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Further Modeling Studies of Gas Movement and Moisture
Migration at Yucca Mountain, Nevada

Y. W. Tsang and K. Pruess

Earth Sciences Division
Lawrence Berkeley Laboratory
Berkeley, California 94720

ABSTRACT

In this report we present modeling studies on moisture redistribution processes that are
mediated by gas-phase flow and diffusion. Knowledge of the physical processes and
parameter sensitivity studies show that moisture removal from Yucca Mountain arising
from a lowered humidity of the soil gas at the land surface is controlled by vapor
diffusion. With a typical enhanced vapor diffusion strength of =1, a moisture flux
equivalent to = .04 mm/yr of water has been obtained for a range of characteristic
curves employed. Both the presence of realistic stratigraphy of alternate layers of
nonwelded and welded units, and the choice of characteristics curves, have only minor
effects on the magnitude of moisture removal, though characteristic curves play a dom-
inant role in defining the equilibrium liquid-saturation profiles of the layered formation.
We are therefore able to conclude from our calculations that the rate of moisture remo-
val from vapor transport has an upper limit of about 0.1 mm/yr. Our calculations for
stratigraphic columns with alternate layers of nonwelded and welded units show that
order-of-magnitude discontinuities in absolute and relative permeabilities at a lithologic
contact give rise to artificially large resistance to flow if the usual numerical scheme of
harmonic weighting of absolute permeability and upstream weighting of relative per-
meability is used. We have resolved the numerical difficulty by invoking a physics-
based intuitive model of a "fuzzy lithologic contact”, and employing a complete 100%
upstream weighting of the effective permeability at all interfaces.
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1. Introduction

The present report is a summary of our studies in 1989-1990 to examine the
effect of atmospheric boundary conditions at the land surface on the ambient gas and
moisture movements at Yucca Mountain. These studies are a continuation of the prel-
iminary investigations which we have reported previously (Tsang and Pruess, 1989).
Our interest in the gas phase flow at Yucca Mountain arises primarily from the con-
cern that a few radionuclides, such as C'#, could be transmitted through gaseous path-
ways (Von Konynenburg et al,, 1985, 1986; Ross, 1987). An understanding of gas
phase flow effects is necessary for determining the quantity of gaseous radionuclides
that could be released at the surface. Gas phase flow has other ramifications besides
providing potential pathways for radionuclides to the accessible environment. Through
vaporization and condensation prbcesses coupled with vapor transport, gas phase flow
effects may indirectly influence the distribution of moisture and liquid phase flow

throughout the unsaturated zone.

It is clear that factors such as barometric pressure, temperature, relative humidity
of atmospheric air, precipitation, wind velocity, topography, etc., may all play a role in
the coupled gas and liquid flow at Yucca Mountain. The effects of topography and
seasonal temperature variation on gas flow at Yucca Mountain have been studied by
Weeks (1987) and Kipp (1987). Two wells located at the crest of Yucca Mountain
that tap highly fractured welded tuffs were observed to show substantial air exchange
with the atmosphere (Weeks, 1987). During winter, the wells exhaust air almost con-
tinuously at relatively high velocity, typically about 3 ms~!. This air flow is attributed
to the topographic effect: the column of atmospheric air extending from a fractured-
rock outcrop on the hillside to the hillcrest will be colder, drier, and hence denser dur-
ing cold weather than the column of soil gas extending from the hillside outcrop
through the highly permeable fractured rock and the well to the same hillcrest altitude.
Thus, during winter, air will enter the outcrop and migrate through the fractured rock

to exhaust out the well.

To examine the hypothesis that the seasonal variation of air temperature at the
mountain surface, coupled with the topographic relief, may cause a natural, annually
periodic air circulation through the unsaturated zone, a numerical simulation was car-
ried out by Kipp (1987). The simulated region was taken to be a vertical slice of
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rectangular shape, 150 m high and 500 m wide part way through the mountain. The
mountain side extends down to 100 m below the mountain crest. The simulation
results show that the temperature field is affected by the seasonal variations only
within 20 m of the land surface. The velocity fields show that summer is the only sea-
son with a general flow pattern in from the mountain crest, down and out the mountain
side. The other three seasons show flow entering the mountain side, rising and exiting
at the mountain crest. Kipp estimated a net water-vapor transport out from the simu-
lated region of the mountain equivalent to 0.042 mm yr”"'1 of net infiltration.

In a previous report (Tsang and Pruess, 1989) in which we discussed the results
of our preliminary investigation of gas flow effects and moisture migration at Yucca
Mountain, we showed that the vapor fluxes as a result of barometric pumping and of a
reduced humidity boundary condition at the land surface will be on the same order of
magnitude as those for seasonal temperature variation and topography in Kipp’s simu-
lation. Hence, although the upward moisture fluxes from different topographic and
atmospheric boundary effects are all small, they are not insignificant because they are
on the same order of magnitude as the supposed liquid infiltration of less than 0.4
mm/yr at Yucca Mountain (Montazer and Wilson, 1984), and may lead to the potential
overall drying of the mountain. In view of the role these processes driven by land sur-
face boundary conditions may play in affecting the moisture content of the mountain,
we have continued our preliminary investigation in the direction of a parameter sensi-
tivity study. Moreover, since our preliminary study (Tsang and Pruess, 1989) was
based on the simplifying assumption that the formation was composed only of the
welded Topopah Spring Tuff characteristic of the repository horizon, it seems natural
that the effect of stratigraphy needs to be considered in the investigation of moisture
flux movements driven by boundary conditions. Results obtained from incorporating

stratigraphy, and from parameter sensitivity studies, will be the focus of this report.

2. Effect of a Relative Humidity Boundary Condition on Moisture Migration

At the land surface, humid formation gas contacts much drier atmospheric air.
Near this contact, the humidity of the soil gas may be considerably lower than at
greater depth, where we expect equilibrium with the liquid phase and close to 100%
humidity. The lower relative humidity of the soil gas may be imposed as a boundary
condition at the land surface, providing a driving force for the upward movement of

moisture in the form of vapor (as well as liquid because of the vapor pressure lowering
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effect as discussed below). Our earlier calculations on a column of welded tuff (Tsang
and Pruess, 1989) gave estimates on the order of .001 mm/yr and .0002 mm/yr for the
liquid and vapor flux, respectively, from an imposed boundary condition of 50% rela-
tive humidity. Subsequently, it has come to our attention (Ross, 1984) that vapor
diffusion in partially saturated media can be strongly enhanced by phase change
effects. This phenomenon is rather well documented in the soil literature (e.g. Philip
and de Vries, 1957, Cary and Taylor, 1962 a, b; Hanks et al., 1967, Weeks et al.,
1968; Jury and Letey, 1979). Since the strength of the binary diffusion in the forma-
tion plays the key role in affecting vapor transport, we have reexamined the effect of
the lowered relative humidity boundary condition on moisture fluxes, paying particular
attention to their dependence on the strength of binary diffusion in the soil gas.

Before presenting the results, we shall outline the formulation of the problem,
which has been presented in our previous report, but is included here again in order to

make this report somewhat self-contained.
In the presence of capillary suction vapor pressure is reduced from its saturated
value according to Kelvin’s equation (Edlefsen and Anderson, 1943):

pIRT M

P, (T.S;) = P (T)exp {

where p; is the density of water, T is absolute temperature, and R is the gas constant
for water vapor, 8.314J/ 18.016x1073 kgK =461.5J (kg Ky L. Equation (1) denotes the
vapor pressure lowering effect. If capillary effects provide for the presence of soil
moisture all the way up to the ground surface, a reduced humidity level can come
about due to vapor pressure lowering. The relative humidity is defined as h=P,/P,,
so that

P (T) pIRT

At Yucca Mountain it appears that because of the very small pore sizes of the tuffs,

P
h= Pv exp {M} . 2)

the capillary effects are strong, and so the capillary fringe extends all the way to the
ground surface. The reduced humidity level near the ground surface gives rise to an

equivalent capillary suction expressed according to the relation
Pep (Sp)=(nh)p; RT. (3)

The equivalent suction pressure may be quite strong even with moderate lowering of
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the humidity level. The strong suction pressure provides a driving force for an upward

movement of liquid water toward the low humidity boundary, given by

Fl =k "'kif"pl v (Pg"‘Pcap)"plg)* )

where k is the saturated permeability of the fractured porous medium, k,; is the rela-
tive permeability to the liquid phase at the liquid saturation S;, Y; is the viscosity of
the liquid, P, is the gas pressure, g is the gravitational acceleration, and F; is the
liquid mass flux.

The lowered-humidity boundary condition implies a composition gradient in the
gas phase, giving rise to a downward diffusive flux of air and an upward flux of vapor.

The binary diffusion gas flux is described by
F*=-D,, Pe VXQ‘, (5)

where K is the component index for the gas phase (x=air or vapor), x; is the mass
fraction of the k™ component in the gas phase, and D,, is the diffusion coefficient for
the vapor-air mixture in a porous medium, given by (Vargaftik, 1975; Walker et al.,
1981)

0

D\, =15,DS, - [%——-] ©)
Here, ¢ is the porosity, S, is the gas saturation, T is a tortuosity factor, which is depen-
dent on the pore geometry, and T is the temperature in degrees Kelvin. In our previ-
ous report (Tsang and Pruess, 1989), we used the values of Dy, = 2.14 times
109 m?s7! at standard conditions of P,=1 bar and T, = 273.15 K and 6 = 2.334
(Langkopf, 1987; Bird et al., 1960).

The parameter group B=1S, specifies properties relevant to binary diffusion in a
porous medium. For a column of welded tuff in which the matrix pores are partially
saturated, the fractures are believed to be nearly drained, i.e. ngl. In the previous
report, we used values specific to the fractures in the welded tuff for B, namely: t=1,
Sg=1 and ¢;=.0018, giving rise to a value of B = .0018. For the rock matrix, typical
values such as ©=.2 (Langkopf, 1987), §,=.2 and ¢,,=.11 result in a slightly larger
value of B in the range of .004.
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3. Binary Diffusion Strength - Controlling factor for Amount of Moisture Remo-
val

In the soil science literature, there is much experimental evidence that B for water
vapor is typically in the range of 1 to 3.5 for a variety of porous media (e.g. Cary and
Taylor, 1962a,b; Hanks et al., 1967, Weeks et al., 1968). These measurements indi-
cate that the simple mechanism of gas-phase diffusion of water vapor modified for
effects of pore geometry grossly underestimates the amount of vapor transported within
the porous medium. In an estimation of condensation fluxes from vapor in deep unsa-
turated zones, Ross (1984) has used a value of B = 2. Philip and deVries (1957) sug-
gested two enhancement mechanisms to account for the discrepancy between theory
and experiment. The first mechanism postulated was that the temperature gradients
present within air-filled pores are higher than the overall macroscopic gradient of the
porous medium because the thermal conductivity of the water vapor is significantly
lower than the thermal conductivity of the liquid and solid phases of the composite
porous medium. The second enhancement mechanism is the condensation and re-
evaporation of water vapor at liquid "islands", which could result in the vapor phase
effectively utilizing some of the liquid filled pore space as part of the transfer path
(Verma, 1986). Jury and Letty (1979) modified the theory of Philip and deVries and
showed that not only do the liquid islands give rise to the replacement of the liquid-
filled pore space by vapor-filled pore space, but that the liquid gap in effect also shor-
tens the vapor path, giving rise to further enhancement in the pore geometry factor p.
Their theoretical calculation shows that B is essentially independent of water content
over a large range of liquid saturations, with a value on the order of one. This is con-
sistent with the experimental studies whose results Jury and Letty also summarized.
The enhanced value of § = 1 for vapor diffusion is orders of magnitude larger (typi-
cally by factors from 250-500 in our case) than that of the parameter group 1¢S, in .
Equation 6 derived from material properties appropriate for air diffusion, implying that
the vapor diffusion and the air diffusion no longer have identical magnitudes.

It is clear from the above that the enhancement of vapor diffusion from pore-level
phase change processes is large, so that a revision of our calculations with humidity
boundary conditions as presented in our 1989 report is warranted. We have therefore
performed a sensitivity study employing different enhanced values of B for vapor
diffusion, while retaining values of TS, used previously for air diffusion. In all other

aspects, such as simulation procedures and problem specification, our numerical
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simulations are identical to those described in our previous report. We shall briefly
review the method of simulation here; for specific details we refer the reader to the
earlier report (Tsang and Pruess, 1989). Calculations were carried out by means of an
in-house version of the numerical simulator "TOQUGH" (Transport Of Unsaturated
Goundwater and Heat; Pruess, 1987), which includes vapor pressure lowering effects.
To focus on the vertical movement of fluxes, the simulation was carried out in one
dimension, in a vertical tuff column of 600 m, which is the approximate distance of
the land surface to the water table at the proposed repository site (Figure 1). We first
employed a highly simplified stratigraphic description, assuming uniform hydrologic
parameters that were representative of the proposed repository host formation (the
Topopah Spring welded unit). The formation parameters are those given in Tables 1
and 2 for the welded unit. The numerical computation is first carried out without the
imposition of a lowered humidity boundary condition, hereafter refered to as the
"reference case”. The ground surface and the water table serve as constant tempera-
ture boundaries maintained at 286 K and 304 K, respectively. The water table serves
also as a pressure boundary with the constant pressure P, of 1 bar, while a "no flow"
boundary is imposed at the top, so that the gas pressure at each elevation will adjust
itself to P,—pgz, whereas the equilibrium liquid pressure depends also on the capillary
suction. The simulation provides, as function of elevation, the equilibrium profiles of
temperature, gas pressure, vapor pressure and liquid and gas saturation before the
boundary condition of lowered-humidity at the land surface is engaged. Then we
implement the lowered-humidity boundary condition by imposing, at the land surface,

an additional liquid suction pressure corresponding to Equation 2.

4. Simulation Results for a Medium with Uniform Hydrological Properties

Fluxes in the liquid and gas phase are shown in Figures 2 and 3. Results obtained
prior to imposition of reduced-humidity boundary conditions are labeled "reference
case”, and those with imposed humidity boundary condition are labeled accordingly by
"50% humidity”. We should add here that since the capillary suction is non-zero at
the top of the column in the "reference case”, the humidity at the top of the column, as
defined in Equation 2 for the "reference case”, is not exactly 100%, but is about 97%.
Units of flux are in both kg/mz«s (bottom scale) and mm/yr of water (top scale). The
label "vapor” in the figures denotes the total vapor flux arising from binary diffusion,

as represented by Equation 5, as well as pressure-driven Darcy flow. The figures
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display the fluxes as a function of elevation, with positive values for upward fluxes,
and negative values for downward fluxes. Figure 2 shows the results with Bmmsg =
.0018 for both vapor and air diffusion, the choice in our previous report (note the
different scales for Figure 2a and 2b). Figure 3 shows the result with the enhanced
value of P=1 for vapor diffusion, and the original value, S, = .0018 for the air
diffusion. Results for the reference case are qualitatively similar in Figures 2a and 3a,
though the fluxes are several orders of magnitude larger in Figure 3a because of the
enhanced value of B for vapor diffusion (Equations 5 and 6 show that the binary
diffusion fluxes should scale as B). For the "reference case”, the upward vapor flux is
balanced by the downward flow of the condensed liquid, resulting in zero net moisture
migration. The larger magnitude of the vapor fluxes at depth arises from the geother-
mal gradient. With the imposition of a 50% relative humidity boundary condition,
both the liquid flux and the vapor flux are upward, giving rise to the net upward
migration of moisture. For B=0018 in Figure 2b, the upward moisture flux consists
mainly of the liquid phase at depth, and only switches to predominantly vapor within
25 m of the land surface. However, for the case where P=1, Figure 3b shows that the
upward moisture flux is predominantly vapor. Vapor diffusion is driven by VP, which
is essentially fixed by VT. Hence, vapor flux first decreases with elevation from the
water table because of the decrease of temperature; at 300 m above the water table,
vapor pressure lowering effects come into play from the lowered humidity boundary
condition applied at the land surface, and the magnitude of vapor flux increases with
elevation. The moisture flux from the upper portion of the formation consists almost
entirely of vapor. The decrease of liquid flux with elevation arises from non-linear
liquid-flow effects, since the lower liquid saturation with elevation from the imposed
boundary condition, while giving rise to a stronger upward capillary driving force, also
results in a rapid decrease in liquid relative permeability. The total upward moisture
flux is seen to be = 0.0015 mm yr™! in Figure 2b and = .04 mmyr~ in Figure 3b.

In addition to the two values of B of Figures 2 and 3, simulations were also car-
ried out for two intermediate values of B=.05, and .33. The simulated results are sum-
marized in Figure 4, which is a log-log plot of fluxes versus the geometric factor B.
The upward vapor fluxes plotted are the simulated values at 2.5 m below the land sur-
face. We note that when no lowered humidity boundary condition is present, the
vapor fluxes fall on a straight line of unit slope on the log-log plot, illustrating the
linear dependence of the diffusion vapor flux on B, which follows from Equations 5
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and 6. With the 80 % humidity boundary condition at the land surface, the upward
moisture flux is predominantly carried by the vapor phase when B is larger than .05.
Only for the smallest value of P=.0018 does the liquid phase flux contribute
significantly to the total upward moisture flux. For the range of values of B examined,
the rate of moisture removal ranges from about .002 rnm/yr to .04 mm/yr with the
lowered humidity boundary condition of 80%. Similar results were obtained for the
humidity boundary condition of 50%. Figure 4 therefore summarizes the following:
(1) For the reference case, the vapor flux increases linearly with the geometric factor
B, which measures the strength of the vapor diffusion process. In the absence of an
imposed lowered humidity boundary condition, the upward vapor flux is balanced by
the downward condensed liquid flux, resulting in no net loss of moisture from the for-
mation. (2) With the lowered-humidity boundary condition at the surface, the magni-
tude of the total moisture flux is larger than, but of the same order of magnitude as,
the vapor flux of the reference case. Hence the strength of the vapor diffusion both
controls, and gives a good estimate, of the amount of moisture which is removed from

the formation under an imposed lowered relative humidity boundary condition.

It is significant that B is shown to control the amount of moisture removed from
the formation. By varying B over a large range up to the greatly enhanced value of 1,
we believe we have bracketed the possible range of magnitude of moisture flux out of
a column of welded twff. We expect our estimates to remain relevant even in the pres-
ence of alternating layers of welded and nonwelded tuff. The different material pro-
perties and characteristic curves of the welded and nonwelded tuff may strongly affect
properties such as equilibrium liquid saturation, yet the range of P studied should con-
tinue to dictate the rate of vapor-dominated moisture removal from humidity boundary
conditions. To substantiate our claim that results as shown in Figure 4 for a column
of welded tuff are pertinent to the actual system with realistic stratigraphy, we now
turn to sample calculations where the effects of stratigraphy are included.
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5. Inclusion of Stratigraphy in 1-D Column Simulations

5.1. Hydrologic Properties

Based on an east-west cross section at Yucca Mountain (for example, Peters and
Klavetter, 1988, Figure 1) we estimate the average thickness for the respective hydro-
logic units above the water table to be 125 m for Calico Hill nonwelded tuff, 325 m
for Topopah Spring welded tuff, 50 m for Paintbrush nonwelded tuff and 100 m for
Tiva Canyon welded tuff. The division of the hydrologic units is shown in Figure Sa,
which also shows the grid used in the numerical simulations. The smallest grid blocks

adjacent to a welded- nonwelded interface are § m thick.

After a review of the material properties (physical, thermal, hydrological) of the
different units as given in the NNWSI Reference Information Base (version 2.002,
1987), we feel that it is a good approximation to assign one set of properties to the
nonwelded units (NW) (Paintbrush Canyon and Calico Hill vitric) and another set of
properties to the welded (W) units (Topopah Spring 1, 2, and 3 and Tiva Canyon).
Table 1 summarizes the material properties used in our calculations. The material pro-
perties in Table 1 for the welded units (applicable to both the Tiva Canyon and the
Topopah Spring) differ only very slightly in certain entries (rock grain density, dry for-
mation heat conductivity, and matrix porosity) from those used in our earlier report
(Table 2 in Tsang and Pruess, 1989), where properties specific to the repository hor-
izon in the Topopah Spring were tabulated. The welded tuff units are intensely frac-
tured, with an average (continuum) fracture permeability about four orders of magni-
tude larger than the matrix permeability (Peters and Klavetter, 1988). On the other
hand, the nonwelded units are sparsely fractured and are characterized by merely the
matrix permeability, which is of the same order of magnitude as the continuum frac-
ture permeability in the welded units (Peters and Klavetter, 1988). As for the charac-
teristic curves, Van Genuchten parameters have been fitted to the laboratory measure-
ments of core samples from different hydrologic units (Klavetter and Peters, 1986).
The Van Genuchten function expresses the liquid saturation S; in terms of v, the

capillary pressure head in m of H,O,
1 A
S;=1-§|————| +8§ 7
! [ 1+ xwzn] r @
where S, is the residual saturation and o and n are the fitting parameters. The parame-

ter A is equal to 1-1/n. The corresponding relative permeability as a function of
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pressure head is
~h/2 ooy Im Nz
ky = [1 +tm;;l“] - — ®)
1+ lonyl®

In TOUGH, the suction pressure and relative permeability are expressed in terms of
liquid saturation, with the effective liquid saturation Sgg defined by

Sp= oL 9
EF — 1 — Sr * ( )
Converting the suction head ¥ in meters of water to capillary pressure, P . = pgy, we
) Buc p
have
1-2
Poue = %{Sﬁp‘“"" -1 (10)
and
— A2
ky = V/Sge [1 - [1 - Sﬁpm} } : (11)

The Van Genuchten fitting parameters have been tabulated by Klavetter and Peters
(1986), and are reproduced here in Table 2, where the samples are numbered from #1
through #6. In Figure 6 we have plotted the characteristic curves as a function of
liquid saturation using the parameters for the different samples from the different units.
For the welded units, we use the same characteristic curves as in our previous report,
where the fractured porous medium was treated as an effective continuum (Pruess et
al., 1985; 1988; and Appendix A of Tsang and Pruess, 1989). The matrix parameters
correspond to core sample #3 TSW G4-6 for the welded Topopah Spring unit, and the
relative permeability in the fracture is assumed to be a linear function of saturation.
For the nonwelded units, we note that the characteristic curves of the samples #1 PTN
GU3-7 from Paintbrush Canyon and sample #4 CHNV GU3-14 from Calico Hills are
rather similar, justifying our approximation to assign one set of properties to both
nonwelded units. The very flat slope of the suction curve for these two samples, over
a large range of liquid saturation, indicates a rather narrowly peaked pore size distribu-
tion for the nonwelded tuff. On the other hand, the shape of the suction curves for the
samples #2 PTN GU4-2 from the Paintbrush Canyon and #5 CHNV GU3-15 from the
Calico Hills suggest a broader pore-size distribution. The different characteristic
curves would mainly affect the equilibrium liquid saturation profile of the stratified for-
mation. Wang and Narasimhan (1988) have found that the characteristics curves of #2
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GUA4-2 and #5 GU3-15 give higher liquid saturations in the non-welded units which
are in better agreement with the ambient liquid saturation in the Paintbrush Canyon
unit than if the characteristic curves of #1 were used. We have carried out sets of
simulations employing different curves for the nonwelded units: One with the charac-
teristic curves of #1 PTN GU3-7 assigned to both the Paintbrush Canyon and Calico
Hills nonwelded units, and the other with the characteristic curves of #5 CHNV GU3-
15 assigned to the nonwelded units.

5.2. Reference Case for Layered Medium

To simulate a hypothetical "natural state” with zero net infiltration prior to impo-
sition of lowered humidity boundary conditions, we employ the same boundary condi-
tions as specified in the "reference case” discussed in section 3 (see Figure 1). The
strength of the vapor diffusion B, is kept equal to the enhanced value of 1 for the
entire column of alternating layers of welded and nonwelded tuff. The strength of the
air diffusion is 3, = 1¢S, and the tortuosity factor T was chosen to be 0.25, so that B,
is typically of order 0.01. In Figure 5b we show the steady-state liquid saturation
profile of the column of alternating layers of welded (characteristics curves of #3 TSW
G 4-6) and nonwelded tuff (characteristic curves of #1 PTN GU3-7). Note that the
liquid saturation in the nonwelded units is slightly above 0.1, whereas the saturation in
the welded units is much higher, on the order of 0.8. The different equilibrium liquid
saturations arise from the different capillary suction curves of the nonwelded -and
welded units, In Figure 6a, the capillary suction at 80% saturation of the welded sam-
ple #3 TSW G 4-6 is shown to equal the suction in the nonwelded sample #1 PTN
GU3-7 at 10% saturation. In Figure 7a we show the temperature profile of the 1-D
layered column. Note the slight change of linear slope in the alternate layers as a
result of the different thermal conductivities specified for the welded and nonwelded
units. The temperature profile (Figure 7a) gives rise to an increase in vapor pressure
with depth (Figure 7b), which drives an upward vapor flux by diffusion. Smaller

effects on vapor pressure occur from vapor pressure lowering.

The fluxes for the reference case are shown in Figure 8. For the time being,
ignore the anomalies (sharp dips) at the interfaces of the nonwelded and welded layers
at elevation 450 m. We shall discuss these flux anomalies below. Apart from these
anomalies, we note that the same physical processes are active here as for the uniform
column of welded tuff. The excess vapor from the upward diffusion flux condenses at
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the lower temperatures encountered at higher elevations. At equilibrium, the upward
vapor flux is balanced by the downward condensation liquid flux, resulting in no net
movement of moisture for the reference case. It is clear from Figure 7b that the vapor
pressure gradient is larger in the nonwelded units than the welded units, accounting for
the larger fluxes in the nonwelded units. The magnitude of the fluxes are comparable
with those shown in Figure 3 for the welded column with enhanced vapor diffusion
B=1. A test case was run where the values of B are reduced by a factor of 10 in both
the welded and nonwelded units. As was anticipated (cf. Figure 4), the computed
profiles of the vapor and liquid fluxes resemble that of Figure 8, except that their mag-
nitudes are reduced by about a factor of 10.

6. Treatment of a Stratigraphic Interface in Numerical Simulations

The anomalous dip in liquid and vapor fluxes at the lithologic contact between
nonwelded and welded units at 450 m elevation (Figure 8) warranted further study. In
addition to the dip in fluxes as shown in Figure 8, very large gas pressure-gradients are
found at the two other lithologic contacts of nonwelded and welded units at elevations
of 125 m and 500 m, as shown in Figure 9. Both the dip in fluxes in Figure 8 and the
large gas-pressure gradients in Figure 9 are indicative of particularly large resistance to
the fluid flow at the interfaces between nonwelded and welded units. Such flow resis-
tances appear to be spurious and due in some way to approximations made in the spa-
tial discretization of the flow system for numerical simulation. To clarify this issue, let
us examine more closely the handling of flow permeability terms at a stratigraphic

interface.

6.1. Single-Phase Flow

Consider a contact between two formations (zones) of different porosity, absolute
and relative permeability, and capillarity (Figure 10). From a mathematical viewpoint,
the interface between the two zones represents a surface of discontinuity, where hydro-
logical and thermal properties of the media change in discontinuous fashion. In con-
trast, away from the interface all formation parameters vary in a smooth and continu-
ous way (when averaged over suitable spatial domains, i.e., an REV). Numerical
simulation of flow across the discontinuity encounters some special problems. For
example, what is the proper permeability to use when calculating flow between grid
blocks n and n+1 (Figure 10)7 For single phase flow, it is well known that the proper
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interface permeability k; is obtained by harmonic weighting,
Dont1 _ Dai Dina
ki ka kb

where Dy 1 =Dy ; + Dj nyq is the distance between the nodal points. Solving for k;,

(12a)

we have
= ka kb Dn, n+l
ko Dj i1 + kp Dy i

(12b)

Equation (12) can be derived by decomposing the pressure difference between volume

elements (grid blocks) n and n+1

P,

n”PnH:Pn”Pi'i'Pi“Pnﬂ (13)
where P; is the pressure at the interface, and then applying Darcy’s law separately over
the flow paths n — i and i — n+1, with the constraint that flux is conserved across the

interface. Indeed,

F Dn,m—l
p -p = ool (14)
and
F Dn i
PP, = s (15a)
n i p ka
D; hi1
p, P, = L& bt (15b)
i n+l p kb

which, when inserted into Equation (13), yields (12a). (Equations 12 hold regardless
of the orientation of the interface relative to the vertical.)

6.2. Two-Phase Flow

The problem of interface permeability becomes much more difficult in two-phase
flow, because in addition to absolute permeabilities we also must deal with relative
permeabilities of the individual phases. The effective permeabilities for a fluid phase
B are given by k,k;, g and ky ky, g, respectively, in zones a and b. Let us approach the
problem of interface permeability by considering one-dimensional, steady two-phase
flow without phase change. Under these conditions, effective permeability kk, g of a

phase P is a time-independent spatial field and, if it is non-zero at some point, must be
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non-zero throughout the flow domain. The reasoning that leads to harmonic permea-
bility weighting for single-phase flow is then applicable, and effective interface per-
meability would be given by the harmonic weighting of effective phase permeabilities,

Dn,nﬂ - Dn,i + Di,m«l (16)
ki*kﬁ,ﬁ ka*km,ﬂ kb'krb,ﬁ

However, this reasoning and the weighting scheme Equation (16) are not gen-

erally applicable to transient flow conditions, or to flow processes involving a change
of phase. In either circumstance, sharp phase fronts may develop in which a fluid
phase may flow into a region in which its relative permeability is zero. Phase fluxes
change in a discontinuous fashion at such fronts. Equation (16) would then yield a
vanishing effective interface permeability, which would make it impossible for a fluid
phase to enter a region in which it is not already mobile; this clearly is an unphysical
outcome. From a mathematical viewpoint, the breakdown of the harmonic weighting
scheme Equation (16) is related to the possibility of flux discontinuities in two-phase
flow, which are accompanied by advancing phase fronts, or by surfaces on which a
change of phase takes place. A discontinuity in flux precludes application of the rea-
soning that led to Equation (12) or (16).

In transient two-phase flows, or two-phase flows with phase change, it must be
possible for the effective interface permeability in a spatially discretized description of
flow to be non-zero even when the "down-stream” effective permeability is zero; other-
wise, the invading phase would never be able to get across the interface, regardless of
the magnitude of driving pressures. Relative permeability must not get overwhelmed
by a downstream value of zero, as would occur with the harmonic weighting, Equation
(16). What then is the proper interface permeability to use?

Let us first consider media with uniform hydrologic properties throughout.
Clearly, absolute permeability at an interface is then equal to the (identical) value in
the adjacent grid blocks. As to the relative permeability at the interface, it is well esta-
blished that the proper choice is the "fully upsteam weighted” value: if phase b flows
from a —> b, we must take k;=k,; if flow is from b —> a, we have k;=k,. Any
weighting scheme that involves less than full upstream weighting for relative permea-
bility will lead to an erroneous prediction of the speed at which the invading fluid
advances (Aziz and Settari, 1979).
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We are not aware of any published work on interface weighting rules for two-
phase flow in composite media, in which phase fronts may propagate across permeabil-
ity discontinuities. In past numerical simulation work, we have generally maintained
full upstream weighting of relative permeability, and have used harmonic weighting for
absolute permeabilities. This weighting is appropriate for single-phase flow in compo-
site media (with permeability discontinuities), as well as for two-phase flow in media
with uniform hydrologic properties. However, the spurious flow resistances at litholo-
gic contacts noted above indicate that new problems arise in two-phase flow in compo-
site media, and a re-thinking of interface weighting procedures is required. Before
proceeding with that task, let us consider the additional complications arising for frac-

tured porous media which are approximated as effective continua.

6.3. Effective Continua

When using the effective continuum approximation for flow in fractured porous
media, different conventions may be adopted for normalizing the relative permeability
functions (Pruess et al., 1990). In a medium with uniform hydrologic properties, these
alternative normalizations are completely equivalent. However, a difficulty arises in
composite media with discontinuous changes in permeability. For a fractured medium,

effective permeability to a fluid phase B can be written as

Kp, efr = K Ky g + kek g amn
where k,, and k; are, respectively, the absolute matrix and fracture permeabilities in an
averaged (continuum) sense, and k;, g and k¢ g are the corresponding relative per-
meabilities in matrix and fractures. The effective permeability can be written as a pro-
duct of an absolute and a relative permeability. If relative permeability is normalized
to the total absolute permeability k,, + k; of the fractured medium, we have

kg, oir = (ke + kp) . kg (18)
where the effective continuum relative permeability
k, + kek '
kB - kka"ﬂ:B mf £,B (19)
kg + ke

varies between O and 1. Alternatively, we can write
Kp, efr = ki kg (20)

where the relative permeability
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. k;
kB = km’a + 'ﬁ;’kgg 21

is now normalized to matrix permeability. With values of k¢/k,, typically in the range
of 10° - 10* (see Table 1), relative permeability then can attain very large values.

Now consider a composite medium. For simplicity of notation, assume that there
is a contact between an effective continuum and a porous medium, the latter having
absolute permeability k and relative permeability k.g. Also, for simplicity, assume that
nodal distances are the same on either side of the interface. The harmonic weighting
for absolute permeability at the interface is then dependent upon the normalization
adopted for the relative permeability of the effective continuum. Indeed, for the nor-
malization with respect to the total absolute permeability k,, +k; we have

2 1

1
= e o (22)
ki k,+k k

while for the normalization to matrix permeability the absolute interface permeability

i8
(23)

Harmonic weighting of two permeabilities that differ by a large factor is always dom-
inated by the smaller permeability; i.e., the harmonically weighted permeability is
close to the smaller of the two. Under typical conditions where k; = k » k,,, it is seen
that k; is of similar magnitude as k; (and k ), while k; is of similar magnitude as k,
(and thus small compared to kg). If flow is from the porous to the fractured medium,
upstream-weighted relative permeability is k,g in either case, so that the resulting
effective interface permeabilities for the alternate conventions Equations (22) and (23)
would be vastly different (recall that k;/k_, is typically of order 10°—10%. A similar
ambiguity in the definition of effective interface permeability arises when flow is from

the fractured to the porous medium.

6.4. Interpretation of Anomalous Fluxes and Pressure Gradients

The very large gas pressure gradients at the 125 m and 500 m elevations (see
Figure 9) are now explained as follows. At either elevation, gas flows from a non-
welded (porous) unit below to a welded (fractured) unit above (see Figures 5, 11). In
the nonwelded unit, the absolute porous medium permeability is 1.8 x 1071 m? and the
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relative permeability is on the order of 1. In the welded unit, the absolute permeability
of the matrix is 1.9x 1078 m?, and the gas flow which takes place in the fracture has a
relative permeability of about 10*, when normalized to the matrix absolute permeabil-
ity. With these values of absolute permeability and relative permeability, the effective
gas phase permeability Ek,g yields similar values in either the welded or nonwelded
unit (see Figure 11). However, harmonic averaging of the absolute permeabilities will
be dominated by the lower value, which is that of the welded unit (1.9x 1071# m?), yet
the relative permeability of the upstream block in the nonwelded unit is only on the
order of 1, instead of =10% in the welded unit, making the value of ki, =1.9x 1078,
four orders of magnitude lower than in either the welded or unwelded unit. In order to
compensate for the small kik,,, and in order to satisfy the flux continuity, the simulated
results give the artificially large pressure gradient at the interfaces 125 m and 500 m

elevation as shown in Figure 9.

A completely analogous consideration explains the large flow resistance encoun-
tered by liquid phase as it flows from a non-welded to a welded unit at the 450 m
elevation level. The product kik,; from the harmonic average of absolute permeabili-
ties and the upstream relative permeability gives rise to an artificially large resistance
to liquid flow. The downward liquid flux here arises entirely from condensation of
upward vapor flux in this natural state calculation, hence the dip in the liquid flux
(through subtle coupling by the vapor pressure lowering effect) causes also a dip in

vapor flux at 450 m as shown in Figure 8.

6.5. Does Explicit Fracture-Matrix Treatment Cure the Problem?

The discussions above show that in order to avoid the artificially large resistance
to fluid flow at an interface between a fractured medium and a porous medium there
must not be a discontinuity of several orders of magnitude in relative permeabilities.
To achieve this we have modified the numerical simulator TOUGH to explicitly take
into account, at the welded (fractured medium) and the nonwelded (porous medium)
interface, whether the flow is in the fracture or matrix for each phase in the fractured
welded block, and in each case the relative permeability is defined with respect to
either fracture absolute permeability or matrix absolute permeability so that it is nor-
malized to 1 in all possible flow scenarios. We therefore adopt an explicit fracture and
matrix description at the stratigraphic interface. The documentation of this approach is
included in Appendix A. Calculations were repeated with the above modifications
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incorporated in the TOUGH simulator. The resultant fluid fluxes in Figure 12a show
that the flux anomaly at the 450 m elevation as shown in Figure 8 has been removed.
The resultant gas pressure profile in Figure 12b shows that the gas pressure slope
discontinuities present in Figure 9 have also been corrected. In Figure 13 we show the
liquid saturation profile, which differs very slightly from that shown in Figure 5b,
where the effective continuum approximation was used for the fractured medium.
Thus, for the particular flow problem studied here, adoption of an explicit matrix-
fracture representation has succeeded in eliminating the spurious flow resistances at

lithologic contacts between fractured and porous units.

The flow system we are dealing with has very subtle coupling between the gas
and liquid phase flow, which is illustrated by the fluxes at elevation 450 m at a frac-
tured medium (lower) and a porous medium (upper) interface. The results in Figure 8
were obtained when an effective continuum permeability for the fractured welded unit
was used, and the results in Figure 12a were obtained with explicit matrix and fracture
permeabilities for the fractured medium. In Figure 14 we compare the liquid suction
pressure profiles for the two schemes of handling flow at lithologic contact. In Figure
14a, the weaker suction pressure in the nonwelded unit above 450 m leads to a larger
liquid pressure gradient at the interface in order to counter the artificially large flow
resistance. In spite of the large liquid pressure gradient, a dip in liquid flux still occurs
at 450 m in Figure 8. In Figure 14b, the suction pressure gradient at the 450 m inter-
face is smaller than that in Figure 14a, since the artificially large flow resistance is
removed in the explicit matrix-fracture description at the interface. In the absence of
the artificially large resistance to liquid flow, the liquid flux in Figure 12b is about a
factor of 2 larger than that in Figure 8. The liquid flow driven by suction pressure
gradients is coupled to vapor diffusion driven by vapor pressure gradients through
Equation (1). The stronger suction pressure in the explicit matrix-fracture scheme (Fig-
ure 14b) gives rise to a lower vapor pressure in the upper nonwelded unit, resulting in
a larger vapor pressure gradient to drive the upward diffusive flux from the welded to
the nonwelded unit. Our calculations show that the vapor pressure gradient is nearly
twice that of the effective continuum scheme, thus confirming the difference of a fac-
tor of 2 in the vapor fluxes from the two different schemes.

The explicit matrix-fracture description at the interface works here because the

fracture absolute permeability is of the same order of magnitude as the absolute per-
meability of the porous medium. Had the value of fracture permeability been greatly
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different from the porous medium absolute permeability, the explicit matrix-fracture
description would not have resolved the problem of spurious flow resistances. The
harmonic weighting of the absolute permeabilities and full upstream weighting of the
relative permeabilities can potentially give rise to artificially large flow resistance at
the interface of two zones of very large contrast in permeabilities, even at the contact
between two non-fractured porous media. Such spurious flow resistances will occur
whenever a fluid phase flows from a high permeability zone of small relative permea-
bility into a low-permeability region, because then harmonic weighting will give a
small absolute permeability at the interface. Therefore, for two-phase flow in compo-
site media in general, we are still in need of a proper scheme in the handling of inter-

face fluxes to avoid spurious numerical problems.

6.6. Upstream Weighting Scheme for Composite Medium

Intuitively, the product kk_ of absolute and relative permeability is one entity in
the flow equation (see Equation 4) and there is no physical reason to separate the abso-
lute permeability and relative permeability and treat them differently. The problem of
artificially large flow resistance at a lithologic contact described above can be resolved
if upstream weighting is applied to the product of the absolute permeability and the
relative permeability. The fact that upstream weighting of the absolute permeability
will lead to an non-unique definition of the pressure at the interface of adjacent nodes
may be tolerated based on the following physical argument for "fuzzy" lithologic con-
tact. The adjacent nodes on two sides of a lithologic contact may be represented
schematically as in Figure 15. Total upstream weighting of the effective permeability
kk, implies that for flow from medium a to b, the flow properties remain that of
medium a; and for flow from medium b to a, the properties remain that of medium b,
which leads to an non-unique value of pressure at the mathematical interface of a and
b. Since a geologic lithologic contact is far from a mathematical plane, we feel that as
long as the thickness of the "fuzzy" region (with non-unique value of pressure) is
small compared with that of the formation, upstream weighting of kk,  seems physically
acceptable. This intuitive physically-based-scheme of 100% upstream weighting of the
effective permeability should be able to correct for any anomalies arising from
artificially large flow resistance at lithologic contacts. That the total upstream weight-
ing scheme may work for all lithologic contacts regardless of whether the adjacent

units were a porous medium or a fractured porous medium is very attractive since the
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upstream scheme involves only two lines of coding modification to the TOUGH simu-
lator instead of the far more cumbersome version for explicit matrix-fracture descrip-
tion of the fractured medium at the interface documented in Appendix A.

The upstream weighting of effective permeabilities at lithologic contacts was
implemented, and the problem was rerun. The fluxes and the gas pressure profiles are
shown in Figure 16. If we overlay Figure 16 (results of total upstream weighting) on
Figure 12 (explicit matrix-fracture description at lithologic contact), we would find the

plots to be indistinguishable.

It appears, then, that for general non-uniform composite media in which transient
two-phase flow can take place, the only way to avoid artificial flow resistances at inter-
faces is full upstream weighting of both absolute and relative permeability. This may
also be regarded simply as upstream weighting of effective permeability kg = Kk,.
With this weighting scheme, some loss of accuracy at the contact between different
hydrologic units will occur in regions where only single phase flow occurs. This is
illustrated in Figure 17 where we show results from a single-phase flow simulation in a
horizontal column consisting of of two media. Medium 1, lying between 0 < x £ 5,
has an absolute permeability ten times smaller than that of medium 2, occupying the
region 5 < x £ 10. The column is discretized into ten grid blocks of equal Ax = 1.
Figure 17 shows the pressure variation with x for steady single (liquid) phase flow
from left to right using the harmonic weighting scheme for absolute permeability (solid
line) and the upstream weighting scheme (dashed line). For upstream weighting, the
larger pressure gradient present in the low-permeability zone (left) extends all the way
to the nodal point beyond the interface, at x=5.5. This is a modest inaccuracy, which,
if desired, may be minimized by reducing the grid block size at the interface.

In summary, the somewhat disturbing but perhaps not unexpected conclusion is
that there is no single interface weighting scheme that would be optimal for all condi-
tions. The only generally applicable weighting scheme (full upstream weighting of
effective phase permeability) which avoids gross errors in general two-phase flow in
composite media, is less accurate for certain classes of problems (single phase flow)
than schemes of more restricted applications (harmonic weighting). The applicable
weighting procedures for absolute and relative permeability k and k, at interfaces
between grid blocks for different classes of flow problems are summarized in Figure
18.
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7. Simulations With Humidity Boundary Conditions For Stratified Column

Incorporating the 100% upstream weighting scheme for the lithologic contacts, we
proceed with simulations which include humidity boundary conditions. A relative
humidity of 50% is imposed at the land surface by means of a strong capillary suction
as described in section 2. The resultant steady state liquid saturation and the flux
profiles are shown in Figure 19. Along the horizontal axis in Figure 19a, the positive
fluxes indicate upward flow and the negative fluxes indicate downward flow. Compar-
ing the fluxes in Figure 19a to those in Figure 16a of the natural state (reference case)
indicate that there is an upward movement of liquid flux in the welded unit when the
humidity boundary condition is imposed. For the top 250 m of formation, the upward
flow of moisture comes almost exclusively from the vapor flow, as in the case for the
welded column in Figure 3. The decrease of upward liquid flow with elevation arises,
as before, from non-linear effects, since a rapid decrease of liquid relative permeability
results from the lowered liquid saturation due to the humidity boundary condition.
Recall that prior to imposition of humidity boundary condition the liquid saturation
(Figure 13) in the nonwelded Paintbrush Canyon unit is close to the residual saturation
at which permeability to liquid flow is zero, so it is not surprising that Figure 19b
shows the Paintbrush Canyon to be completely dry from loss of moisture through

vaporization and upward diffusive vapor flux.

As pointed out earlier, the equilibrium liquid saturation of the formation is most
affected by the characteristic curves, and it will be of interest to see its effect. We
employed the characteristic curves from sample #5 PTN GU3-15 for the nonwelded
units and repeated the calculations for both the "reference case" as well as the case
with humidity boundary conditions. The simulated results are shown in Figures 20
and 21. Figures 20 for the fluxes and liquid saturation of the natural state are to be
compared to Figures 16a and 13. Note the similarity of the results for the fluxes in
Figure 20a and Figure 16a, but the difference in the liquid saturation for the
nonwelded units. In the Paintbrush Canyon, the liquid saturation is about 0.4 in Figure
20b as opposed to about 0.1 in Figure 16b. We have also simulated results using
characteristic curves pertaining to sample #2 PTN GU4-2 and found the liquid satura-
tion in the Paintbrush Canyon unit is about 0.6. The ambient (in situ) saturation values,
as tabulated in Reference information Base (RIB version 4.000, Ch. 1 section 4, item
2, p.2, 1989), give for the welded Topopah units the value of 0.65 % 0.19, and the
nonwelded Paintbrush unit the value of 0.61 £ 0.15. Based on these values in the
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RIB, it may seem that the characteristic curves from either the sample #5 PTN GU3-
15 or sample #2 PTN GU4-2, which yield the higher liquid saturation in the
nonwelded units, may be better choices (Wang and Narasimhan, 1988) to represent the
hydrological properties of the nonwelded units, though profiles such as Figure 16a with
very low liquid saturation in the nonwelded units have been more prevalent in the pub-
lished reports (e.g. Narasimhan and Alavi, 1988), since the characteristic curves of the
sample #1 PTN GU3-7 have commonly been used in code-verification exercises.

Results when a boundary condition of 50% humidity is imposed are given in Fig-
ure 21. Figure 21a shows again (cf Figure 19a) that, whereas in the welded unit both
the liquid and vapor flow contribute to the upward transport of moisture, in the top
250 m the removal of moisture from the formation comes mostly from the vapor flow
though the upward flow of liquid is not entirely zero. Figure 21b shows that nowhere
in the column is the formation entirely dried up. If we examine the fluxes for the 1-D
welded column with no stratigraphy (Figures 3b), and those for the stratified column
with different characteristic curves (Figures 19a and 21a), it is clear that the moisture
removal from the formation is all of the same order of magnitude, confirming our
claim in section 3 that vapor diffusion strength is the controlling factor for the amount
of moisture that is removed from the formation with a lowered humidity boundary

condition.

8. Summary

Knowledge of the physical processes and parameter sensitivity studies show that
moisture removal from Yucca Mountain arising from a lowered humidity of the soil
gas at the land surface is controlled by vapor diffusion. With a plausible enhanced
vapor diffusion strength of B=1, a moisture flux equivalent to approximately .04 mm/yr
of water has been obtained for a range of characteristic curves employed. We there-
fore conclude from our calculations that the rate of moisture removal from vapor tran-
sport has an upper limit of about 0.1 mm/yr. Both the presence of realistic stratigra-
phy of alternate layers of nonwelded and welded units, and the choice of characteris-
tics curves, have only minor effects on the magnitude of moisture removal. However,
characteristic curves play a dominant role in defining the equilibrium liquid saturation

profiles of the layered formation.

Our calculations for stratigraphic columns with alternate layers of nonwelded and

welded units show that order-of-magnitude discontinuities in absolute and relative
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permeabilities at a lithologic contact give rise to artificially large resistance to flow if
one uses the usual numerical scheme of harmonic weighting of absolute permeability
and upstream weighting of relative permeability. We have resolved this numerical
difficulty by invoking a physically-motivated intuitive model of a "fuzzy lithologic
contact”, and employing a complctc 100% upstream weighting of the effective permea-
bility k.k, at all interfaces.

The emphasis in the modeling studies presented here has been on moisture redis-
tribution processes that are mediated by gas phase flow and diffusion, and on numeri-
cal approaches for dealing with multiphase flow in layered media. We used schematic
formation parameters and one-dimensional stratigraphic columns, and idealized time-
independent boundary conditions, so that our results are not expected to accurately
reflect the conditions at Yucca Mountain in a quantitative sense. For example, we have
only examined moisture removal by vapor diffusion, while precipitation may well
cause a small net downward infiltration, with major impacts on capillary suction condi-
tions and saturation distributions. More complete process descriptions and much more
site-specific detail will be needed in future modeling studies of Yucca Mountain, so
that a realistic and credible site model for repository performance assessment may be
developed.
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APPENDIX A
Explicit Description of Matrix and Fracture Fluid Flow
at a Lithologic Contact Between
a Fractured and a Porous Medium

In the effective continuum approximation, one set of hydrologic parameters is
defined for the description of fluid flow in the fractured porous medium. In order to
describe matrix and fracture flow explicitly at the interface of a fractured and a porous
medium, separate parameters for the matrix and the fracture media, denoted by sub-
scripts m and f, need to be defined.

(1) Threshold liquid saturation
Let S, be the liquid saturation of the effective continuum. It is expressed in terms
of the matrix and fracture saturations as follows (Pruess et al., 1988):

S - Sim Om+ Si¢ O

i s (A-1)
¢m+¢f
where both ¢,, and ¢; are void fractions defined relative to the total volume,
Viot= Vit Vs - (A-2)

Total effective porosity is ¢ = ¢, + ¢;. The threshold saturation, S, is defined as the
continuum liquid saturation at the juncture when the matrix is fully saturated and the
fracture is dry, that is, Sy, is the value of S; in Equation (A-1) where S, is 1 and S;¢
is O,

NPT (A-3)

¢m+¢f q)

For the values of ¢=.10 and ¢;=.00177 as tabulated in Table 1, we have Sy = 0.9823.
The reasoning which leads to the definition of threshold liquid saturation is as follows.
An effective continuum concept is only applicable when approximate local thermo-
dynamic equilibrium exists between matrix and fractures. Because the capillary suction
in the matrix is much stronger than that in the fractures, local equilibrium implies that
liquid saturation in the fractures will remain near zero until matrix satuation
approaches 100%. The concept of a liquid threshold saturation as defined by Equation
(A-3) is based on the approximation that the enormous disparity of the strength of
capillary suction in the matrix and fractures will cause the fractures to remain com-
pletely dry until the matrix becomes fully saturated during imbibition; and for the frac-
tures to be completely drained before the matrix begins to desaturate during drainage.
We have found the above approximation of local equilibrium to be an excellent one
from running 2-D simulations of discrete fracture and matrix systems with infiltration.

St

From Equation (A-1), given the liquid saturation of the effective continuum, NI
the matrix and fracture liquid saturation are as follows:

Sim'—:sllsth’ S,fx(); for Sl ﬁSm
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(5;=Sw)

Slm::l’ S[fm ma
i

for S;> Sy, (A-4)

(2) Harmonic weighting of absolute permeabilities and upstream weighting of
relative permeabilities for matrix and fracture separately

Consider a fractured medium (FM) with absolute matrix and fracture permeabili-
ties (in an average continuum sense) of k., and kg, respectively. At an interface with a
porous medium (PM) of absolute permeability k, we can define a harmonically aver-
aged permeability k;, for flow between the matrix and the porous medium, and a har-
monically averaged permeability k;; between the fractures and the porous medium as
follows (see Figure 22),

dpy+d d

FM., PM - EM + E’"M (A-5)
kim km k

dem+dpy dpy dp

MM - (A-6)

Here dpy and dpyy are, respectively, the nodal distances from the interface in the frac-
tured and porous medium. Using the scheme of harmonic weighting for absolute per-
meabilities, and full upstream weighting of relative permeabilities, the effective per-
meabilities at a FM-PM interface are as given in Table A-1.

Table A-1
Effective Permeabilities

flow direction | matrix (m) fracture (f)

PM --> FM Kim kyp Kir Ko
FM --> PM Kim Kep m ki ko

The subscript B stands for either gas or liquid phase, and the total effective permeabil-
ity is always the sum of matrix (m) and fracture (f) contributions. Note that when the
fractured medium is upstream for liquid flow, and when its liquid saturation is below
the threshold saturation, (Equations A-3 and A-4), k;; ¢ in Table A-1 is 0, so that only
the matrix contributes. Similarly, when the fractured medium is upstream for gas flow,
and when the liquid saturation is above the threshold, then k;, ., is O and only the frac-
- ture contribution enters into Table A-1.
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Table 1
Material Properties of
Welded and Nonwelded Tuff Umts

Table 1
Welded Units Nonwelded Units

Rock grain density pr = 2480 kg/m® 2300 kg/m?
Rock specific heat Cg = 840 J/kg C 840 J/kg C
Matrix continuum B
permeability k,=19x1018m? | 1.8 x 107m?
Fracture continuum 3
permeability ke = 1.8 x 1074m? -
Formation heat  (a)
conductivity (dry) Ky = 1.90 W/m C 1.02 W/m C
Formation heat (a)
conductivity (fully saturated) | Ko = 2.34 W/m C 135 W/m C
Total (effective) porosity ¢=0.1 o=04
Fracture porosity &g = .00177 --

(a) At intermediate liquid saturation Sy, heat conductivity is K(5;) = Kgry + S; (Kyei—Kary)
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Table 2

the Characteristic Curves of Different
Samples in the Nonwelded and Welded Matrix.

Table 2
Van Genuchten’s Parameters for Characteristic Curves

Sample Ref. | S, |oam™) | n |a=1 ---3-;» pg-g;(MPa)*
#1 PTN GU3-7* (a) A 015 6.872 .8545 0.6526
#2 PTN GU4-2 (b) 04 0305 1.22 1803 0.3210
#3 TSW G4-6 (a) 08 00567 | 1.798 4438 1.726

#4 CHNV GU3-14% (a) 041 016 3.872 7417 0.6118
#5 CHNV GU3-15 (b) 085 044 1.496 3316 0.2225
#6 TSW Fracture (a) | .0395 | 1.2851 4.23 .7636 Not Used

(a) Klavetter and Peters (1986)
(b) Peters et al. (1984)
*based on p = 998.2kg/m? (density of H,0 at 20 °C)
+note the similarity between samples #1 and #4.




..31 -

T

Y

N \
Atmosphere
12.85°C
\ ‘ v%?»f;‘;g\
\\\A\ ‘ \\\ ‘s\

Land Surface

Water Table
<z /

T =30.85°C

Saturated Zone

XBL 882-10033

Figure 1. One-dimensional vertical column for simulation studies of humidity

effects at the land surface.
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Figure &. Fluxes for reference case of the layered column.
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Schematic of a composite medium. Hydrologic parameters change
discontinuously at the interface. Spatial discretization for numerical

simulation of flow is also shown.
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Figure 11, Typical permeability conditions for upward gas flow at a contact
' between a nonwelded zone (below) and a welded zone (above).
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Explicit matrix-fracture interface
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Figure 13. Liquid saturation profile of a layered column with the characteristic

curves of GU3-7 for the nonwelded units. At the welded and _
nonwelded interface matrix and fracture flow are handled explicitly.
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Weighting Schemes of Permeabilities
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Pressure variation for single-phase steady-state flow with harmonic and
total upstream weighting schemes for permeability.
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transient two-phase flow
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Figure 18. Weighting procedures for absolute (k) and relative permeability (k;) at
interfaces between grid blocks for different classes of flow problems.
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Figure 22. Schematic diagram for explicit matrix and fracture description of the
fractured medium at its interface with a porous medium.




