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ABSTRACT 

The natural dip of the Salado Formation at the Waste Isolation Pilot Plant (WIPP), although 
regionally only about 1°, has the potential to affect brine inflow and gas-migration distances due 
to buoyancy forces. Current models, including those in WIPP Performance Assessment 
calculations, assume a perfectly horizontal repository and stratigraphy. With the addition of 
buoyancy forces due to the dip, brine and gas flow patterns can be affected. Brine inflow may 
increase due to countercurrent flow, and gas may preferentially migrate up dip. This scoping 
study has used analytical and numerical modeling to evaluate the impact of the dip on brine 
inflow and gas-migration distances at the WIPP in one, two, and three dimensions. Sensitivities 
to interbed permeabilities, two-phase curves, gas-generation rates, and interbed fracturing were 
studied. 

Results of the study suggest that brine inflow to the room is significantly affected by dip when 
interbed fracturing is included. For the interbed fracturing case investigated, brine inflow 
increases by about 75% with dip, due to countercurrent flow, compared to no dip. The 
maximum gas-migration distance also increases if dip is included. The increase in migration 
distance over comparable simulations with horizontal stratigraphy ranges from 3% to over 200% 
depending on the interbed permeability and the two-phase characteristic curves employed; the 
gas-generation rate has a smaller effect on the gas-migration distance increase. The effect of 
dip should be considered in the prediction of brine inflow and gas-migration distances. 
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1.0 INTRODUCTION 

The Waste Isolation Pilot Plant (WIPP) is a U.S. Department of Energy (DOE) research 
and development facility for the underground disposal of transuranic (TRU) waste from U.S. 
defense-related activities. The WIPP repository is located 655 meters below land surface in the 
lower portion of the Salado Formation, which is comprised of beds of pure and impure halite 
with thin interbeds of anhydrite and related clay seams. The Salado Formation dips gently 
southeast, on the average approximately 1°, with steeper dips locally (Jarolimek et al., 1983). 
The gentle dip of the Salado Formation could affect brine inflow to the repository and gas 
migration to the surrounding interbeds. Elevated repository pressures caused by gas generated 
as emplaced waste corrodes and degrades could drive brine and gas out of the repository, with 
dip causing increased brine inflow to the repository through countercurrent flow in the interbeds 
and enhanced gas-migration distances in the up-dip direction due to buoyancy. This study 
assesses the role of stratigraphic dip in enhancing brine inflow to, and gas flow outward from, 
the repository. 

The WIPP Performance Assessment (PA) Department (1992) has developed a computer 
model to evaluate total repository performance. Due to the large number of physical processes 
included in the WIPP PA model, simplified conceptualizations were used to represent some of 
the processes. The current WEPP PA model assumes a perfectly horizontal repository and 
stratigraphy. The assumption of a perfectly horizontal repository has also been made in a 
number of other studies to date including Webb (1991) and Freeze et al. (1995a). 

The current scoping study uses a room-scale model to evaluate the effect of dip on brine 
inflow to the repository and gas-migration distance away from the repository using a single 
estimate of system parameters selected through an evaluation of available data. An extensive 
study of the sensitivity of the single-room model with horizontal stratigraphy to parameter 
uncertainty has recently been completed (Freeze et al., 1995a). Accordingly, the only 
parameters varied during the course of this study were those whose sensitivity was thought to 
be dependent on whether the stratigraphy was horizontal or dipping. Parameter sensitivities 
include interbed permeabilities, two-phase curves, gas-generation rate, and interbed fracturing. 
Comparison of these results to those for a perfectly horizontal repository is made to evaluate the 
horizontal stratigraphy currently used in the WIPP PA model and in other studies. 

This report provides a brief and relevant background of the WIPP (Section 1), an 
introduction to the theory of two-phase flow in horizontal and dipping confined stratigraphic 
horizons (Section 2), and an evaluation of the effect of dip in numerical models of increasing 
geometrical complexity using one-dimensional simulations (Section 3), two-dimensional 
simulations including fracturing (Section 4), and three-dimensional simulations (Section 5). 
Conclusions about the effect of dip on brine inflow and gas migration derived from the studies 
are presented in Section 6. This study follows recently completed studies of deterministic 
parameter sensitivities (Freeze et al., 1995a) and methods for incorporating room closure in 
fluid-flow models (Freeze et al., 1995b). 

The work discussed in this report was performed jointly by Sandia National Laboratories, 
Albuquerque, New Mexico, and INTERA Inc., Albuquerque, New Mexico. 
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1.1 Background 

The WIPP is located 50 km east of Carlsbad in southeastern New Mexico (Figure 1-1) 
and is situated in the northern part of the Delaware Basin. Except for thin, quaternary surface 
deposits, most geologic units of interest at the WIPP site are Permian (Figure 1-2). Site 
characterization activities at the WIPP began in the mid 1970s and excavations at the repository 
horizon began in the early 1980s. Site characterization investigations have focused on the Salado 
Formation, which contains the repository, on the water-bearing units of the Rustler Formation 
(primarily the Culebra Dolomite), which overlies the Salado Formation, and on the occurrence 
of pressurized brine in the Castile Formation, which underlies the Salado Formation. The 
investigation described in this report only considers the Salado Formation. 

1.1.1 Repository Configuration 

The WIPP repository lies in the lower portion of the Salado Formation at a depth of 
approximately 655 meters below land surface. The underground facility consists of an 
experimental area at the north end and a waste storage area at the south end. Waste will be 
emplaced in rooms within the waste storage area, which is designed to have eight waste disposal 
panels, each containing seven rooms (Figure 1-3). Currently, only Waste Panel 1 has been 
excavated. Each disposal room is approximately 4 meters high, 10 meters wide, and 91 meters 
long. Waste disposal rooms within a panel are separated by rectangular pillars of unexcavated 
salt approximately 30 meters in width. Access between disposal rooms, panels, and within the 
experimental area are through a network of drifts. Four shafts provide access to the surface. The 
repository is designed to follow a single stratigraphic horizon. Because of the gentle dip, the 
north end of the panels will be approximately 8 meters higher than the south end (Jarolimek et 
al., 1983). 

Waste that is emplaced in the rooms will generate gas due to microbial degradation and 
anoxic corrosion. Brine flow into the rooms from the surrounding Salado Formation may 
significantly influence the gas-generation rate. The salt surrounding the repository will creep in 
response to the excavation, changing the room volume. Gas generation in the room may increase 
the pressure sufficiently to drive brine and gas into the surrounding Salado Formation. The 
migration of gas in the Salado Formation is an important compliance parameter in evaluating the 
performance of the repository. 

This report includes theoretical analysis and one-, two-, and three-dimensional simulations 
of a single, isolated disposal room. The possible effects of adjoining rooms in the same waste 
panel are not considered, nor are the effects of other panels and rooms elsewhere in the 
repository. Future studies should address these issues. 

1.1.2 Salado Formation Hydrogeology 

The Salado Formation is approximately 600 meters thick, extending downward from the 
bottom of the Rustler Formation at about 260 meters below land surface to the top of the Castile 
Formation at about 860 meters below land surface. The Salado Formation consists of a large 
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Figure 1-1. Location of the Waste Isolation Pilot Plant. 
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Figure 1-3. Underground configuration of the Waste Isolation Pilot Plant. 

number of beds of relatively pure halite and impure halite containing interspersed clay and 
polyhalite. Thin interbeds of anhydrite, with associated underlying clay seams, are present in 
laterally extensive layers. Several of the more prominent anhydrite interbeds have been 
designated as Marker Beds, numbered increasing with depth from 100 to 144 (Jones et al., 1960). 
The repository horizon is separated by a few meters of pure and impure halite from the overlying 
Marker Bed 138 and the underlying Marker Bed 139. A stratigraphic section of the Salado 
Formation in the vicinity of the repository is shown in Figure 1-4. 

For this study, the halite layers and anhydrite interbeds are modeled as continuous porous 
media, with homogeneous properties (permeability and porosity) within each modeled 
stratigraphic unit. The interbed properties are averaged over the interbed thickness to represent 
an equivalent porous medium. In-situ testing has been performed to determine many of these 
properties for the halite and the anhydrite interbeds under both undisturbed and excavation-
disturbed conditions, and laboratory testing is being performed to determine others. The 
simulations reported here model the disturbed rock zone (DRZ) surrounding the repository with 
enhanced permeability pathways directly between the room and the interbeds. 
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Figure 1-4. Stratigraphic section in the Salado Formation directly above and below the 
repository horizon. 

1.2 Summary of Driving Issues 

There are two primary concerns associated with the natural dip of Salado stratigraphy. 
First, dip may increase brine inflow to the repository through countercurrent flow, with 
implications for increased and/or more rapid gas generation. This could cause increased 
repository pressure, or an increase in the total mass of gas expelled (Freeze et al., 1995a). 
Second, dip may cause a preferred gas-migration direction, resulting in a greater likelihood that 
gas will reach regulatory compliance boundaries. Gas migration will be easier up dip and more 
difficult down dip compared to a horizontal configuration. These two concerns are related 
because increased gas generation provides greater impetus for gas expulsion and migration. The 
processes are coupled because gas generation, which increases repository pressure, decreases brine 
inflow. This study addresses the effect of dip on brine inflow and gas migration separately in 
theoretical analysis, and concurrently by using numerical simulations that couple many important 
processes. 
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2.0 OVERVIEW OF TWO-PHASE FLOW CONSIDERATIONS 

Stratigraphic dip can affect the fluid flow behavior along a flow path resulting in either 
cocurrent flow in which both fluids (brine and gas) flow in the same direction or countercurrent 
flow in which the two fluids flow in opposite directions. For example, if only cocurrent flow 
occurs, brine inflow into the repository will be shut off when gas migrates from the room into 
the Salado Formation, reducing the amount of brine that flows into the repository and possibly 
limiting the amount of gas generated. Conversely, if countercurrent flow occurs, brine will 
continue to flow into the repository while gas migration occurs, possibly increasing the amount 
of gas generated. In addition to affecting brine inflow, stratigraphic dip will impact gas-
migration behavior. Gas will preferentially migrate up dip since the far-field pressure decreases 
with distance. In the up-dip direction, brine may flow into the repository, decreasing the flow 
resistance for gas migration. Similarly, gas migration down dip is much more difficult because 
the far-field pressure increases with distance. The relevant brine inflow and gas-migration two-
phase processes are summarized in the following sections. 

2.1 Brine Inflow 

2.1.1 Countercurrent Flow Model 

Consider the flow of two fluids, one wetting (liquid) and one nonwetting (gas), between 
points A and B in a porous medium, such as in an anhydrite interbed at the WIPP. The gas and 
liquid pressure at each point are different due to capillary pressure, and each phase undergoes 
its own friction and gravitational pressure change between the two points. The Darcy velocity 
for each fluid is commonly assumed to be given by Darcy's law (de Marsily, 1986) 

V. = - k - ^ ( VPy. + p. g Vz ) . (1) 

For an arbitrary direction a at an angle 6 above horizontal, and defining z as positive vertically 
upward, the above equation can be written as 

v'--kfJ{i^<>'8^6)- (2) 

Relationships for the wetting (brine) and nonwetting (gas) phases are 

K = ' k — l ^ + Pw8c^Q) ( 3 ) 

pw \ da 

and 

-7-



^ = - * f c ( ^ + p ^ s f a 9 ) - <4) 

The capillary pressure expresses the difference in the phasic pressures or 

Note that these flow patterns may occur along a single flow path. Flow will be cocurrent, or 
in the same direction, when the wetting and nonwetting velocities have the same sign, either both 
positive or both negative. Flow will be countercurrent, or in opposite directions, when the signs 
are different. 

For simplicity, the wetting and nonwetting phases will be assumed to be brine and gas, 
respectively, in the discussion that follows. The terms "wetting phase" and "brine" will be used 
interchangeably, as will the terms "nonwetting phase" and "gas". 

Transition between cocurrent and countercurrent flow occurs when a phase velocity is 
zero, discounting the case where one or both of the fluids are immobile because its relative 
permeability is zero. Two transitions are possible, each involving a change in direction of one 
of the two fluids. Figure 2-1 shows the cocurrent and countercurrent flow regions along with 
a possible path of fluid velocities for the brine-inflow/gas-migration scenario in the up-dip 
direction, where the positive sign indicates flow out of the room. This velocity path is not a 
physical path but represents a possible set of gas and brine velocities for flow between the 
repository and the Salado Formation. Starting from the left of the velocity path (Point A), or 
initially after the repository is sealed, gas (if present in the formation) and brine are flowing 
towards the repository. As the repository gas pressure increases, gas and brine flow towards 
the repository decrease, and the position on the velocity path moves upward and to the right. 
Eventually, the repository pressure increases sufficiently such that gas flow will be zero while 
some brine continues to flow slowly towards the repository (Point B). Moving yet further to 
the right on the velocity path, gas pressure increases further such that gas flows away from the 
repository, while brine flow is zero (Point C). Between Points B and C, countercurrent flow 
will occur such that brine flows towards the repository while gas flows away. Continuing to the 
right, any additional increase in the gas pressure produces both brine and gas flow out of the 
repository. The location along this path depends on the history of the repository pressure and 
will be affected by coupling processes such as changes in room volume due to salt creep, gas-
generation rate, and interbed fracturing. 

The wetting phase transition velocity is defined as the velocity where the flow changes 
from cocurrent to countercurrent flow, or where the direction of the nonwetting (gas) phase 
velocity changes sign. In the context of the WIPP repository, the wetting phase transition 
velocity is the maximum brine inflow velocity if gas velocity is zero, i.e., no gas flow into or 
out of the repository. Using the condition of zero nonwetting phase (gas) velocity, the wetting 
phase (brine) transition velocity can be expressed as 
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dP c 
da 

+ (Pw-P j 8C sin 6 (6) 

Similarly, the nonwetting phase transition velocity is defined as the velocity where the 
flow changes from cocurrent to countercurrent, or where the direction of the wetting phase 
(brine) velocity changes sign. Again, in the context of the WIPP, it is the minimum gas velocity 
out of the repository that shuts off brine inflow. The nonwetting phase (gas) transition velocity 
is given by 

V = k r^w 

nw 

dP. 
~ + (Pw"P J 8c S i n 0 

3a 

Note that the term in brackets is the same for both transition velocities. 

(7) 

The capillary pressure gradient term in the brackets is dependent on the history of the 
fluid flow. In the case of gas migration, the brine or wetting phase saturation will generally 
increase with distance from the repository, or 

^ > 0 . (8) 
da 

Capillary pressure decreases monotonically with increasing wetting phase saturation. Therefore, 
for gas migration 

d P c < 0 (9) 
da 

and the first term in the brackets is positive. Since the wetting phase (brine) density is higher 
than the nonwetting phase (gas) density, both terms in the brackets are positive. Including 
capillary pressure in the model increases the magnitude of the wetting and nonwetting transition 
values and expands the region of countercurrent flow. 

The transition velocity values vary with gas saturation due to the relative permeability 
term and therefore will vary with distance from the repository. As depicted in Figure 2-2 for 
gas migration, the possibility exists that the countercurrent limit may be reached at an 
intermediate saturation, so part of a gas-migration displacement is cocurrent while part is 
countercurrent. In this case, cocurrent flow would occur in the nose or front of the 
displacement, while countercurrent flow may occur in the tail. 
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Special Cases 

For a zero capillary pressure gradient (or zero capillary pressure), 

V = - k - ^ 
w* u ( P H T P J 8C sin 6 (10) 

and 

V = lr r>mv 

( P w - P n „ ) 8C sin 0 (ID 

In the case of horizontal flow (sin 6 = 0°), the expressions are 

V = - Jfc J2» 
"*" u 

BPC1 

da 
(12) 

and 

vnwfr K ,, 3a 
(13) 

As indicated by the above expressions, countercurrent flow is theoretically possible even 
for a horizontal configuration due to capillary pressure gradients. However, countercurrent flow 
would tend to reduce the saturation gradient (and capillary pressure gradient), thereby reducing 
the driving force for countercurrent flow and shutting itself off. 

For a horizontal configuration with no capillary pressure, both transition values are 
identically zero, and countercurrent flow in a common flow path is not possible. 

2.1.2 Countercurrent Flow at the WIPP 

Typical values of parameters anticipated at the WIPP are used in this section to estimate 
the effect of dip on countercurrent flow and associated brine inflow. Two values of the 
permeability, representing intact and fractured interbeds, are included. 
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Assuming a negligible capillary pressure gradient, the transition values are 

F** = " * -f (p«~p™> Z< S m ° ( 1 4 ) 

and 

*W = * -f 2 (PW"P J Sc sin 0 . (15) 

For the following approximate parameter values 

k = 10"19 m2 (intact interbeds), 10"15 m2 (fractured interbeds) 
H = 10 3 Pa-s 
ii^ = 10-5 Pa-s 
0 = 1 ° 
pw = 1200 kg/m3 

p n w = 200 kg/m3, 

the values of the transition Darcy velocities are 

VWitr = - 1.7 X 105 fc fcnw m/s = - 5.4 X 1012 * j ^ e m/yr. 

V ^ = 1.7 X 107 Jfc fcr>w m/s = 5.4 X 1014 * /:„ m/yr. 

Thus, for zero gas flow in or out, the brine Darcy velocity is approximately 
5.4 x 1012 k krw m/yr into the room. Assuming a nominal interbed thickness of 1 meter, and 
using the range of interbed permeabilities given above, the maximum volumetric brine inflow 
rate due to countercurrent flow (krw = 1.0) is 5.4 x 10"7 to 5.4 x 10"3 m3/yr per meter of room 
length, or maximums of 0.0054 to 54.0 m3 per meter of room length over 10,000 years. These 
values bracket the cumulative brine inflow volumes of 0.38 m3 and I'm 3 per meter of room 
length from simulations of a two-dimensional horizontal room for the gas-generation rates given 
in Section 4.1 (Freeze et al., 1995a). Based on this range, the effect of brine inflow due to 
countercurrent flow on the total brine inflow to the room is potentially important for high 
interbed permeabilities and/or fractured interbeds. 

Brine inflow due to countercurrent flow can be shut off by gas flowing out of the room. 
Using the two interbed permeabilities given above and neglecting the relative permeability effect 
result in the following range of nonwetting phase (gas) Darcy velocities to shut off brine inflow: 
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V ^ = 1.7 X 10"12 to 1.7 X 10-8 m/s. 

Converting from a Darcy velocity (V) to an actual pore, or gas migration, velocity (v) using a 
porosity of 1%, the appropriate gas transition pore velocities are 

v ^ = 1.7 X 10-10 to 1.7 X 10"6 m/s = 0.0054 to 54.0 m/yr. 

Thus, the minimum gas pore velocity in the interbeds to prevent brine inflow varies from 
0.0054 m/yr to 54 m/yr depending on the interbed permeability. Gas velocities of the order of 
1 m/yr or less are expected. Therefore, brine inflow from countercurrent flow will probably 
only be shut off for lower interbed permeabilities. Brine inflow due to countercurrent flow is 
possible for higher permeability and/or fractured interbeds. 

In some instances, conditions may fluctuate between cocurrent and countercurrent flow. 
For example, if the gas pore velocity is assumed to be greater than the transition value during 
some point of the simulation, brine inflow will stop. However, if gas generation is limited due 
to the availability of brine, gas generation will decrease. Due to the limited gas generation, the 
pore velocity may drop below the transition value at a later time, and brine inflow will resume, 
resulting in additional gas generation and migration. 

2.2 Gas Migration 

The effect of dip on the gas-migration distance is not as easy to characterize as cocurrent 
and countercurrent flow since the brine-gas flow behavior influences gas migration. A 
qualitative discussion of the influence is given below to indicate possible effects. 

Consider a static column of water tilted at an angle 6 as depicted in Figure 2-3a. 
Relative to location x, the water pressure changes with depth by the factor 

- p w g L sin 0 (16) 

where L is the length from location x and is less than zero if the depth decreases. For 
illustration purposes, assume that the water pressure at x is 12.5 MPa. 

Also at location x, suppose that gas is introduced at 12.6 MPa, and assume negligible 
capillary pressure. Since the gas is at a higher pressure, it will flow up dip and down dip from 
location x. Figure 2-3b shows the pressure variation for each fluid neglecting pressure drop. 
Since the gas has a lower density than water (or brine), the hydrostatic gradient is smaller. Gas 
will flow down dip until the gas pressure is equal to the liquid pressure, or point a. Up dip, 
however, the pressures never equalize, and the pressure difference between the gas phase and 
liquid phase continuously increases. While the gas-migration distance is limited down dip, there 
is no limit up dip. 
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Theoretically, the equalization location down dip is given by 

AP L = * (17) 
""*"* (PW-P J g sfa e • 

Using the same parameters as used to evaluate countercurrent flow above along with a 0.1 MPa 
overpressure, the theoretical maximum distance for gas migration down dip is less than 600 
meters. 
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3.0 ONE-DIMENSIONAL NUMERICAL SIMULATIONS 

One-dimensional simulations of flow in an interbed have been conducted using TOUGH2 
(Pruess, 1991a) to evaluate the countercurrent flow potential at the WIPP. The model consists 
of 102 elements each 10 meters long as depicted in Figure 3-1. The element permeability is 
specified to be 10"15 m2, which is similar to fractured interbeds. Element 1 on the left represents 
the repository and is specified as gas saturated at a constant pressure of 12.6 MPa. The rest of 
the volumes are initialized in hydrostatic equilibrium with 12.5 MPa at the elevation of the 
room; these volumes are initially saturated with brine. Therefore, the room has a pressure 0.1 
MPa higher than hydrostatic, similar to the conditions that may occur at the WIPP under 
fractured interbed conditions. Dip angles of 0° and 1° with respect to the horizontal have been 
simulated. For 0°, there is no hydrostatic gradient, and the initial pressures were all 12.5 MPa. 
For the 1° case, the initial pressures decrease from 12.5 MPa in element 2 to 12.3 MPa at 
element 102 due to the elevation change. Element 102, located 1,000 meters from the room, 
is specified as a constant pressure element to avoid pressure buildup in the model. Both the 0° 
and 1° simulations were run for 3 x 108 seconds, or about 10 years. Capillary pressure is 
assumed to be negligible, and linear relative permeabilities as shown in Figure 3-1 are used with 
a minimal gas residual saturation of 0.001 to avoid gas flow during the hydrostatic calculation. 

For 0° dip, a thin gas layer develops as gas flows out of Element 1, migrating about 180 
meters at the end of the simulation as depicted in Figure 3-2. Gas and liquid Darcy velocities 
are also shown indicating cocurrent flow. Results for 1° dip are shown in Figure 3-3. For the 
same time period, the gas migrates 420 meters, or over twice as far as in the 0° case. The gas 
Darcy velocity and calculated transition velocity are given, indicating a cocurrent-countercurrent 
flow transition at about 150 meters. The liquid Darcy velocity shows the predicted transition, 
as the flow pattern is countercurrent from 0 to 150 meters (brine inflow to the room), and 
cocurrent further out. 

Gas migration is much further for the 1° dip case than for the 0° dip simulation. The 
reason for the difference is that, for 0° dip, the gas has to displace the water down the entire 
length of the interbed. For 1° dip, some of the water flows back into the room due to 
countercurrent flow, out of the way of the migrating gas, making it easier for gas migration up 
dip. Therefore, not only may the dip of the repository increase brine inflow into the room 
(which may increase the amount of gas generated), it may also increase gas-migration distances 
for the same amount of gas. 
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4.0 TWO-DIMENSIONAL NUMERICAL SIMULATIONS AND SENSITIVITY STUDY 

Two-dimensional numerical simulations have been used to evaluate the effect of dip on 
brine inflow to the room and gas-migration distance hi interbeds. The model used in this study 
is very similar to those used in other studies by Webb (1991) and Freeze et al. (1995a). The 
TOUGH2 multi-component, multi-phase simulator (Pruess, 1987; Pruess, 1991a) with the EOS8 
module and additional modifications (Freeze et al., 1995b) was used for the simulations. This 
model, described in Section 4.1, is hereafter called TOUGH2/EOS8. 

The sensitivity of many system parameters has been extensively studied for horizontal 
systems (Webb, 1991; Freeze et al, 1995a). This study evaluated the sensitivity of a single-
room, simplified geometry domain to a limited set of parameters, selected because they were 
suspected to be important in the evaluation of dip. The parameters varied were interbed 
permeability, interbed two-phase equations, and gas-generation rate. Parameter values are 
discussed in Section 4.2. Interbed fracturing was also included and is discussed separately in 
Section 4.4. 

The effect of dip on brine inflow and gas migration was evaluated in a sensitivity study 
comparing dipping to horizontal stratigraphy with different interbed permeabilities, gas-
generation rates, two-phase equations in the interbeds, and interbed fracturing. Simulations with 
dipping stratigraphy had a uniform 1° dip throughout the domain. Two specified gas-generation 
rates were evaluated, one that might occur under conditions where gas generation occurs under 
brine-inundated conditions, and the other that might occur under conditions where gas generation 
occurs under water-vapor limited conditions as discussed in Freeze et al. (1995a). Two-phase 
equations used were the mixed Brooks and Corey (1964) equations, and the van 
Genuchten/Parker (van Genuchten, 1978,1980; Parker etal., 1987) relationships as summarized 
in Appendix A. Results of sensitivity simulations are discussed in Sections 4.3 and 4.4. 

4.1 TOUGH2/EOS8 Code and Process Coupling 

TOUGH2/EOS8 (Freeze et al., 1995b) is adapted from TOUGH2 (Pruess, 1987; Pruess, 
1991a), a numerical simulator for multi-dimensional, coupled fluid and heat flow of multiphase, 
multicomponent mixtures in porous and fractured (dual porosity/dual permeability) media. A 
detailed description of the capabilities of TOUGH2 and TOUGH2/EOS8 can be found in Pruess 
(1991a) and Freeze et al. (1995a, b); a short summary is presented here. 

TOUGH2/EOS8 uses Darcy's law for multiphase fluid flow with relative permeability 
and capillary pressure relationships to describe interference between fluid phases. The integral 
finite difference method is used to discretize space, yielding the capability to simulate arbitrarily 
dimensioned geometries. Time steps use a fully implicit, backward finite difference scheme. 
The coupled non-linear equations are solved using a Newton-Raphson iteration technique, while 
linear equations at each iteration are solved using either a direct sparse LU-decomposition and 
back-substitution method or a conjugate gradient method using one of several available 
preconditioners for the matrix (Freeze et al., 1995b). A three-phase, three-component equation-
of-state module, EOS8 (Freeze et al., 1995a) is used; however only two components, hydrogen 
and brine, are actually included in the present study. 
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The volume of a waste disposal room changes with time due to salt creep resulting from 
excavation-induced deviatoric stress. The change in room volume is approximated with the 
pressure-time-porosity line interpolation technique described in Freeze et al. (1995b). This 
technique uses a dataset comprising time, room pressure, and room porosity created by the 
mechanical salt creep code SANCHO (Stone, 1995) as guidance for room porosity in 
TOUGH2/EOS8 simulations. Although the technique is restricted by many assumptions (see 
Freeze et al., 1995b), it has been shown to yield results similar to other, more complex 
approaches to room closure (Freeze et al., 1995b). 

Gas generation is simulated by injecting gas into the room at specified rates. The 
injection rates correspond to experimentally-observed gas-generation rates for microbial 
degradation and anoxic corrosion in water and in water vapor (Brush, 1991) as shown in 
Table 4-1. The gas-generation potential is 550 moles/drum for microbial degradation, and 1,050 
moles per drum for anoxic corrosion, for a total of 1,600 moles/drum (Beraun and Davies, 
1991). Because the gas-generation rate assumed from microbial degradation is different than that 
from anoxic corrosion, there are two stages of gas generation in the room. The first stage 
corresponds to the time when gas is generated both by anoxic corrosion and microbial 
degradation. The second stage occurs after microbial degradation has ceased due to depletion 
of cellulosics in the waste, at which time gas is generated only by anoxic corrosion. Gas 
generation is simulated by injecting gas into the room with a composite rate history reflecting 
both microbial degradation and anoxic corrosion. Composite rates for gas generation in brine 
(i.e., brine-saturated room) will be called Specified 2/1; for gas generation in water vapor (i.e., 
vapor-saturated room), Specified 0.2/0.1. The total gas generated in the room is based on 6,804 
drums of waste per room. Brine consumption by gas generation is not considered. 

Gas-generation rates are specified and are not dependent on the availability of brine. 
This independence was used to simplify the comparison of brine inflow and gas-migration 
distances and to clarify the effect of dip on each parameter separately. However, the linking 
of gas generation to brine availability including brine consumption may be important in further 
consideration of the effect of stratigraphic dip. 

4.2 Simulation Geometry and Initial Conditions 

A simplified stratigraphy, single-room, two-dimensional cartesian geometry is used, 
similar to the geometry used in previous studies (Webb, 1991; Freeze et al., 1995a, b). The 
single-room, two-dimensional geometry is advantageous for the sensitivity simulations because 
(1) it preserves a simple model, with clear assumptions, that facilitates intuition-building insight 
into the underlying processes, (2) it assures conceptual continuity in the room-closure coupling 
method, because room-scale geometry was used in SANCHO to calculate the pressure-time-
porosity dataset (Stone, 1995), and (3) these simulations build upon techniques used and insight 
gained during previous TOUGH2/EOS8 studies. 
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Table 4-1. Assumed Gas-Generation Rates 

Microbial Degradation 
(550 moles/drum total potential) 

In Brine: 
In Water Vapor: 

1.0 moles/drum/year, 0 - 550 years 
0.1 moles/drum/year, 0 - 5,500 years 

Anoxic Corrosion 
(1,050 moles/drum total potential) 

In Brine: 
In Water Vapor: 

1.0 moles/drum/year, 0 -1,050 years 
0.1 moles/drum/year, 0 - 10,500 years 

Specified 2/1 Composite Rate for Reaction in Water 

Stage 1 (Microbial + Anoxic) Stage 2 (Anoxic only) 

2.0 moles/drum/year, 0 - 550 yrs 1.0 moles/drum/year, 550 - 1,050 yrs 

Specified 0.2/0.1 Composite Rate for Reaction in Water Vapor 

Stage 1 (Microbial + Anoxic) Stage 2 (Anoxic only) 

0.2 moles/drum/year, 0 - 5,500 yrs 0.1 moles/dram/year, 5,500 - 10,500 yrs 

(Brush, 1991; Beraun and Davies, 1991) 

The geometry of the two-dimensional simulations is shown conceptually in Figure 4-1. 
All two-dimensional meshes use a vertical cross-section of the Salado Formation through a single 
room in the repository. Different meshes are used in this study to ensure that the lateral 
dimensions for a particular simulation were large enough so that boundary effects have a 
TTiinimal impact on simulation results. The different meshes vary in lateral (x) dimension, have 
the same vertical (z) dimension of 88.5 meters discretized with 15 elements, and have the same 
depth (y) perpendicular to the x-y plane of 91.44 meters in one element, corresponding to the 
planned room length. The lateral dimension varies from 23,640 meters for Brooks and Corey 
to 63,200 meters for van Genuchten/Parker and is discretized using from 35 to 40 elements. 
Figure 4-2 depicts the nodalization for the largest mesh. 

The room itself is 10.0 meters wide, 4.0 meters high, and 91.44 meters deep, with a total 
volume of 3,658 m3. The initial room porosity is 0.6602, yielding an initial pore volume of 
2,415 m3, which changes according to the pressure-time-porosity function for simulating room 
closure. The room is located approximately midway between the top and bottom of the mesh. 
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Figure 4-1. Room-scale conceptual model. 

There are two interbeds in the domain. The Upper Composite Interbed, representing anhydrites 
a and b, is 2.1 meters above the room ceiling and 0.3 meters thick. Marker Bed 139 is 1.6 
meters below the room floor and 0.9 meters thick. Except for thickness and location, both 
interbeds are identical in material properties. The interbeds extend laterally away from the room 
to the edge of the mesh in both directions. All elements not part of the room or interbeds have 
material properties of composite halite. 

Due to repository excavation, rock properties near the repository are different than the 
far-field values. This zone surrounding the repository is commonly referred to as the Disturbed 
Rock Zone, or DRZ. The primary mechanism of alteration within the DRZ is expected to be 
fracturing, which affects the flow properties porosity, permeability, and initial saturation. Salt 
creep and the stress associated with waste consolidation are expected to provide a mechanism 
for healing damage in the DRZ with time. Previous investigations have shown that simulation 
results are sensitive to properties assigned to the halite near the room (Freeze et al., 1995a). 
The DRZ used for the simulations reported here approximates fractures by providing a 
permanent, high-permeability pathway for gas and brine flow between the interbeds and room, 
without altering the storage and initial saturation of halite surrounding the room (Webb, 1991; 

-24-



Upper 
Composite 

Interbed 

Room 
Center 

Marker 
Bed 139 

Down Dip Room 
Grid Edge Center 

Up Dip 
Grid Edge 

a) TOUGH2 Nodalization 

|m9a452m55102Q€;SQa3J 

Upper 
Composite -
Interbed 

Room / 
Center 

Marker 
Bed 139" 

720
 

36
0 o o, 

CO CO CO CO 36
0 

36
0 

36
0 098 

098 36
0 720
 

72
0 

720
 

720
 

,,.., _ _ _ _ _,, 
• - I j = = 5 = = : r n =i = = | ' • j • . — \ - ^^ i ^ = 

— — " " ' * — — 

27 

27 

—Continued Room 
Center 

Continued — 

b) Enlarged Region 

TRI-6115-121-0 

Figure 4-2. Largest two-dimensional nodalization. 

-25-



Freeze et al, 1995a). Thus the DRZ implemented for these simulations implicitly assumes that 
an increase in permeability is the only important change, with respect to fluid flow, that occurs 
when the DRZ forms. 

A uniform 1° dip is chosen for simulations with dipping stratigraphy. The difference in 
elevation of lithologic units across boreholes at the repository level suggests that Salado beds dip 
about 1° over kilometer-scale distances; over short distances, the dip approaches 3° (Jarolimek 
et al., 1983). Local variations in the dip angle are excluded for simplicity. The change in 
elevation of the various layers may be significant for the 1° dip employed in this study. For 
example, for the largest mesh used in this study which extends over 63,000 meters, a 1° dip 
results in an elevation change of 1,100 meters. 

Due to gravity, a hydrostatic pressure gradient likely exists in the formation. The Salado 
Formation is assumed to be saturated with brine with a 1200 kg/m3 density in hydrostatic 
equilibrium with a pressure of 12 MPa at the elevation of the room. The change in elevation 
due to the dip, if any, is included in the initial hydrostatic pressure. The simulations utilizes no-
flow boundary conditions at all boundaries. 

4.3 Two-Dimensional Simulations without Interbed Fracturing 

4.3.1 Simulation Parameters 

A suite of simulations tested the sensitivity of the room-scale system to dipping 
stratigraphy for variation in gas-generation rate, interbed permeability, two-phase characteristic 
equations, and interbed fracturing. For gas-generation rate, interbed permeability, and two-
phase characteristic equations, all the combinations were simulated and are presented here. 
Interbed fracturing results are presented separately in Section 4.4 due to their significance. 
Simulations reported here tested system sensitivity to a small subset of system parameters. All 
other parameters had the same values for all simulations. The values of many system parameters 
held constant are shown in Table 4-2 and are discussed in detail by Freeze et al. (1995a). 

Permeability of the interbeds is varied from 10"19 to 10~17 m2 in order-of-magnitude steps. 
The 10"19 and 10"17 m2 permeabilities include the range expected for intact conditions (Beauheim 
et al., 1991, 1993). Two different sets of capillary pressure and relative permeability equations 
(two-phase characteristic curves) are used in the interbeds including the mixed Brooks and Corey 
and the van Genuchten/Parker two-phase characteristic curves as summarized in Appendix A. 
Similar curves have also been used in recent PA calculations (WD?P PA, 1992) and are 
summarized in Appendix A. Parameter values used in the present simulations are given in 
Table 4-3. Gas-generation rate values were discussed in section 4.1. 
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Table 4-2. Parameter Values 

Parameter Value 

Halite Permeability 1 x 10"21 m2 

Halite Porosity 0.01 

Interbed Porosity 0.01 

Brine Density 1200 kg/m3 at 10 MPa 

Room Permeability 1 x 10"17 m2 

Brine Compressibility 2.4 x 10-10 Pa-1 

Brine Viscosity 1.6 x 10"3 Pas 

Gas Viscosity 9 x 10"6 Pas 

Gas Compressibility 2 x 10"7 Pa'1 at 10 MPa 

Halite Compressibility 2.7 x 10" Pa"1 

Interbed Compressibility 8.3 x 10 1 2 Pa"1 

Table 4-3. Parameter Values for Interbed Multiphase Characteristic Equations. 

mixed Brooks and Corey van Genuchten/Parker 

s c 
0.80 Ss 

1.0 

Sr 
0.20 s r 

0.2 

Pa 0.3 MPa \la 0.396 MPa 

X 0.7 m 0.412 

4.3.2 Room Pressure History 

Room pressure time histories for the mixed Brooks and Corey simulations are shown in 
Figure 4-3 including variations in gas-generation rate and interbed permeability. While the gas-
generation rate and the interbed permeabilities influence the room pressure history, the effect 
of dip on the room pressure for any specific gas-generation rate or interbed permeability is 
negligible. 
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4.3.3 Brine Inflow to the Room 

The cumulative brine inflow to the room is plotted versus time in Figures 4-4a through 
4-4d for various combinations of gas-generation rate and two-phase characteristic curves. The 
maximum cumulative brine inflow is slightly higher for mixed Brooks and Corey (Figures 4-4a 
and 4-4b) than for van Genuchten/Parker (Figures 4-4c and 4-4d), although the curves are 
otherwise very similar. In addition, cumulative brine inflow is higher for the lower gas-
generation rate. While brine inflow to the room varies with changes in the various parameters 
as has also been shown in other studies (Freeze et al., 1995a), brine inflow is insensitive to 
whether Salado stratigraphy has 0° or 1° dip. This result indicates that countercurrent flow, 
which would increase brine inflow to the room for dip simulations, is not significant in the 
present subset of simulations without interbed fracturing. 
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Figure 4-4. Brine inflow to the room with and without dip. 
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4.3.4 Gas-Migration Distance 

Gas-migration distances are presented in this section. Due to differences in the two-phase 
characteristic curves, gas-migration distances were calculated differently for the mixed Brooks 
and Corey curves and the van Genuchten/Parker equations. For the mixed Brooks and Corey 
curves, the distance from the room to the edge of the mobile gas phase, or Sg = 0.2 for the 
parameters used in this study, was defined as the gas-migration distance. However, for the 
van Genuchten/Parker curves used in this study, the gas phase is always mobile. Due to the fact 
that an initially small gas saturation was specified in the interbeds for numerical reasons, the 
distance to the edge of the mobile gas phase is not meaningful. Therefore, for van 
Genuchten/Parker, the distance to Sg = 0.02 was used. 

For all simulations, the maximum gas-migration distance occurs in the Upper Composite 
Interbed similar to Freeze et al. (1995a). The gas-migration distance in the Upper Composite 
Interbed is shown in Figure 4-5 where each figure is for a given gas generation and two-phase 
characteristic curve combination. Tables 4-4 and 4-5 summarize the gas-migration distances at 
the end of the simulations (10,000 years). 

Gas migration is greater with dip than without dip for each parameter set investigated. 
As interbed permeability increases, the gas-migration distance increases for both dip and no dip 
simulations; however, the migration distance increases much faster for dip simulations than for 
no-dip cases. Therefore, the sensitivity of the model to dip increases with increasing intrinsic 
interbed permeability. 

There are significant differences in predictions of gas-migration distance depending on 
whether the mixed Brooks and Corey or the van Genuchten/Parker two-phase equations are used. 
From Tables 4-4 and 4-5, as interbed permeability increases, the difference in predicted 
migration distance increases dramatically. The van Genuchten/Parker equations predict much 
greater gas-migration distances since gas will be mobile at significantly lower saturations than 
the mixed Brooks and Corey equations. In addition, as shown by Webb (1992a,b), the gas 
saturation profiles are significantly different such that a given amount of mobile gas migrates 
much further for van Genuchten/Parker than for Brooks and Corey. Both of these factors result 
in significantly greater total migration distance for van Genuchten/Parker than for mixed Brooks 
and Corey. The ratio of the gas-migration distance of van Genuchten/Parker to mixed Brooks 
and Corey increases with increasing interbed permeability; the values do not seem to be a 
function of gas-generation rate. 

4.4 Two-Dimensional Simulations with Interbed Fracturing 

4.4.1 Simulation Parameters 

The PA model for approximating the formation and propagation of fractures due to high 
pore pressures has been implemented in TOUGH2/EOS8 in order to assess the importance of 
dip. Fracturing is a necessary process in Salado-Repository fluid flow models. Without 
fracturing, calculated repository pressures, including the effect of room closure, can significantly 
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Figure 4-5. Gas-migration distance in Upper Composite Interbed. 
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exceed lithostatic pressure (14.8 MPa), which is considered physically unrealistic. The current 
PA fracture model assumes that the anhydrite interbeds fracture when fluid pressures exceed the 
far-field fluid pressure by a specified amount. Fracturing dilates the interbeds, increasing their 
porosity and permeability and reducing the maximum room pressure. 

Table 4-4. 10000-year migration distance (meters) for two-dimensional simulations with 
Specified 2/1 gas-generation rates. 

Interbed 
Permeability 

mixed Brooks and Corey van Genuchten/Parker Ratio 0° 
vG/P:B 

C 

Ratio 1° 
vG/P:BC 

Interbed 
Permeability 

1° 0° 1°:0° 1° 0° 1°:0° 

Ratio 0° 
vG/P:B 

C 

Ratio 1° 
vG/P:BC 

1 x 10 1 9 m 2 1,681. 1,638. 1.03:1 3,058. 2,938. 1.04:1 1.79:1 1.82:1 

1 x 10"18 m 2 3,423. 3,057. 1.12:1 7,591. 6,149. 1.23:1 2.02:1 2.22:1 

1 x lO"17 m 2 8,029. 5,765. 1.39:1 29,763. 13,083. 2.27:1 2.27:1 3.71:1 

BC: mixed Brooks and Corey two-phase equations 
vG/P: van Genuchten/Parker two-phase equations 

Table 4-5. 10000-year migration distance (meters) for two-dimensional simulations with 
Specified 0.2/0.1 gas-generation rates. 

Interbed 
Permeability 

mixed Brooks and Corey van Genuchten/Parker Ratio 0° 
vG/P:B 

C 

Ratio 1° 
vG/P:BC 

Interbed 
Permeability 

1° 0° 1°:0° 1° 0° 1°:0° 

Ratio 0° 
vG/P:B 

C 

Ratio 1° 
vG/P:BC 

1 x 10-19 m 2 1,296. 1,273. 1.02:1 2,305. 2,205. 1.05:1 1.73:1 1.78:1 

1 x 10-18 m 2 2,666. 2,373. 1.12:1 5,919. 4,762. 1.24:1 2.01:1 2.22:1 

1 x lO"17 m 2 5,265. 4,010. 1.31:1 21,718. 10,476. 2.07:1 2.61:1 4.12:1 

BC: mixed Brooks and Corey two-phase equations 
vG/P: van Genuchten/Parker two-phase equations 

The PA interbed fracture model assumes that the fracture compressibility increases 
linearly between the fracture initiation pressure and the full fracture pressure, or between the 
intact zone and fully altered zones, as shown in Figure 4-6a. Based on this assumption, a 
relationship for the porosity variation in this pressure range can be derived. The increase in 
interbed porosity due to fracture porosity is then related to the increase in interbed permeability 
through a power law relationship. The porosity and permeability variation are depicted in 
Figure 4-6b. This PA interbed fracturing model has been implemented in TOUGH2/EOS8 as 
discussed in Freeze et al. (1995b). 
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The fracturing model used in the present simulations was slightly modified from the 
model summarized in Freeze et al. (1995b) to account for the dipping stratigraphy. In the 
original development, the initiation of interbed fracturing is assumed to occur at a fluid pressure 
slightly higher than the far-field pressure. For horizontal stratigraphy, the initial pressure in the 
entire interbed is the same, so the pressure for the initiation of fracturing is constant for any 
position within an interbed. With dipping stratigraphy, however, the situation changes. The 
initial pressures in an interbed vary along the length due to the hydrostatic gradient. Therefore, 
the fracturing model is modified to base the fracturing parameters relative to the initial fluid 
pressure in that element. This modification allows for interbed elements to have different 
fracture initiation pressures and final fracture pressures that are relative to the initial fluid 
pressure in that element. This is necessary because, in a dipping interbed, initial pressures vary 
as a function of depth. With everywhere-identical (i.e., depth-uncorrected) pressures used in 
the fracture equations (referenced to the repository depth), fractures could form immediately 
upon start of a simulation in deep portions of a continuous interbed solely due to the high initial 
pore pressure resulting from the hydrostatic pressure gradient. 

For the fracturing simulations, the initial brine pressure at the repository elevation is 
assumed to be 12.0 MPa. Initial pressures elsewhere in the domain are set according to a 
hydrostatic gradient from 12.0 MPa at the repository. The pressure to initiate fracturing is 
assumed to be 0.1 MPa greater than the initial brine pressure (12.1 MPa at the repository 
elevation), and the full fracture pressure is 2.5 MPa greater than the initial brine pressure 
(14.5 MPa at the repository elevation). Zero capillary pressure is specified. The reference 
porosity is 1% with a maximum porosity of 10%. The exponential multiplier for use in the 
fractured interbed porosity-permeability correlation is set at 8. The initial interbed intact 
permeability is 10"19 m2. Based on the porosity variation and the exponential multiplier, the 
maximum interbed permeability is about 10"11 m2, although the actual maximum value is much 
smaller. Both of the interbed domains, Upper Composite Interbed and Marker Bed 139, are 
altered using the fracture model with these parameters. The Specified 2/1 gas-generation rate 
and the mixed Brooks and Corey two-phase characteristic curves were used for these 
simulations. 

4.4.2 Room Pressure History 

The room pressure histories with and without dip are shown in Figure 4-7. The pressure 
in the room is essentially the same independent of the dip, similar to the previous results without 
fracturing. The effect of interbed fracturing in limiting the room pressure is obvious as the 
maximum room pressure is only about 14 MPa, which is less than lithostatic and significantly 
less than simulations without fracturing. 

In both the dipping and horizontal simulations, fractures form at about 300 years in the 
Upper Composite Interbed and in Marker Bed 139. Prior to 300 years, the simulations are 
virtually identical to the no-fracture simulations reported in Section 4.3. With fracturing, the 
porosity and permeability of the interbeds increase, creating more storage volume for gas and 
increasing lateral transmissivity. For the horizontal case, the porosity of the Upper Composite 
Interbed at 550 years is 4.5%, with a corresponding permeability of about 2 x 10"14 m2, which 
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Figure 4-7. Room pressure for fractured interbeds with and without dip. 

represents a 4.5-fold increase in porosity and 5 order-of-magnitude increase in permeability 
compared to the initial conditions. At 10,000 years, the porosity of the Upper Composite 
Interbed is 1.7%, corresponding to a permeability of about 7 x 10"18 m2. The porosity and 
permeability of fractured interbeds decrease with time after initial fracturing as pressures 
decrease due to increased gas storage volume in the interbeds and continued, but slow, gas 
migration. 

4.4.3 Brine Inflow to the Room 

For the horizontal stratigraphy, the cumulative brine inflow into the room is shown in 
Figure 4-8 for fractured interbeds; for comparison, the unfractured interbed results are also 
included. The difference in the brine inflow is small and is probably due to differences in the 
capillary pressure in the two cases (fracturing had no capillary pressure) and model nodalization. 
In both cases, brine flowed into the room after the beginning of the simulation driven by the 
pressure gradient between the low-pressure room and high-pressure far-field Salado. Once gas 
generation and room closure raised the room pressure, brine inflow essentially ceased. Only a 
very small amount of additional brine flowed into the room following the formation of fractures. 

Differences in brine inflow with and without dip are significant as shown in Figure 4-9. 
Before interbed fracturing, brine flow into the room with and without dip are essentially the 
same. With dip, however, an additional period of brine-inflow occurred after fractures formed 
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Figure 4-8. Brine inflow to the room for fractured and intact interbeds without dip. 

due to countercurrent flow as shown in Figures 4-9a through 4-9d. This additional brine inflow 
is driven by the formation of a cell of countercurrent brine and gas that forms about 325 years 
after the start of the simulation (Figure 4-9b and 4-9c) and continues through the end of the 
simulation. In that cell, gas flows up dip and away from the room, while brine flows down dip 
and towards the room. This countercurrent flow mechanism for brine inflow was postulated 
from theory in Section 2.1.2. The volume of brine inflow due to countercurrent flow is of 
similar magnitude to the brine inflow occurring during room consolidation and pressurization 
as shown in Figure 4-9d. An interesting feature of this countercurrent flow cell is that it is 
associated with the leading edge of the zone of fractured rock in the Upper Composite Interbed. 
As the fractures propagate outward, the countercurrent flow cell follows. This behavior is likely 
due to the sensitivity of the countercurrent flow process to intrinsic permeability. The increase 
in intrinsic permeability under fractured conditions is what allows countercurrent flow to occur 
in this region. In these simulations, this cell has a maximum length of about 1,500 meters. The 
countercurrent flow cell appears to be a mechanism for the redistribution of brine within the 
Upper Composite Interbed that, when it is in close proximity to the room, provides brine inflow 
at a relatively high rate. The countercurrent flow brine inflow rate decreases as the 
countercurrent flow cell moves away from the room. 

4.4.4 Gas-Migration Distance 

Following fracturing, differences in gas-migration distance were observed compared to 
unfractured simulations. The 10,000 year gas-migration distance for the horizontal, unfractured 
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interbed and 1 x 10"19 m2 interbed permeability was 1,638 meters (Table 4-4). For the horizontal 
fractured case, the 10,000 year gas-migration distance was 1,261 meters, a migration distance 
surprisingly approximately 400 meters less than without fracturing. The gas-migration distance 
as a function of time for both cases is shown in Figure 4-10. The gas-migration distance with 
fracturing increases more rapidly than without fracturing early in the simulations; however, the 
fracturing gas-migration distance maximum value is less than without fracturing. 

The decrease in gas-migration distance is attributed to the increase in gas storage capacity 
in the interbeds due to porosity increase, which allows repository and interbed pressures to 
stabilize without forcing gas large distances into the interbeds. Gas does not migrate much in 
advance of fractured areas of the interbeds because the pressure gradient driving gas ahead of 
the fractures in the interbeds necessarily small (otherwise the fractured zone would propagate), 
and the permeability of intact interbeds is low, 1 x 10"19 m2. 

The decreased gas-migration distance for the fractured simulation compared to intact 
interbeds seems to be counterintuitive. However, this result is clearly possible within the context 
of the PA fracturing model, which may allow for large increases in interbed porosity due to 
fracturing as was the case in this simulation. The parameter values used here are similar to 
those used by WIPP Performance Assessment in preliminary calculations. 

With dip, the gas-migration distance increases dramatically when fracturing is added to 
the model; the gas-migration distance as a function of time is shown in Figure 4-11. For the 
no dip case, the gas-migration distance was 1,261 meters as discussed earlier. However, with 
dip, the gas-migration distance increases to 3,403 meters, or an increase of 170 percent. 
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5.0 THREE-DIMENSIONAL NUMERICAL SIMULATIONS 

Results from a limited number of three-dimensional numerical simulations are presented 
in this section. The purpose of the three-dimensional simulations is, first, to determine how dip 
affects the shape of a migrating plume of gas away from the repository, and second, to 
determine the difference between two- and three-dimensional simulations. The geometry used 
in these simulations is very simplified as these are scoping calculations. Interbed fracturing is 
not included. Except for geometry, the three dimensional simulations use the same parameters 
as the two dimensional simulations. Specific information about the three-dimensional model is 
given in Section 5.1. Section 5.2 presents the results of the simulations. 

5.1 Simulation Geometry 

Four simulations were run to investigate brine inflow and gas migration in three 
dimensions with and without dip. The four simulations have a uniform interbed permeability 
of 1 x 10"17 m2. This permeability is chosen because, based on the two-dimensional results, the 
gas-migration plume would likely not be significantly affected by dip in simulations with lower 
permeability. The four simulations evaluate the mixed Brooks and Corey and van 
Genuchten/Parker two-phase equations for dipping and horizontal stratigraphy. The 
Specified 2/1 gas-generation rate is used. Except for the geometry of the room and the mesh, 
all parameter values and initial and boundary conditions are the same as in two-dimensional 
simulations. 

For simplicity, a three-dimensional, cartesian mesh with a single square room is 
considered. Due to differences in expected migration distance, two meshes are used, one for 
simulations using the mixed Brooks and Corey two-phase equations, the other for simulations 
using the van Genuchten/Parker equations. 

The three-dimensional simulations consider a room with a total volume of 3,658 m3, a 
height of 4.0 meters, and a horizontal cross-section of 914.4 m2 consistent with the values used 
in the two-dimensional simulations. For these three-dimensional calculations, the room shape 
is simplified from a long rectangle in the two-dimensional simulations (10 meters x 
91.44 meters) to a square for these three-dimensional calculations (30.2 meters x 30.2 meters) 
oriented with the dip for numerical efficiency. This geometric change results in a reduction in 
the room perimeter. Symmetry through the center of the room in the direction of dip is used 
to further increase numerical efficiency. While the simplified room shape could impact the 
accuracy of modeled flow dynamics near the room, including brine inflow and brine and gas 
outflow rates, the approximation is used because in this case the near-room dynamics are of less 
interest than the overall shape of the migrating gas plume and gas-migration distance, which are 
large-scale features. 

The size of the mesh is considerably different for the two sets of characteristic curves. 
The mixed Brooks and Corey mesh extends from the room 2,380 meters down dip, laterally, 
and up dip from the room, and is discretized with 30 elements parallel to dip, 15 elements 
laterally including the room. The vertical mesh is 88.5 meters with 15 elements. The mesh 
used for van Genuchten/Parker simulations is considerably larger in the lateral and dip 
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dimensions than the mixed Brooks and Corey mesh to allow for increased gas-migration 
distances. Like the mixed Brooks and Corey grid, the simulated room has an idealized shape 
to simplify the mesh and reduce computation time. The grid is discretized 88.5 meters vertically 
in 15 elements, 7,980 meters laterally in 10 elements including the room, and 29,460 meters in 
the dip direction in 24 elements. The center of the room was located 7,980 meters from the 
down dip and lateral edges of the mesh. Figure 5-1 depicts the mesh used for the van 
Genuchten/Parker simulations which used the largest mesh. 

5.2 Three-Dimensional Simulations 

5.2.1 Room Pressure History 

The three-dimensional geometry allows brine and gas flow processes to occur over a 
geometry quite different than in two-dimensional simulations. Accordingly, there are some basic 
differences between results. Gas pressure in the room is shown in Figure 5-2 for comparable 
two- and three-dimensional simulations with dip. While the initial pressure rise is similar, the 
three-dimensional geometry has a lower peak pressure in the room than the two-dimensional 
simulation because gas expulsion from the room is more rapid in the three-dimensional 
geometry. In general, the radial flow field generated in the three-dimensional simulation allows 
more interbed volume to be accessed by gas with increasing distance from the room than the 
two-dimensional geometry. Because gas storage volume is more accessible, pressures are lower 
overall, and drop more rapidly once gas leaves the room. 

5.2.2 Brine Inflow to the Room 

Figure 5-3 gives the cumulative brine inflow in the room with and without dip. As in 
the 2-D results, the maximum value is slightly higher for mixed Brooks and Corey than for van 
Genuchten/Parker, although the curves are very similar in magnitude and shape. Similar to the 
2-D results, dip has a negligible effect on the brine inflow in these simulations. 

Figure 5-4 compares two- and three-dimensional brine inflow results with dip. Brine 
inflow for the three-dimensional simulations is significantly higher than for the previous two-
dimensional results, even though the room perimeter is reduced. In general, the three-
dimensional geometry has a greater volume of brine available per unit distance from the room 
due to the radial geometry. This allows more rapid brine inflow to the room, which is important 
because the period of time during which brine can flow to the room is quite short due to the 
rapid pressurization of the room by gas generation. 
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Figure 5-1 (cont.). Largest three-dimensional nodalization. 

5.2.3 Gas-Migration Results 

5.2.3.1 SHAPE OF THE GAS-MIGRATION PLUME 

Figures 5-5 and 5-6 show the shape of the gas-migration plume for mixed Brooks and 
Corey with and without dip. The gas-migration plume without dip is approximately circular in 
shape and symmetrical about the room in both the upper and lower interbeds. Deviations from 
a circular shape are due to the relatively crude nodalization employed. The plume remains 
approximately circular, but with an increasing radius as the quantity of gas expelled increases, 
and as saturation conditions change. The shape of the plume with dip is very similar to that with 
no dip. Gas migrates further up dip than down dip, but the difference is small. 

Figures 5-7 and 5-8 show the gas-migration plumes for van Genuchten/Parker. As for 
mixed Brooks and Corey, the gas-migration plume without dip is approximately circular in shape 
and symmetrical about the room in both the upper and lower interbeds even out to 10,000 years. 
With dip, however, the shape of the gas-migration plume for van Genuchten/Parker changes 
dramatically over the course of the simulation. Initially, the gas-migration plume is 
approximately circular around the room. Eventually, however, the plume forms a teardrop 
shape with the pointed end up dip and the head over, but not centered about, the room. The 
teardrop shape forms in both interbeds. The lateral extent of the teardrop is greater in the Upper 
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Composite Interbed. The teardrop shape forms when the circular plume shape, developed as gas 
is expelled in all directions from the room under high pressure, is deformed by the preferential 
gas migration up dip. Protrusions on the plume shape oriented parallel to the X- and Y- mesh 
directions are due to the standard five-point differencing scheme used in TOUGH2. 

Due to the influence of gravity, the results may be affected by the orientation of the grid 
with respect to the dip. For example, looking down on the interbed plane, the gas-migration 
distance might be significantly influenced by whether or not the grid is parallel to the dip. As 
discussed by Pruess and Bodvarsson (1983) and Pruess (1991b) for two-dimensional simulations, 
the numerical differencing scheme may have to be modified to minimize grid orientation effects. 
The standard five-point differencing scheme may not be adequate, and a nine-point differencing 
scheme may be necessary. The difference in the two schemes is incorporation of diagonal flow 
terms as illustrated in Figure 5-9 for two dimensions. For uniform grids, the nine-point 
differencing scheme can be readily defined and incorporated into a preprocessor for TOUGH2. 
However, due to the complexity of the nine-point scheme for nonuniform grids, and the fact that 
gas-migration distance calculations are approximate at best, the added complication is not 
thought to be needed at this time. 
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Figure 5-6. Gas-migration plume 
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mixed Brooks and Corey with dip. 
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Figure 5-7. Gas-migration plume for van Genuchten/Parker without dip. 
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a) 300 Years 

c) 2000 Years 

Figure 5-8. Gas-migration plume 

b) 550 Years 

d) 10000 Years 

van Genuchten/Parker with dip. 
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5.2.3.2 GAS-MIGRATION DISTANCE 

The three-dimensional simulations have uniformly decreased total migration distance 
compared the equivalent two-dimensional simulations as shown in Table 5-1. The reduction in 
migration distance is due to the three-dimensional geometry, which, by allowing flow radially 
about the room, accesses increasing amounts of interbed pore space per unit flow length, 
whereas the two-dimensional plume accesses a constant pore volume per unit distance travelled. 
The three-dimensional mesh thus has less total flow path length for the same gas storage volume. 
This effect is clearly illustrated by the difference in migration distance for horizontal simulations. 

Table 5-1. Comparison of two- and three-dimensional gas-migration distances (meters). 

Interbed 
Permeability 
1 x lO"17 m2 

mixed Brooks and Corey van Genuchten/Parker Ratio 0° 
vG/P:BC 

Ratio 1° 
vG/P:BC 

Interbed 
Permeability 
1 x lO"17 m2 1° 0° 1°:0° 1° 0° 1°:0° 

Ratio 0° 
vG/P:BC 

Ratio 1° 
vG/P:BC 

3-D 788. 680. 1.16:1 8060. 2670. 3.02:1 3.92:1 9.11:1 

2-D 7108. 5446. 1.31:1 29763. 13083. 2.27:1 2.40:1 4.19:1 

3-D:2-D 0.11:1 0.12:1 - 0.27:1 0.20:1 - - -

The increase in 3-D gas-migration distance due to dip is only 16% for Brooks and Corey 
(less than 2-D) but is 202% for van Genuchten/Parker (greater than 2-D). Due to the limited 
number of results, no definite conclusions can be reached regarding multi-dimensional effects. 
However, the potentially important differences between 2-D and 3-D results and the influence 
of dip on the results are clearly indicated in the above table. 
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6.0 DISCUSSION AND CONCLUSIONS 

The present scoping study is presented to assess the effect of dip on brine inflow and gas-
migration processes at the WIPP. Dip is anticipated to potentially affect brine inflow, with 
implications for gas generation, and to alter the shape and extent of the plume of gas which may 
be expelled from the repository. 

Analyses and one-dimensional numerical simulations demonstrated that, under certain 
conditions, dip could significantly affect both brine inflow and gas-migration distance, especially 
for higher permeability interbeds. Brine inflow could be increased due to countercurrent flow 
in the interbeds, while gas-migration distances could be increased due to buoyancy effects. 
Because these investigations determined that dip could be a significant factor, further study of 
the effect of dip was conducted with two- and three-dimensional models of the WIPP that 
incorporate WTPP-specific processes such as room closure and gas generation, and that allow 
the flow of brine between halite and anhydrite. A limited number of interbed fracturing cases 
were included in two dimensions. 

The two- and three-dimensional simulations without fracturing show that dip does not 
have a significant effect on brine inflow. Gas-migration distances are a different story. 
Depending on the values chosen for interbed parameters, dip has an insignificant to very 
significant effect on the shape and extent of the plume of gas expelled from the room. 

Interbed fracturing is included in some two-dimensional models. For a horizontal 
stratigraphy, interbed fracturing does not affect brine inflow. In the case of dipping 
stratigraphy, however, the impact is significant. In this case, as predicted by the one-
dimensional analysis, an additional mechanism for brine inflow was created, namely the 
formation of a cell of countercurrent brine and gas flow after pressurization in the room has 
caused fracturing. The volume of brine inflow resulting from the countercurrent flow cell is of 
similar magnitude to the brine inflow during the initial, post-closure period when room pressure 
is lower than far-field pressure. Thus, the combined features of stratigraphic dip and interbed 
fracturing combine to create an additional mechanism for brine inflow that has been both 
observed in a model and postulated from theory. 

Interbed fracturing also affects gas-migration distances. Without dip, the addition of 
interbed fracturing actually decreases the gas-migration distance compared to intact interbeds. 
With dip, however, the gas-migration distance increases dramatically when fracturing is 
included. 

The migration distances presented in this report demonstrate the sensitivity to dip for the 
assumptions and geometry in the present models. The sensitivity determined here of the gas-
migration distance is expected to be similar to sensitivities using the geometries and assumptions 
of WIPP PA models. However, due to significant differences in the geometry between the 
model used here and the actual repository, the migration distances reported here should not be 
compared to standards of regulatory compliance. They are presented solely to illustrate the 
possible effect of alternative model assumptions on processes that may occur at the WIPP. 
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Based on the present results, and because interbed fracturing will be used in all future 
Performance Assessment calculations, additional two- and three-dimensional calculations 
including interbed fracturing with dip are indicated and the effect of varying the fracturing 
parameters should be studied. The correlation between two- and three-dimensional results and 
the PA geometry needs to be established as differences may significantly influence the amount 
of brine inflow and the gas-migration distance including the shape of the plume. 
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8.0 NOMENCLATURE 

C compressibility 
g gravitational vector 
gc gravitational constant 
k permeability 
P pressure 
5 saturation 
v pore velocity 
V Darcy velocity 
z Vertical distance 

Greek 
a arbitrary direction, van Genuchten parameter 
6 angle with respect to the horizontal 
X pore-distribution parameter 
H viscosity 
p density 
<f> permeability 

subscripts 
c capillary, critical 
d displacement 
e effective 
f fractured 
g gas 
i intact 
j direction 
nw nonwetting 
r relative, residual 
s saturation 
tr transition 
w wetting 
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Appendix A 
Two-Phase Characteristic Curves 

The two-phase characteristic curves employed in this study are summarized below: 

Mixed Brooks and Corey 

Two separate effective saturations are defined as 

se = s-sr se = 
l - « r 

S'e = 
s-sr 

S'e = sc-sr 

(A-l) 

(A-2) 

where Se is the original Brooks and Corey definition while 5 e' is a modified definition. Sr and 
Sc are the residual liquid saturation and critical gas flow saturations, respectively. Sc is simply 
the saturation at which gas flow starts and is equal to 1.0 - S^, where S^ is the residual gas 
saturation. 

The capillary pressure relationship is 

Se = 
(•p \ * 

w (A-3) 

or 

P = - ^ - (A-4) 

where Pd and Pc are the displacement pressure and the capillary pressure, respectively, and X 
is called the pore-size distribution parameter. 

A-l 



The wetting phase relative permeability expression is given by 

k = S(2+3X)A (A-5) 
r,w e 

(A-6) 

while the nonwetting phase relationship is 

l - 5 . f ( l - S . ) . 

van Genuchten/Parker 

The effective saturation used by van Genuchten is 

Se = ±1± (A-7) 
e s s - s r 

where 5, Sr, and Ŝ  are the saturation, residual liquid saturation, and full saturation value, 
respectively. 

The restricted form of the water retention equation gives the capillary pressure equation 

PC = 1 [s;1"" - i p . (A-8) 

The van Genuchten wetting phase relative permeability expression is 

K„ - sr (i - (i - s.*rf. <A-9> 

van Genuchten does not address nonwetting phase relative permeability. The Parker et al. 
(1987) nonwetting phase relative permeability expression is 

K„ - (i - s,)m (i - ' . T • <A"10) 

Figures A-1 and A-2 show the capillary pressure and relative permeability curves, respectively, 
for the mixed Brooks and Corey and van Genuchten/Parker models. 
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Brooks and Corey 
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Figure A-1. Capillary pressure comparison. 
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Figure A-2. Relative permeability comparison. 
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