix (fractures)
P = density of phase 8
B - viscosity of phase 3
Py == pressure of phase 3
g = acceleration of gravity.

The flux expressions given above should not be considered “point” quantities, but
represent averages over a suitably chosen area. This area may be thought of as an inter-
face area between grid blocks in a discretized description of flow (with grid block
volumes being eqﬁal to or larger than an REV). Requiring approximate local thermo-

dynamic equilibrium between matrix and fractures, we have
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(1) equality of temperatures

Tp ~ T (A.3)

and
(2) equality of phase pressures

Pgm ~Pgr (8= liquid,gas). (A4)

More explicitly, the pressure condition can be written
Pem ~ Pgt (A.4a)

Pim~Piy . (A.4b)

Noting that P, - P, = P, is the suction pressure in the liquid phase (representing capil-
lary and phase adsorption effects), subtraction of the gas pressure equation from that for

liquid gives equality of suction pressures in matrix and fractures:

Pom=~Pgy . (A.5)

Under conditions of (local) thermodynamic equilibrium we also have pg,m, ~ pg,r and
Kgm =~ Bge SO that addition of the fluxes for matrix and fractures gives the following
expression for total flux (note that equality of pressures implies equality of pressure gra-

dients):
Fﬂ = Fﬂ’matrix + Fﬂrl‘ract.ures

- - p
= - (kp kgm + ke kgyy) ”_; (VPs-rs ) (A.6)

Here the relative permeabilities kg,, and kg, have to be evaluated at saturations Sy,
and Sy, respectively, such that Py, (Sgm) ~ Par (Sau)-
The expression for total flux can be interpreted as referring to a single effective con-

tinuum with total effective phase permeability of ky, kgm + ky kpgr. For single phase

flow, the effective continuum permeability becomes k = k,, + k; so that the eflective
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continuum relative permeability can be defined as

km kgm + Kt kj,
ky= 22 Lot . (A.7)
k, + k¢ ,

The total phase flux is then given by the following single continuum expression

p
Fp=-k kﬂ"f (VPs-rs8) - (A-8)
[
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Appendix B. Characteristic Curves for the Fractures

In a fractured porous medium, the fractures typically have apertures much larger
than the size of matrix pores. The éapillary force holding the liquid phase to the rock
surfaces is inversely proportional to the radius of a liquid meniscus, which is comparable
to the width of a void space (pore or fracture). If one increases negative suction pressure
(pressure becomes more negative) in a fractured porous medium, the fractures will desa-
turate at much weaker suction pressure than the pores in the matrix. The saturation -
" capillary pressure relationship for fractures is largely determined by the aperture distri-
bution, analogous to the determination of matrix capillary pressure from the pore size
distribution. (Liquid can also be held in fractures by capillary forces on a rough surface,
having some distribution of curvature radii, and by solid-liquid phase adsorption effects,
which would hold liquid even on a flat surface. These effects are expected to dominate
the saturation-suction pressure relationship for fractures at small liquid satﬁrations; they
are not considered here.) Wang and Narasimhan (1585) derived explicit formulas for the ’
fracture saturation and relative permeability as functions of capillary pressure from a
one-parameter gamma distribution function. In terms of aperture b, for a fracture with

surfaces in point contact, the gamma distribution function is simply
n(b,) = A% b, exp (- B bo) . (B.1)

The liquid saturation S; as a function of capillary pressure P, is

S, (P) = 2—_{_% {[2 — exp (-Fb,) (2 + 2 Bb,+ (b 7)) (B.2)

4 Bb [1 - exp (- Bby) (1 + ﬁb,)l}

where b, is the contact cutofl aperture, i.e., fracture surfaces with aperture b, less than
b, will be in contact. The saturation cutoff aperture b, is determined by the capillary

pressure



by = - 22 (B.3)

We use tbhe value v = 0.0718 kg/sec 2 for the effective surface tension for liquid water in
our calculations.

The parameters 8 and b. in Equation B.2 can be determined from the effective frac-
ture aperture b and the fraction of fracture surface contact area w. For a fractured
Ilne'dium with a single set of fractures with spacing D = 0.22 m and bulk permeability
k¢ = 103 m? (or equivently 10~ cm/sec, 100 millidarcy), the equivalent fracture aper-
ture b deduced from the cubic law is

b=(12Dk)/*=646x10°m . (B.4)

The explicit formulas to determine § and b, from b and w are

1 -exp (- fbc) (1 + b)) =w (B.5)
and
B = —-——-——6(4 -;sﬂ be) exp (- Bb.) . (B-s)v
We used a value w = 0.12 to determine
B =384x10* m! (B.7)
b=155x10° m . (B.8)

The Wang and Narasimhan formulas are derived from a physically meaningful
rough-walled fracture model. The parameters can be explicitly and directly determined
from fracture data. This is the reason we choose these formulas for our discrete fract:ure
simulations with tight matrix. There is one inconvenience in using the Wang and
Narasimhan formulas. We note that the inverse of Equation B.2, giving capillary pres-

sure as a function of saturation, cannot be expressed algebraically in terms of simple ele-

mentary functions. To simplify the numerical calculations in the TOUGH code, which
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uses saturation instead of capillary pressure as one of the primary variables, it is desir-
able to use a simple algebraic relationship for P, (S;). The van Genuchten (1980) for-

mula

1
1-=
smmr=a+u—m[73t%;F] no (B.9)

can be aigebraically inverted. It has been used extensively in the analysis of imatrix
characteristic curves in tuff. Peters and Gauthier (1985) also used the van Genuchten
formula for the fractures. The van Genuchten parameters S; a, and n for the fractures
were taken from a ‘“‘coarse sand” curve as given by Freeze and Cherry (1_979). In the fol-
lowing, we will express the van Genuchten parameters in terms of Wang and
Narasimhan parameters. If one would like to use the van Genuchten formula, the fol-
lowing procedure can be used to determine the parameters in terms of measurable frac-

ture data.

For van Genuchten’s formula, the residual saturation S; is the saturation at infinite
capillary pressure. It accounts for the residual liquid held by adsorption forces. In the -
derivation by Wang and Narasimhan, only the capillary mechanism is taken into
account. Therefore, we eliminate one parameter with S, = 0. We want to express the
remaining two van Genuchten parameters, a and n, in terms of the Wang and

Narasimhan parameters, # and b.. The criteria we use for the parameter conversion are

reaches its maximum value

as follows. We demand that the rate of desaturation i P‘
. <

at the same capillary pressure from both formulas. We also demand that the maximum

S
value ! be identical from the two formulas.
d Pc max

By differentiation, we have from Equation B.2.

d Sl - (.Bbsx)2 (ﬁ bs + ﬁbc)
dP, P.(2+8b,)

exp (- B b,) (B.10)
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’S;, (B exp (- Bby)
=~ b.)? - (4 - B b,) (8 bg) - 38b). B.11
TP PTa gy () -E-r@n) -l B
At the point with maxi I8t e have 50 _ g
with maxi , we have =0, or
€ pomn mum aP. Pc2 o
Bby=05[4-8b,++/(4-pb)?+128b,] (B.12)
, | dS,
with B.12, B.2 and B.10, we can calculate the values of (P.)p.c and | P, —— at
: ' d P, ) max
the point with maximum L. For the van Genuchten formula B.9, we have -
1
d S, 1 1 L
S an-Yearpt —1 )T B.I3
T —ant-L)ap) [1'+<-apc)°] (B.13)
: 1
d2 S D
_I = a2n(1 - ..l_) (_ o Pc)n'2 —l___ n
d P2 n 1+ (- aP,)"
(_ aPc)n
‘1 (2n-1) ———n—"—— —(n-1)] . B.14
R s G (B.14)
At the point with maxi 43 have S50 g
e point with maximum — B’ we have —P—cz =0, or
(caP) =1- -11]— : (B.15)
d S[ . . . d Sl .
The value of | Py —— at the point with maximum ——— is,
d Pc )max d Pc
p, 350 =—n(l——1-—)2(2—l)_}—2 (B.16)
* dP. Jmax n n . .

Equations B.15 and B.16 can be used to determine the parameters a and n from the

d s,
lues (P '
values (P)max and [P° d P, ]max
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For the capillary pressure function in the TOUGH simulation, we use the van
Genuchten formula with the parameters determined by the above procedure from the
Wang and Narasimhan formula. For the relative permeability, we use the generalized

cubic law derived in Wang and Narasimhan (1985) for the fractures.

1

&W&%g@:ﬁg

. {[24'- exp(~ B b,) (24 + 24 B b, + 12 B2 b2 + 48 b2 + £ bY)]

+Bb,[6-exp(-8b,)(6+68b,+3Fbl+ s b,3)]} . (B.17)



Table 1. Formation Parameters for Waste Package-Scalc Problems

Matrix

Rock grain density
Rock speéiﬁc heat
Rock heat conductivity
Porosity

Permeability

Suction pressure}
Relative permeability to liquid
(van Genuchten, 1980)

PR = 2550 kg/m®

Crn= 7688 J/kg"C

K =16W/m*C

ém = 10.3%

km= 32.6x 107® m®

Poue (S1) = -1.393 (Sgr “1*-1)"* MPa
kn (S1) = VS [1 - (1-Sgr ) J?

where Sgr = (Sl -5 r)/(l -5 r).
Si;=96x10" X\ =045

Relative permeability to gas kg (Si)=1-ku
Fractures (one set)

Widtht == 2 mm

Porosity = 20%

Spacing D=22m

Average continuum permeability
Permeability per fracture*
Equivalent continuum porosity
Suction pressure$

Relative permeability to liquid

Ef = 10°%¥ m?
ke~Fk D/6 = 11x10° m?

Py (Si) = - 500 (0099 - S;)/.0099 MPa

| (S,) = (S[ - 0.01)/0.99

Relative permeability to gas ke (S/)=1-§5,
Initial Conditions
Temperature T=26"C
Pressure P = 10° Pa (= 1 bar)
Liquid saturation in matrix S/, m = 80% (suction

Liquid saturation in fracturest

S¢,r = .0098783674683 equilibrium)

Boundary Conditions

Inner Boundary Conditions at r=025m
No mass flow
Time-dependent heat flow as specified for 10
year old spent fuel (Hayden et al., 1983)

Outer Boundary Conditions at r=300 m

Temperature T=26"C
Pressure P =1bar
Liquid saturation S; =80%

z-direction
Symmetry element of 0.11 m height {see Fig. 5)

This is the width of the domain to which we attribute a large fracture permeability Because of
roughness this includes solid material. Fracture aperture is ¢y 6 = .4 mm.

Note that we do not imply a parallel-plate model for the fractures; k¢ is less than the parallel plate
permeability (& 6) 2/12 = 1.33 x 10¥ m?.

These are the “Case 1" data of Pruess, Tsang, and Wang (1984) For **Case 2, suction pressure in
the fractures was taken as P,{S;) = -5 (.05 - S;)/.05 MPa, so that initial suction equilibrium occurs
‘at S,y = 03928, at which saturation liquid is mobile in the fractures.
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Table 2. Grid Specifications

The grid extends from the wall of the canister (r = 0.25 m) out to r = 300 m, where
boundary conditions of T = 26°C, P = 1 bar, and S; = 0.80 are maintained. Discreti-
zation in r-direction is made with a series of concentric cylinders with the following radii.

Grid Radius , Grid Radius Grid Radius

Element (m) Element = (m) Element " (m)
1 .2700 17 3.096 31 38.49
2 .3050 18 3.563 32 45.24
3 .3660 v 19 4.465 33 53.12
4 4359 20 5.517 : 34 62.33
5 .5159 21 6.747 - 35 73.07
6 .6075 22 8.182 36 85.62
7 7124 23 9.857 37 100.3
8 .8326 24 11.81 38 117 .4
9 9702 25 14.10 39 137.3
10 1.128 26 16.76 40 160.6
11 1.308 27 - 19.88 41 187.8
12 1.515 28 23.51 42 219.6
13 1.751 29 27.75 43 256.7
14 2.023 30 32.71 44 300.0
15 2.334
16 2.689

In z-direction we discretize into layers, the first of which represents (half of) the fracture:

Restart Simulations Tight Matrix Simulations

Thickness Thickness
Layer (m) Layer (m)

A 1x 107 1 3.23 x 107
B 4x 10 2 6.77 x 107
C 1.5 x 1072 3 2x107°
D 9.0x 107 4 7x107°
5 2x10"
6 8 x 10°°
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Table 3. Explicit Fracture Calculations

Initial Time

Simulated Period Process

(yr) (days)
0* 160.4 Initial period of heating and drying
" 5.0 190.2 Approaching maximum rock temperature
and extent of dried zone :
26.28 221.1 Rewetting of a previously dried out region

* “Case 1” of Pruess, Tsang, and Wang (1984).

Table 4. Vapor Flow Rates in Heat Pipe Region at 26.89 yr

Rate of Outward Vapor Flow (kg/s)
Distance Explicit Effective

(m) Fractures Continuum
3.56 1.72-4 2.57-4
4.46 6.93-4 7.03-4
5.52 7.40-4 7.41-4
6.74 7.45-4 7.48-4
8.18 7.71-5 8.43-5
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Table 5.

Formation Parameters for Tight Matrix Simulations

Matrix

Rock grain density

Rock specific heat

Heat conductivity

Porosity

Permeability

Suction pressure

Relative permeability to liquid
(van Genuchten, 1980)

Relative permeability to gas

pr = 2770 kg/m?

Cr = 764.8 J/kg"C

K=16W/m*C

ém = 17%

kp = 1.9375 x 1078 m°

P, (S1) = -1.7265 (Sgr ~/*-1)""* MPa
kn (S1) = Ser [1 - (1-Sgr ') J?

where Sgp = (S; - S;,)/(1 - Si4),
Si, = 0801, X = .44383

krg (Sl) =1-ky

Fractures (one set)

Width

Porosity

Spacing

Average continuum permeability
Permeability per fracture
Suction pressure

Relative permeability to liquid
Relative permeability to gas

6§ = .646 mm
¢r = 90%

= .22m
Er == 10-]3 m2

ki = 3.48 x 107"'m® N
Pouc (S1) = - 0.001648 (S, "/ 1) MPa, )\, = 0.654
ky (Psye) (see Appendix B)

Initial Conditions

kr;(sl)"__l'sl

Temperature
Pressure
Liquid saturation in matrix

Liquid saturation in fractures

T=26"C
P = 10° Pa (=1 bar)
S,,,,,=80%

(suction equilibrium)
Si,r = 2.6793443 x 10°°

Boundary Conditions

Inner Boundary Conditions at r=0.25 m
No mass flow
Time-dependent heat flow as specified for 10
year old spent fuel (Hayden et al., 1983)

Outer Boundary Conditions at r=300'm
Temperature
Pressure
Liquid saturation

z—direction
Symmetry element of 0.11 m
height (see Figure 5)

T=2"C
P =1 bar
S,=80%




Table 8. Tight Matrix Simulation Performance Measures*

Explicit Effective

Fractures Continuum
Problem dimensionality 2-D 1-D
Number of grid blocks 260 44
Physical time simulated 36.525 Days  36.525 Days
CPU-time* 2535.1083s 58.7031s
Time steps 308 55
Average time step size 0.1186 Days  0.6641 Days
CPU-time per time-step 8.231s 1.067s

0.03166s 0.02426s

CPU-time per time-step per grid block

*TOUGH code running on Cray X-MP



Table 7: Specifications of Regional-Scale Problem

Material Properties

Rock grain density

Rock specific heat

Matrix continuum permeability
(at fully saturated condition)
_Fracture continuum permeability
(at fully saturated condition)
Formation heat conductivity (dry)
Formation heat conductivity

(at liquid saturation S;)

Matrix porosity

Fracture porosity

Tortuosity factor

pr = 2580 kg/m?
Cr =840 J/kg'C
kp = 1.9x 1078 m?
ky=18x10"m?

KDry = 1.74 \’V/m °C

b = .11
¢! = .0018
=.2

Characteristic Curves

Relative permeability to
liquid for matrix

Relative permeability to
liquid for fracture

Equivalent continuum permeability
to liquid

Equivalent continuum permeability
to gas
Suction pressure

Kim (St, m) = VSer (1 - (1 - Sge!/*))?
' Sy m~Si,

VSer = 1-5,,

S;., = .0801, \ = .4438

ki (Si) = VSer (1 - (1 = Sge!AP)?

Sop = 2 0"
EF 1-5,.

S, =.0395, X\ = .76359
k, (S;)=k¢kiy (Siy)

+ Fm kl.mjsl,m)
kg( t)=kr-kt (Sl)

Pouc (S1) = Py (Sl, m)
= -1.7265 (Sgr~/* - 1)!* MPa
(matrix values used for Sgr, \)

Boundary Conditions (see text, section 6.1)
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Figure 5. Idealized geometry for waste package-scale simulations.
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Appendix C:

Comparison of Data used in this SAND Report with Data in the RIB.



COMPARISON OF DATA USED IM THIS SAMD REPORT (SAND8B6-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis Authors” RTB i Discrepancy
10 Parameter Yalue Value Subsection Candidate Note Remarks
Original Temperature at repository 26°C 29.8-32.2°C 1.3.1.10 No -- This is the temperature
Waste- horizon at USWG-4 originally suggested hy Hayden
Package . et al, (1983), A temperature
Scale range was reported in the
Simulation : SCP-CDR (SML, 1986) of ?3° to
and Tight 29°C. This range includes
Matrix more information than that
Simulation ) from USWG-4. The SCP-CDR
: range is derived from Sass
and Lachenbruch (1982).
. |
Gas Pressure 105Pa( 1 bar) None Section -- - ~
: needed ’ f\
Liquid matrix saturation  0.80 0.65+0.19 : This §s the saturation
. originally suggested by Hayden
et al. (1983). The
saturation is within the
range of values quoted in
the RIB.
Normalfized decay curve 0.7707¢-0.02689t None 2.1.1.2.2 -- _ -- This decay curve is based on
for 10-year-old PHR SF +0.1932¢-0. 00220t ' o the Keystone memo, 6310-83-2
for times to 50,000 +0.02163¢-0. 00005343t by Shirley (1983).
years :
Canister heat output at 3.051 Kw Average 2.2.1.15.4 -- A
emplacement output and
?2.312 Kw ?2.2.1.18.5
maxinum
output
72.84R Kw

A" These calcuTations were completed‘before the RIB existed. The RIB will be used in the future.



COMPARISON OF DATA USED IN THIS SAND REPORT {SANDB6-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis : Authors™

RIB Discrepancy
1L Parameter Value Value Subsection  Candidate Note' Remark s

Original Fracture Properties

Waste-

Package Fracture spacing = D 0.22m Mone 1.3.2.4.2.1 -- -- This is the fracture spacing

Scale originally suggested by Hayden

Simulation et al. (1083),

and Tight ) )

Matrix Average continuuin 107132 Hone Section - -- -- The Performance Assessment

Simulation permeability = K¢ needed Horking Group smuqgested that
the average hydraulic
conduc%ivity of the fractures
was 102 to 10-% cm/sec
(Tyler, 1285). When these
values are converted into
m?, they co;§espond to
approx. 10-11 to
10-12 2,

Matrix Paraneters for
the Topopah Spring
Welded Unit
Rock heat conductivity 1.6 H/m°C ?2.01 W/m°C 1.3.1.3.2 -- A This is the value suggested

by Hayden et al. (1983), It
is the dry thermal conduc-
tivity used hy Johnstone,

et al. (1984), The value
referenced from the RIB is
that reported for the heat
conductivity of dry intact
rock. 0Nnly the dry and
satvrated intact rock thermal
conductivities are reported in

A These calculations were conpleted before the RIB existed.

The RIE wiTl be used in the future,



COMPARISON OF DATA USED IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis Authors” R1B Discrepancy
1D Parameter Value Value - Subsection Candidate Note Remarks

Original the RIB. Estimates of rock

Waste- mass thermal conductivity as a

Package function of saturation is the

Scale most useful form for thermal

Simulation conductivity for use in

And Tight thermohydrologic calculations.

Matrix

Simulation

Original Matrix Parameters for

Waste- the Topopah Spring

Package Welded Unit

Scale

Simulation Rock specific heat 768.8 J/Kg°C None Section No, see -~ Dry thermal capacitance is

capacity reported needed remark reported in the RIB but not
the specific heat capacity of
the rock. This value was
derived fr%m the grain density
(2550 kg/m3), the porosity
(10.3%), and the dry thsrmal
capacitance (0.42 cal/m4°C)
suggested by Hayden et al.
(1983).
Rock grain density 2550 Kg/m3 2.55 g/cm3 1.3.1.2.2 -- A The author's value is based on

butk property data from hole
USW-GU2 and {s that suggested
for use hy Hayden et al.
(1983).

A These calculations were completed before the RIB existed.

The RIB will be used in the future.

@



. COMPARISON OF DATA USED IN THIS SAND REPORT (SANDB6-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis ‘Ruthors™ RI1B Discrepancy

10 Parameter Value Yalue Subsection Candidate Note Remarks
Original Porosity - 10.3% 11.343.1% 1.3.1.2.11 -- .- The porosity 1s within the
Waste- range of values quoted in the
Package .~ RIB.
Scale

Simulation Characteristic Curves
for the Matrix

Suction pressure None 1.1.4.1 -- -- The factor 1.393 is derived

V/ (Sep -V - 1)- m from the density of water

= -1.393(Sgr -1/ - 1)1- Mpa ( 298.4 Kg/m3), conversion

where factors apd an  value of !

SeF = (Sy - $1,p M/ () - Sy p) 7.027x10-> for the welded ~
Topopah Spring [originally ]4
suggested by Hayden et al.
(1983)].

Relative permeability None 1.1.4.1 -- -- This 1s the van Genuchten
Tiquid el - (0 - sgp 1/ ) )2 (1980) expression for relative
: 11quid permeability. It is
only used for the matrix in
this analysis.

Residual saturation 9.6x10-4 None 1.1.4. -- - This is the residual saturation
(sy,r)) v first proposed for use in the
matrix characteristic curves
by Hayden et al. {1983).




COMPARISON OF DATA USED IN THIS SAND REPORT (SANDB6-7000) WITH bATA IN THE RIB

RIB Version #01.001

Analysis Authors” RTB Discrepancy
10 Parameter Value Value Subsection Candidate Note Remark s
Original =1 -1/n 0.45 None 1.1.40 -- -- is related in the way
Waste- specified to n. The value
Package ’ used for n is that first
Scale proposed for use in the matrix
Simulation characteristic curves by
: Hayden et al. (1983).
Permeabil ity 32.6x10°18 w2 0.722 nm/yr  1.1.4.2 -- A This 1s the value proposed
(10.3 mm/yr) for use by Hayden et al.
. (1983).
Fracture aperture = 2 mm None None that -- -- The fracture aperture and
corresponds porosity used in these
calculations are assumed to be
Fracture porosity 20% None that representative of a portion of |
: corresponds ~ -~ - the rock that includes a E;
1

fracture. In other words, the
fracture aperture, as used in
the body of this report,
includes some rock as well as
void space. The fracture
aperture is defined in this
way because 1) a fracture i1s
not uniform in width; only a
portion of the variable width
of the fracture is expected to

A These calcuTations were completed before the RIB existed. The RIB will be used In the future.



COMPARISON OF DATA USEb IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis Authors™ RIB Discrepancy
1D Parameter . Value Vaiue Subsection Candidate Note Remarks
Original contribute to 1ts permeability
Waste- and 2) this definition makes
Package numerical computations
Scale easier, With a fracture
Simulation porosity of 20%, the average
fracture aperture, in terms of
void space alone, is
approximately 0.4 mm.
Permeability per 1x10-12 2 None Section -- -- This value was derived from
fracture needed the average continuum
K¢ D/S permeability, the fracture
spacing, and the aperture of
the fractures.
Suction pressure Case 1: None Section -- -- These are hypothetical
Psuc($)) -500(.099 - S1)/.0099 MPa parameters that were used in
Case 2: early calculations.
-5(.05 - S$1)/.05 Mpa
Relative fracture {S; - 0.01)/.099 Hone Section - --
penieability = Kp 1(S1) needed
Tight Fracture Parameters for
Matrix the Topopah Spring
Simulation Welded Unit
Permeability per fracture 3.48x10-11 m2 None Section -- -- This value was derived from
K¢ . needed ’ the average continuum

permeability, the fracture
spacing, and the aperture of
the fractures.




COMPARISON OF DATA USED IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB

RIB Yersion #01.001

Analysis Authors™ RIB Discrepancy
10 Parameter Value Value Subsection Candidate Note Remark s
Tight Suction pressure None Section -- -- The factor 0.001648 is
Matrix Puc{Sy) needed derived from the density
Simulation -0.001648(sy =1/ f - 1)1- f Mpa of water ( 998.4 kg/m3),
conversion factors, and an
value of 6.069 x 10~% as
derived in Appendix B.
g=1-1/n 0.654 None Section -~ -- The value used for n
needed (2.891) was derived in
. Appendix R,
Kp, 1{Pgyc) See Appendix B None Section - - The generalized cubic law
: needed derived by Wang and Marasimhan
. (1985) for fractures was used |
in this analysis. 2
[
Matrix Parameters for the
Topopah Spring Welded Unit
Rock grain density 2770 Kg/m3 2.55 g/cm3 1.3.1.2,2 .- A This value was suggested for
(2550 kg/m3) use by Braithwaite (1984). -
Porosity 17% 11.3+3.1% 1.3.1.2.0 -- A This value was suggested for

use by Braithwaite (1984).

A These calculations were compYeted before the RIB existed. The RIB wilT be used in the future.



COMPARISON OF DATA USED IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis Authors™ RTB Discrepancy
1D Parameter Value Value Subsection Candidate Note Remark s
Tight Rock specific heat 764.8 None Section No, see -- Pry thermal capacitance is
Matrix capacity reported needed remark reported in the RIB but not
Simulation the specific heat capacity of
the rock. This value was
derived from the grain density
{2770 ka/m>), and the
porosity {17%) suggested by
Braithwaite and from the dry
thermal cap%citance
(0.42 cal/m3°C) suggested by
Hayden et al. (1983).
Permeability 1.9375x10-18 2 0.722 mm/yr 1.1.4.2 -- -= This value 1s within one-
(0.61 mm/yr) standard deviation below the
. mean as reported in the RIB.
Tight Fracture Parameters for
Matrix the Topopah Spring
Saturation Welded Unit
Fracture aperture = § 0.646 mm ’ Hone None that -- -- The fracture aperture and
corresponds porosity used in these
calculations are assumed to be
Fracture porosity 90% None None that representative of a portion of
corresponds - - the rock that includes a

fracture. In other words, the
fracture aperture, as used in
the body of this report,
includes some rock as well as
void space. The fracture .




COMPARISON OF DATA USED IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis Ruthors™ RIB Niscrepancy
10 Parameter Value Value Subsection Candidate Note Remark s

Tight aperture 1s defined in this

Matrix way because 1) a fracture {s

Saturation not uniform in width; only a
portion of the variable width
of the fracture is expected to
contribute to its permeability
and 2) this definition makes
numerical computations
easier. With a fracture
porosity of 90%, the average
fracture aperture in terms of
void space alone, is
approximately 0.58 mm.

Tight Relative liquid Hone 1.1.4.1 - -- This is the van Genuchten

Matrix permeability SelV - (V-5 1/ ) 12 {(1980) expression for relative

Simulation where 1fquid permeability. It is

and SEp = (Sy - Sq,p)/(0 - Sy y) used for both the matrix and

Regional the fractures in these

Scale analyses. Values for

Problem

Psuc(Sy)

-1.7265(sgp -1/ - 1)1- wpa
=1/ (g 7V - i1- )

parameters, Sy . and
differ for the matrix and

- fractures.

The factor 1.7265 is derived
from the dengity of water

{ 998.4 Kg/m3), conversion
factors,_and an value of
5.67x10~3/m for the welded
Topopah Spring (Peters et al.,
1984),




COMPARISON OF DATA USED IN THIS SAND REPORT (SANDR6-7000) WITH NATA IN THE RIB

RIB Version #01.00)

Analysis “Ruthors™ RT8 Discrepancy
10 Parameter Value Yalue Subsection Candidate Note Remarks
Tight S).r = Residual 0.0801 None 1.1.41 -- -- This 1s the residual
Matrix ' Saturation ) saturation Peters et al.
Simulation {1984) suggests using for the
and matrix characteristic curve.
Regional ’
Scale =1 -1/n 0.44383 None 1.1.4.1 -- -- is one of the parameters
Problem in the van Genuchten
equation. It is related in
the way specified to n. The
value used for n (1.798) is
that suggested by Peters
et al. (1984).
Regional  Rock grain density 2560 Kg/m3 2.55 g/cm3 1.3.1.2 No -- The value of 2580 Kg/m3 was
Scale {2550 Kg/m3) taken from Peters et al.
Problem (1984). This value was used
because 1t was the grain
density that corresponded to
the saturated permeability
that was used.
Rock specific heat 840 J/Kg°C None Section Yes - Nimick et al. (1984) report
needed the specific heat capacity of

tuff as being 0.84 J/g°C.




COMPARISON OF DATA USED IN THIS SAND REPORT (SANDB6-7000) WITH DATA IN THE RIB

RIB Version #01.001

Analysis Ruthors™ RIB Discrepancy
1D Parameter Value Value Subsection Candidate Note Remark s
Regional  Saturated matrix 1.9x10-18 2 0.722 mm/yr  1.1.4.2 No - This is approximately the value
Scale continuum permeability ( .60 mm/yr) reported in the RIB as being
Problem one standard deviation below
the mean. It is the value
reported in Peters et al.
(1984) as being representative
of the welded Topopah Spring
Unit.
Saturated fracture 1.8x10-14 2 None Section -- -- This value is a result of
continuum permeability { 5680 mm/yr) needed increasing by a factor of 10
the values for fracture
porosity and fracture
permeabitity reported by
Klavetter and Peters (198A).
See Langkopf et al. (June 20,
1985).
Dry thermal conductivity 1.74 W/m°C 2.01 W/m°C 1.3.1.3.2 No -- This is lower than that

reported in the RIB because
the value reported by Nimick
et al. is the average of the
low values found during the
last portion of laboratory
tests of several samples. The
calculated dry thermal
conductivity was chosen for
use instead of the average
value because the TOUGH code
handles continuous changes in
hydrologic properties as a
function of saturation.



COMPARISON OF DATA USED IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB

Analysis
10

Parameter

RIB Version #01.001

Ruthors™
Yalue

Value

“RIB
Subsection Candidate

Discrepancy
Note

Remarks

Regional
Scale
Problem

Thermal conductivity as
a function of saturation

Repository location

Temperature at the
water table

Kdry *+ 0.65)

225 m above the
water table and
348 m below the
ground surface

30.85°C

None

None

Hone

1.3.1.31 No

2.2.7.1 -

Section --
needed

Braithwaite and Langkopf
specified thermal conductivity
to be a continuous function of
saturation using a straight-
line relationship between the
saturated thermal conductivity
reported by Nimick et al.
(1984) and the calculated dry
thermal conductivity.

The value of the thermal
conductivity at full
saturation agrees with that
reported in Section
1.3.1.3.). Rock mass thermal
conductivity as a function of
saturation 1s the most useful
form for thermal conductivity
for use in thermohydrologic
calculations. .

The distance from the
repository to the water table
and the distance from the
ground surface to the water
table were taken from
Johnstone et al. (1984).

Determining the temperature
at the water table was a
two-step process: 1) first,
the thermal gradient was
calculated using the




COMPARISON OF DATA USED IN THIS SAND REPORT (SANDB6-7000) WITH DATA IN THE RIB

Analysis
10

Parameter

RIB Version #01.001

Authors™

Value Value

RIB
Subsection

Candidate

Discrepancy
Note

Remarks

Regional
Scale
Problem

Surface temperature

Infiltration rate

Matrix porosity

Fracture porosity

12.85°C

0.1 mu/yr

0.1

0.0018

None

None

11.3+3.1%

None

Secfion
needed

1.1.5

1.3.1.2.1

Section
needed

No

temperatures specified by
Johnstone et al. (1984) for
the surface and the Topopah
Spring repository Horizon and
2) this thermal gradient, in
combination with the depth to
the water table 1isted above,
was used to calculate the
temperature at the water table.

This {s approximately the same
as the surface temperature of

13°C used in Johnstone et atl.

(1984).

Wilson (1985) reported in the
FA (DOE, 1986) that the flux
below the repository horizon
was less than 0.5 mm/yr.

This value of porosity used
is within the range reported
in the RIB.

Klavetter and Peters (1984)
suggest that the fracture
porosity is 0.00M18. Sinnock
et al, (1986) derived a
fracture porosity of 0.0078
from J-13 well tests of the
saturated Topopah Spring.




"COMPARISON OF DATA USED IN THIS SAND REPORT (SAND86-7000) WITH DATA IN THE RIB
RIB Version #01.001
Analysis Authors™ RTB Discrepancy
1D Parameter Yalue Yalue Subsection Candidate Note Remark s

Regfonal Tortuosity factor 0.2 None None - -- This 1s the inverse of the

Scale tortuosity suggested for use

Problem ' . in Langkopf (March, 1985).
The definition of tortuosity
used in the TOUGH code is the
inverse of that used in
Langkopf (March, 1985).

Areal power density 57 Kw/acre 49.5 Kw/acre, 2.2.1.15.2 -- -- An APD of 57 Kw/acre would be
8-year-old 12.8-year-old consistent with the RIB value
spent fuel spent fuel if the waste had been

10-year-old spent fuel. In
the future, i1f 8-year-old
waste is used, the APD will be
adjusted so that it is
consistent with that reported
in the RIB.

Normalized decay curve 0.0104e-0.0000282¢ 4 None Section -- - The decay curve, in watts,

for B-year-old spent 0.0159¢-0.000129t , needed that was 1isted in Langkopf

fuel 0.1455e-0.00176t 4 et al. (February 25, 1985)
0.7036e-0.02t 4+ was normalized by assuming
0.1465¢-0.0635t 4 . that the canister heat
0.1349e-044ty output at emplacement was

3.051 Kw/can.

Repository area (1500 m)2 None Section -- -- According to Mansure and

= 7.07x100 m@ needed Ortiz (1984) the total area
1750 acres reauired to accommodate

10-year-old spent fuel at 57
Kw/acre is 1520 acres.

-18~




COMPARISON OF DATA USED IN THIS SAND REPORT (SANDB6-7000) WITH DATA IN THE RIB
RIB Version #01.001
Analysis Authors™ RIB Discrepancy
« 1D Parameter Value Value Subsection Candidate Note Remark s
Regional Characteristic Curves
Scale for Fractures
Problem
S1,r = Residual 0.0395 None Section -- -~ The residual saturation and n
saturation : needed values used in the
van Genuchten equation are
=1 -1/n 0.76359 . None Section - - those suggested by Klavetter
needed and Peters (1984),
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